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al.

Identification of Two Dysfunctional Variants in the ABCG2 Urate Transporter Associated with
Pediatric-Onset of Familial Hyperuricemia and Early-Onset Gout
Reprinted from: Int. J. Mol. Sci. 2021, 22, 1935, doi:10.3390/ijms22041935 . . . . . . . . . . . . . . 189

Robert Eckenstaler and Ralf A. Benndorf

The Role of ABCG2 in the Pathogenesis of Primary Hyperuricemia and Gout—An Update
Reprinted from: Int. J. Mol. Sci. 2021, 22, 6678, doi:10.3390/ijms22136678 . . . . . . . . . . . . . . 203
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ABC Transporters in Human Diseases: Future Directions and
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91400 Orsay, France; thomas.falguieres@inserm.fr

The goal of this Special Issue on “ABC Transporters in Human Diseases”, for which
I was invited as a Guest Editor, was to provide an overview of the state-of-the-art re-
search, understandings, and advances made in recent years on human diseases implicating
ATP-binding cassette (ABC) transporters. Mammalian ABC transporters form a protein
superfamily composed of 49 members [1], most of which are transmembrane proteins,
responsible for the active transport of their substrates (ions, drugs, peptides, and lipids)
across biological membranes, owing to their capacity to bind and hydrolyze adenosine
triphosphate (ATP) [2]. Importantly, for approximately a third of these transporters, molec-
ular defects have been correlated with human diseases [3,4], the most famous of which
being cystic fibrosis, due to mutations of the chloride channel cystic fibrosis transmembrane
conductance regulator (CFTR/ABCC7). Concerning CFTR/ABCC7, in this Special Issue,
Uliyakina et al. investigated the contribution of the regulatory extension and regulatory
regions—two distinct parts of the regulatory domain of the channel—in the rescue effi-
ciency of the corrector VX-809 and the potentiator VX-770 on the F508del variant [5]. To
treat patients affected by these ABC-transporter-related diseases, it is important to (1) un-
derstand the molecular mechanisms regulating the expression, intracellular traffic, and
activity of these ABC transporters in normal and pathological conditions; (2) characterize
the molecular and cellular effects of genetic variations identified in patients that relate to
the genes encoding these transporters; (3) find new treatments specifically targeting the
previously characterized defects (Figure 1). In this Special Issue, authors made significant
contributions by presenting original articles and reviews that cover their fields of expertise
on their chosen ABC transporters.

In the field of multidrug resistance (MDR) and cancer, findings of Low et al. suggested
that ABCC1 (MRP1) AND ABCC4 (MRP4) are expressed in breast cancer cell lines and
that these transporters are implicated in cell proliferation and migration, respectively [6].
Hlaváč et al. proposed that two genetic variations in ABCC11 and ABCA13 identified in
patients can be associated with breast cancer, even if the data were not found to have
strong statistical relevance [7]. Using phylogenic and sequence alignment analyses of the
12 members of the A subfamily ABC transporters, the same research group (Dvorak et al.)
identified 13 single nucleotide variations in the 5′-untranslated transcribed region (5′-UTR)
of ABCA genes in a small cohort of 105 patients with breast cancer [8]. Lower expression of
D subfamily ABC transporters, localized at peroxisomes and responsible for very-long fatty
acid transport, was also claimed to be involved in the progression of cancer, in addition
to the well-known implication of ABCD1 in X-linked adrenoleukodystrophy (X-ALD)
pathogenesis, reviewed by Tawbeh et al. [9]. The role of ABCC6, an ATP transporter
predominantly expressed in the liver and kidneys, in cancer has also been highlighted, an
aspect reviewed by Bisaccia et al. [10]. Thus, targeting this transporter would constitute an
alternative anticancer strategy to further investigate. However, ABCC6 defects are mostly
known for their implication in the development of pseudoxanthoma elasticum (PXE), a rare
and severe disease-causing calcification of soft tissues and mostly characterized by skin
lesions and cardiovascular complications, as reviewed by Shimada et al. [11]. As regards
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ABCC6, Szeri et al. built a new structural model of this transporter based on its homology
with bovine Abcc1, which allowed them to highlight the role of specific amino acids in the
function of the transporter, using both cell models and 3D analyses [12]. Sasitharan et al.
revealed that mutation of the three glutamines into alanines at positions 347, 725, and 990
of ABCB1/MDR1/P-gp, despite their previous implication in taxol binding [13], did not
alter taxol transport outside cell models [14].

 

Figure 1. Personalized medicine for ABC-transporter-related diseases. Genes of interest are sequenced
from patients to identify genetic variations. Then, the effects of these variations are studied using
cell models, cell-free systems, animal models, and 3D modeling, allowing the characterization of
the defects induced by the genetic variations. Based on this research, and as a long-term outlook,
an adapted strategy for personalized medicine could emerge that would be specific to each patient.
Created with BioRender.com.

Addressing the topic of breast cancer resistance protein (BCRP/AGCG2), another
ABC transporter also implicated in MDR and gout pathogenesis, Toyoda et al. reported
two new genetic variations (M131I and R236X) identified in family members affected by
hyperuricemia and gout and responsible for urate transport defects of the transporter [15].
On this topic, Eckenstaler and Benndorf provided a complete review of the literature on the
role of ABCG2 in urate homeostasis and its genetic variants involved in the pathogenesis of
gout and hyperuricemia [16], while László Homolya proposed a classification of the genetic
variants of ABCG2 based on their expression, traffic or function defects, and discussed
their implication in human diseases, including cancer [17]. Using phylogenetic, sequence
alignment, and structural analyses between members of the G subfamily of human ABC
transporters, Mitchell-White et al. identified a conservation pattern that is different in
ABCG2, which could confer greater flexibility to this transporter and thus explain its
broader range of substrates [18]. Finally, based on already resolved 3D structures of
ABCG2 and ABCG5/G8, and in the framework of providing a comprehensive review of the
literature and comparative structural analysis, Khunweeraphong and Kuchler proposed a
homology model of fungi pleiotropic drug-resistance (PDR) transporters, paving the path
to a better understanding of infectious diseases due to pathogenic fungi, thus offering new
therapeutic perspectives [19].
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Chai et al. described that amyloid-beta peptides accumulating in the brain of patients
with Alzheimer’s disease (AD) are substrates of ABCB1/MDR1/P-gp [20], setting the
groundwork for alternative therapeutic options. On the same topic of AD, Wanek et al.
reported that, in line with former studies in the field, ABCB1/ABCG2 dual substrate drugs
were normally distributed in the brain of AD mouse models despite less expression of
the two transporters [21]. Evidence is also accumulating on the role of ABCA7 genetic
variations in the impaired clearance of amyloid-beta peptides in AD, a topic reviewed by
Dib et al. in this Special Issue [22]. It is also interesting to note that ABCA1, a ubiquitous
exporter of free cholesterol and phospholipids, has also been implicated in AD pathogenesis,
among many other pathologies—namely, type 2 diabetes, infectious diseases, cancer, age-
related macular disease, and glaucoma, as reviewed by Jacobo-Albavera et al. [23].

Beyond using cell models and sequence alignments, a striking aspect in the recent
body of literature on ABC transporters, including most of the contributions gathered in this
Special Issue, is the use of 3D structural analyses to unravel the molecular mechanisms reg-
ulating the folding and the function of ABC transporters. Indeed, these approaches are very
useful for understanding the cell biology of ABC transporters in normal and pathological
conditions, as well as to study the potential direct interactions of small molecules with these
transporters. Such approaches are now largely facilitated by the exponentially growing
numbers of published 3D structures of ABC transporters in several conformational states
(PDB structures available at https://www.rcsb.org/, accessed on 4 April 2022), mostly
owing to the recent explosion of cryogenic electron microscopy (cryo-EM), which now
allows a resolution below 4 Å, almost making X-ray crystallography outdated [24,25]. As
stated recently by Shvarev et al., the next steps for these structural analyses now require the
combination of “biochemical and structural cryo-EM studies with molecular dynamics simulations
and other biophysical methods” [25].

Finally, I would like to focus on canalicular ABC transporters specifically expressed at
the canalicular membrane of hepatocytes, in which I am particularly interested in the frame
of our research projects. These transporters include ABCB4, ABCB11, and ABCG5/G8
implicated in the secretion of phosphatidylcholine, bile acids, and cholesterol into bile,
respectively [26]. Regarding the ABCG5/G8 heterodimer, Williams et al. proposed an
interesting review of the literature with a focus on sitosterolemia, a very rare disease
caused by genetic variations of these half-transporters [27], while Xavier et al. investigated
the effect of three ABCG5/G8 disease-causing missense variations by combining ATP
hydrolysis measurements in a cell-free system with molecular dynamics approaches [28].
Sohail et al. provided a review article describing the tools (structures, animals, etc.), allow-
ing the study of ABCB11 pathobiology and exploration of new therapeutic strategies [29].
We also proposed a review article describing the molecular regulation of these canalicular
ABC transporters [30], as well as an original study highlighting the role of RAB10 as a
new ABCB4 interactor regulating the traffic and function of this transporter [31]. As a
therapeutic approach for progressive familial intrahepatic cholestasis (PFIC) implicating
genetic variations of canalicular ABC transporters, Bosma et al. described recent advances
in AAV8-mediated gene therapy aiming at restoring the expression and function of canalic-
ular ABC transporters, mostly ABCB4, for which defects are implicated in PFIC3, and the
limitations of such approaches [32]. Interestingly, an alternative mRNA-delivery-based
strategy also aiming at restoring ABCB4 expression and function in mouse models was
also recently proposed [33]. However, as stated by Bosma et al. [32], gene therapy cannot
be the answer to all PFICs; therefore, pharmacotherapy strategies have to be pursued to
propose, in the long run, targeted therapies within the framework of personalized medicine
(Figure 1).

Funding: T.F. is supported by grants from the Agence Nationale de la Recherche (ANR-21-CE18-0030-01),
Association Maladie Foie Enfants (AMFE), and the French Network for Rare Liver Diseases (FILFOIE).
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Abstract: Cystic Fibrosis (CF) is caused by mutations in the CF Transmembrane conductance
Regulator (CFTR), the only ATP-binding cassette (ABC) transporter functioning as a channel. Unique
to CFTR is a regulatory domain which includes a highly conformationally dynamic region—the
regulatory extension (RE). The first nucleotide-binding domain of CFTR contains another dynamic
region—regulatory insertion (RI). Removal of RI rescues the trafficking defect of CFTR with F508del,
the most common CF-causing mutation. Here we aimed to assess the impact of RE removal
(with/without RI or genetic revertants) on F508del-CFTR trafficking and how CFTR modulator drugs
VX-809/lumacaftor and VX-770/ivacaftor rescue these variants. We generated cell lines expressing
∆RE and ∆RI CFTR (with/without genetic revertants) and assessed CFTR expression, stability, plasma
membrane levels, and channel activity. Our data demonstrated that ∆RI significantly enhanced
rescue of F508del-CFTR by VX-809. While the presence of the RI seems to be precluding full rescue of
F508del-CFTR processing by VX-809, this region appears essential to rescue its function by VX-770,
suggesting some contradictory role in rescue of F508del-CFTR by these two modulators. This negative
impact of RI removal on VX-770-stimulated currents on F508del-CFTR can be compensated by
deletion of the RE which also leads to the stabilization of this mutant. Despite both regions being
conformationally dynamic, RI precludes F508del-CFTR processing while RE affects mostly its stability
and channel opening.

Keywords: ABC transporters; drug action; regulatory extension; regulatory insertion; mechanism
of action

1. Introduction

Cystic Fibrosis (CF), a life-threatening recessive disorder affecting ~80,000 individuals worldwide,
is caused by mutations in the gene encoding the CF transmembrane conductance regulator (CFTR)
protein present at the apical membrane of epithelial cells. This is the only member of the ATP-binding
cassette (ABC) transporter family functioning as a channel, more precisely a cyclic Adenosine
Monophosphate (cAMP)-dependent chloride (Cl−)/bicarbonate (HCO3

−) channel. It consists of two
membrane-spanning domains (MSD1/2), two nucleotide binding domains (NBD1/2) and a cytoplasmic
regulatory domain (RD), which is unique to CFTR [1]. The MSDs are linked via intra- and extra-cellular
loops (ICLs, ECLs, respectively). ATP binding promoting NBD1:NBD2 dimerization preceded by
phosphorylation of RD at multiple sites lead to channel gating [2]. The NBD1:NBD2 and ICL4:NBD1
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interfaces were shown to represent critical folding conformational sites [3–5] important for the gating
and maturation of the CFTR protein [5,6].

Although, >2000 CFTR gene mutations were reported (http://www.genet.sickkids.on.ca),
one mutation–F508del–occurs in 85% of CF patients. This NBD1 mutant fails to traffic to the plasma
membrane (PM) due to protein misfolding and retention by the endoplasmic reticulum quality control
that targets it for premature proteasomal degradation. F508del-CFTR folding is a complex and
inefficient process but it can be rescued, at least partially, by several treatments. These include low
temperature incubation [7], genetic revertants [4,5,8–13] or pharmacological agents, like “corrector”
VX-809 (lumacaftor) [14], one of the first CFTR modulator drugs to receive approval from the United
States Food and Drug Administration in combination with potentiator VX-770/ivacaftor. Determining
the additive/ synergistic rescue of F508del-CFTR by small molecule correctors together with other
rescuing agents/revertants is very valuable to determine the mechanism of action of these CFTR
modulators [5].

Comparative studies of CFTR with other ABC transporters are very powerful to understand the
uniqueness of some of its regions, their influence on CFTR maturation and function as well as how
they affect distinctive binding of CFTR to modulator drugs. Two such unique regions are present
in NBD1 of CFTR, which are absent in NBDs of other ABC transporters (Figure S1)—the regulatory
extension (RE) and regulatory insertion (RI). Both regions were described as highly conformationally
dynamic [3,15] following PKA phosphorylation at certain residues (660Ser, 670Ser, and 422Ser) [16,17].
Importantly, removal of the 32-amino acid RI (∆RI) was reported to rescue traffic of F508del-CFTR [13].

Our first goal was to assess the impact of removing the 30 amino acid RE (∆RE) alone or jointly
with ∆RI on F508del-CFTR trafficking. Because there is some controversy regarding the RI and RE
boundaries [3,13,15,18–20] which have structural implications, we tested the short and long versions of
both regions (Figure S1). Secondly, we aimed to evaluate how RE and or RI removal from F508del-CFTR
influences the rescue of this mutant by genetic revertants. Our third and final goal was to determine
how the traffic and function of these combined variants of F508del-CFTR (∆RE, ∆RI plus genetic
revertants) are rescued by CFTR modulator drugs VX-809 (corrector) and VX-770 (potentiator) to gain
further insight into their mechanism of action.

Our data show that although F508del-CFTR without RE did not traffic to the PM, it showed a
dramatic stabilization of its immature form (evidencing a turnover rate ~2× lower than that of wt-CFTR.
Results also show that, while ∆RI further increased processing of F508del-CFTR with revertants to
almost wt-CFTR levels, RE removal completely abolished their processing, thus highlighting the
different impact of the two dynamic regions on revertant-rescued F508del-CFTR. Most strikingly,
although VX-809 rescued ∆RI-F508del-CFTR and ∆RE-∆RI-F508del-CFTR processing to wt-CFTR
levels, to achieve maximal function of F508del-CFTR, removal of just RI was insufficient, as both RI
and RE had to be absent from F508del-CFTR. These data indicate that removal of these two regions has
a positive effect on the rescuing efficacy of F508del-CFTR by CFTR modulators.

2. Results

2.1. Removal of Short Regulatory Extension (RES) Alone or with Regulatory Insertion (RI) has No Impact on
508del-CFTR Processing

Given the controversy in defining both RI and RE, we chose to generate two versions of these
regions because of the respective structural implications. Indeed, RIL and REL are the complete regions
which are absent in other ABC transporters (Figure S1), whereas, their shorter versions appeared as
structurally meaningful to be removed: RIS is strictly the region described as destructured in the crystal
structure and RES is the core of RE, i.e., just the β-strand [19]. The impact of deleting RES—short
RE (∆654Ser-Gly673, Figure S1)—was first assessed, either alone or together with RI in its short and
long variants (∆RIS and ∆RIL), on the in vivo processing of wt- and F508del-CFTR by Western blot
(WB) of Baby Hamster Kidney (BHK) cells stably expressing such variants (Figure 1B,E,F and Table 1).
Processing of CFTR was assessed by WB in terms of its fully-glycosylated form (also termed band C)
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corresponding to post-Golgi forms, assumedly at the PM. Unprocessed CFTR, in turn corresponds to its
core-glycosylated, ER-specific form (also termed band B). Removal of RES had no impact on processing
of either F508del-CFTR or wt-CFTR (Figure 1B, lanes 5,10; Table 1), despite that the immature form of
∆RES-F508del-CFTR appeared consistently at increased levels vs. those of F508del-CFTR (Figure 1B,
lanes 5,2).

Figure 1. Effect of removal of short regulatory extension (∆RES) on processing of wt- and F508del-Cystic
Fibrosis (CF) transmembrane conductance regulator (CFTR). (A) Structural features of the CFTR
nucleotide binding domain 1 (NBD1) domain. Protein Data Bank identifier (PDB ID): 2BBO. The main
structural regions are color coded. F508 is represented as red spheres. G550 is represented as brown
spheres. ATP is shown as sticks and Mg2+ as a pink sphere. Regulatory insertion (RI) is unstructured
in the crystal structure and represented as a dotted red line. The G550E mutation in this structure was
reverted in silico. (B–D) Samples from Baby Hamster Kidney (BHK) cell lines stably expressing different
CFTR variants of ∆RES and ∆RI, the latter either in its short “S” or long “L” versions (see Materials
and Methods) and alone (B) or jointly with (C,D) genetic revertants, as indicated, were analyzed for
CFTR protein expression by Western blot (WB) with anti-CFTR 596 Ab and also anti-calnexin (CNX) as
loading control. All samples were incubated with 3 µM dimethyl sulfoxide (DMSO) for 48 h, as controls
for experiments with corrector VX-809 (see Figure 3). Summary of data of CFTR variants on the wt- (E)
or F508del- (F) CFTR backgrounds, expressed as normalized ratios (band C/(band C + band B)) and
as a percentage to the respective ratio for wt-CFTR and as mean ± standard error of the mean (SEM).
(n) indicates nr. of independent experiments. “*” and “#” indicate significantly different (p < 0.05) from
wt-CFTR and F508del-CFTR, respectively.
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Table 1. Summary of Western blot quantification of original data in Figures 1–3 for different CFTR
variants in the presence of VX-809 or DMSO control. Data are expressed as normalized ratios (band C/
band (B + C)) for each variant and as a percentage to wt-CFTR ratio.

wt-Background F508del-Background

Control VX-809 Control VX-809

CFTR Variant % to wt % to wt % to wt % to wt

- 100 ± 1 103 ± 1 8 ± 1 17 ± 2

∆RES

- 98 ± 2 100 ± 1 3 ± 2 9 ± 4
∆RIS 54 ± 9 93 ± 3 7 ± 2 20 ± 4
∆RIL 100 ± 1 97 ± 2 71 ± 3 96 ± 2

R1070W 71 ± 6 90 ± 3 33 ± 7 26 ± 6
G550E 101 ± 1 102 ± 1 37 ± 5 39 ± 4

∆REL
- 88 ± 5 87 ± 3 9 ± 2 8 ± 2

∆H9 55 ± 3 69 ± 3 0 ± 0 0 ± 0

∆H9 72 ± 4 69 ± 3 1 ± 0 0 ± 0

∆RIS

- 44 ± 2 90 ± 3 3 ± 2 4 ± 3
R1070W 11 ± 3 56 ± 8 2 ± 0 4 ± 2
G550E 82 ± 3 98 ± 1 6 ± 4 5 ± 3

∆RIL

- 101 ± 1 101 ± 0 78 ± 5 92 ± 4
R1070W 92 ± 2 94 ± 3 96 ± 2 96 ± 3
G550E 97 ± 2 92 ± 2 92 ± 4 97 ± 2

R1070W 69 ± 7 93 ± 4 34 ± 3 46 ± 4

G550E 101 ± 1 101 ± 1 42 ± 4 73 ± 6

Figure 2. Effect of removal of helix H9 in combination with ∆REL and VX-809 on processing of wt- and
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F508del-CFTR. (A,B) WB analysis of samples from BHK cell lines stably expressing wt- or F508del-CFTR
variants with ∆REL, ∆H9, or ∆REL-∆H9. Cells were incubated with 3 µM VX-809 or DMSO (control) for
48 h at 37 ◦C. CFTR protein expression was analyzed by WB with the anti-CFTR 596 and anti-CNX Abs.
(C) Summary of data expressed as normalized ratios (Band C / (Band C + B)) and as a percentage to the
respective ratios on the wt- or F508del-CFTR backgrounds and shown as mean ± SEM. (n) indicates
number of independent experiments. “#” indicates significantly different from the respective variant
treated with DMSO. “*” and “**” indicate significantly different from wt- or F508del-CFTR, respectively.

Figure 3. Effect of VX-809 on processing of wt- and F508del-CFTR variants without regulatory extension.
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(A–C) WB of samples from BHK cell lines stably expressing different CFTR variants of ∆RE and
∆RI, as indicated, alone (A) or jointly with (B,C) genetic revertants (see Materials and Methods).
CFTR protein expression was analyzed by WB with anti-CFTR 596 and anti-CNX Abs as in Figure 1.
All samples were incubated with 3 µM VX-809 for 48 h. (D, E) Summary of data of variants on the
wt- (D) or F508del- (E) CFTR backgrounds, expressed as normalized ratios (band C/(band C + band
B)) and as a percentage to the respective ratio for wt-CFTR and as mean ± SEM. (n) indicates number
of independent experiments. “*” indicates significantly different (p < 0.05) from respective variant
without VX-809 (as shown in Figure 1 and indicated here by dashed bars).

Removal of RES together with RIL—long RI (∆404Gly-Leu435, Figure S1) led to an increase in
processing of F508del-CFTR from 3 ± 2% to 71 ± 3% (vs. wt-CFTR levels), similarly to what had been
previously reported by Alexandrov et al. for ∆RIL alone [13]. In contrast, removal of RIS—short RI
(∆412Ala-Leu428, Figure S1) had no impact on ∆RES-F508del-CFTR processing (Figure 1B, lanes 6,7;
Figure 1F; Table 1). So in summary, removal of RES from the ∆RIS- or ∆RIL-F508del-CFTR variants had
no further effect on their processing, despite that processing of ∆RES-F508del-CFTR is different upon
removal of RIS or RIL, but this difference remains equivalent to removal RIS or RIL alone. Despite this
lack of impact on processing, removal of RES does affect total protein expression levels of ∆RIS- or
∆RIL-F508del-CFTR variants leading to a decrease in RIS-F508del-CFTR (Figure 1B, lanes 3,6) and an
increase in RIL-F508del-CFTR (Figure 1B, lanes 4,7). Interestingly, when RES and RIS, were jointly
removed from wt-CFTR, its processing was significantly reduced to 54 ± 9%, while ∆RES jointly with
∆RIL caused no impact (Figure 1B, lanes11,12, respectively; Figure 1E; Table 1). Again, these data
were equivalent to removal of RIS or RIL alone on wt-CFTR processing (Figure 1B, lanes 8,9; Figure 1F;
Table 1).

The differential effect caused by removal of RIS vs RIL on F508del- and wt-CFTR emphasize the
importance of those 8 N-term (404Gly-Lys411) and 7 C-term (Phe429-Leu435) amino acid residues that
differ between the two RI regions for the folding and processing of CFTR.

Overall, removal of RES alone or with RI has no impact on F508del-CFTR processing efficiency.

2.2. Simultaneous Removal of Long Regulatory Extension (REL) and Helix H9 Significantly Reduces wt-CFTR
Processing but Increases Levels of F508del-CFTR Immature Form

Next, we assessed the impact of removing the long version of RE–REL (∆647Cys-Ser678, Figure 2)—
which significantly decreased wt-CFTR processing to 88 ± 5% (Figure 2A, lane 3; Figure 2C) but had no
impact on F508del-CFTR (Figure 2A, lane 4; Figure 2C). As helix H9 (∆637Gln-Gly646, Figure S1) can
be considered to be part of this longer RE region [18] since it interacts with RE (Figure 1A), we also
tested the effect of removing helix H9 jointly with ∆REL. Deletion of both H9 (∆H9) and REL further
decreased the residual processing of ∆REL-F508del-CFTR from 9 ± 2% to 0±0% and in fact the same
happened for ∆H9 alone (Figure 2A, lanes 8,6, respectively). Curiously, however, levels of immature
F508del-CFTR were significantly increased when both REL and H9 were removed (Figure 2A, lane 8),
similarly to ∆RES-F508del-CFTR (Figure 1B) and in contrast to ∆REL-F508del-CFTR.

For wt-CFTR, ∆REL-∆H9 also led to a decrease in processing (55 ± 3%), which was more
pronounced than for ∆REL alone, but interestingly removal of H9 helix alone only reduced processing
to 72 ± 4% (Figure 2A, lanes 7,5, respectively).

Simultaneous removal of REL and helix H9 significantly reduces wt-CFTR processing but increases
levels of F508del-CFTR immature form.

2.3. ∆RIS, but Not ∆RES, Abolishes the Plasma Membrane Rescue of F508del-CFTR by Revertants

In order to test whether the stabilized immature form of ∆RES-F508del-CFTR could be rescued to
mature form, we next tested the effects of removing the RES from F508del-CFTR with R1070W and
G550E revertants. Indeed, both the R1070W and G550E revertants rescued ∆RES-F508del-CFTR to
33 ± 7% and 37 ± 5%, respectively (Figure 1D, lanes 6,10; Table 1).
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However, removal of RIS from F508del-CFTR with R1070W and G550E revertants, virtually
abolished the rescue of F508del-CFTR by both revertants (Figure 1D, lanes 4,8; Table 1). Moreover,
processing of ∆RIL-F508del-CFTR was further increased by either R1070W or G550E up to 96 ± 2% and
92 ± 4%, respectively (Figure 1D, lanes 5,9; Table 1). Alone, R1070W and G550E rescued F508del-CFTR
from 8 ± 1% to 34 ± 3% and 42 ± 4%, respectively (Figure 1D, lanes 3,7; Table 1), as we previously
reported [5].

Interestingly, the impaired processing of ∆RIS-wt-CFTR (44 ± 2%) was significantly rescued by
G550E (to 82 ± 3%), but curiously it was further reduced by R1070W (to 11%) i.e., close to levels of
F508del-CFTR processing (Figure 1C, lanes 8,4; Table 1). Of note that R1070W alone also reduced
wt-CFTR processing to 69 ± 7%, but this reduction could be compensated by the removal of RIL

(92 ± 2%) (Figure 1C, lanes 3,5; Table 1), while G550E alone caused no effect on wt-CFTR processing
(Figure 1C, lane 7).

In summary, ∆RIS, but not ∆RES, abolishes the plasma membrane rescue of F508del-CFTR by
genetic revertants R1070W and G550E.

2.4. ∆RIL Synergises with VX-809, but Not with Revertants to Rescue ∆RES-F508del-CFTR Processing

To further test how the stabilized immature form of ∆RES-F508del-CFTR could be pharmacologically
rescued, we then assessed the impact of corrector VX-809 (which per se promotes maturation of the
F508del-CFTR) on the processing of this and of the other variants, to obtain structural insight on the
effects of this novel drug. Although ∆RES-F508del-CFTR could not be rescued by VX-809, data show
that this small molecule was able to rescue ∆RIS-∆RES-F508del-CFTR (from 7 ± 2% to 20 ± 4%) and
further increased processing of ∆RIL-∆RES-F508del-CFTR to wt-CFTR levels (from 71 ± 3% to 96 ± 2%)
(Figure 3A, lanes 6,7; Figure 3E; Table 1). These data suggest a strong synergistic effect between VX-809
and ∆RIL (and with ∆RIS, albeit to a lesser extent) to rescue ∆RES-F508del-CFTR processing. This is
particularly interesting because VX-809 did not rescue processing of the ∆RES-, nor ∆RIS-F508del-CFTR
variants (Figure 3A, lanes 5,3; Table 1) while it recovered the processing of ∆RIL-F508del-CFTR to
wt-CFTR levels (Figure 3A, lane4; Table 1). Notably, VX-809 was able to almost completely revert
processing impairment of ∆RIS-wt-CFTR and ∆RIS-∆RES-CFTR (from 44 ± 2% and 54 ± 9%) to 90 ± 3%
and 93 ± 3%, respectively (Figure 3A, lanes 8,11; Figure 3D; Table 1).

Strikingly, VX-809 had no effect on processing of ∆RES-F508del-CFTR with R1070W or G550E
(Figure 3C, lanes 6,10; Figure 3E; Table 1), while it further rescued processing of F508del-CFTR variants
with R1070W or G550E alone to 46 ± 4% and 73 ± 6%, respectively (Figure 3C, lanes 3,7; Figure 3E;
Table 1), as reported [5]. Similarly, VX-809 caused no significant further rescue on the processing of
∆RIL-F508del-CFTR with those revertants, but these variants already had processing levels close to
those of wt-CFTR (Figure 3C, lanes 5,9; Figure 3E; Table 1). Interestingly, the impaired processing of
∆RES-R1070W-wt-CFTR (71 ± 6%) was also reverted by VX-809 to 90 ± 3% (Figure 3B, lane 6; Table 1).

Corrector VX-809 failed to rescue any of the ∆REL-, ∆H9-, and ∆REL-∆H9-F508del-CFTR variants
(Figure 2B,C), while significantly increasing the processing of the ∆REL-∆H9-wt-CFTR from 55 ± 3% to
69 ± 3% (Figure 2B, lane 7; Figure 2C).

Altogether, these results suggest that RIL and the genetic revertants interfere with the rescue of
F508del-CFTR by VX-809.

2.5. ∆RIL-∆RES-F508del-CFTR Levels at the Plasma Membrane are Equivalent to Those of wt-CFTR

To determine the fraction of the above CFTR variants that localize to the PM, we used quantitative
cell surface biotinylation. These data showed that PM levels of ∆RIL-∆RES-F508del-CFTR were
equivalent to those of wt-CFTR, while those of ∆RIL-F508del-CFTR were significantly lower (Figure 4A,
lanes 5,4; Figure 4B). Data also confirmed that ∆RES did not induce appearance of F508del-CFTR
at the cell surface (data not shown). Corrector VX-809 further increased the PM expression of
∆RIL-∆RES-F508del-CFTR to levels that are significantly higher than those of wt-CFTR (Figure 4A,
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lanes 2,9, Figure 4B). This compound also significantly increased PM levels of ∆RIL-F508del-CFTR to
similar levels of wt-CFTR (Figure 4A, lanes 2,8; Figure 4B).

Figure 4. Plasma membrane levels, efficiency of processing and turnover of immature CFTR without
Regulatory Extension (RES). (A) BHK cells expressing ∆RIL-F508del and ∆RIL-∆RES-F508del-CFTR
and treated with 3 µM VX-809 for 48 h (or DMSO control) were subjected to cell surface biotinylation.
wt-CFTR samples not treated with biotin were the negative control (NC). After streptavidin pull-down,
CFTR was detected by WB. CFTR and CNX are detected in the whole cell lysate (WCL) as controls.
(B) Quantification of data in (a) for PM CFTR normalized to total protein and shown as fold change
relatively to wt-CFTR cells treated with DMSO. “*” and “#” indicate significantly different from wt-CFTR
treated with DMSO and from respective variant without VX-809, respectively (p < 0.05). (C) BHK cells
expressing wt-, F508del-CFTR alone or jointly with ∆RIL, ∆RES, and ∆RIL-∆RES were subjected to
pulse-chase (see Materials and Methods) for the indicated times (0, 0.5, 1, 2, and 3h) before lysis and
immunoprecipitation (IP) with the anti-CFTR 596 Ab. After electrophoresis and fluorography, images
were analyzed by densitometry. (D) Turnover of immature (band B) CFTR for different CFTR variants
is shown as the percentage of immature protein at a given time point of chase (P) relative to the amount
at t = 0 (P0). (E) Efficiency of processing of band B into band C is shown as the percentage of band C at a
given time of chase relative to the amount of band B at t = 0. “*” and “#” indicate statistical significantly
different (p < 0.05) from wt-CFTR and F508del-CFTR, respectively. Data represent mean ± SEM (n = 5).
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Given the very significant stabilization of immature ∆RES-F508del-CFTR (Figure 1B), next,
we determined how removal of RES affected the processing efficiency and the turnover of the F508del-
and ∆RIL-F508del-CFTR variants. To this end, we performed pulse-chase experiments (Figure 4C,D)
and indeed our results revealed that ∆RES very significantly stabilized immature F508del-CFTR
not just relatively to F508del-CFTR but to levels even significantly higher than those of wt-CFTR
(Figure 4C,D). Indeed, our data show that although F508del-CFTR without RE did not traffic to the
PM, it showed a dramatic stabilization of its immature form (evidencing a turnover rate ~2× lower
than that of wt-CFTR. It should be noted that the turnover of F508del-CFTR itself is ~1.4×faster vs.
wt-CFTR, thus this stabilization (of ~3× vs. F508del-CFTR) represents indeed a massive stabilization.
Interestingly, this stabilizing effect was no longer significant for ∆RIL-∆RES-F508del-CFTR nor for
∆RIL-F508del-CFTR, the latter being equivalent to wt-CFTR (Figure 4C,D). Removal of RIS from
F508del-CFTR did not stabilize its turnover (data not shown). As to removal of either RES or RIS from
wt-CFTR, it did not affect the processing efficiency or the turnover vs. wt-CFTR (Figure S2).

In summary, levels of ∆RIL-∆RES-F508del-CFTR at the PM are equivalent to those of wt-CFTR.

2.6. VX-809 Jointly with RE and RI Removal Completely Restored F508del-CFTR Function as
Chloride Channel

To investigate the channel function of the ∆RES- and ∆RIL-F508del-CFTR variants, we used the
iodide efflux technique. Removal of RES alone had no impact on F508del-CFTR function (Figure 5A;
black dash line in Figure S3B) as expected from the lack of processed form for this variant (Figure 1B).
However, when RES and RIL were removed jointly from F508del-CFTR, functional levels reached
78 ± 7% of wt-CFTR (Figure 5A,C; black dotted line in Figure S3B). As to removal of RIL alone from
F508del-CFTR, it restored function to 92 ± 7% of wt-CFTR (Figure 5A,C; black line in Figure S3B),
as described [13]. Also, the delay in peak response observed for F508del-CFTR (min = 4) vs. wt-CFTR
(min = 2), was partially corrected (to min = 3) both by removal of RIL alone from F508del-CFTR or
together with RES (Figure 5C; Figure S3B, black line and dotted line).

Introduction of G550E and R1070W revertants into the ∆RIL-F508del-CFTR variant slightly but
not significantly decreased its function from 92 ± 7% to 71 ± 8% and 76 ± 8%, respectively (Figure 5A,C;
black lines in Figure S3C,D), in parallel to the respective processing levels (Figure 1). In fact, these
variants showed higher activity levels than the revertants containing RIL (29 ± 3% and 56 ± 6%,
respectively). Interestingly however, both G550E- and R1070W-∆RIL-F508del-CFTR fully corrected
(to min = 2) the delay in peak response of F508del-CFTR, which was still partially present in ∆RIL-
and ∆RIL-RES-F508del-CFTR (min = 3).

The effect of VX-809 (3µM, 48 h at 37 ◦C) was also examined at functional level on the
∆RES-, ∆RIL-∆RES- and ∆RIL-F508del-CFTR variants. VX-809 shows a tendency to increase in
∆RES-∆RIL-F508del-CFTR function (84± 8% of wt-CFTR) which was parallel to the observed increase in
PM expression (Figure 4; Figure 5A,C; black dotted line in Figure S3F). Also, ∆RES-∆RIL-F508del-CFTR
fully corrected (to min = 2) the delay in peak response of F508del-CFTR which was still partially
present in ∆RIL- and ∆RIL-∆RES-F508del-CFTR (min = 3).

In contrast to the observed increase in processing, VX-809 caused no significant increase in the
function of ∆RIL-F508del-CFTR and actually a slight, but not significant decrease was observed and
there was still the same delay in peak response (Figure 5A,C; black line in Figure S3F).

A similar slight decrease in function was observed for VX-809 on the ∆RIL-R1070W-F508del-CFTR
variant (Figure 5A,C; black line in Figure S3H), but the most striking result was the significant decrease
caused by VX-809 on function of ∆RIL-G550E-F508del from 76 ± 8% to 41 ± 3% (Figure 5A; black line
in Figure S3G). Nevertheless, both revertant variants of ∆RIL-F508del-CFTR showed no change in peak
response which was still the same as wt-CFTR (min = 2).

Overall, VX-809 jointly with RE and RI removal completely restored F508del-CFTR function as
chloride channel.
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Figure 5. Functional characterization of the ∆REs and ∆RIl variants of F508del-CFTR with or without
VX-809 or VX-770 treatments. (A,B) Summary of the data from the iodide efflux peak magnitude
generated by BHK cells stably expressing different CFTR variants and treated with 3 µM VX-809 (black
bars on panel A) or with DMSO as control (white bars on panel a) for 48 h and stimulated with 10 µM
Forskolin (Fsk) and 50 µM Genistein (Gen). In (B) cells were not pre-incubated and were stimulated
either with 10 µM Fsk and 50 µM Gen (white bars on panel B) or with 10 µM Fsk and 10 µM VX-770
(black bars on panel b), as indicated. Data are shown as a percentage of wt-CFTR activity under Fsk/Gen
stimulation and as mean ± SEM. (n) indicates number of independent experiments. “#” indicates
significantly different (p < 0.05) from the same CFTR variant incubated with DMSO (A) or significantly
different from the same CFTR variant under Fsk/Gen stimulation (white bars) (B). (C) Summary of
iodide efflux data for different F508del-CFTR variants without REs, RIs, and RIl alone or jointly with
revertants R1070W and G550E.

2.7. VX-770-Stimulated Currents of CFTR Variants are Dramatically Decreased by ∆RIL but not by
∆RIL-∆RES

Given the interesting and diverse results observed for the ∆RES and ∆RIL under VX-809, next we
tested the effects of potentiator VX-770 (Ivacaftor), an approved drug for CF patients with gating
mutations (Figure 5B) on these variants and in combination with VX-809, for F508del/F508del patients.
Most strikingly, our data show that VX-770/Forskolin (Fsk) significantly decreased the function of
∆RIL-F508del-CFTRin comparison with potentiation by Gen/Fsk (Figure 5B,C) from 92 ± 7% to 58 ± 7%
of wt-CFTR (Figure 5B,C; black line in Figure S3J). As ∆RES-F508del-CFTR was not processed, we did
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not test the effect of VX-770 on this variant, but when the ∆RES-∆RIL-F508del-CFTR variant was
assessed for its function after acute application of VX-770 with Fsk, a tendency for increase in its
function (to 87 ± 3% of wt-CFTR) was observed versus its function under Gen/Fsk (78 ± 7% of wt-CFTR)
(Figure 5B,C; black dotted line in Figure S3J).

The most dramatic result, however, was observed for the ∆RIL-G550E-F508del-CFTR variant
which under VX-770/Fsk only had 4 ± 1% function of wt-CFTR, while under Gen/Fsk it had 76 ± 8%
(Figure 5B,C; black line in Figure S3K). For ∆RIL-R1070W-F508del-CFTR this decrease was not observed
(Figure 5B,C; black line in Figure S3L), and in fact this variant had a slightly higher function under
VX-770 stimulation (72 ± 4%) than ∆RIL-F508del-CFTR (58 ± 7%) (Figure 5B,C, black line in Figure S3H).
These results suggest that somehow removal of RIL can increase the chances of VX-770 blocking the
channel pore.

The delay in peak response of F508del- comparing with wt-CFTR was not corrected for
∆RIL-F508del-CFTR (min = 3), but it was corrected for ∆RIL-∆RES-F508del-CFTR (min = 2)
(black and dotted black lines in Figure S3J, respectively). Interestingly, on the other hand
∆RIL-R1070W-F508del-CFTR showed the quickest peak response (at min = 1), in contrast to either
R1070W-F508del-CFTR or ∆RIL-F508del-CFTR, both at min = 3.

Similarly, VX-770 also significantly decreased the function of ∆RIL-wt-CFTR from 127 ± 15%
under Gen to 57 ± 6% (Figure S4).

These results imply that, VX-770-stimulated currents of CFTR variants are dramatically decreased
by ∆RIL but not by ∆RIL-∆RES.

3. Discussion

The main goal of this study was to understand how the removal of the regulatory extension (∆RE)
alone or with the regulatory insertion (∆RI)—two highly conformationally dynamic regions—impact
the rescue of F508del-CFTR processing and function by two compounds—VX-809 and VX-770—which
in combination were recently approved to clinically treat F508del-homozygous patients. Indeed,
CFTR is the sole ABC transporter that functions as a channel and thus, these highly dynamic RI and
RE regions which are absent in other ABC transporters, may be of high relevance to understand how
CFTR differs from other ABCs, namely in its function as a channel.

These regions RI and RE were originally suggested to be positioned to impede formation of
the NBD1-NBD2 dimer required for channel gating [15,19]. Indeed, both RI and RE were shown
to be mobile elements in solution that bind transiently to the core of NBD in the β-sheet and α/β

subdomains of NBD1 [3]. Similarly to what demonstrated for RI [13], it is plausible to posit that the
dynamic flexibility of the RE may also result in exposure of hydrophobic surfaces thus contributing to
the dynamic instability of NBD1 and thus contribute to the low folding efficiency of F508del-CFTR.
The RE is a ~30-residue segment at NBD1 C-terminus, so-called because it goes beyond canonical ABC
NBDs [15]. Although this region was absent from the solved CFTR-NBD1 crystal structure [19], it was
described as a helix packing against NBD1 at the NBD1:NBD2 interface and NMR data showed it has
significant conformational flexibility [3,21]. Notwithstanding, there is some controversy regarding the
RE boundaries. The RE (previously called H9c) was defined as 655Ala-Ser670 [15,19], 639Asp-Ser670 20,
or 654Ser-Gly673 [3]. According to the crystal structure (PDB ID 2PZE), NBD1 extends only to 646Gly,
where RD begins, so RE could be proposed to start at 647Cys [3,18], thus being considered as part of RD,
the latter absent in other ABC transporters [1]. As for the RI (previously called S1-S2 loop) its limits are
also variable, being firstly described as a ~35-residue segment (405Phe-436Leu) consisting of α-helices
H1b and H1c [15] (Figure S1). Later, however, these limits were proposed to be 404Gly-Leu435 [13,20]
or 405Phe-Leu436 [18].

3.1. Impact of RE and RI on CFTR Processing and Function

Our data shown here on CFTR variants depleted of different versions of the RE dynamic region
demonstrate that unlike RI deletion, removal of short RE—∆RES (∆654Ser-Gly673) did not per se
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rescue F508del-CFTR processing. Nevertheless, ∆RES dramatically stabilized the immature form of
F508del-CFTR (see Figure 6). In fact, our pulse-chase experiments show that the immature form of
∆RES-F508del-CFTR exhibits a turnover rate which is ~2-fold lower than that of wt-CFTR. Of note,
when Aleksandrov et al. removed the dynamic region RI from F508del-CFTR they found a dramatic
increase in the channel thermostability, even augmented for higher temperatures [13]. Interestingly
however, while RES removal from ∆RIL-F508del-CFTR did not significantly affect processing (71% vs.
78% for ∆RES-∆RIL-F508del-CFTR and ∆RIL-F508del-CFTR, respectively, in Table 1, it further reduced
its function from 92 to 78% (∆RIL-F508del-CFTR vs. ∆RES-∆RIL-F508del-CFTR, respectively, Figure 5C).

The latter findings on function of ∆RES-wt-CFTR and ∆RES-∆RIL-F508del-CFTR were somewhat
surprising since the RE was previously described to impede putative NBD1:NBD2 dimerization that
is required for channel gating [20]. Accordingly, an increase in CFTR activity would be expected
upon ∆RES removal, which is actually the opposite of what we observe for wt-CFTR. Besides the
fact that those authors studied a different RE version (639Asp-Ser670), this discrepancy could derive
from structural constraints and lack of flexibility of the ‘single polypeptide’ protein that we used,
vs. their ‘split’ CFTR channels (2 ‘halves’ of 633 and 668 amino acid residues) for which channel
function was indistinguishable from wt-CFTR [20]. Moreover, since RD phosphorylation is required for
channel gating [24,25], the reduced function of ∆RES-wt-CFTR may also result from absence of 660Ser
and 670Ser [17,21]. Although the RD contains more than ten PKA phospho-sites and no individual
one is essential, phosphorylation of increasing numbers of sites enables progressively greater channel
activity [26].

Removal of a longer RE version (∆REL: ∆
647Cys-Ser678) was without effect on F508del-CFTR

processing and significantly reduced that of wt-CFTR to 88%. Such differential impact on wt- and
F508del-CFTR is consistent with the conformational heterogeneity between these two proteins lacking
both RI and RE [27].

Removal of RI short version, RIS (∆412Ala-Leu428) significantly reduced wt-CFTR processing to
less than half of its normal levels, while not rescuing F508del-CFTR processing, thus, being essential
for CFTR proper folding. This is in contrast to removal of long RI (∆RIL) which led to 78% processing
F508del-CFTR, as reported [13] but without impact on wt-CFTR. These data indicate that those 8/7
amino acid residues at the N-term/ C-term of RIS (and absent in RIL) impair the folding efficiency and
processing of both wt- and F508del-CFTR. Despite the difficulty in speculating how those amino acid
residues can specifically impact of F508del-CFTR folding and processing, the fact that structurally
RIS is strictly the region described as destructured in the crystal structure [19] and RIL includes some
flanking residues restricting its mobility may explain the observed difference.

Indeed, the recently published cryo-EM structures of human CFTR [22,28,29] indicate that RIS

is structurally disordered. Consistently, the RI loop in NBD1 is described in the zebrafish CFTR
cryo-structure [30,31] to contribute to the amorphous density that is observed between NBD1 and the
elbow helix of TMD2 [32]. Our data for the RI are consistent with these findings.

From a structural point of view, models of the full-length CFTR protein suggest that the two
regions (RI and RE) behave differently. The distances between the extremities of the deleted parts
are indeed different (∆RIS = 18Å, ∆RIL= 10Å versus ∆RES = 27Å, ∆REL = 30Å). The longer distances
observed for ∆RE imply a substantial reorganization of the C-terminal parts of NBD1 and NBD2,
which precludes a clear understanding of what might happen upon these deletions. In contrast,
the lower distances observed for ∆RI (near a possible minimum of 6Å) allows a better simulation of the
possible structural behavior of these constructs. Indeed, preliminary molecular dynamics simulations
of the ∆RIL-F508del-CFTR suggested that in this case, part of the RD is reorganized and partially
takes space left by the ∆RI deletion, thereby substituting it for tight contacts with NBD2. Meanwhile,
following a probable allosteric effect [13,18,32], contact of NBD1-F508 with ICL4 residue L1077 (a likely
essential contact for channel opening), is nearly completely restored by I507. Such a feature is not
observed in the F508del-CFTR model [33].
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Figure 6. Summary of the most relevant results observed in the present study. CFTR structure used is
the one by Liu F et al. [22] and putative bind sites of VX-809 and VX-770 shown are the NBD1:MSD2
(ICL4) interface and to the MSDs (although it is not defined the exact binding site), as described by
Farinha et al. [5] and by Jih and Hwang [23], respectively. RIL and RES are shown as red lines, the R
region a dashed green line.

3.2. Effect of VX-809 on F508del-CFTR Variants Lacking RE and RI

As for rescue of CFTR variants lacking RE and RI by CFTR modulators, VX-809 restored the
processing of both ∆RES-∆RIL- and ∆RIL-F508del-CFTR variants equally well and to wt-CFTR levels
(from 71-78% to 92-96%. These data suggest a strong synergistic effect between VX-809 and ∆RIL to
rescue ∆RES-F508del-CFTR processing and thus some possible interference of the regulatory insertion
with VX-809 binding to F508del-CFTR (see Figure 6). Indeed, although previous studies [34] suggested
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putative binding of VX-809 to NBD1:MSD2 (ICL4) interface (see Figure 6) or to TMD1 [35], they also
suggested possibility of further F508del-CFTR correction at distinct conformational sites, so data shown
here suggest that VX-809 may also bind to the regulatory insertion.

Interestingly, the processing defect of ∆RIS-wt-CFTR (but not of ∆RIS-F508del-CFTR) was rescuable
by VX-809 to 90%, indicating that the amino acid stretches of the RIL that remain present in RIS do not
affect the rescue of ∆RIS-wt-CFTR but preclude rescue of F508del-CFTR by VX-809.

We also tested the impact of removing helix 9 (H9) which precedes the RE (635Gln-Gly646), just after
H8 (630Phe-Leu634), both helices proposed to interact with the NBD1:NBD2 heterodimer interface by
folding onto the NBD1 β-subdomain [21,27] as well as to bind ICL4 near Phe508. When H9 is present,
∆REL-wt-CFTR processing appears to be favored by VX-809, suggesting some synergy of this small
molecule with H9 helix to correct the conformational defect(s) caused by ∆REL on wt-CFTR. These data
are in contrast to ∆H9-F508del-CFTR which exhibits 0% processing with or without ∆REL and no
rescue by VX-809. We can assume that H9 also contacts RE, at least in some states, such as when the
RE adopts different conformations as previously suggested [19].

Most strikingly, and in contrast to its effect on processing, was the effect of ∆RIL on the VX-770
stimulated currents which were decreased by almost half vs those stimulated by Gen/Fsk (92% to
58%). These data seem to indicate that the absence of the regulatory insertion could impair (and its
presence favor) binding of VX-770 to CFTR (see Figure 6). Surprisingly, the removal of RES from
∆RIL-F508del-CFTR could correct this defect and restore the maximal function by VX-770 (see Figure 6).
Indeed, under VX-770, ∆RES-∆RIL-F508del-CFTR exhibited significantly higher activity (87%) than
∆RIL-F508del-CFTR (58%). In contrast, removal of RES from wt-CFTR significantly reduced its
functionin comparison with that of wt-CFTR (down to 70%) but had no effect on processing. Our study
does not address the mechanism coupling the RI to F508del-CFTR pharmacological rescue, namely,
why is the RI essential for rescue by VX-770 or why is it inhibitory for rescue by VX-809. Nevertheless,
insight may be obtained from experimental structural data. In a recent cryo-EM structure of full-length
human CFTR [29] VX-770 was found to bind in a transmembrane location coinciding with a hinge
involved in gating. The authors suggested that populating this binding pocket may stabilize the
intermolecular rotation opening the CFTR channel upon ATP binding at the NBD1-NBD2 interface.
Given that the RI is located near the NBD interface and ATP binding site [29] we may speculate that RI
deletion hampers NBD dimerization and, therefore, rescue by VX-770. Regarding VX-809, we may
speculate that the RI interferes with drug binding.

3.3. Impact of F508del-Revertants on CFTR Variants Lacking RE and RI

Another goal of the present study was to assess how presence of the F508del-CFTR revertants
G550E and R1070W [5,10,11] influence variants without RE and RI. Remarkably, our data show that the
presence of either of these revertants did not affect ∆RES-F508del-CFTR processing, but both of them
further increased processing (but not function) of ∆RIL-F508del-CFTR to almost levels of wt-CFTR:
92–96% (G550E) and 71–76% (R1070W).

In contrast, removal of RIS from either of these F508del-CFTR revertants completely abolished
their processing, emphasizing how important the different residues between RIS and RIL are for
F508del-CFTR conformers partially rescued by the revertants. We can speculate that RIS removal from
F508del-CFTR has an effect on folding equivalent to that of either G550E or R1070W.

Interestingly, regarding wt-CFTR processing, G550E (at the NBD1:NBD2 dimer interface) partially
recovered the negative effect caused by RIS removal, thus further suggesting that this revertant and the
destructured region of RI may be allosterically coupled, since they do not plausibly interact (Figure S5).
On the contrary, R1070W (at the NBD1:ICL4 interface), negatively affected processing of wt-CFTR
(to 69%) and of ∆RIS-wt-CFTR (from 44% to 11%), while not affecting ∆RIL-wt-CFTR. R1070W rescues
F508del-CFTR because 1070Trp fills the gap created by deletion of residue 508Phe [36]. It is not surprising
that it perturbs CFTR folding due to clashing of 508Phe and 1070Trp residues. It is nevertheless, curious
that R1070W affect more the processing ∆RIS-wt-CFTR than wt-CFTR, to levels of F508del-CFTR,
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suggesting that both changes affect the same region of the molecule. Rescue of both R1070W-wt-CFTR
and R1070W-∆RIS-wt-CFTR by VX-809 further supports this concept.

The most striking effect of ∆RIL however, was the almost complete abolition of VX-770-stimulated
current of G550E-F508del-CFTR to levels even lower than those observed for ∆RIL-F508del-CFTR
(see above). It was suggested that VX-770 binds directly to CFTR to the MSDs (although it is not
defined the exact binding site), in phosphorylation-dependent but ATP-independent manner and away
from the canonical catalytic site [23,37]. Both RD and RI were suggested by Eckford and colleagues as
putative binding regions for VX-770 [37]. Nevertheless, the pharmacological effect of VX-770 remains
robust in the absence of the RD [23] and here we demonstrate that it does indeed require RI since
VX-770 is unable to stimulate either ∆RIL-F508del-CFTR or ∆RIL-G550E- F508del-CFTR (see Figure 6).
We can speculate that removal of RIL increases the chances of VX-770 blocking the pore. In contrast,
this would not occur for genistein, which has been proposed to bind to the NBDs interface [38],
thus probably explaining why it does not cause this effect.

4. Materials and Methods

4.1. CFTR Variants, Cells, and Culture Conditions

Several CFTR deletion variants were produced by site-directed mutagenesis corresponding
to the removal of residues: ∆RIL–404Gly-Leu435; ∆RIS–412Ala-Leu428; ∆REL–647Cys-Ser678; ∆RES–
654Ser-Gly673; ∆H9 –637Gln-Gly646; ∆REL-∆H9 –637Gln-Ser678; ∆RIS-∆RES–both 412Ala-Leu428 and
654Ser-Gly673; and ∆RIL-∆RES–404Gly-Leu435 and 654Ser-Gly673. All the constructs were produced
using full length wt-CFTR and F508del-CFTR.

BHK cells lines expressing ∆RIL-, ∆RIL-F508del-, ∆RIL-G550E-, ∆RIL-G550E-F508del, ∆RIL-R1070W-,
∆RIL-R1070W-F508del, ∆RIS-, ∆RIS-F508del, ∆RIS -G550E-, ∆RIS-G550E-F508del, ∆RIS-R1070W-,
∆RIS-R1070W-F508del, ∆RES-, ∆RES-F508del, ∆RES-G550E, ∆RES-G550E-F508del, ∆RES-R1070W-,
∆RES-R1070W-F508del, ∆REL-, ∆REL-F508del, ∆RIS-∆RE-, ∆RIS-∆RES-F508del, ∆RIL-∆RE-, ∆RIL-
∆RES-F508del, ∆H9-, ∆H9-F508del, ∆REL-∆H9-, and ∆REL-∆H9-F508del-CFTR were produced and
cultured as previously described 11. Cells were cultured in DMEM/F-12 medium containing 5% (v/v)
Fetal bovine serum (FBS) and 500 µM of methotrexate. For some experiments, cells were incubated
with 3 µM VX-809 or with the equivalent concentration of Dimethyl sulfoxide (DMSO, Control) for
48 h at 37 ◦C.

4.2. Western Blot

To study the effect of removal of regulatory extension (RE) and or regulatory insertion (RI) in
combination with genetic revertants and VX-809, cells were incubated for 48 h at 37 ◦C with 3 µM
VX-809. After incubation, cells were lysed, and extracts analyzed by Western blot (WB) using the
anti-CFTR 596 antibody (Ab) or anti-calnexin Ab as a loading control. Score corresponds to the
percentage of band C to total CFTR (bands B + C) as normalized to the same ratio in samples from
wt-CFTR expressing cells. Blot images were acquired using BioRad ChemiDoc XRC+ imaging system
and band intensities were measured using Image Lab analysis software.

4.3. Pulse-Chase and Immunoprecipitation

BHK cells lines stably expressing CFTR variants were starved for 30 min in methionine-free
α-modified Eagle’s medium or minimal essential medium and then pulsed for 30 min in the same
medium supplemented with 100 µCi/mL [35S] methionine. After chasing for 0, 0.5, 1, 1.5, 2, and 3 h in
a-modified Eagle’s medium with 8% (v/v) fetal bovine serum and 1mM non-radioactive methionine,
cells were lysed in 1 mL of Radioimmunoprecipitation assay (RIPA) buffer [1% (w/v) deoxycholic acid,
1% (v/v) Triton X-100, 0.1% (w/v) Sodium dodecyl sulfate (SDS), 50 mM Tris, pH 7.4, and 150 mM
NaCl]. The immunoprecipitation (IP) was carried out using the anti-CFTR 596 antibody in independent
experiments and Protein G–agarose or Protein A–Sepharose beads. Immunoprecipitated proteins were
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eluted from the beads with sample buffer for 1h at room temperature and then electrophoretically
separated on 7% (w/v) polyacrylamide gels. Gels were pre-fixed in methanol/acetic acid (30:10, v/v),
washed in water and, for fluorography, soaked in 1M sodium salicylate for 60 min. After drying at
80 ◦C for 2 h, gels were exposed to X-ray films and further analyzed and quantified by densitometry.

4.4. Iodide Efflux

CFTR-mediated iodide effluxes were measured at room temperature using the cAMP agonist
forskolin (Fsk 10 µM) and the CFTR potentiator genistein (Gen, 50 µM) or VX-770 (10 µM) and Gen
(50 µM).

4.5. Biochemical Determination of the Plasma Membrane Levels of CFTR

To determine plasma membrane levels of CFTR protein, we performed cell surface biotinylation
in BHK cells cultured on permeable growth supports or tissue culture plates using cell membrane
impermeable EZ-Link™ Sulfo-NHS-SS-Biotin, followed by cell lysis in buffer containing 25 mM HEPES,
pH 8.0, 1% (v/v) Triton, 10% glycerol (v/v), and Complete Protease Inhibitor Mixture, as described
previously [39,40]. Biotinylated proteins were isolated by streptavidin-agarose beads, eluted into
SDS-sample buffer, and separated by 7.5% (w/v) SDS-PAGE.

4.6. Multiple Sequence Alignment

Sequences for NBD domains of ABC transporters were obtained from Uniprot [41] (human and
mouse CFTR) or the PDB [42] (1B0U, 1L2T, 1G29, 1G6H, and 1JJ7). Alignments were performed with
Jalview [43] using the T-Coffee [44] algorithm with default parameters.

4.7. Data and Statistical Analyses

The data and statistical analyses used in this study comply with the recommendations on
experimental design and data analysis in pharmacology [45]. Quantitative results are shown as mean
± SEM of n observations. To compare two sets of data, Student’s t-test was used, and differences
considered to be significant for p-values ≤ 0.05. In Western blotting (Figures 1–3), pulse chase (Figure 4
and Figure S2); cell surface biotinylation (Figure 4) and in iodide efflux studies (Table 1, Figure 5,
Figures S3 and S4), n represents the number of experiments performed with distinct cell cultures on
different days, being thus biological replicates.

4.8. Reagents

All reagents used here were of the highest purity grade available. Forskolin and genistein
were from Sigma-Aldrich (St. Louis, MI, USA); VX-809 and VX-770 were acquired from Selleck
Chemicals (Houston, TX, USA). CFTR was detected with the mouse anti-CFTR monoclonal 596Ab,
which recognizes a region of NBD2 (1204–1211) from CFFT—Cystic Fibrosis Foundation Therapeutics
CFF Therapeutics [46] and calnexin with rabbit polyclonal anti-calnexin Ab SPA-860, from Stressgen
Biotechnologies Corporation (Victoria, BC, Canada). Other specific reagents included: X-ray films
(Kodak, supplied by Sigma-Aldrich); Complete Protease Inhibitor Mixture from Roche Applied Science
(Penzberg, Germany); EZ-Link™ Sulfo-NHS-SS-Biotin from Pierce Chemical Company (Rockford,
IL, USA).

5. Conclusions

Overall, our data show that while the presence of the regulatory insertion (RI) seems to
preclude full rescue of F508del-CFTR processing by VX-809, this region appears essential to rescue
its function by VX-770, thus suggesting some contradictory role in rescue of F508del-CFTR by these
two modulators (Figure 7). Nevertheless, this negative impact of removing RI on VX-770-stimulated
currents on F508del-CFTR can be compensated by deletion of the regulatory extension which also
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leads to the stabilization of this mutant. We thus propose that, despite both these regions being
conformationally dynamic, RI precludes F508del-CFTR processing while RE affects mostly its stability
and channel opening.

Figure 7. Model for the modulation of F508del processing and gating by RIL and RES. Our data
suggest that the RI destabilizes the F508del-CFTR structure. Therefore, deleting the RI (∆RIL) rescues
F508del-CFTR processing and gating. However, the RI is essential for F508del-CFTR rescuing by VX-770.
The RE is essential for gating and removal of its shorter version (∆RES) generates an F508del-CFTR
variant which cannot be rescued pharmacologically. Simultaneous removal of both regions (∆RIL-∆RES)
rescues F508del-CFTR processing and gating. The CFTR structure from Liu F et al. [22] depicts the
overall NBD1 structure and the location of the RI and RE.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4524/s1, Figure S1. ABC transporters alignment. Sequence alignment of NBD sequences from ABC transporters.
Sequences correspond to NBD domains with experimentally determined 3D structures: human CFTR (hNBD1)
and Tap1, mouse CFTR (mNBD1), HisP from S. typhimurium, MJ0796 and MJ1267 from M. jannaschii and Malk
from T. litoralis. Only RI and RE regions are shown. Numbering is the one of human CFTR. The localization
of the RI, RE and H9 are shown as arrows and shades. Blue and pink regions respectively highlight structured
and unstructured stretches in human NBD1 crystal structures [19], Figure S2. Turnover and processing of
wt-CFTR, alone or in cis with ∆RES and ∆RIS. (A) BHK cells expressing wt, ∆RES and ∆RIS were labelled with
35S-methionine for 30 min and then chased for the indicated times (0, 0.5, 1, 2, 3h) before lysis. IP was performed
with the anti-CFTR 596 antibody. After electrophoresis and fluorography, images were analysed by densitometry.
(B) Turnover of immature (band B) CFTR for different CFTR variants is shown as the percentage of immature
protein at a given time point of chase (P) relative to the amount at t = 0 (P0). (C) Efficiency of processing of band B
into band C is shown as the percentage of band C at a given time of chase relative to the amount of band B at t = 0.
Data are mean ± SEM at each point (n = 3), Figure S3. Functional characterization of the ∆RES and ∆RIL variants
of F508del-CFTR with and without VX-809 or VX-770 treatments. (A-L) Iodide efflux from BHK cells stably
expressing ∆RES, ∆RIS- and ∆RIL-F508del-CFTR variants. Cells were incubated either with 3µM VX-809 (E-H) or
equivalent concentration of DMSO (control) for 48h at 37◦C (A-D; I-L) and for the assay stimulated with Fsk/Gen
(A-H) or Fsk/VX-770 (I-L), as indicated above the bar and for the period indicated by the bar, Figure S4. Functional
characterization of the ∆RES and ∆RIL variants of wt-CFTR. (A-C) Iodide efflux from BHK cells stably expressing
∆RES- or ∆RI-wt-CFTR alone (A) or jointly with revertants R1070W and G550E (B, C). Cells were stimulated
during the assay with Fsk/Gen (A, B) or with Fsk/VX-770 (C), as indicated above the bar and for the period
indicated by the bar. (D) Graph summarizing data from the iodide efflux peak magnitude generated by different
BHK cells stably expressing the various CFTR variants. Data are shown as a percentage of wt-CFTR activity and
as mean±SEM. (n) indicates number of independent experiments. “#” indicates significantly different from the
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wt-CFTR stimulated with Fsk/Gen (p < 0.05). (E) Quantification of the iodide efflux data, showing peak response
(time and value) and percentage of wt-CFTR activity, Figure S5. Relative localization of the RI and G550 in CFTR.
The figure shows the structure of full length CFTR bound to ATP and VX-770 [34] viewed from the intracellular
side, highlighting the NBDs and rendering secondary structure elements and protein surface. The RI is shown
in shades of red: light red highlights the stretch which is resolved in the cryo-EM structure [34] (404Gly-Phe409)
and dark red highlights the 410Glu-Leu435 stretch, which is not resolved. This stretch is shown as modelled by
Serohijos et al. [4], after alignment to NBD1. Other elements are colored as in Figure 1A. (A) Overall structure.
(B) Cut through the NBDs. Interaction between the RI and the G550 site is unlikely given their separation and the
buried localization of G550.
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Abstract: ABCC1 and ABCC4 utilize energy from ATP hydrolysis to transport many different
molecules, including drugs, out of the cell and, as such, have been implicated in causing drug resistance.
However recently, because of their ability to transport signaling molecules and inflammatory
mediators, it has been proposed that ABCC1 and ABCC4 may play a role in the hallmarks of
cancer development and progression, independent of their drug efflux capabilities. Breast cancer
is the most common cancer affecting women. In this study, the aim was to investigate whether
ABCC1 or ABCC4 play a role in the proliferation or migration of breast cancer cell lines MCF-7
(luminal-type, receptor-positive) and MDA-MB-231 (basal-type, triple-negative). The effects of small
molecule inhibitors or siRNA-mediated knockdown of ABCC1 or ABCCC4 were measured. Colony
formation assays were used to assess the clonogenic capacity, MTT assays to measure the proliferation,
and scratch assays and Transwell assays to monitor the cellular migration. The results showed a
role for ABCC1 in cellular proliferation, whilst ABCC4 appeared to be more important for cellular
migration. ELISA studies implicated cAMP and/or sphingosine-1-phosphate efflux in the mechanism
by which these transporters mediate their effects. However, this needs to be investigated further, as it
is key to understand the mechanisms before they can be considered as targets for treatment.

Keywords: MRP1; MRP4; breast cancer; proliferation; migration; invasion; cAMP

1. Introduction

Breast cancer is the most common cancer in women, affecting more than two million women
worldwide per year [1]. The development of new targeted therapeutics and the encouragement of
women to carry out early screening programs have significantly improved survival rates in the Western
world [2–5]. Breast cancers that express the estrogen receptor and/or the progesterone receptor can be
treated with receptor-blocking hormone therapy or with aromatase inhibitors to decrease the levels of
estrogen produced [6,7]. Cancers that have high expression of human epidermal growth factor receptor
2 (HER2) can be treated with monoclonal antibodies, which bind to the receptor and block it [7].
However, some breast cancers, termed triple-negative, do not express any of these receptors, and thus,
the only treatment available is conventional chemotherapy. Triple-negative breast cancers make up
around 10–15% of all breast cancer cases [8], are typically aggressive, and show high levels of metastases
and mortality [9,10]. The development of metastasis and/or cancers becoming resistant to therapeutic
agents is a growing problem. Women diagnosed at an early stage of breast cancer may have recurrent
disease, and at least a quarter of all cases may develop a resistance to therapeutic treatments [2].
Moreover, with the increase in disease progression, the incidence of therapeutic resistance becomes
more alarming.
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One common cause of therapeutic resistance in breast cancer is the efflux of drugs by membrane
proteins of the ATP-binding cassette (ABC) transporter family of proteins [11,12]. ABCC1 (multidrug
resistance protein 1/MRP1) and ABCC4 (multidrug resistance protein 4/MRP4) are two members of the
C subfamily of ABC transporters that are capable of effluxing several different chemotherapeutic drugs
out of cancer cells [13–15]. Previous studies have shown that ABCC1 expression is a negative prognostic
marker, associated with a decreased survival rate in breast cancer patients [16–18] and an increased risk
of relapse [19]. Following chemotherapeutic treatment, the expression of ABCC1 in breast cancer tumors
was found to increase [20], and its expression level was shown to be highest in the most aggressive
subtypes of breast cancers [18]. ABCC4 expression is similarly upregulated in chemotherapy-treated
breast tumors compared to noncancerous tissue [21], and ABCC4 polymorphisms are linked with the
response to aromatase inhibitors for estrogen-receptor-positive breast cancer [22].

However, it has been proposed that ABCC1 and ABCC4 may play a role in the hallmarks of
cancer development and progression, independent of their drug efflux capabilities [23]. This is because
ABCC1 and ABCC4 are capable of transporting numerous physiological substrates and have roles
in metabolism and inflammation [13,24,25]. For example, ABCC1 can transport glutathione and
inflammatory mediators such as leukotrienes and prostaglandins, as well as the bioactive lipids
sphingosine-1-phosphate (S1P) and lysophosphatidyl inositol (LPI), which are implicated in cell
proliferation, migration, and invasion [26–31]. ABCC4 can efflux the cyclic nucleotides cAMP and
cGMP involved in cellular signaling, as well as leukotrienes, prostaglandins, and thromboxanes and
S1P [32–38]. Studies on neuroblastoma (a rare childhood cancer) have confirmed that both ABCC1 and
ABCC4 play an important physiological role in its development, independent of their role in multidrug
resistance, affecting cellular proliferation, migration, and differentiation [39]. ABCC4 has also been
implicated in cancer cell proliferation in leukemia [40,41], gastric cancer [42], lung cancer [43], renal
cancer [44], ovarian cancer [45], and pancreatic cancer [46,47]. However, less is known about whether
ABCC1 and ABCC4 have a role in breast cancer development and/or progression.

In this study, the role of ABCC1 and ABCC4 in breast cancer progression was investigated.
The breast cancer cell lines MDA-MB-231 and MCF-7 were used. Both are considered to be aggressive,
but MCF-7 is a luminal-type breast cancer with the presence of progesterone, estrogen, and human
epidermal growth factor 2 (HER2) receptors, whereas MDA-MB-231 is a basal-type triple-negative cell
line. The effect of small molecules inhibitors or siRNA knockdown of ABCC1 and ABCC4 on cellular
proliferation, clonogenic capacity, cell migration, and invasion were investigated.

2. Results

2.1. Expression of ABCC1 and ABCC4 in Breast Cancer Cell Lines

In order to determine whether the breast cancer cell lines expressed ABCC1 or ABCC4, membrane
extracts were prepared and assayed via Western blot, as shown in Figure 1. It can be seen that both
MCF-7 and MDA-MB-231 cells express both ABCC1 and ABCC4, with the level of expression of the
two transporters being higher in the MDA-MB-231 cells than in the MCF-7 cells. In addition, the cell
lines were tested for the well-known multidrug resistance transporters P-glycoprotein/ABCB1 and
ABCG2 (Figure S1). Only the MCF-7 cell line showed significant expression of these two transporters.
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Figure 1. ABCC1 and ABCC4 are both expressed in MCF-7 and MDA-MB-231 breast cancer cells.
Membrane extracts (80 µg protein/well) from MCF-7 and MDA-MB-231 cells were assayed by Western
blot for the expression of (a) ABCC1 or (b) ABCC4, alongside Hela cells as a positive control. ABCC1 was
detected using the anti-MRP1 EPR4658 antibody (1:1000). ABCC4 was detected using the anti-ABCC4
M4I-10 antibody (1:100). The blue arrow indicates the band corresponding to ABCC1 (a) or ABCC4
(b). Comparable sample loading was monitored afterwards using the anti-tubulin primary antibody.
Uncropped images can be found in Figure S3.

2.2. The Effect of ABCC Small Molecule Inhibitors on Breast Cancer Cell Proliferation

Having established that both cell lines expressed the ABCC proteins, we investigated the effect of
small molecule inhibitors of these proteins on the ability of the cells to proliferate. The small molecule
inhibitors used in the study are detailed in Table 1.

Table 1. ABCC inhibitors used in this study.

Inhibitor Inhibits ABCC1 Inhibits ABCC4 Reference

MK571
√ √

[48–50]
Reversan

√
[51]

Ceefourin 1
√

[52]
Ceefourin 2

√
[52]

Indomethacin
√

[33,53]

The first parameter investigated was the clonogenic capacity of the cells, i.e., the ability to
reproduce from a single cell. Examples of the assay are shown in Figure 2a,b, where it can be seen that,
following the treatment of MDA-MB-231 cells with MK571 or Reversan, at increasing concentrations,
both the number of colonies formed over seven days and the size of those colonies are reduced.
The average data shown in Figure 2c–e show that Reversan and MK571 affect the colony formation
for both MDA-MB-231 and MCF-7 cells, but the effect is more pronounced for the MDA-MB-231
cells, perhaps correlating with the higher level of ABCC protein expression in these cells. In contrast,
Ceefourin 1 and 2 and Indomethacin had no effect at all on the colony formation.
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–

Figure 2. MK571 and Reversan affect the clonogenic capacity of breast cancer cells. 100 cells/well were
seeded in 6-well plates and cultured at 37 ◦C for 24 h, after which cells were treated with the indicated
concentrations of inhibitors. Control wells were untreated cells. After 7 days of culture, the colonies
formed were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet, the colonies counted
and measured. Example results for MDA-MB-231 cells treated with (a) MK571 or (b) Reversan. Average
results for the number (c,d) and size (e,f) of colonies for MCF-7 cells (c,e) and MDA-MB-231 (d,f).
Data are mean ± sem, n ≥ 6. Data were analyzed using a one-way ANOVA with a Dunnett’s post hoc
test; * p < 0.05, *** p < 0.001, and **** p < 0.0001 significantly lower than the untreated sample.

The effect of these inhibitors on cellular proliferation was also investigated using an MTT assay.
As can be seen in Figure 3, the presence of the inhibitors did not affect the proliferation of either cell
line for the first 24 h. However, after this time, MK571 and Reversan had a significant impact on the
proliferation of both MCF-7 and MDA-MB-231 cells, whereas Ceefourin 1 and 2 and Indomethacin
did not. To confirm the results obtained with the MTT assay, and to make sure it was not due to an
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indirect effect on the enzyme required to reduce MTT, proliferation was also measured by a trypan blue
exclusion and cell counting approach (Figure S2). Although the errors are larger using this approach,
the key findings replicate those of the MTT assay.

≥
a Dunnett’s post hoc test

≥
way ANOVA with a Dunnett’s post

–

Figure 3. MK571 and Reversan affect the proliferation of breast cancer cells. Fifteen thousand MCF-7
cells (a,b) or 6000 MDA-MB-231 cells (c,d) were seeded in 24-well plates. After 4 h of culture, cells were
treated with inhibitors, as detailed. Cell viability was assessed at 6, 12, 24, 48, and 72 h after treatment
using an MTT assay and absorbance measured at 570 nm. Data are mean ± SD, n ≥ 6. Data were
analyzed using a two-way ANOVA with a Dunnett’s post hoc test. *** p < 0.001 and **** p < 0.0001
significantly lower than the untreated sample.

2.3. Effect of Inhibitors on Breast Cancer Cell Migration

In addition to rapid proliferation, enhanced migration is a hallmark of aggressive cancers.
Therefore, the effects of ABCC inhibitors on breast cancer cell migration was measured using a scratch
assay, as shown in Figure 4a. The MDA-MB-231 cells migrated faster than the MCF-7 cells (Figure 4b,c).
Most of the inhibitor treatments had no significant effect on the migration. However, the treatment
with MK571 did significantly decrease the migration of MDA-MB-231 cells (Figure 4c). This was not
due to an effect on proliferation, since after 10–12 h when the migration was most affected, no effect on
the proliferation was observed (Figure 3c).

MK571, which inhibits both ABCC1 and ABCC4, and Reversan, which inhibits ABCC1, were the
only inhibitors to affect the proliferation of the breast cancer cells. MK571 was the only drug to affect the
cell migration. Ceefourin 1 and 2 and Indomethacin, which inhibit ABCC4, had no effects. This might
suggest that ABCC1 plays a role in the proliferation of breast cancer cells. Similarly, it might suggest
that ABCC1, or maybe both ABCC1 and ABCC4 together, are involved in the migration. However,
one of the challenges associated with using inhibitors of multidrug transporters is the lack of specificity.
In addition to inhibiting ABCC1 and ABCC4, MK571 can inhibit other ABCC family members, and it is
also a leukotriene antagonist, inhibiting the binding of leukotriene D4 (LTD4) to cysteinyl leukotriene
receptor 1 [50]. Reversan is an inhibitor of ABCC1 but can also inhibit the related protein ABCB1 [54].
Indomethacin inhibits ABCC4 but was developed as an inhibitor of cyclooxygenase. Therefore,
the effect of the genetic knockdown of ABCC1 and ABCC4 was investigated.
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Figure 4. MK571 decreases the rate of migration by MDA-MB-231 cells. Cells were seeded in 24-well
plates to reach 100% confluency the day of the assay. A scratch across the monolayer of the cells was
carefully made, and the medium was replaced with fresh prewarmed culture medium. Cells were
treated with the inhibitors as described above. Three image positions were selected from each well,
and images were taken at 1-h intervals using the Cell-IQ. Representative images of MDA-MB-231
scratch assay (a). Pink lines represent the scratch edges as defined by the Cell IQ software, and the blue
lines are the distance measurement between the edges. Average results for MCF-7 (b) and MDA-MB-231
(c) cell migration in the presence of inhibitors. Data are mean ± sem, n ≥ 6. Data were analyzed
using a two-way ANOVA with a Dunnett’s post hoc test. * p < 0.05 significantly lower than the
untreated sample.
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2.4. Knockdown of ABCC1 and ABCC4 Using siRNA

Knockdown of ABCC1 and ABCC4 was carried out using siRNA. Two different siRNA sequences
for each protein were tested, alongside a negative siRNA. The effectiveness of the knockdown was
measured by both RT-qPCR to monitor the mRNA levels and Western blotting to monitor the protein
levels. As can be seen in Figure 5, the knockdown of either ABCC1 or ABCC4 was effective in both cell
lines. In addition, since the two proteins have overlapping substrate specificity, the dual knockdown
of both proteins was also undertaken (Figure 5e).

way ANOVA with a Dunnett’s post hoc test. 

Figure 5. ABCC1 and ABCC4 can be successfully knocked down in breast cancer cells using siRNA.
Gene knockdown in breast cancer cells was performed using the INTERFERin-siRNA transfection
protocol, with two different ABCC1 siRNAs (#30 or #31), two different ABCC4 siRNAs (#34 or #35),
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or in combination (#30/#34 or #31/#35). A negative control siRNA was also used. The effectiveness
of the knockdown was measured by both RT-qPCR and Western blotting. (a) Knockdown of ABCC1
in MCF-7 cells, (b) knockdown of ABCC4 in MCF-7 cells, (c) knockdown of ABCC1 in MDA-MB-231
cells, (d) knockdown of ABCC4 in MDA-MB231 cells and (e) double knockdown of both transporters
in each cell line. Uncropped images can be found in Figure S4. RT-qPCR data are mean ± sem, n = 3.
Data were analyzed using a one-way ANOVA with a Dunnett’s post hoc test. * p < 0.05 and ** p < 0.01
significantly lower than the negative siRNA sample.

2.5. The Effect of ABCC1 and ABCC4 Knockdown on Breast Cancer Proliferation and Migration

Having established that the ABCC proteins could be knocked down, the effect of this on cell
proliferation was investigated. In Figure 6a, it can be seen that one of the knockdowns of ABCC1 in
MCF-7 cells caused a decrease in clonogenic capacity. The double knockdown of both ABCC1 and
ABCC4 caused an even larger impact. For MDA-MB-231 cells, only one of the double knockdowns had
a significant effect (Figure 6b). In contrast, when examining the bulk proliferation, it can be seen in
Figure 6c,d that knockdown had no significant effect on the growth of either cell line.

≥ an ANOVA with a Dunnett’s 

Figure 6. Combined knockdown of ABCC1 and ABCC4 affects the clonogenic capacity of breast cancer
cells. (a,b) Clonogenic capacity of breast cancer cells following the siRNA-mediated knockdown of
ABCC1 or ABCC4 was analyzed using a colony formation assay. (c,d) Proliferation of breast cancer
cells following the siRNA-mediated knockdown of ABCC1 or ABCC4 was analyzed using an MTT
assay. Data are mean ± sem, n ≥ 6. Data were analyzed by an ANOVA with a Dunnett’s post hoc
test. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001significantly lower than with the negative
siRNA treatment.

Next, the effect of ABCC knockdown on cell migration was investigated. Figure 7a,b shows the
average results from the scratch assays. With the MCF-7 cells (Figure 7a), a knockdown with ABCC4
siRNA #35 caused a significant decrease in migration, and with the MDA-MB-231 cells (Figure 7b),
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both ABCC4 knockdowns caused a significant decrease in migration. To examine this further, invasion
rather than just migration was investigated (Figure 7c,d). With the MCF-7 cells, no significant effects
were observed; however, with MDA-MB-231 cells, the knockdown with ABCC4 siRNA #35 and one of
the double knockdowns did cause a significant decrease in invasion.

≥

≥ Dunnett’s post

Figure 7. siRNA knockdown of ABCC4 affects the migration of breast cancer cells. (a,b) Migration
of breast cancer cells following the siRNA-mediated knockdown of ABCC1 or ABCC4 was analyzed
using a scratch assay. Data are mean ± sem, n ≥ 9. (c,d) Migration of breast cancer cells following the
siRNA-mediated knockdown of ABCC1 or ABCC4 was also investigated using a cellular invasion
assay. Data are mean ± sem, n ≥ 3. Data were analyzed by an ANOVA with a Dunnett’s post hoc test.
* p < 0.05, ** p < 0.01, and *** p < 0.001 significantly lower than with the negative siRNA treatment.

These results with the ABCC knockdowns correlate well with the inhibitor studies, with ABCC1
and the double knockdown having an impact on cellular proliferation, whilst ABCC4 and the double
knockdown affect migration.

2.6. Investigation into Potential Mechanisms by Which ABCC Transporters Affect Cellular
Proliferation or Migration

ABCC1 and ABCC4 both transport a wide array of different molecules with the potential to impact
cellular proliferation and migration, including cyclic nucleotides, eicosanoids, and lipid mediators
such as S1P and LPI. It has previously been proposed that ABCC1 is involved in creating a feedback
signaling loop with the G protein-coupled receptor, GPR55, whereby ABCC1 exports LPI, which binds
to GPR55 and activates it, leading to downstream signaling and increased proliferation [31]. Therefore,
we measured the expression of GPR55 in the breast cancer cell lines by Western blot (Figure 8a). GPR55
is indeed expressed in the MDA-MB-231 cells; however, there was little, if any, expression in the MCF-7
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cells. Since the effects we observed with ABCC1 and ABCC4 inhibitors and knockdown were with
both cell lines, this would argue against it being due to LPI export and GPR55 activation.

≥

≥
≥

ANOVA with a Dunnett’s post

Figure 8. Efflux of cAMP or S1P are possible mechanisms by which ABCC transporters affect breast
cancer cells. (a) Western blot analysis of the expression of GPR55 in breast cancer cell lines. The blue
arrow indicates the band corresponding to GPR55 (b) Efflux of cAMP from MDA-MB-231 breast
cancer cells was assayed using an ELISA. Data are mean ± sem, n ≥ 2, each in duplicate. (c) Efflux of
Prostaglandin E2 (PGE2) from MCF-7 breast cancer cells was assayed using an ELISA. Data are mean
± sem, n ≥ 2, each in duplicate. (d) Efflux of S1P from MDA-MB-231 breast cancer cells was assayed
using an ELISA. Data are mean ± sem, n ≥ 3, each in duplicate. Data were analyzed by a one-way
ANOVA with a Dunnett’s post hoc test. * p < 0.05 and ** p < 0.01, significantly lower than untreated or
negative siRNA treatment.

Next, the efflux of cAMP was investigated as a potential mechanism, as ABCC4 is capable of
effluxing cyclic nucleotides [32]. An ELISA was used to assay cAMP in the cell medium (Figure 8b).
The concentration of cAMP in the medium from MCF-7 cells was outside the standard range and,
therefore, could not be reliably measured. For MDA-MB-231, the knockdown of ABCC1 had no
significant effect on the concentration of cAMP in the medium, which is unsurprising, as ABCC1 is
not reported to transport cyclic nucleotides. However, the knockdown with ABCC4 siRNA #35 did
significantly decrease the concentration of cAMP in the medium, as did the treatment with MK571.
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An efflux of eicosanoids such as prostaglandins could be another possible way in which ABCC4
mediates an effect [33]. An ELISA was used to measure Prostaglandin E2 (PGE2) levels in the cell
medium. The concentration of PGE2 in the medium from MDA-MB-231 cells was outside the range of
standards used and, thus, could not be reliably measured. The concentration of PGE2 in the medium
from MCF-7 cells can be seen in Figure 8c. Neither the knockdown of ABCC proteins nor the treatment
with MK571 had any effect on the levels of PGE2 measured.

Finally, S1P was investigated, as there are reports that both ABCC1 and ABCC4 are capable of
transporting S1P [29,38]. Figure 8d shows the results of the S1P ELISA. Only the MDA-MB-231 cells
effluxed sufficient S1P for reliable measurement. Although none of the siRNA knockdown samples
showed any significant difference in S1P concentrations, the treatment with MK571, which inhibits
both ABCC1 and ABCC4, did significantly decrease the amount of S1P in the medium.

3. Discussion

ABCC1 and ABCC4 have previously been implicated as negative prognostic indicators for breast
cancer [16–19,22]. This may be due to their ability to export chemotherapeutic drugs, leading to
multidrug resistance [13–21]. However, ABCC1 and ABCC4 can also transport a wide range of
substrates involved in inflammation and cellular signaling and have been shown in several different
cancer types to have a role in cancer development and progression that is independent of drug
resistance [39–47,55]. Therefore, in this study, we investigated whether ABCC1 or ABCC4 are involved
in cellular proliferation or migration in breast cancer cell lines. We found that both MCF-7 and
MDA-MB-231 cells expressed both ABCC1 and ABCC4, with MDA-MB-231 cells having a higher
expression of both transporters, which is in agreement with previous studies [56,57]. MDA-MB-231
cells are basal-type triple-negative and often reported as more aggressive than MCF-7 cells, so this
would correlate with the expression levels observed. It has been reported that ABCC1 is frequently
expressed in lymph node metastases of breast cancer patients and that MRP1 expression is more
pronounced in lymph node metastases than in corresponding primary tumors [58].

Using both small molecule inhibitors and siRNA knockdown of ABCC1 and ABCC4,
we investigated the impact of these transporters on the proliferation, clonogenic capacity, migration,
and invasion of the breast cancer cell lines. MK571, which inhibits both ABCC1 and ABCC4,
and Reversan, which inhibits ABCC1, both had significant effects on the proliferation and clonogenic
capacity of MCF-7 and MDA-MB-231 cells, suggesting a role for ABCC1 or both transporters in cellular
proliferation. Similarly, one of the ABCC1 knockdowns and the double ABCC1/ABCC4 knockdowns
decreased the colony formation with MCF-7 cells, although only one of the double knockdowns
affected colony formation in the MDA-MB-231 cells. It should be noted that MK571 not only inhibits
ABCC1 and ABCC4 but, also, other members of the ABCC family, and it is a leukotriene antagonist,
inhibiting the binding of LTD4 to the cysteinyl leukotriene receptor 1 [50], which could also impact cell
signaling. However, the similar results obtained with the knockdowns would argue that the effects
observed are due to ABCC1/ABCC4. Similarly, Reversan is also able to inhibit the related protein
ABCB1, but given that Reversan affected both cell lines, and only the MCF-7 cells showed a significant
expression of ABCB1 (Figure S1), it is unlikely this is the cause. That knockdown of ABCC1 alone did
not affect the colony formation of MDA-MB-231 cells, and only one of the double knockdowns affected
it, maybe because of the higher expression level of the transporters in MDA-MB-231 cells. The siRNA
method only results in knockdown, not knockout, as seen in Figure 5. Although the protein levels are
decreased in MDA-MB-231 cells, they were higher to start with, so it is possible that sufficient protein
remains even after knockdown. Furthermore, siRNA knockdown is only transient, and it is not known
if all cells were affected or just a proportion of them. We chose to use siRNA, because with complete
knockdowns, the overexpression of other ABC transporters often occurs to compensate. In the future,
perhaps the use of lentiviral shRNA could be investigated [42,43,46].

When investigating cellular migration, only MK571 had a significant effect, and only with
the MDA-MB-231 cells, suggesting perhaps that the dual inhibition of both ABCC1 and ABCC4
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was important. However, the siRNA knockdowns showed that the ABCC4 knockdown affected
migration in both cell lines. Why the reportedly specific ABCC4 inhibitors, Ceefourin 1 and Ceefourin
2 [52], did not cause any effect on the cellular migration, when ABCC4 knockdown did, is not clear.
The cellular invasion assays were more variable but, again, showed an effect of ABCC4 knockdown in
MDA-MB-231 cells.

Our results suggest that ABCC1 is important for breast cancer proliferation, whilst ABCC4 has a
greater role in cellular migration and invasion (Table 2). This contrasts with a study investigating the
role of these transporters in neuroblastoma, where ABCC4 was more associated with proliferation
and ABCC1 with migration [39]. Similarly, in pancreatic cancer, ABCC4 was associated with
proliferation [47]. However, in epithelial ovarian cancer, ABCC4 was associated with proliferation,
migration, and invasion [45]. In agreement with our results, breast cancer cells overexpressing ABCC1
showed an increase in proliferation, which could be inhibited by MK571, and overexpression of ABCC1
enhanced tumor growth in mice [59]. Additionally, mice implanted with breast cancer tumors with
varying levels of ABCC4 expression showed no differences in tumor growth, but an increased ABCC4
expression was associated with increased metastases [56]. Therefore, the role(s) played by these
transporters is not necessarily the same across different cancers, but within breast cancers, our results
appear to agree with other studies in the literature. It should also be noted that, although the current
study only investigated ABCC1 and ABCC4, they are not necessarily the only important transporters.
In neuroblastoma, ABCC3 was shown to be very important, albeit as a positive prognostic indicator [39].
In contrast, ABCC3 was implicated in breast cancer stem-like features [20]. ABCC11 has also been
implicated in aggressive breast cancer and prognosis [18].

Table 2. Summary of findings. ↓ significant decrease. — no significant effect. n/d not determined.

Condition
Clonogenic

Capacity
Proliferation Migration Invasion

Comparable
Findings in the

Literature

ABCC1 inhibition ↓ ↓ — n/d [59]
ABCC4 inhibition — — — n/d
Double inhibition ↓ ↓ ↓ n/d [59]

ABCC1 knockdown ↓ — — — [59]
ABCC4 knockdown — — ↓ ↓ [56]
Double knockdown ↓ — n/d ↓

Understanding the mechanism by which these transporters mediate their effects is important.
Both transporters are able to efflux a wide range of different molecules. It is important to know
what molecule is being effluxed that causes the effects observed. It might be that targeting the ABC
transporters themselves is not the best approach, as they have historically proven difficult to target,
often because they have so many important roles. Instead, understanding the pathway they are
involved with and targeting something earlier or later in the signaling pathway might be a more
effective approach. Therefore, preliminary investigations into how ABCC1 and/or ABCC4 might elicit
their effects on breast cancer cell proliferation and migration were undertaken. ABCC1 has previously
been linked to GPR55 in a feedback loop, where ABCC1 exports LPI, which binds to and activates
GPR55, leading to downstream signaling, and this was implicated as important for prostate and
ovarian cancer cell proliferation [31]. However, we found little/no expression of GPR55 within MCF-7
cells. Given that ABCC1 inhibition or knockdown affected the proliferation and clonogenic capacity of
MCF-7 cells, this would argue against LPI export and GPR55 activation being a key feature to explain
our findings. The export of cAMP was a second method explored, as ABCC4 is known to be able
to efflux cyclic nucleotides [32]. The knockdown of ABCC4 or inhibition with MK571 significantly
decreased the amount of cAMP effluxed from MBA-MB231 cells. This agrees well with a previous
study [57], and it has been suggested that increasing cellular cAMP levels is a potential method of
combatting triple-negative breast cancer [57,60]. The export of PGE2 has also been suggested as a
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potential mechanism by which ABCC4 might be important in breast cancer [61]. In our study, the levels
of PGE2 exported by MDA-MB-231 cells were too high to quantify accurately. With MCF-7 cells,
no effect of ABCC1/ABCC4 knockdown or inhibition was observed. Similarly, no effect of ABCC4
overexpression on the PGE2 efflux from MCF-7 cells was observed previously [56]. However, the same
report suggests that the knockdown of ABCC4 in MBA-MB-231 cells does decrease the PGE2 efflux and
that this is important for breast cancer metastasis [56]. Given that we observed the effects of ABCC4
knockdown on the migration of both MCF-7 and MDA-MB-231 cells, this might argue that it is not
due simply to PGE2 efflux; however, further investigation with MDA-MB-231 cells is needed. Finally,
we investigated the efflux of S1P, as levels of S1P have previously been implicated in breast cancer [62],
and both ABCC1 and ABCC4 are capable of transporting S1P [29,38]. Although the knockdown of
ABCC1 or ABCC4 did not show a significant effect on extracellular levels of S1P, the inhibition of
both ABCC1 and ABCC4 with MK571 did decrease the amount of S1P effluxed. This result agrees
with a previous study that also observed a decreased S1P efflux from MCF-7 cells in the presence of
MK571 [63]. The same study also showed that siRNA knockdown of ABCC1 decreased the amount
of S1P exported from MCF-7 cells, but a large effect was only seen when the cells were stimulated
with estradiol, which we did not do, and this might explain why we see no effects of ABCC1 or
ABCC4 knockdown.

4. Materials and Methods

4.1. Cell Culture

The MDA-MB-231 and MCF-7 human breast cancer cells were originally obtained from ATCC.
They were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Slough, UK) containing
4.5-g/L glucose and L-glutamine supplemented with 10% v/v fetal bovine serum (FBS) (Gibco®,
ThermoFisher Scientific, Loughborough, UK) and 100-U/mL penicillin and 0.1-mg/mL streptomycin
(sterile-filtered penicillin-streptomycin solution 100×, Biowest, Nuaillé, France). Cells were cultured in
an environment of 95% air and 5% CO2 at 37 ◦C.

4.2. Colony Formation Assay

Cell growth from a single cell was determined using the colony formation assay, as described
previously [39,64]. Briefly, 100 cells/well were seeded in 6-well plates and cultured at 37 ◦C for 24 h,
after which cells were treated with MK571 (Merck Life Science, Gillingham, UK), indomethacin (Merck),
Reversan (Tocris Bioscience, Abingdon, UK), Ceefourin 1, or Ceefourin 2 (Abcam, Cambridge, UK).
Control wells were untreated cells. After 7 days of culture, the colonies formed were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet. Wells were left to dry in open air at room
temperature, and visible colonies of 50 cells or more were manually counted under a light box using a
transparent film and a fine marker. The sizes of the colonies were measured using ImageJ 1.52 (NIH,
Bethesda, MD, USA).

4.3. Cell Proliferation Assays

Cell viability was analyzed using a standard MTT assay. Fifteen thousand MCF-7 cells or 6000
MDA-MB-231 cells were plated in each well of a 24-well plate in a total volume of 400µL of culture
medium. After 4 h of culture, cells were treated with inhibitors, as described above. The cell viability
was assessed at 6, 12, 24, 48, and 72 h after treatment. Forty microliters of MTT (5 mg/mL) was added
to each well and further incubated for 1 h at 37 ◦C. Wells were left to dry at 37 ◦C, and 400 µL of DMSO
(dimethylsulfoxide) was added and left at 37 ◦C for 10 min. One hundred microliters of DMSO from
each well was transferred to 96-well plates in triplicates. The absorbance values were read at 570 nm
using a Multiskan™ GO microplate spectrophotometer (Thermo Fisher Scientific, Gillingham, UK).

Alternatively, at the given time points after treatment, the cells were harvested, diluted in trypan
blue at a ratio of 1:4, viewed using a hemocytometer and microscope, and counted manually.
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4.4. Cell Migration Assays

Cell migration was assessed using the Cell IQ (CM Technologies—intelligent cell analysis, Tampere,
Finland) scratch assay. Cells were seeded in 24-well plates to reach 100% confluency the day of the
assay. A scratch across the monolayer of the cells was carefully made using a 10-µL pipette tip, and the
media was replaced with fresh prewarmed culture medium. Cells were treated with the inhibitors,
as described above. Three image positions were selected from each well, and images were taken at 1-h
intervals. Images were analyzed using the Cell-IQ analysis software (CM Technologies).

4.5. Cell Invasion Assays

The 24-well plate Transwell inserts (pore size 8 µm, translucent) (Greiner bio-one, Stonehouse,
UK) were coated with 30 µL of ice-cold Matrigel (Corning, VWR, Lutterworth, UK) mixed with cold
serum-free medium at a ratio of 1:3. The coated Transwell inserts were left to set at 37 ◦C for 2 h.
Fifty thousand cells were seeded in each Transwell insert suspended in 300 µL of 0.5% v/v FBS culture
medium. Eight hundred microliters of chemoattractant (10% v/v FBS cell culture medium) was added
to the wells, and the Transwell inserts were placed in each of the wells that contain a chemoattractant.
The Transwell inserts were incubated for 24 h at 37 ◦C. After 24 h, the culture medium in the Transwell
inserts were discarded, and a cotton swab moistened with Dulbecco’s phosphate-buffered saline
(DPBS) (Biowest) was used to, gently but putting firm pressure, rub the inside of the Transwell inserts
to remove cells, and this process was repeated with a second cotton swab. The cells that moved to
the lower surface of the membrane of the Transwell inserts were stained with Differential Quik stain
(Modified Giemsa) (Generon, Slough, UK), following the manufacturer’s instructions. The Transwell
inserts were then rinsed twice with water. A cotton swab moistened with DPBS was used to gently but
putting firm pressure wipe again the inside of the Transwell inserts to rid of any cells left. The Transwell
inserts were left to dry at room temperature. To determine the percentage cell invasion, the invaded
cells were counted from randomly selected five fields of view for each Transwell insert under a light
microscope at a magnification of ×40, and the mean number of invaded cells were obtained.

4.6. Gene Knockdown

Gene knockdown was performed following the INTERFERin-siRNA transfection protocol
(Polyplus Transfection, Illkirch, France). Briefly, 25,000 cells were seeded in 24-well plates the
day before transfection, ensuring 30–50% confluency at the time of transfection. The siRNA transfection
complexes were added to cells dropwise and left to incubate for 3 days at 37 ◦C. The siRNA used
were two ABCC1 siRNA (siRNA id: SASI_Hs02_00338730 and SASI_Hs02_00338731, referred to as
#30 and #31, respectively) (Gene id: 4363) and 2 ABCC4 siRNA (siRNA id: SASI_Hs02_00324134 and
SASI_Hs02_00324135, referred to as #34 and #35, respectively) (Gene id: 10257) (Merck). A negative
control siRNA (Merck) was used to distinguish sequence-specific silencing from nonspecific effects.

4.7. Whole Cell Lysates

Harvested cells were placed on ice. Three hundred to four hundred microliters of ice-cold lysis
buffer (0.15-M NaCl, 0.05-M Tris, pH 8.0, 1% (v/v) Triton-X100, 1-mM EDTA, and 1-mM pepstatin,
1.3-mM benzamidine, and 1.8-mM leupeptin) was added to the cells. The cells were resuspended
by vortexing. The cell suspension obtained was kept on ice and vortexed every 10 min for 1 h.
Cells suspension were then centrifuged for 15 min at 15,600× g at 4 ◦C, and the supernatant containing
the whole cell lysate was quantified for total protein concentrations using a bicinchoninic acid kit
(Pierce, ThermoFisher Scientific). The samples were mixed with sample buffer for loading on sodium
dodecyl sulphate (SDS) gels.
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4.8. Cell Membrane Extraction

Cell pellets harvested and resuspended in 20 mL of homogenization buffer (50-mM Tris, pH 7.4,
250-mM sucrose, and 0.25-mM CaCl2) containing protease inhibitors (1-mM pepstatin, 1.3-mM
benzamidine, and 1.8-mM leupeptin). All the subsequent steps were done on ice. The cell suspension
was then placed in the cell disruption vessel for nitrogen cavitation at 500 psi (Model 4639 Parr Cell
Disruption Vessels (Parr®)). The vessel was incubated on ice for 15 min. Pressure was released slowly,
and sample collected dropwise and centrifuged for 10 min at 560× g at 4 ◦C. The supernatant was
collected, and the pellet, which contained unbroken cells and debris, was discarded. The supernatant
was then ultracentrifuged at 100,000× g at 4 ◦C for 20 min. The supernatant was carefully discarded
and the membrane pellet resuspended in 0.5–1-mL Tris sucrose buffer (TSB) (50-mM Tris-HCl,
pH 7.4, and 0.25-mM sucrose). A needle syringe (0.45 mm × 13 mm) was used to resuspend the
membrane proteins in TSB. Protein concentration was determined using a bicinchoninic acid kit (Pierce,
ThermoFisher). Samples were kept on ice during the membrane preparations and were mixed with a
sample buffer for loading on sodium dodecyl sulphate (SDS) gels.

4.9. RNA Isolation and Quantitative Real-Time (RT-qPCR)

The total RNA from MDA-MB-231 and MCF-7 cells, respectively, was extracted using a Bioline
ISOLATE RNA mini kit according to the manufacturer’s protocol (Meridian Biosciences, London, UK).
The quantity of the isolated RNA obtained was measured using a NanoDrop™ 1000 spectrophotometer
(Thermo Fisher Scientific), and samples were stored at −80 ◦C. mRNA (600 ng) was reverse-transcribed
to cDNA using a Precision NanoScript™ 2 Reverse Transcription kit (Primerdesign, Chandlers Ford,
UK) according to the manufacturer’s protocol. The samples were then placed in a thermocycler, which
was set for 20 min at 42 ◦C, 10 min at 75 ◦C, and holding at 4 ◦C. The cDNA samples obtained were
diluted 1 in 10 with RNase/DNase-free water and stored at −20 ◦C.

The cDNA samples were amplified in qPCR using the Thermo Scientific PiKoReal 96 Real-Time
PCR system. For one reaction, a master mix containing 10 µL of PrecisionPlus™ 2 × qPCR Mastermix
with Sybr green with inert blue dye (Primerdesign), 1 µL of the reverse primer, 1 µL of the forward
primer, and 3 µL of RNase/DNase-free water was prepared. Five microliters of cDNA were first
added to each well of a 96-well Piko PCR plate in triplicate, followed by 15 µL of the master mix,
ensuring that no bubbles were formed in the wells. The expression levels were normalized to
human β-actin and human GAPDH as the house keeping genes. RNase/DNase-free water was
used as the negative control. The PCR primers were used as follow: β-actin forward nucleotide:
5′-CTGGAACGGTGAAGGTGACA-3′, reverse nucleotide: 5′-AAGGGACTTCCTGTAACAATGCA-3′;
GAPDH forward nucleotide: 5′-TGCACCACCAACTGCTTAGC-3′, reverse nucleotide: 5′-GGCATG
GACTGTGGTCATGAG-3′; ABCC1 forward nucleotide 5′-CGACATGACCGAGGCTACATT-3′,
reverse nucleotide 5′-AGCAGACGATCCACAGCAAAA-3′; and ABCC4 forward nucleotide
5′-TGTGGCTTTGAACACAGCGTA-3′, reverse nucleotide 5′-CCAGCACACTGAACGTGATAA-3′.
The qPCR data were analyzed using the double-delta Ct analysis. Each reaction was performed
three times.

4.10. Western Blotting

For Western blot analysis, the total protein samples (80 µg/well) were loaded and separated by
SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis), then transferred to a PVDF
membrane. The membrane was blocked in blocking buffer (5% w/v BSA in Tris-buffered saline (25-mM
Tris, pH 7.4, 150-mM NaCl, and 0.05% Tween 20) (TBS-T) for 1 h at room temperature, then incubated
in appropriate primary antibodies for 1 h at room temperature or overnight at 4 ◦C. The primary
antibodies used were: anti-ABCC1 derived in rabbit (1:1000, EPR4658(2); Abcam), anti-ABCC4 derived
in rat (1:100, M4I-10; Abcam), anti-ABCB1 derived in mouse (1:200; Thermo Fisher), anti-ABCG2
derived in mouse (1:50, Bxp1; Santa Cruz, Heidelberg, Germany), or anti-GPR55 (rabbit) (1:100;

41



Int. J. Mol. Sci. 2020, 21, 7664

Abcam). The secondary antibodies used were anti-rabbit HRP (1:3000; Cell Signaling Technology,
Leiden, The Netherlands), anti-rat HRP (1:5000; Merck), and anti-mouse HRP (1:4000; Cell Signaling
Technology). Blots were visualized using a SuperSignal West Chemiluminescent kit (Pierce, Thermo
Fisher) and the Li-Cor C-Digit blot scanner, and the images were analyzed using the Image Studio
Lite software imaging system (Li-Cor, Cambridge, UK). Afterwards, blots were re-probed using
anti-α-tubulin (mouse) (1:1000; Merck) to check for equal sample loading. Western blot analysis was
repeated at least 3 times for each experiment.

4.11. ELISA

Following siRNA knockdown, to determine the levels of molecules exported from cells, ELISAs
were carried out on the media. As a control, 3 wells of nontransfected cells were treated with 50-µM
MK571. For cAMP, cells were first stimulated with 100-µM forskolin for 2 h at 37 ◦C. For PGE2, cells
were stimulated with 10-µg/mL lipopolysaccharides (LPS) for 24 h at 37 ◦C and with 80-nM phorbol
12-myristate 13-acetate (PMA) for 1 h at 37 ◦C, respectively. For S1P, there was no stimulation. The cell
culture medium was then replaced with a fresh cell culture medium, and the cells were incubated for
18 h at 37 ◦C. The supernatants (conditioned media) were centrifuged at 1000× g to pellet out any
floating cells and collected and stored at −80 ◦C or used immediately for determination of cAMP by
using the cAMP ELISA kit (Enzo Life Sciences Inc., Exeter, UK), for the determination of PGE2, using
the PGE2 ELISA kit (Enzo Life Sciences Inc.), or for S1P, using the human S1P ELISA kit (Abbexa
Ltd., Cambridge, UK), according to the manufacturer’s instructions. The cells were also harvested for
protein quantification.

4.12. Statistical Analysis

Statistical analysis of data was carried out using GraphPad Prism 8.1 (San Diego, CA, USA).
For multiple comparisons with one independent variable, a one-way ANOVA was used with Dunnett’s
post-hoc test. For multiple comparisons with two independent variables, a two-way ANOVA was
used with Dunnett’s post-hoc test. A value of p < 0.05 was considered significant.

5. Conclusions

In summary, our results show that ABCC1 plays a role in breast cancer proliferation, whilst
ABCC4 has a greater role in cellular migration and invasion. It may well be that both transporters
are important; their overlapping substrate specificity means they can likely compensate for each
other. The mechanism by which these transporters (and others) are involved in the development and
progression of breast cancer needs to be investigated further. It is key to know exactly how they are
involved before they can be considered as targets for treatment.
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Abbreviations

ABC ATP-Binding Cassette
ATP Adenosine triphosphate
ABCB1 ABC B subfamily member 1/P-glycoprotein
ABCC1 ABC C subfamily member 1/Multidrug resistance protein 1
ABCC4 ABC C subfamily member 4/Multidrug resistance protein 4
ABCG2 ABC G subfamily member 2/Breast cancer resistance protein
ANOVA Analysis of variance
BSA Bovine serum albumin
cAMP cyclic adenosine monophosphate
cGMP cyclic guanosine monophosphate
DMSO dimethylsulfoxide
ELISA Enzyme-linked immunoadsorbant assay
MCF-7 Michigan cancer foundation 7 cell line
LPI Lysophosphatidyl inositol
MDA-MB-231 M.D. Anderson metastatic breast cancer cell line
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
mRNA messenger RNA
PCR Polymerase chain reaction
PGE2 prostaglandin E2
PVDF Polyvinylidene difluoride
SD Standard deviation
RT-qPCR Reverse transcription quantitative PCR
sem Standard error of the mean
S1P sphingosine 1 phosphate
siRNA small interfering RNA
SDS-PAGE SDS polyacrylamide gel electrophoresis

SYBR green
N′,N′-dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-
phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine
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Abstract: Breast cancer is the most common cancer in women in the world. The role of germline genetic
variability in ATP-binding cassette (ABC) transporters in cancer chemoresistance and prognosis
still needs to be elucidated. We used next-generation sequencing to assess associations of germline
variants in coding and regulatory sequences of all human ABC genes with response of the patients to
the neoadjuvant cytotoxic chemotherapy and disease-free survival (n = 105). A total of 43 prioritized
variants associating with response or survival in the above testing phase were then analyzed by allelic
discrimination in the large validation set (n = 802). Variants in ABCA4, ABCA9, ABCA12, ABCB5,

ABCC5, ABCC8, ABCC11, and ABCD4 associated with response and variants in ABCA7, ABCA13,

ABCC4, and ABCG8 with survival of the patients. No association passed a false discovery rate test,
however, the rs17822931 (Gly180Arg) in ABCC11, associating with response, and the synonymous
rs17548783 in ABCA13 (survival) have a strong support in the literature and are, thus, interesting for
further research. Although replicated associations have not reached robust statistical significance,
the role of ABC transporters in breast cancer should not be ruled out. Future research and careful
validation of findings will be essential for assessment of genetic variation which was not in the focus
of this study, e.g., non-coding sequences, copy numbers, and structural variations together with
somatic mutations.

Keywords: ABC transporter; therapy response; disease-free survival; breast cancer; next-generation
sequencing; competitive allele-specific PCR

1. Introduction

Breast cancer (Online Mendelian Inheritance in Man, OMIM no. 114480) is the most common
cancer in women in the world [1]. One of the frequently studied reasons for the lack of successful
treatment outcomes in a considerable portion of the patients is multidrug resistance [2]. Multidrug
resistance can be caused by ATP-binding cassette (ABC) transporters, e.g., by higher efflux of drugs
out of tumor cells by P-glycoprotein (Multidrug resistance, MDR coded by ABCB1 gene) [2,3].
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ABC transporters represent a large superfamily of membrane transporter proteins classified into
seven families and translocate numerous compounds across intra and extracellular membranes. Their
substrates include metabolic products, sterols, lipids, and xenobiotics [3]. However, of the total number
of 48 active human ABC transporters, up to only 16 are able to transport anticancer drugs [3]. Most
of the drug resistance is ascribed to largely studied multidrug resistance-related transporters ABCB1

(MDR, OMIM no. 171050), ABCC1 (MRP, OMIM no. 158343), and ABCG2 (BCRP, OMIM no. 603756) [4].
Proteins of the family ABCA are mostly lipid sterol transporters and can be associated with several
diseases, e.g., Tangier or Alzheimer disease [5]. Their roles in cancer progression and the metastatic
potential linked to lipid trafficking recently became the focus of numerous studies [6]. ABCBs participate
in antigen processing and immune deficiency. Apart from ABCB1, a promiscuous and ubiquitous
efflux pump [2], ABCB members also represent transporters of heme and bile acids [7]. Family C is
mostly dedicated to multidrug resistance (MRP1-6) [8,9], but ABCC6, ABCC7, and ABCC8/9 are linked
to serious diseases (pseudoxanthoma elasticum, cystic fibrosis, and diabetes mellitus, respectively) [9].
ABCDs are responsible for transport of fatty acids from peroxisomes to the cytoplasm [10] and ABCGs
transport various products of metabolism, xenobiotics including anti-cancer drugs, bile acids, and
steroids [11]. The rest of the transporters are not involved in transport, but rather act as translational
inhibitors or protein synthesis regulators (ABCFs and ABCEs) [12].

Our recent pharmacogenomics study revealed a prognostic and predictive potential in a number
of alterations in breast cancer [13]. The studied genes were implicated in the metabolism and transport
of drugs administered to breast cancer patients in the clinics, clearly documenting the importance of
this tool for the personalized medicine. The study provided a proof-of-the principle for the design
and bioinformatics methodology, namely, the assembly and testing of an in-house pipeline for variant
prioritization. Given the total number of 509 genes screened by the next generation sequencing (NGS),
only a portion of variants could be validated in a subsequent phase. In order to select the most relevant
functional alterations from the statistically significant set of variants, we down-sampled the results
using information from in silico predictions and according to previously confirmed pharmacogenomic
and clinical evidence. Thus, some potentially useful biomarkers of prognosis or prediction of therapy
outcome could have been missed.

In the present study, we aimed to use less strict criteria for investigating the importance of germline
genetic variability in coding, untranslated regions (UTR), and adjacent regions of all human members
of the ABC superfamily for prognosis and response to cytotoxic therapy of breast cancer patients.
All variants in ABCs identified in the testing phase were correlated with disease-free survival (DFS)
and response of the patients to preoperative cytotoxic therapy, and thoroughly reviewed, including
permutation analysis, evaluation of haplotypes, and gene dosage. We have not addressed functional
relevance to enable identification of purely correlative biomarkers. Prioritized variants were further
validated in a large cohort of breast cancer patients from a single population. Thus, the present study
brings a more detailed view of the relevance of genetic variability of ABC transporters for breast cancer
prognosis and therapy outcome predictions.

2. Results

2.1. Testing Phase

The clinical characteristics of the patients (n = 105) are in Table S1. The subgroup of patients was
treated with the neoadjuvant cytotoxic therapy (NACT) (n = 68) and the response to this treatment was
available. The rest of patients were treated with adjuvant cytotoxic therapy based on monotherapy or
combinations of anthracyclines, cyclophosphamide, 5-fluorouracil, and taxanes. DFS was evaluated
for all patients and the mean follow-up of the patients was 70 ± 28 months.
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The average coverage was 82.3 ± 29.1 and 95% of the captured regions were covered at least ten
times. Altogether, we found 2611 variants in exonic and adjacent intronic sequences. Of the total number
of 48 genes and one pseudogene (ABCC13) subjected to analysis, 46 genes (94%) contained at least one
genetic alteration. No alterations were found in ABCF1, TAP1 (alias ABCB2), and TAP2 (ABCB3) genes.
On the other hand, the most polymorphic genes, with over one hundred alterations, were ABCA13

(165 alterations), ABCA4 (114), and ABCA1 (109). Of the total number of 2611 variants, 636 were in exons,
1544 intronic, and 253 were in 3’UTR or 5’UTR regions according to National Center for Biotechnology
Information (NCBI) Reference Sequence Database (RefSeq; https://www.ncbi.nlm.nih.gov/refseq/) in
Annovar (Table 1).

Table 1. Observed alterations in ATP-binding cassette (ABC) transporters divided by function according
to Annovar.

Type Total Percentage

Intronic 1544 59.1
Exonic (coding) 636 24.4

UTR’3 204 7.8
Intergenic 76 2.9

UTR’5 49 1.9
Downstream 1 28 1.1

Upstream 1 26 1.0
Splicing 2 13 0.5

Other 3 35 1.3
1 Variants are 1 kb from transcription end/start site; 2 Variants are 2 bp within splice junction. 3 Exonic/intronic
non-coding RNA, or variant in overlapping regions (upstream–downstream) of two different genes.

On average, each patient showed 608 ± 33 variants. We found 17 loss-of-function (LOF) truncating
variants that were either affecting the stop codon (stop-gain) or frameshift insertions or deletions
(indels). There were 355 of the variants that were non-synonymous single nucleotide variants (SNVs)
and 263 that were synonymous SNVs (Table 2). In total, 1058 variants (41%) had minor allele frequency
(MAF) > 0.05, and the rest of the 1553 variants, had MAF ≤ 0.05.

Table 2. Overview of the observed exonic alterations in ABC transporters by coding consequence.

Classification Total Percentage

Non-synonymous SNV 355 55.8
Synonymous SNV 263 41.4

Stop-gain 8 1.3
Frameshift deletion 6 0.9
Frameshift insertion 3 0.5

Non-frameshift deletion 1 0.1

Altogether, 256 (10%) of the variants were novel (i.e., not found in dbSNP Build 150). Out of
these, 162 had MAF > 0.01. The distribution of the variants according to their functional classes and
frequencies of novel variants in the groups of genes are shown in Figure 1.
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Figure 1. Distribution of alterations in individual ABC transporter genes. The picture shows:
(a) the frequency of genetic alterations according to their functional classes; (b) the frequency of
genetic alterations according to their exonic functional classes analyzed by RefSeq: National Center for
Biotechnology Information (NCBI) Reference Sequence Database (https://www.ncbi.nlm.nih.gov/refseq/)
shown according to individual transporters (excluding ABCC13 pseudogene); and (c) the number of
novel variants according to individual transporters. The number of the variants normalized to the
transcript length in kilo base pairs (kbp) per each gene are shown for each plot on the right axis and
depicted by the overlaid line.
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Variants departing from Hardy–Weinberg equilibrium (p < 0.01, n = 101) were excluded from
analyses and further only variants with MAF > 0.05 were considered relevant to achieve adequate
statistical power in the validation phase. In addition, variants with the missing data in more than
50% of patients were excluded (n = 54). Application of these filtration criteria resulted in a set of
903 variants which were further evaluated for associations with the response of patients to NACT and
DFS. We found 56 variants associated with the response to NACT and 47 variants associating with
DFS. Six variants reported significant in the previous study [13] were further excluded. Following
haplotype evaluations, 38 variants were considered tagged (>80%) with some other variant and were
not assessed further. As a result, 22 variants associated with the response and 37 variants associated
with DFS were followed. The gene dosage relationship was then evaluated for variants associating
with DFS and variants not fulfilling this condition were excluded (n = 7). Neither of these variants was
significant in the recessive genetic model (variant allele versus wild type). Following these control
steps, 52 variants (45 SNVs and 7 indels, Table S2) were prioritized for the validation phase in a larger
cohort of breast cancer patients.

2.2. Validation Phase

The clinical characteristics of the patients (n = 802) are summarized in Table S3. A subgroup of
patients treated with NACT composed of 168 patients. In total, 371 patients received adjuvant cytotoxic
therapy. Patients with localized disease and good prognosis were untreated (n = 83) and a portion of
patients was treated only with hormonal therapy (n = 311). The mean follow-up of the patients was
76 ± 30 months.

Out of 52 variants subjected to genotyping, attempts to optimize detection techniques failed
in 10 variants (5 indels and 5 SNVs) and could not be further evaluated for clinical associations.
One variant was additionally included into the list (rs2893007) based on haplotype tagging (r2 = 1)
to replace the variant rs11764054 whose analysis failed. No tagging variants (r2 > 0.8) were found to
replace the rest of the failed variants. In the end, 43 variants were successfully genotyped. No variants
significantly departed from Hardy–Weinberg equilibrium and less than 1% of theoretical data points
were missing due to uncertainty in genotype calling, or an absent signal. MAFs of variants in the
validation phase did not substantially differ from those observed in the testing one (Table 3).
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Table 3. Distribution of genotypes for variants assessed in the validation phase.

Gene SNP ID 1 Genotype
Distribution 2 MAF 3

Common
Homozygotes

Heterozygotes
Rare

Homozygotes
Validation

Set
Testing

Set

ABCA1 rs41474449 658 136 3 0.09 0.07
ABCA4 rs537831 377 342 78 0.31 0.31
ABCA4 rs2065711 436 309 55 0.26 0.20
ABCA4 rs2275032 540 230 30 0.18 0.14
ABCA4 rs2275033 270 396 133 0.41 0.40
ABCA4 rs3789398 353 361 84 0.33 0.35
ABCA5 rs1420904 679 113 7 0.08 0.08
ABCA5 rs2067851 681 112 2 0.07 0.07
ABCA7 rs9282562 604 188 8 0.13 0.14
ABCA8 rs4147976 318 358 121 0.38 0.35
ABCA9 rs2302294 368 352 80 0.32 0.34
ABCA9 rs11871944 326 366 103 0.36 0.40

ABCA12 rs71428357 726 70 3 0.05 0.08
ABCA13 rs7780299 597 187 16 0.14 0.12
ABCA13 rs17132289 687 106 6 0.07 0.08

ABCA13 rs17548783 201 400 192 0.49 0.49

ABCA13 rs28637820 628 163 8 0.11 0.13
ABCA13 rs74859514 665 124 10 0.09 0.08
ABCB1 rs9282564 609 168 21 0.13 0.13
ABCB5 rs3210441 283 400 116 0.40 0.44
ABCB5 rs12700230 466 285 49 0.24 0.23
ABCB5 rs2893007 676 120 5 0.08 0.10
ABCB8 rs2303922 336 362 100 0.35 0.34
ABCB11 rs853772 203 403 190 0.49 0.25
ABCC1 rs4148379 456 287 48 0.24 0.20
ABCC2 rs2273697 478 273 39 0.22 0.22
ABCC3 rs8077268 649 147 4 0.10 0.10
ABCC3 rs12604031 271 374 154 0.43 0.44
ABCC4 rs899494 583 198 17 0.15 0.12
ABCC4 rs2274405 339 352 102 0.35 0.37
ABCC5 rs4148579 259 404 137 0.42 0.43
ABCC5 rs12638017 686 111 3 0.07 0.06
ABCC8 rs739689 349 356 91 0.34 0.40
ABCC10 rs75320251 654 135 8 0.09 0.09
ABCC11 rs17822931 592 184 21 0.14 0.14
ABCC13 rs2254297 254 381 160 0.44 0.40
ABCC13 rs2822582 306 369 121 0.38 0.40
ABCD4 rs2301346 394 334 67 0.29 0.32
ABCD4 rs2301347 305 376 120 0.38 0.40
ABCF2 rs79537035 527 242 30 0.19 0.23
ABCG8 rs34198326 685 109 4 0.07 0.06
ABCG8 rs56260466 685 104 9 0.08 0.06
CFTR rs34855237 538 229 30 0.18 0.08
1 Reference number in dbSNP (https://www.ncbi.nlm.nih.gov/snp/); 2 Genotypes do not sum up to 802 due to
missing data; 3 MAF =minor allele frequency.

We further evaluated associations of variants with the response and DFS of patients in the
validation set. For six variants with less frequent homozygous genotypes (n < 5), the recessive genetic
model was used for the sake of the statistical power of comparisons. The variants that associated
with response in both testing and validation phases are listed in Table 4 and thus these variants are
considered replicated with putative clinical importance. However, none of these associations passed
the false discovery rate (FDR) test for multiple testing (q = 0.0025) and, thus, cannot be deemed
statistically significant after such correction.
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Table 4. Validated variants in ABC transporters significantly associating with the response of patients
to the neoadjuvant cytotoxic therapy.

Gene SNP ID Genotype
Good

Response 1
Poor

Response 1 χ-Square p-Value

ABCA4 rs2275032
AA 75 33

6.33 0.042CA 48 7
CC 4 1

ABCA9 rs11871944
CC 48 24

6.76 0.034CT 61 14
TT 18 2

ABCA12 rs71428357
CC 103 41

8.32 0.004CT + TT 22 0

ABCB5 rs3210441
GG 42 11

6.22 0.045GA 62 28
AA 23 2

ABCC5 rs4148579
CC 43 6

8.55 0.014CT 68 24
TT 15 11

ABCC8 rs739689
AA 55 11

6.81 0.033GA 60 21
GG 11 9

ABCC11 rs17822931
CC 89 37

6.42 0.011CT + TT 37 4

ABCD4 rs2301347
CC 53 9

8.59 0.014CA 60 21
AA 14 11

ABCD4 rs2301346
TT 73 15

7.28 0.026CT 45 20
CC 7 6

1 Numbers of patients with specified genotypes divided by response to the neoadjuvant treatment.

Subsequently, associations of variants with DFS of all patients and patients stratified according to
the received therapy were evaluated. Significant results for all patients with complete follow-up data
(n = 744) are displayed in Figure 2a. Results for patients treated with cytotoxic therapy (n = 371) are
presented in Figure 2b. No significant association was observed in a subgroup of patients treated only
with hormonal therapy (n = 312).

Of these variants, rs74859514 did not pass the gene dosage condition (Figure 2b). None of the
associations has passed the FDR test for multiple testing (q = 0.0023) and, thus, cannot be further
considered statistically validated.
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Figure 2. Kaplan–Meier plots with validated associations of variants with disease-free survival (DFS)
of all patients unstratified (a) or subgroup of patients treated with cytotoxic therapy (b). The blue line
represents the common homozygous genotype, the green line the heterozygote, and the magenta line
the rare homozygote. The violet color represents rare variant carriers. Significance was evaluated by
the log-rank test; numbers represent individuals in compared groups.

We further clarified the effect of molecular subtype on prognosis of the patients by their stratification
according to the intrinsic molecular subtype. Associations with DFS were then calculated separately
for each subtype (Table 5 and Figure S1).
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Table 5. Validated associations of variants in ABC transporters associating with DFS of patients treated
with cytotoxic therapy according to their molecular subtypes.

Gene SNP ID Genotypes Subtypes 1

Luminal A Luminal B HER2 TNBC

All patients (n = 744)

ABCA7 rs9282562 Common homozygous 165 206 39 63
Rare allele 45 68 17 21
p-value 2 0.626 0.316 0.010 0.325

ABCA13 rs17548783 Common homozygous 58 67 12 24
Heterozygous 112 129 31 40

Rare homozygous 39 74 13 20
p-value 2 0.050 0.114 0.492 0.039

Patients treated with cytotoxic therapy (n = 371)

ABCA13 rs74859514 Common homozygous 62 125 25 58

Rare allele 12 27 11 8
p-value 2 0.441 0.606 0.001 0.009

ABCC4 rs899494 Common homozygous 50 114 27 46

Rare allele 24 38 9 20
p-value 2 0.825 0.415 0.050 0.565

ABCG8 rs34198326 Common homozygous 63 135 30 54

Rare allele 11 17 5 11
p-value 2 0.094 0.040 0.847 0.091

1 Numbers of patients for each genotype stratified by molecular subtypes are displayed; HER2 =HER2 enriched,
TNBC = triple negative breast cancer. 2 p-value departed from log-rank test (significant results in bold).

This analysis showed that prognostic associations differ according to the molecular subtype.
In the whole group of patients, rs9282562 in ABCA7 and rs17548783 in ABCA13 were prognostic only
for HER2 enriched and triple negative (TNBC) subtypes, respectively. In the subgroup treated with
cytotoxic therapy, again single nucleotide polymorphisms (SNPs) were prognostic for patients with
HER2 enriched and TNBC subtypes (rs74859514 in ABCA13). Carriers of the rare variant in ABCG8

rs34198326 had better DFS than those with the common homozygous genotype—this association was
significant only in patients with the luminal B subtype.

In order to clarify associations of variants with gene expression, we used transcriptomic data from
previous gene expression profiling [14] and compared it with variants that significantly associated
with DFS or response to NACT in the validation set (n = 168 patients for whom gene expression was
available). We also analyzed expression quantitative trait loci (eQTL) associations of these variants
using gene expression in healthy tissues available on the GTEx portal (https://www.gtexportal.org).
The SNP rs17548783 was significantly associated with ABCA13 transcript levels in tumors assessed in
the previous study [14] (Table 6), but no eQTL were found in the GTEx database. No eQTL were found
also for rs2275032 in ABCA4, rs71428357 in ABCA12, rs3210441 in ABCB5, and rs34198326 in ABCG8.
Significant results from eQTL analysis are summarized in Table 7 and Figure S2.

Table 6. Association of single nucleotide polymorphism (SNP) rs17548783 in ABCA13 transporter with
intratumoral transcript levels.

SNP ID Genotype n Expression 1 S.D. 2 p-Value

rs17548783 Common
homozygous 9 −7.29 2.11 0.015

Heterozygous 18 −9.90 2.67 -
Rare homozygous 7 −9.45 2.67 -

1 Transcript levels expressed as Ct (cycle threshold) value of ABCA13 subtracted from mean Ct of reference genes
[14]. 2 S.D. = Standard deviation.
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Table 7. eQTL analysis of SNPs significantly associating with patients’ DFS or response to neoadjuvant
cytotoxic therapy (NACT).

SNP ID Gene Tissue
Normalized

Expression Trend
p-Value 1

rs11871944 ABCA9 multiple 2 CC > TC > TT 3.1 × 10−7

rs4148579 ABCC5 multiple 2 CC > TC > TT3 3.5 × 10−33

rs739689 ABCC8 brain (cerebellum) AA > AG > GG 8.6 × 10−9

rs17822931 ABCC11 brain CC > CT > TT 6.9 × 10−5

LONP2 4 breast CC > CT > TT 1.4 × 10 −4

rs2301347 ABCD4 multiple 2 AA > CA > CC 5.0 × 10−20

lnc-SYNDIG1L-2 4 breast AA > CA > CC 1.8 × 10−16

rs2301346 ABCD4 multiple 2 CC > TC > TT 1.8 × 10−12

lnc-SYNDIG1L-2 4 breast CC > TC > TT 4.2 × 10−15

rs9282562 ABCA7 multiple 2 ref > het > delTG 1.3 × 10−11

s74859514 UPP1 4 cerebellum, muscle GG > GC > CC 2.7 × 10−5

rs899494 ABCC4 thyroid, whole blood AA > AG > GG 1.9 × 10−16

1p-value of the most significant association is shown. 2 Significant results in more than three different tissues. 3

The highest expression is seen for TT genotype in whole blood and esophageal mucosa; the opposite i.e., highest
expression of CC genotype is seen for the rest of the tissues. 4 Alternative eQTL.

3. Discussion

The role of germline genetic variability among ABC transporters in prognosis of breast cancer
patients as well as in their response to chemotherapy is underexplored. In our previous publication,
we dealt with pharmacologically relevant germline genetic polymorphisms in 509 breast cancer-related
genes [13]. In the present study, we used the same approach to reveal all associations of genetic variants
in human ABC transporters with chemotherapy response and survival of the patients.

A total of 2611 variants were found in a testing set. The majority of variants were found in
intronic regions. Lower numbers of variants were found in coding regions and UTRs. Interestingly,
no variants were found in ABCF1, TAP1 (alias ABCB2), and TAP2 (ABCB3). TAP1 and TAP2 are
antigen presenting transporters and alterations in these genes associate with autoimmune diseases,
susceptibility to infections, or malignancies [15]. Similarly, ABCF1 plays a role in the regulation of
inflammatory processes [16] and alterations in ABCF1 are linked with autoimmune diseases as well [17].
Therefore, it seems that genetic variants in these genes negatively impacts immunity and inflammatory
processes which explain limited variability, in line with our findings. On the other hand, the most
variable genes were ABCA13 (165 alterations), ABCA4 (114), and ABCA1 (109). The members of ABCA
family are typically large genes (transcript length 7-17 kbp) and thus likely to accumulate variants.
When normalized for the length of transcript, ABCG1, ABCC4, and ABCA4 have the highest count of
variants per kbp, ranging from 16 to 20. Interestingly, ABCA4, ABCA7, and ABCA13 had the highest
variant counts in exonic regions (4.1-4.8 variants per kbp). We found several LOF variants in ABC
transporters—eight stop-gains and nine frameshift indels. These events have high impact on function
of the protein. Moreover, all 17 LOF variants were present in genes of the first quartile of the most
intolerant genes to LOF events [18]. These facts advocate for further investigation of LOF variants in
ABC transporters. Unfortunately, LOF variants are rare. For the sake of maintaining enough statistical
power for comparison with clinical data, only common variants (MAF > 0.05) could be used in the
present study.

In total, we selected 903 variants and subjected them to a thorough statistical analyses. Of these
variants, 43 associated with response or DFS and were capable of validation in a cohort of 802 breast
cancer patients. Five associations with DFS and nine with response to NACT were replicated in the
validation set. If multiple simultaneous statistical tests are calculated, a type I error (a risk of false
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positive results) occurs. To prevent this error, correction for multiple testing must be used. There are
several methods to do so. Here, we applied the wildly used FDR, a test by Benjamini–Hochberg. After
this correction, none of the associations of variants with clinical features remained significant and, thus,
cannot be considered validated. Nevertheless, we found some interesting associations which we will
discuss further.

ABCA13 is responsible for lipid transport and variants in this gene can cause schizophrenia [5].
Carriage of the rare allele of SNP rs17548783, located in downstream intronic region of ABCA13, was
associated with shorter DFS of patients in our study. Based on our findings, a rare allele of this variant,
significantly associated with lower ABCA13 intratumoral transcript levels in a validation set (Table 6).
Lower transcript levels of ABCA13 were associated with worse response to NACT in a previous
study [14], further underpinning the role of this SNP as a putative poor prognosis biomarker. This
consequence is the most interesting link observed at present. Nevertheless, the response to NACT
does not significantly associate with DFS in our datasets a fact that clearly calls for further research.

Another variant in ABCA13, the missense rs74859514 (Ala2223Pro), associated with DFS in patients
treated with chemotherapy, but without gene dosage relationship. Neither of these two SNPs has
records in the present literature, although associations of ABCA13 with patients’ outcome have been
described in several previous studies. A decreased expression of ABCA13 was associated with shorter
DFS in 51 glioblastoma patients [19] and 51 colorectal cancer patients [20]. The opposite was found
for ovarian cancer (n = 77) and higher levels of ABCA13 predicted worse overall survival in ovarian
cancer patients [21]. Amplification of 7p12 (which includes ABCA13 and HUS1, EGFR, and IKZF1)
predicted worse response to NACT in muscle-invasive bladder cancer [22]. Such contradictory results
from different cancers are puzzling. Despite we must bear in mind that none of the associations found
in our study passed the FDR test, some may still have clinical potential. Additional studies will be
needed to confirm these results.

A synonymous variant rs71428357 in ABCA12 associated with response to NACT. Patients
responding well to chemotherapy were more often carriers of the rare allele. Synonymous variants
can affect RNA splicing, folding, and stability [23] and are associated with several diseases, such as
Alzheimer disease, pulmonary sarcoidosis, galactosemia, or cancer [24]. The role of this particular
ABCA12 variant in cancer or other diseases is still unknown. However, higher ABCA12 transcript levels
in non-tumor tissues associated with worse response to NACT in breast cancer patients in our previous
study [14]. The opposite, i.e., higher levels associating with residual disease, was found by Park et
al. [25]. Interestingly, we previously identified this gene among candidate ABCs with predictive or
prognostic potential for patients with breast, colorectal, and pancreatic carcinomas [26].

Among other members of the ABCA family, associations with response to NACT were observed
for ABCA4 (variant rs2275032) and ABCA9 (rs11871944). A deletion in ABCA7 (rs9282562) associated
with shorter DFS of the patients. These variants are not described in the present literature, however,
higher transcript levels of ABCA9 significantly associated with worse survival in high-grade serous
ovarian cancer tumors [6]. Silencing of ABCA7 reduces epithelial to mesenchymal transition in ovarian
cancer cell lines and knockdown of ABCA7 inhibited migration, cell proliferation, and invasion [27].
In addition, lower ABCA7 levels associated with shorter DFS of colorectal cancer patients [20].

ABCB5 confers 5-fluorouracil resistance and promotes cell invasiveness in colorectal cancer [28].
Variant rs3210441 in ABCB5 associated with response to NACT in our study, but no eQTL was found
and additional supportive data about the role of this SNP or protein in breast cancer is lacking.

Protein coded by ABCC11 is responsible for transport of bile acids, conjugated steroids, or cyclic
nucleotides. Diseases linked with this gene include malfunction of apocrine gland secretion and lateral
sinus thrombosis (https://www.genecards.org). ABCC11 is a transporter of 5-fluorouracil [3]. In our
study, a missense ABCC11 variant rs17822931 (Gly180Arg) associated with response to NACT. Carriers
of the wild-type allele had significantly poorer outcomes than patients with an alternative allele. This
variant is known for its determination of human earwax type [29]. It is associated with breast cancer risk
in the Japanese population [30]. This variant is also linked with axillary osmidrosis, colostrum secretion
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in the mammary gland, and mastopathies [31]. Wild type allele C also confers to chemotherapy
resistance to 5-fluorouracil by exporting active metabolite 5-fluoro-2′-deoxyuridine 5′-monophosphate
(FdUMP) [32]. ABCC11 expression (together with ABCB1) is responsible for resistant phenotype
of breast cancer cell lines resistant to eribulin and inhibition of ABCC11 can partially restore the
cross-resistance to 5-fluorouracil [33]. Higher ABCC11 gene expression was also associated with poor
response to NACT in breast cancer patients [25]. Interestingly, this SNP is associated with expression
of ABCC11 only in the brain, but with LONP2, coding mitochondrial matrix protein, in breast tissue
(Table 7). Relations between mastopathy, breast cancer risk, and, after chemotherapy, even drug
resistance suggest strong connection of this variant to breast cancer. Association with response to
chemotherapy of breast cancer patients has been suggested previously [31], our result corroborates
this assertion.

Among other members of the ABCC family, ABCC5 (rs4148579) and ABCC8 (rs739689) associated
with response to NACT and ABCC4 (rs899494) with DFS of the patients. ABCC4 was among amplified
genes in resistant cancer cell lines [34]. The ABCC4 gene was also identified to play a role in cellular
migration of breast cancer cell line models MCF-7 and MDA-MB-231 [35]. In our previous study [14],
we have seen associations of high ABCC8 transcript levels with low grade and negative/positive
status of estrogen receptor. Additionally, the expression level non-significantly (p = 0.096) associated
with worse responses of breast cancer patients to NACT [14]. Nevertheless, in the present study we
did not find association of rs739689 (intronic A > G transition) with ABCC8 transcript levels. eQTL
associations at the GTEx portal are ambiguous. The wild-type AA genotype has the highest expression
of ABCC8 in cerebellum, but no significant association can be found in breast tissue. This SNP is
also highly significantly associated with expression of NCR3LG1, KCNJ11, and SNORD14 genes with
fragmentary and elusive data on association with breast cancer. From the data discussed above, it can
be summarized that the present knowledge is incomplete and, thus, no clear picture can be presented.

Unlike other ABCD transporters, ABCD4 is not found in peroxisomes, but in lysosomes. It takes
part in transport of cobalamin (vitamin B12) and mutations in this transporter cause inherited defects
of intracellular cobalamin metabolism [10]. Low transcript levels of this gene were also associated with
shorter DFS of colorectal cancer patients [20] and ABCD4 was among amplified genes in resistant cancer
cell lines [34]. In our study, wild-type variants rs2301347 and rs2301346 (both intronic) associated
with the good response to NACT. Wild-type genotypes of these two variants show lower transcript
levels of long non-coding (lnc) RNA lnc-SYNDIG1L-2 overlapping ABCD4 in mammary tissue (Table 7)
suggesting potential clinical relevance. However, the lack of association with ABCD4 transcript levels
that we found in our dataset precludes any strict conclusions.

ABCG8 is a transporter of sterols from hepatocytes and enterocytes [36]. The rare allele of its SNP
rs34198326 was associated with longer DFS of chemotherapy treated patients in our study. Expression
of ABCG8 was downregulated in tumors of breast cancer patients compared to non-neoplastic control
tissues [14], but the role of germline polymorphism is unclear.

The role of ABC transporters in cancer has been known for a long time. Multidrug resistance
has been studied since 1970, when it was first mentioned [37]. The well-studied ABCB1 gene
(MDR1) was discovered in 1974 by V. Ling, and nearly twenty years later, the discovery of ABCC1

and ABCG2 concerning drug resistance was reported [2]. Although associations of ABCB1 gene
expression with breast cancer prognosis were reported repeatedly, evidence for the role of its genetic
variability in response to treatment is elusive. A recent review demonstrated that three frequently
studied polymorphisms in ABCB1 (rs1045642, rs1128503, and rs2032582) cannot be considered reliable
predictors of response to chemotherapy in breast cancer patients [38]. Similarly, an association of
ABCC1 expression with the survival of breast cancer patients was described [39]. However, only a few
studies on genetic polymorphisms can be found. ABCC1 variants rs4148350, rs45511401, and rs246221
associated with the risk of febrile neutropenia in patients treated with 5-fluorouracil, epirubicin, and
cyclophosphamide [40] and it was very recently discovered that ABCC1 variant burden is a strong
predictor of DFS in breast cancer patients rather than the genotype attributed to individual variants [41].
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ABCG2 transports several drugs used for breast cancer treatment. In a recent study on the TCGA
cohort, ABCG2 transcript levels associated with a decreased progression-free survival, although, gene
variants (either somatic or germline) influenced ABCG2 expression only moderately [42]. From the
above-reviewed information, it can be summarized that despite numerous studies on drug transporters
utilization for predicting therapy outcome, strong support is still missing. Other transporters, with
rather physiological roles, are much less explored in oncology, and studies were largely dedicated to
gene expression in contrast with less studied genetic variability.

In conclusion, genetic variability in ABC transporters might play a role in breast cancer prognosis
and help with prediction of therapy outcome of the patients. Although no alterations observed by
this study can be considered statistically validated, particularly associations of downstream variant
affecting expression, rs17548783 in ABCA13 with DFS and variant rs17822931 (Gly180Arg) in ABCC11

with response to NACT attract attention because of their support in the literature. These are interesting
candidates for future research. Furthermore, elucidations are needed to explore additional genetic
component, e.g., non-coding sequences, copy numbers and structural variations, somatic mutations,
etc. of the ABC transporter superfamily.

4. Materials and Methods

4.1. Patients

The evaluation phase of the study included 105 breast cancer patients, diagnosed in the Institute
for the Care for Mother and Child and Medicon, both in Prague and in the Hospital Atlas in Zlin (Czech
Republic) over the period of 2006–2013. Of these, 68 patients underwent preoperative (neoadjuvant)
treatment with regimens containing 5-fluorouracil, anthracyclines, cyclophosphamide (FAC or FEC),
and/or taxanes. The rest received adjuvant postoperative treatment with regimens based on the same
drugs. Clinical data of these patients are presented in Table S1.

For the validation phase, we used 802 breast cancer patients, recruited over the period of 2001–2013
from the Institute for the Care for Mother and Child, Medicon, the Motol University Hospital, all in
Prague and in the Hospital Atlas in Zlin (all in the Czech Republic). Patients received either neoadjuvant
or adjuvant chemotherapy or by hormonal therapy. Clinical data of these patients are presented in
Table S3.

More details about the patient recruitment can be found elsewhere [13]. DFS was defined as
the time between surgery and first disease relapse including local relapses. Response to NACT was
evaluated by the Response Evaluation Criteria in Solid Tumors (RECIST [43]) based on imaging data
retrieved from medical records.

Procedures performed in the present study were in accordance with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards. Study protocol was approved by the Ethical
Commission of the National Institute of Public Health in Prague (approvals no. 9799-4, 15-25618A, and
17-28470A). All patients were informed about the study and those who agreed and signed an informed
consent further participated in the study.

4.2. Panel Sequencing—Evaluation Phase

Blood samples were collected during the diagnostic procedures using tubes with K3EDTA
anticoagulant and genomic DNA was isolated from human peripheral blood lymphocytes by the
standard phenol/chloroform extraction and ethanol precipitation.

In the evaluation phase, raw data for 48 ABC transporter genes and one pseudogene were extracted
from the previously published study [13]. Briefly, reads were mapped on reference sequence hg19
using Burrows-Wheeler Alignment (BWA) mem [44], base and indel recalibration and short indels and
SNVs discovery was done in the Genome Analysis Toolkit (GATK) [45] and annotation of variants was
done using Annovar [46] (for details of the library preparation, target enrichment, data processing,
and variant calling, see [13]).
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4.3. Genotyping—Validation Phase

In total, 42 genetic variants were selected for the validation phase and assessed using commercially
provided competitive allele specific PCR (KASP™) genotyping (LGC Genomics, Hoddesdon, UK)
in DNA samples from 802 breast cancer patients. Primers and probes were designed by the service
provider. 10% of the samples were analyzed in duplicates for the purpose of the quality control.
The genotyping concordance between duplicate samples exceeded 99%.

4.4. Statistical Analyses

In the evaluation phase, DFS was calculated with respect to the groups of patients divided by
the genotype (common homozygous, heterozygous, and rare homozygous). The log-rank test for
each variant was performed and the Kaplan–Meier plot was generated for visual inspection of gene
dosage. We set the study follow-up end to 120 months (10 years) and thus, all subjects with DFS
exceeding 120 months were censored. The response of patients to NACT was set to “good” in the case
of complete or partial pathological remission (CR/PR) and “poor” for stable or progressive disease
(SD/PD). We evaluated associations between genotypes (common homozygous, heterozygous, and rare
homozygous) and response using the Pearson chi-square test. Adjusted p-value was calculated for each
variant and each of these tests. Adjusted p-value for the log-rank test was based on 100 permutations
of original data. A p-value of less than 0.05 after adjustment for multiple testing was considered
statistically significant. Variants significantly associating with either DFS or response to NACT in the
evaluation phase entered the validation phase of the study.

In the validation phase, the Pearson chi-square test and the log-rank tests were used as described
above. For the evaluation of allele effect, recessive, dominant, co-dominant, and additive genetic
models were used. Association of variants with transcript levels was assessed by the non-parametric
Kruskal–Wallis test. Adjusted p-values were calculated using Benjamini–Hochberg false discovery
rate (the FDR test) as a correction for multiple testing [47]. Haplotype analysis was conducted in
HaploView 4.2 (Broad Institute, Cambridge, MA, USA). Statistical analyses were conducted using R
and the statistical program SPSS v16.0 (SPSS, Chicago, IL, USA).

The sequencing data that support the findings of this study are openly available in Sequence Read
Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) under accession no. PRJNA510917.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/24/
9556/s1.
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Abstract: The 12 members of the ABCA subfamily in humans are known for their ability to transport
cholesterol and its derivatives, vitamins, and xenobiotics across biomembranes. Several ABCA
genes are causatively linked to inborn diseases, and the role in cancer progression and metastasis is
studied intensively. The regulation of translation initiation is implicated as the major mechanism in
the processes of post-transcriptional modifications determining final protein levels. In the current
bioinformatics study, we mapped the features of the 5′ untranslated regions (5′UTR) known to
have the potential to regulate translation, such as the length of 5′UTRs, upstream ATG codons,
upstream open-reading frames, introns, RNA G-quadruplex-forming sequences, stem loops, and
Kozak consensus motifs, in the DNA sequences of all members of the subfamily. Subsequently,
the conservation of the features, correlations among them, ribosome profiling data as well as protein
levels in normal human tissues were examined. The 5′UTRs of ABCA genes contain above-average
numbers of upstream ATGs, open-reading frames and introns, as well as conserved ones, and these
elements probably play important biological roles in this subfamily, unlike RG4s. Although we found
significant correlations among the features, we did not find any correlation between the numbers of
5′UTR features and protein tissue distribution and expression scores. We showed the existence of
single nucleotide variants in relation to the 5′UTR features experimentally in a cohort of 105 breast
cancer patients. 5′UTR features presumably prepare a complex playground, in which the other
elements such as RNA binding proteins and non-coding RNAs play the major role in the fine-tuning
of protein expression.

Keywords: 5′ untranslated region; cis-acting elements; ABC transporters; ABCA
subfamily; bioinformatics

1. Introduction

The proteins in the ABC (ATP-binding cassette) family can be found in every group of living
organisms, from bacteria to primates, and are generally known for their ability to translocate a wide
range of substrates across extracellular as well as intracellular biomembranes [1,2]. Typically, ABC
transport proteins contain two nucleotide-binding domains and two transmembrane domains. ABC
proteins are organized as full- or half-transporters in eukaryotes. The products of half-transporters have
to homodimerize or heterodimerize to create a functional transporter. Forty-eight ABC protein-coding
genes, which have been described in the human genome, are divided into seven subfamilies according
to the similarity in their amino acid (aa) sequences and organization of protein domains [3]. The ABCA
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subfamily is represented by 12 full transporters, which belong to the largest molecules among ABC
proteins, with a median of 1925 aa. They have been reported to play important roles in the transport of
cholesterol and its derivatives, as well as some vitamins and xenobiotics [4,5]. Several members of
the ABCA subfamily have been causatively linked to a diverse set of human inborn diseases such as
familial high-density lipoprotein (HDL) deficiency (ABCA1), neonatal surfactant deficiency (ABCA3),
degenerative retinopathies (ABCA4), and congenital keratinization disorders (ABCA12) [6]. Gene
expression studies conducted in our laboratories have demonstrated associations of intra-tumoral
transcript levels of several ABCA genes with the response of patients to oncological therapy or
disease-free survival [7–11]. Their roles in cancer progression and metastasis attributed mainly to
lipid trafficking are a matter of intensive research [4,12]. Phylogenetic analyses suggest that current
ABCA genes evolved by many duplication and loss events from a common ancestor gene [6,13,14].
ABCA5-related genes (ABCA5/6/8/9/10), which evolved from the ABCA5 gene by duplications, form a
cluster on the q-arm of the human chromosome 17 (17q24). The remaining ABCA genes are dispersed
on six other human chromosomes [5,15].

Gene expression at the protein level does not reflect the mRNA level in normal human tissues
perfectly, not only in the case of ABC genes [4,16]. The reason for this difference is believed to lie in
post-transcriptional regulation. Regulation of the initiation of translation has been implicated as the
major mechanism in this complex process. Several features in the 5′ untranslated regions (5′UTR, also
leader sequence) of genes, such as the length of 5′UTRs, upstream ATG start codons (uATG), upstream
open-reading frames (uORF), introns, RNA G-quadruplex-forming sequences (RG4), diverse secondary
structures like stem loops as well as the Kozak consensus motif in the vicinity of start codons, act as
cis-acting regulatory factors (Figure 1) [17,18]. RNA structures such as stem loops and RG4s, as well as
uORFs and uATGs, mainly inhibit translation. RNA modifications, or RNA-binding proteins (RBP)
and long non-coding RNAs (lncRNA) that interact with RNA binding sites, as well as the Kozak motif,
can additionally stimulate translation initiation. It is still not clear how the actions of these elements
interact, when multiple factors are present together, or if some of them have a superior role. Several
highly conserved elements have been revealed in our recent bioinformatics study focusing on the
5′UTRs of the human ABCA1 gene and its vertebrate orthologs [19]. The 5′UTRs of the other ABCA
subfamily genes have not yet been studied in detail. Mapping of the 5′UTR features that are known
to have the potential to regulate translation, among the whole subfamily, is addressed in the current
work. Those interpreting the significance of new mutations and polymorphisms can take our findings
into consideration.

Figure 1. Secondary structure of the 5′UTR of the human ABCA1 gene. The positions of the features
influencing the initiation of translation are depicted; intron spl. s., intron splice-sites; RG4, RNA
G-quadruplex-forming sequence; uATG, upstream ATG codon; uORF, upstream open-reading frame.
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2. Results

2.1. Alignment and Phylogenetic Tree of 5′UTRs of Human ABCA Genes

Based on the alignment analyses of the individual human ABCA genes with their vertebrate
orthologs, we were able to define the sub-regions of the 5′UTRs showing a very high level of
conservation. The names, IDs and basic characteristics of the transcripts analyzed are disclosed
in Table S1 and positions of these sub-regions are recorded in Table S2. Notably, we did not find
any comparable highly conserved sub-regions in the alignment of all human ABCA genes together.
Figures S1 and S2 document the alignment of human ABCA1 and its orthologs for ClustalO and
Mafft algorithms, respectively. Figures S3 and S4 show the alignment of all human ABCA genes in a
similar manner. A phylogenetic tree, based on the 5′UTR sequences of all human ABCA genes, was
constructed and is shown in Figure 2.

The order in which 5′UTRs of ABCA genes are described in the following sections reflects their
relationships calculated in the phylogenetic analysis.

Figure 2. Phylogenetic analysis of 5′UTR sequences of 12 human ABCA genes. The neighbor-joining tree
was constructed using DNA model distance measure of Clustal Omega multiple sequence alignment.

2.2. ABCA3

The ABCA3-201 transcript, coding for the main functional isoform, with 33 exons is 6602 bp long.
It has the second longest 5′UTR among ABCA genes spanning 694 bps. The 5′UTR is divided into four
parts by the three introns—Intron 1–2 (10718 bp), Intron 2–3 (890) and Intron 3–4 (1960). The most
conserved region was localized to −519 to −503 from the start ATG codon of the main ORF (sATG).
Four uATGs were described at the following positions: 1) −525, 2) −498, 3) −329, and 4) −262. The
third and fourth uATGs are conserved in primates (cat. 1), the first uATG in placental mammals (cat. 3)
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and the second uATG in placental mammals as well as reptiles and birds (cat. 4). The second and
fourth showed weak contexts, the first and third adequate contexts. High TIS scores were calculated for
the first and second, and middle scores for the third and fourth. Two probable uORFs were predicted:
one is 150 nt long (starting at −525) and the second overlapping with the main ORF (starting at −262);
and one RG4-forming sequence at −608 to −576. Five stem loops were predicted in this region. The
ABCA3 protein was found to be expressed in many human tissues (42 out of 45 tissues tested). The
Mode expression score was Medium, enhanced in e. g. brain, glands, lung, testis and spleen. Table 1
discloses an overview of the 5′UTR features for the 12 human ABCA genes. A more detailed overview,
including the positions of all features studied, can be viewed in Table S2.

Table 1. Overview of the 5′UTR features in human ABCA genes sorted according to their
phylogenetic relationships.

DNA/RNA PROTEIN

Gene
5′UTR
Length

[nt]

No. of
uATGs

No. of
uORFs

No. of
5′UTR
Introns

No. of
RG4-Forming

Seq.

No. of
5′UTR
Stem
Loops

No. of All
5′UTR

Elements

Protein
Tissue
Distrib.

Protein
Mode
Expres.
Score

Protein
Expres.
Score
Range

ABCA3 694 4 2 3 1 5 13 3 3 2–4
ABCA1 313 1 1 1 1 6 9 4 3 2–4
ABCA4 103 1 0 0 0 2 3 1 4 n.a.
ABCA5 97 0 0 1 0 4 5 4 4 3–4
ABCA10 910 14 6 3 0 5 22 3 3 2–3
ABCA6 196 2 0 1 0 3 6 4 2 2–4
ABCA12 418 4 1 0 0 6 10 3 3 2–4
ABCA13 26 0 0 0 0 0 0 n.a. n.a. n.a.
ABCA9 75 3 2 1 0 2 6 4 4 2–4
ABCA8 340 6 2 2 0 3 11 2 2 2–4
ABCA7 227 1 1 1 1 3 6 3 2 2–4
ABCA2 97 1 1 0 1 2 4 3 3 2–4

Abbreviations: Distrib., distribution; Expres., expression; n.a., not available; No., number; seq., sequence; uATG,
upstream ATG; uORF, upstream ORF. Protein tissue distribution (in normal human tissues): 1-One/2-Some (less
than a half)/3-Many/4-All. Protein expression score: 1-Not detected/2-Low/3-Medium/4-High.

2.3. ABCA1

The human ABCA1-202 transcript is 10,408 bp long and has 50 exons. The 5′UTR region covers
313 bps and is divided into two parts by one intron (Intron 1–2), which is the longest among ABCA
genes with 24,163 bp. The most conserved sub-region of the 5′UTR was localized to −119 to −59. One
uATG was found at −89. This uATG is highly conserved among vertebrates (category 5 = placental
mammals + Reptiles and birds + coelacanth/ray-finned fishes); however, it shows a weak flanking
sequence context and middle TIS score. One uORF starting at this uATG and overlapping with the
main ORF was predicted. The most probable RG4-forming sequence was placed to −251 to −218.
Six stem loops were predicted in this region. The ABCA1 protein was found to be expressed in all
human tissues (45 tissues). The mode expression score was medium, and the expression was high in
lung, stomach, and placenta.

2.4. ABCA4

The transcript ABCA4-201 is 7328 bp long and has 50 exons. The 5′UTR is 103 bp long.
The sub-region −65 to −50 was determined to be the most conserved. One uATG (−62) is conserved in
placental mammals (cat. 3); however, it has a weak context and low TIS score. No probable uORF
or RG4-forming sequence was detected. Two stem loops were predicted to this region. The ABCA4
protein was found to be expressed only in the retina with a high score.

2.5. ABCA5

The transcript ABCA5-201 is 8252 bp long and contains 39 exons. The 5′UTR covers 97 bps and is
interrupted by one intron-Intron 1–2 (12,621 bp). Only a very short sequence −7 to −2 was identified as
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the most conserved. No uATG, uORF, or RG4-forming sequences were detected and four stem loops
were predicted in this region. The ABCA5 protein was found to be expressed in all human tissues
(45 tissues). The mode expression score was high.

2.6. ABCA10

The human ABCA10 gene has no known orthologs in ray-finned fishes. The ABCA10-201 transcript
is 6362 bp long and has 40 exons. It has the longest 5′UTR among ABCA genes encompassing 910 nts.
Three introns (Intron 1–2, 15,668 bp; Intron 2–3, 1295 bp; Intron 3–4, 1615 bp) are annotated within the
5′UTR. The most conserved sub-region was determined to −459 to −368. Fourteen uATGs (1. −755, 2.
−722, 3. −709, 4. −645, 5. −625, 6. −574, 7. −571, 8. −482, 9. −464, 10. −279, 11. −265, 12. −197, 13.
−169, 14. −56) were discovered. The seventh uATG is present only in humans (cat. 0), the first, second,
third, fifth, sixth and eighth are conserved within primates (cat. 1), the ninth to fourteenth (last five)
are conserved within placental mammals (cat. 3), and the fourth within placental mammals as well as
reptiles and birds (cat. 4). The third, fifth, sixth, tenth, and fourteenth uATGs show weak contexts; the
first, second, fourth, seventh, and eighth adequate contexts; the ninth, eleventh, twelfth, and thirteenth
strong contexts. The fourteenth uATG shows a low TIS score, the fourth and eleventh high TIS scores,
and the others middle TIS scores. Six uORFs (start positions-1. −722, 2. −625, 3. −482, 4. −279, 5. −65,
6. −197) were predicted; 33, 117, 42, 33, 171, and 39 bp long, respectively. Interestingly, the sATG of
this transcript shows only an adequate flanking sequence context. No probable RG4-forming sequence
and five stem loops were predicted in this region. The ABCA10 protein was found to be expressed in
many human tissues (40/45). The mode expression score was medium.

2.7. ABCA6

The human ABCA6 gene has no known orthologs in Sauropsida (reptiles and birds) and ray-finned
fishes. The transcript ABCA6-201 is 5321 bp long and has 39 exons. The 5′UTR is 196 nt long and
divided into two parts by Intron 1–2 (996 bp). The most conserved sub-region is located to −156 to −63.
Two uATGs were found within the region (−144 and −32). The first uATG is conserved within placental
mammals (cat. 3) and shows an adequate context and middle TIS score; the second is conserved
only in primates (cat. 1) and has also an adequate context, but low TIS score. Notably, the sATG of
this transcript shows only a weak flanking sequence context. No probable uORF or RG4-forming
sequence was detected. Three stem loops were predicted in this region. The ABCA6 protein was
found to be expressed in all human tissues (31 tissues tested). The Mode expression score was Low,
enhanced in e.g., adipose tissue, bone marrow, brain, esophagus, gallbladder, liver, ovary, testis, and
urinary bladder.

2.8. ABCA12

The ABCA12-201 transcript is 9298 bp long and has 53 exons. The 5′UTR spans the first 418 nts.
Three separate sub-regions showed the highest level of conservation. Four uATGs (1. −398, 2. −333, 3.
−330, 4. −115) were described. The first and third uATGs are conserved within primates (cat. 1), the
second and fourth within placental mammals as well as reptiles and birds (cat. 4). The second uATG
shows a weak context and the others adequate contexts; all show middle TIS scores. One 69 nt long
uORF was predicted starting from −398. No probable RG4-forming sequence was found and six stem
loops were predicted in this region. The ABCA12 protein was found to be expressed in many human
tissues (17/31). The mode expression score was medium, enhanced in duodenum, kidney, ovary, and
small intestine.

2.9. ABCA13

The ABCA13-204 transcript is 17,188 bp long and has 62 exons. The 5′UTR is the smallest among
ABCA genes and has only 26 nts. No uATG, uORF or probable RG4-forming sequences were located
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within the 5′UTR. RNA expression was found in many human tissues, enhanced in bone marrow;
however, protein expression has not been annotated yet.

2.10. ABCA9

The human ABCA9 gene has no known orthologs in Sauropsida (reptiles and birds) and ray-finned
fishes. The ABCA9-201 transcript is 6377 bp long and has 39 exons. One 9726 bp long intron (Intron 1-2)
is annotated within the 75 nt long 5′UTR. Two sub-regions fulfilled the criteria for the most conserved
ones. Three uATGs (1. −70, 2. −58, 3. −54) were found; the first and third are conserved within
placental mammals (cat. 3) and second only within primates (cat. 1). The first and second show
adequate context and third weak context; however, all have low TIS scores. Two uORFs (1. −70, 2. −54)
were described, the first 33 and second 39 nt long. No probable RG4-forming sequence was detected
and two stem loops were predicted in this region. The ABCA9 protein was found to be expressed in all
human tissues (45). The mode expression score was high.

2.11. ABCA8

The human ABCA8 gene has no known orthologs in Sauropsida (reptiles and birds) and ray-finned
fishes. The ABCA8-208 transcript is 6002 bp long and has 40 exons. Intron 1-2 (5746 bp) and intron
2-3 (7272) divide the 340 nt long 5′UTR into three parts. One sub-region (−234 to −180) displayed the
highest level of conservation. Six uATGs (1. −265, 2. −243, 3. −152, 4. −149, 5. −135, 6. −79) were
recognized; all of them are present only in humans (cat. 0) with the exception of the second one, which
can also be found in other primates (cat. 1). All uATGs show adequate contexts and middle TIS scores
with the exceptions of the second one, which shows a high TIS score, and the sixth one, which shows a
low TIS score. Two uORFs were predicted; the first is 39 nt long and starts from the second uATG and
the second 75 nt long from the sixth uATG. No probable RG4-forming sequence was detected and
three stem loops were predicted in this region. The ABCA8 protein was found to be expressed in some
human tissues (14/45). The mode expression score was low, enhanced in adrenal gland, testis, ovary,
liver, and adipose tissue.

2.12. ABCA7

The length of the ABCA7-201 transcript is 6815 bp and it has 47 exons. The 5′UTR spans 227 nt
with one annotated intron-intron 1-2 (1028 bp). One sub-region (−137 to −73) shows the highest level
of conservation. One uATG (−103), which is conserved in placental mammals (cat. 3) and has an
adequate context and middle TIS score, was found. One uORF overlapping with the main ORF was
predicted to start from this uATG. One probable RG4-forming sequence was placed to −217 to −158.
Three stem loops were predicted in this region. The ABCA7 protein was found to be expressed in many
human tissues (29/45). The mode expression score was low, enhanced only in bone marrow and spleen.

2.13. ABCA2

The ABCA2-202 transcript is 8103 bp long and contains 49 exons. The 5′UTR is 97 bp long.
The most conserved sub-region was localized to −65 to −12. One uATG (−88) is conserved within
primates and rodents (cat. 2); it has an adequate context, however, a low TIS score. Prediction programs
found one probable 66 nt long uORF starting at the uATG and one RG4-forming sequence (−81 to −34).
Two stem loops were described within this region. The ABCA2 protein was found to be expressed in
almost all human tissues lacking only in adipose tissue (44 out of 45). The mode expression score was
medium, enhanced only in brain.

2.14. Descriptive Statistics Shows High Abundance and Great Variability of 5′UTR Features

Among the 12 ABCA genes, the minimum 5′UTR length is 26 nts (ABCA13), maximum length
910 (ABCA10) and mean/average (M) 291 (median (Mdn) 212 and mode (Mo) 97). The minimum
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number of uATGs is 0 (ABCA5 and ABCA13), maximum 14 (ABCA10) and M = 3 (Mdn = 2 and
Mo = 1). The minimum number of uORFs is 0 (ABCA4, ABCA5, ABCA6, and ABCA13), maximum 6
(ABCA10) and M = 1 (Mdn = 1 and Mo = 1). The minimum number of 5′UTR introns is 0 (ABCA2,

ABCA4, ABCA12, and ABCA13), maximum 3 (ABCA3 and ABCA10) and M = 1 (Mdn = 1 and Mo = 1).
The minimum 5′UTR intron length is 890 nts, maximum 24,163 and M = 7208 (Mdn = 5746 and Mo not
applicable). Only four genes have one RG4 each (ABCA1, ABCA2, ABCA3, and ABCA7). The minimum
number of 5′UTR stem loops is 0 (ABCA13), maximum 6 (ABCA1 and ABCA12) and M = 3 (Mdn = 3
and Mo = 2). The minimum number of all 5′UTR elements is 0 (ABCA13), maximum 22 (ABCA10) and
M = 8 (Mdn = 6 and Mo = 6). Table 2 presents the summary of the 5′UTRs’ descriptive statistics.

Table 2. Descriptive statistics of the 5′UTR features in human ABCA genes.

No. uATGs No. uORFs
No. 5′UTR

Introns
No. RG4s

No. Stem
Loops

No. All 5′UTR
Elements

No. genes 12 12 12 12 12 12
Min 0 0 0 0 0 0
Max 14 6 3 1 6 22
Sum 37 16 13 4 41 95
Mean 3 1 1 0 3 8

Variance 15 3 1 0 3 33
Median 2 1 1 0 3 6
Mode 1 1 1 0 2 6

No., number; RG4, RNA G-quadruplex; uATG, upstream ATG; uORF, upstream ORF.

2.15. Positive Correlations among 5′UTR Features

Correlations among the following independent variables: 5′UTR length, no. of uATGs, sATG
flanking sequence context, no. of 5′UTR introns, length of all 5′UTR introns in a gene, presence of
RG4-forming sequence, no. of stem loops, protein tissue distribution, and protein mode expression
score were tested by non-parametric tests (Spearman’s rs and Kendall’s tau) in the first correlation
analysis. Some positive correlations were found to be statistically significant (Table S3 and Figure 3).
The variable 5′UTR length correlated with No. of uATGs (p= 0.004 and 0.006, respectively), no. of 5′UTR
introns (0.037/0.016), and no. of stem loops (0.002/0.004). Furthermore, no. of uATGs correlated with
no. of 5′UTR introns (0.041/0.022), sATG flanking sequence context with the presence of RG4-forming
sequence (0.046/0.010), no. of 5′UTR introns with Length of all 5′UTR introns in a gene (<0.001/<0.001),
and no. of stem loops with length of all 5′UTR introns in a gene (0.042/0.011). The variables protein tissue
distribution and protein mode expression score did not correlate significantly with any other variable.
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Figure 3. Correlation table plot. The circles represent the Spearman’s rs correlation coefficients on a
given scale; if the relevant p value is >0.05 the circle is crossed. 5′U., 5′UTR; Cont., context; Distrib.,
distribution; Expres., expression; Int., intron; No., number; Prot., protein; RG4, RNA G-quadruplex;
sATG, start ATG of the main ORF; St., stem; uATG, upstream ATG.

The special features of uATGs-uATG position (from transcription start site, TSS), uATG
conservation, uATG flanking sequence context, and uATG TIS score were tested similarly in the
second correlation analysis. The variable uATG TIS score correlated positively with uATG position
(0.034/0.031) and uATG flanking sequence context (0.011/0.003) (Table S4 and Figure 4).

Figure 4. Correlation table plot. The circles represent the Spearman’s rs correlation coefficients on a
given scale; if the relevant p value is > 0.05 the circle is crossed. uATG cons., uATG conservation; uATG
cont., uATG flanking sequence context; uATG pos., uATG position (from transcription start site); uATG
TIS sc., uATG TIS score (from NetStart).

74



Int. J. Mol. Sci. 2020, 21, 8878

2.16. Ribo-Seq Data Confirmed Translation at Some of the Predicted uORFs

The analysis of the Ribo-seq coverage data confirmed a high concentration of ribosomes within
some of the regions where probable uORFs were predicted by the bioinformatics algorithms. The uORFs
in the genes ABCA1, ABCA3, ABCA7, and ABCA8 displayed a high level of ribosome coverage. Notably,
a significant ribosome coverage peak was also detected at the site of the first uATG of ABCA6 (−144),
which was not connected to any uORF. An example of the Ribo-seq data analysis in the GWIPS-viz
browser is disclosed in Figure 5 (on a case of the ABCA1 gene); all results regarding uORFs are
summarized in Table 3.

Figure 5. Ribosome profiling analysis in the GWIPS-viz browser, an example of the ABCA1 gene. High
concentrations of ribosomes can be seen at the sites of the predicted upstream ORF and beginning of
the main ORF. Blue histograms represent Initiating Ribosome (P-site) Profiles from all studies, dark
red—Elongating Ribosome (A-site) Profiles from all studies, red—Ribo-seq coverage data from all
studies (Elongating Ribosomes—Footprints), and green—mRNA-seq coverage data from all studies
(mRNA-seq Reads). mORF, main open reading frame; sATG, start ATG of the main ORF; uATG,
upstream ATG; uORF, upstream open reading frame.

Table 3. Summary of the predicted uORFs in ABCA genes with Ribo-seq coverage data.

Gene No. of uORFs uORF Start uORF End uORF Length (nt) Ribo-Seq Cov.

ABCA3 2 −525 −376 150 3
−262 >+1 >261 2

ABCA1 1 −89 >+1 >87 3
ABCA4 0
ABCA5 0

ABCA10 6 −722 −690 33 1
−625 −509 117 1
−482 −441 42 1
−279 −247 33 1
−265 −95 171 1
−197 −159 39 1

ABCA6 0
ABCA12 1 −398 −330 69 1
ABCA13 0
ABCA9 2 −70 −38 33 1

−54 −16 39 1
ABCA8 2 −243 −205 39 3

−79 −5 75 1
ABCA7 1 −103 >+1 >102 3
ABCA2 1 −88 −23 66 1

Abbreviations: Cov., coverage; No., number; uORF, upstream ORF; Ribo-seq coverage: 1 = Low, 2 = Medium,
3 = High; All positions are described in relation to the start ATG of the main ORF.
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2.17. Thirteen Single Nucleotide Variants in 5′UTRs of ABCA Genes Were Found in Breast Cancer Patients

Thirteen single nucleotide variants (SNV) in 5′UTRs of main functional isoforms of ABCA genes
were found within our cohort of 105 breast cancer patients by targeted sequencing. These SNVs
are located within 5′UTRs of ABCA1, ABCA3, ABCA7, and ABCA10. An overview of these SNVs is
presented in Table 4. One variant in ABCA10 (rs1238052530) is changing the eighth uATG to GTG and
therefore disrupting the start of the third uORF. Eight other variants are located within uORFs (five
synonymous changes, two nonsynonymous, and one frameshift) and one within the most conserved
region. The location of all 13 SNVs in relation to the 5′UTR features of ABCA genes is visualized in
Figure S5.

Table 4. Overview of single nucleotide variants in 5′UTRs of ABCA genes in 105 breast cancer patients.

Gene SNV
Position
within
5′UTR

Genotypes 1 Variation Type and
Localization in Relation to

5′UTR Features
Common

Homo-Zygous
Hetero-Zygous

Rare
Homo-Zygous

ABCA1 rs1800978 −18 80 24 1 SNV (C > G) within uORF,
synonymous change

ABCA1 rs1799777 −77–−76 80 25 0 Indel variant (dupC) within
uORF, frameshift change

ABCA1 rs111292742 −279 97 8 0 SNV (G > C)

ABCA3 rs45487892 −67 103 2 0 SNV (G > A) within uORF2,
nonsynonymous change

ABCA3 rs45518738 −182 104 1 0 SNV (G > A) within uORF2,
synonymous change

ABCA3 rs146642275 −397 104 1 0 SNV (G > A) within uORF1,
synonymous change

ABCA3 rs1029783163 −409 104 1 0 SNV (G > A) within uORF1,
synonymous change

ABCA7 rs182233998 −14 101 4 0 SNV (T > C) within uORF,
synonymous change

ABCA7 rs3752229 −9 93 12 0 SNV (A > G) within uORF,
nonsynonymous change

ABCA10 rs1024510317 −89 104 1 0 SNV (G > C)

ABCA10 rs9302891 −438 0 14 91 SNV (G > T) within the
most conserved region

ABCA10 rs1238052530 −482 104 1 0
SNV (T > C) disrupting the
start of uORF3 (uATG8 to

GTG)

ABCA10 rs563620435 −762 104 1 0 SNV (C > A)

Footnote: 1 Genotypes do not sum up to 105 due to missing data; SNV, single nucleotide variant.

3. Discussion

Our bioinformatics study focused on the 12 members of the human ABCA gene subfamily. These
homologous genes are known for their principal role in lipid trafficking and homeostasis; however,
other biological functions such as the involvement in signaling pathways activated by lipids and
support of tumor progression are discussed in the recent literature. A comprehensive analysis of
their 5′UTR sequences, in view of the features known to be involved in translation regulation, was
addressed in the current study. We aimed to answer the question if the incidence of these 5′UTR
features correlates clearly with protein expression in this group. Since ABCA genes lie behind several
human diseases, both inborn and acquired, this information is important for the interpretation of the
newly found mutations and polymorphisms in the clinical as well as research settings. Moreover,
because similar studies on the gene family level are still missing, we also aimed at a comparison of
our results to current knowledge based on the whole-genome level studies, which is addressed in
this section.
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3.1. Phylogenetic Tree

Phylogenetic analyses of human ABCA genes were performed by several previous studies.
Some of them are based on the alignment of the nucleotide sequences or amino acid sequences
of nucleotide-binding domains [3,20], the others on the alignment of the full length amino acid
sequences [6,13]. Pairwise comparison of the amino acid sequences of all human ABCA members
revealed homologies ranging from 28% (ABCA8/ABCA12) to 72% (ABCA8/ABCA9) [20]. The previous
studies suggested that all ABCA genes have evolved from a primordial ancestor gene. Furthermore,
they demonstrated that the human ABCA1, 2, 3, 4, 7, and 12 transporters cluster in a subgroup, distinct
from ABCA5, 6, 8, 9, and 10. The ABCA5-related transporters share strikingly high overall amino
acid sequence homologies but differ significantly from other members [3,6,13,20]. In contrast, our
phylogenetic analysis, based on the comparison of nucleotide sequences of ABCA 5′UTRs, shows that
the 5′UTRs of ABCA2 and ABCA3 cluster distinctly from the rest of the 5′UTRs. These discrepancies
suggest that the evolution of 5′UTRs is shaped by different pressures independently from the other
gene regions.

3.2. 5′UTR Length

The average/median length of 5′UTRs is 291/212 nts in the human ABCA genes; however, there is
a great variation among the 12 members. The smallest 5′UTR is annotated to ABCA13 (26 nts) and
largest to ABCA10 (910). In the literature, we find divergent data about the average/median length of
human gene 5′UTRs based on the input data and year of study. Pesole and coworkers [21] constructed
the first database focusing on the UTR sequences from different eukaryotic taxa and named it UTRdb.
The average length of mRNA 5′UTR in humans was calculated to be 210 nts, maximum length 2803
and minimum 18 [22]. Rogozin et al. [23] calculated the average length of human 5′UTRs to be 160 nts
(retrieved from EMBL database). In the work of Chen et al. [24], the average/median length of 5′UTRs
in humans was calculated to be 254/169 nts from the Ensembl database and 220/160 from the UTRdb
database. Recently, Leppek et al. [17] stated that the longest known median length of mRNA 5′ UTRs
occurs in humans and is 218 nts (based on RefSeq data). We can conclude that the median length of
5′UTRs in the human ABCA subfamily is close to the median length derived from the whole genome
data. Indeed, the genome average of 5′UTR lengths is relatively similar across diverse taxonomic
classes of eukaryotes, ranging approximately from 100 to 200 nts, while in sharp contrast, the 5′UTR
length varies considerably among the genes in a genome, from a few to several thousands of nts, a
fact which has been mentioned in several previous studies [17,22,25,26]. Lynch and colleagues [27]
suggested that this discrepancy can be explained by random genetic drift and mutational processes
that cause stochastic turnover in transcription-initiation sites and premature start codons. Under
the simple null model that they presented, natural selection only indirectly influences the lengths
of 5′UTRs through the mutational origin of premature initiation codons within the UTR. We further
confirmed in this study that the great length variability of 5′UTRs can be observed even in closely
related members of a gene subfamily.

3.3. uATGs—Number and Conservation

Among human ABCA genes, there are two (17%; ABCA5 and ABCA13) having no uATG; the others
(83%) have at least 1 uATG, ranging from 1 to 14 uATGs (ABCA10). The median number of uATGs
in the ABCA subfamily was computed to be 2 (average is 3 and mode 1), again showing a great
variability among individual members. In total, 37 uATGs were found in the subfamily. The median
value of uATG conservation was 1 (on a scale of 0–5), minimum 0 and maximum 5. 49% of the uATGs
had a conservation value more than 1, that is, conserved in at least one other vertebrate subgroup
except primates. Generally, uATGs and uORFs decrease mRNA translation efficiency and may be
considered strong negative translational regulatory signals [28–30]. One of the approaches to address
the issue of the functional significance of uATGs is to examine the evolutionary conservation of these
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triplets. Churbanov et al. [31] reported that the ATG triplet is conserved to a significantly greater extent
than any of the other 63 nucleotide triplets in 5′UTRs of mammalian cDNAs, but not in 3′UTRs or
coding sequences, by comparing sequences of human, mouse, and rat orthologous genes. Moreover,
they observed that 5′UTRs are significantly depleted in overall ATG content. Approximately 25% of the
5′UTRs analyzed in their work contained at least one conserved uATG. In a similar study performed
by Iacono and colleagues [32], uATGs and uORFs were detected in about 44% of 5′UTRs. They also
concluded that both uATGs and uORFs are less frequent than expected by chance in 5′UTRs. 24% and
38% of human uATGs and uORFs were evolutionary conserved in all three taxa considered (human,
mouse, and rat), respectively. Of the population of human and mouse mRNAs with long 5′UTRs
(>60 bases), approximately 55% had at least one uAUG, with about 25% having one or more uORFs
(average about 1.9 uORFs) [33]. We found that 5′UTRs of ABCA genes contain above-average numbers
of uATGs as well as conserved ones. Approximately half of all uATGs in ABCA are conserved not only
within primates, but also in other vertebrate subgroups. Considering this high level of conservation
among uATGs, they probably play important biological roles in this subfamily.

3.4. uATGs—Flanking Sequence Context

The median value of uATG flanking sequence context in our study was 2 (on a scale of 1–4),
minimum 1 and maximum 3. The median value of sATG flanking sequence context was 3, minimum
1 and maximum 3. Churbanov et al. [31] wrote that there was no significant difference between
the nucleotide contexts of the conserved and non-conserved uATGs; in both cases, the information
content of the uATG context was lower than that of the sATG context. Similarly, the analysis of the
oligonucleotide context of uATGs, uORFs and sATGs has shown that a significant preference bias can
be observed only for sATGs which, on average, have a much better context than uATGs and uORFs [32].
Our results are also in agreement with Rogozin et al. [23], who found that the presence of ATG triplets
in 5′UTR regions of eukaryotic cDNAs correlates with “weaker” contexts of the sATGs. The median
sATG context in our study was “strong” (level 3), not “optimal” (level 4). However, newer results on
a larger cohorts of annotated transcripts have indicated some specifications, e.g., the proportion of
uATGs in optimal contexts for conserved uORFs was noticeably higher than for non-conserved uORFs,
while still half the proportion for main ORFs [33].

3.5. uORFs

There were eight genes (67%) among ABCA genes having at least one uORF predicted by the
prediction software, 16 uORFs in total. The median for the whole subgroup is 1 uORF, minimum 0 and
maximum 6 (ABCA10). Recently, Johnstone and co-workers [34] published that the human and mouse
transcriptomes had similar uORF content (49.5 and 46.1%, respectively), consistent with previous
computational estimates. The above-average incidence of uORFs in the ABCA subfamily is obvious
from our results. The biological significance of a majority of uORFs is probably not limited to the
regulation of translation, as the uORF products—small polypeptides—can play many different roles
within the metabolism of complex organisms [35].

3.6. 5′UTR Introns

Four ABCA genes (33%) have no 5′UTR intron; the others (67%) have at least one. The median
as well as mode number of 5′UTR introns is 1, maximum is 3 (ABCA3 and ABCA10). The median
length of 5′UTR introns in ABCA subfamily is 5746 nts, minimum 890 and maximum 24,163 (ABCA1).
Approximately 35% of human genes have been indicated to harbor introns within 5′UTRs, with median
intron size 2643 pb [22,36,37]. A strong barrier against the presence of more than 1 intron in 5′UTRs has
also been suggested. In some cases, introns in 5′UTRs were reported to enhance gene expression [38].
Although Cenik et al. [36] found no correlation in 5′UTR intron presence or length with variance in
expression across tissues, they observed an uneven distribution of 5′UTR introns amongst genes in
specific functional categories. Contrary to the study of Cenik et al. [36], Lim et al. [39] described a
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strong negative correlation between the number of 5′UTR exon-exon junctions (the junctions between
exons after intron removal) and main ORF translation efficiency in the five multicellular eukaryotic
species studied (human, mouse, zebrafish, fruit fly and thale cress). We demonstrated an above-average
occurrence and length of 5′UTR introns in ABCA genes.

3.7. RG4-Forming Sequences

Probable RG4-forming sequences were only predicted in the 5′UTRs of four ABCA genes (33%;
ABCA1, ABCA2, ABCA3, and ABCA7); three of the sequences were located within the first third of
the region. G-quadruplexes (G4) are secondary structures involving four nucleic acid strands that
can be adopted by both DNA (DG4) and RNA (RG4) that contain guanine-rich sequences [40,41].
DG4 sequences have been mainly connected with the regulation of transcription and RG4 sequences
regulation of translation; however, many other processes such as telomere maintenance, splicing,
or RNA localization have also been discussed. Generally, RG4 sequences are believed to play roles
as negative regulators of translation, although a positive effect of these structures has also been
reported [17,42]. Thus, the regulatory effect of an RG4 sequence is significantly influenced by its
position, the surrounding DNA topology, and other factors [43,44]. Huppert et al. [45] mapped the
incidence of G4 in human 5′UTRs and calculated that 6.2% of these regions contained putative G4
sequences, with a density of approximately 0.3 per kb. Their data showed the highest density of
putative G4 sequences at the 5′-ends of the 5′UTRs, decreasing approximately linearly along the
5′UTR regions. According to the analyses performed by Maizels and Gray [46], in 10–15% of human
genes, a G4 motif occurs in the region specifying the 5′UTR of the encoded mRNA. However, the data
analyzed in the latter study showed a higher G4 motif frequency at the 3′-ends of the 5′UTRs than
at 5′-ends. With a new algorithm named G4Hunter, Bedrat and coworkers [47] found a significantly
higher occurrence of G4 sequences in the human genome, with a density of approximately 2.4 per kb.
53.3% of 5′UTRs contained at least 1 G4-forming sequence in their study. In light of the latest results
published in the literature, we can conclude that RG4 sequences are present in below-average numbers
within the 5′UTRs of ABCA genes.

3.8. Stem Loops

The median number of 5′UTR stem loops in ABCA genes was determined to be 3; the mode was 2.
The minimum was 0 (ABCA13) and maximum 6 (ABCA1 and ABCA12). Stem loops (hairpins) are the
most frequent secondary structures, which naturally fold along single-stranded RNA molecules [48].
The strength of their effect on translation is dependent on the location within 5′UTRs as well as their
stability; however, they mainly inhibit this process in eukaryotic cells [17]. The mechanism of stem
loop influence on translation has been examined in detail in many studies [49,50] and the prevalence of
stem loops in 5′UTRs is generally thought to be high [51,52]. However, the precise stem loop incidence
in specific gene groups has not been calculated yet and we were not able to compare our results to the
results of others. Our work, therefore, brings largely new information on this topic.

3.9. Correlations and Influence of 5′UTR Features on Protein Expression

We have demonstrated a great variability in the numbers of the individual 5′UTR features among
the genes of the ABCA subfamily. Considering phylogenetic relationships among ABCA genes, there is
no clear pattern in these numbers. Some positive correlations among 5′UTR features were found to be
statistically significant. Some of these correlations are expectable, such as the correlations among 5′UTR
length and No. of uATGs, No. of 5′UTR introns and the no. of stem loops, some are interesting and need
further exploration, such as the correlations between the no. of uATGs and the no. of 5′UTR introns or
sATG flanking sequence context and the presence of RG4-forming sequence. Notably, the variable
uATG TIS score correlated positively, however quite weakly, with uATG position (from transcription
start site) and uATG flanking sequence context (from NetStart software). In relation to the canonical
cap-dependent translation initiation, a possible influence of the ATG position on the ATG context
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has been mentioned in several works. Rogozin et al. [23] reported a significant negative correlation
between the sATG information content and 5′UTR length for several species. They also concluded that
this correlation could be explained by the strong positive correlation between the number of uATGs
and the length of the UTR. Lynch and coworkers [27] described a strong distance-dependent gradient
of the deficit of uAUGs. Since uATG TIS score and uATG flanking sequence context should be based
on the same criteria, we would expect a stronger correlation. However, this correlation was not studied
by any other study for comparison. The length of a 5′UTR, which is determined mainly by stochastic
events, seems to be the major factor influencing the numbers of the other regulatory features.

Although there is also great variability in the distribution and expression of the ABCA proteins,
we did not find any significant correlation that would support a clear connection between the numbers
of 5′UTR features and protein expression characteristics. Among the genes which have the smallest
numbers of 5′UTR features are ABCA13, ABCA4, ABCA2, and ABCA5. ABCA13 is the least-explored
member of the subfamily and the information about its protein distribution and expression in
physiological conditions is missing. ABCA4 protein was reported to be expressed only in the retina and
the expression level is high. ABCA2 and ABCA5 were found to be expressed in many and all human
tissues with mainly medium and high levels, respectively. On the other side, among the genes which
show the highest numbers of 5′UTR features are ABCA10, ABCA3, ABCA8, and ABCA12. ABCA10,
ABCA3, and ABCA12 proteins are all expressed in many human tissues with mainly medium levels.
The ABCA8 protein was detected only in several tissues with low expression. In the set of normal
human tissues; however, the protein expression levels of the ABCA proteins ranged from low to high
for all members, with the exception of ABCA5 (medium to high) and ABCA10 (low to medium). Our
results therefore support the view that the great variability in 5′UTR features prepares a complex
playground where the other elements such as RNA binding proteins and non-coding RNAs play the
major role in the fine-tuning of final protein expressions. Notably, tissue-specific translation repression
by miRNAs through binding to uAUGs was demonstrated in Ajay et al. [53].

3.10. Limitations

The current study analyzed data available freely on-line and is based on the in silico approaches
and analyses. The main disadvantage is the dependence on the quality of the experimental data from
the external sources without own experimental validation. The overwhelming amount of biological
data, stored and freely available for the research community worldwide; however, calls for in silico
filtering of the content as first step. Experimental verification should be performed for the most relevant
findings afterwards. We hope to experimentally verify some of the presented results in the future by
ourselves or in cooperation with other research groups. Another limitation of the current work lies
in the small number of genes studied. However, we aimed to focus on the clinically important and
closely related genes of the ABCA subfamily where the available information is scarce. The other ABC
gene subfamilies will be added in the ongoing study.

In the support of our gene family approach, it is important to mention that studies which
deal with whole genome data sets require some compromises in the data mining. For example,
they considered a uORF (or an uAUG) evolutionarily conserved when occurring in an orthologous
transcript independently from its sequence, length, and position in the 5′UTR [32]; or, some analyses
were performed only on transcripts containing a single uORF [29]. This, of course, simplifies the view
on the genome complexity to some degree.

4. Materials and Methods

4.1. DNA and Protein Sequences from Databases

DNA sequences of the 5′UTRs of the 12 human ABC protein-coding genes grouped together in the
ABCA subfamily ABCA1-10, ABCA12, and ABCA13 and amino acid sequences of the whole proteins
were downloaded from the Ensembl database (EMBL-EBI; https://www.ensembl.org/index.html) in the
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FASTA format. The transcripts of the main principal isoforms were chosen for further analyses based
on the APPRIS classification system, UniProt annotation score and MANE Select system (description
of transcript flags on the Ensembl web pages - https://www.ensembl.org/info/genome/genebuild/
transcript_quality_tags.html). A survey of the number of protein-coding isoforms of ABCA genes
and genome positions of their 5′UTRs was performed at the beginning. We found that the number of
protein-coding isoforms of individual ABCA genes ranges from three to seven transcripts. There are 48
protein-coding transcripts altogether (36 non-principal isoforms). Fifteen out of the 36 non-principal
isoforms have their 5′UTRs located within the same genomic regions as the relevant principal isoforms
and smaller or equal to the 5′UTRs of principal isoforms in length. Another eight out of the 36
non-principal isoforms do not have 5′UTR sequences annotated. Because of this heterogeneity and
inequality of data, we decided to include just one 5′UTR representative for each of the ABCA genes.

5′UTR sequences of orthologous genes from 10 other vertebrate species were selected and
downloaded from the same database in relation to each human ABCA gene according to the same
criteria. Based on the availability of species in the Ensembl, members of the five subgroups of
vertebrates increasingly phylogenetically distant from humans—primates, rodents, other placental
mammals, reptiles and birds, and ray-finned fishes—were covered. Table S1 discloses the names, IDs
and basic characteristics of all the transcripts downloaded. The numbers, positions and lengths of the
5′UTR introns were also collected.

4.2. Alignment Analyses

Multi-sequence alignment analyses were performed with the help of Jalview software (Consortium
Project; www.jalview.org/) [54]. Results of the two alignment algorithms–Clustal Omega (EMBL-EBI;
https://www.ebi.ac.uk/Tools/msa/clustalo/) and Mafft (EMBL-EBI; https://www.ebi.ac.uk/Tools/msa/
mafft/)—were considered. Alignments of individual ABCA genes and orthologs as well as all ABCA
genes together were calculated. Figures S1 and S2 show the results of the alignment analysis for the
5′UTRs of the human ABCA1 gene and its vertebrate orthologs with nucleotide percentage identity
colored, consensus logos and occupancy score histograms. Figures S3 and S4 show a similar analysis
where the 5′UTRs of all 12 human ABCA genes were aligned together. Based on these analyses and
criteria, the most conserved subregions within the 5′ UTRs were described in relation to the sATGs.
The cut-off values for the identity and occupancy scores were set to 80%.

4.3. Phylogenetic Tree

Phylogenetic analysis of 5′UTR sequences of 12 human ABCA genes was performed and visualized
with the help of Jalview software. A neighbor-joining tree using DNA model distance measure of
Clustal Omega multiple sequence alignment was constructed. Clustal Omega algorithm was set to the
default settings.

4.4. ATG Analyses

All ATG triplets within the 5′ UTRs of human ABCA genes were found and highlighted in
text editor files (MS Word). The positions (relative to the sATGs as well as TSSs) and flanking
sequence contexts were recorded. A scale of four categories was applied for the comparison of
flanking sequence contexts: (1) weak (NNN(C/U)NNAUG(A/C/U), any sequence lacking both key
nucleotides); (2) adequate (NNN(A/G)NNAUG(A/C/U) or NNN(C/U)NNAUGG, only one of these
nucleotides is present); (3) strong (NNN(A/G)NNAUGG, only the two important nucleotides are
present); and (4) optimal (GCC(A/G)CCAUGG). The scoring system was adopted from Hernandez
et al. [55]. A TIS (translation initiation start) score generated by the NetStart prediction server (DTU
Health Tech; https://services.healthtech.dtu.dk/service.php?NetStart-1.0) was also recorded for each
ATG analyzed. The scores are in the range [0.0, 1.0]; when greater than 0.5 they represent a probable
translation start. Based on this definition we further subdivided the TIS scores into three levels: (1) low
(less than 0.1), (2) middle (0.1 to 0.5), and (3) high (greater than 0.5). We proposed a scale of six
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categories for the evaluation of ATG conservation statuses: 0) found only in humans, (1) conserved in
primates, (2) in primates and rodents, (3) in primates, rodents and other placental mammals, (4) in
placental mammals and reptiles and birds, (5) in placental mammals, reptiles and birds, and coelacanth
or ray-finned fishes.

4.5. Upstream ORF Analysis

The ORFfinder (NCBI; https://www.ncbi.nlm.nih.gov/orffinder/) online tool was used to search
for possible upstream open reading frames (uORFs) within the human 5′UTRs tested. The positions of
all uORFs with the same orientation as the main ORFs, in three possible frames, were collected.

4.6. RG4 Analyses

The DNA sequences downloaded were screened for the presence of RNA G-quadruplex-forming
sequences by the three on-line prediction servers working with different prediction
algorithms-G4CatchAll (Doluca lab; http://homes.ieu.edu.tr/odoluca/G4Catchall/) [56], G4RNA
Screener (Scott Group Bioinformatics; http://scottgroup.med.usherbrooke.ca/G4RNA_screener/) and
QRGS Mapper (Ramapo College; http://bioinformatics.ramapo.edu/QGRS/index.php). The default
settings of the programs were not changed and we followed the recommended cut-off levels. We adhered
to the following result interpretation: the intersection of the results calculated by the G4CatchAll and
G4RNA Screener were recorded as the most probable RG4-forming sequences. In the cases where no
intersection of the two programs existed, the intersections of the G4CatchAll and QRGS Mapper or
G4RNA Screener and QRGS Mapper were considered instead, and eventually recorded.

4.7. RNA Secondary Structure Prediction

RNAfold WebServer (University of Vienna; http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi) was employed to generate the optimal secondary structures for minimum free energy
prediction in the form of dot-bracket notation, graphical visualizations colored by base-pairing
probabilities and mountain plot representations of the minimum free energy (MFE) structures, the
thermodynamic ensembles of RNA structures, and the centroid structures (Figure S5). Equivalent
predictions made by RNAstructure Web Servers (Mathews group; http://rna.urmc.rochester.edu/
RNAstructureWeb/) were checked for comparison. The number of predicted stem loops within the
whole 5′UTRs of the human ABCA genes was compared, counted and recorded.

4.8. Protein Expression Level from Databases

The expression of ABCA genes at the protein level was analyzed in the Human Protein Atlas
(Consortium Project; http://www.proteinatlas.org) and Expression Atlas (EMBL-EBI; https://www.ebi.
ac.uk/gxa/home). The expression of ABCA genes was tested in 45 and 31 normal human tissues in
the Human Protein Atlas and Expression Atlas, respectively. The two variables reflecting the overall
distribution and expression in human tissues and their following levels were collected: (A) Protein tissue
distribution: 1-One tissue/2-Some tissues (less than a half of the tissues studied in the atlases)/3-Many
tissues (equal to or greater than half of the tissues)/4-All tissues, and (B) Mode expression score
(the most common level of protein expression based on immunohistochemistry scoring): 1-Not
detected/2-Low/3-Medium/4-High. The mode expression score was calculated for the set of tissues
where protein expression was detected.

4.9. Ribosome Profiling from Databases

Ribosome profiling (Ribo-seq) data were explored in the GWIPS-viz browser (http://gwips.ucc.ie/),
an online genome browser for viewing ribosome profiling data. These four tracks were considered:
initiating ribosome profiles from all studies, ribosome profiles from all studies, Ribo-seq coverage data
from all studies and mRNA-seq coverage data from all studies. At a particular site, Ribo-seq coverage
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was qualitatively evaluated as 1-Low (less than 25%), 2-Medium (between 25% and 75%), or 3-High
(more than 75%) in relation to the relevant sATG and mORF.

4.10. Statistics

Basic descriptive statistics as well as correlation analyses were computed with the help of the PAST
software (University of Oslo; Paleontological Statistics, version 4.03, https://www.nhm.uio.no/english/
research/infrastructure/past/). Non-parametric correlation coefficients (Spearman’s rs and Kendall’s
tau) were calculated for the correlation analyses. Monte Carlo permutation tests were available for all
the correlation coefficients. The significance was computed using a two-tailed t test with n – 2 degrees
of freedom. A p value less than 0.05 was considered statistically significant.

4.11. Patient and Sample Characteristics

Our cohort was composed of 105 breast cancer patients of Caucasian origin diagnosed in the
Institute for the Care for Mother and Child and Medicon in Prague and Hospital Atlas in Zlin (all in the
Czech Republic) during 2006–2013. Patients underwent neoadjuvant cytotoxic therapy with regimens
based on 5-fluorouracil/anthracyclines/cyclophosphamide (FAC or FEC) and/or taxanes (n = 68) or
postoperative adjuvant therapy using the same cytotoxic drugs (n = 37). The distribution of molecular
subtypes was as follows: Luminal A 16%, Luminal B 24%, and triple negative 60%. These patients
constituted the testing set in our previous study conducted by Hlavac et al. [57] and are characterized
in detail in the article. Collection of blood samples and DNA Extraction were carried out according to
standard procedures and described previously.

4.12. Targeted Sequencing

5′UTR sequences of all human ABCA genes were sequenced within a broader set of all exons
of 509 genes representing major drug metabolizing and transporting enzymes, nuclear receptors,
cell death, chemotherapy target, and signaling pathway genes. The gene panel selection, libraries
preparation, sequencing criteria and data analysis, including selection and annotation of variants, were
precisely described in Hlavac et al. [57].

5. Conclusions

We showed that the great variability among 5′UTR features seen on a whole genome level can
be observed even in the group of homologous ABCA subfamily genes. Our phylogenetic analysis,
based on the comparison of nucleotide sequences of ABCA 5′UTRs, shows that the 5′UTRs of ABCA2

and ABCA3 cluster distinctly from the rest of the 5′UTRs. The 5′UTRs of ABCA genes contain
above-average numbers of uATGs, uORFs and 5′UTR introns as well as conserved ones and these
elements probably play important biological roles in this subfamily, unlike RG4s. Our work brings
largely new information on the numbers of stem loops in 5′UTRs. Some of the positive correlations
among 5′UTR features are likely, however, some are interesting and need further exploration, such as
the correlations between number of uATGs and number of 5′UTR introns or sATG flanking sequence
context and presence of RG4-forming sequence. The lengths of the ABCA 5′UTRs seem to be the major
factor influencing the numbers of the other known 5′UTR regulatory elements. Although there is
also great variability in the distribution and expression of the ABCA proteins, we did not find any
significant correlation between the numbers of 5′UTR features and protein expression characteristics.
However, we confirmed a high concentrations of ribosomes at some of the predicted uORFs in the
analysis of Ribo-seq data. We further verified the existence of SNVs in relation to the 5′UTR features,
predicted within this study, experimentally in our cohort of 105 breast cancer patients. Our results
support the view that the other elements such as RNA binding proteins and non-coding RNAs play
the major role in protein expression fine-tuning within the complex background of the highly variable
5′UTRs. These findings extend our view on human genome variability and raise new questions for
further investigations.
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Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/22/
8878/s1. Table S1. Basic characteristics of the transcripts downloaded and analyzed in the study. Table S2.
A detailed overview of 5′UTR features in the human ABCA genes. Table S3. Correlation tables of the first
correlation analysis with Spearman’s rs and Kendall’s tau coefficients and relevant p values. Table S4. Correlation
tables of the second correlation analysis with Spearman’s rs and Kendall’s tau coefficients and relevant p values.
Figure S1. Multi-sequence alignment (Clustal Omega algorithm) of the 5′UTRs of the human ABCA1 gene
and its vertebrate orthologs with nucleotide percentage identity colored, consensus logos and occupancy score
histograms. Figure S2. Multi-sequence alignment (Mafft algorithm) of the 5′UTRs of the human ABCA1 gene
and its vertebrate orthologs with nucleotide percentage identity colored, consensus logos and occupancy score
histograms. Figure S3. Multi-sequence alignment (Clustal Omega algorithm) of the 5′UTRs of all 12 human ABCA
protein-coding genes with nucleotide percentage identity colored, consensus logos and occupancy score histograms.
Figure S4. Multi-sequence alignment (Mafft algorithm) of the 5′UTRs of all 12 human ABCA protein-coding
genes with nucleotide percentage identity colored, consensus logos and occupancy score histograms. Figure S5.
The location of 13 SNVs, found in breast cancer patients, in relation to the 5′UTR features of ABCA genes.
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5′UTR 5′ untranslated region/leader sequence
ABC ATP-binding cassette
cat. Category
RG4 RNA G-quadruplex
sATG Start ATG of the main ORF
TSS Transcription start site
uATG Upstream ATG start codon
uORF Upstream open-reading frames
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Abstract: ATP-binding cassette (ABC) transporters constitute one of the largest superfamilies of
conserved proteins from bacteria to mammals. In humans, three members of this family are expressed
in the peroxisomal membrane and belong to the subfamily D: ABCD1 (ALDP), ABCD2 (ALDRP),
and ABCD3 (PMP70). These half-transporters must dimerize to form a functional transporter, but
they are thought to exist primarily as tetramers. They possess overlapping but specific substrate
specificity, allowing the transport of various lipids into the peroxisomal matrix. The defects of
ABCD1 and ABCD3 are responsible for two genetic disorders called X-linked adrenoleukodystrophy
and congenital bile acid synthesis defect 5, respectively. In addition to their role in peroxisome
metabolism, it has recently been proposed that peroxisomal ABC transporters participate in cell
signaling and cell control, particularly in cancer. This review presents an overview of the knowledge
on the structure, function, and mechanisms involving these proteins and their link to pathologies. We
summarize the different in vitro and in vivo models existing across the species to study peroxisomal
ABC transporters and the consequences of their defects. Finally, an overview of the known and
possible interactome involving these proteins, which reveal putative and unexpected new functions,
is shown and discussed.

Keywords: ABC transporters; peroxisome; adrenoleukodystrophy; fatty acids

1. Introduction

ATP-binding cassette (ABC) transporters constitute a superfamily of membrane trans-
porter proteins that actively translocate a wide range of molecules, from simple molecules
(fatty acids (FAs), sugars, nucleosides, and amino acids) to complex organic compounds
(lipids, oligonucleotides, polysaccharides, and proteins) [1]. Transport of substrates is
dependent on the hydrolysis of ATP, which releases energy that can be used to accumulate
substances in the cellular compartments or export them to the outside. ABC transporters
are distributed not only in the plasma membrane of both prokaryotes and eukaryotes, but
also in the membranes of the organelles of eukaryotic cells such as peroxisomes, mitochon-
dria, lysosomes, and endoplasmic reticulum (ER). Based on their amino acid homology
and structural configuration, ABC transporters in humans are classified into seven subfam-
ilies, A to G, comprising a total of 48 ABC transporters, many of which are implicated in
diseases [2]. ABC transporters of subfamily D include four proteins in mammals: ABCD1
[adrenoleukodystrophy protein (ALDP)], ABCD2 [adrenoleukodystrophy-related protein
(ALDRP)], ABCD3 [70 kDa peroxisomal membrane protein (PMP70)], and ABCD4 [per-
oxisomal membrane protein 69 (PMP69)] [3]. ABCD1, ABCD2, and ABCD3 are located
in the peroxisomal membrane. ABCD4 was identified by homology search for ALDP
and PMP70 related sequences in the database of expressed sequence tags, and was ini-
tially considered peroxisomal despite the absence of a membrane peroxisomal targeting
signal [4]. More recently, several studies have demonstrated that ABCD4 resides in the
endoplasmic reticulum and lysosomes, and that its function is associated with cobalamin
metabolism [3,5,6].
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The three human peroxisomal ABC transporters play an important role in the trans-
port of various lipid substrates into the peroxisome for their shortening by β-oxidation
(Figure 1). β-oxidation of FAs is a conserved process of peroxisomes by which acyl groups
are degraded two carbons at a time after being activated to form the corresponding CoA
derivative by a specific acyl-CoA synthetase located at the peroxisomal membrane [7].
The β-oxidation process exists in mitochondria for medium- and long-chain fatty acids
(MCFAs and LCFAs) and is necessary to terminate degradation of octanoyl-CoA coming
from peroxisomes. However, very long-chain fatty acids (VLCFAs, number of carbon
atoms >22) are exclusively β-oxidized into the peroxisome, and this organelle is therefore
essential, especially in the brain [8]. Moreover, polyunsaturated fatty acid (PUFA) synthesis
may require a peroxisomal cycle of β-oxidation, as in the case of docosahexaenoic acid
(DHA, C22:6 n-3) synthesis from its precursor (C24:6 n-3) [9]. It is important to note that
DHA is not only of great value by itself as a component of cell membranes, but is also the
source of eicosanoids associated with several key signaling functions [10].

β
β

β

β

β

 

β

Figure 1. Peroxisomal ABC transporters and their involvement in lipid metabolism. Peroxisomal ABC transporters are
represented as homo or heterotetramers with their preferential substrates and their involvement in metabolic routes,
including several enzymatic steps, catalyzed by acyl-CoA oxidase 1 and 2 (ACOX1 and ACOX2), D- and L-bifunctional
protein (D-BP and L-BP), acetyl-CoA Acyltransferase 1 (3-ketoacyl-CoA thiolase, ACAA1), sterol carrier protein 2 (SCPX
thiolase, SCP2), alpha-methylacyl-CoA racemase (AMACR), bile acid-CoA:amino acid N-acyltransferase (BAAT), and
phytanoyl-CoA hydroxylase (PHYH).

Thus, peroxisomal β-oxidation may not be considered a simple catabolic process of
fatty acids. The role of peroxisomal ABC transporters is therefore not restricted to the
catabolic function of peroxisomes, but is fully associated with their various metabolic
functions including synthesis and degradation of lipids, cell signaling, inflammation
control, and redox homeostasis [11–15].
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2. Structure, Function, and Mechanism of Transport

2.1. Structure

The general structure of eukaryotic ABC transporters is a four functional unit orga-
nization, comprising two transmembrane domains (TMDs) and two nucleotide binding
domains (NBDs). NBDs bind and hydrolyze ATP to trigger conformational changes in the
TMDs, resulting in unidirectional transport across the membrane [1]. Human peroxisomal
ABC transporters have a half-transporter structure, with only one TMD and one NBD [16].
In 2017, we proposed a structural model of human ABCD1 based on the crystal structure
of the mitochondrial ABC transporter ABCB10, which shows not only the putative struc-
ture of ABCD1 in a membrane context but also the complex intricacy of α-helices that
constitute the whole transmembrane domain (Figure 2) [17]. Therefore, peroxisomal ABC
half-transporters need to homo- or heterodimerize in the peroxisomal membrane in order
to constitute a full, active transporter [18,19].

α

 

A B

Figure 2. Structural model of human ABCD1 (reprinted from [17]). (A) Ribbon representation of the ABCD1 monomer.
TMD helices are numbered from 1 to 6 and rainbow colored from dark blue to red. NBD is in light grey, and intracellular
loops (ICL) 1 and 2 are indicated. (B) Ribbon representation of the ABCD1 homodimer with the two subunits respectively
colored in dark blue and yellow.

Data shows that ABCD1, ABCD2, and ABCD3 are able to interact as homodimers
or heterodimers [20–22], although both ABCD1 and ABCD3 are mainly found as homod-
imers in mammalian peroxisomal membranes [23–25]. Moreover, ABCD1 and ABCD2
homodimers are functional [26,27]. However, the fact that nonfunctional ABCD2 has a
transdominant negative effect on ABCD1 [20] suggests that heterodimers of ABCD1 and
ABCD2 are also functional and can exist within cells and tissues expressing both proteins.
Besides, chimeric proteins consisting of homo- and heterodimers of ABCD1 and ABCD2
are functionally active [19]. Concerning ABCD3, although homodimers and heterodimers
with ABCD1 and ABCD2 have been described [22,23,25,28,29], no data is available about
the functional value of the ABCD3 dimers. Surprisingly, ABCD1 and ABCD3 were found
in different detergent-resistant microdomains [29], implying that these proteins have a
different environment in the peroxisomal lipid bilayer, questioning the biological relevance
of the ABCD1 and ABCD3 heterodimers. Additionally, native PAGE experiments con-
cerning complex oligomerization confirm that ABCD1 and ABCD2 exist predominantly as
homo-tetramers, although both homo- and hetero-tetramers are present [28]. Therefore,
we cannot rule out the possibility that hetero-interaction between ABCD1 and ABCD2
occurs in hetero-tetramers composed of two distinct homodimers rather than in complexes
composed of two heterodimers. Finally, it remains unclear whether the oligomerization of
peroxisomal ABC transporters has any influence on substrate specificity.
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2.2. Substrate Specificity

Since the cloning of the ABCD1 gene in 1993 and its association with X-ALD [30],
ABCD1 function has been attributed to the transport of saturated and monounsaturated
VLCFAs across the peroxisomal membrane for further degradation by β-oxidation. Ac-
cumulation of saturated and monounsaturated VLCFAs indeed occurs in the plasma and
tissues of X-ALD patients, and is used for diagnosis [31,32]. Due to its importance, studies
concerning the structure, function, and defects of ABCD1 have never ceased. Functional
complementation experiments in yeast, functional assays in mammalian cells, especially
cells coming from X-linked adrenoleukodystrophy (X-ALD) patients, and studies using
animal models, mainly knock-out mice, were helpful in clarifying the question of substrate
specificity. The Abcd1 knock-out mice confirmed the human biochemical phenotype, indi-
cating that ABCD1 is indeed involved in the transport of VLCFAs [33–35]. Transfection of
X-ALD skin fibroblasts with ABCD1 cDNA corrected the β-oxidation defect and restored
normal levels of VLCFAs [36,37]. The preference of ABCD1 for saturated FAs was also
confirmed in yeast [26,27].

Cloned by homology using degenerate primers, the ABCD2 gene was shown to code
for ALDRP, the closest homolog of ALDP [38]. Both proteins display overlapping substrate
specificities for saturated and monounsaturated LCFAs and VLCFAs. It explains the cor-
rection of β-oxidation defect in X-ALD fibroblasts in case of ABCD2 overexpression after
transfection [39]. Using transgenic expression of Abcd2 in the Abcd1 knock-out mouse, Pujol
et al. demonstrated that VLCFA accumulation and disease phenotype could be corrected
in vivo [40]. This set the basis for a new therapeutic strategy for X-ALD patients aiming
at inducing ABCD2 expression with pharmacological, hormonal, or nutritional manage-
ment [41,42]. Pharmacological induction of ABCD2 was indeed shown to compensate for
ABCD1 defect in vitro and in rare cases, in vivo, opening the way for clinical trials [43–58].

Functional complementation in yeast model and X-ALD fibroblasts confirmed the
functional redundancy for saturated VLCFAs, but also demonstrated the specific role of
ABCD2 in PUFA transport, especially DHA and its precursor (C24:6 n-3) [26]. Experiments
in mammalian cells confirmed such substrate preference [19,20]. Further studies using the
Abcd2 null mice demonstrated a specific role in MUFA transport, especially for erucic acid
(C22:1 n-9) in adipose tissue [59,60] and an extended role in FA homeostasis [61].

PMP70, the protein coded by the ABCD3 gene, was the first identified peroxisomal
ABC transporter and is the most abundant peroxisomal membrane protein, at least in
hepatocytes [62,63]. Wrongly associated with peroxisome biogenesis [64], ABCD3 is also in-
volved in the transport of various lipids and shows overlapping substrate specificities with
ABCD1 when overexpressed [37,65]. Though, ABCD3 clearly has the broadest substrate
specificity as it is involved in the transport of LCFAs and VLCFAs but also specifically
in the transport of dicarboxylic acids, branched-chain fatty acids, and C27 bile acid in-
termediates such as di- and tri-hydroxy-cholestanoic acid [65–67]. The Abcd3 knock-out
mice indeed revealed a marked accumulation of bile acid intermediates, and ABCD3 was
recently associated with a congenital bile acid defect (CBAS5, see below) [67]. Furthermore,
a more recent study performed on manipulated HEK-293 cell models proved that ABCD3
is required for the transport of MCFAs across the peroxisomal membrane [68].

2.3. Mechanism

Conversion of free FAs into CoA esters constitutes an initial activation step before per-
oxisomal β-oxidation. This reaction is catalyzed by specific acyl-CoA synthetase connected
to the cytosolic side of the peroxisomal membrane [69]. It was proved, using protease
protection assays, that acyl-CoAs but not free FAs bind to the TMD of the transporter [70].
It is therefore only after activation that the fatty acyl-CoAs are transported to the peroxiso-
mal matrix through peroxisomal ABC transporters. Fatty acyl-CoA are captured on the
cytosolic side by the TMD, enhancing the affinity of NBD for ATP. ATP molecules are then
hydrolyzed, thus producing the energy needed to switch the conformation of TMD and
eventually allowing the translocation of substrates from the cytosol into the peroxisomal
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matrix [22,71]. However, the exact mechanism of transport remains controversial. Two
models are commonly considered. The first implies that esterified FAs are delivered directly
to the peroxisomal matrix, whereas in the other model, free FAs are transported into the
peroxisomal matrix after the hydrolysis of acyl-CoAs, which are re-esterified by acyl-CoA
synthetase when in the peroxisomal lumen.

Although the process of cleavage and reactivation of acyl-CoAs seems to be a waste
of energy as two ATP molecules are needed for the activation reaction, such a mechanism
is crucial for the specific permeabilization of the substrates of β-oxidation [18]. Several
studies have been done in an attempt to figure out the correct model for the transportation
mechanism. Early studies on yeast models have demonstrated that fatty acyl-CoAs are
hydrolyzed before being transported. This hydrolysis occurs when acyl-CoAs interacts with
the heterodimer Pxa1p-Pxa2p at the cytosolic side of the peroxisomal membrane [72]. The
peroxisomal ABC transporters would release a free fatty acid that should be re-esterified
inside the peroxisome before its catabolic processing. In addition, intrinsic acyl-CoA
thioesterase activity has been found in COMATOSE (CTS), a homolog of human ABCD1 in
Arabidopsis thaliana, proving again that VLCFA-CoA is hydrolyzed prior to transport [73].
Very recently, the work of Kawaguchi et al. provided further proof of the transport
mechanism [74]. After expressing human His-tagged ABCD1 in methylotrophic yeast,
they directly demonstrated that ABCD1 transports the FA moiety after the hydrolysis of
VLCFA-CoA and that acyl-CoA synthetase is required before the β-oxidation of VLCFA-
CoA within the peroxisomes. When it comes to the fate of the free CoA, they are released
in the peroxisomal lumen, as revealed using isolated peroxisomes from Saccharomyces
cerevisiae [75].

Finally, after their re-esterification, substrates are directly delivered to specific acyl-
CoA oxidases to initiate the β-oxidation process. Peroxisomal acyl-coenzyme A oxidase 1
(ACOX1) catalyzes the first and rate-limiting step of the β-oxidation pathway dedicated
to straight-chain fatty acids, which includes LCFAs, VLCFAs, PUFAs, and dicarboxylic
acids [76]. Other acyl-CoA oxidases also exist, ACOX2 and ACOX3. ACOX2 is specific to
bile acid intermediates [76] whereas the oxidation of branched-chain FAs depends on both
ACOX2 and ACOX3 enzymes [77,78]. Of note, mitochondria catalyze the β-oxidation of
the majority of short, medium, and long chain FAs but not that of VLCFAs [79]. In yeast
and plants, this process of FA β-oxidation occurs exclusively in peroxisomes, whereas in
higher eukaryotes, the catabolism of VLCFAs is initiated solely in the peroxisomes [7,80].

3. Human Diseases

3.1. X-Linked Adrenoleukodystrophy

X-linked adrenoleukodystrophy (X-ALD, OMIM # 300100) is the most frequent per-
oxisomal disorder but is still classified as a rare disease, with an estimated incidence of
1:17,000 [81]. Recent therapeutic successes [82,83], and the feasibility and reliability of a
diagnosis method based on VLCFA quantification from blood spot [84,85], have prompted
some countries to establish systematic screening of newborns. This complex and fatal
neurodegenerative disorder is characterized by a huge clinical variability both in the age
of onset and in the symptoms [31]. The two main forms are the childhood cerebral ALD
(ccALD), characterized by inflammatory demyelination of the central nervous system and
the adult form, called adrenomyeloneuropathy (AMN), consisting of a non-inflammatory,
slowly progressive demyelination affecting the spinal cord and peripheral nerves. X-ALD is
also the main cause of Addison’s disease and adrenal insufficiency may remain the unique
symptom of the disease. Since the disease is linked to chromosome X, boys and men are
the most severely affected patients. Female carriers usually remain quasi asymptomatic or
present only a mild phenotype, but severe forms have also been described [86].

In 1993, using positional cloning, the team of Hugo Moser identified the ABCD1 gene
as being responsible for X-ALD [30]. Mutations in the ABCD1 gene have been found in ev-
ery X-ALD patient and are collected in the X-ALD database (https://adrenoleukodystrophy.
info/ accessed on 1 June 2021). In spite of almost 900 non-recurrent mutations, no genotype-
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phenotype correlation has been described. It is important to note that the majority of
missense mutations affect protein stability and result in the absence of the protein. ABCD1
defect results in the accumulation of VLCFAs, mainly C26:0 and C26:1, which accumulate
as free FAs or in esterified forms in membrane lipids and cholesteryl esters. This accumula-
tion results from the impossibility of their entry into the peroxisome for their degradation
by β-oxidation, but also from an increased endogenous biosynthesis [87]. While the toxicity
of VLCFAs has been recognized [88], the sequence of events leading to neurodegeneration
and inflammation is still debated. Oxidative stress and cellular components, especially
microglial functions, seem to play a major role in the pathogenesis of X-ALD [89–91].

Therapeutic strategies depend on the clinical symptoms of patients. A majority of
X-ALD patients present adrenal insufficiency and require a careful patient follow-up, but
hormone-replacement therapy successfully manages the adrenal defect and prevents a
potentially fatal Addisonian crisis. Hematopoietic stem cell transplantation (HSCT) has
proven efficiency to halt neurological involvement in X-ALD. Since 1990 and the first
success of this therapy [92], allogeneic graft has been indicated for boys with ccALD
at an early stage of the disease when a compatible donor exists. In 2009, autologous
HSCT was demonstrated to be successful to halt cerebral demyelination in two boys
with no compatible donors who received their own genetically corrected stem cells [82].
Lentiviral correction of bone marrow derived stem cells and autologous transplantation
proved effective in 15 patients in 2017 [83]. These promising results suggest that such
a therapeutic strategy may be as effective as allogeneic HSCT. In addition, efforts to
find pharmacological strategies targeting oxidative stress, inflammation, or compensatory
mechanisms (antioxidant cocktail [93], leriglitazone [94], sobetirome [50,54,55]) are still
present. It remains to be evaluated whether such treatments would be useful per se or in
combination with HSCT strategies, at least to delay the onset of neurological concerns and
permit a lengthening of the time window to allow transplantation.

3.2. Congenital Bile Acid Synthesis Defect Type 5

Although mutations were found in the ABCD3 gene of a Zellweger patient [64], further
evidence showed that ABCD3 has no link with peroxisomal biogenesis and is definitively
not associated with Zellweger Syndrome [95]. ABCD3, which presents partial functional
redundancy with ABCD1, has been shown to transport branched-chain FAs, dicarboxylic
acids, and bile acid precursors. A few years ago, the accumulation of peroxisomal C27-bile
acid intermediates DHCA and THCA, as well as VLCFAs, was described in a young Turkish
girl whose parents were consanguineous [67]. The patient presented hepatosplenomegaly
and a severe progressive liver disease and she died of complications after liver transplan-
tation. Patient fibroblasts showed reduced numbers of enlarged peroxisomes, as well as
reduced β-oxidation of pristanic acid, compared to controls. Immunofluorescence con-
firmed the absence of ABCD3 in the peroxisomal membrane. A homozygous truncating
mutation was identified in the ABCD3 gene of the patient, and the disease was named
congenital bile acid synthesis defect (CBAS) type 5 (OMIM # 616278). It should be noted
that CBAS type 1, 2, 3, 4, and 6 are associated with mutations in HSD3B7, AKR1D1, CYP7B1,
AMACR, and ACOX2 respectively. These genes control key reactions in bile acid synthesis
and all the CBAS forms present an autosomal recessive inheritance.

3.3. Peroxisomal ABC Transporters and Cancer

Beyond its recognized role in metabolism and redox homeostasis, the peroxisome is
now increasingly regarded as a signaling platform and a key organelle in cellular metabolic
reprogramming with major consequences on the immune response, cell cycle, and cell
differentiation [12,96]. Elegantly presented in the state of the art of Hlaváč and Souček,
several studies have revealed a significant association between the level of expression
of peroxisomal ABC transporters and various cancers [97]. This suggests a role of these
ABC transporters in cell cycle control, cell differentiation, and tumorigenesis. Downreg-
ulation of peroxisomal ABC transporters has been observed in several cases: ABCD1 in
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melanoma [98] and renal cell carcinoma [99], ABCD2 in breast cancer [100], and ABCD3 in
ovarian cancer [101] and colorectal cancer [102]. Moreover, a lower prognostic value has
been associated with low expression of ABCD1 in ovarian cancer [103] and low expression
of ABCD3 in colorectal cancer [102]. On the contrary, ABCD1 and ABCD3 were found
upregulated in breast carcinoma [104], and a positive correlation was observed between
ABCD3 expression and glioma tumor grades [105]. Recently, VLCFA accumulation was
associated with colorectal cancer [106]. Increased endogenous elongation appears to be
primarily responsible for this observation, but peroxisomal ABC transporters are also likely
involved, and the ability to regulate their expression could potentially represent a thera-
peutic interest in such cancers. Altogether, further studies are required to understand the
link between the transport function and metabolic role of peroxisomal ABC transporters
and the control of cell cycle with regard to the complexity of tumor heterogeneity.

4. Cell, Plant, and Animal Models

Phylogenetic analysis of peroxisomal ABC transporters in eukaryotes shows strong
conservation, highlighting their fundamental and specific role in the cellular functions.
Interestingly, their substrate specificity seems to become more restrictive with the complex-
ification of the biological systems. Although the number of peroxisomal ABC transporters
and their specific functions vary between species, each model of study is of scientific inter-
est and has contributed significantly to the knowledge of peroxisomal ABC transporters.
Here are described the main eukaryote models.

4.1. Yeast

In addition to its convenience for genomic modification, Saccharomyces cerevisiae is a
particularly interesting model for studying the peroxisomal metabolism of lipids, since
it can use FAs as its only carbon source and β-oxidation of FAs of all length takes place
only in peroxisome. The yeast model expresses only two peroxisomal ABC transporters,
called Pxa1p and Pxa2p, which function as a strict heterodimer to import fatty acyl-CoAs
into the peroxisomal matrix [107–109]. Functional assays and functional complementation
experiments of pxa1/pxa2∆ yeast mutants with mammalian peroxisomal ABC transporters
were particularly important in studying their transport mechanism and substrate speci-
ficity [26,65,75].

4.2. Plant

In Arabidopsis thaliana, CTS, the human ABCD1 ortholog, is an integral peroxiso-
mal membrane protein composed of two fused half-size transporters. CTS is involved
in the import of FAs and phytohormone precursors into the peroxisome where they are
β-oxidized [110,111]. The products of this oxidation are involved in the transition from
dormancy to germination, root growth, seedling establishment, and fertility [112]. Ex-
pression of human ABCD1 in A. thaliana CTS mutant cannot restore the germination and
establishment, whereas human ABCD2 only restores the germination phenotype [113].
These results are related to the physiological differences between plants and mammals,
and highlight the differences in substrate specificity between ABCD1 and ABCD2. The
plant model was also very important as it showed for the first time the existence of CTS
in high molecular weight complexes and allowed the study of the transport mechanism,
especially the role of its thioesterase activity [73].

4.3. Nematode

Caenorhabditis elegans is a well-known worm model in neurobiology studies, but the
interest of this model in the field of X-ALD has been shown only very recently. PMP-4 is
one of the five putative peroxisomal ABC transporters identified in C. elegans and is the
ortholog of human ABCD1 and ABCD2. It is mainly expressed in gut and hypodermis, the
main fat storage tissues in the C. elegans. Moreover, hypodermal cells have similarities with
vertebrate glial cells and participate in neuronal migration [114]. PMP-4 deficient worms
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have a normal growth and maturation but show several hallmarks of X-ALD (global VLCFA
accumulation, redox imbalance, axonal damage, motility alteration) [115]. Interestingly,
the number and the size of lipid droplets (LDs) are increased and can be normalized using
a mitochondrial targeted antioxidant. C. elegans is therefore a valuable model to study the
involvement of FA accumulation and oxidative stress in the pathogenesis of X-ALD but
has some limitations since its nervous system is not myelinated.

4.4. Insect

An X-ALD fly model has been generated in Drosophila melanogaster using RNA in-
terfering of dABCD, the ortholog of ABCD1. These flies survive to adulthood but exhibit
a specific brain neurodegenerative phenotype with retinal defects including holes and
loss of pigment cells associated with death of neurons and glia [116]. Interestingly, cellu-
lar targeted disruption of dABCD in neurons, but not in glia, triggers the retinal defects.
The phenotype is indistinguishable from the one observed in bgm (bubblegum) and dbb
(double-bubble) deficient flies [117]. Both bgm and dbb genes code for long/very-long-chain
acyl-CoA synthetases. The shared neurodegenerative features in dABCD and bgm/dbb
deficient flies show that the lipid metabolic pathway is a key component of the X-ALD-like
neurodegenerative disease in Drosophila. More specifically, experiments achieved with bgm
and dbb deficient flies indicate that the loss of metabolites is the cause of neurodegenerative
disease rather than accumulation of substrates (V/LCFAs), as was commonly thought.

4.5. Fish

Zebrafish (Danio rerio) has recently been proved to be a useful model for studying the
pathogenesis of X-ALD. Indeed, Abcd1 (the zebrafish ortholog of ABCD1), is expressed
during development in spinal cord and in the central nervous system especially in the
oligodendrocytes and motor neuron precursors, but also in the interrenal gland (func-
tional equivalent of the adrenal cortex) [118]. Zebrafish Abcd1 mutant models show key
biochemical and nervous system alteration features of X-ALD (increased level of C26:0,
accumulation of cholesterol, hypomyelinated spinal cord, modified development of inter-
renal gland and brain, early alteration of motor behavior, decreased survival, and modified
oligodendrocytes pattern associated with apoptosis). Interestingly, the motor alteration
and the oligodendrocytes pattern can be corrected by human ABCD1 expression. Moreover,
a recent drug screening study showed that chloroquine can improve motor activity in
zebrafish Abcd1 mutant and reduce saturated VLCFA levels [119].

4.6. Rat and Mouse

Various cellular models have been created in rodent species to study the function of
peroxisomal ABC transporters and the consequences of their defect. Considering that the
liver is a platform for peroxisomal lipid metabolism in mammals, the hepatic H4IIEC3
cell line was used to create a specific cell model allowing the inducible expression of a
normal or mutated rat Abcd2 protein fused to green fluorescent protein [120]. It allowed
to precise the substrate specificity of Abcd2 as well as its dimeric status, and even, to
demonstrate for the first time its supradimeric structure. [19,20,28]. To better understand
the role of peroxisomal ABC transporters in the glial cells, models of ALD astrocytes
have been developed. Astrocytes are known to regulate the inflammatory response. In
neurodegenerative diseases, reactive astrocytes secrete inflammatory cytokines, which
allow the permeability of the blood-brain barrier (BBB) to peripheral infiltrating immune
cells. When Abcd1 and/or Abcd2 genes are silenced in mouse primary astrocytes, X-ALD
biochemical hallmarks are present (decreased C24:0 β-oxidation, increased C26:0 level),
but so are redox imbalance and pro-inflammatory features (increased cytokines expression
and nitric oxide production) [121]. These characteristics are inverted by treatment with
Lorenzo oil and increased by a long-term VLCFA treatment showing the link between
VLCFA accumulation and the pro-inflammatory response of these glial cells [122]. These
first results obtained in primary astrocytes led to the development of an immortalized

96



Int. J. Mol. Sci. 2021, 22, 6093

astrocyte cell line [123]. This model should be very useful for studying the mechanisms
of astrocyte activation and was used to screen therapeutic compounds such as SAHA, an
HDAC inhibitor that normalizes ROS production as well as iNOS and TNF expression [53].

Microglia is also considered a major player in the X-ALD pathogenesis, especially in
the inflammatory process. To proceed further, Abcd1 and/or Abcd2 deficient microglia cell
lines have been obtained using CRISPR/Cas9 gene editing in the mouse BV-2 cell line [124].
The Abcd1−/−Abcd2−/− cells, generated to avoid masking effects due to functional redun-
dancy, show classical X-ALD biochemical hallmarks (increased levels of saturated and
monounsaturated VLCFAs) but also increased levels of some LCFAs and PUFAs. Like in
brain macrophages from X-ALD patients [125], whorled lipid inclusions, probably corre-
sponding to cholesterol esters of VLCFAs, were observed, making these cells particularly
interesting for modelling the human disease. Further studies using these cell lines, alone or
in co-culture with glial and/or neuronal cells, should bring new insights for understanding
the impact of Abcd1/Abcd2 deficiencies in the microglial function, and could be used for
the screening of pharmaceutical compounds useful to halt chronic inflammation in the
brains of cALD patients.

In order to study the function of peroxisomal ABC transporters and the pathogen-
esis of X-ALD in integrated mammalian models, Abcd1-, Abcd2-, and Abcd3-deficient
mouse models have been generated [33–35,40,67,126]. The Abcd1 knock-out mice show key
biochemical features of X-ALD but develop a late onset progressive neurodegenerative
phenotype involving the spinal cord and sciatic nerves without brain damage [127]. In
the spinal cord, inflammation is observed in old mice and includes microglia and astro-
cyte activation [40]. However, microglia activation seems to occur early, probably from
eight months of age [91]. VLCFA excess would induce an early oxidative stress leading
to mitochondria structural and functional damages as well as an ER stress concomitant
with autophagy disruption [128–132]. Although no cerebral phenotype is observed, Abcd1
knock-out mice can be considered a physiological model of AMN or female myelopa-
thy and can be useful for screening pharmaceutical compounds. Several molecules have
thus been tested and have demonstrated their efficacy, including antioxidant compounds
that have been proven to reverse oxidative stress in vitro and reduce locomotor impair-
ment [133–135]. These hopeful results led to a prospective phase II pilot study that was
carried out for 13 AMN patients treated with a cocktail of antioxidant molecules [93]. The
study showed that biomarkers of oxidative damage and inflammation were normalized
and that patients’ locomotion was improved, paving the way for a hopeful Phase III study.

Even if the mouse model is attractive because of its phylogenic proximity to humans,
it doesn’t reproduce the human brain phenotype of X-ALD. One possible explanation
could be related to species and cell-type differences in the expression levels of ABCD1–3
and functional redundancy issues. Sustaining this hypothesis, a transcriptomic analysis
showed that ABCD2 is not expressed in human microglia and ABCD3 is 1.6-fold more
expressed than ABCD1 [136], whereas in mouse BV-2 microglial cells, Abcd2 is 2.5-fold more
expressed than Abcd1 and Abcd3 is 1.6-fold more expressed than Abcd1 [124]. In addition,
the biochemical and neurological defects observed in the Abcd1 knock-out mice can be
corrected by ubiquitous transgenic expression of Abcd2 [40]. On the contrary, Abcd1/Abcd2
double knock-out mice have an earlier and more severe neurological phenotype associated
with inflammatory T lymphocyte infiltration in the spinal cord [40]. The Abcd2 knock-out
mice also develop progressive motor disabilities specifically involving sensitive peripheral
neurons and spinal cord dorsal and ventral columns and share subcellular abnormalities
with the Abcd1 knock-out mice (axonal degeneration, C26:0 accumulation, oxidative stress,
organelle abnormalities concerning mitochondria, lysosome, endoplasmic reticulum, and
Golgi apparatus). This model also revealed the key role of Abcd2 in adrenals [137] and in
adipose tissue and lipid physiology [59–61].

In contrast to the Abcd1 and Abcd2 knock-out models, the Abcd3 knock-out mice do
not develop peripheral or central neurodegeneration (like ABCD3 deficiency in humans),
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but exhibit hepatomegaly associated with abnormalities in peroxisomal FA metabolism,
which seems to represent a suitable model for CBAS5 [67].

4.7. Human

X-ALD patient skin fibroblasts have, for several years, constituted one of the rare
in vitro models of the disease. In 1980, Moser et al. demonstrated for the first time that the
accumulation of VLCFAs observed in the brain and adrenals of patients is also present in
primary fibroblasts, thus validating this model for X-ALD studies, at least at the biochemical
level [138]. Since then, this cellular model has become a platform for a broad variety of
analyses concerning lipid metabolism, X-ALD diagnosis, functional characterization of
peroxisomal ABC transporters, cellular consequences of ABCD1 deficiency, and screening
of therapeutic compounds. Great scientific advances have emerged from this handy model,
but its skin origin is a limitation in pathogenesis studies. Indeed, the gene regulation and
function in skin fibroblasts are very far from those of neural, glial and microglial cells.

The involvement of peripheral blood mononuclear cells (PBMCs) in the inflammation
feature of X-ALD was early suspected, since PBMCs from X-ALD patients produce higher
levels of inflammatory cytokines than control ones [139,140]. Used in gene therapy, the
CD34+ PBMCs (lymphoid and myeloid progenitors) transduced with normal ABCD1 can
efficiently correct the clinical phenotype of the X-ALD patients [82]. Moreover, AMN
monocytes have a pro-inflammatory expression pattern and, after differentiation into
macrophages, are not able to switch to an anti-inflammatory regenerative state [141]. Abcd2,
whose expression level is extremely low in these cells, could be a therapeutic target [142].
Therefore, human monocytes can be used to study the inflammatory process and identify
compounds capable of inducing ABCD2 expression, correcting VLCFA level, β-oxidation,
and inflammatory features [44,58].

The development of the iPSC (induced pluripotent stem cell) technology offers the
opportunity to study disease-involved cells with a chosen mutation and a phenotype
matching physiology. Several iPSC models have successfully been obtained from skin
fibroblasts of cALD and AMN patients [143–147]. Gene expression profiling shows that
X-ALD iPSCs have differentially expressed genes compared to control iPSCs, among which
some are positively correlated to the severity of the disease (cALD versus AMN) [148].
When iPSCs are differentiated into oligodendrocytes or astrocytes, the VLCFA level is
increased and is higher in cALD differentiated cells than in AMN cells, whereas no VLCFA
accumulation is observed in neurons [144]. iPSC-derived astrocytes show pro-inflammatory
features that also correlate with the severity of the phenotype. The differentiation of
microglia from iPSC also seems to be a promising model, as differentiated microglia show
the main phenotype of primary fetal and adult human microglia including phagocytic and
inflammatory capacity [146]. In addition, cALD iPSCs differentiated in brain microvascular
endothelial cells show impaired BBB function as well as lipid metabolism modifications
and interferon activation [149], and could lead to the study of an important factor of
brain pathogenesis in X-ALD. Altogether, these works show that iPSC-derived brain cells
should allow the study of the pathogenesis of X-ALD in detail, permit the identification of
biomarkers, and screen new therapeutic molecules. Co-culture experiments are expected
to provide new insight into intercellular communication in the brain.

In conclusion, for forty years, enormous progress has been made in the knowledge
of peroxisomal ABC transporters thanks to the development and the use of cell and
animal models. If no model exactly mimics the human X-ALD, there is no doubt that the
new technological developments will offer opportunities to progress in the study of the
role of peroxisomal ABC transporters in the neuronal, glial, and microglial intercellular
communications.

5. Protein Interactions and Unexpected Roles

Physical interaction between peroxisomal ABC transporters and other proteins have
been reported in several studies. Most binding partners are involved in lipid metabolism.
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Here, we propose to review these binding partners for which strong interaction experiments
have been obtained, or for which further investigations are needed to be reliable.

Peroxisomal membrane insertion, substrate binding, transport mechanism, and the
potential novel functions of peroxisomal ABC transporters require protein interactions.
Since their first identification, many efforts have been developed to understand how
peroxisomal ABC transporters are targeted to the peroxisomal membrane. PEX19p, a
cytosolic peroxin, was identified as an interactor of ABCD1, ABCD2, and ABCD3 by using
the yeast two-hybrid system and in vitro GST pull-down assays [150]. In addition to being
involved (in association with PEX3) in the correct peroxisomal targeting of peroxisomal
membrane proteins (PMPs), PEX19p may also function as a protein chaperone to prevent
aggregation of newly synthesized PMPs [151]. It’s worth noting that PEX19p is the only
ABCD2 binding partner that has been reported in the literature, probably due to the fact
that ABCD2 is much less closely studied than ABCD1 and ABCD3 since it is not responsible
for a genetic disease when mutated. To identify potential ABCD2 binding partners, we
used the inducible H4IIEC3 cell model, which expresses ABCD2-EGFP depending on the
presence of doxycycline [28]. We performed quantitative ABCD2 co-immunoprecipitation
assays coupled with tandem mass spectrometry. Differential analysis between cell samples
was done to limit detection of false-positive interactions. The list of potential binding
partners of ABCD2 is given in Table 1 and includes 13 non-redundant proteins exclusively
detected in the positive samples [28]. Only one subunit of the oligosaccharyl transferase
(OST) complex that catalyzes the N-glycosylation of newly translated proteins in the
endoplasmic reticulum was identified as a potential ABCD2 binding partner: the dolichyl-
diphosphooligosaccharide protein glycosyltransferase subunit 2 (RPN2) (Table 1). On
the other hand, RPN2 has also been identified by proteomic analyses in a subclass of
peroxisome expressing ABCD2 [152]. These data are still quite surprising since peroxisomal
ABC transporters, such as most PMPs, are known to be synthesized on free polysomes
and to further insert directly from the cytosol into the peroxisomal membrane. It is worth
noting that an indirect peroxisomal targeting pathway exists via the ER since several PMPs
are found glycosylated [153]. The potential interaction of ABCD2 with the OST complex
involved in N-glycosylation is inconsistent with the absence of routing through the ER
with respect to peroxisomal ABC transporters. Nevertheless, proteomic data leading to
identification is not robust since the protein probability for RPN2 is low (0.7224) (Table 1).

Table 1. List of proteins identified in co-immunoprecipitated ABCD2-EGFP complex by liquid chromatography coupled
with tandem mass spectrometry (modified from [28]).

Protein
Accession

Protein Name
Protein

Probability
Fold Change a

Q9QY44 ABCD2 ATP-binding cassette sub-family D member 2 1 12.42
P97612 FAAH1 Fatty-acid amide hydrolase 1 1 5.02
P11507 AT2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 1 4.71
P07340 AT1B1 Sodium/potassium-transporting ATPase subunit beta 1 2.48
P55159 PON1 Serum paraoxonase/arylesterase 1 1 2.32

D3ZHR2 ABCD1 ATP-binding cassette sub-family D member 1 1 <2
P16970 ABCD3 ATP-binding cassette sub-family D member 3 1 <2
Q7TS56 CBR4 Carbonyl reductase family member 4 1 <2
P11505 AT2B1 Plasma membrane calcium-transporting ATPase 1 1 <2
P16086 SPTN1 Spectrin alpha chain, non-erythrocytic 1 1 <2
Q63151 ACSL3 Long-chain acyl-CoA synthetase 3 0.9997 <2
O88813 ACSL5 Long-chain acyl-CoA synthetase 5 0.9994 <2
P14408 FUMH Fumarate hydratase, mitochondrial 0.8013 <2

P25235 RPN2 Dolichyl-diphosphooligosaccharide—protein
glycosyltransferase subunit 2 0.7224 <2

a Statistical significance was obtained for proteins identified with a fold-change >2.
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Besides the question of routing and peroxisomal targeting, the main putative ABCD2
partners revealed in this study were associated with lipid metabolism. Unsurprisingly,
several binding partners identified have a role in FA activation, which is required on
both sides of the peroxisomal membrane. At the cytoplasmic side of the peroxisomal
membrane, a complex FA synthesis-transport machinery was evidenced by using a multi-
approach method, combining GST pulldown experiments, mass spectrometry (LC/MS),
co-immunoprecipitation assays, and bioluminescence resonance energy transfer (BRET)
measurements [154]. This machinery consists of the binary interaction of ABCD1/3 with
proteins carrying functions associated with FA activation/transport (ACSVL4) and FA
synthesis (ACLY, ATP citrate lyase; FASN, FA synthase). On the inner surface of the
peroxisomal membrane, studies using a yeast two hybrid system and surface plasmon
resonance techniques indicate that the very long-chain acyl-CoA synthetase 1 (ACSVL1)
interacts with ABCD1 [155]. In Saccharomyces cerevisiae, peroxisomal ABC transporters
(Pxa1p and Pxa2p) functionally interact with the acyl-CoA synthetase Faa2p on the inner
surface of the peroxisomal membrane for subsequent re-esterification of the VLCFAs [72].
In this model, whether or not a physical interaction with acyl-CoA synthetases exists
remains to be investigated. In Arabidopsis thaliana, peroxisomal long-chain acyl-CoA syn-
thetases (lacs6 and lacs7) physically and functionally interact with CTS, as assessed by
co-immunoprecipitation experiments [73].

In our study aiming at identifying ABCD2 binding partners, the fatty-acid amide hy-
drolase 1 (FAAH1) exhibited the highest fold change (Table 1, FC = 5.02). This endoplasmic
reticulum enzyme is the main enzyme involved in anandamide hydrolysis and plays an
important role in endocannabinoid metabolism degrading the FA amides to the correspond-
ing fatty acids, with a PUFA preference over MUFAs and saturated fatty acids [156,157].
Interestingly, FAAH1 catalyzes the conversion of the ethanolamine amide form of DHA
(N-docosahexaenoyl ethanolamine) to DHA [158]. The interaction of FAAH1 with ABCD2
could be consistent with the role of FAAH1 as a supplier of ABCD2 substrates (DHA and
other PUFAs) for further degradation in the peroxisome by β-oxidation.

Concerning ether lipid biosynthesis, the peroxisomal enzyme alkyl-dihydroxyacetone
phosphate synthase (AGPS) is suggested to interact with ABCD1, as assessed by an inte-
grative global proteomic profiling approach based on chromatographic separation [159].
Ether lipid biosynthesis starts in the peroxisome with the transfer of the acyl group of
fatty acyl-CoAs to dihydroxyacetonephosphate (DHAP), generating an acyl-DHAP. The
second peroxisomal step is catalyzed by AGPS, which exchanges the acyl chain for an alkyl
group, yielding an alkyl-DHAP. After a final peroxisomal step, the ether lipid biosynthesis
is completed in the ER. This global proteomic analysis showed that AGPS failed to interact
with ABCD2, just as our co-immunoprecipitation coupled to proteomic analysis [28].

β-oxidation of MCFAs to LCFAs mainly takes place in the mitochondria, whereas VL-
CFAs are first metabolized down to octanoyl-CoA in the peroxisome for further degradation
in the mitochondria. Surprisingly, proteomic data supported by co-immunoprecipitation
experiments evidenced a physical interaction between a long-chain acyl-CoA synthetase 1
(ACSL1) localized in the ER and ABCD3 [159]. This could be in agreement with the role
of ABCD3 in the β-oxidation of lauric and palmitic acids [68]. In addition, ACSL1 has
been shown to interact with ACBD5 [160], a peroxisomal membrane protein suggested
to function as a membrane-bound receptor for VLCFA-CoA in the cytosol to bring them
to ABCD1 [161]. Whether ACSL1 transfers other unidentified lipid species to ACBD5,
ABCD1, or ABCD3 for peroxisomal degradation needs further investigation.

Other potential binding partners of ABCD2 identified are involved in mitochon-
drial FA metabolism, such as the carbonyl reductase family member 4 (CBR4), the long-
chain acyl-CoA synthetase 3 (ACSL3), and the long-chain acyl-CoA synthetase 5 (ACSL5)
(Table 1). These enzymes were identified with less confidence (fold change <2). Although
linked to lipid metabolism, CBR4 is a matrix mitochondrial enzyme. ACSL3 and ACSL5
do not activate VLCFAs, nor does ACSL1, which nevertheless has been found to interact
with ABCD3 [160] as discussed above.
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Peroxisomes contain enzymes involved in the α-oxidation of phytanic acid. Large-
scale mapping of protein–protein interactions by mass spectrometry identified a single
interaction between peroxisomal proteins i.e., the peroxisome matrix phytanoyl-CoA 2-
hydroxylase (PHYH) and ABCD3 [162]. This interaction makes sense since, after activation
of phytanic acid, phytanoyl-CoA is imported into the peroxisome by ABCD3 and enters in
the peroxisomal α-oxidation pathway of which PHYH is the first enzyme (Figure 1).

The recent demonstration of ABCD1 interaction with M1 spastin, a membrane-bound
AAA ATPase found on LDs, suggests the involvement of ABCD1 in inter-organelle FA
trafficking [163]. Actually, ABCD1 forms a tethering complex with M1 spastin as assessed
by co-immunoprecipitation experiments to connect LDs to peroxisomes. Furthermore, by
recruiting IST1 and CHMP1B to LDs, M1 spastin facilitates LD-to-peroxisome FA trafficking.
Whether M1 spastin-ABCD1 interaction directly promotes fatty acids channeling into
peroxisomes remains unclear. It is worth noting that among proteins detected in our ABCD2
interactome study, the spectrin alpha chain, non-erythrocytic 1 (SPTN1) was identified as
a potential ABCD2 binding partner (Table 1). As a cytoskeletal protein, SPTN1 is known
to be involved in stabilization of the plasma membrane and to organize intracellular
organelles [164]. These data corroborate the existence of peroxisome interconnection with
LDs and the cytoskeleton [165,166].

Related to calcium signaling, the sarcoplasmic/endoplasmic reticulum calcium AT-
Pase 2 (AT2A2) was identified with a high fold change (FC = 4.71), which ensures a specific
interaction with ABCD2 (Table 1). Besides, its homolog (ATPase1) has been identified as
well by proteomic analyses in a subclass of peroxisome expressing ABCD2 [152]. AT2A2
transfers Ca2+ from the cytosol to the ER and is then involved in calcium signaling. Coinci-
dently, disturbed calcium signaling was suggested to be associated with the pathogenesis
of X-ALD [122]. Involved in maintaining intracellular calcium homeostasis, the plasma
membrane calcium-transporting ATPase 1 (AT2B1) was identified, though with less confi-
dence (fold change <2). Actually, its physical interaction with ABCD2 remains questionable
since it is expressed at the plasma membrane. Nevertheless, several high throughput
studies using robust affinity purification-mass spectrometry methodologies to elucidate
protein interaction networks have revealed the interaction of ABCD1 with AT2B2 [167]
and ABCD3 with AT2B2 and AT2A2 [168,169]. Hence, clusters of arguments indicate
that peroxisomal ABC transporters could be linked to calcium signaling, but deciphering
molecular interaction networks would be required to confirm this hypothesis.

Identification in the putative ABCD2 partners of the serum paraoxonase/arylesterase
1 (PON1), an antioxidant enzyme synthetized and secreted by the liver in the serum [170]
where it is closely associated with high density lipoprotein (HDL), could be at first glance
intriguing (Table 1). Nevertheless, in the liver, PON1 is primarily localized in microsomal
fraction where the enzyme is associated with vesicles derived from the ER [171]. The
potential intracellular interaction with ABCD2 remains to be elucidated. Noteworthy, PON1
activity and polymorphisms have been associated with neurodegenerative diseases [172],
of which X-ALD is not evoked.

The binding partners of peroxisomal ABC transporters discussed in this review are
mainly linked to lipid metabolism (PUFA metabolism, α-oxidation pathway, and ether lipid
biosynthesis) and are consequently found in the cytosol, in the peroxisomal membrane, or
in the peroxisomal matrix. However, binding partners were identified in other cell com-
partments. Since peroxisomal lipid metabolism requires cooperation and interaction with
mitochondria, ER and LDs, peroxisomal ABC transporters, through their interactome, could
therefore actively participate in this intracellular metabolic network. Peroxisome-organelle
interactions have physiological relevance [166,173], and peroxisomes are increasingly con-
sidered important intracellular signaling platforms that modulate physiological processes
such as inflammation, innate immunity and cell fate decision [12,174,175]. Peroxisomal
ABC transporters would play an essential part in this emerging role of peroxisomes in
signaling pathways such as calcium signaling as highlighted in this review.
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6. Conclusions

Transcriptomic, proteomic, and lipidomic studies, which have multiplied in the last
few years, have confirmed and/or revealed the involvement of peroxisomal metabolism in
various biological processes essential for cellular adaptation, brain homeostasis, or even
immune response and inflammation. Peroxisomal ABC transporters constitute a pathway
for the entry of various lipid substrates into the peroxisome mainly for their degradation
but also for the synthesis of bioactive lipids impacting membranes and signaling pathways.
It is therefore quite logical that the role of peroxisomal ABC transporters is now extended to
unexpected biological processes. Since their cloning in the 90s, the lack of good antibodies,
the rarity of relevant cell models, the fragility of the peroxisomal membrane, and other
difficulties have constituted a real handicap towards performing functional assays and
in vitro transport reconstitutions, and progressing in the understanding of the role of
peroxisomal ABC transporters. The emergence of new cell models and the rise of model
organisms, as well as cell reprogramming and CRISPR gene editing technologies, suggest
that major new discoveries will be made soon that reveal their role in physiological and
pathological situations.
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Abstract: Pseudoxanthoma elasticum (PXE) is a complex autosomal recessive disease caused by
mutations of ABCC6 transporter and characterized by ectopic mineralization of soft connective
tissues. Compared to the other ABC transporters, very few studies are available to explain the
structural components and working of a full ABCC6 transporter, which may provide some idea
about its physiological role in humans. Some studies suggest that mutations of ABCC6 in the liver
lead to a decrease in some circulating factor and indicate that PXE is a metabolic disease. It has
been reported that ABCC6 mediates the efflux of ATP, which is hydrolyzed in PPi and AMP; in
the extracellular milieu, PPi gives potent anti-mineralization effect, whereas AMP is hydrolyzed
to Pi and adenosine which affects some cellular properties by modulating the purinergic pathway.
Structural and functional studies have demonstrated that silencing or inhibition of ABCC6 with
probenecid changed the expression of several genes and proteins such as NT5E and TNAP, as well
as Lamin, and CDK1, which are involved in cell motility and cell cycle. Furthermore, a change in
cytoskeleton rearrangement and decreased motility of HepG2 cells makes ABCC6 a potential target
for anti-cancer therapy. Collectively, these findings suggested that ABCC6 transporter performs
functions that modify both the external and internal compartments of the cells.

Keywords: ABCC6; TNAP; NT5E; Pseudoxanthoma elasticum (PXE); cancer

1. Introduction

Pseudoxanthoma elasticum (PXE) is an autosomal recessive disease, which was de-
scribed in 1881 by a French dermatologist. In 2000, it was first recognized that mutation
in ABCC6 is responsible for PXE [1]. It is affecting approximately 1:50,000 people world-
wide, with the prominent characteristic feature of ectopic mineralization of soft tissues
like skin, eyes, and arteries (Figure 1), for which no effective curative treatment is avail-
able [2,3]. Moreover, PXE shows similar phenotypic characteristics with other common
health problems like kidney diseases (chronic kidney disease (CKD) and nephrocalcinosis)
and cardiovascular diseases (coronary heart disease, cardiomyopathy, and dyslipidemia),
which makes PXE a complex disorder [4,5].

Different hypotheses were proposed for the factors pathologically involved with
PXE. The “Metabolic Hypothesis” stated that decrease or loss of ABCC6 functionality
especially in the liver may lead to a decrease in some circulating factors in the blood
stream, which should be responsible for preventing ectopic mineralization of soft tissues.
The “PXE Cell Hypothesis” stated that absence of ABCC6 in PXE tissues leads to an
alteration in cell proliferation due to changes in the biosynthetic pathway and alters cells
to extracellular matrix interactions. The most recent “ATP Release Hypothesis” stated that
ABCC6 mediates the efflux of ATP in extracellular milieu, where it is hydrolyzed into AMP
and pyrophosphate and prevents the mineralization of soft tissues [1].

111



Int. J. Mol. Sci. 2021, 22, 2858

Previous studies of serum analysis either from the ABCC6 knock-down mouse model
or from PXE patients showed an inability to prevent calcium and phosphate deposition and
suggested that PXE is a metabolic disease with very slow onset [1,6,7]. It should be noted
that the tissues, which mostly express ABCC6, are the liver and, to some lesser extent, the
kidney and differ from those in which ectopic mineralization is mostly evident, namely soft
tissues of skin, eyes, and the cardiovascular system. The origin of this apparent paradox
has not been explained yet (Figure 1) [8].

On the basis of our previous studies of the ABCC6 transporter in hepatic cells, the
present review is focused on lightening changes in cellular function associated with ABCC6
transporter activity.

Figure 1. Pictorial presentation of ABCC6 expression and affected tissues in Pseudoxanthoma 
Figure 1. Pictorial presentation of ABCC6 expression and affected tissues in Pseudoxanthoma
elasticum (PXE). The protein is expressed mainly in liver and kidney cells but the main areas
involved in ectopic calcification are the elastic tissues of heart, blood vessels, skin, and eyes.

2. Structural Properties of ABCC6 Transporter

The ATP-binding cassette (ABC) transporters are a well-known family and ubiqui-
tously found in all living organisms. About 50 different types of ABC transporters have
been recognized in humans, divided into seven subfamilies (ABCA to ABCG) based on
their structure and genetic sequences. Among them we can find both half transporters,
with only one transmembrane domain (TMD) and nucleotide-binding domain (NBD), and
full transporters, with two TMDs and NBDs [9,10]. ABCC6 belongs to the ATP-binding
cassette (ABC) transporter subfamily C and has been found to be highly expressed in
basolateral plasma membrane of hepatocytes and, to some lesser extent, in the proximal
tubules of the kidney [11].

The ABCC6 gene has 31 exons and encodes a protein of 1503 amino acid residues,
MRP6. It is made-up of two nucleotide-binding domains (NBD1 and NBD2) and two
transmembrane domains (TMD1 and TMD2) with an additional auxiliary NH2-terminal
transmembrane domain known as TMD0, which is connected with the canonical compo-
nents through the cytoplasmic L0 loop [12,13]. The NBDs of ABC transporters consist
of different conserved motifs which bind and hydrolyze ATP. Like in other transporters,
ABCC6 NBDs domains have Walker A motif (P loop), Walker B motif (Mg2+ binding
site), histidine loop (Switch region), signature motif (C loop), Q loop (between Walker A
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and C-loop), and D loop (involved in the intermolecular interactions at the NBD dimmer
interface). In the general process of dimerization, the Walker A/B motifs of one NBD are
aligned with the C-loop of the other in a yin-yang fashion, forming a sandwich with two
molecules of ATP in the middle, which are hydrolyzed in the catalytic cycle. Dimerization
induces conformational changes in the TMDs, which are reversed by hydrolysis of ATP,
leading to efflux of molecules [1,14,15]. In this situation, the ATP should be sandwiched
between two sequence/structural motifs that are both rigorously conserved and form a
stable homodimer [16]; this is not always possible with the human transporters, because
one of the two NBDs is degenerate and the sequence of motifs which are responsible for
hydrolysis of ATP is not identical or canonical [14].

In this context to elucidate the role of NBDs, different experiments were conducted on
NBD1 of ABCC1/MRP1, which not only has a high level of homology with ABCC6/MRP6
but also shows a superposition of substrates [17]. Studies revealed that the NBDs of MRP1
are not functionally identical, as both the NBDs bind ATP but only NBD2 is involved
in hydrolysis. Moreover, the ATP binding affinity of NBD1 of MRP1 is not completely
dependent on NBD2 but the binding of ATP to NBD2 is highly dependent on NBD1 [18,19].
In respect of this, we have gone through by a series of experiments to identify the functional
roles of NBDs, TMD0, and L0 loop of ABCC6 (Figure 2).

 

α

Figure 2. Topology of ABCC6 transporter [20].

In order to evaluate the functioning of NBDs, we have first characterized the NBD1 of
ABCC6/MRP6. In this experiment, by using the E748-A785 fragment of MRP6-NBD1, we
have compared the helical structure and ATP binding properties of wild type and the R765Q
mutated sequence, which is present in PXE patients. The study with circular dichroism
analysis revealed that, in both the wild type and mutated (R765Q) NBD1, E748-A785
peptides adopted α-helical conformations, and the helical content was almost the same
for both the peptides in aqueous solutions of trifluoroethanol (TFE). No differences in the
length of helices have been found between the peptides in NMR spectroscopy. Moreover,
Fluorescence Spectroscopy showed no significant difference in ATP binding capacity of
both the peptides. These findings suggest that occurrence of PXE symptoms in R765Q
mutated patients might be due to different kind of interactions [21].

In subsequent investigations, we have undergone two different experiments with
NBD1 and NBD2, because mutational studies of PXE patients showed that domain-domain
interaction is important for proper working of ABCC6 transporter and there is a functional

113



Int. J. Mol. Sci. 2021, 22, 2858

difference between both NBDs of MRP6 [22]. In the first study, we constructed the full-
length NBD1 (residues from Asp-627 to Leu-851) and short-length NBD1 (residues from
Arg-648 to Thr-805) without some key residues; then differences in helical structure, ATP
binding, and hydrolysis of both polypeptides were analyzed. Interestingly, both the
polypeptides assumed predominantly α-helical conformation. However, only long-length
NBD1 showed β-strand conformation, while short-length NBD1 showed higher helix
content, which suggested that the sequences D627-H647 and T806-L851, which are only
present in the long-length polypeptide, assume a β-strand conformation, similarly to the
corresponding regions of MRP1. Although fluorescence quenching experiments revealed
that both the polypeptides have the affinity to bind nucleotides (ATP and ADP), the long-
length NBD1 showed a higher affinity to bind ATP than the short-length NBD. In addition,
no hydrolytic activity was found in short-length NBD1 compared to long-length NBD1
during spectrophotometric analysis of ATPase activity. These findings suggest that short-
length NBD1 lacks of some essential residues, which are responsible for ATP hydrolysis.
Whereas, long-length NBD1 form homodimer in the presence of ATP, which is the property
of half-transporters and physiologically, it is not possible with the full-transporter where
NBD1 interacts with NBD2 [12].

In order to explore how the ABCC6 transporter works in-vivo, we have constructed
long-length (Thr-1252 to Val-1503) and short-length NBD2 (Val-1295 to Arg-1468), and
we created homology models for homodimer of NBD1 and NBD2, and heterodimer of
(NBD1-NBD2) [23]. Circular dichroism spectra of long-length NBD2 revealed that it is more
structured and contains α-helical conformation. The nucleotide (ATP and ADP) binding
affinity of NBD1 and NBD2 were found to be the same during fluorescence quenching
analysis. The ATPase activity of both homo and heterodimer were different, as the amount
of inorganic phosphate (Pi) produced by NBD2 was lesser then NBD1. Moreover, addition
of NBD2 reduced the NBD1 hydrolytic activity. These findings suggest that NBD2 is well
structured (it contains α-helix and β-strands) and binds the nucleotides efficiently, but the
ATPase activity of NBD2 is lower compared to the NBD1; this reflects that NBD2 is not able
to form a functionally active homodimer, as supported by in-silico structural analysis. In
addition, decreased ATPase activity of combined NBD1-NBD2 compared to NBD1 alone
suggests that NBD1 and NBD2 work together to form a stable heterodimer and function
in a regulated manner, whereas NBD1 alone works in an uncontrolled manner. This can
be justified by the in-vivo functioning of the transporter [24], where ATP is hydrolyzed
after the binding of substrate on TMDs and leads to conformational changes in membrane
domains that activate the NBDs.

3. Roles of Additional TMD0 and L0 Domains

The functional role of TMD0 in other proteins like MRP1, MRP2, SUR1 is well defined,
which may be involved in stabilization and retention of the transporter in the plasma
membrane or in regulation of channel activities. By topological modeling of TMD0 of
MRP6, we demonstrated that it contains five transmembrane domains with the N- and
C-termini on the external and cytoplasmic side, respectively. These TMs are inserted into
the membrane individually on the basis of hydrophobicity and without affecting each
other. In addition, we have also found that disease-causing mutations did not affect the
membrane insertion of these TMs [25]. In a further study, we have done the structural and
functional characterization of L0 loop of ABCC6. We have found that L0 loop of ABCC6 is
well structured (Figure 3) as it contains aromatic residues, and three α-helical regions; it
resembles the homologous L0 loops of other MRPs and is responsible for plasma membrane
localization of TMD0 [13]. However, to understand the exact role of TMD0 and L0 loop
(N-terminal Region) of ABCC6, we have constructed two variants of N-terminal lacking
TMD0 (∆TMD0) and a variant lacking both TMD0 and L0 (∆TMD0L0). Interestingly, we
have found that ∆TMD0L0 not only failed to exhibit transport activity, but it was also not
able to localize at the basolateral side of the plasma membrane, which reflects that L0 loop
is important for both activities. Thus, these findings suggest that L0 not only contains
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a basolateral sorting signal but that L0 also contributes to folding ABCC6 into a cellular
sorting-competent state, which is necessary to pass the endoplasmic reticulum (ER) quality
control system and continue through the secretory pathway. In addition, we also found
that L0 loop of ABCC6 interacts with the ion channels like other members of ABCC family
and might be involved in the modulation of Ca2+ channels of plasma membrane [20].

− −

Figure 3. Homology model of L0 loop. The loop includes the region between residues E205 and
A262. The PDB structure 5UJ9 corresponding to MRP1 was used as template.

4. The Decrease or Loss of ABCC6 Functionality Changes Extracellular Environment

In early pathological investigations of PXE, Iliás et al. in 2002 proposed that ABCC6 is
a transporter of organic anions and actively transports glutathione conjugates, including
leukotriene C4 and N-ethylmaleimide S-glutathione (NEM-GS), and their abolishment
due to missense mutation in ABCC6 gene is responsible for PXE [26,27]. In the same line
of thinking, Borst and co-workers in 2008 proposed that ABCC6 transporter mediates
the efflux of vitamin-K as a glutathione or glucuronide conjugate and is involved to
prevent calcification of soft tissues [28]. However, in the further investigations, it was
found that ABCC6 is not a transporter of vitamin-K, as its administration in PXE mouse
model (ABCC6−/−) was not able to prevent the mineralization [29,30]. As discussed
above, Jansen et al. in 2013 proposed that ABCC6 transporter mediates the efflux of ATP
and indirectly produces PPi to prevent ectopic mineralization [2]. However, we have
demonstrated that PXE is a complex metabolic disease with the reprogramming of crucial
genetic factors in the absence of ABCC6 transporter activity [31–33].

In order to better understand the pathomechanism of PXE (Figure 4), we stably
knocked down the ABCC6 gene in HepG2 cells by using shRNA, and its associated tran-
scriptional/genetic changes were studied. We first examined the production of reactive
oxygen species (ROS), which are supposed to increase according to the previous PXE
fibroblast studies [34]. On the contrary, in the ABCC6 knockdown HepG2 cells, the ratio of
GSH/GSSG has been found to be increased whereas a significant decrease in ROS level
was observed, which means that knockdown cells resembled the reductive stress, which is
also required by proliferating cells.

However, we found significant delay in G1 to S transition and slower cell growth in
ABCC6 knockdown HepG2 cells (Figure 5). In addition, expression of cyclin-dependent
kinase inhibitor (CDKI) p21, which negatively regulates the activity of CDK and is required
for the cell entry into the different cycle phases, was found increased in knockdown cells.
Moreover, the expression of lamin A/C, which is required to maintain the strength of the
nucleus and is pathologically involved in aging process, was decreased in those cells [33].
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Figure 4. Proposed pathomechanism of PXE. ABCC6 transporter mediates the efflux of ATP, which
is metabolized by some ecto-nucleotidases (such as ENPP1) in AMP, which in turn is converted in
adenosine and Pi by CD73. In the extracellular milieu, nucleotides regulate the activity of TNAP
through the purinergic pathway and prevent the ectopic mineralization [32]. ABCC6, ATP-binding
cassette, sub-family C, member 6; ENPP1, ecto-nucleotide pyrophosphatase/phosphodiesterase type
I; CD73, cluster of differentiation 73; TNAP, tissue non-specific alkaline phosphatase; Pi, inorganic
phosphate; PPi, inorganic pyrophosphate [35].

 

β
β

′

Figure 5. Pictorial presentation of senescent-like phenotype in ABCC6 knockdown HepG2 cell.
(A)—For the cell cycle analysis, the cells were synchronized at the G1 phase by serum deprivation
for 24 h, restimulated with serum for 24 h, and analyzed using flow cytometry after BrDU and PI
staining. The percentage of control (scr-shRNA) and ABCC6 knockdown cells (ABCC6-shRNA) in
G0/G1 was recorded. (B)—Representative images (40 × magnification) of senescence-associated
β-galactosidase staining in control and ABCC6 knockdown cells. (C)—Quantitative analysis of
positive β-galactosidase-stained cells. Data were generated from three independent experiments
performed in triplicate and are shown as means ± SD. Statistical analysis was performed using
unpaired Student’s t test: ** p < 0.01 and *** p < 0.001 [33].
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Interestingly, knockdown HepG2 cells were shown to have a decreased expression
of the ecto-5′-nucleotidase (NT5E or CD73), which regulates the conversion of AMP to
adenosine and Pi (inorganic phosphate). Additionally, nonspecific alkaline phosphatase
(TNAP), whose activity normally maintains Pi/iPP ratio accelerating the mineralization,
was found to be increased in knockdown HepG2 cells. These results suggest that the
absence of transporter activity in the hepatic cells decreases the NT5E expression and
increases the pro-mineralizing TNAP activity, which is also clinically found in patients with
arterial calcifications due to deficiency in CD73 (ACDC) [31]. It is clear from the knockdown
study that the absence of transporter activity leads to alteration in gene expression, which
is required to provide PPi to prevent mineralization. However, in a further study, we
also found that ABCC6 plays a crucial role to activate the purinergic pathway, which is
important to maintain proper cellular function. In this study, pharmacological inhibition
of ABCC6 by probenecid down-regulated the expression of CD73. On the contrary, the
expression of CD73 was found increased after the application of adenosine and ATP, which
strengthens the idea that ABCC6 not only mediates the efflux of ATP but also regulates the
purinergic system [35].

5. Intracellular Consequences Associated with ABCC6 Transporter Activity in
HepG2 Cells

It is widely evident that changes in nuclear lamin expression are associated with cellu-
lar senescence and age-related diseases [36]. However, cells undergoing aging also adapt a
phenomenon to proliferate inappropriately, migrate, and colonize, which are the hallmarks
of cancer cells [37]. In both cases, changes in lamin expression traduce in morphological
changes in nuclei, which are known as “nuclear atypia”. Contrarily, induction of cellular
senescence is recognized as an important tumor-suppressive mechanism [38].

In previous studies with ABCC6 knockdown HepG2 cells, we have found decreased
cell growth and lamin A/C expression [33]. Interestingly, in the recent study, pharma-
cological inhibition of ABCC6 by probenecid or its knockdown in HepG2 cells not only
decreased the amount of extracellular ATP content but also decreased the expression of
CD73 and lamin A/C proteins. Lamins are the most important structural component
of the cytoskeleton and are required to maintain cells in a proper shape. In this context,
we examined whether down-regulation of lamin expression affected the actin filaments,
required for cytoskeleton rearrangement and cellular movement. In this study, a typical
organization of actin filament in filopodia, which is a hallmark of moving cells, was absent
in both probenecid-treated and ABCC6 knockdown HepG2 cells (Figure 6). However,
administration of adenosine or ATP restored the normal architecture of filopodia and
migration rate (Figure 7). This finding indicates that ABCC6 can be a potential therapeutic
target for anti-metastatic treatment and, with coordination of the purinergic system, also
regulates the intracellular functions [32].
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Figure 6. Representative confocal image of (A)—scrambled HepG2 cells; (B)—Abcc6-shRNA.HepG2
cells; (C)—Abcc6-shRNA HepG2 cells treated with 500 µM ATP; (D)—Abcc6-shRNA HepG2 cells
treated with 100 µM adenosine. F-actin was stained with Texas Red-phalloidin. In the insets
superposition of cytoskeleton (red) and EGFP (green) to monitor the infection efficiency. The scale
bar in the inserts is 40 µm [32].

Figure 7. Effect of probenecid and ABCC6 silencing on the migration rate of HepG2 cells. Cells were
treated with 250 µM probenecid for 48 h (gray plain bars, Probenecid+). DMSO-treated cells were
used as the control (gray plain bars, Probenecid-). A total of 500 µM ATP was added to either the
control cells (gray plain bars, Probenecid-, ATP+) or to probenecid-treated cells (gray plain bars,
Probenecid+, ATP+). HepG2 cells were transduced with scrambled shRNA (grey-texturized bars,
scr-shRNA) or with specific ABCC6-shRNA (black bars, ABCC6-shRNA). A sample of 500 µM ATP
was added to either control cells (grey-texturized bars, scr-shRNA, ATP+) or to ABCC6 silenced
cells (black bars, ABCC6-shRNA, ATP+). Data are expressed as mean ± standard error (SE) of three
replicates from three independent experiments and were analyzed by one-way ANOVA followed by
Dunnett’s post hoc: *** p < 0.001 probenecid-treated cells vs. control cells in the absence of ATP and
ABCC6-shRNA vs. scr-shRNA in the absence of ATP; ### p < 0.001 probenecid + ATP-treated cells vs.
probenecid-treated cells and ABCC6-shRNA cells + ATP vs. ABCC6-shRNA cells without ATP. NS,
not significant [32].
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6. Involvement of ABCC6/MRP6 in Drug Resistance

It is well known that ABC transporters play an important role to maintain cellular
physiology by transporting different substrates. On the other hand, despite the patholog-
ical involvement in certain crucial diseases, these transporters are also involved in drug
resistance [39]. Similarly, ABCC family consisted of 13 members, which are involved in the
transportation of different substrates. Nine of them are also implicated in the resistance to a
variety of chemotherapeutic agents. Martin G. et al., in a study on Chinese hamster ovarian
cancer cells (CHO), demonstrated that ABCC6 is not only able to mediate the efflux of
glutathione conjugate but is also involved in resistance to some natural anti-cancer drugs,
like doxorubicin, etoposide, actinomycin D, daunorubicin, and cisplatin [27]. Tyrosine
Kinase Inhibitors (TKIs), like nilotinib and dasatinib, are effective treatments available
for Chronic Myeloid Leukaemia (CML) and found to interact with ABCB1 and ABCG2.
However, a recent study suggested that nilotinib and dasatinib might be substrates for
ABCC6, whose over-expression is responsible for resistance of both TKIs [40].

To investigate the possible involvement of different transporters in drug resistance,
we investigated the mRNA expression of ABCC6 and other ABC transporters mainly
involved in drug resistance, such as ABCB1, ABCC1, and ABCG2, in the bone marrow
samples obtained from acute myeloid leukemia (AML) patients. The samples obtained after
diagnosis revealed no difference in the expression level of ABCC6 and ABCB1 between
healthy control and AML patients. The expression of ABCC1 from AML patients was
higher compared to the healthy individual. Moreover, the expression of ABCG2 was
always found down-regulated in AML patients compared to controls. We also observed
the age- and gender-associated changes in the expression level of the genes. Interestingly,
ABCB1, ABCC1, and ABCC6 were less expressed in older patients compared to younger
ones, whereas ABCC6 and ABCC1 were highly expressed in female patients. Additionally,
only ABCG2 expression was found higher after chemotherapy, while no variation was
found in ABCC1, ABCB1, and ABCC6. However, the expression of ABCC6 and ABCB1 was
found to be up-regulated after the treatment with Trichostatin A (an inhibitor of histone
deacetylase) and 5-Aza-2′deoxycytidine (an inhibitor of DNA methyltransferase) in AML
cell line HL-60. These data reveal that changes in expression of ABCG2 before and after
the treatment can be related to disease or as a therapeutic marker. On the other hand, the
expression of ABCC6 and ABCB1 is transcriptionally or epigenetically controlled [41].

In addition, a study conducted by Jeon H-Metal [42] suggested that an inhibitor of
differentiation 4 (ID4) increases the SOX2-mediated expression of ABCC6 and ABCC3
in glioma stem cells (GSC), which have the potential to initiate a brain tumor, show
resistance to chemotherapy, and are responsible for higher recurrence rates of Glioblastoma
multiforme (GBM) [43].

Drug resistance is the biggest problem for cancer therapy, for which many molecules
have been synthesized and tested, but MDR in cancer therapy still persists. In order to
identify the promising molecules to inhibit MRP6 and mitigate marginal drug resistance,
we tested 8-(4-chlorophenyl)-5-methyl-8-[(2Z)-pent-2-en-1-yloxy]-8H-[1,2,4] oxadiazolo
[3,4-c][1,4] thiazin-3, also known as 2C and structurally similar to diltiazem. Surprisingly,
the efflux of doxorubicin was reduced in 2C-treated cells. Moreover, cell esterase activity
and H3 histone acetylation were reduced in 2C-treated cells, which suggests that 2C is
not only able to mitigate drug resistance but also able to inhibit nucleophilic substitution
reactions [44].

These findings confirm that ABCC6 is not only involved in the progression of the
genetic disease PXE but is also involved in resistance to many anti-cancer agents [45,46].

7. Conclusions

Different hypotheses were given to elucidate the physiological substrates for the
ABCC6 transporter and its pathological involvement in PXE. However, mechanistic details
for ABCC6 mutations leading to ectopic mineralization were yet to be resolved [6,47,48].
In our studies, we not only investigated the structural components of ABCC6 transporter
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but also lighten the mechanisms, which might be involved in ectopic mineralization. In
our experiments, knockdown of ABCC6 or its inhibition by probenecid decreased the
extracellular ATP concentration and altered the expression of NT5E and TNAP. By these
findings, we can propose that the lack of ABCC6 transport activity could lead to a pro-
mineralizing state through alteration of extracellular purine metabolites, which ultimately
affect TNAP enzymatic activity.

Moreover, in both knockdown and probenecid-treated HepG2 cells, the expression
of lamin was found decreased, which suggests that reduced ABCC6 transport activity
also leads to cell senescence in PXE and can be beneficial to prevent cancer progression.
Interestingly, in both the knockdown and probenecid-treated HepG2 cells, we found a
decrease in migration rate, which is restored after ATP administration.

Collectively, these findings suggest that the ABCC6 transporter is not only required
to maintain some important circulatory factors like PPi, but is also required to maintain
proper functioning of other factors, which are involved in the conversion of extracellular
nucleotides, and to feed purine pool to maintain homeostasis between Pi and PPi ratio.
Moreover, our studies strengthen the idea that the ABCC6 transporter is not only involved
in PXE pathophysiology, but can also be considered a target for anti-cancer therapy.
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Abstract: Pathological (ectopic) mineralization of soft tissues occurs during aging, in several common
conditions such as diabetes, hypercholesterolemia, and renal failure and in certain genetic disorders.
Pseudoxanthoma elasticum (PXE), a multi-organ disease affecting dermal, ocular, and cardiovascular
tissues, is a model for ectopic mineralization disorders. ABCC6 dysfunction is the primary cause of
PXE, but also some cases of generalized arterial calcification of infancy (GACI). ABCC6 deficiency in
mice underlies an inducible dystrophic cardiac calcification phenotype (DCC). These calcification
diseases are part of a spectrum of mineralization disorders that also includes Calcification of Joints and
Arteries (CALJA). Since the identification of ABCC6 as the “PXE gene” and the development of several
animal models (mice, rat, and zebrafish), there has been significant progress in our understanding
of the molecular genetics, the clinical phenotypes, and pathogenesis of these diseases, which share
similarities with more common conditions with abnormal calcification. ABCC6 facilitates the cellular
efflux of ATP, which is rapidly converted into inorganic pyrophosphate (PPi) and adenosine by the
ectonucleotidases NPP1 and CD73 (NT5E). PPi is a potent endogenous inhibitor of calcification,
whereas adenosine indirectly contributes to calcification inhibition by suppressing the synthesis
of tissue non-specific alkaline phosphatase (TNAP). At present, therapies only exist to alleviate
symptoms for both PXE and GACI; however, extensive studies have resulted in several novel
approaches to treating PXE and GACI. This review seeks to summarize the role of ABCC6 in ectopic
calcification in PXE and other calcification disorders, and discuss therapeutic strategies targeting
various proteins in the pathway (ABCC6, NPP1, and TNAP) and direct inhibition of calcification via
supplementation by various compounds.

Keywords: calcification; ABCC6; pseudoxanthoma elasticum; generalized arterial calcification of
infancy; pyrophosphate; therapies

1. Introduction

Physiological calcification is a multifactorial metabolic process normally restricted
to the bones and teeth. Calcification and mineralization (we will use these terms inter-
changeably thereon) primarily designate the formation of apatite crystals. Apatite is made
of phosphate and calcium ions (Ca10(PO4)6(OH)2), but the crystal formation happens via
a number of short-lived intermediates such as octacalcium phosphate and amorphous
calcium phosphate [1]. The intra- and extracellular mechanisms regulating mineralization
rest upon a tightly regulated balance between calcification inhibitors and promoters. Un-
der normal circumstances, calcium and inorganic phosphate (Pi) concentrations are near
saturation in most soft tissues, which necessitates strong calcification inhibition systems [2].
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Ectopic calcification can lead to clinical symptoms when it occurs in cardiovascular
tissues and has been the object of intense research focus. Many host, environmental, and
genetic factors contributing to this calcification have been identified [3], but there are still
gaps in our understanding [4]. In recent years, the identification of mutations in the ATP-
binding cassette (ABC) transporter ABCC6 [5–7] and the characterization of its function [8]
has provided new molecular insight into the regulation of ectopic calcification inhibition
in relation to pyrophosphate (PPi). ABCC6 mediates the cellular efflux of nucleotides,
notably ATP, which is rapidly converted into PPi and adenosine at the cellular surface by
the ectonucleotidases NPP1 (encoded by ENPP1) and CD73 (encoded by NT5E) [8–11].
Both PPi and indirectly adenosine are major inhibitors of calcification. ABCC6 deficiencies
underlie the calcification disorders PXE (MIM#264800) and a cardiac calcification pheno-
type (DCC) described in mice [12–14]. GACI (MIM#208000) is primarily linked to NPP1,
the key enzyme that generates PPi [15]. However, some cases of GACI (MIM#614473) are
caused by ABCC6 mutations, while some PXE patients carry disease-causing variants only
in ENPP1 [16,17]. CALJA (MIM#211800) is due to mutations in CD73 (NT5E) [10]. PXE,
together with GACI and CALJA form a spectrum of diseases with overlapping calcification
processes but with distinct clinical features. If PXE, GACI, and DCC result from a deficit in
PPi production [18,19], CALJA is caused by increased PPi degradation [10,11] (Figure 1).
The explanation of these phenotypes places ABCC6 as an upstream modulator of an extra-
cellular purinergic pathway that, among other things, inhibits mineralization by regulating
the Pi/PPi ratio in connective tissues (Figure 1). Although it has been recently claimed
that ABCC6 acts downstream of NPP1 [20], this hypothesis is highly controversial in the
field [21] and contradicts most studies [8,9,11,18]. This pathway (Figure 1) and the molecu-
lar cascade leading to PPi generation and TNAP inhibition offers many opportunities for
therapeutic interventions in the case of PXE and also GACI.

 

Figure 1. The ABCC6 pathway influences calcification and extracellular purinergic metabolism.
ABCC6 facilitates the cellular efflux of ATP from liver and other tissues/cells, which is quickly
converted to pyrophosphate (PPi), a potent inhibitor of mineralization. Decreased plasma PPi levels
cause calcification in PXE and GACI. CD73 activity leads to adenosine production, which affects
many biological activities including the inhibition of TNAP synthesis. TNAP degrades PPi into
inorganic phosphate (Pi), an activator of calcification, which leads to vascular calcification in CAL
JA patients.

At present, only palliative treatments to alleviate some symptoms exist for both PXE
and GACI [22–24]. Extensive studies on the mechanism behind calcification has resulted in
several novel approaches to treating PXE and GACI. The therapeutic solutions envisioned
and tested in animals include strategies focusing on two distinct aspects of the ABCC6 path-
way: (1) the correction/replacement/inhibition of dysfunctional genes/proteins involved
in the calcification pathway [9,18], and (2) supplementation therapies with exogenous com-
pounds. Drugs targeting ABCC6, NPP1 and TNAP aim at correcting parts of the ABCC6
pathway, whereas exogenous compounds such as magnesium, vitamin K, bisphosphonates
(PPi analogs), PPi and recently phytic acid are intended to directly inhibit calcification.

In this article, we provide an overview of ABCC6 as a key regulator of ectopic cal-
cification in PXE (and GACI). We will discuss possible treatment options that have been
explored in recent years and speculate as to what future treatments might be. Because
ABCC6 and NPP1 are functionally related proteins interchangeably causing PXE and
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GACI [17], we address herein some aspects of GACI and NPP1, which can be relevant for
therapeutic interventions.

2. The Pathologies Associated with ABCC6 and ENPP1 Deficiencies

2.1. Pseudoxanthoma Elasticum

Pseudoxanthoma elasticum (PXE) is a rare disorder with progressive ocular, vascular
and skin abnormalities that result from the accumulation of morphologically abnormal
calcified elastic fibers [25]. The skin manifestations are the most prevailing characteristic
of PXE, but the ocular and cardiovascular symptoms are responsible for the morbidity of
the disease.

The first description of the clinical signs of PXE appeared in the literature more than
a century ago [26–28]. Is it Darier who proposed the term “pseudoxanthome élastique”,
which remains largely used to this day as pseudoxanthoma elasticum [29].

2.1.1. Dermal Manifestations

Skin lesions are generally the first signs of PXE to be observed during childhood
or adolescence and often progress slowly and unpredictably. Therefore, a dermatologist
frequently makes the initial diagnosis. The accumulation of abnormal calcified elastic fibers
in the mid-dermis produces yellow-hued papules and plaques and laxity with loss of
elasticity. These lesions can be seen on the neck, axilla, antecubital fossa, popliteal fossa,
groin, and periumbilical area [25,30–32].

2.1.2. Ocular Manifestations

Ocular lesions in PXE are due to the accumulation of abnormal elastic fibers in the
Bruch’s membrane, resulting in angioid streaks [33]. Angioid streaks are completely asymp-
tomatic and can remain undetected until later in life when retinal haemorrhages occur.
The majority of PXE patients will develop ocular changes during their second decade
of life. Bilateral angioid streaks are normally seen as linear gray or dark red lines with
irregular serrated edges lying beneath normal retinal blood vessels and they represent
breaks in the Bruch’s membrane. The elastic laminae of the Bruch’s membrane is located
between two layers of collagen and lies in direct contact with the basement membrane of
the retinal pigmented epithelium (RPE) and the capillaries of the choroid. Angioid streak
formation is likely the direct result of mineralization of elastic fibers in Bruch’s membrane.
As a consequence of the loss of structural integrity to the Bruch’s membrane, PXE patients
progressively develop choroidal neovascularization, which can lead to hemorrhagic de-
tachment of the fovea and retinal scarring. Optic nerve drusen may also be associated with
angioid streaks and results in visual field deficits.

It is worth noting that a minor yet important palliative treatment exists for some of
the ocular manifestations of PXE [24] and more details are provided below (Cf. Section 6.2).

2.1.3. Cardiovascular Manifestations

The common cardiovascular complications of PXE are due to the presence of abnor-
mal calcified elastic fibers in the internal elastic lamina of medium-sized arteries. The
broad spectrum of phenotypes includes peripheral arterial disease (PAD), resulting from
restrictive vascular calcification in the lower limbs, increased susceptibility to atherosclero-
sis [34–36], intermittent claudication, and possibly myocardial infarction and hypertension.
The fibrous thickening of the endocardium and atrioventricular valves can also result in
restrictive cardiomyopathy and/or mitral valve prolapse and atrial septal aneurysm [37].
A cardiac evaluation of French PXE patients revealed sporadic cases of left ventricular
hypertrophy, aortic stenosis, and valvulopathies. Overall in this cohort, PXE does not
appear to be associated with frequent cardiac complications. However, the development
of cardiac hypertrophy in old Abcc6−/− mice suggests that aging PXE patients might be
susceptible to late cardiopathy [38].
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Extra cardiac downstream effects of arterial mineralization include renovascular
hypertension, gastrointestinal bleeding and central nervous system complications (such as
stroke and dementia) [30,39].

A comprehensive analysis of the arterial consequences (macro- and micro-arterial
beds were investigated) of ABCC6 ablation in mice was published in 2014 [40]. This
report revealed scattered arterial calcium depositions as a result of osteochondrogenic
transdifferentiation of vascular cells as mice age (as seen via increase Runx2 expression).
Lower elasticity and increased myogenic tone without major changes in agonist-dependent
contraction was found in older Abcc6−/− mice suggesting reduced control of peripheral
blood flow, which in turn may alter vascular homeostasis which is not unlike the PAD
observed in PXE patients.

2.1.4. Renal Manifestations

Renal involvement in PXE has received little attention in the literature until recently.
Few cases of kidney stones in PXE patients have been described, whereas classic nephrocal-
cinosis has only been reported in sporadic cases [41–43]. More recent data suggested that
nephrolithiasis was an unrecognized and prevalent feature of PXE [44]. The first in depth
analysis of renal manifestations in a cohort of 113 French PXE patients showed a history of
kidney stones in 40% of patients, which is much higher than the general population. Com-
puted tomography scans revealed evidence of significant papillary calcifications (Randall’s
plaques) [45,46].

Remarkably, despite the presence of mineralized elastic fibers in pulmonary tissues,
there is no lung phenotype associated with PXE [47,48].

2.2. Generalized Arterial Calcification of Infancy (GACI)

Generalized arterial calcification of infancy (GACI [MIM 208000]) is a very rare autoso-
mal recessive disorder characterized by calcification of arterial elastic fibers and associated
fibrotic myointimal proliferation of muscular arteries and arterial stenosis [49]. Severe
vascular calcification causes hypertension, myocardial ischemia, and congestive heart
failure [17]. The majority of patients die within the first six months of life [50,51]. However,
patients treated with bisphosphonates can experience a more favorable outcome [52,53].
In addition to vascular mineralization, neonatal patients also present periarticular soft-
tissue calcifications. More mildly affected patients may also develop hypophosphatemic
rickets [53–55].

2.3. PXE and GACI Are Different Clinical Manifestations of a Phenotypic Continuum

PXE is primarily caused by ABCC6 deficiency, while GACI patients typically present
mutations in the ENPP1 gene. However, some GACI patients only carry ABCC6 mutations
and typical PXE manifestations can be associated with ENPP1 mutations. The clinical and
molecular genetic characterization of PXE and GACI [16,17] has suggested that ABCC6
and NPP1 are functionally related [56] and give rise to overlapping phenotypes with GACI
being a severe and acute form of PXE and vice versa [8,16,57].

Calcification of joints and arteries (CALJA, OMIM#211800) is outside of the scope
of this review. However, it is worth mentioning briefly because its molecular etiology is
intimately related to that of PXE and GACI. CALJA is due to mutated CD73 (encoded by
NT5E) [10], which is functionally downstream to NPP1 (Figure 1). The disease is character-
ized by vascular calcification in the lower limbs and periarticular mineralization. CALJA is
caused by enhanced PPi degradation [10,11] resulting from reduced adenosine signaling
and abnormal activation of tissue non-specific alkaline phosphatase (TNAP/ALPL) [11,20]
(Figure 1).

2.4. Thalassemia

For the most part, PXE is a monogenic disease caused by mutations in ABCC6. How-
ever, other than the cases associated with ENPP1 mutations [17], PXE manifestations can
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arise from multifactorial inheritance [58,59], environmental exposure [60–63] or secondary
to β-thalassemia and sickle cell anemia [64]. β-thalassemia (MIM 141900) is a monogenic
disorder caused by mutations in the β-globin gene that leads to the underproduction of
β-globin chains. The stoichiometric excess of α-chains unbound to β-globin is unstable
and precipitates in red blood cell precursors causing the ineffective erythropoiesis. In the
past decade, it has become apparent that a large number of Mediterranean patients affected
by β-thalassemia or sickle cell anemia also develop manifestations similar to PXE [64].
β-thalassemia and PXE are distinct genetic disorders, yet, the ectopic mineralization pheno-
type seen in β-thalassemia and sickle cell patients is clinically and structurally identical to
inherited PXE [65–68] and arises independently of ABCC6 mutations [69]. Based on studies
with a mouse model of β-thalassemia (Hbbth3/+), it was suggested that the β-thalassemia
patients could have a suboptimal endowment of ABCC6 expression in liver (and possibly
reduced PPi production), thereby increasing susceptibility to ectopic mineralization in a
PXE-like manner. If this is indeed the case, then β-thalassemia and sickle cell patients could
benefit from several treatment options developed for the inherited forms of PXE.

3. The Structure and Molecular Function of ABCC6

The ATP-binding cassette (ABC) family represents the largest group of transmembrane
proteins. These proteins bind ATP and use its energy to drive the efflux and transport of
various molecules across cell membranes. ABC transporters are classified based on the
sequence and organization of their ATP-binding domains. The human ATP-binding cassette
(ABC) gene family consists of 48 members divided into seven subgroups, A through G.
Genetic changes in at least 14 of these genes cause heritable diseases [70,71]. About a
third of all of these ABC transporter-related diseases are linked to genes from the single
sub-group C, which includes ABCC6 and PXE but also the well-known cystic fibrosis
associated with ABCC7 mutations.

3.1. ABCC6 Structure

ABCC6 consists of 1503 amino acids with an approximate molecular weight of 165 kD
without glycosylation. This transporter protein possesses three transmembrane segments
with 5, 6, and 6 membrane-spanning regions, respectively, and two typical ABC domains
involved in the binding and hydrolyzing of ATP used for conformational changes and
transport activity. A 3D model of ABCC6 was successfully generated using X-ray structure
of the S. aureus Sav1866 export pump [72]. Fülöp et al. used this model of ABCC6 and the
distribution of PXE-causing mutations to demonstrate the strict relevance of the transmis-
sion interface (ICL-ABC contacts) as well as the ABC-ABC domain contacts for the function
of the transporter [73].

3.2. ABCC6 Is an Efflux Pump

Transport studies in vesicles isolated from Sf9 cells expressing the rat Abcc6 identified
the anionic cyclopentapeptide and endothelin receptor antagonist BQ-123 as substrates [74].
ATP binding and hydrolysis by rat ABCC6 has been demonstrated in a yeast expression sys-
tem [75]. Using a similar approach with the human ABCC6, Ilias et al. demonstrated ATP
binding and ATP-dependent active transport of the glutathione conjugates leukotriene C4
and N-ethylmaleimide S-glutathione and of the cyclopentapeptide BQ-123 [76]. Probenecid,
benzbromarone and indomethacin specifically inhibited transport of N-ethylmaleimide
S-glutathione [77]. Another study confirmed ATP-dependent transport of BQ123 and
leukotriene C4 by human ABCC6 and also identified S-(2, 4-dinitrophenyl) glutathione as
an in vitro substrate. Analysis of the drug sensitivity of ABCC6-transfected cells revealed
low levels of resistance to etoposide, teniposide, doxorubicin, and daunorubicin, indicating
that ABCC6 is able to confer low levels of resistance to certain anticancer agents [78]. How-
ever, this function appears unlikely to play a role in the pathophysiology of PXE and thus
has limited bearing on the possible therapeutic solutions. Note that the actual endogenous
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substrate(s) and the precise molecular mechanism by which ABCC6 achieves the efflux of
ATP and other nucleotides/nucleosides are still unknown.

3.3. Cellular Localization of ABCC6

ABCC6 is firmly associated with the basolateral membrane of hepatocytes in mice,
rats, and humans [74,79,80], as well as in the proximal kidney tubules [81,82]. Although a
report challenged the well-established cellular localization of ABCC6 [83], it is interesting
to note that disease-causing missense ABCC6 mutations can lead to aberrant cellular
localization [80].

3.4. NPP1 Structure

NPP1 is a membrane bound enzyme consisting of 840 amino acids (just under 100 kDa)
that belongs to the ecto-nucleotide pyrophosphatase/phosphodiesterase (ENPP) family.
NPP1 is a type II transmembrane glycoprotein comprised of two identical disulfide-bonded
subunits. The polypeptide has a short N-terminal cytoplasmic domain followed by a trans-
membrane region. The extracellular structure consists of two somatomedin B (SMB)-like
domains (SMB1 and SMB2), a phosphodiesterase domain and a nuclease-like domain [84].
The SMB-like domains are disordered and do not interact with the catalytic domain. The
mapping of disease-causing mutations highlights the functional significance of the interac-
tion between the catalytic and nuclease-like domains. It is the SMB2 domain of NPP1 that
interacts with the insulin receptor and carries out physiological functions other than the
regulation of mineralization [85].

4. Mutations in ABCC6 and ENPP1

4.1. ABCC6

Over 400 mutations (https://www.ncbi.nlm.nih.gov/clinvar, accessed on 3 February
2021) have now been identified in ABCC6. Most of these are single nucleotide changes
leading to a panel of missense, nonsense, splice site, and frameshift mutations, in addition
to small and large insertions/deletions. Missense variants are found in areas critical to the
stability and/or the function of the protein. Based on a small but representative number of
ABCC6 mutants, two possible molecular consequences to ABCC6 mutations were described:
(1) transport deficiency linked to the failure to hydrolyze ATP and (2) abnormal protein
folding leading to intracellular retention and/or reduced trafficking. The latter has been the
focus of studies designed to rescue trafficking by re-purposing the drug 4-phenylbutyrate
(Cf. Section 6.3.2). Transport deficiency and abnormal trafficking are likely the reasons
behind the loss of physiological function and provide a reasonable explanation for the lack
of phenotype–genotype correlation in PXE [86–88].

About 40% of all ABCC6 gene mutations in patients with PXE consist of premature
termination codon mutations and account for 25% of all mutations in PXE patients [88].
However, two mutations are recurrent in the Caucasian population, p.R1141X and g.del23-
29, which account for up to ~45% of all mutant alleles [87,88].

These ABCC6 mutations have consequences for the entire calcification pathway, as
evidenced by the downregulation of ENPP1 and NT5E gene expression in the absence
of ABCC6 [11,18], the reduced plasma levels of PPi [8], and the activation of TNAP as a
consequence of lowered adenosine production [11,20].

4.2. ENPP1

On the ClinVar database, there are nearly 100 ENPP1 pathological variants reported.
These variants present a similar profile to that found in ABCC6, with a large majority being
single nucleotide substitutions leading to missense, nonsense, splice site, and frameshift
mutations, plus some deletions and duplications. The main consequence of these disease-
causing variants, which affects all critical parts of the protein, is the inactivation of the
enzyme resulting in the failure to convert ATP (or ADP) into AMP and PPi. As NPP1 is the
only enzyme that generates PPi, plasma levels drop to near zero in its absence [89].
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5. Animal Models

5.1. The PXE Mice

Two lines of Abcc6 knockout (Abcc6−/−) mice were generated independently [90,91].
In these Abcc6−/− mice, Abcc6 exons 15 to 18 were deleted. Both mouse lines lack the
ABCC6 protein and develop identical calcification phenotypes that are consistent with the
human PXE condition. The mice breed normally and have a life span of about 25+ months.
These animals display spontaneous mineralization in vascular, ocular, and renal tissues,
as well as in testes and vibrissae in the whiskers. The earliest evidence of mineralization
occurs at 5–6 weeks of age in the capsules of vibrissae. The calcification in vibrissae is
progressive and quantifiable and thus serves as a reliable marker of disease progression [92].
Heterozygous Abcc6+/− mice do not develop any calcification. Similar to their human
counterpart, Abcc6−/− mice have lowered plasma PPi [9,18] altered lipoproteins [93,94],
develop Randall’s plaques, and have low urinary PPi excretion [45,46]. These animals have
been invaluable for understanding the pathobiology of PXE and to test crucial pathophys-
iological hypotheses [95,96] that in vitro approaches could partially address [97]. These
mice were the ultimate tool that allowed the development of therapeutic solutions for PXE
patients [18,19,92,98,99].

5.2. The Murine DCC Phenotype and Other PXE Mouse Models

In the past years, two groups of investigators have found that ABCC6 deficiency
causes an acute and inducible dystrophic cardiac calcification phenotype (DCC) affecting
several strains of inbred mice, including C3H/HeJ, 129S1/SvJ, and DBA/2J [12,14,100].
DCC is an autosomal recessive trait that was described decades ago [101,102]. DCC can
either occur spontaneously over the long-term, be initiated by a specific dietary regimen,
or be triggered into an acute phenotype by direct injury [103,104] or ischemia [13]. Of
note, arteries (most notably the aorta) as well as skeletal muscles, are also susceptible
to dystrophic calcification [100,105] (Le Saux et al., unpublished results). DCC is caused
by a single Abcc6 gene mutation in C3H/HeJ, 129S1/SvJ, and DBA/2J mice [12], while
it is absent in C57BL/6J mice that are DCC-resistant. Note that the Abcc6−/− mice that
have been used thus far were all backcrossed into C57BL/6J. This is important as there
are 3 other minor loci affecting the penetrance and the expression of DCC mapping to
chromosomes 4, 12, and 14 [104].

Remarkably, DCC-susceptible C3H/HeJ mice develop an attenuated version of the
murine PXE phenotype as compared to the Abcc6−/− animals, while the DBA/2J mice
present little or no manifestations [106]. It is interesting to note that the murine PXE mani-
festations reported in KK/H1J mice are remarkably severe [107]. These mice show systemic
age-dependent ectopic mineralization, hyperplasia, and fibro-osseous lesions [108]. Calcifi-
cation mostly affects vibrissae (as for Abcc6−/− animals), but also the heart, the lung and
many other organs to a lesser degree. Pancreatic islet hyperplasia was observed as well as
fibro-osseous lesions in several bones. More interesting is that these strains of mice carry
the exact same Abcc6 gene mutation and have similar plasma PPi levels (Figure 2), which
clearly underlie the possible role of other factors such as the environment [19] and/or
modifier genes in the development of ectopic calcification [109,110].
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Figure 2. Plasma pyrophosphate levels do not correlate with the calcification phenotype in mice.
Plasma pyrophosphate levels in Abcc6−/− mice (C57BL/6J background), and in C3H/H1J mice with
a naturally occurring Abcc6 mutation are virtually identical and significantly lower than wild type
C57BL/6J mice. However, at 12 months of age, Abcc6−/− mice present a much more pronounced
vibrissae calcification as shown on this µCT scan rendering (right, arrows). Plasma PPi results are
shown as means +SEM. p-values were determined by Student’s t-test. ** p < 0.01, **** p < 0.0001.
Derived from [111].

5.3. The PXE Rat

PXE mouse models have been excellent research tools but their small physical size can
be an impediment to using certain investigative tools and techniques such as perfusion or
organ transplantation. In a recent report, Li et al. described the generation of Abcc6−/− rats
using zinc finger nuclease (ZFN) technology [112]. These animals displayed a calcification
phenotype similar to that of Abcc6−/− mice, with mineralization in the skin (vibrissae),
eyes (Bruch’s membrane), kidneys, and arterial beds. Plasma PPi levels were depleted by
more than 60%, which is consistent with Abcc6−/− mice and PXE patients. Using in situ
perfusion experiments, the authors observed a near abolition of PPi levels in liver (and
kidney) perfusates, which has also been described in mice [9,18].

5.4. The “PXE” Zebrafish

Rodent models present remarkable similarity to human diseases and have proven
extraordinarily useful. However, like all models, these systems have limitations, i.e., a
relatively long life span and the associated cost of development and maintenance. Zebrafish
are models that address some of these limitations and provide higher “n” numbers for
observation and quantification. Zebrafish carry two orthologs of human ABCC6 referred to
as abcc6a and abcc6b. These genes encode proteins of 1507 and 1502 amino acids, respectively,
which are similar to the human polypeptide at 1503 amino acids. Abcc6a and -b have ~50%
identity and ~70% similarity with the human protein, respectively. The first attempt to
generate a zebrafish model used morpholino technology, which is now progressively
replaced by genome-targeting methods such as CRISPR/Cas9 because it has often been
difficult to discriminate between specific and non-specific effects. Li et al., 2010 reported
the expression profiles of both abcc6a and abcc6b and the lack of phenotype associated
with abcc6b knockdown [113]. Injection of abcc6a-specific morpholinos induced cardiac
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and developmental malformations followed by death of the animals. This phenotype
could be rescued with injection of mouse Abcc6 cDNA, suggesting some evolutionary
conservation in the physiological function of ABCC6. More recently, van Gils and co-
workers described a CRISPR/Cas9 abcc6a knockout zebrafish [114]. This zebrafish model
showed hypermineralization of the spine starting in the embryonic stage and progressing
into adulthood with scoliosis, vertebral and rib mineralization and loss of normal bone
architecture. These manifestations are not consistent with the human PXE condition and
there was no obvious mineralization in the skin or in the eyes. Thus, the abcc6a zebrafish
model develops an abnormal calcification phenotype but one that does not recapitulate
the human PXE. A new zebrafish model was recently created using the transcription
activator-like effector nuclease (TALEN) technique [115]. These animals displayed similar
skeletal changes as well as calcification in the ocular Bruch’s membrane and a range of other
previously unreported manifestations, such as cardiac fibrosis. Remarkably, this phenotype
could be attenuated by vitamin K treatment, similar to what had been previously reported
in 2015 with another zebrafish model [116].

Overall, zebrafish have shown some utility, notably in the characterization of the
4-phenylbutyrate treatment option for PXE [117], but their evolutionary distance and
phenotypic divergence limit their usefulness for understanding the pathophysiology of PXE.
However, they could be excellent preliminary testing tools for anti-calcification treatments.

5.5. The GACI Models

5.5.1. GACI Mice

The first evidence of a link between defective Enpp1 expression and abnormal min-
eralization was first demonstrated in ‘tiptoe walking’ (ttw/ttw) mice [118]. The various
Enpp1 deficient mouse models that exist present similar characteristics. The animals with
a naturally occurring mutation (ttw/ttw) carry a homozygous nonsense variant in the
Enpp1 coding sequence [118], whereas another mouse model harbors a missense muta-
tion [119]. The phenotype of these mice includes progressive ankylosing intervertebral
and peripheral joint hyperostosis, as well as spontaneous arterial and articular cartilage
calcification and increased vertebral cortical bone formation. Low plasma PPi and PXE-like
calcification are fundamental characteristics of these mice [119,120]. These animals also
have abnormal ossification, cardiovascular pathologies and altered glucose homeostasis
and diabetes [121,122].

5.5.2. The GACI Zebrafish

Similar to PXE and ABCC6, a zebrafish model of GACI was generated targeting the
Enpp1 gene [123]. Unlike the abcc6a KO counterparts, these mutant zebrafish developed
ectopic calcifications similar to that seen in GACI and PXE models in a variety of soft
tissues that included the skin, cartilage, heart, intracranial space, and the notochord sheet.
Treatment with the bisphosphonate etidronate (a PPi analog) rescues some aspects of the
phenotype. The report also noted that the expression of Enpp1 in blood vessels or the floor
plate of mutant embryos was able to rescue the notochord mineralization phenotype.

6. Rescue and Therapeutic Solutions

In recent years, basic science has elucidated the molecular etiology underlying
PXE [6,8,13,76,87,96,124,125], which has led to rapid advances in the development of
many potential therapeutic options for PXE and GACI and the recent completion of three
pilot clinical trials [18–20,80,99,117,126–130]. Among the several approaches (summarized
in Table 1) that have been considered are enzyme replacement therapy, rescue drugs,
and enzyme inhibitors, as well as exogenous compounds such as PPi. All target various
steps in the ABCC6 pathway (Figure 3) with the goal of either slowing or reversing the
progression of the disease. Figure 3 outlines many of these approaches and indicates the
targeted parts of the molecular pathway. We discern two main categories of therapeutic
solutions that have undergone development and testing, thus far. Most of these therapeutic
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solutions have been tested in pre-clinical animal models (mice and zebrafish) and a few
phase I/II clinical trials. Beyond what is described in these paragraphs, note that there
are larger scale trials in preparation and further drug development that are taking place
based on past lessons and data. We cannot describe these ongoing efforts here for reasons
of confidentiality or simply for lack of detailed information.

Table 1. Preclinical studies and early clinical trials for PXE (and GACI).

Treatment/Therapy Rationale/Target Diagnosis References

Correction, replacement, or inhibition of dysfunctional genes/proteins

PTC-124 (Ataluren or Translarna) Allows read-through of PTC codons, targets
nonsense mutations PXE [131]

4-Phenylbutyrate (4-PBA) Corrects missense mutations allowing for
correct cellular localization PXE [80,99,117]

Rh-NPP1-Fc Replacement for ENPP1 GACI [89,132,133]
SBI-425 (TNAP inhibitor) Inhibits the enzymatic activity of TNAP PXE [20,127]

Fetuin-A
Glycoprotein that forms complexes with
calcium and phosphate ions, acts as an

inhibitor of ectopic calcification
PXE [134,135]

Adenovirus with ABCC6 cDNA Transiently express ABCC6 in the liver PXE [136]

Bevacizumab (Anti-VEGF) † Anti-angiogenic therapy; Preserves ocular
function in advanced and early disease stages PXE [24]

Supplementation therapies for direct inhibition of calcification

Sevelamer hydrochloride (Renagel) Phosphate binder PXE [130,137]
Magnesium Inhibits the formation of apatite PXE [129,138,139]

Vitamin K (phylloquinone/menaquinone) Correct for insufficient carboxylation of
matrix gla protein (MGP) PXE [92,115,116,140–143]

Bisphosphonate (etidronate *, zoledronate) Non-hydrolyzable analog of PPi, inhibits
enzymes that utilize pyrophosphate PXE and GACI [18,55,126,144–148]

Pyrophosphate * Potent inhibitor of calcification, ABCC6
modulates PPi production PXE [18,19,120], PROPHECI

INS-3001 (IP6 derivative) Known inhibitor of calcification PXE [149]
Sodium thiosulfate Approved for calciphlaxis PXE [59]

* Denotes treatments undergoing clinical trials, † currently in use in PXE patients. PXE, pseudoxanthoma elasticum; GACI, generalized
arterial calcification of infancy; MGP, matrix gla protein; PPi, pyrophosphate.

 

− −

Figure 3. Tested therapeutic Interventions targeting different steps in the ABCC6 pathway to prevent calcification in
PXE/GACI. Red boxes point to approaches that were tested in preclinical models and that are currently under human
evaluation/trials.

132



Int. J. Mol. Sci. 2021, 22, 4555

6.1. Treatment Outcome Conundrum

Before we begin describing treatment options, there is one important point to address.
With the multiplicity of therapeutic solutions developed and tested, there has been strong
consideration given by both scientists and physicians as to what clinical criteria should be
used to reliably evaluate and quantify treatment outcomes for PXE patients. This debate,
which has been ongoing for several years, has yet to be settled due to the complexity of
the PXE phenotype as multiple organ systems (skin, eyes, cardiovascular, renal, etc. . . . )
are affected with various degree of distribution, severity and considerable inter- and intra-
familial variability [150–152]. Indeed, identical mutations can cause the relatively mild PXE
or severe GACI [17] in humans but also in mice [111]. The lack of genotype/phenotype
correlation only compounds the problem. However, a very recent clinical study performed
with 289 PXE patients found that mixed genotype led to less severe arterial calcification and
ocular manifestations than patients with two truncating ABCC6 variants and suggested that
environmental or modifier genes could also contribute to the still unexplained phenotypic
variability in PXE [153]. The presence of modifier genes modulating calcification in PXE has
been investigated in human and mice but their predictive values for clinical applications
are not clear [109,110,147,150,154–156]. Moreover, PXE is a slow and chronic disease with
stepwise progression of the phenotype occurring over a period of time measured in years,
if not decades [157]. The progression of calcification in Abcc6−/− mice mirrors that of
humans and typically takes many months to develop [18,92]. PPi has been considered as
a potential biomarker as it is central to the etiology of PXE [8] but its plasma levels only
bring partial information as to the status of the disease [158] (See Figure 2). Furthermore,
the daily and long-term natural variations of plasma PPi are not well known. Measuring
calcification is an obvious approach but its quantification in a non-invasive or minimally
invasive manner is not a trivial task. Invasive biopsies were tested in early trials in semi-
quantitative evaluations [129,130]. However, these trials did not yield positive conclusions
and it is possible that the quantification methodology combined with the heterogeneity
of the manifestations may have contributed to the inconclusive results. The capacity of
18F-sodium fluoride (18F-NaF) positron emission tomography/computed tomography
(PET/CT) to identify and evaluate metabolically active osteogenesis in skin and arteries
in PXE patients has been demonstrated [159,160]. This method was applied in the recent
TEMP clinical trial and was able to discern some phenotypical changes within a year
following etidronate administration (Cf. Section 6.7.4) [126]. Although the potential of
some novel methodology is being investigated, at this time [161], PET/CT scan is probably
the best option available to evaluate treatment outcome in PXE patients, but it requires
access to well-equipped medical centers. However, it is very likely that a combination of
methodology and multiyear trials will be needed to achieve clear and objective results in
the future.

6.2. Palliative Treatment: An Ocular Therapy for PXE

As described above, PXE leads to severe visual impairment as a consequence of
choroidal neovascularizations resulting from angioid streaks. Visual loss is one of the
PXE manifestations that impacts quality of life the most. Photodynamic therapy has been
explored but was not found to be effective [162]. Because the monoclonal antibody against
the vascular endothelial growth factor (VEGF–Bevacizumab) has been shown to be benefi-
cial for the treatment of choroidal neovascularizations secondary to age-related macular
degeneration [163], which present many similarities with PXE, Finger et al. performed a
retrospective analysis with a small cohort of PXE patients to determine the effectiveness
of repeated intravitreal injections of Bevacizumab on visual acuity and morphologic out-
comes [24]. The results were unequivocal in showing that this therapy preserved ocular
function in cases of advanced disease and improved function in early stages. As a result,
anti-VEGF therapy has become a common symptomatic treatment for PXE patients.
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6.3. Targeting ABCC6

ABCC6 deficiency causes a broad spectrum of manifestations beyond calcification
that includes vascular malformation (rete mirabile, carotid hypoplasia) [164], dyslipidemia,
and atherosclerosis [93,94], as well as ischemic stroke [165], inflammation [159], premature
cellular senescence in hepatic cells and dermal fibroblasts [166,167], increased infarct size,
and apoptosis [168]. ATP released by ABCC6 and the nucleotides/nucleosides generated
downstream by the ectonucleotidases NPP1 and CD73 regulates cellular signaling towards
P2 (nucleotides) and P1 (Ado) receptors, which have a wide range of physiological influ-
ences that could well explain these other manifestations [124]. The primary advantage and
benefit from therapies that directly aim at restoring ABCC6 function would be the potential
rescue of the full spectrum of manifestations, not just calcification.

6.3.1. PTC-124

About 400 distinct disease-causing variants have so far been reported in the ABCC6
gene (https://www.ncbi.nlm.nih.gov/clinvar, accessed on 3 February 2021). A little more
than 1/3 of all variants are nonsense that most likely result in nonsense-mediated decay
or possibly truncated ABCC6 proteins. The most common and recurrent variant (and the
first to be identified) is the nonsense p.R1141X, which accounts for ∼30% of all pathogenic
alleles in PXE patients of Caucasian descent [169,170].

Correct protein synthesis is at the core of biological processes of all living organisms.
Therefore, many compounds with the ability to overcome premature termination codons
(PTC) have been studied over the years with the hope of restoring full-length protein
synthesis as a therapeutic approach for heritable diseases [171]. Indeed, about 12% of
human genetic disorders are caused by nonsense mutations, leading to the generation of
PTC. This strategy was tried previously with cystic fibrosis patients. In a phase II clinical
trial, these patients were given 1,2,4-oxadiazole (PTC-124), a non-aminoglycoside nonsense
mutation suppressor, with some success [172]. However, follow-up phase III trials were
relatively unsuccessful [173]. This drug is approved for clinical use by the European
Medicines Agency (EMA) to treat Duchenne muscular dystrophy but not by the Federal
Drug Administration in the US. It is commercialized under the names of Ataluren or
Translarna and can be delivered orally. It has not yet been tried clinically for PXE patients.

One preclinical study examined the efficacy of PTC-124 in a “PXE” zebrafish mor-
pholino model. Zhou et al. utilized HEK293 cells transfected with ABCC6 expression
vectors harboring seven different PXE-nonsense mutations, including the most common
stop codon mutation, p.R1141X, to evaluate whether PTC-124 could facilitate read-through
of these variants [131]. Using immunostaining, they found that the amount of full-length
protein synthesis was increased after 72 h of treatment with PTC-124 at a concentration
of 5 µg/mL. To test the functionality of these potential full-length read-through ABCC6
proteins, they employed a zebrafish morpholino rescue system. As PTC-124 primarily
replaces UAG PTC with tRNA corresponding to Trp, Cys, and Arg (here replaced by Gly),
the authors of this study showed that these three possible read-through ABCC6 variants
rescued an Abcc6a morpholino-induced phenotype in zebrafish. Of note, in the ABCC6
mutation database, a single missense variant affecting codon R1141 is reported as p.R1141Q
and is classified as benign. It is therefore possible that substitutions at the R1141 site may
not have negative impact. Despite these encouraging results, the study did not address
calcification and there has been no follow-up study in mouse models of PXE.

One important argument for using PTC-124 would be restoration of the full physio-
logical function of the entire ABCC6 → NPP1 → NT5E⊣TNAP pathway (Figures 1 and 3)
as the Enpp1, Nt5e and Alpl genes are affected in the absence of Abcc6 [11,18]. In addition, a
large fraction of ABCC6 disease-causing variants are nonsense, notably the R1141X variant,
which is particularly prevalent in Caucasian PXE and GACI patients [169,170]. Another
advantage favoring PTC-124 is its oral delivery and that only one allele needs to be targeted,
as PXE and GACI are recessive diseases. However, these advantages are also limitations,
as treatment would only be restricted to those carrying nonsense alleles.
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6.3.2. 4-Phenylbutyrate (4-PBA)

Drug repurposing has gained attention over the past years to cut development cost in
part because the safety of the drugs is known and the risk of failure is reduced. This is par-
ticularly advantageous for rare diseases like PXE and GACI. 4-phenylbutyrate (4-PBA) is an
aromatic fatty acid normally used to treat urea cycle disorders and thalassemia [174–176].
One of its metabolites, phenylacetylglutamine, contains the same nitrogen amount as urea,
and is thus an alternative to capturing excess nitrogen before excretion by the kidneys.
4-PBA is classified as an orphan drug commercialized under the names of sodium phenyl-
butyrate in the U.S. and BUPHENYL or AMMONAPS in other countries. Glycerol phenyl-
butyrate (RAVICTI) is a related compound. It is a triglyceride pro-drug containing three
molecules of 4-PBA linked to a glycerol backbone. RAVICTI is an FDA-approved alterna-
tive to sodium 4-PBA, recommended for pediatric use due to its improved palatability [177].
4-PBA also influences the transcription of endoplasmic reticulum chaperones [178] and this
off-target property has been exploited to treat patients with diseases caused by improper
translocation of proteins to the plasma membrane, including other ABC transmembrane
proteins [179–182].

The repurposing of 4-PBA for use in PXE has been explored in vitro as well as with
Abcc6−/− mice [80,99,117]. 4-PBA was first tested to determine if it could restore the normal
cellular trafficking in vitro and in vivo of 10 frequently occurring disease-causing ABCC6
missense mutants as well as phenotypic rescue in zebrafish. Seven of the mutants were
transport-competent but were retained intracellularly. 4-PBA successfully restored the
plasma membrane localization and functionality of four of these ABCC6 mutants thus
providing the first evidence that 4-PBA therapy was possible for selected patients with
PXE and GACI.

In a follow-up study, the combination of 4-PBA treatment and the transient expres-
sion of human ABCC6 mutants in the liver of Abcc6−/− mice was tested against the DCC
phenotype, which is a reliable indicator of ABCC6 function [99]. Treatments restored
the physiological function of human ABCC6 mutants and inhibited calcification, but in-
terestingly, failed to restore PPi levels in plasma. However, collectively these studies
demonstrated the credibility of 4-PBA for the treatment of both PXE and GACI [99].

The main advantage of 4-PBA is similar to that of PTC-124 and this drug has been in
clinical use for several decades. This would certainly facilitate and expedite clinical trials if
it were to be tested in eligible PXE/GACI patients. The limitations of 4-PBA would also be
similar to those of PTC-124, being an allele-specific drug that can only be applied to ABCC6
missense mutants with verified sensitivity to the drug. However, the premise of potentially
superior approaches focused on restoring PPi levels have supplanted both PTC-124 and
4-PBA and no clinical studies are currently envisioned for either drug.

6.4. Targeting NPP1

As most cases of GACI are caused by mutations in ENPP1, enzyme replacement
therapy has been proposed as a potential strategy to counteract the clinical manifestations
of the disease. NPP1 is a key enzyme in the calcification pathway, converting extracellular
ATP into adenosine monophosphate and PPi. There has been success with this strategy
in preclinical studies. Albright et al. demonstrated that replacement therapy with solu-
ble recombinant human NPP1 (rhNPP1-Fc) successfully reduced ectopic mineralization,
improved plasma PPi levels, and prevented mortality in a rodent GACI model [132]. An-
other study evaluating cardiac outcomes found recombinant NPP1 reduced not only aortic
calcification, but also improved cardiovascular function and blood pressure [133].

GACI presents manifestations beyond calcification that can potentially be attributed to
the influence of NPP1 enzyme activity on extracellular purinergic metabolism [89], which is
consistent with what has been found for ABCC6 and PXE [124]. In a recent study, Nitschke
and co-workers showed that nearly 3

4 of GACI patients display arterial stenoses due to
intimal proliferation of vascular smooth muscle cells (VSMC) [89]. This phenotype can be
reversed effectively in culture and in vivo with rhNPP1-Fc or with adenosine. However,
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neither PPi nor the bisphosphonate etidronate (an off-label treatment for GACI) had an
effect on VSMC proliferation. This is an important finding as it pertains directly to PXE.
Indeed, NPP1, which is immediately downstream of ABCC6, is not only essential for
the generation of extracellular PPi but also for the cleavage of extracellular ATP into
adenosine via the action of CD73 (Figures 1 and 3). Remarkably, CALJA patients with
NT5E mutations (and inactive CD73) develop similar vascular obstructions in the lower
extremities in adulthood [10].

rhNPP1-Fc has yet to be tested in rodent models of PXE; however, there are some
indications that it could potentially be used in this case as well. It has been observed,
even with complete ABCC6 deficiency, that there are fairly high residual plasma levels of
PPi (~40%), indicating that other sources of extracellular ATP exist [9,112]. However, it
is possible that this strategy would require combination therapy to increase ATP release
from cells other than hepatocytes and replace NPP1 in order to restore plasma PPi levels.
However, preclinical studies are needed to demonstrate the viability of this therapeutic
strategy for PXE.

6.5. Targeting TNAP

Alkaline phosphatases are a group of isoenzymes located at the cell surface catalyzing
the hydrolysis of organic phosphate esters in a variety of phosphate-containing physio-
logical compounds. They contribute to a range of physiological functions such as DNA
synthesis, in addition to regulating calcification [183–186]. Alkaline phosphatases are clas-
sified as tissue-specific and tissue non-specific. The isoenzymes found in the intestine,
placenta, and germinal tissue are tissue-specific, whereas the tissue non-specific (TNAP),
often referred to as the liver/bone/kidney alkaline phosphatase, is found in these and
other tissues. These alkaline phosphatases are encoded by four different genes and each
has distinct functions.

The first evidence of a physiological connection between TNAP and a pathology
closely related to PXE was reported in 2011 by St Hilaire et al. [187], even though a
molecular connection was established a few years later [10,168]. This was followed by
a more elaborate series of experiments using cell culture and several mouse models tar-
geting the transporter/enzymes of the ABCC6 pathway (Figures 1 and 3) [20]. Using
primary skin fibroblasts from PXE patients with confirmed ABCC6 mutations, Ziegler et al.
found that these cells had elevated ALPL gene expression and associated TNAP enzymatic
activity as compared to controls. The authors also investigated the effects of a TNAP in-
hibitor, SBI-425 (30 mg/kg/day), administered in the food of Abcc6−/− mice vs. etidronate
(240 mg/kg/day) or normal chow starting at 6 weeks of age for 14 weeks. MicroCT scans
at 20 weeks revealed significant attenuation of calcification in both the mice treated with
the TNAP inhibitor or etidronate. Furthermore, SBI-425 inhibited TNAP activity, whereas
etidronate did not. More promising still as a potential therapeutic, Abcc6−/− mice aged
to 20 weeks and treated with the TNAP inhibitor did not show the same progressive
calcification as control animals, although the treatment did not reverse existing calcification
in this experimental context. Remarkably, Ziegler and colleagues found that plasma PPi
levels did not increase after SBI-425 treatment, despite decreased plasma TNAP activity.
This is somewhat surprising as PPi concentration in the plasma of Nt5e−/− mice is signifi-
cantly reduced [188]. Indeed, the lack of CD73 (NT5E) function leads to less adenosine and
higher TNAP activity, resulting in higher rates of PPi hydrolysis. This apparent discrepancy
is consistent with other circumstantial evidence [111,144], suggesting that plasma levels
do not adequately reflect the steady state levels of PPi in connective tissues where it is
most relevant.

A follow-up study used a slightly different approach to explore the role of TNAP in
the calcification phenotype of PXE and GACI using Abcc6−/−Alpl+/− double-mutant mice
and Enpp1−/− animals [127]. Mice heterozygous for Alpl in an Abcc6-deficient background
showed both reduced plasma TNAP activity and mineralization as compared to controls,
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and the administration of SBI-425 led to similar results. By contrast, SBI-425 treatment of
Enpp1−/− mice did not produce any significant change in mineralization.

Overall, these studies demonstrated that inhibition of TNAP is a convincing treat-
ment strategy for PXE (but maybe not for GACI). In fact, it is convincing enough that a
pharmaceutical company is investing in this approach.

6.6. Gene Therapy

In 2010, an esoteric approach was explored based on the observation that plasma
levels of fetuin-A in patients with PXE as well as in Abcc6−/− mice are reduced by up to
30%. Fetuin-A is a circulating “hepatokine” predominantly synthesized in the liver, which
possesses diverse physiological functions, including bone metabolism regulation, vascular
calcification, and insulin resistance. Because fetuin-A is able to form complexes with
calcium and phosphate ions, it acts as an inhibitor of ectopic calcification. Mice deficient
in this glycoprotein show systemic calcification of soft tissues [134]. In this study [135], a
fetuin-A cDNA was transiently expressed in the liver of Abcc6−/− mice and resulted in
an approximately 70% reduction of whisker calcification. However, the positive effects on
calcification were not persistent.

More recently, the transient expression of the human ABCC6 in mouse liver was shown
to have a positive effect on DCC [13], while permanent expression via transgenes produced
remarkable effects on ectopic calcification in several tissues (whiskers, kidneys, heart),
despite having only modest effects on plasma PPi [18].

A more elaborate methodology was explored with the intravenous administration to
Abcc6−/− mice of a recombinant adenovirus carrying a cDNA encoding the normal human
ABCC6 [136]. The mice showed high-level expression of the human ABCC6 in liver for
several weeks post-delivery. This resulted in the normalization of plasma pyrophosphate
levels. For sustained expression up to three repeated adenovirus injections 4 weeks apart
were also tested with success. At the time of sacrifice the mice were 4–5 months old and
showed very limited signs of mineralization in vibrissae. By contrast, treatments applied
to older mice (11 months old) had no effect on existing mineralization. The human species
C adenovirus serotype 5 (Ad5) used in this study is one the most frequently used gene
delivery systems in animal and clinical studies [189] and presents a high predilection
for liver transduction, which is the primary site of expression of ABCC6 [79,81]. This
proof-of-concept study suggested that adenovirus-mediated ABCC6 gene delivery may be
possible to treat PXE and ABCC6-related GACI patients, when gene therapy, especially one
targeting the liver, has reached sufficient maturity for clinical use.

6.7. Supplementation Therapies for Direct Inhibition of Calcification

Treatments with exogenous compounds such as magnesium, bisphosphonates (PPi
analogs), and PPi are focused on reducing or counteracting the excessive susceptibility
to mineralization found in PXE and GACI patients and to slow or interrupt the clinical
progression of the disease.

6.7.1. Calcium and Phosphate

Quickly after the generation of mouse models for PXE [90,91], several studies were
initiated to look at the effect of dietary minerals (calcium, phosphate, magnesium) that
could influence ectopic mineralization. Interestingly, a first attempt at altering the level of
dietary calcium fed to Abcc6−/− mice produced no significant effect on the calcification
phenotype [138], mostly likely because plasma calcium levels are normally kept within
a narrow range. However, changes to dietary minerals, notably phosphate, produced
significant effects on soft tissue calcification in Abcc6−/− mice [137]. These results prompted
the exploration of phosphate binders as therapy. However, experimental testing in mice
and human PXE patients showed this approach to be ineffective [130,137].

137



Int. J. Mol. Sci. 2021, 22, 4555

6.7.2. Magnesium

Magnesium (Mg2+) is another mineral that inhibits the formation of apatite. In healthy
individuals, serum magnesium concentrations are carefully balanced in a narrow range [190].
The kidneys are the main organs controlling systemic Mg2+ homeostasis, where its trans-
port is highly regulated by hormonal and other intrarenal factors [191]. Bones are the main
reservoir of Mg2+, holding ~60% of the total body content. Mg2+ in bones is primarily
embedded at the surface of the apatite crystals [192]. Because of its inhibitory properties
towards calcification and oral bioavailability, Mg2+ supplementation appeared to be a good
option to decrease soft tissue calcification in pathologies with calcification such as chronic
kidney disease (CKD) [193], but also in PXE, as both share some phenotypical character-
istics [194]. Preliminary testing in Abcc6−/− mice with increased dietary Mg2+ showed
results [138,139] encouraging enough that a prospective human clinical trial was initiated
(NCT01525875). However, the translation to humans proved to be inconclusive [129],
probably because the dosages used in animal models exceeded what could actually be
tolerated in humans and/or as a result of the method for phenotype evaluation methodol-
ogy (Cf. Section 6.1). Therefore, Mg2+ supplementation is probably not a viable treatment
strategy, at least on its own.

6.7.3. Vitamin K

Normal bone mineralization is a highly regulated process, requiring a fine balance
between inhibitors and promoters of calcification [195,196]. Among these regulators of
mineralization, Matrix Gla Protein (MGP) and osteocalcin (OC) are two proteins reliant
on carboxylation for activation and function [196,197]. Gheduzzi et al. described in 2007
high levels of undercarboxylated MGP in the circulation of PXE patients. Uitto et al. also
reported the presence of mostly undercarboxylated MGP in the calcified vibrissae of the
Abcc6−/− mice [198]. At about the same time, a remarkably PXE-like phenotype was de-
scribed in patients carrying mutations in the gamma-glutamyl carboxylase gene (GGCX)
that encodes an enzyme essential for the carboxylation of MGP and OC as well as clotting
factors [199]. Because vitamin K is an essential component in the post-translational carboxy-
lation of glutamate residues (Glu) in these proteins, it was logically proposed that a vitamin
K precursor or a conjugated form was the potential substrate(s) for ABCC6 and that insuffi-
cient carboxylation of MGP was the cause of abnormal calcification in PXE [200]. The fact
that PXE patients have low serum levels of vitamin K [201], and that skin fibroblasts from
patients present molecular signatures of impaired vitamin K-dependent carboxylation [202]
gave further support to this notion. It was the first hypothesis that not only provided a
strong and credible explanation to the calcification phenotype of PXE, but was also easily
testable and offered the prospect of an affordable treatment. The PXE scientific community
lost no time in developing competing studies using Abcc6−/− mice to test various active
forms of vitamin K, primarily K1 and K2 (i.e., phylloquinone or menaquinone), through
dietary supplementation. In quick succession, three publications reported disappointing
results, as none of the vitamin K forms tested at high or low concentrations stopped or
reversed PXE mineralization [92,140,141]. Despite these negative results, interest in the
relationship between vitamin K metabolism and abnormal calcification in PXE and GACI
continues and several follow-up studies have since been published [115,116,142,143]. How-
ever, neither phylloquinone or menaquinone are considered to be viable treatment options
for the time being.

6.7.4. Bisphosphonate Treatment for PXE and GACI

Bisphosphonates are non-hydrolyzable analogs of PPi with two phosphonate (PO3)
groups covalently linked to a central carbon (instead of an oxygen) and two side chains
that determine chemical characteristics. There are two categories of bisphosphonates based
on the presence of a non-nitrogenous or nitrogenous side chain. Because bisphosphonates
mimic the structure of PPi, they have similar properties and can inhibit enzymes that
utilize pyrophosphate. Bisphosphonates have been used clinically for decades in the
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treatment of osteoporosis and Paget’s disease of bone, as well as other applications related
to mineralization.

The bisphosphonate etidronate has been used to treat GACI patients and early treat-
ments improved GACI outcome [145]. Retrospective analyses have confirmed that survival
beyond infancy is markedly improved with etidronate therapy [55,146]. However, this
treatment seems to induce undesirable side-effects as a recent case report highlighted signif-
icant inhibition of skeletal calcification with paradoxical joint calcifications in a 7-year-old
GACI patient [145]. Furthermore, studies on uremic rats or Enpp1−/− mice suggested that
this bisphosphonate is incapable of preventing de novo calcification without alteration to
bone structures [203,204].

For PXE, a first study reported the anti-calcification properties of zoledronate (ni-
trogenous) in an in vitro series of experiments with primary fibroblasts [147]. However,
more elaborate studies with mouse models showed that only administration of etidronate
(non-nitrogenous), but not alendronate (nitrogenous), prevented ectopic mineralization.
However, etidronate treatment did not reverse existing mineralization [18,144,148]. The
effect of etidronate was accompanied by alterations in the trabecular bone microarchitec-
ture similar to what was described for Enpp1−/− mice. Although the results suggested that
biphosphonates could be used as potential treatments for PXE, the high dosages and/or
the bone alterations are potentially detrimental in the long term.

However, these animal studies and the fact that etidronate is an approved drug already
tested for off-label applications against calcification in GACI and basal ganglia calcifica-
tions [205] were sufficiently convincing that a clinical trial termed Treatment of Ectopic
Mineralization in PXE or TEMP was initiated in the Netherlands [126]. This investigation
primarily tested effectiveness and safety of etidronate administration in PXE. The 12-month
long investigation used a cyclical treatment of 20 mg/kg for 2 weeks every 12 weeks in a
randomized, placebo-controlled phase I/II with 74 participants. The primary outcome was
ectopic calcification as determined by 18fluoride positron emission tomography scans in
femoral arterial tissues. Secondary outcomes were computed tomography arterial calcifica-
tion and ophthalmological changes. Safety outcomes were bone density, serum calcium,
and phosphate. The overall results were somewhat mixed, with PXE patients that received
etidronate seeing reduced arterial calcification and subretinal neovascularization events.
However, they did not experience lower femoral 18fluoride positron emission tomography
activity, suggesting that active mineralization was still ongoing. Overall, no adverse effects
from the treatment were reported.

Of note, another phase I/II clinical trial with a French cohort is in preparation and is
called PyROphosPHate supplementation to fight ECtopIc calcification in PXE (PROPHECI,
registration: https://scanr.enseignementsup-recherche.gouv.fr/project/PHRCN-PHRC-
19-0402, accessed on 2 March 2021). This trial will use oral disodium PPi, but etidronate
will be used as a control instead of a placebo.

6.7.5. Pyrophosphate (PPi)

The idea of using PPi as a therapeutic for PXE and GACI came quickly after the dis-
covery that ABCC6 modulates PPi production [8,9], though the idea of using PPi to prevent
ectopic calcification was not new [206,207]. Considering the short half-life of PPi in plasma,
several experimental approaches were devised to counteract calcification in PXE and GACI
mouse models. Two groups proceeded to test different methodologies, with either a single
daily bolus injection [18] or continuous delivery via drinking water [120]. The first study
found that daily injections achieved near complete suppression of ectopic mineralization
in several tissues despite a relatively poor bioavailability of about 0.5%. Importantly, and
similar to other forms of treatments tested thus far, established mineralization could not be
reversed [18].

Because daily injections are not necessarily practical for the lifelong treatment needed
for PXE or GACI patients, oral administration was also evaluated [120]. Adding sodium PPi
to drinking water sustainably raised plasma PPi in both Abcc6−/− mice as well as in human
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volunteers, and significantly decreased calcification in both PXE and GACI mouse models.
However, calcification inhibition was not complete. One of the remarkable discoveries
of the latter study was that, contrary to previous beliefs [208], PPi is bioavailable when
administered orally, although poorly (~0.1%), but is still effective against mineralization.

Furthermore, there has been a recent and inadvertent discovery that modulating PPi
from dietary sources can also be effective at reducing calcification in Abcc6−/− mice [19].
These findings were prompted by a routine change in the supplier of institutional rodent
diet. The new chow was enriched in PPi (a fact unknown to the manufacturer and the
research laboratory), leading to a doubling of plasma PPi and a halving of calcification
in Abcc6−/− mice. Dietary PPi is also readily absorbed in humans with a bioavailability
comparable to that of drinking water (~0.1%), which suggests that dietary preference could
contribute to the considerable and still unexplained phenotypic heterogeneity in PXE [19].

These recent studies unambiguously showed that PPi supplementation via oral deliv-
ery or even by injection are arguably the most promising and credible strategies for treating
PXE (and GACI) patients. Indeed, PPi would be a simple and low-cost medication and it
has a very safe profile. It is a nontoxic, physiological metabolite as per the World Health
Organization (WHO). The US Food and Drug Administration (FDA) lists it as Generally
Recognized As Safe and it is designated as food additive E450(a) in Europe. PPi is thus
widely used in the food industry as a preservative in canned seafood, in baking soda, in
cured meat, etc. . . . and is even present in toothpaste.

For these reasons, a phase II clinical trial using capsulized disodium PPi is currently
being conducted (NCT04441671) while the PROPHECI clinical trial (see above) for PXE pa-
tients is currently in preparation and also proposes to test the oral delivery of encapsulated
disodium PPi.

Of note, several pharmaceutical companies are now investing in the testing and
manufacturing of new PPi formulations for the treatment of calcification in PXE, GACI,
and other diseases.

6.7.6. Phytic Acid (IP6)

Phytic acid (myo-inositol hexakisphosphate; IP6) is a phosphate ester of inositol.
Its anti-calcification properties have been known for some time [209,210]. IP6 has poor
bioavailability and pharmacokinetics, which has prompted the development of a series
of derivatives [211]. These were tested in Abcc6−/− mice [149]. Compound INS-3001 was
found to be superior in calcification inhibition both in vitro and in vivo and displayed a
better plasma half-life as compared with IP6 [211]. INS-3001 was administered to Abcc6−/−

mice before and after the onset of mineralization at various dosages via two methods, either
microosmostic pumps for continuous delivery or sub-cutaneous bolus injections. With the
highest dosages of 4 to 20 mg/kg/day, calcification inhibition in vibrissae was effective,
though calcification reversal was not attained in the longest duration of the treatment
(12 weeks). Although phytic acid (IP6) is a safe compound found in food such as plant
seed and had the FDA designation Generally Recognized as Safe (GRAS), INS-3001 is a
new product with good potential but it remains to be fully evaluated for clinical use.

6.7.7. Sodium Thiosulfate

Sodium thiosulfate (Na2S2O3) is an industrial compound with a long clinical his-
tory [212] and it is commonly employed as a food preservative. It was originally used as
an intravenous medication for metal poisoning [213]. It is now approved for the treatment
of certain rare medical conditions notably calciphylaxis [214]. For this reason, intravenous
sodium thiosulfate was recently administered to a single PXE patient with polygenic inher-
itance and severe early-onset manifestations [59]. This treatment achieved a remarkable
regression of calcific stenosis in the coeliac and mesenteric arteries. However, significant
side-effects resulted in discontinuation of the treatment and in the relapse of the symptoms.
It is unclear if this treatment could be generalized to PXE and/or GACI patients but its
potential use for the reversal of existing calcification should be explored, perhaps as a
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temporary measure to reduce existing calcification before a long-term inhibitory treatment
can be applied.

7. Conclusions

We have learned much about ABCC6 [21] since its initial discovery 20 years ago [5–7],
from its transcriptional regulation [215–217], expression profile [79,81,128], and molecular
function and connections to an existing molecular pathway [8,9], to means and ways
to rescue this transporter and treatments for PXE [18,19,92,98,99]. In two decades, PXE
has gone from gene discovery to early clinical trials [126,218], a remarkable feat for rare
disorders with significant morbidity but low mortality. At the time of this writing, PXE
alone has been the subject of more than 2000 peer-reviewed publications (PubMed citations)
as well as many other book chapters and reviews.

The study of PXE and GACI (and CALJA) has brought to light new fundamental
knowledge about abnormal calcification and may have important implications for many
other pathological contexts in humans. Indeed, the molecular pathway and mechanisms
involved in PXE and the related diseases described above are likely to apply to common
age-associated disorders such as chronic kidney insufficiency, diabetes, atherosclerosis,
inflammatory skin diseases (sarcoidosis, systemic lupus erythematosus, scleroderma, and
dermatomyositis, to name a few). Simple aging is also accompanied by soft tissue min-
eralization. Factors such as inflammation, infections, metabolic alterations, and genetics
greatly influence and can exacerbate the mineralization process. When present, vascular
calcification, an age-old condition [219], is predictive of worse clinical outcomes, with
individual risk for cardiovascular mortality, or any cardiovascular event, dramatically
increasing [220]. We estimate the frequency of heterozygous carriers of ABCC6 mutations
could be as high as 1/80 in the general population [86,221]. Thus, understanding how
ABCC6 (and NPP1) influences the homeostasis of connective tissues may one day be used
to enhance tissue repair and lessen mineralization-associated morbidity and mortality in
the general population. This is particularly important in light of recent reports suggesting
that three of the genes in the pathway shown in Figures 1 and 3 that cause ectopic calcifi-
cation in PXE, GACI, and CALJA [6,8–11,17,18,20] have also been shown to play a role in
dyslipidemia and atherosclerosis [93,94,222–225].

Of all the treatment options explored above, none of them have focused and/or
achieved the removal or reversal of existing calcification in PXE and GACI, save for one
case of sodium thiosulfate usage. If past history has taught us anything, for diseases as
complex as PXE and GACI, no single treatment will cover all aspects of these pathologies
and there will be room for multiple forms of treatments for either disease, whether applied
in combination or in single application.

What is next? The central role of ABCC6 in PXE, GACI, and DCC is now well estab-
lished in humans [56] and animal models [112,226]. However, many aspects of the patho-
physiology of ABCC6 dysfunction are still unexplained. The liver expression of ABCC6 is
necessary but not sufficient for calcification inhibition [13,20]. The identification and contri-
bution of peripheral tissues to calcification regulation remains unresolved. Plasma PPi lev-
els fail to explain the wide range of calcification severity in humans [17] and mice [111] (Cf
Figure 1) and the clinical relevance of potential modifier genes [109,110,147,150,154–156]
is still unknown. Finally, what is (if any) the role of inflammation in the progression of
PXE [159]? Answering some of these questions will not only inform the scientific commu-
nity on these intriguing diseases but will ultimately help to refine and expand upon the
various treatment options explored today.
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Abstract: Inactivating mutations in ABCC6 underlie the rare hereditary mineralization disorder
pseudoxanthoma elasticum. ABCC6 is an ATP-binding cassette (ABC) integral membrane protein
that mediates the release of ATP from hepatocytes into the bloodstream. The released ATP is
extracellularly converted into pyrophosphate, a key mineralization inhibitor. Although ABCC6 is
firmly linked to cellular ATP release, the molecular details of ABCC6-mediated ATP release remain
elusive. Most of the currently available data support the hypothesis that ABCC6 is an ATP-dependent
ATP efflux pump, an un-precedented function for an ABC transporter. This hypothesis implies
the presence of an ATP-binding site in the substrate-binding cavity of ABCC6. We performed an
extensive mutagenesis study using a new homology model based on recently published structures of
its close homolog, bovine Abcc1, to characterize the substrate-binding cavity of ABCC6. Leukotriene
C4 (LTC4), is a high-affinity substrate of ABCC1. We mutagenized fourteen amino acid residues
in the rat ortholog of ABCC6, rAbcc6, that corresponded to the residues in ABCC1 found in the
LTC4 binding cavity. Our functional characterization revealed that most of the amino acids in
rAbcc6 corresponding to those found in the LTC4 binding pocket in bovine Abcc1 are not critical
for ATP efflux. We conclude that the putative ATP binding site in the substrate-binding cavity of
ABCC6/rAbcc6 is distinct from the bovine Abcc1 LTC4-binding site.

Keywords: ABC transporter; pseudoxanthoma elasticum; homology modeling; substrate-binding
site; cellular ATP efflux; mutagenesis

1. Introduction

Inactivating mutations in the gene encoding ATP-binding cassette (ABC) subfamily C
member 6 (ABCC6) underlie the autosomal recessive disease pseudoxanthoma elasticum
(PXE, OMIM #264800) [1–3], characterized by ectopic mineralization in the skin, eyes, and
vascular system [4–6]. PXE is a slowly progressing connective tissue disorder that affects
approximately 1 in 50,000 individuals worldwide [7]. There is currently no specific and
effective therapy for PXE and the disease slowly progresses after initial diagnosis [8].

ABCC6 is predominantly expressed in the liver [9] where it mediates the release of
ATP from hepatocytes into the bloodstream [10,11]. Outside the hepatocytes, yet still in the
liver niche, the released ATP is converted into AMP and the mineralization inhibitor py-
rophosphate (PPi), by ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1) [12].
The absence of ABCC6-mediated ATP release in both PXE patients and Abcc6 null mice
results in plasma PPi levels that are < 40% of those found in ABCC6-proficient individ-
uals [11], providing a plausible biochemical explanation for their ectopic mineralization.
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Moreover, plasma PPi levels decline during pregnancy, which might explain the increased
risk of vascular calcification in multiparous individuals [13]. Recent data indicate that ATP
efflux by the progressive ankylosis protein (ANK) is also a major determinant of plasma
PPi levels [14]. Intriguingly, an ABC protein other than ABCC6 has been reported to also
be involved in cellular ATP release, albeit indirectly, as two ABCG1 variants were found to
control volume-regulated anion channel-dependent ATP release by regulating cholesterol
levels in the plasma membrane [15]. Neither of these ABCG1 variants, however, have been
implicated in the pathology of PXE.

Although low levels of circulating PPi explain why PXE patients suffer from ectopic
mineralization, the molecular details of ABCC6-mediated ATP release remain elusive. Most
ABC proteins of the C-branch function as ATP-dependent efflux transporters, though there
are several exceptions. Thus, ABCC7 is the ATP-gated chloride channel cystic fibrosis
transmembrane conductance regulator (CFTR) with inactivating mutations causing cys-
tic fibrosis [16], and ABCC8 and ABCC9 are regulatory subunits of complex potassium
channels [17].

Most of the currently available data indicate that ABCC6 is an ATP-dependent ATP
efflux transporter: ATP efflux rates from ABCC6-transfected HEK293 cells are very similar
to rates at which ABCC1, ABCC2, and ABCC3 transport morphine-3-glucuronide out
of cells [18]. Moreover, our recent work indicates ABCC6 does not function as an ATP
channel [19] and nor does it induce the exocytosis of ATP-loaded vesicles (our unpublished
data). ABCC6 was initially implicated in the transport of glutathione conjugates in in vitro
vesicular uptake assays [20,21] but these results proved difficult to reproduce in later
studies [6].

In 2017, the structure of LTC4-bound bovine Abcc1 (bAbcc1) in the ATP-free state, with
a bipartite transmembrane cavity open towards the cytosol (inward-facing) was reported
using cryogenic electron microscopy (cryoEM) [22]. This report was later followed by the
cryoEM structure of the ATP-bound, outward-facing state of bAbcc1, with the transmem-
brane cavity open to the opposite side of the membrane [23]. Given that (1) ABCC6 shares
most sequence similarity with ABCC1 [24], (2) the genes encoding both proteins arose from
a recent gene duplication [25], and (3) in vitro studies suggested both proteins might share
LTC4 as a substrate [4,21,26,27] though attempts to connect the transport of LTC4 to the
potential role of ABCC6 failed [6].

We used the ATP-free, LTC4-bound and ATP-bound, substrate-free, bAbcc1 cryoEM
structures as templates to build inward- and outward-facing homology models of hABCC6
and rat Abcc6 (rAbcc6) as a means of identifying amino acids potentially forming the
binding cavity for ATP. Amino acids in ABCC6 at the same positions as those in bAbcc1
comprising the proposed bipartite binding cavity of LTC4 were subsequently mutated in
rAbcc6 expression vectors and the mutant rAbcc6 proteins functionally characterized to
determine if they play a role in ABCC6-dependent ATP release. Several of the introduced
mutations did not markedly alter rAbcc6 activity and thus are not essential for ATP efflux.
Strikingly, the generation of a rAbcc6 mutant in which all amino acids of the modeled
binding cavity were changed into their ABCC1 counterparts, showed ATP efflux similar to
the wild-type protein.

2. Results

2.1. Homology Models of Human and Rat ABCC6/Abcc6

ABC transporters have a common structural core that in ABCC6 and all other ABCC
subfamily members consist of transmembrane domain 1 (TMD1, encompassing transmem-
brane helices (TM) 6 to 11), nucleotide-binding domain 1 (NBD1), TMD2 (TM12 to 17) and
NBD2. We built a sequence alignment for TMD1-NBD1 and TMD2-NBD2 (see Supporting
Information files TMD1-NBD1_Alignment.pdf and TMD2-NBD2_Alignment.pdf), using
several orthologues of ABCC1, ABCC6, and ABCC5, for which negatively charged sub-
strates have been reported. From these alignments, we observed a 46% and 48% sequence
identity for rAbcc6-bAbcc1 and hABCC6-bAbcc1 TMD1-NBD1, respectively, and 52% and
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53% sequence identities for rAbcc6-bAbcc1 and hABCC6-bAbcc1 TMD2-NBD2, respec-
tively. The % sequence identity calculated for TMD1 (rAbcc6 residues 298–608) and TMD2
(rAbcc6 residues 933–1242) are 39% and 48%, respectively, for rAbcc6 and bAbcc1, and
40% for TMD1 and 48% for TMD2 between hABCC6 and bAbcc1. Considering the high
sequence identity with bAbcc1, we modeled the structural core for rAbcc6 and hABCC6 in
two distinct conformational states (Figure S1), based on the cryoEM structures reported
for the LTC4-bound, ATP-free, inward-facing state and on the ATP-bound outward-facing
state of bAbcc1 [22,23].

Consistent with their relatively high degree of sequence identity, both hABCC6/rAbcc6
and bAbcc1 showed a strong positive potential in the cavity along TMs of both TMD1 and
TMD2 (Figure 1). Another common feature of hABCC6/rAbcc6 and bAbcc1 is the presence
of a more negative potential on the extracellular end of the TMDs (Figure S2A), which
following the conformational change to the ATP-bound, outward-facing state, appears less
prominent (Figure S2).
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Figure 1. Electrostatic potential of the inward-facing state of hABCC6/rAbcc6 and bAbcc1. Electro-
static potential mapped on the molecular surface of the ATP-free, inward-facing (A) rAbcc6 model,
(B) hABCC6 model, and (C) bAbcc1 cryoEM structure. The isovalue was set at −10 kBT/e for
the negative potential (red) and +10 kBT/e for the positive potential (blue). For each transporter,
the surface is clipped, and the two halves are shown side by side. The region of the transporters
embedded in the membrane is highlighted by the gray slab. TMDs, transmembrane domains; ICLs,
intracellular loops, i.e., the intracellular extension of the TMDs; NBD1 and NBD2, nucleotide binding
domain 1 and 2.

In the transmembrane cavity of bAbcc1, several residues have been proposed as
participating in the recognition of LTC4 through a network of hydrogen bonds, salt bridges,
and van der Waals contacts (Figure S3, Figure 2 and Table 1) [22], although not all of the
proposed interactions are supported by biochemical studies [28,29].

Table 1. Amino acid residues in rat and human ABCC6, human ABCC1 and human ABCC5 at the
same positions proposed to form the LTC4 binding cavity in bAbcc1. In the last column it is indicated
to which transmembrane helix (TM) and transmembrane domain (TMD) the residues belong. bAbcc1,
bovine Abcc1; hABCC1, human ABCC1; hABCC6, human ABCC6; rAbcc6, rat Abcc6; hABCC5,
human ABCC5.

bAbcc1 hABCC1 hABCC6 rAbcc6 hABCC5 TM Helix

K332 K332 L318 L316 L186 TMD1, TM6

H335 H335 S321 S319 T189 TMD1, TM6

L381 L381 E367 E365 L236 TMD1, TM7

F385 F385 M371 M369 W240 TMD1, TM7

Y440 Y440 Y426 H424 V293 TMD1, TM8

T550 T550 L536 L534 V403 TMD1, TM10

155



Int. J. Mol. Sci. 2021, 22, 6910

Table 1. Cont.

bAbcc1 hABCC1 hABCC6 rAbcc6 hABCC5 TM Helix

W553 W553 F539 F537 A406 TMD1, TM10

F594 F594 K579 K578 Q432 TMD1, TM11

M1092 M1093 S1065 T1064 M992 TMD2, TM14

R1196 R1197 R1169 R1168 R1096 TMD2, TM16

Y1242 Y1243 T1215 T1214 L1142 TMD2, TM17

N1244 N1245 Q1217 Q1216 Q1144 TMD2, TM17

W1245 W1246 W1218 W1217 F1145 TMD2, TM17

R1248 R1249 R1221 R1220 R1148 TMD2, TM17
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Figure 2. rAbcc6 residues in the transmembrane cavity corresponding to those in the bAbcc1 cavity
surrounding LTC4. View from the extracellular side of the transmembrane cavity of the inward-facing,
ATP-free (A) and outward-facing, ATP-bound (B) models of rAbcc6. The residues corresponding
to those of the bAbcc1 LTC4 binding cavity are shown as sticks in light cyan for TMD1 and in teal
for TMD2.

The residues in the cavity are proposed to form a bipartite binding site [30] with
a more prominent positive charge on one side (residues K332, H335, L381, F385, Y440,
F594 of TMD1, and R1196, N1244, and R1248 of TMD2, namely the P-pocket) to bind
the hydrophilic glutathione moiety of LTC4 and a more hydrophobic pocket (namely, the
H-pocket) to accommodate the lipid tail of LTC4 (residues T550, W553 of TMD1, and
M1092, Y1242, W1245 of TMD2) [22]. Our goal was to address if ABCC6 (the corresponding
residues shown in Figure 2 for rAbcc6 and in Figure S3 for hABCC6), in both the ATP-free
and ATP-bound states, might be involved in ATP interaction and efflux. First, we analyzed
how the proposed P-pocket and H-pocket residues are conserved across the sequences taken
into account to build the models. The analysis of the sequence alignment (Supplemental
information files TMD1-NBD1_Alignment.pdf and TMD2-NBD2_Alignment.pdf) showed
that bAbcc1 W553 and W1245 in the hydrophobic pocket are conserved among the ABCC6,
ABCC1, and ABCC5 sequences, and correspond to rAbcc6 residues F537 (TM10 in TMD1)
and W1217 (TM17 in TMD2) (Figure 2). In the P-pocket, the more conserved residues are
bAbcc1 R1196, R1248, and N1244, which correspond to rAbcc6 R1168 (TM16 in TMD2),
R1220 and Q1216 (TM17 in TMD2) (Figure 2).

The degrees of similarity for the other residues of the bAbcc1 P- and H-pockets vary
across the ABCC1, ABCC6, and ABCC5 sequences considered in the alignment. Charged
residues that are not conserved are: (1) bAbcc1 K332, which is a leucine in ABCC6 (L316 in
rAbcc6) and ABCC5, (2) H335 in hABCC1/bAbcc1, which is a serine in the hABCC6/rAbcc6
sequences, and (3) rAbcc6 E365, which is a glutamate only in ABCC6 sequences and a
leucine in hABCC1 (L381 in bAbcc1) and ABCC5. Of note, in hABCC1, K332, and to a lesser
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extent H335, are indispensable for LTC4 binding and transport, indicating K332 and H335
are crucial amino acid residues in its LTC4-binding site [29,31]. An additional alignment
performed using sequences of human ABC transporters of the C subfamily confirmed
these observations and demonstrate exceptionally high conservation of R1168 and R1220
(numbering of rAbcc6) among ABCC proteins (Figure S5).

2.2. Functional Analysis of Single Amino Acid rAbcc6 Mutants

Our aim was to determine whether the residues in ABCC6 corresponding to those
thought to be important in interaction with the physiological ABCC1 substrate LTC4, play
a role in ABCC6-mediated ATP efflux. We used rAbcc6 in these studies, because it has
higher activity in HEK293 cells than hABCC6 [10]. ATP and other nucleoside triphosphates
(NTPs), the putative physiological substrates of ABCC6, carry multiple negative charges.
We hypothesized such negatively charged substrates may be “coordinated” by positively
charged residues in the substrate binding cavity of rAbcc6. Therefore, positively charged
amino acid moieties (i.e., lysine, arginine, and histidine) at these positions, were replaced
with uncharged residues (i.e., glutamine and alanine). Non-charged amino acid residues,
according to the canonical/conservative mutagenesis practices, were changed into cavity-
creating alanine residues, aimed at retaining the overall structure of the protein. The single
amino acid rAbcc6 mutants generated for our study are summarized and positioned in a
topology model of rAbcc6 below (Figure 3A).
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Figure 3. (A): Topology of the rAbcc6 amino acids analogous to those that comprise the LTC4 binding
cavity in bAbcc1. The inactivating mutation in the NBD2, E1426Q, is also indicated (B): Expression of
the rAbcc6 single amino acid mutants in HEK293 cells. Of the total cell protein, 5 µg was fractionated
on a 7.5%-polyacrylamide gel and bands corresponding to wild-type and mutant rAbcc6 proteins
and the housekeeping protein tubulin were detected by Western-blot analysis using the K14 anti-rat
Abcc6 antibody and the anti-tubulin antibody, respectively. The slight differences in electrophoretic
mobility of some of the mutants may be attributed to altered glycosylation or other post-translational
modifications.

Levels of the mutant rAbcc6 proteins in HEK293 cells varied but were within the same
range as those of wild-type Abcc6 (Figure 3B). We then characterized the functionality of
the rAbcc6 mutants by following PPi accumulation in the culture medium as an indirect
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measure of NTP release (Figure 4A,B), as well as by directly determining ATP efflux using
a luciferin/luciferase-based assay (Figure 4B). In both assays the untransfected, parental,
HEK293 cell line as well as the cell line expressing the catalytically inactive E1426Q mutant,
did not release substantial amounts of ATP into the culture medium. In contrast, cells
overproducing wild-type rAbcc6 released large amounts of ATP, resulting in robust PPi
accumulation in the culture medium (Figure 4). These results demonstrate the suitability
of these assays for measuring the consequences of the mutations introduced into rAbcc6.
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Figure 4. Activity of rAbcc6 mutants in HEK293 cells. (A): PPi accumulation in culture medium and
(B): ATP efflux from cell lines overexpressing rAbcc6 in which amino acid residues corresponding to
those forming the bAbcc1 LTC4 binding cavity were mutated. Data are presented as means ± SD
for (A). For (B), means of representative experiments, each with at least 4 replicates are shown. In
(B) data are presented in two graphs to better see results of individual mutants. Wild type: wild-type
rAbcc6, control: parental HEK293 cells. The dashed line in (A) indicates the average amount of PPi in
medium of HEK293 cells overproducing wild-type rAbcc6, which was set at 100%. Values have been
adjusted to take any differences in protein expression of the mutants relative to wild type rAbcc6 into
account. The same color coding was used for each mutant in panels A and B. **** p < 0.001 (ANOVA
and subsequent Dunnett’s multiple comparison test). Changes were considered biologically relevant
when reduced by >50% compared to wild-type rAbcc6.

Many of the rAbcc6 single amino acid mutants allowed cellular ATP efflux similar to
that seen for wild-type rAbcc6, as determined by both PPi accumulation in the medium
(Figure 4A) and the direct ATP efflux assay (Figure 4B). ATP release was substantially
reduced (>75%) when M369, L534, R1168, T1214, and R1220 were mutated (Figure 4A,B).
Changing L316 and H424 residues into alanine moderately reduced (>50%) efflux activity
of rAbcc6. The substitution of the other residues did not reduce, or less substantially
reduced, ATP efflux. The two arginine residues critical for function (rAbcc6 R1168 and
R1220) belong to TMD2. In the ATP-free, LTC4-bound, inward-facing conformation, R1220
(TM17) localizes near one of the entrances of the modelled substrate-binding cavity, lined
by TM15 and TM17 (Figure 5A). M369 (TM7), L534 (TM10), and R1168 (TM16) approx-
imately lie on the same plane as R1220, and their side chains are exposed to the main
cavity, with L534 located on the opposite side (Figure 5A). Among the residues that abolish
ATP efflux when mutated, T1214 (TM17) is the one located further up in the transmem-
brane cavity (Figure 5A). In this conformation, among the other residues considered in
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this study, the side chains of L316 (TM6) and S319 (TM6) are those further away from
the main cavity (Figure 5A). In the outward-facing, ATP-bound state, the cavity opens
towards the opposite side of the membrane. In this state many of the residues are more
buried and located towards the bottom of the outward-facing cavity (Figure 5B). As men-
tioned earlier, R1168 and R1220 are conserved among all the sequences considered for
model building (see Supporting Information files TMD1-NBD1_Alignment.pdf and TMD2-
NBD2_Alignment.pdf), as well as all ABCC family members and their orthologs. The
analogous amino acids are indispensable for all the transport activities of hABCC1, suggest-
ing a key function in overall protein structure [32,33], although we cannot completely rule
out interaction with its substrates. M369 is present as a phenylalanine and a tryptophan in
the ABCC1 and ABCC5 sequences, respectively, while rAbcc6 L534 is a threonine in ABCC1
and a valine in ABCC5 (see Supporting Information file TMD2-NBD1_Alignment.pdf).
rAbcc6 T1214 is also not conserved among the sequences here considered, and it is present
primarily as a tyrosine in ABCC6 and as a leucine in ABCC5 sequences (see Supporting
Information file TMD2-NBD2_Alignment.pdf).
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Figure 5. Mutation of the amino acids forming the modelled rAbcc6 substrate-binding cavity affect
ATP efflux to different degrees. View of the (A) ATP-free inward-facing and (B) ATP-bound, outward-
facing models of rAbcc6. rAbcc6 residues that when mutated abolished and reduced ATP efflux are
shown as red and orange spheres, respectively. Residues that once mutated did not affect ATP efflux
are shown as green spheres. The protein is shown as a white transparent surface and the volume of
the main cavity in both models is shown as a gray surface. The volume was calculated with the 3V
webserver [34].
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2.3. Subcellular Localization of the Single Amino Acid rAbcc6 Mutants That Showed Reduced
ATP Efflux Activity

To exert its function, ABCC6 needs to reside in the plasma membrane. Confocal
microscopy demonstrated that all rAbcc6 mutants with reduced activity routed to the
plasma membrane, similar to wild-type rAbcc6 (Figure 6). This indicates that reduced
plasma membrane localization was not the underlying cause of the reduced activity of
these rAbcc6 mutants. Notably, although a significant proportion of the rAbcc6 mutant
proteins also resided in intracellular compartments, this was not different from wild-type
rAbcc6 and is consistent with our previous observations [19].

Figure 6. Subcellular localization of rAbcc6 mutants with reduced ATP efflux activity. Representative images of the
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subcellular localization of wild-type and single mutant rAbcc6 in HEK293 cells, as determined by confocal microscopy
using the K14 anti-rAbcc6 rabbit polyclonal antibody. Red: Na+/K+ -ATPase, a marker for the plasma membrane; Green:
rAbcc6.; Blue: DAPI nuclear staining; wt rAbcc6: wild-type rAbcc6, control: parental HEK293 cells. All scale bars represent
30 µm.

2.4. Functional Consequences of Changing All 11 Amino Acids of the Modeled rAbcc6
Substrate-Binding Site into Those That Comprise the bAbcc1 LTC4 Binding Site

As most mutants with single amino acid changes in the modeled rAbcc6 substrate
binding cavity retained at least 25% activity, we wondered what the consequences would
be if the entire modeled substrate binding cavity was altered such that it more closely
mimicked that of ABCC1. Of the fourteen amino acids corresponding to those in the bAbcc1
cryoEM structure forming the LTC4-binding cavity, three are identical in rAbcc6 (rAbcc6
R1168, W1217 and R1220) (Table 1 and Figure 2). Thus, the remaining eleven amino acids
of the modeled substrate-binding cavity were changed into residues found in bAbcc1 at
the same positions (L316K, S319H, E365L, M369F, H424Y, F537W, L534T, K578F, T1064M,
T1214Y, and Q1216N) to generate a rAbcc6 mutant protein we have termed rAbcc6-11aa.

As shown in Figure 7A, the rAbcc6-11aa was expressed at about 6.5-fold lower levels
than the wild-type rAbcc6 protein when overexpressed in HEK293 cells and appeared
to have a faster electrophoretic mobility (Figure 7A). The reason for the altered mobility
of rAbcc6-11a is not known but may be due to changes in glycosylation or other post-
translational modification. If underglycosylated, the mutant rAbcc6-11aa protein may have
a faster turn-over time thus explaining why it is expressed at lower levels than the wild-
type protein. However, even if the mutations caused some misfolding of the transporter
during its biosynthesis that impaired its glycosylation, the altered protein structure has
remained stable enough to traffic to the plasma membrane where it can still carry out
active transport. Thus, rAbcc6-11aa still mediated ATP release, as illustrated by both PPi
accumulation in the medium and by real-time ATP efflux assays (Figure 7C,D, respectively).
After adjustment for lower protein levels, rAbcc6-11aa seemed to even display higher
activity than the wild-type protein. These data indicate that changing these 11 amino acids
may have affected the stability of rAbcc6 but had minimal effect on the intrinsic activity of
the protein. Consistent with the significant activity of the rAbcc6-11aa mutant protein, its
abundance in the plasma membrane was also relatively high (Figure 7B).

We next set out to test if the rAbcc6-11aa mutant with the hABCC1/bAbcc1 LTC4-
binding cavity residues transports LTC4. Of note, an initial characterization of hABCC6
indicated it could transport LTC4 [6], although this was not the case for its ortholog
rAbcc6 [35]. Nevertheless, we reasoned that introducing the amino acids in bAbcc1 thought
to form the bipartite LTC4-binding cavity at the corresponding positions in rAbcc6 might
establish LTC4 transport in the latter ABC transporter. The cellular ATP efflux capacity
of the rAbcc6-11aa indicated the protein retained activity. However, in vitro vesicular
transport experiments (widely held to be the gold-standard to confirm that a molecule is a
substrate of a specific ABC transporter) failed to demonstrate LTC4 transport by the rAbcc6-
11aa protein (data not shown). Low levels of LTC4 transport might have been missed,
however, because of the low expression levels of rAbcc6-11aa in our system (HEK293 cells).
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Figure 7. Expression, activity, and subcellular localization of the rAbcc6-11aa mutant. (A): Detection
of rAbcc6-11aa in HEK293 cells by immunoblot analysis. (B): Subcellular localization of rAbcc6-11aa
in HEK293 cells. Red: Na+/K+ -ATPase, a marker for the plasma membrane; Green: rAbcc6; Blue:
DAPI. All scale bars represent 30 µm. (C): PPi accumulation in the medium of the indicated HEK293
cell lines (D): ATP efflux from the indicated HEK293 cell lines. Data are presented as means ± SD for
(C), while means of representative experiments with at least 4 replicates are shown for (D). wild-type:
wild-type rAbcc6, control: parental HEK293 cells. The dashed line in (C) indicates the average PPi
level in medium of HEK293 cells overproducing wild-type rAbcc6, which was set at 100%. The
slight differences in electrophoretic mobility of some of the mutants may be attributed to altered
glycosylation or other post-translational modification. In panels C and D values have been adjusted
to take differences in protein expression of the mutants relative to wild type rAbcc6 into account.

3. Discussion

ABC transporters use the energy derived from ATP hydrolysis to mediate transport of
a wide range of substrates across membranes. Several members of the ABCC subfamily
have been studied for their role in drug resistance and human diseases. Many of these trans-
porters translocate negatively charged solutes. For example, ABCC1 transports organic
anions, including LTC4, a cysteinyl leukotriene with proinflammatory properties [26,27,36],
while ABCC5 transports cyclic nucleotides such as cAMP and cGMP [37,38], important
for signal transduction. Most of the available data indicate ABCC6 transports ATP and
other NTPs out of cells [10,11,39,40]. However, even now, ABCC6-mediated ATP efflux
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has not been shown in vesicular uptake experiments, widely used to demonstrate that
a given compound is actively transported by an ABC transporter [6,19]. Being involved
in the efflux of ATP confers a unique physiological role for ABCC6 among ABCC trans-
porters [19]. We hypothesized that the substrate-binding cavity of ABCC6 is also unique
among ABC transporters, involving amino acids that are not necessarily evolutionarily
conserved among members of the ABCC subfamily. To address this, we built homology
models of hABCC6/rAbcc6 in two different conformations (ATP-free, inward-facing and
ATP-bound, outward-facing) (Figure S1). The previous homology modeling studies of
ABCC6 were performed using available structures of bacterial ABC transporters or the
related mouse P-glycoprotein, a member of the ABCB subfamily [41,42]. Here, we used
the cryoEM structures of bAbcc1 [22,23], and compared the residues in the bipartite LTC4
binding pocket of bAbcc1 with other ABCC1 sequences, as well as ABCC6 and ABCC5
sequences (see the Supporting Information alignment files). This choice was dictated by
the shared ability of ABCC1, ABCC5 and ABCC6 transporters to translocate negatively
charged substrates including cyclic nucleotides, as well as an early study reporting the
ability of hABCC6 to transport LTC4 [20], which suggested there may be similarities in
substrate recognition by hABCC6, hABCC1, and ABCC5. Of note, however, is that rAbcc6
has never been shown to transport LTC4 [35] and later studies also failed to confirm LTC4
transport by hABCC6 [6]. Nevertheless, the overall electrostatic properties of the trans-
membrane cavity appear remarkably similar between the hABCC6/rAbcc6 models and
the bAbcc1 cryoEM structures, with a strong positive potential that might contribute to
the driving force for the uptake of negatively charged substrates from the cytosol (Figure 1
and Figure S2). Interestingly, the negative potential on the extracellular end of the TMDs
(Figure S2A) appeared less prominent following the conformational change to the ATP-
bound state (Figure S2B), possibly facilitating the negatively charged ATP to leave the
substrate binding cavity. Among the bAbcc1 residues found in the proposed LTC4-binding
cavity (Table 1) are three residues that are identical to the corresponding R1168, W1217,
and R1220 in rAbcc6 (Figure 2 and Figure S4), which are conserved among all human
ABCC transporters (Figure S4) and the sequences considered in this study for model
building, likely indicating a common function in maintaining the integrity of the substrate
binding cavity. In the ATP-free, inward-facing homology model, their side chain faces
the main cavity, and the residues belong to TM helices 16 and 17 of TMD2, known to
be crucial for substrate binding and transport in ABCC1 [32,43]. Interestingly, in ABCC1
substitutions of W1246 (corresponding to rAbcc6 W1217) adversely affects transport of
estradiol-17β-glucuronide and methotrexate but not of LTC4 [29,43], also implicating a
role of this amino acid in transporter substrate selectivity. Furthermore, even conservative
same charge substitutions of R1197 and R1249 in hABCC1 cause a global loss of transport
activity [32].

We proceeded with functional studies to test if the putative transmembrane ATP-
binding site of ABCC6 overlaps with the LTC4-binding cavity of bAbcc1 using a rAbcc6
model system [22]. Of the fourteen single amino acid changes introduced into the puta-
tive ABCC6 substrate binding cavity, five were found to reduce ABCC6-dependent ATP
release by >75%, M369, L534, R1168, T1214, and R1220. Mutating the amino acid residue
corresponding to rAbcc6 L534 in ABCC1 (T550) did not affect organic anion transport [44].
In contrast, even conservative mutations of hABCC1 F385 and Y1243 [45] (correspond-
ing to M369 and T1214 in rAbcc6) adversely affected the transport capacity of one or
more organic anions by hABCC1 (Unpublished, Conseil and Cole). Regarding the rAbcc6
R1168 position, previous studies (Table S2) have shown that opposite charge but also like-
charge substitutions of hABCC1 at R1197, corresponding to rABCC6 R1168 and hABCC6
R1169, respectively, substantially reduced overall organic anion transport activity (all 4
organic anion substrates tested) as well as LTC4 binding [32]. Regarding rAbcc6 R1220,
mutations of the corresponding R1221 in hABCC6 have been reported to be disease caus-
ing (R1221C) [46–48] and pathogenic (R1221H) [47,49]. The corresponding amino acid in
hABCC1, R1249, is crucial for overall organic anion transport activity as well, not just
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glutathione-dependent binding of substrates and transport of LTC4 [32,33]. In hABCC2,
the analogous amino acid R1257 is also indispensable for activity, as the mutant protein
is deficient in glutathione conjugate transport, despite correctly routing to the plasma
membrane [50]. In hABCC4, substitution of R998, which is analogous to R1221 in hABCC6
(and R1249 in hABCC1), by alanine completely abolishes the transport of cyclic guanosine
monophosphate (cGMP) [51]. Based on the fact that the rAbcc6 R1168 and R1220 are highly
conserved in ABCC1-6 and that the mutation of these residues hampers the transport func-
tion in the paralogs, we consider it likely that the presence of the charged residues at these
positions is indispensable for all ABCC proteins and the requirement for a positive charged
residue at this position is not specific to ABCC6. The other residues corresponding to those
that form the binding cavity for LTC4 in bAbcc1 had less impact on the rAbcc6-mediated
ATP efflux. Of these, only L316A and H424A had activity that was <50% that of wild-type
rAbcc6 (Figure 4). Somewhat surprisingly, despite evidence of misfolding, the mutant
rAbcc6-11aa protein containing the same LTC4 binding cavity amino acids as bAbcc1 was
still functional and able to efflux ATP. This suggests that the amino acids corresponding to
those proposed to form the bAbcc1 LTC4 binding cavity, in ABCC6/rAbcc6 are not essential
for interaction with or the recognition of its physiological substrate, ATP. Our conclusion,
therefore, is that the binding site for ATP in the transmembrane cavity of ABCC6 is clearly
distinct from the LTC4 binding cavity in bAbcc1. The possible exceptions are two highly
conserved positively charged residues described above, namely rAbcc6 R1168 and R1220,
which are common to the substrate-binding cavity of the ABCC transporters characterized
and likely are essential for proper folding and assembly into a transport competent protein.
Despite the fact that ABCC1 and ABCC6 arose from a recent gene duplication, simple
evolution of a common substrate-binding site most likely does not explain the structurally
very distinct substrates effluxed by the two proteins.

The molecular details of ABCC6-mediated cellular ATP release remain unknown.
As outlined above, an attractive hypothesis is that ABCC6 functions as an ATP-dependent
ATP efflux pump. There are three sets of observations that support the idea that ABCC6
is an ATP efflux pump. First, most members of the C-branch of the ABC superfamily,
including ABCC6′s closest homolog ABCC1, are bona fide organic anion efflux trans-
porters [24,26,52] and ABCC6 has been shown to transport several organic anions in vitro,
albeit sluggishly [6]. Second, the ATP efflux rates found in HEK293-ABCC6 cells [10] are
compatible with a direct transport mechanism for ATP as these rates are very similar to the
rates by which ABCC1, ABCC2, and ABCC3 pump morphine-3-glucuronide out of trans-
fected HEK293 cells [18]. Third, ATP efflux from ABCC6-containing cells can be blocked by
the general ABCC transport inhibitors benzbromarone, indomethacin and MK571 (data
not shown).

As mentioned, vesicular transport experiments are often used to establish substrates
of ABC transporters [24]. However, such assays have so far failed to directly demonstrate
the ABCC6-dependent transport of radiolabeled ATP into inside-out membrane vesicles.
We can, therefore, not completely exclude the possibility that ABCC6 mediates cellular ATP
release other than by direct transport. Purification of ABCC6 and subsequent reconstitution
in proteoliposomes should provide a cleaner experimental system to study ATP transport,
for instance by using dual color fluorescence burst analysis (DCFBA) [53], a technique that
has a more favorable signal-to-noise ratio than the standard vesicular transport assays
that employ radiolabeled ATP. The elucidation of the molecular structure of ABCC6, for
instance by cryoEM, might also in the future provide clues about the molecular mechanism
by which ABCC6 mediates ATP release. Despite many years of intense work on ABCC6,
this ABC protein has not given many of its secrets away.

4. Materials and Methods

4.1. Model Building

We built homology models for the structural ABC transporter core of hABCC6 and
rAbcc6, including residues of TMD1, NBD1, TMD2, and NBD2. First, we generated a multi-
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ple sequence alignment (MSA) using MAFFT [54] including the sequences of the hABCC6,
hABCC1, and hABCC5 proteins from multiple organisms (Table S1), retrieved from UniPro-
tKB [55]. Based on the alignment of hABCC6 and rAbcc6 sequences with bAbcc1, homology
models of hABCC6 and rAbcc6 were generated with Modeller 9v15 [56], using the inward-
and outward-facing cryoEM structures of bAbcc1 as templates [22,23]. For hABCC6 and
rAbcc6, 20 models were generated for both the inward- and the outward-facing states,
by applying a slow refinement protocol and 20 cycles of simulated annealing as in our
previous work on hABCC7 (CFTR) [57]. For the inward-facing state, the ABCC6 models
were generated considering the presence of LTC4 in the template. The final hABCC6 and
rAbcc6 models for each conformation were chosen based on the Discrete Optimized Protein
Energy (DOPE) value implemented in Modeller. The rAbcc6 and hABCC6 models are pro-
vided in the Supporting Information as PDB files. The MSA is provided in the form of two
separate files, covering residues of TMD1 and NBD1 (see TMD1-NBD1_Alignment.pdf),
and residues of TMD2 and NBD2 (see TMD2-NBD2_Alignment.pdf). These files were
generated using Jalview [58] and the residues are colored according to the Clustal X color-
ing scheme implemented in Jalview. The residues highlighted in bold correspond to the
residues investigated in the present study and the rAbcc6 numbering of amino acids is
indicated. The residues of the TM helices of TMD1 and TMD2 are also annotated. The
percentage amino acid identity among bAbcc1, rAbcc6, and hABCC6 was calculated on the
TMD1-NBD1 and TMD2-NBD2 alignment using the id_table command available in Mod-
eler. Sequences of the hABCC1 and hABCC6 proteins shown in Figure S5 were retrieved
from UniProtKB [55] and were aligned using Clustal Omega [59].

Electrostatic potential calculations were performed using the PDB2PQR and APBS
webservers [60,61], using a pH of 7 and a NaCl concentration of 0.15 M. The electro-
static potential was visually mapped on the molecular surface of the models using UCSF
Chimera [62], with a surface offset parameter of 1.4. Figure 5 was also generated using
UCSF Chimera, after calculating the cavity volumes with the 3V webserver, using the
default parameters for the Channel Finder module [34]. Other figures were generated
using PyMOL [63].

4.2. Mutagenesis

Mutagenesis was performed as described previously [19]. Briefly, mutations were in-
troduced into the Gateway entry vector pEntr223-rAbcc6 by uracil-specific excision reagent
(USER) cloning with the primers listed in Table 2 using Phusion U PCR master mix (Thermo
Scientific, Waltham, MA, USA). PCR fragments were purified using the Nucleospin gel
and PCR cleanup kit (Macherey-Nagel, Düren, Germany) and assembled using the USER
enzyme mix (New England Biolabs, Ipswich, MA, USA), according to the manufacturer’s
instructions. Resulting circular constructs were verified by Sanger sequencing and trans-
formed into competent E. coli DH5alpha cells. The cDNAs encoding pEnter223-rAbcc6
mutants were subsequently subcloned into a Gateway compatible pQCXIP expression
vector using LR Clonase-II (Thermo Scientific, Waltham, MA, USA).

Table 2. Primers used to generate the various rAbcc6 mutants.

Construct Mutation Forward Primer Reverse Primer

rAbcc6-
L316A

L316A AGCGCCGUCATTAGCGATGCCTTCAGGTTTG ACGGCGCUGAGGGTCCCCAGCAGGAAA

rAbcc6-
S319A

S319A ATTGCCGAUGCCTTCAGGTTTGCTGTT ATCGGCAAUGACCAGGCTGAGGGTCCC

rAbcc6-
E365A

E365A ACTGTTUGCCCAGCAGTACATGTACAGA AAACAGUGTCTGTAGGCAGGCCGACAA

rAbcc6-
M369A

M369A AGTACGCCUACAGAGTCAAGGTCCTGCAGATG AGGCGTACUGCTGTTCAAACAGTGTCTG
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Table 2. Cont.

Construct Mutation Forward Primer Reverse Primer

rAbcc6-
H424A

H424A ATCCTCGCCCUCAACGGGCTGTGGCTGCTCTT AGGGCGAGGAUGCTCTCGACCAGCCGCTG

rAbcc6-
L534A

L534A AAGTGTCUACATTTCTGGTGGCGCTGGTTGT AGACACTUGGAAGGACACGGCAGAC-
ACAGAGAAGAGGAAG

rAbcc6-
F537A

F537A AAGTGTCUACATTTCTGGTGGCGCTGGTTGT AGACACTUGGGCGGACACGAGAGACACAGA

rAbcc6-
K578Q

K578Q AGCCAGGCCUTCCTCCCCTTCTCTGTGC AGGCCTGGGCUTGGTTAAGGATG

rAbcc6-
T1064A

T1064A AGGGCCCUGCTGACCTATGCCTTTGG AGGGCCCUCATCTTGTCTGGGATGTCCACAT

rAbcc6-
R1168Q

R1168Q ACCAGTGGCUGGCTGCCAACCTGGAGCT AGCCACTGGUCAGCCACCAGCCTCGGGA

rAbcc6-
T1214A

T1214A AGGCTCUGCAGTGGGTGGTCCGCAGCTG AGAGCCUGTGTTACCTGGAGGGCAG-
CAGAAACCG

rAbcc6-
Q1216A

Q1216A ACTCTGGCCUGGGTGGTCCGCAGCTGGAC AGGCCAGAGUCTGTGTTACCTGGAGGGC

rAbcc6-
W1217A

W1217A AGGCCGUGGTCCGCAGCTGGACAGATC ACGGCCUGCAGAGTCTGTGTTACCT

rAbcc6-
R1220Q

R1220Q AGTGGGTGGUCCAATCTGGAGAACAG ACCACCCACUGCAGTCTGTGTTACCT

rAbcc6-
11AA

L316K &
S319H

AGGTCATUCACGATGCCTTCAGGTTT-
GCTGTTCCCAAGC AATGACCUTGCTGAGGGTCCCCAGCAGGAAAGT

E365L &
M369F

AGCAGTACUTCTACAGAGTCAAGGTCCTG-
CAGATGAGGCTG

AGTACTGCUGCAGAAACAGTGTCTG-
TAGGCAGGCCGACAAG

H424Y ATCCTCUACCTCAACGGGCTGTGGCTGC AGAGGAUGCTCTCGACCAGCCGCTG

L534T ACCGTGUCCTGGCAAGTGTCTACATTTCTGGTGGC ACACGGUAGACACAGAGAAGAGG-
AAGGCGGAGGTCT

F537W AAGTGTCUACATTTCTGGTGGCGCTGGTTG AGACACTUGCCAGGACACGAGAGACAC-
AGAGAAGAGGAAGGC

K578F ATCCTTAACUTCGCCCAGGCCTTCCTCCCCTTC AGTTAAGGAUGCTGAGCACCGTGAGCGT

T1064M AGGATGCUGCTGACCTATGCCTTTGGACTCCTGG AGCATCCUCATCTTGTCTGGGATGTCCACATCCAC

T1214Y AGTATCUGAACTGGGTGGTCCGCAGCTGG AGATACUGTGTTACCTGGAGGGCAGCAGAAACCG

Q1216N AACTGGGUGGTCCGCAGCTGGACAGATC ACCCAGTUCAGAGTCTGTGTTACCTGGAGGGCAGC

4.3. Cell Culture and Generation of Mutant Cell Lines

Cell culture and generation of mutant cell lines were performed as described previ-
ously [14,19]. Briefly, HEK293 cells overproducing wild-type rAbcc6 (HEK293-rAbcc6)
and control, untransfected cells (HEK293-control) were cultured at 37 ◦C in a 5% CO2
atmosphere under humidifying conditions in DMEM (HyClone, GE Healthcare, Chicago,
IL, USA) with 100 U pen/strep per mL (Gibco, Waltham, MA, USA) supplemented with 5%
FBS (Fisher Scientific, Waltham, MA, USA). rAbcc6 mutants cloned into the pQCXIP expres-
sion vector were transfected into HEK293 cells using the calcium phosphate precipitation
method. Transfected cells were selected in medium containing 2 µM puromycin. Cell lines
were established from clones showing high expression of the respective rAbcc6 mutants.
Of note, several clones were generated for each rAbcc6 mutation and these subclones
behaved very similarly with respect to PPi accumulation in the culture medium.

4.4. Immunoblot Analysis of Wild-Type and Mutant rAbcc6

The expression of rAbcc6 was confirmed by immunoblot analysis as described previ-
ously [19]. Briefly, cell lysates were prepared in lysis buffer (0.1% Triton-x-100, 10 mM KCl,
10 mM Tris-HCl and 1.5 mM MgCl2, pH 7.4) supplemented with protease inhibitors (EDTA-
free Protease Inhibitor Cocktail, Sigma Aldrich, St. Louis, MO, USA. Samples containing
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5 µg of total protein determined by BCA assay were separated on 7.5% SDS-polyacrylamide
gels (Bio-Rad, Hercules, CA, USA and transferred to a PVDF membranes using a semi-dry
blotting system (Trans-Blot Turbo, Bio-Rad, Hercules, Ca, USA). rAbcc6 was detected
with the polyclonal K14 rabbit anti-rAbcc6 antibody (diluted 1:3000) (kind gift of Dr.
Bruno Stieger) and horseradish peroxidase (HRP)-conjugated donkey anti-rabbit secondary
antibody (1:5000) (Fisher Scientific, Waltham, MA, USA). Mouse anti-α-tubulin (1:1000)
(Sc-23948, Santa-Cruz Biotechnology, Dallas, TX, USA) followed by HRP-conjugated poly-
clonal rabbit anti-mouse IgG employed as secondary antibody (1:5000) (P0161, Dako,
Agilent, Santa Clara, CA, USA), was used as a protein loading control. Antibody binding
was visualized by ECL (Pierce Western blotting substrate, Thermo Scientific, Waltham,
MA, USA).

4.5. Subcellular Localization of rAbcc6 in HEK293 Cells

The localization of rAbcc6 in intact HEK293 cells was detected as described previ-
ously [19]. Briefly, HEK293 cells were seeded and grown for 2 days on 4 well µ-Slides
(ibiTreat 1.5 polymer coverslip, 80426, Ibidi) coated with poly-D-lysine. The cells were fixed
in 4% PFA and subsequently in −20 ◦C cold methanol for 5 min each and then samples
were blocked with Protein Block (Fisher Scientific) for 60 min. Samples were then incubated
for 60 min with the polyclonal rabbit anti-rAbcc6 antibody K14 diluted 1:100 and the mouse
monoclonal anti-Na+/K+-ATPase antibody (ab7671, Abcam, Cambridge, UK) diluted 1:250.
Then samples were incubated for 60 min with Alexa Fluor 488-conjugated goat anti-rabbit
secondary antibody (A11008, Fisher Scientific, Waltham, MA, USA) and Alexa Fluor 568
conjugated goat anti-mouse antibody (A11004, Fisher Scientific, Waltham, MA, USA), both
diluted 1:1000. The samples were subsequently incubated with 300 nM DAPI for 5 min
to stain nuclei. The subcellular localization of wild-type and mutant forms of rAbcc6 was
then analyzed using a Nikon (Tokyo, Japan) Eclipse Ti two point-scanning laser confocal
microscope equipped with a Nikon A1R+. A Plan Fluor 40× Oil DIC H N2 objective with
a 1× optical zoom was used with 405.5, 490.0 and 561.3 nm excitation and 450/50, 525/50
and 595/50 nm emission filters, respectively. Images were acquired with the pinhole set to
1 airy unit.

4.6. Quantification of PPi Levels in Medium Samples

We have previously found that HEK293 cells endogenously express ENPP1 [10]
and that PPi accumulation in the medium can be used as a robust secondary assay to
determine the amount of ATP released by cells into the culture medium. Using two
independent assays to follow ATP efflux provides robust data on the activity of the studied
rAbcc6 mutants. PPi concentrations in cell culture medium samples were determined
as described previously [14,19]. Briefly, PPi was quantitatively converted into ATP by
incubating samples and standards in an assay containing 50 mM HEPES pH 7.4, 80 µM
MgCl2, 32 mU/mL ATP sulfurylase (New England Biolabs, Ipswich, MA, USA), and 8 µM
adenosine 5’-phosphosulfate (Santa Cruz Biotechnology, Dallas, TX, USA) at 30 ◦C for
30 min and the reaction was terminated by incubating the samples at 90 ◦C for 10 min. ATP
levels were then determined in the reaction mix by bioluminescence by adding BacTiterGlo
reagent (Promega, Madison, WI, USA) in a 1:1 ratio in a total volume of 40 µL. PPi
concentrations in medium samples were then calculated by interpolation from a standard
curve. The values were adjusted by subtracting background provided by controls in which
ATP sulfurylase was omitted.

4.7. Real-Time ATP Efflux Assay

The ability of the transfected HEK293 cells to release ATP into the culture medium
was determined using confluent monolayers as described previously [14,19]. In brief, the
medium was removed and replaced with 50 µL efflux buffer, consisting of 11.5 mM HEPES
(pH 7.4), 130 mM NaCl, 5 mM MgCl2, 1.5 mM CaCl2, and 11.5 mM glucose. The cells
were then incubated for 1 hr at 27 ◦C. Next, 50 µL BactiterGlo reagent (Promega) dissolved

167



Int. J. Mol. Sci. 2021, 22, 6910

in efflux buffer was added to each well. Bioluminescence was subsequently determined
in real time in a Flex Station 3 microplate reader (Molecular Devices, San Jose, CA, USA)
as detailed previously [14,19]. The real-time ATP efflux assay was run at 27 ◦C for the
first 1 h and then at 37 ◦C for 2 hr. The initial low temperature allowed endogenous
ecto-nucleotidases to degrade the Abcc6-independent background ATP efflux induced by
the medium change.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22136910/s1, Figure S1: Structural models of rABCC6 and hABCC6. Figure S2: Electrostatic
potential at the extracellular end of the TMDs for ABCC6 and ABCC1, Figure S3: The LTC4 binding
cavity in bABCC1 and hABCC6, Figure S4: Alignment of ABCC1-6 amino acid sequences. Table S1:
List of the ABCC1 and ABCC6 sequences and their corresponding UniProtKB codes used to generate
the alignment for the homology models. Table S2: Functional consequences of mutating rAbcc6 R1168
and R1220 and corresponding residues in hABCC6, hABCC1 and hABCC2. Supporting informa-
tion files: TMD1-NBD1_Alignment.pdf, TMD2-NBD2_Alignment.pdf, hABCC6_inward-facing.pdb,
hABCC6_outward-facing.pdb, rABCC6_inward-facing.pdb, rABCC6_outward-facing.pdb.
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Abstract: The multidrug efflux transporter ABCB1 is clinically important for drug absorption and
distribution and can be a determinant of chemotherapy failure. Recent structure data shows that three
glutamines donate hydrogen bonds to coordinate taxol in the drug binding pocket. This is consistent
with earlier drug structure-activity relationships that implicated the importance of hydrogen bonds
in drug recognition by ABCB1. By replacing the glutamines with alanines we have tested whether
any, or all, of Gln347, Gln725, and Gln990 are important for the transport of three different drug classes.
Flow cytometric transport assays show that Q347A and Q990A act synergistically to reduce transport
of Calcein-AM, BODIPY-verapamil, and OREGON GREEN-taxol bisacetate but the magnitude of
the effect was dependent on the test drug and no combination of mutations completely abrogated
function. Surprisingly, Q725A mutants generally improved transport of Calcein-AM and BODIPY-
verapamil, suggesting that engagement of the wild-type Gln725 in a hydrogen bond is inhibitory for
the transport mechanism. To test transport of unmodified taxol, stable expression of Q347/725A
and the triple mutant was engineered and shown to confer equivalent resistance to the drug as
the wild-type transporter, further indicating that none of these potential hydrogen bonds between
transporter and transport substrate are critical for the function of ABCB1. The implications of the
data for plasticity of the drug binding pocket are discussed.

Keywords: P-glycoprotein; multidrug resistance; ABCB1; taxol; drug transport; ABC transporter

1. Introduction

Multidrug resistance (MDR) remains a problem for the chemotherapy of cancer pa-
tients [1,2]. Polyspecific efflux transporters of the plasma membrane that prevent the
accumulation of a range of drugs to cytotoxic levels are a common cause of MDR [3,4].
The primary transporter associated with failure of chemotherapy is ABCB1 (previously
known as P-glycoprotein and MDR1). Outside of the cancer clinic, ABCB1 is an important
determinant of drug absorption, distribution, and excretion of many drugs including antibi-
otics, anti-epileptics and antiarrhythmics due to its native expression in a range of tissues
including the apical membranes of gut epithelia and endothelial cells of the blood-brain
barrier, and the canalicular membrane of the liver hepatocytes [5]. The polyspecificity of
ABCB1 for many drugs of different structure and chemical class is a key feature of the
transporter that needs to be understood to allow for drug designs which avoid recognition
by the transporter and for the design of specific inhibitors. In this regard, the recent report
by Alam et al. [6] of the structure of ABCB1 in complex with a transport substrate, the
anticancer drug taxol, represents a milestone in its field. The complex was solved by single
particle imaging using cryoelectron microscopy (cryoEM) with the taxol molecule occluded
within the transmembrane domains of the transporter. Twelve amino acids were involved
in drug coordination. These were primarily via weak Van der Waals interactions. However,
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three glutamines, Gln347, Gln725, and Gln990, located respectively in transmembrane helix
(TMH) 6, TMH7, and TMH12, were highlighted to form hydrogen bond contacts (Figure 1).
The study was not without limitations. The medium resolution of 3.5 Å, the low level
of functional activity of the transporter within the nanodisc particles and the trapping of
the transporter conformation using an inhibitory antibody may impact the physiological
significance of the findings. The affect these have on the veracity of structural detail remain
unclear and the implications of the binding pocket were not tested further.
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Figure 1. The taxol binding pocket. Ribbon depiction of ABCB1 with taxol occluded by the transmembrane domains (TMD1,
blue-turquoise spectrum; TMD2, green-orange spectrum). The nucleotide binding domains, NBD1 and NBD2, are shown
in green and red, respectively (pdb: 6QEX). The right-hand panel shows a 12Å slice in the Z plane of the taxol binding
site. The three glutamines Gln347, Gln725, and Gln990 highlighted by Alam et al. [6] to hydrogen bond (dashed grey lines)
with the taxol are show in single letter code and stick format with the bond lengths (N-O) indicated in black in Ångstroms.
The combination of bond angle and length suggests that Gln725 forms the strongest and only H-bond with the baccatin III
tetracyclic ring, while Gln347 and Gln990 form weaker H-bonds with the carbonyl and hydroxyl, respectively, which link to
the diphenolic tail of the drug.

Prior structure-activity studies, where “activity” refers to whether the one hundred
chemicals that were tested are transport substrates of ABCB1 or not, had already suggested
the importance of multiple free electron pairs (and their spatial pattern) in defining the
transport substrates [7–9]. Taxol is particularly rich in these structural motifs with six
pairs (or triplets) of acceptor sites separated by 2.5 or 4.6 Å, respectively, available for
electrostatic interaction with the transporter. Two of these motifs were observed to form
hydrogen bonds in the structure determined by Alam et al. (Gln347 and Gln990 coordinate
the different oxygens within the same motif). Taken together, the simplest interpretation of
these earlier structure-activity relationship data and the recent empirical structural data is
that the three glutamines are likely key to drug recognition.

In the current study, we asked whether any or all of the glutamines are necessary for
triggering the transport cycle and whether they have a role in the polyspecificity of the
transporter. The glutamines were replaced with alanine residues to create single, paired and
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triple mutants. We then measured the effect on the transport efficiency of three different
classes of drug in transiently-transfected cells and tested whether the mutants are able to
confer resistance to taxol after stable expression in Flp-In cells.

2. Results

To test the importance of the hydrogen bond donors implicated in the coordination
of taxol, we effectively removed the donor side chains by site directed mutagenesis and
measured the function of the mutant protein in its native environment of live human cells.
Function analysis used a modified flow cytometric transport assay to correlate ABCB1
expression with the reduced cellular accumulation of a fluorescent transport substrate
normalizing to the untransfected cells in the population.

2.1. Endpoint Two-Colour Flow Cytometry Assay Measures the Function of ABCB1 in Live Cells

HEK293T cells were transfected transiently with pABCB1 encoding wild-type ABCB1.
The density of ABCB1 on the cell surface was determined using saturating amounts of
the anti-ABCB1 monoclonal antibody (4E3) that does not inhibit transporter function. The
primary antibody was detected using saturating amounts of anti-mouse secondary antibody
conjugated to a red fluorescent fluorophore. Use of saturating levels of the primary and
secondary antibodies, which we determined previously [10], is important to confirm that
the mutations introduced did not alter the expression level of the transporter in the plasma
membrane. The red fluorescent cells are easily detected by flow cytometry and when they
express the wild-type transporter these cells accumulate low levels of green-fluorescent
transport substrates or drugs (Figure 2). Transient transfection under the conditions used
never results in 100% transfection efficiency, so there are always non-expressing cells in
the population and these become important internal controls. The drug content (green
fluorescence) within the ABCB1-negative (untransfected) cells divided by the drug content
of the ABCB1-positive cells (equation in Figure 2b) provides a robust and reproducible
measure of the functionality of the transporter. The example given in Figure 2b shows that
the wild-type transporter is able to maintain a fold difference of 96 over the untransfected
population for Calcein-AM added to a final concentration of 0.5 µM. For comparison, for
the Walker B double mutant which is unable to hydrolyse ATP and so cannot function as a
primary active transporter, the calculated ratio is 1.3 (Figure 2c).
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Figure 2. Measurement of functionality of ABCB1 for the transport of Calcein-AM by flow cytometry. (a) Dotplot showing
the gating (autogated population circled in red) of HEK293T cells of normal size and granularity; (b) two-color dotplot
of the gated normal cells showing green-fluorescent Calcein on the x-axis and red-fluorescent antibody binding on the
y-axis. Cells that express wild-type ABCB1 bind the anti-ABCB1 antibody (red antibody shapes in the cartoon cell) and
have a low level of accumulation of Calcein-AM (green circles in the cartoon cell) whilst untransfected cells accumulate
high levels. The ratio of drug accumulation between the ABCB1-expressing and non-expressing cells is used to quantify
transporter functionality. (c) Cells expressing the non-functional Walker B mutant (E556/1201Q) accumulate the same level
of Calcein-AM as the untransfected cells in the population.
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For these data to reflect the functionality of the expressed transporter in a reproducible
manner it is important to control two factors. First, the cells must be exposed to a sufficient
concentration of drugs such that all ABCB1 molecules are required to function to limit
drug accumulation. This was determined empirically by exposing the cells to increasing
levels of drug to determine the concentration at which the ABCB1-positive cells began to
accumulate the green fluorophore. The titration of Calcein-AM is shown in Supplementary
Figure S1a and shows that 0.5 µM is appropriate. Supplementary Figure S1b,c show
the drug accumulation curves for drugs BODIPY-verapamil and OREGON GREEN taxol
bisacetate (OG-taxol), respectively. Accumulation of all three drugs is non-saturable at
least up to 5 µM for Calcein-AM, 8 µM for BODIPY-verapamil and 4 µM for OG-taxol
consistent with a mechanism of entry by passive diffusion. The available data suggests
that drug interaction with ABCB1 is directly from the lipid phase of the bilayer and is
thus post desolvation of the drug [11]. Second, the experimental set up allows gating
on populations of cells that express equivalent levels of the transporter (that have bound
equivalent levels of the red fluorescent secondary antibody), as shown for the exemplar
Calcein-AM transport experiment in Supplementary Figure S2. This ensures that any
differences in drug accumulation between mutants are due to the functionality of the
transporter rather than the density of the transporters in the plasma membrane.

2.2. Gln347, Gln725 and Gln990 Modulate the Transport of the Xanthene Dye Calcein-AM

In order to test the importance of the hydrogen bonds formed between taxol and the
side chains of ABCB1 amino acids Gln347, Gln725, and Gln990, the wild-type glutamines
were replaced with alanine by site-directed mutagenesis. Alanine with its non-polar side
chain is unable to donate an equivalent hydrogen bond to the transport substrate but its
smaller side chain should be tolerated in the tertiary structure of the protein. Individual,
pairwise mutants and a triple (Qtriple) mutant were generated.

2.2.1. Of the Single Mutants, Only Q347A Shows a Statistically Significant Reduction in
Calcein-AM Transport

Single mutants had only a modest effect on the transport of Calcein-AM as shown in
the first four columns of Figure 3. Of the single mutants, only Q347A reduced the function
of the transporter (to 63% of the wild-type level). Q725A showed a trend towards being
more functional than the wild-type but this did not reach statistical significance and no
effect was recorded for Q990A. This suggested that none of the hydrogen bonds that can
be formed with the side chains of these three glutamines are essential for triggering the
transport cycle although it is more efficient at effluxing Calcein-AM with Gln347 present.

2.2.2. Q347A and Q990A Act Synergistically to Reduce the Transport of Calcein-AM

All three double mutant combinations and the triple mutant (Qtriple) were generated.
Their ability to transport Calcein-AM showed pronounced and unexpected differences. A
simple additive effect of Q347A and Q990A would predict a functionality of the Q347/990A
double mutant to be 57% (the level of functionality of the Q990A mutant multiplied by the
level of functionality of the Q347A mutant; 90/100 × 63/100 = 57/100). The observed activ-
ity of the Q347/990A mutant was reduced to 8.8% of the wild-type transporter suggesting
a synergistic effect of the combined mutations and the importance of these two hydrogen
bond donors for the efficient efflux of Calcein-AM. However, it is clearly not essential that
these two glutamines are present because the 8.8 ± 1.87% (mean ± SEM) level of activity re-
mains statistically higher than the Walker B mutant E556/1201Q (1.3 ± 0.59%) which is un-
able to hydrolyze ATP, indicating that the Q347/990A mutant retains measurable function.
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Figure 3. Functionality of glutamine to alanine mutants for the transport of Calcein-AM. Live
HEK293T cells transiently expressing equivalent amounts of wild-type (wt) and mutant ABCB1
were challenged with Calcein-AM. Functionality was measured as the ratio of Calcein accumulation
(Calcein-AM only becomes fluorescent once it is de-esterified in the cytosol) between the ABCB1-
expressing and untransfected cells within the population. This was normalized to 100% for wild-type
ABCB1 for the bar graph shown. The mean ± SEM was plotted using GraphPad Prism version 8;
sample number was ≥3. Selected statistical analysis (ratio of paired Student’s t-test, two-tailed)
performed on the raw data is shown with p values: * <0.05, ** <0.01. The full pairwise comparison
of the data is given in Appendix A Table A1.

2.2.3. The Q725A Mutation Improves the Efficiency of Transport of Calcein-AM

The most surprising result is that the mutation of glutamine 725 to alanine improves
the functionality of ABCB1 for the transport of Calcein-AM. This is most clearly evident
when the Q725A mutation is introduced into the Q347/990A background to generate
the Qtriple mutant. The Qtriple mutant has a transport activity of 50.7 ± 4.0% while the
Q347/990A double mutant has a transport activity of 8.8 ±1.9%. The p value for this
comparison by Student’s t-test is 0.0055, strongly suggesting that the inclusion of the
Q725A mutation has made the Qtriple mutant more active than the Q347/990A double
mutant and at the same time emphasizing that neither Gln347 nor Gln990 are absolutely
necessary for ABCB1 to transport Calcein-AM. The ostensible increase in the mean activities
of the other three constructs that include the Q725A mutation when compared to their
respective backbones (wild-type versus Q725A, Q347A versus Q347/725A and Q990A
versus Q725/990A) fail to reach statistical significance (Table A1).

2.3. Gln347, Gln725 and Gln990 Also Modulate the Transport of the Phenylalkylamine
BODIPY-Verapamil

To test whether Gln347, Gln725, and Gln990 are also important for the transport of a
different drug class, the transport assays were repeated with a fluorescent derivative of the
phenylalkylamine verapamil, which acts as a calcium channel blocker and is used clinically
to treat a variety of heart arrhythmias.

2.3.1. Q725A Improves the Transport of BODIPY-Verapamil in Any Background

The challenge with BODIPY-verapamil gave a clearer indication that the side chain
of the native Gln725 inhibits transport activity (Figure 4). Comparing the raw transport
data of the Q725A single mutant with the wild-type transporter, it is statistically clear that
Q725A increased the ability to efflux BODIPY-verapamil. This relationship is maintained
for all mutants that include Q725A compared to the backbone into which the mutation
was introduced. Thus, Q347/725A is statistically more active for the transport of BODIPY-
verapamil compared to Q347A. Likewise, Q725/990A is more active than Q990A, and the
Qtriple mutant is more active than Q347/Q990A.
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Figure 4. Functionality of glutamine to alanine mutants for the transport of BODIPY-verapamil. Live
HEK293T cells transiently expressing equivalent amounts of wild-type (wt) and mutant ABCB1 were
challenged with BODIPY-verapamil. Functionality was measured as the ratio of BODIPY-verapamil
accumulation between the ABCB1-expressing and untransfected cells within the population. This
was normalized to 100% for wild-type ABCB1 for the bar graph shown. The mean ± SEM was
plotted using GraphPad Prism version 8; sample number was ≥3. Selected statistical analysis (ratio
of paired Student’s t-test, two-tailed) performed on the raw data is shown with p values: * <0.05,
** <0.01. The full pairwise comparison of the data is given in Appendix A Table A2.

2.3.2. Q347A and Q990A Also Act Synergistically to Reduce the Transport of
BODIPY-Verapamil

The Q347A and Q990A mutants (normalized transport activity of 81 ± 8% and
105 ± 16%, respectively (Appendix A Table A2)) combine in the Q347/990A double mu-
tant to reduce the transport of BODIPY-verapamil to 38 ± 10% of the wild-type level
(Figure 4). This double mutant also retains the ability to efflux BODIPY-verapamil because
it is significantly different to the Walker B mutant E556/1201Q.

2.4. Gln347, Gln725 and Gln990 Have a More Limited Effect on the Transport of the Taxane
Diterpenoid Derivative OG-Taxol

Taxol, the transport substrate that was first observed in complex with ABCB1, is
not fluorescent but its derivative OREGON-GREEN taxol bisacetate (OG-taxol) fluoresces
in the green spectrum and retains an ability to bind to microtubules in live cells. We
tested whether, like taxol itself, it is also a transport substrate of ABCB1. A drug titration
experiment showed that ABCB1-expressing cells accumulate less OG-taxol than non-
expressing control cells and indicated that 0.4 µM OG-taxol was sufficient to require all of
the ABCB1 molecules on the surface of our transiently-transfected HEK293T cells to limit
accumulation of the drug (Supplementary Figure S1c).

2.4.1. Of the Single Mutants Only Q990A Appears to Reduce the Transport of OG-Taxol

The Q347A and Q725A mutants were not distinguishable from the wild-type transport
activity. However, the reduced activity of the Q990A mutant reaches statistical significance
only after the raw data are paired (Figure 5). The effect is subtle with the Q990A mutant
retaining 66 ± 8% transport activity for OG-taxol when normalized to wild-type ABCB1.
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Figure 5. Functionality of glutamine to alanine mutants for the transport of OG-taxol. Live HEK293T
cells transiently expressing equivalent amounts of wild-type (wt) and mutant ABCB1 were challenged
with OG-taxol. Functionality was measured as the ratio of OG-taxol accumulation between the
ABCB1-expressing and untransfected cells within the population. This was normalized to 100% for
wild-type ABCB1 for the bar graph shown. The mean ± SEM was plotted using GraphPad Prism
version 8; sample number was ≥3. Selected statistical analysis (unpaired Student’s t-test, two-tailed
performed on the raw data except for the comparison of the wild-type with Q990A for which the raw
data are paired) is shown with p value: * <0.05. The full pairwise comparison of the data is given in
Appendix A Table A3.

2.4.2. The Double Mutants Q347/990A and Q725/990A Reduce the Transport Activity
Further but the Triple Mutant Restores Wild-Type Levels of OG-Taxol Transport

The Q347/725A double mutant is trending towards reduced transport of OG-taxol
but does not reach statistical significance. However, both Q347/990A and Q725/990A
have reduced transport activity for OG-taxol, emphasizing the negative effect of the Q990A
mutation. Perhaps surprisingly, given that all pairwise mutants seem to have reduced
transport of OG-taxol, the triple mutant restores transport activity to wild-type levels.

2.4.3. There Is No Indication That Gln725 Is Inhibitory for the Transport of OG-Taxol

In contrast to the transport of Calcein-AM and BODIPY-verapamil, there is no evidence
from the data that transport of OG-taxol is improved in any mutant harboring the Q725A
change. Although the Q347/990A mutant has a lower mean transport activity (48 ± 9%)
than the Qtriple (82 ± 13%) these are not statistically different and none of the other mutants
to which Q725A has been introduced come close to a statistically relevant difference to the
parent plasmid (e.g., Q990A compared to Q725/990A).

2.5. The Q347/990A and the Qtriple Mutant Are Indistinguishable from the Wild-Type
Transporter in Conferring Taxol Resistance to Cells in Culture

The more subtle differences observed for the transport of OG-taxol suggested that
either the hydrogen bonds donated by Gln347, Gln725, and Gln990 were not particularly
important for the transport cycle or that OG-taxol, despite being a transport substrate
for ABCB1, does not replicate the geometry of taxol in the binding pocket. To test this,
stable cell lines were derived to express the Q347/990A double mutant and the Qtriple
mutant. The Q347/990A mutant was chosen because it consistently had the biggest effect
on the transport of the three transport substrates tested and the Qtriple was chosen in case
the three hydrogen bonds were critical only for the binding of taxol that they had been
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observed to coordinate. To ensure that like for like comparisons could be made, the cDNAs
for Q347/990A and Qtriple were subcloned into pcDNA5/FRT. This allowed site-directed
recombination to introduce a single copy of the plasmid into the same site within the
genome of Flp-In HEK293. Along with Flp-In-ABCB1wt which was generated previously
these stable cell lines ensured uniform levels of wild-type and mutant ABCB1 expression
compared with the vector-only (integrated pcDNA5/FRT) negative control (Figure 6a).
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Figure 6. Stable expression of ABCB1-Q347/990A or ABCB1-Qtriple confers the same level of resistance to taxol as wild-type
ABCB1. (a) Surface expression of ABCB1 (4E3 antibody binding) is similarly elevated for the two mutants (Q347/990A
in orange and Qtriple in cyan) and the wild-type transporter (black) compared to the vector-only control (teal); (b) Flow
cytometric exemplar dotplots in the presence and absence of taxol. Plots for the Flp-In ABCB1-Q347/990A cell line shows
the forward scatter (FSC) and side scatter (SSC) heights in the absence (left hand plot) and the presence of 10 µM taxol for
72 h (right hand plot). All cells of normal size and granularity in the well were counted in a NovoCyte flow cytometer
and analysed in NovoExpress software. The P1 gate which defines the healthy cell population in the absence of taxol was
copied to all other conditions. In the examples shown, there were 71,969 cells in the P1 gate in the absence of taxol and
943 cells in the P1 gate following exposure to 10 µM taxol; (c) Non-linear regression analysis of cell survival on challenge
with increasing concentration of taxol (colour code as above). Cell number in each well of the taxol dilution series was
normalized to 100% for the P1 gate of the zero-taxol condition. The mean ± SEM was plotted with curve fitting by non-linear
regression in GraphPad Prism version 8; sample number, n = 2 biological repeats. The biological repeats were averaged
from duplicate technical repeats. *** p < 0.0001 compared to the vector-only cell line. The cell lines expressing the double
and triple mutant ABCB1 are not significantly different to that expressing the wild-type transporter.

The cell lines were challenged with increasing concentrations of taxol for three days,
after which the cells with normal size and granularity were counted (Figure 6b; the use of
a NovoCyte flow cytometer allowed all cells in the well to be counted in this experiment
thus there is no estimation by counting only a small fraction of population). This allowed
the IC50 for taxol to be calculated for the two test cell lines and compared to positive (cells
expressing the wild-type transporter) and negative (cells with an integrated empty vector)
controls (Figure 6c). It was clear from the survival curves that taxol is a potent cytotoxic,
killing the vector-only control cells with an IC50 = 5.8 nM. Stable expression of wild-type
ABCB1 shifts that IC50 more than 40-fold to an IC50 = 240 nM. The measured half maximal
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inhibitory concentrations for the Flp-In-Q347/990A and Flp-In-Qtriple cells are 430 nM
and 480 nM, respectively, and are statistically indistinguishable from the effect of taxol on
the Flp-In-ABCB1 wild-type cells.

3. Discussion

Structure-activity relationship (SAR) analyses [7] have indicated the importance of free
electron pairs in the transport substrates of ABCB1 while structure data of the transporter
in complex with taxol [6] has identified three glutamines within the drug binding pocket
that donate hydrogen bonds to electron pairs in taxol. Molecular modelling studies [12]
replicate these H-bond interactions in silico but their importance for drug recognition and
to trigger the transport cycle remains unclear. Alam et al. [6] highlighted hydrogen bonds
donated by Gln347, Gln725, and Gln990 to coordinate taxol in the binding pocket of ABCB1.
We have tested whether this H-bonding pattern was key to triggering the transport cycle
with three different pharmacophores, a xanthene, a phenylalkylamine, and two forms of a
taxane diterpenoid. Several conclusions can be drawn from this study with the simplest
being that none of these hydrogen bonds are absolutely essential for transport. Even the
most impaired double mutant, Q347/990A, which retains only 8.8% of the wild-type level
of activity for the transport of Calcein-AM, is still able to reduce the accumulation of the dye
by cells in comparison to the non-functional Walker B mutant E556/1201Q. This equates to
a 25-fold reduction in accumulation of Calcein-AM (the ratio of dye accumulation in the
untransfected cells/Q347/990A-expressing cells) which is statistically different to the non-
functional Walker B mutant which averages 1.3. The wild-type transporter, for comparison,
can reduce accumulation of Calcein-AM by up to 258-fold in these experiments. It is thus
clear that these mutant transporters which should lack the ability to donate hydrogen
bonds to the transport substrate retain at least some level of transport activity for all three
of the different classes of drug tested.

The situation, of course, is more nuanced. There is some consistency in the transport
of different drugs. For example, the Q347/990A mutant has significantly reduced activity
for the transport of all three fluorescent drugs but the level of impairment is to a different
degree (8.8% of the transport activity of the wild-type for Calcein-AM, 37.8% for BODIPY-
verapamil and 48% for OG-taxol). Thus, it would appear that the hydrogen bonding
capacity of the side chains of Gln347 and Gln990 are involved in drug transport. There
are also drug specific effects. There is a clear indication that introduction of the Q725A
mutation improves the transport of Calcein-AM (cf. Q347/990A and Qtriple) and BODIPY-
verapamil, but this is not true for OG-taxol. Perhaps the most surprising finding was that
the Qtriple mutant, in which all three glutamines are replaced by alanine, retained activity
(or regained activity compared to some of the double mutants) for the transport of all
three drugs to achieve 51% transport activity for Calcein-AM, 116% activity for BODIPY-
verapamil and 82% activity for OG-taxol. This observation also emphasizes that Gln347

and Gln990 are not critical for efficient transport because they are also absent from the
Qtriple mutant which is indistinguishable from the wild-type transporter for the transport
of BODIPY-verapamil and OG-taxol.

3.1. A Possible Allosteric Explanation for the Increased Transport Activity of Q725A

The negative effect of the wild-type Gln725 on the apparent transport activity is
consistent with an earlier study by Loo et al. [13] during which they characterized a
Q725C mutant (in an otherwise cysteine-less version of ABCB1). They observed that the
basal ATPase activity of Q725C measured in vitro was raised 2.6-fold, offering a possible
explanation for the improved transport of BODIPY-verapamil and Calcein-AM by the
Q725A mutant if increased ATPase activity leads to increased drug efflux. It is possible
that both the observed increase in ATPase activity and the increase in transport activity of
fluorescent drugs when Gln725 is mutated is not due to the loss of an H-bond to the drug in
the binding pocket but to the loss of an intra-molecular H-bond in a distinct conformation
of the protein. In 2018, Kim and Chen reported the first medium resolution structure of
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human ABCB1 at 3.4 Ångstrom resolution [14]. They made use of the same E556/1201Q
mutant used in the current study to prevent ATP hydrolysis and so were able to trap the
protein with ATP bound in an ‘outward-facing’ conformation that is considered to show
ABCB1 post drug release but prior to ATP hydrolysis. In this conformation, the binding
cavity is closed to the membrane but open extracellularly. The side chains of Gln347 and
Gln990 are not involved in electrostatic interactions with any other residue, but Gln725

forms a hydrogen bond with Asn842 of TMH9 (Figure 7). We speculate that the loss of this
H-bond in the Q725A mutants may be more likely to increase the ATPase activity as TMH
9 is connected directly to the third ‘coupling helix’ (located at the base of the intracellular
loop formed between TMH8 and TMH9). The coupling helices are thought to allosterically
couple the drug binding pocket to the sites of ATP hydrolysis [15,16].
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This leads us to an important caveat. The measurement of fluorescent drug accu-
mulation by ABCB1-expressing cells compared to non-expressing cells is a robust test of
ABCB1 function in live cells in its native environment of the plasma membrane, not just
drug binding to the transporter. The rate of accumulation of drugs by cells depends also
on the physicochemical properties of the drug to diffuse across the plasma membrane.
The available evidence suggests that ABCB1 scans the membrane to identify and efflux
hydrophobic compounds intercalated between the fatty acyl chains to preserve the chem-
ical barrier [17]. The transport cycle begins when the drug complexes with the TMDs,
triggering conformational change such that the NBDs bind ATP. The binding energy of
ATP and the formation of the NBD:NBD interface is sufficient to change the conformation
of the TMDs such that the drug binding site is reorientated to open extracellularly and
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affinity is lowered. Completion of the transport cycle requires ATP hydrolysis (the step
that is absent from the E556/1201Q mutant) to drive the transporter back into the inward
open conformation. Whilst our study of Gln347, Gln725, and Gln990 is predicated on the
coordination of taxol it is also possible that the changes introduced could have a role to play
as the transporter transitions through the conformational changes required to complete a
full cycle.

3.2. Induced Fit of the TMDs around the Transport Substrate Likely Explains the Lack of

Importance of Gln347, Gln725 and Gln990 in Conferring Resistance to Taxol

The flow cytometric assay is also limited by its dependence on fluorescent dyes and
drug analogues. In OG-taxol bisacetate, while the oxygen atoms in the taxol pharmacophore
that were observed to hydrogen bond with Gln347, Gln725, and Gln990 remain available,
the molecular weight of the fluorescent drug is 1.5 times greater than that of taxol which
must affect the geometry of the drug within the binding pocket. To rule out a possible
artefact we generated stable cell lines and, to our surprise, demonstrated that the mutant
Q347/990A and the Qtriple transporters conferred resistance to taxol to the same degree as
the wild-type transporter. So, in a direct test against unmodified taxol that would be unable
to hydrogen bond with the side chains of alanines at positions 347 and 990 (plus or minus
position 725) we observed no difference in the survival curves of ABCB1-expressing cells,
making it clear that the hydrogen bonds observed in the cryoEM data are not particularly
important for the transport of taxol.

A second structure of ABCB1 in complex with a transport substrate, the vinca alkaloid
vincristine, has now been reported by Nosol et al. [18]. The binding pocket of vincristine
overlaps with that of taxol sharing six amino acids in common, including Gln347 and Gln990

(the latter considered close enough to hydrogen bond). Six further amino acids are unique
to the vincristine pocket and five more for taxol. Some of these differences involve a
subtle turn of a helix (for example Tyr307 in TMH5 is implicated in taxol binding while the
adjacent amino acid Ile306 is implicated in vincristine binding). The main contributors to
both binding pockets are from TMH5, 6, 11 and 12 while the vincristine pocket also includes
Met68 and Met69 from TMH1 and Glu875 from TMH10, and the taxol pocket includes Gln725

from TMH7. It is perhaps not coincidental that Seelig had already noted in 1998 that TMH4,
5, 6, 11, and 12 are enriched in amino acids with hydrogen bond donor side chains [7]. It is
possible to reconcile the drug SAR data, the empirical structural data, and the lack of effect
of Q347/990A or the Qtriple to change the level of taxol resistance if the transmembrane
domains are sufficiently flexible to fold around the transport substrate. An induced fit
model has long been postulated to explain the unusually broad polyspecificity of ABCB1
and the first evidence in support of induced fit was reported by Clarke’s group in 2003 in
which they showed a changing cross-linking pattern within the transmembrane domains
in response to different drugs [19]. With this in mind, it seems perfectly reasonable to
suggest that taxol might hydrogen bond to Gln347, Gln725, and Gln990, but in their absence
different hydrogen bonds (or other electrostatic or weaker Van der Waals interactions) may
be formed as the transmembrane domains close around the drug in the cavity. Further
experiments will be required to test whether the lack of effect of the double or triple
glutamine to alanine mutants are due to redundancy among the hydrogen bond donors
within ABCB1. However, it is clear that neither Gln347, Gln725, nor Gln990 are essential for
taxol efflux.

4. Materials and Methods

4.1. Site-Directed Mutagenesis

The cDNA encoding ABCB1 including a 12 histidine carboxy-terminal tag was de-
scribed previously [20]. This cDNA was subcloned into pCI-neo to generate pCI-neo-
ABCB1-12his (henceforth designated pABCB1). The coding sequence was modified by
lightning site-directed mutagenesis (Agilent Technologies, Santa Clara, CA, USA) following
the manufacturer’s recommendations except for generation of the Q347A mutant where a
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lower annealing temperature of 50 ◦C was required. The individual mutants for Q347A,
Q725A, and Q990A were made first followed by the sequential addition of the second
and third mutations. As a negative control for the transport experiments, the catalytic
glutamates within NBD1 and NBD2 (Glu556 and Glu1201, respectively) were mutated to
glutamines, thus preventing activation of the water for nucleophilic attack on the bound
ATP. This mutant was generated previously [21]. Being unable to hydrolyze ATP, this
mutant becomes trapped in the ATP-bound state [22]. Each cDNA was fully sequenced to
ensure veracity.

Mutagenic oligonucleotides with the new alanine codons emboldened (Table 1).

Table 1. Mutagenic oligonucleotides with the new alanine codons emboldened.

Q347A

Forward 5′-ttaattggggcttttagtgttggagcggcatctccaagcat-3′

Reverse 5′-atgcttggagatgccgctccaacactaaaagccccaattaa-3′

Q725A

Forward 5′-gtgccattataaatggaggcctggcaccagcatttgcaataatatttt-3′

Reverse 5′-aaaatattattgcaaatgctggtgccaggcctccatttataatggcac-3′

Q990A

Forward 5′-gccatggccgtgggggcagtcagttcatttgc-3′

Reverse 5′-gcaaatgaactgactgcccccacggccatggc-3′

4.2. Transient Expression of ABCB1

HEK293T cells were grown in DMEM high glucose (ThermoFisher Sci, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS; ThermoFisher Sci, Waltham,
MA, USA) at 37 ◦C in a humidified incubator with 5% CO2. For transient transfection
1.2 × 106 cells were seeded onto a T25 culture flask. Twenty-four hours post seeding the
cells were transfected with 10 µg plasmid DNA in complex with 15 µg linear polyethylen-
imine (Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured for a further 48 h before
harvesting with TrypLE (ThermoFisher Sci, Waltham, MA, USA) and quenching of the
trypsin with culture medium.

4.3. Drug Transport Assay

Transiently-transfected HEK293T cells (5 × 105) were incubated at 4 ◦C for 20 min
with saturating levels (0.5 µg) of anti-ABCB1 antibody (4E3; Abcam, Cambridge, UK) in
transport buffer (DMEM, high glucose (4.5 g/L), minus phenol red, supplemented with 1%
FBS. The cells were pelleted at 500 G for 2 min and the supernatant discarded. The cells
were washed once in transport buffer and resuspended in warm (37 ◦C) transport buffer
containing saturating levels (2.5 µg) of goat anti-mouse secondary antibody, conjugated
to recombinant phycoerythrin (RPE; Dako, Santa Clara, CA, USA) and one of three green-
fluorescent drugs at a final concentration, unless otherwise stated, of 0.4 µM OREGON-
GREEN Taxol bis-acetate (OG-taxol; Invitrogen, Waltham, MA, USA), 0.5 µM Calcein-
AM (ThermoFisher Sci, Waltham, MA, USA), or 0.8 µM BODIPY-verapamil (Invitrogen,
Waltham, MA, USA). The cells were incubated at 37 ◦C for 20 min before pelleting and
washing as before. The cells were then resuspended in a 400 µL transport buffer and kept
on ice until flow cytometry. Single fluorophore samples were also included to control for
spectral spillover during flow cytometry. Two-color flow cytometry was performed on a
LSRII (Becton Dickinson, Franklin Lakes, NJ, USA). Fluorescence data from 10,000 cells
of normal size and granularity were acquired in CellQuest software (Becton Dickinson,
Franklin Lakes, NJ, USA) and analyzed in Flowjo (Becton Dickinson, Franklin Lakes,
NJ, USA).

184



Int. J. Mol. Sci. 2021, 22, 8561

4.4. Stable Expression of ABCB1 in HEK293 Flp-in Cells

HEK293 Flp-In cells with stable expression of ABCB1 wild-type were generated previ-
ously [10]. The cDNAs encoding ABCB1-Q347/990A and ABCB1-Q347/725/990A were
excised from their parent pCI-neo plasmids using BamHI/NotI restriction endonuclease
double digests and subcloned into the equivalent sites of pcDNA5/FRT (ThermoFisher Sci,
Waltham, MA, USA). The resulting pcDNA5/FRT-ABCB1-Q347/990A and pcDNA5/FRT-
ABCB1-Q347/725/990A (Qtriple) were used to co-transfect HEK293 Flp-In cells (Ther-
moFisher Sci, Waltham, MA, USA) along with the pOG44 (ThermoFisher Sci, Waltham, MA,
USA) as a source of Flp recombinase as described by the manufacturer. Stable transfected
cells (Flp-In ABCB1-Q347/990A, Flp-In ABCB1-Q347/725/990A (Qtriple) and pcDNA/FRT
as a vector-only negative control) were selected with hygromycin (200 µg/mL) and, once
uniform expression of the mutant ABCB1 were confirmed, maintained in hygromycin
(100 µg/mL).

4.5. Taxol Survival Curve

Flp-In-ABCB1, Flp-In-ABCB1-Q347/990A, Flp-In ABCB1-Qtriple, and Flp-In-vector
control cells (1 × 104) were seeded into a 96 well dish in 100 µL of DMEM with high
glucose and 10% FBS but without hygromycin and allowed to attach for several hours.
Taxol (Cambridge Bioscience, Cambridge, UK) was added to a final concentration ranging
from 0 nM to 10 µM and the cells cultured at 37 ◦C in a humidified incubator with 5% CO2.
After 72 h the media was aspirated, the cells were detached with 30 µL TrypLE Express
(ThermoFisher Sci, Waltham, MA, USA) which was quenched with 75 µL transport buffer
and transferred to flow cytometry tubes. The entire population of cells of normal size and
granularity, gated on the zero-drug condition, were counted in an ACEA NovoCyte flow
cytometer (Agilent Technologies, Santa Clara, CA, USA). Cell number data were analyzed
in Prism version 8 (GraphPad Software, San Diego, CA, USA). Curve fitting was achieved
used non-linear regression.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22168561/s1. Figure S1: Titration of transport substrates for development of flow
cytometry assay; Figure S2: Confirmation of equivalent levels of ABCB1 at the plasma membrane
ensured that any differences in transport activity were due to ABCB1 functionality rather than the
transporter expression level.
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Appendix A

Table A1. Functionality of mutants for the transport of Calcein-AM normalized to the wild-type transporter and pairwise
statistical comparison of the raw data.

Wild Type
100%

E556/1201Q
1.3 ± 0.6

Q347A
63.1 ± 8.0

Q725A
122.3 ± 36.4

Q990A
90.7 ± 12.8

Q347/725A
92.1 ± 14.2

Q347/990A
8.8 ± 1.8

Q725/990A
75.1 ± 4.0

E556/1201Q
1.3 ± 0.6

<0.0001
**** -

Q347A
63.1 ± 8.0

0.0363
*

0.0061
** -

Q725A
122.3 ± 36.4 ns 0.0379

*
ns -

Q990A
90.7 ± 12.8 ns 0.0025

**
0.0485

* ns -

Q347/725A
92.1 ± 14.2 ns 0.0002

*** ns ns ns -

Q347/990A
8.8 ± 1.8

0.0097
**

0.0024
**

0.0025
**

0.0358
*

0.0031
**

0.0010
** -

Q725/990A
75.1 ± 4.0

0.0301
*

0.0005
*** ns ns ns ns 0.0106

* -

Qtriple
50.7 ± 4.0

0.0131
*

0.0031
** ns ns ns 0.0296

*
0.0055

** ns

The raw data has been used for statistical comparisons. Ratio and paired Student’s t-test was used for all comparisons to wild-type ABCB1
and the Walker B mutants E556/1201Q activities since these positive and negative controls were included in every experiment. Where this
was not possible (because of the large the number of mutants tested and when their construction was completed), unpaired Student’s
t-test was applied to the data normalized to one hundred percent wild-type activity (highlighted in yellow). p values: * <0.05, ** <0.01,
*** <0.001, **** <0.0001, ns = not significant.

Table A2. Functionality of mutants for the transport of BODIPY-verapamil normalized to the wild-type transporter activity
and pairwise statistical comparison of the raw data.

Wild Type
100%

E556/1201Q
10.5 ± 1.6

Q347A
81.4 ± 7.7

Q725A
140.5 ± 12.3

Q990A
105.6 ± 16.3

Q347/725A
136.3 ± 10.0

Q347/990A
37.9 ± 10.1

Q725/990A
151.3 ± 44.3

E556/1201Q
10.5 ± 1.6

<0.0001
**** -

Q347A
81.4 ± 7.7 ns 0.0007

*** -

Q725A
140.5 ± 12.3

0.0410
*

<0.0001
****

0.0061
** -

Q990A
105.6 ± 16.3 ns 0.0026

** ns ns -

Q347/725A
136.3 ± 10.0 ns 0.0040

**
0.0089

** ns 0.0422
* -

Q347/990A
37.9 ± 10.1

0.0258
*

0.0042
** ns 0.0029

** ns ns -

Q725/990A
151.3 ± 44.3 ns 0.0032

**
0.0018

**
0.0286

*
0.0182

* ns 0.0225
* -

Qtriple
115.7 ± 15.3 ns 0.0008

***
0.0022

** ns ns ns 0.0300
* ns

The raw data has been used for statistical comparisons. Ratio or paired Student’s t-test was used for all comparisons to wild-type ABCB1
and the Walker B mutants E556/1201Q as above. Where this was not possible, unpaired Student’s t-test was applied to the raw data
(highlighted in yellow). p values: * <0.05, ** <0.01, *** <0.001, **** <0.0001, ns = not significant.
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Table A3. Functionality of mutants for the transport of OREGON-GREEN taxol bisacetate normalized to the wild-type
transporter activity and pairwise statistical comparison of the raw data.

Wild Type
100 %

E556/1201Q
2.0 ± 0.2

Q347A
104 ± 25

Q725A
84 ± 10

Q990A
66 ± 8

Q347/725A
69 ± 11

Q347/990A
48 ± 9

Q725/990A
50 ± 2

E556/1201Q
2.0 ± 0.2

0.0075
** -

Q347A
104 ± 25 ns 0.0148

* -

Q725A
84 ± 10 ns 0.0032

** ns -

Q990A
66 ± 8

0.0467
*

0.0034
** ns ns -

Q347/725A
69 ± 11 ns 0.0003

*** ns ns ns -

Q347/990A
48 ± 9

0.0184
*

0.0001
*** ns ns ns 0.0292

* -

Q725/990A
50 ± 2

0.0290
*

0.028
*

0.0203
*

0.0305
* ns 0.0234

* ns -

Qtriple
82 ± 13 ns 0.0231

* ns ns ns ns ns 0.027
*

Unpaired Student’s t-test on the raw data was used for all comparisons except for Q990A vs. wild-type where a paired Student’s t-test was
applied to the raw data (highlighted in yellow). p values: * <0.05, ** <0.01, *** <0.001, ns = not significant.
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Abstract: The ABCG2 gene is a well-established hyperuricemia/gout risk locus encoding a urate
transporter that plays a crucial role in renal and intestinal urate excretion. Hitherto, p.Q141K—a
common variant of ABCG2 exhibiting approximately one half the cellular function compared to the
wild-type—has been reportedly associated with early-onset gout in some populations. However,
compared with adult-onset gout, little clinical information is available regarding the association of
other uricemia-associated genetic variations with early-onset gout; the latent involvement of ABCG2
in the development of this disease requires further evidence. We describe a representative case of
familial pediatric-onset hyperuricemia and early-onset gout associated with a dysfunctional ABCG2,
i.e., a clinical history of three generations of one Czech family with biochemical and molecular genetic
findings. Hyperuricemia was defined as serum uric acid (SUA) concentrations 420 µmol/L for men
or 360 µmol/L for women and children under 15 years on two measurements, performed at least
four weeks apart. The proband was a 12-year-old girl of Roma ethnicity, whose SUA concentrations
were 397–405 µmol/L. Sequencing analyses focusing on the coding region of ABCG2 identified
two rare mutations—c.393G>T (p.M131I) and c.706C>T (p.R236X). Segregation analysis revealed
a plausible link between these mutations and hyperuricemia and the gout phenotype in family
relatives. Functional studies revealed that p.M131I and p.R236X were functionally deficient and
null, respectively. Our findings illustrate why genetic factors affecting ABCG2 function should be
routinely considered in clinical practice as part of a hyperuricemia/gout diagnosis, especially in
pediatric-onset patients with a strong family history.

Keywords: ABCG2 genotype; clinico-genetic analysis; ethnic specificity; genetic variations; precision
medicine; rare variant; Roma; serum uric acid; SUA-lowering therapy; urate transporter

1. Introduction

Serum urate concentration is a complex phenotype influenced by both genetic and
environmental factors, as well as interactions between them. Hyperuricemia results from
an imbalance between endogenous production and excretion of urate. This disorder is a
central feature in the pathogenesis of gout [1], which progresses through several degrees,
i.e., asymptomatic hyperuricemia, acute gouty arthritis, intercritical gout, and chronic
tophaceous gout. While not all individuals with hyperuricemia develop symptomatic gout,
the risk of gout increases in proportion to the elevation of urate in circulation. In addition
to hyperuricemia, the risk is also associated with gender, weight, age, environmental,
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and genetic factors [2,3], and interactions between them all. Recent data suggest that the
number of gout patients under the age of 40 years (early-onset) is increasing [4]. These
early-onset patients may have different clinical signs and co-morbidities from those who
present with gout at a later age [5,6]. Given the development of earlier metabolic disorders
in the early-onset gout patients compared with common gout patients [5], together with
the need for continuous management of health from their younger age, understanding the
risks of early-onset gout is clinically important.

More and more evidence suggests that the net amount of excreted uric acid is mainly
regulated by physiologically important urate transporters, such as urate transporter 1
(URAT1, known as SLC22A12, a renal urate re-absorber) [7], glucose transporter member 9
(GLUT9, also known as SLC2A9) [8,9], and ATP-binding cassette transporter G2 (ABCG2,
a high capacity urate exporter expressed in the kidneys and intestines) [10–13]. Dysfunc-
tion of URAT1 and GLUT9 reportedly cause inherited hypouricemia type 1 and type 2,
respectively, while dysfunction of ABCG2 is a risk factor for hyperuricemia and gout [1,14].
Additionally, the ABCG2 population-attributable percent risk for hyperuricemia has been
reported to be 29.2%, which is much higher than for those with more typical environ-
mental risks such as BMI ≥ 25.0 (18.7%), heavy drinking (15.4%), and age ≥ 60 years old
(5.74%) [15]. Hence, dysfunctional variants of ABCG2 may affect clinical outcomes by
influencing the accumulation of uric acid in the body.

The ABCG2 protein, which is an N-linked glycoprotein composed of 655-amino acid,
is a homodimer membrane transporter found in a variety of tissues [16–18]. ABCG2 is
expressed on the brush border membranes of renal and intestinal epithelial cells, where
ABCG2 is involved in the ATP-dependent excretion of numerous substrates from the
cytosol into the extracellular space. ABCG2 was historically first described as a drug
transporter linked to breast cancer resistance [19–21], which led to many studies that
focused on its critical role in drug pharmacokinetics. To date, not only xenobiotics but also
endogenous substances, including uremic toxin [22] and urate [11,12], have been identified
as ABCG2 substrates.

In the context of hyperuricemia/gout, there are about 50 allelic variants, including
a number of rare variants with minor allele frequencies (MAF) < 0.01%, which have
been found in the ABCG2 gene. Wide ethnic differences have been found relative to the
frequencies of these alleles. There are two well-studied, common ABCG2 allelic variants—
p.V12M (c.34G>A, rs2231137) and p.Q141K (c.421C>A, rs2231142) that have highly variable
frequencies depending on ethnicity. Both are commonly found in Asians (in a relatively
large number of ethnic groups) but are rarely found in Europeans [23]. A minor allele
of p.V12M appears to be protective regarding susceptibility to gout [24]; however, this
apparent effect is due to linkage disequilibrium between p.V12M and other dysfunctional
ABCG2 variants [25]. In other words, the V12M mutation has little impact on the function
of ABCG2. On the other hand, the p.Q141K variant decreases ABCG2 levels, which
reduces the cellular function of ABCG2, as a urate exporter, by 50% [12]. In addition to
p.Q141K, p.Q126X (c.376C>T, rs72552713), which is common in the Japanese population
(MAF, 2.8%) [26] but rare in other populations, has been identified as hyperuricemia- and
gout-risk allele [12]. Given that p.Q141K and p.Q126X variants are both associated with a
significantly increased risk of gout, the effects of dysfunctional variants of ABCG2, relative
to gout susceptibility, are genetically strong [27].

In a recent study focusing on 10 single nucleotide polymorphisms in 10 genes (ABCG2,
GLUT9/SLC2A9, SLC17A1, SLC16A9, GCKR, SLC22A11, INHBC, RREB1, PDZK1, and
NRXN2) that are strongly associated with serum uric acid (SUA) concentrations, only
ABCG2 p.Q141K was associated with early-onset gout (< 40 years of age) in European
and Polynesian subjects [28]. Additionally, in a previous study, we found that the MAF of
p.Q141K in a cohort of hyperuricemia and gout with pediatric-onset was 38.7%, which was
significantly higher than adult-onset (21.2%) as well as normouricemic controls (8.5%) [29].
This information suggests that ABCG2 dysfunction could be strongly associated with
pediatric-onset hyperuricemia and early-onset gout; however, compared with adult-onset
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gout, little clinical information is available, except for the ABCG2 p.Q141K, regarding early-
onset gout linked to other SUA-associated mutations. Furthermore, the latent involvement
of ABCG2 in the development of this disease requires further evidence.

In this study, we investigated the genetic cause of pediatric-onset hyperuricemia and
early-onset gout over three generations of a single family. Based on a positive family
history of hyperuricemia or gout, we identified two rare mutations, c.393G>T (p.M131I)
and c.706C>T (p.R236X), in the ABCG2 gene. A series of biochemical assays revealed that
ABCG2 p.M131I and p.R236X were functionally deficient and null, respectively. Our results
also contributed to a more in-depth understanding of the effects of rare ABCG2 variants,
which is a highly polymorphic gene, on its function as a physiologically important trans-
porter.

2. Results

2.1. Subjects

The clinical and biochemical data from this study are summarized in Table 1. Re-
peated biochemical analysis of the proband (a 12-year-old girl with chronic asymptomatic
hyperuricemia) showed elevated serum urate (397–405 µmol/L; 6.67–6.81 mg/dL) with
a decreased fractional excretion of uric acid (FE-UA) (2.2–3.5%). No clinical or labo-
ratory symptoms of renal disease were present in the patient. The girl’s mother (38-
years-old) had previously presented with asymptomatic hyperuricemia (420–439 µmol/L;
7.06–7.38 mg/dL of serum urate); both the maternal grandfather (66-years-old) and the
maternal uncle (40-years-old) had presented with hyperuricemia (500–537 µmol/L; 8.41–
9.03 mg/dL) and early-onset gout, with the first gout attack occurring in the uncle when
he was 35-years-old. The girl’s father (38-years-old) presented with asymptomatic hy-
peruricemia (487 µmol/L; 8.19 mg/dL of serum urate), which seemed to be associated
with metabolic syndrome (i.e., hypertriglyceridemia, hypertension, and central obesity).
Metabolic investigation for purine metabolism (i.e., hypoxanthine and xanthine levels in
the urine) found normal urinary excretion, suggesting that hyperuricemia in our patients
and family relatives was not caused by an excess production of uric acid. Thus, we focused
on the physiologically important urate transporters, especially ABCG2, which regulate
urate handling in the body as described below.

Table 1. Clinical and biochemical data of a family with early-onset hyperuricemia and gout.

Proband Mother Maternal uncle
Maternal

grandfather
Father

Age of onset
(HA/gout)

12 years (HA) 35 years (HA) 35 years (gout) 43 years (gout) 30–35 (HA)

Main symptoms Asymptomatic Asymptomatic Gout Gout Asymptomatic

Other symptoms or
diseases

Astigmatism;
Bilateral cataracts;

Myopia;
Bronchial asthma;

Obesity

Thyropathy;
Vertebrogenic

Algic syndrome

T2D;
Hypertension;

Obesity;
Thyropathy

T2D;
Hypertension

Bronchial asthma;
Hypertriglyceridemia;

Hypertension;
Central obesity

SUA before
treatment [µmol/L

(mg/dL)]

397–405
(6.67–6.81)

420–439
(7.06–7.38)

>500
(>8.41)

537
(9.03)

487
(8.19)

UUA
[mmol/mol
creatinine]

3.34 1.47 2.10 n.d. 2.45

FE-UA [%] 2.2 4.6 2.9 n.d. 3.9

Therapy No No Allopurinol
(100 mg per day)

Colchicine;
Allopurinol

(300 mg per day)
No

SUA during
treatment [µmol/L

(mg/dL)]
n.d. n.d.

446
(7.50)

(non-compliance)

422
(7.09)

(non-compliance)
n.d.

HA, hyperuricemia; SUA, serum uric acid; UUA, urine uric acid; FE-UA, fractional excretion of uric acid; T2D, type 2 diabetes mellitus;
n.d., not determined. Reference ranges are as follows. SUA: 120–360 µmol/L (2.02–6.05 mg/dL) (< 15 years and female), 120–420 µmol/L
(2.02–7.06 mg/dL) (male); UUA: 0.1–1.0 mmol/mol creatinine (< 15 years), 0.1–0.8 mmol/mol creatinine (≥15 years); FE-UA: 5–20%
(<13 years), 5–12% (male), 5–15% (female).
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2.2. Genetic Analysis

Targeted exon sequencing analyses of ABCG2 revealed that the proband had two rare
heterozygous non-synonymous mutations, i.e., (1) c.393G>T (p.M131I, rs759726272) and
(2) c.706C>T (p.R236X, rs140207606). No other exonic mutations were found, including
previously characterized common genetic risk factors for hyperuricemia/gout, such as
ABCG2 c.376C>T (p.Q126X) and c.421C>A (p.Q141K). Moreover, a segregation analysis of
the family confirmed the two mutations as probably being disease-associated mutations.
Heterozygous c. 393G>T and c.706C>T were identified through the maternal line in the
mother, uncle, and grandfather of the proband. The pedigree is shown in Figure 1 along
with representative electropherograms of partial ABCG2 sequences showing a heterozy-
gous missense mutation (c.393G>T) in exon 5 and a nonsense mutation (c.706C>T) in
exon 7. Moreover, sequencing analyses, including analyses of previously known SUA-
associating loci, found no disease-associated non-synonymous mutations in GLUT9 and
URAT1. Although two mutations, c.73G>A (p.G25R, rs2276961) and c.844G>A (p.V282I,
rs16890979), were found in GLUT9; however, previous studies have shown that they would
not cause hyperuricemia/gout [30,31].
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Figure 1. Identification of novel disease-associated mutations c.393G>T (p.M131I) and c.706C>T
(p.R236X) in ABCG2. Left, the pedigree of a Czech family with early-onset hyperuricemia and gout;
Right, representative electropherograms of partial sequences of ABCG2 showing the heterozygous
point mutations (red) discovered in our present study. I–III, generation of the family; P, proband;
y, years old.

Further sequencing analyses revealed that neither of these ABCG2 mutations was
detected in a previously enrolled cohort of 360 patients with hyperuricemia/gout and
a cohort of 132 normouricemia control subjects of European descendent [32]. However,
in another control group of 60 subjects of Roma ethnicity [33], although serum urate
and FE-UA values were not available, we found one copy of c.393G>T (p.M131I), but
without c.706C>T (p.R236X), in a male hemodialysis patient with severe chronic kidney
disease. This finding suggested that c.393G>T (p.M131I) and c.706C>T (p.R236X) can occur
independently, which led us to examine the effect of each non-synonymous mutation on
the ABCG2 protein.

Additionally, the independent genetic origin of these two ABCG2 mutations was
also strongly supported by supplementary analyses of MAF data that is openly available
from the Exome Aggregation Consortium (http://exac.broadinstitute.org/ (accessed on
30 November 2020)). With regard to c.393G>T (p.M131I), only six heterozygotes of the
minor allele (393T) were found in a cohort of 64,397 European subjects (MAF, 0.0047%);
with even fewer carriers in other populations (total worldwide MAF frequency = 0.0021%).
With regard to c.706C>T (p.R236X), 48 heterozygotes of the minor allele (706T) were found
in a cohort of 645,050 European subjects (MAF = 0.0372%, which is almost 8 times greater
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than the MAF of c.393G>T); in other populations, frequencies ranging from 0.0000% in
European Finnish to 0.1254% (the highest) in Ashkenazi Jewish were found.

2.3. Functional Analysis

To investigate the effect of the two identified non-synonymous mutations (p.M131I
and p.R236X) on the intracellular processing and function of the ABCG2 protein, we con-
ducted several biochemical analyses using transiently ABCG2-expressing mammalian cells
(Figure 2). First, immunoblotting for N-glycosidase (PNGase F)-treated whole cell lysates
(Figure 2A) demonstrated that p.M131I had a minimal effect on protein levels and N-linked
glycosylation status, while the p.R236X variant was detected as truncated forms of the
protein with weaker band intensities compared to ABCG2 wild-type (WT), as would be
expected based on its amino acid sequence. Confocal microscopy (Figure 2B) showed that,
like ABCG2 WT, the p.M131I variant was mainly located on the plasma membrane, while the
p.R236X variant exhibited little plasma membrane localization. Expression of the p.M131I
variant as a glycoprotein on plasma membrane-derived vesicles was confirmed using im-
munoblotting (Figure 2C). Next, using a vesicle transport assay [34] with an optimized
experimental procedure for determining the initial rate of urate transport by ABCG2 based
on our previous studies [12,35], ABCG2 function was evaluated as having ATP-dependent
urate transport activity into plasma membrane vesicles (Figure 2D). The functional assay
revealed that contrary to the WT, p.M131 had limited ATP-dependent urate transport ac-
tivity, with the ABCG2-mediated urate transport activity of this variant calculated to be
14 ± 2% of the WT controls. The p.R236X variant was functionally null (Figure 2D), which
was consistent with the results of our biochemical analyses (Figure 2A–C).
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3. Discussion

In this study, we found and analyzed a representative case of pediatric-onset hyper-
uricemia and early-onset gout in a Czech family associated with two newly identified, one
functionally deficient and the other a null mutation, in ABCG2. A positive family history of
hyperuricemia/gout in the context of ABCG2 dysfunction was observed in the maternal
line (the mother, maternal uncle, and maternal grandfather) of the proband (a young girl, of
Roma ethnicity, with chronic asymptomatic hyperuricemia); her father exhibited elevated
serum urate that seemed to be associated with metabolic syndrome. Although a decrease
in net renal urate excretion was observed in all cases of hyperuricemia in this family, which
was characterized by FE-UA < 5%, our findings suggest that the hyperuricemia was linked
to heterogeneity. Moreover, the familial hyperuricemia/gout observed in this study was
not associated with a common variant, such as p.Q141K, but with a rare ABCG2 variant;
this supports the recently proposed genetic concept, i.e., the “Common Disease, Multiple
Common and Rare Variant” model [25,36], for the association between hyperuricemia/gout
and the ABCG2 gene.

Our findings of ABCG2 variants will provide deeper insights into amino acid positions
that are critical for normal ABCG2 function. Based on cryo-electron microscopy (cryo-EM)
of ABCG2 [37], both the M131 and R236 residues are in the cytoplasmic region of the
N-terminus of the ABCG2 protein. Regarding p.M131I, the original amino acid (M131)
sequence is conserved in several major mammalian species (Figure 3). Unlike the p.Q141K
variant, which affects intracellular processing of the ABCG2 protein [38], the p.M131I
variant disrupts ABCG2’s function as a urate transporter, with little effect on the ABCG2
protein or its cellular localization. A plausible explanation for the molecular mechanism
of the p.M131I effect is that this amino acid substitution could affect ABCG2 substrate
specificity and/or affect its ATPase activity, including the binding affinity of ATP, which is
the driving force for ABC transporters. The latter possibility is supported by a structural
feature that the M131 residue is located near the conserved glutamine (Q126) within a
Q-loop in the nucleotide-binding domain of ABCG2, a key element for the catalytic cycle of
ATP binding and hydrolysis [37,39]. Further studies are needed to address this biochemical
issue, which may deepen the mechanistic insight of ABCG2 protein. With regard to
p.R236X, the acquired stop codon results in the production of a shortened ABCG2 variant
(only about one-third the amino acid length of the native ABCG2 protein) that lacks all the
transmembrane domains essential for normal protein function as a membrane transporter.
This is consistent with our results demonstrating that the p.R236X variant is functionally
null. Thus, the c.[393G>T; c.706C>T] (p.[M131I; R236X]) variant does not function as a
urate transporter.
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scrofa (Pig), NM_214010.1; Bos taurus (Bovine), NM_001037478.3; Rattus norvegicus (Rat), NM_181381.2;
Mus musculus (Mouse), NM_011920.3. Multiple sequence alignments and homology calculations
were carried out using GENETYX software (GENETYX, Tokyo, Japan) and the ClustalW2.1 Windows
program, per the protocol used in our previous study [40].
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To discuss the expected independence in the genetic origin of two ABCG2 mutations
identified in this study, we will focus on the genetic specificity of each population. The
Czech family studied in this study is of Roma ethnicity. The Roma composes a transnational
ethnic population of 8–10 million, with the original homeland being India; currently, they
are the largest and the most widespread ethnic minority in Europe. The founder effect and
subsequent genetic isolation of the Roma have led to a population specificity regarding
the genetic background of specific human diseases. In other words, mutations associated
with rare diseases found in the Roma population tend to be at extremely low frequencies in
other European populations, and vice versa. Indeed, several genetic variants causing rare
diseases are unique to the Roma, and many of these mutations have only recently been
discovered, e.g., Charcot Marie Tooth disease type 4D and 4G (OMIM 601455 and 605285),
Congenital cataract facial dysmorphism neuropathy (OMIM 604166), Gitelman syndrome
(OMIM 263800), and Galactokinase deficiency (OMIM 230200) [41,42]. In light of the genetic
specificity found in the Roma, we investigated the frequency of two identified ABCG2
mutants (c.393G>T and c.706C>T) in our control cohort of 60 subjects of Roma origin (see
Section 2.2 in Results). MAFs of c.393G>T in the Roma cohort and European population
were 0.833% (1 allele/120 subjects) and 0.002% (6 alleles/64,397 subjects), respectively.
Although the sample size of our control cohort was very modest, it could be large enough
to imply that the origin of c.393G>T might be the Roma population. On the other hand, the
prevalence of c.706C>T was higher in Europeans than in the Roma, suggesting that these
two ABCG2 mutations could have different genetic origins.

For clinical practice, our findings suggest a need for further discussion about the
potential benefits of urate-lowering therapy after a diagnosis of hyperuricemia in pediatric-
onset patients with ABCG2 dysfunction. Interestingly, harboring p.Q141K is reportedly
associated with inadequate response to allopurinol (characterized by a smaller reduction
in serum urate concentrations compared with WT) [29,43–45]; allopurinol, which inhibits
uric acid production, is a well-known and widely used drug for lowering SUA. Although
the mechanisms of action for the inadequate response are still unclear, other SUA-lowering
drugs may be somewhat better in terms of efficacy for patients with a dysfunctional ABCG2
allele, which puts them at higher risk of developing hyperuricemia/gout. On the other
hand, among the clinically-used inhibitors for the production of uric acid (i.e., allopurinol,
febuxostat, and topiroxostat), only febuxostat, to the best of our knowledge, strongly and
clinically inhibits ABCG2 function as a urate transporter [35]. This is also supported by a
recent clinical study that showed orally-administered febuxostat inhibits intestinal ABCG2
in humans [46]. In this context, the efficacy of febuxostat as an SUA-lowering drug can be
partially blocked by ABCG2 inhibition, except in cases of completely null ABCG2 function.
Considering this complexity, as well as risks of adverse effects [47], the best SUA-lowering
drugs, including uricosuric agents and uric acid production inhibitors, should be carefully
determined for each patient.

Additionally, we can emphasize the clinical importance of the documentation regard-
ing the family we addressed in this study, given the infrequency of detailed studies on SUA
levels in children. Indeed, pediatric-onset of hyperuricemia is relatively rare in clinical
practice; it is often associated with rare conditions (e.g., purine metabolic disorders; kidney
disorders including uromodulin-associated disorders; metabolic genetic disorders includ-
ing glycogen storage disease, hereditary fructose intolerance, and mitochondrial disorders).
As we showed previously [48], the levels of SUA and FE-UA are quite dynamic in the first
year of life. In brief, the SUA levels are low in infancy (131–149 µmol/L; 2.2–2.5 mg/dL
at 2–3 months of age) due to the high FE-UA levels (>10%); the FE-UA levels decrease
to approximately 8% at age 1 and then stay through childhood, which is associated with
mean SUA levels (208–268 µmol/L; 3.5–4.5 mg/dL) of children. At adolescence (after
age 12), the FE-UA levels significantly decrease in boys but not in girls, resulting in a
further significant increase in SUA levels in young men but not in young women. These
pieces of information support the rarity of our case of which proband is a 12-year-old girl
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with chronic asymptomatic hyperuricemia characterized by elevated serum urate (397–405
µmol/L; 6.67–6.81 mg/dL) and the decreased FE-UA (2.2–3.5%).

Some limitations warrant mention. It is unclear whether there could have been other
genetic factors also affecting the early-onset phenotypes in the family we studied, although
harboring dysfunctional ABCG2 mutations is the most plausible explanation, as the study
showed. A previous study showed that in the context of extra-renal underexcretion
hyperuricemia, a genetic dysfunction of ABCG2 increased SUA levels and apparent urinary
urate excretion, which was coupled with decreased intestinal urate excretion. Thus, we
can assume the presence of latent mechanisms causing the decreased (<5%) FE-UA levels
observed in our patients. Although there is little information available regarding this, a
possible factor could be increased renal urate reabsorption, which can be mediated by
up-regulation of renal urate re-absorbers, including URAT1/SLC22A12, GLUT9/SLC2A9,
and organic anion transporter 10 (known as SLC22A13) [49]. In this context, genetic variations
affecting the expression of such genes will be the targets of future studies.

In conclusion, we found a representative case of pediatric hyperuricemia with familial
gout that harbored two dysfunctional ABCG2 mutations. Genetic variations in ABCG2
should be kept in mind during diagnostic procedures for pediatric-onset hyperuricemia.
Considering ABCG2 genotypes will be beneficial for patients with early-onset and/or famil-
ial hyperuricemia and gout. This type of genetic information will also allow a personalized
approach regarding the best urate-lowering treatment (i.e., uric acid production inhibitors
or uricosuric agents) for patients with dysfunctional ABCG2 variants, as well as the best
time to initiate pharmacotherapy for hyperuricemia.

4. Materials and Methods

4.1. Clinical Subjects

The studied proband and her family members were Czechs of Roma ethnicity di-
agnosed with familial (early-onset) hyperuricemia/gout. Written informed consent was
obtained from each subject before enrollment in the study. All tests were performed in
accordance with standards set by the institutional ethics committees, which approved
30 June 2015 the project no. 6181/2015. All the procedures were performed in accordance
with the Declaration of Helsinki.

Hyperuricemia was defined as serum urate levels greater than 420 µmol/L (7.06 mg/dL)
for men or 360 µmol/L (6.05 mg/dL) for women and children under 15 years on two mea-
surements, performed at least four weeks apart. Gouty arthritis was diagnosed according
to the American College of Rheumatology criteria, as follows: (1) the presence of sodium
urate crystals seen in synovial fluid (using a polarized microscope, Nikon Eclipse E200,
Tokyo, Japan) or (2) at least six of 12 clinical criteria being met [50].

The proband was a 12-year-old girl with a complicated perinatal anamnesis. She was
born at 31 weeks of gestation with an Apgar score of 4-7-8, a birth weight of 1690 g, and
a birth length of 40 cm; additionally, she developed early asphyxia syndrome. She also
experienced repeated respiratory infections and was later diagnosed with bronchial asthma.
She is also under the care of an ophthalmologist for myopia and astigmatism; she was also
investigated for sudden onset mild bilateral cortical cataracts. She was obese (BMI = 27);
her psychomotor development corresponded to her age.

4.2. Clinical Investigations and Sequence Analyses

Urate and creatinine levels were measured as described previously [51] using a specific
enzymatic method and the Jaffé reaction, which was adapted for an auto-analyzer (Hitachi
Automatic Analyzer 902; Roche, Basel, Switzerland). Metabolic investigations of purine
metabolism (hypoxanthine and xanthine levels in urine) were also conducted using a
method established in a previous study [51]. The proband was screened for metabolic (e.g.,
glycogen storage disease, hereditary fructose intolerance, and mitochondrial disorders)
and kidney disease associated with hyperuricemia (e.g., uromodulin-associated disorders),
using our previously published diagnostic algorithm [29].
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All coding regions and exon-intron boundaries in ABCG2 and GLUT9/SLC2A9, and exons 7
and 9 in URAT1/SLC22A12 were analyzed from genomic DNA, as described previously [29,33,52].
The reference sequence for ABCG2 was defined as version ENST00000237612.7 (location: Chro-
mosome 4: 88,090,269–88,158,912 reverse strand) (www.ensembl.org (accessed on 30 Novem-
ber 2020)). For GLUT9/SLC2A9 (NM_020041.2; NP_064425.2; SNP source dbSNP 132) and
URAT1/SLC22A12 (NM_144585.3), the reference genomic sequence was defined as version
NC_000004.12 (Chromosome 4: 9,771,153–10,054,936) and NC_000011.8 (Chromosome 11:
64,114,688–64,126,396), respectively.

It is worth special mention that the world’s highest frequency of the main dysfunc-
tional variants of URAT1, p.T467M (MAF, 5.6%) and p.L415_G417del (MAF, 1.9%), was
recently identified in a Roma population (1,016 individuals) from specific regions of the
Czech Republic, Slovakia, and Spain [33,53]. According to MAF data from the Exome
Aggregation Consortium, p.T467M (rs200104135) showed only one heterozygous allele
in a cohort of 15,296 in a South Asian population (MAF, 0.003%) and no occurrence in
other ethnic populations; no occurrence of the p.L415_G417del allele was seen in the whole
population, which supports the Roma-specific prevalence of these two URAT1 variants.
For this reason, we looked for both URAT1 variants and confirmed that neither variant was
present in our studied family.

4.3. Materials

ATP, AMP, creatine phosphate disodium salt tetrahydrate, and creatine phospho-
kinase type I from rabbit muscle were purchased from Sigma-Aldrich (St. Louis, MO,
USA), and [8-14C]-uric acid (55 mCi/mmol) was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). All other chemicals were commercially available and of
analytical grade.

4.4. Preparation of ABCG2 Variants Expression Vector

To express human ABCG2 (NM_004827.3) fused with EGFP at its N-terminus (EGFP-
ABCG2) and EGFP (control), we used an ABCG2/pEGFP-C1 plasmid (open reading frame
of ABCG2 was inserted into the HindIII and the Apa I sites of a pEGFP-C1 vector plasmid)
that was from our previous study [32]. Of note, the functionality and expression of such
construct were confirmed by previous studies we and other groups conducted [32,36,54–56].
Using a site-directed mutagenesis technique, the ABCG2 p.M131I (c.393G>T)/pEGFP-C1
plasmid and the ABCG2 R236X (c.706C>T)/pEGFP-C1 plasmid were generated from an
ABCG2 WT/pEGFP-C1 plasmid, respectively. The introduction of each mutation was
confirmed by full sequencing using BigDye Terminator v3.1 (Applied Biosystems, Foster
City, CA, USA) and an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems),
as described previously [40].

4.5. Cell Culture and Transfection

Human embryonic kidney 293 cell-derived 293A cells were purchased from Life
Technologies (Carlsbad, CA, USA) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (Life
Technologies), 1% penicillin/streptomycin, 2 mM L-glutamine (Nacalai Tesque), and 1 ×

Non-Essential Amino Acid (Life Technologies) at 37 ◦C in an atmosphere of 5% CO2. Each
vector plasmid for ABCG2 WT, p.M131I, or p.R236X was transfected into 293A cells by
using polyethyleneimine MAX (PEI-MAX; 1 mg/mL in milli-Q water, pH 7.0; Polysciences,
Warrington, PA, USA) as described previously [57]. The amount of plasmid DNA used for
transfection was adjusted per sample group.

4.6. Preparation of Whole-Cell Lysates

Forty-eight hours after transfection, whole-cell lysates were prepared in ice-cold lysis
buffer A containing 50 mM Tris/HCl (pH 7.4), 1 mM dithiothreitol, 1% (w/v) Triton
X-100, and a protease inhibitor cocktail for general use (Nacalai Tesque) as described
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previously [58]. The protein concentration of the whole cell lysate was quantified using a
BCA Protein Assay Kit (Pierce, Rockford, IL, USA) with bovine serum albumin (BSA) as
a standard according to the manufacturer’s protocol. Before glycosidase treatment, the
whole cell lysate samples were incubated with PNGase F (New England Biolabs Japan,
Tokyo, Japan) (1.25 U/µg of protein) at 37 ◦C for 10 min as described previously [59], and
then subjected to immunoblotting.

4.7. Preparation of ABCG2-Expressing Plasma Membrane Vesicles

Plasma membrane vesicles were prepared from ABCG2-expressing 293A cells, as
described previously [36]. The resulting plasma membrane vesicles were rapidly frozen
in liquid N2 and kept at −80 ◦C until used. The protein concentration of the plasma
membrane vesicles was measured using a BCA Protein Assay Kit, as described above.

4.8. Immunoblotting

Expression of ABCG2 protein in whole-cell lysates and plasma membrane vesicles was
assessed using immunoblotting as described previously [36], with minor modifications. In
brief, the prepared samples were mixed with a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis sample buffer solution containing 10% 2-mercaptoethanol, separated by
electrophoresis on polyacrylamide gels, and then transferred to Polyvinylidene Difluoride
membranes (Immobilon; Millipore, Billerica, MA, USA) by electroblotting at 15 V for 60
min. For blocking, the membrane was incubated in Tris-buffered saline containing 0.05%
Tween 20 and 3% BSA (Nacalai Tesque) (TBST-3% BSA). After overnight incubation at
room temperature, blots were probed with rabbit anti-EGFP polyclonal antibodies (A11122;
Life Technologies; diluted 1,500 fold in TBST-0.1% BSA), a rabbit anti-α-tubulin antibodies
(ab15246; Abcam, Cambridge, MA, USA; diluted 1,000 fold), or a rabbit anti-Na+/K+-
ATPase α antibodies (sc-28800; Santa Cruz Biotechnology, Santa Cruz, CA, USA; diluted
1,000 fold) followed by incubation with a donkey anti-rabbit immunoglobulin G (IgG)-
horseradish peroxidase (HRP)-conjugated antibody (NA934V; diluted 4,000 fold for EGFP-
ABCG2 or 3,000 fold for α-tubulin and Na+/K+-ATPase). HRP-dependent luminescence
was developed using ECLTM Prime Western Blotting Detection Reagent (GE Healthcare
UK, Buckinghamshire, UK) and detected using a multi-imaging Fusion Solo 4TM analyzer
system (Vilber Lourmat, Eberhardzell, Germany).

4.9. Confocal Laser Scanning Microscopic Observation

For confocal laser scanning microscopy, 48 h after transfection, 293A cells were fixed
with ice-cold methanol for 10 min, and then the nuclei were visualized with TO-PRO-3
Iodide (Molecular Probes, Eugene, OR, USA) as described previously [36]. To analyze
the localization of EGFP-fused ABCG2 protein, fluorescence was detected using an FV10i
Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan).

4.10. Urate Transport Assay

The urate transport assay, with ABCG2-expressing plasma membrane vesicles, was
conducted using a rapid filtration technique described in our previous studies [27,36],
with some minor modifications. In brief, each plasma membrane vesicle (0.5 mg/mL)
was incubated with 20 µM of radiolabeled urate in a reaction mixture (total 20 µL: 10 mM
Tris/HCl, 250 mM sucrose, 10 mM MgCl2, 10 mM creatine phosphate, 1 mg/ml creatine
phosphokinase, pH 7.4, and 50 mM ATP, or AMP as an ATP substitute) for 10 min at 37 ◦C.
After incubation, the reaction mixture was mixed with 980 µL of ice-cold stop buffer (2 mM
EDTA, 0.25 M sucrose, 0.1 M NaCl, 10 mM Tris-HCl, at a of pH 7.4); the resulting solution
was rapidly filtered through an MF-Millipore Membrane (HAWP02500; 0.45 µm pore size
and 25 mm diameter; Millipore). After washing with 5 ml of ice-cold stop buffer five times,
the plasma membrane vesicles on the filter were dissolved in Clear-sol II (Nacalai Tesque).
Then, the radioactivity in the plasma membrane vesicles was measured using a liquid
scintillator (Tri-Carb 3110TR; PerkinElmer, Waltham, MA, USA).
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The urate transport activity was calculated as the incorporated clearance (µL/mg pro-
tein/min) defined as the incorporated level of urate [disintegrations per minute (DPM)/mg
protein/min]/urate level in the incubation mixture [DPM/µL]. ATP-dependent urate trans-
port was calculated by subtracting the urate transport activity in the absence of ATP from
that in the presence of ATP; ABCG2-mediated urate transport activity was calculated by
subtracting ATP-dependent urate transport activity of control plasma membrane vesicles
from that of ABCG2-expressing plasma membrane vesicles.

4.11. Statistical Analysis

All statistical analyses were performed by using EXCEL 2019 (Microsoft, Redmond,
WA, USA) with Statcel4 add-in software (OMS publishing, Saitama, Japan). The number of
biological replicates (n) is described in the figure legends. In single pairs of quantitative
data, after comparing the variances of a data set (using the F-test), an unpaired Student’s
t-test was performed. Statistical significance was defined in terms of P values less than 0.05
or 0.01.
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Abstract: Urate homeostasis in humans is a complex and highly heritable process that involves
i.e., metabolic urate biosynthesis, renal urate reabsorption, as well as renal and extrarenal urate
excretion. Importantly, disturbances in urate excretion are a common cause of hyperuricemia
and gout. The majority of urate is eliminated by glomerular filtration in the kidney followed by
an, as yet, not fully elucidated interplay of multiple transporters involved in the reabsorption
or excretion of urate in the succeeding segments of the nephron. In this context, genome-wide
association studies and subsequent functional analyses have identified the ATP-binding cassette
(ABC) transporter ABCG2 as an important urate transporter and have highlighted the role of single
nucleotide polymorphisms (SNPs) in the pathogenesis of reduced cellular urate efflux, hyperuricemia,
and early-onset gout. Recent publications also suggest that ABCG2 is particularly involved in
intestinal urate elimination and thus may represent an interesting new target for pharmacotherapeutic
intervention in hyperuricemia and gout. In this review, we specifically address the involvement of
ABCG2 in renal and extrarenal urate elimination. In addition, we will shed light on newly identified
polymorphisms in ABCG2 associated with early-onset gout.

Keywords: gout; early-onset gout; hyperuricemia; urate; uric acid; ABCG2; BCRP; ABC transporter;
single nucleotide polymorphism; SNP

1. Introduction

Gout is the clinical manifestation of hyperuricemia which is triggered by urate precip-
itation (deposition of monosodium urate crystals) in the synovial fluid of joints and other
tissues [1,2]. The disease is primarily associated with severe arthropathy, which manifests
mainly in the metatarsophalangeal joints (podagra), but also in other joints of the foot, an-
kles, knee, wrist, fingers, and elbows [3]. In the pathogenesis of the disease, urate deposits
promote inflammatory responses in the synovial membrane (synovitis) and thus arthritis
characterized by sudden, severe attacks of pain, swelling, redness, and tenderness in the
affected joints. Depending on the course of the disease, the symptoms of gout can occur
both as acute episodic flares (gout attacks) and persist chronically and, if left untreated,
can lead to irreversible deformations and impaired mobility of the affected joints [3]. In
addition, gout nephropathy, a form of chronic tubulointerstitial nephritis, induced by the
deposition of urate precipitates in the distal collecting ducts and the medullary interstitium
may cause progressive chronic kidney disease [4]. Furthermore, gout and hyperuricemia
have been associated with a subset of comorbidities including metabolic syndrome, dia-
betes, hypertension as well as cardiovascular and cerebrovascular disease [5–13]. In most
patients, the onset of gout occurs after the age of 60, with the incidence being about three
times higher in men than in women [14]. However, a significant proportion of patients
develop primary hyperuricemia and gout symptoms before the age of 40, which is defined
as the pathotype of early-onset gout [15,16]. In addition to environmental factors, genetic
predispositions leading to chronic, yet asymptomatic hyperuricemia in childhood and ado-
lescence are considered to be the main causes for the early onset of the disease. Although
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not every patient with hyperuricemia necessarily develops gout [17], it is considered to be
the major risk factor for the development and progression of the disease. In this review, we
will specifically address the pathogenesis and genetic background of early-onset gout and
highlight the role of intestinal uric acid transport in this context.

2. Gout and Hyperuricemia

Hyperuricemia represents a prolonged pathophysiological increased serum urate
concentration, often defined as >6.0 mg/dL (>360 µmol/L) for females and >7.0 mg/dL
(>420 µmol/L) for males [1,18], which is either caused by an increased hepatic biosynthesis
or a reduced renal or intestinal excretion of urate [19]. Under physiological conditions,
urate is derived from the enzymatic degradation of purine nucleobases/nucleotides, which
are involved in a multitude of biochemical processes, such as energy metabolism and the
formation of RNA and DNA [20]. In humans, urate is the terminal metabolite of purine
catabolism derived from purines that do not enter the salvage pathway for the resynthesis
of ATP or GTP [19]. Therefore, secondary hyperuricemia can be induced by an excessive in-
take of purine-rich food (e.g., red meat, offal, seafood) [21], cellular degradation processes,
and high cell turnover in the context of leukemia/lymphoma [22] or anticancer treatment
with chemo- or radiation therapy [23], which all increase the availability of free purines. In
addition to a diet high in purines, other lifestyle-related behaviors such as excessive intake
of fructose [24,25] and alcohol abuse [26,27] can also trigger hyperuricemia, which explains
the high prevalence in industrialized countries and the increasing prevalence in devel-
oping countries [28]. Aside from the aforementioned environmental factors, also genetic
defects in enzymes responsible for the biotransformation of purine bases can favor primary
hyperuricemia, as is the case in Lesch–Nyhan or Kelley–Seegmiller syndromes [29]. In
line with this notion, the heritability of hyperuricemia is substantial, suggesting important
genetic contributions to urate homeostasis [30]. In pharmacotherapy, uricostatic drugs
like the xanthinoxidase inhibitor allopurinol can be used to normalize hyperuricemia by
preventing the last step in urate biosynthesis. Under this treatment, intermediates of the
purine metabolism such as inosine, hypoxanthine, and xanthine accumulate, yet exhibit a
better water solubility and a lower tendency to form crystals than urate. Unlike secondary
hyperuricemias that are triggered by increased urate biosynthesis, the vast number (>90%)
of primary hyperuricemia cases result from a decreased ability of the kidney or intestine
to excrete urate [31]. The majority of urate (roughly 70%) is eliminated by the kidney,
where it is freely filtered by the glomerulus [32]. Urate homeostasis is primarily influenced
by renal proximal tubule cells, which express several transporters that either reabsorb
urate (e.g., URAT1 at the apical and GLUT9 at the basolateral membrane) [33–36] or are
involved in urate excretion (e.g., NPT1/4 at the apical and OAT1/3 at the basolateral mem-
brane) [20,35,37,38]. Indeed, uricosuric drugs such as the URAT1 inhibitors benzbromarone
as well as probenecid and lesinurad are used in pharmacotherapy to treat hyperuricemia
by inhibiting renal reabsorption of urate [39]. In addition to transporters of the salute
carrier (SLC) and the organic anion transporter (OAT) protein families, ABC transporters
such as ABCG2 and ABCC4 are also involved in urate excretion [32,37]. As the previously
mentioned other transporters, ABCG2 was shown to be located in the apical brush border
membrane of renal proximal tubule cell [40]. In the intestine, the major site for the remain-
ing 30% of urate excretion, the mechanisms of urate excretion are less well defined [38].
Urate transporters GLUT9 [41] and in particular ABCG2 [42] are highly expressed in in-
testinal epithelial cells and may thus represent interesting new pharmacological targets
for the treatment of hyperuricemia [43–47]. Nonetheless, with regard to the sites of urate
excretion (kidney & intestine) and the complex interplay of transporter-mediated excretion
and reabsorption of urate in the kidney, the mechanisms of urate homeostasis are still not
fully understood. However, single nucleotide polymorphisms (SNPs) in different genes
involved in urate transport have been associated with hyperuricemia [48], thereby empha-
sizing the multicausal complexity of gout pathology [49]. In this article, we aim to focus on
ABCG2, which has been identified as an important urate transporter in the intestine and
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the kidney [40,50–52], and discuss its role in renal and extra-renal urate excretion as well
as in primary hyperuricemia and early-onset gout.

3. ABCG2 and Its Function in Renal Urate Elimination

ABCG2 (also known as BCRP) is a multi-drug efflux pump that has been described to
contribute to transport processes in many different tissues and cell types. It belongs to the
ABC (ATP-binding cassette) transporter superfamily [53] and has the ability to transport
a variety of substrates across the membrane [54,55]. ABCG2 is highly expressed in the
placental syncytiotrophoblasts [56], but can also be found at the entry and exit point of
the human body including endothelial cells of the cerebral blood-brain barrier [57] and
canalicular membrane of the liver [58] as well as polar epithelial cells of the intestine [42]
and the kidney [50,59]. Based on its function and localization, ABCG2 is thought to act
as a “gatekeeper”, preventing endo- or exotoxins and xenobiotics from crossing biolog-
ical barriers and entering sensitive tissues [60]. Although these functions of ABCG2 are
thought to serve to maintain the healthy state of the organism, they also appear to be
responsible for ABCG2-related interference with pharmacotherapeutic interventions to
treat certain diseases. In this regard, overexpression of ABCG2 has been associated with
multidrug resistance to chemotherapy [61,62], which is associated with poor prognosis
in the treatment of certain cancers [63,64]. With regard to its protein structure, ABCG2
consists of an ATP-hydrolyzing nucleotide-binding domain, which is located in the cy-
toplasm and provides energy for the transport process, and a transmembrane domain,
which is responsible for the binding of substrates and their transport across the membrane
(Figure 1). Moreover, ABCG2 is a so-called “half-transporter” that needs to homodimerize
to form a functional transporter [60]. Recently, several high-resolution 3D structures of
the ABCG2 protein bound to different substrates and inhibitors have been solved [65–68],
which help to understand the molecular mechanisms of substrate selection, substrate bind-
ing, and substrate transport of ABCG2 [69,70]. In addition to its role as an efflux pump
with broad specificity, ABCG2 has been proposed to be involved in renal and intestinal
urate excretion [40,50–52,71]. The function of ABCG2 as a urate transporter was inferred
from genome-wide association analyses and subsequent functional studies, which specifi-
cally demonstrated a strong association of a missense SNP in the ABCG2 gene (rs2231142;
Q141K) with hyperuricemia [72–74], an SNP that could be causally related to at least 10%
of all gout cases [50]. The Q141K polymorphism has been associated with a reduced
ABCG2 surface expression and decreases cellular urate efflux to approximately half of
wild-type ABCG2 levels [50,52,75–77]. In structural predictions derived from homology
models [78] as well as structural cryo-EM data [65], Q141 was shown to be located in the
nucleotide-binding domain of the transporter and to form a hydrogen bond to N158 of
an α-helix within the nucleotide-binding domain adjacent to transmembrane helix 1 of
ABCG2. This connection might be responsible to convey conformational changes induced
by ATP binding or ATP hydrolysis from the nucleotide-binding domain to the substrate
transporting transmembrane domain, thereby potentially explaining the partial loss of
function of the Q141K-mutated transporter. However, also misfolding, reduced protein
stability, and reduced membrane expression due to increased proteasomal degradation of
Q141K-mutated ABCG2 [75,79] are also discussed as causes of the urate excretion deficit.
Recent findings suggest that Q141K- and M71V-related dysfunction is due to aberrant
trafficking of ABCG2 to the plasma membrane due to quality control mechanisms in the
endoplasmic reticulum rather than reduced ABCG2 transport activity [80]. Moreover, the
c.C421 > A mutation that leads to the Q141K polymorphism promotes microRNA-mediated
suppression of ABCG2 translation, so that cell type-specific processing of the ABCG2 3‘UTR
along with cell type-specific microRNA expression profiles may have a profound impact
on functional ABCG2 bioavailability in individuals carrying the Q141K polymorphism [76].
In the kidney of humans and mice, ABCG2 was shown to be expressed in the apical
membrane of the brush border of proximal tubule epithelial cells [40,50], although in the
analyses of The Human Protein Atlas consortium ABCG2 could not be detected at the
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protein level in human kidney biopsies [81]. Nonetheless, also findings from other groups
indicate relevant renal ABCG2 expression [59]. The renal expression pattern of ABCG2
partially resembles the expression pattern of urate reabsorbing transporter URAT1, thereby
indicating a functional interplay of both transporters in renal urate handling [40]. However,
in measurements of renal urate excretion after a purine challenge (oral administration
of inosine, which is rapidly metabolized to urate), human subjects carrying the ABCG2
transport function impairing Q141K polymorphism showed no significant differences in
urate excretion and a fraction of filtered urate load (FEUA defined as the ratio between
the renal clearance of uric acid to the renal clearance of creatinine), although their serum
urate levels were significantly elevated [40]. In the same study, renal urate excretion
was also investigated in an orthologous Q140K knock-in mouse model. Here, only the
male animals displayed elevated serum urate levels and had, in contrast to humans, at
least a significantly reduced fraction of filtered urate load but again no change in urinary
urate excretion [40]. Interestingly, these sex-related phenotypes were consistent with the
increased prevalence of gout in human males [28]. However, the results of both human
and mouse experiments suggest that the hyperuricemia induced by the ABCG2 Q141K
polymorphism is not caused by a significant effect on renal urate excretion, but is likely to
be triggered by different mechanism [40]. These findings, which are in line with the ABCG2
expression data from The Human Protein Atlas consortium [81], also raise the fundamental
question of whether ABCG2 is in fact of any significance for renal urate excretion. In this
regard, conflicting results regarding the involvement of ABCG2 in renal urate elimination
have been obtained in experiments with ABCG2 knockout mice [51,71]. In both studies,
serum urate concentrations of ABCG2 knockout animals were elevated compared to their
wildtype littermates. However, while one study did not observe significant differences in
renal urate elimination [71], the other study found a significant reduction of about 30% [51].
Nevertheless, these two animal studies, as well as the translational study by Hoque and
colleagues, indicate that ABCG2 primarily affects extrarenal regulation of urate homeosta-
sis, which is further discussed below. It should be mentioned that in the kidney, ABCG2
is only one of many renal transporters that are able to excrete urate [37] so that ABCG2
loss of function may be compensated by other transporters. In conclusion, the previously
assumed relevance of ABCG2 for renal urate elimination has been questioned by recent
studies and therefore further future studies are needed to definitively elucidate this issue.

 

α

Figure 1. Polymorphisms in ABCG2 protein sequence associated with pediatric-onset hyperuricemia
and early-onset gout. Schematic overview of the ABCG2 domain structure consisting of a nucleotide-
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binding domain (light green, NBD) and a transmembrane domain (light brown, TMD) modified
from [69]. Single membrane-spanning α-helices (TM1–6) were structured according to the information
of published protein sequences (NCBI accession number: NP_001335914.1). The catalytic site for ATP
hydrolysis is formed by the sequence motifs Walker A, Q-loop, Walker B, and H-loop of one monomer,
and the c-signature and D-loop from the other monomer. Cysteine bridge forming residues and
N-acetylation sites within extracellular loop 3 (EL3) are marked in grey. SNPs involved in pediatric-
onset hyperuricemia and early-onset of gout published in recent seminal publications are highlighted
in different colors (yellow, dark blue, and purple).

4. Relevance of ABCG2 in Extrarenal Urate Elimination

As earlier studies indicated that ABCG2 is also expressed in the liver [58] and intes-
tine [42] and that ABCG2 may function as a urate transporter [50,52], it was reasonable
to speculate that ABCG2 plays a role in extrarenal urate excretion possibly via the bile or
intestine [82]. However, accurate non-invasive measurements of intestinal/biliary urate
secretion are not possible in humans because the secreted urate is largely metabolized
by the bacterial flora in the intestine. Therefore, the role of ABCG2 in extrarenal urate
secretion was revealed in animal experiments using the in situ intestinal “closed-loop” per-
fusion method [51,71]. Since most vertebrates, including rodents used for animal studies,
express the enzyme uricase which converts uric acid to allantoin and which has been lost
during human evolution [83], a direct relation of results from animal experiments studying
urate metabolism and urate transport to the human organism is inadequate. To account
for that, rodents used in both studies were treated with the uricase inhibitor oxonate, a
pharmacological intervention that increased the serum urate levels in mice and rats to
the magnitude of serum urate levels in humans [51,71]. By administration of radioactive
labeled uric acid, Hosomi and colleagues demonstrated that, in addition to the substantial
fraction of renal urate elimination [51], there is direct urate excretion via the intestine
(mainly in the ileum) and only minor urate excretion via the bile [51,71]. These findings,
therefore, suggest that the intestine is the main site of extrarenal urate excretion. In the
intestine of mice, ABCG2 expression is mainly located at the villi brush border of epithelial
cells of the ileum and the jejunum [40]. Interestingly, in this study, the observed overall
expression levels of the protein in the intestine are much higher than in the kidney. In rats,
ABCG2 expression in the gut was found to further increase in response to increased blood
urate concentrations after oxonate treatment [84]. To study the contribution of ABCG2 in
intestinal urate excretion (and renal urate excretion which was already discussed above),
oxonate-treated ABCG2 knockout mice were used [51,71] and showed a reduction in in-
testinal urate elimination by roughly 40–50%. These findings also suggest that other yet
unknown transporters besides ABCG2 are involved in intestinal urate secretion [51,71]. A
similar severe loss in intestinal urate elimination was also observed in the aforementioned
study by Hogue and colleagues in an orthologous Q140K knock-in mouse model but in
absence of the uricase inhibitor oxonate [40]. Consistent with these data, Q140K knock-in
in mice resulted in a marked reduction in intestinal ABCG2 expression. In contrast, only
subtle changes in urate elimination and ABCG2 expression were observed in the kidney in
the same knock-in mouse model. These results are further supported by the observation of
other authors, which indicate that the ABCG2 Q141K polymorphism and fractional renal
clearance both contribute significantly but independently to the risk of hyperuricemia in
humans [73]. In addition, impaired intestinal urate excretion induced by the orthologous
murine Q140K mutation or complete ABCG2 knockout may explain hyperuricemia despite
unaltered renal urate excretion in the respective mouse models [71,85,86] as well as in
human individuals carrying the Q141K polymorphism [40]. However, due to the rise in
serum urate levels (sUA) caused by the lack of intestinal urate secretion, an indirect increase
in the fraction of filtered urate load (FEUA) could be expected in patients with ABCG2
dysfunction although this was not observed in the previously mentioned study [40]. In
addition, ABCG2-mediated intestinal urate elimination appears to play an important role
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in compensating for the loss of renal urate elimination in chronic kidney disease [35]. Taken
together, recent publications indicate that the major site of action of the ABCG2 transporter
is regulating urate homeostasis in the intestine.

5. ABCG2 Polymorphisms in Pediatric-Onset Hyperuricemia and Early-Onset Gout

Hyperuricemia and gout pathology has often been shown to be related to genetic
predisposition [30] and to be affected by SNPs in many of the genes encoding urate trans-
porters [87,88]. Among these, especially SNPs of ABCG2 have been highly associated with
pediatric-onset hyperuricemia and early-onset gout [89–93]. These polymorphisms are
summarized and organized in Table 1 according to the standard nomenclature rules for
molecular diagnostics [94]. Furthermore, the localization of these polymorphisms on the
protein sequence of ABCG2 is shown in Figure 1. It should be noted that there is a subset
of other function-impairing SNPs in ABCG2 [95,96], but most of them have not yet been
associated with pediatric hyperuricemia or early-onset gout. One of the best-studied varia-
tions of the ABCG2 amino acid sequence is the previously discussed Q141K polymorphism,
which also gives rise to other important clinical phenotypes, such as in the pharmacoki-
netics and tissue distribution of drugs transported by ABCG2 [97]. The polymorphism
is highly associated with early-onset hyperuricemia, gout, and hyperuricemia-associated
comorbidities, which cause a high mortality rate in hemodialysis patients [98]. Although
the F489L polymorphism has not been as well studied in the context of disease, it shows a
similar inhibitory effect on the ABCG2 transport function as the Q141K mutation. As with
the Q141K mutation, ABCG2 carriers with the F489L mutation show reduced expression
and reduced ABCG2 transport capacity [75]. Inhibition of proteasomal degradation could
partially restore the transport function of both ABCG2 variants. In contrast to the Q141K
polymorphism, which causes amino acid sequence alterations in the nucleotide-binding
domain, the F489L polymorphism is localized in the transmembrane domain. This shows
that the impairment of ABCG2 function can be caused by changes in amino acid structure
in different domains of the transporter. Polymorphisms in the transmembrane domain
have often been associated with decreased surface expression of the ABCG2 transporter
and impaired substrate transport abilities [99]. However, there is not much literature to
support their clinical impact in both late and early-onset hyperuricemia and gout. The
clinical importance of a certain polymorphism on the development of hyperuricemia and
gout usually is related to its minor allele frequency in humans and its functional impact
on the protein of interest. Due to genetic drift caused by spatial separation of popula-
tions, certain polymorphisms have accumulated in different ethnicities. For example, the
frequency of V12M polymorphism is high in Mexican Indians but low in Caucasian and
Middle Eastern populations [97]. In contrast, the Q141K and Q126X polymorphisms are
enriched in Japanese populations, whereas in Caucasians, Q141K is not as common and
Q126X is virtually absent [97]. Our understanding of the genetic variations in the ABCG2
sequence associated with hyperuricemia and gout is still incomplete, as evidenced by the
recent discovery of less common polymorphisms previously unrecognized or not studied
in the context of hyperuricemia and gout [89,90,95,100]. Two of these newly identified rare
polymorphisms have been recently described in a case report of a 12-year-old Czech girl of
Roma ethnicity with chronic asymptomatic pediatric-onset of hyperuricemia [89]. In this
regard, several rare diseases have been found to occur primarily or exclusively in individ-
uals of Roma ethnicity, and many of the mutations underlying these diseases have been
recently discovered, such as for Charcot-Marie tooth disease types 4D and 4G [101,102], the
congenital cataract facial dysmorphism neuropathy [103], the Gitelman syndrome [104],
and the Galactokinase deficiency [105]. In the afore-mentioned case of the 12-year old girl,
DNA sequencing analysis of the ABCG2 gene revealed the presence of heterozygously
expressed missense (c.393G > T, p.M131I) and nonsense (c.706C > T, p.R236X) mutations
(Figure 1, blue residues) causing the pediatric-onset of hyperuricemia observed in the girl‘s
ancestry and the early-onset of gout especially in male individuals of the maternal line of
inheritance. In the study, the functional consequences of the mutations were investigated
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in comparative in vitro experiments. Due to the in-frame stop codon induced by the R236X
mutation, the ABCG2 protein sequence was truncated to about 1/3 of the full-length pro-
tein, with the mutant protein lacking a functional transmembrane domain. Therefore, no
plasma membrane localization and no urate transport activity of the mutant protein could
be observed. In contrast, the M131I mutation was translated to a full-length protein with
no impairments in N-glycosylation at residue N596 and normal membrane localization.
However, the urate transport capabilities of the M131I mutant were reduced to <15% of
wildtype levels [89]. M131 itself was found to be a highly conserved residue that is local-
ized close to the Q-loop within the nucleotide-binding domain of ABCG2 (Figure 1). The
conserved glutamine Q126 in the center of the Q-loop is responsible for the coordination of
the magnesium ion associated with ATP in the catalytic center of the protein [68]. M131I
may thus alter the spatial orientation of the Q-loop or sterically hinder the coordination of
Mg-ATP, thereby drastically reducing ABCG2′s ATP hydrolysis capabilities necessary for
providing the energy for substrate transport across the membrane. Another newly identi-
fied polymorphism associated with pediatric hyperuricemia and early-onset gout is I242T,
which was found in the lineage of another young European girl and was analyzed in a
similar way [93]. Like the aforementioned M131I mutant, the I242T mutant ABCG2 variant
showed no impairment in glycosylation and membrane localization, although its urate
transport abilities were drastically reduced. This effect could be coincidentally related to
the close localization of the mutants at the conserved H243 within the H-loop or also called
histidine switch of the catalytic center of ABCG2 (Figure 1). The H-loop is responsible
for coordinating the γ-phosphate of ATP, which is responsible for ATP hydrolysis. For
further research, I242T and M131I may represent interesting new candidates to study the
consequences of ABCG2 loss-of-function without disrupting ABCG2 membrane localiza-
tion and protein-protein interactions. These representative case reports also show that
depending on the severity of the disruption of the urate transportability of ABCG2, homo-
or heterozygosity of the dysfunctional polymorphisms and further genetic predispositions
in other genes involved in urate homeostasis [106], hyperuricemia can already occur in
childhood (pediatric-onset), which increases the risk for the development of early-onset
gout. This allows the risk allele of a particular polymorphism to be identified and consid-
ered for clinical diagnosis. Interestingly, compared to patients with late-onset gout, patients
with early-onset gout also show clinical symptoms that indicate a more severe disease
pattern. This includes a prolonged disease duration, a different localization of the first
occurring arthritis (with a lower incidence of typical metatarsophalangeal manifestations
and a higher incidence of ankle- or mid-foot involvement in early-onset gout), a higher
flare frequency (gout attacks), and an increased overall number of involved joints [15,16].
In terms of gout-associated comorbidities, late-onset gout patients are more likely to
suffer from chronic kidney disease, metabolic syndrome, and cardiovascular disease, a
phenomenon probably related to the age difference between the two patient groups [16].
However, these comorbidities occur at a younger age in patients with early-onset gout. In
contrast, a recent study showed that patients diagnosed with gout at age 40 or younger
may be at increased risk for cardiovascular disease and recurrent gout compared to those
diagnosed later in life [107]. In this study, of 427 adult patients diagnosed with gout at a
New England multispecialty group practice, 327 who were aged 40 years or younger at
diagnosis were more likely to have cardiovascular risk factors. For example, these younger
patients had a significantly higher body mass index than gout patients over 40 years of age,
and a substantial proportion of the younger patients also suffered from hypertension or
hyperlipidemia. Moreover, early-onset gout patients were less likely to achieve a serum
uric acid level below 6.0 mg/dL after therapeutic intervention as compared to late-onset
gout patients. Therefore, clinical screening for hyperuricemia in genetically predisposed
families and prompt urate-lowering therapy in pediatric, adolescent, or young adult pa-
tients with still asymptomatic chronic hyperuricemia could help delay the onset of gout
and the development of hyperuricemia-related comorbidities [108–110]. With regard to the
treatment of cardiovascular comorbidities in hyperuricemia patients, it should be noted
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that blood pressure-lowering drugs such as the AT1 receptor blocker telmisartan have been
shown to inhibit the transport activity of ABCG2 [75] thereby potentially exacerbating
hyperuricemia in patients with a corresponding genetic predisposition. In view of the
emerging role of ABCG2 and its importance for intestinal excretion of uric acid, it may in
principle represent a novel pharmacotherapeutic target to lower uric acid levels [43–47].
As speculation, this may be accomplished by modifying ABCG2 expression and function
in intestinal epithelial cells. For example, in patients expressing mutant forms of ABCG2,
this opens up the possibility of developing small molecule drugs with high pre-systemic
elimination to target the function, cellular handling, or expression of ABCG2 predomi-
nantly in intestinal epithelial cells, thereby locally normalizing the impaired intestinal
uric acid excretion in these individuals without interfering with the function of ABCG2 in
other tissues (e.g., extrusion of xenobiotics). This area of research, therefore, shows great
potential for the development of targeted pharmacotherapies for specific populations of
genetically predisposed individuals with early-onset gout and thus warrants innovative
research in the near future.

Table 1. Polymorphisms in ABCG2 protein sequence associated with pediatric-onset hyperuricemia
and early-onset gout.

rs ID Coding Sequence Protein Sequence Citation

rs72552713 c.376C > T p.Q126X [92]
rs759726272 c.393G > T p.M131I [89]

rs2231142 c.C421 > A p.Q141K [91,92]
rs140207606 c.706C > T p.R236X [89]

not annotated c.725T > C p.I242T [93]
rs769734146 c.1301C > T p.T434M [90,100]

6. Conclusions

Gout is a major health care burden in developed countries, where it affects about 1%
to 2% of the adult population and is the most common cause of inflammatory arthritis
in men. In addition to obesity and hyperuricemia, lifestyle changes that have developed
in industrialized countries in recent decades, such as a diet rich in red meat and fructose,
physical inactivity, and increased alcohol consumption, may play a role in the shift toward
a younger age of manifestation of gout in the population and require early intervention.
As there is evidence that early onset of hyperuricemia and gout is associated not only
with a severe clinical course of gouty arthritis, but also with other comorbidities, such as
hypertension, metabolic syndrome, and cardiovascular complications, early detection of
hyperuricemia in younger patients with genetic predisposition and early uric acid-lowering
therapy should be considered to reduce morbidity and mortality in these patients.
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Abstract: Several polymorphisms and mutations in the human ABCG2 multidrug transporter result
in reduced plasma membrane expression and/or diminished transport function. Since ABCG2 plays
a pivotal role in uric acid clearance, its malfunction may lead to hyperuricemia and gout. On the
other hand, ABCG2 residing in various barrier tissues is involved in the innate defense mechanisms
of the body; thus, genetic alterations in ABCG2 may modify the absorption, distribution, excretion
of potentially toxic endo- and exogenous substances. In turn, this can lead either to altered therapy
responses or to drug-related toxic reactions. This paper reviews the various types of mutations
and polymorphisms in ABCG2, as well as the ways how altered cellular processing, trafficking,
and transport activity of the protein can contribute to phenotypic manifestations. In addition, the
various methods used for the identification of the impairments in ABCG2 variants and the different
approaches to correct these defects are overviewed.

Keywords: ABC (ATP-binding cassette) transporters; multidrug resistance; transport; trafficking;
urate; mutations; polymorphisms

1. Introduction

The ABCG2 protein (also named breast cancer resistance protein—BCRP, or mitox-
antrone resistance protein—MXR) is a member of the ABC (ATP-binding cassette) protein
superfamily. A distinguishing hallmark of ABC proteins is the presence of Walker A,
Walker B, and the so-called ABC signature (typically LSGGQ) motifs in their sequences.
The members of this large protein family are present in all living organisms, ranging from
prokaryotes through fungi, plants, invertebrates to vertebrates. The design of ATP-binding
fold and its connection to transport mechanisms seem evolutionarily beneficial, as they
have been conserved through evolution [1]. In the human genome, there are 48 genes
encoding ABC proteins, which are classified into seven subfamilies (denoted from A to
G) primarily on the basis of sequence homology. Since an increasing number of structural
and functional data are available for ABC proteins, a new classification based on these
parameters has recently been proposed [2]. Most of the human ABC proteins are mem-
brane proteins mediating translocation of substances across biological membranes using
the energy of ATP binding and hydrolysis. There are some peculiar members of the family,
like the regulatory ABC proteins, exemplified by the sulfonylurea receptors (SUR1/ABCC8
and SUR2/ABCC9), which control the function of other membrane proteins; or the cystic
fibrosis transmembrane regulator (CFTR/ABCC7), which is an ion channel facilitating
downhill chloride transport across the membrane.

Some human ABC proteins are specialized in the transport of one or a limited number
of substrates. For example, MDR3/ABCB4 mediates phosphatidylcholine transport in
the canalicular membrane of hepatocytes. In contrast, MDR1 (P-glycoprotein, ABCB1)
is rather promiscuous, transporting a large variety of unrelated molecules. Membrane
transporter proteins with broad substrate recognition may confer resistance in cells to
multiple drugs, i.e., causing cross-resistance in tumor cells. These transporters are called
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multidrug resistance (MDR) proteins, although they also play a pivotal role at important
physiological tissue barriers controlling the uptake and excretion of endo- and xenobiotics.
In humans, there are multidrug transporters from the ABCB, the ABCC, and the ABCG
subfamilies. These MDR proteins with their broad and partially overlapping substrate
recognition, as well as with their tissue- and cell type-specific expression constitute a
complex physiological network, called the chemoimmunity system, which is an essential
part of the innate defense system against harmful substances [3].

ABCG2 was originally identified as a multidrug transporter in multidrug-resistant
cancer cell lines, in which none of the two MDR proteins known at that time (MDR1/ABCB1
and MRP1/ABCC1) was expressed [4,5]. In drug-selected cells and certain tumors, ABCG2
is massively overexpressed and may contribute to the poor clinical outcome of these
tumors [6,7]. Its physiological presence in normal tissues has also been demonstrated—first
in placenta [8], and subsequently in a large variety of other tissues. The wide-ranging but
still specific tissue distribution, combined with the broad substrate recognition, makes
ABCG2 an essential element of the chemoimmunity network. This paper will provide an
overview of the current knowledge of the structure and function of the ABCG2 protein,
as well as on the medical conditions when the transporter improperly operates. A special
focus will be put on the naturally occurring mutations and polymorphisms in ABCG2,
which cause diminished transport activity and/or impaired cellular routing. Finally, the
various methods assessing the function and trafficking of ABCG2, as well as the different
efforts to rescue detrimental phenotypes caused by the faulty transporter will be discussed.

2. Architecture of ABCG2

ABCG2 belongs to the ABCG subfamily, the members of which, in addition to se-
quence homology, exhibit considerable structural similarities. To our recent knowledge,
the minimal structure of a functional ABC transporter is composed of two cytoplasmic
nucleotide-binding domains (NBDs) and two transmembrane domains (TMDs). The usual
arrangement of domains in the core protein is as follows: TMD1-NBD1-TMD2-NBD2.
Contrary to the canonical ABC transporters, members of the ABCG subfamily possess only
one NBD and one TMD; thus, they are called half-transporters. Moreover, the domain order
in ABCG proteins is reversed, i.e., NBD is localized N-terminally to TMD. This reverse
domain arrangement could be one of reasons for the sensitivity of ABCG2 to tagging at the
C-terminus [9], contrary to many other ABC transporters, which can regularly be tagged C-
terminally. To form a functional complex, ABCG proteins, like other ABC half-transporters,
assemble into either homo- or heterodimers. While ABCG2 solely forms homodimers,
ABCG5 and ABCG8 are obligate heterodimers. In contrast, two other members of the
subfamily, ABCG1 and ABCG4 can form both homo- and heterodimers [10].

Membrane topology models of ABCG2 suggest six membrane-spanning helices, a
relatively short C-terminal tail, and short loops between the transmembrane helices (TMHs)
except for the last extracellular loop (EL3) between TMH5 and TMH6 [11]. N-glycosylation
on asparagine 596 located in the EL3 loop has also been demonstrated [12,13]. Although
initial reports suggested that glycosylation at N596 was not essential for proper expression,
localization, and function, subsequent studies demonstrated N-glycosylation to be an
important checkpoint determining the stability and intracellular trafficking of the trans-
porter [14,15]. There are twelve cysteine residues in ABCG2, but only three of them are
positioned in an oxidative milieu, and thus capable of forming disulfide bonds. All three of
these cysteines are located in the EL3 loop, and while an intramolecular disulfide bond is es-
tablished between C592 and C608, an intermolecular disulfide bridge is formed between the
two halves of the homodimer at C603. Whereas the latter disulfide bond is not required for
proper trafficking and function of ABCG2 [16–18], the C592-C608 intramolecular disulfide
bond represents another critical checkpoint for protein folding and trafficking [15,18].

Although the X-ray structures of isolated NBDs have been available since the late
nineties, the first high-resolution structures of full-length ABC transporters were only
published in 2006 and 2007 [19,20]. In the last decade, the spread of cryogenic electron
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microscopy (cryo-EM) and the substantial progress in crystallography have given a boost
to our understanding of ABC protein structures. However, homology modeling was
not quite applicable to ABCG proteins, as the members of this family are rather distinct
from other ‘classical’ ABC transporters, such as the P-glycoprotein (MDR1/ABCB1) or
the CFTR/ABCC7. The appearance of the first high-resolution structure of an ABCG
protein, i.e., that of the heterodimeric sterol transporter ABCG5/ABCG8, was therefore a
breakthrough [21], fueling extensive homology modeling of ABCG2 [22–24]. Subsequently,
several ABCG2 structures based on cryo-EM analyses have been published [25–28]. The
structural characteristics of ACBG2, obtained from these cryo-EM studies and from parallel
molecular dynamic stimulations, are recently reviewed in [29,30].

There are some distinguishing structural features in the ACBG2 as compared to the
full-length ABC transporters. In general, the structure of ABCG2 is more compact, the
NBDs are positioned close to the TMDs. A similar compact arrangement was observed for
the ABCG5/ABCG8 crystal structure [21], which resembles the architecture of BtuCD-like
bacterial importers, rather than that of MDR1-like transporters. This originates from the
relatively short transmembrane helices, possessing no cytosolic extension unlike the helices
in the classical ABC proteins, which create a sort of spacer between the TMDs and NBDs.
In the MDR1-like proteins, two of the elongated four pairs of helices cross over and bind
to the opposite NBD, while the other two pairs interact with the ipsilateral NBD. The
interfacings to NBDs are realized by small, so-called coupling helices at the cytosolic tip
of the elongated TMHs [19]. In contrast, there is only one coupling helix in each half of
the ABCG2 dimer (between TMH2 and TMH3), which does not cross over to the other
half. However, an amphipathic helix, called the connecting helix, linked to only TMH1
and reclining against the membrane bilayer, provides an additional TMD-NBD interface
in ABCG2.

Another distinct feature of the structure of ABCG2, as well as of ABCG5-ABCG5, is the
relatively closed conformation in the absence of ATP. In the classical ABC transporters in
this ‘apo’ form (without ATP), the NBDs are located far from one another, and consequently,
the intracellular parts of TMHs also remain apart, forming a large central cavity, the main
substrate-binding pocket, which is widely open to the cytoplasm [19]. The presence of
a similar cavity at the cytoplasmic side of ABCG2 (cavity 1) has been reported by cryo-
EM studies using an anti-ABCG2 antibody to reduce flexibility in the structure [25–27].
Nevertheless, the NBDs, and consequently the intracellular parts of TMHs, are closer to one
another in ABCG2 than in MDR-like transporters, resulting in a more compact structure
even in the absence of ATP. Residues in this central cavity were shown to be essential not
only for transport function but also for biogenesis [24]. Interestingly, a study using no anti-
ABCG2 antibodies for structure stabilization reported the lack of cavity 1 [28]. An additional
prominent feature in the inward-facing structure (apo form) of ABCG2 is the hydrophobic
di-leucine valve (L554 and L555) separating the central substrate-binding pocket from
an additional cavity (cavity 2) located toward the extracellular part of ABCG2 [25,26].
Experiments supplemented by molecular dynamic simulations demonstrated an essential
role for this di-leucine plug in the transport function [31]. Putting together the different
structures in the absence and presence of ATP and/or substrates, MDR1-like proteins
seem to alternate between a widely open inward-facing and a fairly open outward-facing
conformations, whereas the translocation of substrates through ABCG2 via cavities 1 and 2
rather involves a peristaltic-like movement.

With regard to the NBDs, both sequences and structures are fairly conserved. The two
composite ATP-binding pockets are constituted by two separate NBDs in a head-to-tail
orientation, i.e., one ATP molecule binds to the Walker A and B motifs of one NBD and
to the ABC signature sequence of the other NBD. Unlike in full-length ABC transporters,
the cytoplasmic part of the homodimeric ABCG2 is composed of two identical halves, but
otherwise the ABC-folds in ABCG2 are structurally similar to that of the classical ABC
transporters. It is worth noting that a phenylalanine at position 142 in ABCG2 interacts
with the connecting helix, representing a key residue in TMD-NBD interface assembly and
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a critical checkpoint for protein folding and function [32,33]. Interestingly, this amino acid
is analogous to F508 in CFTR/ABCC7, the mutation of which is responsible for diminished
trafficking of CFTR, and ultimately the cystic fibrosis (CF) phenotype.

3. The Physiological Functions of ABCG2, and Its Role in Multidrug Resistance

3.1. The Physiological Roles of ABCG2

As mentioned previously, ABCG2 is overexpressed in drug-resistant cell lines and
tumors. Habitually, it is expressed at a relatively high level in cell types located at the
entry and exit boundaries of the body, as well as in barrier tissues at the borders of
sanctuary sites [34,35]. These include the epithelial cells of the gastrointestinal track,
especially in small intestine enterocytes [36], the kidney tubular epithelial cells [37],
hepatocytes [34], placental syncytiotrophoblasts [38], mammary alveolar epithelial
cells (a part of the blood-milk barrier) [39], and brain capillary endothelial cells (a key
element of the blood-brain barrier) [40,41]. In these polarized epithelial and endothelial
cells, ABCG2 is localized to the apical plasma membrane domain. In addition to these
cells constituting tissue barriers, ABCG2 is also expressed in various types of stem
cells including hematopoietic stem cells [42], pluripotent stem cells [43,44], and cancer
stem cells [45–48]. Interestingly, ABCG2 is also present in the membrane of red blood
cells (RBCs) [34,49,50].

As is typical of a multidrug transporter, ABCG2 recognizes a vast variety of com-
pounds as transported substrate molecules. These include uric acid in the first place, but
also various endogenous conjugated hormones and metabolites, several hydrophobic and
amphipathic drugs, as well as their conjugates [51–53]. This promiscuity and the tissue
distribution detailed above delineate the physiological function of this transporter. In
general, ABCG2—depending on its location—restricts the uptake or facilitates the excretion
of potentially toxic or unwanted substances. Specifically, in the brain capillaries, ABCG2
restricts the passage of substances through the blood-brain barrier, whereas in the placenta,
it protects the fetus from maternally derived toxins. For instance, ABCG2 restricts the
maternal-fetal transfer of bile acids, which is especially important in expecting mothers
with intrahepatic cholestasis of pregnancy, a frequent liver disease leading to augmented
serum levels of bile acids [54,55]. In the small intestine, ABCG2 controls the absorption
of various molecules and participates in extra-renal clearance of uric acid; in the kidney
proximal tubules, it contributes to the elimination of unwanted toxins and metabolites,
including uric acid. Impaired ABCG2-mediated urate transport may lead to gout or hy-
peruricemia, therefore, specific mutations and polymorphisms in ABCG2 are genetic risk
factors for these conditions [37,56–58] to be discussed in detail in Section 6. Interestingly, a
recent study reported unequal contribution of ABCG2 to renal and extra-renal clearance
of uric acid [58]. In mammary alveolar epithelial cells, this transporter influences the
milk composition. Endogenous substrates transported by ABCG2 through the blood-milk
barrier include riboflavin (vitamin B2) and bile acids [59,60]. Certainly, vigilance is required
for breast-feeding mothers, as various medications can be transported by ABCG2 into the
milk [39,61]. The relevance of the Abcg2-mediated drug transport for the dairy industries
is also self-evident [62,63].

In these physiological boundaries, ABCG2 accomplishes this ‘bouncer duty’ in a coor-
dinated fashion together with the other MDR proteins, MDR1/ABCB1 and MRP1/ABCC1,
exploiting their partially overlapping substrate recognition and specific subcellular localiza-
tion. In polarized epithelial cells, ABCG2 is localized to the apical membrane ipsilaterally
to MDR1/ABCB1 and contralaterally to MRP1/ABCC1, whereas in cerebral endothelial
cells, all three major MDR proteins reside at the same side, i.e., the apical membrane [64].
Accordingly, ABCG2 along with other MDR proteins potentially alters the absorption, dis-
tribution, and excretion, as well as, consequently, the metabolism and toxicity (ADME-Tox
properties) of pharmaceutical drugs. Especially important is the potential contribution
of these transporters to drug–drug interactions, since modification of one (or more) of
the MDR proteins by a drug may greatly influence the pharmacokinetics of another one.
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Therefore, the examination of drug interactions with MDR proteins, including ABCG2,
is a requirement in preclinical drug development [53,65,66]. Interestingly, in mammary
epithelial cells, the apically localized ABCG2 and the basolateral MRP4/ABCC4 counteract
one another in bile acid transport [60].

The physiological role of ABCG2 in red blood cells and stem cells is enigmatic
to some extent. Since phototoxic porphyrins, such as the plant-derived pheophoride
A and the heme precursor protoporphyrin IX (PPIX), are noted substrates of ABCG2,
its expression in the erythroid precursor cells and in mature RBCs may indicate its in-
volvement in heme metabolism [50,67,68]. It is worth noting, however, that numerous
membrane proteins without known function in RBCs are present in their membrane,
i.e., the sterol transporter ABCA1 (http://rbcc.hegelab.org/, accessed on 9 February
2021) [69,70]. It is plausible that many of these membrane proteins can be just rem-
nants from previous stages of cell differentiation and maturation. In various stem cell
types, a protective role similar to that observed at the border of sanctuary sites has
been proposed for ABCG2 [42–44]. Stem cells are poised between self-renewal and
differentiation, and are thus exceptionally sensitive to environmental factors. ABCG2
can contribute to the stem cells’ self-protective mechanisms. The presence of the trans-
porter may, however, backfire in cancer stem cells, as they can provide tumors with
drug-resistant cell populations.

3.2. The Involment of ABCG2 in Multidrug Resistance of Cancer

Beyond its physiological roles, ABCG2 has been implicated in cancer multidrug resis-
tance (recently reviewed in [7]). A large variety of chemotherapeutic agents has been identi-
fied as ABCG2 substrates. First, the anti-cancer drug mitoxantrone has been demonstrated
to be exported by ABCG2, thus reducing its intracellular accumulation [4,71–73]. Interest-
ingly, a kinetic analysis indicated that mitoxantrone is extruded by ABCG2 not from the cy-
tosol but directly from the plasma membrane, where the drug accumulates [74]. Other anti-
cancer drugs identified as ABCG2 substrates include flavopiridol [73,75], methotrexate [76],
topotecan, and irinotecan [77,78]. In addition, several prominent tyrosine kinase inhibitors
(TKIs) used in chemotherapies, such as gefitinib [79–81], imatinib [81–83], sunitinib [84],
and nilotinib [83,85], were proven to be transported by ABCG2. The anti-cancer agents
doxorubicin and daunorubicin have also been reported as ABCG2 substrates [4,72,75], but
eventually it was revealed that these drugs are transported only by the R482G ABCG2
variant [3,86].

Expression of ABCG2 in tumors often correlates with poor prognosis, especially in
hematopoietic malignancies, such as acute myeloid leukemia [87], but also in solid tumors,
including diffuse large B-cell lymphoma [88]. However, clinical data are often conflicting
like in the case of acute lymphocytic leukemia [89–91], or of breast carcinoma [92–94].
Several other studies demonstrated correlation between ABCG2 expression and response
to chemotherapy, even to drugs, which are not ABCG2 substrates. These inconsistencies can
originate from the modulatory effect of other drug resistance mechanisms, most evidently
the presence of other MDR proteins. In addition, the methods employed to determine
ABCG2 expression could be dubious, originating from the potential cross-reactivity of
applied antibodies, or from the fact that mRNA levels of membrane proteins often do
not correlate with the protein levels. The genetic background of patients could give an
extra hue to these clinical studies as mutations and polymorphisms may alter the input
of ABCG2 into the clinical outcome or the response to various drugs; therefore, proper
stratification of patients is crucial for these analyses. In summary, the role of ABCG2 in
tumors has been implicated, but its actual contribution to the clinical multidrug resistance
is still unclear [6,7].
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4. Mutations and Polymorphisms in ABCG2

4.1. Classifications of Genetic Variants of ABCG2

Normal functioning of ABCG2 can be modulated, attenuated or abolished by mu-
tations or polymorphisms, which in turn may lead to medical conditions. These genetic
alterations can affect the transport activity of ABCG2 either by limiting its ATPase activity,
or by altering its substrate affinity and/or substrate profile. In addition, when the trans-
porter is not expressed at an adequate level, it cannot fully accomplish its physiological role.
Since ABCG2 operates as a pump protein residing in the plasma membrane and expelling
various substrates from the cell, not only sufficient expression but also proper cellular local-
ization is a prerequisite for normal function. Diminished cell surface protein level can stem
either from reduced overall expression caused by an early stop codon, mRNA instability,
protein folding problems, and increased degradation; or from trafficking problems, such
as retention in a cellular compartment, halted posttranslational modification, intracellular
sequestration, and augmented internalization. The former factors affect general expression
of the transporter, whereas trafficking defects alter its steady-state concentration on the cell
surface. Based on this, mutations and polymorphisms can be categorized as affecting (i) the
general expression level, (ii) the cellular trafficking, or (iii) the transport activity. In many
cases, genetic variations alter not only one of these parameters, but various combinations
of them.

A classification of different ABCG2 variants has been proposed by Tamuara et al. [95].
This categorization is based on the protein expression level and drug resistance profile of
the variants. The four groups are defined as follows: (i) variants with wild type-like drug
resistance profile; (ii) mutants with acquired doxorubicin and daurorubicin resistance, as
well as with prazosin-stimulated ATPase activity; (iii) non-expressing mutants; (iv) and
others possessing normal expression levels but altered drug resistance profile. Recently, a
novel and more systematic classification was suggested by Heyes et al. [96]. In this system,
the main categories, ranging from one to three, are based on the cell surface expression of the
ABCG2 variant: normal (as wild type, wt), reduced, and increased, whereas subcategories
denoted by a and b indicate whether the transport function is preserved (or even elevated)
and reduced, respectively. This classification is simple and reasonable, but does not
distinguish between normal variants and gain of function mutants, and does not take into
account whether the reduced cell surface appearance is due to general expression problems
or trafficking defects despite the fact that rescuing a phenotype caused by one or the other
requires distinct interventions.

It is, therefore, worth considering a new classification of ABCG2 mutations similar
to that was previously introduced for CFTR variants, which is based on so-called ther-
atypes [97]. In this classification, CFTR variants are categorized according to the nature
of their defect and the specific strategies required for phenotype correction. While Class
1 mutations affect protein production, Class 2 mutations impair trafficking. Class 3 and
4 mutations diminish transport function by affecting channel gating and conductance,
respectively. Class 5 mutations lead to reduced protein levels, whereas Class 6 mutations re-
duce plasma membrane half-lives. Finally, Class 7 mutations are the so-called unrescuable
genetic variants, e.g., those containing large deletions [97].

With regard to the ABCG2 mutations, we propose here a new classification, which
embraces the logic and architecture of the CFTR mutation categorization, but also considers
the specific features of ABCG2. Although this classification does not follow the order of
sequential cellular event, such as transcription, translation, post-translational modification,
trafficking, and degradation, it is rather based on conventions used for CFTR for many
years. However, conforming of mutation classifications of various ABC proteins may
help to avoid confusion and to adapt interventions to rescue phenotypes caused by the
mutations from the same categories (see Section 7).
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4.2. Class 0 Mutations

Various databases based on genome and transcriptome sequences list an enormous
number (over 1000) of mutations and polymorphisms in the ABCG2 gene. These also
include the synonymous mutations and the genetic variants in the non-coding regions,
but from a practical point of view, we focus here primarily on non-synonymous single-
nucleotide polymorphisms (SNPs) in the coding region. A comprehensive collection of
mutations in ABC proteins, including those of ABCG2, is available at http://abcmutations.
hegelab.org/ (accessed on 9 February 2021) [98,99]. This database (named ABCMdb)
summarizes not only the naturally occurring but also the artificially generated genetic
variants, and annotates them with relevant literature data. Inclusion of artificial mutations
in such databases is of great help in gaining insights into structure-function relationships
and in designing future experiments.

One group of ABCG mutations can be formed from those that do not affect the function,
expression, and trafficking considerably (marked as Class 0). A characteristic representative
of this group is the frequent missense polymorphism V12M (rs2231137) [49,100]. The minor
allele frequency (MAF) of this SNP falls between 0.19 and 0.33 in the Asian populations
and is around 0.06 in Europe [101,102]. Other members of this class are K360del and
T434M [103,104]. The specific cellular events affected by the mutations of each group are
depicted in Figure 1, whereas detailed data on the major representatives of the various
SNP categories are provided in Table 1.

 

Figure 1. Classification of ABCG2 variants based on the cellular defects caused by the various muta-
tions and polymorphisms. Green arrows—mRNA and protein trafficking, orange arrows—ABCG2-
mediated transport, blue arrow—ABCG2-mediated transport with altered substrate preference.
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Table 1. Proposed categorization of ABCG2 mutations and polymorphisms. Summary of the main features of the represen-
tative mutations of each group.

Class Description Variant
SNP

Reference
Region

Global
MAF

MAF
in Asia

References
Assoc.

with Gout
References for

Gout Assoc.

Class 0 as wt
V12M rs2231137 N terminal

tail 0.158 0.19–0.33 [49,100–102] dubious
no association in
[56,103,105,106]

but in [107]
K360del rs750972998 Linker 0.004 – [103,104,107] – –
T434M rs769734146 TMH2 <10−4 – [104,107] – –

Class 1 no protein

Q126X rs72552713 NBD 0.0012 0.019 [108–111] yes [56,103,106]
R236X rs140207606 NBD 0.0002 0.0005 [49,104,109,110] yes ** [112]
R113X,
Q244X,
R246X,
G262X,
E334X,
Q531X

miscellaneous various
locations – – [109,110,113] – –

S340del rs755318857 Linker <10−4 <10−4 [109] – –
L264Hfs rs780593948 NBD <10−4 <10−4 [109] – –
R147W rs372192400 NBD 0.0001 – [104,107] yes [107]

F208S rs1061018 NBD
(Walker B) <10−4 – [95,111,114] – –

R383C – Linker – – [104] yes ** [112]

Class 2 trafficking
defect

Q141K rs2231142 NBD 0.119 0.22–0.32 [32,33,95,100,115–118] yes [33,37,103,119]

M71V rs148475733 NBD 0.001 – [104,112,120] yes ** [112]

F373C rs752626614 Linker <10−4 – [104] –

Class 3
reduced
transport
activity

S248P rs3116448 Linker <10−4 – [95,121] – –
S476P not annotated (CL1) TMH3 n.d. – [104,107] – –
F489L rs192169063 TMH3 0.001 0.005 [95,121–123] – –
P269S rs3116448 NBD:Linker <10−4 – [100,103,124] no [103]
A528T rs45605536 TMH4 0.02 * – [114] – –
I242T not annotated NBD – – [125] – –

K83M –
NBD,

Walker A – – [9,126] – –

Class 4
altered

substrate
recognition

F431L rs750568956 TMH2 <10−4 – [95,121,127,128] – –

R482G – TMH3 – – [3,86,129–132] – –
R482T – TMH3 – – [3,86,129–132] – –

Class 5 less protein

T153M rs199753603 NBD:TM 0.0002 – [104,107,128,133] yes [107]
D296H rs41282401 Linker 0.0002 0.02 [114] – –
S441N rs758900849 TMH2 <10−4 – [95,100,122,127] – –
L525R rs750568956 TMH4 0.014 – [114,122] – –

−30477C>G rs2127861 promoter – – [134] – –
−15622C>T rs7699188 promoter – – [134] – –

1143G>A rs2622604 intron 2 – – [134] – –

Class 6 shorter
PM half-life ? – – – – – – –

Class 7 no RNA ? – – – – – – –

others

ambiguous N590Y rs34264773 EL3 0.0004 – [101,128,135] – –
ambiguous D620N rs34783571 EL3 0.003 – [107,113,135,136] yes [107]

gain-of-
function I206L rs12721643 NBD

(Walker B) 0.0003 – [128,135] – –

PM, plasma membrane; NBD, nucleotide-binding domain; TMH, transmembrane helix; CL, cytoplasmic loop; EL, extracellular loop; n.d.,
no data; ?, unknown; * in Caucasians, ** observed in a small cohort of patients with hyperuricemia or gout.

4.3. Class 1 Mutations

The next group is composed of mutations that impair protein production (Class 1).
Among them, Q126X (rs72552713) is the most frequent with a MAF of 0.002 in the Asian
population [108]. This mutation leads to an early stop codon; thus, no protein is produced.
Several other, mainly nonsense mutations, e.g., R113X, R236X, R246X, G262X, E334X, and
Q531X, result in a protein with severe structural and folding problems, and consequently in
rapid protein degradation. Some other types of mutations, such as the deletion S340del, the
frameshift L264Hfs, as well as the missense R147W, F208S, and R383C mutations [104,107],
also belong to this group. A link between the lack of ABCG2 expression and the rare blood
group Jr(a–) was established in 2012 [109,110]. Interestingly, individuals carrying Class 1
mutations on both alleles have no ABCG2 present in their RBC membranes, but exhibit
no apparent signs of diseases. However, they can have transfusion reactions, and can
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be sensitive to drugs that are ABCG2 substrates, the concentration of which is normally
controlled by the transporter.

4.4. Class 2 Mutations

Further embracing the CFTR classification, the next group of mutations (Class 2)
consists of genetic alterations, usually mild mutations or polymorphisms, which result
in a protein with impaired trafficking to the cell surface, while possessing more or less
preserved transport function (recently reviewed in [137]). A typical of Class 2 variants is
Q141K (rs2231142), which is the most frequent genetic variant of ABCG2 other than wild
type. Its allele frequency is the highest in Southwest Asia (MAF values are between 0.222
and 0.319), whereas it is less common in the Caucasian populations (MAF = 0.107–0.119)
and is rather rare in Africa (MAF = 0.009) [115,116]. Because of its frequency and its
association with gout (see Section 6.1), ABCG2-Q141K is the most broadly studied variant
of ABCG2. It has major folding and trafficking problems, undergoes partial degradation,
thus exhibiting reduced overall and cell surface expression [32,33,95,100,115,117,118].

Using a flow cytometry-based screening method for reduced ABCG2 expression in
RBCs, we have recently identified a polymorphic variant (M71V) with a character similar
to that of Q141K [112,120]. The rare F373C missense mutation also belongs to this group, as
the substrate stimulated ATPase activity and the specific transport activity of ABCG2-F373
are preserved, but its cell surface expression is diminished [104].

It should be noted that in most cases, not only the trafficking but also the transport
function is affected by these mutations to certain extent. Nevertheless, they are classified
into this group, because the defect caused by these mutations can—at least partially—be
corrected by pharmacological chaperones (or correctors), whereas application of correctors
for other types of mutations is usually unreasonable. The different approaches to rescue
the various phenotypes will be discussed later.

4.5. Class 3 Mutations

The following group of ABCG2 mutations (Class 3) contains those that do not af-
fect protein expression considerably, but impair transport function. At this point, the
classification proposed here diverges from the categorization of the CFTR mutations, in
which genetic alterations causing impaired gating are classified into Class 3, whereas those
leading to diminished channel conductance are categorized into Class 4. This classifica-
tion cannot be applied to ABCG2 for several reasons. Firstly, the transport mechanism of
ABCG2 substantially differs from that of CFTR. Secondly, immense information has been
accumulated on the mechanism of action of loss-of-function mutations in CFTR, whereas
only limited data on ABCG2 mutations are available in this respect.

The genetic alterations in ABCG2 causing impaired transport activity are exemplified
by S248P, P269S, F489L, and A528T [95,114,121–123]. The rare S476P also belongs to this
group, although the transport function of ABCG2 bearing this mutation is only slightly
reduced [104]. A recent addition to this class is I242T, which has normal protein expression
and processing, while its transport activity (urate transport) is completely abolished [125].
A peculiar member of this group is K86M, an artificially generated mutation in the Walker
A motif, which leads to a catalytic inactive transporter with close to normal cellular
localization [9,126]. By means of these beneficial features, K86M is commonly employed in
functional assays as a negative control.

It is worth noting that trafficking (Class 2) mutations cause reduced surface expression,
and consequently lead to diminished drug efflux and increased drug sensitivity, to an
apparent loss of function. Although generally speaking, the functionality of the transporter
is affected in these cases, but the underling mechanism is rather different for Class 2 and
Class 3 mutations. When a particular ABCG2 variant is evaluated solely on the basis of
functionality in cellular systems, e.g., cell-based cytotoxicity or drug efflux assays, this
distinction cannot be drawn. The various assessments to explore the particular impairments
in the ABCG2 variants caused by mutations and polymorphisms will be discussed in
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Section 5. It is noteworthy that Class 3 mutations can potentially be corrected by so-called
potentiators, small molecules that are intended to restore the impaired transport function
(see Section 7).

4.6. Class 4 Mutations

As mentioned above, Class 4 of ABCG2 mutations differs from that of CFTR variants.
According to our proposed classification, this group collects the mutations resulting in
a transporter with altered substrate specificity. These mutations are represented by the
rare F431L (rs750568956, MAF < 0.0001). ABCG2-F431L is normally expressed in cells,
localized to the plasma membrane, mediates porphyrin transports, and confers resistance
to mitoxantrone [95,113], but these cells exhibit decreased resistance to methotrexate and
various tyrosine kinase inhibitors [95,138]. Conflicting results on altered resistance to
camptothecin analog SN-38 (the active metabolite of irinotecan) have been published in
connection with this mutant [95,128].

Other members of this class are the R482G and R482T missense mutations, which
have been identified from drug-selected cell lines, when ABCG2 was originally cloned [4,5].
In the beginning, the actual sequence of the wild type ABCG2 was ambiguous; causing
some controversies in the initial characterization of the transporter, but later it was made
clear that there is an arginine at position 482 in the wt ABCG2. Amino acid alterations at
R482 strongly influence the substrate profile of the transporter, which is exemplified by
methotrexate or uric acid being a substrate of the wt ABCG2 but not of the R482G variant;
and inversely, doxorubicin or daunorubicin is exported by ABCG2-R482G, but not by the
wild type [3,86,129–132].

4.7. Class 5 Mutations

The next group of mutations consists of those that cause diminished protein expression
(Class 5). Class 1 and Class 5 mutations differ from one another in respect of that the former
results in no protein expression, whereas the latter only cause reduced protein levels,
therefore, different strategies are required for rescuing the phenotype. A representative
of this group is T153M (rs199753603), which leads to diminished protein expression, but
the smaller amount of protein expressed normally traffics to the cell surface and functions
regularly [104,107,128,133].

Although we focus here mostly on the mutations in the coding region, it is worth
mentioning that SNPs in the promoter region or in introns (potentially causing alterna-
tive splicing) can influence RNA stability and consequently lead to diminished protein
expression. These are exemplified by −30477C>G (rs2127861), −15622C>T (rs7699188),
and 1143G>A (rs2622604) [134]. Since the transcriptional regulation and RNA splicing
is tissue-specific, the manifestation of these SNPs can vary from tissue to tissue. It is
noteworthy that correction of aberrant splicing by RNA-based antisense oligonucleotide
strategy has been proposed to restore CFTR level caused by splice-altering mutations [139].

4.8. Class 6, Class 7, and Ambigous Mutations

Class 6 and Class 2 mutations are related, as both groups contain genetic alterations
leading to trafficking defects, but while Class 2 mutations cause diminished plasma mem-
brane delivery, Class 6 SNPs result in less stable protein on the cell surface. Reduced
steady-state plasma membrane level of a membrane protein can be due to either enhanced
internalization or diminished recycling back to the cell surface, which are often concomitant
with augmented protein degradation. Unfortunately, only limited information is available
on the half-life of various ABCG2 mutants on the cell surface; therefore, categorization to
this class is rather vague at the moment. The rare missense mutation V441N (rs758900849,
MAF < 0.0001) has been reported to cause reduced protein stability [95,100,122,127], thus
likely be identified as a Class 6 mutation.

Recently, a new category (Class 7) has been proposed for CFTR mutations, which
class collects the so-called unrescuable genetic alterations [97]. This phenotype can be
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due to a large deletion or other severe mutations generating unstable mRNA. The sparse
information available at the moment prevents to classify ABCG2 mutations into this group.

Classification of certain mutations is ambiguous because of the conflicting results
published on the particular defect caused by the SNPs. For instance, ABCG2 carrying
the relatively frequent D620N (rs34783571 MAF = 0.003) or the rare N590Y (rs34264773,
MAF = 0.0004) missense mutation exhibit normal or in some cases even elevated cell
surface expression; however, whether these mutations affect the transport function remains
to be clarified [107,113,114,135,136,140]. An interesting addition to list of ABCG2 SNPs is
the rare I206L gain-of-function mutation (MAF = 0.0003) [135].

5. Assessment of Mutation-Related Defects in ABCG2

Numerous in vitro assay systems and cellular models have been established to eval-
uate the expression and function of various ABC transporters, including ABCG2. Most
of these test systems are intended to identify substrate or inhibitor molecules of a given
transporter. These drug-screening methods have been carefully overviewed in compre-
hensive review papers [141,142]. Here, rather, the approaches capable of identifying the
impairments caused by various types of mutations/polymorphisms will be discussed.

As mentioned earlier, several ABCG2 SNPs are frequently miscategorized, as the mu-
tated protein is characterized by one or just few features. For instance, Class 2 (trafficking)
variants are often called loss-of-function mutants, although their transport function is in
fact preserved. To obtain a comprehensive view on the character of an ABCG2 variant,
numerous assessments have to be performed. These include the examination of gene
transcription, mRNA level and stability, overall protein expression level, protein stability
and degradation, cellular localization and trafficking, half-life in the plasma membrane,
ATPase activities, transport function (the specific activity!), and substrate profile. How
these various cellular parameters are affected by mutations in each class is summarized
in Table 2.

The transcriptional activity of ABCG2 variants bearing mutations in the promoter re-
gion can be assessed by nuclear run-on or GRO-Seq (Global Run-On sequencing) assay; the
combined outcome of transcription and RNA stability can be detected by RNA-Seq (RNA
sequencing) method, whereas splice variants can be determined using RNase protection
assay. A detailed analysis demonstrated differential regulation and cell-type specific ap-
pearance of four 5′ untranslated exon variants of ABCG2 [143]. Recently, a straightforward
test system based on a genome-edited reporter cell was developed to assess transcriptional
regulation of ABCG2 [144]. In these cells, a coding sequence for eGFP was targeted to
the translational start site of ABCG2. This reporter cell can be adjusted to examine the
transcription of ABCG2 variants.

Standard molecular biological and biochemical methods, such as quantitative PCR
and Western blotting are used to determine the mRNA and protein levels, respectively. The
subcellular localization of the ABCG2 variants is regularly analyzed by immunostaining
followed by microscopy, or specifically the plasma membrane expression of ABCG2 can
be assessed by cell surface labeling followed by flow cytometry. The commonly used cell
surface labeling, however, leaves the question open as to whether the abnormal plasma
membrane expression is due to reduced overall expression or trafficking deficiencies. It is
also worth noting that no specific markers for subcellular compartments are employed in
the majority of studies examining the subcellular localization of an ABCG2 variant, leaving
its exact location within the cell unambiguous. In addition, it is frequently disregarded that
the trafficking machinery differs from cell type to cell type; thus, application of close-to-
physiologic cellular models is highly encouraged for localization studies. The limitation of
these widely used immunolabeling approaches is that they provide information only on the
steady-state distribution of the protein, and its end-point accumulation in a particular cellu-
lar compartment may not reveal the real cause of mislocalization. Recently, we developed a
dynamic, synchronization-based method for identifying the specific impairments of Class 2
(trafficking) ABCG2 mutants, Q141K and M71V [120]. Similarly, a dynamic approach is
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needed to evaluate the protein half-lives on the cell surface, but these kinds of studies on
ABCG2 are rather rare. Binding of the ABGC2-specific antibody 5D3 has been demon-
strated to induce internalization [145], as well as binding of ABGC2-specific inhibitors has
been shown to promote lysosomal degradation of the transporter [146]. However, no data
on the internalization rates or the plasma membrane half-lives of different ABCG2 variants
have been published thus far.

Table 2. Different cellular parameters to be assessed, and their alterations caused by the mutations of various classes.

Cellular
Parameter.

Class 0 Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7

as wt No Protein
Trafficking

Defect

Reduced
Transport
Activity

Altered
Substrate

Recognition

Less
Protein

Shorter
PM

Half-Life
No RNA

Gene
Transcription + + + + + + + +/−

mRNA
Stability + + + + + +/− + +/−

mRNA
Level + + + + + +/− + no

Protein
Stability + reduced +/− + + reduced + N/A

Overall
Protein

Expression
+ no +/− + + reduced + N/A

Localization,
Trafficking normal N/A altered,

impaired normal normal normal normal N/A

Cell
Surface

Expression
normal no reduced normal normal reduced reduced N/A

PM
Half-Life normal N/A N/A normal normal normal reduced N/A

ATPase
Activity + N/A + reduced + + + N/A

Transport
(Specific
Activity)

+ N/A + reduced + + + N/A

Substrate
Profile unchanged N/A + +/− altered unchanged unchanged N/A

wt, wild type; PM, plasma membrane; +/−, normal or altered; N/A, not applicable. Color coding: green—not affected, normal, unchanged;
red—altered, impaired; light red—can be altered; white—not applicable.

A wide variety of assay methods has been developed to evaluate the function and
substrate recognition of ABCG2 variants (see in [141,142]). Some of these measurements
are performed using membrane preparations or membrane vesicles containing the ABCG2
variant to be tested. Substrate molecules typically stimulate the ATPase activity of ABCG2
(like in many other ABC transporters), whereas inhibitors diminish the basal or substrate-
stimulated activity. Compounds that modulate the function of the transporter, such as
cholesterol, can also be identified using this method [147]. Photoaffinity labeling assay is
also a membrane-based method, and indicates the interaction between a test compound
and the transporter, while direct transport measurements can be performed employing
inside-out membrane vesicles. These assays have the advantage that the specific activities
can be determined in this way without being burdened by other factors like transcriptional
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differences, trafficking defects, or altered membrane half-lives. Moreover, using these
approaches, substrate profiling for the different ABCG2 variants can be implemented.

Another group of functional assessments is cell-based methods, which employ cells
expressing the ABCG2 variant to be tested. Cytotoxicity assay is the most commonly
employed cell-based approach to investigate the transport activity of multidrug ABC
transporters. The cell-killing effect of toxic compounds can be examined directly, but
substances with no apparent toxic effect can be assayed through their modulatory effect on
the cytotoxicity of a toxic drug. Measuring the efflux of a detectable substrate molecule
from cells, or inversely, assessing its cellular accumulation (efflux and uptake assays) are
other possibilities to determine the functional consequence of a mutation/polymorphism
in ABCG2. Here too, the modulatory effect of other compounds on the cellular efflux
or uptake of a detected substrate molecule allows mapping of potentially interacting
substances. The so-called side-population assay is a representative of these cellular uptake
methods [42]. The fluorescent dye Hoechst 33342 is a well-transported substrate of ABCG2,
and its fluorescence undergoes a spectral shift upon binding to DNA. These properties
make it possible to perform a dye exclusion assay for detecting a subset of cells with
functional expression of ABCG2, e.g., stem cells, in a heterogeneous cell population by
measuring cellular blue and red fluorescence in parallel [42,46,148,149]. Although cell-
based assay systems are straightforward, and also allow substrate profiling, their limitation
comes from the fact that the expression, localization, and cell surface stability of the tested
ABCG2 variant indirectly affect the net outcome of these examinations.

It is also worth noting that in many heterologous cellular models, the transporter
is considerably overexpressed, thus increasing the risk of experimental artefacts. Cell-
based systems with a single or controlled number of transgene copies, such as Flp-
In-293 system or transposon-based system, are more appropriate for such investiga-
tions [14,18,113,117,118,150]. For instance, an initial study using cellular models over-
expressing ABCG2 reported that mutations at the glycosylation site (N596) do not affect
trafficking of ABCG2 [12], but a subsequent study employing a single-copy Flp-In-293
system demonstrated a harmful effect of N596 mutations and established a stabilizing role
for N-glycosylation [14]. Cellular models stably expressing the ABCG2 variant are com-
monly preferred over the transient systems, even though stable expression of a transgene
allows us to investigate solely the steady-state distribution and function; furthermore, it
may be accompanied with compensatory mechanisms. Transient and inducible expression
systems should also be acknowledged, especially when dynamic cellular events, such as
intracellular routing, are to be studied. Moreover, synchronous release methods, such as
the RUSH (retention using selective hooks) system, are even more adequate for exploring
the trafficking properties of different ABCG2 variants [120].

In addition to these ‘wet lab’ approaches, the effect of mutations and polymorphisms
can be investigated by various in silico methods either by modelling their impact on the 3D
structure of the transporter or by predicting their functional consequences, e.g., implicating
an effect on protein stability, substrate binding, or intramolecular communication, etc.
Although these are intriguing issues, this topic is beyond the scope of this review; thus, it
not discussed here. In any case, structural analyses and molecular dynamic simulations
in connection with ABCG2 mutations have recently been the subject of a comprehensive
overview [30].

6. Medical Conditions Associated with ABCG2 Mutations and Polymorphisms

6.1. The Role of ABCG2 Variants in Hyperuricemia and Gout

One of the important roles of ABCG2 is the clearance of uric acid, the end-product of
purine metabolism. Interestingly, uric acid was not identified as a physiologically relevant
endogenous substrate of ABCG2 until genome-wide association (GWA) studies revealed
the association between the Q141K polymorphism in the ABCG2 gene and gout [151], a
disease characterized by inflammatory arthritis of the joints caused by urate deposition
and crystal formation in the synovial fluid. This condition can develop as a result of either
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hepatic overproduction or diminished excretion of uric acid. The Q141K polymorphism has
been established as one of the strongest genetic determinants for high serum urate levels
(hyperuricemia) and gout development [37,56,103,105,106,119,152]. Surprisingly, Q141K
polymorphism (and its murine ortholog Q140K) diversely affected ABCG2 function in in-
testine and kidney, i.e., while ABCG2-mediated intestinal urate clearance was substantially
reduced (or abolished), the function of ABCG2 was preserved in the kidney, suggesting a
tissue-specific regulation/trafficking and differential pathology of this ABCG2 variant [58].
Ironically, another GWA study demonstrated an association between the Q141K poly-
morphism and a worse response to allopurinol [153], which is the first-line treatment for
chronic gout. Allopurinol and its active metabolite, oxypurinol, are intended to lower uric
acid levels by inhibiting xanthine oxidase, the major enzyme for the production of uric acid.
Allopurinol and oxypurinol have been reported to be transported substrates of ABCG2;
thus, they are retained in cells expressing the Q141K ABCG2 as compared to wt-expressing
cells. A subsequent study demonstrated that ABCG2 transports oxypurinol, but not al-
lopurinol itself [154]. Further pharmacogenomic analyses established the link between
presence of the Q141K allele and increased risk of poor response to allopurinol [155–157],
but the underlying mechanism, how Q141K influences allopurinol disposition and the
clinical response, is yet to be clarified.

Several other ABCG2 mutations/polymorphisms have been identified as genetically
associated risk factors for gout incidence (see Table 1). These include Q126X, R147W,
T153M, and D620N [56,103,105–107]. No association between V12M and increased risk
of gout have been established [56,103]; indeed, one study reported a protective effect of
this SNP on gout susceptibility [105]. Recently, using blood samples from patients with
hyperuricemia or gout, in addition to Q141K, we found three other mutations (M71V,
R236X, and R383C) associated with reduced protein levels in the RBC membrane [112]. It
is worth mentioning that most of these ABCG2 SNPs connected with hyperuricemia or
gout belong to Class 1 or Class 2.

6.2. Modulatory Effect of ABCG2 Variants on Drug Pharmacokinetics

As discussed earlier, ABCG2 residing in various physiological barriers plays a pivotal
role in tissue and cellular protection by controlling the uptake, distribution, and excretion
of potentially toxic endogenous and exogenous substances. Mutations/polymorphisms
affecting the functionality of the transporter by any means may also influence the serum
level and/or the pharmacokinetic parameters of drugs that are ABCG2 substrates [96,158].
There are two consequences of altered pharmacokinetics: (i) the clinical response to a given
drug can be modulated, and (ii) toxic reactions can arise due to shifted drug concentrations
or drug–drug interactions. In particular, highly toxic drugs, like chemotherapeutic agents,
can evoke adverse drug reaction (ADR) even at the usual dosage, when a polymorphism
in transporters alters drug distribution. ABCG2 mutations/polymorphisms in connection
with anti-cancer drug-elicited ADRs will be discussed in the following subsection. When
drug concentrations (or exposures) are elevated due to the presence of a polymorphic vari-
ant, drug dosage should be adjusted accordingly to attain adequate response to treatment
but to minimize side effects. However, compiling of dependable personalized treatment
protocols demands not only reliable genetic analyses but also well-established knowledge
of genotype–phenotype–pharmacokinetics relationships.

The effect of the frequent Q141K ABCG2 variant on drug pharmacokinetics has been
extensively investigated, whereas only limited information has been acquired on other
ABCG2 SNPs. Interestingly, the alterations in the disposition of several drugs correlate
with the allele frequencies of this SNP in various ethnic groups [159]. Based on previous
pharmacokinetic and pharmacodynamics data, a recommendation has been made to incor-
porate examination of ABCG2 Q141K in recent and future drug development [65]. Q141K
has been demonstrated to modulate the pharmacokinetics of several types of drugs, includ-
ing chemotherapeutic agents (discussed later), statins, disease-modifying anti-rheumatic
drugs (DMARD), anticoagulants, and anti-viral medications. The pharmacokinetic pa-
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rameters [the area under the curve (AUC) and/or the maximum concentration (Cmax)] of
rosuvastatin, simvastatin, atorvastatin, and fluvastatin was elevated in patients carrying
the Q141K allele [160–164]. Therefore, this polymorphism has also been implicated in
increased the risk of statin-induced myopathy [165]. Q141K was also associated with
higher AUC or Cmax of DMARDs, such as sulfasalazine and teriflunomide [166–169], as
well as of anti-HIV drugs, such as dolutegravir and retegravir [170,171]. It is worth men-
tioning that in many cases, association was seen only with the homozygous genotype,
or with the group involving both hetero- and homozygotes. With regard to the other
relatively frequent polymorphisms, V12M has demonstrated not to influence the pharma-
cokinetics of fluvastatin [162], whereas Q126X was associated with altered disposition of
sulfasalazine [169].

Interestingly, a few studies have reported that the polymorphism-related alterations in
pharmacokinetic parameters were primarily due to increased intestinal absorption rather
than decreased renal excretion [159,171], although reduced hepatic clearance may also
contribute to lower Cmax values [166]. These notions are in concert with the differential
pathology of Q141K in the intestine and the kidney observed in gout patients [58]. As
discussed earlier, Q141K increases the risk of poor response to allopurinol by means of a
not fully understood mechanism. However, further studies focusing on the oxypurinol
pharmacokinetics and involving a large cohort of allopurinol-treated gout patients are
needed to elucidate causative relationships.

6.3. Significance of ABCG2 Mutations/Polymorphisms in Cancer Therapy

Numerous in vitro studies have demonstrated altered efflux of chemotherapeutic
agents and reduced drug resistance in cancer cells expressing ABCG2 carrying various
SNPs. While an unambiguous role for Q141K has been established, the results on the
effect of the V12M variant were conflicting [100,115,133,172]. It is important to note that
the specific activity of both V12M and Q141K, i.e., transport activity normalized by the
expression level, remained unaltered [100], confirming that these SNPs do not affect the
actual transport function. ABCG2-Q141K has been shown to diminish drug efflux and/or
to increase sensitivity to various anti-cancer drugs, including methotrexate, numerous
TKIs (gefitinib, erlotinib, lapatinib, imatinib, dasatinib, nilotinib), and the topoisomerase
I inhibitor indolocarbazole [100,114,115,133,172,173]. In addition to genetic alterations,
epigenetic modifications could also modulate drug responses. It has been demonstrated
that promoter hypermethylation, which frequently occurs in tumor cells, leads to repressed
transcription of the ABCG2 gene, lowered protein level, and consequently increased drug
sensitivity [174].

An increasing number of clinical studies reported that ABCG2 polymorphisms modu-
late the pharmakinetics of chemotherapeutic drugs and increase the risk of drug-related
adverse reactions. Studies rarely report altered drug response or clinical outcomes, but toxic
side effects due to elevated drug concentrations or longer exposures. Higher accumulation
of the small molecule TKI gefitinib was observed in patients heterozygous for the Q141K
variant [81]. In accordance with this finding, higher incidence of gefitinib-induced diarrhea
was found in Q141K heterozygotes [175], although another study found no association
between susceptibility to gefitinib-induced ADR and the Q141K (or Q126X) polymor-
phism [176]. No difference was found in the therapeutic outcomes (response and survival)
in diffuse large B-cell lymphoma patients carrying Q141K or V12M polymorphism, when
treated with rituximab plus cyclophosphamide/doxorubicin/vincristine/prednisone (R-
CHOP) regimen, but chemotherapy-induced diarrhea was associated with the Q141K
genotype [177]. Similarly, a higher incidence of sunitinib-induced severe thrombocytopenia
was observed in renal cell carcinoma (RCC) patients carrying the Q141K allele [178]. A
case report also documented that an RCC patient homologous for Q141K suffered from
toxic side effects of sunitinib treatment, such as severe thrombocytopenia, transaminase
elevation, severe hypoxia due to pleural effusion and pulmonary edema, in parallel with
efficacious treatment of the tumor [179]. Although the expression of ABCG2-Q141K in
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cancer cells resulted in elevated sensitivity to imatinib [114,173], the in vivo effect of Q141K
on imatinib accumulation/response is controversial [180–185].

Similarly, the results on the role of this SNP in the pharmacokinetics of camptothecin
analogs, such as diflomotecan, 9-aminocamptothecin, topotecan, and irinotecan, are con-
flicting [186–192]. An interesting dual role for the Q141K polymorphism was found in
prostate cancer patients. On one hand, this ABCG2 variant results in elevated cellular
retention of folate, which is a rate limiting factor for prostate cancer cell proliferation, thus
leading to higher risk for tumor reoccurrence after prostatectomy in patients, who received
no drug treatment. On the other hand, docetaxel-treated prostate cancer patients carrying
Q141K SNP have a longer survival time because of the reduced drug efflux [193].

Besides Q141K, some other frequent polymorphisms, such as V12M and Q126X, have
been included in a limited number of clinical studies investigating the effect of ABCG2
SNPs on cancer chemotherapy and therapy-related toxicity. V12M did not influence clinical
outcomes and has no association with ADR; on the contrary, Q126X promoted toxic side
effects of gefitinib [176,177,192]. Only sparse information is available on ABCG2 minor vari-
ants in connection with tumor drug therapy. The SNPs in the promoter region (-15622C/T)
and in intron 1 (1143C/T) conferring reduced ABCG2 levels (Class 5 mutations) elevated
pharmacokinetic parameters (AUC and Cmax) of erlotinib [194], and increased the incidence
of gefitinib-induced diarrhea in non-small-cell lung cancer patients without affecting the
clinical outcomes [195]. An SNP in intron 11 (G>A, rs4148157, MAF = 0.096) also altered
the pharmacokinetics (absorption rate constant and maximum concentration) of orally
administered topotecan in infants and very young children with brain tumors [196].

As mentioned earlier, ABCG2-inhibiting drugs can also modulate the distribution
and toxicity of medications, underscoring the importance of ABCG2 in drug–drug or
drug–food interactions. On the other hand, mutations and polymorphisms may potentially
alter the potency and/or efficacy of these inhibitors, further complicating the evaluation of
drug interactions. Nevertheless, this aspect of ABCG2 polymorphic variants remains to
be determined.

6.4. Other Disease Conditions in Connection with ABCG2 Variants

Abcg2-deficent mice showed no signs of any noticeable phenotype until they were exposed
to light, which in turn induced severe phototoxic lesions on the skin of the animals [67]. This
led to the discovery that pheophorbide A, the breakdown product of chlorophyll, is an ABCG2
substrate, and the transporter restricts the intestinal uptake of this potential toxic compound.
The level of the heme precursor protoporphyrin IX was also massively increased in the RBCs
of Abcg2 knockout mice, implying a role for ABCG2 in heme homeostasis. This was further
supported by the observations that ABCG2 is upregulated during erythroid differentiation and
lowers the PPIX levels in erythroid cells [50]. A comprehensive in vitro study demonstrated
that numerous ABCG2 polymorphisms, such as Q126X, F208S, S248P, E334X, S441N, and F489L,
cause abrogated porphyrin transport regarding specific (normalized) activities [113]. It should,
however, be noted that among these mutants, the expression level of the Class 1 variants (Q126X,
F208S, and E334X) was practically zero, and thus no transport activity is expected anyway.
These data and the observations with the Abcg2 knockout mice implicate a role for ABCG2
variants in erythropoietic protoporphyria (EPP), a disease of the heme biosynthesis pathway.
EEP is caused by either genetic determinant (mutations in the heme biosynthesis enzymes),
or by exposures to toxins or drugs, such as rifampicin and isoniazid. Accumulation of PPIX
in EPP patients causes hepatotoxicity and phototoxicity primarily in the skin. A recent study
elegantly demonstrated that Abcg2-deficency prevents mice from EPP-associated phototoxicity
and hepatotoxicity by altering the disposition of PPIX [68]. In this case, this phototoxin is mostly
retained in the RBCs, thus causing a reduced plasma level and preventing PPIX accumulation
in the skin and the liver/bile. This surprising result clearly elucidates the multifunctionality
of ABCG2: on one hand, it restricts the intestinal absorption of the xenobiotic phototoxin
pheophorbide A, preventing light-induced skin damage; on the other hand, it facilitates release
of the endogenous phototoxin PPIX from RBCs, contributing to the toxic effects, when PPIX is
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in excess (e.g., in EPP patients). Seeing pharmacogenomic or human in vivo data in connection
with ABCG2 genotypes and ECC would be rather intriguing.

Several ABC transporters, including ABCA1, MDR1/ABCB1, MRP1/ABCC1, ABCG2,
and ABCG4, have been implicated in the pathogenesis of Alzheimer’s disease (AD) [197,198],
a progressive neurodegenerative disorder characterized by the deposition of amyloid-β (Aβ)
peptides in the brain. Both in vitro and in vivo data demonstrated an ABCG2-dependent
efflux of Aβ1-40, suggesting that ABCG2 at the blood-brain barrier prevents Aβ peptide
from entering the brain [198,199]. In addition, an upregulation of ABCG2 has been found in
the brains of AD patients with cerebral amyloid angiopathy [199], which was also reflected
by increased ABCG2 expression levels observed in the RBCs of late-onset AD patients [69].
The role of ABCG2 in AD can be modulated by the mutations/polymorphisms. A lower
prevalence of the Q141K was seen in late-onset AD patients, and interestingly increased
susceptibility to AD was associated with the Q141K allele containing genotypes.

Besides AD, another neurodegenerative disorder, Parkinson’s disease (PD), has also
been linked to ABCG2. Previously, higher levels of the natural antioxidant urate in
the serum or the cerebrospinal fluid were associated with the clinical decline of PD pa-
tients [200,201]. Accordingly, the Q141K polymorphism was correlated with later disease
onset of PD [202]; however, a recent study did not find association of the Q141K allele (or
the high plasma level of urate) with the disease [203].

Intrauterine growth restriction (IUGR) is one of the most common forms of pregnancy
complications. The idiopathic form of IUGR has also been linked to ABCG2, which is
abundantly expressed in the placenta. Markedly decreased ABCG2 expression levels were
found in placentas from IUGR pregnancies [204]. Based on this observation and the fact
that trophoblasts in IUGR are subjected to excessive oxidative stress and apoptotic signals,
a role for ABCG2 has been proposed in the protection of trophoblasts against stress-induced
apoptosis, although the actual underlying mechanism is yet to be elucidated.

Recently, it has been reported that the expression level of ABCG2 is reduced in the
RBC membranes of patients with type 2 diabetes and carrying the Q141K polymorphism,
whereas this difference was not observed in patients homozygous for the wt ABCG2 [205].
The mechanism here too is yet to be clarified, but this observation clearly indicates the
differential regulation of the wt and the Q141K polymorphic ABCG2 variants.

The actual role of ABCG2 in various stem cell types is still elusive, but it has become
commonly accepted that ABCG2 has a protective role in stem cells, as they are exceptionally
sensitive to environmental stresses [42,47,148,206]. The high-level expression of ABCG2 in
pluripotent stem cells rapidly declines during differentiation [43], but may also regain in
differentiated progeny cells that typically express ABCG2, e.g., in hepatocytes [207,208]. In
addition to cell differentiation, various environmental impacts can elicit a drop in ABCG2
expression [43,44]. Not only its overall expression, but also its localization can be altered
in response to stresses, e.g., mild oxidative stress evokes a reversible internalization of
the transporter in pluripotent stem cells [209]. Nevertheless, little is known about the
impact of various mutations/polymorphism in ABCG2 on its role in stem cell defense
mechanisms. Exceptional medical relevance has the ABCG2 expression in cancer stem
cells or drug-tolerant persisters, which can rapidly adapt to chemotherapy and repopulate
the tumor [45–48,210]. The presence of these cell subpopulations in the tumors is an
increasingly acknowledged reason for chemotherapy failures.

7. Efforts to Improve Impaired Trafficking or Function of ABCG2 Variants

Advancements in rescuing mutation-derived phenotypes of ABC transporters are
largely driven by the research on CFTR, as cystic fibrosis is a frequent hereditary disease
with adverse outcomes. The most frequent mutation in CFTR is F508del, which accounts
for roughly 90% of all CF cases (~40–45% of the patients are homozygous for this mutation).
F508del is considered to be a Class 2 mutation, since the majority of the protein bearing
this mutation is retained in the endoplasmic reticulum (ER) by the ER quality control
mechanism; nevertheless, the channel opening rate (gating) and the channel selectivity
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(equivalent to substrate specificity) are also affected by this mutation. Excessive efforts
have been made to correct the various defects in CFTR, especially F508del [97]. A wide
variety of molecules is employed to rescue not only CFTR mutants but also other deficient
ABC transporters (reviewed in [211]).

Numerous small molecules can modulate the trafficking of membrane proteins. The
inhibitors of cellular trafficking include fungal antibiotics, such as Brefeldin A, a blocker of
the ER to Golgi transfer, Concanamycin A and Destruxin B, inhibitors of V-ATPases, as well
as the immunosuppressant mycophenolic acid, a blocker of de novo GMP synthesis. Phar-
maceutical drugs that are intended to restore trafficking and cell surface expression of the
impaired transporter are named correctors, but are also called chemical or pharmacological
chaperones, since most of these variants endure protein folding problems. The application
of the correctors is reasonable for the phenotype rescue of Class 2 or conceivably Class
5 mutations. Corrector compounds include non-specific chemicals, such as glycerol or
DMSO, but also small molecules with more specific effect. Corr-4a, Lumacaftor (VX-809),
VRT-325, and recently Elexacaftor (VX-445) have been specifically developed to promote
cell surface delivery of trafficking mutants of CFTR [212–215]. Surprisingly, Lumacaftor
was effective in ameliorating cell surface delivery of trafficking-impaired variants of other
ABC transporters, such as ABCA4 [216,217]. Moreover, VRT-325 has been shown to rescue
the trafficking deficiency of ABCG2-Q141K, and restore urate efflux from cell expressing
this ABCG2 variant [33].

The phenotype rescuing capability of the histone deacetylase inhibitor 4-phenylbutirate
(4-PBA) has also been demonstrated for numerous ABC transporters, including CFTR [218],
MDR1/ABCB1 [219], MDR3/ABCB4 [219,220], BSEP/ABCB11 [221], MRP6/ABCC6 [222],
and ABCG2 [32,33,112]. The rescue effect of 4-PBA was attributed to stimulation of the
expression of heat shock protein 70, a chaperon protein, which facilities folding of partially
folded protein, thus preventing elimination by the ER-associated degradation (ERAD)
system. Besides 4-PBA, several other histone deacetylase inhibitors, such as romidepsin,
vorinostat, panobinostat, and valproic acid, have been demonstrated to restore cell surface
expression of the mislocalized ABCG2-Q141K variant [118]. The underlying mechanism
proposed here does not involve facilitated protein processing, but these histone deacetylase
inhibitors have been implicated to block the dynein/microtubule retrograde transport,
thus preventing the mutated ABCG2 from trafficking from the cell surface to aggresomes,
the perinuclear vimentin-coated inclusion bodies [118]. Aggresomes are close to the cen-
trosome and facilitate protein degradation by the autophagy pathway [223], and similar
to ABCG2-Q141K, CFTR-F508del also tends to accumulate in this compartment [224]. In
concert with the mechanism delineated above, colchicine, a blocker of microtubule poly-
merization, has been shown to elevate plasma membrane expression of ABCG2-Q141K by
inhibiting its traffic to aggresomes [118]. This observation also has a medical relevance,
since colchicine is a drug commonly used in gout therapy. It is worth also noting that
the anti-cancer agent mitoxantrone also promote cellular processing of various ABCG2
variants [118,225], exemplified by Q141K, the accumulation of which in aggresomes was
prevented by mitoxantrone [118].

Several types of ABCG2 defects involve protein degradation. Class 1 mutations cause
major protein folding and stability problems; thus, ABCG2 variants carrying this type
of mutations (e.g., Q126X) undergo rapid elimination by the ERAD system. Similarly, a
fraction of Class 2 variants is subjected to degradative mechanisms; therefore, the overall
steady-state protein expression levels of Class 2 variants (e.g., Q141K) are usually lower
than that of the wild type. However, pharmacological chaperones can facilitate proper
folding and save these variants from protein degradation. If the defect of a Class 5 variant is
not due to diminished transcription or mRNA stability, but to reduced protein stability (e.g.,
S441N), it also undergoes at least partial degradation. Finally, Class 6 variants possessing
shorter plasma membrane half-lives are also subjected to protein degradation, although
they are primarily eradicated by the lysosomal system, whereas members of the Classes 1,
2, and 5 are rather eliminated by the proteasomal degradation. Most likely autophagosomal
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degradative mechanisms are also involved in the removal of deficient ABCG2 variants;
however, little is known about contribution of this pathway. Blocking the various protein
degradation mechanisms is also an option to restore reduced protein levels for these types
ABCG2 mutants. According to the considerations above, the expression levels of Class 2
and Class 5 variants are likely to be improved by proteasome inhibition, whereas Class 6
variants can supposedly be corrected by blocking lysosomal degradation. However, this
theoretical segregation does not entirely stand for tangible ABCG2 variants. For instance,
the expression level of the ABCG-Q141K is increased 2-fold either by the proteasome
inhibitor MG132 or by the lysosomal degradation blocker bafilomycin [118], indicating the
involvement of both degradative pathways. Moreover, 3-methyladenine, an autophago-
some inhibitor also cause a 3-fold increase in the expression level of the Q141K variant [118],
implying a marked role for autophagosomal degradation in ABCG2 proteostasis. These
findings, along with the observation that colchicine increased cell surface expression level
of ABCG-Q141K suggest that a considerable fraction of these variant passes the central
quality control mechanisms and reach the plasma membrane. This notion is further sup-
ported by the observation that, despite being subjected to proteasomal and autophagosomal
degradations, the majority of the Q141K-ABCG2 variant is fully glycosylated, once having
traversed the Golgi apparatus. This is in sharp contrast to what is observed with CFTR
F508del or MDR1/ABCB1 mutants, which fail to become glycosylated and are entirely
retained in the ER or targeted to proteasomal degradation [226–228]. It is worth noting that
a large fraction of wt CFTR gets misfolded and consequently degraded [229,230], whereas
wt ABCG2 hardly undergoes any proteasomal [14,112,225,231] or autophagosomal [118]
degradation. The medical use of these inhibitors of protein degradation is, however, some-
what limited, as a general blocking of these vital cellular processes can be detrimental,
despite the fact that proteasome inhibitors, such as MG132 or bortezomibe (Velcade), are
used in cancer treatment, mainly as a component of combination therapies.

To restore the impaired transport function caused by Class 3 (and Class 4) mutations,
so-called potentiator compounds are used. One of these small molecules is Ivacaftor
(VX-770), which effectively restores the chloride channel activity of by loss-of-function
CFTR mutants [213,214,232]. Although this drug has also been specifically developed for
CFTR and is presumed to be selective for CFTR, surprisingly, it also rescues the pheno-
type caused by loss-of-function mutations in MDR3/ABCB4 [233], ABCA4 [216,217], and
ABCB11 [234]. To our knowledge, no results on the correction of ABCG2 loss-of-function
mutations by Ivacaftor have been published thus fur. The underlying mechanism is not
quite understood, but Ivacaftor is presumed to somehow stabilize the structure of the
impaired transporter. This drug has also been demonstrated to stimulate the ATPase
activity of MDR1/ABCB1 [235], but most likely, this is not related to its rescuing effect, but
rather indicates that Ivacaftor is a transported substrate. This notion is supported by the
further observation that Ivacaftor competitively inhibited the MDR1-mediated transport
of the fluorescent dye Hoechst 33,342 [235]. Nevertheless, further studies are needed to
understand the potentiator-transporter interaction better and to elucidate the mechanism
how Ivacaftor potentiates various ABC proteins.

8. Conclusions

Various mutations and polymorphisms in the ABCG2 gene diversely affect the structure,
stability, trafficking, and function of this multifunctional transporter protein. Gaining insight
into the cellular fate of different ABCG2 variants promotes establishing specific interventions to
overcome the medical condition caused by either the wild type or the mutated forms of ABCG2.
The classification of ABCG2 mutations proposed here is based on the cellular features of various
defects; thus, the variants categorized into the same class require similar kinds of efforts to
rescue the phenotype. A broad and well-established knowledge base is a prerequisite for
prudent therapies; thus, our better understanding of the genetics, biochemistry, and cell biology
of ABCG2 variants bearing various mutations could help to establish effective personalized
treatments that consider the patients’ genetic background.
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MDR multidrug resistance
MDR1 multidrug resistance protein 1, P-glycoprotein, ABCB1
MRP1 multidrug resistance-related protein 1, ABCC1
MXR mitoxantrone resistance protein
NBD nucleotide-binding domain
PD Parkinson’s disease
PM plasma membrane
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RBC red blood cell
RCC renal cell carcinoma
R-CHOP rituximab plus cyclophosphamide/doxorubicin/vincristine/prednisone
RNA-Seq RNA sequencing
RUSH retention using selective hooks
SNP single-nucleotide polymorphism
SUR1 sulfonylurea receptors
TKI tyrosine kinase inhibitor
TMD transmembrane domain
TMH transmembrane helix
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Abstract: The five members of the mammalian G subfamily of ATP-binding cassette transporters
differ greatly in their substrate specificity. Four members of the subfamily are important in lipid
transport and the wide substrate specificity of one of the members, ABCG2, is of significance due to
its role in multidrug resistance. To explore the origin of substrate selectivity in members 1, 2, 4, 5 and
8 of this subfamily, we have analysed the differences in conservation between members in a multiple
sequence alignment of ABCG sequences from mammals. Mapping sets of residues with similar
patterns of conservation onto the resolved 3D structure of ABCG2 reveals possible explanations for
differences in function, via a connected network of residues from the cytoplasmic to transmembrane
domains. In ABCG2, this network of residues may confer extra conformational flexibility, enabling it
to transport a wider array of substrates.

Keywords: ABC transporter; multidrug resistance; membrane protein; functional divergence; ABCG2

1. Introduction

ATP-binding cassette (ABC) proteins form a very large family across all domains of life,
responsible for the primary active uptake and export of nutrients, toxins, lipids, peptides
and other metabolites. ATP hydrolysis is carried out at two cytoplasmic nucleotide-binding
domains (NBDs), and the energy released is coupled to conformational changes in two
transmembrane domains (TMDs) to power transport of substrate. In mammals, ABC
proteins are divided into seven subfamilies, A–G, although the ABCE and F families lack
TMDs and are associated with ribosome function [1]. Often, members within a subfamily,
though sharing common descent, can have very different functions. The family investigated
here is the G subfamily of ABC transporters in mammals (ABCGs). In most mammals,
there are five members of this subfamily [2]. All mammalian ABCGs share a common
arrangement of domains, all being “half-transporters” with just a single NBD and TMD in
the primary amino acid sequence. A unique property of ABCG arrangement is that the
NBD is N-terminal to the TMD, so they are referred to as “reverse” half-transporters.

Four of the mammalian ABCGs have a repertoire of substrates limited to lipids. Two
of these, ABCG1 and ABCG4, have sequences much more similar to one another than they
are to the rest of the ABCGs. They also seem to share much of their function, regulating
cholesterol metabolism by transporting cholesterol into high-density lipoprotein [3]. Precise
differences in their function are yet to be determined, but they do seem to differ significantly
in their tissue expression profiles [3–5].
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The two other lipid-transporting ABCGs, ABCG5 and ABCG8, are also more closely
related to one another than they are to the other ABCGs, though to a lesser extent than
ABCG1 and ABCG4. They have taken on necessarily different roles by forming an obligate
heterodimer, neither protomer being trafficked to the membrane if expressed alone [6].
ABCG5/G8 expressed in the liver and intestine limits the uptake of toxic plant and shellfish
sterols and is responsible for 35% of the efflux of cholesterol in the intestine. The ABC
dimer G5/G8 has only one functional ATP-binding site, indicating that ABCG5 and ABCG8
have diverged in function in this respect.

The final ABCG, ABCG2, has a much broader substrate specificity. It was first isolated
in placental tissue and breast cancer cell lines [7,8], and has been since identified as a
multidrug resistance (MDR) protein. It can export a wide variety of substrates, including
many chemotherapy drugs, making it a target of great therapeutic interest. For this reason,
it is the best studied of the ABCG subfamily.

Recently, structures have been solved for ABCG5/G8 and ABCG2. First came the
structure of ABCG5/G8 [9], which was used to model a structure of ABCG2 [10]. Docking
substrates to this model identified multiple possible binding sites, already suggested by
previous biochemical work [11]. With the first structures of ABCG2 [12–14], its broader
substrate specificity was explained through a relatively large internal cavity, compared to
ABCG5/G8′s deep, slit-like cavity, forming part of the transport pathway, though in more
recent structures, the cavity is only present in structures with substrates bound [15]. In spite
of these structural advances, the molecular basis for differences in function between ABCG
family members is largely unknown. As their differences ultimately arise from differences
in their sequence, it is possible that comparison of conservation between ABCGs could
provide clues to help ascertain this molecular basis.

Families of genes can occur when a gene duplicates and the different copies start to
take on different functions, a process known as functional divergence [16,17]. When this
happens, the evolutionary pressures on the duplicated genes start to differ, with impact on
the sequences of the proteins encoded. Non-synonymous mutations in structural elements
with functional importance are less likely to persist [18]. In two functionally divergent
proteins, a structural element may be more important to the function of one than the
other, which will be reflected in this region being better conserved in the protein for which
the element is more important. This has been called type I divergence [16]. A similar
phenomenon, type II divergence, occurs if the same element is important for the function
of both proteins, but the important properties of the amino acid found there are different.
This is reflected in the region being conserved in both proteins, but with different amino
acids being conserved. The differences in sequence conservation caused by functional
divergence have been used to identify important sites in proteins.

In order to analyse the conservation between the members of the G subfamily of ABC
transporters in mammals, we have calculated functional divergence of residues based
on Shannon entropy [19] from a large multiple sequence alignment of ABCGs. We have
examined residues with particular patterns of type II divergence between ABCGs reflecting
some of the functional divergence responsible for their differences. Hypotheses regarding
the structural basis of these functional differences were derived by mapping positions in
the alignment that share particular types of conservation onto the apo-closed structure of
ABCG2. Specifically, we have identified a top-to-bottom signature, passing through the
polar relay of ABCG5/G8 [9,20], which may contribute to allosteric differences in the G
subfamily responsible for differences in substrate specificity.

2. Results

2.1. Overall Conservation Patterns

A total of 174 ABCG protein sequences (summarised in Supplementary Table S1) were
analysed. These were grouped according to the protein they represent, and their conserva-
tion calculated as described in methods. A tree constructed from these sequences showing
the relationship between the ABCG proteins is shown in Figure 1a. The alignment had a
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length of 1269 positions (henceforth “columns”). Of these, 674 columns had gaps in either
>10% of all sequences or >30% of sequences for one of the proteins (see Supplementary
Figure S1a). Of the remaining 595 columns, 594 met the entropy cutoff for conservation in
at least one protein. A total of 61 of these columns were conserved across the ABCG family,
and the remaining 533 had some type of divergence, as summarised in Figure 1b.

Figure 1. (a) Phylogenetic tree of mammalian ABC subfamily G proteins. Tree based on 174 protein
sequences, aligned with multiple alignment fast Fourier transform (MAFFT). Names of taxa have
been removed for clarity. (b) Pie chart showing proportions of conservation and divergence. In the
594 columns showing conservation in at least one protein in the G subfamily, 61 are totally conserved
(grey); 52 show simple type I divergence (where one set has conservation, and the others do not)
(green); 193 show type II divergence (where each set is conserved, but with a different residue) (cyan);
and the remaining 288 have some mixture of divergence (e.g., column 891 is a conserved cysteine in
ABCG2, and a conserved leucine in ABCG1 and ABCG4, but is not conserved in other groups. Thus
it has neither purely type I nor type II divergence) (red).

An example of conservation is represented in Figure 2. It shows one part of the inter-
face between TMD and NBD which is vital for transmitting energy from ATP hydrolysis
in ABCGs, often referred to as the “elbow helix” in ABCG literature. Columns in this
region of the alignment display the different types of conservation of relevance; firstly
columns that show total conservation, where not only is the column conserved for each
protein, but it is conserved in the same way (e.g., column 900 in Figure 2 where all ABCG
sequences conserve arginine at this position). Secondly, it shows type I divergence, where
the column is conserved as the same amino acid for at least one protein, with other proteins
not conserving the column. For example, column 895 in Figure 2 is conserved as a cysteine
in ABCG1 and ABCG4 but is not conserved in ABCG2, ABCG5 or ABCG8. Thirdly, type II
divergence, where each protein shows conservation, but different proteins can be conserved
in different ways is evident in columns 893, 894, 897, 901, 904 and 905 in Figure 2. For
example, in position 905, ABCG1 and ABCG4 conserve isoleucine, ABCG2 and ABCG5
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conserve leucine and ABCG8 conserves aspartate. Finally, several other columns display a
mix of types of divergence; for example, column 890 shows a position conserved only in
ABCG1, ABCG2 and ABCG4, and the residue conserved is different in all cases.

Figure 2. Conservation in the alignment of ABCG protein sequences. (a) Sequence logo in which sequences have been
divided by the protein they represent. Font size corresponds to the fraction of sequences with that residue in that column.
Conserved positions have coloured backgrounds so that totally conserved columns are grey, columns with type I divergence
are green, columns with type II divergence are aqua, and columns with mixed divergence are red. Conservation patterns as
described in the text are shown at the bottom. (b) Structure of ABCG2 (PDBID: 6vxf) highlighting the area represented in
the logo. This corresponds to the elbow helix in ABCG2.

Many of the approaches used to investigate functional divergence return a score for
each column reflecting how it is conserved across the whole alignment and some are
limited to a comparison between two groups. In the case of the ABCGs, one aspect of
functional divergence worth exploring might be ABCG2′s broader substrate specificity.
If comparing two groups, examining both type I and type II divergence is worthwhile.
However, the substrates transported by ABCG1 and ABCG4 differ from those transported
by ABCG5/G8, so their substrate specificities are achieved in different ways. Considering
possible functional divergence within ABCG members highlights some of the difficulties
with terminology. Here, we have defined type II divergence to include any column in
which each protein is conserved, without conservation across the whole family, and type I
divergence to include columns in which one or more proteins have the same amino acid
conserved, and all other proteins are not conserved. Rather than calculating scores for the
whole alignment, we have classified columns according to the proteins in which they are
conserved, allowing inferences to be drawn from differences between multiple groupings.

In this manuscript, the different ways to group proteins to examine their conservation
is referred to as a conservation pattern. Columns with a particular conservation pattern are
represented by having any family members conserved in that column written in brackets.
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If more than one member has the same amino acid conserved at that position, they are
held in the same brackets, separated by a comma. To illustrate this nomenclature with
respect to Figure 2, among the conservation patterns visible in this section of the alignment
are (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) in column 901 and (ABCG1, ABCG4)
(ABCG2, ABCG5, ABCG8) in column 904, both of which represent type II divergence.

There are 202 theoretically possible conservation patterns, of which around half (106)
are observed anywhere in the actual alignment. Most of these have very few represen-
tatives, with over 60 only having 1–3 representatives. Remarkably, almost half of the
divergent positions in the alignment are contributed by just 14 different conservation pat-
terns (Supplementary Table S2). Some of these well-represented patterns have implications
for functional divergence when the relationships between the proteins are considered.

2.2. Phylogenetically Significant Type II Divergence in ABCGs

To explore the differences in substrate specificity within the G subfamily, it is necessary
to explore columns of the alignment showing functional divergence. Residues essential to
maintaining the overall ABCG fold will be either identical across proteins or highly con-
served. Other behaviours, such as force transmission and substrate recognition, are likely
to be conserved by each protein, but change across the family. The approach adopted here,
which classifies columns by their conservation pattern, was deliberately chosen to allow
interpretation of differences between multiple groups within the alignment. Though it does
not provide a score, classifying columns by conservation pattern allows discrimination
of functional divergence at different levels, exploiting existing knowledge of the proteins
under investigation. Emphasis here was on the ability to estimate functional divergence in
a way that allows interpretation based on what we know of the proteins involved.

The conservation patterns that are most likely to yield insight into differences in
substrate binding are those that separate proteins by their substrates. ABCG1 and ABCG4
have a high sequence identity, and are identical in 434 of 595 columns (excluding gapped
columns). ABCG1 and ABCG4 also overlap in their function and substrates [3,21], so group-
ing them together to establish functional divergence is sensible from both an evolutionary
and functional perspective. Though ABCG5 and ABCG8 by definition transport the same
substrates, their interactions with those substrates may differ, if the shape and chirality of
the substrate is reflected in the substrate-binding site. Furthermore, they are less similar in
sequence (being conserved in the same way in only 138 columns), and to some extent must
carry out different functions due to the asymmetry of their nucleotide-binding sites [6].

2.3. The Conservation Pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) Defines a
Possible Allosteric Pathway in ABCG Proteins

The pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) separates the proteins
by their probable substrate interactions, and is the most populated set of functionally di-
vergent columns, with 33 columns. Residues corresponding to these columns are mapped
on to an ABCG2 structure in Figure 3a. In this structure of ABCG2 (and also observed if
mapped onto ABCG5/G8, Supplementary Figure S2), these residues form a “corkscrew”
pattern from the cytoplasmic face of the NBDs, through the TMDs to the extracellular face
of the protein. This distribution implies that some important differences in the function
of members the G subfamily are due to differences in allostery, as corresponding residues
are ideally placed to form a network of residues coordinating conformational changes
throughout the protein. Their distribution can be compared with residues with the conser-
vation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5, ABCG8) (Figure 3b) and the much
less common pattern (ABCG1), (ABCG4), (ABCG2), (ABCG5), (ABCG8) (Figure 3c).

251



Int. J. Mol. Sci. 2021, 22, 3012

Figure 3. Functionally divergent residues shown on ABCG2 (PDBID: 6vxf) shown as coloured
spheres on three views of the structure. (a) Residues conserved in the pattern (ABCG1, ABCG4),
(ABCG2) (ABCG5), (ABCG8) as green spheres. (b) Residues conserved in the pattern (ABCG1,
ABCG4), (ABCG2), (ABCG5, ABCG8) as pink spheres. (c) Residues conserved differently in each
protein, i.e., with the conservation pattern (ABCG1), (ABCG4), (ABCG2), (ABCG5), (ABCG8) as
purple spheres.

2.4. Conservation of the Polar Relay

A feature of ABCG5/G8 identified from the ABCG family fold [9] that is also likely to
carry out a role in conformational changes is the “polar relay”. This comprises 11 residues
from ABCG5 and 9 residues from ABCG8. In the multiple sequence alignment, five of these
positions overlap, leaving a total of 15 columns in the alignment corresponding to the polar
relay (Figure 4). Notably, one of the columns in the polar relay of both ABCG5 and ABCG8
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(column 1011) aligns with R482 in transmembrane helix 3 of ABCG2, mutation of which
has long been shown to alter substrate specificity [11,22,23].

Figure 4. Conservation patterns in columns corresponding to the polar relay in ABCG5/G8. Columns
coloured as in Figure 2. Orange dashed boxes indicate the polar relay for ABCG5 and ABCG8.
Columns with the conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) have that
pattern underlined in blue at the bottom.

The conservation patterns of these fifteen residues are shown in Figure 4. Though 12 of
these positions have type II divergence for all ABCGs, two columns (915: R389 in ABCG5
and H420 in ABCG8; and 963: N437 in ABCG5 and D466 in ABCG8) are not conserved in
ABCG8, and one is not conserved in ABCG5 (1006: V471 in ABCG5 and E500 in ABCG8).
One remarkable observation is that 40% of the columns in the polar relay (6/15) have the
conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8). This makes this
conservation pattern much more common here than in the whole protein, as it is only
found in 5.5% (33/595) of the aligned columns (Supplementary Table S3).

The observation that the type II divergence pattern (ABCG1, ABCG4), (ABCG2),
(ABCG5), (ABCG8) subsumes much of the polar relay (as shown in Figures 4 and 5a),
which has previously been attributed allosteric significance in ABCG5/G8, suggests that
the entire corkscrew of residues contributes to the allosteric divergence of the ABCG family.
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Figure 5. Comparison of the polar relay with functionally divergent residues. (a) Distribution
on structure of ABCG2. Residues found in the polar relay are shown as spheres. Those with the
conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) are coloured green. Others
are coloured red. Residues outside the polar relay with the conservation pattern above are coloured
violet within the cartoon representation. (b) Identity of residues with conservation pattern (ABCG1,
ABCG4), (ABCG2), (ABCG5), (ABCG8). Bars are coloured by protein, and their height represents the
number of that residue found in the 33 positions with the above conservation pattern for that group.
For each residue, bars are in the order ABCG1 and ABCG4; ABCG2; ABCG5; and ABCG8.

2.5. Sidechain Properties in the Allosteric Corkscrew

In a recent review [24], it was noted that composition of residues in the polar relay
of ABCG2 and of ABCG5/G8 differs, with ABCG8 having a relatively high number of
charged residues and ABCG2 a relatively low number. In residues with the conservation
pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) this pattern is reiterated, ABCG8
having seven charged residues, ABCG5 five and ABCG2 one (Figure 5b). Perhaps notably,
the only charged residue in ABCG2 with this conservation pattern is R482, mutation of
which is long associated with altered substrate specificity [11,22,23].

An even greater discriminant between ABCG2 and other ABCG members is that 15 of
the 33 residues with this conservation pattern are polar, hydroxylated residues (serine or
threonine) in ABCG2 (Supplementary Figure S3). There are relatively few hydroxylated
amino acids in these positions for other ABCGs (ABCG1/4: 5, ABCG5: 5, ABCG8: 3). Do
these dissimilarities in the corkscrew of type II divergent residues contribute to differences
in protein function? Polar and ionisable residues can drive specific helix oligomerisation,
but this does not include serine or threonine alone [25–27] and we did not observe the
specific motifs predicted to drive helix association [28,29]. Rather, an intriguing possibility
is that serine and threonine form intra-helical hydrogen bonds, which can bend the helix in
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certain conformations, lending ABCG2 unusual flexibility in this region. Other residues
significantly contributing to flexibility, such as glycine and proline, are no more common
in other proteins compared with ABCG2. This extra flexibility could permit the binding
and transport of diverse sizes of substrates, coupled to allosteric motions communicated
through this network. Similar influence of hydroxylated amino acids in driving substrate-
specific conformational changes is observed in some GPCRs [30–33].

2.6. Conservation of Other Regions

Electron microscopy and X-ray crystallography data on ABCGs have indicated other
structural regions that are proposed to be critical for allosteric communication. We analysed
the triple helical bundle between the NBD and TMD, which is considered to be a vital
region for transmission of force from ATPase activity to the TMD. This region spans
54 columns in the multiple sequence alignment and 28 different conservation patterns
are observed here. The hot-spot helix is most highly conserved, with 40% of its residues
being conserved across the alignment, but no other patterns are significantly different here
from the alignment as a whole (Supplementary Table S4). Though the triple helical bundle
is highly conserved, the whole of it is not conserved across the G subfamily. Nor is it a
motif that defines the difference between ABCG members well. Part of this comes from its
being less well conserved in ABCG5 and ABCG8 (~70% for each), perhaps indicating that
heterodimerisation reduces the evolutionary pressure on some of these positions. This may
be particularly true for this region, due to its importance for transmitting force from ATP
hydrolysis [34], which is altered in ABCG5/G8 due to the degenerate NBS.

Given the differences between the dimerisation behaviour of ABCG members (i.e., that
some form homodimers and others are obligate heterodimers), we inspected the dimerisa-
tion interfaces (both at the TMD:TMD and the G-family specific NBD:NBD interface [35]
to see if this was reflected in the conservation patterns. Residues within 5 Å of the other
protomer in the structures 6VXF (ABCG2) and 5DO7 (ABCG5/G8) were found and the
conservation patterns of corresponding columns were examined (Supplementary Table S5).
A total of 46 different patterns are represented in this set, with completely conserved again
being the most frequently observed. However, none of the patterns makes up a statistically
significant fraction, meaning that the dimer interface is not a useful discriminant between
ABCG members.

Binding pockets for substrates of ABCG2 and ABCG5/G8 have been identified from
their structures. These are compared in Supplementary Figure S4 and Table S6. Interestingly,
there is little overlap between the residues contributing to these pockets, with two columns
contributing to the binding pockets of both ABCG2 and ABCG5, and two contributing
to both ABCG5 and ABCG8. Both of the columns contributing to the pockets of both
ABCG2 and ABCG5 have the conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5),
(ABCG8), so are part of the corkscrew. A further five columns with this conservation
pattern contribute to the binding pocket of ABCG2, and another to that of ABCG5.

2.7. Other Conservation Patterns

Though the conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) is
the most observed in functionally divergent columns, some other patterns are well repre-
sented (the frequencies of well-represented functionally divergent conservation patterns
are shown in Supplementary Table S2, and some of these are represented on the structure of
ABCG2 in Supplementary Figure S5). Given the evolution of the subfamily, it is instructive
to examine the conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5, ABCG8), which
highlights another 13 residues, shown on ABCG2 in Figure 3b. Notably, ten of these are
found either in the NBD:NBD interface or the NBD:TMD interface. The remainder are
found in the TMD, and two of these (C438 and I573 in ABCG2, P431/460 and F567/595 in
ABCG5/G8) form pairs in the structures of ABCG2 and ABCG5/G8.

An interpretation of these patterns based on their likely evolution is that both of these
sets of residues diverged when the ancestors of ABCG1 and ABCG4, ABCG2, and ABCG5
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and ABCG8 specialised to transport different substrates. Later, ABCG5 and ABCG8 could
take on different parts of the function of a transporter by forming an obligate heterodimer,
and the residues corresponding to columns conserved as (ABCG1, ABCG4), (ABCG2),
(ABCG5), (ABCG8) represent further functional divergence. Thus, both sets would be
responsible for differences in substrate specificity, with 13 residues requiring conservation
across ABCG5 and ABCG8. Taken together, these patterns reiterate the likely importance
of allostery to differences in the function of the ABCGs.

The three patterns found most frequently other than (ABCG1, ABCG4), (ABCG2),
(ABCG5, ABCG8), having 24, 23, and 23 members respectively, are (ABCG1, ABCG4),
(ABCG2), (ABCG5); (ABCG1, ABCG4), (ABCG2), (ABCG8); and (ABCG1, ABCG4), (ABCG2).
In total, these four patterns make up 103/533 of the functionally divergent columns. In all
of these, ABCG1 and ABCG4 conserve the same amino acid, and ABCG2 conserves another,
but conservation within ABCG5 and ABCG8 differs. In the conservation patterns not
examined more closely in the sections above, ABCG5 or ABCG8 or both do not conserve
the column. This indicates positions which have a decreased evolutionary pressure in
ABCG5 and ABCG8, perhaps due to their splitting some of the functions which normally
both halves of a dimer must maintain due to their forming a heterodimer. That so many of
these positions are also sources of functional divergence between ABCG1 and ABCG4 on
one hand and ABCG2 on the other is intriguing.

Another set of conservation patterns that is well represented is columns with type II
divergence between one member and all the other members. (ABCG1, ABCG4, ABCG2,
ABCG8), (ABCG5) has 16 members. Two interesting residues with this pattern are: F439
in ABCG2 (a tyrosine in ABCG5), which serves as a “clamp” for substrates [36], and E451
in ABCG2 (a leucine in ABCG5), which is a key residue in coupling ATPase activity to
transport [34]. (ABCG1, ABCG4, ABCG5, ABCG8), (ABCG2) has 12 members. (ABCG1,
ABCG4, ABCG2, ABCG5), (ABCG8) has 9 members. Due, probably, to the close related-
ness of ABCG1 and ABCG4, there are fewer (0 and 5 respectively) columns with type II
divergence between these and the rest of the subfamily. These are tantalising groups, as
they show places that each member specialises in a way distinct from the ABCG family on
the whole. However, a molecular interpretation is much more difficult.

3. Discussion

In this study, we have identified a corkscrew region in ABCG transporters whose
conservation suggests a role in substrate specificity. Though no experimental work has yet
been carried out to deliberately explore the functional effects of mutations to the corkscrew,
some of its residues have been mutated as part of other studies, or observed as naturally
occurring single nucleotide polymorphisms (Supplementary Table S7). Particularly notable
in this regard is Cox et al. 2018 [37], which includes mutagenesis of five residues with the
conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8), including the very
well-studied residue R482A. Mutations of three of these five (T402A, S440A, and I543A)
compromise transport of both mitoxantrone and pheophorbide A. T402 mutations have
previously been described [38,39] as having decreased transport activity. Several others
have observed diminished transport by ABCG2 with mutation of these residues, including
mutations to S384, T434, and S441 [38,40–45]. Recently, diminished ATPase activity has
been observed in ABCG5 [20] with mutation of A540 to phenylalanine, a residue also
sharing this conservation pattern.

Other mutagenesis studies have included residues identified in this analysis as con-
served in all aligned proteins. Many of these result in poor expression of mature pro-
tein [34,37,46], such as mutation of E138 in ABCG2 [34]. Though some have discernible
effects on transport, surprisingly, mutation of P480 to alanine, despite being a mutation
to a residue conserved in all sequences used in this analysis, and with dramatic chemical
differences, has no effect on transport in ABCG2 [37,47]. This provides a cautionary ex-
ample that care must be taken when interpreting these results. Other mutations to these
positions are found as variants in vivo, some causing sitosterolemia, such as mutations
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to E146 in ABCG5, analogous to E138 in ABCG2 [48–57]. A summary of this, including
disease-causing variants, can be found in the Supplementary Materials.

Comparing the ways mammalian ABCGs are conserved shows functionally and
evolutionarily important signatures that are well represented in previous mutagenesis
studies. Differences in the substrate specificity of subfamily members correspond to
patterns of conservation that, when mapped onto 3D structures, are ideally placed to
modulate the communication of conformational change between domains, suggesting that
this may be responsible for some of the differences in substrate specificity. Particularly,
grouping ABCG1 and ABCG4 together identifies a pattern, which we have named the
corkscrew network. This is also important to a previously identified structural feature, the
polar relay, and suggests a unifying hypothesis for substrate specificity in the subfamily:
that allostery in this network underlies functional divergence. Appropriate experiments to
test the importance of the corkscrew network of residues to differences in ABCG function
promise to reveal interesting factors in their transport mechanism.

4. Materials and Methods

4.1. Sequence Acquisition

Through the NCBI, the RefSeq database [58] was queried for all nucleotide sequences
matching “ABCG AND mammalia [organism]”. Analysis was restricted to mammalia to
afford greater confidence that function corresponded to the identity of the protein. Initially,
778 sequences from 112 species were identified. Not every species had a full complement of
sequences for ABCG1, ABCG4, ABCG2, ABCG5 and ABCG8, so, where possible, these were
found in the RefSeq database and added manually. A matching list of protein sequence IDs
were used for a submission to Entrez. An in-house Python [59] script was used to check for
and remove identical sequences.

Further sequences from some species were removed to prevent sequences from closely
related species biasing later analysis. For example, sequences from 29 primates made up
a high proportion of the total number of sequences, but presumably a low proportion of
the organismal diversity. For this reason, 25 of the sequences were removed, keeping one
ape (Homo sapiens), one monkey (Piliocolobus tephrosceles), one gelada (Theropithecus gelada),
and one lemur (Microcebus murinus). Similar reasoning was used to reduce the number of
species to 40. When choosing species to keep, a series of criteria were used. First, any well-
studied species (e.g., Homo sapiens, Mus musculus) were retained. Next, species where one
or more ABCG sequences were only tentatively identified (e.g., deposited in the database
with the caveat “LOW QUALITY PROTEIN”, or that were somewhat shorter than the
canonical length of ABCGs (ca. 650 amino acids) were eliminated in preference to species
with higher quality sequences. A preliminary alignment of all sequences using multiple
alignment fast Fourier transform (MAFFT) was performed. This alignment was processed
using MaxAlign, which identifies sequences that align most poorly with the others. If
sequences from a species aligned poorly, they were disfavoured in the elimination process.
In some cases, a species without an obvious substitute was eliminated—for example, the
African elephant has only two ABCG sequences and both are low-quality sequences which
aligned poorly. For this reason, the final number of species was reduced to 35. Where
species could not be distinguished using these criteria, a random integer between one
and the size of the set being reduced was generated, and the sequence matching that
number in alphabetical order was kept. A summary of the sequences used can be found in
Supplementary Table S1.

4.2. Alignment and Tree Construction

The final 174 protein sequences were aligned with MAFFT using the automatically
assigned strategy, and other parameters set automatically by the MAFFT server, except
raising the offset value to 0.123, which is the default value for the command line tool. This
alignment was used to construct a tree using the Simply Phylogeny tool from ClustalW2,
which was then visualised with the interactive Tree of Life [60]. The large number of
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sequence names reduced the clarity of the figure, so were removed, but the branches were
otherwise left intact.

4.3. Calculation of Conservation

First, columns in which at least 10% of the total alignment, or 30% of one protein (e.g.,
ABCG1 sequences) were gaps, were labelled “Gap” and excluded from further analysis.
Next, the conservation of the column across the whole alignment was calculated. Detecting
conserved residues was based on information theory. Following Capra and Singh [61], the
Shannon entropy of a column (i.e., a position in the multiple protein sequence alignment)
was calculated. For amino acids in a column, entropy can take values between zero (all
sequences are the same amino acid) and log2(20) (each amino acid is equally likely). If
entropy was lower than 2/3 of a bit, the column was counted as conserved.

If the Shannon entropy of the column for the whole alignment was <2/3 of a bit,
the column was labelled as “All proteins conserved”. Columns not labelled as “Gap” or
“All proteins conserved” were then analysed by protein, e.g., the Shannon entropy was
calculated for the column just in the ABCG1 sequences, or ABCG4 sequences. If it was not
conserved (i.e., if the Shannon entropy within any of the proteins was <2/3) the position in
the alignment was labelled “Not Conserved”. If a column was conserved in one or more
proteins, the most common residue found in each protein was recorded. Each of these
columns was recorded as a list of pairs of conserved residues and the proteins matching
that residue at that column. For example, column 1011 in the alignment corresponds to the
well-studied residue 482 in ABCG2. This is conserved in all ABCGs, but differently—in
ABCG1 and ABCG4, it is glutamine; in ABCG5, it is serine; and in ABCG8, it is histidine—so
the record for that column is:

(1011, [(‘R’, [ABCG2]), (‘S’, [‘ABCG5’]), (‘Q’, [‘ABCG1’, ‘ABCG4’]), (‘H’, [‘ABCG8’])]).
To display a summary of sequences, logos were constructed using LogoMaker [62].

The positions in a protein corresponding to columns of interest were displayed on the
structure of ABCG2 PDBID: 6VXF [15] using ChimeraX [63].

4.4. Binding Pockets

Residues corresponding to the binding pocket of ABCG2 for imatinib, mitoxantrone
and SN38 were identified by taking residues with any part 5 Å from the substrate in
structures 6VXH, 6VXI, and 6VXJ, respectively. Residues contributing to potential binding
pockets for cholesterol in ABCG5/G8 were taken from Lee et al. 2016 [9]. The columns
corresponding to these residues were identified and compared.

4.5. Statistics

To estimate the threshold for significance for the number of columns with a given
conservation, the probability of a column being conserved in a particular pattern was mod-
elled as a Poisson distribution with λ of 595/202 (non-gap columns/possible conservation
patterns). To find a threshold for significance for the 202 possible conservation patterns, an
initial α = 0.1 was divided by 202. The cumulative probability of a conservation pattern
occurring n times exceeds 1 − (0.1/202) at 10 columns, so any conservation pattern with
more than 10 columns was treated as significant.

The expected values for the frequency of each conservation pattern were based on the
frequency of conserved residues for non-gap positions for each protein. First, assuming
conservation between proteins is independent, the probability of any set of proteins being
conserved was estimated as the product of probabilities of conservation for the proteins
conserved multiplied by the product of the probability of each protein not conserved not
being conserved.

For each of these sets, the possible conservation patterns were generated by finding
all possible partitions of the set. The relative probabilities of each of these partitions was
calculated assuming the residues were conserved for each column independently, so the
probability of any two proteins conserving the same residue was 0.05. For each partition,
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the probability of a column being conserved that way, given that set of proteins is conserved,
is then 19!

(20−m)!20n−1 , where n is the size of the set and m is the number of parts. To obtain
estimates for the expected value for each conservation pattern, these values were then
multiplied by the probability of that set of proteins being conserved, then multiplied by
the number of non-gap positions.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/3012/s1, Supplementary Figure S1: Overall alignment properties; Supplementary Figure S2:
The conservation pattern (ABCG1, ABCG4), (ABCG2), (ABCG5), (ABCG8) on ABCG5/G8; Supple-
mentary Figure S3: Serines and threonines in the corkscrew; Supplementary Figure S4: Binding
pockets of ABCG2, ABCG5, and ABCG8; Supplementary Figure S5: Well-populated type II diver-
gence patterns; Supplementary Table S1: Protein Sequences used to identify functionally divergent
positions; Supplementary Table S2: Number of columns with a given conservation pattern across
the whole alignment; Supplementary Table S3: Partial contingency table for conservation patterns
in the polar relay; Supplementary Table S4: Frequency of conservation patterns in the triple helical
bundle; Supplementary Table S5: Frequency of conservation patterns at dimer interfaces; Sup-
plementary Table S6: Residues contributing to the binding pockets of ABCG2 and ABCG5/G8;
and Supplementary Table S7: Mutations to positions with conservation patterns of interest, which
cites [20,34,37–46,48–51,53–57,64–68].
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Abstract: Multidrug resistance (MDR) can be a serious complication for the treatment of cancer as
well as for microbial and parasitic infections. Dysregulated overexpression of several members of the
ATP-binding cassette transporter families have been intimately linked to MDR phenomena. Three
paradigm ABC transporter members, ABCB1 (P-gp), ABCC1 (MRP1) and ABCG2 (BCRP) appear
to act as brothers in arms in promoting or causing MDR in a variety of therapeutic cancer settings.
However, their molecular mechanisms of action, the basis for their broad and overlapping substrate
selectivity, remains ill-posed. The rapidly increasing numbers of high-resolution atomic structures
from X-ray crystallography or cryo-EM of mammalian ABC multidrug transporters initiated a
new era towards a better understanding of structure–function relationships, and for the dynamics
and mechanisms driving their transport cycles. In addition, the atomic structures offered new
evolutionary perspectives in cases where transport systems have been structurally conserved from
bacteria to humans, including the pleiotropic drug resistance (PDR) family in fungal pathogens for
which high resolution structures are as yet unavailable. In this review, we will focus the discussion
on comparative mechanisms of mammalian ABCG and fungal PDR transporters, owing to their
close evolutionary relationships. In fact, the atomic structures of ABCG2 offer excellent models for a
better understanding of fungal PDR transporters. Based on comparative structural models of ABCG
transporters and fungal PDRs, we propose closely related or even conserved catalytic cycles, thus
offering new therapeutic perspectives for preventing MDR in infectious disease settings.

Keywords: yeast; multidrug transporter; anticancer; antifungal resistance; ABC transporters; mechanism

1. Introduction

1.1. ABC Transporters and Clinical Relevance of MDR

The ATP-binding cassette (ABC) transporter family is one of the largest protein su-
perfamilies present in all living organisms, from prokaryotes to eukaryotes [1–5]. ABC
transporters can operate as exporters or importers in an ATP-dependent manner, and
mediate the membrane translocation of bewildering substrate spectra against concentration
gradients [6–8]. In addition, ABC proteins can function as ion channels, channel regu-
lators, receptors, proteases, protein sensors or are even involved in mRNA translation
and ribosome biogenesis [9–11]. Remarkably, conserved architectures offer specific yet
broad substrate-binding regions and somehow form a translocation path that operates in a
unidirectional way in eukaryotes. The wide substrate range includes cationic anticancer
drugs, antifungal drugs, steroids, phospholipids, bile acids, antibiotics, peptides, ions,
heavy metals, carbohydrates and glucocorticoids, as well as toxins [12–15]. The hallmark
domain organization of ABC transporters entails four core units, two evolutionarily con-
served nucleotide-binding domains (NBDs) and two transmembrane-spanning domains
(TMDs), typically consisting of twelve hydrophobic transmembrane-spanning helices
(TMHs). These four domains are normally arranged as a full-transporter in a single protein
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as TMD1–NBD1–TMD2–NBD2 or in a reverse configuration NBD1–TMD1–NBD2–TMD2.
Alternatively, half-transporters come in NBD–TMD or TMD–NBD arrangements, which
require at least homo- or hetero-dimerization for a functional complex [16–19]. In addition,
some members contain additional domains or motifs such as the TMD0 domain or the
R-domain regulatory motif [8,20,21].

The NBD is a universally conserved domain that consumes ATP and somehow fuels
the dynamic switch of the transporter structure from an inward substrate-binding state
to an outward substrate-releasing conformation. The catalytic cycle drives the conforma-
tional switch at the TMD and enables the substrate translocation through an as yet elusive
transport pathway [22,23]. The TMDs are more diverse in sequence and show much less
conservation, but clearly are essential for forming putative substrate translocation pores.
They must handle a broad spectrum of chemically diverse substrates and inhibitors [24,25].
Notably, the communication between NBD and TMD and the dynamics underlying the
entire transport cycle of ABC transporters remain unclear. While certain elements or stages
of the transport cycles may be conserved among subfamilies, the expanding number of
atomic structures and the resulting mechanistic information for distinct ABC transporters
make unifying mechanisms less likely, challenging earlier notions about a unified catalytic
cycle [8,16,17,26–45]. No matter what the actual catalytic cycle or mechanism of a given
type I or type II exporter may be, a tantalizing possibility is that a basic conserved mech-
anism operates for PDR and ABCG, but slightly different transport mechanisms could
be a consequence of the nature of substrates that would distinctly affect the kinetics and
dynamics of the cycle.

The human ABC transporter family of 48 genes served to categorize subfamilies into
the ABCA to ABCG nomenclature [46–48], although the surge of recent atomic structures
and functional considerations made it clear that a new and improved nomenclature based
on structure–function relationships is needed [43]. Remarkably, inborn errors of several
human ABC transporters lead to prominent genetic diseases [49], including cystic fibro-
sis (ABCC7 or CFTR) [50,51], hepatic cholestasis (ABCB11 or BSEP) [52,53], plant sterol
sitosterolemia (ABCG5/G8) [54–57], neonatal hyperinsulinemic hypoglycemia or non-
insulin-dependent childhood diabetes (ABCC8) [58], gout (ABCG2 or BCRP) [59], Dubin–
Johnson syndrome (ABCC2 or MRP2) [60,61] and Stargardt’s macular dystrophies and
retinophathies (ABCA4) [62], peroxisomal adrenoleukodystrophy or ALD (ABCD1) [63–65],
immune deficiency—class I MHC antigen presentation (ABCB2/B3, TAP) [66–68], choles-
terol transport and HDL assembly or Tangier’s disease (ABCA1, ABCG1) [69–75], pseu-
doxanthoma elasticum or PXE (ABCC6) [76–82], dilated cardiomyopathy (ABCC9) [83],
defective earwax synthesis (ABCC11) [84,85], lung surfactant deficiency (ABCA3) [86–89],
lamella and harlequin ichthyosis (ABCA12) [90–92], pregnancy-related cholestasis
(ABCB4) [93,94] and sideroblastic anemia (ABCB7) [95–98].

1.2. Mammalian ABC Multidrug Transporters

Most, if not all, eukaryotic ABC transporters function as unidirectional exporters and
use ATP consumption to drive transport. Some have been implicated in uptake processes
as well, although this remains controversial [39,99]. Importantly, ectopic or dysregulated
overexpression of certain ABC transporters often contributes to or promotes MDR phe-
nomena in several but not all human cancer types [2,10,11,100–102]. Based on sequence
similarity and domain arrangement, mammalian ABCs fall into two major groups, referred
to as type I and type II exporters [12], although recently, a new classification has been
proposed [18]. At least three MDR exporters have been linked to MDR in human tumors,
including P-glycoprotein (P-gp/MDR1/ABCB1) [103–106], MRP1 (MDR-associated pro-
tein 1/ABCC1) [107] and BCRP (Breast Cancer Resistance/ABCG2) [108–110]. All three
share rather broad and partially overlapping drug specificity [14,111]. Most substrates
of ABCB1 and ABCG2 are cationic hydrophobic compounds [112], which may probably
be expelled directly from the lipid phase as originally proposed by the “hydrophobic
vacuum cleaner” model [105,113,114] or from the outer membrane leaflet by a floppase-like
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function [5,14,19,109,111,115,116]. A similar mechanism has been proposed in ABCA1
for the cholesterol loading of apolipoprotein A-I (apoA-I) [5,116,117]. P-gp, MRP1 and
ABCG2 are normally residing in the plasma membrane of epithelial organ linings (such as
liver, intestine, blood–brain barrier, placenta and mammary epithelium) [118,119]. Their
physiological tasks include vital roles in cellular detoxification and in organ protection
by excretion of toxic compounds or xenobiotic molecules [120]. Substrates are amphi-
pathic, lipid-soluble compounds of extremely diverse chemical spaces, ranging from small
molecules to bulky lipophilic cations and conjugated organic anions [14,112,121].

ABCB1 or P-glycoprotein (P-gp) or MDR1 (encoded by the MDR1 gene) was identified
from a multidrug-resistant KB carcinoma cell line [103,122,123] as the first mammalian type
I exporter class. P-gp is expressed on apical membranes of epithelial cells in colon, small
intestine, liver, placenta, kidney, gut, pancreatic, bile duct and blood–brain barrier [124,125].
Homozygous P-gp knock-out mice showed a 100-fold increase in drug (ivormectin) per-
meability at the blood–brain barrier, which led to the discovery of its physiological role
in organ protection [126–128]. ABCB1 transports a diverse array of substances, including
chemotherapeutic drugs, steroids, several phospholipids, fluorescent dyes, peptides and
ionophores [113]. Furthermore, ABCB1 is believed to function as a floppase-like lipid trans-
porter [43,129]. Despite huge therapeutic promises, numerous clinical studies on ABCB1
inhibitors or reversal agents [130–138] showed marginal to no benefits, thus rendering
attempts to translate P-gp inhibitors into the clinic so far futile efforts [111,139]. Of note,
despite an almost highly conserved primary sequence identity, the closest P-gp homologue,
ABCB4/MDR2, has not been implicated in drug transport or cancer MDR [140], as it
resides in the canalicular and appears to have a restricted substrate spectrum limited to
phosphatidycholine-related phospholipids in the canalicular membrane.

ABCC1 or MRP1 or multidrug resistance-associated protein1 (encoded by the ABCC1
gene) was discovered as the second member of MDR exporters, cloned from a multidrug-
resistant P-gp-negative human lung cancer cell line with doxorubicin tolerance [107].
ABCC1 is mostly on the basolateral surface of polarized epithelial cells, with moderate to
high abundance in the gastrointestinal tract, kidney, bladder, testis, ovary, endometrium,
adipose tissues, appendix and tonsils. Low-level expression is found in brain, lung, liver,
gall bladder, pancreas, bone marrow and skin [141–143] to excrete a variety of endogenous
substances, including glutathione, prostaglandins, C4-leukotrienes glucuronide conjugates,
sulfate conjugates, heavy metal oxyanions and, most importantly, conjugated metabolites
of otherwise hydrophobic compounds [14,112,144,145].

ABCG2 or BCRP or Breast Cancer Resistance Protein (encoded by the ABCG2 gene)
was originally isolated from P-gp-negative multidrug-resistance breast cancer cell
lines [109,110]. ABCG2 homes to the apical membranes in many epithelial cells and tissues,
including lung, gut, intestine, liver, breast, placenta, hematopoietic stem cells and especially
in the blood–brain barrier [109,110,119,146]. ABCG2 is a half-transporter carrying a TMD
at the C-terminus, requiring homo-dimerization to form a full functional molecule. ABCG2
is overexpressed in many solid tumors as well as acute myeloid leukemia (AML) and
acute lymphocytic leukemia (ALL). Dysregulated ABCG2 overexpression is linked with
poor prognosis in several cancer types [139,147], with particularly low survival in AML
patients [134,137,148–151]. Like P-gp, ABCG2, as well as PDRs such as Yor1, Pdr5, Cdr1 or
Snq2, show extremely broad substrate specificity (Table 1), all in all transporting hundreds
of diverse compounds, including dietary xenobiotics, toxins, metabolites, vitamins, lipids,
steroids, antibiotics and antifungal as well as anticancer drugs [152–155]. Of note, the many
exceptions seen for each transporter make a generalization of substrate preferences for a
given ABCG or PDR transporter challenging without experimental evidence. Remarkably,
however, despite their pronounced structural conservation, additional ABCG family mem-
bers such as ABCG1, ABCG4 and the heterodimeric ABCG5/G8 transporter have not been
associated with MDR phenotypes in cancer [15,115,156–162].
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Table 1. Known ABC transporters in non-pathogenic yeasts.

Phylogeny Species Gene Name UniProt ID Length Substrates References

Exporter type II ABCG/PDR
S. cerevisiae

PDR5 P33302 1511 Drugs, PC, PE, PS, Steroids, Herbicides [163–172]

PDR10 P51533 1564 Regulate PDR12 trafficking, Herbicides, Lipids [173–175]

PDR11 P40550 1411 Sterol [99,176]

PDR12 Q02785 1511 Weak acids, Fluorescein [177,178]

PDR15 Q04182 1529 Herbicide, Detergent [174,175,179]

PDR18 P53756 1333 Herbicides, Ethanol, Ergosterol [180–183]

AUS1 Q08409 1394 Sterol [99,158,184]

SNQ2 P32568 1501 Drugs, Steroids, Mutagens, Chemicals [169,185,186]

S. pombe BFR1 P41820 1530 Brefeldin A, Tributyltin [187]

Exporter type I

ABCB/MDR

S. cerevisiae

ATM1 * P40416 690 Fe/S proteins [188–190]

MDL1 * P33310 695 Peptides [191,192]

STE6 P12866 1290 a-factor [193,194]

S. pombe
HMT1 * Q02592 830 Phytochelatin conjugated Cd2+ [195,196]

MAM1 P78966 1336 M-factor [195,196]

ABCC/MRP
S. cerevisiae

YOR1 P53049 1477 Oligomycin, Reveromycin, Beavericin, Metal ions [197]

YCF1 * P39109 1515 GS-conjug. Cd2+, Metals [170,198–200]

YBT1 * P32386 1661 Metal ions, Bile acid, PC [201,202]

VMR1 * P38735 1592 Drugs, Metal ions [203]

BPT1 * P14772 1559 Metal ions, Bile acid, GS-conjugates [204]

S. pombe PMD1 P36619 1362 Drugs [205]

* All transporters located in the plasma membrane, except for Atm1, Mlt1 and Ybt1, Vmr1, Ycf1 and Hmt1, residing in the mitochondrial and vacuolar membrane. GS: glutathione, PC: phosphatidylcholine, PE:
phosphatidylethanolamine, PS: phosphatidylserine.
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Collectively, P-gp, MRP1 and ABCG2 act as brothers in arms to ensure the physiologi-
cal detoxification of endogenous metabolites as well as exogenous xenobiotics across most
epithelial barriers, including placenta, testis, mammary epithelium, liver and GI tract as
well as the blood–brain barrier [119,139,146,152,206]. However, how, and sometimes even
if, they actually cause clinical MDR in cancer has remained a highly controversial issue,
often subject to intense discussions in the field [102,207]. As for microbial anti-infective
MDR, it has been generally accepted though that bacterial ABC transporters [208–212] and
fungal PDR transporters [124,213–216] are key causes for clinical MDR, often setting an
unsurmountable roadblock in antimicrobial treatments [10,101,217–219].

1.3. ABC Multidrug Transporters in Fungal Kingdoms

Invasive fungal diseases account for ~1.5 million deaths per year worldwide [220,221].
The increasing numbers of immunosuppressed people, including the elderly, transplant
recipients, cancer and HIV/AIDS patients will most likely increase future cases of infections
by opportunistic pathogens like Candida species (spp.) [222]. Candida spp. are commensal
colonizers and part of the microflora present on mucosal and epithelial barriers such as the
gastrointestinal and urogenital tracts. Candida spp. are a major part of the physiological
mycobiome species [223], along with several thousand bacterial species constituting tissue-
specific microbiomes [224–229]. Several Candida spp. can cause life-threatening invasive
systemic disease in severely immunocompromised individuals [230]. The small number
of chemical entities in antifungal drugs have been very problematic in the past, especially
after prolonged use or after extensive prophylaxis, as was the case for pronounced azole
resistance in HIV patients. Hence, the propensity to develop MDR is lower when larger
drug arsenals against different targets are available [231]. For example, C. auris is a newly
emerging pan-resistant fungal pathogen first reported from an ear infection in Japan in
2009 [232]. Within a decade, C. auris appeared in more than 40 countries around the globe,
causing hospital outbreaks of invasive candidemia [233–240]. Importantly, C. auris is also
causing severe superinfections with viruses, as seen in a recent co-infection of COVID-
19 patients in a Mexican hospital ICU, leading to a dramatic overall mortality of 83%.
In fact, intrinsic MDR in other Candida spp. such as C. glabrata and C. kruzei have also been
increasing over the last decade [230,241,242]. Importantly, among other mechanisms, such
as drug target gene mutations [243,244], efflux-based MDR/PDR has been recognized as a
major cause of fungal anti-infective drug resistance [219,235,244–247].

Fungal ABC proteins are also quite diverse and are implicated in many biological
functions, contributing to pivotal cellular processes, including cellular detoxification and
stress adaptation [214,248,249]. Owing to space constraints, we will limit our discussion to
paradigm fungal PDR family members implicated in drug resistance phenomena, but refer
the reader to numerous recent reviews discussing fungal ABC proteins at large [249,250].
Fungal ABC proteins of the PDR subfamily are the closest eukaryotic orthologues of hu-
man ABCG family exporters [245,251]. For instance, C. albicans and C. glabrata harbor 27
and 18 ABC proteins in total, respectively [250]. Interestingly, Cryptococcus neoformans
and Aspergillus fumigatus harbor even larger numbers, with 54 and 49 ABC transporters,
respectively [252,253]. While we are not discussing transporters which are not linked to
MDR phenomena, we still provide a comprehensive list of all known ABC transporters in
non-pathogenic yeasts (Table 1) and their phylogenetic relationships (Figure 1A). MRP-like
yeast ABC transporters including Yor1, Ycf1, Ybt1, Vmr1 and Bpt1 mediate vacuolar detox-
ification and heavy metal resistance [214]. Of note, Ycf1, which also has a rudimentary
R-domain motif as present in human CFTR [50], was the first yeast homologue of mam-
malian MRP [254], while pathogenic fungi such as C. albicans harbor only Yor1 and Mlt1
(Table 2).
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Figure 1. Phylogeny and structural organization of ABC transporters in mammals and yeast. (A) The phylogenetic tree
shows the evolutionary relationships of ABC transporter subfamilies in yeast and mammals. Some 29 ABC transporters were
subjected to amino acid sequence alignments. Branch length was analyzed using MEGA-X, and represents the evolutionary
distance in the units of the number of amino acid substitutions per site. Names are given in the UniProt code, protein name
and organism, respectively. The analysis reveals two major exporters subfamilies referred to as type I and II. Type I was
sub-classified into ABCB/MDR (blue) and ABCC/MRP (green) subgroups. The type II family represents ABCG/PDR
subgroups with the fungal (red) and mammalian transporters (orange). Ca: Candida albicans, Cg: Candida glabrata, Caur:
Candida auris, Cd: Candida dubliniensis, Ct: Candida tropicalis, Cn: Cryptococcus neoformans, Sc: Saccharomyces cerevisiae, Sp:
Schizosaccharomyces pombe. (B) Predicted membrane topologies of three MDR ABC exporter families. The transporters hold
several diagnostic hallmark domains, including two NBDs (NBD1: light green; NBD2: green), two TMD regions usually
with 6 putative membrane-spanning helices each (TMD1: light yellow; TMD2: bright orange), elbow helix (pink), re-entry
helix (blue) and TMD0 (purple), respectively.

The fungal PDR (ABCG) or pleiotropic drug resistance family is the largest subfamily
of ABC transporters of the type II exporter class [251]. PDR transporters are the clos-
est structural orthologues of all mammalian ABCG subfamily transporters (Figure 1A),
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sharing the same topological orientation and domain arrangements with mammalian
ABCG5/ABCG8 [255] and ABCG2 [256–259] (Supplementary Figure S1). PDR transporters
in fungal pathogens implicated in clinical antifungal resistance in C. albicans include Cdr1,
Cdr2, Cdr3, Cdr6 and Cdr11, in C. glabrata (Cdr1, Pdh1, Snq2 and Aus1) [260], in C. auris
(Cdr1), in C. tropicalis (Cdr1), in C. dubliniensis (Cdr1 and Cdr2) and in Cryptococcus neofor-
mans (Afr1) (Table 2). All are highly conserved in non-pathogenic yeasts (Table 1). Their
overexpression in pathogens causes hallmark MDR phenotypes seen for mammalian or
bacterial ABC transporters [111,141,217,218,235,261–264].

Diversity of fungal PDR transporters and evolutionary relationships to mammalian
ABC transporters. Most ABC proteins from non-pathogenic baker’s yeasts (Table 1) are
also found in various numbers and functions in pathogenic fungi (Table 2). A phy-
logenetic tree analysis suggests two major groups, referred to as exporter type I and
type II [4,248,265,266], contain three MDR, MRP and PDR subfamilies (Figure 1A). While
type I exporters (MDR/ABCB and MRP/ABCC) hold a TMD1–NBD1–TMD2–NBD2 con-
figuration, all PDR/ABCG type II exporters adopt a “reverse” architecture, such as NBD1–
TMD1–NBD2–TMD2 (Figure 1B). By contrast with the mammalian ABCG subfamily, all
fungal PDR proteins are full-size transporters (Figure 1B).

Table 2. ABC efflux transporters mediating MDR in pathogenic fungi.

Phylogeny Species Gene UniProt ID Length Substrates References

Exporter
type II ABCG/PDR

C. albicans

CDR1 P43071 1501 Drugs, PC, PE, PS,
Steroids

[217,260,263,
267–270]

CDR2 P78595 1499 Drugs, PC, PE, PS,
Steroids [218,260,271]

CDR3 O42690 1501 Drugs, PC, PE, PS,
Steroids [260,272]

CDR6/ROA1 A0A1D8PCM6 1274 Azole, Membrane
fluidity [273]

CDR11 A0A1D8PK15 1512 Drugs,
Fosmanogepix [274]

C. glabrata

CDR1 Q6FK23 1499 Drugs [275,276]

PDH1 O74208 1542 Drugs [277,278]

SNQ2 Q6FQN3 1507 Drugs [279]

AUS1 Q6FUR1 1398 Sterol [280,281]

C. auris CDR1 PIS57142 1508 Drugs [236,237,239]

C. dubliniensis
CDR1 Q8NJ55 1501 Drugs [282]

CDR2 Q8NJ54 1500 Drugs [282]

C. tropicalis CDR1 EER33788 1498 Drugs [283–285]

C. neoformans AFR1 Q8X0Z3 1543 Drugs [286]

Exporter
type I

ABCB/MDR

C. albicans HST6 A0A1D8PKI5 1323 A-factor [287,288]

C. glabrata ATM1 * Q6FIK3 727 Fe/S [289]

C. neoformans
MDR1 O43140 1408 Drugs [290]

ATM1 * P0CL92 734 Fe/S [290]

ABCC/MRP C. albicans
YOR1 AOW27977 1488 Oligomycin,

Beauvericin [291,292]

MLT1 * Q9UW87 1606 PC, Ni(II) [180]

* All transporters located in the plasma membrane, except for Atm1 and Mlt1, residing in the mitochondrial and vacuolar membrane,
respectively. GS: glutathione, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: phosphatidylserine.

2. Atomic Structures of Eukaryotic Multidrug ABC Efflux Exporters

Several high-resolution structures, obtained through X-ray crystallography or cryo-EM
approaches in the past five years, provided a better understanding of the structure–function
relationships of mammalian type I and type II exporters (Table 3). However, despite ever-
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increasing structural information, the path from static atomic structures to precise molecular
mechanisms has turned out to be a rocky road for scientists and drug discovery. Thus, we
are still far from understanding the conformational dynamics as well as the mechanics
driving their transport cycles. Each half-molecule of ABCB and ABCC type I exporters
harbor at least six transmembrane helices that extend into the intracellular loops linked
to their coupling helices, thus connecting to both the proximal NBD and crossing over
to the distal NBD [8,31,39,293–296]. In the ATP-free apo state, if it ever exists inside cells,
these exporters maintain an inward-facing configuration, whereby both NBDs appear apart
to offer access for ATP and possibly substrates (Figure 2A) [297]. Importantly, while the
ABCC subfamily shares a highly similar overall fold with ABCB, MRP transporters have an
additional N-terminal domain known as TMD0 [20,298,299]. Notably, CFTR also adds the
so-called R(egulatory)-domain residing in the core of the channel between the N-terminal
and the C-terminal TMDs [21,300,301] (Figure 1B).

Figure 2. Atomic structures, folds and evolutionary conservation of MDR exporters. (A) Crystal or cryo-EM particle
structures of multidrug resistance-related ABC exporters from the type I (ABCB and ABCC) and type II families (ABCG
subfamily) using the color codes as shown in Figure 1B. (B) Conservation analysis of ABC exporters from panel A.
Multiple sequence alignments of amino acid sequences from Tables 1 and 2 were generated for all subfamilies. The
degree of conservation was calculated and indicated as a color gradient ranging from low conservation (yellow) to high
conservation (blue).

At present, the available atomic structures of type I exporters are as listed in Table 3.
For the ABCB1 subfamily, many conformations, including inward-facing, outward-facing,
occluded state, substrate-bound, inhibitor-bound and antibody-bound, have been solved,
all in all yielding 24 structures in the PDB [296,302–310]. For the ABCC subfamily, four
cryo-EM structures are available for bovine ABCC1 in the PDB [311,312]. Furthermore,
seven structures are available for CFTR [300,301,313–315], and 12 structures for ABCC8 or
SUR1 [316–320]. Strikingly, the first atomic structure of the heterodimeric ABCG subfamily
member ABCG5/G8 came as a surprise, as the X-ray crystals revealed an unexpected
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compact fold, in which NBDs were located in close proximity to the TMDs. In addition,
the molecule held a lid-like structure at the extracellular roof of the translocation pathway.
This fold resembled bacterial importers more than a prototypic export pump [38]. This
structure paved the way for solving the human ABCG2 transporter, for which now 11
atomic structures are available in the PDB [256–259] (Table 3).

Table 3. Atomic structures of eukaryotic MDR ABC transporters.

Subfamily PDB ID Function References

ABCB1 (P-gp)

4F4C, 4M1M, 4M2S, 4M2T,
4Q9H, 4Q9J, 4Q9K, 4Q9L,
4XWK, 5KPF, 6KPI, 5KPJ,
5KO2, 5KOY, 6C0V, 6GDI,
6Q81, 6QEX, 6QEE, 6FN4,
6FN1, 3G5U, 3G60, 3G61

Multidrug export, detoxification [255,296,302–306,308–310]

ABCC1 (MRP1) 5UJA, 5UJ9, 6BHU, 6UY0 Multidrug, leukotriene and
sphingolipid export, detoxification [298,312]

ABCG2 (BCRP)
5NJG, 5NJ3, 6ETI, 6FEQ, 6HIJ,
6HCO, 6HBU, 6HZM, 6VXH,
6VXI, 6VXJ

Multidrug export, detoxification
and urate transport [256–259]

3. Key Residues and Motifs Are Conserved in Multidrug Transporters ABCG/PDR

The mammalian ABCGs are the closest orthologues of yeast PDR transporters [216,245,
250,251,321], especially Pdr5 and Cdr1 [166,322,323] (Supplementary Figure S1). To identify
conserved regions of fungal ABC proteins based on mammalian ABC structures, we
determined a conservation score for the fungal PDR family, and mapped conserved residues
into the atomic structures of mammalian orthologues (Figure 2B). We subjected the fungal
ABCG/PDR subfamily to multiple sequence alignments with the mammalian ABCGs
(Supplementary Figure S1), showing that NBDs hold several highly conserved motifs
related to ATP consumption. Although TMDs are usually more diverse, several regions are
also preserved between PDR and ABCG, implying that these domains are pivotal for an
evolutionarily related catalytic cycle.

Conservation in the NBD. First, the NBDs in fungal PDRs share highly conserved motifs
as well as residues with ABCG required for ATP-binding and hydrolysis [45,153,324–326],
including Walker A, Q-loop, Hot spot helix, Signature motif, Pro-loop, Walker B, D-loop
and H-loop, respectively [327]. The alignment indicates that fungal NBDs adopt a RecA-
like structure, an ATPase-containing fold that was first seen in RecA, which is involved in
DNA recombination, and was later found in many ATPases [328] (Supplementary Figure
S1 and Table 4). There are only minor differences though, as ABCG2 and ABCG5/G8 are
half-transporters that require homo- or hetero-dimerization, while all fungal PDRs are full-
size transporters, some of which with asymmetric deviant ATP-binding sites (Table 4). In
the first NBD of PDR transporters, the glutamine (Q) in the Q-loop is replaced by glutamate
(E), the Pro-loop disappeared and histidine (H) in the H-loop is substituted by tyrosine
(Y). Hence, the notion emerged that fungal PDRs would follow an asymmetric catalytic
cycle [173,216,306,329,330].

Conservation in the TMD region. Second, the general architecture and configuration
of TMDs are maintained, as each TMD in ABCG/PDR transporters contains six putative
membrane-spanning helices, and a rather short first intracellular loop contains the coupling
helix. The large ECL is part of the lid architecture in the extracellular region. Interestingly,
two putative helices residing at both lipid bilayer leaflets, which are important for func-
tion, as they restrict dynamic movements during transport cycle, are only found in the
ABCG subfamily [40,42]. The amino acid alignments reveal the consensus sites present in
conserved motifs and domains (Figure 1B and Supplementary Figure S1).
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Table 4. The human ABCG2 and fungal Cdr1 multidrug exporters share conserved motifs.

Location Conserved Motif Functional Role Human ABCG2
Candida albicans Cdr1

First Half Second Half

NBD

Walker A ATP hydrolysis (phosphate binding) * G79–S88 G187–T195 G895–T903

Q-loop TMD–NBD communication Q126 E238 ** Q942

Hot spot Triple helical bundle L134–A149 L246–P261 S950–S965

Signature NBD dimerization and phosphate binding V186–R193 V303–R310 V996–R1008

Pro loop NBD dimerization P204 ? P1019

Walker B ATP hydrolysis I206–E211 I323–N238 L1021–E1027

D-loop NBD dimerization L216–D217 L333–D334 L1032–D1033

H-loop ATP hydrolysis H243 Y361 ** H1059

Elbow helix Conserved R Salt bridge, THB R383 R503 R1185

ECL1 Conserved R Salt bridge R426 R456 ?

TMH2 Conserved F Clamping F439 F559 F1239

ICL1

Conserved E (1) Salt bridge and intracellular gating E451 E570 D1255

Conserved E (2) Salt bridge E458 E576 E1261

Conserved Y Salt bridge, THB Y464 Y584 Y1257

TMH3 Conserved D/E Intracellular gating D477 E597 E1280

Valve Conserved hydrophobic Valve G553–L555 G672–V674 G1362–L1364

Re-entry helix
Conserved P Kinked helix P574 P692 P1382

Conserved E Salt bridge E585 E704 ?

ECL3
Conserved C (1) Intra/intermolecular disulfide bond C592 C712 C1418

conserved C (2) Intra/intermolecular disulfide bond C603 ? C1441

conserved C (3) Intra/intermolecular disulfide bond C608 C732 C1444

* Some PDRs may consume GTP as well [186,331]. ** Substitution with another residue.
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The elbow helix is a 15-residue amphipathic helix sharing highly conserved residues
among all ABCG/PDR members. This elbow helix is an intrinsic part of the triple helical
bundle (THB), which also engages the hot spot helix from the NBD and the coupling helix
from the first intracellular loop (ICL1) [332]. Importantly, the center of the elbow helix
contains a highly conserved arginine (R), which is essential for a salt bridge interaction
with a glutamate (E) residue in ICL1 to stabilize the THB [40].

The transmembrane helix 1 (TMH1) is a prototypic 20-residue membrane-spanning
helix, following the elbow helix in all ABCG/PDR exporters. The small extracellular loop 1
(ECL1) is a short linker connecting TMH1 and TMH2 at the cell surface. Notably, ECL1 in
the first half holds a conserved arginine (R), which is important for salt bridge formation
with a conserved glutamate (E) in the re-entry helix of the same molecule [42]. TMH2
is thought to be a part of the substrate/inhibitor binding zone in human ABCG2 [333].
A conserved phenylalanine (F) in the middle of TMH2 may be a recognition site for both
substrates and inhibitors [333].

The intracellular loop 1 (ICL1) spans over 30 residues in the ABCG/PDR subfamily
and holds a critical U-turn motif. ICL1 operates as the coupling helix for the NBD–TMD
communication by participating in a triple helical bundle (THB). The entire THB functions
as a molecular spring that controls the catalytic cycle by regulating the conformational
switch. Indeed, two conserved negative residues within ICL1 of human ABCG2, E451
and E585, are thought to control the intracellular gating mechanism and engage in salt
bridges with the elbow helix, respectively. Remarkably, ICL1 holds an essential tyrosine
residue that is conserved in all ABCG/PDR transporters. This Y464 contributes a salt
bridge interaction within the THB complex for stabilization of the transmission interface.

TMH3 also has several conserved residues within the ABCG/PDR group such as
negative residues (E or D), proline, as well as positive amino acids (K or R). D477 at the
start of TMH3 in human ABCG2 is on top of the transmission interface and may contribute
to an intracellular gate. ECL2 is again rather short, containing only eight residues with a
kink, connecting TMH3 and TMH4 at the cell surface.

The hydrophobic valve is a kinked domain just after TMH5, consisting of the con-
served “glycine-Φ-Φ” (Φ is hydrophobic residue) motif that subtends the extracellular
bilayer leaflet. The valve is pivotal for controlling substrate transport through a putative
translocation pathway whose precise nature and dynamics remains obscure. The re-entry
helix is the counterpart of the elbow helix and is unique, establishing a kinked hallmark
motif in the ABCG/PDR subfamily with several conserved residues. In addition, ECL3 is
the only large extracellular loop, and a main part of the extracellular roof architecture. Inter-
estingly, ECL3 in human ABCG2 has three cysteines, which form intra- and inter-molecular
disulfide formations, and perhaps facilitate dimerization and drug release [334,335]. Like-
wise, conserved cysteines in fungal PDR transporters may engage in an intra-molecular
disulfide bond to stabilize the PDR biogenesis. Finally, TMH6 is followed by a very small
but highly conserved C-terminus that contains several positive charges at the C-terminus.

4. C. albicans PDR/Cdr1 Holds All Conserved Motifs Critical for ABCG Function

The atomic structures from X-ray crystallography and cryo-EM of mammalian ABCGs
suggest a rather unique fold resembling an importer rather than an exporter [38,256–259].
Indeed, mammalian ABCGs and fungal PDR exporters share conserved and superim-
posable topologies with all functional motifs in equivalent places (Figure 1A, Figure 2B,
Supplementary Figure S1 and Table 4). Hence, we generated homology models of Cdr1
from C. albicans, using human ABCG2 (PDB ID 6VXF) as a template (Figure 3A). Remark-
ably, the Cdr1 structural model perfectly mirrored the human ABCG2 conformation, since
each pivotal motif important for function is also present in Cdr1 (Figure 3).
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Figure 3. Type II mammalian and fungal ABCG/PDR exporters share functional domains. (A) A homology model of the
PDR exporter Cdr1 from C. albicans was generated using the SWISS-MODEL tool (color ribbon, NBD: green, TMD: yellow,
elbow helix: pink, ICL: orange, valve: red, re-entry helix: blue and ECL: purple). The Cdr1 model was superimposed with
the cryo-EM structure of human ABCG2 (PDB ID: 6VXF) (gray ribbon). (B) Zoom-in top view of the NBD dimer from panel
A at the NBD–NBD interface shows essential conserved motifs (Walker A: red, Q-loop: violet, signature: pink, Pro-loop:
yellow, Walker B: orange, D-loop: cyan and H-loop: blue). The transmission interfaces of human ABCG2 (C) and C. albicans

Cdr1 (D) show a network cluster of triple helical bundles (THB) with conserved tyrosine residues as part of a salt bridge
between elbow helix and ICL. Two negative residues are shown as the intracellular gates. Conserved residues are shown as
sticks with color-coding as in the topology model. The conserved phenylalanine F clamp F439 in human ABCG2 (E) and
the putative F clamp in C. albicans Cdr1 (F) are indicated as sticks. At the extracellular gates, the valve-like structures at
the top of central cavity (red) are shown at the corresponding position of human ABCG2 (G) and C. albicans Cdr1 (H). The
lid-structure formed by ECLs is shown as a violet ribbon with a surface. The homo-dimeric human ABCG2 transporter has
a symmetric lid (G), while the full-size C. albicans Cdr1 transporter has a larger ECL forming the outer lid and part of the
roof architecture (H).
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The NBDs in Cdr1 are in closer contact and hold all conserved regions required
for ABCG2 function (ATPase activity, A-loop, Walker A and B, Q-loop, mutational hot
spot helix, signature loop, Pro-loop, D-loop and H-loop). The N-terminal and C-terminal
NBDs form a head-to-tail dimer upon ATP-binding [336,337], with a RecA-like and an
α-helical subdomain [327] (Figure 3B). Nonetheless, the fungal NBD1 has three minor
differences, in that (i) a glutamine residue in the Q-loop is replaced with glutamate, (ii) the
histidine residue in the H-loop is substituted with tyrosine and (iii) the Pro-loop is miss-
ing but contains a glycine instead [337] (Table 4). The non-identical deviant NBDs in
fungal PDRs [41,216,338,339] may support an asymmetric catalytic cycle as proposed
for ABCG5/G8 [38,339–341], whereas “symmetric” cycles require the presence of fully
conserved “canonical” ATP-binding sites in both NBDs.

Stabilizing salt bridges maintain proper folding and dynamics. At least two salt
bridges appear conserved in Cdr1 (Supplementary Figure S1), connecting the elbow helix
with the coupling helix (R503 to E576, and R1185 to E1261) (Figure 3D), respectively.
However, the salt bridge within ICL1 seems absent in fungal PDR, and a salt bridge at the
upper membrane leaflet is found only in the first half of Cdr1 (R456 in ECL1 to E704 in the
re-entry helix) (Table 4).

The triple helical bundle (THB) is part of the transmission interface and extremely
conserved in Cdr1. Remarkably, the THB is present in diverse ABC transporters, including
ABCB1 and LPS extractor, as well as in the antibiotic exporter MacB [332]. This may reflect
a universal function in mediating NBD–TMD cross-talk, thus constituting a key element
for controlling and driving the conformational switch to drive substrates through the
translocation pathway. Moreover, the most highly conserved Y464 residue is essential
for ATP consumption, and engages in a salt bridge to stabilize the entire transmission
interface in the center of NBD–elbow–ICL1 cluster (Table 4 and Figure 3C,D). Thus, the
THB constitutes a cluster of limited conformational flexibility, taking advantage of Y464
and its salt bridge with E458 in ICL1 and/or between elbow helix R383 and E458 [332]
(Table 4 and Figure 3C). As for Cdr1, the proposed THB cluster is present in both N- and
C-terminal domains. At the N-terminus, Y584 connects to R503 (elbow helix) and E576 (in
the coupling helix), whereas at the C-terminal domain, Y1257 bridges to R1185 (second
elbow helix) and E1261 in the second coupling helix (Table 4 and Figure 3D). This finding
strongly supports the notion for THB as an essential structure acting at the transmission
interface to control the entire transport cycle [332].

The mechanism of intracellular gating in PDR/ABCG2 must be crucial for sub-
strate/inhibitor entry into the transport pathway of the exporter, but as yet is little un-
derstood. In human ABCG2, two negative residues are conserved in all ABCG/PDR
transporters, represented by E451 (between TMH2 and ICL1) and D477 (beginning of
TMH3). Interestingly enough, they are pivotal for drug transport, but do not affect ATP
hydrolysis [40] (Table 4 and Figure 3C). Since this region around the transmission interface
undergoes dynamic movements during the catalytic cycle, E451 and D477 may not be part
of a drug-binding zone but rather provide an entry route and gating functions [332]. In
fungal PDRs, both negative residues are conserved (Supplementary Figure S1) and Cdr1
indeed contains the corresponding positions with E570 and E597 in the N-terminal part,
and D1255 and E1280 in the C-terminal domain (Table 4 and Figure 3D).

The so-called phenylalanine clamp formed by two F residues is located in the substrate-
binding zone of ABCG/PDR transporters. Interestingly, the THM2 in the ABCG/PDR
subfamily contains at least 4–5 conserved F residues (Supplementary Figure S1). TMH2
occupies space in the middle of the transmembrane core, where a putative binding zone
around the central cavity is present. In human ABCG2, F439 (Figure 3E), located in the
middle of TMH2, is implicated in binding both substrates and inhibitors [333]. Remarkably,
a new cryo-EM structure of ABCG2 illustrates that the aromatic side chains of both pheny-
lalanine residues could contribute to a binding site [259], and thus play a role as a clamp for
both substrate and inhibitor recognition [259,333]. Remarkably, the Cdr1 homology model
suggests that the conserved residues in both TMDs (Supplementary Figure S1) are F559 in

275



Int. J. Mol. Sci. 2021, 22, 4806

TMH2 and F1239 in TMH8 (Figure 3F) and equivalent to F439 in ABCG2 (Figure 3E). Hence,
conserved phenylalanine in or nearby substrate/inhibitor-binding zones of ABCG/PDR
provide a clamping mechanism to trap substrates and/or inhibitors.

Extracellular gating at the membrane interface and subsequent drug release from the
outward-facing state is regulated by two conserved motifs, a hydrophobic valve and a
flexible lid architecture in the roof [42]. The hydrophobic valve in ABCG/PDR transporters
is contributed by two half-molecules, thus generating a physical gate for outward-directed
substrate translocation from the central into the upper cavity. The atomic structures of
mammalian ABCGs [38,256,259] indeed reveal a unique valve-like motif in the core of the
transporter, separating the central cavity from the upper cavity. This conserved “glycine-
Φ-Φ” motif plays a critical role as a hydrophobic valve that controls water flow through
the transport pathway [42] (Supplementary Figure S1). The glycine adds a flexible kink,
whereas two hydrophobic aliphatic leucines build a hydrophobic barrier to prevent water
flow or substrate leakage. Human ABCG2 has the “G553-L554-L555” motif, whereas Cdr1
has “G672-F673-V674” and “G1362-V1363-L1364” in the first and second half, respectively
(Table 4 and Figure 3G,H). Interestingly, a similar extracellular gating mechanism may also
operate in CmABCB1, which possesses a gate at the outer membrane border to regulate
substrate translocation [35,295].

A flexible but compact lid is part of the roof architecture formed by a rather large
extracellular domain in ABCG/PDR. The roof is another unique motif in the ABCG/PDR
subfamily. In human ABCG2, this roof is maintained by an intramolecular C592–C608
disulfide bond that strengthens the compact lid architecture. This lid may establish the sec-
ond gating mechanism to regulate drug release from the outer cavity [334,335] (Figure 3G).
Notably, the covalent C603–C603 inter-molecular link is key for homo-dimer formation
in human ABCG2, but not essential for function [334,342]. The last extracellular loop of
fungal PDR is slightly larger than the equivalent loop in mammalian ABCG2 (Supplemen-
tary Figure S1), where 2–3 conserved cysteine residues are present (Table 4). The overall
similarity in the roof architecture also supports the notion of a conserved extracellular
gating mechanism in ABCG/PDR transporters (Figure 3G,H).

5. Model for a Conserved Catalytic Transport Cycle of ABCG/PDR Transporters

Mammalian ABCG and fungal PDR share all hallmark domains as well as numerous
conserved residues essential for function (Figure 3). Based on these striking similarities,
we wish to propose a unified mechanism for the transport cycle of type II ABCG/PDR
multidrug transporters (Figure 4). Several studies suggest that more than half of all
known ABC transporters including human ABCG5/G8 utilize non-equivalent or deviant
NBDs [43,216,259,306,329,343,344]. Interestingly, ABCG2 appears as a perfect homo-dimer
molecule, although it may have some asymmetries in the NBD dimers [325,341,345]. There-
fore, the “primordial” alternating access model [30,36,324,346,347] forms a rational basis
for our model (Figure 4). The ABCG/PDR transporters in the apo drug-free state are in an
inward-facing configuration, with the bottom of the NBD dimer connected. We propose
that ABCG/PDR subfamilies have asymmetric catalytic cycles, as proposed for human
ABCG2 [341]. In this state, only one nucleotide-binding site is occupied by ATP, which
could support an “intermediate” NBD dimerization state, with one free site remaining
accessible for ATP. The intracellular gate formed by two negative residues at the membrane
border of the ICL1 in the transmission interface is open, thus offering a path for sub-
strate/inhibitor entry [40]. The central cavity provides free binding zones to accommodate
compounds of variable chemical spaces [157,348]. The aromatic rings in the conserved
F clamp establish accessible binding/trapping sites [333]. The hydrophobic valve at the
top of the central cavity is almost completely closed and blocks water leakage through
the translocation pathway [42]. The lid-forming roof architecture also remains closed in
the inward-facing state, with a compact loop structure that limits the space in the upper
cavity. Since ABCG/PDR exporters have an uncoupled ATP hydrolysis cycle, the catalytic
cycle would still be active even without substrate(s) [33,40,42]. Drug substrates (2a) or
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inhibitors (2b) can access the central cavity and the translocation pathway through the
intracellular gate(s) [40] before getting trapped in the binding zones [157] by the F clamp
located in TMH2 in each TMD [333]. This is a critical step which also prevents substrate
escape from the central transport pathway. By contrast, the binding of an inhibitor (2b) at
the region below the valve, would lock the conformation in the inward–open state and
inhibit ATP hydrolysis activity as indicated by cryo-EM particle structures [257]. Whether
a compound is an inhibitor or a transport substrate for ABCG/PDR transporters is solely
determined by the affinity that sets the on versus off rates, and by the kinetics underlying
the interactions in the binding zones [33]. Indeed, biochemistry data also suggest that
certain inhibitors inhibit ATPase activity [349–351]. Binding of the second ATP molecule
functions as a molecular glue that triggers complete NBD dimerization, thus inducing the
conformational switch of the TMDs into a substrate-occluded state (3). The mechanical
movement at the transmission interface requires the THB as a rigid structure of limited
dynamics [332]. Subsequently, the central cavity is compressed, hence creating peristaltic
pressure that drives substrates along the central translocation channel through the con-
comitantly opening valve. Further, the full NBD dimerization pushes the transporter into
a compressed state, imposing a squeezing motion on the central cavity that generates
pressure critical for opening the valve. The hydrophobic valve also serves as the first
barrier for an extracellular gating to ensure unidirectional transport. A retrograde backflow
of substrates is therefore prevented by the outward hydrostatic pressure and by the tight
valve that would close when resetting the transporter [42]. Accordingly, the space of the
upper cavity is then enlarged to accommodate substrates [42]. The limited dynamics and
stability of the extracellular roof is supported by a conserved salt bridge between ECL1 and
the re-entry helix [42]. The compact lid, which is mainly formed by ECL, then constitutes
the second barrier at the extracellular interface. Once the lid has opened, it allows for
substrate release into the extracellular space. Finally, ATP hydrolysis at one (or both sites)
releases Pi and ADP, thus initiating the reset of the transporter with two NBDs in the
original inward–open-facing state [43]. The resulting accessible ATP site also opens the
intracellular gate enabling a new cycle of substrate recognition. This catalytic cycle reflects
the current knowledge about the catalytic cycles of ABCG2/PDR transporters, whereby
biochemical, structural, genetic and mutational data have been integrated.
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Figure 4. Proposed catalytic cycles of mammalian/fungal type II exporters (ABCG/PDR). In the apo substrate-free state
(1), the exporter adopts an inward-facing conformation. We propose that NBDs are open with ATP present in at least one
NBD or both, which mediates partial NBD dimerization leaving only one accessible ATP-binding region. The intracellular
gate(s) at the transmission interface provides access for substrate or inhibitor entry. The aromatic rings at the conserved
F clamp form accessible binding sites at the closed transporter valve subtending the closed ECL. Drug substrates (2a) or
inhibitors (2b) can enter through intracellular gate(s), preceding their trapping in distinct binding zones in the central cavity.
Binding of ATP at the second binding site or both triggers full NBD dimerization and triggers a first conformational change,
setting an occluded state (3). The communication between NBD and TMD is regulated via a rigid triple helical bundle (THB)
as a key part of the transmission interface. The NBD dimerization compresses the central cavity space to drive substrate
movement through the translocation, thus engaging a push and squeeze motion to open the valve. Substrates shift into the
upper cavity and are released by the subsequent opening of the ECL lid (4). ATP hydrolysis at one NBD site may be enough
to reset the catalytic cycle and to convert the transporter molecule into the inward-facing drug-recognizing state (5). The
structures show NBDs (green), elbow helix (pink), TMDs (yellow), ICL (orange), ECL (purple), phenylalanine clamp (blue
hexagon), valve (red), substrates (cyan) and inhibitors (red). For more details and references see the main text.
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6. Conclusions and Future Perspectives

The increase in atomic structures of ABC transporters, and data from extensive bio-
chemical and genetic experiments, have been propelling the field, since they have yielded
novel insights and a better understanding of ABC transporter mechanisms. At the same
time, while atomic structures have been invaluable, they have to be interpreted with cau-
tion, especially when biochemistry or genetics are not in line with structural data [265] or
when biological relevance appears doubtful. Indeed, the painful history of ABC transporter
structures [207,265], shows that even higher resolution structures suffer from their static
nature that only reflects snapshots of a catalytic cycle. Thus, we need atomic structures re-
flecting more than a single conformation and possibly many transition states [352], as well
as extensive validation by biochemistry and genetics, to validate their biological relevance
and define catalytic cycles. Furthermore, there is an unmet need for more interdisciplinary
collaborations that also engage alternative structural approaches like NMR [353–356] as
well as complementary biophysical methods [265,357–359] to expand our mechanistic
views of ABC transporters in all living kingdoms.

The past few years challenge previous notions that a unified transport mechanism
exists for MDR exporters from all three major classes, such as ABCB1/MDR1/P-gp [35,293,
295,302,303,307,310], ABCC1/MRP1 [298,311,312] and ABCG2/BCRP [256–259] (Table 3).
While early homology modeling attempts of the ABCG/PDR family yielded incorrect
folds due to using type I exporter templates rather than exporter type II [360–363], the
use of proper coordinates have now validated the usefulness of modeling for dissecting
mechanisms of ABC transport cycles [40,256]. Of note, we have taken a “reverse” approach
here, since we exploited human ABCG2 and ABCG5/G8 structures to model evolutionarily
conserved fungal PDR transporters. This not only yielded new testable homology models,
but also hinted that catalytic cycles may have been conserved at least in orthologous
families such as human ABCG and fungal PDR. Of note, four cryo-EM structures of yeast
Pdr5 [339] at atomic resolutions from 2.8 to 3.5 Å just emerged [339]. Most remarkably, as
we show here for Cdr1, the paradigm yeast Pdr5 efflux pump shows similar transitional
movements during the catalytic cycle [339], strongly supporting the proposed catalytic
cycle for PDR/ABCG transporters operating as uncoupled peristaltic pumps [339]. Twist
and Squeeze may be used by different types of transporters, and these driving mechanisms
may appear related or even similar when looking at it from the mechanics, as either Twist
or Squeeze or a combination of both can result in peristaltic pressure during the switch.
While there are many challenges remaining ahead of us, the reversal of clinical MDR
phenomena in fungal pathogens in infectious disease settings have regained attention,
especially since the catalytic cycle of human ABCG2 likely reflects the mode of action of
fungal PDR transporters implicated in anti-infective drug resistance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094806/s1. Figure S1. Amino acid sequence alignment of fungal ABC transporters (PDR
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157. Khunweeraphong, N.; Mitchell-White, J.; Szöllősi, D.; Hussein, T.; Kuchler, K.; Kerr, I.D.; Stockner, T.; Lee, J. Picky ABCG5/G8
and promiscuous ABCG2 - a tale of fatty diets and drug toxicity. FEBS Lett. 2020, 594, 4035–4058. [CrossRef] [PubMed]

158. Jacquier, N.; Schneiter, R. Mechanisms of sterol uptake and transport in yeast. J. Steroid Biochem. Mol. Biol. 2012, 129, 70–78.
[CrossRef]

159. Wang, F.; Li, G.; Gu, H.-M.; Zhang, D.-W. Characterization of the Role of a Highly Conserved Sequence in ATP Binding Cassette
Transporter G (ABCG) Family in ABCG1 Stability, Oligomerization, and Trafficking. Biochemistry 2013, 52, 9497–9509. [CrossRef]

160. Hegyi, Z.; Homolya, L. Functional Cooperativity between ABCG4 and ABCG1 Isoforms. PLoS ONE 2016, 11, e0156516. [CrossRef]
161. Tarling, E.J.; Edwards, P.A. ATP binding cassette transporter G1 (ABCG1) is an intracellular sterol transporter. Proc. Natl. Acad.

Sci. USA 2011, 108, 19719–19724. [CrossRef] [PubMed]

285



Int. J. Mol. Sci. 2021, 22, 4806

162. Vaughan, A.M.; Oram, J.F. ABCA1 and ABCG1 or ABCG4 act sequentially to remove cellular cholesterol and generate cholesterol-
rich HDL. J. Lipid Res. 2006, 47, 2433–2443. [CrossRef] [PubMed]

163. Dujon, B.; Albermann, K.; Aldea, M.; Alexandraki, D.; Ansorge, W.; Arino, J.; Benes, V.; Bohn, C.; Bolotin-Fukuhara, M.;
Bordonné, R.; et al. The nucleotide sequence of Saccharomyces cerevisiae chromosome XV. Nat. Cell Biol. 1997, 387, 98–102.
[CrossRef]

164. Kolaczkowski, M.; Michel, V.D.R.; Cybularz-Kolaczkowska, A.; Soumillion, J.-P.; Konings, W.N.; André, G. Anticancer Drugs,
Ionophoric Peptides, and Steroids as Substrates of the Yeast Multidrug Transporter Pdr5p. J. Biol. Chem. 1996, 271, 31543–31548.
[CrossRef] [PubMed]

165. Balzi, E.; Wang, M.; Leterme, S.; Van Dyck, L.; Goffeau, A. PDR5, a novel yeast multidrug resistance conferring transporter
controlled by the transcription regulator PDR1. J. Biol. Chem. 1994, 269, 2206–2214. [CrossRef]

166. Bissinger, P.H.; Kuchler, K. Molecular cloning and expression of the Saccharomyces cerevisiae STS1 gene product. A yeast ABC
transporter conferring mycotoxin resistance. J. Biol. Chem. 1994, 269, 4180–4186. [CrossRef]

167. Kralli, A.; Bohen, S.P.; Yamamoto, K.R. LEM1, an ATP-binding-cassette transporter, selectively modulates the biological potency
of steroid hormones. Proc. Natl. Acad. Sci. USA 1995, 92, 4701–4705. [CrossRef]

168. Kean, L.S.; Grant, A.M.; Angeletti, C.; Mahé, Y.; Kuchler, K.; Fuller, R.S.; Nichols, J.W. Plasma Membrane Translocation of
Fluorescent-labeled Phosphatidylethanolamine Is Controlled by Transcription Regulators, PDR1 and PDR3. J. Cell Biol. 1997, 138,
255–270. [CrossRef]

169. Mahé, Y.; Lemoine, Y.; Kuchler, K. The ATP Binding Cassette Transporters Pdr5 and Snq2 of Saccharomyces cerevisiae Can
Mediate Transport of Steroids in Vivo. J. Biol. Chem. 1996, 271, 25167–25172. [CrossRef]

170. Watanabe, M.; Mizoguchi, H.; Nishimura, A. Disruption of the ABC transporter genes PDR5, YOR1, and SNQ2, and their
participation in improved fermentative activity of a sake yeast mutant showing pleiotropic drug resistance. J. Biosci. Bioeng. 2000,
89, 569–576. [CrossRef]

171. Khakhina, S.; Johnson, S.S.; Manoharlal, R.; Russo, S.B.; Blugeon, C.; Lemoine, S.; Sunshine, A.B.; Dunham, M.J.; Cowart, L.A.;
Devaux, F.; et al. Control of Plasma Membrane Permeability by ABC Transporters. Eukaryot. Cell 2015, 14, 442–453. [CrossRef]
[PubMed]

172. Bauer, B.E.; Wolfger, H.; Kuchler, K. Inventory and function of yeast ABC proteins: About sex, stress, pleiotropic drug and heavy
metal resistance. Biochim. Biophys. Acta (BBA) Biomembr. 1999, 1461, 217–236. [CrossRef]

173. Rockwell, N.C.; Wolfger, H.; Kuchler, K.; Thorner, J. ABC Transporter Pdr10 Regulates the Membrane Microenvironment of Pdr12
in Saccharomyces cerevisiae. J. Membr. Biol. 2009, 229, 27–52. [CrossRef] [PubMed]

174. Parle-McDermott, A.G.; Hand, N.J.; Goulding, S.E.; Wolfe, K.H. Sequence of 29 kb around the PDR10 locus on the right arm of
Saccharomyces cerevisiae chromosome XV: Similarity to part of chromosome I. Yeast 1996, 12, 999–1004. [CrossRef]

175. Wolfger, H.; Mahé, Y.; Parle-McDermott, A.; Delahodde, A.; Kuchler, K. The yeast ATP binding cassette (ABC) protein genes
PDR10 and PDR15 are novel targets for the Pdr1 and Pdr3 transcriptional regulators. FEBS Lett. 1997, 418, 269–274. [CrossRef]

176. Purnelle, B.; Skala, J.; Goffeau, A. The product of theYCR105 gene located on the chromosome III fromSaccharomyces cerevisiae
presents homologies to ATP-dependent permeases. Yeast 1991, 7, 867–872. [CrossRef]

177. Piper, P.; Mahé, Y.; Thompson, S.; Pandjaitan, R.; Holyoak, C.; Egner, R.; Mühlbauer, M.; Coote, P.; Kuchler, K. The pdr12 ABC
transporter is required for the development of weak organic acid resistance in yeast. EMBO J. 1998, 17, 4257–4265. [CrossRef]

178. Nygård, Y.; Mojzita, D.; Toivari, M.; Penttilä, M.; Wiebe, M.G.; Ruohonen, L. The diverse role of Pdr12 in resistance to weak
organic acids. Yeast 2014, 31, 219–232. [CrossRef]

179. Wolfger, H.; Mamnun, Y.M.; Kuchler, K. The Yeast Pdr15p ATP-binding Cassette (ABC) Protein Is a General Stress Response
Factor Implicated in Cellular Detoxification. J. Biol. Chem. 2004, 279, 11593–11599. [CrossRef]

180. Khandelwal, N.K.; Kaemmer, P.; Förster, T.M.; Singh, A.; Coste, A.T.; Andes, D.R.; Hube, B.; Sanglard, D.; Chauhan, N.;
Kaur, R.; et al. Pleiotropic effects of the vacuolar ABC transporter MLT1 of Candida albicans on cell function and virulence.
Biochem. J. 2016, 473, 1537–1552. [CrossRef]

181. Vethanayagam, J.G.; Flower, A.M. Decreased gene expression from T7 promoters may be due to impaired production of active T7
RNA polymerase. Microb. Cell Factories 2005, 4, 3. [CrossRef] [PubMed]

182. Godinho, C.P.; Prata, C.S.; Pinto, S.; Cardoso, C.; Bandarra, N.M.; Fernandes, F.; Sá-Correia, I. Pdr18 is involved in yeast response
to acetic acid stress counteracting the decrease of plasma membrane ergosterol content and order. Sci. Rep. 2018, 8, 1–13.
[CrossRef] [PubMed]

183. Godinho, C.P.; Costa, R.; Sá-Correia, I. The ABC transporter Pdr18 is required for yeast thermotolerance due to its role in
ergosterol transport and plasma membrane properties. Environ. Microbiol. 2020, 23, 69–80. [CrossRef] [PubMed]

184. Henneberry, A.L.; Sturley, S.L. Sterol homeostasis in the budding yeast, Saccharomyces cerevisiae. Semin. Cell Dev. Biol. 2005, 16,
155–161. [CrossRef] [PubMed]

185. Servos, J.; Haase, E.; Brendel, M. Gene SNQ2 of Saccharomyces cerevislae, which confers resistance to 4-nitroquinoline-N-oxide
and other chemicals, encodes a 169 kDa protein homologous to ATP-dependent permeases. Mol. Genet. Genom. 1993, 236–236,
214–218. [CrossRef] [PubMed]

186. Decottignies, A.; Lambert, L.; Catty, P.; Degand, H.; Epping, E.A.; Moye-Rowley, W.S.; Balzi, E.; Goffeau, A. Identification and
Characterization of SNQ2, a New Multidrug ATP Binding Cassette Transporter of the Yeast Plasma Membrane. J. Biol. Chem.

1995, 270, 18150–18157. [CrossRef] [PubMed]

286



Int. J. Mol. Sci. 2021, 22, 4806

187. Akiyama, K.; Iwaki, T.; Sugimoto, N.; Chardwiriyapreecha, S.; Kawano, M.; Nishimoto, S.; Sugahara, T.; Sekito, T.; Kakinuma, Y.
Bfr1p is responsible for tributyltin resistance in Schizosaccharomyces pombe. J. Toxicol. Sci. 2011, 36, 117–120. [CrossRef]

188. Srinivasan, V.; Pierik, A.J.; Lill, R. Crystal Structures of Nucleotide-Free and Glutathione-Bound Mitochondrial ABC Transporter
Atm1. Science 2014, 343, 1137–1140. [CrossRef]

189. Leighton, J.; Schatz, G. An ABC transporter in the mitochondrial inner membrane is required for normal growth of yeast. EMBO J.

1995, 14, 188–195. [CrossRef]
190. Kispal, G.; Csere, P.; Prohl, C.; Lill, R. The mitochondrial proteins Atm1p and Nfs1p are essential for biogenesis of cytosolic Fe/S

proteins. EMBO J. 1999, 18, 3981–3989. [CrossRef]
191. Dean, M.; Allikmets, R.; Gerrard, B.; Stewart, C.; Kistler, A.; Shafer, B.; Michaelis, S.; Strathern, J. XIIXVI. Yeast sequencing

reports. Mapping and sequencing of two yeast genes belonging to the ATP-binding cassette superfamily. Yeast 1994, 10, 377–383.
[CrossRef]

192. Young, L.; Leonhard, K.; Tatsuta, T.; Trowsdale, J.; Langer, T. Role of the ABC Transporter Mdl1 in Peptide Export from
Mitochondria. Science 2001, 291, 2135–2138. [CrossRef] [PubMed]

193. Kuchler, K.; Sterne, R.E.; Thorner, J. Saccharomyces cerevisiae STE6 gene product: A novel pathway for protein export in
eukaryotic cells. EMBO J. 1989, 8, 3973–3984. [CrossRef] [PubMed]

194. McGrath, J.P.; Varshavsky, A. The yeast STE6 gene encodes a homologue of the mammalian multidrug resistance P-glycoprotein.
Nat. Cell Biol. 1989, 340, 400–404. [CrossRef] [PubMed]

195. Ortiz, D.F.; Kreppel, L.; Speiser, D.M.; Scheel, G.; McDonald, G.; Ow, D.W. Heavy metal tolerance in the fission yeast requires an
ATP-binding cassette-type vacuolar membrane transporter. EMBO J. 1992, 11, 3491–3499. [CrossRef] [PubMed]

196. Ortiz, D.F.; Ruscitti, T.; McCue, K.F.; Ow, D.W. Transport of Metal-binding Peptides by HMT1, A Fission Yeast ABC-type Vacuolar
Membrane Protein. J. Biol. Chem. 1995, 270, 4721–4728. [CrossRef] [PubMed]

197. Christensen, P.U.; Davey, J.; Nielsen, O. The Schizosaccharomyces pombe mam1 gene encodes an ABC transporter mediating
secretion of M-factor. Mol. Genet. Genom. 1997, 255, 226–236. [CrossRef] [PubMed]

198. Decottignies, A.; Grant, A.M.; Nichols, J.W.; de Wet, H.; McIntosh, D.B.; Goffeau, A. ATPase and Multidrug Transport Activities
of the Overexpressed Yeast ABC Protein Yor1p. J. Biol. Chem. 1998, 273, 12612–12622. [CrossRef]

199. Nagy, Z.; Montigny, C.; Leverrier, P.; Yeh, S.; Goffeau, A.; Garrigos, M.; Falson, P. Role of the yeast ABC transporter Yor1p in
cadmium detoxification. Biochimie 2006, 88, 1665–1671. [CrossRef]

200. Katzmann, D.J.; Hallstrom, T.C.; Voet, M.; Wysock, W.; Golin, J.; Volckaert, G.; Moye-Rowley, W.S. Expression of an ATP-binding
cassette transporter-encoding gene (YOR1) is required for oligomycin resistance in Saccharomyces cerevisiae. Mol. Cell. Biol.

1995, 15, 6875–6883. [CrossRef]
201. Falcón-Pérez, J.M.; Martínez-Burgos, M.; Molano, J.; Mazón, M.J.; Eraso, P. Domain Interactions in the Yeast ATP Binding Cassette

Transporter Ycf1p: Intragenic Suppressor Analysis of Mutations in the Nucleotide Binding Domains. J. Bacteriol. 2001, 183,
4761–4770. [CrossRef] [PubMed]

202. Sasser, T.L.; Lawrence, G.; Karunakaran, S.; Brown, C.; Fratti, R.A. The Yeast ATP-binding Cassette (ABC) Transporter Ycf1p
Enhances the Recruitment of the Soluble SNARE Vam7p to Vacuoles for Efficient Membrane Fusion. J. Biol. Chem. 2013, 288,
18300–18310. [CrossRef] [PubMed]

203. Gulshan, K.; Moye-Rowley, W.S. Vacuolar Import of Phosphatidylcholine Requires the ATP-Binding Cassette Transporter Ybt1.
Traffic 2011, 12, 1257–1268. [CrossRef] [PubMed]

204. Wawrzycka, D.; Sobczak, I.; Bartosz, G.; Bocer, T.; Ułaszewski, S.; Goffeau, A. Vmr 1p is a novel vacuolar multidrug resistance
ABC transporter in Saccharomyces cerevisiae. FEMS Yeast Res. 2010, 10, 828–838. [CrossRef]

205. Klein, M.; Mamnun, Y.M.; Eggmann, T.; Schüller, C.; Wolfger, H.; Martinoia, E.; Kuchler, K. The ATP-binding cassette (ABC)
transporter Bpt1p mediates vacuolar sequestration of glutathione conjugates in yeast. FEBS Lett. 2002, 520, 63–67. [CrossRef]

206. Durmus, S.; Hendrikx, J.J.; Schinkel, A.H. Apical ABC Transporters and Cancer Chemotherapeutic Drug Disposition. Adv. Cancer

Res. 2015, 125, 1–41. [CrossRef]
207. Jones, P.M.; George, A.M. Is the emperor wearing shorts? The published structures of ABC transporters. FEBS Lett. 2020, 594,

3790–3798. [CrossRef]
208. El-Awady, R.; Saleh, E.; Hashim, A.; Soliman, N.; Dallah, A.; Elrasheed, A.; Elakraa, G. The Role of Eukaryotic and Prokaryotic

ABC Transporter Family in Failure of Chemotherapy. Front. Pharmacol. 2017, 7, 535. [CrossRef]
209. Orelle, C.; Mathieu, K.; Jault, J.-M. Multidrug ABC transporters in bacteria. Res. Microbiol. 2019, 170, 381–391. [CrossRef]
210. Lubelski, J.; Konings, W.N.; Driessen, A.J.M. Distribution and Physiology of ABC-Type Transporters Contributing to Multidrug

Resistance in Bacteria. Microbiol. Mol. Biol. Rev. 2007, 71, 463–476. [CrossRef]
211. Du, D.; Wang-Kan, X.; Neuberger, A.; Van Veen, H.W.; Pos, K.M.; Piddock, L.J.V.; Luisi, B.F. Multidrug efflux pumps: Structure,

function and regulation. Nat. Rev. Genet. 2018, 16, 523–539. [CrossRef]
212. Piddock, L.J.V. Clinically Relevant Chromosomally Encoded Multidrug Resistance Efflux Pumps in Bacteria. Clin. Microbiol. Rev.

2006, 19, 382–402. [CrossRef]
213. Sipos, G.; Kuchler, K. Fungal ATP-binding cassette (ABC) transporters in drug resistance & detoxification. Curr. Drug Targets

2006, 7, 471–481. [PubMed]
214. Jungwirth, H.; Kuchler, K. Yeast ABC transporters—A tale of sex, stress, drugs and aging. FEBS Lett. 2005, 580, 1131–1138.

[CrossRef] [PubMed]

287



Int. J. Mol. Sci. 2021, 22, 4806

215. Gulshan, K.; Moye-Rowley, W.S. Multidrug Resistance in Fungi. Eukaryot. Cell 2007, 6, 1933–1942. [CrossRef]
216. Golin, J.; Ambudkar, S.V. The multidrug transporter Pdr5 on the 25th anniversary of its discovery: An important model for the

study of asymmetric ABC transporters. Biochem. J. 2015, 467, 353–363. [CrossRef] [PubMed]
217. Sanglard, D.; Kuchler, K.; Ischer, F.; Pagani, J.L.; Monod, M.; Bille, J. Mechanisms of resistance to azole antifungal agents in

Candida albicans isolates from AIDS patients involve specific multidrug transporters. Antimicrob. Agents Chemother. 1995, 39,
2378–2386. [CrossRef]

218. Sanglard, D.; Ischer, F.; Monod, M.; Bille, J. Susceptibilities of Candida albicans multidrug transporter mutants to various
antifungal agents and other metabolic inhibitors. Antimicrob. Agents Chemother. 1996, 40, 2300–2305. [CrossRef] [PubMed]

219. Prasad, R.; Rawal, M.K. Efflux pump proteins in antifungal resistance. Front. Pharmacol. 2014, 5, 202. [CrossRef]
220. McDaniel, A.L.; Alger, H.M.; Sawyer, J.K.; Kelley, K.L.; Kock, N.D.; Brown, J.M.; Temel, R.E.; Rudel, L.L. Phytosterol Feeding

Causes Toxicity in ABCG5/G8 Knockout Mice. Am. J. Pathol. 2013, 182, 1131–1138. [CrossRef]
221. Brown, G.D.; Denning, D.W.; Gow, N.A.R.; Levitz, S.M.; Netea, M.G.; White, T.C. Hidden Killers: Human Fungal Infections.

Sci. Transl. Med. 2012, 4, 165. [CrossRef]
222. Kullberg, B.J.; Arendrup, M.C. Invasive Candidiasis. N. Engl. J. Med. 2015, 373, 1445–1456. [CrossRef]
223. Iliev, I.D.; Underhill, D.M. Striking a balance: Fungal commensalism versus pathogenesis. Curr. Opin. Microbiol. 2013, 16, 366–373.

[CrossRef]
224. Hurabielle, C.; Link, V.M.; Bouladoux, N.; Han, S.-J.; Merrill, E.D.; Lightfoot, Y.L.; Seto, N.; Bleck, C.K.E.; Smelkinson, M.;

Harrison, O.J.; et al. Immunity to commensal skin fungi promotes psoriasiform skin inflammation. Proc. Natl. Acad. Sci. USA

2020, 117, 16465–16474. [CrossRef]
225. Chen, Y.E.; Fischbach, M.A.; Belkaid, Y. Erratum: Skin microbiota–host interactions. Nat. Cell Biol. 2018, 555, 543. [CrossRef]

[PubMed]
226. Chen, Y.E.; Fischbach, M.A.; Belkaid, Y. Skin microbiota-host interactions. Nature 2018, 553, 427–436. [CrossRef] [PubMed]
227. Mao, K.; Baptista, A.P.; Tamoutounour, S.; Zhuang, L.; Bouladoux, N.; Martins, A.J.; Huang, Y.; Gerner, M.Y.; Belkaid, Y.;

Germain, R.N. Innate and adaptive lymphocytes sequentially shape the gut microbiota and lipid metabolism. Nat. Cell Biol. 2018,
554, 255–259. [CrossRef] [PubMed]

228. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143–155. [CrossRef] [PubMed]
229. Linehan, J.L.; Harrison, O.J.; Han, S.-J.; Byrd, A.L.; Vujkovic-Cvijin, I.; Villarino, A.V.; Sen, S.K.; Shaik, J.; Smelkinson, M.;

Tamoutounour, S.; et al. Non-classical Immunity Controls Microbiota Impact on Skin Immunity and Tissue Repair. Cell 2018, 172,
784–796.e18. [CrossRef] [PubMed]

230. Pfaller, M.A.; Huband, M.D.; Flamm, R.K.; Bien, P.A.; Castanheira, M. In Vitro Activity of APX001A (Manogepix) and Comparator
Agents against 1706 Fungal Isolates Collected during an International Surveillance Program in 2017. Antimicrob. Agents Chemother.

2019, 63. [CrossRef]
231. Perfect, J.R. The antifungal pipeline: A reality check. Nat. Rev. Drug Discov. 2017, 16, 603–616. [CrossRef] [PubMed]
232. Satoh, K.; Makimura, K.; Hasumi, Y.; Nishiyama, Y.; Uchida, K.; Yamaguchi, H. Candida aurissp. nov., a novel ascomycetous

yeast isolated from the external ear canal of an inpatient in a Japanese hospital. Microbiol. Immunol. 2009, 53, 41–44. [CrossRef]
[PubMed]

233. Chowdhary, A.; Sharma, C.; Meis, J.F. Candida auris: A rapidly emerging cause of hospital-acquired multidrug-resistant fungal
infections globally. PLoS Pathog. 2017, 13, e1006290. [CrossRef] [PubMed]

234. Lockhart, S.R.; Etienne, K.A.; Vallabhaneni, S.; Farooqi, J.; Chowdhary, A.; Govender, N.P.; Colombo, A.L.; Calvo, B.; Cuomo, C.A.;
Desjardins, C.A.; et al. Simultaneous Emergence of Multidrug-Resistant Candida auris on 3 Continents Confirmed by Whole-
Genome Sequencing and Epidemiological Analyses. Clin. Infect. Dis. 2017, 64, 134–140. [CrossRef] [PubMed]

235. Arendrup, M.C.; Patterson, T.F. Multidrug-Resistant Candida: Epidemiology, Molecular Mechanisms, and Treatment. J. Infect.

Dis. 2017, 216 (Suppl. 3), S445–S451. [CrossRef]
236. Kwon, Y.J.; Shin, J.H.; Byun, S.A.; Choi, M.J.; Won, E.J.; Lee, D.; Lee, S.Y.; Chun, S.; Lee, J.H.; Choi, H.J.; et al. Candida auris Clinical

Isolates from South Korea: Identification, Antifungal Susceptibility, and Genotyping. J. Clin. Microbiol. 2019, 57. [CrossRef]
[PubMed]

237. Rybak, J.M.; Doorley, L.A.; Nishimoto, A.T.; Barker, K.S.; Palmer, G.E.; Rogers, P.D. Abrogation of Triazole Resistance upon
Deletion of CDR1 in a Clinical Isolate of Candida auris. Antimicrob. Agents Chemother. 2019, 63. [CrossRef] [PubMed]

238. Torres, S.R.; Kim, H.C.; Leach, L.; Chaturvedi, S.; Bennett, C.J.; Hill, D.J.; De Jesus, M. Assessment of environmental and
occupational exposure while working with multidrug resistant (MDR) fungus Candida auris in an animal facility. J. Occup.

Environ. Hyg. 2019, 16, 507–518. [CrossRef]
239. Kim, S.H.; Iyer, K.R.; Pardeshi, L.; Muñoz, J.F.; Robbins, N.; Cuomo, C.A.; Wong, K.H.; Cowen, L.E. Genetic Analysis of Candida

auris Implicates Hsp90 in Morphogenesis and Azole Tolerance and Cdr1 in Azole Resistance. mBio 2019, 10, e02529-18. [CrossRef]
240. Meis, J.F.; Chowdhary, A. Candida auris: A global fungal public health threat. Lancet Infect. Dis. 2018, 18, 1298–1299. [CrossRef]
241. Colombo, A.L.; Júnior, J.N.D.A.; Guinea, J. Emerging multidrug-resistant Candida species. Curr. Opin. Infect. Dis. 2017, 30,

528–538. [CrossRef]
242. Villanueva-Lozano, H.; Treviño-Rangel, R.D.J.; González, G.M.; Ramírez-Elizondo, M.T.; Lara-Medrano, R.; Aleman-Bocanegra, M.C.;

Guajardo-Lara, C.E.; Gaona-Chávez, N.; Castilleja-Leal, F.; Torre-Amione, G.; et al. Outbreak of Candida auris infection in a
COVID-19 hospital in Mexico. Clin. Microbiol. Infect. 2021. [CrossRef] [PubMed]

288



Int. J. Mol. Sci. 2021, 22, 4806

243. Hameed, H.M.A.; Islam, M.M.; Chhotaray, C.; Wang, C.; Liu, Y.; Tan, Y.; Li, X.; Tan, S.; Delorme, V.; Yew, W.W.; et al. Molecular
Targets Related Drug Resistance Mechanisms in MDR-, XDR-, and TDR-Mycobacterium tuberculosis Strains. Front. Cell.

Infect. Microbiol. 2018, 8, 114. [CrossRef] [PubMed]
244. Healey, K.R.; Perlin, D.S. Fungal Resistance to Echinocandins and the MDR Phenomenon in Candida glabrata. J. Fungi 2018,

4, 105.
245. Klein, C.; Kuchler, K.; Valachovic, M. ABC proteins in yeast and fungal pathogens. Essays Biochem. 2011, 50, 101–119. [CrossRef]

[PubMed]
246. Sanglard, D. Emerging Threats in Antifungal-Resistant Fungal Pathogens. Front. Med. 2016, 3, 11. [CrossRef] [PubMed]
247. Jenull, S.T.; Kashko, M.N.; Shivarathri, R.; Stoiber, A.; Chauhan, M.; Petryshyn, A.; Chauhan, N.; Kuchler, K. Transcriptiome

Signatures Predict Phenotypic Variations of Candida auris. Front. Microbiol. Infect. Dis. 2021. [CrossRef]
248. Kovalchuk, A.; Driessen, A.J.M. Phylogenetic analysis of fungal ABC transporters. BMC Genom. 2010, 11, 177. [CrossRef]
249. Buechel, E.R.; Pinkett, H.W. Transcription factors and ABC transporters: From pleiotropic drug resistance to cellular signaling in

yeast. FEBS Lett. 2020, 594, 3943–3964. [CrossRef]
250. Kumari, S.; Kumar, M.; Gaur, N.A.; Prasad, R. Multiple roles of ABC transporters in yeast. Fungal Genet. Biol. 2021, 150, 103550.

[CrossRef]
251. Moreno, A.; Banerjee, A.; Prasad, R.; Falson, P. PDR-like ABC systems in pathogenic fungi. Res. Microbiol. 2019, 170, 417–425.

[CrossRef]
252. Loftus, B.J.; Fung, E.; Roncaglia, P.; Rowley, D.; Amedeo, P.; Bruno, D.; Vamathevan, J.; Miranda, M.; Anderson, I.J.;

Fraser, J.A.; et al. The Genome of the Basidiomycetous Yeast and Human Pathogen Cryptococcus neoformans. Science 2005, 307,
1321–1324. [CrossRef] [PubMed]

253. Nierman, W.C.; Pain, A.; Anderson, M.J.; Wortman, J.R.; Kim, H.S.; Arroyo, J.; Berriman, M.; Abe, K.; Archer, D.B.;
Bermejo, C.; et al. Genomic sequence of the pathogenic and allergenic filamentous fungus Aspergillus fumigatus. Nat. Cell Biol.

2005, 438, 1151–1156. [CrossRef] [PubMed]
254. Szczypka, M.S.; Wemmie, J.A.; Moye-Rowley, W.S.; Thiele, D.J. A yeast metal resistance protein similar to human cystic fibrosis

transmembrane conductance regulator (CFTR) and multidrug resistance-associated protein. J. Biol. Chem. 1994, 269, 22853–22857.
[CrossRef]

255. Lee, Y.H.; Kang, H.-M.; Kim, M.-S.; Lee, J.-S.; Jeong, C.-B.; Lee, J.-S. The protective role of multixenobiotic resistance (MXR)-
mediated ATP-binding cassette (ABC) transporters in biocides-exposed rotifer Brachionus koreanus. Aquat. Toxicol. 2018, 195,
129–136. [CrossRef]

256. Taylor, N.M.I.; Manolaridis, I.; Jackson, S.M.; Kowal, J.; Stahlberg, H.; Locher, K.P. Structure of the human multidrug transporter
ABCG2. Nat. Cell Biol. 2017, 546, 504–509. [CrossRef] [PubMed]

257. Jackson, S.M.; Manolaridis, I.; Kowal, J.; Zechner, M.; Taylor, N.M.I.; Bause, M.; Bauer, S.; Bartholomaeus, R.; Bernhardt, G.;
Koenig, B.; et al. Structural basis of small-molecule inhibition of human multidrug transporter ABCG2. Nat. Struct. Mol. Biol.

2018, 25, 333–340. [CrossRef]
258. Manolaridis, I.; Jackson, S.M.; Taylor, N.M.I.; Kowal, J.; Stahlberg, H.; Locher, K.P. Cryo-EM structures of a human ABCG2 mutant

trapped in ATP-bound and substrate-bound states. Nat. Cell Biol. 2018, 563, 426–430. [CrossRef] [PubMed]
259. Orlando, B.J.; Liao, M. ABCG2 transports anticancer drugs via a closed-to-open switch. Nat. Commun. 2020, 11, 1–11. [CrossRef]
260. Smriti; Krishnamurthy, S.; Dixit, B.L.; Gupta, C.M.; Milewski, S.; Prasad, R. ABC transporters Cdr1p, Cdr2p and Cdr3p of a

human pathogen Candida albicans are general phospholipid translocators. Yeast 2002, 19, 303–318. [CrossRef]
261. Wu, C.-P.; Hsieh, C.-H.; Wu, Y.-S. The Emergence of Drug Transporter-Mediated Multidrug Resistance to Cancer Chemotherapy.

Mol. Pharm. 2011, 8, 1996–2011. [CrossRef]
262. Sanglard, D.; Ischer, F.; Monod, M.; Bille, J. Cloning of Candida albicans genes conferring resistance to azole antifungal agents:

Characterization of CDR2, a new multidrug ABC transporter gene. Microbiology 1997, 143, 405–416. [CrossRef] [PubMed]
263. Prasad, R.; De Wergifosse, P.; Goffeau, A.; Balzi, E. Molecular cloning and characterization of a novel gene of Candida albicans,

CDR1, conferring multiple resistance to drugs and antifungals. Curr. Genet. 1995, 27, 320–329. [CrossRef] [PubMed]
264. Smits, S.H.; Schmitt, L.; Beis, K. Self-immunity to antibacterial peptides by ABC transporters. FEBS Lett. 2020, 594, 3920–3942.

[CrossRef] [PubMed]
265. Lewinson, O.; Orelle, C.; Seeger, M.A. Structures of ABC transporters: Handle with care. FEBS Lett. 2020, 594, 3799–3814.

[CrossRef]
266. Lewinson, O.; Livnat-Levanon, N. Mechanism of Action of ABC Importers: Conservation, Divergence, and Physiological

Adaptations. J. Mol. Biol. 2017, 429, 606–619. [CrossRef]
267. Hernaez, M.L.; Gil, C.; Pla, J.; Nombela, C. Induced expression of the Candida albicans multidrug resistance gene CDR1 in

response to fluconazole and other antifungals. Yeast 1998, 14, 517–526. [CrossRef]
268. Krishnamurthy, S.; Gupta, V.; Prasad, R.; Panwar, S.L.; Prasad, R. Expression of CDR1, a multidrug resistance gene of Candida

albicans: Transcriptional activation by heat shock, drugs and human steroid hormones. FEMS Microbiol. Lett. 1998, 160, 191–197.
[CrossRef]

269. Shukla, S.; Saini, P.; Smriti; Jha, S.; Ambudkar, S.V.; Prasad, R. Functional Characterization of Candida albicans ABC Transporter
Cdr1p. Eukaryot. Cell 2003, 2, 1361–1375. [CrossRef]

289



Int. J. Mol. Sci. 2021, 22, 4806

270. Larsen, B.; Anderson, S.; Brockman, A.; Essmann, M.; Schmidt, M. Key physiological differences inCandida albicans CDR1
induction by steroid hormones and antifungal drugs. Yeast 2006, 23, 795–802. [CrossRef]

271. Lamping, E.; Monk, B.C.; Niimi, K.; Holmes, A.R.; Tsao, S.; Tanabe, K.; Niimi, M.; Uehara, Y.; Cannon, R.D. Characterization of
Three Classes of Membrane Proteins Involved in Fungal Azole Resistance by Functional Hyperexpression in Saccharomyces
cerevisiae. Eukaryot. Cell 2007, 6, 1150–1165. [CrossRef]

272. Balan, I.; Alarco, A.M.; Raymond, M. The Candida albicans CDR3 gene codes for an opaque-phase ABC transporter. J. Bacteriol.

1997, 179, 7210–7218. [CrossRef]
273. Khandelwal, N.K.; Chauhan, N.; Sarkar, P.; Esquivel, B.D.; Coccetti, P.; Singh, A.; Coste, A.T.; Gupta, M.; Sanglard, D.;

White, T.C.; et al. Azole resistance in a Candida albicans mutant lacking the ABC transporter CDR6/ROA1 depends on TOR
signaling. J. Biol. Chem. 2018, 293, 412–432. [CrossRef] [PubMed]

274. Liston, S.D.; Whitesell, L.; Kapoor, M.; Shaw, K.J.; Cowen, L.E. Enhanced Efflux Pump Expression in Candida Mutants Results in
Decreased Manogepix Susceptibility. Antimicrob. Agents Chemother. 2020, 64. [CrossRef] [PubMed]

275. Sanglard, D.; Ischer, F.; Calabrese, D.; Majcherczyk, P.A.; Bille, J. The ATP binding cassette transporter gene CgCDR1 from
Candida glabrata is involved in the resistance of clinical isolates to azole antifungal agents. Antimicrob. Agents Chemother. 1999,
43, 2753–2765. [CrossRef] [PubMed]

276. Song, J.W.; Shin, J.H.; Kee, S.J.; Kim, S.H.; Shin, M.G.; Suh, S.P.; Ryang, D.W. Expression of CgCDR1, CgCDR2, and CgERG11 in
Candida glabrata biofilms formed by bloodstream isolates. Med. Mycol. 2009, 47, 545–548. [CrossRef]

277. Miyazaki, H.; Miyazaki, Y.; Geber, A.; Parkinson, T.; Hitchcock, C.; Falconer, D.J.; Ward, D.J.; Marsden, K.; Bennett, J.E. Fluconazole
Resistance Associated with Drug Efflux and Increased Transcription of a Drug Transporter Gene, PDH1, inCandida glabrata.
Antimicrob. Agents Chemother. 1998, 42, 1695–1701. [CrossRef] [PubMed]

278. Izumikawa, K.; Kakeya, H.; Tsai, H.-F.; Grimberg, B.; Bennett, J.E. Function ofCandida glabrata ABC transporter gene, PDH1.
Yeast 2003, 20, 249–261. [CrossRef] [PubMed]

279. Torelli, R.; Posteraro, B.; Ferrari, S.; La Sorda, M.; Fadda, G.; Sanglard, D.; Sanguinetti, M. The ATP-binding cassette transporter–
encoding gene CgSNQ2 is contributing to the CgPDR1-dependent azole resistance of Candida glabrata. Mol. Microbiol. 2008, 68,
186–201. [CrossRef]

280. Zavrel, M.; Hoot, S.J.; White, T.C. Comparison of Sterol Import under Aerobic and Anaerobic Conditions in Three Fungal Species,
Candida albicans, Candida glabrata, and Saccharomyces cerevisiae. Eukaryot. Cell 2013, 12, 725–738. [CrossRef] [PubMed]

281. Nakayama, H.; Tanabe, K.; Bard, M.; Hodgson, W.; Wu, S.; Takemori, D.; Aoyama, T.; Kumaraswami, N.S.; Metzler, L.;
Takano, Y.; et al. The Candida glabrata putative sterol transporter gene CgAUS1 protects cells against azoles in the presence of
serum. J. Antimicrob. Chemother. 2007, 60, 1264–1272. [CrossRef]

282. Moran, G.; Sullivan, D.; Morschhauser, J.; Coleman, D. The Candida dubliniensis CdCDR1 Gene Is Not Essential for Fluconazole
Resistance. Antimicrob. Agents Chemother. 2002, 46, 2829–2841. [CrossRef] [PubMed]

283. Silva, S.; Hooper, S.; Henriques, M.; Oliveira, R.; Azeredo, J.; Williams, D. The role of secreted aspartyl proteinases in Candida
tropicalis invasion and damage of oral mucosa. Clin. Microbiol. Infect. 2011, 17, 264–272. [CrossRef] [PubMed]

284. Silva, S.; Negri, M.; Henriques, M.; Oliveira, R.; Williams, D.W.; Azeredo, J. Candida glabrata, Candida parapsilosis and Candida
tropicalis: Biology, epidemiology, pathogenicity and antifungal resistance. FEMS Microbiol. Rev. 2012, 36, 288–305. [CrossRef]
[PubMed]

285. Zuza-Alves, D.L.; Silva-Rocha, W.P.; Chaves, G.M. An Update on Candida tropicalis Based on Basic and Clinical Approaches.
Front. Microbiol. 2017, 8, 1927. [CrossRef] [PubMed]

286. Sanguinetti, M.; Posteraro, B.; La Sorda, M.; Torelli, R.; Fiori, B.; Santangelo, R.; Delogu, G.; Fadda, G. Role of AFR1, an ABC
Transporter-Encoding Gene, in the In Vivo Response to Fluconazole and Virulence of Cryptococcus neoformans. Infect. Immun.

2006, 74, 1352–1359. [CrossRef]
287. Raymond, M.; Gros, P.; Whiteway, M.; Thomas, D.Y. Functional complementation of yeast ste6 by a mammalian multidrug

resistance mdr gene. Science 1992, 256, 232–234. [CrossRef]
288. Bennett, R.J.; Uhl, M.A.; Miller, M.G.; Johnson, A.D. Identification and Characterization of a Candida albicans Mating Pheromone.

Mol. Cell. Biol. 2003, 23, 8189–8201. [CrossRef]
289. Schwarzmuller, T.; Ma, B.; Hiller, E.; Istel, F.; Tscherner, M.; Brunke, S.; Ames, L.; Firon, A.; Green, B.; Cabral, V.; et al. Systematic

phenotyping of a large-scale Candida glabrata deletion collection reveals novel antifungal tolerance genes. PLoS Pathog. 2014, 10,
e1004211. [CrossRef]

290. Chang, M.; Sionov, E.; Lamichhane, A.K.; Kwon-Chung, K.J.; Chang, Y.C. Roles of Three Cryptococcus neoformans and
Cryptococcus gattii Efflux Pump-Coding Genes in Response to Drug Treatment. Antimicrob. Agents Chemother. 2018, 62, e01751-17.
[CrossRef]

291. Ramírez-Zavala, B.; Manz, H.; Englert, F.; Rogers, P.D.; Morschhäuser, J. A Hyperactive Form of the Zinc Cluster Transcription
Factor Stb5 CausesYOR1Overexpression and Beauvericin Resistance inCandida albicans. Antimicrob. Agents Chemother. 2018, 62.
[CrossRef] [PubMed]

292. Shekhar-Guturja, T.; Tebung, W.A.; Mount, H.; Liu, N.; Köhler, J.R.; Whiteway, M.; Cowen, L.E. Beauvericin Potentiates Azole
Activity via Inhibition of Multidrug Efflux, BlocksC. albicansMorphogenesis, and is Effluxed via Yor1 and Circuitry Controlled
by Zcf29. Antimicrob. Agents Chemother. 2016, 60, AAC.01959-16. [CrossRef]

290



Int. J. Mol. Sci. 2021, 22, 4806

293. Dawson, R.J.P.; Locher, K.P. Structure of a bacterial multidrug ABC transporter. Nat. Cell Biol. 2006, 443, 180–185. [CrossRef]
[PubMed]

294. Locher, K.P. Structure and mechanism of ATP-binding cassette transporters. Philos. Trans. R. Soc. B Biol. Sci. 2008, 364, 239–245.
[CrossRef]

295. Kodan, A.; Yamaguchi, T.; Nakatsu, T.; Matsuoka, K.; Kimura, Y.; Ueda, K.; Kato, H. Inward- and outward-facing X-ray crystal
structures of homodimeric P-glycoprotein CmABCB1. Nat. Commun. 2019, 10, 1–12. [CrossRef]

296. Thonghin, N.; Collins, R.F.; Barbieri, A.; Shafi, T.; Siebert, A.; Ford, R.C. Novel features in the structure of P-glycoprotein (ABCB1)
in the post-hydrolytic state as determined at 7.9 Å resolution. BMC Struct. Biol. 2018, 18, 1–11. [CrossRef] [PubMed]

297. Beis, K. Structural basis for the mechanism of ABC transporters. Biochem. Soc. Trans. 2015, 43, 889–893. [CrossRef] [PubMed]
298. Johnson, Z.L.; Chen, J. Structural Basis of Substrate Recognition by the Multidrug Resistance Protein MRP1. Cell 2017, 168,

1075–1085.e9. [CrossRef] [PubMed]
299. Szakács, G.; Jakab, K.; Antal, F.; Sarkadi, B. Diagnostics of multidrug resistance in cancer. Pathol. Oncol. Res. 1998, 4, 251–257.

[PubMed]
300. Liu, F.; Zhang, Z.; Csanády, L.; Gadsby, D.C.; Chen, J. Molecular Structure of the Human CFTR Ion Channel. Cell 2017, 169,

85–95.e8. [CrossRef]
301. Zhang, Z.; Chen, J. Atomic Structure of the Cystic Fibrosis Transmembrane Conductance Regulator. Cell 2016, 167, 1586–1597.e9.

[CrossRef] [PubMed]
302. Jin, M.S.; Oldham, M.L.; Zhang, Q.; Chen, J. Crystal structure of the multidrug transporter P-glycoprotein from Caenorhabditis

elegans. Nat. Cell Biol. 2012, 490, 566–569. [CrossRef] [PubMed]
303. Li, J.; Jaimes, K.F.; Aller, S.G. Refined structures of mouse P-glycoprotein. Protein Sci. 2014, 23, 34–46. [CrossRef] [PubMed]
304. Szewczyk, P.; Tao, H.; McGrath, A.P.; Villaluz, M.; Rees, S.D.; Lee, S.C.; Doshi, R.; Urbatsch, I.L.; Zhang, Q.; Chang, G. Snapshots

of ligand entry, malleable binding and induced helical movement in P-glycoprotein. Acta Crystallogr. Sect. D Biol. Crystallogr.

2015, 71, 732–741. [CrossRef] [PubMed]
305. Nicklisch, S.C.T.; Rees, S.D.; McGrath, A.P.; Gökirmak, T.; Bonito, L.T.; Vermeer, L.M.; Cregger, C.; Loewen, G.; Sandin, S.;

Chang, G.; et al. Global marine pollutants inhibit P-glycoprotein: Environmental levels, inhibitory effects, and cocrystal structure.
Sci. Adv. 2016, 2, e1600001. [CrossRef] [PubMed]

306. Esser, L.; Zhou, F.; Pluchino, K.M.; Shiloach, J.; Ma, J.; Tang, W.-K.; Gutierrez, C.; Zhang, A.; Shukla, S.; Madigan, J.P.; et al.
Structures of the Multidrug Transporter P-glycoprotein Reveal Asymmetric ATP Binding and the Mechanism of Polyspecificity.
J. Biol. Chem. 2017, 292, 446–461. [CrossRef]

307. Kim, Y.; Chen, J. Molecular structure of human P-glycoprotein in the ATP-bound, outward-facing conformation. Science 2018, 359,
915–919. [CrossRef]

308. Alam, A.; Kowal, J.; Broude, E.; Roninson, I.; Locher, K.P. Structural insight into substrate and inhibitor discrimination by human
P-glycoprotein. Science 2019, 363, 753–756. [CrossRef]

309. Alam, A.; Kung, R.; Kowal, J.; McLeod, R.A.; Tremp, N.; Broude, E.V.; Roninson, I.B.; Stahlberg, H.; Locher, K.P. Structure of a
zosuquidar and UIC2-bound human-mouse chimeric ABCB1. Proc. Natl. Acad. Sci. USA 2018, 115, E1973–E1982. [CrossRef]

310. Aller, S.G.; Yu, J.; Ward, A.; Weng, Y.; Chittaboina, S.; Zhuo, R.; Harrell, P.M.; Trinh, Y.T.; Zhang, Q.; Urbatsch, I.L.; et al. Structure
of P-Glycoprotein Reveals a Molecular Basis for Poly-Specific Drug Binding. Science 2009, 323, 1718–1722. [CrossRef]

311. Johnson, Z.L.; Chen, J. ATP Binding Enables Substrate Release from Multidrug Resistance Protein 1. Cell 2018, 172, 81–89.e10.
[CrossRef] [PubMed]

312. Wang, L.; Johnson, Z.L.; Wasserman, M.R.; Levring, J.; Chen, J.; Liu, S. Characterization of the kinetic cycle of an ABC transporter
by single-molecule and cryo-EM analyses. eLife 2020, 9, 9. [CrossRef]

313. Zhang, Z.; Liu, F.; Chen, J. Conformational Changes of CFTR upon Phosphorylation and ATP Binding. Cell 2017, 170, 483–491.e8.
[CrossRef] [PubMed]

314. Fay, J.F.; Aleksandrov, L.A.; Jensen, T.J.; Cui, L.L.; Kousouros, J.N.; He, L.; Aleksandrov, A.A.; Gingerich, D.S.; Riordan, J.R.;
Chen, J.Z. Cryo-EM Visualization of an Active High Open Probability CFTR Anion Channel. Biochemistry 2018, 57, 6234–6246.
[CrossRef] [PubMed]

315. Liu, F.; Zhang, Z.; Levit, A.; Levring, J.; Touhara, K.K.; Shoichet, B.K.; Chen, J. Structural identification of a hotspot on CFTR for
potentiation. Science 2019, 364, 1184–1188. [CrossRef]

316. Martin, G.M.; Yoshioka, C.; Rex, E.A.; Fay, J.F.; Xie, Q.; Whorton, M.R.; Chen, J.Z.; Shyng, S.-L. Cryo-EM structure of the
ATP-sensitive potassium channel illuminates mechanisms of assembly and gating. eLife 2017, 6, 6. [CrossRef]

317. Lee, K.P.K.; Chen, J.; MacKinnon, R. Molecular structure of human KATP in complex with ATP and ADP. eLife 2017, 6, e32481.
[CrossRef]

318. Wu, J.-X.; Ding, D.; Wang, M.; Kang, Y.; Zeng, X.; Chen, L. Ligand binding and conformational changes of SUR1 subunit in
pancreatic ATP-sensitive potassium channels. Protein Cell 2018, 9, 553–567. [CrossRef]

319. Ding, D.; Wang, M.; Wu, J.-X.; Kang, Y.; Chen, L. The Structural Basis for the Binding of Repaglinide to the Pancreatic KATP
Channel. Cell Rep. 2019, 27, 1848–1857. [CrossRef]

320. Martin, G.M.; Sung, M.W.; Yang, Z.; Innes, L.M.; Kandasamy, B.; David, L.L.; Yoshioka, C.; Shyng, S.-L. Mechanism of
pharmacochaperoning in a mammalian KATP channel revealed by cryo-EM. eLife 2019, 8, 8. [CrossRef]

291



Int. J. Mol. Sci. 2021, 22, 4806

321. Muthu, V.; Gandra, R.R.; Dhooria, S.; Sehgal, I.S.; Prasad, K.T.; Kaur, H.; Gupta, N.; Bal, A.; Ram, B.; Aggarwal, A.N.; et al. Role of
flexible bronchoscopy in the diagnosis of invasive fungal infections. Mycoses 2021. [CrossRef]

322. Egner, R.; Rosenthal, F.E.; Kralli, A.; Sanglard, D.; Kuchler, K. Genetic Separation of FK506 Susceptibility and Drug Transport in
the Yeast Pdr5 ATP-binding Cassette Multidrug Resistance Transporter. Mol. Biol. Cell 1998, 9, 523–543. [CrossRef] [PubMed]

323. Cannon, R.D.; Lamping, E.; Holmes, A.R.; Niimi, K.; Tanabe, K.; Niimi, M.; Monk, B.C. Candida albicans drug resistance—Another
way to cope with stress. Microbiology 2007, 153 Pt 10, 3211–3217. [CrossRef]

324. Senior, A.E.; Al-Shawi, M.K.; Urbatsch, I.L. The catalytic cycle of P-glycoprotein. FEBS Lett. 1995, 377, 285–289. [CrossRef]
[PubMed]

325. Kerr, I.D.; Haider, A.J.; Gelissen, I.C. The ABCG family of membrane-associated transporters: You don’t have to be big to be
mighty. Br. J. Pharmacol. 2011, 164, 1767–1779. [CrossRef] [PubMed]

326. Polgar, O.; Robey, R.W.; Bates, S.E. ABCG2: Structure, function and role in drug response. Expert Opin. Drug Metab. Toxicol. 2007,
4, 1–15. [CrossRef]

327. Smith, P.C.; Karpowich, N.; Millen, L.; Moody, J.E.; Rosen, J.; Thomas, P.J.; Hunt, J.F. ATP Binding to the Motor Domain from an
ABC Transporter Drives Formation of a Nucleotide Sandwich Dimer. Mol. Cell 2002, 10, 139–149. [CrossRef]

328. Ye, J.; Osborne, A.R.; Groll, M.; Rapoport, T.A. RecA-like motor ATPases–lessons from structures. Biochim. Biophys. Acta 2004,
1659, 1–18. [CrossRef] [PubMed]

329. Hohl, M.; Hürlimann, L.M.; Böhm, S.; Schöppe, J.; Grütter, M.G.; Bordignon, E.; Seeger, M.A. Structural basis for allosteric
cross-talk between the asymmetric nucleotide binding sites of a heterodimeric ABC exporter. Proc. Natl. Acad. Sci. USA 2014, 111,
11025–11030. [CrossRef]

330. Stockner, T.; Gradisch, R.; Schmitt, L. The role of the degenerate nucleotide binding site in type I ABC exporters. FEBS Lett. 2020,
594, 3815–3838. [CrossRef]

331. Golin, J.; Kon, Z.N.; Wu, C.P.; Martello, J.; Hanson, L.; Supernavage, S.; Ambudkar, S.V.; Sauna, Z.E. Complete inhibition of the
Pdr5p multidrug efflux pump ATPase activity by its transport substrate clotrimazole suggests that GTP as well as ATP may be
used as an energy source. Biochemistry 2007, 46, 13109–13119. [CrossRef]

332. Khunweeraphong, N.; Kuchler, K. The first intracellular loop is essential for the catalytic cycle of the human ABCG2 multidrug
resistance transporter. FEBS Lett. 2020, 594, 4059–4075. [CrossRef] [PubMed]

333. Gose, T.; Shafi, T.; Fukuda, Y.; Das, S.; Wang, Y.; Allcock, A.; McHarg, A.G.; Lynch, J.; Chen, T.; Tamai, I.; et al. ABCG2 requires a
single aromatic amino acid to “clamp” substrates and inhibitors into the binding pocket. FASEB J. 2020, 34, 4890–4903. [CrossRef]
[PubMed]

334. Henriksen, U.; Fog, J.U.; Litman, T.; Gether, U. Identification of Intra- and Intermolecular Disulfide Bridges in the Multidrug
Resistance Transporter ABCG2. J. Biol. Chem. 2005, 280, 36926–36934. [CrossRef] [PubMed]

335. Wakabayashi, K.; Nakagawa, H.; Tamura, A.; Koshiba, S.; Hoshijima, K.; Komada, M.; Ishikawa, T. Intramolecular Disulfide
Bond Is a Critical Check Point Determining Degradative Fates of ATP-binding Cassette (ABC) Transporter ABCG2 Protein.
J. Biol. Chem. 2007, 282, 27841–27846. [CrossRef]

336. Jones, P.M.; George, A.M. Opening of the ADP-bound active site in the ABC transporter ATPase dimer: Evidence for a constant
contact, alternating sites model for the catalytic cycle. Proteins: Struct. Funct. Bioinform. 2009, 75, 387–396. [CrossRef]

337. Prasad, R.; Banerjee, A.; Khandelwal, N.K.; Dhamgaye, S. The ABCs of Candida albicans Multidrug Transporter Cdr1.
Eukaryot. Cell 2015, 14, 1154–1164. [CrossRef]

338. Ernst, R.; Kueppers, P.; Klein, C.M.; Schwarzmueller, T.; Kuchler, K.; Schmitt, L. A mutation of the H-loop selectively affects
rhodamine transport by the yeast multidrug ABC transporter Pdr5. Proc. Natl. Acad. Sci. USA 2008, 105, 5069–5074. [CrossRef]

339. Harris, A.; Wagner, M.; Du, D.; Raschka, S.; Gohlke, H.; Smits, S.H.J.; Luisi, B.F.; Schmitt, L. Structure and efflux mechanism of the
yeast pleiotropic drug resistance transporter Pdr5. bioRxiv 2021. [CrossRef]

340. Al-Shawi, M.K. Catalytic and transport cycles of ABC exporters. Essays Biochem. 2011, 50, 63–83. [CrossRef]
341. Kapoor, P.; Horsey, A.J.; Cox, M.H.; Kerr, I.D. ABCG2: Does resolving its structure elucidate the mechanism? Biochem. Soc. Trans.

2018, 46, 1485–1494. [CrossRef]
342. Kage, K.; Fujita, T.; Sugimoto, Y. Role of Cys-603 in dimer/oligomer formation of the breast cancer resistance protein

BCRP/ABCG2. Cancer Sci. 2005, 96, 866–872. [CrossRef] [PubMed]
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Abstract: Defective clearance mechanisms lead to the accumulation of amyloid-beta (Aβ) peptides
in the Alzheimer’s brain. Though predominantly generated in neurons, little is known about how
these hydrophobic, aggregation-prone, and tightly membrane-associated peptides exit into the
extracellular space where they deposit and propagate neurotoxicity. The ability for P-glycoprotein
(P-gp), an ATP-binding cassette (ABC) transporter, to export Aβ across the blood-brain barrier (BBB)
has previously been reported. However, controversies surrounding the P-gp–Aβ interaction persist.
Here, molecular data affirm that both Aβ40 and Aβ42 peptide isoforms directly interact with and
are substrates of P-gp. This was reinforced ex vivo by the inhibition of Aβ42 transport in brain
capillaries from P-gp-knockout mice. Moreover, we explored whether P-gp could exert the same role
in neurons. Comparison between non-neuronal CHO-APP and human neuroblastoma SK-N-SH cells
revealed that P-gp is expressed and active in both cell types. Inhibiting P-gp activity using verapamil
and nicardipine impaired Aβ40 and Aβ42 secretion from both cell types, as determined by ELISA.
Collectively, these findings implicate P-gp in Aβ export from neurons, as well as across the BBB
endothelium, and suggest that restoring or enhancing P-gp function could be a viable therapeutic
approach for removing excess Aβ out of the brain in Alzheimer’s disease.

Keywords: P-glycoprotein; ABCB1; amyloid-beta; neuron; SK-N-SH; Alzheimer’s disease

1. Introduction

The accumulation of amyloid-beta (Aβ) peptides in the brain is a key pathological
hallmark of Alzheimer’s disease (AD). These peptides vary between 37–43 amino acids
in length and exist in a range of conformations and assembly states, from monomers to
oligomers, protofibrils, and finally insoluble fibrils and plaques [1]. Aβ40 and the more
hydrophobic and aggregation-prone Aβ42 are the most common isoforms, with a higher
ratio of Aβ42: Aβ40 being associated with increased neurotoxicity, and accelerated disease
pathology and cognitive decline [2]. In the brain, these peptides are constitutively produced
in neurons and astrocytes following enzymatic cleavage of the transmembrane amyloid
precursor protein (APP), and subsequently rapidly cleared [3–5]. Studies in late-onset AD
patients have shown that the production rate of Aβ remains unaltered; rather, impaired
cellular clearance mechanisms are responsible for their accumulation in the brain [6]. Excess
levels of soluble oligomeric Aβ have been demonstrated to impair long-term potentiation,
drive synaptic and receptor dysfunction, propagate tau pathology, neuroinflammation,
and oxidative stress, and correlate with disease severity [7–9].

Both intra- and extracellular Aβ accumulation have been implicated in neurotoxicity,
with the former reported to precede the latter [9–12]. This raises the question of how
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intraneuronally-generated peptides are able to exit neurons and enter the extracellular
space. The hydrophobic, aggregation-prone and highly membrane-associated nature of the
Aβ peptide suggests that its constitutive release from cells relies on active transport [13,14].
P-glycoprotein (P-gp), also known as ATP-binding cassette (ABC) transporter B-family
subtype 1 (ABCB1) or multi-drug resistance protein 1 (MDR1), is an ATP-dependent
exporter protein with broad substrate specificity, that is ubiquitously expressed on cells
with barrier or excretory functions [15]. Several studies have provided evidence that
P-gp at the blood-brain barrier (BBB) is responsible for Aβ export out of the brain [16].
Consequently, we hypothesised that such a mechanism could also occur in the neuron.
However, there remains overall skepticism about the capacity of P-gp to carry these
peptides due to their considerably larger size than most known P-gp substrates [14,17].

The aim of the present study was two-fold: firstly, we sought to provide unequivocal
evidence that P-gp is able to transport Aβ peptides using in vitro and ex vivo model
systems that have been validated previously [18]. Secondly, we investigated the role of
neuronal P-gp, in a cell culture system utilised extensively in AD research, to ascertain
whether P-gp plays a role at the site of peptide generation and peptide-mediated damage.

2. Results

2.1. Biochemical Characterisation of the Interaction between Aβ40 and Aβ42 with P-gp

The baculovirus system provides high capacity expression of membrane proteins,
including human P-gp with full retention of function including substrate binding [19–21].
Figure 1a demonstrates that P-gp was purified to near homogeneity from High-Five
membranes and eluted specifically in the presence of 400 mM imidazole. The efficiency of
reconstitution was routinely assessed as described previously [21] and the concentration of
P-gp obtained in the present investigation was 0.092 ± 0.036 mg/mL (n = 4). The total yield
was 234 ± 86 µg of purified P-gp per 100 mg of crude High-Five membrane, indicating
that the expression was >0.2% of total membrane protein. These parameters are similar to
previously published values [21].

The tryptophan quenching assay has been widely used in the field to describe the
selectivity and apparent potency of ligand/substrate interaction with P-gp. The affinity is
classified as apparent since it measures the binding step and subsequent interaction with a
proximal tryptophan residue. Consequently, this assay was used to provide further evidence
to support a putative interaction between Aβ peptides and P-gp. A recent publication from
our group and collaborators using molecular docking [14] indicated that this interaction is
complex, and the kinetics are likely to be slow. Consequently, the assay conditions were
configured with an elevated temperature (37 ◦C) and a longer incubation time than typically
adopted for ligand binding studies [22]. As shown in Figure 1b,c, both peptides were able to
produce a dose-dependent quenching of the endogenous tryptophan fluorescence intensity,
with no shift in the maximal wavelength. The extent of reduction in signal was 20–40% of
that produced by the P-gp modulator nicardipine. Numerous researchers [19,23–25] have
demonstrated considerable variability in the extent of tryptophan quenching by drugs and
short peptide substrates of P-gp. These observations suggest that the Aβ peptides have a
direct interaction with P-gp that is similar to established drug substrates and inhibitors.
This is supported by an earlier study demonstrating that the Aβ peptides quench the
fluorescence of an extrinsic probe (MIANS) covalently attached to P-gp [26]. MIANS was
attached at the nucleotide-binding domains of P-gp and this indicates a long-distance
allosteric interaction, whereas the intrinsic tryptophan quenching is thought to involve
residues proximal to the drug binding site and central cavity [23].
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Figure 1. The interaction between Aβ40 and Aβ42 peptides with purified, reconstituted P-gp. (a) Fractions obtained from
the metal affinity purification of P-gp were separated on 8% SDS-PAGE and detected with Instant BlueTM protein stain.
Fractions (40 µL) from each stage of the purification were loaded onto the gel. FT corresponds to the unbound detergent
extracted material, 20 mM and 60 mM represent washing stages, and 400 mM is the elution phase. (b) Representative
fluorescence emission spectra were obtained for the endogenous tryptophan residues of purified, reconstituted P-gp (15 µg)
with excitation at 295 ± 10 nm at 37 ◦C. Spectra were recorded in the absence or presence of a series of Aβ40 concentrations.
(c) Fluorescence emission spectra obtained as in (b), but with varying concentrations of Aβ42 peptide. (d) ATPase activity
of purified, reconstituted P-gp (0.2–0.5 µg) in the presence of varying concentrations of nicardipine. The activity was
measured over 40 min at 37 ◦C and normalised to the value obtained in the absence of drug (basal). Data were fitted by the
general dose-response relationship using non-linear least squares regression and values represent mean ± SEM obtained
from four independent preparations. (e) ATPase activity of purified, reconstituted P-gp (0.2–0.5 µg) in the presence of
varying concentrations of Aβ40 and Aβ42 peptide. The activity was measured over 40 min at 37 ◦C and normalised to the
value obtained in the absence of drug (basal). Data were fitted by a hyperbolic relationship using non-linear least squares
regression and values represent mean ± SEM obtained from three independent preparations.

Binding to the transporter represents the first step in the process of translocation across
the membrane and therefore an activity assay was chosen to further explore the interaction
between Aβ peptides and P-gp. Transported substrates of P-gp increase the rate of ATP
hydrolysis [27–30], whereas pure inhibitors reduce the activity [31,32]. Consequently, mea-
suring substrate effects on ATPase activity provides a rigorous assessment of the interaction
with P-gp at the level of initial binding and the subsequent coupling event. Figure 1d shows
the dose-dependent stimulation of ATPase activity by nicardipine. The overall activity of
purified, reconstituted P-gp was characterised with a basal level of 419 ± 30 nmol/min/mg
and a maximal activity of 1815 ± 139 nmol/min/mg for the preparations generated (n = 4)
in this investigation. These values are in agreement with previously published values [21]
and represent a 4.3-fold stimulation by nicardipine. Both Aβ peptide isoforms were also
able to elicit a stimulation in the ATPase activity of purified, reconstituted P-gp as shown in
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Figure 1e. The estimated maximal degree of stimulation by Aβ40 was 1.5-fold, potentially
suggesting that it is a relatively weak substrate of P-gp. Aβ42 produced a comparatively
greater stimulation of approximately 2.2-fold, which is equivalent, or greater, than estab-
lished substrates vinblastine, paclitaxel, and rhodamine 123 [19]. It was not possible to
generate a more extensive range of concentrations for the peptides (see Methods Section
5.5) and consequently, the affinity cannot be reliably estimated.

Overall, the two assays provide further evidence that Aβ40 and Aβ42 interact with
P-gp and the use of purified, reconstituted protein demonstrates a direct mechanism.
In addition, the nature of the effect on ATP hydrolysis may indicate their interaction is akin
to a transported substrate, for which there is considerable evidence using cellular systems
(for review see [16]).

2.2. P-gp Mediates Aβ42 Transport from Brain to Capillary Lumen Ex Vivo

Freshly isolated brain capillaries provide a unique ex vivo model of the BBB, which can
be used to study endogenous transport processes across the endothelium. P-gp is expressed
on the luminal (blood-facing) membrane of the BBB, where it exports substrates from the
endothelial cells into the blood [33].

To provide a physiological perspective to the binding and transport assays studied in
Section 2.1, we compared the accumulation of fluorescent labelled human Aβ42 (HiLyteTM-
hAβ42; 5 µM) at steady state in brain capillaries isolated from wild-type (WT) versus
P-gp-knockout (KO) mice, using confocal microscopy combined with quantitative image
analysis. The Aβ42 isoform was selected as it displayed a greater capacity for stimulating
ATP-hydrolysis and therefore was deemed a higher affinity substrate of P-gp than Aβ40
(Figure 1e). Accumulation of HiLyteTM-hAβ42 was lower in the lumen of capillaries isolated
from P-gp KO mice compared to capillaries isolated from WT mice (Figure 2a,b). Image
analysis revealed that luminal HiLyteTM-hAβ42 fluorescence was significantly (p < 0.001)
reduced in capillaries from P-gp KO (60.1 ± 4.4 (r.f.u.)) versus WT mice (127.8 ± 5.9 (r.f.u.)),
indicating that P-gp is necessary for active Aβ transport from the bath to the vascular space.
In concordance, luminal HiLyteTM-hAβ42 fluorescence was significantly (p < 0.001) reduced
in WT capillaries treated with the P-gp-specific inhibitor PSC833 (51.9 ± 2.4 (r.f.u.)) versus
untreated capillaries (127.8 ± 5.9 (r.f.u.)), whereas fluorescence levels remained comparable
between treated (60.1 ± 4.4 (r.f.u.)) versus untreated KO capillaries (55.5 ± 3.9 (r.f.u.))
(Figure 2c). The residual fluorescence present in PSC833-treated capillaries is due to non-
specific binding of the HiLyteTM-hAβ42 primarily to the endothelial cell surface. Figure 2c
shows specific luminal NBD-CSA fluorescence that was taken as the difference between
total luminal fluorescence and fluorescence in the presence of PSC833, which represents
the P-gp-specific component of HiLyteTM-hAβ42 transport. Together, these data indicate
that the observed differences in fluorescence accumulation are specific to P-gp-mediated
transport. Western immunoblot analysis confirmed high P-gp protein expression in capil-
lary membranes from WT mice and lack of P-gp expression in capillary membranes from
P-gp KO mice. In contrast, low-density lipoprotein receptor-related protein 1 (LRP-1),
the receptor at the abluminal (brain-facing) membrane of the capillaries responsible for Aβ

uptake into the endothelial cells, was detected in capillaries from both WT and P-gp KO
mice (Figure 2d).

These results confirm our previous findings showing Aβ transport at the BBB is an
active and ATP-dependent two-step process, involving LRP-1-mediated Aβ uptake from
the brain into capillary endothelial cells, followed by P-gp-mediated Aβ transport from the
endothelium into the capillary lumen [18,34].
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Figure 2. P-gp-mediated human Aβ42 (hAβ42) transport in isolated brain capillaries. (a), (b) Representative confocal images
showing accumulation of HiLyteTM-hAβ42 in capillary lumens isolated from wild-type (WT) mice, but not in capillaries
from P-gp knockout (KO) mice after a 1-h incubation (steady state; 5 µM HiLyteTM-hAβ42). (c) Data after digital image
analysis using ImageJ. Specific fluorescence refers to the difference between total luminal HiLyteTM-hAβ42 fluorescence
and HiLyteTM-hAβ42 fluorescence in the presence of the P-gp-specific inhibitor PSC833 (5 µM). (d) Western blot showing
P-gp protein expression in isolated capillaries from WT mice, but not in capillaries isolated from P-gp KO mice. In contrast,
LRP-1 is expressed in isolated capillaries from both WT mice and P-gp KO mice. β-actin was used as the loading control.
Statistics: data per group are given as mean ± SEM for 10 capillaries from one preparation (pooled tissue: WT (n = 10 mice),
P-gp KO (n = 10 mice)). Shown are relative fluorescence units ((r.f.u.) scale 0–255). *** Significantly lower than control,
p < 0.001.

2.3. P-gp Protein Is Expressed in Human Neuroblastoma Cells

Expression of P-gp protein in neurons has been a point of contention. For example,
several groups have demonstrated P-gp expression in neuronally-derived cell lines [35–38]
and on peripheral nerve tissue at the blood-nerve-barrier (BNB) [39–41], whereas others
have failed to do so or have demonstrated that it is only expressed in the context of brain
injury or pathology [42–47].

We analysed P-gp protein expression by Western blot in cell lysates obtained from
three separate human neuroblastoma cell lines that are regularly used in brain and AD-
related research.
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Figure 3 (left panel) shows that P-gp could be detected in Be(2)C, SH-SY-5Y and SK-N-
SH cells, at levels comparable to those found in human brain endothelial hCMEC/D3 cells,
which are commonly used as an in vitro BBB endothelial cell model.
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Figure 3. P-gp protein expression in cells. (Left panel) Cell lysates obtained from hCMEC/D3 and human neuroblastoma
lines Be(2)C, SH-SY-5Y and SK-N-SH were analysed for P-gp protein expression (~170 kDa) via Western blot. (Right panel)
P-gp expression in the non-neuronal CHO-APP cell line and its parental cell line CHO-K1. Tubulin (~50 kDa) was used as
the positive loading control.

2.4. P-gp Is Active and Can Be Chemically Inhibited in CHO-APP and SK-N-SH Cells

Calcein-AM is a soluble hydrophobic non-fluorescent dye that rapidly crosses the
plasma membrane and is actively exported by P-gp. When P-gp is active, calcein-AM
is efficiently removed from the cell before it can undergo hydrolysis. If P-gp is inactive,
intracellular esterases cleave calcein-AM to produce the free acid calcein, which cannot be
transported by P-gp and thus remains trapped inside the cell where it produces an intense
fluorescence [48]. Therefore, measuring the accumulation of fluorescent calcein is a rapid
and sensitive method for studying P-gp activity.

Experiments were firstly performed in the CHO-APP cells, which secrete relatively
large quantities of Aβ peptides. P-gp protein was confirmed to be expressed in CHO-APP
cells at a level consistent with that of the parental CHO-K1 cell line (Figure 3; right panel).
Verapamil and nicardipine, both anti-hypertensive calcium channel blockers, were selected
due to their well established and strong P-gp inhibitory activity [49,50]. Figure 4a,b show
that addition of these P-gp inhibitors to CHO-APP cells increased fluorescence, indicat-
ing increased intracellular calcein accumulation, in a concentration-dependent manner.
Experiments were subsequently replicated in SK-N-SH neuroblastoma cells, which have
previously been established to secrete Aβ40 and Aβ42 peptides [51,52]. Data show a similar
concentration-dependent effect of P-gp inhibition on intracellular fluorescence (Figure 4c,d).
Together, these data indicate that P-gp is active and can be chemically inhibited by these
two drugs in both cell lines. Furthermore, nicardipine was approximately three-fold more
effective than verapamil at inhibiting P-gp-mediated export of calcein-AM (Figure 4),
which corresponds with previously published findings [49,50].

Although calcein-AM is a substrate of both P-gp and the related multi-drug resistance
transporter ABCC1/MRP1, verapamil and nicardipine do not directly affect ABCC1/MRP1 ac-
tivity [53,54]. Furthermore, verapamil does not appear to affect the activity of other trans-
porters including ABCG2/BCRP, ABCG4, LRP-1, or RAGE that have been implicated in
Aβ transport [55–58]. Although nicardipine is an effective inhibitor of ABCG2/BCRP [59],
expression of this transport protein has not been reported in SK-N-SH and is absent or
minimal CHO cells [60–62]. Therefore, the observations described in Figure 4 are deemed
to be specific to P-gp and not confounded by activity of other ABC transporters.
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Figure 4. P-gp activity in CHO-APP and SK-N-SH cells. P-gp efflux activity was measured using the fluorogenic P-
gp substrate calcein-AM. CHO-APP cells were treated with (a) verapamil at 3, 10 or 30 µM or DMSO control, or (b)
nicardipine at 1, 3, or 10 µM or DMSO control, immediately prior to the addition of 0.1 µM calcein-AM. Similarly, SK-N-SH
cells were treated with varying concentrations of either (c) verapamil or (d) nicardipine or DMSO control. Fluorescence
measurements were obtained at 485/535 nm every minute over twenty minutes. Data are presented as the mean ± SEM of
three independent experiments, with each condition conducted with six replicates.

2.5. Cell viability Assays

Reduced cell viability compromises the production and secretion of cellular prod-
ucts. Therefore, MTT assays were performed to verify whether incubation with the P-gp
inhibitors verapamil and nicardipine at the final experimental concentrations (1–30 µM),
would affect CHO-APP or SK-N-SH cell viability. Figure 5a shows that CHO-APP cell
viability was not affected by the inhibitors. There was a marginal effect of high verapamil
concentrations on SK-N-SH cell viability. However, this was not statistically significant
(p > 0.05 compared to control) (Figure 5b).
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Figure 5. P-gp inhibitors do not affect cell viability. (a) CHO-APP and (b) SK-N-SH cells were incubated with verapamil
or nicardipine at varying concentrations, DMSO, or untreated full culture medium (control) for 24 h to simulate the full
experiment duration. The following day, cells were washed and treated with 0.5 mg/mL MTT in serum-free culture medium
for two hours at 37 ◦C. After washing with PBS, cells were lysed with DMSO. Absorbance was measured at 550 nm. Data are
presented as mean ± SEM of three independent experiments, each performed with six replicates.

2.6. Inhibition of P-gp Reduces Aβ Secretion from CHO-APP and SK-N-SH Cells

To investigate whether P-gp is involved in the export of Aβ, we assessed the effect
of chemical inhibition of P-gp activity on the secretion of Aβ40 and Aβ42 peptides into
cell media. Initial experiments were conducted using CHO-APP cells, which overexpress
human APP and exhibit ample P-gp expression. Considering these cells produce large
quantities of Aβ, we were able to use in-house ELISAs to quantify these peptides in the
supernatant. Control (untreated) cells in our experiments secreted on average 3.3 and
1.1 ng/mL Aβ40 and Aβ42, respectively. Treatment of CHO-APP with verapamil for 24 h
significantly reduced secretion of Aβ40 (Figure 6a) and Aβ42 (Figure 6b) into the media
compared to control in a concentration-dependent manner. Results were most pronounced
with verapamil 30 µM, which reduced Aβ40 and Aβ42 secretion by approximately half,
compared to control. Treatment with nicardipine similarly yielded a dose-dependent
effect on Aβ40 secretion, with 10 µM reducing Aβ40 levels to 48 ± 7.6% of that of control
(Figure 6a); reductions in Aβ42 levels were also significant. However, a dose-dependent
relationship could not be confirmed due to variability in response to the highest nicardipine
concentration (Figure 6b).

Our observations in CHO-APP are in line with findings from other groups that
also report the involvement of P-gp in Aβ export in vitro, utilising human embryonic
HEK293 cells transfected with APP695 [26], P-gp-transfected Lewis lung carcinoma cells [63]
and LS-180 human colon adenocarcinoma cells [64]. However, the relationship between
P-gp and Aβ has, until now, not been investigated in neurons where these peptides are
predominantly generated. Therefore, we applied the same experimental conditions to
SK-N-SH human neuroblastoma cells.
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Figure 6. Inhibition of P-gp reduces Aβ efflux from CHO-APP and SK-N-SH cells. CHO-APP cells were treated with
verapamil, nicardipine, or DMSO, or left untreated, for 24 h before supernatant was collected and analysed for (a) Aβ40 and
(b) Aβ42 content by in-house ELISA. Data are displayed as mean ± SEM of three independent experiments for each peptide,
and were adjusted for protein concentration. Each experiment was conducted with three biological replicates, each with
additional three technical replicates. SK-N-SH cells were similarly treated and analysed for (c) Aβ40 (mean ± SEM, n = 2)
and (d) Aβ42 (mean ± SEM of one experiment run in triplicate cultures) secretion into media but using commercial ELISA
kits. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Since SK-N-SH cells secrete considerably smaller quantities of peptides (approximately
100-fold less than CHO-APP cells), the cell supernatants were analysed using commercial
ELISA kits. Control SK-N-SH cells were found to secrete on average 29.0 pg/mL Aβ40
and 3.6 pg/mL Aβ42. As seen in Figure 6c, pharmacological inhibition of P-gp signifi-
cantly and dose-dependently reduced Aβ40 secretion from SK-N-SH cells. Results were
most pronounced with verapamil 30 µM and nicardipine 10 µM, which reduced levels
to 42 ± 6.1% and 43 ± 4.0% of that of control, respectively. Verapamil similarly yielded
a dose-dependent reduction in Aβ42 secretion (Figure 6d). Interestingly, the same obser-
vation as seen in CHO-APP (Figure 6b) was also observed in SK-N-SH, with the higher
nicardipine concentration producing an unexpected increase in Aβ42. Verapamil has been
shown not to affect cellular Aβ40 or Aβ42 production [65], suggesting that the observed
reductions in Aβ secretion can be attributable to reduced P-gp-mediated export. As antici-
pated, SK-N-SH cells consistently secreted higher proportions of Aβ40 compared to Aβ42
(approximately 8:1 ratio), which corresponds with previously reported in vitro data as well
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as physiological ratios observed in human AD brains [52,66]. Overall, chemical inhibition
using P-gp-specific inhibitors was demonstrated to suppress Aβ peptide secretion from
both CHO-APP and SK-N-SH cells.

3. Discussion

Positive correlations between P-gp and Aβ transport have previously been described
in human and animal studies [16]. However, data from in vitro studies have been more con-
flicting. The P-gp/Aβ interaction was first proposed by Lam et al., who used a combination
of pharmacological inhibition, binding studies, and vesicular transport assays to establish
P-gp as an Aβ exporter [26]. Since then, whilst this relationship has been reinforced in
several cell models, other groups have reported contradicting data suggesting that P-gp
modulation does not affect Aβ transport [16]. In the present study, three lines of evidence
collectively point to the involvement of P-gp in the export of Aβ40 and Aβ42 peptides.
Firstly, binding assays utilising purified, reconstituted P-gp demonstrate a direct interac-
tion. Whilst this finding is in line with that reported by Lam et al. [26], the use of intrinsic
tryptophan quenching as described here, over quenching of a covalently attached fluo-
rophore probe, has the advantage of stipulating a more direct transporter-peptide binding
interaction. Concertedly, Aβ was able to stimulate ATP hydrolysis in a manner comparable
with other established P-gp substrates. Secondly, vessels from the P-gp-knockout mice
model provided firm physiological evidence for P-gp-mediated transport of the Aβ42
peptide at the BBB endothelium. Thirdly, in distinction from previously published in vitro
studies that have utilised exogenously applied Aβ peptides [17,26,63,67], our findings
from two distinct cell lines (non-neuronal CHO-APP and human neuron-like SK-N-SH)
demonstrate that endogenously generated Aβ peptides are transported by endogenously
expressed P-gp.

Interestingly, not only do our data indicate that P-gp is expressed and active in neu-
ronal cells, they also show that the extent of inhibition of Aβ efflux by P-gp in SK-N-SH
neuroblastoma cells was comparably significant to that in CHO-APP cells. This highlights a
previously unappreciated role of P-gp in neurons that not only reshapes our understanding
of Aβ pathology, but also has potentially significant implications for drug development
and drug-drug interactions. Further studies utilising primary neurons and in vivo mod-
els are warranted to confirm the clinical significance of these effects. Notably, although
Aβ secretion from both CHO-APP and SK-N-SH cells were significantly reduced in the
presence of P-gp inhibitors (Figure 6), secretion was not completely eliminated. This is
consistent with previously reported in vitro data [26,63]. This may be attributed to several
factors, including those pertaining to the drugs themselves, such as concentration, half-life,
and efficacy of inhibition, as well as the involvement of auxiliary peptide export mecha-
nisms such as exosomes and other active transport proteins [55,68,69]. In fact, incomplete
elimination of cellular Aβ may be favourable in the context of therapeutic applications [70].
Several reports regard APP and Aβ peptides as serving important physiological roles,
including maintaining neuronal function, facilitating brain development, and conferring
protection against pathogens [70,71]. Rather, P-gp activity could be a potential target for
the development of novel therapeutics in AD to limit the neurotoxic effects of excess Aβ

in the brain [64,72,73]. One approach would be to upregulate P-gp function to enhance
Aβ export; at the neuron, this could remove intracellularly accumulated peptides, and at
the BBB, extracellularly deposited peptides could be cleared. It has been established that
intraneuronal Aβ accumulation may be just as toxic, and precedes, extracellular accumu-
lation [10,11]. Hence, alleviating the Aβ load within neurons by facilitating the clearance
process out of these cells would be potentially beneficial. However, there is growing
evidence that the cell-to-cell spread of misfolded and aggregated proteins, including Aβ

peptides, tau proteins and α-synuclein contributes to disease progression in AD as well
as other neurodegenerative conditions [74–77]. In particular, Aβ peptides have been re-
ported to behave as “seeds” that spread in the brain in a prion-like manner [78]. Therefore,
further research is necessary to ensure that any transient intermediary extracellular accu-
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mulation resulting from increased neuronal secretion of Aβ peptides does not lead to an
increase in “seeding” events. In addition, further clarification is required to determine what
happens to these peptides once they are exported from their cells of origin. Although not
fully elucidated, association with the lipid carrier apolipoprotein E is known to be an
important step in the peptide clearance process [79,80]. Critically, any therapeutics aimed
at upregulating P-gp function have the potential for drug-drug interactions or off-target
effects in patients with comorbidities (such as multi-drug resistant cancers) that must
be considered. An alternate recommendation would be to reconsider the prescribing of
medications with P-gp-inhibitory effects in patients who are at risk of developing, or have
been diagnosed with AD.

As previously mentioned, P-gp expression has been reported in neurons in the periph-
ery at the BNB. It has been suggested that increased permeability and breakdown of the
BNB is a contributor to immune- and inflammatory-related neuropathic and neurodegen-
erative disorders [39,81]. Although expression of P-gp at the BNB has been indicated by
several studies to be significantly lower than expression at the BBB [40,41], further studies
are needed to determine whether P-gp serves a protective function in these neurons and
whether modulation of activity may be beneficial in the prevention of other neurodegener-
ative disorders.

Lastly, it has been reported that P-gp function declines with ageing, and moreover,
Aβ peptides themselves may directly compromise P-gp expression and activity [82–85].
These factors potentially propagate a vicious cycle that drives AD progression. Therefore,
it is imperative to unravel the underlying mechanisms that lead to the decay of P-gp
function in the ageing process. So far, post-translational mechanisms such as protein
ubiquitination have been described [72,86], which could explain why P-gp expression
at the gene level has not yet been identified as a strong genetic risk factor for AD de-
velopment [87,88]. Further studies are warranted to establish whether curtailing age-
and/or disease-related P-gp decline would effectuate any symptomatic improvements or
disease-modifying effects.

4. Conclusions

The hydrophobic and membrane-anchored nature of the intraneuronally-generated
Aβ peptide suggests that simple diffusion, as it has until now been assumed, does not
adequately explain the mechanism of its expulsion into the extracellular space. Data pre-
sented here provide compelling evidence to substantiate the ability for P-gp to export Aβ.
This not only occurs at the BBB endothelium, but for the first time, we have shown that
the clearance of Aβ out of neurons is also an active process mediated by P-gp. Further
studies are still needed to examine whether modulating P-gp function affects markers of
neurodegeneration in vivo, and to confirm if this is a viable avenue to pursue in the search
for effective AD therapies. Nonetheless, clarifying the molecular mechanisms involved in
the pathway of the Aβ peptide, from its synthesis in the cell to clearance from the brain,
is critical for our understanding of the pathophysiology of AD.

5. Materials and Methods

5.1. Materials

All cell culture materials including media and additives were purchased from Thermo
Fisher Scientific (Scoresby, VIC, Australia), except for Hanks’ Balanced Salt Solution (HBSS)
which was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).

For P-gp purification and reconstitution steps (Section 5.3), dodecyl-β-D-maltoside
was obtained from Anatrace (Ohio, USA), Ni-NTA His-Bind resin from Merck (Bayswater,
VIC, Australia), and SM2 BioBeads from BioRad (Gladesville, NSW, Australia).

Reagents for casting SDS-PAGE gels including Tris-HCl, sodium dodecyl sulfate
(SDS) and tetramethylethylenediamine (TEMED) were purchased from VWR Life Science
(Tingalpa, QLD, Australia). 40% acrylamide/bis-acrylamide solution was from BioRad
(Gladesville, NSW, Australia). Ammonium persulfate was from Sigma-Aldrich. Nitrocellu-
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lose membranes and enhanced chemiluminescent reagents were purchased from Merck,
GE Healthcare and Pierce (Rockford, IL, USA). The Pierce Bicinchoninic acid (BCA) protein
assay kit was purchased from Thermo Fisher Scientific.

(±)-Verapamil hydrochloride and nicardipine hydrochloride were obtained from
Sigma-Aldrich. Stock solutions were prepared at 25 µM by dissolving the powders in
dimethylsulfoxide (DMSO) and stored at −20 ◦C. Calcein acetoxymethyl ester (calcein-
AM), also obtained from Sigma-Aldrich, was diluted in DMSO to produce a 4 µM stock
solution and stored at −20 ◦C.

Lypholised human Aβ 1-40 (Aβ40) and Aβ 1-42 (Aβ42) peptides, and HiLyteTM-hAβ42
were purchased from AnaSpec (Fremont, CA, USA).

Chemicals for brain capillary isolation (Section 5.7) were purchased from Sigma-
Aldrich (St Louis, MO, USA). All other reagents, unless otherwise specified, including
bovine serum albumin (BSA), IGEPAL, protease inhibitor cocktail, copper (II) sulfate
pentahydrate, thiazolyl blue tetrazoliumbromide (MTT) powder, DMSO, glycine, Instant
BlueTM protein stain, phosphate buffered saline (PBS), sodium carbonate, sodium bicarbon-
ate, sodium hydroxide, sulfuric acid, and Tetramethylbenzidine (TMB) Liquid Substrate
System were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).

5.2. Antibodies

Anti-ABCB1 monoclonal C219 antibodies were obtained from Novus Biologicals
and Abcam (Cambridge, MA, USA). Anti-LRP-1 antibody was obtained from Calbiochem-
Novabiochem (La Jolla, CA, USA). Anti-β-actin antibody was purchased from Abcam. Anti-
α-tubulin monoclonal antibody, and secondary HRP-conjugated anti-mouse and anti-rabbit
antibodies were purchased from Sigma-Aldrich. For the in-house Aβ40 ELISA, capture
and detection antibodies were anti-Aβ1-40 (polyclonal rabbit; catalog no. ABN240 from
Merck Millipore) and anti-Aβ1-16 (monoclonal mouse; clone AB10 from Sigma-Aldrich),
respectively. For the in-house Aβ42 ELISA, capture and detection antibodies were anti-
Aβ1-16 and anti-Aβ37-42 (polyclonal rabbit; catalog no. Ab34376 from Abcam), respectively.

5.3. Purification and Reconstitution of P-gp

A C-terminal dodecyl-histidine version of human P-gp was expressed in Trichoplusia
ni (High-Five) insect cells using recombinant baculovirus as previously described [19]. Fol-
lowing expression, crude membranes were prepared using differential ultra-centrifugation
and stored at −80 ◦C. P-gp was extracted from the High-Five crude membranes using the
detergent dodecyl-β-D-maltoside (DDM) and purified by metal affinity chromatography
on Ni-NTA His-Bind resin. Chromatography buffers contained 0.1% (w/v) DDM and were
supplemented with 0.1% (w/v) of a lipid mixture comprising a 4:1 ratio of E. coli total
lipid extract and cholesterol. This enabled rapid reconstitution into vesicles by detergent
adsorption using SM2 BioBeads.

5.4. Tryptophan Fluorescence Quenching Assay for Ligand Binding to Purified, Reconstituted P-gp

Binding of Aβ peptides to purified, reconstituted P-gp was measured by quenching
of the intrinsic fluorescence of endogenous tryptophan residues as described [23] and
modified [19]. However, imidazole was removed by ultra-centrifugation (70,000 g, 20 min
4 ◦C) of reconstituted P-gp and subsequent resuspension in binding buffer (20 mM MOPS,
pH 8.0, 200 mM NaCl). P-gp (10–15 µg) was added to quartz silica cuvettes in a total volume
of 300 µL. A tryptophan fluorescence emission spectrum was measured from 300–400 nm
(emission slit width 5 nm) using excitation at 295 ± 10 nm at a scan speed of 120 nm/min.
Lyophilised Aβ40 and Aβ42 peptides were resuspended in 2 mM NaOH at pH~10.5 to
concentrations of 1.6 mg/mL (385 mM) and 1.0 mg/mL (221 mM) as described [89].
The peptides were added to sample cuvettes at concentrations in the range of 1–25 µM
(Aβ42) or 1–50 µM (Aβ40). Sample cuvettes were held at a temperature of 37 ◦C and
incubated for 20 min prior to measuring the fluorescence emission spectrum. Nicardipine
(5 µM) was added following the final Aβ peptide addition to determine the maximal
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possible quenching. The spectra obtained in the presence of nicardipine were subtracted
from those containing Aβ peptide to remove background signal.

5.5. ATP Hydrolysis by Purified, Reconstituted P-gp

The rate of ATP hydrolysis by purified, reconstituted P-gp was determined spec-
trophotometrically by the liberation of inorganic phosphate as described [19,90]. Samples
of P-gp (0.2–0.5 µg) were incubated in 96-well microplates with disodium-ATP (2 mM)
and either Aβ peptide (1–50 µM) or nicardipine (10−9 − 3 × 10−4 M) in a total volume
of 50 µL at 37 ◦C for 40 min. The absorbance (λ = 750 nm) was measured using an iMark
plate reader. The activity values were normalised to the basal (i.e., substrate-free) level
and plotted as a function of ligand concentration. Data in the presence of nicardipine were
analysed using the general dose-response curve:

v = vinitial +
(

v f inal − vinitial

)

/
(

1 + 10log (EC50−[L])
)

as described in [19], where: v is the activity, L is the compound added and EC50 is the
potency of effect. Complete dose-response curves were not possible for the Aβ peptides
due to poor solubility and their expense from commercial suppliers.

5.6. Animals

Animal experiments were approved by the Institutional Animal Care and Use Com-
mittee of the University of Kentucky (protocol no.: 2014–1233, PI: Hartz; approved April,
2014) and were carried out in accordance with AAALAC regulations, the US Department
of Agriculture Animal Welfare Act, and the Guide for the Care and Use of Laboratory
Animals of the NIH.

Male P-gp knockout (KO) mice (CF-1 strain; CF1-Abcb1amds—PGP) and correspond-
ing male CF-1 wild-type (WT) mice were purchased from Charles River Laboratories
(Wilmington, MA, USA). Mice were 9 weeks old with an average body weight of 33.7 g
(31–35 g) for WT mice and 36.3 g (33–42 g) for P-gp KO mice. All mice were single-housed
and kept under controlled environmental conditions (21 ◦C; 51–62% relative humidity;
12-h light/dark cycle) using an Ecoflo Allentown ventilation system (Allentown Inc., Al-
lentown, NJ, USA). Animals were monitored at least once a day and had free access to tap
water and Harlan Teklad Chow 2918 rodent feed (Harlan Laboratories Inc., Indianapolis,
IN, USA). After shipping, animals were allowed to acclimate to their new environment for
at least 7 days prior to experiments.

5.7. Brain Capillary Isolation

Brain capillaries were isolated as previously described [18,72,86]. Mice were eu-
thanised by CO2 inhalation and decapitated, brains were removed, dissected, and ho-
mogenised in cold PBS buffer (2.7 mM KCl, 1.46 mM KH2PO4, 136.9 mM NaCl, 8.1 mM
Na2HPO4, 5 mM D-glucose, 1 mM sodium pyruvate, pH 7.4). Ficoll® was added to the
brain homogenate to a final concentration of 15% and the Ficoll®/brain mixture was cen-
trifuged at 5800× g for 15 min at 4 ◦C. After resuspending the pellet in 1% BSA/PBS,
the capillary suspension was passed over a glass bead column to purify capillaries from
debris and red blood cells. Capillaries adhering to the glass beads were collected by gentle
agitation in 1% BSA/PBS, washed with BSA-free PBS and used for experiments.

5.8. Aβ Transport Assay in Isolated Brain Capillaries

To determine P-gp-mediated transport of Aβ, freshly isolated brain capillaries from
WT and P-gp KO mice were incubated for 1 h at room temperature with HiLyte™-hAβ42
(5 µM; [18,72,86]). For each group, images of 10 capillaries were acquired by confocal
microscopy (Zeiss LSM 710 inverted confocal microscope, 40× 1.2 NA water immersion
objective, 488 nm line of argon laser, Carl Zeiss Inc., Thornwood, NY, USA). Images were
analysed by quantitating luminal HiLyte™-hAβ42 fluorescence using ImageJ software
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v1.48. Specific, luminal HiLyte™-hAβ42 fluorescence was taken as the difference between
total luminal fluorescence and fluorescence in the presence of the P-gp-specific inhibitor
PSC833 (5 µM; [18,72,86]).

5.9. Brain Capillary Harvest and Western Blot Analysis

Protein expression levels in brain capillaries were analysed by Western blotting as
previously described [18,72,86]. Brain capillaries were homogenised in lysis buffer (Sigma-
Aldrich, St Louis, MO, USA) containing Complete® protease inhibitor (Roche, Mannheim,
Germany). Homogenised samples were centrifuged at 100,000× g for 90 min. Brain capillary
membranes were resuspended in buffer containing protease inhibitor and stored at −80 ◦C.

Western blots were performed using the Invitrogen NuPageTM Bis-Tris electrophoresis
and blotting system (Invitrogen, Carlsbad, CA, USA). After electrophoresis and protein
transfer, membranes were blocked and incubated overnight with the primary antibody
as indicated (P-gp (Abcam): 1:100 (1 µg/mL); β-actin: 1:1000 (1 µg/mL); LRP-1: 1:750
(1 µg/mL)). Membranes were washed and incubated for 1 h with horseradish peroxidase-
conjugated ImmunoPure® secondary IgG (1:10,000; Pierce, Rockford, IL, USA). Proteins
bands were detected via enhanced chemiluminescence and recorded using a BioRad Gel
Doc 2000TM gel documentation system (BioRad, Hercules, CA, USA).

5.10. Cell Culture

Chinese hamster ovary cells stably overexpressing human APP (CHO-APP) were
a generous gift from Dr. Woojin Kim (Faculty of Medicine and Health, University of
Sydney, Sydney, Australia). The cells were generated by transfecting CHO cells with
recombinant vectors expressing human 695-amino acid APP cDNA and a puromycin
resistance gene, as described [91]. Cells were routinely maintained in F-12 growth medium
supplemented with heat-inactivated foetal bovine serum (FBS; 10% v/v), L-glutamine
(2 mM), penicillin (100 units/mL) and streptomycin (100 µg/mL), with the addition of
puromycin (7.5 µg/mL), at 37 ◦C in humidified air containing 5% CO2.

SK-N-SH human neuroblastoma cells were obtained from Sigma-Aldrich (Castle
Hill, NSW, Australia) and maintained in MEM growth medium supplemented with heat-
inactivated FBS (10% v/v), L-glutamine (2 mM), penicillin (100 units/mL) and streptomycin
(100 µg/mL) at 37 ◦C in 5% CO2.

5.11. Cell Harvest and Western Blot Analysis

Cells were washed twice with ice-cold PBS and lysed with cell lysis buffer containing
5 µL/mL protease inhibitor cocktail in IGEPAL. Lysates were syringed with 23-gauge
needles to shear cellular DNA and centrifuged at 12,000× g rpm at 4 ◦C for 5 min. Total
cell protein concentrations of the resulting supernatants were determined using BCA
protein assays. Equal amounts of cell protein were loaded onto 10% (v/v) acrylamide gels
for separation by SDS-PAGE. Proteins were transferred onto nitrocellulose membranes,
blocked for 1 h using 5% (w/v) skim milk or 0.1% (w/v) BSA in PBS-Tween (0.05% v/v),
then incubated with anti-ABCB1 (1:2000 (Novus Biologicals), overnight 4 ◦C) or anti-
tubulin (1:3000, overnight 4 ◦C) antibodies. Membranes were rinsed with PBS-Tween,
then incubated with HRP-conjugated anti-mouse secondary antibodies (1:10,000) for 1 h at
room temperature, and then rinsed again with PBS-Tween. Protein bands were visualised
via chemiluminescence and the Bio-Rad ChemiDoc imaging system.

5.12. Calcein-AM Assay

P-glycoprotein activity was measured using the calcein-AM assay. CHO-APP and SK-
N-SH cells were seeded into 96-well clear-bottom black-walled plates at 4 × 104 cells/well
in full culture medium and incubated overnight. The next day when cells reached ~80–90%
confluency, media was discarded, and the cells were washed with phenol red-free HBSS
or MEM. To assess the inhibitory effect of verapamil and nicardipine on P-gp activity,
the inhibitors and DMSO control were prepared at 2× concentrations in HBSS buffer and
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added to the cells at 100 µL/well. Calcein-AM substrate was also prepared at 2× concen-
tration, and 100 µL was added to each well using a multi-channel pipette to achieve the
final working concentrations. Fluorescence measurements were obtained every minute for
20 min, starting immediately after addition of calcein-AM, using the Perkin Elmer Victor
X plate reader. The excitation and emission wavelengths were set at 485 and 535 nm, re-
spectively. Temperature was maintained at 37 ◦C. Measurements were recorded in relative
fluorescence units (RFU) and computed using Graphpad Prism software.

5.13. MTT Assay

Cells were seeded into a 96-well plate in full culture medium and allowed to adhere
overnight. The next day, media was discarded, and cells were incubated with 200 µL/well of
verapamil (1–30 µM), nicardipine (1–10 µM), DMSO (1:1000), or no treatment in full culture
medium for 24 h. On the day of the experiment, the cells were washed with serum-free medium,
to minimise background effect caused by presence of serum. 10X MTT stock (5 mg/mL, pre-
pared in PBS and filter sterilised using a 0.22 µm syringe filter unit) was diluted to 0.5 mg/mL
using serum-free medium to yield the working concentration. Using a multi-channel pipette,
100 µL of 1× MTT reagent was added to each well. Cells were incubated for two hours at
37 ◦C, washed with PBS, then lysed with 100 µL/well of DMSO. The plate was wrapped in foil
and placed on a shaker for approximately 10 min to allow even distribution of colour across
the wells. Absorbance was measured at 550 nm using a Bio-Rad Microplate Reader.

5.14. Preparation of Aβ Peptides

Aβ40 and Aβ42 solutions were prepared by dissolving lyophilised peptides in 2 mM
NaOH (pH~10.5). By avoiding the isoelectric point of Aβ (5.5) in the initial solvation
step, aggregation and oligomerisation of the peptide is minimised [89]. For fluorescence
quenching assays, Aβ40 and Aβ42 peptides were prepared fresh at 385 mM and 221 mM, re-
spectively. For ELISA standards, Aβ40 and Aβ42 2× solutions were prepared and stored at
−80 ◦C in single-use aliquots. These stock solutions were diluted in PBS (1:1) immediately
prior to use to readjust the pH from 10.5 to physiological 7.4.

5.15. Enzyme-Linked Immunosorbent Assay (ELISA)

CHO-APP and SK-N-SH cells were seeded onto 24-well plates. The following day,
cells were treated with 400 µL/well verapamil, nicardipine, DMSO or plain cell culture
media. Because SK-N-SH cells have been reported to secrete low concentrations of Aβ

peptides (in the picogram/mL range) [51,52,92,93], an experiment period of 24 h was
selected to allow time to accumulate sufficient peptide in the cell supernatant for detection
using ELISA. After 24 h, media from each well was collected, treated with 1 µL protease
inhibitor cocktail (equivalent to 0.25 mM AEBSF), centrifuged at 3000× g RPM at 4 ◦C for
5 min to remove debris, and used immediately for ELISA (to avoid peptide degradation
due to storage and freeze/thawing). Cellular secretion of Aβ40 and Aβ42 into media was
detected and quantified by sandwich ELISA.

For CHO-APP supernatant, a pair of in-house isoform-specific ELISAs were devel-
oped: analyses were performed in 96-well Nunc-ImmunoTM MaxiSorp plates (Thermo
Fisher Scientific) coated with 100 µL per well of capture antibody at 2.5 µg/mL in 0.1 M
carbonate buffer (pH 9.5) at 4 ◦C overnight. Wells were washed four times with PBS-Tween
(0.05% v/v) to remove any unbound antibody, before blocking with 200 µL of blocking
buffer (2% BSA, 7.5 g/L glycine in PBS) for 1 h at room temperature. After another four
washes, 100 µL peptide standards and samples were loaded into the wells and incubated
for 1 h at room temperature on a slow-speed shaker. Washing was repeated, then wells
were incubated with 100 µL of the appropriate primary detection antibody (1:1000 in 1%
BSA, 3.75 g/L glycine in PBS) for 1 h at room temperature. After washing, 100 µL of sec-
ondary horseradish peroxidase-conjugated antibody (1:10,000 in 1% BSA, 3.75 g/L glycine
in PBS) was added, and the plate was incubated for 1 h at room temperature. Following
another four washes, 100 µL of TMB was added to each well. Plates were incubated in the
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dark for 30 min at room temperature, then the reaction was terminated by the addition of
50 µL of H2SO4 (20% v/v). Absorbance values at 450 nm were measured using a Bio-Rad
Microplate Reader. Assay sensitivity was <300 pg/mL for both Aβ40 and Aβ42.

For SK-N-SH supernatant, the commercial human Aβ40 and Aβ42 ELISA kits (Invitro-
gen, catalogue no. KHB3481 and KHB3544) were used in accordance with the manufac-
turer’s protocols.

Data were computed using Graphpad Prism software; a non-linear 4-parameter
regression was used to generate a standard curve, from which the unknown concentrations
were determined. ELISA data were adjusted for total protein content of each sample
(as determined by BCA protein assays) to account for any potential slight variations
in cell viability, by multiplying the ELISA concentration by the ratio of control protein
concentration to sample protein concentration.

5.16. Statistical Analysis

Data were analysed using Graphpad Prism (v6.01, La Jolla, CA, USA) and Microsoft
Excel 2019. Values are expressed as mean ± SEM. MTT and ELISA data were statistically
analysed using one-way ANOVA followed by Dunnett’s test. Two-tailed unpaired Stu-
dent’s t test was used to evaluate differences between WT and P-gp KO mice. A p value of
0.05 was considered significant (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Abstract: Background: ABCB1 (P-glycoprotein) and ABCG2 (breast cancer resistance protein)
are co-localized at the blood-brain barrier (BBB), where they restrict the brain distribution of
many different drugs. Moreover, ABCB1 and possibly ABCG2 play a role in Alzheimer’s disease
(AD) by mediating the brain clearance of beta-amyloid (Aβ) across the BBB. This study aimed to
compare the abundance and activity of ABCG2 in a commonly used β-amyloidosis mouse model
(APP/PS1-21) with age-matched wild-type mice. Methods: The abundance of ABCG2 was assessed
by semi-quantitative immunohistochemical analysis of brain slices of APP/PS1-21 and wild-type mice
aged 6 months. Moreover, the brain distribution of two dual ABCB1/ABCG2 substrate radiotracers
([11C]tariquidar and [11C]erlotinib) was assessed in APP/PS1-21 and wild-type mice with positron
emission tomography (PET). [11C]Tariquidar PET scans were performed without and with partial
inhibition of ABCG2 with Ko143, while [11C]erlotinib PET scans were only performed under baseline
conditions. Results: Immunohistochemical analysis revealed a significant reduction (by 29–37%) in the
number of ABCG2-stained microvessels in the brains of APP/PS1-21 mice. Partial ABCG2 inhibition
significantly increased the brain distribution of [11C]tariquidar in APP/PS1-21 and wild-type mice,
but the brain distribution of [11C]tariquidar did not differ under both conditions between the two
mouse strains. Similar results were obtained with [11C]erlotinib. Conclusions: Despite a reduction in
the abundance of cerebral ABCG2 and ABCB1 in APP/PS1-21 mice, the brain distribution of two dual
ABCB1/ABCG2 substrates was unaltered. Our results suggest that the brain distribution of clinically
used ABCB1/ABCG2 substrate drugs may not differ between AD patients and healthy people.

Keywords: ABCG2; ABCB1; blood-brain barrier; PET; Alzheimer’s disease; beta-amyloid;
tariquidar; erlotinib
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1. Introduction

The major pathohistological hallmarks of Alzheimer’s disease (AD) are the accumulation of
beta-amyloid (Aβ) plaques and neurofibrillary tangles consisting of hyperphosphorylated tau protein
in the brain. It is believed that one of the underlying causes of this cerebral Aβ accumulation is the
impaired clearance of Aβ peptides from the brain [1–3]. There are several different mechanisms for
the removal of Aβ peptides from the brain [4]; one important mechanism is its transport across the
blood-brain barrier (BBB) into the blood. The adenosine triphosphate-binding cassette (ABC) transporter
ABCB1 (also known as P-glycoprotein), which is expressed in the luminal (blood-facing) membrane of
brain capillary endothelial cells, has been shown to work together with the low-density lipoprotein
receptor-related protein 1 (LRP1) in the abluminal membrane of endothelial cells in translocating
Aβ peptides across the BBB [5–9]. There is evidence that the abundance and activity of ABCB1 are
reduced in the brains of AD patients relative to age-matched healthy control subjects [10–14]. Studies in
β-amyloidosis mouse models indicated that the activity of cerebral ABCB1 can be pharmacologically
induced (e.g., by treatment with pregnane X receptor activators), leading to enhanced Aβ clearance
from the brain, which may constitute a potential therapeutic target in AD [8,15–18].

At the BBB, ABCB1 is co-localized with ABCG2 (also known as breast cancer resistance protein).
ABCB1 and ABCG2 have a largely overlapping substrate spectrum and act as highly efficient gate
keepers in preventing the brain distribution of a range of different drugs, such as most currently known
molecularly targeted anticancer drugs [19,20]. While the role of ABCB1 in mediating Aβ clearance
across the BBB has been thoroughly investigated [5–9,21], considerably less is known with respect to
ABCG2. It has been shown that ABCG2 can also transport Aβ peptides [22–24]. There are conflicting
data regarding the abundance of ABCG2 in the brains of AD patients versus age-matched healthy
controls. One study found an increase [22], another study a decrease [12] and four other studies found
no changes in the abundance of ABCG2 in AD patients [10,11,25,26]. As the abundance of ABCG2 may
not always correlate with its activity, it would be preferable to directly measure ABCG2 activity at the
BBB of AD patients to further investigate the possible role of ABCG2 in the brain clearance of Aβ.

Positron emission tomography (PET) imaging with radiolabeled transporter substrates has been
proposed as a powerful method to measure the activity of ABCB1 at the BBB [13,14]. While several
effective PET tracers for ABCB1 have been described [27], ABCG2-selective PET tracers are currently
not available. We have recently developed a PET protocol to measure ABCG2 activity at the mouse
and human BBB [28–30]. This protocol is based on PET scans with the dual ABCB1/ABCG2 substrate
[11C]tariquidar [31] under conditions of complete ABCB1 inhibition achieved by co-administration of
unlabeled tariquidar [28–30]. In mice, the contribution of ABCG2 to the brain efflux of [11C]tariquidar
can be revealed by administration of the ABCG2 inhibitor Ko143 [28,29].

In the present study, we first used immunohistochemistry to stain ABCG2 in the brains of a
β-amyloidosis mouse model (APP/PS1-21) [32] and control mice (both aged 6 months), which revealed
a significant reduction in ABCG2-stained microvessels in APP/PS1-21 mice. We then applied PET
imaging to measure the consequences of the decreased abundance of cerebral ABCG2 on the brain
distribution of two dual ABCB1/ABCG2 substrate radiotracers ([11C]tariquidar and [11C]erlotinib)
in APP/PS1-21 mice. The brain distribution of both radiotracers did not significantly differ between
APP/PS1-21 mice and wild-type mice, suggesting that the observed reduction in cerebral ABCG2
abundance may not be sufficient to alter the brain distribution of ABCB1/ABCG2 substrate drugs.

2. Results

2.1. Immunohistochemistry

ABCG2 was immunohistochemically stained in brain slices of APP/PS1-21 mice and wild-type
littermates aged 6 months (n = 3 per group) (Figure 1). For immunohistochemical analysis, we selected
two brain regions in which Aβ load was shown to be high in APP/PS1-21 mice at the investigated age
(hippocampus and cortex) and one region with negligible Aβ load (cerebellum) [33]. A semi-quantitative
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analysis of the stained microvessels indicated a significant decrease (by 29–37%) in the number of
ABCG2-stained microvessels in the hippocampus and cerebellum of APP/PS1-21 versus wild-type
mice (Figure 2a,c), while no significant difference was found in the cortex (Figure 2b). This suggested
that the reduction in the abundance of ABCG2 in APP/PS1-21 mice was independent of Aβ deposition.

Figure 1. Examples of immunohistochemical staining of mouse ABCG2 in microvessels of 6-months-old
wild type and APP/PS1-21 mice in (a) hippocampus (dentate gyrus), (b) cortex (cingulate cortex) and
(c) cerebellum (4th and 5th cerebellar lobules with primary fissure) region. Enlarged areas are shown at
20×magnification. Scale bar in lower left indicates 50 µm. (NC, negative control: staining protocol
without primary antibody).

Figure 2. Semi-quantitative analysis of ABCG2-stained microvessels in (a) hippocampus, (b) cortex
and (c) cerebellum of 6-months-old APP/PS1-21 mice and age-matched wild-type mice. For each region,
the mean of four visual fields (at 20× digital magnification) per animal (n = 3 animals per strain)
was used for statistical testing. Error bars indicate SD. (ns, not significant; ** p < 0.01; *** p < 0.001;
2-sided t-test).
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2.2. [11C]Tariquidar PET

We used a previously developed PET protocol [28] which involved PET scans with the dual
ABCB1/ABCG2 substrate [11C]tariquidar with co-administration of unlabeled tariquidar (12 mg/kg)
to saturate cerebral ABCB1 activity and thereby selectively measure ABCG2 activity, without and
with partial ABCG2 inhibition with the ABCG2 inhibitor Ko143 (5 mg/kg) [34]. PET summation
images of [11C]tariquidar in APP/PS1-21 and wild-type mice are shown in Figure 3. Without Ko143
pretreatment, brain radioactivity concentrations in both mouse strains were markedly lower than in
most of the surrounding head region, while in Ko143-treated animals, brain radioactivity concentrations
approached the concentrations in the surrounding head region. The corresponding time-activity-curves
(TACs) in whole brains are shown in Figure 4. In both mouse strains, mean TACs were higher
under conditions of partial ABCG2 inhibition than under conditions without ABCG2 inhibition.
Brain-to-plasma radioactivity concentration ratios (Kp,brain) were determined as a parameter for the
brain distribution of [11C]tariquidar (i.e., the ratio of PET-derived radioactivity concentration at the
last time point and the radioactivity concentration in plasma measured at the end of the PET scan) [28].
In Figure 5, Kp,brain values are shown for the two mouse strains for the three examined brain regions
(hippocampus, cortex and cerebellum) without and with ABCG2 inhibition. No significant differences
in Kp,brain values were found between APP/PS1-21 and wild-type mice in any of the investigated
brain regions, either for scans without or for scans with partial ABCG2 inhibition. For both mouse
strains, Kp,brain values in the hippocampus and cortex were significantly higher after partial ABCG2
inhibition (Figure 5a,b). In the cerebellum, Kp,brain was only significantly increased after partial
ABCG2 inhibition in APP/PS1-21 mice but not in wild-type mice (Figure 5c). In all three brain regions,
the percentage increase in Kp,brain of [11C]tariquidar following ABCG2 inhibition was not significantly
different between APP/PS1-21 and wild-type mice (APP/PS1-21: 36–52%, wild-type: 26–41%).

Figure 3. Sagittal (median axis) PET summation images (0–60 min) of 6-months-old APP/PS1-21
mice and age-matched wild-type mice pretreated i.v. with tariquidar (TQD, 12 mg/kg) at 2 h and
Ko143 vehicle solution or Ko143 (5 mg/kg) at 1 h prior to [11C]tariquidar PET. Whole brain region is
outlined with a red broken line. All images are set to the same intensity scale (0–3 standardized uptake
value, SUV).
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Figure 4. Time-activity curves (mean ± SD) of [11C]tariquidar in whole brains of (a) wild-type mice and
(b) APP/PS1-21 mice pretreated with unlabeled tariquidar (TQD, 12 mg/kg) at 2 h and Ko143 vehicle
solution (open circles, wild-type: n = 6, APP/PS1-21: n = 5) or Ko143 (5 mg/kg, closed circles, wild-type:
n = 7, APP/PS1-21: n = 7) at 1 h prior to PET acquisition.
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Figure 5. Regional brain-to-plasma radioactivity concentration ratios (Kp,brain) in (a) hippocampus,
(b) cortex and (c) cerebellum at the end of the [11C]tariquidar PET scan in 6-months-old APP/PS1-21
mice and age-matched wild-type mice pretreated with unlabeled tariquidar (TQD, 12 mg/kg) at 2 h
and Ko143 vehicle solution (wild-type: n = 6, APP/PS1-21: n = 5) or Ko143 (5 mg/kg, wild-type:
n = 7, APP/PS1-21: n = 7) at 1 h prior to the start of the PET scan. (ns, not significant; * p < 0.05;
** p < 0.01; *** p < 0.001; compared to Ko143 vehicle treated animals; one-way ANOVA followed by
Tukey’s multiple comparison test).

2.3. [11C]Erlotinib PET

To confirm the lack of an effect of the decreased abundance of ABCG2 on the brain distribution
of [11C]tariquidar, we performed PET scans with a second ABCB1/ABCG2 substrate radiotracer
([11C]erlotinib) [35]. In contrast to [11C]tariquidar, PET scans were only performed under conditions of
full ABCB1/ABCG2 activity, i.e., no ABCB1 or ABCG2 inhibitors were administered. To mimic the
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therapeutic usage of erlotinib, we co-injected [11C]erlotinib with a pharmacological dose of unlabeled
erlotinib (2 mg/kg) [36]. Whole brain TACs of [11C]erlotinib were very similar in the two mouse
strains (Figure 6a). Moreover, Kp,brain values were not significantly different between APP/PS1-21
and wild-type mice in the three examined brain regions (hippocampus, cortex and cerebellum)
(Figure 6b–d).

Figure 6. Time-activity curves (mean ± SD) of [11C]erlotinib in whole brains of 6-months-old
APP/PS1-21 mice (closed circles, n = 4) and age-matched wild-type mice (open circles, n = 4) (a).
Regional brain-to-plasma radioactivity concentration ratios (Kp,brain) in (b) hippocampus, (c) cortex
and (d) cerebellum at the end of the [11C]erlotinib PET scan in APP/PS1-21 mice and wild-type mice
(ns, not significant; 2-sided t-test).

3. Discussion

ABCG2 was shown to be co-localized with ABCB1 at the BBB, where both transporters limit
the brain distribution of many therapeutic drugs [19,37]. Studies in transgenic mice have provided
evidence for functional redundancy between ABCB1 and ABCG2 at the BBB [19,37]. In the absence
of ABCB1, the transport capacity of ABCG2 usually suffices to restrict the brain distribution of dual
ABCB1/ABCG2 substrates and vice versa. Only when both transporters are genetically knocked out or
pharmacologically inhibited, do dual ABCB1/ABCG2 substrates show unrestricted brain distribution.
Both ABCB1 and ABCG2 have been identified as Aβ transporters [5–9,22–24] and the abundance and
activity of cerebral ABCB1 were found to be decreased in AD [10–14], which may be caused by an
Aβ-induced ubiquitination, internalization and proteasomal degradation of ABCB1 [38]. It is tempting
to speculate that a similar functional redundancy between ABCB1 and ABCG2 exists with respect to Aβ

export as described for restricting the brain distribution of small-molecule drugs [19,37]. Xiong et al.
have shown an upregulation of ABCG2 in the brains of AD patients and AD mouse models (3XTg and
Tg-SwDI) by means of immunohistochemistry and Western blot [22]. Moreover, these authors used
optical imaging to show that the brain concentration of fluorescent-labeled Aβ after i.v. injection was
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higher in Abcg2(−/−) mice as compared with wild-type mice, which confirmed Aβ transport by mouse
ABCG2 [22]. Other studies, however, were not able to confirm an ABCG2 upregulation in AD brains
by using either immunohistochemistry [10–12] or quantitative targeted proteomics [25,26].

To further address these questions, in the present study we examined both the abundance and
activity of cerebral ABCG2 in a commonly employed β-amyloidosis mouse model (APP/PS1-21) [32].
This mouse model rapidly develops extensive cerebral Aβ deposits from an age of 2 months
onwards [32,33] and has been used in a series of previous studies conducted in our laboratory
to assess the activity of ABC transporters implicated in brain Aβ clearance with PET [15,33,39]. In a
previous study we used immunohistochemical staining to show that the abundance of ABCB1 is
decreased in the brains of APP/PS1-21 mice (i.e., in the hippocampus and the cortex) relative to
wild-type mice of the same age range [33]. In the present study, using a comparable methodology
we found a reduction in the number of ABCG2-stained microvessels in APP/PS1-21 mice (Figures 1
and 2). This reduction was not only found in the hippocampus, a brain region with high Aβ load,
but also in the cerebellum, in which Aβ load is negligible [33]. Our analysis was not able to differentiate
whether the reduced abundance of ABCG2 in the brains of APP/PS1-21 mice was caused by a decrease
in vascular density [40] or by a decrease in the density of the transporter [11]. Therefore, additional
experiments with a different methodology (e.g., Western blot analysis of isolated brain microvessels)
will be needed to further examine the regional differences in ABCG2 observed in the present study.

To assess the consequences of these parallel reductions in the abundance of both ABCB1 and
ABCG2, utilizing PET imaging, we studied the brain distribution of two radiotracers that are dual
ABCB1/ABCG2 substrates ([11C]tariquidar and [11C]erlotinib). As a first approach, we used a previously
developed PET protocol dedicated to measuring cerebral ABCG2 activity [28–30]. This protocol uses
the dual ABCB1/ABCG2 substrate [11C]tariquidar [31] co-administered with a pharmacological dose
of unlabeled tariquidar (12 mg/kg), which leads to complete saturation of ABCB1 activity while
ABCG2 remains fully active, thereby ABCG2 selectivity is achieved. The attainment of ABCG2
selectivity is enabled by the great difference in half-maximum inhibitory concentrations (IC50) of
tariquidar for in vitro inhibition of its own transport by ABCB1 (IC50 = 17.1 nM) and ABCG2
(IC50 = 310.4 nM) [30]. To reveal the activity of ABCG2, [11C]tariquidar PET scans were performed
without and with pretreatment with the ABCG2 inhibitor Ko143 [34] at a dose that only partially inhibits
ABCG2. The employed dose of Ko143 (5 mg/kg) was selected based on a previous dose-response curve
generated in Abcb1a/b(−/−) mice, which provided a half-maximum effect dose of Ko143 of 4.98 mg to
enhance brain uptake of [11C]tariquidar [28]. We determined Kp,brain as the outcome parameter of the
brain distribution of [11C]tariquidar, which was in a similar range in both APP/PS1-21 and wild-type
mice after 5 mg/kg Ko143 (Kp,brain range: 6–8, see Figure 5) as in Abcb1a/b(−/−) mice pretreated with
5 mg/kg Ko143 [28]. Maximum brain uptake of [11C]tariquidar amounted to a Kp,brain of approximately
15 in Abcb1a/b(−/−) mice pretreated with 15 mg/kg Ko143, which was comparable to the brain uptake
of [11C]tariquidar in Abcb1a/b(−/−)Abcg2(−/−) mice [28]. Taken together, the present data as well as the
previous Ko143 dose-response data strongly suggest that the dose of Ko143 employed in our study
(5 mg/kg) led to only partial ABCG2 inhibition at the mouse BBB. The experimental paradigm of
studying transporter activity with a radiolabeled substrate by employing an inhibitor administered at
a dose that only partially inhibits the transporter has been successfully employed by our group and by
others to measure the activity of ABCB1 in the rodent and human brain with the ABCB1 substrate
(R)-[11C]verapamil [33,41–44]. For instance, only PET scans after partial inhibition of ABCB1 revealed
significant differences in the brain distribution of (R)-[11C]verapamil in APP/PS1-21 versus wild-type
mice, while no differences were observed in baseline scans without ABCB1 inhibition [33]. In contrast
to this previous study, we failed to detect differences in [11C]tariquidar brain distribution between
APP/PS1-21 and wild-type mice, both under conditions of full ABCG2 activity and partial ABCG2
inhibition (Figure 5).

To confirm this apparent lack of difference in ABCG2 activity between APP/PS1-21 and wild-type
mice, we also performed PET imaging in APP/PS1-21 and wild-type mice with a second dual
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ABCB1/ABCG2 substrate radiotracer. For this we used [11C]erlotinib, which is structurally identical to
the epidermal growth factor receptor (EGFR)-targeting tyrosine kinase inhibitor erlotinib, a clinically
used drug for the treatment of non-small cell lung cancer. Patients with this type of cancer often
develop brain metastases, which are difficult to treat with erlotinib, most likely due to its low brain
distribution caused by ABCB1/ABCG2-efflux transport at the BBB. We have previously shown that
[11C]erlotinib is transported by mouse ABCB1 and ABCG2 and can be used to assess the functional
redundancy between ABCB1 and ABCG2 at the mouse BBB [35]. To mimic the clinical use of this
drug we co-injected [11C]erlotinib with a pharmacological dose of unlabeled erlotinib (2 mg/kg) [36].
Similar to the results obtained with [11C]tariquidar, we found no differences in the brain distribution of
[11C]erlotinib between APP/PS1-21 and wild-type mice (Figure 6).

Our results are in line with and extend previous studies that failed to detect differences in the brain
distribution of different drugs (including several ABCB1 substrates) between different β-amyloidosis
mouse models and wild-type mice [15,45–47]. For instance, Gustafsson et al. found no differences
in the unbound brain-plasma concentration ratios (Kp,uu,brain) of the ABCB1 substrates paliperidone
and digoxin between tg-APPArcSwe and age-matched control mice [46]. Similarly, Mehta et al. found
no changes in the brain distribution of the ABCB1 substrates loperamide, verapamil and digoxin in
triple transgenic AD mice harboring three mutant genes (APPswe, PS-1M146V and tauP301L), despite a
reduction in the abundance of ABCB1 in this mouse model as shown by Western blot analysis of
isolated cerebral microvessels [45]. This was explained by Mehta et al. by a thickening of the basement
membrane of the BBB in AD mice, which may have impeded transcellular diffusion and thereby
counteracted the reduction in the abundance of ABCB1. An alternative explanation for these previous
findings may be that the changes in ABCB1 abundance in the AD mouse models were too low to cause
significant changes in the brain distribution of ABCB1 substrates. ABCB1 is a high-capacity transporter,
whose abundance needs to be reduced by >50% to see >2-fold changes in the brain distribution of its
substrates [48]. In line with this hypothesis, we have shown that the brain distribution of the ABCB1
substrate radiotracers [11C]N-desmethyl-loperamide and (R)-[11C]verapamil was increased by only
1.1- and 1.5-fold, respectively, in heterozygous Abcb1a/b knockout mice (Abcb1a/b(+/–)), which have
a 50% reduction in the abundance of ABCB1 at the BBB, as compared with wild-type mice [49].
In contrast, in homozygous Abcb1a/b knockout mice (Abcb1a/b(−/−)), which completely lack ABCB1,
the brain distribution of [11C]N-desmethyl-loperamide and (R)-[11C]verapamil was increased by 2.8-
and 3.9- fold, respectively, relative to wild-type mice [49]. In our present study, we extended previous
findings related to ABCB1 substrates [15,45–47] to dual ABCB1/ABCG2 substrates and showed that
despite a concomitant reduction in the abundance of cerebral ABCB1 and ABCG2 in APP/PS1-21 mice
as revealed by immunohistochemistry, the brain distribution of the dual ABCB1/ABCG2 substrates
[11C]tariquidar and [11C]erlotinib was unaltered. While caution is warranted in extrapolating these
results to humans, our results suggest that the brain distribution of clinically used ABCB1/ABCG2
substrate drugs may be unaffected by possible disease-induced alterations in transporter abundances
at the BBB of AD patients.

Limitations of our study include the low number of animals used for immunohistochemical
analysis, our inability to differentiate between a reduction in vascular density and a reduction in the
density of ABCG2, and the lack of further experimental data to confirm the reduction in cerebral
ABCG2 (e.g., Western blot analysis of ABCG2 in isolated brain microvessels).

4. Materials and Methods

4.1. General

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Chemie (Schnelldorf,
Germany) or Merck (Darmstadt, Germany) and were of analytical grade and used without further
purification. The ABCB1 inhibitor tariquidar dimesylate [50] was obtained from Haoyuan Chemexpress
Co. Ltd. (Shanghai, China). The ABCG2 inhibitor Ko143 [34] was purchased from Enzo Life Sciences
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AG (Lausen, Switzerland) or MedChemExpress LLC (Monmouth Junction, NJ, USA). Isoflurane was
obtained from VIRBAC S.A. (Carros, France). Directly prior to administration, tariquidar dimesylate
was freshly dissolved in 2.5% (w/v) aqueous (aq.) dextrose solution and injected intravenously (i.v.)
into mice at a volume of 4 mL/kg body weight over a period of 2 min. Ko143 was freshly dissolved
in ethanol and formulated for i.v. administration in a solution containing 10% (v/v) Kolliphor HS 15
and 80% (v/v) sterile aqueous saline to a final ethanol concentration of 10% (v/v). Formulated Ko143
solution was injected into mice at a volume of 2 mL/kg body weight over a period of 3–5 min.

4.2. Radiotracer Synthesis and Formulation

[11C]Tariquidar was synthesized as described previously [51]. For i.v. injection, [11C]tariquidar
was formulated in sterile aqueous saline containing 0.01 % (w/v) Tween 80 to an approximate
concentration of 370 MBq/mL. Radiochemical purity, as determined by radio-high performance liquid
chromatography, was greater than 98%, and molar activity at the end of synthesis was >100 GBq/µmol.

[11C]Erlotinib was synthesized following established procedures [52] with a radiochemical purity
of >98% and a molar activity of >100 GBq/µmol at end of synthesis. For administration into mice,
[11C]erlotinb was formulated in 0.1 mM hydrochloric acid in sterile aqueous saline solution to yield a
concentration of approximately 370 MBq/mL.

4.3. Animals

Female transgenic mice, which express mutated human amyloid precursor protein (APP) and
presenilin 1 (PS1) under control of the Thy1-promoter (APPKM670/671NL, PSL166P) (referred to as
APP/PS1-21 mice) [32,33] and age-matched wild-type littermates in a C57BL/6J genetic background
were maintained at the University of Oslo and transferred to the imaging site at least three weeks prior
to the PET examinations. In total, 50 mice were used in the experiments. All animals were housed in
groups of 3–5 animals in individually ventilated (IVC) type III cages under controlled environmental
conditions (22 ± 3 ◦C, 40% to 70% humidity, 12-h light/dark cycle) and had free access to standard
laboratory animal diet (ssniff R/M-H, ssniff Spezialdiäten GmbH, Soest, Germany) and water ad libitum.
The study was reviewed by the responsible national authorities (Amt der Niederösterreichischen
Landesregierung) and approved under study numbers LF1-TVG-48/003-2014 approval date: 08 January
2015 and LF1-TVG-48/044-2019 approval date: 07 May 2019. All study procedures were in accordance
with the European Community’s Council Directive of September 22, 2010 (2010/63/EU). The animal
experimental data reported in this study are in compliance with the ARRIVE (Animal Research:
Reporting In Vivo Experiments) guidelines.

4.4. Experimental Design and Pretreatment

Female APP/PS1-21 and wild-type animals were assigned to the respective groups as shown
in Table 1. Two PET imaging approaches for assessing the activity of ABCG2 at the mouse BBB
were performed using the two ABCB1/ABCG2 substrate radiotracers [11C]tariquidar [28,31] and
[11C]erlotinib [35]:

(1) For PET imaging using [11C]tariquidar, groups of APP/PS1-21 and wild-type mice aged
185 ± 5 days and weighing 27.2 ± 3.0 g were pretreated two hours prior to PET with unlabeled
tariquidar administered i.v. at a dose of 12 mg/kg in awake condition. Subsequently, animals were
anesthetized using isoflurane/air, a catheter (Instech Lab. Inc., Plymouth Meeting, PA, USA) was
introduced into a lateral tail vein and Ko143 at a dose of 5 mg/kg or Ko143 vehicle solution was
additionally administered to the animals i.v. one hour prior to the start of PET acquisition. Subsequently,
mice underwent a 60-min dynamic [11C]tariquidar PET scan. The doses of tariquidar and Ko143 were
selected based on previous work to achieve full inhibition of ABCB1 [49] and partial inhibition of
ABCG2 [28] at the mouse BBB.

(2) For PET imaging using [11C]erlotinib, no pretreatment was applied. Groups of APP/PS1-21
and wild-type mice aged 177 ± 2 days and weighing 25.1 ± 2.9 g were prepared for imaging following
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the procedures described below and underwent a 60-min dynamic [11C]erlotinib PET scan, in which a
pharmacological dose of unlabeled erlotinib (2 mg/kg) was co-injected with [11C]erlotinib [36].

Table 1. Overview of examined animal groups and numbers.

[11C]Tariquidar Study Animal Group

Pretreatment Wild-Type APP/PS1-21

Tariquidar (12 mg/kg)
and Ko143 vehicle n 10 (4) 1 7 (2)

Age [days] 2 189 ± 4 188 ± 1
Body weight [g] 2 26.7 ± 2.1 27.9 ± 3.2

Injected activity [MBq] 3 28 ± 6 25 ± 3
Tariquidar (12 mg/kg)
and Ko143 (5 mg/kg) n 11 (4) 12 (5)

Age [days] 181 ± 5 183 ± 6
Body weight [g] 28.9 ± 3.3 25.3 ± 2.4

Injected activity [MBq] 24 ± 7 23 ± 10

[11C]Erlotinib Study Animal Group

Wild-Type APP/PS1-21

n 5 (1) 5 (1)
Age [days] 176 ± 1 179 ± 2

Body weight [g] 25.1 ± 1.2 25.2 ± 4.3
Injected activity [MBq] 19 ± 3 26 ± 4

1 Number in parentheses indicates drop-outs due to death/intolerability of the protocol; 2 At date of PET examination;
3 Injected amounts of radioactivity.

4.5. PET Imaging Procedure

For PET imaging, mice were pre-anesthetized in an induction chamber using isoflurane and then
positioned in a prone position on a double imaging chamber (m2m Imaging Corp, Cleveland, OH, USA).
Two mice were imaged simultaneously during one PET acquisition. Animals were warmed throughout
the experiment and body temperature and respiratory rate were constantly monitored (SA Instruments
Inc, Stony Brook, NY, USA). The level of isoflurane concentration was adjusted (range 1.5–3% in air)
during the imaging procedure to achieve a constant level of anesthesia. The imaging chamber was
positioned in the gantry of a microPET scanner (Focus 220, Siemens Medical Solutions, Knoxville,
TN, USA) and a 10 min transmission scan using a rotating 57Co point source was recorded. Subsequently,
60-min dynamic emission scans (energy window 250–750 keV; timing window = 6 ns) were started
with the injection of either [11C]tariquidar (25 ± 7 MBq) or [11C]erlotinib (22 ± 5 MBq) injected i.v. at a
volume of 0.1 mL over a period of 120 s.

After completion of the PET scan, a blood sample (20–30 µL) was collected from the retro-orbital
venous plexus, the mice were sacrificed by cervical dislocation and transcardially perfused using
10 mL phosphate-buffered saline. Blood was centrifuged (13,000× g, 4 ◦C, 4 min) to obtain plasma and
whole brains were removed and processed for immunohistochemistry as described below. Aliquots of
blood and plasma were transferred into pre-weighted test tubes and measured in a gamma-counter
(HIDEX AMG Automatic Gamma Counter, Turku, Finland). Filled tubes were weighed to obtain
tissue weight. The gamma-counter was calibrated using a series of tubes with decreasing activity of a
11C-solution. The measured radioactivity data were decay-corrected to the time of radiotracer injection
and expressed as standardized uptake value (SUV), which is calculated as follows: (radioactivity per g
(kBq/g)/injected radioactivity (kBq)) × body weight (g).

4.6. PET Data Analysis

The dynamic PET data were binned into 23 frames, which increased incrementally in time length.
PET images were reconstructed using Fourier re-binning of the 3-dimensional sinograms followed by a
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2-dimensional filtered back-projection with a ramp filter giving a voxel size of (0.4 × 0.4 × 0.796) mm3.
Using Amide (version 1.0.4.) [53] or PMOD software (version 3.6, PMOD Technologies Ltd., Zurich,
Switzerland) volumes of interest (VOI) covering the whole brain as well as the cortex, hippocampus
and cerebellum region were outlined on the PET images with the aid of the Mirrione Mouse Atlas
and guided by representative magnetic resonance (MR) images obtained in comparable animals on a
1 Tesla benchtop MR scanner (ICON, Bruker BioSpin GmbH, Ettlingen, Germany). From the VOIs,
time-activity curves (TACs) were derived and expressed in SUV units. Whole brain and regional brain
uptake was expressed as the brain-to-plasma radioactivity concentration ratio in the last PET frame
(Kp,brain) [28]. For calculation of Kp,brain, the radioactivity concentration derived from the last PET time
frame (from 50–60 min after injection) was divided by the radioactivity concentration measured with
the gamma-counter in the plasma sample obtained after the PET scan.

4.7. Immunohistochemistry

Freshly harvested brains from animals that had undergone [11C]erlotinib PET scans were
immediately washed with 30% aq. sucrose solution and embedded in freezing medium (Tissue-Tek,
Sakura Finetek, Staufen, Germany). Samples were snap frozen in liquid nitrogen and stored at –80 ◦C
until further processed.

After defrosting from –80 ◦C to –20 ◦C brains were cut in transversal orientation in 10 µm thick
slices using a cryostat (Microm HM 550, Walldorf, Germany). Frozen sections of three brain regions
including the hippocampus, cortex, and cerebellum were mounted on coated slides (VWR Superfrost
Plus) and stored at –80 ◦C until the staining procedure was initiated.

For immunohistochemical staining of mouse ABCG2, the thawed brain slices were fixed with
methanol/acetone (1:1) for 10 min at 4 ◦C. After washing with 0.1 M tris-buffered saline solution (TBS),
endogenous peroxidase activity was quenched by incubation with 0.5% (v/v) hydrogen peroxide
in TBS for 30 min. In order to obtain standardized staining results, the slides were washed
and inserted into cover plates (Thermo Scientific™ Shandon™ Glass Coverplates, Fisher Scientific,
Vienna, Austria). Blocking solution was added for 1 h at room temperature to suppress non-specific
reactions. Anti-BCRP/ABCG2 antibody (1:400, [BXP-53, ab24115], Abcam) or antibody carrier solution
(negative control) was used to incubate the brain slices overnight at 4 ◦C. After washing the slides
with TBS, slides were incubated with the secondary antibody (1:500, Biotin-SP (long spacer) AffiniPure
Donkey Anti-Rat IgG (H + L), Jackson Immuno Research, West Grove, PA, USA) for 60 min at
room temperature. Following three further washing steps, the antibody signals were amplified for
60 min at room temperature employing the VectaStain ABC-Kit (Vector Laboratories Inc, Burlingame,
CA, USA). After rinsing, the slides were incubated in nickel/diaminobenzidine solution for 10 min
to visualize ABCG2. The slides were then washed, dehydrated and mounted using Entellan®

(Merck Darmstadt, Germany).
The mounted slides were scanned at (0.11 × 0.11) µm/pixel resolution using a digital slide scanner

(Pannoramic Desk, 3dHistech Ltd., Budapest, Hungary) and digital images of comparable regions in
the hippocampus, cortex and cerebellum of APP/PS1-21 and wild-type mice were extracted. For the
semi-quantitative evaluation of stained microvessels, four visual fields (20× digital magnification) in
the same brain region per mouse (n = 3 animals per group) were counted manually on the digital
images by the same operator. The operator was not blinded to the study groups. However, the digital
images were selected randomly for manual counting to avoid bias. Due to high background staining
automatic analysis was not possible.

4.8. Statistical Analysis

To analyze differences between two groups a 2-sided t-test and between multiple groups a one-way
ANOVA followed by a Tukey’s multiple comparison test were employed using Prism 8 software
(GraphPad Software, La Jolla, CA, USA). The level of statistical significance was set to p < 0.05.
All values are given as mean ± standard deviation (SD).
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5. Conclusions

Despite significant reductions in the abundance of the Aβ transporters ABCB1 and ABCG2 in the
brains of APP/PS1-21 mice, the brain distribution of the dual ABCB1/ABCG2 substrates [11C]tariquidar
and [11C]erlotinib was unaltered relative to wild-type mice. This may be related to the high transport
capacities of ABCB1 and ABCG2 and is in line and extends previous studies, which failed to detect
differences in the brain distribution of diverse ABCB1 substrates between different AD mouse models
and wild-type mice. While caution is warranted in extrapolating our results to the human BBB,
our findings suggest that while disease-induced alterations in the abundance of ABCB1 and ABCG2
may be sufficient to decrease the brain clearance of Aβ peptides, they may not be sufficient to cause
large changes in the brain distribution of clinically used ABCB1/ABCG2 substrate drugs.
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Abstract: Several studies, including genome wide association studies (GWAS), have strongly sug-
gested a central role for the ATP-binding cassette transporter subfamily A member 7 (ABCA7) in
Alzheimer’s disease (AD). This ABC transporter is now considered as an important genetic deter-
minant for late onset Alzheimer disease (LOAD) by regulating several molecular processes such as
cholesterol metabolism and amyloid processing and clearance. In this review we shed light on these
new functions and their cross-talk, explaining its implication in brain functioning, and therefore in
AD onset and development.

Keywords: ABCA7; Alzheimer’s disease; phagocytosis; cholesterol; Aβ peptides

1. Introduction

ATP-binding cassette (ABC) transporters are present in all living organisms. In hu-
mans, this family comprises 49 members that are classified based on their sequence ho-
mologies and their conserved nucleotide binding domains (NBDs) into seven subfamilies,
designated from A to G. These transporters play a significant role by transporting ions,
small organic or inorganic molecules, peptides, proteins and lipids from a cellular compart-
ment to another one or across the cell membranes [1,2]. Importantly, their physiological
functions strongly depend on their cellular localization (membrane, endoplasmic reticulum,
Golgi, etc.) as well as the organ and cell type in which they are expressed. For example,
members of the ABCB and ABCC subfamilies are expressed in physiological barriers such
as intestine and blood–brain interfaces to restrict the entry or mediate the exit of harmful
endogenous molecules or xenobiotics [3,4]. Overexpression of these ABC transporters has
been reported in several cancers and is responsible for the multidrug resistance (MDR)
phenotype of cancer cells [5]. Members of the ABCG and A subfamilies mediate cholesterol
and lipid efflux from cells to low- or high-density lipoproteins and are highly expressed by
cells involved in lipid homeostasis such as macrophages or hepatocytes.

It is therefore not surprising that ABC transporter deficiencies lead to major diseases
including but not limited to atherosclerosis, cystic fibrosis or neurodegenerative diseases
such as Alzheimer’s disease (AD) [2,6,7]. AD is the most common form of dementia in
the world. This disease is mainly characterized by brain atrophy as a consequence of
the deposition of amyloid-β (Aβ) peptides and tau protein hyperphosphorylation and
aggregation [8]. Since the early 2000s, several ABC transporters such as ABCB1, ABCA1,
ABCG2, ABCC1 and ABCG4 are under scrutiny in AD because of their in vitro and in vivo
involvement in Aβ peptide synthesis and/or its deposition. These different contributions
in the AD field are already summarized elsewhere [4,7,9,10].

The ATP-Binding cassette transporter subfamily A member 7 (ABCA7) was first
identified in the early 2000s [11]. As shown in Figure 1, ABCA7 was poorly studied until
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2011. These studies mainly investigated ABCA7 involvement in peripheral cholesterol
metabolism and phagocytosis processes. In 2011, Hollingworth et al. highlighted a very
strong association between ABCA7 polymorphisms and AD patients in a genome-wide
association study (GWAS) [12].

Figure 1. Number of searchable publications in Pubmed per year by the terms specified in the legend.
For the “ABCA7 + Alzheimer” search, a second analysis of the obtained publications was performed
to exclusively select studies and review investigating the role of ABCA7 in AD. Data source: Pubmed.
Search date 31/12/2020. Y-axis shows number of publications, X-axis shows years

Since then, the number of projects studying ABCA7 have been considerably increased,
and almost all of them have been realized with the objective to decipher the molecular role
of ABCA7 in AD (Figure 1).

This review aims to summarize the first roles of ABCA7 identified in the periphery,
but also to describe the most recent findings demonstrating its significant contribution in
brain functioning and in AD onset and development.

2. ABCA7 Expression Pattern and Structure

2.1. Tissue Localization of ABCA7

ABCA7 was first cloned in 2000 by Kaminski and colleagues from human
macrophages [11]. Distribution/expression of the ABCA7 mRNA in human tissues demon-
strated that it is highly expressed in myelo-lymphatic tissues (peripheral leucocytes, thy-
mus, spleen, bone marrow, fetal tissues) [11]. Preferential and high expression of Abca7
mRNA in lymphomyeloid tissues was immediately confirmed in mice and rats [13,14],
strongly suggesting a key role of this transporter in hematopoietic cell lineages. More
recently, analysis based upon ImmGen Deep RNA-seq data showed that Abca7 is one of the
most highly expressed ABC transporter in a purified population of mouse immune cells
like follicular B cells, NK cells, peritoneal macrophages, thus highlighting a role for ABCA7
in immunity [15]. In addition, it appears that ABCA7 expression is dependent of the
differentiation state of the cells since higher expressions were measured in differentiated
macrophages comparing to monocytes [11].

Interestingly, no ABCA7 mRNA signal was initially detected in total human brain
samples but this result was later refuted by several groups demonstrating mRNA and pro-
tein expression of ABCA7 in human and murine samples of the different cell types present
in the brain [16–23]. Therefore, it is now largely demonstrated that ABCA7 is expressed in
neurons, astrocytes, microglia, endothelial cells of the blood–brain barrier (BBB), brain peri-
cytes, not only in mice but also in humans ([16–24]—http://www.brainrnaseq.org/, http://
www.celltypes.org/ and https://www.proteinatlas.org/ENSG00000064687-ABCA7/brain,
accessed on 31 December 2020).
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2.2. ABCA7 Alternative Splicing

There are two isoforms of ABCA7, arising as a result of alternative splicing, both
of which are detected in the human brain [21,25]. The splicing variant is named Type II
ABCA7 and gives a protein with 28 amino acids in the N terminal tail instead of the 166
amino acids present in the full-length ABCA7. These variants show a tissue-dependent
expression pattern and differential cellular sub-localization. While full length ABCA7
has been detected on the cell surface and intracellularly, the so-called Type II ABCA7
splice variant is only detected in the endoplasmic reticulum [21]. Northern blot analysis
performed with human tissue samples showed that Type II ABCA7 is abundant in lymph
node, spleen, thymus and trachea whereas full ABCA7 is strongly expressed in brain
and bone marrow [21]. Thus, it is possible that these variant proteins have different
biological functions.

2.3. ABCA7 Structure

Functional ABC transporters are commonly composed of four domains—two trans-
membrane domains (TMDs) connected with two cytoplasmic nucleotide-binding domains
(NBDs). TMDs are variable in sequence and are responsible for substrate interaction and
translocation. NBDs are highly conserved and have characteristic motifs such as Walker
A and Walker B, allowing to bind and hydrolyze ATP. As shown in Figure 2, full ABC
transporters like transporters of subfamilies A and C have 2 TMDs. ABC transporters of the
D and G subfamilies such as ABCG1 or ABCG2 display only one TMD and one NBD. They
are therefore considered as half-transporters and have to homo- or hetero-dimerize to be
functional. ABC transporters are classified based on their NBD domain but it was recently
suggested that it would be more pertinent to use a TMD-based classification system [1].

Figure 2. Schematic representation of the full ABC transporters of the subfamily A. Two transmem-
brane domains (TMDs) are connected with two cytoplasmic nucleotide-binding domains (NBDs). In
addition, members of subfamily A are characterized by two large extracellular domains (ECD1 and
ECD2). Reprinted from [26] with permission from Elsevier.

ABCA7 is predicted to be a full ABC transporter, as presented in Figure 2. The
transport mechanism of these transporters is controlled by alternating the conformation
of TMD, through which the transporter switches between inward- and outward-facing
states. Recently, alternative mechanisms have been proposed or identified, suggesting
that this process remains under debate [27]. In all cases, the exact transport mechanism of
ABCA7 is uncharacterized, and, despite the fact that single-particle cryoelectron microscopy
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(cryo-EM) structure of ABCA1 has been recently obtained [28], the structure of ABCA7 is
still unknown.

Sequence comparisons made with other ABC transporters showed high ABCA7 ho-
mology with ABCA1 (54%), ABCA2 (45%), ABCA3 (41%) and ABCA4 (49%) [11]. Because
these latter are involved in lipid transport, it was rapidly assumed that ABCA7 was also
able to transfer lipid from cell membranes to lipoproteins.

3. ABCA7 and the Lipid Metabolism

3.1. Role of ABCA7 in Lipid Release and Trafficking

As indicated above, ABCA7 shares high amino sequence homology with other ABC
transporters mediating lipid release from cell membranes, and in particular with ABCA1.
This latter is the most studied ABC transporter in this cellular process and its role in
cholesterol efflux to high-density lipoproteins (HDL) is very well characterized [29–31].
Mutations in the ABCA1 gene cause an inherited disease named Tangier disease in which
the cholesterol transfer from cells to HDL is decreased, leading to lower ApoA-I synthesis
as well as low levels of plasmatic HDL [32]. Consequently, this lipid homeostasis imbal-
ance promotes lipid accumulation inside vascular cells and macrophages, thus provoking
coronary artery disease and atherosclerosis in patients [27,33,34].

On this basis, Abca7−/− mice were generated to further characterize the role of this
ABC transporter in cholesterol metabolism. Interestingly, only transgenic female mice
showed slight abnormalities in their cholesterol metabolism when compared with the wild-
type littermates [16]. Indeed, female Abca7−/− mice showed weight gain identical to female
controls but less white adipose tissue, plasmatic HDL and cholesterol [16]. No significant
differences have been measured in males. In the same study, no alteration of the cholesterol
or phospholipid efflux was measured in macrophages purified from the Abca7−/− mice.
However, further in vitro studies using different transfected cell types reported that ABCA1,
ABCA7 binds ApoA-I, and ApoE, to transfer cholesterol and to generate HDL [18–20]. Of
note, this efflux is marginal when compared with cholesterol efflux mediated by ABCA1.
On the contrary, ABCA7 is more prone to transfer phospholipids to HDL, in particular
sphingomyelin, and (lyso)phosphatidylcholine [18,19,35]. Importantly, almost all of these
studies were done by artificially upregulating or downregulating Abca7 expression that,
in turn, provokes a modification of ABCA1 expression, probably by a compensatory
mechanism [20,36]. This effect is also reciprocal because the decrease of Abca1 expression
increases Abca7 level [37]. Abe-Dohmae et al. demonstrated that this compensatory
mechanism allows the transfer of cholesterol to lipoproteins when the Abca1 gene is
deficient or absent [35]. However, it remains still unknown why ABCA7 cannot compensate
this deficiency in a Tangier disease patient. In light of all these data, it is now widely
accepted that ABCA7 is specialized in phospholipid transfer to HDL whereas ABCA1
releases cholesterol.

It is also clear that Abca7 transcriptional expression is closely regulated by cholesterol
metabolism. BALB/3T3 cells loaded with cholesterol showed a significant downregulation
of Abca7 whereas an upregulation of Abca1 was observed [37]. On the contrary, cholesterol-
depleted cells displayed increased Abca7 expression. In fact, ABCA7 expression is regulated
by the sterol-responsive/regulatory element binding protein (SREBP), able to bind spe-
cific sterol regulatory element DNA sequences when mammalian cells lack cholesterol,
thus triggering the expression of the mRNA of genes involved in cholesterol synthesis
or lipoprotein uptake such as HMG-CoA reductase or LDLR, respectively [37]. Blocking
HMG-CoA reductase activity with statins, thus blocking cholesterol synthesis, activates
SREBP nucleus translocation and increases ABCA7 expression in murine macrophages [38].
Interestingly, ABCA1 expression is controlled by the Liver X receptor (LXR) nuclear recep-
tors [39], also acting as cholesterol sensors in mammalian cells, thus probably explaining
why ABCA1 and ABCA7 expressions are regulated differently to modulate the intracellular
pool of cholesterol.
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ABCA7 is also implicated in lipid trafficking during keratinocyte differentiation and is
reported as a ceramide homeostasis regulator. ABCA7 upregulation was detected in normal
human epidermal keratinocytes and HaCaT cells undergoing in vitro differentiation in
parallel with an increase in intracellular ceramide levels. In accordance with these results,
ABCA7 overexpression in Hela cells showed a ceramide de novo synthesis activation with
an increase in intracellular and cell surface ceramide expression [40].

Altogether, these data reinforced the hypothesis that ABCA1 and ABCA7 are closely
linked to regulate the cellular lipid metabolism but the role of ABCA7 seems to be rather
indirect or negligible when directly compared to ABCA1.

3.2. Role of ABCA7 in Phagocytosis and Immune Response

In their initial investigation about ABCA7 sequence genomic organization, Kaminski
et al. also observed that ABCA7 is arranged in a head-to-tail array with the human minor
histocompatibility antigen HA-1 in a common locus on the 19p13.3 chromosome [11].
Since HA-1 is implicated in host defense, and based on its physical proximity to ABCA7,
the question about possible common regulatory and functional mechanisms between
these two genes was quickly raised [11]. Another clue suggesting a role of ABCA7 in
immunity is the high sequence homology of the ABCA7 gene with cell death proteins
(Ced) genes. In Caenorhabditis elegans, ced genes are key players of engulfment of dying
cells. Among all these proteins, CED-7 is required for CED-1 functioning. Interestingly,
mammalian orthologues have been proposed for all Ced genes, based on their sequence
homologies. ABCA1 and ABCA7 have been proposed as being orthologues for CED7 [41],
and low-density lipoprotein receptor–related protein 1 (LRP1) has been suggested as a
protein with similar function to CED-1 [42]. In macrophages, ABCA7 and LRP1 were
relocalized together to the plasma membrane in the presence of apoptotic cells, thus
promoting their engulfment. Macrophages blocked with an antibody against LRP1 or
Abca7+/- macrophages show both lower phagocytosis of these dying cells, as well as a
decrease of the ERK phosphorylation, highlighting links between this ABC transporter,
LRP1 and this signaling pathway [41]. ABCA7 expression and mediated phagocytosis
are also increased when cholesterol synthesis is inhibited by statins that block HMG-CoA
activity [38], demonstrating again strong relationships between cellular cholesterol pool
and ABCA7 activity and expression.

As indicated above, ABCA7 is also able to interact with ApoA-I and HDL. Therefore,
a potential contribution of (apo)lipoproteins in phagocytosis was investigated by Tanaka
et al. They reported that extracellular HDL increases ABCA7-associated phagocytosis by
stabilizing ABCA7, thus suggesting an involvement of the HDL components in the host
defense system that deserves further investigation [38].

Therefore, a possible role of ABCA7 in host defense was clearly established and
investigated by several studies reporting the ABCA7 implication in phagocytosis-mediated
processes by macrophages instead of cholesterol regulation.

However, until 2011, no study clearly demonstrated a key role of ABCA7 in a human
disease. When Hollingworth et al. published that single nucleotide polymorphisms (SNPs)
in ABCA7 sequences were strongly associated with Alzheimer’s disease (AD) onset and
development [12], a new field of investigation has emerged with the objectives to identify
the exact function of ABCA7 in the brain as well as in the apparition and evolution of AD.

4. Roles of ABCA7 in Brain Functioning and in Alzheimer’s Disease (AD)

4.1. AD Pathology

AD is a neurodegenerative disease and the number one leading cause of dementia
in the elderly [43]. Most AD patients show a sporadic form of the disease (late-onset AD,
LOAD) whereas almost 1% of them show a familial early-onset form (FAD), with Mendelian
inheritance (<60 years). Nevertheless, these two forms of AD are both characterized by
accumulation of amyloid-β (Aβ) peptides and hyperphosphorylated tau protein, both
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provoking neuronal loss mainly in the hippocampus and cortex. Major AD symptoms are
thus memory loss and behavioral complications [8].

Links between Aβ peptides and tau are still elusive despite a large number of studies,
but it is now widely accepted that Aβ peptide deposition precedes the tau hyperphospho-
rylation by several decades [44]. In addition, FAD patients possess mutations in genes
involved in Aβ peptide production, as, for example, in amyloid beta precursor protein
(APP) sequence and in the enzyme responsible for APP cleavage. For this reason, it is
compulsory to better understand the early molecular and cellular events controlling Aβ

peptide synthesis and clearance, thus leading to the early step of the cerebral Aβ peptide
accumulation.

All cells in the body are able to synthesize these peptides from APP but neurons remain
the major sources of Aβ peptides [7]. APP is cleaved by at least three types of proteases
(α-, β- and γ-secretases). To date, two processing pathways have been described—the amy-
loidogenic pathway generates Aβ peptides via β-secretase, whereas the anti-amyloidogenic
pathway is initiated by α-secretase and prevents Aβ peptide generation. Interestingly, cel-
lular cholesterol content can strongly influence these pathways and modulate Aβ synthesis,
as discussed below and reviewed elsewhere [45].

Cerebral pools of Aβ peptides are cleared by several mechanisms, including phagocy-
tosis processes occurring at the microglial cell level, and elimination across the blood–brain
barrier (BBB). BBB physiology and functioning are summarized elsewhere and exhaustive
reviews can be consulted for more details [7,10,46]. In brief, this physical and metabolic
barrier is composed of the endothelial cells lining the brain microvessels. These cells
are sealed together by tight junctions (TJs) in relation with adherent (AJs) and gap (GJ)
junctions. Importantly, BBB endothelial cells also express a large panel of ABC transporters
involved in the cerebral efflux of Aβ peptides but also restricting their entry to the CNS.
Thus, a large body of evidence has confirmed in humans and in several animal models the
involvement of P-gp (ABCB1), BCRP (ABCG2), MRP1 (ABCC1) and more recently ABCG4
(reviewed in [4,7]).

Noteworthy, some studies provide strong evidence that a decrease of amyloid clear-
ance across the BBB or a decrease of phagocytosis by microglial cells might be involved in
AD rather than an Aβ peptide overproduction by cleavage of the APP [47]. When analyzed
in mouse models of AD and in patients, expression of ABCB1, ABCC1 and ABCG2 at the
BBB are decreased. Restoration of these expressions increases amyloid clearance across
the BBB, but also decreases the entry of peripheral Aβ peptides into the CNS, and thus
reduces the brain Aβ burden and alleviates cognitive dysfunction [7,48–51]. However,
despite these promising results, there is currently no cure for AD.

Because AD is also closely linked to the cholesterol metabolism and because the
brain is one of the most cholesterol-rich organs of the body, researchers also focused
their attention on ABCA1. In transgenic mice models, altering the cerebral cholesterol
homeostasis by overexpressing or downregulating Abca1 expression decreases or increases
Aβ peptide synthesis and deposition, respectively [52–54].

It has also been largely demonstrated that environmental factors such as diet or lack
of activity can promote AD onset. For example, animals fed with cholesterol-rich diets
show increased production of Aβ peptides, whereas the use of statins decrease, in vivo
and in vitro, this synthesis and deposition processes [45,55]. In addition, genetic factors are
also largely involved as suggested since the early 2010s with the discovery of several gene
polymorphisms in AD by GWAS. These studies confirmed that ApoE4, identified in the
early 1990s, and is an important component of the low-density lipoproteins (LDL), remains
the most strongly associated allele to AD. However, interestingly, almost 20 other genes
have been identified, among them ABCA7, for which very little information in relation to
its physiological and cellular functions has been identified so far.

Since 2011, genetic polymorphisms of Abca7 have been reported in several dozens of
genetic studies using samples coming from AD patients worldwide (reviewed in [56,57]).
Further investigations of several of these variants demonstrated that they are responsible
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for an alteration of ABCA7 expression in AD brains. While a protective ABCA7 allele
was identified, deleterious alleles are responsible for protein loss-of-function or ABCA7
downregulation or upregulation [56–58]. These ABCA7 loss-of-function mutations increase
risk of AD by 80% in African ancestry populations and, risk of early AD onset by 100% to
400% in European ancestry populations [59–61]. Table 1 summarizes the AD-associated
ABCA7 epigenetic and genetic variations, but also the available data obtained in patients
regarding the amyloid and tau pathology as well brain morphology and clinical symptoms.

Table 1. AD-associated ABCA7 (epi-)genetic variation and their effects in individuals.

Variation Interpretation Reported Significant Effect of the Risk Allele

Common Risk-Increasing Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

rs3764650 Intronic GWAS SNP, low
predicted functional effect

- Increased neuritic
plaque burden [62]

- Decreased CSF Aβ1-42
levels [63].

- Cortical and hippocampal atrophy [64]
- Later age at onset and shorter disease duration [65]
- Interaction on memory [66]
- Association with posterior cortical atrophy variant of

AD [67,68]
- Memory decline for subjects who eventually

developed MCI/LOAD [69]
- Cognitive declines in females [70]
- Lower immediate recall test and reduced rate of

decline in symbol digit modalities test [71]

rs4147929 Intronic GWAS SNP, low
predicted functional effect

- Voxel-based morphometry in the left postcentral
gyrus [72]

- Brain asymmetry in the hippocampus [73]
- Increase of symptomatic AD compared to

asymptomatic [74]

rs3752246 Missense GWAS SNP, predicted
benign

- Increased amyloid
deposition [75]

- Increased brain
amyloidosis [76]

- Decreased mean medial temporal lobe gray-patter
density in dementia patients [77]

- Interaction on memory [66]

rs115550680
Intronic GWAS SNP, low

predicted functional effect
- Dissociation in entorhinal cortex resting state

functional connectivity [78]
- Behavioral generalization [78]rs78117248 Intronic GWAS SNP, low

predicted functional effect
rs142076058 Loss-of-function

ABCA7
VNTR

expansions

Reduced ABCA7 expression, loss
of exon 19 encoding an
ATP-binding domain

Common Protective Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

rs72973581 Missense variant
CpG Methylation Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

cg02308560
Hypermethylation in AD, effect

on ABCA7 unknown
cg24402332

cg04587220
- Increased brain

amyloidosis and higher
tau tangle density [79]

Rare Variants Amyloid and Tau pathology Brain Morphology and Clinical Symptoms

Missense and
PTC variants

Loss-of-function for PTC variants.
Unclear for missense variants.

Variants and CpG methylation sites in ABCA7 with their interpreted functional effect, and their association with AD and brain morphology
and clinical symptoms when investigated. Adapted from [57]. AD: Alzheimer’s disease; GWAS: Genome-wide association studies; PTC:
premature termination codon; SNP: single nucleotide polymorphism; VNTR: variable number tandem repeat.

4.2. ABCA7 in Brain Functions

Abca7 is mainly expressed by neurons and microglia in human and mouse
brains [23,80–82]. Both isoforms described in Section 2.2 are observed by western blots in
brain samples of healthy donors and AD patients [25]. Consequences of Abca7 depletion
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on brain cholesterol homeostasis were first investigated in mice. Lipidomic analysis of
forebrain samples from five male Abca7−/− mice showed alterations in lipid content; of
the 275 studied lipids, only 24 were significantly affected by the absence of expression of
Abca7 [83]. Among them, 12 subspecies in ethanolamine, three in phosphoglycerol, one in
lysophosphatidylcholine, and two in shingomyelin were lower in brains of Abca7−/− mice.
Three subspecies in phosphatidylcholine, one in ceramide, three in sulfatide, and one in
cerebroside were increased, thus suggesting that Abca7 deficiency may significantly affect
cerebral lipid metabolism.

The same study reported deficiencies in spatial memory in Abca7−/− 20- to 22-month-
old male and female mice [83] but these deficiencies were only observed in 19- to 20-week-
old females in another study performed by Logge et al. [84]. In the same study, males
and females displayed an altered novel object recognition but this was more pronounced
in females [84]. No difference between genders or with wild type mice was measured
when a battery of tests for behavior was realized. Indeed, Abca7−/− mice showed the same
sensory abilities, neurological reflexes, motor functions, anxiety, spatial learning and short-
term memory as the wild-type mice [84]. No significant role in neurogenesis or neuron
proliferation has been observed in another study in which only 8.5-month-old males were
studied [85]. All these data suggest that ABCA7 might play a minor role in behavioral
domains, but again further studies considering mouse strains, ages, sex or methodology
are necessary to elucidate the role of ABCA7 in brain development and behaviors.

In humans, it was demonstrated more recently in brain samples that levels of ABCA7
modestly but significantly decrease with normal aging [23]. A significant association
between ABCA7 SNP (rs3764650) and cognitive decline was only observed in females in a
longitudinal study including 3267 females and 3026 males [70].

4.3. Impact of ABCA7 Depletion in Aβ Burden in Animals and Cells

When KO animals are crossbred with transgenic mice overproducing Aβ peptides
(J20 mice at ± 17 months of age), Aβ burden was worsened, reinforcing the link between
ABCA7 and AD. Interestingly, this effect is rather the consequence of a higher Aβ peptide
accumulation than an overproduction [86]. Indeed, a significant decrease of Aβ peptide
efflux across the BBB was reported in an Abca7-deficient in vitro model of the BBB, in
relation to ApoA-I lipidation status [20], as well as a decrease in the phagocytosis process
mediated by microglial cells [81,86]. These cells express high levels of ABCA7 when
compared with neurons [82]. In addition, it was reported that Abca7 haplodeficiency
provokes a microglial abnormal morphology and an altered response to inflammation, thus
leading to cerebral amyloid accumulation in mice [87].

On the contrary to the aforementioned study demonstrating that Abca7 deficiency
does not impact Aβ peptide synthesis [86], other studies reported that the absence of
Abca7 in AD transgenic mouse models (APP/PS1 and TgCRND8) promotes the Aβ peptide
production [22,83] or that ABCA7 upregulation in vitro diminishes this synthesis [82].
Transgenic models used to reproduce AD in mice should be taken into account and probably
explain why such discrepancies are observed. It is important to note that in AD mouse
models, ABCA1 and ABCA7 expressions seem to act in the same direction in order to
modulate Aβ peptide production and deposition.

4.4. Evidence in AD Patients

Numerous works have studied ABCA7 as a risk gene in patients with mild cognitive
impairment (MCI), or in AD individuals. All these studies are summarized elsewhere [57],
and Table 1 gives an overview of AD-associated ABCA7 (epi-) genetic variation. Recently,
an analysis of cerebrospinal fluid (CSF) from AD patients bearing the protective rs3764650
allele reported a decrease of CSF Aβ1-42 although total tau and phosphorylated tau levels
remained unchanged [63]. Another recent study investigating genetic associations correlat-
ing with Aβ deposition found a strong association with ABCA7 among 1600 investigated
genes [88]. These observations confirmed the link between ABCA7 and Aβ peptides in
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humans but do not explain if this is mainly due to a decrease in Aβ production, or an
increase of the clearance mediated by microglia across the BBB. A recent and elegant study
from Lyssenko et al. investigated ABCA7 protein level in different Braak stages in AD
patients and controls [23]. They observed that patients with low levels of ABCA7 are
more prone to develop early AD than patients with the highest ABCA7 levels. Therefore,
authors suggested that ABCA7 acts like a blocker of AD in the early stage of disease,
particularly by removing toxic lipids from cellular membranes. As largely demonstrated
now, lipid composition of cellular membranes can influence secretase activities and then
APP processing and Aβ synthesis [89], therefore it might be hypothesized that ABCA7
levels and functioning can directly modulate APP processing and then, Aβ production.
Another recent study performed in the frame of the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) suggests also that ABCA7 acts very early in amyloid deposition [76].
Authors analyzed 18F-florbetapir positron emission tomographic data from 322 cognitively
normal control individuals, 496 patients with mild cognitive impairment (MCI), and 159
individuals with AD. These results were compared with genetic data obtained in GWAS.
They clearly observed that several AD risk variants of ABCA7 are highly associated with
increased amyloid deposition, in particular in the cognitively healthy and MCI populations,
but not in AD patients [76].

However, the impact of these variants on ABCA7 expression is still unclear since some
studies report that deleterious alleles such as rs4147929 downregulates ABCA7 expression
in AD patients [57], whereas other studies report contradictory results [58]. Studies investi-
gating the association between rs3764650 and ABCA7 expression also reported inconsistent
findings [65,90]. Therefore, there is a need of further studies that should address how
ABCA7 is regulated and how this transporter is involved in brain functioning as well
in Aβ peptide clearance or deposition in AD brains. Use of iPSCs cells from patients
bearing SNPs of ABCA7 should open new avenues for investigating this transporter in AD.
These cells can be differentiated into neurons to investigate not only neurogenesis but also
Aβ production. It would be also possible to generate in vitro models of the BBB [91] or
microglial cells [92] to further study Aβ clearance from CNS, and therefore to gain insight
into the molecular role of ABCA7 in AD.

5. ABCA7 and Cancers

As mentioned previously, due to the GWAS studies, ABCA7 functions were mainly
studied in AD mouse models and in AD samples. This is noteworthy because ABC
transporters have been closely linked to the MDR phenotype observed in cancer cells in
the most recent studies of ABCA7 in cancer. Finally, no relation with the MDR phenotype
has been observed, but a possible involvement in the epithelial to mesenchymal transition
(EMT process) was reported, in particular in ovarian cancers (OC) [93]. In EMT, cells
lose their epithelial markers and express more mesenchymal markers in order to acquire
capacities like migration, invasion and proliferation, characteristics of malignancies and
metastatic cancers. In this study, authors demonstrated that ABCA7 was upregulated in
ovarian cancer (OC) cells from patients when compared to adjacent non-cancer tissues [93].
This upregulation was associated with poor survival rates in OC patients. When ABCA7
expression is suppressed, OC cell lines showed a decrease in migration and an increase
in epithelial marker expression such as E-cadherin, correlated with a decrease of the
mesenchymal marker, N-cadherin [93,94]. Interestingly, ABCA7 knockdown decreased the
TGF beta transcription factor SMAD-4, a key regulator for EMT [93].

Additionally, regulation of ABCA7 in cancer cells was reported to be modulated
by the micro-RNA tumor suppressor called Mir-197-3p. This is found downregulated
in OVACAR-3 cells as well as in other types of cancer cells such as hepatocarcinoma
cells [94], suggesting a potential implication of ABCA7 in other types of cancers. Further
investigations for the ABCA7 role in cancer are needed for a better understanding of this
transporter functions and for a better diagnosis and prognosis. They will also determine
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if targeting ABCA7 expression might be a promising approach to prevent or cure certain
types of cancers.

6. Conclusions and Future Perspectives

As summarized in Figure 3, recent evidence supports a central role of ABCA7 in AD.
Increase of ABCA7 expression in the first step of the disease would help to maintain the
cerebral lipid homeostasis and the balance between the amyloid synthesis and clearance.
This latter process is controlled by microglial cell degradation and elimination across the
blood–brain barrier. Aging, genetic polymorphisms and probably external factors such as
diet or physical activity, influence ABCA7 expression, thereby promoting or slowing down
amyloid deposition and then AD onset and evolution (Figure 3).

Figure 3. Potential roles of ABCA7 in brain cholesterol homeostasis and Aβ clearance and synthesis. (Left), in healthy
brains, ABCA7 is normally expressed by neurons, glial cells and blood–brain barrier endothelial cells where it mediates Aβ

clearance (1 and 3) as well cellular and toxic lipid (TL) efflux (2). Because Aβ peptide production is also linked with cellular
lipid levels, it is likely that ABCA7 can also regulate Aβ synthesis. (Right) Single nucleotide polymorphisms (SNPs), aging
and diet can affect ABCA7 function and expression, thus downregulating Aβ peptide clearance, decreasing toxic lipid
recycling and then promoting Aβ burden. Aβ peptides: amyloid-β peptides; ABCA7: ATP-binding cassette subfamily A
member 7; AJs: Adherent junctions of the BBB; BBB: blood–brain barrier; SNP: single nucleotide polymorphism; TJs: tight
junctions of the BBB; TL: toxic lipids.

To exploit ABCA7 for therapeutic purposes, more attention needs to be given to its
role in phagocytosis processes, in particular at the level of microglial cells that remove
amyloid and play a central role in inflammatory processes. Then, it might be essential
to better characterize ABCA7 regulatory sequences and signaling pathways in order to
develop new molecules or approaches able to promote its cerebral expression, in healthy
and AD patients. It might be also suggested that development of new tracers for measuring

340



Int. J. Mol. Sci. 2021, 22, 4603

ABCA7 activity at the brain level should be useful to detect AD or other neurodegenerative
diseases at early stages.

At last, gender differences reported in several studies might also be taken into account
to understand if ABCA7 has a different role in females rather in males, as highlighted by
the role of ABCA7 in ovarian cancer [93]. This hypothesis is also strongly supported by
the fact that AD deficiencies in mouse models affect more females than males [95,96] and
that cognitive decline has been observed in females bearing ABCA7 SNPs when compared
with males [70].
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Abstract: Cholesterol homeostasis is essential in normal physiology of all cells. One of several
proteins involved in cholesterol homeostasis is the ATP-binding cassette transporter A1 (ABCA1), a
transmembrane protein widely expressed in many tissues. One of its main functions is the efflux
of intracellular free cholesterol and phospholipids across the plasma membrane to combine with
apolipoproteins, mainly apolipoprotein A-I (Apo A-I), forming nascent high-density lipoprotein-
cholesterol (HDL-C) particles, the first step of reverse cholesterol transport (RCT). In addition,
ABCA1 regulates cholesterol and phospholipid content in the plasma membrane affecting lipid rafts,
microparticle (MP) formation and cell signaling. Thus, it is not surprising that impaired ABCA1
function and altered cholesterol homeostasis may affect many different organs and is involved in the
pathophysiology of a broad array of diseases. This review describes evidence obtained from animal
models, human studies and genetic variation explaining how ABCA1 is involved in dyslipidemia,
coronary heart disease (CHD), type 2 diabetes (T2D), thrombosis, neurological disorders, age-related
macular degeneration (AMD), glaucoma, viral infections and in cancer progression.

Keywords: ATP-binding cassette transporter A1 (ABCA1); cholesterol homeostasis; reverse choles-
terol transport; HDL-C; dyslipidemia; type 2 diabetes; microparticles

1. Introduction

Cholesterol is an essential biomolecule, involved in a wide array of physiological
and pathological processes. In the plasma membrane, changes in free cholesterol content
and phospholipid species modulate signaling of multiple receptors [1]. A physiologi-
cal free cholesterol/phospholipid ratio in cellular membranes is necessary to maintain
membrane fluidity [2], and altered membrane fluidity adversely affects the conformation
and function of certain integral membrane proteins that can be inhibited by a high free
cholesterol/phospholipid ratio [3]. Excess plasma membrane cholesterol also disrupts
the function of certain signaling molecules that normally reside in non-raft domains. In
addition, excess intracellular cholesterol levels can also cause toxicity by mechanisms
including intracellular cholesterol crystallization, oxidation of cholesterol to oxysterols and
triggering of apoptotic signaling pathways [4].

One of several proteins involved in cholesterol homeostasis is the ATP-binding cas-
sette transporter A1 (ABCA1), a transmembrane protein widely expressed in many tissues
where it may have many different functions. Its most studied function is the efflux of
intracellular free cholesterol and phospholipids across the plasma membrane to combine
with apolipoproteins, mainly apolipoprotein A-I (ApoA-I), forming nascent high-density
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lipoprotein particles (HDLs), the first step of reverse cholesterol transport (RCT) [5]. RCT
is the process by which the body removes excess cholesterol from peripheral tissues and
delivers this cholesterol to the liver, where it is redistributed to other tissues or removed
from the body by the gallbladder. HDL-cholesterol (HDL-C) particles are the main lipopro-
teins involved in this process [6]. In addition to HDL-C formation, ABCA1 regulates
cholesterol and phospholipid content in the plasma membrane and is involved in micropar-
ticle formation and thus in cell signaling. For all these reasons, it is not surprising that
altered cholesterol homeostasis may affect many different organs and is involved in the
pathophysiology of a broad array of diseases (Figure 1). The present review focuses on the
role of the ABCA1 cholesterol transporter in human disease.

Figure 1. ATP-binding cassette transporter A1 (ABCA1) functions in different cell types and associated diseases. ABCA1 is
widely expressed and participates in a broad array of physiological and pathological processes. ApoE: apolipoprotein E;
HDL: high-density lipoproteins; apoAI: apolipoprotein I.

2. Global ABCA1 Deficiency: Tangier Disease

Tangier disease (TD) is a rare autosomal recessive disease caused by homozygous
or compound heterozygous loss of function variants in both alleles of the ABCA1 gene
(OMIM #205400). TD is characterized by severe deficiency or absence of circulating HDL-C
particles and accumulation of cholesteryl-esters in cells throughout the body, particularly
in the reticuloendothelial system [7,8]. The major clinical signs of TD are very low HDL-C
levels (<5 mg/dL), hyperplastic yellow orange tonsils and hepatosplenomegaly; while
peripheral neuropathy occurs in approximately 50%, and premature coronary heart disease
(CHD), occurs in 30 to 50% of TD patients [9–11]. Carriers of a single ABCA1 mutation
(heterozygotes) have variable reductions in plasma HDL-C levels and a variable increased
risk for CHD [12]. Other less frequent symptoms include corneal opacity and hematologic
manifestations, such as thrombocytopenia, altered platelet morphology and function, mild
bleeding tendency, reticulocytosis, stomatocytosis and hemolytic anemia [13].

Macrophages and other cells from TD patients are overloaded with cholesterol (foam
cells) because the ABCA1-mediated efflux of cellular free (unesterified) cholesterol and
phospholipids to ApoA-I is defective [14]. These foam cells play a crucial role in the
pathogenesis of atherosclerosis and CHD. However, it is not clear why not all TD patients
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develop premature CHD. A review of 185 TD cases reported that 51% of patients aged
40 to 65 years had premature CHD and suggested that reduced low-density lipoprotein-
cholesterol (LDL-C) levels in TD patients provide cardiovascular protection, while TD
patients with normal LDL-C levels are likely to develop premature CHD [10]. A more
recent review reported angina in 24.8%, and other vascular diseases in 21.8% of TD cases.
Patients with CHD had a higher mean age, and while total cholesterol and LDL-C levels
were higher in CHD than in non-CHD TD patients, the differences were only statistically
significant in women [15]. The presence of small-dense LDL-C particles in some TD patients
are also thought contribute to the development of CHD [10,15].

3. ABCA1 and Plasma Lipid Levels

3.1. ABCA1, Reverse Cholesterol Transport and Plasma HDL-C Levels

The key role of ABCA1 in RCT and HDL metabolism is evident as ABCA1 gene
mutations causing Tangier disease are associated with extremely low plasma HDL-C levels,
a characteristic feature of the disease [16,17]. Murine tissue-specific knockout (KO) models
have shown that cholesterol efflux via hepatic Abca1 is responsible for 70% [18], whereas
intestinal Abca1 is responsible for 30%, of the biogenesis of HDL-cholesterol [19], thus
leaving only a minute fraction of total cholesterol efflux to arterial wall macrophages.

In the first step of RCT, ABCA1 exports excess cellular cholesterol and phosphatidyl-
choline (PC) to circulating lipid-free ApoA-I [20]. This generates nascent HDL, a bilayer
fragment formed by 200 to 700 lipids wrapped by two to four ApoA-I molecules [21,22].
Two different models have been proposed to explain how nascent HDL-C particles are
formed. According to the direct loading model, ABCA1 transfers lipids to ApoA-1 directly
while it is bound to the transporter. In the indirect model, the phospholipid translocation
activity of the ABCA1 protein forms specific membrane domains, and ApoA-I acquires
lipids through these domains. The existence of two types of ApoA-I binding sites on the
plasma membranes of cells expressing ABCA1 (a high-affinity/low-capacity binding site
and a low-affinity/high-capacity binding site) supports the indirect model [23,24]. This
model is also supported by the observation that ApoA-I alone can bind to high curvature
liposomes and spontaneously form discoidal HDL particles in vitro [25]. Recently, in baby
hamster kidney/ABCA1 cells, Ishigami et al. reported that trypsin treatment causes rapid
release of PC and cholesterol, suggesting that these lipids are temporarily sequestered at
trypsin-sensitive sites on the surface of cells in an ATP-dependent manner. Thus, these
sites may be the large extracellular domains (ECDs) of ABCA1, and the lipids may be
temporarily sequestered within these ECDs during nascent HDL formation [26]. Although
further studies are required to establish the molecular details of the mechanistic links
between the ECDs of ABCA1 and the known functions of the transporter, it is clear that
ABCA1 function is the first and a crucial step for HDL-C formation.

3.2. ABCA1 Gene Variation Is Associated with HDL-C Levels

ABCA1 is a highly polymorphic gene located on human chromosome 9 (9q31.1)
containing 50 exons [27]. According to the NCBI genetic variation database (https://www.
ncbi.nlm.nih.gov/SNP), over 5000 polymorphisms have been reported in or near this gene.
Several of these variants (intronic, missense and located in the promoter region) have
important effects on the expression and function of the ABCA1 protein [28,29].

Both rare and common genetic variations in ABCA1 contribute to circulating levels of
HDL-cholesterol in population-based studies. Genome-wide association studies (GWAS)
have consistently identified ABCA1 as a locus associated with HDL-C levels in various
ethnic groups [30,31]. Three nonsynonymous ABCA1 polymorphisms have been exten-
sively studied in terms of their associations with plasma lipid levels and CHD risk over
the past two decades: rs2230806 (R219K) [32–37], rs2066714 (I883M) [33,35,38–40] and
rs2230808 (R1587K) [33,38]. A recent meta-analysis confirmed the association of these
three variants with plasma lipid levels [27]. Notably, a functional ABCA1 missense variant
(rs9282541; R230C) that was found to be private to the Americas was strongly associated
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with low HDL-C levels in Mexican mestizos and Native American populations [41,42].
This variant is of particular interest because it decreases cholesterol efflux capacity of the
protein, is relatively frequent in the Mexican mestizo population (minor allele frequency is
approximately 10%) and the sole presence of the risk allele explains almost 4% of plasma
HDL-C variation.

Few studies have reported interactions between ABCA1 gene variants and dietary
macronutrient proportions affecting plasma lipid levels. In the Mexican population, two
independent studies observed that the inverse correlation between carbohydrate intake
and HDL-C concentrations was of higher magnitude in premenopausal women bearing the
ABCA1/R230C variant [43,44]. Jacobo-Albavera et al. also reported that premenopausal
women carrying the ABCA1/R230C risk allele, and consuming lower fat and higher carbo-
hydrate dietary proportions, showed an overall unfavorable metabolic pattern including
lower HDL-C levels. This suggests that gene-diet interactions play a role in inter-individual
lipid level variations and may provide information useful to design diet intervention stud-
ies. In this regard, a study in Mexican individuals with hyperlipidemia reported that those
bearing the ABCA1/R230C variant showed lower HDL concentrations and were better
responders to a dietary portfolio treatment designed to increase plasma HDL-C concen-
trations [45]. Altogether, these studies demonstrate the relevance of the ABCA1/R230C
variant on the regulation of HDL-C levels in the Mexican population.

3.3. ABCA1, miRNAs and HDL-C Levels

MicroRNAs regulate the expression of most genes associated with HDL metabolism,
including ABCA1, ABCG1 and the scavenger receptor SRB1. This implies that miRNAs
regulate HDL biogenesis, cellular cholesterol efflux and HDL-C hepatic uptake, thereby
controlling all steps involved in RCT [46].

Several miRNAs targeting ABCA1 and regulating HDL-C plasma levels have been
identified. miR-33a and miR-33b are embedded in intronic regions of the SREBF2 and
SREBF1 genes which encode the SREBP2 and SREBP1 transcription factors that control the
expression of genes involved in cholesterol and fatty acid synthesis [47,48]. Both miR-33a
and miR-33b are coregulated with their host genes and repress gene programs that oppose
SREBP functions like cholesterol efflux and fatty acid oxidation. The physiological relevance
of miR-33 targeting of ABCA1 was initially demonstrated using miR-33 inhibitors, which
caused a two-fold increase of cholesterol efflux from hepatocytes to ApoA-I in vitro [47]
and a 30% increase of plasma HDL-C levels in mice [48]. Moreover, targeted deletion of
miR-33 caused a 25% increase in plasma HDL-C in male, and a 40% increase in female
miR-33 null mice [49].

ABCA1 has a long 3′ UTR (>3.3 kb), making it especially susceptible to miRNA
post-transcriptional control. miR-758 [50], miR-26 [51] and miR-106b [52] have also been
found to repress ABCA1 and cholesterol efflux in vitro. In addition, two independent
research groups stated that miR-144, an intergenic miRNA present in the miR-451 bicistronic
cluster, also targets liver ABCA1 and modulates HDL-cholesterol plasma levels [53,54].
Moreover, in vivo activation of the farnesoid X nuclear receptor (FXR) increased hepatic
miR-144 levels, which, in turn, decreased hepatic ABCA1 and plasma HDL-C levels.
In vitro miR-144 overexpression decreased both cellular ABCA1 protein and cholesterol
efflux to lipid-poor ApoA-I, while in vivo overexpression reduced hepatic ABCA1 protein
and plasma HDL-cholesterol. Conversely, hepatic ABCA1 protein and HDL-cholesterol
were increased by silencing miR-144 in mice. In addition, studies in tissue-specific FXR
deficient mice showed that hepatic but not intestinal FXR is essential for induction of
miR-144 and FXR-dependent hypolipidemia. Interestingly, miR-144 was found to have
sex-specific silencing effects [55]. Finally, miR-148a was found to control in vivo hepatic
ABCA1 expression and circulating HDL-C levels, revealing a role for miR-148a as a key
regulator of hepatic LDL-C clearance through direct modulation of LDLR expression,
and showing the therapeutic potential of miR-148a inhibition to improve the elevated
LDL-C/HDL-C ratio, a significant risk factor for cardiovascular disease [56].
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Overall, these findings suggest that deregulated miRNAs can impact ABCA1 and
RCT gene networks. These observations have generated singular interest in identifying
novel targets for epigenetic regulation that may lead to novel strategies to raise func-
tional HDL, promote RCT and help prevent atherosclerosis and CHD, which remains an
essential challenge.

3.4. ABCA1, LDL-C and Triglyceride (TG) Serum Levels

While the effect of ABCA1 on HDL-C plasma levels is clear, the effect of ABCA1 loss
of function on other lipid traits is less evident. Several authors report that TD patients
have significantly elevated plasma TG levels and reduced LDL-C concentrations than
normal controls, although plasma TG levels vary in these patients [57–60]. Clee et al.
reported overall higher TG levels in subjects heterozygous for ABCA1 mutations than in
controls, although TG levels were variable and not elevated in all mutation carriers [61].
Using an extreme phenotype approach, Frikke-Schmidt et al. described nine patients
heterozygous for ABCA1 mutations with very low HDL-C levels, six of which had elevated
TG levels (>2.2 mmol/L) [12]. In contrast, heterozygous carriers of ABCA1 mutations have
no significant change in LDL-C levels [62–64].

Most GWAS have not reported ABCA1 as a locus associated with TG and LDL-C lev-
els [65–68]. However, recent multiethnic GWAS, including hundreds of thousands of cases and
controls, have identified different ABCA1 variants associated with TG (rs2575876, rs1799777,
rs1883025 and rs1800978) and LDL-C levels (rs7873387, rs2575876, rs2740488, rs11789603,
rs2066714) with genome-wide significance, although with small effect sizes [69–72]. In one of
these studies, associations with TG levels were observed in current drinkers and/or regular
drinkers [69]. In addition, several candidate gene studies also reported ABCA1 SNPs asso-
ciated with LDL-C and TG levels, with inconsistent results. While various studies failed to
find associations of ABCA1 gene variation with TG and/or LDL-C levels [40,73–75], ABCA1
polymorphisms were associated with TG levels but not with LDL-C levels in Brazilians [76],
Chinese [77], Turkish [78], Iranians [79] and Mexican school-aged children [80]. The func-
tional ABCA1/R230C variant was associated with lower triglyceride levels only in Pimas and
Mayans, but not in Mexican mestizos [41]. Moreover, ABCA1 gene variants have been associ-
ated with LDL-C but not TG levels in a cohort of Greek nurses [81], and in male individuals
with hypercholesterolemia [82]. In a large multiethnic cohort studying over 150 common
variants, ABCA1 was associated with both TG and LDL-C levels [83].

Postprandial hypertriglyceridemia is an important factor in developing atherosclerotic
plaque and is closely related to the occurrence of cardiovascular events [84,85]. Although
TG levels are usually estimated in a fasting state, several epidemiological studies have
demonstrated that non-fasting hyperlipidemia is more harmful [86–88]. The high interindi-
vidual variability of TG levels observed in TD may be due to the inherent heterogeneity in
individual triglyceride levels in different postprandial dietary lipid absorption states [89,90].
While several studies have documented single candidate SNPs associated with postpran-
dial TG metabolism modulation [91,92], studies analyzing the effect of ABCA1 gene variants
on postprandial lipid metabolism are scarce. A recent study identified that most of the
interindividual variability in the postprandial chylomicron TG response to dietary fat in
healthy male adults could be explained by a combination of 42 SNPs in 23 genes, including
ABCA1 [91]. Moreover, Delgado-Lista et al. showed that major allele homozygotes for
rs2575875 and rs4149272 had lower postprandial increases in TG and large-triglyceride
rich lipoproteins, suggesting these variants may regulate the clearance of postprandial
triglycerides [93].

It is evident that altered ABCA1 function and gene variation do not always affect
TG levels. This may have to do with ethnicity, sex-specific effects and with interactions
with other gene variants and environmental factors. In this regard, a small number of
studies have reported interactions between ABCA1 gene variants and dietary macronutrient
proportions affecting plasma TG levels. In the Mexican population, premenopausal women
carrying the ABCA1/R230C risk allele and consuming higher carbohydrate/lower fat diets
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showed an unfavorable metabolic pattern including higher TG levels, with a statistically
significant interaction [43]. An independent study in the Inuit population also reported an
interaction between the ABCA1/R219K variant with saturated fat intake affecting plasma
TG levels [94]. These facts indicate that gene-diet interactions may help better predict
inter-individual variations in plasma lipid levels and may provide information useful to
design diet intervention studies.

3.5. ABCA1 Gene Variation and Coronary Heart Disease

Because low HDL-C levels are a well-established independent risk factor for CHD,
genetic variants known to increase HDL-C levels would be expected to decrease CHD risk,
and variants associated with lower HDL-C levels would increase CHD risk. However,
high HDL-C levels are not always protective of CHD, and Mendelian randomization
studies suggest that the inverse relationship between HDL-C levels and CHD risk is not
causal [95,96]. Possible explanations are differences in the functionality of HDL-C particles,
and pleiotropic effects of ABCA1 [97]. Interestingly the R230C variant was found to be
associated with both lower HDL-C levels and lower risk of premature coronary artery
disease in the Mexican population [98]. While the possible effects of this and other variants
on HDL-C functionality require further study, it is possible that the paradoxical effect of this
variant could be due to a pleiotropic effect on platelet, endothelial and leukocyte-derived
microparticle formation, all involved in atherosclerosis and CHD pathogenesis. This is the
matter of ongoing research by our group.

4. ABCA1, Glucose Metabolism and Type 2 Diabetes

β-cell failure and insulin resistance in muscle and liver represent the core pathophysi-
ologic defects in type 2 diabetes [99]. Although ABCA1 and cholesterol homeostasis are
critical in β-cell function and play a role in insulin resistance, global loss of ABCA1 function
is not enough to cause type 2 diabetes (T2D). Diabetes is not a characteristic feature of
Tangier disease and was not a feature reported in global Abca1−/− mice [100], although
some consider diabetes as a complication of Tangier [101]. Moreover, while several patients
suffering simultaneously from both diseases have been reported in the medical literature,
particularly in the Japanese population [60,102–104], there are no reports on whether the
prevalence of T2D is higher in Tangier patients. Still, several lines of evidence including
tissue-specific Abca1 KO models, human gene variation and ABCA1 expression studies
point to a strong role of cholesterol homeostasis and ABCA1 in β-cell organization, function,
and survival. Additionally, studies in muscle cell, hepatocyte and adipocyte-specific KO
models, and some studies in humans, have shown ABCA1 also plays a role in peripheral
insulin resistance. Altogether, this suggests that ABCA1 function is one of many factors
which, acting in concert, contribute to the etiology of T2D.

4.1. ABCA1, Cholesterol and β-Cell Function

In addition to free fatty acid and triglyceride-mediated lipotoxicity, cholesterol toxicity
is known to affect β-cell function and survival. β-cells are remarkably influenced by both
intracellular cholesterol content and cholesterol distribution in the plasma membrane.
Several transgenic and KO models have shown that increased cholesterol levels in β-
cells reduce islet function, islet mass, and reduce insulin secretion by interfering with
normal insulin secretory pathways [105–109]. In addition, cholesterol is important for
maintaining the cholesterol-rich lipid rafts in the β-cell plasma membrane. By mediating
the action of voltage-gated calcium channels and SNARE proteins, these lipid rafts mediate
secretory stimuli and granule exocytosis/insulin secretion [110–113]. Being a cholesterol
transporter affecting intracellular cholesterol concentrations and cholesterol membrane
distribution, ABCA1 is thus expected to play a critical role in islet cholesterol homeostasis,
β-cell function, insulin resistance and T2D.

Pancreatic β-cell specific Abca1 KO mice (Abca1-P/-P) showed age-related and gene-
dose-dependent accumulation of cholesterol in β-cells. In addition, these mice showed
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significantly decreased insulin secretion in response to an acute glucose challenge in vivo,
along with progressive glucose tolerance impairment, which was not related to islet devel-
opment or β-cell mass. The lack of ABCA1 in β-cells was later found to disrupt insulin
granule exocytosis [109]. After loading Abca1−/− β-cells with cholesterol, Ca2+ influx in
response to glucose stimulation decreased. These cells had a defective depolarization of
the membrane and KCl-induced exocytosis. Interestingly, cholesterol depletion rescued
the exocytotic defect in β-cells lacking ABCA1, supporting the notion that cholesterol
accumulation plays an important role in the dysfunction of insulin secretion [109].

It is noteworthy that mice lacking Abca1 specifically in β-cells have a more severe im-
pairment in β-cell function compared with mice lacking Abca1 globally. Because Abca1-P/-P

mice have higher levels of total plasma cholesterol than global Abca1 KO mice, the degree
of β-cell dysfunction caused by Abca1 deficiency may be related to the level of plasma
cholesterol to which the islets are exposed [105]. Thus, beneficial reductions in plasma
lipids may limit the extent of β-cell damage [114].

4.2. ABCA1 and Insulin Sensitivity

Although global Abca1−/− KO mice did not show alterations in insulin sensitivity,
multiple lines of evidence suggest that ABCA1 is involved in this trait. The interaction of
HDL particles and ApoA-I results in the phosphorylation and activation of AMP-activated
protein kinase (AMPK), a key metabolic enzyme that increases glucose uptake in murine
endothelial cells, monocytes and skeletal muscle cells [115,116]. Similarly, in primary
skeletal muscle cell cultures from T2D patients, HDL/ApoA-I bound to muscle cell surface
receptors (including ABCA1), inducing intracellular Ca2+ mobilization, AMPK activation
and glucose uptake. Antibody-mediated ABCA1 blockade inhibited HDL/ApoA-I glucose
uptake and Ca2+ release in vitro, suggesting that HDL/ApoA-I modulates skeletal muscle
glucose uptake in an ABCA1-dependent manner [117]. More recently, lipid-free ApoA-
I was found to increase insulin-dependent and insulin-independent glucose uptake in
primary human skeletal muscle cells, which were regulated by both ABCA1 and SR-B1,
and this regulation seemed to be independent of ApoA-I acting as an acceptor of cellular
cholesterol [118].

Moreover, observations in adipocyte-specific Abca1-ad/-ad KO mice suggest a critical
role for adipocyte intracellular cholesterol and ABCA1 in whole-body glucose homeostasis.
These mice showed impaired glucose tolerance and lower muscle insulin sensitivity, along
with significant changes in the adipose tissue expression of genes involved in cholesterol
and glucose homeostasis, including ldlr, abcg1, glut-4, visfatin, adiponectin, and leptin.
They also showed lower glucose-stimulated insulin secretion from β-cells ex vivo. Notably,
reduced muscle-tissue insulin sensitivity and glucose tolerance were observed in Abca1-
deficient mice fed a high fat, high cholesterol diet, suggesting that adipocyte ABCA1 is
crucial for proper adipose tissue function in response to dietary fat and cholesterol [119].
Moreover, hepatocyte-specific Abca1 KO mice (HSKO) produced a form of selective insulin
resistance, suppressing lipogenesis but with normal glucose metabolism [120]. HSKO mice
had reduced hepatic insulin-stimulated Akt phosphorylation, decreased SREBP-1c activa-
tion and reduced expression of lipogenic genes, but normal glucose and insulin tolerance.

4.3. ABCA1 Gene Variation and T2D

There are few studies analyzing β-cell function and insulin sensitivity in human
heterozygotes for loss-of-function ABCA1 mutations, most likely because these mutations
are extremely scarce. In consistency with the mouse model, a small study (15 individuals
with loss-of function ABCA1 mutations vs 14 family controls) reported that heterozygosity
for these mutations was associated with impaired insulin secretion, mild hyperglycemia
and reduced first-phase insulin response to hyperglycemia. However, hyperglycemic
clamp studies showed that mutation carriers had normal insulin secretion in response to
an oral glucose challenge and had normal insulin sensitivity [64]. Notably, none of the
ABCA1 mutation carriers had diabetes, suggesting that heterozygosity alone confers a
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relatively mild susceptibility for diabetes. In contrast, a large study including 94 ABCA1
heterozygotes from the Copenhagen City Heart and the Copenhagen General Population
Studies did not find an association with increased T2D risk [121].

Similarly, associations of ABCA1 polymorphisms with T2D are not always consistent.
ABCA1 has not been reported to be significantly associated with T2D in genome-wide
association studies [122–124]. However, candidate-gene studies have reported associations
of ABCA1 polymorphisms with T2D mostly in Asian and Latin American populations.
Notably, several of these studies are small, including only hundreds of cases and controls.
Daimon et al. (2005) were the first to report an association of ABCA1 gene polymorphisms
(a 34-SNP haplotype of the promoter region) with T2D in a small sample of the Japanese
population [125]. A few years later, a functional variant (R230C), which decreases ABCA1
cholesterol efflux capability, was associated with early-onset T2D in two independent
small cohorts of the Mexican population [126]. Interestingly, R230C was only marginally
associated with T2D in Pimas [41], but significantly associated with T2D in Mayan in-
dividuals [127], and was not found to be associated with T2D in a case-control study of
the Colombian population [128]. Moreover, the missense rs2230806 (R219K), frequently
associated with higher HDL-C levels, was found to be associated with decreased T2D risk
in a recent meta-analysis including Korean, Chinese and Indian individuals [129]. Several
small studies have sought to associate rs1800997, a 5′UTR variant known as the C69T
polymorphism, with T2D, with inconsistent results. The minor ABCA1/C69T allele was
associated with decreased T2D risk in Turkish [130], Saudi [131], and Chinese Han [132]
individuals, while the intronic rs4149313 variant was associated with increased T2D risk in
a study including 8842 Koreans [133].

In addition to small sample sizes, which may limit statistical power, other factors
could explain inconsistencies in studies seeking associations of ABCA1 gene variation with
T2D. According to observations in global and β-cell specific Abca1 KO models, differences
in serum lipid levels may be a determinant factor. Dyslipidemia is highly prevalent in the
Mexicans [134], which is consistent with the association of the ABCA1/R230C variant with
T2D in this population. Likewise, the association of this variant with lower total cholesterol
and TG levels found in Pimas could be a factor explaining why it was only marginally
associated with T2D in this group [41]. In addition, Abca1 adipocyte and hepatocyte-
specific KO models have shown that a high fat high cholesterol diet may influence the
effect of ABCA1 impairment on certain traits [119,120]. In this regard, dietary macronutrient
proportions have been found to modulate the effect of the ABCA1/R230C not only on
lipid levels, but on other metabolic parameters such as homeostasis assessment model
for insulin resistance (HOMA-IR), serum adiponectin levels and visceral to subcutaneous
abdominal fat ratio [43]. In this study, lower proportions of dietary carbohydrate and
higher proportions of dietary fat were associated with a more favorable metabolic profile
in premenopausal women bearing the R230C variant. Because these gene-diet interactions
were observed only in premenopausal women, gender effects on the associations with T2D
are also likely.

5. ABCA1 and Liver Disease

The ABCA1 transporter is ubiquitous, is expressed in a wide variety of tissues and
contributes importantly to the plasma HDL-C pool. Hepatic ABCA1 expression promotes
cellular free cholesterol flow and improves RCT, transferring excess cholesterol from
peripheral tissues to HDL and finally to the liver for the synthesis and excretion of bile
acids [135,136].

Although Abca1 gene inactivation in mice may increase lipid storage in hepatocytes
and leads to the accumulation of sterols in some tissues [137–139], rare or common ABCA1
gene variation seems not to be associated with nonalcoholic fatty liver disease (NAFLD).
However, increased lipid and liver cholesterol deposition are known to play a role in
the progression of steatosis to nonalcoholic steatohepatitis (NASH) [140–142]. Likewise,
in patients with morbid obesity, Vega-Badillo et al. reported that miR-33a/144 hepatic
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expression and their target ABCA1 are associated with NASH [143]. Additional research
is needed to conclude the role of ABCA1 in liver disease including its association with
NAFLD/NASH.

6. ABCA1 in Neurological Disease

Cholesterol homeostasis is essential for the central nervous system (CNS). Approx-
imately 23% of total body cholesterol is found in the CNS. Brain cholesterol is mainly
synthesized in situ, as essentially no cholesterol enters the brain from the peripheral circula-
tion [144]. Moreover, CNS growth and differentiation requires cholesterol produced by de
novo synthesis [144,145]. The capability of neurons to biosynthesize cholesterol decreases
in adulthood and depends mainly on glial cells [146]. ABCA1 is expressed in neurons and
astrocytes, where it promotes the efflux of phospholipids and unesterified cholesterol to
glia-derived apolipoprotein E (apoE) [147]. ApoE is the main apolipoprotein found and
synthesized in the brain and is found in the interstitial and cerebrospinal fluid in the form
of lipid-rich ApoE particles. The density and size of these particles are similar to those of
plasma HDL [148]. ABCA1 contributes to cholesterol homeostasis and participates in the
pathophysiology of neurological diseases involving the accumulation of proteins in brain
cells, such as traumatic brain injury, stroke sequelae, Parkinson’s disease, and Alzheimer’s
disease (AD) [149–157].

AD is a neurodegenerative disorder clinically characterized by progressive memory
loss, disorientation and cognitive decline [158]. At the histopathological level, character-
istic amyloid plaques and neurofibrillary tangles are found in the brain tissue [159–161].
Amyloid plaques develop from the accumulation of amyloid β peptide (Aβ) [161]. ApoE
plays a crucial role in the proteolytic degradation of soluble forms of Aβ, and this effect
is dependent of apoE lipidation by ABCA1-mediated cholesterol and phospholipid trans-
fer [162]. The ABCA1 protein participates in this process by regulating apoE levels and
function in the CNS [163–167].

In murine models, ABCA1 deficiency (Abca1−/−) was found to reduce apoE protein
levels in the brain, to decrease lipidation of astrocyte-secreted apoE and to favor rapid
apoE degradation [167,168]. Abca1 deficiency may also increase amyloid burden in certain
AD mouse models. Specifically, in a transgenic AD mouse model (APP23), targeted Abca1
disruption (APP23/Abca1−/−) increased amyloid deposition, increased the level of cerebral
amyloid angiopathy, exacerbated cerebral amyloid angiopathy-related microhemorrhage,
and caused a sharp decrease of soluble, but not of insoluble brain apoE levels [167]. Con-
versely, selective ABCA1 overexpression in AD mouse models led to increased CNS apoE
lipidation and sharply decreased amyloid deposition [168], while ABCA1 upregulation by
miRNA-33 inhibition was found to increase apoE lipidation and to decrease Aβ levels in the
brain [169]. Notably, Fitz et al. reported that while Abca1 deletion in transgenic APP mice
caused cognitive deficit at a stage of early amyloid pathology, these characteristics were not
observed in Abca1−/−/wildtype mice. However, intra-hippocampal infusion of scrambled
A oligomers affected cognitive performance of Abca1 KO mice, which also showed altered
neurite architecture in the hippocampus, suggesting that mice lacking ABCA1 have basal
cognitive deficits that prevent them from coping with additional stressors [170].

Neuroinflammation and glucose metabolism are also important pathophysiological
features in AD. Aβ deposits induce infiltration of immune cells such as T-helper 17 to
the brain parenchyma and the secretion of proinflammatory cytokines such as interleukin
17A (IL-17A), which contribute to AD progression [171,172]. Interestingly, Yang et al.
demonstrated that intracranial IL-17A overexpression increased ABCA1 protein levels in
the hippocampus protein but not in cortex, decreased soluble Aβ levels in the hippocampus
and cerebrospinal fluid, and improved glucose metabolism, suggesting that IL-17A may
play a protective role in the pathogenesis of AD [173]. Moreover, hyperglycemic states
are associated with greater severity of AD [174,175]. In this context, Lee et al. reported
that in Zucker diabetic fatty rats (fa−/fa−) and in human neuroblastoma cells, exposure to
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high glucose levels increased Aβ deposition in the brain and decreased ABCA1 expression
through JNK-reduced LXRα expression and binding to the abca1 gene promoter [176].

Genetic studies support a role of ABCA1 in AD. Firstly, loss-of-function ABCA1 mu-
tations (N1800H) have been associated with low plasma apoE and increased AD risk in
humans [177,178]. Moreover, although GWAS have consistently shown the crucial rele-
vance of the APOE4 variant in increasing AD risk across populations, ABCA1 gene variation
(rs3905000, rs27772082, rs2740488) has also been found to contribute to AD susceptibility
in some GWAS [179–185]. Candidate gene studies analyzing the R219K polymorphism
(rs2230806) and AD risk have reported conflicting results. This variant was associated with
an increased risk of AD in Caucasian [186–189] and Chinese [51] populations, found to
be a protective variant to AD in Chinese-Han and Hungarian individuals [190,191], and
found not to be associated with AD risk in the German population [192]. However, two
meta-analyses failed to find significant associations between ABCA1 polymorphisms and
AD [193,194].

It has been suggested that upregulation of ABCA1 expression or function may be a
therapeutic target for AD and other diseases where Aβ plays a pathophysiological role.
Interestingly, ABCA1 mediates the effect of some drugs proposed for AD treatment, such
as bexarotene [195] and the liver X receptor agonist GW-3965 [164]. In addition, cyclodex-
trin [196], ondansetron [197], prostaglandin A1 [198], the purinergic receptor antagonist
P2X7 [199], and the CS-6253 peptide [200] increase ABCA1 gene expression in brain cells,
although not all of these drugs improved cognitive function in vivo. Furthermore, Sarlak Z
et al. reported that aerobic exercise significantly increases Abca1 mRNA expression and
decreases soluble Aβ1-42 in the hippocampus of rats with and without AD diagnosis.
Aerobic training also improved cognitive function (learning and memory) [201]. ABCA1
and ApoE are currently the matter of intensive research for AD treatment [202].

7. ABCA1 and Microparticles

Microparticle (MP) release is a means for cell communication and cell-cell interaction,
in addition to direct interaction and release of signaling molecules. MPs are small vesi-
cles released from activated and/or apoptotic cells with substantial heterogeneity in size
(50–250 nm). MPs include intracellular components involved in cell signaling and have
membrane proteins characteristic of the original parent cell. It has been stablished that MPs
are both biomarkers and cell signaling effectors that contribute to maintain and/or initiate
cell dysfunction [203]. In a wide variety of thrombotic disorders, platelet and endothelial-
derived MP levels are increased, with an interesting association between MP levels and
pathophysiology, activity or progression of the disease [204]. MPs have procoagulant
activity in several diseases including myocardial infarction [205,206], and may play a role
in mediating inflammation-induced vascular calcification [207].

ABCA1 has a main role in facilitating outward bending or bulging of the plasma
membrane [208]. It is currently known that the C-terminal of ABCA1 separately regulates
its cholesterol floppase activity and cholesterol efflux activity [209]. Membrane dynamics
are a prerequisite for HDL biogenesis and may also be required to release MPs to the
medium [210]. ABCA1 and ApoA-I contribute to MP formation, mediating the production
of MPs containing cholesterol. The addition of ApoA-I to human monocyte-derived
macrophages markedly increased MP release, while ABCA1 inhibition with probucol and
methyl-β cyclodextrin-induced membrane cholesterol depletion markedly reduced MP
release and nascent HDL formation. MPs do not contain ApoA-I, but contain the plasma
membrane marker flotilin-2, and CD63, an exosome marker. ABCA1 promotes cholesterol
efflux, reduces cellular cholesterol accumulation and regulates anti-inflammatory activities
in an ApoAI or annexin A1 (ANXA1)-dependent manner. ABCA1 anti-inflammatory
activity seems to occur by mediating the efflux of ANXA1, which plays a critical role in
anti-inflammatory effects, cholesterol transport, exosome and microparticle secretion and
apoptotic cell clearance [211].
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Although many studies have shown the importance of ABCA1 gene variation in serum
HDL-C levels, very few studies have reported the effect of gene variants on MP formation
and their possible clinical consequences. It is known that ABCA1 participates in infectious
and/or thrombotic disorders involving vesiculation [212], and in vitro studies and animal
models indicate that ABCA1 also plays an important role in MP formation [21,208]. In
Hamster kidney cells and mouse macrophages, ABCA1 was found not only to promote
cholesterol efflux towards ApoA-I forming nascent HDL, but it also promoted the formation
of ApoA-I-free MPs. This study also demonstrated that the ABCA1 A937V mutation altered
the formation of HDLs and concurrently reduced the release of MPs [208]. Moreover, in an
experimental mouse model of cerebral malaria, Combes et al. evaluated the pathogenic
implications of MP using Abca1 deficient mice. Upon infection by Plasmodium berghei ANKA,
these mice showed complete resistance to cerebral malaria, and MPs purified from infected
animals were able to reduce normal plasma clotting time and to significantly enhance
tumor necrosis factor release from naive macrophages [213,214]. ABCA1 promoter variants
associated with increased atherosclerotic burden [73] were found to be associated with
decreased MP levels and were more prevalent in patients with uncomplicated malaria,
suggesting that these polymorphisms have a protective effect against severe malaria in
humans [215].

Calcium-dependent cytoskeleton proteolysis causes an eventual transient phospho-
lipid density imbalance between the two plasma membrane leaflets driven by swift phos-
phatidylserine (PS) egress and lower reverse transport of phosphatidylcholine and sphin-
gomyelin. This imbalance causes local instability of the plasma membrane and MP release
upon raft clustering. The calcium-dependent channel TMEM16F plays a crucial role in
calcium-induced phospholipid scrambling in the release of MPs exposing PS. TMEM16F
mutations cause Scott Syndrome, a rare bleeding disorder characterized by defective
platelet PS membrane exposure and MP shedding [216–218]. Because ABCA1 is known to
have a role in exofacial PS translocation, Albrecht et al. analyzed the role of this protein
in the pathophysiology of a Scott Syndrome patient who carried an ABCA1 mutation
(R1925Q). In vitro expression studies revealed that the 1925Q variant showed impaired
trafficking to the plasma membrane, while wild-type ABCA1 overexpression in Scott Syn-
drome lymphocytes complemented the calcium-dependent PS exposure at the cell surface.
Thus, this ABCA1 mutation contributed to the defective PS translocation phenotype [219].

Abca1-deficient mice show alterations in PS exposure and significant reductions in
circulating levels of MPs [212,220]. Moreover, silencing of ABCA1 in human umbilical cord
endothelial cell (HUVEC) cultures significantly reduced the release of MPs when subjected
to frictional forces [221]. In this study, atheroprone shear stress conditions stimulated
the formation and release of endothelial-derived MPs and hemodynamic forces were
identified as an important determinant of MP plasma levels in healthy subjects. Sustained
exposure to atheroprone low shear stress conditions increased both endothelial apoptosis
and the release of MPs in the medium, when compared with physiological high shear stress
conditions. Moreover, downregulation of ABCA1 expression by endogenously released
nitric oxide (NO) contributed to limit the release of endothelial-derived MPs in HUVECs
exposed to high shear stress [221].

8. ABCA1 in Infectious Diseases

The ABCA1 protein plays an important role in the development of some infectious
diseases because of its role in cholesterol metabolism [222]. ABCA1 expression can be
altered by some viruses, parasites and bacteria including components of the intestinal
microbiota, [1,155,212,223–226], and some authors have proposed ABCA1 as a possible
therapeutic target for these infections [212,227,228]. The entry and exit sites of some viral
agents such as the human immunodeficiency virus, hepatitis C virus and cytomegalovirus
occur in cholesterol, phospholipid and transporter enriched microdomains called lipid
rafts [227,229–231]. The interaction of ABCA1 with these viruses alters lipid metabolism
and intracellular signaling pathways [225,231,232].
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8.1. Human Immunodeficiency Virus (HIV)

HIV is a retrovirus that infects and depletes CD4 T lymphocytes, causing slowly pro-
gressive immunodeficiency [225]. Despite antiretroviral therapy, people infected with HIV
continue to develop comorbidities such as dyslipidemia, atherosclerosis and diabetes [228].

The role of the viral negative factor (Nef) protein and its association with cardiometabolic
comorbidities has become of great interest in recent years (Figure 2). Nef is a multifunc-
tional viral protein that alters the expression of different macromolecules on the surface
of the host cell [233]. Nef decreases ABCA1 gene expression, increases ABCA1 protein
degradation in lysosomes and proteasomes by displacing it from the lipid rafts, and alters
its maturation and folding in the endoplasmic reticulum by blocking its interaction with
calnexin [234–238]. These events induce the accumulation of intracellular cholesterol in the
host cell and increase the number of nonfunctional lipid rafts allowing virus survival and
increasing virion production [228,239–242]. In addition, recent studies have shown that
Nef can be released from infected cells through extracellular vesicles altering cholesterol
metabolism in uninfected recipient cells [237,243–245].

 

β

Figure 2. Effects of the viral negative factor (Nef) protein in human immunodeficiency virus (HIV)-
infected cells. HIV enters cells by binding to the chemokine receptor 5 (CCR5) and chemokine
receptor type 4 (CXCR4) and uses the host cell machinery to synthesize viral proteins such as Nef.
Nef increases cholesterol biosynthesis and induces lipid raft formation, required to produce new
virions. Nef also inhibits cholesterol efflux by suppressing ABCA1 activity, inducing structural and
functional modifications of high-density lipoproteins (HDL). In addition, Nef blocks the interaction
of the endoplasmic reticulum (ER) chaperon calnexin (CNX) with ABCA1, altering its folding
and maturation. Nonfunctional and misfolded ABCA1 is retained in the ER and degraded in
the proteasome, resulting in further accumulation of intracellular cholesterol, creating a favorable
microenvironment for viral replication and release.
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It is well known that HIV patients develop dyslipidemia, and their HDL-C plasma
concentrations can be as low as those of TD patients [60,246,247]. The Nef protein causes
dyslipidemia, as it affects cholesterol efflux by reducing the expression of ABCA1 in in vitro
and in vivo models [237,248–250]. Similarly, the accumulation of cholesterol in pancreatic
β-cells alters their function, decreasing insulin release, predisposing HIV patients to dia-
betes [105,109,251]. In this context, some studies have shown that antiretroviral therapy
not only reduces the viral load [249] but also increases ABCA1 expression, restoring choles-
terol efflux and increasing HDL-C plasma concentrations [249,252]. A recent prospective
study reported that new antiretroviral therapies mitigate the cardiometabolic effects of
HIV, at least in the short term [246]. However, not all studies report cardiometabolic
improvement [253,254]. Moreover, long-term antiretroviral therapy is associated with
dyslipidemia, although it does not occur in all patients [255]. A study assessing the impact
of 192 SNPs in HIV patients receiving antiretroviral therapy identified that the ABCA1
rs4149313 was associated with decreased TG and increased HDL-C circulating levels [256],
while an independent study reported that ABCA1 rs2066714 was associated with a greater
risk of dyslipidemia in patients under antiretroviral treatment [257]. In addition, because
of the role of ABCA1 in viral replication, ongoing studies are also investigating whether
functional ABCA1 gene variants affect HIV progression or severity.

8.2. Hepatitis C Virus (HCV)

HCV belongs to the Flaviviridae family, has marked tropism for liver parenchy-
mal cells, and chronic HCV infection leads to liver cirrhosis and hepatocellular carci-
noma [227,232,257]. ABCA1 was found to have low expression levels in hepatocellular
carcinoma samples from patients with a history of HCV infection [257]. Consistently, HCV
infection was found to increase miR-27a expression in vitro. This miRNA binds to the
3′UTR sequence of ABCA1 mRNA decreasing ABCA1 protein levels [258]. These events
increase cellular cholesterol content and promote virus replication [232,259]. Furthermore,
pharmacologically-induced ABCA1 gene expression caused lipid raft reorganization in
human hepatocytes, inhibiting HCV infection [227].

8.3. Human Cytomegalovirus (HCMV) and Other Viruses

HCMV is an opportunistic pathogen associated with an increased risk of atherothrom-
bosis. In vitro models demonstrated that HCMV infection and the viral US28 protein
decrease ABCA1 expression in the host cell, altering the distribution of lipid-rich mi-
crodomains in the plasma membrane [229,260]. Finally, although cholesterol metabolism
has been found to be altered in other viral infections such as dengue [261,262] and chikun-
gunya [263], the direct participation of ABCA1 in these diseases has not been demon-
strated [261,263,264].

8.4. Malaria

Malaria is a parasitic disease caused by Plasmodium infection, transmitted to humans
through the bite of infected female Anopheles mosquitoes [265]. Cerebral malaria is a severe
complication, occurring in approximately 1% of those infected, and is the main cause of
death [266]. The role of ABCA1 in microvesicle formation seems to be relevant in the
pathogenesis of cerebral malaria. Abca1 KO mice showed lower plasma concentrations of
microvesicles, and when infected with Plasmodium berghei ANKA, these mice show complete
resistance to cerebral malaria. In addition, plasma tumor necrosis factor alpha concen-
trations were reduced, decreasing the proinflammatory and prothrombotic state [212].
Furthermore, ABCA1 promoter variants were associated with increased microvesicle pro-
duction and a higher risk of developing severe malaria in humans, suggesting that ABCA1
genetic variation may confer susceptibility to the development of malaria and its complica-
tions [215]. Because miR-27a was found to inhibit ABCA1 expression in vitro, to abolish
microvesicle production and inhibit apoptotic mechanisms, this miRNA has been proposed
as protective against cerebral malaria [267,268]. Interestingly, in a murine model of malaria

359



Int. J. Mol. Sci. 2021, 22, 1593

infection during pregnancy, Abca1 expression was increased in the endothelial cells of the
yolk sac. This event may be the result of a compensatory mechanism to maintain cholesterol
homeostasis and favor the development and survival of the fetus [269]. Thus, ABCA1 may
have a dual role, sometimes favoring infection and sometimes conferring protection.

Further research is required to fully elucidate how ABCA1 and cholesterol homeosta-
sis are involved in infections, and to establish whether ABCA1 can in fact be a therapeu-
tic target.

9. ABCA1, Age-Related Macular Disease and Glaucoma

Age-related macular degeneration (AMD) is a leading cause of visual impairment and
severe vision loss in individuals above 50 years of age. AMD is a multifactorial and complex
disorder, where immunological factors, inflammation, lipid and cholesterol metabolism,
angiogenesis and extracellular matrix are involved in the disease pathogenesis [270]. Early
disease is characterized by the presence of cholesterol-rich extracellular deposits similar
to atherosclerotic plaques underneath the retinal pigment epithelium (RPE) or in the
subretinal space, called drusen or drusenoid deposits [271–276], which may lead to atrophic
neurodegeneration or pathologic angiogenesis. Drusen contain polar lipids such as free
cholesterol and phosphatidylcholine, as well as neutral lipids such as cholesteryl esters
and apolipoproteins [277]; while drusenoid deposits seem to contain only free cholesterol
and apolipoproteins [278].

Several lines of evidence suggest that cholesterol metabolism and ABCA1 are involved
in AMD pathogenesis. Systemic disturbances in cholesterol metabolism causing altered
lipoprotein subtype levels have been associated with AMD [279]. Moreover, while retinal
abnormalities have not been reported in Tangier disease, GWAS and candidate gene stud-
ies have shown that ABCA1 gene variation contributes to AMD susceptibility, although
to a lesser degree than the complement factor H (CFH) Y402H and age-related macular
susceptibility-2 (ARMS2) A69S polymorphisms, which are well established risk factors for
AMD [280–285]. In addition, human RPE cells express ABCA1 and other genes involved in
lipid metabolism such as SRBI, and glyburide-mediated inhibition of ABCA1 and SRBI
activity was found to abolish HDL-stimulated basal efflux of photoreceptor-derived lipids
in cultured human RPE cells, supporting a role of RCT regulation in the pathogenesis of
AMD [286]. Finally, murine KO models also support the role of ABCA1 and cholesterol
metabolism in AMD pathogenesis. Targeted deletion of macrophage Abca1 and Abcg1 in
mice led to age-associated extracellular cholesterol-rich deposits underneath the neurosen-
sory retina similar to the drusenoid deposits observed in early stages of human AMD, and
the mice developed impaired dark adaptation and rod photoreceptor dysfunction [287,288].

Glaucoma is the world’s leading cause of irreversible blindness [289]. It is a degenera-
tive optic neuropathy characterized by the progressive degeneration of retinal ganglion
cells (RGC) and the retinal nerve fiber layer (RNFL), leading to visual impairment and
eventually to blindness. Elevated intraocular pressure (IOP) is a major risk factor for most
types of glaucoma. Primary open-angle glaucoma (POAG) is characterized by increased
resistance to aqueous fluid outflow through the trabecular meshwork and is the most
common form of glaucoma worldwide. Primary angle-closure glaucoma is caused by
blocked access to the outflow tracks; and secondary exfoliation glaucoma is a sequela of
exfoliation syndrome characterized by accumulation of a characteristic fibrillar material on
the ocular lens and trabecular meshwork [290]. Mendelian forms of glaucoma are caused
by mutations in MYOC, OPTN and TBK1 genes [291]. However most cases of glaucoma
are multifactorial, and various biological processes including lipid metabolism, cytokine
signaling, membrane biology, extracellular matrix, fucose and mannose metabolism, cell
and ocular development are involved in the pathophysiology of the disease.

Several lines of evidence including GWAS, animal models and in vitro studies suggest
ABCA1 plays an important role in the pathophysiology of glaucoma, mainly POAG.
Although glaucoma is not a characteristic of Tangier disease, GWAS for IOP and POAG
have identified common variants in or near ABCA1 (rs2472493 and rs2487032) among more

360



Int. J. Mol. Sci. 2021, 22, 1593

than 50 loci in Asian and European Caucasian populations [292–295]. However, while
ABCA1 and other genes involved in lipid metabolism were found to be associated with
IOP and POAG, a Mendelian randomization study did not find any evidence for a causal
association between plasma lipid levels and POAG risk [296].

ABCA1 is highly expressed in retinal ganglion cells and its expression is significantly
higher in individuals with glaucoma and upregulated in high-IOP glaucoma murine
models. This suggests that ABCA1 is involved in the normal biological functions and cell
death of ganglion cells. A recent study reported evidence of a novel role for ABCA1 in
IOP modulation via the regulation of the Cav1/eNOS/NO signaling, which is likely to be
an important mechanism of pathogenesis in patients with POAG. Based on their findings,
the authors suggest that enhancing the ABCA1 signaling pathway could be of therapeutic
value in the treatment of glaucoma and ocular hypertension [297].

10. ABCA1 in Cancer

Cellular cholesterol homeostasis is highly regulated to maintain cell membrane in-
tegrity and to promote membrane-anchored signaling pathways, and this homeostasis
is altered during cancer cell proliferation. Epidemiologic studies have associated high
serum total cholesterol concentrations with decreased risk of cancer [298,299]. Furthermore,
tumor cells have been found to show high levels of cholesterol, suggesting that cholesterol
metabolism is increased in proliferating cancer tissues [300,301]. ABCA1-mediated choles-
terol efflux is one of the major regulation pathways of cholesterol. Moreover, as cancer
is a highly cooperative process of oncogenic mutations that causes multiple metabolic
changes including changes in gene expression patterns, ABCA1 was identified as one
of the cooperation response genes, nonmutant genes synergistically downregulated by
multiple cancer gene mutations in the processes of malignant cell transformation [302].
Thus, numerous studies have investigated the role of ABCA1 in cancer development.

There may be a dual role of ABCA1 in cancer, as several studies suggest that ABCA1
function has anticancer properties, although there is also epidemiological and experimental
evidence suggesting it may be involved in progression of certain types of cancer. On
one hand, diminished ABCA1 expression in neoplastic breast and prostate tissue was
associated with an increased rate of cancer cell proliferation [303,304]. Likewise, ABCA1
downregulation caused by ABCA1 promoter hypermethylation, miR-183 degradation or
loss of function mutations, led to elevated cholesterol levels in cancer cells, enhanced
cell proliferation and inhibited apoptosis [305–309]. On the other hand, ABCA1 has been
classified as a member of a lipid metabolism gene expression signature (ColoLipidGene)
related to poor prognosis in patients with colorectal cancer (CRC). This signature includes
four overexpressed lipid metabolism-related genes [310]. ABCA1 has been proposed as a
specific marker of triple-negative breast cancer (TNBC) since its expression was higher in
TNBC tissues compared with noncancerous mammary tissues [311]. Additionally, high-
level expression of ABCA1 in primary tumors of serous ovarian cancer was associated with
reduced survival of the patients and enhanced tumor cell growth and migration [312].

Several groups have provided insights into the molecular mechanisms of ABCA1 in
cancer biology to help understand its pathophysiology and to identify potential therapeutic
targets. Among the mechanisms proposed for ABCA1 anticancer activity are the following.
(1) Deficient ABCA1-mediated cholesterol efflux increases intracellular and mitochondrial
cholesterol levels, which decreases mitochondrial membrane fluidity and inhibits mitochon-
drial permeability transition. This avoids the release of cell death-promoting molecules
such as cytochrome c and the apoptosis-inducing factor [308,313]. (2) ABCA1 activity
has been linked to lipid raft disruption, by redistributing cholesterol and sphingomyelin
from raft to nonraft domains. This results in reduced Akt signaling activation, which
is sensitive to raft integrity. Akt upregulation has been associated with prostate cancer
progression [314,315]. In other words, ABCA1 downregulation causes Akt upregulation,
which in turn promotes cancer cell growth. (3) ABCA1 is known to suppress hematopoietic
cell proliferation. Somatic ABCA1 mutations found in chronic myelomonocytic leukemia
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patients were found to impair cholesterol efflux and increase cell proliferation by enhancing
the cholesterol-dependent IL3-receptor β pathway, which activates and protein-tyrosine
kinase Janus kinase 2 (JAK2) and mitogen-activated protein kinase (MAPK) signaling [309]
(Figure 3).

 

Figure 3. Proposed pathways of ABCA1 involvement in cancer. Downregulation of ABCA1 promotes cell growth and prolif-
eration. a: ABCA1 downregulation avoids raft domain disruption and Akt pathway activation; b: ABCA1 downregulation
causes cholesterol accumulation in the mitochondrial membrane inhibiting cytochrome c release and apoptosome formation;
and c: ABCA1 downregulation activates the IL3-receptor, activating Janus kinase 2 (JAK2) and mitogen-activated protein
kinase (MAPK) pathways. Upregulation of ABCA1 stabilizes caveolin-1 promoting epithelial-mesenchymal transition, and
thus cell migration an invasion.

In contrast, other studies proposed mechanisms associated with ABCA1 activity in
favor of cell cancer proliferation. For example, in colorectal cancer cell lines, ABCA1
overexpression led to an epithelial-to-mesenchymal transition and stabilized caveolin-1,
known to promote cell migration, invasion, and has been proposed to be involved in tumor
cell metastasis [316]. In addition, downregulated ABCA1 expression was found to prevent
melanoma and bladder tumor growth in a syngeneic murine melanoma tumor model with
a myeloid-specific Abca1 deletion. Lack of Abca1 inhibited tumor bed accumulation of
myeloid derived suppressor cells, known to promote tumor angiogenesis, metastasis and
immune evasion, resulting in tumor growth inhibition [317].

Summarizing, although there is no conclusive evidence that ABCA1 is involved in
the carcinogenesis process, unlike other members of the ABC transporter family (reviewed
in [318]), it seems to play an important role in proliferation and survival of cancer cells.
Moreover, while most studies suggest that ABCA1 activity is protective of cancer progres-
sion, there is also evidence of ABCA1 facilitating cell proliferation and tumor growth. Thus,
the consequences of ABCA1 down or upregulation should be thoroughly investigated in
different types and stages of cancer. Since intracellular cholesterol accumulation plays a
key role in cancer progression, ABCA1 has been proposed as a potential therapeutic target;
nevertheless, this subject needs further investigation.
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11. Concluding Remarks

By regulating cholesterol homeostasis and plasma membrane dynamics, ABCA1 is
involved in many physiological and pathological processes. ABCA1 protects cells from
cholesterol toxicity by promoting cholesterol efflux. In addition, by regulating plasma
membrane dynamics, ABCA1 plays a role in cell signaling and microparticle formation.
Through these mechanisms, ABCA1 is involved in the pathogenesis of a broad array of
diseases including dyslipidemia, atherosclerosis, coronary heart disease, type 2 diabetes,
thrombosis, neurological disorders, age-related macular degeneration, glaucoma, viral
infection, and cancer progression. However, most of these diseases have a complex etiology,
where ABCA1 function is one of several factors playing a role in the pathophysiological
process. Finally, although ABCA1 has been proposed as a therapeutic target for Alzheimer’s
disease, age-related macular degeneration, viral infections and other diseases, because
the level of pleiotropy of this protein is high, tissue specific ABCA1 targeting may be
important to achieve the desired therapeutic effect. A great deal of research is needed to
further understand its physiological and pathological role, and the possibilities of targeting
ABCA1 for therapy.
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Abstract: Sitosterolemia is a lipid disorder characterized by the accumulation of dietary xenosterols
in plasma and tissues caused by mutations in either ABCG5 or ABCG8. ABCG5 ABCG8 encodes
a pair of ABC half transporters that form a heterodimer (G5G8), which then traffics to the surface
of hepatocytes and enterocytes and promotes the secretion of cholesterol and xenosterols into the
bile and the intestinal lumen. We review the literature from the initial description of the disease,
the discovery of its genetic basis, current therapy, and what has been learned from animal, cellular,
and molecular investigations of the transporter in the twenty years since its discovery. The genomic
era has revealed that there are far more carriers of loss of function mutations and likely pathogenic
variants of ABCG5 ABCG8 than previously thought. The impact of these variants on G5G8 structure
and activity are largely unknown. We propose a classification system for ABCG5 ABCG8 mutants
based on previously published systems for diseases caused by defects in ABC transporters. This
system establishes a framework for the comprehensive analysis of disease-associated variants and
their impact on G5G8 structure–function.

Keywords: phytosterol; xenosterol; cholesterol; atherosclerosis; gall stone; ABC; transporter

1. Discovery to Therapy

In 1974, Bhattacharyya and Conner described a new lipid storage disorder in two
sisters who presented with tendon and tuberous xanthomas and elevated plasma levels
of phytosterols, sitosterol, campesterol, and stigmasterol [1]. Absorption of radiolabeled
β-sitosterol was reported to be thirty-five times greater than that of normal subjects. They
named their new lipid disorder β-sitosterolemia (hereon referred to as sitosterolemia),
but it would be another 26 years before the discovery of ABCG5 ABCG8 as the causative
gene defect. Subsequent case reports established recessive genetics of the disease and
greatly expanded its potential clinical presentation, which may include elevated low den-
sity lipoprotein (LDL) cholesterol, premature coronary artery disease and death, hemolytic
anemia, macrothrombocytopenia, splenomegaly, adrenal dysfunction, elevated liver func-
tion tests, and cirrhosis [2–13]. Clinical studies in individuals with sitosterolemia revealed
reductions in cholesterol synthesis, biliary cholesterol secretion, plasma clearance, and fecal
elimination of neutral sterols [8,9,14,15]. Despite the absorptive phenotype and metabolism
of phytosterols to bile acids, the clinical management of these patients with low sterol
diets and bile acid binding resins resulted in modest and inconsistent reductions in plasma
phytosterols [5,16].

Following the elimination of key genes in the esterification, absorbance, biosynthe-
sis, and regulation of cholesterol metabolism, the sitosterolemia locus was mapped to a
0.5 centimorgan region on chromosome 2p21 [17,18]. The breakthrough would come two
years later when investigators were studying agonists for liver X receptors (LXR-α NR1H3,
LXR-β NR1H2), sensors of excess cholesterol that promote cholesterol mobilization from
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macrophages, metabolism to primary bile acids, and the excretion of neutral and acidic
sterols [19,20]. A microarray screen of liver and intestinal transcripts from mice treated
with an LXR agonist (T0901317) revealed a modest induction (2.5-fold) of the mouse brown
gene, so named as it is the ortholog of the ABC transporter that determines brown eye
color in Drosophila [21,22]. The human ortholog to mouse brown mapped to 2p21, STSL
(OMIM: STSL1: 210250/STSL2:618666). At virtually the same time, independent groups
identified individuals in multiple kindreds harboring nonsense mutations in either ABCG5
or ABCG8 with sitosterolemia, but not their unaffected family members [22,23]. STSL1 and
STSL2 encode a pair of ATP binding cassette (ABC) half transporters in the G-subfamily.
They reside on opposite strands of the DNA with initiation codons separated by a mere 374
base pairs. In these early reports, transcripts were restricted to the liver and intestine, the
abundance of which increased in response to dietary cholesterol, suggesting the function
of the transporters was to oppose intestinal absorption and promote biliary secretion of
neutral sterols.

The discovery of ezetimibe as the inhibitor of Neiman–Pick C-1-Like 1 (NPC1L1), and
cholesterol absorption was a breakthrough in the clinical management of sitosterolemia [24,25].
Ezetimibe (10 mg/day) was tested as a cholesterol-lowering agent in healthy subjects with
moderate hypercholesterolemia. A detailed analysis of plasma sterols revealed that in addi-
tion to cholesterol, plasma phytosterols were also reduced, indicating that phytosterols and
cholesterol shared a common, ezetimibe-sensitive pathway for absorption, thus suggesting
the drug might be effective in the treatment of sitosterolemia (Figure 1 (1)(2)). Ezetimibe
was subsequently shown to reduce plasma phytosterols in sitosterolemic subjects by >20%
after eight weeks [26]. In a two-year follow-up study, plasma sitosterol and campesterol
levels were reduced by 44% and 51%, respectively [27]. It should be noted that phytosterol
levels in these subjects remained well above normal. However, the reductions observed
with ezetimibe as a single agent or as an adjunctive therapy resolves many of the clinical
manifestations of sitosterolemia (reviewed in [28]).

Figure 1. Enterohepatic sterol flux and regulation of ABCG5 ABCG8. (1) Bile acid micelles facilitate
the solubilization of dietary and endogenous sterols in the proximal small intestine. Phospholipids
not depicted. (2) NPC1L1 facilitates uptake of cholesterol and phytosterols into intestinal enterocytes
(3) Cholesterol is incorporated into chylomicrons, delivered to the plasma compartment through
the lymphatic system, and cleared by the liver. ABCG5 ABCG8 also promotes cholesterol secretion
into the intestinal lumen. (4) Phytosterols are poorly absorbed and largely returned to the intestinal
lumen by ABCG5 ABCG8. (5) Bile acids are reabsorbed in the distal small intestine, stimulate FXR-
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dependent expression of FGF15/19, and are returned to the liver through the portal system. (6) In
the liver, bile acids stimulate ABCG5 ABCG8 catalytic activity and promote the formation of bile acid
micelles that serve as acceptors for ABCG5 ABCG8 mediated biliary cholesterol secretion. (7) Choles-
terol metabolites (oxysterols), through LXR, and bile acids, through FXR and in cooperation with
FGF15/19, activate ABCG5 ABCG8. The half transporters heterodimerize, traffic to the canalicular
surface, and promote biliary phytosterol and cholesterol secretion. (8) Excess cholesterol, phytosterols
and bile acids that are not absorbed/reabsorbed are eliminated from the body.

2. Animal Models of Sitosterolemia

Three independent mouse models of sitosterolemia have been developed which lack
functional Abcg5, Abcg8, or both half transporters [29–31]. In each model, the G5G8
heterodimer is absent. These models largely phenocopy one another and share many phe-
notypes with sitosterolemia in humans. These include elevated plasma and tissue levels
of phytosterols, reduced biliary cholesterol, and repression of the cholesterol biosynthetic
pathway. Since the discovery of ABCG5 ABCG8, phenotypes in spontaneous rodent models
have been attributed to defects in Abcg5 Abcg8 or the accumulation of phytosterols. The
Spontaneous hypertensive rat (SHR) harbors a glycine 583 cysteine mutation in Abcg5,
which segregates with elevated phytosterol levels in plasma, but not hypertension [32].
Similarly, a premature stop codon in Abcg5 is present in the thrombocytopenia and car-
diomyopathy (trac) mouse [33]. Plasma phytosterols and platelet counts were rescued by
crossing this strain with mice harboring a human ABCG5 ABCG8 transgene. Mice with a
targeted disruption in either Abcg5 or Abcg8 also display platelet dysfunction, effects that
are reversed with ezetimibe or low phytosterol-containing diets, respectively [34,35]. Other
phenotypes in mice lacking functional G5G8 are reversed by ezetimibe treatment, genetic
inactivation of its pharmacological target, Neiman–Pick C1-Like-1 (NPC1L1), or being fed
a diet that lacks phytosterols [36–38]. Conversely, feeding diets enriched in phytosterols
exacerbate phenotypes and results in sudden death [36,39].

Collectively, the available data indicates that the presentation of sitosterolemia in
both humans and rodent models is a function of the type and abundance of xenosterols
present in the diet that ultimately accumulates in plasma and tissues. This complicates
interpretations of ABCG5 ABCG8 physiology with respect to cholesterol metabolism, as
phytosterols are known to produce a myriad of biological effects, including disruptions of
sterol sensing by sterol receptor element binding protein 2 (SREBP-2), LXR, and the bile
acid receptor (farnesoid X receptor, FXR NR1H4) [40–43].

While sitosterolemia may present with normal or only modestly elevated plasma
cholesterol, cholesterol levels are generally lower in mice lacking functional G5G8 than
their wild-type counterparts. The precise mechanism accounting for this difference has not
been investigated but may be due to the paucity of ApoB containing lipoproteins in plasma
in mice compared to humans. An alternative explanation is a species difference in the role of
G5G8 in cholesterol absorption. Given its abundant expression in the intestinal epithelium,
its role in biliary cholesterol secretion, and the common pathway for cholesterol and
phytosterol absorption (NPC1L1), it stands to reason that G5G8 would oppose cholesterol
absorption. However, studies in both humans and mice have produced inconsistent
results. In both humans and mice, phytosterol absorption is clearly elevated [30,31,44,45].
Sitosterolemics appear on the higher end of the range for cholesterol absorption in humans,
a trait that maps to the ABCG5 ABCG8 locus [18,23]. However, the magnitude of the
increase is relatively modest compared to the increase in the absorption of phytosterols.
Mice lacking G5G8 do not show substantial increases in cholesterol absorption as assessed
by the dual isotope method [29,31]. When monitoring the appearance of radiolabeled sterol
in lymph, the absence of G5G8 either reduced or increased cholesterol absorption across
the intestinal epithelium [46–48]. Expression of a human transgene under the control of its
own promoter reduced fractional cholesterol absorption by 50% [49]. Consequently, the
role of G5G8 in cholesterol absorption remains unclear, and like other phenotypes, may
depend on dietary phytosterols.
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Deletion of Abcg5 Abcg8 reduces biliary cholesterol secretion by 70–90%. Agents that
stimulate biliary cholesterol secretion are generally G5G8-dependent, including LXR
and FXR agonists, thyroid hormone, and choleretic agents (diosgenin, tauroursodeoxy-
cholate) [29,48,50–54]. Heterologous expression of Niemann–Pick C2 (NPC2) increases
biliary secretion of the protein and promotes G5G8-dependent biliary cholesterol secretion,
suggesting a role for this sterol-trafficking protein as a mediator of G5G8 activity or perhaps
as a source of, or acceptor for G5G8 substrates [55]. G5G8-independent biliary cholesterol
secretion is observed under some experimental conditions, including depletion and over-
expression of class B, type-1 scavenger receptor (SR-BI), infusion or feeding high levels of
cholate, Atp8b1 deficiency, and in lactating rats [29,56–60]. Some fraction of residual biliary
cholesterol secretion in the absence of G5G8 is likely mediated by detergent extraction. The
extent to which other enzymes contribute to a G5G8-independent pathway, and if such a
pathway might be targeted to increase biliary cholesterol secretion remains unknown.

3. Heterologous Expression of G5G8

The first ABCG5 ABCG8 transgenic strain contained an estimated 14 copies of the
human gene, increased biliary cholesterol concentrations five to six-fold, and reduced
susceptibility to experimental hypercholesterolemia and atherosclerosis [49,61]. A liver-
specific transgenic failed to protect mice from atherosclerosis unless combined with the
cholesterol absorption inhibitor ezetimibe [62,63]. The protective effects of G5G8 are pre-
sumably due to its role as the mediator of the final step of reverse cholesterol transport
(RCT). Pharmacological stimuli of RCT, including ezetimibe and LXR and FXR agonists,
require G5G8 to promote fecal neutral sterol loss and macrophage to feces RCT [50,64,65].
However, acute adenoviral-mediated overexpression of hepatic G5G8 fails to stimulate
macrophage to feces RCT [56]. Further, adenoviral expression of G5G8 paradoxically
increases plasma cholesterol, an effect blocked by ezetimibe [66]. This indicates that a
substantial amount of biliary cholesterol is reabsorbed in the small intestine and illustrates
the cooperative nature of hepatic and intestinal G5G8 in order to oppose hypercholes-
terolemia and promote RCT. This, however, is not the case for preventing phytosterolemia
as tissue-selective deletion of intestinal or hepatic G5G8 results in only modest elevations
in plasma phytosterols [67].

4. Beyond Phytosterols

Given the roles of G5G8 in opposing dietary sterol accumulation and biliary cholesterol
secretion, it is unsurprising that both rare and common variants have been associated
with plasma cholesterol, non-cholesterol sterols, low-density lipoprotein cholesterol (LDL-
C), and atherosclerotic and gallbladder disease across a large number of studies and
populations ([68–80], incomplete list). Other associations are intriguing and include insulin
resistance (G8:D19H) and type 2 diabetes (G5:G604E, G8:Y54C) and its renal complications
(G8:T400K) [81–83]. Mouse models of metabolic syndrome which lack leptin or its receptor
have diminished hepatic G5G8 and reduced biliary cholesterol secretion [66,84]. Rescue of
G5G8 in these models with chemical chaperones, adenoviral expression of the molecular
chaperone GRP78/binding immunoglobulin protein (BiP), or adenoviral expression of
G5G8 itself accelerates biliary cholesterol secretion, restores glycemic control, and reduces
plasma triglycerides [66,84,85]. Conversely, mice lacking G5G8 are more susceptible to diet-
induced obesity, insulin resistance, and hepatic steatosis when maintained on phytosterol-
free diets [86]. Collectively, these studies suggest an unappreciated relationship between
biliary cholesterol secretion, triglyceride metabolism, and insulin signaling. There also
appears to be a role for intestinal G5G8 in the absorption of triglycerides and chylomicron
assembly, which may influence metabolic phenotypes, but the underlying mechanism for
this phenotype remains unclear [46,47].

Independent of phytosterol accumulation, genome-wide association studies (GWAS)
and animal model data support an anti-atherosclerotic role for G5G8. This is presumably
due to the combined effects of limiting dietary cholesterol accumulation and promoting
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RCT. Classically, the final steps of RCT are hepatobiliary secretion of neutral and acidic
sterols. However, disruptions in biliary cholesterol secretion do not result in concomitant
reductions in cholesterol excretion, indicating the presence of a compensatory, non-biliary
pathway which has been labeled transintestinal cholesterol elimination (TICE) [87]. Tissue-
specific deletion of G5G8 in the intestine reduced excretion of radiolabeled sterol from
the plasma compartment to feces, indicating a role for intestinal G5G8 in cholesterol
excretion [67]. The mediators of TICE and the relative contribution of G5G8 to intestinal
cholesterol excretion under a variety of pharmacological conditions remain to be fully
elucidated. These studies and the potential for therapeutic development have recently
been reviewed and are beyond the scope of this discussion [88,89].

5. Transcriptional Regulation of G5G8

ABCG5 ABCG8 is effectively a single gene with a common promoter that regulates
expression of both transcripts encoding each half of the transporter. To the best of our
knowledge, there are no reports of differential regulation of Abcg5 and Abcg8 transcripts.
Transcriptional regulation of Abcg5 Abcg8 by a small molecule LXR agonist (T0901317)
precipitated its discovery as the defective gene in sitosterolemia [22]. Expression of both
mRNA and protein increases in liver and intestine in response to small molecule LXR
agonists and dietary cholesterol, which promotes the accumulation of endogenous LXR
agonists, oxysterols (Figure 1 (7)) [22,29–31,49,90]. Liver receptor homolog 1 (LRH1), GATA
binding factor 4 (GATA-4), and hepatocyte nuclear factor 4α (HNF4α) binding sites map to
the 374 base pair intergenic promoter that separates the initiation codons for each protein,
the latter of which synergize with LXREs located in distal regions of the gene, to activate
the promoter and increase expression of both transcripts [91,92]

Hepatic expression of Abcg5 Abcg8 is also induced by FXR agonists and bile acids,
and where examined, in an FXR-dependent fashion (Figure 1 (7)) [54,93–95]. However,
regulation by bile acid FXR agonists is far more complicated. FXR-mediated activation
of Abcg5 Abcg8 requires fibroblast growth factor 15/19 (FGF15/19), which is itself an
FXR target gene that is secreted from the ileum in response to bile acids and promotes
Src-mediated phosphorylation of hepatic FXR, and FXR binding to the Abcg5 Abcg8 pro-
moter [96]. FNDC5/Irisin is an FXR target gene that increases Abcg5 Abcg8 mRNA in
both the livers and intestines of transgenic mice, but the extent to which the endogenous
gene plays a role in Abcg5 Abcg8 regulation and sterol homeostasis mice or humans is not
known [97]. Whereas cholesterol and its metabolites tend to increase expression of Abcg5
Abcg8 mRNA, agonists for the constitutive androstane receptor (CAR) repress expression
of the transporter under conditions of elevated exogenous or endogenously-derived FXR
agonists [98,99].

Transcriptional regulation of Abcg5 Abcg8 by LXR and FXR fits well with its central
role in opposing the accumulation of excess cholesterol. Expansion of whole body neu-
tral and/or acid sterol pools increases expression [31,54,84,93,94,100,101]. Conversely,
blocking absorption of cholesterol or bile acids reduces expression in either liver or
intestine [37,101–103]. Less clear is the physiological benefit, if any, for alterations in
Abcg5 Abcg8 expression by regulators of metabolism. Thyroid hormone increases Abcg5
Abcg8 mRNA, biliary cholesterol secretion, and fecal sterol excretion in both intact and
hypophysectomized rats [104]. Hepatic Abcg5 Abcg8 mRNA and protein are upregulated
in the absence of insulin signaling in mice, an effect attributed to disinhibition of Forkhead
box protein O1 (FOXO-1) [105,106]. The opposite was observed in a type 1 diabetic model
in rats [107]. The insulin-sensitizing drug, metformin, increased Abcg5 Abcg8 mRNA and
protein, an effect attributed to reduced period 2 occupancy of the ABCG5 ABCG8 pro-
moter and disinhibition of gene expression [108]. Indeed, Abcg5 Abcg8 mRNA exhibits a
robust circadian rhythm at the transcriptional level (not observed for protein level, unpub-
lished observation) and hepatic Abcg5 Abcg8 mRNA and biliary cholesterol are reduced in
Bmal1-deficient mice [108,109]
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Alterations in Abcg5 Abcg8 expression have been reported by a variety of nutritional
cues, including upregulation in response elevated n-3 polyunsaturated fatty acids [110–112].
While upregulation of ABCG5 ABCG8 is generally observed in high fat diets containing
cholesterol and cholesterol-free, high fat diets, a single oral gavage of triacylglycerols
robustly repressed intestinal Abcg5 Abcg8 mRNA in mice [113]. In an independent study,
suppression of Abcg5 Abcg8 mRNA following high fat, high sucrose feeding was not
observed, but the diet used in this study contained both added cholesterol and cholate, and
thus hepatic cholesterol was increased five-fold compared to mice fed the control diet [114].
Diets containing high levels of sucrose robustly repressed expression of hepatic, but not
intestinal Abcg5 Abcg8 in rats [115]. Collectively, the data suggests that dietary repression
of ABCG5 ABCG8 may reflect reductions in the abundance of LXR and FXR agonists rather
than active repression by sucrose or triglyceride. Alternatively, differences across studies
may be associated with species and strain differences, both of which have been reported for
various ligands [116,117]. Diets supplemented with soy protein increased hepatic Abcg5
Abcg8 mRNA in rats [118]. The mechanisms for such an effect is not known but may
include modulation of the intestinal microbiota. Germ free mice exhibited elevations in
both intestinal and hepatic Abcg5 Abcg8 mRNA relative to specific pathogen free mice in
the absence and presence of ezetimibe [119]. Depletion of dietary iron upregulated hepatic
Abcg5 Abcg8 mRNA and promotes increased biliary cholesterol secretion [120]. Dietary
calcium supplementation was shown to increased intestinal Abcg5 Abcg8 mRNA and fecal
neutral sterol excretion in a hamster model of menopause [121].

Female biological sex has long been associated with increased biliary cholesterol.
Female mice had modest, but significant increases in biliary cholesterol and ABCG5 ABCG8
mRNA in the human transgenic strain [49]. Ovariectomy was subsequently shown to
reduce, and estrogen replacement to increase Abcg5 Abcg8 mRNA across the intestine in
independent strains of mice [116,122]. Diosgenin is a choleretic compound with estro-
genic properties that increases biliary cholesterol secretion. Its ability to increase biliary
cholesterol is largely G5G8-dependent, but reports on its impact on Abcg5 Abcg8 expression
are conflicting, showing no change in mice but an increase in both liver and intestine in
rats [54,123]

6. Post-Transcriptional Regulation

Less is known about the post-transcriptional regulation of the G5G8. The half trans-
porters are retained within the endoplasmic reticulum (ER) unless co-expressed [124,125].
Formation of the complex appears to be relatively inefficient in cultured cells, is dependent
upon the presence of N-linked glycans that reside in the third extracellular loop of each
protein, and can be enhanced by the expression of the lectin chaperones, Calnexin and
Calreticulin [124–127]. Using chimeric approaches, the ER-retention motif was localized to
the N-terminal, cytosolic domain, but has yet to be defined [128]. Failure to form complexes
within the ER results in rapid degradation of each half transporter [127,129]. At the cell
surface, the mature G5G8 complex resides within apical membranes of both hepatocytes
and enterocytes [124]. There is also evidence of an intracellular, recruitable pool of G5G8
that translocates to the canalicular surface in response to cAMP and in response to diets
containing cholate and cholesterol [114,130]. However, the stimuli and signaling pathways
involved in intracellular trafficking of G5G8 have yet to be elucidated.

A number of approaches have been utilized to investigate the activity of G5G8.
Heterologous expression in HEK293 and dog gall bladder epithelial cells demonstrated
G5G8-dependent cholesterol efflux to bile acid micelles, but not HDL or apolipoprotein
A1 [131,132]. Native mouse and recombinant human and mouse G5G8 have been purified
to varying degrees from liver, rat hepatocytes, Sf9 insect cells, and Pichia pastoris [133–136].
These studies demonstrated ATP- and magnesium-dependent, vanadate-sensitive ATPase,
and sterol transport activity. Various bile acids stimulate ATP hydrolysis. Among the
species tested, G5G8 activity was most sensitive to cholate [133]. Perhaps surprisingly,
neither cholesterol nor phytosterols stimulated ATPase or sterol transport activity in prepa-
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rations from Sf9 cells [135,136]. Using inside-out vesicles in this same system, Wang et al.
showed that other nucleotides could support sterol transfer, albeit less efficiently [135]

The nucleotide binding sites of G5G8 were proposed, and later confirmed by crystal-
lography, to be comprised of Walker A and B domains of one partner and the signature
motif of the other [137,138]. The Walker A and B domains of G8 juxtaposed to the signa-
ture motif of G5 were designated nucleotide binding site (NBS) 1. While both NBSs bind
8-Azido ATP, mutations in highly conserved residues within the Walker A and B domain
of G5 (NBS2), but not G8 (NBS1), abolished ATP binding and hydrolysis. These findings
were confirmed for G5G8-mediated biliary cholesterol secretion by expressing the mutants
in G5G8-defecient mice. Domain swapping experiments between G5 and G8 confirmed
that ATP hydrolysis in NBS2 is indispensable for activity [139]. G5G8 was crystallized as a
heterodimer in lipid bilayers (bicelles) in the presence of cholesterol in the nucleotide free
state to a resolution of four angstroms [138]. G5G8 was designated as a Type II Exporter.
Key molecular interactions inferred from this structure were validated as essential for
cholesterol transport in vivo by expressing recombinant mutants in G5G8-deficient mice.
Naturally occurring missense variants and mutants can provide mechanistic insight to pro-
tein structure–function. The potential impact of mutations and polymorphisms on G5G8
structure function inferred from the available crystal structure were recently reviewed [140].
However, formal investigations into the impact of missense variants of any type on G5G8
trafficking, stability, and activity have been limited to only a few.

7. Sitosterolemia and/or Familial Hypercholesterolemia

Challenges in the proper diagnosis of sitosterolemia include heterogeneity of the clinical
presentation of the disease, the lack of genotype–phenotype correlations, and the inability of
clinical laboratory assays to distinguish phytosterols from cholesterol [28,141,142]. Studies
among hypercholesterolemic subjects suggest sitosterolemia is significantly underdiag-
nosed [143,144]. Genome and exome sequence analysis of large populations indicates
that carriers of loss of function mutations are far more common than previously thought
and are at an elevated risk of coronary artery disease [72,80]. Exome sequence analysis
of over 60,000 individuals across multiple populations reveals 57 and 58 predicted loss of
function alleles for ABCG5 and ABCG8, respectively (https://gnomad.broadinstitute.org/
(accessed on 3 January 2021) v2.1.1) [145]. This analysis did not include missense variants,
37 of which have been described for sitosterolemia [141]. At the time of the preparation of
this review, 619 and 1307 missense variants have been catalogued in dbSNP for ABCG5
and ABCG8, respectively. Most are predicted to be benign, but virtually none of those
likely to be pathogenic or of uncertain significance have been experimentally or clinically
validated. The number of ABCG5 ABCG8 variants will undoubtedly grow as additional
genomes and exomes are sequenced, as will the need for better tools to predict which
variants are pathogenic.

An analysis of selected missense mutants of ABCG5 and ABCG8 suggests that the
majority of dysfunctional alleles are due to the inability of ABCG5 ABCG8 to heterodimerize
and traffic beyond the endoplasmic reticulum [127]. The development of correctors and
potentiators of the cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7,
OMIM: 602421) and the rescue of mutants of ABCB4, defective in progressive familial in-
trahepatic cholestasis type 3 (PFIC3, OMIM: 602347), suggest these or perhaps other small
molecule chaperones may facilitate maturation and rescue function of G5G8 [146,147]. How-
ever, no systematic approach to classify the types of mutations that cause sitosterolemia has
been made. We propose a draft of such a classification system for sitosterolemia (Table 1).
We based our initial draft on the system established for PFIC3 due to the fact that both
are biliary lipid transporters [148]. Our system may need future revision as additional
mutations are identified and the impact of these variants/mutants on G5G8 formation,
trafficking, and activity are determined. Nonetheless, this classification system provides a
framework for characterizing ABCG5 ABCG8 mutants that cause sitosterolemia and a basis
for the systematic investigation of compounds that may potentially rescue G5G8 function.
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Table 1. Classification system for experimentally verified sitosterolemia mutations.

Typical No Mutation ABCG5 ABCG8

Class I Nonsense, Frameshift, Deletions 57 known or predicted 58 known or predicted

Class II Maturation R389H, R419P, R419H, N437K R189H, P231T, R263Q, L501P, G574E, L596R

Class III Activity

Class IV Stability

Class V No Detectible Defect

Unclassified Inconclusive Results E146Q R543S, G574R

https://gnomad.broadinstitute.org/ (accessed on 3 January 2021) and Reference [127].

8. Conclusions and Future Directions

The last twenty years have revealed a great deal about the role of ABCG5 ABCG8
in cholesterol metabolism and in the defense against the accumulation of dietary xenos-
terols. The master regulators of neutral and acidic sterol metabolism modulate G5G8
abundance and activity as a component of the integrated machinery that maintains sterol
homeostasis. Much, however, remains unknown about the hormonal and intracellular sig-
nals that promote G5G8 translocation to the biliary surface and G5G8-mediated cholesterol
secretion. Beyond G5G8, the hepatocyte orchestrates the clearance of excess cellular choles-
terol by metabolism to bile acid or incorporation into very low density and high-density
lipoproteins, either on the surface of the particles or in the hydrophobic core following
esterification. What regulates and under what conditions does the intracellular flux of
cholesterol favor G5G8-dependent biliary secretion? Investigations of intestinal G5G8
regulation and activity have been more limited than in the liver. In what ways does the
regulation of G5G8 in the enterocyte differ, if any, from the hepatocyte? Targeting G5G8
to promote TICE is conceptually attractive to promote RCT, but studies have yet to re-
veal a route to a potential therapeutic and the molecular mechanisms that mediate TICE
remain elusive.

Sequencing of large numbers of genomes and exomes reveals that disease-causing
mutants in ABCG5 ABCG8 are significantly more common that previously appreciated.
The combination of the required instrumentation, expertise, and cost for routine clinical
laboratory analysis of plasma xenosterols is presently impractical. Conversely, genetic
screening has become substantially less costly and increasingly common across healthcare
systems. Genetic testing may offer a more practical means to identify and diagnose
sitosterolemics. Such an approach requires the cataloguing and inclusion of ABCG5 ABCG8
mutants among the various genetic testing platforms in use. A major limitation for such
an approach is the lack of validation of suspected and likely pathogenic variants that may
disrupt G5G8 function. Frameshift mutations in exon 13 of both ABCG5 and ABCG8 cause
sitosterolemia, indicating little tolerance for truncation of the protein. Thus, deletions or
frameshifts are expected to be Class I mutants. A significant number of splice donor and
acceptor variants have also been identified and are likely pathogenic, but have yet to be
formally analyzed. Of the 37 known missense variants, only 13 have been analyzed for
maturation. Although most failed to form mature complexes and have been designated
as Class II, three retained at least some degree of G5G8 maturation (G5:E146Q, G8:R543S,
G8:G574R). Future investigations of the structural and functional impact of these and other
missense mutants and variants will advance our understanding of sterol transport, the
molecular dynamics of the transporter, and potential therapeutics for sitosterolemia as well
as gall bladder and cardiovascular risk reduction.
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Abstract: The heterodimeric ATP-binding cassette (ABC) sterol transporter, ABCG5/G8, is responsible
for the biliary and transintestinal secretion of cholesterol and dietary plant sterols. Missense mutations
of ABCG5/G8 can cause sitosterolemia, a loss-of-function disorder characterized by plant sterol
accumulation and premature atherosclerosis. A new molecular framework was recently established
by a crystal structure of human ABCG5/G8 and reveals a network of polar and charged amino acids in
the core of the transmembrane domains, namely, a polar relay. In this study, we utilize genetic variants
to dissect the mechanistic role of this transmembrane polar relay in controlling ABCG5/G8 function.
We demonstrated a sterol-coupled ATPase activity of ABCG5/G8 by cholesteryl hemisuccinate (CHS),
a relatively water-soluble cholesterol memetic, and characterized CHS-coupled ATPase activity of
three loss-of-function missense variants, R543S, E146Q, and A540F, which are respectively within,
in contact with, and distant from the polar relay. The results established an in vitro phenotype of the
loss-of-function and missense mutations of ABCG5/G8, showing significantly impaired ATPase activity
and loss of energy sufficient to weaken the signal transmission from the transmembrane domains.
Our data provide a biochemical evidence underlying the importance of the polar relay and its network
in regulating the catalytic activity of ABCG5/G8 sterol transporter.

Keywords: ABCG5; ABCG8; ATP-binding cassette transporter; cholesterol; polar relay; sitosterolemia

1. Introduction

All living cells depend on the ability to translocate nutrients, metabolites, and other molecules
across their membranes. One major way to achieve this is through membrane-anchored transporter
proteins. The evolutionarily conserved ATP-binding cassette (ABC) transporter superfamily,
for example, carries out ATP-dependent and active transport of a wide range of substances across cellular
membranes, including both hydrophilic and hydrophobic molecules such as sugars, peptides, antibiotics,
or cholesterol [1–4]. As a key component of cellular membranes, cholesterol constitutes ~50% of
cellular lipid content; it is also the precursor of steroid hormones that modulate gene regulation
and bile acids that enable nutrient absorption. Translocation of cholesterol molecules on biological

393



Int. J. Mol. Sci. 2020, 21, 8747

membranes plays an essential role in maintaining cellular and whole-body cholesterol homeostasis.
Thus, excess cholesterol needs to be eliminated from cells and tissues through either sterol acceptors in
the circulation or direct excretion into the bile or the gut [5,6]. A large body of evidence indicates that ABC
sterol transporters regulate cholesterol metabolism, and their defects are associated with dysregulation
of whole-body cholesterol homeostasis, a major risk factor for cardiovascular diseases [7,8]. Yet, we have
almost no understanding of how these transporters actually translocate cholesterol molecules and
how the sterol-transport process is controlled by ATP catalysis. Given the dysregulation of cholesterol
metabolism as a major risk factor for cardiovascular disease, there is a pressing need to elucidate of
mechanism of these transporters in moving molecules across the cell membranes.

Recent progress in solving a heterodimeric crystal structure of human ABCG5 and ABCG8
established a new molecular framework toward such a mechanistic understanding of ABC
sterol transporters. ABCG5 and ABCG8 are half-sized ABC sterol transporters and co-expressed
on the apical surface of the hepatocytes along the bile ducts and the enterocytes from the intestinal
brush-border membranes [9,10]. ABCG5 and ABCG8 function as obligate heterodimers (ABCG5/G8)
and serve as the primary and indispensable sterol-efflux pump that effectively exports excess cholesterol,
non-cholesterol sterols, and dietary plant sterols into the bile and the intestinal lumen. In mammals,
most cholesterol is eliminated via its metabolism into bile acids or via biliary secretion as free cholesterol.
The latter is considered as the last step of reverse cholesterol transport (RCT), where ABCG5/G8
accounts for more than 75% biliary cholesterol secretion [11–14]. Recent studies have shown that,
in human subjects and animal models, ABCG5/G8 is also responsible for eliminating neutral sterols via
the transintestinal cholesterol efflux (TICE), a cholesterol-lowering process independent of RCT [15].
Thus, physiologically, ABCG5/G8 plays an essential role in controlling cholesterol homeostasis in
our bodies.

In general, the smallest functional unit of an ABC transporter consists of two transmembrane
domains (TMD1 and TMD2) and two nucleotide-binding domains (NBD1 and NBD2), and both
NBDs concertedly bind and hydrolyze ATP to provide the energy and drive substrate transport.
The TMDs, on the other hand, have been shown to share low sequence similarity in the amino-acid
sequences and three-dimensional structural folds, suggesting substrate-specific mechanisms for
individual transporters [16]. Mechanistic analyses of ABC cholesterol transporters have largely
centered on sequence requirement at the canonical ATP-binding sites [17–20], whereas little is
known about the sterol–protein interaction and its relationship with ATP catalysis. Recent progress
solving a crystal structure of human ABCG5/G8 revealed a unique TMD fold and several structural
motifs [21]. In particular, for each subunit, a network of polar and charged amino acids is present in
the core of the TMD, namely, a polar relay, whose role remains to be characterized. A triple-helical
bundle is located at the transmission interface between the NBD and the TMD and consists of an
elbow connecting helix, a hotspot helix (also known as an E-helix), and an intracellular loop-1 (ICL1)
coupling helix. However, on the triple-helical bundle or the transmembrane polar relay, several residues
have been shown to bear disease-causing missense mutations from sitosterolemia or other metabolic
disorders with lipid phenotypes (Figure 1A). Notably, several disease-causing mutations are clustered
in the membrane-spanning region or at the NBD–TMD interface [8,22]. This suggests the unique roles
of these structural motifs in regulating the ABCG5/G8 function, yet no prior knowledge was available
to explain the role of these structural motifs in the sterol-transport function.

Loss-of-function (LOF) mutations in ABCG5 or ABCG8 are linked to sitosterolemia, a rare autosomal
recessive disease, while several other missense mutations are also associated with other lipid disorders,
such as gallstone formation or elevated low-density lipoprotein (LDL) cholesterol [23–28]. At the cellular
level, many of the missense mutations lead to defects in post-translational trafficking of ABCG5/G8
from the endoplasmic reticulum (ER), an abnormality commonly observed in other ABC transporters
with missense mutations, e.g., ∆F508 mutation in the cystic fibrosis transmembrane conductance
regulator (CFTR or ABCC7) [29,30]. However, specific missense mutants of ABCG5/G8 heterodimers
have shown no defect in protein maturation [29], suggesting alternative disease-causing mechanisms.
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Therefore, studies of these mutants will not only show how they alter the transporter activity, but also
provide mechanistic insights into the function of wild-type (WT) ABCG5/G8 sterol transporter.

 

Figure 1. Disease-causing mutations and single-nucleotide polymorphisms (SNPs) in ATP-binding
cassette (ABC) sterol transporters (ABCG5/G8). (A) Localization of ABCG5/G8 residues carrying
missense mutations. The positions of disorder-related polymorphisms or mutations are highlighted
in black spheres on the structures of ABCG5 (Protein Data Bank (PDB) identifier (ID): 5D07, chain C)
and ABCG8 (PDB ID 5D07, chain D). Structural motifs are indicated in dashed ovals: triple-helical
bundle (black), transmembrane domain (TMD) polar relay (yellow), and extracellular domain with
re-entry helices (green). (B) Microenvironment of G5-E146, G5-A540, and G8-R543. (Middle) The
transmembrane domains (white) and the triple-helical bundle (gray) are plotted in tube-styled cartoon
presentation, showing theα-carbons (spheres) of G5-E146 (orange), G8-R543 (blue), and G5-A540 (black).
The polar relays are plotted in dotted yellow spheres. (Top left) Slapped top view shows G5-A540
situated more than 10 Å away from the polar relay of either subunit (red dot-ended lines). (Top right)
Near G5-A540 shows a cholesterol-shaped electron density (mesh) in the crystal structure of ABCG5/G8.
The Fo−Fc difference electron density map was contoured at 3.0 σ. (Bottom left) At the triple helical
bundle of ABCG5, E146 interacts with R377 through their side-chain termini in a distance of hydrogen
bonding, 3.5 Å (black dashed line). (Bottom right) In the ABCG8 polar relay, R543 interacts E503 through
their side-chain termini in a distance of hydrogen bonding, 3.1 Å (black dashed line).

Disease mutations are instrumental in studying the mechanisms of affected proteins in vitro,
e.g., familial hypercholesterolemia mutations for proteins involved in low-density lipoprotein
metabolism [31]. Guided by the structural framework of ABCG5/G8, we can now investigate
its mechanisms using enzymological approaches with purified proteins. For this, we first need to
establish at least one robust and consistent in vitro functional assay. Using ATPase activity as the
functional benchmark in this study, we optimized an in vitro colorimetric ATPase assay that allows
high-throughput activity assessment of detergent-purified ABCG5/G8. Using a soluble cholesterol
memetic, cholesteryl hemisuccinate (CHS), we report here the CHS-stimulated ATP hydrolysis by
ABCG5/G8 proteo-micelles, consisting of phospholipids, cholate, and dodecyl-maltoside (DDM),
and we present an enzymatic analysis for the sterol-coupled ATPase activity on ABCG5/G8 sterol
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transporter. Using ATPase activity as functional readout of ABCG5/G8, we show differentially inhibition
of the CHS-stimulated ATPase activity by three LOF missense mutants, two sitosterolemia mutations,
and one sterol-binding mutation, where residues bearing the two disease mutations are located along
the polar relay. Our data hereby demonstrate the mechanistic basis on regulating ABCG5/G8 function
by the transmembrane polar relay (Figure 1B).

2. Results

2.1. CHS Stimulates ATP Hydrolysis by Wild-Type (WT) ABCG5/G8

Despite the known physiological role of ABCG5/G8 in biliary and intestinal cholesterol secretion,
only indirect evidence of sterol-coupled transporter activity was detected by using steroid mimetics,
such as androstane or bile acids [32,33]. In this study, we investigated a direct sterol-coupled ATPase
activity by using CHS, a cholesterol mimetic that is more soluble in aqueous solution. First, to overcome
low sensitivity of detecting the ABCG5/G8 ATPase activity using previous protocols, we optimized the
ATPase assay for ABCG5/G8 by adopting a previous assay [34] and a colorimetric bismuth citrate-based
detection approach [35]. As described and explained in Section 4, this optimized assay significantly
reduces the background noise due to cloudiness by phospholipid/cholate/DDM mixtures, which
improves the detecting sensitivity of liberated inorganic phosphate within the first few minutes and
allows us to calculate more accurate rates of ATP hydrolysis. We show here that CHS can significantly
stimulate ABCG5/G8-mediated ATP hydrolysis when co-incubated with sodium cholate (a bile acid)
and Escherichia coli polar lipids (Figure 2). Using 5 mM ATP, the basal activity of ABCG5/G8 was
calculated as 160 ± 15 nmol/min/mg (n = 4), similar to reported values, whereas, in the presence of CHS,
the specific ATPase activity of ABCG5/G8 reached 565 ± 30 nmol/min/mg (n = 8), 3–4-fold higher than
that in the absence of CHS (Figure 3A,B). Absence of cholate was unable to activate the ATP hydrolysis,
consistent with the previous studies (data not shown) [33]. In addition, the activity was inhibited
either by orthovanadate, an ATPase inhibitor [36] (Figure 3C), or by a catalytically deficient mutant
ABCG5WT/G8G216D (G8-G216D) [18], which displayed no ATP hydrolysis (Figure 3A,B). The specific
activity of ATP hydrolysis by ABCG5/G8 is by far the highest in comparison with the previously
reported values [33].

 

α

−

Figure 2. (A) Chemical structures of cholesterol, cholesteryl hemisuccinate (CHS), and cholic
acid (cholate). Source: PubChem. (B) Schematic illustration of sterol-coupled ATPase activity
of ABCG5/G8. Dodecyl-maltoside (DDM)-purified ABCG5/G8 (light/dark-gray surface) is preincubated
with phospholipids and cholate. Addition of CHS (four-ringed steroid structure) stimulates hydrolysis
of ATP to ADP and inorganic phosphate (Pi) in the presence of the divalent magnesium ions (Mg2+).
Using the colorimetric and bismuth citrate-based assay, the liberated Pi is then captured by ammonium
molybdate in the presence ascorbic acid. The color is developed upon mixing with bismuth citrate and
sodium citrate, and the absorbance was measured at 695 nm. See details in Section 4.
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Figure 3. ATPase activity of ABCG5/G8. The ATP hydrolysis was used as a measure of ABCG5/G8
ATPase activity at 37 ◦C in conditions with 5 mM ATP and 4.1 mM CHS. The protocol is entailed in
Section 4. (A) Data points are presented as the means ± standard deviations from 4–8 independent
experiments using 2–4 independently purified proteins; where not visible, the error bars are covered by
the plot symbols. A linear regression, plotted from the first 12 min, is used to calculate the specific
activities. (B) Bar graphs show the specific activities of ATP hydrolysis by wild type (WT) in the presence
and absence of CHS and the catalytically deficient mutant G8-G216D in the presence of CHS. The specific
activity of WT in the absence of CHS is regarded as the basal ABCG5/G8 ATPase activity. (C) Bar
graphs represent the percentage inhibition of ABCG5/G8 ATPase activity by 0.015 mM orthovanadate,
where a p-value of <0.0001 (marked as ****) was obtained using ordinary one-way ANOVA (Prism 8).

2.2. The Lipid Environments Fine-Tune ABCG5/G8 ATPase Activity

ABC transporters need to function in a phospholipid-embedded environment. However, it is
unknown whether the ABCG5/G8 function is controlled by phospholipids of specific headgroups or in
specific lipid compositions. Because a high concentration of bile acids is required to activate ABCG5/G8
ATPase activity, attempts to use reconstituted proteoliposomes failed due to the immediate solubilization
of the reconstituted proteins. To facilitate the assessment of mutant functions, we evaluated the lipid
environments to obtain the most optimal assay conditions. To study the effect of lipid conditions and
phospholipid species on the ABCG5/G8 function, we analyzed the CHS-coupled ATPase activity in the
presence of two polar lipid extracts under conditions of fixed concentrations of sodium cholate and
CHS (see Section 4). Using E. coli polar lipids, we carried out an ATP concentration-dependent ATPase
assay to determine the Michaelis–Menten kinetic parameters of CHS-stimulated ATP hydrolysis.
We observed the maximal ATP hydrolysis by ABCG5/G8 at concentrations slightly over 2.5 mM of ATP
with a Vmax of 677.1 ± 25.6 nmol/min/mg, a KM(ATP) of 0.60 mM, and a kcat of 1.69 s−1. When using
bovine liver polar lipids, we observed ~3.5-fold lower catalytic rate of ATP hydrolysis and ~50% higher
KM(ATP) (Figure 4A and Table 1). In the current study, polar lipids, cholate (bile acid), and CHS were
all present in the reaction, indicating that the presence of E. coli polar lipids results in higher ATP
association and, consequently, better stimulates ABCG5/G8 ATPase activity. When comparing the
calculated values of kcat and kcat/KM, we indeed observed an overall fivefold higher turnover rate in
the presence of E. coli polar lipids than liver polar lipids (Table 1).

To determine the dependence of phospholipid headgroups, we tested the three most
abundant phospholipids in either lipid extract on the ATP hydrolysis by ABCG5/G8,
i.e., phosphatidylethanolamine (PE), phosphatidylcholine (PC), and phosphatidylglycerol (PG)
(see Section 4). Preincubation with egg PE resulted in the highest specific activity, while the use
of soy PC or egg PG only led to slightly higher ATP hydrolysis than the basal activity (Figure 4B).
Interestingly, PE, the phospholipid found in both E. coli and liver lipids, is sufficient to stimulate ATP
hydrolysis in ABCG5/G8 to almost the highest specific activity, as reported here. In the meantime,
using PC or PG alone, the specific activity of ABCG5/G8 was also higher than that obtained with the
liver polar lipid mixture. These results suggest phospholipid headgroups in regulating the ABCG5/G8
ATPase activity. Further investigations are necessary to pinpoint the effects of individual types of
phospholipids on the sterol transporter function.
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Figure 4. Lipid dependence of ABCG5/G8 ATPase activity. (A) Purified ABCG5/G8 was assayed in
the presence of either Escherichia coli or bovine liver polar lipids, and the specific activities of ATP
hydrolysis were obtained by the ATP concentration-dependent experiments (0–5 mM ATP). Both curves
are fitted to the Michaelis–Menten equation (Prism 8), and, using two independently purified proteins,
the means of at least three independent experiments along with standard deviations are plotted here.
The kinetic parameters are listed in Table 1. (B) In conditions of 5 mM ATP and 4.1 mM CHS, ATP
hydrolysis of purified ABCG5/G8 was assayed in the presence of egg phosphatidylethanolamine (PE),
soy phosphatidylcholine (PC), or egg phosphatidylglycerol (PG), where p-values of 0.0006 and 0.0003
(marked as ***), respectively, were obtained using ordinary one-way ANOVA (Prism 8).

Table 1. Dependence of ABCG5/G8 ATPase activity on ATP.

Vmax
a

(nmol/min/mg)
KM (ATP)

(mM)
kcat

b (s−1)
kcat/KM

(M−1·s−1)
∆∆GMUT

c

(kJ/mol)
n e

WT (liver polar lipids) 192.8 ± 17.9 0.93 ± 0.25 0.48 ± 0.04 0.52 × 103 - 4

WT (E. coli polar lipids) 677.1 ± 25.6 0.60 ± 0.07 1.69 ± 0.06 2.8 × 103 - 6

G5-E146Q d 167.1 ± 0.05 0.51 ± 0.05 0.41 ± 0.00 0.82 × 103 11.7 5

G8-R543S d 150.7 ± 3.7 0.42 ± 0.04 0.38 ± 0.01 0.90 × 103 12.3 3

G5-A540F d 101.2 ± 4.2 0.58 ± 0.08 0.25 ± 0.01 0.43 × 103 15.8 5
a Standard errors were calculated from the fits shown in Figures 3A and 5 using Prism 8 (GraphPad Software,
San Diego, CA, USA). b Turnover rates, kcat, were calculated using the following formula: Vmax = kcat × [E], where
[E] is the protein concentration of ABCG5/G8 (363.1 nM). c Differential Gibbs free energy was calculated according
to the following formula: ∆∆GMUT = −RTln(kMUT/kWT), where kMUT is the kcat of mutants, kWT is the kcat of WT,
R = 8.314 J·mol−1·K−1 (R: gas constant), and T = 310.15 K (37 ◦C). d Mutants were all assayed in the presence of
E. coli polar lipids. e Number of independent experiments.

 

−

 

Figure 5. ATP dependence of ABCG5/G8 ATPase activity. Purified proteins were assayed in the
presence of E. coli polar lipids, and the specific activities of ATP hydrolysis were obtained from the ATP
concentration-dependent experiments (0–5 mM ATP). The curves are fitted to the Michaelis–Menten
equation (Prism 8), and, using two-to-four independently purified proteins, the means of at least three
independent experiments along with standard deviations are plotted here. The kinetic parameters are
listed in Table 1.

2.3. Missense Mutants Impair CHS-Coupled ATPase Activity of ABCG5/G8

Using the CHS-coupled ATPase activity as the functional readout, we initiated studies in the
catalytic mechanism of ABCG5/G8 by exploiting the transporter’s missense mutations that undergo
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proper trafficking to post-ER cell membranes (ER-escaped mutants). In this study, we used Pichia pastoris

yeast and expressed recombinant proteins of G8-G216D, a catalytically deficient mutant [18],
ABCG5E146Q/G8WT (G5-E146Q) and ABCG5WT/G8R543S (G8-R543S), two loss-of-function/sitosterolemia
missense mutants [22,37], and ABCG5A540F/G8WT (G5-A540F), a loss-of-function mutant with putative
sterol-binding defect [21] (Figure 1B and Figure S1).The purified mutants were preincubated with
E. coli polar lipids and sodium cholate as described above. As shown in Figure 5, when compared
with WT, the sitosterolemia missense mutants, G5-E146Q and G8-R543S, showed a ~80% reduction of
the specific activity in CHS-coupled ATP hydrolysis (160 ± 15 nmol/min/mg and 150 ± 5 nmol/min/mg,
respectively). The sterol-binding mutant G5-A540F, when compared to WT, showed a ~90% reduction
of the specific activity in CHS-coupled ATP hydrolysis (90 ± 10 nmol/min/mg). Similar levels of activity
reduction were also observed for non-CHS-coupled ATP hydrolysis (Figure S2). We then performed
ATP concentration-dependent experiments and analyzed the Michaelis–Menten kinetics for these three
mutants. For all mutants, KM(ATP) remained nearly the same as compared to WT, but the mutants
displayed a 40–60% reduction in the catalytic rate (Table 1). This result suggests that the mutants
do not alter their ability of the nucleotide association, and other molecular events contribute to the
reduction of the specific ATPase activity.

The effects of CHS on ABCG5/G8 WT and mutants were further investigated by measuring the ATP
hydrolysis in the CHS concentration-dependent manner at a saturated ATP concentration (5 mM here).
Purified proteins were preincubated with E. coli polar lipids, sodium cholate, and a wide range of
CHS concentrations (0.064 mM to 4.1 mM). For WT, we obtained a Vmax of 702.9 ± 50.7 nmol/min/mg,
a KM(CHS) of 0.79 mM, and a kcat of 1.74 s−1 (Figure 6 and Table 2). In the presence of E. coli

polar lipids, the catalytic rates were similar between the CHS and ATP-dependent ATPase activities,
with a Vmax of ~700 nmol/min/mg, which is about four times higher than that in the presence of
liver polar lipids (Tables 1 and 2) and more than twofold higher than the previously reported value,
~290 nmol/min/mg [33]. The catalytic rates of the mutants decreased by 70–90%, except for G5-A540F,
whereas both G5-E146Q and G8-R543S displayed significantly larger KM(CHS), up to a twofold increase.
This suggests a more profound impact of sitosterolemia mutations on the ABCG5/G8 ATPase activity
through sterol–protein interaction or structural changes.

 

 

−
− −

−
− −

−

Figure 6. CHS dependence of ABCG5/G8 ATPase activity. Purified proteins were assayed in the
presence of E. coli polar lipids, and the specific activities of ATP hydrolysis were obtained by the CHS
concentration-dependent experiments (0–4.1 mM CHS). The curves are fitted to the Michaelis–Menten
equation (Prism 8), and, using two independently purified proteins, the means of at least two
independent experiments along with standard deviations are plotted here. The kinetic parameters are
listed in Table 2.
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Table 2. Dependence of ABCG5/G8 ATPase activity on cholesteryl hemisuccinate.

Vmax
a

(nmol/min/mg)
KM (CHS)

(mM)
kcat

b (s−1)
kcat/KM

(M−1·s−1)
∆∆GMUT

c

(kJ/mol)
n e

WT d 702.9 ± 50.7 0.79 ± 0.17 1.74 ± 0.13 2.2 × 103 - 6

G5-E146Q d 210.0 ± 33.2 1.13 ± 0.45 0.52 ± 0.08 0.46 × 103 10.0 2

G8-R543S d 237.1 ± 33.4 2.38 ± 0.67 0.59 ± 0.08 0.25 × 103 9.0 2

G5-A540F d 99.8 ± 11.4 0.70 ± 0.24 0.25 ± 0.03 0.36 × 103 16.1 4
a Standard errors were calculated from the fits shown in Figure 6 using GraphPad Prism 8. b Turnover rates, kcat,
were calculated using the following formula: Vmax = kcat × [E], where [E] is the protein concentration of
ABCG5/G8 (363.1 nM). c Differential Gibbs free energy was calculated according to the following formula:
∆∆GMUT = −RTln(kMUT/kWT), where kMUT is the kcat of mutants, kWT is the kcat of WT, R = 8.314 J·mol−1·K−1

(R: gas constant), and T = 310.15 K (37 ◦C). d Both WT and mutants were assayed in the presence of E. coli polar lipids.
e Number of independent experiments.

2.4. Missense Mutations Cause Conformational Changes at the ATP-Binding Site

To examine the relationship between structural changes of missense mutations and their impact
on the ATPase activity, we performed molecular dynamics (MD) simulations for the WT and three
mutants in this study. We then analyzed the MD structures to understand how the mutations could lead
to different conformation around the hypothetical surrounding residues at the nucleotide-binding sites
(NBS). These residues were obtained through a structural comparison between the crystal structure
of ABCG5/G8 (Protein Data Bank (PDB) identifier (ID): 5DO7) and a cryo-EM structure of ABCG2
(PDB ID: 6HBU) for which two ATPs were bound in the homodimer [21,38].

To identify which residues are important for the ATP binding, we conducted MD simulations for
the ABCG2 system. We calculated the ligand–residue MM-GBSA (Molecular Mechanics-Generalized
Born Surface Area) free energies (∆Glig-res) for the 32 surrounding residues and identified eight
hotspot residues which have ∆Glig-res better than −7.0 kcal/mol (Table S1). Although those hotspots
were identified for ABCG2, it is reasonable to assume they are also hotspots for ABCG5/G8 given
the apparent structural and sequence similarity (only one hotspot has different amino-acid types).
The root-mean-square deviation (RMSD) for the main-chain atoms was 2.60 Å, and the corresponding
amino acid types of both proteins are listed in Table S1. The detailed interactions between ATP and
ABCG2 revealed by a representative MD structure are shown in Figure S3. In this study, we focused on
the active nucleotide-binding site (known as NBS2) in ABCG5/G8 [21] and analyzed residues 88–103,
246–251 of ABCG5, and 210–220 and 237–245 of ABCG8. Those residues were recognized as the
surrounding residues of the NBS2 in ABCG5/G8.

As shown in Figure 7, the mutations at the three sites could lead to global changes in the overall
ABCG5/G8 structure, with RMSD values larger than 2.0 Å. The difference between the RMSDs of the
secondary structures was smaller, probably because more obvious changes needed a longer simulation
time to manifest. We were especially interested in the mutational effect on the ATP-binding site and
generated RMSD vs. simulation time curves for those hypothetic surrounding residues (Figure S4).
We observed that the RMSDs with and without least-square (LS) fitting were very stable for the WT,
whereas, for G5-E146Q and G5-A540F, both the LS fitting and no-fitting RMSD were significantly larger.
However, the G8-R543S mutation did not lead to significantly larger RMSD. This is because the distance
between the mutation site and ATP binding site is greater and much longer MD simulations are required.
Indeed, the RMSD had an increasing trend along the MD simulation time for G8-R543S (Figure S4D).
We then conducted correlation analysis using an internal program to identify possible interaction
pathways between the two sites. As shown in Figure S5, the shortest path contained R543, E474,
N155, V205, and L213. L213 is linked to four key residues for ATP binding. It is understandable that
a perturbation at R543 needs a long simulation time to reach the ATP binding site, given that the
shortest interaction path contains six residues including two ends. Overall, we observed a significant
perturbation on the conformations of the putative surrounding residues due to the mutations at
G5-E146Q and G5-A540F. We anticipated that the G8-R543S mutation could lead to a significant
conformational change at NBS2 in much longer MD simulations.
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Figure 7. Fluctuation of root-mean-square deviations (RMSDs) along molecular dynamics (MD)
simulation time course. RMSDs were calculated using the main-chain atoms of all residues (black lines)
or secondary structures only (red lines): (A) wild type; (B) E146Q mutant in ABCG5; (C) A540F mutant
in ABCG5; (D) R543S mutant in ABCG8. G5G8: ABCG5/G8; SS: secondary structure.

Next, we identified representative MD conformations for all four ABCG5/G8 protein systems
for comparison (Figure 8). It was observed that the hotspot residues were overlaid very well
between the crystal and MD structures for the WT (Figure 8E) and R543S mutant (Figure 8H),
except for R211, while, for the other two mutants, the RMSDs were significantly larger (Figure 8F,G).
This observation is expected, and the reason was explained above. Interestingly, the side-chain of
R211 underwent dramatic changes for all four protein systems during MD simulations. If R211 was
omitted, the main-chain RMSDs became much smaller. In summary, the conformational changes from
our molecular modeling could qualitatively explain why the three mutations can lead to impaired
ATPase activity. Of particular note, G5-K92, the hotspot residue that has the strongest interaction
with ATP, is a part of the Walker A motif at the active nucleotide-binding site and required for
ABCG5/G8 functions [18,33].

 

 

Figure 8. Representative structures of the WT ABCG5/G8 and its three missense mutants.
The representative structures (shown as blue cartoons and bluish sticks) were aligned to the crystal
structure (green cartoons, and greenish lines). The three mutation residues, E146Q, A540F, and R543S,
are shown as spheres. The hypothetical surrounding residues of ATP are shown as dashed rectangles.
(A,E) Wild type; (B,F) E146Q; (C,G) A540F; (D,H) R543S. G5: ABCG5; G8: ABCG8. Residues in G5 and
G8 are separately colored in black and red. Root-mean-square deviations (RMSDs) for the main-chain
atoms (rmsdMC) and all heavy atoms (rmsdHEV) are shown in the lower panels. If R211 is omitted from
RMSD calculations, RMSDs of the main-chain atoms are 0.69, 1.30, 0.88, and 0.78 Å for WT, E146Q,
A540, and R543S, respectively; the corresponding RMSDs of heavy atoms are 0.85, 1.42, 1.13, and 0.96 Å.
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3. Discussion

In this study, we show that CHS stimulates the ATPase activity of the human ABCG5/G8 sterol
transporter to a much higher specific activity, as compared to previously reported data (Tables 1 and 2).
The much increased CHS-coupled ATPase activity indicates that ABCG5/G8 may need such a high
ATP catalytic rate to achieve the sterol-transport function across the cellular membranes. CHS is
a relatively water-soluble cholesterol analogue and is used to mimic cholesterol in membrane protein
crystallization [21,39]. Our results showing CHS-stimulated ATPase activity suggest that the sterol
molecules may have played a role in promoting an active conformation for the ATPase and/or enhancing
the stability of ABCG5/G8. This idea of protein stability is supported by recent findings showing
that CHS stabilizes a variety of human membrane proteins toward active conformations [40]. In the
crystallographic study, >2% cholesterol was necessary to produce crystals capable of diffracting X-ray
to better than 4 Å, and several sterol-like electron densities were suspected on the crystal structure of
ABCG5/G8 [21]. Building upon previous work using bile acids [33] and androstane [32], our enzymatic
results should come with no surprise that the WT ABCG5/G8 functionality and its active conformation
are directly coupled with cholesterol analogues.

For ABCG5/G8-mediated ATP catalysis, we observed similar catalytic rates from the CHS and
ATP concentration-dependent experiments, with a Vmax of ~700 nmol/min/mg, whereas the KM values
were very similar to each other, KM(ATP) = 0.60 mM and KM(CHS) = 0.79 mM (Tables 1 and 2).
KM(ATP) and KM(CHS) can be used to implicate ATP and sterol association to the transporters during
the ATP catalytic process, respectively. We, therefore, speculate that one ATP usage is required for
sterol–protein association for one CHS (or cholesterol) molecule. Because ABCG5/G8 is believed
to contain only one active NBS [18], such 1:1 stoichiometry of ATP and cholesterol for ABCG5/G8
may reflect the sterol transport rate by the single active site on this ABC transporter. An in vitro
sterol-binding or transport assay, in need of development, will be necessary to directly address such
a relationship. In addition to sterols, it is intriguing that PE, PC, or PG alone was sufficient to support
ATPase activity of ABCG5/G8, with PE-driven activity being the highest (Figure 4). PE is the major
phospholipid of the E. coli polar lipids, ~60%, and the second most abundant phospholipid in the bile
canalicular membranes and the small intestine brush-border membranes, ~25% and ~40% respectively,
of total phospholipids [41,42]. It has been shown that PE preferentially fits the headgroup-binding
sites on integral membrane proteins [43]; thus, PE may be recruited as better phospholipids to support
ABCG5/G8 function in the cell membranes. The approximate ratio of lipids for either E. coli or liver polar
lipids may contribute to the apparent difference in activity, but it remains unknown how phospholipid
composition regulates the transporter function. It is worth noting that specific phospholipids were
shown to regulate the ATPase activity of other ABC sterol transporters, such as sphingomyelin,
although the mechanistic details are not clear [19]. These individual lipids will be subjected to
further examination to define the phospholipid specificity on the ABCG5/G8 ATPase activity and/or
sterol-transport function.

By mapping disease-carrying residues on the apo structure of ABCG5/G8, we found that most
missense variants occur within or near the structural motifs consisting of several conserved amino
acids [22]. Several missense mutations (ER-trapped) prevent protein maturation from the endoplasmic
reticulum (ER), but at least five mutations (ER-escaped) have been shown to undergo proper trafficking
to post-ER cell membranes [29]. So far, no report has shown the impact of these ER-escaped missense
mutants on ABCG5/G8 function using either in vitro or in vivo models. In this study, we used purified
proteins from Pichia pastoris to investigate the functional activity of ABCG5/G8 in vitro and aimed to
establish the mechanistic basis of ABCG5/G8 through analyzing the structure–function relationship of
its loss-of-function missense mutations. The sitosterolemia missense mutants G5-E146Q and G8-R543S
showed a reduction in CHS-coupled ATP hydrolysis, but retained ~20% activity as compared to WT,
while the putative sterol-binding mutant G5-A540F showed further reduction to ~10% of WT ATPase
activity (Figures 5 and 6). With such activity reduction, the mutant proteins maintained ATPase activity
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similar to the basal level, as shown by WT, suggesting a remote and allosteric regulation to keep
ATPase active during the reaction.

It is not uncommon that reagents such as CHS may be used as protein stabilizers for disease-causing
missense variants. Here, in the absence of CHS-coupled stimulation, the mutants showed a similar level
of reduced ATPase activity, arguing for a more profound effect from impaired allosteric regulation on
the catalytic activity of the mutants, rather than CHS-driven stability for mutant proteins. As predicted
by MD simulation, the ATP-bound homology model underwent global conformational changes
upon introducing the mutations (Figure 7). These mutations, albeit relatively far away from the
nucleotide-binding site, can cause significant structural rearrangement of the residues within the region
that encompasses the active NBS2 (Figure 8). Such conformational changes may alter responses to the
sterol–protein interaction necessary for maximal ATPase activity.

In the atomic model of ABCG5/G8 (PDB ID: 5D07), G5-E146 is located on the hotspot helix
of the triple-helical bundle and in proximity to ABCG5’s polar relay, while G8-R543 is part of
ABCG8’s polar relay in the core of TMD (Figure 1). Both the triple-helical bundle and the polar
relay are believed to form a network of hydrogen bonding and salt bridges and play an important
role in interdomain communication during the transporter function [21]. G5-E146 and G8-R543
are found in the proximity of hydrogen-bonding distance with arginine 377 of ABCG5 (G5-R377)
and glutamate 503 of ABCG8 (G8-503), respectively (Figure 1B). On the basis of the ATP-dependent
experiments (Figure 5 and Table 1), we obtained the changes in Gibbs free energy from WT to each
mutant (∆∆GMUT) as ∆∆GE146Q = ~11.7 kJ/mol and ∆∆GR543S = ~12.3 kJ/mol. Such energetic loss is
in the range of intramolecular hydrogen-bonding potential observed on transmembrane α-helical
bundles [44]. Therefore, the results support the hypothesis that the hotspot helix and the polar
relay are responsible for transmitting signals between NBD and TMD. Slightly lower ∆∆GMUT was
observed from CHS-dependent experiments (Figure 6 and Table 2), with ∆∆GE146Q = ~10.0 kcal/mol
and ∆∆GR543S = ~9.0 kcal/mol. This falls in the range of hydrophobic interaction and argues for
weakened sterol-transporter interaction due to these disease mutations. As for the sterol-binding
mutant, we obtained higher energetic loss, but similar ∆∆GMUT from ATP- or CHS-dependent analysis,
with ∆∆GA540F = ~15.8 or ~16.1 kJ/mol, respectively. This likely indicates a strong hydrophobic
interaction between sterols and the transporter, as no obvious hydrogen donors/acceptors can be
found at the putative sterol-binding site on the crystal structure. In addition, G5-A540 is distant
from the polar relay (>10 Å away); thus, these data suggest a remote contact by sterol molecules to
control the sterol-coupled signaling, likely through the polar relay in the transmembrane domains.
In the ATP concentration-dependent experiments, the KM values for ATP remained almost the same
(Table 1), suggesting that ATP binding was not affected by these mutants. The KM values for CHS
were significantly increased in the disease mutants, but not the sterol-binding mutant (Table 2),
suggesting that CHS interacts with ABCG5/G8 and remotely regulates the turnover of ATP hydrolysis
in either a sequential (Mode 1) or a concerted (Mode 2) pathway (Figure 9). Collectively, these results
argue that a working network of hotspot helix and polar relay is essential to maintain the communication
between ATPase and sterol-binding activities in ABCG5/G8, which are impaired by the loss-of-function
missense mutations. As G8-R532S is the only known ER-escaped disease mutant, we will expect more
insight in such polar relay-driven allosteric regulation by investigating other polar relay residues with
site-directed mutagenesis.

403



Int. J. Mol. Sci. 2020, 21, 8747

 

 

–

Figure 9. Proposed mechanism of sterol-coupled ATP catalysis by ABCG5/G8. (Mode 1) A sequential
pathway is derived from experiments on the disease mutants, G5-E146Q and G8-R543S. ABCG5/G8
first recruits ATP and Mg2+ ions, likely causing a conformational change of the nucleotide-binding
domain (NBD) for ATP binding. CHS/sterol then binds the transporter and triggers ATP hydrolysis
that may result in its dissociation. (Mode 2) A concerted pathway is derived from experiments
on the putative sterol-binding mutant, G5-A540F. ABCG5/G8 simultaneously recruits CHS, ATP,
and Mg2+ ions, induces a transient conformational change of the NBD, and activates ATP hydrolysis
and CHS/sterol dissociation from the transporter. G5: ABCG5; G8: ABCG8; E: ABCG5/G8 heterodimer;
Pi: inorganic phosphate.

In conclusion, these studies show that CHS stimulates ABCG5/G8 ATPase activity and may promote
an active conformation for ABCG5/G8-mediated sterol transport. The enzymatic characterization
of three loss-of-function missense variants provides a mechanistic basis for how the polar relay
contributes to the interdomain communication for the sterol-coupled ATPase activity in ABCG5/G8
and may be directly involved in such ligand–protein interactions. Further studies will reveal more
insight into these molecular events and enable sterol-lowering therapeutics to treat sitosterolemia
and hypercholesterolemia.

4. Materials and Methods

4.1. Materials

E. coli polar lipids (Cat. #: 100600C) and bovine liver polar lipids (Cat. #: 181108C) were from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). Cholesterol, cholesteryl hemisuccinate (CHS), and n-dodecyl
β-d-maltopyranoside (DDM) were from Anatrace (Maumee, OH, USA). The nickel–nitrilotriacetic
acid (Ni–NTA) agarose resin was from Qiagen Toronto (Toronto, ON, Canada), while the calmodulin
(CBP) affinity resin, zeocin, and ampicillin were from Agilent (Santa Clara, CA, USA). Imidazole,
ε-aminocaproic acid, sucrose, yeast extract, tryptone, peptone, yeast nitrogen base (YNB),
and ammonium sulfate were obtained from Wisent Bioproducts (St-Bruno, QC, Canada).
ATP disodium trihydrate, Tris-(2-carboxyethyl)-phosphine (TCEP), sodium chloride, glycerol,
ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA), sodium dodecyl sulfate (SDS), Ponceau S solution, sodium azide, Bradford reagents,
Tween-20, magnesium chloride, calcium chloride, and all protease inhibitors were obtained from
Bioshop Canada (Burlington, ON, Canada). Biotin, sodium cholate hydrate, l-ascorbic acid, ammonium
molybdate, bismuth citrate, sodium citrate, methanol, ammonium hydroxide, hydrochloric acid,
and acetic acid were obtained from MilliporeSigma (Oakville, ON, Canada). Dithiothreitol (DTT),
Tris base, and Tris acetate were obtained from ThermoFisher (Ottawa, ON, Canada). Clarity Western
enhanced chemiluminescence (ECL) substrates, 30% acrylamide, agarose, and ammonium persulfate
were obtained from Bio-Rad (Hercules, CA, USA). Restriction enzymes were obtained from
New England Biolabs (NEB) (Ipswitch, MA, USA), Promega (Madison, WI, USA), and ThermoFisher
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(Ottawa, ON, Canada). The following media were used: yeast extract peptone dextrose (YPD),
yeast extract peptone dextrose sorbitol (YPDS), minimal glycerol yeast nitrogen base (MGY),
and minimal protease inhibitor buffer for yeast cell lysis (mPIB), consisting of 0.33 M sucrose,
0.3 M Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM EGTA, 100 mM ε-aminocaproic acid, and ddH2O to a final
volume of 1 L and stored at 4 ◦C.

4.2. Cloning of ABCG5/G8 Missense Mutants

The expression vectors (pLIC and pSGP18), carrying human ABCG5 (NCBI accession number
NM_022436) and human ABCG8 (NCBI accession number NM_022437), were derived from pPICZB
(Invitrogen) as described [33,45], pLIC-ABCG5, and pSGP18-ABCG8, respectively. A tandem
array of six histidines separated by glycine (His6GlyHis6) was added to the C terminus of
ABCG5, and a tag encoding a rhinovirus 3C protease site followed by a calmodulin binding
peptide (CBP) was added to the C terminus of ABCG8. To generate the missense mutants
in this study, we performed site-directed mutagenesis by using WT ABCG5 or ABCG8 as the
templates and the following codon-optimized oligonucleotide primers (Eurofins Genomics Canada).
G5-A540F: CCATTTTTGGGGTGCTTGTTGGATCTGGATTCCTCAG (forward) and GCACCCC
AAAAATGGACAGCAGAGCCACTACAC (reverse); G5-E146Q: GCGCCAAACGCTGCACTACACC
GCGCTGC (forward) and CAGCGTTTGGCGCACGGTGAGGCTGCTCAG (reverse); G8-R543S: GTT
GCTCTATTATGGCCCTGGCCGCCGC (forward) and GCCATAATAGAGCAACAGAAGACCACCAG
CCAC (reverse); G8-G216D: ACGAGCGCAGGAGAGTCAGCATTGGGGTGCAG (forward) and
CTCTCCTGCGCTCGTCCCCCGACAACCCC (reverse). The polymerase chain reaction (PCR)
included 1× Phusion High-Fidelity DNA Polymerase (New England Biolabs), 1× Phusion buffer,
200 mM dNTP, 2% (v/v) DMSO, 100 ng DNA templates, and 0.4 mM forward and reverse primers.
Each mutant-containing plasmid was amplified by the following PCR settings: initial DNA
denaturation (98 ◦C, 2 min), followed by 30 cycles of denaturation (98 ◦C, 15 s)/primer annealing
(55 ◦C, 30 s)/DNA extension (72 ◦C, 3 min), and then final extension (72 ◦C, 20 min). Next, 5 µL of the
PCR products was run on a 1% agarose gel to confirm the amplification, and 1 µL of DnpI restriction
enzymes (20 units) was used to digest the WT templates overnight at 37 ◦C. The modified plasmids
were cleaned up using the ethanol acetate precipitation technique. Then, 5 µL of 3 M sodium acetate
was added to each 50 µL PCR product. Next, 200 µL of 100% ethanol was added to each tube, vortexed,
and left at room temperature for 10 min. At max speed in a table centrifuge for 10 min, the plasmids
were pelleted; then, the supernatant was removed and washed with 75% ethanol. Residual ethanol
was dried by a Speed-Vac at the maximal speed for 20 min at room temperature. The pellet was
resuspended in ddH2O. Mutants plasmids were cloned into XL1-Blue competent E. coli cells by the
heat-shock approach as described in the supplier’s manual (Novagen/Agilent, Santa Clara, CA, USA)
and by antibiotic selection using Zeocin (Invitrogen/ThermoFisher, Ottawa, ON, Canada). Using
PureYield Plasmid Midiprep kit (Promega, Madison, WI, USA), DNA preparations of selected clones
were subjected to sequencing at Eurofins Genomics Canada.

4.3. Expression of ABCG5/G8 Missense Mutants in Pichia pastoris Yeast

Both WT and mutant plasmids (20 mg each plasmid) were linearized using PmeI and
co-transformed into the Pichia strain KM71H by electroporation. Immediately, the cells were
resuspended with 1 mL of ice-cold 1 M sorbitol and incubated at 30 ◦C for 1 h. Then, 5 mL of
fresh YPD was added and incubated for 6 h at 250 rpm and 30 ◦C. The cells were then centrifuged
at 3000× g for 10 min and resuspended with 200 µL of YPD. Next, 100 µL of transformants were
plated on YPDS plates containing 100 (low), 500 (medium), or 1000 (high) µg/mL Zeocin to screen
for successful transformation. Seven colonies were picked and grown in 10 mL of MGY medium for
24 h in sterile 50 mL tubes at 250 rpm and 30 ◦C. The cells were centrifuged for 10 min at 3000× g and
then resuspended with 10 mL of minimal methanol (MM) medium. Then, 50 µL of methanol was
added to the medium and once again after 12 h. The cells were harvested after 24 h incubation at

405



Int. J. Mol. Sci. 2020, 21, 8747

250 rpm and 30 ◦C, resuspended in 600 µL mPIB buffer, and transferred into a 1.5 mL Eppendorf tube.
After adding 500 µL of glass beads, protease inhibitors, and 10 mM DTT, the cells were lysed using
a mini-bead beater (Biospec), with 1.5 min beating and 1.5 min rest on ice for three cycles. The unbroken
cells and beads were pelleted by centrifugation at 5000× g for 5 min at 4 ◦C, followed by 21,130× g for
5 min at 4 ◦C. The supernatant was collected, and the concentration of the total proteins was estimated
by Bradford assay. Next, 1 µL of cell lysate and 0–10 µg BSA standards were separately added to
200 µL of Bradford reagent on a 96-well plate. Absorbance at 595 nm was used to measure the protein
concentrations using a Synergy H1 Hybrid reader (BioTek/Agilent, Santa Clara, CA, USA). The cell
lysates (20 or 30 µg of total proteins) were resolved by SDS–PAGE, and protein expression was analyzed
by immunoblotting using monoclonal anti-RGS-His antibodies (Qiagen Toronto, Toronto, ON, Canada)
to detect ABCG5 and polyclonal anti-hABCG8 antibodies (Novus Biologicals, Centennial, CO, USA) to
detect ABCG8. The clones expressing the highest level for both subunits were selected and stored in
20% glycerol at −75 ◦C.

4.4. Cell Culture and Microsomal Membrane Preparation

The conditions for cell growth and WT protein induction were as previously described [21].
Briefly, cells were initially grown at 30 ◦C to accumulate cell mass in an Innova R43 shaker (Eppendorf)
at 250 rpm for 24–48 h with the pH maintained at pH 5–6. To induce protein expression, cells
were left fasting for 6–12 h, and then incubated with 0.1% (v/v) methanol for 6–12 h at 20 or 28 ◦C.
The methanol concentration was increased to 0.5% (v/v) by adding methanol every 12 h for 48–60 h.
Cell pellets were collected and resuspended in mPIB and stored at −75 ◦C. Approximately 45 ± 10 g
of cell mass was typically obtained from 1 L of cultured cells. The frozen cells were thawed and
lysed using a C3-Emulsifier (Avestin, Ottawa, ON, Canada) in mPIB in the presence of 10 mM DTT
and protease inhibitors (1 µg/mL leupeptin, 1 µg/mL pepstatin A, 1 µg/mL aprotinin, and 2 mM
PMSF(phenylmethylsulfonyl fluoride). The microsomal membranes were then prepared as previously
described [21].

4.5. Purification of ABCG5/G8 and Its Mutants

Both WT and mutants were purified following a protocol described previously [21], with minor
modification. Briefly, DDM-solubilized membranes were subjected to a tandem affinity column
chromatography, first using Ni–NTA and then CBP. The N-linked glycans and the CBP tag remained on
the purified heterodimers, and the CBP eluates were further purified by gel-filtration chromatography
using a Superdex 200 Increase 10/300 GL column (Cytiva) on an KTA Pure purification system
(Cytiva, formerly GE Healthcare Life Sciences). The proteins in the peak fractions were collected and
concentrated to 1–3 mg/mL for storage at −75 ◦C. Noticeably, the final yield for mutants was lower
than WT, in a range of 400–800 µg per 6 L of cells. The expression level of the mutant proteins in the
microsomes and their solubility were slightly lower than for WT. Some proteins were also lost during
Ni–NTA binding and imidazole wash. The profile of the gel-filtration chromatography often showed
a higher peak at the void volume than dimeric proteins. These factors collectively suggest that the
mutant proteins were more prone to aggregation, thus explaining the lower yields.

4.6. ATPase Assay

We consistently observed a strong cloudiness in the assay solution when using previous protocols,
consequently resulting in low sensitivity when detecting the ABCG5/G8 ATPase activity. Because a high
concentration of bile acids is required, we reasoned that the high content of detergents, both in the
assay solution and in the protein preparations, may have caused either high background upon
quenching the reaction in the Malachite Green-based assay [33] or poor organic–aqueous phase
separation [21]. The measurement of ATPase activity, thus, becomes inconsistent from one protein
preparation to another. To overcome this issue, we first optimized the ATPase assay by adopting
a colorimetric and bismuth citrate-based approach [35], which also allows high-throughput detection of
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the liberated inorganic phosphate by a microplate reader. The ATPase assay was performed in a 65 µL
final reaction volume containing 2 mg/mL E. coli or liver polar lipids or designated phospholipids,
1.5% sodium cholate, 0.2% (4.11 mM) CHS, and 2 mM DTT in Buffer A (50 mM Tris/Cl pH 7.5,
100 mM NaCl, 10% glycerol, 0.1% DDM). The lipid/CHS/DTT mixture was thoroughly sonicated and
preincubated with ABCG5/G8 proteins (0.3 to 1.5 µg) for 5 min at room temperature. The catalytically
deficient G8-G216D was used as the negative control.

The enzymatic activity of ABCG5/G8 was initiated upon the addition of the 10× ATP cocktail
(6.5 µL) and incubated at 37 ◦C. Aliquots (8.5 µL) were removed every 2 min and added to the
prechilled quencher wells to stop the reaction. The quencher solution was made of 5% SDS in
5 mM HCl, which, together with the smaller reaction volume, contributed to a significant reduction in
cloudiness for inorganic phosphate detection. Lipid mixtures were prepared at 30 mg/mL (~20 mM)
in Buffer A containing 7% sodium cholate. CHS stock solution (1%, w/v) was prepared in a Buffer
A and 4.5% sodium cholate, whereas 10× Mg/ATP cocktail contained 50 mM ATP, 75 mM MgCl2,
and 100 mM NaN3 in a buffer containing 50 mM Tris/Cl pH 7.5. To detect the liberated inorganic
phosphate, 50 µL of freshly made Solution II (142 mM ascorbic acid, 0.42 M HCl, 4.2% Solution I
(10% ammonium molybdate)) was added to plate wells and left on ice for 10 min. Then, 75 µL of
Solution III (88 mM bismuth citrate, 120 mM sodium citrate, 1 M HCl) was added to plate wells and
placed at 37 ◦C for 10 min. The absorbance was measured at 695 nm using a Synergy H1 Hybrid
reader (BioTek/Agilent, Santa Clara, CA, USA). For the phosphate standards, 1 M monobasic or dibasic
sodium or potassium phosphate in 50 mM Tris/Cl pH 7.5 was prepared, and six standard inorganic
phosphate solutions (0 µM, 12.5 µM, 25 µM, 50 µM, 100 µM, or 200 µM) were used in every experiment.
The linear range of each reaction was used to calculate the initial rate of ATP hydrolysis. GraphPad
Prism 8 was used to perform nonlinear regression and ordinary one-way ANOVA, with a p-value of
≤0.05 considered significant from at least three independent experiments. The kinetic parameters were
calculated by nonlinear Michaelis–Menten curve fitting using GraphPad Prism 8.

4.7. Computational Methods

We studied four ABCG5/G8 protein systems including the WT and the E146Q, A540F,
and R543S mutants. Each MD system consisted of one copy of ABCG5/G8 heterodimer,
320 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipids, 16 cholesterols, 43,621 TIP3P [46]
water molecules, and 103 Cl− and 83 Na+ to neutralize the MD systems. AMBER ff14SB [47],
Lipid14 [48], and GAFF [49] force fields were used to model proteins, DMPC lipids, and cholesterols,
respectively. The residue topology of cholesterol was prepared using the Antechamber module [48].
MD simulation was performed to produce isothermal–isobaric ensembles using the pmemd.cuda
program in AMBER 18 [50]. The particle mesh Ewald (PME) method [51] was used to accurately
calculate the electrostatic energies with the long-ranged correction taken into account. All bonds were
constrained using the SHAKE algorithm [52] in both the minimization and MD simulation stages
following a computational protocol described in our previous publication [21]. Briefly, there were
three stages in a series of constant-pressure and -temperature MD simulations, including the relaxation
phase, the equilibrium phase, and the sampling phase. In the relaxation phase, the simulation system
was heated progressively from 50 K to 250 K at steps of 50 K, and a 1 ns MD simulation was run at
each temperature. In the next equilibrium phase, the system was equilibrated at 298 K, 1 bar for 10 ns.
Finally, a 100 ns MD simulation was performed at 298 K, 1 bar to produce isothermal–isobaric ensemble
ensembles. In total, 1000 snapshots were recorded from the last phase simulation for post-analysis
using the “cpptray” module implemented in the AMBER software package. Binding free energy
decomposition and correlation analysis were performed using an internal program and the detailed
elsewhere [53,54].

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/22/
8747/s1.
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Abbreviations

ABC ATP-binding cassette
ABCC7 ATP-binding cassette sub-family C member 7
ABCG5 ATP-binding cassette sub-family G member 5
ABCG8 ATP-binding cassette sub-family G member 8
ATP Adenosine triphosphate
CBP Calmodulin-binding peptide
CFTR Cystic fibrosis transmembrane conductance regulator
CHS Cholesteryl hemisuccinate
DDM Dodecyl maltoside or n-dodecyl β-d-maltopyranoside
DMPC 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
DNA Deoxyribonucleic acid
DTT Dithiothreitol
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
ER Endoplasmic reticulum
ICL Intracellular loop
LDL Low-density lipoprotein
LOF Loss of function
LS Least square
MD Molecular dynamics
MGY Minimal glycerol yeast nitrogen base
MM Minimal methanol
mPIB Minimum protease inhibitor buffer
NBD Nucleotide-binding domain
NBS Nucleotide-binding site
Ni-NTA Nickel–nitrilotriacetic acid
PC Phosphatidylcholine
PCR Polymerase chain reaction
PDB Protein Data Bank
PE Phosphatidylethanolamine
PG Phosphatidylglycerol
RCT Reverse cholesterol transport
RMSD Root-mean-square deviation
SDS Sodium dodecyl sulfate
TCEP Tris-(2-carboxyethyl)-phosphine
TICE Transintestinal cholesterol efflux
TMD Transmembrane domain
WT Wild type
YNB Yeast nitrogen base
YPD Yeast extract peptone dextrose
YPDS Yeast extract peptone dextrose sorbitol
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Abstract: The bile salt export pump (BSEP/ABCB11) is responsible for the transport of bile salts
from hepatocytes into bile canaliculi. Malfunction of this transporter results in progressive familial
intrahepatic cholestasis type 2 (PFIC2), benign recurrent intrahepatic cholestasis type 2 (BRIC2) and
intrahepatic cholestasis of pregnancy (ICP). Over the past few years, several small molecular weight
compounds have been identified, which hold the potential to treat these genetic diseases (chaperones
and potentiators). As the treatment response is mutation-specific, genetic analysis of the patients
and their families is required. Furthermore, some of the mutations are refractory to therapy, with
the only remaining treatment option being liver transplantation. In this review, we will focus on the
molecular structure of ABCB11, reported mutations involved in cholestasis and current treatment
options for inherited BSEP deficiencies.

Keywords: BSEP; ABCB11; bile salts; intrahepatic cholestasis; chaperones; PFIC2; BRIC

1. Introduction

The ATP-binding cassette (ABC) proteins constitute one of the largest families of
membrane proteins. They are universally present in all kingdoms of life. In humans, 48
functional genes encode for ABC proteins, which on the basis of structural and sequence
similarity are categorized into seven subfamilies, designated as ABCA through G [1].
Most of these proteins transport substrates across cellular membranes. A functional ABC
transporter comprises at least four domains: two transmembrane domains (TMDs) and
two nucleotide-binding domains (NBDs), as shown in Figure 1. In the ABCB subfamily,
each of the TMDs consists of six membrane-spanning helices. Five of these extend into the
cytoplasm to form an expansive intracellular domain. The two TMDs are responsible for
substrate binding and translocation. The NBDs form two composite nucleotide-binding
sites (NBSs) at their interface, which bind and hydrolyze ATP, and thereby provide the
energy for substrate transport. These NBSs are formed by the Walker A and Walker B
motifs, as well as the A-, Q- and H-loops of one NBD and the signature motif and D-loop
of the other NBD [2,3].
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Figure 1. Schematic of the four-domain architecture of an ATP-binding cassette (ABC) transporter,
as illustrated for the bile salt export pump BSEP. Hydrolysis of ATP by the nucleotide binding
domains (NBD) energizes transport of bile salts from the hepatocyte cytoplasm to the bile canaliculus.
Transmembrane domains (TMD) form the path for bile salt transport across the canalicular membrane.

The ABCB subfamily is one of the most diverse groups of ABC proteins, as it includes
dimeric half transporters, monomers of which are each composed of one TMD and one
NBD, but also full-length transporters, in which all four domains are fused into a single
polypeptide chain. The former group comprises the homodimeric transporters ABCB6,
ABCB7, ABCB8, ABCB9 and ABCB10, and the heterodimeric transporter ABCB2/ABCB3.
The four full-length transporters of the ABCB subfamily are ABCB1, ABCB4, ABCB5 and
ABCB11. The heterodimeric ABCB2/ABCB3 and full-length ABCB11 differ from the other
members as they contain only one canonical NBS rather than two [4].

2. BSEP/ABCB11: Physiological Role

The bile salt export pump (BSEP) is expressed in hepatocytes. While high levels of
BSEP mRNA were detected in testes and lower levels were reported in other extrahep-
atic tissues, including trachea, prostate, lungs, thymus, kidney and colon [5,6], plasma
membrane expression of functional protein was found in liver cells only [5–8]. Adjacent
hepatocytes form tight junctions to enclose functional structures called bile canaliculi, to
which BSEP is targeted. Bile salts undergo an enterohepatic circulation, which depends on
active transport systems in the liver and intestine. In the course of this process, newly syn-
thesized and recycled bile salts are secreted from hepatocytes into bile canaliculi by BSEP
and via bile ducts reach the duodenum. In the ileum, these bile salts are reabsorbed by the
apical sodium-dependent bile salt transporter in intestinal epithelial cells (ASBT/SLC10A2).
From the intestine, bile salts return to the liver via the superior mesenteric and portal veins,
which carry the blood that feeds liver sinusoids. Uptake into hepatocytes is mediated by
the sodium taurocholate co-transporting polypeptide (NTCP/SLC10A1) and organic anion
transporters (OATPs). Bile salt transport by BSEP constitutes the rate-limiting step in bile
formation and provides the major driving force for enterohepatic circulation [9].

The bile salt pool is recycled from the intestine to the liver six to eight times a
day [10], resulting in daily bile salt excretion of about 20–40 g [11]. Impairment of BSEP
results in the failure to maintain physiological bile flow, resulting in a clinical condi-
tion called intrahepatic cholestasis. BSEP has narrow specificity for its substrate bile
salts, but the drugs pravastatin, vinblastine and fexofenadine are reported to be non-
physiological substrates [12–14].
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3. Transcriptional Regulation

BSEP expression is highly regulated by transcriptional mechanisms, and a wide inter-
individual variability has been described at the mRNA and protein levels [15].

Expression of BSEP is regulated by a major ligand-activated transcription factor, far-
nesoid X receptor (FXR, NR1H4), which forms a signaling-competent nuclear receptor
heterodimer with the retinoid X receptor (RXR) (Figure 2). Bile acids, such as chenodeoxy-
cholic acid (CDCA), deoxycholic acid (DCA) and cholic acid (CA), are endogenous ligands
of FXR with varying potential for activation [16–19]. Upon ligand binding, the FXR/RXR
heterodimer binds to an FXR response element (FXRE) in the promoter region of BSEP,
thereby inducing the expression of the transporter [20]. Additionally, components of the
activating signal cointegrator-2-containing complex (ASCOM) interact with FXR to enhance
BSEP expression. Ananthanarayanan and co-workers [21] showed that the recruitment of
ASCOM to the BSEP promoter was disrupted in cholestasis, which was induced by com-
mon bile duct ligation. Furthermore, co-activator-associated arginine methyltransferase 1
(CARM1) also regulates FXR/RXR-dependent BSEP transcription [22]. Similarly, steroid
receptor co-activator 2 (SRC2) knockout mice showed reduced expression of BSEP [23],
indicating its involvement in transcriptional regulation of the transporter.

–

 

‘ ’
‘ ’ ‘

’

Figure 2. Transcriptional regulation of BSEP via recognition sequences in the promoter region of the BSEP gene: MARE: Maf
recognition element; LRHRE: liver receptor homolog-1 responsive element; FXRE: farnesoid X receptor responsive element.
The farnesoid receptor FXR binds bile salts after heterodimerization with the retinoid X receptor. The ligand with the
highest affinity for FXR is chenodeoxycholic acid (CDCA): however deoxycholic (DCA) and cholic acid (CA) also increase
BSEP expression. The co-activators ‘activating signal cointegrator-2-containing complex’ (ASCOM), ‘co-activator-associated
arginine methyltransferase 1’ (CARM1) and ‘steroid receptor co-activator SRC2’ (SRC2) increase BSEP expression via FXR.
Liver receptor homolog 1 (LHR-1) and nuclear factor erythroid 2-related factor (Nrf-2), a sensor for oxidative stress, also
increase BSEP expression.

Hepatocyte-specific liver receptor homolog-1 (LRH-1, NR5A2) is another transcription
factor involved in modulation of BSEP expression. LRH-1 plays a supporting role for
FXR [24]. The absence of LRH-1 is associated with reduced BSEP expression and an
altered BA composition, with disappearance of CA and taurocholic acid (TCA) [25]. BSEP
promoter activity is also stimulated by nuclear factor erythroid 2-related factor 2 (Nrf2), a
positive transcriptional regulator, which acts as a sensor for oxidative stress. Nrf2 regulates
the expression of BSEP, but also that of a number of hepatic phase I and II enzymes and
other hepatic efflux transporters such as MRP3 (ABCC3) and MRP4 (ABCC4) [26].
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4. Processing and Trafficking of BSEP

Membrane insertion and folding occur at the level of the endoplasmic reticulum
(ER) [27]. Insertion into the ER membrane is facilitated by the protein transport protein
SEC61, which assists transmembrane portions of nascent proteins to adopt helicity prior
to domain folding. Correct positioning of domains or subdomains relative to each other
typically occurs late in the folding trajectory of a multidomain membrane protein. Of all
ABC proteins, the folding trajectory of cystic fibrosis transmembrane conductance regulator
(CFTR, ABCC7) has been studied the most [28,29]. The intracellular loops (ICLs) play a
critical role in transporter folding by contributing to the formation of the functionally
important TMD/NBD coupling interface [30]. Furthermore, the involvement of molecular
chaperons is required, as they sense the presence of hydrophobic helices in the cytosol, and
thus contribute to obtaining the folding endpoint [31].

In the ER, newly synthesized and correctly folded BSEP undergoes N-linked core
glycosylation. The sugar moieties are added at four conserved asparagine residues in extra-
cellular loop 1 (ECL1), namely Asn109, 116, 122 and 125, and then are subject to subsequent
modifications while traveling through the Golgi stacks. N-linked core glycosylation in the
ER lumen plays a pivotal role in ER protein folding by mediating interactions with the
lectin chaperones calnexin and calreticulin and by increasing the folding efficiency [32].
Only correctly folded proteins are trafficked to the Golgi apparatus in clathrin-coated COPII
vesicles. Aberrantly folded proteins are identified by the endoplasmic-reticulum-associated
degradation (ERAD) machinery and retro-translocated to the cytoplasm for degradation in
the 26S proteasome following ubiquitination [33]. A number of BSEP mutants, including
G238V, D482G, G982R, R1153C and R1286Q, are predominantly degraded by ERAD, thus
leading to a PFIC2 phenotype [27,34,35]. Different ERAD E3 ubiquitin ligases are thought
to recognize and ubiquitinate different mutants of BSEP [27]. Before trafficking to the
canalicular membrane, BSEP is fully glycosylated in the Golgi apparatus through trimming
to the core structure and extension from the core [34]. Glycosylation directly impacts
protein stability and at least two of the four glycans are required for BSEP trafficking to
the canalicular membrane [35]. Using enhanced green fluorescent protein (EGFP)-tagged
mouse BSEP, it was shown that the partial glycosylation of the PFIC2-related mutant
D482G causes an unstable BSEP protein and reduces levels of the mature protein at the
canalicular membrane [36].

The majority of integral plasma membrane proteins of polarized hepatic cells are
distributed from the basolateral membrane to the appropriate apical cell surface location
via transcytosis. In contrast, ABC transporters targeted to the canalicular membrane use
the non-transcytotic direct route from the Golgi apparatus via Rab11a-positive apical
endosomes [37,38]. Under physiological conditions, the apical pool of BSEP is strictly
regulated by the demand for biliary excretion of bile salts. The intracellular endosomal pool
is thought to exceed that at the canalicular membrane [39] by at least 6-fold. Internalization
of BSEP is mediated by clathrin-coated vesicles and is dependent on the highly conserved
endocytic cargo motif (Trp-Lys-Leu-Val) [40]. This trafficking motif is recognized by adaptor
protein 2 (AP-2), which modulates the internalization process and expression of cell-surface-
resident BSEP through direct interaction [41]. Moreover, trafficking of BSEP through the
endosomal system to the canalicular membrane is a microtubule-dependent process and
requires the myosin light chain [42], myosin Vb [43] and Rab11a. The latter two components
were shown to also be associated with canalicular biogenesis by maintaining proper
trafficking of Rab11a–myosin Vb-containing membranes to the canalicular membrane in
polarized WIF-B9 cells [43].

Continuous cycling of BSEP between the apical and intracellular pools is disrupted
in most human cholestatic liver diseases. Shifting the balance towards endocytic in-
ternalization results in impaired bile salt secretion [44]. A causative role of enhanced
retrieval into the subapical endosomal compartment was demonstrated for estradiol 17
β-D-glucuronide (E17G)-induced cholestasis, an experimental model for pregnancy-related
cholestasis [45,46]. In this model, BSEP was found to co-localize with clathrin, AP-2
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and Rab5 as evidence for clathrin-mediated endocytosis [46]. Classical (Ca2+-dependent)
protein kinase C (cPKC)–p38, mitogen-activated protein kinase (MAPK) and phosphoinosi-
tide 3-kinase (PI3K)–ERK1/2 signaling pathways are thought to be involved in (E17G)-
induced cholestasis [47–49].

TCA, the major bile acid in mammals, as well as cyclic adenosine monophosphate
(cAMP) are known to increase the apical pool of BSEP within minutes by promoting its
cellular relocation [37]. Moreover, TCA was demonstrated to induce the formation of bile
canaliculi in mice via the liver kinase B1 (LKB1)–AMP-activated protein kinase (AMPK)
pathway [50]. A subsequent publication showed that knocking out LKB1, the upstream
serine–threonine kinase, which is implicated in regulation of cellular energy metabolism,
impairs both canalicular biogenesis and intracellular trafficking of BSEP. On the other
hand, cAMP induces BSEP trafficking through a PKA-mediated pathway, which does not
involve AMPK activation [51]. Unlike TCA-mediated trafficking, this process is PI3K-
independent [52]. Similar to TCA, the conjugated bile salt tauroursodeoxycholate (TUDCA)
also promotes the relocation of BSEP to the canalicular membrane through activation of the
p38 MAPK [53,54]. Similar to other conjugated bile salts, TUDCA stimulates the ATPase
activity of BSEP [55].

Ubiquitination is another modification, which changes the expression of cell-surface-
resident BSEP. The half-life of BSEP in the canaliculi is shortened by modification with two
to three ubiquitin molecules. This induces the removal of the protein from the cell surface,
whereby the rates are governed by the degree of ubiquitination. While the PFIC2-related
mutations E297G and D482G cause short-chain ubiquitination, thereby shortening the half-
life of cell-surface-resident BSEP, the chemical chaperone 4-phenylbutyrate (4-PB) reduces
its degradation rate [56]. In a later study, ubiquitination of canalicular BSEP was shown to
act as a signal for internalization by promoting clathrin-mediated endocytosis. After inter-
nalization, BSEP is either recycled back to the canalicular membrane in a Rab11-dependent
manner or degraded through a ubiquitination-independent pathway [57]. Degradation
was suggested to be lysosome-mediated and dependent on a sorting signal from within
the endosomal compartment [58].

5. Structural Models of BSEP

Before publication of the cryo-electron microscopy (cryo-EM) structure of BSEP [59],
several homology models of the transporter were presented. Kubitz and colleagues [60,61]
generated an outward-facing homology model of ABCB11 by using the Sav1866 structure
(PDB: 2HYD [62]) as a template. This model was used to show a putative antibody binding
site at the long ECL1, as well as to indicate positions of disease-causing mutations. The
model compares well at the individual domain level with the cryo-EM structure that has
recently become available. Giovannoni et al. [63] created a model based on the corrected
mouse ABCB1 structure (PDBID: 4M1M [64]). Here, loops that could not be matched to the
template were not modeled (ABCB11 residues 102–120 and 659–728). The model was used
to localize positions of disease-causing mutations. Again, this model agrees well with the
cryo-EM structure within the resolution at which cryo-EM data were presented. Notably,
an overall structural alignment of mouse ABCB1 (PDBID: 4M1M [64]) and the cryo-EM
structure of ABCB11 results in an RMSD of 0.36 nm, with a better fit of the TMDs. Dröge
et al. [65] also used the mouse ABCB1 structure as a template. This model was used to
locate the positions of the most commonly occurring PFIC2 missense mutations. Moreover,
in the process of structure evaluation, different web services were used to predict the
influence of missense mutations on protein function. The authors provided a list of possible
effects of newly identified mutations included in their study. However, the accuracy of
this prediction was not evaluated. In a different study, Jain and co-workers [66] generated
an ABCB11 homology model also using the inward-facing mouse ABCB1 structure as the
template (PDB: 4M1M [64]). Extensive docking studies with 405 inhibitor compounds
and 807 non-inhibitors were performed in order to explore the interaction with small
molecules. Prediction accuracy results of 81% in the training set and 73% in two external
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test sets were obtained. In addition to standard scoring functions, the homology model
used for docking was validated by molecular dynamics (MD) simulation. The use of
MD simulations in protein stability checks is a well-established procedure, however it is
computationally expensive. Short simulations were performed for structure validation
of membrane-inserted ABCB11 homology models. We also previously [67] generated a
homology model based on the X-ray structure of Sav1866 as a template (PDB ID: 2ONJ [62])
to elucidate the NBD–NBD interdomain communication of the transporter. The model
allowed us to infer the potential roles of conserved motifs of the nucleotide-binding
domains in ATP hydrolysis and the transmission of conformational changes from the NBDs
to the TMDs.

In 2020, Wang et al. [59] determined the human BSEP structure using cryo-EM (PDBID:
6LR0). This structure has an average resolution of 0.35 nm, with the TMDs being resolved
at 0.33 nm. The protein shows an inward open state in the absence of nucleotides or other
small molecules. According to this structure, ABCB11 closely resembles ABCB1, with the
most similar structure found in the Protein Data Bank [68] being the apo inward-open
ABCB1 structure (PDBID: 6GDI, RMSD: 0.206 nm [69]. Thus, it shares the typical type
I exporter fold with the other members of the ABCB subfamily. The domain-swapped
transmembrane helices are connected by coupling helices 2 and 4, which are embedded
in grooves formed between the core and the helical domain of the NBDs, supporting
their crucial role in interdomain communication. Interestingly, inside the central cavity,
contiguous electron density was found, into which the N-terminus of the protein could
be fitted. Currently, no biochemical data are available with respect to any putative auto-
inhibition of BSEP by this N-terminus. The poor resolution of ECL1 (Q101-I134) reflects
its highly dynamic nature. It contains the four known glycosylation sites (N109, 116, 122
and 125) [70].

BSEP harbors two ATP-binding sites, one of which is canonical and capable of ATP
hydrolysis. When compared to ABCB1, only four amino acids differ in NBS1. These are
E502, M584, R1221 and E1223 in BSEP corresponding to S474, E556, G1178 and Q1180 in the
ABCB1 protein sequence [71]. The amino acid changes result in a catalytically inactive ATP
binding site (NBS1), which is also variably called “degenerate” NBS. It has been suggested
that the degenerate site imparts extended functionality to the transporter. The mechanistic
details are currently missing, although the role of ATP hydrolysis in each of the two NBDs
has been elucidated in greater detail [67].

6. Experimental Model Systems

In vitro and in vivo models have been developed for the study of BSEP function,
folding and trafficking, as well as the actions of drug candidates with the potential to treat
the malfunction or incorrect cellular routing of the transporter. These model systems are
discussed below with respect to their potentials and limitations.

6.1. In Vitro Models

6.1.1. Membrane Vesicles

For the study of substrate transport and inhibition by drugs and metabolites, mem-
brane vesicles represent the most commonly used model system. Vesicles are either
prepared from BSEP-transfected insect cell lines (Sf9 and Sf21), which give higher pro-
tein yields, or mammalian cell lines (including CHO, HeLa, MDCK, LLC-PK1 and HEK
cells). Despite having lower protein expression, mammalian cells are often preferred for
functional studies, as insect cells show a different lipid membrane composition and only
core glycosylated protein is produced. In order to overcome lower expression levels in
mammalian cells, the Bac/Mam gene transfer system has been advocated [72]. For experi-
mental details on the preparation of membrane vesicles, readers are referred to [13,69,73].
As a mixture of inside-out and right-side-out vesicles is obtained, a protocol for increas-
ing the yield of inside-out vesicles has been published [74]. In addition, a protocol for
preparation of membrane vesicles from canalicular membranes of rat hepatocytes has been
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reported [73]. These vesicles were used for the identification and characterization of BSEP
substrates and inhibitors [75,76].

High-quality membrane vesicles represent an ideal experimental system for transport
and transport inhibition studies, but cannot be used to address aspects of trafficking or
cellular metabolism [77]. As in inside-out vesicles, the BSEP NBDs are exposed towards the
medium, ATP and substrates can be added into the transport medium and accumulation of
substrates in vesicles can be monitored by rapid filtration. We previously used membrane
vesicles from plasmid-transfected HEK cells to study the domain interaction and the roles
of the canonical and non-canonical NBS in supporting BSEP substrate transport [67].

6.1.2. Polarized Cell Lines Expressing BSEP

Polarized MDCK and LLC-PK1 cells have been used to study BSEP function in intact
cells. The experimental system requires double transfection with BSEP and the hepatocyte
bile salt uptake transporter NTCP, as BSEP-mediated efflux can only be monitored after
bile salt substrates have been taken-up into cells. Physiologically, NTCP enables the
reentry of bile salts from the circulation into hepatocytes in the context of the enterohepatic
circulation of these compounds between the intestine and the liver. Polarized cells are
grown on a permeable membrane in a hang-in assembly. BSEP is localized on the apical
surface. The function of BSEP is determined from the ratio of basal-to-apical as compared
to apical-to-basal transport of substrates [78,79].

6.1.3. Primary Hepatocyte Cultures

When cultured in the appropriate medium, hepatocytes form tight junctions to gen-
erate sealed tube-like structures, which resemble bile canaliculi [80,81]. Therefore, this
system provides the possibility of assessing the excretion of drugs and bile components
into bile canaliculi [82–84]. Hepatocytes in suspension also provide a suitable option for
studying drug metabolism and drug transport [85,86]. One major advantage of hepatocyte
suspension cultures is their easy, quick and high-yield preparation. Furthermore, this
assay does not require radiolabeled substrates [87]. Therefore, this system is often used
for large-scale screening of drugs for assessment of drug-induced liver injury (DILI). It
has to be kept in mind, however, that the presence of multiple transporters in primary
hepatocytes limits their use for assessing BSEP-specific substrates [88].

6.2. BSEP Knockout Animals

6.2.1. Rodents

In order to investigate the mechanisms involved in innate and acquired intrahepatic
cholestasis, BSEP knockout animal models (mice and rat) have been established [89,90].
Recently, the CRISPR/cas9 technology has been employed to knock out the BSEP gene
in adult mice [91,92]. In all models, expression of BSEP was strongly reduced, thus
providing an alternative experimental model for studying intrahepatic cholestasis and
putative therapeutic intervention in rodents. Interestingly, the mouse models do not show
signs of severe cholestasis as seen in humans, because these mice produce a large amount
of poly-hydroxylated bile acids, which are excreted renally [93]. Wang et al. used this
model system to suggest that P-glycoprotein (ABCB1) can act as a compensatory bile salt
transporter, which alleviates the severity of cholestasis in BSEP knockout mice [94].

6.2.2. Zebrafish

Recently, Ellis et al. generated an abcb11b knockout zebrafish by using the CRISPR/Cas-
9 gene editing technology [95]. Abcb11b is the orthologue of the human BSEP gene in
zebrafish. The histological and ultrastructural analysis showed a morphological hepatocyte
injury pattern similar to that seen in patients with PFIC2. Similar to the situation in humans,
BSEP deficiency induced autophagy in zebrafish hepatocytes. Treatment with rapamycin
restored bile acid excretion, attenuated hepatocyte damage and extended the life span
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of abcb11b mutant zebrafish. These effects were paralleled by a recovery of the correct
canalicular localization of multidrug resistance protein 1.

Due to the transparency of these fish, the system allows monitoring of the bile flow in
the intact animal with fluorescently labeled bile salt analogs. Furthermore, P-glycoprotein,
which is reported to play a compensatory role (by transporting bile acids, and thereby
protecting the hepatocytes from cholestasis induced injury) in BSEP knockout mice [96], is
mislocalized to the hepatocyte cytoplasm in mutant zebrafish.

Animal models play an important role in studying cholestatic liver disease [93]. In
contrast, identification of drug candidates for the treatment of folding and functionally
deficient BSEP-mutants usually relies on in vitro model systems. For such studies, the
patient-specific mutations are generated and expressed in cell lines. The impact of small
molecules on the structure and function of BSEP is evaluated. Once the drugs have proven
a potential in cell models, they are translated to a clinical setting [97,98].

Hydrodynamic tail vein injection in combination with the CRISPR/Cas9 technology
has been used to specifically delete BSEP in mice and to study the consequences of the
loss of an enzyme of the urea cycle (argininosuccinate lyase) [91]. In a similar way, such a
BSEP knockout model system may be used for the study of mice expressing mutant forms
of human BSEP in the liver and to monitor the effects of drug candidates on the folding,
trafficking and function of the transporter.

7. Treatment Options for BSEP-Related Diseases

Impairment in the expression or function of BSEP leads to one of three human disease
phenotypes of differing severity: PFIC2, BRIC2 and intrahepatic cholestasis of pregnancy
(ICP). Several drugs with the potential to enhance the expression and function of the
transporter have been reported. Disease-causing mutations and potential correctors are
listed in Table 1 and depicted in the ABCB11 cryo-EM structure in Figure 3.

 

6α

OCA’s 100

Figure 3. The positions of disease-causing mutations contained in Table 1 are shown in the ABCB11
cryo-EM structure. C-alpha atoms are shown as spheres and colored according to the resulting
disease phenotype (PFIC2: red; BRIC2: blue; either PFIC2 or BRIC2: magenta; nonsense mutations:
yellow). Outlines and filled colors indicate the domain organization of the transporter in accordance
with Figure 1.
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Table 1. Synopsis of a subset of disease-causing mutations, for which potential therapeutic interventions have been proposed. The defects, model systems and associated disease
phenotypes are indicated. With the exception of the C129Y and G806D variants, the listed mutants represent a subset of a total of 192 disease-associated missense or nonsense mutations
that have been identified to date [99]. PFIC2: progressive familial intrahepatic cholestasis type 2, BRIC2: benign recurrent intrahepatic cholestasis type 2,4-PB: 4-phenylbutyrate, CA: cholic
acid, CDCA: chenodeoxycholic acid, DCA: deoxycholic acid, UDCA: ursodeoxycholic acid, FXR: farnesoid X receptor.

Nucleotide Change Type of Mutation Amino Acid Defect
Potential Corrective

Therapy
Cell Line/Organism Disease References

c.386GA Missense C129Y 1
Impaired membrane

trafficking, reduced level of
mature protein

4-PB HEK293T PFIC2 [100]

c.470AG
c.3892GA Missense Y157C

G1298R Reduced/absent BSEP activity
4-PB in combination
with oxcarbazepine

and maralixibat

Patient with 2 heterozygous
missense
mutations

PFIC2 [101]

c.698TC Missense L233S - Methylprednisolone
Patient with heterozygosity

in ABCB11, as well as in
CFTR, NPHP4 and A1ATD

BRIC2 [102]

c.890AG Missense E297G 2

Protein instability,
ubiquitin-dependent

degradation [103], impaired
membrane trafficking, reduced

level of mature protein

4-PB
Madin-Darby canine kidney

(MDCK) II cells and
Sprague–Dawley rats

BRIC2, PFIC2

[104]

Glycerol, glycerol at
28 ◦C CHO-K1 cells [105]

CA, CDCA, DCA,
UDCA, GW4064

(FXR agonist)
MDCK II cells [106,107]

Butyrate and
octanoic acid MDCK II cells [108]

c.1211AG Missense D404G Reduced level of mature
protein, ER-like distribution 4-PB HEK293T cells BRIC2 [109]

c.1211AG
c.1331TC Missense D404G

V444A
Reduced level of mature

protein 4-PB

Patient compound
heterozygous for D404G and

homozygous for V444A
mutations

BRIC2 [109]

c.1388CT Missense T463I Impaired ATP-binding, BSEP
dysfunction Ivacaftor MDCK II cells PFIC2 [110]
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Table 1. Cont.

Nucleotide Change Type of Mutation Amino Acid Defect
Potential Corrective

Therapy
Cell Line/Organism Disease References

c.1445AG Missense D482G 2

Protein instability,
ubiquitin-dependent [103],

impaired membrane
trafficking, reduced level of

mature protein,
severe differential

splicing [105]

4-PB MDCK II cells and Sprague–
Dawley rats

PFIC2

[104]

Sodium butyrate and
4-PB HEK293T cells [103]

Butyrate and
octanoic acid MDCK II cells [108]

c.1708GA Missense A570T
Reduced level of mature
protein, reduced BSEP

activity [105]

UDCA MDCK II cells BRIC2
PFIC2

[111]

Glycerol at 28 ◦C CHO-K1 cells [105]

c.2417GA Missense G806D

Reduced level of mature
protein, aberrant splicing

4-PB
BSEP-deficient

hepatocyte-like cells PFIC2 [112]
c.-24CA

5′-UTR (five
prime untranslated

region)

c.2494CT Missense R832C Differential splice
products [105]

Steroid
Patient with compound

heterozygosity PFIC2 [113]

c.150+3AC Splice-site
mutation Partial exon skipping [114]

c.2756_2758delCCA Deletion T919del Reduced BSEP activity [115]
Steroid

Patient with compound
heterozygosity PFIC2 [113]

c.3703CT Nonsense R1235X Truncated, non-functional
transporter [115]

c.2944GA Missense G982R Retention in ER, reduced level
of mature protein

UDCA, 4-PB single
agents or in
combination

Can 10 cells PFIC2 [97]

c.2944GA Missense G982R Retention in ER, reduced level
of mature protein

4-PB
Patient with compound

heterozygosity PFIC2 [97]
c.770CT Missense A257V Normal canalicular expression

of BSEP

c.2944GA Missense G982R Retention in ER, reduced level
of mature protein 4-PB

Patient with compound
heterozygosity PFIC2 [97]

c.3003AG Silent R1001R Abnormal splicing [116]
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Table 1. Cont.

Nucleotide Change Type of Mutation Amino Acid Defect
Potential Corrective

Therapy
Cell Line/Organism Disease References

c.3382CT Missense R1128C
Retention in ER, reduced level

of mature protein,
Mild exon skipping [105]

UDCA, 4-PB single
agents or in
combination

Can 10 cells
PFIC2 [97]

4-PB Patient homozygous for
R1128C

c.3628AC Missense T1210P
Retention in ER, reduced level

of mature protein

UDCA, 4-PB single
agents or in
combination

Can 10 cells

PFIC2

[97]

4-PB Can 10 cells [98]

4-PB Patient with
homozygous mutation [97,98]

c.3692GA Missense R1231Q
Retention in ER [117],

no splicing, immature protein
[105]

4-PB

HEK293T cells,
McA-RH7777 cells,

patient with homozygous
mutation

PFIC2 [117]

c.1062TA Nonsense Y354X Premature termination codon G418, gentamicin NIH3T3 cells (increased
readthrough) PFIC2 [118]

c.1243CT Nonsense R415X Premature termination codon
G418, gentamicin NIH3T3 cells (increased

readthrough)
PFIC2 [118]

Gentamicin HEK293 cells (production of
a full-length BSEP protein)

c.1408CT Nonsense R470X Premature termination codon
G418, gentamicin NIH3T3 cells (increased

readthrough)
PFIC2 [118]

Gentamicin HEK293 cells (production of
a full-length BSEP protein)

c.3169CT Nonsense R1057X Premature termination codon
G418, gentamicin NIH3T3 cells (increased

readthrough)
PFIC2 [118]

Gentamicin HEK293 cells (production of
a full-length BSEP protein)
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Table 1. Cont.

Nucleotide Change Type of Mutation Amino Acid Defect
Potential Corrective

Therapy
Cell Line/Organism Disease References

c.3268CT Nonsense R1090X Premature termination codon

G418, gentamicin NIH3T3 cells (increased
readthrough)

PFIC2 [118]

Gentamicin

HEK293, Can10 and HepG2
cells (production of a

full-length BSEP protein and
localization at the PM of

HEK293 and at the CM of
Can 10 and

HepG2 cells)

Gentamicin
treatment with

UDCA, 4-PB and
UDCA + 4-PB,

gentamicin at 27 ◦C

Can10 cells (increased
canalicular expression)

Gentamicin,
gentamicin with

4-PB, gentamicin at
27 ◦C

NTCP expressing MDCK
cells (significantly

increased transport of
[3H]TC)

c.3904GT Nonsense E1302X Premature termination codon G418, gentamicin,
PTC124

NIH3T3 cells (increased
readthrough) PFIC2 [118]

Note: 1 Most frequently reported in Japan. 2 E297G and D482G mutations account for 58% of PFIC2 cases in the Western population [119].
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7.1. Transcriptional Modulators

FXR is the major ligand-activated transcription factor controlling BSEP expression,
which makes it a possible target for therapeutic intervention. Furthermore, 6α-ethyl-CDCA
(obeticholic acid, OCA), a derivative of the primary human bile acid CDCA and an FXR
agonist, was approved by the FDA for the treatment of primary biliary cholangitis (PBC)
either in monotherapy or in combination with UDCA in adults, depending on UDCA
responsivity and tolerability [120]. OCA’s 100-fold higher FXR-activating potential (as
compared to the natural ligand CDCA) formed the basis for advocating it as a novel
therapeutic treatment strategy for PBC [121]. Its long-term efficacy and safety profile
were reported recently [122]. OCA was also introduced for the treatment of non-alcoholic
steatohepatitis (NASH), whereby the interim analysis from a phase 3 trial demonstrated
clinical improvement and partial reversal of histopathological features [123]. Several other
steroidal and non-steroidal FXR agonists, such as EDP-305 and tropifexor (LJN4524), are
currently being investigated in a clinical setting for the treatment of NASH [124].

Garzel and co-workers evaluated the effects of 30 BSEP inhibitors on BSEP expres-
sion and FXR activation in human primary hepatocytes to understand the underlying
mechanisms of drug-induced liver injury (DILI) [125]. Among five potent transcriptional
repressors, lopinavir and troglitazone were shown to mediate their effects by reducing
the FXR activity. The latter drug was previously withdrawn from the market because of
DILI [125]. A number of natural FXR agonists or antagonists were reported to modulate
FXR activity in a variety of model systems, as reviewed in detail by Hiebl et al. [126]. A nat-
ural product, geniposide, was reported to modulate the expression of BSEP via the FXR, as
well as via the Nrf2 signaling pathways [127]. On the other hand, 9-cis retinoic acid (9cRA)
is an RXR agonist, which when co-administered with CDCA, represses FXR/RXR-mediated
expression of BSEP, thus exerting an opposite effects on BSEP transcription [128].

7.2. Ursodeoxycholic Acid (UDCA)

UDCA is one of the most commonly used agents for the treatment of cholestatic
disorders. It showed promising results in animal models and in patients by alleviating
disease symptoms. Although the exact mechanism of action of UDCA is not known, it
was reported that the compound may act by correcting a potential trafficking deficiency of
BSEP mutants, as well as by reducing the internalization of the transporter [112,129,130].
Furthermore, UDCA also reduces the overall hydrophobicity of the bile acid pool, thereby
protecting hepatocytes from damage [131]. However, in some patients UDCA failed
alleviate disease symptoms. Likely this finding reflects the genetic diversity of the under-
lying disease [129].

A UDCA derivative, norUDCA, is also being used for treatment of BSEP-related dis-
eases. Because of its capacity for cholehepatic shunting (i.e., bypassing the normal entero-
hepatic circulation), norUDCA counteracts bile duct damage via bicarbonate-rich choleresis.
Furthermore, norUDCA has antifibrotic, antiproliferative and anti-inflammatory properties
and propagates bile acid detoxification through elimination via the urine [131–133].

7.3. Chemical Correction with 4-PB

A large number of mutations have been reported to interfere with either BSEP folding
or its correct trafficking to the canalicular membrane. Among these are the E297G and
D482G mutations, which account for approximately 60% of PFIC2 cases in the European
population [119]. The underlying hypothesis behind the concept of chemical correction is
that these mutants, when rescued to the canalicular membrane, would function normally,
and thus the disease phenotype would be alleviated. Furthermore, 4-PB, an FDA-approved
drug for the treatment of urea cycle disorders, functions as a chemical chaperone for
folding-deficient BSEP variants [56]. Indeed, in vitro studies in HEK293 and MDCKII cell
lines indicated that upon treatment with 4-PB, these mutants would show enhanced surface
expression, as well as increased TCA transport activity [103,104]. Furthermore, in support
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of the validity of this concept, 4-PB treatment also increased the biliary excretion of TCA in
animal models [104].

Recently, use of 4-PB showed promising results in a clinical setting. Gonzales and
co-workers [97,98] showed that treating PFIC2 patients carrying at least one mutation
(out of p.G982R, p.R1128C and p.T1210P) with 4-PB led to an improvement in serum
liver parameters, including the serum bile acid concentration, and a reduction in the
pruritus score. Similarly, a preterm infant diagnosed with BSEP-related cholestasis was
treated with 4-PB and showed an improvement of the disease symptoms [134]. In addition,
BRIC2 patients have also been treated successfully with 4-PB [109]. The therapeutic doses
ranged from 150 to 500 mg/kg/day. In some patients, a 4-PB dose of ≤ 350 mg/kg/day
had no beneficial effect, while a high dose regimen (500 mg/kg/day) improved disease
symptoms [109,117]. In a recent study, two PFIC II patients were given a combination of
4-PB, oxcarbazepine (a peripheral nerve stabilizer reducing pruritus) and maralixibat (an
apical sodium-dependent bile acid transporter inhibitor), which had a beneficial effect on
disease markers [101]. Most of these studies did not show apparent side effects, even in the
high-dose regimen. However, psychological disorders (bipolar and related disorders) have
been connected to the use of 4-PB in a clinical setting [135].

7.4. Potentiation with Ivacaftor

UDCA and 4-PB have been shown to correct the misfolding of trafficking-deficient
variants. However, several disease-associated mutations (especially those in the NBDs) do
not interfere with folding, trafficking and canalicular localization, but rather lead to impair-
ment of transporter function [65,119]. Ivacaftor (VX-770) a potentiator has been approved
by the FDA for treatment of some class III (gating deficient) CFTR mutants [136,137]. In
these variants, an improvement of respiratory function could be demonstrated. Similar to
clinical results in CFTR patients, ivacaftor was shown to rescue the function of missense
mutations in the NBDs of ABCB4/MDR3 [138]. Recently, Mareux and co-workers showed
that ivacaftor also rescued the function of an NBD missense mutation (T463I) of BSEP [110].
The mechanism of action of ivacaftor presently remains unclear.

7.5. Readthrough Therapy with Gentamicin

Nonsense mutations result in an in-frame premature termination codon and the
absence of functional protein. This results in severe phenotypes of the disease and an
increased risk for the development of hepatocellular carcinoma [139]. The aminoglycoside
antibiotic gentamicin binds to ribosomes and induces a translational readthrough at the
premature termination codon, thereby leading to fractional restoration of synthesis of the
full-length protein [140,141]. In a recent study, Amzal et al. [118] evaluated the impact
of gentamicin on six BSEP nonsense mutations (Y354X, R415X, R470X, R1057X, R1090X
and E1302X) in vitro. Readthrough results were significantly increased for all mutations.
The strongest responses were seen for the R1090X mutation, with partial restoration and
correct localization at the plasma membrane of HepG2 and Can 10 cells. The rescued
protein was shown to mediate transcellular transport of [3H]TC in MDCK cells. Expression
of the R1090X mutant was shown to be further enhanced by simultaneous treatment
with 4-PB [118].

8. Summary and Conclusions

Despite the relative infrequency of the inherited forms of progressive intrahepatic
cholestasis, the symptoms are severe, and about half of the patients progress to a stage
of the disease that makes them candidates for liver transplantation. Therefore, the quest
for identification of causal therapies that go beyond the purely symptomatic treatment of
pruritus is an important objective. Attempts to alleviate disease symptoms by transcrip-
tional upregulation are directed towards missense mutations with preserved functionality.
Similarly, those mutants that are folding- and consequently trafficking-deficient have
successfully been treated with folding correctors. Recent evidence points to yet another
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therapeutic path, in which the function of impaired BSEP mutants is potentiated by drugs
that were initially developed to treat different disease entities, which are also associated
with a malfunction of human ABC proteins. However, BSEP missense or deletion muta-
tions and mutants with compromised functionality will only be amenable to therapy using
gene editing. Current advances in gene editing technologies have not been considered in
this review, as they are subject to another article in this Special Issue. The availability of the
recently published cryo-EM structure of BSEP can be considered an important basis for
structure-based drug design. Moreover, structural data, MD-simulations and site-directed
mutagenesis studies continuously expand our understanding of the functional biology
of BSEP.

We also briefly summarized available in vitro model systems for the functional charac-
terization of BSEP, animal models and case reports discussing emerging clinical therapies.
The perspective that treatment regimens combining small molecules with different mecha-
nisms of action will ultimately lead to an improvement in the quality of life and life span
of affected individuals appears promising.
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ABC ATP-binding cassette
AMPK AMP-activated protein kinase
AP-2 adaptor protein 2
ASCOM activating signal cointegrator-2-containing complex
BSEP (ABCB11) bile salt export pump
BRIC2 benign recurrent intrahepatic cholestasis type 2
CA cholic acid
cAMP cyclic adenosine monophosphate
CARM1 co-activator-associated arginine methyltransferase 1
CFTR (ABCC7) cystic fibrosis transmembrane conductance regulator
CDCA chenodeoxycholic acid
CM canalicular membrane
cPKC classical (Ca2+-dependent) protein kinase C
cryo-EM cryo electron microscopy
DCA deoxycholic acid
DILI drug-induced liver injury
ECL extracellular loop
Epac exchange protein directly activated by cAMP
ICL intracellular loop
ICP intrahepatic cholestasis of pregnancy
ERAD Endoplasmic-reticulum-associated degradation
E17G estradiol 17 β-D-glucuronide
FXR (NR1H4) farnesoid X receptor
FXRE FXR response element
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LKB1 liver kinase B1
LRH-1 (NR5A2) liver receptor homolog-1
MAPK Mitogen-activated protein kinase
MRP3 (ABCC3) Multidrug-resistance-associated protein 3
MRP4 (ABCC4) Multidrug-resistance-associated protein 4
NASH non-alcoholic steatohepatitis
NBD nucleotide-binding domain
NBS nucleotide-binding site
Nrf2 nuclear factor erythroid 2-related factor 2
NTCP (SLC10A1) sodium taurocholate co-transporting polypeptide
OCA 6α-ethyl-CDCA (obeticholic acid)
4-PB 4-phenylbutyrate
PBC primary biliary cholangitis
PFIC2 progressive familial intrahepatic cholestasis type 2
PI3K phosphoinositide 3-kinase
PM plasma membrane
RXR retinoid X receptor
SRC2 steroid receptor co-activator 2
TCA taurocholic acid
TMD transmembrane domain
TUDCA tauroursodeoxycholic acid
UDCA ursodeoxycholic acid
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71. Goda, K.; Dönmez-Cakil, Y.; Tarapcsák, S.; Szalóki, G.; Szöllősi, D.; Parveen, Z.; Türk, D.; Szakács, G.; Chiba, P.; Stockner, T.

Human ABCB1 with an ABCB11-like degenerate nucleotide binding site maintains transport activity by avoiding nucleotide
occlusion. PLoS Genet. 2020, 16, e1009016. [CrossRef]

72. Shukla, S.; Schwartz, C.; Kapoor, K.; Kouanda, A.; Ambudkar, S.V. Use of Baculovirus BacMam Vectors for Expression of ABC
Drug Transporters in Mammalian Cells. Drug Metab. Dispos. 2012, 40, 304–312. [CrossRef] [PubMed]

73. Stieger, B.; Fattinger, K.; Madon, J.; Kullak-Ublick, G.A.; Meier, P.J. Drug- and estrogen-induced cholestasis through inhibition of
the hepatocellular bile salt export pump (Bsep) of rat liver. Gastroenterology 2000, 118, 422–430. [CrossRef]

74. Kondo, T.; Dale, G.L.; Beutler, E. Simple and rapid purification of inside-out vesicles from human erythrocytes. Biochim. Biophys.

Acta Biomembr. 1980, 602, 127–130. [CrossRef]
75. Guyot, C.; Stieger, B. Interaction of bile salts with rat canalicular membrane vesicles: Evidence for bile salt resistant microdomains.

J. Hepatol. 2011, 55, 1368–1376. [CrossRef] [PubMed]
76. Horikawa, M.; Kato, Y.; Tyson, C.A.; Sugiyama, Y. Potential Cholestatic Activity of Various Therapeutic Agents Assessed by

Bile Canalicular Membrane Vesicles Isolated from Rats and Humans. Drug Metab. Pharmacokinet. 2003, 18, 16–22. [CrossRef]
[PubMed]

77. Stieger, B.; Mahdi, Z.M. Model Systems for Studying the Role of Canalicular Efflux Transporters in Drug-Induced Cholestatic
Liver Disease. J. Pharm. Sci. 2017, 106, 2295–2301. [CrossRef] [PubMed]

78. Mita, S.; Suzuki, H.; Akita, H.; Hayashi, H.; Onuki, R.; Hofmann, A.F.; Sugiyama, Y. Vectorial transport of unconjugated and
conjugated bile salts by monolayers of LLC-PK1 cells doubly transfected with human NTCP and BSEP or with rat Ntcp and Bsep.
Am. J. Physiol. Liver Physiol. 2006, 290, G550–G556. [CrossRef] [PubMed]

79. Montanari, F.; Pinto, M.; Khunweeraphong, N.; Wlcek, K.; Sohail, M.I.; Noeske, T.; Boyer, S.; Chiba, P.; Stieger, B.; Kuchler, K.; et al.
Flagging Drugs That Inhibit the Bile Salt Export Pump. Mol. Pharm. 2016, 13, 163–171. [CrossRef]

80. Kenna, J.G.; Taskar, K.S.; Battista, C.; Bourdet, D.L.; Brouwer, K.L.R.; Brouwer, K.R.; Dai, D.; Funk, C.; Hafey, M.J.; Lai, Y.; et al.
Can Bile Salt Export Pump Inhibition Testing in Drug Discovery and Development Reduce Liver Injury Risk? An International
Transporter Consortium Perspective. Clin. Pharmacol. Ther. 2018, 104, 916–932. [CrossRef]

81. Brouwer, K.L.R.; Keppler, D.; Hoffmaster, K.A.; Bow, D.A.J.; Cheng, Y.; Lai, Y.; Palm, J.E.; Stieger, B.; Evers, R. In Vitro Methods to
Support Transporter Evaluation in Drug Discovery and Development. Clin. Pharmacol. Ther. 2013, 94, 95–112. [CrossRef]

82. Yang, K.; Guo, C.; Woodhead, J.L.; St. Claire, R.L.; Watkins, P.B.; Siler, S.Q.; Howell, B.A.; Brouwer, K.L.R. Sandwich-Cultured
Hepatocytes as a Tool to Study Drug Disposition and Drug-Induced Liver Injury. J. Pharm. Sci. 2016, 105, 443–459. [CrossRef]
[PubMed]

83. De Bruyn, T.; Chatterjee, S.; Fattah, S.; Keemink, J.; Nicolaï, J.; Augustijns, P.; Annaert, P. Sandwich-cultured hepatocytes: Utility
for in vitro exploration of hepatobiliary drug disposition and drug-induced hepatotoxicity. Expert Opin. Drug Metab. Toxicol.

2013, 9, 589–616. [CrossRef] [PubMed]
84. Swift*, B.; Pfeifer*, N.D.; Brouwer, K.L.R. Sandwich-cultured hepatocytes: An in vitro model to evaluate hepatobiliary transporter-

based drug interactions and hepatotoxicity. Drug Metab. Rev. 2010, 42, 446–471. [CrossRef]
85. Li, A.P.; Gorycki, P.D.; Hengstler, J.G.; Kedderis, G.L.; Koebe, H.G.; Rahmani, R.; de Sousas, G.; Silva, J.M.; Skett, P. Present status

of the application of cryopreserved hepatocytes in the evaluation of xenobiotics: Consensus of an international expert panel.
Chem. Biol. Interact. 1999, 121, 117–123. [CrossRef]

86. Lundquist, P.; Englund, G.; Skogastierna, C.; Lööf, J.; Johansson, J.; Hoogstraate, J.; Afzelius, L.; Andersson, T.B. Functional
ATP-Binding Cassette Drug Efflux Transporters in Isolated Human and Rat Hepatocytes Significantly Affect Assessment of Drug
Disposition. Drug Metab. Dispos. 2014, 42, 448–458. [CrossRef] [PubMed]

87. Yucha, R.W.; He, K.; Shi, Q.; Cai, L.; Nakashita, Y.; Xia, C.Q.; Liao, M. In Vitro Drug-Induced Liver Injury Prediction: Criteria
Optimization of Efflux Transporter IC50 and Physicochemical Properties. Toxicol. Sci. 2017, 157, 487–499. [CrossRef]

88. Cheng, Y.; Woolf, T.F.; Gan, J.; He, K. In vitro model systems to investigate bile salt export pump (BSEP) activity and drug
interactions: A review. Chem. Biol. Interact. 2016, 255, 23–30. [CrossRef]

89. Cheng, Y.; Freeden, C.; Zhang, Y.; Abraham, P.; Shen, H.; Wescott, D.; Humphreys, W.G.; Gan, J.; Lai, Y. Biliary excretion of
pravastatin and taurocholate in rats with bile salt export pump (Bsep) impairment. Biopharm. Drug Dispos. 2016, 37, 276–286.
[CrossRef]

90. Wang, R. Targeted inactivation of sister of P-glycoprotein gene (spgp) in mice results in nonprogressive but persistent intrahepatic
cholestasis. Proc. Natl. Acad. Sci. USA 2001, 98, 2011–2016. [CrossRef]

91. Pankowicz, F.P.; Barzi, M.; Kim, K.H.; Legras, X.; Martins, C.S.; Wooton-Kee, C.R.; Lagor, W.R.; Marini, J.C.; Elsea, S.H.; Bissig-
Choisat, B.; et al. Rapid Disruption of Genes Specifically in Livers of Mice Using Multiplex CRISPR/Cas9 Editing. Gastroenterology

2018, 155, 1967–1970.e6. [CrossRef]
92. Alves-Bezerra, M.; Furey, N.; Johnson, C.G.; Bissig, K.-D. Using CRISPR/Cas9 to model human liver disease. JHEP Rep. 2019, 1,

392–402. [CrossRef] [PubMed]

431



Int. J. Mol. Sci. 2021, 22, 784

93. Fuchs, C.D.; Paumgartner, G.; Wahlström, A.; Schwabl, P.; Reiberger, T.; Leditznig, N.; Stojakovic, T.; Rohr-Udilova, N.; Chiba, P.;
Marschall, H.-U.; et al. Metabolic preconditioning protects BSEP/ABCB11−/− mice against cholestatic liver injury. J. Hepatol.

2017, 66, 95–101. [CrossRef] [PubMed]
94. Wang, R.; Chen, H.-L.; Liu, L.; Sheps, J.A.; Phillips, M.J.; Ling, V. Compensatory role of P-glycoproteins in knockout mice lacking

the bile salt export pump. Hepatology 2009, 50, 948–956. [CrossRef] [PubMed]
95. Ellis, J.L.; Bove, K.E.; Schuetz, E.G.; Leino, D.; Valencia, C.A.; Schuetz, J.D.; Miethke, A.; Yin, C. Zebrafish abcb11b mutant reveals

strategies to restore bile excretion impaired by bile salt export pump deficiency. Hepatology 2018, 67, 1531–1545. [CrossRef]
[PubMed]

96. Lam, P.; Wang, R.; Ling, V. Bile Acid Transport in Sister of P-Glycoprotein (ABCB11) Knockout Mice. Biochemistry 2005, 44,
12598–12605. [CrossRef] [PubMed]

97. Gonzales, E.; Grosse, B.; Schuller, B.; Davit-Spraul, A.; Conti, F.; Guettier, C.; Cassio, D.; Jacquemin, E. Targeted pharmacotherapy
in progressive familial intrahepatic cholestasis type 2: Evidence for improvement of cholestasis with 4-phenylbutyrate. Hepatology

2015, 62, 558–566. [CrossRef]
98. Gonzales, E.; Grosse, B.; Cassio, D.; Davit-Spraul, A.; Fabre, M.; Jacquemin, E. Successful mutation-specific chaperone therapy

with 4-phenylbutyrate in a child with progressive familial intrahepatic cholestasis type 2. J. Hepatol. 2012, 57, 695–698. [CrossRef]
99. The Human Gene Mutation Database. Available online: http://www.hgmd.cf.ac.uk/ac/gene.php?gene=ABCB11 (accessed on

12 November 2020).
100. Imagawa, K.; Hayashi, H.; Sabu, Y.; Tanikawa, K.; Fujishiro, J.; Kajikawa, D.; Wada, H.; Kudo, T.; Kage, M.; Kusuhara, H.; et al.

Clinical phenotype and molecular analysis of a homozygous ABCB11 mutation responsible for progressive infantile cholestasis.
J. Hum. Genet. 2018, 63, 569–577. [CrossRef]

101. Malatack, J.J.; Doyle, D. A Drug Regimen for Progressive Familial Cholestasis Type 2. Pediatrics 2018, 141, e20163877. [CrossRef]
102. Arthur Lorio, E.; Valadez, D.; Alkhouri, N.; Loo, N. Cholestasis in Benign Recurrent Intrahepatic Cholestasis 2. ACG Case Rep. J.

2020, 7, e00412. [CrossRef]
103. Lam, P.; Pearson, C.L.; Soroka, C.J.; Xu, S.; Mennone, A.; Boyer, J.L. Levels of plasma membrane expression in progressive and

benign mutations of the bile salt export pump (Bsep/Abcb11) correlate with severity of cholestatic diseases. Am. J. Physiol.

Physiol. 2007, 293, C1709–C1716. [CrossRef]
104. Hayashi, H.; Sugiyama, Y. 4-phenylbutyrate enhances the cell surface expression and the transport capacity of wild-type and

mutated bile salt export pumps. Hepatology 2007, 45, 1506–1516. [CrossRef] [PubMed]
105. Byrne, J.A.; Strautnieks, S.S.; Ihrke, G.; Pagani, F.; Knisely, A.S.; Linton, K.J.; Mieli-Vergani, G.; Thompson, R.J. Missense mutations

and single nucleotide polymorphisms in ABCB11 impair bile salt export pump processing and function or disrupt pre-messenger
RNA splicing. Hepatology 2009, 49, 553–567. [CrossRef] [PubMed]

106. Misawa, T.; Hayashi, H.; Sugiyama, Y.; Hashimoto, Y. Discovery and structural development of small molecules that en-
hance transport activity of bile salt export pump mutant associated with progressive familial intrahepatic cholestasis type 2.
Bioorg. Med. Chem. 2012, 20, 2940–2949. [CrossRef] [PubMed]

107. Misawa, T.; Hayashi, H.; Makishima, M.; Sugiyama, Y.; Hashimoto, Y. E297G mutated bile salt export pump (BSEP) function
enhancers derived from GW4064: Structural development study and separation from farnesoid X receptor-agonistic activity.
Bioorg. Med. Chem. Lett. 2012, 22, 3962–3966. [CrossRef] [PubMed]

108. Kato, T.; Hayashi, H.; Sugiyama, Y. Short- and medium-chain fatty acids enhance the cell surface expression and transport
capacity of the bile salt export pump (BSEP/ABCB11). Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2010, 1801, 1005–1012.
[CrossRef] [PubMed]

109. Hayashi, H.; Naoi, S.; Hirose, Y.; Matsuzaka, Y.; Tanikawa, K.; Igarashi, K.; Nagasaka, H.; Kage, M.; Inui, A.; Kusuhara, H.
Successful treatment with 4-phenylbutyrate in a patient with benign recurrent intrahepatic cholestasis type 2 refractory to biliary
drainage and bilirubin absorption. Hepatol. Res. 2016, 46, 192–200. [CrossRef]

110. Mareux, E.; Lapalus, M.; Amzal, R.; Almes, M.; Aït-Slimane, T.; Delaunay, J.; Adnot, P.; Collado-Hilly, M.; Davit-Spraul, A.;
Falguières, T.; et al. Functional rescue of an ABCB11 mutant by ivacaftor: A new targeted pharmacotherapy approach in bile salt
export pump deficiency. Liver Int. 2020, 40, 1917–1925. [CrossRef]

111. Kagawa, T.; Orii, R.; Hirose, S.; Arase, Y.; Shiraishi, K.; Mizutani, A.; Tsukamoto, H.; Mine, T. Ursodeoxycholic acid stabilizes the
bile salt export pump in the apical membrane in MDCK II cells. J. Gastroenterol. 2014, 49, 890–899. [CrossRef]

112. Imagawa, K.; Takayama, K.; Isoyama, S.; Tanikawa, K.; Shinkai, M.; Harada, K.; Tachibana, M.; Sakurai, F.; Noguchi, E.; Hirata,
K.; et al. Generation of a bile salt export pump deficiency model using patient-specific induced pluripotent stem cell-derived
hepatocyte-like cells. Sci. Rep. 2017, 7, 41806. [CrossRef]

113. Engelmann, G.; Wenning, D.; Herebian, D.; Sander, O.; Droge, C.; Kluge, S.; Kubitz, R. Two Case Reports of Successful Treatment
of Cholestasis with Steroids in Patients with PFIC-2. Pediatrics 2015, 135, e1326–e1332. [CrossRef]

114. Dröge, C.; Schaal, H.; Engelmann, G.; Wenning, D.; Häussinger, D.; Kubitz, R. Exon-skipping and mRNA decay in human liver
tissue: Molecular consequences of pathogenic bile salt export pump mutations. Sci. Rep. 2016, 6, 24827. [CrossRef] [PubMed]

115. Ellinger, P.; Stindt, J.; Dröge, C.; Sattler, K.; Stross, C.; Kluge, S.; Herebian, D.; Smits, S.H.J.; Burdelski, M.; Schulz-Jürgensen,
S.; et al. Partial external biliary diversion in bile salt export pump deficiency: Association between outcome and mutation. World

J. Gastroenterol. 2017, 23, 5295. [CrossRef] [PubMed]

432



Int. J. Mol. Sci. 2021, 22, 784

116. Davit-Spraul, A.; Oliveira, C.; Gonzales, E.; Gaignard, P.; Thérond, P.; Jacquemin, E. Liver transcript analysis reveals aberrant
splicing due to silent and intronic variations in the ABCB11 gene. Mol. Genet. Metab. 2014, 113, 225–229. [CrossRef] [PubMed]

117. Naoi, S.; Hayashi, H.; Inoue, T.; Tanikawa, K.; Igarashi, K.; Nagasaka, H.; Kage, M.; Takikawa, H.; Sugiyama, Y.; Inui, A.; et al.
Improved Liver Function and Relieved Pruritus after 4-Phenylbutyrate Therapy in a Patient with Progressive Familial Intrahepatic
Cholestasis Type 2. J. Pediatr. 2014, 164, 1219–1227.e3. [CrossRef] [PubMed]

118. Amzal, R.; Thébaut, A.; Lapalus, M.; Almes, M.; Grosse, B.; Mareux, E.; Collado-Hilly, M.; Davit-Spraul, A.; Bidou, L.; Namy,
O.; et al. Pharmacological premature termination codon readthrough of ABCB11 in bile salt export pump deficiency: An in vitro
study. Hepatology 2020, hep.31476. [CrossRef]

119. Strautnieks, S.S.; Byrne, J.A.; Pawlikowska, L.; Cebecauerová, D.; Rayner, A.; Dutton, L.; Meier, Y.; Antoniou, A.; Stieger, B.;
Arnell, H.; et al. Severe Bile Salt Export Pump Deficiency: 82 Different ABCB11 Mutations in 109 Families. Gastroenterology 2008,
134, 1203–1214.e8. [CrossRef]

120. Highlights of Prescribing Information. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/20799
9s003lbl.pdf (accessed on 6 November 2020).

121. Fiorucci, S.; Antonelli, E.; Rizzo, G.; Renga, B.; Mencarelli, A.; Riccardi, L.; Orlandi, S.; Pellicciari, R.; Morelli, A. The nuclear
receptor SHP mediates inhibition of hepatic stellate cells by FXR and protects against liver fibrosis. Gastroenterology 2004, 127,
1497–1512. [CrossRef]

122. Trauner, M.; Nevens, F.; Shiffman, M.L.; Drenth, J.P.H.; Bowlus, C.L.; Vargas, V.; Andreone, P.; Hirschfield, G.M.; Pencek, R.;
Malecha, E.S.; et al. Long-term efficacy and safety of obeticholic acid for patients with primary biliary cholangitis: 3-year results
of an international open-label extension study. Lancet Gastroenterol. Hepatol. 2019, 4, 445–453. [CrossRef]

123. Younossi, Z.M.; Ratziu, V.; Loomba, R.; Rinella, M.; Anstee, Q.M.; Goodman, Z.; Bedossa, P.; Geier, A.; Beckebaum, S.; Newsome,
P.N.; et al. Obeticholic acid for the treatment of non-alcoholic steatohepatitis: Interim analysis from a multicentre, randomised,
placebo-controlled phase 3 trial. Lancet 2019, 394, 2184–2196. [CrossRef]

124. Fiorucci, S.; Biagioli, M.; Sepe, V.; Zampella, A.; Distrutti, E. Bile acid modulators for the treatment of nonalcoholic steatohepatitis
(NASH). Expert Opin. Investig. Drugs 2020, 29, 623–632. [CrossRef]

125. Garzel, B.; Yang, H.; Zhang, L.; Huang, S.-M.; Polli, J.E.; Wang, H. The Role of Bile Salt Export Pump Gene Repression in
Drug-Induced Cholestatic Liver Toxicity. Drug Metab. Dispos. 2014, 42, 318–322. [CrossRef]

126. Hiebl, V.; Ladurner, A.; Latkolik, S.; Dirsch, V.M. Natural products as modulators of the nuclear receptors and metabolic sensors
LXR, FXR and RXR. Biotechnol. Adv. 2018, 36, 1657–1698. [CrossRef]

127. Wu, G.; Wen, M.; Sun, L.; Li, H.; Liu, Y.; Li, R.; Wu, F.; Yang, R.; Lin, Y. Mechanistic insights into geniposide regulation of bile salt
export pump (BSEP) expression. RSC Adv. 2018, 8, 37117–37128. [CrossRef]

128. Hoeke, M.O.; Plass, J.R.M.; Heegsma, J.; Geuken, M.; van Rijsbergen, D.; Baller, J.F.W.; Kuipers, F.; Moshage, H.; Jansen,
P.L.M.; Faber, K.N. Low retinol levels differentially modulate bile salt-induced expression of human and mouse hepatic bile salt
transporters. Hepatology 2009, 49, 151–159. [CrossRef]

129. Telbisz, Á.; Homolya, L. Recent advances in the exploration of the bile salt export pump (BSEP/ABCB11) function. Expert Opin.

Ther. Targets 2016, 20, 501–514. [CrossRef]
130. Halilbasic, E.; Steinacher, D.; Trauner, M. Nor-Ursodeoxycholic Acid as a Novel Therapeutic Approach for Cholestatic and

Metabolic Liver Diseases. Dig. Dis. 2017, 35, 288–292. [CrossRef]
131. Kim, D.J.; Yoon, S.; Ji, S.C.; Yang, J.; Kim, Y.-K.; Lee, S.; Yu, K.-S.; Jang, I.-J.; Chung, J.-Y.; Cho, J.-Y. Ursodeoxycholic acid improves

liver function via phenylalanine/tyrosine pathway and microbiome remodelling in patients with liver dysfunction. Sci. Rep.

2018, 8, 11874. [CrossRef]
132. Halilbasic, E.; Fiorotto, R.; Fickert, P.; Marschall, H.-U.; Moustafa, T.; Spirli, C.; Fuchsbichler, A.; Gumhold, J.; Silbert, D.; Zatloukal,

K.; et al. Side chain structure determines unique physiologic and therapeutic properties of norursodeoxycholic acid in Mdr2−/−
mice. Hepatology 2009, 49, 1972–1981. [CrossRef]

133. Moustafa, T.; Fickert, P.; Magnes, C.; Guelly, C.; Thueringer, A.; Frank, S.; Kratky, D.; Sattler, W.; Reicher, H.; Sinner, F.; et al.
Alterations in Lipid Metabolism Mediate Inflammation, Fibrosis, and Proliferation in a Mouse Model of Chronic Cholestatic
Liver Injury. Gastroenterology 2012, 142, 140–151.e12. [CrossRef]

134. Ito, S.; Hayashi, H.; Sugiura, T.; Ito, K.; Ueda, H.; Togawa, T.; Endo, T.; Tanikawa, K.; Kage, M.; Kusuhara, H.; et al. Effects of
4-phenylbutyrate therapy in a preterm infant with cholestasis and liver fibrosis. Pediatr. Int. 2016, 58, 506–509. [CrossRef]

135. Vitale, G.; Simonetti, G.; Pirillo, M.; Taruschio, G.; Pietro, A. Bipolar and Related Disorders Induced by Sodium 4-Phenylbutyrate
in a Male Adolescent with Bile Salt Export Pump Deficiency Disease. Psychiatry Investig. 2016, 13, 580. [CrossRef]

136. Van Goor, F.; Hadida, S.; Grootenhuis, P.D.J.; Burton, B.; Cao, D.; Neuberger, T.; Turnbull, A.; Singh, A.; Joubran, J.; Hazlewood,
A.; et al. Rescue of CF airway epithelial cell function in vitro by a CFTR potentiator, VX-770. Proc. Natl. Acad. Sci. USA 2009, 106,
18825–18830. [CrossRef]

137. De Boeck, K.; Munck, A.; Walker, S.; Faro, A.; Hiatt, P.; Gilmartin, G.; Higgins, M. Efficacy and safety of ivacaftor in patients with
cystic fibrosis and a non-G551D gating mutation. J. Cyst. Fibros. 2014, 13, 674–680. [CrossRef]

138. Delaunay, J.; Bruneau, A.; Hoffmann, B.; Durand-Schneider, A.; Barbu, V.; Jacquemin, E.; Maurice, M.; Housset, C.; Callebaut, I.;
Aït-Slimane, T. Functional defect of variants in the adenosine triphosphate–binding sites of ABCB4 and their rescue by the cystic
fibrosis transmembrane conductance regulator potentiator, ivacaftor (VX-770). Hepatology 2017, 65, 560–570. [CrossRef]

433



Int. J. Mol. Sci. 2021, 22, 784

139. Van Wessel, D.B.E.; Thompson, R.J.; Gonzales, E.; Jankowska, I.; Sokal, E.; Grammatikopoulos, T.; Kadaristiana, A.; Jacquemin, E.;
Spraul, A.; Lipiński, P.; et al. Genotype correlates with the natural history of severe bile salt export pump deficiency. J. Hepatol.

2020, 73, 84–93. [CrossRef]
140. Dabrowski, M.; Bukowy-Bieryllo, Z.; Zietkiewicz, E. Advances in therapeutic use of a drug-stimulated translational readthrough

of premature termination codons. Mol. Med. 2018, 24, 25. [CrossRef]
141. Cuyx, S.; De Boeck, K. Treating the Underlying Cystic Fibrosis Transmembrane Conductance Regulator Defect in Patients with

Cystic Fibrosis. Semin. Respir. Crit. Care Med. 2019, 40, 762–774. [CrossRef]

434



 International Journal of 

Molecular Sciences

Review

Molecular Regulation of Canalicular ABC Transporters

Amel Ben Saad 1,2,† , Alix Bruneau 2,3,† , Elodie Mareux 1,† , Martine Lapalus 1 , Jean-Louis Delaunay 2,

Emmanuel Gonzales 1,4 , Emmanuel Jacquemin 1,4, Tounsia Aït-Slimane 2,‡ and Thomas Falguières 1,*,‡

Citation: Ben Saad, A.; Bruneau, A.;

Mareux, E.; Lapalus, M.; Delaunay,

J.-L.; Gonzales, E.; Jacquemin, E.;

Aït-Slimane, T.; Falguières, T.

Molecular Regulation of Canalicular

ABC Transporters. Int. J. Mol. Sci.

2021, 22, 2113. https://doi.org/

10.3390/ijms22042113

Academic Editor: Jose J. G. Marin

Received: 1 February 2021

Accepted: 18 February 2021

Published: 20 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Physiopathogénèse et Traitement des Maladies du foie, Inserm, Université Paris-Saclay,
UMR_S 1193, Hepatinov, 91400 Orsay, France; amel.ben-saad@inserm.fr (A.B.S.);
elodie.mareux@universite-paris-saclay.fr (E.M.); martine.lapalus@universite-paris-saclay.fr (M.L.);
emmanuel.gonzales@aphp.fr (E.G.); emmanuel.jacquemin@aphp.fr (E.J.)

2 Centre de Recherche Saint-Antoine (CRSA), Inserm, Sorbonne Université, UMR_S 938, Institute of
Cardiometabolism and Nutrition (ICAN), 75012 Paris, France; alix.bruneau@charite.de (A.B.);
jean-louis.delaunay@sorbonne-universite.fr (J.-L.D.); tounsia.ait_slimane@sorbonne-universite.fr (T.A.-S.)

3 Department of Hepatology and Gastroenterology, Charité Universitäts Medizin Berlin, 13353 Berlin, Germany
4 Paediatric Hepatology and Paediatric Liver Transplant Department, Reference Center for Rare Paediatric

Liver Diseases, FILFOIE, ERN RARE LIVER, Assistance Publique-Hôpitaux de Paris, Faculté de Médecine
Paris-Saclay, CHU Bicêtre, 94270 Le Kremlin-Bicêtre, France

* Correspondence: thomas.falguieres@inserm.fr; Tel.: +33-(0)1-69-15-62-94
† These authors share first co-authorship.
‡ These authors share last co-authorship.

Abstract: The ATP-binding cassette (ABC) transporters expressed at the canalicular membrane of
hepatocytes mediate the secretion of several compounds into the bile canaliculi and therefore play a
key role in bile secretion. Among these transporters, ABCB11 secretes bile acids, ABCB4 translocates
phosphatidylcholine and ABCG5/G8 is responsible for cholesterol secretion, while ABCB1 and
ABCC2 transport a variety of drugs and other compounds. The dysfunction of these transporters
leads to severe, rare, evolutionary biliary diseases. The development of new therapies for patients
with these diseases requires a deep understanding of the biology of these transporters. In this review,
we report the current knowledge regarding the regulation of canalicular ABC transporters’ folding,
trafficking, membrane stability and function, and we highlight the role of molecular partners in these
regulating mechanisms.

Keywords: bile secretion; ABCB1; ABCB4; ABCB11; ABCC2; ABCG5/G8; molecular partners

1. Introduction

One of the liver’s main functions is bile production and secretion. In addition to
its digestive function, bile plays an important role in detoxification. Bile secretion is me-
diated by several ATP-binding cassette (ABC) transporters, which are expressed at the
canalicular membrane of hepatocytes. The main canalicular ABC transporters are the bile
salt export pump (BSEP, ABCB11), which transports bile acids (BAs), ABCB4 also known
as multidrug resistance protein 3 (MDR3) translocating phosphatidylcholine (PC) and
ABCG5/G8 excreting cholesterol [1]. BA, PC and cholesterol form mixed micelles in the
aqueous environment of bile. In addition to these compounds, bile contains a wide variety
of drugs and organic anions, which are secreted by ABCB1, also known as multidrug resis-
tance protein 1 (MDR-1, or P-glycoprotein) and ABCC2 (multidrug resistance-associated
protein 2, MRP2), respectively [2,3]. ABC transporters share a common basic architecture
and similar ATP-driven functions. They are organized in two repeats, each containing
a membrane-spanning domain (MSD) with six transmembrane (TM) helices and a cyto-
plasmic nucleotide-binding domain (NBD), those two moieties being connected by an
intracellular linker. The MSDs ensure substrate recognition and translocation, whereas
NBDs, which are highly conserved among all ABC transporters, provide the energy for
this process [3]. In contrast to other canalicular ABC transporters, ABCG5 and ABCG8
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are half transporters that require heterodimerization to ensure their function, and ABCC2
has a third MSD at its N-terminus [4]. The key role of canalicular ABC transporters in bile
secretion is highlighted by their implication in a wide range of diseases such as cholestasis
(ABCB4, ABCB11), sitosterolemia (ABCG5/G8), Dubin–Johnson syndrome (ABCC2) and
cancer (ABCB1) (Figure 1) [3]. To develop new therapies for patients with diseases related
to deficient canalicular ABC transporters, it is crucial to better understand the molecular
mechanisms regulating the traffic and function of these transporters. Several studies have
reported that the biosynthesis, trafficking and activity of ABC transporters are regulated by
numerous molecular partners, most of which have been identified by two-hybrid screens
using liver banks [3]. Targeting these interactors represents a potential therapeutic option
for patients. This review focuses on molecular regulators of canalicular ABC transporters
involved in bile formation.

 
Figure 1. ATP-binding cassette (ABC) transporters at the canalicular membrane of hepatocytes. The bile canaliculus is
formed by the canalicular membrane of hepatocytes. The main canalicular ABC transporters are indicated according
to the nature of their substrates: in yellow for hydrophobic substrates and in blue for drugs. Note that ATP8B1 is
not an ABC transporter but a P-type ATPase. However, its function is tightly related to the other canalicular ABC
transporters. The substrates of these transporters are shown in black, and their flows are indicated by black arrows. The
main diseases associated with functional defects of these transporters are indicated in red. PFIC: progressive familial
intrahepatic cholestasis.

2. Folding and Glycosylation of Canalicular ABC Transporters

Protein folding is a highly regulated process that is mediated by numerous factors,
including folding proteins and molecular chaperones [5]. Some of these proteins have been
shown as interactors of canalicular ABC transporters, controlling their biosynthesis and
folding. As most transmembrane proteins, ABC transporter biosynthesis starts with their
cotranslational translocation and insertion into the endoplasmic reticulum (ER) membrane
through the Sec61 translocon complex [6]. Numerous accessory factors were described to
facilitate the translocation process, including the translocating chain-associated membrane
protein (TRAM) and the translocon-associated protein (TRAP) [7]. Interestingly, TRAM
and three subunits of the TRAP complex (SSR1, SSR3 and SSR4) were found to interact and
coprecipitate specifically with ABCB11 [8].

Once in the ER lumen, nascent ABC transporters are N-glycosylated. Glycans are
added to their extracellular asparagine residues [9] and play a critical role in protein folding,
stability and interaction with some chaperones [10]. Two main chaperone families exist in
the ER: the heat shock protein (HSP) family, which promotes the folding of a wide variety
of proteins, and the lectin chaperones, which recognize and fold specifically glycosylated
proteins [11]. Calnexin (CNX) and its soluble homolog calreticulin are lectin chaperones
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that were shown to bind both ABCG5 and ABCG8 and stimulate their folding and assembly.
Okiyoneda and colleagues showed that the silencing of either CNX or calreticulin decreases
the expression of ABCG5/G8 [12]. It has also been reported that CNX and the heat shock
cognate 71 kDa protein (Hsc70) interact with ABCB1 [13,14].

In addition to their folding function, chaperones are central players in the quality
control process. They evaluate the folding state of proteins and regulate their ER retention
or ER exit [15]. They allow only properly folded proteins to exit the ER, and contrariwise,
they retain abnormally folded proteins longer before their targeting to the ER-associated
degradation (ERAD) pathway. Some variations in canalicular ABC transporter-encoding
genes were described to affect the folding of these transporters, thereby leading to their
retention in the ER. Indeed, a prolonged association between misfolded ABCB1 variants
and CNX has been observed [13]. Interestingly, we and others have demonstrated that
several small molecules known as pharmacological and chemical chaperones can facilitate
the folding and exit of defective ABCB4 and ABCB11 variants from the ER [16–18]. Another
key component of the quality control system is the B-lymphocyte receptor-associated
protein (BAP), which was shown to control the folding state and sorting of many proteins
in the ER [19,20]. The BAP29 and BAP31 isoforms were described to interact with the
N-terminal domain of ABCB1 and ABCB11, respectively [8,21]. More interestingly, it has
been shown that some mutations in the BAP31 gene are associated with liver dysfunction
and cholestasis [22].

Using an immunoprecipitation assay combined with mass spectrometry analysis
and yeast two-hybrid screens, Przybylla and colleagues identified several novel potential
ER-resident partners for ABCB11, including the receptor expression-enhancing proteins
(REEPs) involved in ER shaping, the immediate early response 3 interacting protein 1
(IER3IP1), the transmembrane proteins 205 (TMEM205) and 14A (TMEM14A) and the bile
Acyl-CoA synthetase (BAC) [8]. However, their role in the regulation of the folding and/or
the trafficking of ABCB11 has not been studied yet.

3. From the Endoplasmic Reticulum to the Plasma Membrane

Correctly folded canalicular ABC transporters leave the ER to reach the Golgi ap-
paratus, where they undergo further post-translational modifications. However, little is
known about the molecular players regulating their trafficking from the ER to the Golgi.
Involvement of the coat protein complex II (COP II) machinery in ABCC7/cystic fibrosis
transmembrane conductance regulator (CFTR) and ABCA1 exit from the ER has been
documented [23,24]. Given the homology between these proteins, the same pathway may
be involved in the sorting and traffic of canalicular ABC transporters. Once in the Golgi
apparatus, canalicular ABC transporters undergo more complex glycosylation [25,26]; then,
they are sorted and packaged into secretory vesicles and further delivered to the canalicular
membrane [25,26].

Unlike other apical proteins in liver cells, canalicular ABC transporters do not undergo
transcytosis after their sorting from the trans-Golgi network (TGN), but they are directly
targeted to the canalicular membrane or subapical compartments (SACs) [27,28]. The
labeling of newly synthesized ABC transporters has shown that ABCB1 is directly delivered
to the canalicular membrane, whereas ABCB11 is targeted to the SAC before reaching the
canalicular membrane [29]. Kipp and coworkers also described the involvement of many
intracellular components, such as cyclic adenosine monophosphate (cAMP), taurocholate
and Ca2+ in the vesicular trafficking of canalicular ABC transporters. Indeed, they showed
that the administration of these components into the perfused liver or directly in cells
increases the amount of ABC transporters present at the canalicular membrane as well as
bile secretion [28].

In addition to these components, many interacting proteins, including specific GT-
Pases, kinases, molecular motors and other factors, have been shown to associate with
canalicular ABC transporters and promote their exocytosis and/or endocytosis. Indeed,
CFTR-associated ligand (CAL), a Golgi-associated protein, has been found to interact with
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ABCC2 and regulate its plasma membrane targeting [30]. Some members of the Ras-related
in brain (RAB) GTPase family have also been identified as ABCB1-interacting proteins. The
overexpression of RAB4, RAB5 or their constitutively active forms increases the presence
of ABCB1 at the cell surface [31,32]. Moreover, the motor protein myosin II regulatory light
chain (MLC2) was reported as a prominent regulator of canalicular ABC transporters. Us-
ing a yeast two-hybrid screen of a rat liver cDNA library, MLC2 was found to interact with
the linker domains of ABCB1, ABCB4 and ABCB11 [33]. Based on immunofluorescence
and biochemical experiments, Chan and colleagues showed that the inhibition of MLC2 or
the expression of its dominant negative form leads to a decrease in ABCB11 levels at the
apical membrane [33].

Furthermore, other studies have revealed that many kinases are important for the
exocytosis of ABC transporters. These include the p38 mitogen-activated protein kinase
(MAPK) [34,35], protein kinase A (PKA [36], protein kinase C (PKC) [37], proto-oncogene
serine/threonine-protein kinase (Pim-1) [38] and phosphoinositide 3-kinase (PI3K) [39].
Misra and coworkers showed that the administration of wortmannin, a specific inhibitor
of PI3K, resulted in a decrease in the amounts of ABCB11 and ABCC2 present at the
canalicular membrane [39,40]. Another kinase, the liver kinase B1 (LKB1), was shown as a
key regulator of ABCB11 trafficking. In LKB1 knockout (KO) mice, an altered distribution
of ABCB11, as well as an impaired bile formation, was observed [41,42]. Ursodeoxycholic
acid (UDCA), used as a treatment for patients with cholestasis, was also shown to stimulate
the targeting of ABCC2 and ABCB11 transporters to the plasma membrane [43,44].

4. Membrane Stability of Canalicular ABC Transporters

Membrane protein turnover through uninterrupted synthesis and degradation is es-
sential to provide a functional set of proteins and ensure cell function. Tight regulation of
protein stability at the plasma membrane is fundamental for cell homeostasis and relies
on environmental signals and/or post-translational modifications such as phosphoryla-
tion/dephosphorylation and ubiquitination/deubiquitination cycles. Indeed, on the one
hand, the accumulation of some proteins at the plasma membrane can be deleterious for
cells and result, for instance, in a multidrug resistance (MDR) phenotype, a true obstacle
in cancer treatment, caused by the development of chemoresistance [45]. On the other
hand, defects in the expression level or stability of ABC transporters can also contribute
to the development of human diseases, including cystic fibrosis [46], neuropathies [47] or
cholestasis [48]. The regulation of the stability/turnover of proteins such as canalicular
ABC transporters remains poorly understood, mostly due to technical limitations. ABC
transporter stability is yet essential to regulate the spatiotemporal availability of a given
protein at the bile canaliculi (e.g., between meals, the need for bile is reduced, and the
amount of ABC transporters at the plasma membrane must be regulated accordingly). On
the contrary, a decrease in the stability of numerous transporters at the plasma membrane,
such as ABCB1, ABCC1 (MRP1) or ABCG2 (BCRP), would be necessary to improve the
efficiency of cancer treatments facing ABC transporter-mediated MDR.

Several kinases are involved in the regulation of ABC transporter stability. The
atypical Pim-1 kinase coimmunoprecipitates with and phosphorylates ABCB1. Pim-1
downregulation by siRNA diminishes ABCB1 maturation and favors its degradation
through the ubiquitin–proteasome system, indicating that Pim-1 may stabilize ABCB1 at
the plasma membrane [38]. A yeast two-hybrid screen using the linker domain of ABCB4
allowed the identification of receptor for activated C-kinase 1 (RACK1) as an interacting
partner of this transporter. Moreover, RACK1 has been reported to activate two isoforms
of PKC and be involved in the regulation of membrane stability for many proteins, thus
playing a determinant role in fundamental cellular activities [49]. Following RACK1
knockdown, ABCB4 is no longer localized at the plasma membrane but mainly relocalized
in cytosolic compartments [50].

PDZ (postsynaptic density protein (PSD95), Drosophila disc large tumor suppres-
sor (Dlg1) and zonula occludens-1 protein (ZO-1))-domain-containing proteins are well
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known for their function in protein stabilization at membranes. They act as scaffolds
by linking transmembrane proteins to the cytoskeleton and thus regulate their subcellu-
lar localization and stability at the plasma membrane [51]. The PDZ-domain-containing
protein ezrin–radixin–moesin (ERM)-binding phosphoprotein 50 (EBP50), also known as
sodium–hydrogen exchanger regulatory factor-1 (NHERF1), interacts with both ABCC2
and ABCB4 through their C-terminal PDZ-binding motif [52,53]. In the absence of EBP50,
ABCB4 and ABCC2 are both targeted to the plasma membrane, but their presence is drasti-
cally reduced, therefore demonstrating that EBP50 plays a crucial role in the regulation of
membrane stability for both ABCC2 and ABCB4 [52,53]. PDZK1 (NHERF3), another PDZ
domain-containing protein, interacts with ABCC2 and increases its plasma membrane sta-
bility. Indeed, the expression of a dominant negative form of PDZK1 leads to a decrease in
ABCC2 membrane expression and its accumulation in intracellular compartments [54,55].

Radixin is part of the ERM protein family, which is involved in actin cytoskeleton
remodeling, e.g., to organize submembranous cortical actin or microvillosities [56]. Radixin
KO mice develop a phenotype comparable to Dubin–Johnson syndrome. Indeed, these
mice show a severe reduction in ABCC2 protein expression at bile the canaliculi without
any change at the mRNA level. Importantly, this effect is specific to ABCC2 as no effect was
observed for other canalicular ABC transporters such as ABCB1, ABCB11 or ABCB4 [57].
Moreover, a direct interaction between ABCC2 and radixin has been confirmed by GST-
pulldown [57].

5. Endocytosis and Membrane Recycling of Canalicular ABC Transporters

Small GTPases, protein kinases, class V myosins and adaptor proteins have been
identified as molecular players in the regulation of canalicular ABC transporter endo-
cytosis and recycling [3]. The existence of ABCB11 intracytoplasmic reservoirs is well
known [28,29], but the nature of those compartments long remained uncharacterized until
a YFP-tagged ABCB11 was detected in the SAC, a RAB11-positive compartment. Indeed,
RAB11 and myosin VB (MYO5B) are established regulators of the recycling of several
proteins from the SAC to the plasma membrane [58]. ABCB11 continuously cycles between
the canalicular membrane of hepatocytes and the SAC [59]. This constant exchange allows
tight regulation of ABCB11 availability at the bile canaliculi. The perturbation of actin
cytoskeleton or microtubules inhibits this traffic [59]. These results were corroborated as
ABCB11 apical targeting is considerably slowed down in WIF-B9 cells expressing RAB11-
or MYO5B-dominant negative constructs [60]. In the presence of a mutated or truncated
MYO5B, ABCC2 displays an intracellular localization in RAB8- and RAB11-positive com-
partments, suggesting defects in canalicular transporter recycling [61]. Recently, mutations
in the MYO5B gene, identified in patients, have been associated with a progressive familial
intrahepatic cholestasis (PFIC)-like phenotype, further proposed as PFIC6 [61,62].

The ERM protein family has also been involved in the endocytic process of several
ABC transporters. Coimmunoprecipitation performed with human liver lysates high-
lighted the interaction between ABCC2 and ezrin, and additional experiments showed that
ezrin phosphorylation on its Thr567 regulates this interaction, thus further controlling the
amounts of ABCC2 present at the plasma membrane [63].

Several isoforms of PKC, as well as PKA, PI3K, Pim-1 or Fyn kinases, play a role in the reg-
ulation of ABCB1, ABCC2 and ABCB11 membrane targeting or endocytosis [33,39,41,42,64–66].
Cantore and colleagues have reported that the Src family kinase Fyn induces ABCC2
and ABCB11 retrieval from the canalicular membrane by increasing cortactin phospho-
rylation [66]. Schonhoff and colleagues observed that taurolithocholate-activated PKCε

phosphorylates and activates myristoylated alanine-rich C-kinase substrate (MARCKS),
a membrane-bound F-actin crosslinking protein [67]. MARCKS is a crucial regulator of
molecular interactions and cytoskeletal reorganization. In a nonphosphorylated state,
MARCKS is associated with the cytosolic leaflet of the plasma membrane and can serve
as a stabilizer for transmembrane proteins, whereas after phosphorylation, MARCKS is
released in the cytosol, where it can interact with other proteins [68].. MARCKS has been
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shown to regulate the endocytosis of ABCC2 and ABCB1 [67,69]. Indeed, in colon carci-
noma cells, MARCKS expression has been associated with the reduced export function of
ABCB1 [69].

The hematopoietic cell-specific Lyn substrate 1 associated protein X-1 (HAX-1) is a
small protein abundantly expressed in the liver, regulating cortical actin organization. This
protein has been identified as an interactor of the linker domain of ABCB1, ABCB4 and
ABCB11 [70]. Through this interaction, HAX-1 has been proposed to stabilize ABCB11
at the plasma membrane [70]. However, the role of HAX-1 in other canalicular ABC
transporter endocytosis has not been further investigated.

A tyrosine motif has been identified in the ABCB11 cytoplasmic tail [71] along with
one of its partners, the clathrin adaptor protein complex 2 (AP2) [72]. AP2 is localized
at the plasma membrane and binds tyrosine-based internalization motifs of proteins, in-
cluding ABCB11, thus allowing its internalization from the canalicular membrane through
clathrin-dependent endocytosis [72]. The ubiquitination of ABCB11 and ABCC2 has also
been shown to be essential for clathrin-mediated endocytosis and degradation of these
transporters [73].

Hormones and intracellular signaling molecules also play a role in canalicular ABC
transporter internalization. In a model of estradiol-induced cholestasis, authors showed
that following treatment with estradiol-17β-d-glucuronide (E217G), ABCB11 and ABCC2
are relocalized from canalicular membranes to intracytoplasmic compartments. The same
group demonstrated later that ABCB11 and ABCC2 endocytosis is mediated by PKC,
which is activated by E217G, and that PKC inhibitors prevent the internalization of both
transporters after treatment with estradiol [74,75]. In the same model, Zuchetti and col-
leagues established that glucagon and an adrenaline analog mediate cAMP activation,
thus preventing ABCB11 and ABCC2 membrane retrieval [76]. Moreover, they showed
that this E217G-induced endocytosis is AP2- and clathrin-dependent [77]. It has also been
suggested that lipopolysaccharides act as signals for ABCC2 and ABCB11 endocytosis as
their canalicular expression is reduced, with no mRNA decrease in an in vitro cholestatic
model [78].

6. Regulation of the Transport Activity of Canalicular ABC Transporters

At the canalicular membrane, ABCB1, ABCB4, ABCB11, ABCC2 and ABCG5 have
been proposed to mostly reside within glycosphingolipids-, cholesterol- and caveolin-1
(Cav-1)-enriched raft microdomains [27,79–81]. These domains could provide a favorable
environment for the regulation of the activity of canalicular ABC transporters. Indeed, the
shift of ABCB1 and ABCB11 from cholesterol-enriched microdomains to low-cholesterol do-
mains lowered their transport activity [82–85]. Moreover, accumulating evidence indicates
that phospholipids and cholesterol are required for the proper function of ABCB1, ABCB4,
ABCB11 and ABCC2 [86–93]. In purified membrane vesicles, delipidation due to detergent
action inactivates ABCB1, whereas phospholipid addition fully restores the ATPase activity
of the transporter [94,95]. Phosphoinositides, lipid products from PI3K-mediated activities,
are required for ABCB11 and ABCC2 activation because their addition reverses the negative
effect of PI3K inhibitors on the activity of these transporters [40,96].

The importance of membrane cholesterol content has been highlighted in Atp8b1-
deficient mice [92]. Indeed, in these mice, the normal phospholipid asymmetry of the
canalicular membrane is lost, thereby enhancing sensitivity to cholesterol extraction by
hydrophobic BA and subsequent loss of ABCB11 and ABCC2 activity [92]. How exactly
membrane cholesterol influences the transport activity of these transporters is not known,
but this may involve allosteric modulations and/or indirect means such as changes in
membrane fluidity. Several studies have proposed that cholesterol directly interacts with
the ABCB1 substrate binding site and thereby facilitates the recognition of small drugs
(<500 Da) [89,97,98]. Cyclodextrin treatment or Cav-1 overexpression leads to cholesterol
depletion from the plasma membrane, which inhibits ABCB1 transport activity by in-
creasing membrane fluidity and loosening lipid packing density [99]. However, Moreno
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and colleagues showed that Cav-1 overexpression in mice increases both bile flow and
the biliary secretion of phospholipids, BA and cholesterol, suggesting a positive role of
Cav-1 in ABCB11 transport activity [100]. Considering the role of Cav-1 in intracellular
cholesterol trafficking [101,102], some of the Cav-1 effects may be indirect and mediated
through cholesterol homeostasis. Alternatively, Cav-1 may also directly bind ABCB1 and
inhibit its transport activity [99,103–105]. It has been reported that the binding capacity of
Cav-1 to ABCB1 is negatively modulated by Src kinase-mediated Cav-1 phosphorylation, a
process facilitated by RACK1, which interacts with both Src and ABCB1 [105–107].

Several studies suggest a role for phosphorylation in the regulation of canalicular
ABC transporters. Phosphorylation sites in the linker domain of ABCB1 have been well
documented at Ser661, Ser667, Ser671, Ser675, and Ser683 [108–112]. Likewise, six po-
tential phosphorylation sites have been found in the linker region of ABCC2 at Ser904,
Ser912, Ser916, Ser917, Ser922 and Ser926 [113] and in the N-terminal domain of ABCB4
at Thr34, Thr44 and Ser49 [114]. An analysis of ABCB11 amino acid sequence also pre-
dicted multiple potential serine/threonine phosphorylation sites [115]. Overwhelming
evidence indicates that PKC is a major player in ABC transporter phosphorylation and
activity regulation. Phosphorylation within the linker domain of ABCB1 is specific for
PKCα in purified vesicles from Sf9 cells [116]. The coexpression of PKCα and ABCB1
increases the ATPase activity of the transporter in insect and ovarian cells [116,117], while
PKC inhibitor treatment did not alter ATPase activity in MCF-7 cells [118]. It has been
shown that PKCα also mediates ABCB11 phosphorylation [115], as well as ABCC2 phos-
phorylation, resulting in stimulation of the intrinsic transport activity of ABCC2 [113].
PKC-dependent phosphorylation has also been shown to regulate ABCB4-mediated PC
secretion [114]. The variation-induced impairment of ABCB4 N-terminal phosphorylation
may also be related to a decrease in ABCB4-mediated PC secretion [114]. The substitu-
tion of all conserved serines in the linker domain of ABCC2 by non-phosphorylatable
alanines significantly reduces the basal transport activity of ABCC2, while substitution
into aspartates (mimicking constitutive phosphorylation of the residues) increases it [113].
Conversely, the role of ABCB1 phosphorylation in the regulation of its transport activity is
less obvious because the substitution of potentially phosphorylatable residues by aspartates
or non-phosphorylatable residues has no effect [119,120].

7. Ubiquitination and Degradation of Canalicular ABC Transporters

To target proteins for degradation, cells mostly use the endolysosomal pathway vs.
proteasomal degradation, related to the monoubiquitination or polyubiquitination of their
substrates, respectively [121,122].

The lysosomal pathway is the main way by which cells turn over plasma mem-
brane proteins. Indeed, ABCB1 colocalizes with lysosomal-associated membrane protein 1
(LAMP1) in human colorectal cancer HTC15 cells [123]. In addition, the half-life of ABCB1
and ABCC2 is extended in cells treated with lysosomal inhibitors alone but not proteasomal
inhibitors alone, suggesting the involvement of the lysosomal pathway in the degradation
of these transporters [123,124]. However, ABCB11 expression is unaffected by treatment
with lysosomal inhibitors, indicating that this transporter may use another degradation
pathway [125,126]. Indeed, it has been shown that the inhibition of proteasomal degrada-
tion stabilizes wild-type (WT) and mutated ABCB11 in MDCK and HEK cells, suggesting
that ABCB11 degradation involves the proteasome [125,127].

Several E3 ubiquitin ligases (E3 Ubl) may be involved in canalicular ABC transporter
degradation. Ring finger protein 2 (RNF2) has E3 Ubl activity and may mediate the ubiquiti-
nation of ABCB1 [128]. E3 Ubl FBXO21 is involved in the proteasome-mediated degradation
of ABCB1 [129]. Additionally, the E2-conjugating enzyme UBE2R1 (also named CDC34 or
UBC3) and the E3 complex Skp1–Cullin–FBOX15 (SCFFbx15) are both implicated in ABCB1
ubiquitination [130]. Coprecipitation assays revealed that FBX015/Fbx15 (a member of the
SCFFbx15 E3 complex) and UBE2R1 both interact with ABCB1, and their knockdown is
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associated with a decrease in ubiquitination and subsequent degradation of ABCB1. By
contrast, FBX015 expression enhances ABCB1 ubiquitination and degradation [130].

ABCB1 ubiquitination may be modulated by the MAPK pathway [131,132]. Indeed,
the inhibition of MEK or the downregulation of its downstream effectors, such as ERK and
p90 ribosomal S6 kinases (RSKs), lower ABCB1 protein expression in HTC15 cells [131,133].
Pulse-chase labeling experiments revealed that MEK inhibitor-mediated downregulation
of ABCB1 is caused by the increase of its degradation [131]. The same team has shown that
RSK1 induces self-ubiquitination of UBE2R1, followed by its proteasomal degradation in
a phosphorylation-dependent manner, thus resulting in the protection of ABCB1 against
degradation [132].

Some variations in ABC transporter genes are responsible for the production of an
unstable protein which is retained in the ER and subsequently degraded in the cytosol by
the ERAD system [134]. Some misfolded ABCB11 variants appear to be more ubiquitinated
than the WT transporter [126]. The RING finger proteins Rma1, TEB4 and HRD1 are all
E3 Ubl involved in the ubiquitination of ABCB11-WT and its variants but with a folding
sensitivity as the knockdown of each E3 Ubl stabilizes different ABCB11 variants [126].
HRD1 targets proteins with defects in the ER lumen side, while TEB4 and Rma1 target
proteins with defects in their moieties facing the cytosol. Likewise, E3 Ubl seems to exhibit
sensitivity towards ABC transporters. GP78, rather than TEB4 and HDR1, plays an impor-
tant role in the ubiquitination of ABCC2, as shown in patients with obstructive cholestasis
and in rifampicin-treated HepG2 cells [63,135]. Proteins can escape ubiquitination through
small ubiquitin-like modifier (SUMO) modification as both processes compete on the same
residues. Using a protein–protein interaction assay, a number of SUMO-related proteins
(including SUMO-1 and ubiquitin carrier protein 9/Ubc9) were pulled down using the
linker region of the rat ABCC2 [136]. Moreover, the knockdown of SUMO-related enzymes
in hepatoma cells reduces ABCC2 protein expression but not its mRNA expression or
canalicular localization [136]. Proteins can escape degradation subsequent to their ubiq-
uitination by reversing ubiquitination thanks to deubiquitinating enzymes (DUBs). As
an example, the DUB ubiquitin-specific protease 19 (USP19), through TEB4 stabilization,
negatively regulates the expression of a defective ABCB11 variant [137].

Manipulation of the ER quality control system might be combined with chemical
or pharmacological chaperones to stabilize variants and restore the cell surface expres-
sion of ABC transporters. Indeed, cell surface biotinylation assays revealed that the most
frequent ABCB11 variants found in patients with PFIC2, E297G and D482G are highly
ubiquitinated [138], and this induces their internalization [73]. Additionally, the half-life
of ABCC2 is extended in cells overexpressing a dominant negative form of ubiquitin due
to the inhibition of ABCC2 degradation [73,124]. Therefore, by reducing susceptibility to
ubiquitination, the chemical chaperone 4-phenylbutyrate (4-PB) extends the half-life of
both ABCB11 and ABCC2 expressed at the cell surface [124,138,139]. However, since 4-PB
has no effect on ABCB1 [139], the 4-PB mechanism of action would involve interaction
with specific E3 Ubl or adaptor protein(s) for both ABCB11 and ABCC2. For instance, 4-PB
downregulates Hsc70 (Hsp73) which plays a role in the lysosomal degradation of intracel-
lular proteins and was shown to be required for the ubiquitin-dependent degradation of
several proteins ([140]. and references therein).

8. Conclusions

Over the last decade, proteomic studies have become an important means for un-
derstanding the biology and pathophysiology of many proteins. The characterization
and identification of key players prompted the understanding of the molecular basis of
pathologies and helped the development of improved therapeutic approaches for patients.
We described here the molecular partners that interact either directly or indirectly with
the five canalicular ABC transporters (ABCB11, ABCB4, ABCG5/G8, ABCB1 and ABCC2)
and regulate their folding, trafficking, stability and function (Table 1). Nowadays, an
important amount of information regarding the genetics of ABC transporters is gathered.
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We expect that proteomic approaches merged with genomic studies will be a powerful tool
in the development of personalized treatment for patients with biliary diseases related to
canalicular ABC transporter defects.

Table 1. Molecular partners of canalicular ABC transporters.

Proteins 1 Interacting ABC
Transporters

Subcellular
Localization

Functions References

AP2 ABCB11 Plasma membrane Clathrin-dependent endocytosis [71–73,77]

BACs ABCB11 ER Conjugation of bile acids [8]

BAP29 ABCB1 ER Controls protein sorting from the ER [21]

BAP31 ABCB11 ER Controls protein sorting from the ER [8]

CAL ABCC2 Golgi Golgi sorting [30]

Calnexin ABCG5/G8
ABCB1 ER Assists glycoprotein folding [12,13,16]

Calreticulin ABCG5/G8 ER Assists glycoprotein folding [12]

Cav-1

ABCB1
ABCB4
ABCB11
ABCC2

ABCG5/G8

Plasma membrane Scaffold protein [99,100,103–105,107]

CD44 ABCB1 Plasma membrane Inhibitor of FBX021 [129]

EBP50 ABCB4
ABCC2 Plasma membrane Scaffold protein [52,53]

Ezrin ABCC2
Plasma membrane

Associated with the
cytoskeleton

Endocytosis [63]

FBXO21 ABCB1 Cytosol E3 ubiquitin ligase [129]

Fyn ABCC2
ABCB11 Plasma membrane Endocytosis [66]

GP78 ABCC2 ER SUMO-related proteins [63,135]

HAX-1
ABCB1
ABCB4

ABCB11

Cytosol
Associated with cortical

actin
Clathrin-dependent endocytosis [70]

Hsc70 ABCB1 ER Chaperone
Assists protein folding [14,16]

IER3IP1 ABCB11 ER Implicated in apoptosis and protein
transport from the ER to the Golgi [8]

LKB1 ABCB11 Cytoplasm Intracellular traffic [41,42]

MARCKS ABCC2
ABCB1

Cytosol
Plasma membrane Endocytosis [67]

Myosin Vb ABCB11
Cytosol

Recycling endosomes
Plasma membrane

Recycling to the plasma membrane [60]

MLC2
ABCB1
ABCB4

ABCB11
Cytosol Motor protein [33]

PDZK1 ABCC2 Cytosol Promotes membrane stability [54,55]

Pim-1 ABCB1 Cytosol Promotes membrane stability [38]
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Table 1. Cont.

Proteins 1 Interacting ABC
Transporters

Subcellular
Localization

Functions References

PI3K
ABCB4
ABCB11
ABCC2

Plasma membrane
Cytosol Protein kinase [39]

PKA and PKC
ABCB1

ABCB11
ABCC2

Plasma membrane Protein kinase [113–118]

RAB4 ABCB1
Endosomes

Plasma membrane
Cytosol

Vesicular trafficking [31]

RAB5 ABCB1
Endosomes

Plasma membrane
Cytosol

Vesicular trafficking [32]

RAB8 ABCC2
Endosomes

Plasma membrane
Cytosol

Vesicular trafficking [61]

RAB11 ABCB11
Endosomes

Plasma membrane
Cytosol

Vesicular trafficking [60]

RACK1 ABCB1
ABCB4 Plasma membrane Scaffold protein [107]

Radixin ABCC2 Cytosol
Plasma membrane Promotes membrane stability [57]

REEP ABCB11 ER ER shaping and remodeling [8]

Rma1, TEB4
and HRD1 ABCB11 ER E3 ubiquitin ligases [126]

RNF2 ABCB1 Cytosol E3 ubiquitin ligase [128]

RSK1 ABCB1 Cytosol Kinase [131,133]

SCFFbx15 ABCB1 Cytosol E3 ubiquitin ligase [130]

Src kinase ABCB1 Plasma membrane Protein kinase [105–107]

TMEM14A ABCB11 ER Implicated in apoptosis [8]

TMEM205 ABCB11 ER Drug resistance [8]

TRAM/TRAP ABCB11 ER Accessory protein in the Sec61 translocon
complex [8]

UBC9 ABCC2 Cytosol SUMO-related protein [136]

UBE2R1 ABCB1 Cytosol E2 ubiquitin-conjugating enzyme [130,132]

USP19 ABCB11 ER Deubiquitinating enzyme [137]
1 See the main text for full names of the proteins.
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4-PB 4-phenylbutyrate
ABC ATP-binding cassette
AP2 Adaptor protein complex 2
BA Bile acids
Cav-1 Caveolin-1
CNX Calnexin
E217G Estradiol-17β-d-glucuronide
E3 Ubl E3 ubiquitin ligase
ER Endoplasmic reticulum
ERM Ezrin–radixin–moesin
ERAD ER-associated degradation
MARCKS Myristoylated alanine-rich C-kinase substrate
MLC2 Myosin regulatory light chain 2
PC Phosphatidylcholine
PDZ Postsynaptic density protein (PSD95), Drosophila disc large tumor suppressor

(Dlg1) and zonula occludens-1 protein (ZO-1)
PFIC Progressive familial intrahepatic cholestasis
PI3K Phosphoinositide 3-kinase
PKA/C Protein kinase A/C
RAB Ras-related in brain
RACK1 Receptor for activated C-kinase 1
SAC Subapical compartment
WT Wild type
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Abstract: ABCB4 (ATP-binding cassette subfamily B member 4) is an ABC transporter expressed
at the canalicular membrane of hepatocytes where it ensures phosphatidylcholine secretion into
bile. Genetic variations of ABCB4 are associated with several rare cholestatic diseases. The available
treatments are not efficient for a significant proportion of patients with ABCB4-related diseases
and liver transplantation is often required. The development of novel therapies requires a deep
understanding of the molecular mechanisms regulating ABCB4 expression, intracellular traffic, and
function. Using an immunoprecipitation approach combined with mass spectrometry analyses,
we have identified the small GTPase RAB10 as a novel molecular partner of ABCB4. Our results
indicate that the overexpression of wild type RAB10 or its dominant-active mutant significantly
increases the amount of ABCB4 at the plasma membrane expression and its phosphatidylcholine
floppase function. Contrariwise, RAB10 silencing induces the intracellular retention of ABCB4
and then indirectly diminishes its secretory function. Taken together, our findings suggest that
RAB10 regulates the plasma membrane targeting of ABCB4 and consequently its capacity to mediate
phosphatidylcholine secretion.

Keywords: bile secretion; intracellular traffic; MDR3; phosphatidylcholine; RAB GTPase

1. Introduction

ABCB4 (ATP-binding cassette subfamily B member 4), also named MDR3 (MultiDrug
Resistance 3), is one of the main biliary transporters [1]. It is expressed at the canalicular
membrane of hepatocytes where it mediates phosphatidylcholine (PC) secretion into bile [2].
In the aqueous environment of bile, PC plays a critical role in cholesterol solubilization
as well as bile acid neutralization [3]. Variations in the ABCB4 gene are associated with
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several rare cholestatic diseases, including Progressive Familial Intrahepatic Cholestasis
type 3 (PFIC3), Low Phospholipid-Associated Cholelithiasis (LPAC) syndrome, and In-
trahepatic Cholestasis of Pregnancy (ICP) [4,5]. While treatment with ursodeoxycholic
acid remains efficient for the majority of patients with milder forms of ABCB4-related
diseases, this is not the case for patients with PFIC3, the most severe form of these dis-
eases, who most often require liver transplantation [6,7], stressing the unmet need for new
therapeutic options. In the frame of personalized medicine, new targeted pharmacother-
apies for ABCB4-related diseases have been proposed from in vitro studies and include
the potentiator Ivacaftor/VX-770 as well as structural analogues of roscovitine [8,9]. In
addition, AAV8- or mRNA-mediated gene therapy constitute an interesting alternative
to rescue ABCB4 deficiency, as recently described in mouse models by several research
groups [10–13]. In order to better characterize and understand the mode of action of new
therapies, a better understanding of the molecular mechanisms regulating ABCB4 traffic
and function is required.

Over the last decade, proteomic studies have become a powerful tool to decipher
molecular mechanisms at the subcellular level and to provide new insights into protein
biology. In the last years, a limited number of ABCB4 interacting partners were identified by
yeast two-hybrid screens, including HS1-Associated protein X-1 (HAX1), the motor protein
Myosin II regulatory Light Chain 2 (MLC2), Receptor for Activated C-kinase 1 (RACK1),
and ERM-Binding Phosphoprotein of 50 kDa (EBP50) [14–18]. Aiming at identifying
novel molecular partners of ABCB4, we used an immunoprecipitation approach combined
with HPLC-coupled tandem mass spectrometry analyses (usually defined as “Affinity
Purification-Mass Spectrometry” or AP-MS). This allowed us to identify the small GTPase
RAB10 as a potential ABCB4 interactor. RAB10 belongs to the Ras-related in brain (Rab)
family of proteins, which are well known as master regulators of intracellular traffic and
sorting processes [19]. RAB proteins are implicated in the majority of vesicular transport
steps, including vesicle formation, motility, and tethering, as well as their fusion with target
membranes [19]. To date, more than 60 RAB proteins have been identified in mammals.
These soluble proteins are ubiquitously expressed and can be membrane-associated with
many subcellular compartments thanks to their post-translational geranyl-geranylation [20].
RAB10 was first cloned from Madin-Darby Canine Kidney cells [21]. It is mainly involved
in protein trafficking from the Golgi apparatus to the plasma membrane [22]. Its implication
in GLUT4 traffic as well as TLR4 exocytosis is well documented [23,24]. RAB10 also plays
a key role in ciliogenesis, neuronal development, and basolateral recycling [22].

In the present study, we used biochemical and morphological approaches in cell
models, namely HEK and HeLa cells. These cells allow high transfection rate and high
expression level of transgenes, and they are validated models for investigating the cell
biology of ABC transporters [25,26]. We found that the overexpression of RAB10-wild
type (WT) or its constitutively active mutant increases ABCB4 membrane expression and
function, whereas RAB10 silencing attenuates ABCB4 cell surface expression, as well as
its PC secretion function. Taken together, our results indicate that RAB10 is an important
regulator of ABCB4 traffic, by promoting its transport from the Golgi apparatus to the
plasma membrane.

2. Results

2.1. Identification of RAB10 as a New Molecular Partner of ABCB4

Despite the important role played by ABCB4 in bile secretion, little is known about
the molecular mechanisms regulating its expression, intracellular traffic, and function.
To clarify some of these mechanisms, the aim of this study was to identify key players
implicated in ABCB4 regulation. For this task, an AP-MS approach was used (see details
in the Section 4). Among several ABCB4 candidate interactors (Supplementary Table S1),
we found the small GTPases RAB10 and RAB13 of particular interest, as RAB11 has been
involved in the traffic of the canalicular bile salt export pump ABCB11 [27]. Our preliminary
results indicated less encouraging results for RAB13 (data not shown), so we decided to
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further investigate the role of RAB10 in the intracellular traffic and function of ABCB4. To
confirm the interaction between ABCB4 and RAB10, co-immunoprecipitation experiments
were performed in primary human hepatocytes. RAB10 was detected after ABCB4-specific
immunoprecipitation but not in the control condition with unspecific antibodies (Figure 1A).
Conversely, ABCB4 was specifically detected from RAB10-immunoprecipitated complexes
(Figure 1B). The same results were observed in HEK cells co-transfected with ABCB4 and
RAB10-GFP (Supplementary Figure S1). These results confirm the interaction between
ABCB4 and RAB10.

 

Figure 1. Co-immunoprecipitation of ABCB4 and RAB10 in primary human hepatocytes. (A,B) ABCB4 (A) or RAB10 (B)
were immunoprecipitated from primary human hepatocyte lysates using specific antibodies. Controls were performed
using unspecific antibodies (unspe.). After SDS-PAGE, the presence of ABCB4 and RAB10 in the lysates (Input) and the
immunoprecipitates (IP) was detected by immunoblot (IB) as indicated. Molecular weight markers (in kDa) are indicated.
These panels are representative of at least three independent experiments per condition. The presented data were cropped
from full immunoblots shown in Supplementary Figure S2.

2.2. Overexpression of RAB10-WT or Its Dominant-Active Mutant Increases ABCB4 Plasma
Membrane Expression and Function

To investigate the functional role of RAB10 in ABCB4 regulation, we first studied the
effect of RAB10 overexpression on ABCB4 expression. HEK cells, co-expressing ABCB4
and different forms of RAB10-GFP (WT or its constitutively active Q68L and inactive T23N
forms), or GFP alone (as control), were used. RAB10 (endogenous and GFP-tagged) and
ABCB4 expression was detected by immunoblot (Figure 2A). The densitometry analyses
indicated that the transient expression of the different forms of RAB10 had no effect on
total ABCB4 expression (Figure 2B). However, when we studied ABCB4 function, we
observed an important increase of ABCB4-mediated PC secretion in HEK cells express-
ing RAB10-WT or the constitutively active RAB10-Q68L, but not in cells expressing the
inactive RAB10-T23N form (Figure 2C). In the absence of ABCB4-WT expression, no sig-
nificant increase of basal PC efflux was observed when RAB10-WT alone was expressed
(Supplementary Figure S3).
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Figure 2. Analysis of ABCB4 expression and function after RAB10 overexpression in HEK cells.
(A) ABCB4 and the indicated forms of RAB10-GFP were transiently expressed in HEK cells. Empty
EGFP-C1 plasmid was used as control (ctrl). Forty-eight hours post-transfection, cell lysates were
prepared and analyzed by immunoblot using the indicated antibodies. Molecular weight markers (in
kDa) are indicated, as well as endogenous (#) and GFP-tagged (*) RAB10. This panel is representative
of three independent experiments. The presented data were cropped from full immunoblots shown
in Supplementary Figure S4. (B) Densitometry analysis of (A). The amount of ABCB4 was quantified,
normalized to the amount of tubulin, and then expressed as fold change compared to the control
condition (ctrl). Means (±SD) of three independent experiments are shown; ns: not significant.
(C) HEK cells expressing both ABCB4 and the indicated forms of RAB10-GFP were used to measure
ABCB4-mediated PC secretion. PC secretion was represented as a percentage of the activity for control
cells (ctrl, expressing GFP alone) after background subtraction. Means (±SD) of three independent
experiments performed in triplicate for each tested condition are shown; * p < 0.05; *** p < 0.005; ns:
not significant.

Considering the key role played by RAB proteins in intracellular protein trafficking,
we explored the hypothesis that the increased ABCB4-mediated PC secretion in cells over-
expressing RAB10-WT or -Q68L might be correlated with an increase of ABCB4 expression
at the cell surface. To verify this hypothesis, in a first attempt, we used polarized HepG2
cells to quantify amounts of ABCB4 present at bile canaliculi (Supplementary Figure S5).
However, this did not allow an appropriate quantification of fluorescence intensities at the
canalicular membrane, due to the important clustering of ABCB4-associated fluorescence
in the very small area of bile canaliculus. Alternatively, we studied ABCB4 immunolocal-
ization in HeLa cells co-expressing a modified version of ABCB4 with a FLAG tag in its first
extracellular loop (Figure 3A) and the different forms of RAB10-GFP as above. We used
HeLa cells for this approach since they are much more spread than HEK cells and thus allow
better quantification analyses. In the absence of cell permeabilization and using anti-FLAG
antibodies, this strategy allows for exclusively detecting cell surface ABCB4 (Figure 3A,B,
red), while the use of anti-ABCB4 antibodies after cell permeabilization reveals the ABCB4
total population (Figure 3A,B, blue). The specificity of the plasma membrane staining of
ABCB4 using anti-FLAG antibodies is supported by the observation that the intracellu-
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larly retained ABCB4-I541F variant [28] with the same FLAG tag (ABCB4-I541F-FLAG)
does not display this specific signal, while this is partially rescued upon treatment with
cyclosporin A (Supplementary Figure S6), known to rescue the plasma membrane targeting
of this variant [29]. In line with our hypothesis and in agreement with results regarding
ABCB4 function (Figure 2B), we observed that the amount of ABCB4 at the cell surface was
markedly increased in cells expressing RAB10-WT or -Q68L in comparison to the control
condition with GFP alone (Figure 3B). To confirm these observations, we quantified the
fluorescence ratio of cell surface/total ABCB4 in the different experimental conditions
and we observed a significant increase of this fluorescence ratio when RAB10-WT or its
dominant-active form were expressed (Figure 3C). It is important to note that the reference
for these quantifications of fluorescence intensities was “total ABCB4”, a parameter that is
not influenced by the subcellular localization of ABCB4. Altogether, these results suggest
that RAB10 is involved in the plasma membrane targeting of ABCB4, an obligatory process
allowing its function of PC secretion towards the extracellular environment.

 

Figure 3. Analysis of ABCB4 localization at the plasma membrane after RAB10 overexpression in HeLa cells. (A) Schematic
representation of the indirect immunofluorescence approach allowing the discrimination of cell surface (red) vs. total (blue)
ABCB4 using anti-FLAG antibodies before permeabilization and anti-ABCB4 antibodies after permeabilization, respectively.
(B) ABCB4-FLAG and the indicated RAB10 forms were expressed in HeLa cells. After 48 h of expression, the cell surface
and total ABCB4 were labeled as schematized in (A). After immunolabeling, cell surface ABCB4 (red), total ABCB4 (blue)
and RAB10-GFP (green; GFP alone for control) were visualized by confocal microscopy. This panel is representative of three
independent experiments. Bars: 10 µm. (C) Quantification of (B). Fluorescence ratio of cell surface ABCB4/total ABCB4 was
determined and represented as a percentage of the control condition (GFP alone-expressing cells). For each condition, at
least 90 independent cells from three independent experiments were analyzed. Means (±SD) are represented; *** p < 0.005;
ns: not significant.

2.3. RAB10 Silencing Reduces ABCB4 Plasma Membrane Expression and Decreases Its Function

Then, we investigated the effect of RAB10 silencing on ABCB4 cell surface expression
using a siRNA approach. The transfection of specific anti-RAB10 siRNAs in HeLa cells
induced an important knockdown of endogenous RAB10 (Figure 4A). The quantification
of these experiments indicated that RAB10 expression was decreased by more than 90% in
comparison with cells transfected with control siRNAs (Figure 4B). In this RAB10 knock-
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down condition, using the specific plasma membrane labeling described above, we ob-
served that less ABCB4 was localized at the plasma membrane than in the control condition
(Figure 4C), which was confirmed by the quantification of these experiments (Figure 4D).

 

Figure 4. Effect of RAB10 knockdown on ABCB4 localization in HeLa cells. (A) Forty-eight hours after siRNA transfection
in HeLa cells (Control, ctrl or anti-RAB10), RAB10 expression was analyzed by immunoblot, as in Figure 2A. This panel
is representative of three independent experiments. The presented data were cropped from full immunoblots shown
in Supplementary Figure S7. (B) Densitometry analysis of (A), as performed in Figure 2B. Means (±SD) of at least
three independent experiments are shown; *** p < 0.005. (C) HeLa cells treated as in (A) were used to analyze ABCB4-
FLAG localization at the plasma membrane, as performed in Figure 3B. This panel is representative of three independent
experiments. Bars: 10 µm. (D) Quantification of (C), as performed in Figure 3C. Means (±SD) are represented; *** p < 0.005.

To confirm the effect of RAB10 silencing on ABCB4 cell surface expression, we used
RAB10-KO HEK cells generated by the CRISPR/Cas9 approach. This strategy was com-
plementary to siRNA transfection and less aggressive for the cells in the frame of assays
aiming at measuring ABCB4-mediated PC secretion. Immunoblot analyses of RAB10 ex-
pression indicated an important knockdown of protein expression in HEK cells (Figure 5A)
to more than 90% compared to control cells (Figure 5B). Then, ABCB4 cell surface expres-
sion was determined as aforementioned. In line with our previous results in HeLa cells, an
important decrease in ABCB4 cell surface expression was detected in RAB10-KO HEK cells,
in comparison to control cells (Figure 5C; quantification in Figure 5D). We also examined
the effect of RAB10 silencing by CRISPR/Cas9 on ABCB4 function in HEK cells: ABCB4-
mediated PC secretion was strongly impaired in RAB10-KO cells in comparison to control
cells (Figure 5E). Altogether, these results indicate that RAB10 knockdown diminishes
plasma membrane expression levels of ABCB4, and thus indirectly its PC secretion function
towards the extracellular environment.
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Figure 5. Effect of RAB10 knockdown on ABCB4 localization and function in HEK cells. (A,B) RAB10 expression in
control (ctrl) and RAB10-KO HEK cells was analyzed (A) and quantified (B) as in Figure 4A,B. (A) is representative of
three independent experiments and (B) represents the means (±SD) of three independent experiments; *** p < 0.005. The
presented data were cropped from full immunoblots shown in Supplementary Figure S7. (C) HEK cells treated as in
(A) were used to analyze ABCB4-FLAG localization at the plasma membrane, as performed in Figure 3B. This panel is
representative of three independent experiments. Bars: 10 µm. (D) Quantification of (C), as performed in Figure 3C. Means
(±SD) are represented; *** p < 0.005. (E) Control (ctrl) and RAB10-KO HEK cells were used to measure ABCB4-mediated PC
secretion, as performed in Figure 2C. Means (±SD) of three independent experiments are shown; * p < 0.05.

2.4. RAB10 Promotes ABCB4 Trafficking from the Golgi Apparatus to the Plasma Membrane

Since we observed a considerable reduction of ABCB4 expression at the cell surface
after RAB10 knockdown, both in HeLa and HEK cells (see Figures 4 and 5) without signifi-
cant modification of total ABCB4 expression (Supplementary Figure S8), we inferred that
RAB10 knockdown caused an intracellular retention of ABCB4. As previously reported [22],
we found that RAB10 was preferentially associated with the Golgi apparatus, colocalizing
with giantin (Supplementary Figure S9). We thus hypothesized that the plasma membrane
targeting of ABCB4 might be impaired at post-Golgi steps when RAB10 is knocked down.
The total ABCB4 distribution was examined by confocal microscopy in both HeLa and
HEK cells. Under control conditions, ABCB4 displayed a significant plasma membrane
staining (Figure 6A,B, upper panels). However, after RAB10 knockdown, ABCB4 was less
present at the plasma membrane with an increased colocalization with the Golgi marker
giantin, both in HeLa cells (Figure 6A, lower panels) and HEK cells (Figure 6B, lower
panels). These results provide evidence that RAB10 is involved in ABCB4 trafficking from
the Golgi apparatus to the plasma membrane.
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Figure 6. Effect of RAB10 depletion on total ABCB4 subcellular distribution. (A,B) HeLa cells transfected with control (si-ctrl)
or anti-RAB10 (si-RAB10) (A), and control (ctrl) vs. RAB10-KO HEK cells (B) were used to analyze ABCB4 localization
by indirect immunofluorescence and confocal microscopy. ABCB4 (red) and giantin (green) were labeled using specific
antibodies while nuclei were stained with Hoechst 33,342 (blue). Each panel is representative of at least three independent
experiments per condition. White arrows indicate colocalization of ABCB4 with giantin at the Golgi apparatus. Bars: 10 µm.

3. Discussion

ABCB4 plays an important role in bile secretion [1,5]. However, little is known
regarding its molecular regulation. In the present study, to further understand ABCB4
biology, we explored ABCB4 interactome. Using an AP-MS screen, we identified the small
GTPase RAB10 as a novel ABCB4 binding partner. However, using this method, we did
not identify the few other known partners of ABCB4 [18]. This could be explained by: (i) a
weak sensitivity of the technique; (ii) the stringent conditions of the immunoprecipitation;
or (iii) the poor overlap of the different techniques and studies, as already reported for the
analysis of ABCB11 interactome [30]. RAB10 belongs to the RAB protein family, known as
key players in intracellular traffic processes [19]. Interestingly, it has already been reported
that several RAB proteins interact with and regulate the intracellular traffic of several ABC
transporters. Indeed, RAB11 colocalizes with both ABCB11 and ABCC2 and regulates
their recycling to the canalicular membrane [27,31]. RAB4 and RAB5 were also reported as
ABCB1 regulators [32,33]; and RAB5a, RAB7, RAB4, RAB11a, and RAB27a are implicated
in the regulation of ABCC7/CFTR traffic and function [34]. More recently, RAB10 has also
been shown to be implicated in CFTR targeting to the plasma membrane [35].

In the present study, we show that the transient overexpression of RAB10-WT or its
dominant-active mutant (RAB10-Q68L) significantly increases ABCB4 expression at the
cell surface and consequently its ability to secrete PC outside the cells. In contrast, the
overexpression of the dominant-inactive form RAB10-T23N had no significant effect on
ABCB4 localization or function, except for a tendency to decrease ABCB4 expression at
the cell surface and its function. These results might be explained by the fact that this
constitutively inactive form is less expressed than the other RAB10 forms (see Figure 2A),
which might be due to its reduced stability, as previously reported [36]. This hypothesis is
strengthened by the fact that RAB10 depletion, by both siRNA or CRISPR/Cas9 approaches,
reduces ABCB4 cell surface expression and function as well as it induces its intracellular
accumulation in the Golgi apparatus. Since RAB10 has been implicated in post-Golgi
trafficking of GLUT4 and TLR4 [23,24], we can speculate that this RAB protein is also
necessary for vesicular trafficking of ABCB4 from the Golgi apparatus to the plasma
membrane. The fact that we only observed a partial decrease of ABCB4 cell surface
expression and function in RAB10-knocked down and RAB10-KO cells (see Figures 4 and 5)
might be due to the redundancy of RAB10 function with other RAB proteins. Indeed,
functional similarity and redundancy between RAB8, RAB10, and RAB13 have been
reported [22]. Further investigation will be required for a deeper analysis of the role of RAB
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protein redundancy on ABCB4 intracellular traffic and function. It is also interesting to
note that ABCB4 staining at the plasma membrane appears as punctuated (ABCB4-FLAG
staining in Figures 3B and 4C), suggesting its partition in specialized microdomains at the
plasma membrane. Whether the transporter is localized in “raft-like” structures or not, the
latest having already been suggested [37], would require further investigation.

ABCB4 defects are associated with several cholestatic liver diseases [2,4]. Interestingly,
during the last years, many cholestatic like-phenotypes were associated with mutations in
genes encoding traffic regulators, such as the motor protein MYO5B, the vacuole protein
sorting-associated protein VPS33B, and its interacting protein VIPAS39 [38–41]. This
highlights and supports the importance of correct ABCB4 trafficking to ensure its function
and thereby a normal bile flow [41]. Thus, it seems important to more deeply explore
molecular mechanisms regulating ABCB4 intracellular traffic. Moreover, based on the
present study, it is tempting to speculate that RAB10 mutations or malfunction could lead
to diseases mimicking ABCB4 deficiency, arguing for the research of RAB10 mutations in
patients with unexplained cholestatic diseases. In this respect, it is of interest that RAB10
dysregulation was reported in some cases of hepatocellular carcinoma, which may support
its key role in protein trafficking in hepatocytes [42].

In conclusion, using cell models, we report here that RAB10 is a novel ABCB4 molecu-
lar partner and is a key regulator of its intracellular traffic from the Golgi apparatus to the
plasma membrane. Further work will be necessary to determine the physiological relevance
of this interaction and its role in polarized hepatocytes. Finally, we expect that an improved
understanding of ABCB4 regulation will help the development of new therapeutic options
for patients with cholestatic diseases related to ABCB4 defects.

4. Materials and Methods

4.1. Plasmids, Cell Culture and Transfection

Two different constructs encoding human ABCB4 were used: pcDNA3-ABCB4, which
was previously described [28], and pcDNA3-ABCB4-FLAG, a modified version of ABCB4
with a FLAG tag (DYKDDDDK) within its first extracellular loop (between Ser 99 and Leu
100), prepared by Genscript (Piscataway, NJ, USA). Constructs encoding human RAB10-
WT (pEGFP-RAB10-WT) and its constitutively active (pEGFP-RAB10-Q68L) and inactive
(pEGFP-RAB10-T23N) forms, all with N-terminal GFP, were a kind gift from Mark McNiven
(Department of Biochemistry and Molecular Biology, Mayo Clinic, Rochester, MN, USA),
which were prepared as described [43].

Primary human hepatocytes were prepared as described [44] and kindly provided
by the Human HepCell platform (ICAN, Paris, France). Human embryonic kidney cells
(HEK-293, herein referred to as HEK; ATCC®-CRL-1573TM) and HeLa cells (ATTC®-CCL-
2TM) were grown at 37 ◦C with 5% CO2 as described [45]. HEK and HeLa cells were
transfected using Turbofect (Thermo Fisher Scientific, Villebon-sur-Yvette, France) at a ratio
of reagent:DNA of 2:1 according to the manufacturer’s instructions. JetPrime (PolyPlus
Transfection, Illkirch, France) was used for small interfering RNA (siRNA) transfection
according to the manufacturer’s instructions.

4.2. RNA Interference and CRISPR/Cas9 System

For RAB10 silencing experiments, anti-RAB10 siRNA (ON TARGETplus human
RAB10 siRNA SMARTpool) and scramble control siRNA (ON TARGETplus non-targeting
control pool) from Horizon Discovery (Cambridge, UK) were used. RAB10-knockout (KO)
HEK cells were established using the CRISPR/Cas9 technology as previously described [46].
Briefly, sgRNA guide sequences targeting human RAB10 were designed using the CRISPR
design tool from Horizon Discovery (sense, 5′–GCGTACGTCTTCTTCGCCATT–3′ and
antisense, 5′–AATGGCGAAGAAGACGTACGC–3′) and cloned into pSpCas9(BB)-2A-Puro
plasmid (PX459, Addgene). After sequence verification, the resulting plasmid was trans-
fected into HEK cells, and 24 h later, 2 µg/mL puromycin (Gibco) was added to the culture
medium for the selection of transfected cells.
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4.3. Immunoprecipitation and Mass Spectrometry Analyses (AP-MS)

For this approach, ABCB4 was immunoprecipitated from primary human hepatocytes
and ABCB4-expressing HEK cells, then potential interactors were identified by tandem
mass spectrometry. Primary human hepatocytes (2 × 107 cells) and HEK cells express-
ing ABCB4 (107 cells) were lysed in lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl,
2 mM EDTA, 1% Triton X-100) containing protease inhibitors (cOmplete™ Protease In-
hibitor Cocktail, Sigma, Saint-Quentin-Fallavier, France). The lysates were centrifuged at
14,000 rpm, 10 min at 4 ◦C, then supernatants were collected. After supernatant preclearing
1 h at 4 ◦C with 40 µL Protein-A Sepharose alone (VWR, Fontenay-sous-Bois, France), sam-
ples were incubated for 1 h at 4 ◦C with agitation in the presence of 0.5 µg of anti-ABCB4
(P3II-26 – Enzo Life Sciences, Villeurbanne, France) or unspecific IgG2b (MPC-11, BioLe-
gend) antibodies, and then overnight at 4 ◦C with 40 µL Protein A-Sepharose. As a negative
control allowing the elimination of unspecific contaminating proteins, we also included
a condition with non-ABCB4-expressing HEK cells. Immunoprecipitates were recovered
by centrifugation (1500 rpm, 5 min, 4 ◦C), washed three times with lysis buffer, and twice
with ice-cold PBS. Bound proteins were eluted with 50 mM Tris-HCl pH 8.5 containing 2%
SDS. As a control of immunoprecipitation efficacy, 30% of the eluted fraction was subjected
to SDS-PAGE and analyzed by immunoblot with appropriate antibodies. The rest of the
eluted samples was processed using the filtered-aided sample preparation (FASP) method
to collect peptides as previously described [47]. Stage-tip-desalted peptides were analyzed
by LC-MS-MS using an Ultimate 3000 Rapid Separation liquid chromatographic system
coupled to an Orbitrap Fusion mass spectrometer (both from Thermo Fisher Scientific) as
follows: peptides were loaded on a C18 reverse phase pre-column (3 µm particle size, 100 Å
pore size, 75 µm inner diameter, 2 cm length; Thermo Fischer Scientific) using loading sol-
vent (1% Acetonitrile and 0.1% trifluoroacetic acid in milliQ water) for 3 min at 5 µL.min−1,
then separated on an analytical C18 reverse phase column (2 µm particle size, 100 Å pore
size, 75 µm internal diameter, 25 cm length) with a 45 min effective gradient from 99% A
(0.1% formic acid in milliQ water) to 50% B (80% Acetonitrile, 0.085% formic acid in milliQ
water) at 400 nL.min−1. The mass spectrometer acquired data throughout the LC elution
process and operated in a data-dependent scheme with full MS scans acquired with the
orbitrap, followed by HCD fragmentation and ion trap fragment detection (top speed mode
in 5 s) on the most abundant ions detected in the MS scan. Mass spectrometer settings were
for full scan MS: AGC: 2.0E4, target resolution: 60,000, m/z range was 350–1500, maximum
ion injection time: 60 ms; for HCD MS/MS: quadrupole filtering, normalized collision
energy: 27. Ion trap rapid detection, intensity threshold: 1.0E4, isolation window: 1.6 m/z,
dynamic exclusion time: 30 s, AGC Target: 2.0E4 and maximum injection time: 100 ms. The
fragmentation was permitted for precursor with charge state of 2 to 7. Proteome discoverer
1.4 (Thermo Fisher Scientific) was used to generate. mgf peaklists files.

Peptides were identified as follows. Experimental mass lists were used to perform
comparisons with theoretical mass lists from the Homo sapiens taxon of the Swiss-Prot
database (May 2017, 20,204 sequences) using Mascot version 2.5.1 (www.matrixscience.com,
accessed on 30 June 2021). The cleavage specificity set was the trypsin with maximum
2 missed cleavages. The precursor mass tolerance was set to 4 ppm and the MS/MS mass
tolerance to 0.55 Da. Cystein carbamidomethylation was set as a constant modification
while methionine oxidation was set as variable modification. With these settings, peptide
identifications were considered as valid whenever their scores reached a minimum of 25,
thus meeting the p-values criteria less than 0.05. The sample comparison was performed
with MyPROMS software [48]. Identified proteins with at least 2 distinct peptides in at
least one sample were considered positive.

4.4. Immunoblots, Immunofluorescence and Measurement of ABCB4-Mediated
Phosphatidylcholine Secretion

Immunoblots were performed as previously described [9,45], using cells co-transfected
with ABCB4- and RAB10-encoding constructs at a 1:1 ratio with the following primary
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antibodies: anti-ABCB4 (clone P3II-26) from Enzo Life Sciences, anti-α-tubulin (clone
1E4C11) from ProteinTech (Manchester, UK), anti-RAB10 (clone D36C4) from Cell Signaling
(Danvers, MA, USA) and anti-GFP (clone AB10145) from Sigma. Immunoblots were
quantified in the linear range of detection using ImageJ 1.50i software (U.S. National
Institutes of Health, Bethesda, MD, USA).

For indirect immunofluorescence experiments, cells were grown on glass coverslips,
fixed with 4% paraformaldehyde (Thermo Fisher Scientific) for 10 min, and permeabi-
lized with 0.05% saponin in PBS containing 0.2% of bovine serum albumin (BSA). The
coverslips were then incubated with the following primary antibodies: anti-ABCB4 and
anti-RAB10 (see above), anti-calnexin (SPA-865, Enzo Life Sciences), anti-giantin (PRB-
114C, Covance, Rueil-Malmaison, France), anti-EEA1 (sc-6415, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-LAMP1 (sc-20011, Santa Cruz Biotechnology); and subse-
quently incubated for 1 hour with appropriate Alexa Fluor-conjugated secondary antibodies
(ThermoFisher Scientific). Nuclei were labeled using Hoechst 33342 (ThermoFisher Sci-
entific). Immunofluorescence images were acquired using a confocal microscope (Eclipse
TE-2000-Nikon-C2) equipped with a 60X objective, serial xy optical sections with a z-step
of 0.3 µm were acquired using Nikon NIS-Elements software version AR 4.50 with con-
stant settings (laser powers and correction of signal intensities) and treated using Adobe
Photoshop version 8.0.1.

Alternatively, for specific cell surface labeling of ABCB4, non-permeabilized HeLa
cells expressing ABCB4-FLAG were incubated 1 h with polyclonal anti-FLAG antibodies
(F7425, Sigma) prior to fixation. Then, after fixation and permeabilization, total vs. cell
surface ABCB4 were revealed using the standard procedure described above. A cell by cell
quantification of cell surface vs. total ABCB4 signal intensities was performed as follows:
individual ABCB4-expressing cells were randomly selected and delineated in ImageJ soft-
ware, version 1.50i using the total ABCB4 signal. For each segmented cell, the fluorescence
intensities associated with total ABCB4 (shown in blue) or plasma membrane ABCB4
(shown in red) were measured in each channel using the ‘Measure’ function of ImageJ.
Then, after background subtraction (measured in areas with no apparent fluorescence) for
each fluorescence intensity, plasma membrane over total ABCB4 fluorescence ratios were
expressed as percentages of the mean ratio calculated for the reference condition (control).

The measurement of ABCB4-mediated PC secretion using a fluoro-enzymatic assay
was performed as described [49] and results were analyzed as published [45].

4.5. Statistical Analyses

Graphics and one-way ANOVA tests were performed using Prism version 7.00 (Graph-
Pad Software, La Jolla, CA, USA). A p value of less than 0.05 was considered significant
with *: p < 0.05; **: p < 0.01; ***: p < 0.005; ns: not significant. Symbols always indicate the
comparison between the control and the other tested conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22137087/s1. Figure S1: Co-immunoprecipitation of ABCB4 and RAB10 in HEK cells.
HEK cells co-expressing RAB10-GFP and ABCB4 were used. GFP (A) and ABCB4 (B) were im-
munoprecipitated using specific antibodies. Controls were performed using unspecific antibodies
(unspe.). After SDS-PAGE, the presence of ABCB4 and RAB10-GFP in the lysates (Input) and the
immunoprecipitates (IP) was detected by immunoblot (IB) as indicated. Molecular weight markers
(in kDa) are shown. These panels are representative of three independent experiments per condition.
Figure S2: Full immunoblots related to Figure 1A,B. Results shown in Figure 1A,B are delineated by
dotted rectangles. MW (in kDa) are indicated. Figure S3: Phosphatidylcholine efflux after RAB10-WT
expression. The phosphatidylcholine efflux from HEK cells expressing ABCB4-WT or RAB10-WT-
GFP was measured as in Figure 2C. Note that for these experiments, means could not be normalized
to ABCB4 expression levels. Means (± SD) of three independent experiments are shown. Figure
S4: Full immunoblots related to Figure 2A. Results shown in Figure 2A are delineated by dotted
rectangles. MW (in kDa) are indicated. Figure S5: ABCB4 immunolocalization in HepG2 cells.
ABCB4 and the indicated forms of RAB10-GFP (GFP alone as control, ctrl) were co-expressed in
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HepG2 cells. Total ABCB4 and RAB10-GFP localization was analyzed as in Figure 3B. This figure
is representative of three independent experiments. Bars: 10 µm. Figure S6: ABCB4-I541F-FLAG
immunolocalization in HeLa cells. ABCB4-WT-FLAG or ABCB4-I541F-FLAG were expressed in
HeLa cells. After treatment with vehicle (DMSO) or 10 µM cyclosporin A, cell surface and total
ABCB4 were immunolabeled and visualized as in Figure 3B. This figure is representative of three
independent experiments. Bars: 10 µm. Figure S7: Full immunoblots related to Figures 4A and
5A. Results shown in Figures 4A and 5A are delineated by dotted rectangles. MW (in kDa) are
indicated. Figure S8: ABCB4 expression after RAB10 knockdown. Cell lysates from HeLa cells (A)
and HEK cells (B) treated as in Figures 4 and 5, respectively, were analyzed by immunoblot using the
indicated antibodies (upper panels). MW (in kDa) are indicated. These panels are representative of
three independent experiments per condition. ABCB4 signal intensities were quantified and means
(± SD) of three independent experiments are shown (lower panels). Figure S9: Confocal microscopy
analysis of RAB10-WT subcellular localization in HeLa cells. HeLa cells were transfected with a
RAB10-WT-GFP-encoding construct (green) and the following intracellular compartments were
immunolabeled (red): calnexin for endoplasmic reticulum, giantin for the Golgi apparatus, EAA1 for
early endosomes, LAMP1 for late endosomes and lysosomes. This figure is representative of three
independent experiments. Bars: 10 µm.
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Abstract: Progressive Familial Intrahepatic Cholestasis (PFIC) are inherited severe liver disorders
presenting early in life, with high serum bile salt and bilirubin levels. Six types have been reported,
two of these are caused by deficiency of an ABC transporter; ABCB11 (bile salt export pump) in
type 2; ABCB4 (phosphatidylcholine floppase) in type 3. In addition, ABCB11 function is affected in
3 other types of PFIC. A lack of effective treatment makes a liver transplantation necessary in most
patients. In view of long-term adverse effects, for instance due to life-long immune suppression
needed to prevent organ rejection, gene therapy could be a preferable approach, as supported by
proof of concept in animal models for PFIC3. This review discusses the feasibility of gene therapy as
an alternative for liver transplantation for all forms of PFIC based on their pathological mechanism.
Conclusion: Using presently available gene therapy vectors, major hurdles need to be overcome to
make gene therapy for all types of PFIC a reality.

Keywords: gene therapy; AAV; PFIC

1. Introduction

1.1. Clinical Challenge

Progressive Familial Intrahepatic Cholestasis (PFIC) is a heterogenic group of reces-
sively inherited severe liver disorders [1,2]. All types present during infancy or childhood
with increased serum bile salts and bilirubin, and pruritus, having a major impact on
health-related quality of life. All forms of PFIC are rare autosomal recessive diseases and
deficiency of the bile acid export pump (BSEP) activity impairing bile salt handling is seen
in several forms. Deficiency can be caused by mutations in the ABCB11 gene encoding
BSEP for instance or by loss of BSEP expression due to mutations in the NR1H4 gene,
encoding the Farnesoid X Receptor (FXR) that is essential for BSEP expression [3–6]. A loss
of BSEP presence in the canalicular membrane due to mutations in Myosin VB (MYO5B), in-
volved in its intracellular transport, or reduced BSEP activity, due to canalicular membrane
integrity and composition, impair bile salt export from the hepatocyte [7–9]. In addition to
impaired bile salt export, PFIC can be caused by ABCB4 deficiency involved in maintaining
phosphatidylcholine presence in bile, needed to moderate the detergent effect of bile salt by
forming mixed micelles [10]. Recently, mutations in the Tight Junction Protein 2 encoding
gene (TJP2) were identified to cause PFIC [11]. Although TJP2 mutations may affect tight
junction integrity, these patients neither suffer from cholestasis nor other cholangiopathies,
as would be expected in leakage of bile and has been observed in Claudin deficiency, for
instance [1]. All types of PFIC are mono-genetic disorders and most progress to end stage
liver disease making a liver transplant inevitable. In view of the adverse effects of this
highly invasive treatment, developing novel treatment options, such as liver directed gene
therapy, are warranted.
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1.2. Presentation and Current Treatment

All forms of PFIC present with jaundice and elevated bile acid levels in serum [1].
The disease onset varies between the different types of PFIC. ABCB11/BSEP (PFIC2), TJP2
(PFIC4) and FXR (PFIC5) deficiency, present in the first months after birth and are rapidly
progressing. Presentation of ATP8B1 deficiency (PFIC1) is often months after birth and the
progression is moderate. Both other forms, ABCB4 (PFIC3) and MYO5B (PFIC6) deficiency,
are diagnosed at a later more variable age with moderate to slow progression [1]. Upon
diagnosing cholestasis; serum parameters, liver biopsies and genetic analyses are all used
to identify the genetic cause of cholestasis. For instance, high gamma GT is only seen in
ABCB4 deficiency (PFIC3) [12] while FXR deficiency results in persistent increased Alpha
FetoProtein (AFP) levels in serum [6]. Liver biopsies can be used to verify the absence
of proteins involved in physiologic bile formation in the canaliculi or other mechanisms
like intracellular protein accumulation that cause hepatocyte and cholangiocyte damage.
Identification of the cause allows treatment to begin, albeit all current treatments for PFIC,
at best, only slow down disease progression. Ursodeoxycholic acid (UDCA) treatment,
reducing the hydrophobicity of the bile salt pool, is a first treatment option for all types
of PFIC. The efficacy of this treatment depends on the type of mutation, with patients
having missense mutations showing a better response compared to those with complete
deficiency [5,13]. In patients with missense mutations in the ATP8B1 or the ABCB11 gene,
that affect protein folding, 4-phenylbutyrate, restored presence of these transporters in the
canalicular membrane, albeit at a low level [14–16]. Symptoms are mitigated by a reduction
in the bile salt pool by biliary diversion or by preventing intestinal uptake by binding of
bile acids to cholestyramine [1]. The efficacy and safety of pharmacological inhibition bile
acid uptake using inhibitors of the apical sodium dependent bile transporter (ASBT) may
be another approach to reduce the bile acid pool [17,18]. Diarrhea is an adverse effect of
several of these approaches due to increasing amounts of bile acids reaching the colon.
In view of this, FXR activation to lower bile acid synthesis in the hepatocytes maybe an
option to overcome this hurdle and in combination with ASBT inhibition could be an
effective approach [19,20]. Several of these treatments do relieve the symptoms and slow
disease progression but none of these is curative. For the more recently identified genetic
causes of PFIC, namely TJP2-, FXR- and MYO5B-deficiency no treatment options have been
reported [1].

This lack of effective treatment options results in disease progression in all patients
suffering from PFIC. Upon reaching end-stage liver disease, a liver transplantation is
needed for patient survival.

Progress in the performance of liver transplantations over the past decades has led
to an established, albeit highly invasive, procedure called orthotopic liver transplantation
(OLT) [21]. Long-term complications consist of graft loss and an increased risk for infec-
tions and cancer development due to immunosuppressive treatment. The early severe
liver damage in many patients suffering from PFIC renders liver transplantation during
childhood necessary. This procedure has become the standard of care to treat children with
end-stage liver disease with a 20 year survival of over 80% [22,23]. Partial liver transplan-
tation improves size matching between grafts and recipients and alleviates the shortage
of size matched donor livers without compromising survival [24]. In addition, this also
allows living family-related donor transplantations.

For all severely affected patients, a liver transplant is currently the only curative
therapy which has been successfully performed in children suffering from PFIC [25]. Addi-
tional complications of this major procedure were also reported in these patients. Patients
with mutations that completely abolish ATP8B1 function developed hepatic steatosis in the
donor liver. This can be prevented when combining the liver transplant with total internal
biliary diversion, but extrahepatic symptoms like severe diarrhea persist [2,25,26]. Also in
patients with FXR deficiency complications occurred upon transplantation, these patients
also developed a fatty liver [1]. In patients with ABCB11 (BSEP) deficiency, the cholestasis
symptoms re-occurred after OLT due to an immune response inhibiting BSEP function [27].
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These additional complications, the lack of sufficient donor organs, the risk of life-
long immune suppression to prevent organ rejection, and an increased risk for infection
and cancer, warrant the development of novel treatment options for these devastating
diseases. Gene therapy seems one of the potential treatments for these monogenic recessive
disorders.

2. Gene Therapy

2.1. Clinical Applications

Gene addition therapies driven by Adeno Associated Viral (AAV) vectors for recessive
monogenic diseases have been developed and, upon showing safety and efficacy, have
received market approval, albeit in a limited number. Presently, three AAV-vector based
gene therapeutics are available as Glybera, treating Lipoprotein Lipase (LPL)-deficiency,
Luxturna [28], treating Retinal Pigment Epithelial (RPE) 65-related retinal dystrophy, and
Zolgensma, treating Spinal Muscular Atrophy (SMA) [28–30]. The promising safety and
efficacy data obtained in small clinical AAV gene therapy studies resulted in their applica-
tion for registration to obtain market approval. For instance this approach as a treatment
for Choroidenemia [31], aromatic L-amino acid decarboxylase deficiency [32], Pompe’s Dis-
ease [33,34], Duchenne Muscular Dystrophy (ongoing: NCT03375164), Becker’s Muscular
Dystrophy [35], Limb-Girdle Muscular Dystrophy [36], X-linked myotubular myopathy
(ongoing: NCT03199469), haemophilia A [37] and haemophilia B [38,39] all show efficacy.
However, some safety issues have occurred, especially in clinical trials for diseases requir-
ing systemic high vector doses. Liver toxicity has been reported for AAV doses above
1 × 10−14 vg/kg, indicating that this will be a problem for some applications [40]. Gene
therapies for ocular diseases have relatively few hurdles to surmount because the eye is
easily accessible, highly compartmentalized, immune-privileged [41], and less invasive
as the injection occurs non-systemically. SMA treatment with Zolgensma, targeting the
motor neurons, urges the use of intrathecal injections and a high vector doses, causing
transient liver inflammation [42,43]. Recently, in a trial targeting X-linked myotubular
myopathy, there have been two tragic deaths of pediatric patients in the cohort receiving
the highest vector dose [44]. Both patients died due to progressive liver dysfunction and
subsequently fatal sepsis upon receiving 3 × 10−14 vg/kg. Patients treated with a lower
vector dose, 1 × 10−14 vg/kg, did not experience any severe adverse effects. The liver
tropism of AAV vectors, resulting in toxic vector levels in the hepatocytes complicates
gene therapy of disorders requiring a high vector dose in the systemic circulation, like for
instance all muscular disorders. Within the scope of this review, looking at gene therapy
for PFIC, AAV-mediated gene transfer directed to the liver is especially relevant. When
treating inherited liver disorders, the AAV tropism for the liver is a major advantage since
lower vector doses are needed for therapeutic efficacy. A number of clinical trials to treat
Factor VIII or Factor IX deficiency in hemophilia A or B patients have our equitable interest.

The three year follow-up of a dose escalation study to treat haemophilia A, performed
by Pasi and colleagues [37], showed long-term efficacy. All 15 adult patients received
doses of 6 × 10−12 vg/kg up to 6 × 10−13 vg/kg of AAV5-hFVIII intravenously. No
hepatotoxicity was observed, although in some cases elevated Aspartate Transaminase
(AST) levels occurred and were successfully treated with glucocorticoids. Factor VIII
plasma activity was restored leading to strong decreases in bleeding incidences, and
recombinant Factor VIII use. Although after three years, factor VIII plasma levels were
still therapeutic, a gradual decrease over time was seen. A longer follow up is needed to
learn if factor VIII levels will remain therapeutic or if re-treatment will be needed. Dose
escalation studies to treat Factor IX deficiency also proved to be safe and effective since
levels up to 40–50% of normal Factor IX activity were reached [39]. Long-term follow
up of an older study for Factor IX deficiency showed long-term efficacy [38]. In these
patients the AAV8 vector was injected over nine years ago and they still have clinically
relevant Factor IX production. To conclude, AAV-mediated liver-directed gene therapy
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as a one-time treatment proved to be safe and to provide long-term correction in adults,
indicating that this treatment strategy is feasible for inherited severe liver disorders.

AAV vectors do not integrate actively in the host genome but persist in the nucleus in
episomal form [45,46]. An important advantage of this is the lack of genotoxicity which can
for instance result in tumour formation, as seen with integrating retroviral vectors [47,48].
During cell division, these episomes are not copied and not distributed to the daughter
cells. This renders AAV vectors less suitable for treatment of liver disorders early after birth.
The growth of the liver results in loss of the initial efficacy [49,50]. Hepatocyte proliferation
is also induced upon liver damage for instance after a partial hepatectomy [51]. This
complicates the application of AAV-mediated gene therapy for disorders resulting in
hepatocyte damage, such as Fumarylacetoacetate hydrolase (FAH) deficiency and PFIC.
Ongoing safety and efficacy studies for AAV gene therapy are performed in adults targeting
diseases that do not cause liver damage. Recent pre-clinical studies do indicate that AAV-
mediated gene therapy for PFIC may be feasible.

2.2. Pre-clinical AAV-mediated Gene Therapy for PFIC3

ABCB4 deficiency seems the best option to investigate the feasibility of gene therapy
as a treatment option for PFIC. This is because of the availability of a suitable animal
model and a previous study showing that partial correction by hepatocyte transplantation
provides therapeutic correction [52]. The Mdr2−/− (Abcb4−/−) mouse has been demon-
strated to be a relevant model for PFIC3 [10,53]. The severity of the pathology depends
on the mouse strain, with FVB mice displaying a more severe phenotype compared to the
C57Bl/6 mice. Adjustments via the diet, such as cholate supplementation, increase the
mouse bile hydrophobicity which worsens the disease phenotype [54]. In a recent study we
investigated the feasibility of AAV8-hABCB4 mediated correction in adult Abcb4−/− mice
with a C57Bl/6 background [55]. Upon vector administration, the efficacy was monitored
over time until 6 months using dietary cholate administration to mimic the human bile
toxicity [54]. This study provided proof of concept by demonstrating long-term correction,
as shown by normalization of the liver damage parameters AST, Alanine Transaminase
(ALT) and Alkaline Phosphatase (ALP), and the absence of fibrosis. Restoring a sufficient
Phosphatidylcholine (PC) content in bile is a pre-requisite for prolonged correction using
AAV. In case of insufficient correction, the ongoing hepatocyte proliferation will result in
loss of AAV vectors, thereby further reducing PC presence in bile and thus increasing the
liver damage. This was demonstrated by Weber et al. with Abcb4−/− FVB mice displaying
a more severe phenotype [56]. These mice were treated with an AAV vector, consisting of a
codon-optimized hABCB4 at week 2 after birth and the effect was monitored for 12 weeks.
In males, this treatment appeared effective, but in 50% of the females the correction was
lost. To overcome this, a second cohort was injected two times, first at week 2 and three
weeks later a second dose was given. This protocol provided prolonged correction and is,
with regard to severity of the pathological model, more comparable to PFIC3 patients. Both
studies do indicate that long-term correction of a disease causing hepatocyte proliferation
using non-integrating AAV vectors is feasible but only if the efficacy is sufficient.

In PFIC3 patients, the disease onset is observed in young children and therefore
ideally the therapy should be given at an early stage. This complicates the use of a non-
integrating vector like AAV. Several studies have shown that the initial correction is lost
over time when treating neonatal or juvenile animals [49,50]. Moreover, the induction
of proliferation upon (partial) loss of correction will contribute to episomal transgene
loss and will accelerate the decrease in therapeutic efficacy. This hurdle can be overcome
by strategies that aim for integration of the therapeutic transgene. Siew et al. tested
integration of a therapeutic construct, consisting of a liver specific promoter and a codon-
optimized human ABCB4 transgene, flanked by the piggyBac transposase short terminal
repeats [57]. Co-administration of this construct with an AAV2/8 vector containing a
piggybac expression cassette to juvenile FVB Abcb4−/− mice resulted in the integration
of the therapeutic construct providing lifelong hABCB4 expression and correction of
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the disease. Integration is non-random, but transposons do cause integration in close
proximity of actively transcribed gene regions, transcription start sites, and open chromatin
structures [58,59]. None of the analyzed unique integration regions were linked to genes
known to play a role in hepatocellular carcinomas [59]. Nevertheless, this cannot be
excluded. Targeting the transgene integration to a safe genomic locus could overcome this
safety issue.

An obvious target to ensure integration in an active region in hepatocytes is the Al-
bumin locus. A recent study aimed at Homologous Directed Repair (HDR) mediated
integration of a promoterless Factor IX coding region in this locus without using a nucle-
ase [60]. As the episomal construct lacks a promoter, and a self-cleaving protein is added
to the transgene, its expression is regulated by the expression of albumin. The absence of
a promoter and a nuclease increases safety of this “generide” strategy. The basis of this
approach is to deliver a Factor IX encoding transgene flanked by two homologous arms to
the albumin gene with complimentary sequences coding for the desired integration region.
Using the generide strategy Muro et al. demonstrated that this could be used to correct a
metabolic disorder, albeit with a low efficacy [61]. Inducing double strand breaks in this
locus will stimulate HDR and integration efficacy. In a follow up study, increased correction
was established by combining the generide approach with an AAV-saCas9 guided to the
albumin locus [62]. In all studies neonatal mice were used, modelling the use early after
birth, when the liver is actively growing and hepatocytes are proliferating. The latter is
a major advantage because during cell division the HDR system is active whereas it is
inactive in quiescent cells [63]. In this study, life-long therapeutic correction of the pathol-
ogy was established with a treatment shortly after birth. Further, no off-target integrations
were seen in predicted sites which underlines the safety profile of this gene modulation
system [62]. This targeted integration strategy seems a feasible option to treat PFIC shortly
after birth.

2.3. Prospects of AAV-Mediated Gene Therapy for PFIC1, 2, 4, 5, and 6

The feasibility of in vivo AAV-mediated non-integrating gene therapy has only been
reported for PFIC3. In this disease, the detergent activity of bile salts, that causes the
pathology, can be neutralized by partial correction of phosphatidylcholine levels in bile [64].
Establishing ABCB4 expression in a sufficient percentage of the hepatocytes will pre-
vent further damage, halt disease progression and stop hepatocyte proliferation, thereby,
preventing the loss of episomal AAV vector genomes caused by cell division [55,56]. AAV-
mediated in vivo gene therapy using non-integrating strategies seems less feasible for other
types of PFIC.

In the case of PFIC1 and 2, their pathophysiology is driven by individual cellular
stressors. These stresses are caused by decreased membrane integrity (in PFIC1) [65]
and intracellular bile salt accumulation (in PFIC1, and 2) [66]. Therefore, all hepatocytes
need to be corrected to stop damage induced hepatocyte proliferation. The high vector
dose to ensure transduction of all hepatocytes may cause liver toxicity. The subsequent
proliferation to compensate hepatocyte loss will result in loss of non-integrated AAV vector
copies causing loss of correction. For both types an integrating gene therapy strategy,
preventing the loss of the vector genome upon cell division, seems a pre-requisite for
sustained correction. The current state of the art integrating AAV-mediated gene therapy
systems, as described above, have a low efficacy but when performed in neonatal mice
the percentage of corrected cells can go up to 24% of total hepatocytes [62]. This indicates
therapeutic correction in PFIC1, 2 and 3, seems feasible because of the survival benefit of
cells with a correctly integrated copy of the relevant gene. In contrast to the episomal AAV
vector genomes, these integrated genes are copied during cell division and transferred
to both daughter cells. Due to this transfer of the survival benefit to their descendants a
limited number of corrected hepatocytes will repopulate the liver as shown for transplanted
hepatocytes [52,67].

473



Int. J. Mol. Sci. 2021, 22, 273

The pathophysiologic mechanisms causing liver damage in PFIC4, 5 and 6 have
been clarified more recently. In PFIC4, the lack of functional TJP2 results in claudin
mislocalization leading to paracellular bile leakage [68]. Patients with PFIC5, are deficient
for the nuclear FXR, that has a central role in bile acid (BA) synthesis and homeostasis.
Since FXR signaling is also needed for the expression of both ABCB4 and ABCB11, its
deficiency results in lack of expression of these two transporters resulting in intracellular BA
accumulation as seen in PFIC1 and 2 [69]. Recently, PFIC6 has been described to be caused
by bi-allelic missense mutations in MYO5B. This protein plays a central role in intracellular
transport of membrane proteins and these MYO5B mutants lead to ABCB11 mislocalization
and, as a consequence, results in intracellular accumulation of bile salts [7,9]. Based on
the pathophysiology of these three disease types, only integrating gene therapy strategies
seem suited as possible treatment because the survival benefit of corrected hepatocytes
may lead to liver repopulation and subsequent correction of the disease.

Animal models are essential to investigate the feasibility by showing proof of concept
of gene therapy for these types of PFIC. For PFIC4, a TJP2 deficient model is needed.
The whole body knock-out has been generated but appeared to be lethal during the
embryonal period [11]. Therefore additional models, such as a hepatocyte specific knock-
out by crossing a TJP2 gene floxed mouse with an Alb-Cre mouse or even a conditionally
inducible model need to be generated [70]. FXR-deficient mice have been generated,
but in addition to a liver phenotype, this model displays a wide array of symptoms in
agreement with the central role of this nuclear receptor in many processes. In addition to
impaired liver regeneration, increased hepatic tumorigenesis and cholestasis, intestinal
pathology, atherosclerosis and neurological malfunction is seen [71–74]. This suggests
that gene therapy that only targets the liver may be partly therapeutic. Mouse models for
MYO5B-deficiency have been generated and the predominant symptom in this model is
Microvillus Inclusion Disease (MID). A recent study shows that the MID mouse, having
total body knock-out of MYO5B, is not suitable to model cholestasis. The aberrant protein
trafficking to the apical membrane of hepatocytes, resulting in the PFIC6 phenotype, is
caused by missense mutations affecting the motor domain but not by complete MYO5B-
deficiency [75]. The presence of wildtype MYO5B partially corrects the mislocalization of
apical proteins in a hepatoma cell line, suggesting gene addition therapy seems a feasible
approach. Proof of concept for this strategy would require a new mouse model expressing
one of the specific missense mutations identified in PFIC6 patients.

The genome of wild-type AAV consist of a 4.8 Kb long single stranded DNA chain.
Although AAV vectors can package a somewhat longer genome, longer genomes result
in less efficient packaging or packaging of partial constructs. The maximal capacity that
allows efficient packaging is limited to 5.2 Kb [76]. The coding sequences for the proteins
deficient in the different types of PFIC are 3753 bp for hATP8B1 (PFIC1), 3963 bp for
hABCB11 (PFIC2), 3858 bp for hABCB4 (PFIC3), 3570 bp for hTJP2 (PFIC4), and 1458 bp
for hFXR (PFIC5). In PFIC6, the canonical spliced MYO5B variant consist of 5544 bp, but
smaller splice variants consist of 2889 and of 1257 bp. As only specific missense mutations
in the motor domain of MYO5B cause cholestasis, gene addition therapy of such a smaller
splice variant, if functional, may in theory be an option, but only in combination with
deleting the expression of the endogenous mutated MYO5B protein. The MYO5B domain
binding Rab11 plays a crucial role in the mislocalization of apical proteins in hepatocytes
resulting in PFIC6 [75]. This suggests that using AAV-mediated gene therapy to knock-out
the expression of this domain using for instance CRISPR/Cas could be an option. Such
a treatment would not require homologous repair nor the delivery of a donor template,
that both limit the efficacy of in vivo gene correction therapy. Importantly, besides the
transgene, AAV constructs consist of one poly A consensus sequence, a promoter, when
using a non-integrating strategy, or two homologous arms, in the case of an integrating
approach, and the inverted terminal repeats needed for packaging. These requirements
make the development of both integrating and non-integrating therapeutic constructs
within the limited packaging capacity of AAV challenging, but feasible for PFIC1 to 5. The
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absence of intrahepatic cholestasis in patients with complete MYO5B deficiency, suggest
that a gene therapy that blocks the expression of MYO5B with motor domain missense
mutations may partly correct the mislocalization of apical proteins and in theory could be
a feasible approach to treat PFIC6.

2.4. Prospects of Ex Vivo Gene Therapy for PFIC

Applying gene therapy to isolated patient cells has major important advantages over
in vivo approaches, like absence of interference of pre-existing immunity, the lack of an
immune response towards the vector, no vector toxicity, exclusive targeting of the affected
cell type, and the less invasive procedure [28]. Ex vivo gene therapy was the first form
to show therapeutic efficacy in correcting inherited diseases of the hematopoietic stem
cells (HSCs) [77]. This ex vivo correction benefited largely from the extensive experience
with bone-marrow transplantations for tissue culture and pre-conditioning of the patient.
Several HSC ex vivo gene therapies have shown long-term therapeutic efficacy and one has
been registered, namely Strimvelis [78–80]. Transplantation of donor derived hepatocytes
has been applied in patients suffering from different forms of inherited liver disorders [81].
Several studies report a partial correction of the disease indicating functionality of the
transplanted hepatocytes. In all studies, this effect appeared to be transient, most likely
due to immune responses towards the donor derived hepatocytes. Correcting patient
derived hepatocytes would, by overcoming immune mediated loss of transplanted hep-
atocytes, provide long term correction. However, a small clinical study to treat familial
hypercholesterolemia caused by low-density lipoprotein receptor (LDLR) deficiency did
not provide therapeutic efficacy [82]. In part, this low efficacy could be explained by the use
of a retroviral vector that, in contrast to a lentiviral vector, does not transduce non-dividing
cells, such as mature hepatocytes. In addition, this trial also showed the complexity of
the procedure including partial resection of the liver to isolate, culture and transduce the
amount of hepatocytes needed for therapeutic efficacy. Further, in contrast to bone marrow
transplantation, the experience with conditioning of the recipient is limited. All taken
together, this approach only renders feasibility if corrected hepatocytes have a survival
advantage resulting in a partial repopulation of the liver by the corrected cells. The liver
damage observed in all types of PFIC does indicate that corrected hepatocytes may be able
to repopulate the liver in these patients. Studies in relevant pre-clinical models for PFIC2
and 3 demonstrate that transplanted hepatocytes indeed repopulate the liver [52,67]. For
the other types of PFIC a significant survival advantage of corrected cells has not been
demonstrated, hence it is less clear if this approach will be suitable.

Correction of patient hepatocytes using ex vivo gene therapy and subsequent trans-
plantation does require integration of the therapeutic construct in, or correction of, the
host genome. The most effective vector for this type of gene therapy are the lentiviral
vectors that transduce non-dividing cells such as hepatocytes. These vectors do integrate
mostly in active genes which could increase the risk of tumorigenesis. For traditional
retroviral vectors this risk indeed resulted in the development of acute leukemia, as shown
in two trials [47,83]. In comparison to the vector used in these older studies, the safety of
lentiviral vectors has been improved [84]. These third generation lentiviral vectors have
been applied in several clinical trials and no tumor formation has been seen [85–87]. Ex
vivo gene therapy using mature hepatocytes obtained from the patient liver will be a very
challenging procedure especially in view of the large number of cells needed. To render
this method applicable, cell proliferation will be essential to provide sufficient numbers
for effective gene therapy. In this respect the use of stem cells, either induced pluripotent
stem cells (iPSCs) or from the liver, remains necessary. In combination with a survival
effect, these ex vivo corrected cells can be effective. A recent study for a severe skin disease
resulted in complete recovery upon transplanting corrected skin stem cells [88]. For the
liver this will be more complicated, but may be possible in future perspective.
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2.5. Clinical Feasibility

To summarize, in vivo gene therapy using AAV vectors shows safety and efficacy in
the clinic for several inherited diseases, including disorders affecting the liver. Within these
therapies, the non-integrating approach has been extensively explored. In view of the early
onset of severe damage and the persistent proliferation in case of insufficient efficacy, for
all PFIC, integrating approaches are necessary for improved clinical application. Ex vivo
gene therapy in adult hepatocytes followed by transplantation seems a potential option
due to the survival benefit of the corrected cells that will promote liver repopulation. In
view of the complicated procedure and inefficient grafting, in vivo gene therapy currently
looks more promising for all types of PFIC.

The predominant concern for integrating gene therapy is induction of tumorigenesis,
fueled by the early trials in severe combined immunodeficiency (SCID) patients [77]. The
current adequate focus on tumorigenesis within gene therapy research will accelerate the
development of safe, genome integrating gene therapeutics. State of the art integrating
in vivo gene therapy approaches, including CRISPR/Cas9 show great promise in pre-
clinical research because integration is guided, and therefore controlled, by Cas9 [56].
Currently, a first AAV-directed Cas9 driven gene therapy clinical trial for Leber’s congenital
amaurosis 10 (LCA10) has been approved and is recruiting (NCT03872479). Particularly
safety assessments will determine conclusive outcomes for future in vivo application of
integrating gene therapies in other inherited diseases.

Easily accessible organs like the eye, cervix, and liver are good targets for integrating
gene therapy and future perspectives likely include new therapeutics for disorders within
these target organs [89]. Proliferation advantages of corrected hepatocytes in stressed and
diseased livers represent an important argument to choose for integrating gene therapy in
certain types of PFIC.

Feasibility of gene therapy as a curative treatment differs between the types of PFIC.
Deficiency in ABCB11 (PFIC2) show a complicated clinical expectation as the disease is cell
autonomous and patients can develop hepatocellular carcinomas (HCC) or cholangiocar-
cinoma’s (CCC) [90–92]. Although integrating gene therapy results in liver repopulation,
presence of non-corrected cells cannot be excluded and maintains a permanent risk. There-
fore even upon effective treatment in these patients, the risk of developing HCC and
subsequent OLT remains [93]. Current available gene therapy methods seem an effective
option to prevent liver failure until a suitable donor liver is available, but cannot replace
liver transplantation in PFIC2 patients.

In PFIC5, deficiency of FXR, the potential role of gene therapy is comparable to that
in patients with PFIC2. FXR is essential for transcription of the ABCB11 gene and the
expression of BSEP in all hepatocytes. Like PFIC2 patients, PFIC5 patients are at risk to
develop HCC at an early age. Even upon effective gene therapy, presence of non-corrected
hepatocytes results in a persisting risk for HCC development. In addition, the broad range
of processes regulated by FXR results in a complicated disease and therefore correction of
the diseased liver will not cure the pathology in all affected tissues. PFIC6 is caused by
mutations in specific parts of the MYO5B protein, affecting its translocational capacity of
proteins to the apical membrane [75]. Most MYO5B-deficient patients dominantly suffer
from Microvillus Inclusion Disease [7]. Only for a sub-group of patients suffering from
PFIC6, in which the liver pathology is the main symptom, liver directed gene therapy
deleting the expression of the mutated MYO5B seems a feasible option.

In view of currently available methods, gene therapy to treat PFIC1, 3, and 4 seems the
most feasible for clinical translation. Deficiencies of ABCB4 is the best studied type where
three different pre-clinical studies all showed efficacy and proof of concept for liver directed
in vivo gene therapy. The liver pathology caused by ATP8B1 deficiency (PFIC1) is also an
attractive target for integrating gene therapy since the survival benefit of the corrected cells
will promote liver repopulation. However, this approach will not address the extra-hepatic
symptoms and it is not clear if an effective treatment will result in the development of
a fatty liver, as seen upon OLT in these PFIC patients. In patients suffering from PFIC4,
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re-expression of TJP2 needed for the formation of functional tight junction formation in the
liver, may also result in a survival benefit of the corrected cells [11]. Since pathology caused
by TJP2 deficiency seems restricted to the liver, this appears a good target for in vivo gene
therapy. Proof of concept studies require the development of a conditional liver specific
TJP2 knock-out model for PFIC4 because the whole body knock-out is not viable.

3. Conclusions

In this review, we discussed the most recent in vivo and ex vivo approaches for using
gene therapy in patients with PFIC, and addressed future developments within this field.
Further, we elaborated on the clinical feasibility for all types of PFIC. The safety and
efficacy results from many clinical trials conducting gene therapy are sufficiently positive
to push the application of gene therapy for PFIC patients closer to the clinic. We can
conclude that state of the art in vivo non-integrating gene therapy approaches will most
likely not provide lifelong correction, due to a loss of AAV vector genomes caused by
hepatocyte proliferation. However, the transient correction can slow down the decrease in
liver function. Only integrating strategies that provide survival benefit to the corrected
cells seem suitable for sustained efficacy in PFIC.

The feasibility to translate state of the art in vivo integrating gene therapies, upon
showing proof of concept in pre-clinical models, into the clinic depends on the type of PFIC.
Although integrating gene therapy would cure the PFIC2 and 5 phenotype, these patients
remain at risk to develop HCC or CCC. Gene therapy for PFIC6 will only be effective for the
small group of patients with the mutations in the motor domain of MYO5B that dominantly
suffer from liver symptoms. Although MYO5B is too large to be packaged into AAVs,
treating PFIC6 by knocking out gene expression of the mutated protein in the liver using
AAV-mediated gene therapy or another approach to deliver CRISPR/Cas9 specifically
to the hepatocytes, in theory could be a promising option. In most of MYO5B deficient
patients, the pathology in the intestine is much more severe and will not be mitigated by
AAV-mediated in vivo liver-directed gene therapy. PFIC1, 3 and 4 do seem good candidates
for integrating gene therapy strategies targeting the diseased hepatocytes and could provide
life-long correction in patients suffering from these severe life-threatening disorders.
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