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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/ABCC?). Concerning CFTR/ABCC?, 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].
Hlavac 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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ABCCS6, Szeri et al. built a new structural model of this transporter based on its homology
with bovine Abccl, 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].

| % | cell models

.-; cell-free
) Sl E systems el o
- .‘_’, RIS

L
_ Identified genetic 0 animal et
Sequencing variation(s) ’ : models Cellular/molecular
defects
3D structures ——'/’
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[ (Y.
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Personalized medicine

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 Laszl6 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/GS8, 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 A, 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).
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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 CFIR 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
ARE and ARI CFTR (with/without genetic revertants) and assessed CFTR expression, stability, plasma
membrane levels, and channel activity. Our data demonstrated that ARI significantly enhanced
rescue of F508del-CFIR 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 CFIR 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 (°®*Ser, ©’*Ser, and **2Ser) [16,17].
Importantly, removal of the 32-amino acid RI (ARI) was reported to rescue traffic of F508del-CFTR [13].

Our first goal was to assess the impact of removing the 30 amino acid RE (ARE) alone or jointly
with ARI on F508del-CFTR trafficking. Because there is some controversy regarding the Rl 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 (ARE, ARI 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 ~2x lower than that of wt-CFTR.
Results also show that, while ARI 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 ARI-F508del-CFTR and ARE-ARI-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 (REg) 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, RI}, and RE, are the complete regions
which are absent in other ABC transporters (Figure S1), whereas, their shorter versions appeared as
structurally meaningful to be removed: Rlg is strictly the region described as destructured in the crystal
structure and REg is the core of RE, i.e., just the (3-strand [19]. The impact of deleting REs—short
RE (A%4Ser-Gly®”3, Figure S1)—was first assessed, either alone or together with RI in its short and
long variants (ARIs and ARIy), 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 REg 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
AREg-F508del-CFTR appeared consistently at increased levels vs. those of F508del-CFTR (Figure 1B,
lanes 5,2).
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Figure 1. Effect of removal of short regulatory extension (AREg) 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 Mg?* 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 AREg and ARI, 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 uM 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-CFIR 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.
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Control VX-809 Control VX-809
CFTR Variant % to wt % to wt % to wt % to wt
- 100+ 1 1031 8+1 17+ 2
- 98 +2 100+ 1 3+2 9+4
ARIg 54 +9 93 +3 7+2 20+ 4
AREg ARIL 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
- 88 +5 87 +3 9+2 8+2
AREL AH9 55+ 3 69 + 3 0+0 0+0
AH9 72 +4 69 +3 1+0 0+0
- 44 + 2 90 +3 3+2 4+3
ARIg R1070W 11+3 56 + 8 2+0 4+2
G550E 82+3 98 +1 6+4 5+3
- 101 +1 101 +0 78 +£5 92+4
ARI R1070W 92 +2 94+ 3 96 +2 96 +3
G550E 97 +£2 922 +2 92 +4 97 £ 2
R1070W 69 +7 93 +4 34+3 46 +4
G550E 101 +1 101 +1 42 +4 73+ 6
&
Ol > 6;&
A o & S
+ SEELL
<«BandC
Control CFTR ’- . - ! — ! # | «BandB
DMSO
(o]} Q) [ERRSS—— -
12 3 4 5 6 7 8 N
é’bg
Ol > o
B o & Fof
& «”éséé"vsé'vésvaa‘é*glvfy
CFTR - ..
VX-809 ek Sl ol
CNX [l S AR
1 2 3 4 5 6 7 8
CAun
?\i @ (@) L E}\C/,;msrg; DMSO
@100 @ (@
O wl
g
é 60
-r_é 204
3 0

Figure 2. Effect of removal of helix H9 in combination with ARE}, and VX-809 on processing of wt- and

10




Int. ]. Mol. Sci. 2020, 21, 4524

F508del-CFTR. (A,B) WB analysis of samples from BHK cell lines stably expressing wt- or F508del-CFTR
variants with ARE;, AH9, or ARE; -AH9. Cells were incubated with 3 uM VX-809 or DMSO (control) for
48 h at 37 °C. CFIR 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.
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(A—C) WB of samples from BHK cell lines stably expressing different CFTR variants of ARE and

ARI, 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 uM 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
s

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 REg together with RI;—long RI (A*4Gly-Leu*®, 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 ARI}, alone [13]. In contrast, removal of RIs—short RI
(AM2 Ala-Leu*?8, Figure S1) had no impact on AREs-F508del-CFTR processing (Figure 1B, lanes 6,7;
Figure 1F; Table 1). So in summary, removal of REg from the ARIg- or ARI; -F508del-CFTR variants had
no further effect on their processing, despite that processing of AREg-F508del-CFTR is different upon
removal of Rlg or RI}, but this difference remains equivalent to removal Rlg or Rl} alone. Despite this
lack of impact on processing, removal of REg does affect total protein expression levels of ARIg- or
ARIy -F508del-CFTR variants leading to a decrease in RIs-F508del-CFTR (Figure 1B, lanes 3,6) and an
increase in RI} -F508del-CFTR (Figure 1B, lanes 4,7). Interestingly, when REg and Rlg, were jointly
removed from wt-CFTR, its processing was significantly reduced to 54 + 9%, while AREg jointly with
ARIy, caused no impact (Figure 1B, lanes11,12, respectively; Figure 1E; Table 1). Again, these data
were equivalent to removal of Rlg or Rl alone on wt-CFIR processing (Figure 1B, lanes 8,9; Figure 1F;
Table 1).

The differential effect caused by removal of Rlg vs Rl on F508del- and wt-CFTR emphasize the
importance of those 8 N-term (404G1y—Lys411) and 7 C-term (Phe*?°-Leu*3®) amino acid residues that
differ between the two Rl regions for the folding and processing of CFTR.

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

2.2. Simultaneous Removal of Long Regulatory Extension (REy) 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-REy (A% Cys-Ser®”®, 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 (A637Gln—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 ARE;. Deletion of both H9 (AH9) and RE further
decreased the residual processing of ARE] -F508del-CFIR from 9 + 2% to 0+0% and in fact the same
happened for AH9 alone (Figure 2A, lanes 8,6, respectively). Curiously, however, levels of immature
F508del-CFTR were significantly increased when both RE; and H9 were removed (Figure 2A, lane 8),
similarly to AREg-F508del-CFIR (Figure 1B) and in contrast to ARE -F508del-CFTR.

For wt-CFTR, ARE|-AH9 also led to a decrease in processing (55 + 3%), which was more
pronounced than for ARE, alone, but interestingly removal of H9 helix alone only reduced processing
to 72 + 4% (Figure 2A, lanes 7,5, respectively).

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

2.3. ARIg, but Not AREg, Abolishes the Plasma Membrane Rescue of F508del-CFTR by Revertants

In order to test whether the stabilized immature form of AREg-F508del-CFTR could be rescued to
mature form, we next tested the effects of removing the REg from F508del-CFTR with R1070W and
Gb50E revertants. Indeed, both the R1070W and G550E revertants rescued AREg-F508del-CFTR to
33 + 7% and 37 + 5%, respectively (Figure 1D, lanes 6,10; Table 1).
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However, removal of Rlg from F508del-CFTR with R1070W and G550E revertants, virtually
abolished the rescue of F508del-CFIR by both revertants (Figure 1D, lanes 4,8; Table 1). Moreover,
processing of ARIy -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 ARIg-wt-CFIR (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 Rl
(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, ARIg, but not AREg, abolishes the plasma membrane rescue of F508del-CFIR by
genetic revertants R1070W and G550E.

2.4. ARI} Synergises with VX-809, but Not with Revertants to Rescue AREg-F508del-CFTR Processing

To further test how the stabilized immature form of AREg-F508del-CFIR 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 AREg-F508del-CFTR could not be rescued by VX-809, data show
that this small molecule was able to rescue ARIg-AREg-F508del-CFTR (from 7 + 2% to 20 + 4%) and
further increased processing of ARI} -AREg-F508del-CFIR 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 ARIy (and with ARIg, albeit to a lesser extent) to rescue AREg-F508del-CFTR processing. This is
particularly interesting because VX-809 did not rescue processing of the AREg-, nor ARIs-F508del-CFTR
variants (Figure 3A, lanes 5,3; Table 1) while it recovered the processing of ARI; -F508del-CFTR to
wt-CFIR levels (Figure 3A, lane4; Table 1). Notably, VX-809 was able to almost completely revert
processing impairment of ARIs-wt-CFTR and ARIg-AREg-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 AREg-F508del-CFTR with R1070W or G550E
(Figure 3C, lanes 6,10; Figure 3E; Table 1), while it further rescued processing of F508del-CFIR 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
ARI; -F508del-CFTR with those revertants, but these variants already had processing levels close to
those of wt-CFIR (Figure 3C, lanes 5,9; Figure 3E; Table 1). Interestingly, the impaired processing of
AREg-R1070W-wt-CFIR (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 ARE; -, AH9-, and ARE -AH9-F508del-CFTR variants
(Figure 2B,C), while significantly increasing the processing of the ARE; -AH9-wt-CFTR from 55 =+ 3% to
69 + 3% (Figure 2B, lane 7; Figure 2C).

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

2.5. ARI}-AREg-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 ARI;-AREg-F508del-CFTR were
equivalent to those of wt-CFIR, while those of ARI} -F508del-CFTR were significantly lower (Figure 4A,
lanes 5,4; Figure 4B). Data also confirmed that AREg did not induce appearance of F508del-CFTR
at the cell surface (data not shown). Corrector VX-809 further increased the PM expression of
ARI; -AREg-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 ARI} -F508del-CFTR to
similar levels of wt-CFTR (Figure 4A, lanes 2,8; Figure 4B).
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Figure 4. Plasma membrane levels, efficiency of processing and turnover of immature CFTR without
Regulatory Extension (REg). (A) BHK cells expressing ARI; -F508del and ARI; -AREg-F508del-CFTR
and treated with 3 pM 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 ARI;, AREg, and ARI; -AREg 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) CFIR for different CFTR variants
is shown as the percentage of immature protein at a given time point of chase (P) relative to the amount
att=0 (Pp). (E) Efficiency of processing of band B into band C is shown as the percentage of band C ata
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 AREs-F508del-CFTR (Figure 1B), next,
we determined how removal of REg affected the processing efficiency and the turnover of the F508del-
and ARIy -F508del-CFTR variants. To this end, we performed pulse-chase experiments (Figure 4C,D)
and indeed our results revealed that AREg 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 ~2x lower
than that of wt-CFTR. It should be noted that the turnover of F508del-CFTR itself is ~1.4xfaster vs.
wt-CFTR, thus this stabilization (of ~3x vs. F508del-CFTR) represents indeed a massive stabilization.
Interestingly, this stabilizing effect was no longer significant for ARI} -AREg-F508del-CFTR nor for
ARI; -F508del-CFTR, the latter being equivalent to wt-CFTR (Figure 4C,D). Removal of Rlg from
F508del-CFTR did not stabilize its turnover (data not shown). As to removal of either REg or RIg from
wt-CFTR, it did not affect the processing efficiency or the turnover vs. wt-CFTR (Figure S2).

In summary, levels of ARI; -AREg-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 AREg- and ARI; -F508del-CFTR variants, we used the
iodide efflux technique. Removal of REg 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 REg and R, were removed jointly from F508del-CFTR, functional levels reached
78 £ 7% of wt-CFTIR (Figure 5A,C; black dotted line in Figure S3B). As to removal of Rl 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 Rlj, alone from F508del-CFTR or
together with REg (Figure 5C; Figure S3B, black line and dotted line).

Introduction of G550E and R1070W revertants into the ARI; -F508del-CFIR 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 Rlj, (29 + 3% and 56 + 6%,
respectively). Interestingly however, both G550E- and R1070W-ARIy -F508del-CFTR fully corrected
(to min = 2) the delay in peak response of F508del-CFTR, which was still partially present in ARIj -
and ARI; -REg-F508del-CFTR (min = 3).

The effect of VX-809 (3uM, 48 h at 37 °C) was also examined at functional level on the
AREg-, ARI;-AREg- and ARI; -F508del-CFTR variants. VX-809 shows a tendency to increase in
AREg-ARIy -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, AREs-ARI; -F508del-CFTR
fully corrected (to min = 2) the delay in peak response of F508del-CFTR which was still partially
present in ARI} - and ARI; -AREg-F508del-CFTR (min = 3).

In contrast to the observed increase in processing, VX-809 caused no significant increase in the
function of ARIy -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 ARI; -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 ARIy -G550E-F508del from 76 + 8% to 41 + 3% (Figure 5A; black line
in Figure S3G). Nevertheless, both revertant variants of ARI -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-CFIR function as
chloride channel.
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Figure 5. Functional characterization of the AREg and ARI; 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 uM VX-809 (black
bars on panel A) or with DMSO as control (white bars on panel a) for 48 h and stimulated with 10 pM
Forskolin (Fsk) and 50 uM Genistein (Gen). In (B) cells were not pre-incubated and were stimulated
either with 10 uM Fsk and 50 uM Gen (white bars on panel B) or with 10 uM Fsk and 10 uM 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-CFIR variants without REs, Rls, and RI; alone or jointly with
revertants R1070W and G550E.

2.7. VX-770-Stimulated Currents of CFTR Variants are Dramatically Decreased by ARIy but not by
ARI;-AREg

Given the interesting and diverse results observed for the AREg and ARIy, 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
ARI; -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 S3]). As AREg-F508del-CFTR was not processed, we did
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not test the effect of VX-770 on this variant, but when the AREg-ARI; -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 S3]).

The most dramatic result, however, was observed for the ARI; -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 ARI; -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 ARI; -F508del-CFTR (58 + 7%) (Figure 5B,C, black line in Figure S3H).
These results suggest that somehow removal of Rlj 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
ARIy -F508del-CFTR (min = 3), but it was corrected for ARIj-AREg-F508del-CFTR (min = 2)
(black and dotted black lines in Figure S3], respectively). Interestingly, on the other hand
ARI; -R1070W-F508del-CFTR showed the quickest peak response (at min = 1), in contrast to either
R1070W-F508del-CFTR or ARI; -F508del-CFTR, both at min = 3.

Similarly, VX-770 also significantly decreased the function of ARl -wt-CFIR from 127 + 15%
under Gen to 57 + 6% (Figure S4).

These results imply that, VX-770-stimulated currents of CFIR variants are dramatically decreased
by ARIy, but not by ARI} -AREg,

3. Discussion

The main goal of this study was to understand how the removal of the regulatory extension (ARE)
alone or with the regulatory insertion (ARI)—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
CFIR 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 (3-sheet and o/f
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:NBD?2 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 655 Ala-Ser®70 [15,19], 639Asp—Ser670 20
or %%4Ser-Gly®”? [3]. According to the crystal structure (PDB ID 2PZE), NBD1 extends only to ®4¢Gly,
where RD begins, so RE could be proposed to start at *”Cys [3,18], thus being considered as part of RD,
the latter absent in other ABC transporters [1]. As for the RI (previously called S1-52 loop) its limits are
also variable, being firstly described as a ~35-residue segment (**>Phe-***Leu) consisting of a-helices
H1b and Hlc [15] (Figure S1). Later, however, these limits were proposed to be 4*Gly-Leu*3® [13,20]
or 4®Phe-Leu®* [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—AREg (A%4Ser-Gly®”®) did not per se
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rescue F508del-CFTR processing. Nevertheless, AREg dramatically stabilized the immature form of
F508del-CFIR (see Figure 6). In fact, our pulse-chase experiments show that the immature form of
AREg-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 REg removal from ARI; -F508del-CFTR did not significantly affect processing (71% vs.
78% for AREg-ARI; -F508del-CFTR and ARI; -F508del-CFTR, respectively, in Table 1, it further reduced
its function from 92 to 78% (ARIL -F508del-CFTR vs. AREs-ARIy -F508del-CFTR, respectively, Figure 5C).

The latter findings on function of AREg-wt-CFTR and AREs-ARI; -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 AREg removal, which is actually the opposite of what we observe for wt-CFTR. Besides the
fact that those authors studied a different RE version (°* Asp-Ser®”?), 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 AREg-wt-CFTR may also result from absence of 660ger
and %”Ser [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 (AREp: A%7Cys-Ser®”®) was without effect on F508del-CFTR
processing and significantly reduced that of wt-CFIR 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, Rlg (A*12Ala-Leu*?®) significantly reduced wt-CFTR processing to
less than half of its normal levels, while not rescuing F508del-CFIR processing, thus, being essential
for CFTR proper folding. This is in contrast to removal of long RI (ARI; ) 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 Rlg (and absent in RI; ) 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-CFTIR folding and processing, the fact that structurally
Rlg is strictly the region described as destructured in the crystal structure [19] and RI}, 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 Rlg
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 (ARIg = 18A, ARI = 10A versus AREg = 27A, ARE] = 3OA). The longer distances
observed for ARE 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 ARI (near a possible minimum of 6A) allows a better simulation of the
possible structural behavior of these constructs. Indeed, preliminary molecular dynamics simulations
of the ARI; -F508del-CFTR suggested that in this case, part of the RD is reorganized and partially
takes space left by the ARI 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 1507. Such a feature is not
observed in the F508del-CFTR model [33].
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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 AREg-ARI} - and ARI -F508del-CFTR variants equally well and to wt-CFIR levels
(from 71-78% to 92-96%. These data suggest a strong synergistic effect between VX-809 and ARIj, to
rescue AREg-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 ARIg-wt-CFTR (but not of ARIg-F508del-CFTR) was rescuable
by VX-809 to 90%, indicating that the amino acid stretches of the RIj, that remain present in Rlg do not
affect the rescue of ARIg-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 (***GIn-Gly®4), just after
H8 (®*°Phe-Leu®?*), both helices proposed to interact with the NBD1:NBD2 heterodimer interface by
folding onto the NBD1 3-subdomain [21,27] as well as to bind ICL4 near Phe508. When H9 is present,
AREp -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 ARE}, on wt-CFTR. These data
are in contrast to AH9-F508del-CFTR which exhibits 0% processing with or without ARE;, 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 ARI}, 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 CFIR (see Figure 6). Surprisingly, the removal of REg from
ARIy -F508del-CFTR could correct this defect and restore the maximal function by VX-770 (see Figure 6).
Indeed, under VX-770, AREg-ARI; -F508del-CFTR exhibited significantly higher activity (87%) than
ARI -F508del-CFTR (58%). In contrast, removal of REg 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 Rl 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 Rl 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 AREg-F508del-CFTR processing, but both of them
further increased processing (but not function) of ARI; -F508del-CFTR to almost levels of wt-CFTR:
92-96% (G550E) and 71-76% (R1070W).

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

Interestingly, regarding wt-CFIR processing, G550E (at the NBD1:NBD2 dimer interface) partially
recovered the negative effect caused by Rlg 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 ARIg-wt-CFTR (from 44% to 11%), while not affecting ARI} -wt-CFTR. R1070W rescues
F508del-CFTR because '7OTrp fills the gap created by deletion of residue **®Phe [36]. It is not surprising
that it perturbs CFTR folding due to clashing of >®®Phe and '”Trp residues. It is nevertheless, curious
that R1070W affect more the processing ARIg-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-ARIg-wt-CFTR by VX-809 further supports this concept.

The most striking effect of ARI}, however, was the almost complete abolition of VX-770-stimulated
current of G550E-F508del-CFTR to levels even lower than those observed for ARI} -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 ARIj -F508del-CFTR or ARI; -G550E- F508del-CFTR (see Figure 6).
We can speculate that removal of Ry, 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: ARI}-*"Gly-Leu*®®; ARIs-*2Ala-Leu??8; ARE;-%¥"Cys-Ser®”8; AREs—
054Ger-Gly®”3; AH9 —¥GIn-Gly®*®; AREL-AH9 -937GlIn-Ser®”8; ARIg-AREs-both 412Ala-Leu*?® and
054Ger-Gly®”3; and ARI; -AREg—*"Gly-Leu*® and %*Ser-Gly®”®. All the constructs were produced
using full length wt-CFTR and F508del-CFTR.

BHK cells lines expressing ARIy -, ARI} -F508del-, ARI} -G550E-, ARI} -G550E-F508del, ARI; -R1070W-,
ARI; -R1070W-F508del, ARIg-, ARIg-F508del, ARIg -G550E-, ARIs-G550E-F508del, ARIg-R1070W-,
ARIg-R1070W-F508del, AREs-, AREs-F508del, AREg-G550E, AREg-G550E-F508del, AREg-R1070W-,
AREg-R1070W-F508del, ARE; -, ARE; -F508del, ARIg-ARE-, ARIs-AREg-F508del, ARI; -ARE-, ARIj -
AREg-F508del, AH9-, AH9-F508del, ARE} -AH9-, and ARE; -AH9-F508del-CFTR were produced and
cultured as previously described . Cells were cultured in DMEM/F-12 medium containing 5% (v/v)
Fetal bovine serum (FBS) and 500 M of methotrexate. For some experiments, cells were incubated
with 3 pM VX-809 or with the equivalent concentration of Dimethyl sulfoxide (DMSO, Control) for
48 hat 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 uM
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
a-modified Eagle’s medium or minimal essential medium and then pulsed for 30 min in the same
medium supplemented with 100 yCi/mL [3°S] 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-CFIR 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. lodide Efflux

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

4.5. Biochemical Determination of the Plasma Membrane Levels of CFTR

To determine plasma membrane levels of CFIR 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] (1BOU, 1L2T, 1G29, 1G6H, and 1]]7). 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—Clystic 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.

RI

Destabilizeg;
F508del
structure <\

Processing Gating

Processing Gating
VX-809

VX-809/770

N

Processing  Gating

Essential
for gating

Processing Gating
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ARE;
ARI, -ARE;

Gat.ing

DMSO/VX-809/770 DMSO/VX-809/770
Processing  Gating Processing  Gating

Figure 7. Model for the modulation of F508del processing and gating by RI; and REg. Our data
suggest that the RI destabilizes the F508del-CFTR structure. Therefore, deleting the RI (ARI} ) rescues
F508del-CFIR processing and gating. However, the Rl is essential for F508del-CFTR rescuing by VX-770.
The RE is essential for gating and removal of its shorter version (AREg) generates an F508del-CFTR
variant which cannot be rescued pharmacologically. Simultaneous removal of both regions (ARI -AREg)
rescues F508del-CFTR processing and gating. The CFIR 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 AREg and ARIg. (A) BHK cells expressing wt, AREg and ARIg were labelled with
353-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) CFIR 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 (Py). (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 AREg and ARIy, variants
of F508del-CFTR with and without VX-809 or VX-770 treatments. (A-L) Iodide efflux from BHK cells stably
expressing AREg, ARIg- and ARI; -F508del-CFTR variants. Cells were incubated either with 3uM 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 AREg and ARI}, variants of wt-CFTR. (A-C) Iodide efflux from BHK cells stably expressing
AREg- or ARI-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 Rl is shown

in shades of red: light red highlights the stretch which is resolved in the cryo-EM structure [34] (***Gly-Phe*?”)

and dark red highlights the 41°Glu-Leu*? 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 MCE-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 ABCCH4 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
c¢GMP 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
ABCCH4 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
MCEF-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 MCEF-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 ug 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
M,I-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 N N [48-50]
Reversan v [51]
Ceefourin 1 vV [52]
Ceefourin 2 v [52]
Indomethacin v [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 MCEF-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 MCEF-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.
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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 (LTDy) 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
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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).
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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 MCE-7 cells, (b) knockdown of ABCC4 in MCEF-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
MCE-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 6¢,d that knockdown had no significant effect on the growth of either cell line.
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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 MCEF-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.
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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 LPL 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.
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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 E; (PGE,) from MCEF-7 breast cancer cells was assayed using an ELISA. Data are mean
+ sem, n > 2, each in duplicate. (d) Efflux of SIP 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 E; (PGE;) levels in the cell
medium. The concentration of PGE; 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 PGE; in the medium
from MCEF-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 PGE, 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 MCE-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. MKJ571, 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 MCEF-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 LTDj 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
ABCBI, 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 sARNA 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.

Clonogenic Comparable
Condition C . Proliferation =~ Migration Invasion Findings in the
apacity Li
iterature

ABCC1 inhibition l l — n/d [59]

ABCC4 inhibition — — — n/d

Double inhibition l 1 1 n/d [59]
ABCC1 knockdown l — — — [59]
ABCC4 knockdown — — 1 1 [56]
Double knockdown 1 — n/d 1

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
GPRb55, 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
MCEF-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 PGE, 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 PGE; 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 PGE; efflux from MCEFE-7 cells was observed previously [56]. However, the same
report suggests that the knockdown of ABCC4 in MBA-MB-231 cells does decrease the PGE, 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 PGE, 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 MCEF-7 cells in the presence of
MKS571 [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 MCEF-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 100X, Biowest, Nuaillé, France). Cells were cultured in
an environment of 95% air and 5% CO, 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 Image] 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 400uL 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 puL 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-puL 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 um, translucent) (Greiner bio-one, Stonehouse,
UK) were coated with 30 uL 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 uL 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 x40, 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 CaCl,) 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 560x 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 100,000x 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-HC],
pH 7.4, and 0.25-mM sucrose). A needle syringe (0.45 mm X 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-gPCR)

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 uL of PrecisionPlus™ 2 x qPCR Mastermix
with Sybr green with inert blue dye (Primerdesign), 1 uL of the reverse primer, 1 uL of the forward
primer, and 3 pL 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 uL of the master mix,
ensuring that no bubbles were formed in the wells. The expression levels were normalized to
human p-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: B-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 pg/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, MylI-10; Abcam), anti-ABCB1 derived in mouse (1:200; Thermo Fisher), anti-ABCG2
derived in mouse (1:50, Bxpl; Santa Cruz, Heidelberg, Germany), or anti-GPR55 (rabbit) (1:100;
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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-a-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-uM
MKG571. For cAMP, cells were first stimulated with 100-uM forskolin for 2 h at 37 °C. For PGE,, cells
were stimulated with 10-ug/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 1000x 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 PGE,, using
the PGE, 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
ABCCH4 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

MCE-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-yl1)-2,5-diphenyltetrazolium bromide

mRNA messenger RNA

PCR Polymerase chain reaction

PGE, prostaglandin E,

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’-dirr}eth‘}fl-Nj[4—[(E)-(3-methyl-1,3-benzothiaz01'-2-y'lidene)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 ABCGS8 with survival of the patients. No association passed a false discovery rate test,
however, the 1517822931 (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) (1 = 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) 636 244
UTR’3 204 7.8
Intergenic 76 2.9
UTR’5 49 1.9
Downstream 1 28 1.1
Upstream ! 26 1.0
Splicing 2 13 0.5
Other 3 35 1.3

! Variants are 1 kb from transcription end/start site; 2 Variants are 2 bp within splice junction. * 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 263 414
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.
genetic alterations according to their exonic functional classes analyzed by RefSeq: National Center for

(a) the frequency of genetic alterations according to their functional classes; (b) the frequency of
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 (> = 1)
to replace the variant rs11764054 whose analysis failed. No tagging variants (r* > 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.

Genotype
Gene SNPID? Distribui?; P MAF 3
Common Heterozygotes Rare Validation = Testing

Homozygotes Homozygotes Set 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
ABCAS5 rs1420904 679 113 7 0.08 0.08
ABCA5 rs2067851 681 112 2 0.07 0.07
ABCA7 1rs9282562 604 188 8 0.13 0.14
ABCAS8 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
ABCBS8 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 1rs2273697 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 1rs739689 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; > 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 (1 < 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 (g = 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.

Good Poor
Gene SNP ID Genotype Response ! Response ! X-Square p-Value

AA 75 33

ABCA4 rs2275032 CA 48 7 6.33 0.042
CcC 4 1
CcC 48 24

ABCA9 rs11871944 CT 61 14 6.76 0.034
TT 18 2
CcC 103 41

ABCAI12 rs71428357 CT+TT 2 0 8.32 0.004
GG 42 11

ABCB5 rs3210441 GA 62 28 6.22 0.045
AA 23 2
CcC 43 6

ABCC5 rs4148579 CT 68 24 8.55 0.014
TT 15 11
AA 55 11

ABCC8 15739689 GA 60 21 6.81 0.033
GG 11 9
CcC 89 37

ABCC11 1517822931 CT+TT 37 4 6.42 0.011
CcC 53 9

ABCD4 rs2301347 CA 60 21 8.59 0.014
AA 14 11
TT 73 15

ABCD4 rs2301346 CT 45 20 7.28 0.026
CcC 7 6

I 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 (g = 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 !
Luminal A Luminal B HER2 TNBC

All patients (n = 744)

ABCA7 1rs9282562 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

I Numbers of patients for each genotype stratified by molecular subtypes are displayed; HER2 = HER?2 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 HER? enriched and triple negative (TNBC) subtypes, respectively. In the subgroup treated with
cytotoxic therapy, again single nucleotide polymorphisms (SNPs) were prognostic for patients with
HER? enriched and TNBC subtypes (rs74859514 in ABCA13). Carriers of the rare variant in ABCGS8
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 ABCGS.
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.? p-Value
1517548783 Common 9 —7.29 2.11 0.015
homozygous
Heterozygous 18 -9.90 2.67 -
Rare homozygous 7 -9.45 2.67 -

! 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).

Normalized

SNP ID Gene Tissue Expression Trend p-Value !
1511871944 ABCA9 multiple 2 CC>TC>TT 3.1x1077
rs4148579 ABCC5 multiple 2 CC>TC>TT? 3.5x 1073
15739689 ABCC8 brain (cerebellum) AA > AG > GG 8.6 x 1077
1517822931 ABCC11 brain CC>CT>TT 6.9 x 1075
LONP2 4 breast CC>CT>TT 14 %104

152301347 ABCD4 multiple 2 AA>CA>CC 5.0 x 10720
Inc-SYNDIG1L-2 * breast AA>CA>CC 1.8 x 10716

152301346 ABCD4 multiple 2 CC>TC>TT 1.8 x 10712
Inc-SYNDIGIL-2 4 breast CC>TC>TT 42 x 10715

159282562 ABCA7 multiple 2 ref > het > delTG 1.3x 1071
s74859514 upp1 4 cerebellum, muscle GG >GC>CC 2.7 x107°
15899494 ABCC4 thyroid, whole blood AA > AG > GG 1.9 x 10716

Ip-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 ABCA?7 (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 ABCA? inhibited migration, cell proliferation, and invasion [27].
In addition, lower ABCA?7 levels associated with shorter DFS of colorectal cancer patients [20].

ABCBS 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
(FAUMP) [32]. ABCC11 expression (together with ABCB1I) 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, ABCC) (rs4148579) and ABCCS8 (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 ABCCS 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 ABCCS transcript levels. eQTL
associations at the GTEx portal are ambiguous. The wild-type AA genotype has the highest expression
of ABCCS8 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 (Inc) RNA Inc-SYNDIGI1L-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 ABCBI 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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ABCG?2 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—Euvaluation 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. PRINA510917.
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ABC ATP-binding cassette

DFS Disease-free survival
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LOF Loss-of-function
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NGS next generation sequencing

SNP single nucleotide polymorphism
SNV single nucleotide variant

UTR untranslated regions
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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].
ABCAb-related genes (ABCA5/6/8/9/10), which evolved from the ABCA5 gene by duplications, form a
cluster on the g-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 (IncRNA) 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 54 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.

2101.81 A3_Human
420118 Al_Human
4070.53 Ad_Human
1 B871.80 AS_Human
A10_Human
AE_Human
143,36
491923 A12_Human
4.70
3977.25 A13_Human
19809
2101.81
4145 41 AT_Human

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
ABCAS3 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 5UTR features in human ABCA genes sorted according to their
phylogenetic relationships.

DNA/RNA PROTEIN
5 UTR No. of No. of 1\,]0' of No. of All  Protein Protein Protein
No. of No. of , . 5'UTR , . Mode Expres.
Gene Length 5'UTR RG4-Forming 5'UTR Tissue
uATGs uORFs Stem . Expres. Score
[nt] Introns Seq. Elements  Distrib.

Loops 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 34
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; uORE, 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 uOREF 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. ABCAS

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 5UTR 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. ABCAS8

The human ABCAS 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 ABCAS8 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 5UTR 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 uUATG 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 5UTR 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. 5UTR No. RGds No. Stem No. All 5’UTR
Introns Loops 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; uORE, 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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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).
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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).
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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 ABCAS8 displayed a high level of ribosome coverage. Notably,
a significant ribosome coverage peak was also detected at the site of the first uUATG of ABCA6 (—144),
which was not connected to any uORFE. An example of the Ribo-seq data analysis in the GWIPS-viz
browser is disclosed in Figure 5 (on a case of the ABCAI gene); all results regarding uORFs are
summarized in Table 3.

GWIPS-viz Genome Browser on Human Dec. 2013 (GRChSSIthB) Assembly

move [<cc | << < [ > [ >> | »»>] zoomin| 15x | 3x | 10x | base | zoom out [15¢ | 3« | 1ox |
chr9 104 903 507-104 903,817 221 bp
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SATG, mORF _start W, uATG,
uORF_start

UORF_stop
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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 uOREF 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

ABCAS 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 SN'Vs 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 5UTRs of ABCA genes in 105 breast cancer patients.

Position Genotypes ! Variation Type and
Gene SNV ‘;\:l{]};}ﬁ Common Hetero-Zygous Rare Locallsz/a:}}[?lr{l 1122::32:011 to
Homo-Zygous Homo-Zygous
ABCA1 151800978 -18 80 24 1 SNV (C > G) within uORE,
synonymous change
o Indel variant (dupC) within
ABCAT 151799777 7776 80 25 0 wORF, frameshift change
ABCA1 15111292742 -279 97 8 0 SNV (G > Q)
ABCA3 1545487892 -67 103 2 0 SNV (G > A) within uORF2,
nonsynonymous Change
ABCA3 1s45518738 -182 104 1 0 SNV (G > A) within uORF2,
synonymous change
ABCA3 15146642275 -397 104 1 0 SNV (G > A) within uORF1,
synonymous change
ABCA3  1s1029783163 -409 104 1 0 SNV (G > A) within uORF1,
synonymous change
ABCA7 15182233998 ~14 101 4 0 SNV (T > C) within uORE,
synonymous change
ABCA7 153752229 -9 93 12 0 SNV (A > G) within uORE,
nonsynonymous change
ABCA10  1s1024510317 -89 104 1 0 SNV (G > Q)
ABCAI0  1s9302891 438 0 14 91 SNV (G > T) within the
most conserved region
SNV (T > C) disrupting the
ABCA10 151238052530 —482 104 1 0 start of uUORF3 (UATGS to
GTG)
ABCAI0 15563620435 -762 104 1 0 SNV (C > A)

Footnote: ! 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/ABCADY) [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 ABCAS, 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 5UTRs. 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 uUATGs 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 ABCA?); 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 5UTR 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 uUAUGs. 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, ABCAS, and ABCA12. ABCA10,
ABCA3, and ABCA12 proteins are all expressed in many human tissues with mainly medium levels.
The ABCAS 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 ABCAS5 (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-EBL;
https://www.ebi.ac.uk/Tools/msa/clustalo/) and Mafft (EMBL-EBI; https://www.ebi.ac.uk/Tools/msa/
malfft/)—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 54 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 (NCBIL; https://www.ncbi.nlm.nih.gov/orffinder/) online tool was used to search
for possible upstream open reading frames (uUORFs) 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-offlevels. 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 ¢ test with nn — 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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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 (Malfft 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 3-oxidation
(Figure 1). 3-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 p-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 3-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 3-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].
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Specific synthetases transform their substrates into Acyl-CoA before the entry into the peroxisome.
Thioesterase activity is coupled to transport function. Once inside, fatty acids are re-esterified by synthetases.
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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 (3-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 «-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].

N B N

ICL2

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],
ABCDI1 function has been attributed to the transport of saturated and monounsaturated
VLCFAs across the peroxisomal membrane for further degradation by 3-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 -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 3-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 (CBASS, 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 (3-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 (3-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 Pxalp-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 (3-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 3-oxidation process. Peroxisomal acyl-coenzyme A oxidase 1
(ACOX1) catalyzes the first and rate-limiting step of the 3-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 3-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 (3-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 B-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 ABCD], 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 f3-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 Hlavac and Soucek,
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], ABCD?2 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 f3-oxidation of FAs of all length takes place
only in peroxisome. The yeast model expresses only two peroxisomal ABC transporters,
called Pxalp 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 pxal/pxa2A 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
-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 ABCD?2 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 ABCD?2. 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 AJABCD 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, Abcdl (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 Abcdl 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 3-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
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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~/~Abed2~/~ 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 Abcdl/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 Abcdl 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, Abcdl
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, Abcd? is 2.5-fold more
expressed than Abcd1 and Abcd3 is 1.6-fold more expressed than Abcdl [124]. In addition,
the biochemical and neurological defects observed in the Abcdl knock-out mice can be
corrected by ubiquitous transgenic expression of Abcd2 [40]. On the contrary, Abcd1/Abcd?2
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 Abcdl 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, 3-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]).

Alzzzzlil(:n Protein Name PrI;rboatI:E ty Fold Change ?
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 1 248
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
088813 ACSL5 Long-chain acyl-CoA synthetase 5 0.9994 <2
P14408 FUMH Fumarate hydratase, mitochondrial 0.8013 <2
P25235 RPND2 Dolichyl-diphosphooligosaccharide—protein 0.7224 <

glycosyltransferase subunit 2

2 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
(Pxalp 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 lacs?7) 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, FAAHI1 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 f3-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 ABCD?2, just as our co-immunoprecipitation coupled to proteomic analysis [28].

[-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 3-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 «-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 o-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 (ATPasel) 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, o-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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FA Fatty acid

FC Fold change

HSCT Hematopoietic stem cell transplantation
iPSC Induced pluripotent stem cell
LCFA Long-chain fatty acid

LD Lipid droplet

MCFA  Medium-chain fatty acid

MUFA  Monounsaturated fatty acid

NBD Nucleotide binding domain
PBMC  Peripheral blood mononuclear cell

PMP Peroxisomal membrane protein
PUFA Polyunsaturated fatty acid
TMD Transmembrane domain

VLCFA  Very long-chain fatty acid
X-ALD  X-linked adrenoleukodystrophy
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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].
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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.

Main sites

Main sites of
ABCC6 expression

--
L T

Liver
> Kidneys

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 TMDO, which is connected with the canonical compo-
nents through the cytoplasmic LO 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 (Mngr 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, TMDO, and LO loop of ABCC6 (Figure 2).

MDR-like Core

"‘-TQ‘] T™DO
‘ﬂjL{:mH

154
Failed to Translocate inio Basolateral

Membrane N A TMDO
I: ATMDOLD “S\
NH; 195 f %
295 C’ v
NH:
e

| ed Folding From Emdoplasmic Reticulzm .
nCormech i i]l'mm[_u
JUL{'.[‘.HH

305

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 «-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
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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 «-helical conformation. However, only long-length
NBD1 showed f3-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 3-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 «-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 a-helix and (3-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 TMDO0 and L0 Domains

The functional role of TMDO in other proteins like MRP1, MRP2, SURI 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 TMDO 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 x-helical regions; it
resembles the homologous L0 loops of other MRPs and is responsible for plasma membrane
localization of TMDO [13]. However, to understand the exact role of TMDO and L0 loop
(N-terminal Region) of ABCC6, we have constructed two variants of N-terminal lacking
TMDO0 (ATMDO0) and a variant lacking both TMDO and LO (ATMDOLO). Interestingly, we
have found that ATMDOLO 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 LO 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 LO loop of ABCC6 interacts with the ion channels like other members of ABCC family
and might be involved in the modulation of Ca?* channels of plasma membrane [20].
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Figure 3. Homology model of L0 loop. The loop includes the region between residues E205 and
A262. The PDB structure 5U]J9 corresponding to MRP1 was used as template.
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4. The Decrease or Loss of ABCC6 Functionality Changes Extracellular Environment

In early pathological investigations of PXE, Ilias 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].
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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 x magnification) of senescence-associated
[-galactosidase staining in control and ABCC6 knockdown cells. (C)—Quantitative analysis of
positive 3-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 ¢ 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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20 um Abcc6 ~ +Ade Abcc6 * +ATP

Figure 6. Representative confocal image of (A)—scrambled HepG2 cells; (B)—Abcc6-shRNA . HepG2
cells; (C)—Abcc6-shRNA HepG2 cells treated with 500 uM ATP; (D)—Abcc6-shRNA HepG2 cells
treated with 100 uM 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 um [32].
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Figure 7. Effect of probenecid and ABCC6 silencing on the migration rate of HepG2 cells. Cells were
treated with 250 uM probenecid for 48 h (gray plain bars, Probenecid+). DMSO-treated cells were
used as the control (gray plain bars, Probenecid-). A total of 500 uM 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 uM 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].

118



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

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 ABCB 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
ABCCS6 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 (Cay9(PO4)s(OH),), 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 GACIL.

PPi —— Ectopic calcification

NPP1
(PXE) GACH) "\
(GAC)) FXE) CD73 —— Adenosine —— TNAP l
(NT5E)
(CALJA) .
Pi

Figure 1. The ABCC6 pathway influences calcification and extracellular purinergic metabolism.
ABCCS 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 GACL. 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 3-thalassemia and sickle cell anemia [64]. 3-thalassemia (MIM 141900) is a monogenic
disorder caused by mutations in the 3-globin gene that leads to the underproduction of
B-globin chains. The stoichiometric excess of a-chains unbound to 3-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 -thalassemia or sickle cell anemia also develop manifestations similar to PXE [64].
-thalassemia and PXE are distinct genetic disorders, yet, the ectopic mineralization pheno-
type seen in 3-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 B-thalassemia (Hbb"3/*), it was suggested that the 3-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 3-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]. Fiilop 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 Cy4
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

ABCCE6 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. ABCCé6

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
ABCCS6 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, 12951/5v], and DBA /2] [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/He]J, 12951/5v], and DBA /2] mice [12], while
it is absent in C57BL/6] mice that are DCC-resistant. Note that the Abcc6~/~ mice that
have been used thus far were all backcrossed into C57BL/6]. 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 /2] mice
present little or no manifestations [106]. It is interesting to note that the murine PXE mani-
festations reported in KK/H1]J 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 Abccé 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/6] background), and in C3H/H1J mice with
a naturally occurring Abcc6 mutation are virtually identical and significantly lower than wild type
C57BL/6] mice. However, at 12 months of age, Abcc6~/~ mice present a much more pronounced
vibrissae calcification as shown on this pCT scan rendering (right, arrows). Plasma PPi results are
shown as means +SEM. p-values were determined by Student’s ¢-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 abccb6a and abec6b. 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 abccéa 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 Enppl 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
Enppl 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/1I 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 PXE [131]
nonsense mutations
4-Phenylbutyrate (4-PBA) Corrects missense mutations al}owmg for PXE [80,99,117]
correct cellular localization
Rh-NPP1-Fc Replacement for ENPP1 GACI [89,132,133]
SBI-425 (TNAP inhibitor) Inhibits the enzymatic activity of TNAP PXE [20,127]
Glycoprotein that forms complexes with
Fetuin-A calcium and phosphate ions, acts as an PXE [134,135]
inhibitor of ectopic calcification
Adenovirus with ABCC6 cDNA Transiently express ABCC6 in the liver PXE [136]
Bevacizumab (Anti-VEGF) + Anti-angiogenic therapy; Preserves ocular PXE [24]

function in advanced and early disease stages

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]
o . . Correct for insufficient carboxylation of
Vitamin K (phylloquinone/menaquinone) matrix gla protein (MGP) PXE [92,115,116,140-143]
Bisphosphonate (etidronate *, zoledronate) Non—hydrolyzable.a_n alog of PP, inhibits PXE and GACI [18,55,126,144-148]
enzymes that utilize pyrophosphate
Potent inhibitor of calcification, ABCC6
Pyrophosphate * 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, T currently in use in PXE patients. PXE, pseudoxanthoma elasticum; GACI, generalized
arterial calcification of infancy; MGP, matrix gla protein; PPi, pyrophosphate.

Magnesium, vitamin K, phosphate binder
fetuin-A, INS-3001, sodium thiosulfate
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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.
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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 (*®F-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 ug/mlL. 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 Abccéa 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 — NT5EATNAP pathway (Figures 1 and 3)
as the Enppl, Ntbe 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 GACIL.

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 % 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 thNPP1-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 Nt5¢~/~ 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 Enppl~/~ 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
Enppl~/~ 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
ABCCE6 [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].
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6.7.2. Magnesium

Magnesium (Mg?") 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 Mg?* homeostasis, where its trans-
port is highly regulated by hormonal and other intrarenal factors [191]. Bones are the main
reservoir of Mg?*, holding ~60% of the total body content. Mg?* in bones is primarily
embedded at the surface of the apatite crystals [192]. Because of its inhibitory properties
towards calcification and oral bioavailability, Mg?* 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 Mg?* showed
results [138,139] encouraging enough that a prospective human clinical trial was initiated
(NCTO01525875). 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, Mg?* 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 Enppl~/~ 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 '®fluoride 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 ®fluoride 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/1I clinical trial with a French cohort is in preparation and is
called PyROphosPHate supplementation to fight ECtoplc 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

139



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

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 PP4i 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 (NayS,03) 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 Abccl, to characterize the substrate-binding cavity of ABCC6. Leukotriene
C4 (LTCy), 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 LTCy4 binding pocket in bovine Abccl are not critical
for ATP efflux. We conclude that the putative ATP binding site in the substrate-binding cavity of
ABCC6/rAbcct is distinct from the bovine Abccl LTCy-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].

ABCCE6 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 ABCCé6-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 Abccl (bAbccl) 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 bAbccl, 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 LTCy to the
potential role of ABCC6 failed [6].

We used the ATP-free, LTC4-bound and ATP-bound, substrate-free, bAbccl 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 bAbccl
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 ABCCS5, for which negatively charged sub-
strates have been reported. From these alignments, we observed a 46% and 48% sequence
identity for rAbcc6-bAbccl and hABCC6-bAbccl TMD1-NBD1, respectively, and 52% and
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53% sequence identities for rAbcc6-bAbccl and hABCC6-bAbccl 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 bAbccl, and
40% for TMD1 and 48% for TMD2 between hABCC6 and bAbccl. Considering the high
sequence identity with bAbccl, 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 bAbccl [22,23].

Consistent with their relatively high degree of sequence identity, both hABCC6/rAbcc6
and bAbccl showed a strong positive potential in the cavity along TMs of both TMD1 and
TMD2 (Figure 1). Another common feature of hABCC6/rAbcc6 and bAbccl 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).

rAbcc6, ATP-free hABCCB6, ATP-free bAbcc1, ATP-free

Figure 1. Electrostatic potential of the inward-facing state of hABCC6/rAbcct and bAbccl. Electro-
static potential mapped on the molecular surface of the ATP-free, inward-facing (A) rAbcc6 model,
(B) hABCC6 model, and (C) bAbccl cryoEM structure. The isovalue was set at —10 kgT/e for
the negative potential (red) and +10 kgT/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 bAbccl, several residues have been proposed as
participating in the recognition of LTCy4 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 ABCCS5 at the
same positions proposed to form the LTC4 binding cavity in bAbccl. In the last column it is indicated
to which transmembrane helix (TM) and transmembrane domain (TMD) the residues belong. bAbccl,
bovine Abccl; hABCC1, human ABCC1; hABCC6, human ABCC6; rAbcc6, rat Abcc6; hABCC5,
human ABCC5.

bAbccl hABCC1 hABCC6 rAbcc6 hABCC5 TM Helix
K332 K332 L318 L316 L186 TMD1, TM6
H335 H335 5321 5319 T189 TMD1, TM6
L381 L381 E367 E365 L236 T™MD1, TM7
F385 F385 M371 M369 W240 TMD1, TM7
Y440 Y440 Y426 H424 V293 TMD1, TM8
T550 T550 L536 L534 V403 T™MD1, TM10
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Table 1. Cont.

bAbccl 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 bAbccl cavity
surrounding LTC,. 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 bAbccl LTCy4 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 LTCy (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 bAbccl W553 and W1245 in the hydrophobic pocket are conserved among the ABCC6,
ABCC1, and ABCCS5 sequences, and correspond to rAbccé residues F537 (TM10 in TMD1)
and W1217 (TM17 in TMD2) (Figure 2). In the P-pocket, the more conserved residues are
bAbccl 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 bAbccl P- and H-pockets vary
across the ABCC1, ABCC6, and ABCC5 sequences considered in the alignment. Charged
residues that are not conserved are: (1) bAbccl K332, which is a leucine in ABCC6 (L316 in
rAbcc6) and ABCC5, (2) H335 in hABCC1/bAbccl, 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 bAbccl) and ABCC5. Of note, in hABCC1, K332, and to a lesser
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extent H335, are indispensable for LTC,4 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 LTCy, 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 rAbcc6é mutants generated for our study are summarized and positioned in a
topology model of rAbcc6 below (Figure 3A).

B

g ® g 2

F = 2 <« g << T Og T

E 23S 5SS $I838TLE|588 7 ¢

s e 8832 E ey (28T

S 8396 0 =I8LS8rFcxro|zxw : =

— MERRERRRRRE LR o ol eniavcos anibooy

3 3 ¥ - - : ; . . .

_--------‘.’.’ " s= smes — anti-tubulin antibody

Figure 3. (A): Topology of the rAbcc6 amino acids analogous to those that comprise the LTC4 binding
cavity in bAbccl. 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 ug 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 rAbccé 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 bAbccl LTCy4 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
rAbccb, 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 rAbccé 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 rAbccé.

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, LTC,4-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 1534 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 ABCCS5 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).

A

F537
K578
S319
L316

rAbccB, ATP-free

rAbcc6, ATP-bound

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 rAbccé6 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].

wt rAbccé

R1220Q

R1168Q . T1214A

M369A

~E1426Q

control

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 rAbccé: wild-type rAbcc6, control: parental HEK293 cells. All scale bars represent

30 pm.

2.4. Functional Consequences of Changing All 11 Amino Acids of the Modeled rAbcc6
Substrate-Binding Site into Those That Comprise the bAbccl 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 bAbccl
cryoEM structure forming the LTCy4-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 bAbccl 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 rAbccé 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/bAbccl LTCy-
binding cavity residues transports LTCy4. Of note, an initial characterization of hABCC6
indicated it could transport LTC, [6], although this was not the case for its ortholog
rAbcc6 [35]. Nevertheless, we reasoned that introducing the amino acids in bAbccl thought
to form the bipartite LTC4-binding cavity at the corresponding positions in rAbccé might
establish LTCy 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 LTCy4 transport by the rAbcc6-
11aa protein (data not shown). Low levels of LTCy4 transport might have been missed,
however, because of the low expression levels of rAbcc6-11aa in our system (HEK?293 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 HEK?293 cells. Red: Na*/K* -ATPase, a marker for the plasma membrane; Green: rAbccé6; Blue:
DAPI. All scale bars represent 30 um. (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 LTCy, 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 bAbccl [22,23], and compared the residues in the bipartite LTCy
binding pocket of bAbccl 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 LTCy [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 LTC,4 [35] and later studies also failed to confirm LTCy
transport by hABCC6 [6]. Nevertheless, the overall electrostatic properties of the trans-
membrane cavity appear remarkably similar between the hABCC6/rAbcc6é models and
the bAbccl 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 LTCy-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-173-glucuronide and methotrexate but not of LTCy4 [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 bAbccl 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 hRABCC1 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 LTC,4 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 LTCy4 [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 LTC,4 in bAbccl 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 LTCy4 binding cavity amino acids as bAbccl was
still functional and able to efflux ATP. This suggests that the amino acids corresponding to
those proposed to form the bAbccl 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 LTCy4 binding cavity in bAbccl. 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 ABCCé6-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 hABCCS5 proteins from multiple organisms (Table S1), retrieved from UniPro-
tKB [55]. Based on the alignment of hABCC6 and rAbcc6 sequences with bAbccl, homology
models of hABCC6 and rAbcc6 were generated with Modeller 9v15 [56], using the inward-
and outward-facing cryoEM structures of bAbccl 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 hABCC? (CFTR) [57]. For the inward-facing state, the ABCC6 models
were generated considering the presence of LTCy 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 bAbccl, 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, Diiren, 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 DHb5alpha cells. The cDNAs encoding pEnter223-rAbcc6é
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

r&lizc:- L316A AGCGCCGUCATTAGCGATGCCTTCAGGTTTG ACGGCGCUGAGGGTCCCCAGCAGGAAA
r&‘;‘;ﬁf S319A ATTGCCGAUGCCTTCAGGTTTGCTGTT ATCGGCAAUGACCAGGCTGAGGGTCCC
r&l;csc:- E365A ACTGTTUGCCCAGCAGTACATGTACAGA AAACAGUGTCTGTAGGCAGGCCGACAA
;14\;) GC;Z- M369A AGTACGCCUACAGAGTCAAGGTCCTGCAGATG AGGCGTACUGCTGTTCAAACAGTGTCTG
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Table 2. Cont.

Construct

Mutation

Forward Primer

Reverse Primer

;ﬂ’zﬁ' H424A ATCCTCGCCCUCAACGGGCTGTGGCTGCTCTT AGGGCGAGGAUGCTCTCGACCAGCCGCTG
rAbcc6- AGACACTUGGAAGGACACGGCAGAC-
L 53ap L534A AAGTGTCUACATTTCTGGTGGCGCTGGTTGT N CACACAACACCAAG
rl;"sg;‘;f' F537A AAGTGTCUACATTTCTGGTGGCGCTGGTTGT AGACACTUGGGCGGACACGAGAGACACAGA
%"7;‘3' K578Q AGCCAGGCCUTCCTCCCCTTCTCTGTGC AGGCCTGGGCUTGGTTAAGGATG
;’;36“;; T1064A AGGGCCCUGCTGACCTATGCCTTTGG AGGGCCCUCATCTTGTCTGGGATGTCCACAT
Ir{’;‘}’g;g R1168Q ACCAGTGGCUGGCTGCCAACCTGGAGCT AGCCACTGGUCAGCCACCAGCCTCGGGA
rAbccé- AGAGCCUGTGTTACCTGGAGGGCAG-
TiaA T1214A AGGCTCUGCAGTGGGTGGTCCGCAGCTG CAGAAACCG
é’?‘z’;;f\' QI1216A ACTCTGGCCUGGGTGGTCCGCAGCTGGAC AGGCCAGAGUCTGTGTTACCTGGAGGGC
JV”;E;;?; W1217A AGGCCGUGGTCCGCAGCTGGACAGATC ACGGCCUGCAGAGTCTGTGTTACCT
Irg'z’zcgg R1220Q AGTGGGTGGUCCAATCTGGAGAACAG ACCACCCACUGCAGTCTGTGTTACCT
1316K & AGGTCATUCACGATGCCTTCAGGTTT-
319H COTOTTCCOAAGE AATGACCUTGCTGAGGGTCCCCAGCAGGAAAGT
E365L & AGCAGTACUTCTACAGAGTCAAGGTCCTG- AGTACTGCUGCAGAAACAGTGTCTG-
M369F CAGATGAGGCTG TAGGCAGGCCGACAAG
H424Y ATCCTCUACCTCAACGGGCTGTGGCTGC AGAGGAUGCTCTCGACCAGCCGCTG
rAbccé- ACACGGUAGACACAGAGAAGAGG-
s L534T ACCGTGUCCTGGCAAGTGTCTACATTTCTGGTGGC P AGGCCGAGOTOT
AGACACTUGCCAGGACACGAGAGACAC-
F537W AAGTGTCUACATTTCTGGTGGCGCTGGTTG ACAGAAGACCAAGGE
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% CO,
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). rAbcc6é 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 uM 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 g 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-a-tubulin (1:1000)
(5¢-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 p-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-rAbccé 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 40x Oil DIC H N2 objective with
a 1x 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 uM
MgCl2, 32 mU/mL ATP sulfurylase (New England Biolabs, Ipswich, MA, USA), and 8 uM
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 pL. 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 uL 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 pL BactiterGlo reagent (Promega) dissolved
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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
.3390/1jms22136910/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 LTCy4 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 ABCBL1. By replacing the glutamines with alanines we have tested whether
any, or all, of GIn®¥, GIn’?°, and GIn?? 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 GIn”??

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
ABCBI 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, GIn®¥, GIn"?, and GIn"?, located respectively in transmembrane helix

(TMH) 6, TMH?, and TMH12, were highlighted to form hydrogen bond contacts (Figure 1).
The study was not without limitations. The medium resolution of 3.5 A, 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.

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 12A slice in the Z plane of the taxol binding
site. The three glutamines GIn®*’, GIn’?, and GIn®" 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 Angstroms.
The combination of bond angle and length suggests that GIn”?® forms the strongest and only H-bond with the baccatin IIT
tetracyclic ring, while GIn?¥” and GIn®® 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 A, 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. (GIn**” and GIn’*° 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 uM. 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 ABCBI 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 Sla and shows that 0.5 pM 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 uM for Calcein-AM, 8 uM for BODIPY-verapamil and 4 pM for OG-taxol
consistent with a mechanism of entry by passive diffusion. The available data suggests
that drug interaction with ABCBI 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. GIn**, GIn"? and GIn?° 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 GIn®¥, GIn”?, and GIn®, 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 GIn®¥’ 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 x 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
ABCBI 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 -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 Al.

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 ABCBI 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 GIn*” nor GIn®” are absolutely
necessary for ABCBI 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. GIn®*, GIn"?> and GIn® Also Modulate the Transport of the Phenylalkylamine
BODIPY-Verapamil

To test whether GIn3¥, GIn7?5, and GIn®* 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 GIn’? 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
HEK?293T 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. GIn*¥, GIn"? and GIn®* 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 uM 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 Slc).

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 ABCBI1 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 ¢-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 GIn’? 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 4 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 GIn®**’, GIn”?, and GIn**® 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 pcDNAS5/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 pcDNAS5/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
ABCBIL. (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 uM 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 uM 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 ICs 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 IC5p = 5.8 nM. Stable expression of wild-type
ABCBI shifts that ICsy more than 40-fold to an ICsg = 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 GIn®*, GIn’?, and GIn®* to coordinate taxol in the binding pocket of ABCBL1.
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 GIn®7 and GIn®® 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 GIn®*’
and GIn® 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 GIn’?® 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 GIn’?° 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 Angstrom 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
ABCBI1 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 GIn®*” and
GIn® are not involved in electrostatic interactions with any other residue, but GIn’?®
forms a hydrogen bond with Asn®¥? 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 TMHD9). The coupling helices are thought to allosterically
couple the drug binding pocket to the sites of ATP hydrolysis [15,16].

90°

Figure 7. ABCB1 in the ATP-bound conformation focussing on the TMDs showing the positions of GIn®**’, GIn’?® and
GIn?® ‘post drug release’. Ribbon depiction of ABCB1 mutant E556/1201Q with ATP Mg?* bound (pdb: 6C0V). The
transmembrane domains (TMD]1, blue-turquoise spectrum; TMD2, green-orange spectrum). The nucleotide binding
domains, NBD1 and NBD2, are shown in green and red, respectively with two ATP molecules sandwiched at their shared

interface depicted in stick format. The right-hand panel shows a 12 A slice in the Z plane showing the positions of GIn

347
4

GIn’?, GIn®, and Asn®#? in stick format and identified by single letter code. The hydrogen bond between GIn’?> and
Asn®¥? in this conformation is shown as a dashed grey line with the bond length (N-O) indicated in black in Angstroms.

This leads us to an important caveat. The measurement of fluorescent drug accu-
mulation by ABCB1l-expressing cells compared to non-expressing cells is a robust test of
ABCBI1 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 GIn®¥, GIn”?, and GIn® 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 GIn®*, GIn’? and GIn®% 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 GIn?*¥, GIn”?, and GIn’”° 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 GIn**” and GIn®*
(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 Tyr®*” in TMHS5 is implicated in taxol binding while the
adjacent amino acid 11e3% is implicated in vincristine binding). The main contributors to
both binding pockets are from TMHS5, 6, 11 and 12 while the vincristine pocket also includes
Met®® and Met® from TMH1 and Glu®”® from TMH10, and the taxol pocket includes GIn”?>
from TMH?Y. 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 GIn**’, GIn”?%, and GIn®®, 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 GIn®*, GIn”%, nor GIn® 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 pCl-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 -ttaattgggecttttagtgttgeageggcatctccaageat-3/
Reverse 5/ -atgcttggagatgccgctccaacactaaaagccccaattaa—?:’
Q725A
Forward 5'-gtgccattataaatggaggectggeaccageatttgcaataatatttt-3'
Reverse 5 —aaaatattattgcaaatgctggtgccaggcctccatttataatggcac—3’
Q990A
Forward 5'-gccatggeegtgggegcagtcagttcatttge-3’
Reverse 5'-gcaaatgaactgactgeccccacggecatgge-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% CO,. For transient transfection
1.2 x 10° cells were seeded onto a T25 culture flask. Twenty-four hours post seeding the
cells were transfected with 10 ng plasmid DNA in complex with 15 pg 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 x 10°) were incubated at 4 °C for 20 min
with saturating levels (0.5 pg) 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 pug) 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 uM OREGON-
GREEN Taxol bis-acetate (OG-taxol; Invitrogen, Waltham, MA, USA), 0.5 uM Calcein-
AM (ThermoFisher Sci, Waltham, MA, USA), or 0.8 pM 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 pL 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).
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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 pg/mL) and, once
uniform expression of the mutant ABCB1 were confirmed, maintained in hygromycin
(100 pg/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 x 10%) were seeded into a 96 well dish in 100 uL 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 uM and the cells cultured at 37 °C in a humidified incubator with 5% CO,.
After 72 h the media was aspirated, the cells were detached with 30 uL TrypLE Express
(ThermoFisher Sci, Waltham, MA, USA) which was quenched with 75 pL 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 Al. 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  E556/1201Q  Q347A Q725A Q990A  Q347/725A  Q347/990A  Q725/990A
100% 13406  63.1+80 1223+364 907+128 921+142 88+18  751-+4.0
E556/1201Q  <0.0001 ]
13+ 0.6
Q347A 0.0363 0.0061 ]
63.1 + 8.0 * o
Q725A o 0.0379 ns ]
122.3 + 36.4 *
Q990A 0.0025 0.0485
90.7 + 12.8 ns *t * ns i
Q347/725A 0.0002
92.1 + 14.2 ns ot ns ns ns .
Q347/990A 0.0097 0.0024 0.0025 0.0358 0.0031 0.0010
88 :t 1'8 *% *% *3F * *% *3% -
Q725/990A 0.0301 0.0005 0.0106
751 4+ 4.0 * ok ns ns ns ns % -
Qtriple 0.0131 0.0031 0.0296 0.0055
50.7 + 4.0 * % ns ns ns * % ns

The raw data has been used for statistical comparisons. Ratio and paired Student’s f-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 E556/1201Q  Q347A Q725A Q990A Q347/725A  Q347/990A  Q725/990A
100% 105+16 814+77 14054123 10564163 1363 +10.0 3794101 1513 + 443
E556/1201Q  <0.0001
1054 1.6
QB47A " 0.0007
814 +77
Q725A 0.0410 <0.0001 0.0061 ]
1405 + 12.3 * o
Q990A - 0.0026 - " ]
105.6 + 16.3 o
Q347,/725A 0.0040 0.0089 0.0422
136.3 + 10.0 ns o *t ns * i
Q347/990A  0.0258 0.0042 0.0029
37.9 +10.1 * o ns o ns ns i
Q725/990A 0.0032 0.0018 0.0286 0.0182 0.0225
1513 + 443 ns ot *t * * ns * .
Qtriple 0.0008 0.0022 0.0300
1157 + 153 ns ok o ns ns ns * 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  E556/1201Q  Q347A Q725A Q990A Q347/725A  Q347/990A  Q725/990A
100 % 2.0 + 0.2 104 + 25 84 + 10 66 + 8 69 + 11 4849 50 + 2
E556/1201Q  0.0075 )
20402 *t
Q347A N 0.0148 ]
104 + 25 S *
Q725A N 0.0032 N ]
84410 s *t S
Q990A 0.0467 0.0034
66 :t 8 * . ns ns -
QB47/725A N 0.0003 N N N ]
69 4+ 11 s whx S s S
Q347/990A 0.0184 0.0001 0.0292
48+ 9 . ok ns ns ns " -
Q725/990A 0.0290 0.028 0.0203 0.0305 0.0234
50+ 2 * * * * ns * ns -
Qtriple N 0.0231 N N N N . 0.027
8 + 13 s . s s s s s .

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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