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Preface to "Trafficking of Cardiac Ion
Channels—Mechanisms and Alterations
Leading to Disease”

This volume contains the articles published in the Special Issue of Biomolecules entitled
"Trafficking of Cardiac Ion Channels—Mechanisms and Alterations Leading to Disease” and
includes 7 reviews and an original research article. All contributing authors were invited to submit
their manuscripts to this Special Issue, either as a review or a research work. Their submitted
manuscripts were peer-reviewed in order to appear in this volume. Authored by some of the
leading scientists in the field, this volume provides up-to-date information and directions for
future research. The articles address mechanisms regulating trafficking and localization of proteins
implicated in cardiac function, with special emphasis on ion channels. They present the effects
of genetic variants conferring risks of channelopathies and cardiomyopathies linked to sudden
cardiac death. More generally, there is also discussion on cellular dysregulation due to alterations
in protein processing and targeting as an attempt to improve our understanding of the etiology of
human disease. More specifically, this volume includes articles dealing on the following topics: gap
junction proteins in regulation of cell cycle; trafficking of the cardiac voltage-gated sodium channel
(NaV1.5) and its associated 5 subunits; cell-adhesion role of NaV1.5-associated § subunits at the
cardiomyocyte intercalated discs to promote ephaptic conduction; structural analysis of potassium
channel KV11.1 toward identification of missense gene variants conferring risk of channelopathies;
structural mapping of inward rectifier potassium (Kir) channels toward identification of mutation
clusters responsible for trafficking defects; role of cytoskeleton-associated ankyrin-B in localization
of ion channels and other molecules, along with its dysfunction associated with disease; trafficking
of cation channels of the vanilloid subfamily of transient receptor potential (TRP) channels based on
their molecular interactions in cells; and a broad review on how alterations in protein folding can
cause their mislocalization and aggregation, presenting the potential of pharmacological chaperones

to maintain protein quality control, thereby preventing cell dysfunction and disease.

Marcel Verges
Editor
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Abstract: Connexin 43 (Cx43) is a gap junction protein that assembles at the cell border to form
intercellular gap junction (GJ) channels which allow for cell-cell communication by facilitating the
rapid transmission of ions and other small molecules between adjacent cells. Non-canonical roles of
Cx43, and specifically its C-terminal domain, have been identified in the regulation of Cx43 trafficking,
mitochondrial preconditioning, cell proliferation, and tumor formation, yet the mechanisms are still
being explored. It was recently identified that up to six truncated isoforms of Cx43 are endogenously
produced via alternative translation from internal start codons in addition to full length Cx43, all from
the same mRNA produced by the gene GJA1. GJA1-11k, the 11kDa alternatively translated isoform
of Cx43, does not have a known role in the formation of gap junction channels, and little is known
about its function. Here, we report that over expressed GJA1-11k, unlike the other five truncated
isoforms, preferentially localizes to the nucleus in HEK293FT cells and suppresses cell growth by
limiting cell cycle progression from the Go/G; phase to the S phase. Furthermore, these functions are
independent of the channel-forming full-length Cx43 isoform. Understanding the apparently unique
role of GJA1-11k and its generation in cell cycle regulation may uncover a new target for affecting cell
growth in multiple disease models.

Keywords: connexin43; trafficking; internal translation; cell cycle

1. Introduction.

Gap Junction (GJ]) channels are formed by connexin proteins, which assemble as hexamers on
the cell membrane and dock with the hexamer in an adjacent cell, creating a channel for intercellular
communication [1]. Connexin 43 (Cx43) is the most prevalent gap junction protein in the heart
and is widely expressed in most mammalian organs and cell types [2]. Dysregulation in Cx43
protein expression is associated with cardiac arrhythmias [3]. Studies have identified numerous
non-canonical roles of Cx43 that are not described by gap junction channel activity, including in
ischemic injury protection [4,5], cancer [6-9], wound healing [10], muscle differentiation [11], organ
morphogenesis [12,13], and cell migration in embryonic development [14]. With specific regard to
cancer, Cx43 can function as a tumor suppressor [6,15,16]. A reduction in Cx43 expression is observed in
tumor cell lines [17], and reduced Cx43 has been proposed as a biomarker of malignant tissue [8,18-20].

Biomolecules 2020, 10, 473; d0i:10.3390/biom10030473 1 www.mdpi.com/journal/biomolecules
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Few studies have been able to reconcile how the gap junction Cx43 channel function can influence
these apparently channel-independent roles of Cx43 protein.

Cx43 is encoded by the GJA1 gene, which has a single coding exon [21]. Therefore, GJA1 cannot
provide protein diversity by means of alternative splicing of exons. However, it has recently been found
that several small isoforms of Cx43 are produced by alternative translation, with methionines within
the coding exon serving as internal translation start sites [22,23]. The alternatively translated small
isoforms lack the N-terminal portions of Cx43 upstream of the initiating start sites, while retaining
the remaining downstream C-terminus portion. There are six internal methionines and a total of
six truncated protein isoforms can be produced from Cx43 mRNA with expression levels varying
between isoforms and across cell types [22]. We have previously reported that the size of the most
predominantly expressed isoform is 20kDa, thus termed GJA1-20k. It has been identified that GJA1-20k
functions in the forward trafficking of full-length Cx43 to the plasma membrane to form gap junction
channels [22,24] and is necessary for actin stabilization [24]. In addition to its role as a chaperone [22,24],
GJA1-20k is upregulated in response to hypoxic [25] and oxidative stress for preventing mitochondrial
fragmentation [26] and to mediate ischemia preconditioning protection [24,27]. Xenopus derived
GJA1-20k has also recently been identified to localize to the cell nucleus, functioning as a transcription
activator of N-Cadherin [28].

Nucleus localization of one or more of the smaller isoforms provides the opportunity to affect
cell cycle. The overexpression of various portions of the C-terminus fragment of Cx43 (Cx43 CT) has
been shown to occasionally localize to the nucleus [29,30] and is implicated in the suppression of cell
proliferation [29,31,32]. Now that the six endogenous truncation isoforms have been identified [22],
previous studies exploring various lengths of the C-terminus can be placed in the context of proteins
that can be endogenously generated by alternative translation.

In this study, we perform an expression analysis of all six mammalian isoforms and make the
surprising observation that only mammalian GJA1-11k, and not GJA1-20k or any of the other Cx43
isoforms, is preferentially enriched in the nucleus of mammalian cells. Moreover, we find that GJA1-11k
can interfere with cell growth by limiting cell cycle progression in the Go/G; phase.

2. Materials and Methods

2.1. Cell Culture

HEK293FT (Thermo Scientific) cells at low passages were grown on petri dishes at 37 °C in
a humidified atmosphere with 5% CO2 in Dulbecco’s Modified Eagle’ Medium (DMEM, Thermo
Scientific) high glucose with 10% fetal bovine serum (FBS), nonessential amino acids, sodium pyruvate
(Thermo Scientific), and antibiotics Mycozap-CL (Lonza). For the expression of targets, cells were
plated down 24h prior to transient transfection at a density indicated in each experiment. Transient
transfection was carried out using either Lipofectamine™ 2000 (Thermo Scientific) or FuGENE®HD
(Promega). Transfection by both reagents consistently resulted in 75-80% transfection efficiency,
assessed by Flow Cytometry. The cells were used for assay after 48 hours of transfection unless
otherwise stated in the figure legends.

2.2. RNA:i Interference

Chemically synthesized siRNAs (Thermo Scientific) to knockdown GJAI mRNA (sequence 5 to
3": GG GAG AUG AGC AGU CUG CCU UUC GU; HSS178257) and Stealth™ RNAi with medium
GC content as a negative control (scramble, cat. # 12935-112) were used. HEK293FT cells at the
density 2 x 10° were transfected with 100nM of either siRNA or the scramble control according to the
manufacturer’s reverse transfection protocol using LipofectamineTM RNAIMAX (Thermo Scientific).
The cells were manually counted at 24, 48, 72, 96, and 120 h after transfection.
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2.3. Molecular Biology

Human GJA1 encoding full-length and small isoforms were obtained from Open Biosystems and
cloned into pDONR/221 using Gateway BP cloning to generate entry clones (BP clonase II; Thermo
Scientific). Destination vectors (pDEST) encoding C-terminal V5-, HA-tagged and C-terminal NES
(nuclear export signal) V5-tagged proteins were subsequently made using entry clones and Gateway
LR cloning (LR clonase; Thermo Scientific). All constructs for mammalian cell expression are driven by
the cytomegalovirus (CMV) promoter and include downstream internal mutated methionine-to-leucine
start sites of Cx43 to ensure single isoform expression. Mutagenesis was carried out with QuickChange
Lightning Mutagenesis Kit (Agilent) according to the manufacturer’s protocol.

2.4. Immunofluorescence Staining

HEK293FT cells were plated on 35-mm fibronectin-coated glass bottom culture dishes (MatTek
Corporation, cat #P35G-1.0-14-C) 24 hours before transfection. The cells were transfected with
2 mg of two plasmids—the negative control pcDNA3.2-GW-CAT-V5 and the positive control
pcDNA3.2-GFP-V5—to verify the transfection efficiency, wild type pcDNA-GJA1-WT-V5, and all of
the alternatively translated isoforms of the Cx43 protein (pcDNA-GJA1-43k-V5, pcDNA-GJA1-32k-V5,
pcDNA-GJA1-29k-V5, pcDNA-GJA1-26k-V5, pcDNA-GJA1-20k-V5, pcDNA-GJA1-11k-V5, pc
DNA-GJA1-7k-V5) and pcDNA-GJA1-11k-NES-V5. At 36h post transfection, the cells were washed in
PBS and fixed in 4% paraformaldehyde for 15 min at RT. The cells were permeabilized in 0.1% Triton
in PBS and blocked in 5% goat serum for 1 h and were then subsequently incubated with primary
antibodies for 3 h at RT: rabbit polyclonal anti-Cx43, raised against a 17-residue peptide from the C-tail
of Cx43 (1:1000, Sigma), and mouse monoclonal anti-V5 (1:50, Sigma). After washing 3 times with 0.1%
Tween-20 in PBS, the cells were incubated with secondary antibodies: goat anti-mouse IgG conjugated
to Alexa Fluor 488 (1:500, Thermo Scientific) and goat anti-rabbit IgG conjugated to Alexa Fluor 555
(1:500, Thermo Scientific) for 1 h at RT. The nuclei were detected by Hoechst 33342, trihydrochloride,
trihydrate (1 pg/mL, Thermo Scientific) staining for 5 min at RT and were then mounted to ProLong
Gold Antifade reagent (Thermo Scientific).

2.5. Image Processing

Images were taken using a Nikon Eclipse Ti microscope with a 100x/0.75 Plan Apo objective and
a Yokogowa CSU-X1 spinning-disk confocal unit with 350, 486, 561-laser units, and an ORCA-Flash
4.0 Hamamatsu camera (C11440), controlled by NIS Elements software and analyzed using Adobe
Photoshop. The HEK293FT cells were imaged at z-depth increments of 0.3 um. One plane image
was used for quantifications in Image]J (National Institute of Health, Bethesda, MS, USA) and the
focused image (maximum projection intensity) of z-stacks was used for the publication. Fluorescence
intensity profiles were generated and quantified by Image ] in at least 20 cells per sample. The ratio
of nuclear/cytoplasmic fluorescence intensity of Cx43 small isoforms normalized to the region of
interest (ROI) detected by both antibodies (anti-V5 and anti-Cx43) was quantified. Each image was
background-subtracted using a rolling ball radius of 50 pixels.

2.6. Cell Count and Cell Cycle Assay

The cells were plated down at the density 2 x 10° cells per 100mm petri dish and were exposed
to serum starvation in complete media with 0.2% FBS for 48 h to ensure maximum cell cycle
synchronization without cell cycle arrest. Then, the cells were transfected in 10% serum-supplemented
media with various plasmids of interest using FuGENE®HD (Promega) according to manufacturer’s
protocol. The concentration of plasmid cDNA of each sample was normalized to the amount of protein
produced in given cells in 48 h measured by the Western Blot signal intensity normalized to actin.

On 1st and 2nd days after transfection, the cells were trypsinized and manually counted. On
day 3 after transfection, the cells were incubated with 10 uM BrdU (37 °C, 45min in complete media)
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and were collected for cell cycle assay and manual count. Then, the cells were fixed and stained with
anti-BrdU antibodies and 7-AAD DNA dye according to FITC BrdU flow kit (BD Pharmingen™)
manual instruction. The cells were excited at 488nm, and signals from 50,000 cells were acquired at
585/42 and 702/64 in LSR II (BD Biosciences). The results were analyzed using Flow]o software and
were expressed as the percentage of cells in each cell cycle phase within the entire population excluding
debris and apoptotic cells. At least triplicates were used for each sample and each experiment was
conducted four times.

2.7. Western Blot and Subcellular Fractionation

To detect protein expression by Western Blotting, the cells were plated down in 6-well plates
at a concentration 0.65 x 10° per well. The next day, the cells were transfected with plasmid cDNA
using Lipofectamine™ 2000 (Thermo Scientific) according to the manufacturer’s instructions. The
cells were lysed in RIPA buffer containing (mM): 0.1%SDS, 50 mM Tris, pH 7.4, 150mM NaCl, ImM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 1 mM NaF, 200uM Na3VOy, and 1x Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Scientific), and were ruptured by sonication before
centrifugation at 10,000 x g for 20 min at 4 °C. The cell lysates were normalized for total protein
with BCA assay (Bio-Rad DC Protein Assay). The samples with 4x NuPage sample buffer (Thermo
Scientific) supplemented with dithiothreitol (DTT, 400mM) were heated at 70 °C for 5 min, cooled to
RT, and 100 pg per lane were separated by NuPAGE Bis-Tris 4-12% gradient gel (Thermo Scientific)
in MES running buffer (Thermo Scientific). The gels were transferred in 10% Methanol-containing
transfer buffer to FluoroTrans PVDF membranes (Pall), which were subsequently blocked in 5%
non-fat milk (Carnation) in TNT buffer (0.1% Tween-20, 150 mM NaCl, 50mM Tris pH 8.0) for 1 h at
RT. Membranes were probed overnight with primary antibodies diluted in 5% milk in TNT. Mouse
monoclonal anti-Cx43 directed against C-terminal region, prepared to the last 23 amino acids of Cx43
(1:500, Millipore), mouse monoclonal anti-f3-actin (1:2000, Sigma-Aldrich), mouse monoclonal anti-V5
(1:500, Sigma-Aldrich), and goat secondary antibodies conjugated to AlexaFluor 647 (1:500, Thermo
Scientific) were used in this study. The membranes were imaged with a ChemiDocMP4000 fluorescent
western detection system (BioRad). The membranes were stripped using Re-Blot plus Strong solution
(Millipore) and re-probed with B-actin to ensure equal loading and were used as a normalization
control. The relative intensity of signals was quantified using BioRad software.

The Nuclear Extraction kit (ab113474, Abcam) was used to obtain nuclei, and cytosolic-enriched
fractions from HEK293FT cells transfected with GJA1-11k, GJA1-43k, cDNA plasmid, or negative
control GFP-V5 cDNA. After reconstitution in RIPA buffer, fractions were analyzed by Western Blot in
Bis-Tris 10% SDS-PAGE gel (100ug protein/lane), transferred to PVDF membrane and probe to mouse
monoclonal anti-Cx43 directed against the C-terminal region (1:500, Millipore), mouse monoclonal
anti-V5 (1:200, Sigma-Aldrich). To confirm the enrichment of correct proteins in obtained fractions,
the same blot was probed with nuclear marker mouse monoclonal anti-Histone H3 (1:2000, Abcam),
cytoplasmic marker mouse monoclonal anti-GAPDH (1:5000, Abcam), membrane marker mouse
monoclonal NA+/K+-ATPase (1:10000, Millipore), Golgi marker rabbit monoclonal anti-GMP130
(1:1000, Abcam), and nuclear envelope marker rabbit monoclonal anti-Lamin B1 (1:5000, Abcam).

2.8. Statistical Analysis

All quantitative data are presented as mean + SEM, with 'n” denoting of the number of independent
experiments. The normality of the data sets was tested using Kolmogorov-Smirnov’s testand d’Agostino
and Pearson’s test. For comparison between the two groups, an unpaired two-tail Student’s ¢-test
was performed. For comparison among three or more groups, one-way ANOVA (followed by
Tukey’s post-hoc test) or two-way ANOVA (followed by Tukey’s multiple comparison test) were used
accordingly and analyzed in Prism 6 software (GraphPad). A p-value < 0.05 was considered significant.
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3. Results

3.1. Alternatively Translated Cx43 Isoforms Localize to Different Subcellular Compartments

We constructed separate cDNA plasmids, each expressing an alternatively translated isoform
that can be generated from internal methionine start sites (GJA1-32k, GJA1-29k, GJA1-26k, GJA1-20k,
GJA1-11k, GJA1-7k). For each of the plasmids, the AUGs downstream of each start codon were replaced
by CUGs so that each plasmid only produces one Cx43 protein isoform fused with a C-terminal V5-tag.
We also constructed a wild-type Cx43 (GJA1-WT) plasmid with all internal AUG start sites intact and a
plasmid encoding only full-length Cx43 (GJA1-43k), which preserved the first start codon yet with
each downstream AUG mutated to CUG (Figure S1). Human embryonic kidney HEK293FT cells
have little endogenous Cx43 and therefore present little endogenous competition to the exogenous
overexpression of Cx43 isoforms.

Using immunofluorescence, we used two separate antibodies (anti-Cx43 C-terminus and anti-V5)
to identify the subcellular localization of each V5-tagged isoform when exogenously introduced in
HEK293FT cells (Figure 1A). As expected, GJA1-WT localized as large plaque formations on the
cell—cell border. In contrast, full length GJA1-43k accumulated in perinuclear regions, indicating a
reduced ability to be trafficked to the cell border, consistent with our previously reported results of a
six-fold reduction in gap junction plaques [22]. GJA1-20k, a chaperone that directs the trafficking of
the full-length GJA1-43k isoform to the cell-cell border, generally appears localized to the perinuclear
and ER regions and the mitochondria [26]. Of note, we did not detect significant GJA1-20k localization
to the cell nucleus. However, GJA1-11k appeared to be highly enriched in the nucleus, with minimal
detection in the cytoplasm.In general, V5 detection is diminished as the isoforms get smaller, yet the
nucleus to cytoplasm ratios remained consistent. GJA1-7k, the smallest isoform, was poorly detected by
either antibody. We also stained non-transfected cells to establish the baseline endogenous expression
of Cx43 in HEK293FT cells.

GJA1-32k

GJA1-11k GJA1-7k Non-transfected

Figure 1. Cont.
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3 anti-Cx43

nucleus/cytoplasm
mean fluorescence
N
1

Figure 1. Localization of alternatively translated Cx43 isoforms expressed in HEK293FT cells. (A).
The fixed-cell immunofluorescence of HEK293FT cells expressing short isoforms of Cx43 was detected
by monoclonal anti-V5 (green) and polyclonal anti-Cx43 (red) antibodies, raised against a 17-residue
peptide of C-terminal Cx43 (Sigma) with Hoechst staining of the nuclei (blue). The arrow heads show
the gap junction (plaque) formation at the cell-cell border of cells with wild type (GJA1-WT) plasmid.
Scale bar: 10um. The results are representative of four independent experiments. (B). The ratio of
fluorescent intensity in the nucleus versus cytoplasm in transfected HEK293FT cells. The data are
presented as mean = SEM, n = 20, *** p < 0.0001, by two-way ANOVA followed by Tukey’s multiple
comparison test. The intensities were measured and normalized to background using Image J.

To quantify the distribution of each isoform, we calculated the ratio of the mean fluorescent
density in the nucleus versus cytoplasm (Figure 1B). This analysis confirmed that GJA1-11k has a two
(anti-V5 antibody detection) to threefold (anti-Cx43 detection) nuclear enrichment. Furthermore, the
nuclear localization is specific to GJA1-11k. All other isoforms capable of being generated by alternative
translation had 50% or less nucleus to cytoplasm density. To confirm that nucleus localization was
not secondary to the V5 tag interacting with GJA1-11k, we obtained similar results by a staining for
HA-tagged GJA1-11k (Figure S2).

The nucleus localization of GJA1-11k was also tested by biochemistry techniques. We performed
subcellular fractionations of HEK293FT cells overexpressing GJA1-11k, GJA1-43k, and a negative
control GFP-V5. Consistent with the immunofluorescence data, Western Blot analysis of cytosolic and
nuclear fractions revealed that when compared to full length GJA1-43k, GJA1-11k expression is more
enriched in the nucleus, with nearly as much protein in the nucleus as in the cytoplasm despite a much
smaller intranuclear volume (Figure 2, Figure S3). Together, the data of Figures 1 and 2 demonstrate
that a major fraction of GJA1-11k, unlike the other mammalian Cx43 isoforms, localizes to the nucleus.



Biomolecules 2020, 10, 473

GFP  GJA1-43k GJA1-11k

[ I I 1
A. O\ o N, & 5 o » \z\p
> 2 N > O N > O
> 2 « S
S S o

B. .
Cx43-CT (11Kk) GJA1-11k fractions
40000
38000
e $ 36000
g .
Na+IK+ATPase| g 2 o0
o
—— s
30000
GAPDH|~- P- P_ | 28000
——— = &S °\°°)
S

Figure 2. (A). Biochemical isolation of GJA1-11k in the nucleus. Western Blot of Cx43 isoforms in
subcellular fractions (cytosolic and nuclear fractions) of HEK293FT cells over-expressing exogenous
GJA1-11k, GJA1-43k, and GFP-V5 tagged plasmid cDNA, probed to monoclonal Cx43-CT (Millipore)
antibodies. To demonstrate enriched biochemical isolation, the same blot was probed using antibodies
to different subcellular fraction markers, including cytoplasmic (GAPDH), membrane (Na*/K*-ATPase),
Golgi (GM-130), and nuclear markers (Histone H3, Lamin B1). The results are representative of three
independent experiments. (B). The densitometry of CT-43k (11k) subcellular fractions assessed by
Western Blot. Uncut immunoblots are provided in Figure S3.

3.2. GJA1-11k Inhibits Cell Proliferation

The nucleus is the primary organelle involved in cell cycle regulation. Because the C-terminus
fragments are associated with inhibiting cell proliferation [29,31] and GJA1-11k appears to be enriched
in the nucleus (Figures 1 and 2), we quantified cell proliferation in the presence of GJA1-11k. HEK293FT
cells were transfected with the siRNA that silenced endogenous GJA1 mRNA, removing any endogenous
source of any Cx43 isoform. Note that silencing GJA1 alone, even with little background signal,
resulted in a significant increase in cell growth compared to non-transfected cells or scramble siRNA
control (Figure 3, Figure 54). These data suggest that even minute quantities of Cx43 or its isoforms
can inhibit cell proliferation.
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Figure 3. Effect of Cx43 on cell proliferation. The knockdown of endogenous Cx43 increases the cell
proliferation of HEK293FT cells. For each day, data are presented as mean + SEM, n =9, ** p < 0.01,
***p < 0.001, **** p < 0.0001 by an unpaired two-tail Student’s t test. Western Blot analysis confirmed
the knockdown of Cx43 and is representative of three independent experiments.
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We then explored the effect of the full length Cx43 and the GJA1-11k isoforms on cell proliferation.
We transfected HEK293FT with vectors expressing GJA1-11k, GJA1-43k, GJA1-WT, and GFP-V5 as a
negative control. The cells were counted over a three-day period (Figure 4). GJA1-11k significantly
inhibited cell growth (p < 0.01), relative to GJA1-43k and GFP-V5. Apoptosis was ruled out by TUNEL
staining (Figure S5). Together, these results indicate that GJA1-11k can be a potent growth suppressor,
more so than either the full-length isoform GJA1-43k or the intact WT Cx43.
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Figure 4. Effect of Cx43 short isoforms on cell proliferation. The overexpression of GJA1-11k inhibits
the cell growth of the HEK293FT cell line. The growth curve is counts of transiently transfected cells
each with vectors expressing GJA1-11k, GJA1-43k, GJA1-WT, and the negative control plasmid GFP
with V5-tag. For each day data are presented as mean + SEM, n = 12, ** p < 0.01 by one-way ANOVA
followed by Tukey’s post-hoc test. Cell growth analysis revealed that cells expressing GJA1-11k
grew significantly slower, than cells overexpressing other isoforms. Western Blot confirmed transient
expression of Cx43 isoforms. Uncut immunoblots are provided in Figure S6.

We next tested whether nuclear localization is essential for GJA1-11k to convey growth inhibition.
From an in silico analysis, we could not find a nuclear localization sequence (NLS) in GJA1-11k
to remove and therefore limit its entry. However, we were able to add a nuclear export signal
(NES) [33] to GJA1-11k. A vector was generated with an NES sequence (LQLPPLERLTLD) [34] added
to GJA1-11k-V5, and transiently transfected into HEK293FT. We then used immunofluorescence to
identify changes in nuclear localization. The expression of GJA1-11k-NES significantly reduced the
presence of GJA1-11k in the nucleus (Figure 5A), p < 0.0001, whether detection was by antibodies
against Cx43-CT or V5 tag (Figure 5A, right Panel), p < 0.001. We next quantified cell growth as done
in Figure 4. The results show that GJA1-11k-NES partially rescues cell growth (Figure 5B, Figure S6).
Residual decreases in cell count were likely due to residual GJA1-11k remaining in the nucleus.

3.3. GJA1-11k Inhibits Cell Cycle Progression to the S Phase

The inhibition of proliferation implies interruption of cell cycle progression. We explored the stage
at which cell growth is inhibited by GJA1-11k in the nucleus. HEK293FT cells were serum-deprived for
48h to synchronize cells in the phase Gy/Gy prior to transfection. Seventy-two hours after transfection,
the cells were labeled with BrdU for 45 min and subsequently fixed and stained with anti-BrdU
antibody (protocol diagrammed in Figure S7). Flow cytometry was used to quantify the percentage
of cells in each phase (Figure 6A). Quantification was performed in cells transfected with either a
negative control (GW-CAT V5), GJA1-WT, full length GJA1-43k, GJA1-11k, or GJA1-11k-NES. Our
results in Figure 6B indicate that, of all the plasmids, GJA1-11k resulted in the highest percentage of
cells remaining in GO/G1 (from 17% in the negative control to almost 40% with GJA1-11k, a twofold
increase). As would be expected by capturing cells in G0/G1, the expression of GJA1-11k results in half
of the cells in the S phase as it does in the negative control cohort (from 50% to 27%, p < 0.05; Figure 6B).
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The expression of GJA1-11k-NES resulted in increasing the percentage of cells in the S phase relative to
GJA1-11k (p < 0.01; Figure 6B).
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Figure 5. GJA1-11k with nuclear export signal rescues the cell proliferation of the HEK293FT cell line.
(A). The immunofluorescence of HEK293FT cells expressing GJA1-11k or GJA1-11k-NES probed with
V5 and Cx43 antibodies (Sigma) and the corresponding ratio of fluorescence density in the nucleus
versus cytoplasm is shown on the graph. Scale bar: 10um. The graph results are representative of four
independent experiments. The data are presented as mean + SEM, n = 26, **** p < 0.0001 by an unpaired
two-tail Student’s f test. The intensities in the bar graph were measured and normalized to background
using Image J. (B). GJA1-11k-NES rescues cell proliferation, suggesting that the effect of GJA1-11k is
linked to the nucleus. The number of cells transiently transfected with vectors expressing GJA1-11k,
GJA1-11k-NES, GJA1-43k, GJA1-WT, and the negative control plasmid GFP were counted 72 h after
transfection. Cell growth analysis has shown that cells expressing GJA1-11k-NES grew significantly
faster than cells expressing GJA1-11k. The Western Blot confirmed the transient expression of Cx43
isoforms. The data are presented as mean + SEM, n = 12, ** p < 0.01, *** p < 0.001 by one-way ANOVA
followed by Tukey’s post-hoc test.
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Figure 6. Overexpression of wild type Cx43 and short isoforms inhibits cell cycle progression in
HEK293FT cells. (A). Non-transfected cells were serum-deprived for 48 h to synchronize cells in the
Gy/G; phase. A representative image showing cell cycle phases in the HEK293FT cell line based on
BrdU incorporation versus total DNA staining by 7-AAD. The cell cycle phases were analyzed by
FlowJo. (B). The cell cycle distribution of GJA1-WT, GJA1-43k, GJA1-11k, and GJA1-11k NES V5-tagged
isoforms were analyzed 72 h post-transfection. The bar graph shows the reduction in the number of
cells in the S-phase and accumulation of cells in Gy/G; expressing GJA1-11k compare to GJA1-WT or
GJA1-43k. GJA1-11k-NES rescues cell cycle progression from Gy/G; to S-phase. The data are presented
as mean + SEM, n =12, * p < 0.05 and ** p < 0.01, ** p < 0.001 by one-way ANOVA followed by Tukey’s
post-hoc test. (C). The Proliferation index (using following PI = ((5+Gy/M) / (Go/G1+5+G,/M)) formula)
confirmed the reduction in proliferation rate for GJA1-11k. The data are presented as mean + SEM,
n=12,*p <0.05and ** p < 0.01, by one-way ANOVA followed by Tukey’s post-hoc test.
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The flow cytometry data in Figure 6B can be used to quantify growth fraction by a proliferation
index (PI). Of all the plasmids, only GJA1-11k significantly reduced the calculated PI (Figure 6C).
Notably, the addition of the NES to GJAl-11k reverses the GJA1-11k induced reduction in PI (Figure 6C).
Together, the results confirm a GJA1-11k induced reduction in the proliferation that occurs by limiting
the exit of the GO/G1 phase and that nucleus localization is necessary to affect the growth inhibition.

3.4. Discussion

Our work attributes a specific biological role to mammalian GJA1-11k. The 11kDa alternatively
translated isoform of Cx43 functions independent of gap junction formation as it uniquely localizes to
the nucleus where it directly affects cell growth, limiting cell cycle progression from the G0/G1 phase
to the S phase.

In our expression analysis (Figure 1), we found mammalian GJA1-20k to be distributed in
cytoplasmic organelles, consistent with its known roles in Cx43 forward trafficking [22,24] and
metabolism [26,27]. This reported localization differs somewhat to a recently published study about the
role of Xenopus GJA1-20k, which was found to translocate to the nucleus of Xenopus and HeLa cells
(where it can upregulate N-cadherin expression [28]). It is not clear why we could not reproduce Kotini
et al’s [28] finding regarding GJA1-20k nucleus enrichment. The Xenopus GJA1-20k has a different
sequence and is shorter than human GJA1-20k by six amino acids. The Xenopus plasmid also did not
mutate downstream methionine resulting in potential generation of alternative isoforms GJA1-11kDa
and 7kDa, which may have been detected in lieu of GJA1-20k. The Xenopus GJA1-20k in the Kotini
study [28] was also covalently bound to the glucocorticoid receptor to enforce nuclear translocation of
GJA1-20k, and thus nuclear localization could have been more a product of the glucocorticoid receptor
that of the GJA1-20k itself. Finally, differences between the human and Xenopus GJA1-20k isoform
sequences could result in differences in localization tendencies. Future studies carefully exploiting the
differences in the plasmids and their effect on localization should be highly informative.

Cx43 expression is typically reduced in tumor cell lines [17] or tissues [8,18-20,35-38] and the
loss of Cx43 is associated with shorter patient survival [8,20]. It has already been identified that
ectopic expression of WT Cx43 in cancer cells does not result in gap junctions generation yet limits cell
proliferation [7,8,39,40]. Despite these observations and correlations, significant knowledge gaps exist
in our mechanistic understanding of non-canonical effects of ectopic Cx43. It should also be noted that
most studies identify Cx43 by antibody staining in which the epitope for Cx43 specific antibodies is in
the C-terminus; therefore, full length Cx43 cannot be differentiated from the smaller isoforms [22]. We
expect that reports of Cx43 in the nucleus in cancer cells [28-31] indeed may be GJA-11k, which is
protective against cancer progression. For exogenous introduction, GJA1-11k is a small, hydrophilic,
nucleus-targeted peptide that could be exploited for cancer therapy. Future studies should explore the
molecular mechanisms underlying nuclear, GJA1-11k-regulated cell cycle progression and cell growth,
as well as its translation into a new therapy targeting tumor growth and progression. In this particular
study, we used an in vitro model with only HEK cells which have fast growth. In addition, we relied
on exogenous expression that can result in super-physiologic levels of transfected proteins. Finally,
HEK cells have limitations in microscopy that can be overcome with flatter cells. Future studies should
include multiple cell lines including cancer cell lines, as well as in vivo models.

Given the identified roles of GJA1-20k in channel trafficking [22,24], metabolism [25-27,41],
transcription [28], as well as in epithelial-mesenchymal transition [42], we were surprised in this study
that the dominant phenotype of GJA1-11k relates to yet another phenomenon, specifically inhibiting
cell cycle progression. The common denominator, we believe, is the affinity of the Cx43 C-terminus for
both microtubule [26] and actin [24] cytoskeletons. A microtubule-binding domain for Cx43 has been
identified in the proximal Cx43 C-terminus [43,44]. If actin is involved in GJA1-11k nuclear localization,
then the results of the current study would support early studies identifying an association between
Cx43 and actin [24,45] and, in general, help us understand that cytoskeletal interactions are the basis
for multiple fundamental properties of the internally translated isoforms of Cx43.
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Our focus on cell cycle regulation was based on a combination of the classic role of proteins
with intranuclear enrichment and prior reports that Cx43 involvement in cell-cycle regulation is not
easily explained by sarcolemmal localized ion channels. As the field explores the effects of Cx43’s
smaller isoforms, we expect the number of cellular phenomena associated with each isoform to grow
and we will identify crossover between the roles of different isoforms. For instance, in unpublished
studies, we observed that GJA1-11k can affect the transcription of GJA1 mRNA. Already, GJA1-20k is
associated with the transcriptional regulation of N-Cadherin [28]. Similarly, proteins that rearrange the
extranuclear cytoskeleton, such as GJA1-20k [24], may also affect the mechanics of cell proliferation.
We look forward to the next several years of discovering the roles of Cx43’s smaller isoforms.

Formation of smaller truncated isoforms by alternative translation can be a source of considerable
biologic diversity for any gene, and especially single coding exon genes such as Gjal that are not able
to undergo splicing. Traditionally, alternative translation is considered a phenomenon that occurs
with development and evolutionary changes [46]. However, it has already been established that the
expression of GJA1-20k and other smaller isoforms increase with metabolic stress [25,27] or as a result
of mTOR and Mnk1/2 pathway inhibition. These pathways are involved in critical and dynamic cellular
processes, such as cell growth, proliferation, transcription, and survival [22,23], and occur in mature
cells on a much more acute time scale than during development and evolutionary change. Previous
findings have identified GJA1-20k as a protective stress response protein in terminally differentiated
cardiomyocytes [27]. Based on our results, GJA1-11k could also be a stress response protein, but its
upregulation could be a response to inhibit cell cycle progression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/3/473/s1,
Figure S1: title, Table S1: title, Video S1: title.
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Abstract: The voltage-gated sodium channel is vital for cardiomyocyte function, and consists of a
protein complex containing a pore-forming « subunit and two associated 3 subunits. A fundamental,
yet unsolved, question is to define the precise function of § subunits. While their location in vivo
remains unclear, large evidence shows that they regulate localization of & and the biophysical
properties of the channel. The current data support that one of these subunits, 32, promotes cell
surface expression of x. The main « isoform in an adult heart is Nay1.5, and mutations in SCN5A,
the gene encoding Nay1.5, often lead to hereditary arrhythmias and sudden death. The association of
32 with cardiac arrhythmias has also been described, which could be due to alterations in trafficking,
anchoring, and localization of Nay1.5 at the cardiomyocyte surface. Here, we will discuss research
dealing with mechanisms that regulate 32 trafficking, and how 32 could be pivotal for the correct
localization of Nay1.5, which influences cellular excitability and electrical coupling of the heart.
Moreover, 32 may have yet to be discovered roles on cell adhesion and signaling, implying that
diverse defects leading to human disease may arise due to 32 mutations.

Keywords: cardiac arrhythmias; protein trafficking; voltage-gated sodium channel; Nay1.5; SCN2B

1. Introduction

We often wonder why people get sick. Why do some people die early in life while others reach
old age without major health problems? It is obvious that both genetic and environmental factors are
playing a role. An organ that must certainly remain in perfect condition throughout life is the heart; its
abnormal functioning is a sign of diseases that can lead to premature death. An unsolved matter is to
determine the molecular alterations that can lead to heart disease and how these may arise.

1.1. Arrhythmias and Sudden Cardiac Death (SCD)

Cardiomyopathies are a type of disease affecting the function of the heart muscle and leading to
heart failure. Suffering from cardiomyopathy also implies being at risk of arrhythmia and sudden
cardiac death (SCD). In the US alone, SCD affects annually up to 400,000 people, with coronary
heart disease being present in 80% of the cases [1]. Importantly, it is estimated that around 6 million
people die each year worldwide of SCD due to ventricular arrhythmia, which is often associated
with cardiomyopathy (the survival rate of a cardiac arrest is <1%). This represents 1/3rd of deaths
from cardiovascular disease of any kind, being these in fact the main cause of death in the world [2].
Therefore, understanding how arrhythmias develop, and the consequences that they entail, has interest
in the fields of biology, medicine and socioeconomics.

Biomolecules 2019, 9, 604; doi:10.3390/biom9100604 15 www.mdpi.com/journal/biomolecules
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SCD can occur in people under 50 and be associated with pathologies defined as unexplained
or arrhythmogenic. It is often the first and single clinical manifestation of an inherited heart disease
that has remained undiagnosed by conventional clinical practice [3]. A well-known arrhythmia is
Brugada syndrome (BrS), a disorder characterized by an abnormal electrocardiogram (ECG) that
causes ventricular fibrillation. Although considered a rare genetic disease, it is actually inherited by an
autosomal dominant trait [4] and linked to a high mortality rate [5]. In BrS, the ventricular muscle
quivers, instead of contracting in a coordinated manner. Such tachycardia prevents the blood from
flowing efficiently throughout the body. Consequently, the individual faints and can die within a few
minutes [6].

Since genetics and molecular biology emerged in the field of clinical cardiology, multiple genes
and mutated variants responsible for arrhythmias that lead to SCD were identified. A fundamental
hypothesis is that many cases of SCD are the clinical manifestation of rare hereditary diseases caused
by mutations in transmembrane ion channels implicated in generating the cardiac action potential
(AP). These channelopathies are due to alterations in subunits of the channel protein complex, as well
as in associated or regulatory proteins. Therefore, they can be congenital and due to one or more
mutations in the genes involved. Along with BrS, other channelopathies that cause SCD include long
QT syndrome (LQTS) and catecholaminergic polymorphic ventricular tachycardia [7].

1.2. The Cardiac Voltage-Gated Sodium (Nay) Channel

The voltage-gated sodium (Nay) channel often shows alterations leading to cardiac
channelopathies [8]. For instance, ~20 % of BrS cases are caused by mutations in SCN5A, a gene
mapping to the chromosomal region 3p21 [9] and encoding Nay1.5, the pore-forming, a subunit, of
the main cardiac Nay channel [4]. In the heart, the Nay channel is responsible for generating the rising
phase of the AP, thus playing a central role in myocardial excitability. The abnormal ECG observed in
BrS is due to loss-of-function of the Nay channel. It is characterized by an ST segment elevation of the
V1-V3 precordial leads and occurs in the absence of structural heart disease [6] (Figure 1).
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Figure 1. Role of Nay 1.5 in the generation of the cardiac action potential (AP). Schematic representation
of the cardiac AP and the contribution of the sodium current (Iy,) generated by Nay 1.5 as responsible
for the rising (depolarization) phase. The electrical pattern of precordial lead V1 of a normal
electrocardiogram (ECG) and one with an ST segment elevation typical of BrS are shown (arrow).

Initiation of the AP, along with the degree of intercellular communication via gap junctions, to
allow propagation, determines the conduction velocity of the electrical impulse. Thus, mutations in
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SCNbA have also been associated with LQTS, atrial fibrillation and even cardiomyopathies [10]. In fact,
the Nay channel also plays an important role in electrical impulse propagation in the heart [11].

Nay1.5 is located in the sarcolemma, i.e., the cardiomyocyte plasma membrane. Its localization
and function are regulated by auxiliary 3 subunits and other associated proteins [12,13]. Alterations in
the channel biophysical properties —including changes in activation or inactivation kinetics—can give
rise to the channel’s gain- or loss-of-function [8]. In this context, potentially fatal arrhythmias may
be due to defects in regulation of transcription, affecting SCN5A expression, or to post-translational
modifications, causing, for example, an incomplete processing of Nay 1.5 that may turn into its retention
in the exocytic pathway. A precise subcellular location of Nay1.5 is essential for the channel role in
AP generation (Figure 2). Thus, defects in Nay1.5 targeting to the sarcolemma—or an incorrect or
inadequate anchoring at the membrane—can affect considerably Nay channel functioning. In fact,
alterations in these processes are associated with BrS [14].
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Figure 2. Alterations in the Nay channel associated with heart disease. Several molecular mechanisms
can affect expression, localization or function of the channel and are associated with inherited or
acquired heart disease. ER, endoplasmic reticulum.

To understand the role of the Nay channel in cardiac function, and the consequent alterations
that may lead to disease, it is essential to study traffic and localization of Nay1.5, and importantly, the
contribution of its associated and regulatory proteins. In fact, considerable effort has been made to
investigate the pathways that determine the correct location of Nay 1.5 to subregions of the sarcolemma.
It is known that several proteins interact with Nay1.5, including cytoskeleton components, and various
structural domains involved in these interactions have been identified [13,15,16]. In addition, it has
been reported the assembly of macromolecular complexes between Nay1.5 and the inward rectifier
potassium channel Kir2.1 (which contributes to the final repolarization phase of the AP, and controls the
resting membrane potential of ventricular cardiomyocytes), which localize together in microdomains
of the sarcolemma, thereby controlling excitability [17]. Interestingly, an unconventional anterograde
route between Nay1.5 and Kir2.1/2.2 has been described, which would allow reciprocal regulation of
their localization. Understanding these interactions should help determining defects in localization of
these channels at the sarcolemma. This is important to subsequently assess the clinical features and
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severity of the disease. For instance, depending on the BrS-associated mutation in SCN5A, a different
pathological retention of Nay1.5 may be observed, either in the endoplasmic reticulum (ER) or in the
Golgi apparatus. In this regard, ER-, but not Golgi-retained Nay1.5 mutants, can be partially restored
by Kir2.1/2.2, thereby ameliorating the I, reduction due to the SCN5A mutation. Thus, Golgi-retained
Nay1.5 mutants give a comparatively higher decrease in In,, and therefore of cardiac excitability, than
the ER-retained mutants [14].

Nay1.5 is located at intercalated discs (ID), that is, the region between cardiomyocytes containing
cell adhesion complexes, and also in the lateral membrane [13], where costameres and transverse tubules
(T tubules) are found; costameres are protein complexes connecting the cardiomyocyte sarcomeres
with the extracellular matrix, while T tubules are deep invaginations of the sarcolemma in the Z-disk
region (or Z-line, which borders the sarcomeres), allowing electrical coupling with Ca®* release from
the sarcoplasmic reticulum [18]. The distribution of Nay1.5 in ID and T tubules depends in part
on ankyrin-G (AnkG) [19]. In fact, multiple interactions implicating Nay1.5 have been described,
which establish protein complexes defining different pools of Nay1.5 in cardiomyocytes (Figure 3).
Thus, plakophilin 2 (PKP2) and SAP97 (synapse-associated protein 97; a member of the family of
membrane-associated guanylate kinases) would control Nay1.5 localization at the ID [20]. It has been
proposed that PKP2 is part of a complex with connexin 43 (Cx43) and AnkG, possibly independent of
the interaction with SAP97 [21]. Nay1.5 is also located in the lateral membrane, whose targeting is
regulated by the syntrophin/dystrophin complex connected to the actin cytoskeleton [20]. AnkG is
also associated with Nay1.5 in T tubules [22]. Yet, AnkG is clearly required for Nay1.5 targeting to the
ID [23]. Finally, it was shown by super-resolution microscopy that a complex formed by Cx43, PKP2
and N-cadherin is responsible for the delivery of microtubule cargo to the ID, including Nay1.5; the
components and location of this molecular complex define the so-called connexome, which regulates
electrical coupling, cell adhesion, and cell excitability [24].
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Figure 3. Multiple interactions implicating Nay1.5 in cardiomyocytes. Several proteins have been
identified interacting with Nay 1.5 in different subregions of the cardiomyocyte sarcolemma, establishing
protein complexes that define different pools of Nay1.5. See the text for details.

Understanding the distribution of Nay1.5 in sarcolemma subdomains has indeed become a
complex task. Thus, recent data suggest the presence of a sub-pool of Nay1.5 at the lateral membrane
that is independent of syntrophin [25]. Interestingly, even the associated 31 subunit (see below) appears
differentially localized at sarcolemma subdomains. In this regard, Tyr-phosphorylated 31 (pYp1) is
associated with Nay1.5 at the ID, along with other partners, such as AnkG, Cx43 and N-cadherin,
whereas non-phosphorylated 31 associates with Nay channels in T tubules [26].
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In summary, Nay1.5 is probably grouped into well-defined functional nanodomains in each
subregion [27]. In fact, Nay1.5 has been found associated with lipid rafts, which are membrane domains
rich in cholesterol and glycosphingolipids where ionic channel regulatory proteins concentrate [18].
Understanding how all these molecules interact to regulate the subcellular localization of Nay channels
is clearly a challenge in this field of research.

1.3. The Nay Channel B Subunits

Analysis of Nay1.5 trafficking can be envisaged from at least three standpoints. First, we must
understand how Nay1.5 is targeted to cell surface domains; secondly, how Nay1.5 is retained in certain
subregions or domains of the sarcolemma, thereby defining its surface distribution; and third, how
Nay1.5 endocytosis and turnover are regulated, allowing renewal of the channel at the surface. In this
review, we will deal primarily with the first two points, focusing on a Nay channel-associated 3
subunit, namely (2. The 3 subunit family consists of four genes, SCN1B-SCN4B, which encode four
different proteins, 31-4, of which 1 has two alternative splice variants, 1A and 1B; § subunits
regulate sodium current (In,) density [28]. Interacting with Nay 1.5 by its extracellular region [29], or
even through the transmembrane domain (TMD) [30], it has been proposed that they perform a major
role mainly in ensuring efficient transport of the channel’s & subunit to the plasma membrane [13].
Interestingly, several BrS-associated mutations causing loss-of-function of the Nay channel have been
found in f subunits [31-34].

The current view on the function of 3 subunits within the Nay channel is that (i) they determine
proper cell surface localization of the channel complex, (ii) they control channel gating and kinetics, and
also (iii) they regulate gene expression of the « subunit, and perhaps of the 3 subunits themselves [12].
The mechanisms by which (3 subunits may carry into effect these roles have been addressed in excellent
recent reviews [35-37]. However, the data lead to the conclusion that modulation of Nay channels by
{3 subunits in heterologous systems shows effects that are dependent on the 3 and « subunits analyzed
and, importantly, also of the cell type, which may be related to endogenous expression of some of
the subunits. Indeed, it has been seen that in neurons or cardiomyocytes obtained from null mice,
which would be more physiologically relevant models, the reported effects are in general less striking.
Moreover, the protein domain(s) of § interacting with «, and posttranslational modifications, such as
glycosylation and phosphorylation, clearly have an effect. In this regard, glycosylation of 3 subunits,
and in particular sialylation, was found important for regulating the channel biophysical properties.
Specifically, only sialylated 31 shifted gating of Nay1.2 and Nay1.5. On the other hand, sialylation of
(2 influenced Nay1.5 gating, while not that of Nay1.2; those data also implicated that effects by these
subunits on o are synergistic and, for 32 in particular, isoform specific [38].

The possibility that 3 subunits may compensate for each other in vivo adds another level of
complexity to this aspect. In addition, Nay (3 subunits can also influence certain potassium currents,
thereby contributing to cross-talk between Nay and potassium channels. Progress on this topic may be
accomplished by investigating the structural determinants of the interaction and affinity between «
and p subunits within the Nay channel [37,39]. For instance, non-covalently bound 1 and (33 subunits
affect the conformational dynamics of Nay1.5 by binding, through their extracellular and TMDs, to
the voltage-sensing domains within domains III and IV of Nay1.5, thereby modulating ionic current
kinetics and cell excitability [30].

Next, we will focus specifically on regulation of 32 trafficking, and how that could influence
localization of Nay1.5, an aspect of key importance in cellular excitability and electrical coupling of
the heart.
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2. The 32 Subunit

2.1. Sequence and Domain Architecture of 2

Proper traffic and localization of 32 to subdomains of the plasma membrane is likely determined
by its sequence motifs. Moreover, the interaction between 2 and Nay1.5, as well as with other
channel-regulatory molecules, must be relevant to determine the correct localization of Nay1.5, and
therefore the functionality of the Nay channel. To examine this aspect, a biochemical dissection of 32
should be performed. (32 is a type I transmembrane protein with an extracellular, immunoglobulin
(Ig)-like loop, having a role in cell adhesion [12], a single TMD, and a short cytoplasmic tail [40]
(Figure 4). The extracellular loop, maintained by an intramolecular disulfide bond between Cys-50 and
Cys-127 [29], has three potential N-glycosylation sites, that is, Asn-42, Asn-66 and Asn-74 [38]. Within
this region, a third cysteine, Cys-55, establishes a disulfide bond with the « subunit [29]. On the other
hand, the short intracellular C-terminal domain has two possible phosphorylation sites, i.e., Ser-192
and Thr-204 [41] (based on UniProtKB accession number 060939, corresponding to human SCN2B).

2.2. Trafficking of B2 and Its Role within the Nay Channel

The case of 32 is of particular interest concerning control of channel localization, since it is believed
to influence localization of Nay1.5 at a post-Golgi site, on its targeting to the cell surface [42,43].
In addition, we have described the first mutation associated with BrS in SCN2B [32], the gene encoding
2. Our data have shown that the 32 D211G mutation (a substitution of Asp by Gly) causes an Inj,
reduction of ~ 40% due to decreased cell surface levels of Nay1.5 [32,44]. Consistent with these data, it
has been found that Scn2b deletion in mice entails, both in ventricular myocytes [45] and in primary
cultures of hippocampal neurons [46], a comparable 40% decrease in surface levels of the o subunit
and, as a result, of the In,. Notably, 32 must associate with the & subunit for targeting to the nodes of
Ranvier and the axon initial segment of the «/f2 complex [29].
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Figure 4. Sequence and domain architecture of the 32 subunit. Of its 215 amino acids, the first
29 correspond to the predicted N-terminal (N-ter.) signal peptide [41]. It is worth noting the
extracellular immunoglobulin (Ig)-like loop. The transmembrane domain (TMD), which expands
along ~ 20 residues, and probably associates with lipid rafts, is followed by a short C-terminal domain.
Asterisks denote the approximate location of cleavage sites by -secretase (*) and y-secretase (**).
Pathogenic mutations, i.e., the atrial fibrillation-associated R28Q and R28W, and the BrS-associated
D211G, are shown in pink background; see the text for more details.
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We have shown that 32, exogenously expressed in Madin-Darby canine kidney (MDCK) cells,
localizes in a polarized way at the apical plasma membrane domain [44]. In both MDCK cells and
in cardiomyocyte-derived HL-1 cells, localization of Nay1.5 at the surface is strengthened by 32, but
not by the subunit carrying the D211G BrS mutation. Regarding differential surface distribution, it
is noteworthy the case of the 31 subunit, whose Tyr phosphorylation regulates its localization in
sarcolemmal subdomains. As shown in mouse ventricular myocytes, Nay channels at the ID consist of
Nay1.5 and pYp1, in close association with N-cadherin and Cx43, while channels in T tubules would
be formed by other Nay isoforms, such as Nay1.1 and Nay1.6, linked with unphosphorylated 31, and
associated with ankyrin-B [26]. Understanding the mechanisms that determine these interactions is of
the utmost importance, since the differential location of Nay channels in subregions of the sarcolemma
certainly influences conduction velocity and cardiac impulse propagation [20] (see Figure 3).

It is not known how (2 is transported to the cell surface; more specifically, it remains to be
addressed how 32 is targeted preferentially to the apical region in MDCK cells. In fact, understanding
how apical targeting signals are recognized in proteins is the focus of intense study. Such recognition can
take place by association of the protein’s TMD with lipid rafts. It can also occur via N- or O-glycosylation
of the luminal domain, and its consequent interaction with galectins (proteins that bind glycoprotein
carbohydrates). Additional elements have been implicated, including certain Rab GTPases (belonging
to the Ras superfamily of small GTPases), microtubule motor proteins, and elements of the actin
cytoskeleton [47,48].

Based on these considerations, it is tempting to speculate that apical 32 localization may have a
parallelism with its location at the nodes of Ranvier and the axon initial segment, where it interacts
with the o subunit [29]. If 32 similarly distributes in specialized sarcolemmal regions, it would help to
define, at least in part, the precise Nay1.5 location also at the cardiomyocyte surface. It is important to
note that it remains to be investigated whether targeting of 32 to such surface regions, and its surface
dynamics, potentially involving its endocytosis and turnover, are regulated by remodeling of the lipid
bilayer, glycosylation, and/or dimerization/oligomerization. In this regard, we have recently found
that N-glycosylation of 32 is indeed necessary for its efficient trafficking and localization to the plasma
membrane; importantly, non-glycosylated 32 does not promote surface localization of Nay1.5 [49].

2.3. Functions of p2

As demonstrated in Scn2b knockout mice, 32 has essential in vivo functions in maintenance of
neuronal excitability. However, it was not found necessary for Nay channel expression, or for survival,
since knockouts develop normally, their neuronal function and morphology appear normal, and
also their life expectancy. Yet, 32 is necessary for voltage-dependent inactivation of the Iy, and for
maintenance of Nay channel levels at the plasma membrane of the neuronal soma and in myelinated
axons. The lack of 32 leads to hyperexcitability and to a decrease of the threshold to suffer seizures,
possibly due to reduced excitability of inhibitory interneurons [46].

Concerning cardiac function, Scn2b knockout mice suffer from ventricular and atrial
arrhythmias [45], which is consistent with SCN2B mutations described in humans [32,50]. In fact,
these mice seem to reproduce some aspects of BrS, and it has been proposed that they could be very
useful for modeling aspects of human ventricular arrhythmias with a greater susceptibility to atrial
arrhythmia [45]. Intriguingly, a more recent report conclusively demonstrates that both 32 and (4
(unlike 31 and 33) are virtually undetected in ventricle of canine heart, implying that these subunits
unlikely have any contribution to the regional manifestation of BrS, typically affecting the right ventricle
rather than the left one [51].

Interestingly, human (32 can be sequentially cleaved by secretases; cleavage of 32 takes place
analogously to the processing of the amyloid precursor protein (APP), whose amyloidogenic cleavage
is cause and aggravation of the pathogenesis in Alzheimer’s disease [52]. In fact, B2 cleavage by
a-secretase, and subsequently by y-secretase, appears required for cell-cell adhesion and migration
of $2-expressing cells [53]. In this regard, its extracellular domain, which confers 32 features of
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cell adhesion molecule (CAM), has been shown to interact via homophilic, and also heterophilic
connections, by which it would bind the extracellular matrix proteins tenascin-R and tenascin-C,
and also the 31 subunit, thereby functioning as a CAM [54,55]. Because 3 subunits are cell surface
glycoproteins expressed during key periods of neuronal development, those earlier studies led to the
hypothesis that they likely have a dual role, i.e., regulating the ion channel and functioning as CAMs.
Such role on cell adhesion appears independent of their action on the channel « subunit, and would be
responsible of bringing out an important connection between the extracellular environment and the
cytoskeleton, for instance, by means of AnkG recruitment, which could have important implications in
neural development [56].

The y-secretase cleavage site in 32 [57], and probably that for 3-secretase as well, appears to
be conserved [58,59]. At least in mouse, the four 3 subunits ($1-4) can actually be processed by
[-secretase, i.e., the 3-site APP cleaving enzyme (BACEL) [59]. The cleaved intracellular domain of
(32, as shown in neurons, is translocated to the nucleus to participate in transcriptional regulation of
the « subunit, and possibly of other genes [52]. These results have been linked with observations
from the null phenotype in mice. Since the Scn2b knockout mice displays uncontrolled fibrosis, i.e.,
cell replacement with fibrous connective tissue, it has been suggested that the 32 intracellular domain
may regulate genes inhibiting atrial fibrosis [45].

Such remarkable finding reported over 10 years ago led to the conclusion that the 32 intracellular
domain acts as a transcriptional activator for Nay1.1, although the increased o subunit accumulated
intracellularly, while its cell surface levels were reduced [52]. Subsequently, these authors reported
that BACE1 null mice have increased Nay1.2 surface levels, explained as a potential compensatory
mechanism for the reduced surface Nay1.1 level. However, no changes in mRNA levels for Nay 1.2 were
detected [60]. This issue remains controversial as the phenotype of BACE1 null mice, i.e., susceptibility
to seizures, could not be explained by alteration in expression and localization of Nay1.2 or Nay1.6,
since protein levels of these & subunits remained unaltered and their distribution could not be correlated
with the phenotype of these mice [61]. Interestingly, further work has shown that BACEL1 can also
have a non-enzymatic role on «, implying an influence on the electrical behavior of excitable cells
independent of its proteolytic activity. Specifically, BACE1 was found to act as an accessory subunit of
Nay1.2, mimicking 32 in the o/ channel complex. This feature of BACE], i.e., acting as an accessory
f3 subunit of Nay, and also potassium channels, would influence channel function, having an impact
on cellular excitability and brain network activity, and at the same time may help explaining previous
data. Importantly, this aspect opens a new area of study of BACE1 in physiology and pathology
(reviewed in [62]).

Altogether, the published data provide strong evidence supporting a role of 3 subunits as signaling
molecules involved in cell adhesion, migration, and neurite outgrowth [12]. In this regard, 1 was
conclusively shown to promote neurite outgrowth in vivo through a signaling process triggered by
trans-homophilic cell adhesion and association with lipid rafts, which was suggested to be essential for
postnatal development of the central nervous system [63]. Within the context of cardiac function, an
important result in this regard is the recent finding showing that 1, by mediating cell-cell adhesion,
contributes to spreading of the AP along ventricular cardiomyocytes [64]. This work shows that 31
facilitates coupling of adjacent cells for ion exchange, being located within clefts of the perinexus, i.e.,
the narrow stretch of membranes closely apposed and adjacent to the gap junctions. By super-resolution
optical microscopy, the authors concluded that 31 is located within Nay1.5-enriched nanodomains of
the ID, however, it was seen clearly away from the fascia adherens areas rich in N-cadherin [64].

Here, we propose that 32 may have similar, yet to be discovered functions in adhesion and
signaling also in cardiomyocytes. Investigating these potential features could help to understand better
the role of 32 in specialized subdomains of the sarcolemma, both within and outside the Nay channel.
Indeed, 2 also binds laminin, which is the most abundant CAM in the extracellular matrix of the
peripheral nervous system. In this regard, it has been suggested that 32 overexpression in prostate
cancer mediates the neoplastic invasion of the nerves, which is believed to be a common pathway for
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cancer metastasis [65]. Intriguingly, this feature of 32 may have a connection with previous observation
showing that 32 overexpression causes an increase of the cell surface membrane in Xenopus oocytes,
which was then explained by increasing fusion of intracellular vesicles with the plasma membrane [40].

3. Overview and Working Hypotheses

In the context of the heart, the current data support the idea that 32 has a role in regulating
localization and function of the Nay channel in cardiomyocytes. In MDCK cells, a model system that
we have used to imitate the polarized cardiomyocytes [18], 32 is located at the apical surface [44].
This distribution may have a correspondence with its preferential targeting to the neural nodes of
Ranvier and the axon initial segment, where it interacts with the « subunit [29]. Given the importance
of the /B2 link, it is fundamental to understand how alterations in 32 may affect its localization and
that of Nay1.5 at the cell surface. In this regard, we have analyzed the influence of 32 on localization
and function of the Nay channel in polarized MDCK cells. Our data show that targeting of 32 to
the cell surface is affected if N-glycosylation is abolished, causing retention of 32 in the ER. A small
fraction of the triple non-glycosylated 32 mutant, that is, N42Q/N66Q/N74Q), can still reach the cell
surface by bypassing the Golgi complex, and is correctly targeted to the apical domain. However, it is
important to underline that it does not promote surface localization of Nay1.5, since coexpression
of this mutant causes a reduction in surface levels of Nay1.5 [49] (Figure 5). Therefore, it is clearly
defective in regulating Nay1.5 surface localization, which is a well-accepted function of 32 in the
heart [12]. Yet, we have seen that a single N-glycosylation is sufficient for 32 to reach the cell surface
and to ensure efficient Nay 1.5 localization [49]. To perform this role, we suggest that N-glycosylation
in 32 is necessary for its recognition through galectins, which would guide 32 to the proper cell surface
domain [66].

API

ﬁ B2 UNG
™ classical
. Golgi

bypass

BAS

Figure 5. N-glycosylation of 32 is necessary for its targeting to the cell surface and to promote surface
localization of Nay1.5. Proper (32 trafficking is determinant for Nay 1.5 localization to the cell surface,
and specifically, to the apical plasma membrane (API) in polarized MDCK cells. Unglycosylated (UNG;
N42Q/N66Q/N74Q) B2 is retained in the endoplasmic reticulum (ER), often seen together with Nay1.5.
By bypassing the Golgi apparatus (G), a fraction of the mutant can reach the cell surface (dotted arrow),
but at a rate of only approximately one-third of that of the wild type. In addition, it is defective in
promoting surface localization of Nay1.5. BAS, basolateral surface; TJ, tight junctions.

For the 1 subunit, it has been proposed that palmitoylation is a possible mechanism for its
adequate surface localization and consequent anchorage to lipid rafts [28]. Along these lines, we suggest
that the TMD influences the localization of 32 within surface subdomains, which would also take
place by association with these cholesterol-rich regions, and would possibly be regulated by the TMD
length [67]. In this regard, our ongoing work shows that the apical distribution of 32 in MDCK cells is
altered upon cholesterol depletion [68]. In primary cortical neurons, all four 3 subunits (31-4) have in
fact been found enriched in detergent resistant membranes by subcellular fractionation, implying their
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preferential association with lipid rafts [59]. On the other hand, it remains to be addressed the possible
contribution of the Ig domain [29,69] in disulfide bond-mediated dimerization/oligomerization of
32 [70] and, consequently, in 32 targeting to certain surface domains.

We propose that mutations associated with (2—some of which undoubtedly linked to
disease [32,50]—alter its dynamics at the membrane, negatively affecting localization and function of
the Nay channel. As previously seen [44-46], mutated 2, or its absence, negatively affects Nay1.5
traffic from the ER to the plasma membrane. A mutation in 32 may cause its intracellular retention. In
the case of the BrS-associated D211G mutation, 32 reaches the plasma membrane normally. However,
similar to unglycosylated 32 [49], this mutant is defective in promoting Nay1.5 trafficking to the
surface [44]. In addition to 32 N-glycosylation, which should ensure Nay1.5 chaperoning for proper
folding, we propose that there are elements in the cytoplasmic domain of 32 potentially implicated
on regulating Nay1.5 localization. In this regard, dynamics in 32 phosphorylation could potentially
influence recruitment of adapter proteins, such as AnkG [19], thereby affecting targeting of the Nay
channel to the right surface subdomain. Given its proximity, the D211G mutation could influence
potential phosphorylation predicted to take place in C-terminal residues [41] (see Figure 4). Support
for this idea comes from previous work showing that the 32 intracellular domain, possibly interacting
with AnkG, allows the heterophilic interaction with the extracellular domain of 1, thereby stabilizing
extracellular cell adhesion. The region in (32 required was mapped, and encompasses two Thr residues,
i.e., T198 and T204, that belong to a consensus sequence for potential phosphorylation by casein kinase
II, and thereby may be critical for AnkG interaction, in analogy to Tyr-phosphorylated 1 [71,72].

Additional evidence suggesting that there is an indirect link between Nay1.5 and 3 subunits
implicated on regulating localization of & also comes from earlier work showing that the cytoplasmic
domain of 3 subunits may not have much influence on «/(3 interaction in heterologous cell systems. Thus,
a 31 chimera bearing the intracellular domain of 32 overlapped strongly with Nay1.5, supposedly in
intracellular compartments [73], similarly as 31 does, but in contrast to 32, which is efficiently targeted
to the cell surface [42]. Moreover, recent data obtained by cryo-electron microscopy confirmed that
direct o/f32 interaction takes place essentially through extracellular disulfide binding, i.e., at Cys-55,
as previously shown [29], in addition to hydrogen bonding with Tyr-56 and Arg-135, although the
latter, connecting with the Ig loop, are likely less stable interactions [74,75]. Interestingly, a previous
report presenting 3D structural data of the 32 extracellular region obtained by X-ray crystallography
revealed the exact points of contact with the « subunit and indicated that 32 is unique among the Nay
{3 subunits in that it contains a second intrasubunit disulfide bond, via Cys-72 and Cys-75, in addition
to the common Cys-50 and Cys-127 bond, conserved in its 3 counterparts, yet this peculiarity may
have a yet to be elucidated function [76]. On the whole, we suggest that, at least in part, the action of
2 on «, and in particular on Nay1.5, may take place indirectly.

4. Limitations: The Cell Model System

Carrying out studies in immortalized cell lines, such as Human Embryonic Kidney 293 cells,
Chinese Hamster Ovary cells, or MDCK cells, represents an obvious limitation to recapitulate the
biology of the 32 subunit in the cardiomyocyte, or in other excitable cells. Like cardiomyocytes, MDCK
cells are polarized, but unlike those, they are epithelial cells. On the other hand, HL-1 cells are of
cardiac origin, albeit they are not polarized. In general, mechanisms governing trafficking have been
studied in cell lines growing in artificial environments, such as monolayers attached on a substrate, or
embedded in a matrix resembling the extracellular milieu. These setups are suitable for analyzing
many aspects addressed here. However, most of these cell lines have the obvious limitation that
they are not excitable. Even HL-1 cells, which have endogenous In, [77], do not express 3 subunits
and have very low levels of Nay1.5 ([44], and our unpublished data), and must also be transfected
to study sorting and targeting of the Nay channel. Likewise, most of these cell lines probably lack
specific channel-associated proteins, as well as components of the machinery required for sorting,
targeting, or membrane anchoring of channel subunits and, therefore, for their proper localization
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in the cardiomyocyte. Therefore, we must keep in mind that when studying the role of  subunits,
their trafficking, or interaction with «, it is quite possible that some observed effects differ from what
really occurs in a cardiomyocyte or in other excitable cells. Definitely, this issue should be addressed
by researchers in the field, and a considerable effort must be put on developing more suitable models
to analyze trafficking of the Nay channel subunits and also of the channel’s biophysical properties.

5. Implications of Research on the Nay Channel 3 Subunits

Research projects strictly focused on the biological aspects, as those with a strong relevance to
clinical aspects, are valid to address the aspects discussed here. Studying the mechanisms that may be
altered in heart disease poses to address one of the main challenges of society, that is, human health.
A key hypothesis is that alterations in localization of components of the Nay channel complex convey
a risk of arrhythmia and, therefore, are potentially associated with important cardiac pathologies.

Altogether, it is of utmost importance that findings in the field lead to a better understanding of
how subunits of the Nay channel correctly localize. Undoubtedly, growing knowledge on this aspect
will provide a better picture on the link between cell excitability and the electrical coupling in the heart,
thereby contributing to a better knowledge of how arrhythmias develop.

In summary, future studies should be aimed to understanding better the genetic factors that
determine phenotype variability. We are convinced that data generated in this field will be very useful
for risk stratification of the patient and therefore to predict heart disease. This should contribute to
early diagnosis of disease in asymptomatic individuals potentially at risk of SCD and to improve
treatment therapies, also avoiding a fatal event in patients already suffering from heart disease.
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Abstract: Voltage-gated sodium (Nav) channels drive the rising phase of the action potential,
essential for electrical signalling in nerves and muscles. The Nav channel x-subunit contains the
ion-selective pore. In the cardiomyocyte, Nav1.5 is the main Nav channel a-subunit isoform, with a
smaller expression of neuronal Nav channels. Four distinct regulatory 3-subunits (31-4) bind to
the Nav channel a-subunits. Previous work has emphasised the 3-subunits as direct Nav channel
gating modulators. However, there is now increasing appreciation of additional roles played by
these subunits. In this review, we focus on p-subunits as homophilic and heterophilic cell-adhesion
molecules and the implications for cardiomyocyte function. Based on recent cryogenic electron
microscopy (cryo-EM) data, we suggest that the 3-subunits interact with Nav1.5 in a different way from
their binding to other Nav channel isoforms. We believe this feature may facilitate trans-cell-adhesion
between 1-associated Nav1.5 subunits on the intercalated disc and promote ephaptic conduction
between cardiomyocytes.

Keywords: voltage-gated sodium (Nav) channels; Navl.5; sodium (Nav) channel (-subunits;
cell-adhesion; ephaptic conduction

1. Introduction

Cardiomyocytes within cardiac muscle bundles perform the involuntary contraction and relaxation
cycle that is the cellular basis of the heartbeat. Cardiomyocytes possess unique adaptations to ensure
this process is tightly synchronised between individual cells. In particular, the cardiomyocytes are
both physically and electrically connected to each other via their intercalated discs. On the lateral
membrane, T-tubules facilitate the transmission of the electrical signal from the cell surface, to deeper
within the cell. This stimulates the release of calcium from the sarcoplasmic reticulum and the initiation
of sarcomere contraction (Figure 1) [1].

The cardiac action potential underlies electrical signalling and is initiated by the transient
depolarisation of voltage-gated sodium (Nav) channels (for further details, see Ref. [2], this volume).
The Nav channel x-subunit (Mwt ~220-250 kDa) contains the ion-selective pore. In the human
genome, there are nine different functional Nav channel a-subunit genes encoding proteins Nav1.1-1.9.
Different Nav channel «-subunit isoforms are expressed in a tissue-specific manner and exhibit
distinct gating behaviour, presumably tailored to their physiological context. In the cardiomyocyte,
Nav channels with different gating properties can also be correlated with their differing sub-cellular
localisation. The major Nav channel isoform expressed in the heart is Nav1.5. Itis mainly localised at the
intercalated disc and within caveolae on the sarcolemmal lateral membrane [3]. Cardiomyocytes also
express smaller amounts of the neuronal channels Nav1.1, Nav1.3 and Nav1.6, which are predominantly
localised in the T-tubules [4,5]. This pattern is striking and is likely to be functionally significant.
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For example, on a given cardiomyocyte, all Nav channels will experience the same resting potential.
However, Nav1.5 activates at more negative potentials and more slowly compared to neuronal Nav
channels. Thus, Nav1.5 at the intercalated disc and on the sarcolemma may initiate the cardiac action
potential as it propagates from one cardiomyocyte to another within the muscle fibre [5,6]. By contrast,
a delayed T-tubular excitation of the neuronal Nav channels will be matched by their more negative
threshold for excitation and the more rapid kinetics of activation. This, combined with the close
structural association between the neuronal Nav channels, the sodium-calcium exchanger (NCX) and
the voltage-gated calcium channels on the T-tubular membrane and with the ryanodine receptors
(RyR) on the adjacent sarcoplasmic reticulum, permits T-tubular activation that is synchronous with
the surface action potential and that optimally initiates excitation-contraction coupling [4,7].

cardiomyocyte fibre
A3

% =

intercalated disc

lateral membrane
R} T-tubule caveolae

sarcoplasmic reticulum

gap junctions D mitochondria

Figure 1. The cardiomyocyte: its anatomical and cellular context. The location of key organelles,
membrane compartments and molecular components mentioned in the text are indicated.

1.1. The Nav Channel a-Subunit

All Nav channel a-subunits contain four internally homologous domains (DI-IV). Each domain
contains six transmembrane alpha helices (S1-56) (Figure 2A). Helix S4 of each domain contains
positively charged amino acid residues along one face of the helix. The movement of the S4
helices in response to changes in membrane potential is transmitted to helices S5 and S6 of each
domain. This leads to the transient opening and subsequent inactivation of the channel pore [8,9].
High-resolution structures obtained by cryogenic electron microscopy (cryo-EM), for the heart-specific
Nav1.5 x-subunit, the skeletal muscle channel Nav1.4 and the neuronal channels Nav1.2 and Nav1.7
show that the four domains surround the central pore with four-fold pseudosymmetry. Helices S1-54
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lie on the outer rim of the channel, with helices S5 and S6 from each domain forming the channel pore
region [10-14]. This topology is highly conserved between Nav «-subunit isoforms, as illustrated by
comparison of the Nav1.7 and Nav1.5 structures (Figure 2B).

A DI DIl DIl DIV

r N N7 AN 4 s
S$1-2 S3-4 S5-P P-S6 Extracellular

i -----
4& COOD

Intracellular

merged

Figure 2. The Nav channel a-subunit. (A) Cartoon representation showing internally homologous
domains DI-DIV. In DI, the location of transmembrane alpha-helices, S1-S6, the extracellular loops
(51-2; S3-4; S5-P and P-S6) and the re-entrant P helices are indicated. The positive charges on the 54
helices of each domain are indicated. (B) Three-dimensional structures of human Nav1.7 (PDB: 6JH8I),
rat Nav1.5 (PDB: 6UZ3), and their aligned structures. The channels are viewed from above the plane of
the plasma membrane. For Nav1.5 and Nav1.7, the domains DI-DIV are coloured as in (A). For aligned
structures, Nav1.7 is coloured blue-white and Nav1.5 is coloured pale green.

1.2. The Nav Channel B-Subunits and Their Binding Sites on the a-Subunits

Vertebrate Nav channels are typically associated with one or more 3-subunits (Mwt ~30-40 kDa).
There are four homologous 3-subunit genes (SCN1b-4b) encoding subunit proteins (31-34 respectively.
The B-subunits are type I transmembrane proteins consisting of a single extracellular N-terminal
V-type immunoglobulin (Ig) domain, connected to a transmembrane alpha-helix by a flexible neck
and terminating in a largely disordered intracellular C-terminal region (Figure 3A,B). An alternatively
spliced form of 31, known as 1B, is also expressed in the heart. It consists of an Ig domain identical
to that of 1, but lacks the transmembrane alpha-helix and is therefore secreted (Figure 3A) [15].
The 1- and B3-subunits show the closest sequence similarity to each other and are more distantly
related to 32 and 4 (Figure 3C) [16,17]. The -subunits have multiple effects on Nav channel gating
behaviour that vary between individual 3-subunit isoforms. In general terms however, they can
increase the peak current density of Nav channels, probably by enhancing trafficking to the plasma
membrane [2]. They also shift the voltage ranges over which Nav channel steady-state activation
and/or inactivation occur, and in some cases enhance the rates of inactivation and recovery from
inactivation [18]. As an illustrative example, the 33-subunit shifts the V 1 for inactivation of Nav1.5 in
a depolarising direction: i.e., the voltage at which half the channels are inactivated is displaced to a
more positive value compared to the x-subunit alone (Figure 3D) [19-22]. For a cardiomyocyte with
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a resting potential of about -90 mV [2], this would act to increase the fraction of functional Nav1.5
channels available in the membrane [17].
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Figure 3. The Nav channel 3-subunits. (A) Cartoon showing the common structural features of the
-subunits, including the alternatively spliced 31B isoform. (B) Atomic-resolution structures for the
Ig domains of: 31 (PDB: 6JHI); 32, (PDB: 5FEB); 33 (PDB: 4L1D) and 34 (PDB: 5XAX). The separate
disulphide bonds stabilising the N-terminal strands of 31 and 33 are labelled by hashtags and the free,
exposed Cys residue on 32 (Cys55) and 4 (Cys58) are as indicated. (C) Phylogenetic analysis of Nav
channel -subunits, showing their relationship to members of the Ig domain-containing CAM protein
family. PDCD1: programmed cell death protein 1 (https://www.uniprot.org/uniprot/Q15116); CXAR:
Coxsackievirus and adenovirus receptor (https://www.uniprot.org/uniprot/P78310); JAM: junctional
adhesion molecule 2 (https://www.uniprot.org/uniprot/P57087); MYP0: myelin protein PO (https:
//www.uniprot.org/uniprot/P25189); MPZL1: myelin protein zero-like protein (https://www.uniprot.
org/uniprot/095297); MPZL2: myelin protein zero-like protein 2 (https://www.uniprot.org/uniprot/
060487) and MPZL3: myelin protein zero-like protein 3 (https://www.uniprot.org/uniprot/QeUWV2).
The phylogenetic tree was constructed using the ClustalW2 package (https://www.ebi.ac.uk/Tools/
phylogeny/simple_phylogeny/). (D) Idealised inactivation curves of the Nav1.5 channel in the absence
(blue) and the presence (red) of the 33-subunit. The $3-subunit induces a depolarising (rightward)
shift of the V% of inactivation, as indicated on the diagram by the dotted lines.
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The B1-subunit interaction site has been resolved at high resolution for Nav1.2, Nav1l.4 and
Nav1.7 «-subunits [10-13] and is illustrated for the case of Nav1.7 in Figure 4A,B. The 1-subunit Ig
domain makes ionic and hydrogen-bond contacts with the DI, S5-P extracellular loop, the DIII, S1-52
extracellular loop and the DIV, P-S6 extracellular loop regions (Figures 2 and 4B). Surprisingly however,
the Nav1.5 a-subunit structure has revealed some localised, but structurally significant differences
between Nav1.5 and the other studied Nav channels [14]. In particular, the Nav1.7 Glu307 residue in
the DI, S5-P extracellular loop, is changed in Nav1.5 to an asparagine residue, Asn319. This creates
an N-linked glycosylation site that is not present in any other Nav channel isoform. In the Nav1.5
cryo-EM structure, there is electron density around Asn319 that is consistent with a complex N-linked
glycan (Figure 4C). It should be noted that the electron density detected in the cryo-EM data only
corresponds with two N-acetyl glucosamine residues of the core glycan. The remaining, diverse sugar
moieties of the terminal branches are not resolved, presumably due to their inherent flexibility. Thus
the N-linked glycan attached to Nav1.5, Asn319 extends further than the resolved electron density and
would certainly be bulky enough to occlude the binding site for the 31 Ig domain [12]. Moreover, the
specific orientation of a second N-linked glycan attached to Nav1.5 residue Asn1390 will probably
also interfere with the binding of the 31 Ig domain (Figure 4C). Hence, it seems likely that in vivo,
although 31 may still be associated with the Nav1.5 DIII voltage sensing domain via its transmembrane
alpha-helix, its Ig domain will not be able to bind to the Nav1.5 x-subunit.

Based on biochemical and electrophysiological data, it is probable that the (3-subunit
transmembrane alpha-helix also binds to Nav1.5 DIII voltage sensing domain [19-21]. Yet, there is
evidence that it may bind closer to Nav1.5 DIII helix S3 rather than to the binding site for the 31
transmembrane region on the DIII helix S2 [19,21]. If so, then a given Nav1.5 x-subunit may be able
to bind simultaneously to 31 and 33-subunits and there is indeed electrophysiological evidence to
support this idea [21,23].

In contrast to 1 and 33, which bind to the a-subunit non-covalently, the 32-subunit binds
to Nav1.7 covalently via a disulphide bond between a cysteine on the Ig domain (Cys55) and a
corresponding cysteine (Cys895) on the a-subunit DII S5-P extracellular loop (Figure 4D) [12,24].
Neither the transmembrane alpha-helix nor the intracellular region of 32 is resolved in the published
structure, indicating that both must be unconstrained in this purified complex [12]. As with 32,
the B4-subunit Ig domain also contains a cysteine (Cys58) that can form a disulphide bond to the free
cysteine on the o-subunit DII, S5-P site [25]. It is therefore presumed that the 32 and f4-subunit Ig
domains covalently bind to the same or largely overlapping site on most Nav channel x-subunits [26,27].
Oddly however, the putative 32- and 4- subunit binding-site in Nav1.5 again shows important
sequence differences from that on other Nav channels. Most notably, the residue equivalent to Cys895
of Nav1.7 is changed to leucine in Nav1.5 (Leu869) (Figure 4D-F). Since there are no other accessible free
cysteines on the Nav1.5 extracellular surface, it will be impossible for either the 32- or the 34-subunit
Ig domains to covalently bind Nav1.5 as they do to Nav1.7. Furthermore, the amino acid residues
clustered around Nav1.7 Cys895 and which, in Nav1.7 provide additional contacts with the 32 Ig
domain, are substantially different in Nav1.5 (Figure 4F).

Taken together, this evidence suggests that the Ig domains of all four 3-subunits will be unable to
bind to Nav1.5 directly, although the 3-subunit transmembrane and intracellular regions may still
do so. As a result, the Ig domains will be free to explore a greatly extended volume space above and
around the Nav1.5 channel than 3-subunits attached to most other Nav channels. What then are the
likely functional consequences of this difference?
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Figure 4. The binding sites for 1 and 2 on the Nav1.7 x-subunit and its comparison with Nav1.5.
(A) Side views, each with 90° rotation, of the Nav1.7 a-subunit, with associated 31 and 32 -subunits.
(B) Top view of the Nav1.7 x-subunit, with the 31 Ig domain binding site on the DI, DIII and DIV
extracellular loops highlighted. (C) Top view of the equivalent region of Nav1.5 a-subunit. Resolved
electron density corresponding to the N-linked sugar residues mentioned in the text are shown in grey
dots. (D) Top view of the Nav1.7 x-subunit with the 32 Ig domain binding-site on DII extracellular loop
highlighted. (E) Top view of the equivalent region of the Nav1.5 a-subunit. (F) Sequence alignment of
human Nav1.7 and Nav1.5 x-subunits around the DII 32 binding-site. Amino acid differences between
the two sequences are indicated by asterisks. The position of the Cys895 residue in Nav1.7, noted in the
text, is indicated with an arrowhead.

2. The Nav Channel -Subunits as Cell-Adhesion Molecules

Phylogenetic analysis indicates that all four of the 3-subunits are closely related to the myelin PO
family of cell-adhesion molecules (CAMs). Indeed, the 32 and 34-subunit sequences are more closely
related to other myelin P0-like proteins, MPZL1-3, than they are to either 31- or 33-subunits [28-30]
(Figure 3C). The p1-subunit can bind in trans both to itself and to other CAMs such as neurofascins
and contactins [31]. The B2-subunit can bind in trans to extracellular laminin [32]. The 3-subunit can
bind homophilically in cis [20,33] and heterophilically in frans with neurofascins [34]. The $4-subunits
can bind homophilically both in cis and trans [35]. In all cases, these interactions occur via the Ig
domains [36]. Hence, the Nav (3-subunits can be considered CAMs in their own right; albeit with the
additional property of Nav channel modulation.
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2.1. The Nav1.5-Associated p1-Subunit as a CAM at the Intercalated Disc: Its Role in Ephaptic Conduction

The intercalated disc is formed from the juxtaposition of the sarcolemma membranes from adjacent
cardiomyocytes and enables the cells to be mechanically and electrically coupled together [37]. It has a
complex inter-digitated ‘plicate” structure that ensures the inter-cellular connections are both close
and continuous. Within the intercalated disc, there are distinct and structurally diverse domains
each with their own specialised functions. For example, tight physical coupling at the desmosome
and adherens junction help to transmit mechanical force between adjacent cells (Figure 1) [38,39].
Interspersed between these structures lie the gap junction plaques [40]. These domains contain a high
local density of the protein connexin. Ventricular cardiomyocytes mostly express the connexin-43
isoform, although other isoforms are also present [41]. Connexins co-assemble on each membrane
to form a symmetrical hexameric pore-containing hemichannel. Two hemichannels - one from each
apposing membrane - associate in trans to form the functional gap junction and bind the two membranes
together, so that they are no more than 2-4 nm apart, a distance that provides a tight inter-membrane
seal [42]. Furthermore, a typical plaque contains several hundred closely packed gap junctions,
ensuring the almost complete exclusion of other proteins from this region [41]. The central connexin
pore is large enough to permit the passage of ions and small molecules [43]. Hence, the common view
that electrical coupling between cardiomyocytes occurs predominantly by an electrotonic spreading
mechanism in which charged ions flow passively from the cytoplasm of the “upstream’, depolarised cell
to the cytoplasm of its neighbouring, ‘downstream’ quiescent cell via their shared gap junctions
(Figure 5A) [44-46].

Surrounding and abutting the gap junction plaques lies the perinexus [47,48]. Unlike the gap
junction, the perinexal membranes from adjacent cells do not interact directly, but enclose a restricted,
inter-perinexal space, about 20 nm wide and extending away from the gap junction plaques for about
200 nm [48]. The perinexal membranes display a distinctive molecular composition. In particular,
they contain a high local density of Nav1.5 channels that form multi-molecular two-dimensional
clusters on the membrane surfaces [49]. This clustering may partly reflect an inherent tendency of
Nav1.5 channels to self-associate [20]. But Nav1.5 channels are additionally stabilised by interactions
with connexin-43 hemi-channels and with multi-modular cytosolic scaffolding proteins such as
ankyrin-G, ZO-1 and 14-3-3 [50-52]. These interactions not only ensure the accumulation of Nav1.5,
but they can also modify Nav1.5 activity. For example, ankyrin-G acts as a coordinating signalling
hub, functionally connecting Nav1.5 gating with upstream kinase and phosphatase enzymes and
down-stream cytoskeletal proteins [53]. In addition, 14-3-3 promotes co-operative gating behaviour
between Nav1.5 a-subunits [54].

The clustering of Nav1.5 channels on the perinexal membranes, with the potential for synchronous
depolarisation, ensure that activated channels on one membrane can withdraw enough sodium ions
from the restricted inter-perinexal space, so that the reduced density of positive charge depolarises
Nav channels on the perinexal membrane from the adjacent cell. This is the concept of ephaptic
conduction, in which electrical communication between cardiomyocytes is achieved without the direct
movement of sodium ions from one cell to the other (Figure 5B) [46,47,55-58]. Interestingly, perinexal
Nav1.5 channels co-localise with the inwardly rectifying potassium channel Kir2.1 [59,60]. There is
structural evidence that the C-terminal domains of Nav1.5 and Kir2.1 co-assemble on the cytoskeletal
protein SAP97, and thereby form a functionally linked, macromolecular complex [61,62]. The Kir2.1
channel exhibits a relatively high potassium conductance when the cardiomyocyte is at the resting
potential. Initially therefore, the movement of potassium ions into the perinexal space will buffer the
local change in electrical potential when the Nav1.5 channels first begin to open. However, its inwardly
rectifying property leads to a reduced conductance during the action potential plateau phase [63].
At this point, the entry of positively charged potassium ions into the perinexal space is minimised,
just as the Nav1.5 channels are maximally depolarising and removing positively charged sodium ions.
Hence, the Kir2.1 channel may act synergistically with Nav1.5 to finely regulate the rate and extent of
ephaptic conduction [59].
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Figure 5. Comparison of electrotonic and ephaptic conduction mechanisms. (Ai); In electrotonic
conduction, depolarisation of cell 1 by an action potential generates a membrane potential across the
gap junction comprising connexin molecules. (Aii); The resulting current flow from active cell 1 to
quiescent cell 2 causes its membrane to depolarise. (Aiii); When this changing membrane potential
rises above the threshold for Nav channel opening, an action potential is initiated in cell 2 and the
excitation wave is propagated. Note, the involvement of direct charge transfer between successive
cells in this process, which involves an ohmic transfer of charge. (Bi); In ephaptic conduction, Nav
channel excitation depolarises cell 1. (Bii); As a result, Nav channels in the perinexal membrane of
cell 1 become depolarised and there is a removal of sodium ions (and hence a net removal of positive
charge) from the ephaptic space separating cells 1 and 2. (Biii); The negative change in electrostatic
potential within the restricted ephaptic space is enough to depolarise the transmembrane potential
in cell 2, causing the activation of its Nav channels and propagation of the excitation wave. Note the
absence of direct charge transfer between successive cells in this process, which involves an electrostatic
transfer of charge. For clarity, only connexin-43 gap junction channels and Nav channels are shown,
and in the action potential profiles, the Nav channel threshold has been displaced upwards.

Triggering ephaptic conduction would constitute a distinct non-canonical function of Nav channels
in promoting cell-to-cell excitation, as opposed to the more familiar action potential conduction within
the same cell. It could complement, or in some pathological circumstances, potentially replace
electrotonic conduction mediated by gap-junctions [55,58]. Conversely, their disruption following
pathological inflammatory or fibrotic change might compromise cell-cell conduction [64]. This could
be in addition to disruptions in connexin-mediated cell-cell coupling [65]. It is in this context, that we
suggest the unique structural features of Nav1.5 and its associated 3-subunits should best be interpreted.
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Figure 6. The proposed role for the f1-subunits in stabilising Nav1.5 channels on both apposing
perinexal membranes, whilst also maintaining the necessary width between perinexal membranes to
ensure efficient ephaptic conduction.

The perinexal Nav1.5 channels are associated with the 31-subunit. Recently, Veeraraghavan, et al.,
have shown that the perinexal membranes are associated with each other by trans homophilic binding
between apposing 31 Ig domains [66]. However, if the 31 Ig domain is attached to Nav1.5 in the way
that it is to Nav1.7, then it would only protrude about 4-5 nm above the membrane surface (Figure 4A).
In that case, the Ig domains would not be able to cover the required 20 nm distance between perinexal
membranes [47]. If on the other hand, the 1 Ig domain is not anchored onto the Nav1.5 a-subunit,
then the two B1-subunits from apposing membranes are freer to extend their flexible necks and
bridge this gap, forming frans cell-adhesion contacts (Figure 6). We suggest that the unique sequence
differences in the DI and DIV extracellular loop domains of the Nav1.5 x-subunit compared to other
Nav channels (Section 1.2, above) are specific adaptations that prevent Nav1.5 binding to the 1 Ig
domain and so facilitate this specialised cell-adhesion behaviour of the 31-subunit. In consequence,
the trans-mediated 31 Ig domain interactions help define the dimensions of the perinexal space by
constraining its width to no more than about 20 nm. Mathematical modelling indicates that a gap of
this order is optimum for ephaptic conduction [56].

The two interacting 31 Ig domains form an extended antiparallel contact surface running between
residues 66 and 86 (Figure 7A,B) [66,67]. In ventricular cardiomyocytes, a peptide mimetic of this
binding site competitively inhibited frans binding between the two 1 Ig-domain. This induced
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a widening of the perinexal space, with a concomitant reduction in perinexal sodium current that
precipitated arrhythmogenesis [66]. The clinical relevance of this work is supported by studies on
patients with atrial fibrillation that show a correlation between arrhythmic severity and excessive
widening of the atrial perinexal membranes [68]. Moreover, there are two independent SCN1b mutations
within or close to this region that are associated with Brugada syndrome: a charge-neutralising Arg to
His change at residue 85 and a charge-neutralising Glu to GIn mutation at residue 87 (Figure 7B) [69,70].
Taken together, these multiple structural, anatomical, pathological and experimental data sets not
only support a role for ephaptic conduction between cardiomyocytes, but also implicate the structure,
geometry and trans-binding behaviour of the f1-subunit as specific adaptations that are critical for
this mechanism.

When the cardiomyocytes are at rest, the inter-perinexal space is largely enclosed, such that it
is minimally influenced by its surrounding extracellular fluid. This too should increase the ability
of activated Nav1.5 channels to remove enough positive charge to induce ephaptic conduction.
Nevertheless, there must be some way for the electrolyte composition of the perinexal space to
be reset between excitation events. This could be facilitated by geometrical changes produced
by the cardiomyocyte contractions if they transiently enhance the accessibility of the perinexal
space to the extracellular milieu. Real-time in vivo imaging of ventricular cardiomyocytes has
identified surprisingly large flexing movements in the perinexus during the propagation of cell-to-cell
contraction [71]. A consequence of these cellular and membrane movements will be the rhythmic
stretching and relaxing of the frans-associated 31-subunits. Here, the disordered and spring-like neck
region of the 31-subunit, connecting its rigid Ig domain to its rigid transmembrane alpha-helix might
enable some strain-absorbing movement of the 31-subunit. However, as noted above, the 31 peptide
mimetic can not only gain access to the perinexal space, it can also disrupt the trans-binding between
1 Ig domains [66]. This implies that the frans binding must—at least to some degree—be dynamic,
perhaps reflecting a periodic dissociation and rebinding during the stretching cycle.

The 1-subunit can bind to cytosolic ankyrin-G and ankyrin-B via its intracellular region. But this
interaction is abolished if a critical intracellular tyrosine residue, Y181, is phosphorylated by Fyn
kinase [72,73]. In cardiomyocytes, the tyrosine-phosphorylated form of 1 is present only at the
intercalated disc, where it interacts with Nav1.5 and the CAM cadherin, but does not bind ankyrin-G.
The non-phosphorylated p1-subunit is present on the lateral membranes [74]. Of course, there could
be many functional reasons for this pattern. For example, phosphorylation may be a targeting signal
to direct B1-subunits to the intercalated disc [15]. Alternatively, the f1-subunit may be actively
phosphorylated at the intercalated disc in response to changes in membrane stretching or other
physiological signals. This would change the proportion of 1 that could connect to the cytoskeleton
via ankyrin-G and thus modify cell-adhesion, perhaps even during a contraction cycle. One may
speculate that the 31-mediated trans contacts could be further modulated via the alternatively spliced
1B isoform (Figure 3A) [15]. Since this isoform is secreted, it could in theory interrupt and fine-tune
the trans-binding, if present in the perinexal space. There is as yet no direct evidence for this proposal,
but a mutation in the 1B isoform is linked to Brugada syndrome [75].
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Figure 7. The proposed contact surface between the trans-interacting 1 Ig domains. (A) The
antiparallel arrangement of 31 Ig domains. (B) the two 1 Ig domains ‘peeled back’ to reveal the
contact surface proposed by [66]. The location of two Brugada mutations (Arg85 and Glu87), mentioned
in the text are indicated. Potential N-linked glycosylation sites, Asn110, Asn114 and Asn135 are
indicated. (C) Sequence alignment between 31 and 33 Ig domains within the proposed contact surface,
showing low sequence identity. Non-conservative changes are shown with asterisks and conservative
changes with vertical lines.

2.2. Do Other Nav Channel B-Subunits Facilitate Ephaptic Conduction?

Although the 3 and B1-subunits show the closest overall sequence similarity (Figure 3C),
there are localised sequence differences between them that could suggest functional specialisation.
In particular, the sequence of the 31 Ig domain trans cell-adhesion binding site is not conserved in
3 (Figure 7C) [76] and the evidence that 33 can act as a homophilic trans CAM is mixed [76,77].
We therefore suggest that unlike 31, the $3-subunit may not play a major role in stabilising the perinexal
space by trans-mediated cell-adhesion. On the other hand, when expressed alone in HEK293 cells,
the 33-subunits bind homophilically in cis, using their Ig domains [19,20,33]. Super-resolution imaging
experiments show that when co-expressed with Nav1.5, the 33-subunit affects the relative geometry
between Nav1.5 channel a-subunits, possibly by promoting particular orientations of individual Nav1.5
a-subunit dimers within larger clusters [20]. This is consistent with a cis-mediated (3-subunit effect.
The cis-interacting 3-subunit Ig domains could cross-link Nav1.5 channels within each perinexal
membrane and thus contribute lateral stability to the channel clusters whilst the 31-subunit provides
structural stability between apposing perinexal membranes.
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Binding of the 32-subunit to Nav1.5 cannot be detected by immunoprecipitation, when tested
in transfected HEK-cells [14]. Yet the 32-subunit can be immunoprecipitated together with Nav1.5
from heart tissue [78] and mutations in the 32 cytosolic region compromise the trafficking efficiency of
Nav1.5 in cardiomyocytes [2]. Hence, additional cardiomyocyte-specific protein contacts are likely to
be required to stabilise 32-binding to Nav1.5 in its normal physiological context. Interestingly, the Ig
domains of the 1 and B2-subunits can interact in trans, but the association requires the presence
of a sequence within the 32-subunit cytoplasmic region that contains a putative casein kinase II
phosphorylation site [31]. This raises the possibility that trans heterophilic interactions between 31 and
32 Ig domains may occur across the perinexal space, yet be regulated by signal transduction events
acting on the cytosolic face of the membranes [2].

Cys58 disulphide bond

E

Strand Strand Strand cis dimer cis dimers associated
closed open open in trans

B4-subunit cis dimer:
strands open

B4-subunit:

Bl-subunit.  Nay7.7 Strand closed Nav1.5 Nav1.5

Figure 8. The 4-subunit Ig domain can associate in both cis and trans. (A) The disulphide-bonded,
cis-interacting, dimeric 34-subunit Ig domain (PDB: 5XAW) with the Cys58 disulphide and the strand
swap N-terminal regions highlighted. (B) Proposed model for trans-interacting, 34-subunit Ig domain
cis-dimers, based on the model discussed in the text [79]. (C) Proposed association of the $4- and
B1-subunits on Nav1.7 and Nav1.5 a-subunits. Note, to clarify the structural details in (A) and the
cartoon models in (B) and (C), the two identical 34 Ig domains and 34-subunits are coloured differently,
in green and orange.

The homophilic cell-adhesion contacts of the 34 Ig domain have been studied using crystallographic
analysis, site-specific cross-linking with unnatural amino acids and cell-adhesion assays. The 34 Ig
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domain can be isolated as a dimer, stabilised by two striking features. Firstly, the presence of an
inter-subunit disulphide bond between the Cys58 residue on each Ig domain. Secondly, a reciprocal
strand-swap interaction, in which the first seven N-terminal amino-acid residues from one Ig domain
interact with residues on the partner Ig domain (Figure 8A) [79]. N-terminal strand-swapping is
a known feature of several trans-mediated CAMs that contain Ig domains, including cadherins in
the adherens junctions and desmogleins in the desmosomes [80-82]. In the case of 34 however,
the strand-swapped, disulphide-bonded Ig domain dimer is proposed to assemble on the same
membrane in a cis-interaction. In this process, the N-terminal residues that undergo swapping must
first undock from their binding site within the ‘closed” monomer, to generate an ‘open” monomer,
which is then capable of cis-dimerisation (Figure 8B). A 34 Ig domain in which the Cys58 residue
was changed to alanine, crystallised as a monomer in the asymmetric unit and the N-terminal strand
was not resolved [26], suggesting that this conformation might correspond to the monomeric ‘open’
state. It has been further proposed that at the cell-surface, the 34 cis dimers, then interact in trans to
promote cell-adhesion (Figure 8B) [35,79]. It is interesting to note that neither the $1-subunit, nor the
33-subunit Ig domains can form similar strand-swap dimers, because their N-terminal strands are
covalently locked in place via an intramolecular disulphide bond [12,33,76] (Figure 3B).

These structural insights have an important implication. If 34 is paired with most Nav channel
a-subunits, its Cys58 residue will form a disulphide bond with the free cysteine on the a-subunit DII
S5-P extracellular loop site [25] (e.g., Nav1.7; Figures 4D and 8C). But this would inhibit formation
of the Cys58-mediated (34 cis dimer (Figure 8A,B). On the other hand, the Nav1.5 x-subunit lacks a
free DII, S5-P cysteine. So, it is not possible for Nav1.5 to covalently bind the $4-subunit Ig domain
(Section 1.2.). Nevertheless, the interaction between the $4-subunit and Nav1.5 is stable enough to
be detected by immunoprecipitation when co-expressed in HEK293 cells [83]. Presumably, 34 must
still bind to Nav1.5 via other sites such as the transmembrane alpha-helix and/or the cytoplasmic
region. This will leave any Nav1.5-associated, 34-subunit Ig domains free to form disulphide-bonded,
homophilic dimers (Figure 8C). Thus, potentially, the 34-subunit could facilitate not only cis- but also
trans-mediated Nav1.5 cross-linking (Figure 8B,C). The overall dimensions of the 34 subunit are similar
to 1 [17]. The 34 and B2-subunits can be detected very close to - but distinct from - the intercalated
disc gap junctions [5], suggesting a likely perinexal location. It is tempting to speculate that the 4
(and probably (32) subunits could help stabilise both the width of the perinexal space and the clustering
of Nav1.5 within this region by facilitating extensive cis and trans-mediated associations.

2.3. Nav Channels and B-Subunits on the Lateral Membrane: A Role in Mechanosensing?

A major fraction of the Nav1.5 channels on the lateral membrane are sequestered into lipid
rafts and caveolae [84,85]. The caveolae are cholesterol-rich microdomains stabilised by the intrinsic
scaffold membrane protein caveolin and the peripheral, cytosolic protein cavin [86]. Palmitoylation is
commonly thought to act as a targeting signal that directs proteins into these structures [87]. Interestingly,
the transmembrane alpha-helix of the 31 and 3-subunits (but not the 32 and 34-subunits) contains
a juxtamembrane cysteine residue, located at the cytoplasmic interface that fits the consensus for
a palmitoylation site [16,17]. Recent work confirms that 31 is indeed palmitoylated at this residue
(Cys162). However, mutational abolition of the Cys162 residue does not prevent 31 targeting to
detergent-resistant membrane fractions (assumed to correspond to lipid rafts), although it does reduce
the steady-state level of the 1-subunit at the plasma membrane [88]. Within the caveolae, the Nav1.5
and B-subunit complexes are co-clustered with both Kir2.1 and the Kv4.2/4.3 channels responsible
for the transient outward potassium current [84,89,90]. Surprisingly, the Nav channel 31-subunit
binds to and regulates the Kv4.2/4.3 channels [91]. This opens the potential for mutual control of both
channels via Nav 31 - especially so on the restricted and crowded caveolar membrane. The caveolae
also sequester integrins, required for cell-adhesion to extracellular matrix proteins such as collagen
and fibronectin, together with the integrin-activated signalling enzyme, Fyn kinase [86,92]. However,
since the caveolae are highly invaginated, rosette-like clusters, it is not clear whether the sequestered
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integrins can bind extracellular matrix proteins under these conditions; neither is it clear whether the
sequestered ion channels can be active [93]. Yet there is evidence that caveolin can regulate integrin
activity [94] and in turn, both integrins and caveolin can modulate Nav1.5, Kir2.1 and Kv4.2/4.3
channels [95-97].

A possible explanation for these observations is that caveolae act as sensors for mechanical stress
and respond dynamically to changes in cell deformation [98]. In particular, the cell stretching
initiates a rapid dissociation of the cavin coat and a ‘flattening’ of the caveolae membrane.
This mechanism increases the surface area of the plasma membrane and helps buffer against stretching
forces [99,100]. A further consequence is that the integrins, ion channels and signal transduction
enzymes are repartitioned into the plasma membrane, but probably remain as a macromolecular
complex. This translocation is followed by an increased integrin-stimulated ERK signalling, which is
caveolin-dependent [93]. Since ERK is a down-stream target of activated Fyn kinase [101], this suggests
that the translocation of the integrin/ion channel complex into the wider plasma membrane can
enhance integrin-dependent Fyn-kinase activation, perhaps by enabling greater access of the integrins
to their extracellular matrix ligands. Activated Fyn kinase also phosphorylates Nav1.5, inducing a
depolarising shift in the V), of steady-state inactivation, thus increasing the fraction of functionally
active Nav1.5 channels on the membrane [102]. Furthermore, Nav1.5 is a mechanosensor and
the membrane flexing itself will affect channel gating. In particular, the Nav1.5 channel responds
to physiological levels of mechanical membrane stress with a hyperpolarising shift to the Vi, of
steady-state inactivation [103,104]. Remarkably, the $1-subunit further amplifies this hyperpolarising
shift [105]. The combination of increased Nav1.5 excitability via integrin-activated Fyn-kinase signalling,
with the opposite mechanosensitive response of Nav1.5 and its 31-subunit may act to finely balance
the need to integrate different cell-adhesion signals, whilst also protecting against excessive mechanical
stress over a large voltage range. The 33-subunit enhances the mechano-induced acceleration of
both activation and inactivation kinetics, but unlike 1, it does not affect the mechanosensitive shifts
in steady-state parameters [105]. The structural explanation for these differences between 31 and
3-subunits and indeed their functional significance, is not clear.

The B-subunits exposed on the lateral membrane can interact with extracellular matrix proteins.
For example, the 32-subunit can bind in trans to laminin, a known component of the heart extracellular
matrix [32]. But there is relatively little 32-subunit exposed on the cardiomyocyte lateral membrane [5].
Another possibility is that f1-subunits exposed on the surface of the lateral membrane may interact
homophilically with f1-subunits and other CAMs on adjacent cell types [31,34]. For example,
during cardiac fibrosis, there is an enhanced proliferation of myofibroblasts that express several
different Nav channels including Nav1.5, together with the $1-subunit [106]. Myofibroblasts can form
aberrant electrical connections to the cardiomyocytes, which likely adds additional and potentially
pro-arrthythmic membrane capacitance [107]. Whether the contacts between cardiomyocytes and
myofibroblasts involve frans-cell adhesion contacts between 1-subunits remains to be determined.

2.4. Nav B-Subunits and Neuronal Channels in the T-Tubules

The neuronal Nav channels localised within the T-tubules are predominantly associated with the
1 and 33-subunits [5]. These Nav x-subunits all lack a glycosylation site in their DI, S5-P extracellular
loop, equivalent to Asn319 in Nav1.5 [9]. Hence, it is likely that the 31 and 33 Ig domains will bind onto
these Nav a-subunits in a manner more like Nav1.7 than Nav1.5 (Figure 4A,B). As the T-tubule width is
significantly greater than 20 nm (and is often more than 100 nm) [108], any direct trans-mediated binding
of 31 Ig domains between opposite membrane faces of the T-tubules is unlikely. There is evidence that
CAMs such as laminin can enter the lumen of large-diameter T-tubules [109]. So, cell-adhesion-type
functions for T-tubular 3-subunits cannot be ruled out. In mice, deletion of the SCN1b gene perturbs
the interaction between T-tubular Nav channels and NCX complexes, with a consequent dysregulation
of calcium homeostasis, suggesting a structural role to facilitate excitation-contraction coupling [110].
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3. Conclusions and Unsolved Problems

On the cardiomyocyte membranes, the Nav channels form heterogeneous, multi-component
macromolecular clusters, rather than remain as isolated molecules [111]. There is no necessary
requirement for every Nav a-subunit to have an identical stoichiometry with any associated
B-subunit [17]. Examples from other ion-channels show that the behaviour of membrane-bound
clusters can change depending on variations in subunit ratios [112]. In such assemblies, individual
protein components can have more than one function, depending on the physiological context.
Although originally identified by their direct effects on channel gating, it is now clear that the Nav
-subunits extend their functions to include cell-adhesion and mechano-sensing and in doing so,
raise further questions:

3.1. Evolutionary Relationship between Nav p-Subunits and Other CAMs

The Ig domain superfamily has deep evolutionary roots that pre-date the divergence of vertebrate
and invertebrate lineages [113]. Yet the Nav channel 3-subunits have only been discovered in vertebrate
genomes, where they cluster together with members of the Ig domain-containing CAM family [30].
This close evolutionary relationship raises the intriguing possibility that homologues such as the
MPZL1-3 group of proteins (Figure 3C), might act as additional Nav channel modulators. At least
some of these proteins are expressed in heart tissue [114].

Although lacking 3-subunits, invertebrate Nav channels do possess associated proteins that
modulate gating and trafficking behaviour of their Nav channels. The best characterised are members of
the TipE family [115]. However, these proteins show no sequence or structural similarity to vertebrate
-subunits and must have independently evolved their Nav channel-modulating behaviour. It will be
interesting to see whether the TipE proteins can act as CAMs, or whether cell-adhesion is a unique
feature of the vertebrate $-subunits.

3.2. The Biophysics of Nav p-Subunit Cell-Adhesion

We currently lack a quantitative understanding of the trans-mediated binding events facilitated by
the B-subunits. For example, it would be interesting to know if the contacts between individual 1 Ig
domains at the perinexus are strong and stable or individually weak enough to dissociate and rebind
rapidly. The latter case might be more likely given the dynamic nature of membrane movements at
the intercalated disc during the contraction, relaxation cycle [71]. The application of new biophysical
techniques such as atomic force microscopy and traction force microscopy [116], combined with more
traditional biochemical and molecular genetic techniques will be needed to address these questions.

3.3. The Role of N-Linked Glycosylation

Membrane proteins are generally N-linked glycosylated, with complex, branching sugar residues,
often tipped with sialic acid moieties [117]. The role of N-linked glycosylation in the trafficking of
Nav channels, including Nav1.5 - is well-established [118]. There is also evidence that the negatively
charged sialic acids on N-linked glycans of Nav channel « and 3-subunits can modulate channel
gating [119]. In addition, the relatively large and bulky N-linked glycans can potentially modulate the
strength and even the possibility of protein-protein interactions occurring. A good example is described
above for the case of the 31 Ig domain binding to Nav1.5, and the likely role of the glycosylated Asn319
residue in preventing binding of the 31 Ig domain (Section 1.2, Figure 4C). Another example is in the
model proposed for 31- trans cell-adhesion. Here, the putative trans-binding motif on the 31 Ig domain
surface is surrounded by four of its five potential N-linked glycosylation sites (Section 2.1, Figure 7B).
Could the strength of this interaction be fine-tuned by for example, developmentally regulated changes
in the nature and extent of N-linked glycosylation?
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3.4. Ephaptic Conduction in the Heart and Elsewhere

In cardiomyocytes, ephaptic conduction occurs in close association with gap junction structures
mediating electrotonic conduction (Section 2.1, Figure 5), suggesting that both processes occur to
relative extents, that might vary under different conditions [120]. It is likely that there are other
biological situations where the necessary conditions for ephaptic conduction apply. Potential examples
include the repetitive firing that occur in neuroendocrine supraoptic nucleus neurones [121,122] and the
escape reflex triggered by activation of the goldfish Mauthner neurone [123]. Interestingly, the R§5H
mutation in the 31 Ig domain, that compromises ephaptic conduction between cardiomyocytes [66]
(Section 2.1, Figure 7B), also predisposes to epilepsy [124], perhaps hinting at a similar role in neurones.

3.5. Clinical Implications

Assuming that electrical signalling between cardiomyocytes occurs both by electrotonic and
ephaptic mechanisms, then a drug that inhibits the trans-mediated cell-adhesion between perinexal
1-subunits might reduce the signal propagation through cardiac muscle, whilst not completely
preventing it. This could potentially reduce triggering of post-infarct arrythmias [125]. Conversely,
drugs that stabilise these interactions could be useful as a treatment for other forms of arrythmias
such as Brugada syndrome in which re-entrant arrhythmia results from a conduction slowing
substrate [66]. It might also be possible to target specific 3-subunit signalling pathways, for example the
phosphorylation of the 1-subunit cytoplasmic region [126]. These are quite speculative, yet potentially
attractive hypotheses that require further investigations. More broadly, the increasing emphasis on the
cell-adhesion roles of Nav 3-subunits in both healthy and pathological states, offers a more balanced
perspective on these proteins and could open completely new avenues for therapy.
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Abstract: Significant advances in our understanding of the molecular mechanisms that cause
congenital long QT syndrome (LQTS) have been made. A wide variety of experimental approaches,
including heterologous expression of mutant ion channel proteins and the use of inducible pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) from LQTS patients offer insights into etiology and
new therapeutic strategies. This review briefly discusses the major molecular mechanisms underlying
LQTS type 2 (LQT2), which is caused by loss-of-function (LOF) mutations in the KCNH2 gene (also
known as the human ether-a-go-go-related gene or h'ERG). Almost half of suspected LQT2-causing
mutations are missense mutations, and functional studies suggest that about 90% of these mutations
disrupt the intracellular transport, or trafficking, of the KCNH2-encoded Kv11.1 channel protein
to the cell surface membrane. In this review, we discuss emerging strategies that improve the
trafficking and functional expression of trafficking-deficient LQT2 Kv11.1 channel proteins to the cell
surface membrane and how new insights into the structure of the Kv11.1 channel protein will lead to
computational approaches that identify which KCNH2 missense variants confer a high-risk for LQT2.

Keywords: long QT syndrome; ion channel; trafficking; KCNH2; hERG

1. Introduction

Congenital long QT syndrome (LQTS) is an arrhythmogenic disorder that can manifest as an
abnormal prolongation in the heart rate-corrected QT (QTc) interval measured on an electrocardiogram
(ECG) [1,2]. It delays ventricular repolarization and increases the probability of life-threatening
polymorphic ventricular tachycardia called torsades de pointes (TdP) [3]. LQTS has been identified all
over the world with a prevalence as high as 1 in 2500 healthy live births [4]. The major autosomal
dominant causes of LQTS are linked to rare mutations in one of three cardiac ion channel genes: KCNQ1
(LQT1), KCNH2 (LQT2), and SCN5A (LQT3) [5-11]. Most patients with LQTS can be successfully
treated with drugs that block 3-adrenergic receptors ([3-blockers), life-style interventions (e.g., avoid QT
prolonging drugs, hypokalemia and hypomagnesemia), and implantable cardioverter defibrillators
(ICDs) for high-risk clinical features [12-14].

Biomolecules 2020, 10, 1144; doi:10.3390/biom10081144 55 www.mdpi.com/journal/biomolecules



Biomolecules 2020, 10, 1144

1.1. KCNH2, Kv11.1 and Iy,

Loss-of-function (LOF) mutations in KCNH?2 are a leading cause of LQTS [15]. KCNH2 encodes
the RNA that is translated into voltage-gated K* channel Kv11.1 a-subunit channel proteins [5,6].
These o-subunit channel proteins form channels that conduct the rapidly activating delayed rectifier K*
current (Ix,) in the cardiomyocyte sarcolemma membrane. A loss of I, can delay the ventricular AP
repolarization to cause LQTS (Figure 1). The channels that conduct I, in cardiomyocytes are minimally
generated by the KCNH2 gene products Kv11.1a and Kv11.1b x-subunits and the auxiliary subunit
MiRP1 (KCNE2) [16-19]. Kv11.1a is the full-length, 15-exon, 1159 amino acid a-subunit (tERG1a or
KCNH2a), and Kv11.1b is generated from an alternate start site and 5" exon that replaces the full-length
1-5 exons (hRERG1b or KCNH2b) [17]. Alternative splicing and polyadenylation of pre-mRNA generate
truncated versions of Kv11.1a and Kv11.1b transcripts (Kv11.1a-USO or Kv11.1b-USO), but these gene
products are not functional [20,21]. MiRP1 associates with Kv11.1 channel proteins and several other
ion channels in the heart [22]. MiRP mutations were previously thought to cause autosomal dominant
LQTS, but recent clinical data has invalidated most if not all of these variants [23]. Since the importance
of MiRP in LQTS remains unclear, this review focus on the studies that investigate the cellular and
molecular mechanisms that cause LOF for LQT2 mutations in Kv11.1a channels.

A.

Torsade de Pointes
Electrocardiogram
R

R R

B. Ventricular Action Potential C. Mutation Type

[ Nonsense
(Class 1)

I missense

@ Class 2
@l Class 3
Bl Class 4
I Neutral

Macroscopic lx, Current Missense Class

Figure 1. (A). This cartoon of an electrocardiogram recording shows normal sinus rhythm with a long
QT interval that degenerates into Torsade de Pointes. (B). Loss-of-function mutations in KCNH2 that
decrease the amplitude of Ix, increase the ventricular action potential duration. The top panel shows a
ventricular action potential with the different phases of the action potential labeled (0, 1, 2, 3, and 4)
in control conditions (black traces) or after a loss in Ig, (LQT2, red). The bottom panel shows the
corresponding Ix;. The dashed lines represent 0 mV or 0 pA. (C). The top pie chart shows the % of
candidate LQT2 mutations that are nonsense (Class 1) or missense. To generate this graph, we defined
candidate LQT2 missense mutations as ones that are reported to be “likely pathogenic” or “pathogenic”
in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar). The bottom pie chart shows the relative percentage
of LQT2 missense mutations that are expected to cause LQTS by a Class 2, 3, or 4 mechanism. These data
are based on the functional studies of missense variants reported by Anderson and colleagues (2006
and 2014) [24,25]. A few mutations did not have an obvious dysfunctional phenotype (neutral) and
might represent KCNH2 VUS misclassified as causing LQT2.
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Kv11.1 channel a-subunits contain cytosolic amino (NH;) and carboxyl (COOH) termini and six
a-helical transmembrane segments (S1-S6) [26,27]. Atom density maps of detergent/lipid-solubilized
Kvll.1a channel proteins show that the voltage sensor domain is formed by S1-54 and the pore
domain is formed by S5 and S6 (Figure 2) [27]. The proposed sequence of events for Kv channel
biogenesis is: translation and insertion in the endoplasmic reticulum (ER) membrane, the addition of
asparagine-linked (N-linked) glycans, the tetramerization of the a-subunits, and the correct or native
folding of the voltage-sensor, pore, NH; and COOH termini [28].

Extracellular

PAS

PAS

Figure 2. A CryoEM structure of Kv11.1a channel as viewed from the extracellular and intracellular
side of the membrane (top left and right, each Kv11.1a x-subunit is denoted I-IV). A side-view of an
individual Kv11.1a a-subunit highlighting the selectivity filter (G-F-G) and the secondary structures of
the PAS, PORE, and CNB domain (middle and bottom). The location of LQT2 missense mutations that
have been tested and disrupt Kv11.1a channel trafficking is shown in red. Green denotes the location of
LQT2 missense mutations that have been tested and do not disrupt Kv11.1a trafficking.

The ER extends from the cell nucleus out to the cell periphery [29]. It has several compartments
that participate in the biosynthesis of luminal, secretory, membrane associated, and integral membrane
proteins and lipids; Ca®* storage and release; apoptotic signaling; quality control; ER-associated
degradation; and ER export. The environment in the ER optimizes newly synthesized protein folding
and quality control mechanisms prevent the trafficking of incompletely assembled or misfolded
proteins to their functional destination in the cell. The folding of newly synthesized proteins and ER
associated degradation of misfolded proteins is regulated by molecular chaperone proteins.

Kv1l.1a x-subunit channel proteins are synthesized in the ER as an N-linked glycoproteins with a
molecular mass of ~135 kDa in the ER (Figure 3) [30]. Chaperone proteins in the ER lumen and the
cytosol regulate the folding and ER associated degradation of misfolded Kv11.1 channel proteins [31,32].
Once the Kv11.1 channel proteins achieve their native conformation, they are exported out of the ER into
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the secretory pathway in coatomer associated protein II (COPII) vesicles to the ER Golgi intermediate
compartment (ERGIC) and Golgi compartment [33]. As Kv11.1a proteins traffic through the Golgi
apparatus, the N-linked glycans on Kv11.1 a-subunit channel proteins are terminally glycosylated and
their molecular mass increases to ~155 kDa [34]. At the cell surface membrane, Kv11.1 channels are
continually internalized and recycle back to the cell surface membrane every couple of minutes for
several hours before they are targeted for degradation in lysosomes [35,36]. There are several excellent
reviews that detail Kv11.1 channel trafficking, chaperones, and the biophysical function of Kv11.1
channels/I, [15,16,31,37] This review is focused on the newer strategies being developed to treat LQT2
and identify new LQT2 patients before they suffer a life-threatening event.
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Figure 3. A cartoon diagram of the Kv11.1 channel trafficking pathway. KCNH?2 is transcribed and
spliced to mRNA, which is then translated in the ER as a core glycosylated Kv11.1a a-subunit with
a molecular mass of 135 kDa. It undergoes terminal glycosylation as it traffics through the Golgi
apparatus and its molecular weight increases to 155 kDa. Kv11.1 channels recycle on and off the
membrane in endosomes every few minutes for several hours before being degraded in the lysosome
pathway. Representative Western blots of cells expressing WT-Kv11.1a a-subunit or a Class 2 LQT2
channel protein are shown below the cartoon. In control conditions, the immunoblot of cells expressing
WT-Kv1l.1a contains both core and terminally glycosylated Kv11.1a protein bands, whereas cells
expressing the Class 2 LQT2 mutant channel protein show only the core glycosylated form. Incubating
cells in I, blockers (e.g., E-4031) increases terminal glycosylation and functional expression of Class 2
LQT2 channel proteins (pharmacological correction, dashed arrow).

1.2. Long QT Syndrome Type 2

LQT2 mutations are classified by the molecular mechanism with which they decrease Ix, [15].
Class 1 mutations disrupt the synthesis of the KCNH2-encoded Kv11.1 channel subunits; Class 2
mutations disrupt the intracellular transport or trafficking of Kv11.1 channel proteins to the cell
membrane; Class 3 mutations disrupt Ix, channel gating; and Class 4 mutations disrupt Ix, channel
permeation/selectivity. Most LQT2-linked mutations decrease Kv11.1 channel number in the cell
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surface membrane by a Class 1 or 2 mechanism. A little more than half of LQT2-linked mutations
are nonsense and most predict haploinsufficiency via nonsense mediated RNA decay (NMD)
(Class 1 mechanism) [38—40]. The remaining LQT2-linked mutations are rare missense mutations,
and heterologous expression studies show that about 90% of suspected LQT2 missense mutations
disrupt the trafficking of the full length Kv11.1a channel proteins to the cell surface membrane
(Class 2 mechanism) (Figure 1) [24,25,41]. These data suggest that the majority of LQT2 cases are
linked to mutations that result in a decrease in maximal current. However, the identification of
several Class 3 mutations suggests that disruptions in Kv11.1a channel gating also result in LQT2 [42].
Class 3 mutations are expected to reduce the open probability during the repolarization phase of the
ventricular AP.

Most Class 2 LQT2 mutations have been identified using Western blot of cells heterologously
expressing mutant Kv11.1a channel proteins. Cells expressing Class 2 LQT2 Kv11.1a channel proteins do
not generate a 155 kDa Kv11.1a protein band (Figure 3). Some Class 2 Kv11.1a channel proteins generate
tetramers that are sequestered throughout the transitional ER compartment, whereas others disrupt the
co-assembly of mutant Kvl1l.1a a-subunits and are targeted for ER associated degradation [32,43-50].
Class 2 Kv11.1a channel proteins that generate tetramers might cause dominant negative (DN) effects
by co-assembling and inhibiting the trafficking of WT-Kv11.1a channel proteins [51]. In contrast, Class 2
Kv11.1a mutations that disrupt co-assembly might generate haploinsufficient molecular phenotypes,
whereby only the mutant Kv11.1a channel proteins are affected.

1.3. Novel Therapeutic Approaches to Treat LQT2

-blocker medications and cardiac sympathetic denervation prevent life threatening ventricular
arrhythmias, whereas implantable cardioverter defibrillators (ICDs) can terminate these arrhythmias.
However, some patients are contraindicated or refractory to 3-blocker and ICDs or cardiac sympathetic
denervation can result in significant surgical complications [52]. Therefore, researchers are continually
working to identify alternative and more effective pharmacological strategies to treat patients with LQT2.

A challenge to treating patients with Class 2 LQT2 mutations is that there is no one dominant
disease-causing mutation, but rather hundreds of different Class 2 LQT2 missense mutations that
span the Kvll.1a a-subunit (Figure 2) [25]. It is increasingly clear that the identity and location
of LQT2-mutations in the Kvll.1la a-subunit are critical determinants for Kv11.1 channel protein
trafficking [24]. Most Class 2 LQT2 mutations localize to three major structural domains in the
Kvll.la a-subunit: N-terminal Per-Arnt-Sim domain (PASD), the pore domain, or the C-terminal
cyclic nucleotide-binding domain (CNBD). These trends were largely identified through mapping
variants identified from genetic screens to the primary sequences [24].

A surprising finding is that incubating cells with drugs that bind to Kv11.1 channel proteins and
block Ik, (Ixr blockers) can increase the trafficking for about one third of Class 2 LQT2 mutations
(Figure 3) [24,25,53]. Electrophysiological experiments show that pharmacological correction of Class
2 LQT2 Kv11.1a channel protein trafficking also increases functional expression of the mutant channel
proteins after drug wash out. A comprehensive analysis of LQT2-linked missense mutations in
Kv11.1a channel proteins demonstrated a relationship between their location and ability to undergo
pharmacological correction with Ix, blockers [25]. Western blot analysis for over 100 mutant Class 2
LQT2 channel proteins showed that culturing cells in the high-affinity Ix, blocker E-4031 increased the
terminal glycosylation for 47% of Kv11.1a channel proteins with Class 2 mutations in the PAS domain,
33% of the Kv11.1 channel proteins with Class 2 mutations in the pore domain, and 21% of the Kv11.1
channel proteins with Class 2 mutations in the CNB domain. Unfortunately, these drugs have limited
therapeutic potential since they block Ik, and cause drug-induced LQTS.

Most drugs that block Ik, bind to the inner aqueous vestibule at the Y652 and F656 residue in
S6 of the Kv11.1a a-subunit [54,55]. Ficker and colleagues (2002) found that engineering amino acid
substitutions at F656 reduced both the affinity of the drug blocker of Ik, and the pharmacological
correction of Class 2 LQT2 channel proteins [45]. Conversely, engineering certain amino acid
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substitutions at the Y652 residue (e.g., Y652C) mitigated the trafficking-deficient phenotypes for several
different Class 2 LQT2 mutations [56]. These latter data are an example of intragenic suppression,
whereby variants at Y652 compensate for the primary misfolding defect caused by disease-causing
Class 2 LQT2 mutation. Taken together, the results demonstrate that cleanly separating drug block and
pharmacological correction might not be possible.

Ikr activators increase the open probability of Kvll.1a channels at the cell surface membrane
and might be used as pharmacotherapy for LQT2 [57]. However, they could lead to abnormal
shortening of the QT interval and increase the risk for deadly arrhythmias like ventricular fibrillation.
Qile and colleagues (2020) determined whether the functional expression of Class 2 LQT2 Kv11.1
channels could be increased by culturing cells in I, blockers and the Ik, activator LUF7244 [58,59].
LUF7244 is an allosteric Ik, activator that counteracts I, blocker induced arrhythmias in dogs.
Heterologous expression studies showed that this strategy of combining drugs that increase trafficking
and open probability of Kv11.1a channels was effective at increasing the functional expression of Class
2 LQT2 channel proteins at the cell surface membrane (even without drug wash out). This raises
the possibility that Ix, blockers and Ik, activators could be used together to increase mutant channel
trafficking and function at the cell surface membrane.

Many different congenital diseases are caused by mutations that disrupt protein folding and
trafficking [60]. One of the best studied diseases caused by mutations that disruption channel trafficking
is cystic fibrosis [61-63]. Cystic fibrosis is caused by LOF mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR encodes an ABC transporter-class C1~ channel and most cases of
cystic fibrosis cases are linked to the deletion mutation (F508del-CFTR), which increases CFTR channel
protein misfolding and decreases its trafficking out of the ER [64,65]. Recent investigational therapeutic
strategies to treat CFTR include the drugs that can facilitate the native folding and membrane expression
of CFTR channels (lumacaftor), as well as drugs that increase the open probability of CFTR channels
(ivacaftor) [66,67].

Mehta and colleagues (2018) determined whether lumacaftor also improves the trafficking of Class
2 LQT2 channel proteins [68]. These studies began with in vitro testing in inducible pluripotent stem
cell-derived cardiomyocytes (iPSC-CMs) generated from patients that have Class 2 LQT2 mutations.
Incubating iPSC-CMs in lumacaftor shortened the field potential duration, which is the iPSC-CM
rough equivalent to the QT interval [68]. Schwartz and colleagues [69] tested whether lumacaftor and
ivacaftor could normalize the QT interval in several LQT2 patients who harbor the same Class 2 LQT2
mutation as in iPSC-CMs studies. The patients treated with these drugs showed shortening in their
QTc interval, but the absolute magnitude was less than expected based on the iPSC-CM data and the
patients suffered some undesirable side effects. This discrepancy could be caused by differences to
drug delivery to iPSC-CMs in a dish vs. an intact organ, the phenotypic immaturity of iPSC-CMs,
and/or the observation that iPSC-CMs express a relatively large Ik, [70]. Additional considerations
could be the systemic changes that these drugs might cause on physiological variables important for
maintaining the QT interval. The authors concluded that the use of this drug combination for treating
LQT?2 patients is premature until larger patient populations can be studied.

Although improving the trafficking of Class 2 Kv11.1a channel proteins represents an attractive
therapeutic strategy, it might be impractical because of the large number of different mutations and
their diverse trafficking and biophysical molecular phenotypes (for review see [71]). It is clear that
pharmacological correction strategies improve the trafficking of certain mutations but not others.
Even if pharmacological correction of Class 2 Kv11.1a channel proteins can be done in patients, there is
no guarantee that the corrected mutant channel proteins will function normally to mitigate the clinical
phenotype. Indeed, increasing the trafficking of mutant channel proteins that also severely disrupt
Kv1l.1a channel gating and/or permeation could worsen the disease.
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1.4. KCNH2 Variants of Uncertain Significance (VUS)

Since we already have several effective therapies to currently treat patients with LQT2, then genetic
screening of large patient populations could facilitate the early identification and prophylactic
treatment [72,73]. A challenge is that most genetic tests and Whole Genome/Exome Sequencing identify
novel, rare KCNH2 missense variants of uncertain physiological significance (VUS). The vast majority
of these VUS are likely neutral because the allelic frequencies for a VUS in KCNH2 far outpaces the
true incidence of the disease [12,74-77]. Therefore, positive genetic tests for VUS are not actionable.

One might think that laboratories experienced in genetic testing, ion channels, and cardiac
arrhythmias would be good at predicting which LQT2-linked VUS are potentially pathogenic. However,
this is proving to be extremely difficult. Van Driest et al. (2016) [78] found that, not only was there
a discordance between different laboratories in designating a LQTS-linked VUS as pathogenic,
but also that certain VUS identified as pathogenic did not associate with autosomal dominant LQTS.
An incomplete understanding in the probabilistic nature of genetic testing, coupled with unexpected
high allelic frequencies of neutral VUS, has already contributed to LQTS misdiagnoses and unnecessary
treatment in patients, including invasive procedures with potential complications [52,79]. The current
clinical recommendations now limit genetic screening to phenotypically positive LQT2 patients to
prevent the misdiagnosis and over treatment of patients [12,80]. Since one of the presenting symptoms
of LQT2 is sudden cardiac death, patients would benefit from the development of reliable gene-first
strategies that identify LOF KCNH2 VUS before they experience a life-threatening arrhythmia.

A joint consensus guideline document from the American College of Medical Genetics and
Genomics and the Association of Molecular Pathology provides some guidance for the interpretation
of sequence variants [81]. The rubric can be used to classify variants identified in Mendelian-linked
disease alleles as pathogenic, likely pathogenic, uncertain significance, likely benign, and benign
(Figure 4A). The rubric to classify variants uses population data (mean allelic frequency), computational
data, functional data, and segregation data. It can be useful, but without functional data, it does not
inform how predicted pathogenic or likely pathogenic mutations affect function. Additionally, it does
not mention the possibility of identifying genetic variants that act as genetic modifiers. These are
KCNH?2 variants that do not cause autosomal dominant LQT2 but rather modify the risk of having
LQTS in response to disease, drugs, or the presence of genetic variants in other LQTS-susceptibility
genes. We expect that advances in computational and structural biology will help not only determine
how specific variants impact the structure but also the function for a protein of interest (Figure 4B,C).
Ideally, computer simulations of known variants in Kv11.1a protein structures can be used to identify
structural features toward predicting which newly identified VUS are neutral, genetic modifiers,
or result in a LOF (or gain of function) by a Class 2, 3, or 4 mechanism.

In recent years, bioinformatics and protein-structure prediction approaches have leveraged
primary structural information to infer structural or functional consequences of protein variants [82].
Disappointingly, while the PAS, pore and CNBD appear to harbor the majority of LQT2-linked variants,
few correlations between the clinical severity and nature of their loss-of-function defects have emerged.
Dozens of missense variants identified within or near these sequences present no obvious functional or
clinical phenotype [83,84]. This severely undermines the utility of using sequence position alone as a
way to infer LOF Kv11.1a variants.

Extending beyond analyses of the KCNH2 primary sequence alone, Anderson and colleagues
provided considerable insights into how mutation-specific differences in the physicochemical properties
and location of missense LQT2 variants in the PAS domain impact trafficking [85]. In this study,
an in vitro assay reporting on protein solubility demonstrated that Class 2 LQT2 mutations in the
PAS domain were considerably less soluble than their WT and trafficking-permissive counterparts.
Further, the severity of trafficking defects loosely correlated with their relative insolubility as measured
by the assay when compared to the WT Kv11.1a PAS domain. Interestingly, variants that undergo
pharmacologic correction with Ig, blockers were generally only mildly insoluble. It is tempting to
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speculate that mutant Kv11.1a channel proteins that undergo pharmacological correction generate
relatively minor structural perturbations.
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Figure 4. (A). The American College of Medical Genetics and Genomics and the Association of Molecular
Pathology provides a rubric that can be used to classify variants identified in Mendelian-linked disease
alleles as pathogenic, likely pathogenic, uncertain significance, likely benign, and benign. (B). Shown is
an example of how molecular dynamics (MD) simulations could be used to determine the structural
impactof known and newly identified variants on Kv11.1a channel configurations. (C). MD simulations
could be used to relate structural configurations to thermodynamic changes, like those controlling
folding, that cause a LOF, gain of function (GOF) or neutral phenotype. Such predictions could be
compiled for known variants into a descriptor matrix to train machine learning approaches for de
novo prediction of the structural and functional impact of newly identified VUS in Kv11.1a channels.
Over time, the sensitivity of these approaches might be fine-tuned to determine which VUS act as
genetic modifiers.

Ascribing physicochemical properties such as hydrophobicity based on single amino acid
substitutions and primary sequence alone to predict the impact of an individual mutation on Kv11.1a
function is challenging. Bioinformatics approaches have nonetheless identified statistically significant
associations between folding free energies and genetic sequences [86,87]. Differences in Kv11.1a
channel folding free energies can serve as suggestive indicators of misfolding and defective trafficking,
as shown in Anderson et al. [25] It is important to remember that the effects of missense variants are
not restricted to only the regions of the protein that are adjacent in primary sequence, but they can
act allosterically, as they couple to and depend on the structural configuration of the entire protein.
The interdependence of adjacent and nonadjacent sequence information in determining the impact
of a mutation on channel function underscores the need for incorporating structural information for
predicting the functional impact of individual variants [88].

Effects of mutations on Kv11l.1a protein function can be interpreted on the basis of how they
impact secondary (alpha helix, random coil, beta sheets), tertiary (protein and subdomain folding) and
quaternary (protein/protein associations) factors. Myriad algorithms have been introduced to predict
protein folding tendencies for forming canonical secondary structures, identify protein folds based
on sequence similarities to other protein structures deposited in the Protein Databank, and predict
potential protein—protein interaction interfaces [82,89-91]. Nonetheless, a gold standard for surmising
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structure/function relationships in proteins and how they might be perturbed by missense mutations is
interpreting atomistic-scale structural data of intact proteins, when available. To date, such information
for Kvl1.1a is incomplete and comprises only Angstrom resolution models of its PAS, EAG and CNBD
domains but not of the whole channel [92-94]. However, a significant advance in this regard is the
recent availability of sub-nanometer resolution structural data of the Kv11.1a channel via cryo-electron
microscopy [27]. This structure has been critical in the initial stages of interpreting how known LQT2
mutations, as well as newly identified KCNH2 VUS, impact Kv11.1a properties and its function.

Computational simulation techniques including homology-modeling and molecular dynamics
simulations (MDS) are among the most popular tools for predicting the structural bases of protein
function and potential changes in function from mutations. Homology models are used to predict the
likely three-dimensional structure of a primary sequence using structural data available in homologous
proteins as templates [95]. The accuracy of these approaches are highly dependent on the quality of the
template data and sequence identity. Molecular simulations generally use physics- or knowledge-based
scoring functions to estimate interaction potentials between amino acids or atoms, which are used to
predict three-dimensional protein structures or how they move under those potentials [96]. Recently,
cryo-electron microscopy based models and MDS simulations of Kv11.1a channel proteins have been
used to elucidate a gain-of-function (GOF) mutation that impacts the channel’s selectivity filter [97].
This study was a first-of-its-kind approach for linking KCNH2 genomic information to a functional
outcome using structurally-realistic models of the channel and computer simulations.

While the use of molecular simulations of the Kvll.1la channel represent a significant and
innovative step toward predicting the pathogenicity of KCNH2 variants, several advancements are still
needed to fully realize this potential. Cryo-electron data are relatively low resolution (sub nanometer)
compared to crystallography- or NMR-derived structures (Angstrom) limiting the ability to conclusively
link a mutation with its mechanism of dysfunction. While a recent advancement in cryo-electron
microscopy has resolved individual atoms in apoferritin [98], it is unclear when such resolution gains
may be accomplished for membrane channels like Kv11.1a. In the meantime, continued improvements
in the solubilization and crystallization of membrane proteins including ion channels will be required to
approach atomistic resolution images via X-ray crystallography, as it has been done in recent years with
voltage-gated Na* channels [99]. Additionally, efficiently implementation of MDS will benefit from
force fields that include the effects of electrostatic polarization as the local electric field changes [100].

MDS based on these structural data, regardless of the structural resolution, remain intractable
for modeling molecular events at microsecond or longer timescales relevant for biological function.
Recent advances in specialized hardware, including graphics processing units and chip architectures,
have begun to approach these timescales and have been used to probe mechanisms of channel folding
and function (reviewed in [101]) [102,103]. In this regard, molecular simulations leveraging these
technological advancements could enable predictions of potential trafficking behavior from first
principles for the vast majority of known mutations and future KCNH2 VUS. To realize this outcome,
computer simulations of these processes will require defining and determining the structural regions of
the Kv11.1a channel implicated in defective trafficking, such as its PAS domain, as well as highlighting
properties like solubility that correlate with LOF. Similarly, the resolution of complexes between the
channel and chaperones including heat shock proteins may further yield important mechanistic clues
for how missense variants impact ER quality control and trafficking [31,32].

Naturally, a compelling motivation for using computational techniques to determine relationships
between genetic information and Kv11.1a dysfunction is to provide predictive information that is
superior to genetic screening but not as labor intensive, expensive, or slow as functional studies using
in vitro or iPSC-CMs. Achieving this prediction capacity remains the critical barrier to using genetic
screening more effectively in a clinical setting. If this goal of predictive power is met, there will still be
a secondary barrier in ensuring that the predictive information is easy to obtain and interpret in clinical
practice. Most clinicians would obviously not have the ability to perform advance bioinformatics
analyses and computer simulations in their offices! Here statistical tools and machine learning
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approaches may provide the means to distill insights from detailed bioinformatics analyses and
simulations into searchable databases. Such efforts have already been documented for machine
learning and data mining applied to diabetes research, as well as other genome-wide association
studies [104,105].

2. Summary

It has been almost 25 years since KCNH2 was linked to LQTS. Since then we have learned
that most LQT2-linked mutations likely decrease IKr by decreasing Kv11.1 channel synthesis or
trafficking. The identification of drugs that can improve mutant channel trafficking and increase the
open probability could represent a novel therapeutic approach. Perhaps an equally or even more
important challenge is harnessing genetic analysis to help identify new LQT2 patients before they
suffer a life-threatening arrhythmic event. We expect that recent advances in solving Kv11.1a channel
structures, computational simulations, and bio-informatics will improve our ability to distinguish
neutral VUS from those that confer a high-risk for LQT2.
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Abstract: The ubiquitously expressed family of inward rectifier potassium (Kjr) channels, encoded by
KCNJ genes, is primarily involved in cell excitability and potassium homeostasis. Channel mutations
associate with a variety of severe human diseases and syndromes, affecting many organ systems
including the central and peripheral neural system, heart, kidney, pancreas, and skeletal muscle.
A number of mutations associate with altered ion channel expression at the plasma membrane,
which might result from defective channel trafficking. Trafficking involves cellular processes that
transport ion channels to and from their place of function. By alignment of all Kjg channels, and
depicting the trafficking associated mutations, three mutational hotspots were identified. One
localized in the transmembrane-domain 1 and immediately adjacent sequences, one was found in
the G-loop and Golgi-export domain, and the third one was detected at the immunoglobulin-like
domain. Surprisingly, only few mutations were observed in experimentally determined Endoplasmic
Reticulum (ER)exit-, export-, or ER-retention motifs. Structural mapping of the trafficking defect
causing mutations provided a 3D framework, which indicates that trafficking deficient mutations
form clusters. These “mutation clusters” affect trafficking by different mechanisms, including
protein stability.

Keywords: inward rectifier channel; trafficking; alignment; mutation; KCNJ; Kig; disease; structure

1. Introduction

Seventy years ago, Katz detected the inward rectification phenomenon for the first time [1].
Its unexpected property of conducting larger inward than outward potassium currents at similar
deviations from the potassium equilibrium potential was unprecedented at that time. During
the following decades, the understanding of inward rectifier channels was established further,
stimulated by biophysical analysis and cloning of Kig genes. Inward rectifying channels—unlike
voltage-gated potassium channels (Ky) which open in response to alterations in transmembrane
electrostatic potential [2,3]—are primarily gated by intracellular substances (e.g., polyamines and
Mg?*). Spermine and spermidine—two polyamines for which micromolar concentrations are sufficient
to reach physiological effective levels—cause stronger block of the outward current than Mg?*. The
underlying molecular mechanism of rectification was first explained by Lopatin in 1994 [3]. Polyamines
enter the channel pore from the cytoplasmic side and subsequently interact with six specific residues
(i.e., Kir2.1 E224, D259, E299, F254, D255 and D172) [4] in the transmembrane pore domain and its
cytosolic pore extension. A similar mechanism of pore-blocking is caused by Mg?*, but weaker.

Biomolecules 2019, 9, 650; doi:10.3390/biom9110650 71 www.mdpi.com/journal/biomolecules
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The inward rectifier channel family consists of strong and weak rectifiers. Strong rectifiers, e.g.,
Kir2 and K3, are often expressed in excitable cells such as neuronal or muscle cells. Their rectifying
properties enable cells to conserve K* during action potential formation and facilitate K* entry upon
cell hyperpolarization. In addition, they contribute to repolarization and stabilization of the resting
membrane potential. For example, application of 10 uM barium, at that concentration rather specific for
Kjr2 channel inhibition, lengthened the action potential of guinea-pig papillary muscle preparations by
20 ms [5]. In the heart, Kir2 is strongly expressed in the ventricles and less in the atrioventricular node
(AVN) [6]; Kir3 is mainly expressed in the atrium with much lower levels in the ventricle. Weak rectifier
channels, e.g., Kjr1, Kir4, and Kir5, are mainly associated with potassium homeostasis and often
regulate extracellular potassium concentrations to allow functioning of several ion (co)transporters.

Kir channels are encoded by KCNJ genes. Various diseases associate with mutations in KCNJ
genes. The aim of this review is to correlate disease associated mutations causing aberrant inward
rectifier channel trafficking with protein domains important for trafficking by means of channel
alignment, and finally to put mutational changes in a structural framework.

2. Classification, Structure, and Expression

The Kjg family is divided into seven subfamilies (Kjr1-7) according to their amino-acid
homology [4]. The sequence homology is 40% between subfamilies and rises to 70% within some
subfamilies. The structural common features of these channels are that the channel pore is formed by
a tetramer of subunits, most often homotetramers (Figure 1). Each subunit has two transmembrane
domains (M1 and M2) which are separated by a pore-loop that contains the GYG (or GFG) potassium
selectivity filter motif located close to the extracellular side of the membrane. Pore-loop stability
depends strongly on one negatively and one positively charged residue, E138 and R148 respectively
in Kig2.1 [7]. There is a relatively short N-terminus linked to M1 and a longer C-terminus linked to
M2 which form the characteristic cytoplasmic extended pore domain (CTD). Despite their structural
similarities, the Kjg subfamilies also display divergent properties, e.g., sensitivity to extracellular Ba?*
or the response to regulatory signals.

Extracellular

Transmembrane

domain

Figure 1. Two opposing domains of the Kjg channel with structural common features highlighted.
The membrane is indicated by dotted lines. The selectivity filter (SF) is highlighted by a dotted box.
Ions inside the SF are shown as green spheres. Residues E138 and R148 (Kjg2.1) are shown as spheres.
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All Kjr family members have a widespread expression pattern [4]. Neural tissues strongly express
Kir2, Kir3, Kir4, and Kig5. Kidneys show high expression of Kir4, Kir5, and Kir6, whereas pancreatic
tissue highly expresses Kjg5 and Kir6. The retina shows profound expression of Kir7. The heart
displays strong expression of Kjz2, Kig3 and Kig6. Kjr2 subfamily-members form the classical Ix;
current in working ventricular and atrial cardiomyocytes, where they contribute to repolarization and
resting membrane potential stability. Kir3 (Ixach) members are strongly expressed in the nodal tissues
of the heart, where they are involved in heart rate regulation [8]. Further, they are widely expressed in
the brain where they have numerous neurological functions [9]. Kjr6 channels form octamers with the
ATP/ADP sensing SUR subunits and couple cellular metabolic status to cardiac repolarization strength.

3. Channel Trafficking

Following their translation in the endoplasmic reticulum (ER), correctly folded Kir channels are
transported to the plasma membrane, a process known as forward trafficking, where they exert their
main biological role (Figure 2). Upon removal from the plasma membrane, channel proteins can
enter the degradation pathway in a process named backward trafficking. In addition, Kjg channels
can enter several recycling pathways. Each of these processes is well regulated and depends mainly
on specific trafficking motifs in the channels primary sequence in concert with specific interacting
proteins that direct and/or support subsequent trafficking steps. Incorrectly folded proteins will enter
the endoplasmic-reticulum-associated protein degradation pathway.

Plasma Membrane

RN
1)

TG%> mEar&)

=

y Endosome

Q@

3
Endoplasmic Reticulum Lysosome
| forward trafficking | | backward trafficking |

Figure 2. Schematic representation of intracellular trafficking pathways of Kjg channels. TGN,
trans-Golgi network; MVB, multivesicular body.

ER-export signals have been determined in several Kig channels [10-13], see also Section 5.3, with
homology between subfamily members (e.g., FCYENE in Kjg2.x channels), although not always among
other Kjg family members. Not all Kjg members possess an ER-export signal, and some might even
restrict forward trafficking or stimulate lysosomal breakdown when part of a heteromeric channel, as
seen for Kig3.3 [12]. Other channels even have ER-retention signals that only become masked upon
proper channel assembly, as seen for the Kjg6 family [13].

Trans-Golgi transport of several Kjg channels has been demonstrated to depend on interaction
with Golgin tethers that reside in the trans-Golgi network. For example, Golgin-160 interacts with the
C-terminal domain of Kjg1.1 channels which results in increased forward trafficking and an increase in
Kir1.1 currents [14]. In a similar fashion, Golgin-97 was shown to interact with the C-terminus of Kjz2.1
and promotes transport to the Golgi-export sites [15]. Golgi-export signals have been characterized in
a few Kjg channels [16,17]. By a combination of cytoplasmic N- and C-terminal domains, a so-called
Golgi-export signal patch is formed that interacts with the AP-1 clathrin adaptor protein.
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Protein motifs involved in backward trafficking have been studied less. Kijg1.1 internalization
depends on clathrin-dynamin mediated endocytosis which involved N375 in the Kig1.1 putative
internalization motif NPN [18]. Internalized Kjg1.1 channels depend on CORVET and ESCRT protein
complexes for subsequent trafficking to the early endosome and the multivesicular body that eventually
fuses with the lysosome, respectively [19]. Kig2.1 channels are regulated by the ESCRT machinery
also [20]. It was demonstrated, by a pharmacological approach, that Kiz2.1 degradation also depends
on clathrin mediated endocytosis and lysosomal activity, and their inhibition resulted in enhanced Iy
currents [21,22]. The TPVT motif of the Kjr5.1 channel protein binds the Nedd4-2 E3 ubiquitin ligase.
In Kir5.1/Kr4.1 heteromeric complexes, this was suggested to result in ubiquitination and subsequent
degradation of Kjz4.1 in the proteasome [23].

Finally, trafficking, anchoring and plasma membrane localization of Kig channels is regulated by
their interaction with scaffolding proteins. The C-terminal Kjz2.2 SEI PDZ-binding domain interacts
with SAP97, PSD-95, Chapsyn-110, SAP102, CASK, Dlg2, Dlg3, Pals2, Velil, Veli3, Mint1, and abLIM
from rat brain lysates, and SAP97, CASK, Veli-3, and Mint1 from rat heart lysates [24-26]. Additionally,
interactions between syntrophins, dystrobrevins and the Kjz2.2 PDZ domain were shown by these
authors. Kig2.1 and Kjg2.3 also interact with SAP97 in the heart. Using an NMR approach, it was
found that additional residues close to the Kjg2.1 PDZ domain were involved in PSD-95 interaction [27].
Furthermore, PSD-95 interacts with Kir4.1 and Kjg5.1 in the optic nerve and brain, and PSD-95
interaction is essential for Kig5.1 expression at the plasma membrane of HEK293 cells [28,29]. The
C-terminal PDZ-binding motif SNV interacts with PSD-95, and Kjg4.1 mediated current density
more than doubled upon PSD-95 cotransfection in HEK293 cells, and increased even threefold upon
SAPI7 cotransfection [30]. Upon silencing of SAP97, the Ik, current decreased due to reduced plasma
membrane expression of Kjg2.1 and Kjg2.2 ion channels [31]. Residues 307-326 of Kig2.1 are involved
in interactions with the actin binding protein filamin A. Interestingly, these interactions are unaffected
by the Andersen-Tawil deletion A314/315 [32]. In arterial smooth muscle cells, filamin A and Kjg2.1
colocalize in specific regions of the plasma membrane. Although filamin A is not essential for Kijg2.1
trafficking to the plasma membrane, its absence reduces the amount of Kjg2.1 channels present at the
plasma membrane [32].

Whereas this research field provided many new insights during the last two decades, one has to
emphasize that no complete trafficking pathway for any Kig channel protein has been deciphered in
detail yet. Furthermore, most of our current knowledge is derived from ectopic expressions systems
rather than human native tissue or cells. Currently, we cannot exclude that Kjr subtype and/or tissue
specific pathways exist. The observations that several diseases associate with Kig channel trafficking
malfunction might help us to further understand Kjr protein trafficking processes in their natural
environments in vivo.

4. Diseases and Syndromes Associated with Kig Channel Dysfunction

A number of human diseases associate with mutations in Kig channels, as indicated in
Table 1. Bartter syndrome type II is a salt-losing nephropathy resulting in hypokalemia and
alkalosis associated with loss-of-function mutations in Kig1.1 channel proteins. Kig1l.1 channels
are essential for luminal extrusion of K* in the thick ascending limb of Henle’s loop, thereby permitting
continued activity of the NKCC2 cotransporter important for sodium resorption [33]. Loss-of-function
in Kjg2.1 causes Andersen-Tawil syndrome characterized by periodic skeletal muscle paralysis,
developmental skeletal abnormalities, as well as biventricular tachycardia with or without the presence
of long QT. On the other hand, Kig2.1 gain-of-function mutations result in cardiac phenotypes,
atrial fibrillation and short QT syndrome, explained by increased repolarization capacity and thus
shortened cardiac action potentials [34,35]. Thyrotoxic hypokalemic periodic paralysis associated with
Kir2.6 loss-of-function mutations affect skeletal muscle excitability under thyrotoxic conditions [36].
Keppen-Lubinsky syndrome is an extremely rare condition associated with Kiz3.2 gain-of-function
mutations. Its phenotype encompasses lipodystrophy, hypertonia, hyperreflexia, developmental
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delay and intellectual disability [37,38]. Familial hyperaldosteronism type III is associated with
loss-of-function mutations in Kjz3.4 channel proteins. The disease is characterized by early onset of
severe hypertension and hypokalemia. Mutant Kig3.4 channels lack potassium specificity and the
resulting inflow of Na* and accompanying cell depolarization of zona glomerulosa cells increases
intracellular Ca?* concentrations, which activates transcription pathways that raise aldosterone
production [39]. Loss-of-function mutations in Kjz3.4 associate with long QT syndrome 13, which
indicates that these acetylcholine activated channels, mostly known from nodal tissues, also play
a role in ventricular repolarization processes [40]. EAST (epilepsy, ataxia, sensorineural deafness,
tubulopathy)/SeSAME syndrome is a salt-losing nephropathy combined with severe neurological
disorders. The disease associated loss-of-function mutations in Kjr4.1 channels expressed in the distal
convoluted tubule, result in hypokalemic metabolic acidosis. Impaired Kig4.1 function in glial cells
will increase neural tissue potassium levels giving rise to neuron depolarization, whereas reduced
potassium concentration in the endolymph affect cochlear hair cell function [41]. Canti syndrome
results from gain-of-function of Ixarp channels, either due to mutation in Kij6.1 or the SUR2 subunits.
Many of these mutations decrease the sensitivity of the channel to ATP-dependent closure [42]. Insulin
release by pancreatic beta-cells is regulated by their membrane potential and L-type Calcium channel
activity. Depolarization activates Ca?* influx inducing insulin release from intracellular stores into the
extracellular fluid. Loss-of-function mutations in Ki6.2 result in membrane depolarization and thus
insulin release and associate with hyperinsulism and hypoglycemia. Gain-of-function mutations on the
other hand impair insulin release and associate with different forms of diabetes [43]. Kir7.1 channels are
expressed in the apical membrane of retinal pigmented epithelial cells and contribute to K* homeostasis
in the subretinal space. Loss-of-function mutations in Kir7.1 associate with retinal dysfunction observed
in Lever congenital amaurosis type 16 and Snowflake vitreoretinal degeneration [44].

In many of the above-mentioned diseases, loss-of-function has been associated with aberrant
trafficking, most likely forward trafficking. Nonetheless, enhanced backward trafficking or impaired
plasma-membrane anchoring cannot be excluded. However, most gain-of-function mutations are
likely not related to trafficking abnormalities. Loss-of-specificity mutations, as seen in some Kiz3.4
mutations, neither result from trafficking issues.

Table 1. Human diseases associated with abnormal Kjg channel function.

Protein Gene Syndrome(/(];);;;:/[s; Character Main Affected System(s) 111{:5::;
Kir1.1 KCNJ1 Bartter syndrome, type 2 (241200) Kidney; head; face; ear; eye; vascular; [33]
gastrointestinal; skeleton; skeletal
muscle; CNS; platelets
Kr2.1 KCNJ2 Andersen syndrome (170390) Head; face; ear; eye; teeth; heart; [34,35]
Familial atrium fibrillation 9 skeleton; CNS
(613980)
Short QT syndrome 3 (609622)
Kig2.2 KCNJ12 Non-described
Kir2.3 KCNJ4 Non-described
Kir2.4 KCNJ14 Non-described
Kir2.6 KCNJ18 Thyrotoxic hypokalemic periodic Cardiovascular; skeletal muscle; CNS; [36]
paralysis (613239) eye

Kir3.1 KCNJ3 Non-described
Kir3.2 KCNJe Keppen-Lubinsky Syndrome CNS; head; skin; skeleton; eye, face No review

(614098) available
Kr3.3 KCNJ9 Non-described
Kir3.4 KCNJ5 Familial hyperaldosteronism 3 Cardiovascular; kidney; skeletal muscle [39,40]

(613677)

Long QT syndrome 13 (613485)
Kir4.1 KCNJ10 Digenic enlarged vestibular Ear (hearing); vascular; kidney; CNS [41]
aqueduct (600791)

EAST/SESAME syndrome (612780)
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Table 1. Cont.

Protein

Gene

Syndrome/Disease Character

(OMIM)! Main Affected System(s)

Recent
Review

Kird.2
Kir5.1
Kir6.1

Kip6.2

Kir7.1

KCNJ15
KCNJ16
KCNJ8

KCNJ11

KCNJ13

Non-described
Non-described
Cantt syndrome (239850) Head; face; cardiovascular; skeleton;
hair; CNS
Transient neonatal diabetes Pancreas (beta-cells); CNS
mellitus 3 (610582)
Permanent neonatal diabetes with
or
without neurologic features
(606176)
Familial hyperinsulinemic
hypoglycemia 2 (601820)
Maturity-onset diabetes of the
young 13 (616329)
Susceptible to diabetes mellitus 2
(125853)
Leber congenital amaurosis 16 Eye (retina)
(614186)
Snowflake vitreoretinal
degeneration (193230)

[42]

[43]

[44]

OMIM!: OMIM®—Online Mendelian Inheritance in Man® https://omim.org assessed on 24 July 2019, CNS, central
neural system.

5. Kir Protein Alignment of Trafficking Associated Disease Mutations

In order to identify potential protein domains associated with Ki trafficking defects in human

disease, we aligned all K isoforms and highlighted residues (in red) of which the mutations are
experimentally proven to associate with trafficking defects (Figure 3, Supplementary Figure S1).

Furthermore, additional mutations in other Kjg isoforms at homologues positions, but currently not
related to impaired trafficking, are indicated (Supplementary Figure S1, in green). Trafficking associated
mutations are found dispersed along the protein sequence, with one “hotspot” in the G-loop and

adjacent C-terminal region, and one “hotspot” in and around transmembrane domain 1. Additionally,
from a structural point of view, there is another “hotspot” at the immunoglobulin-like domain (IgLD),

which is described in Section 6.1.

hotspot hotspot
Figure 5 Figure 4

Kir1.1
Kir2.1

ITE

Ki2.3
Kig2.4
Kiz2.6
Kir3.1

Kg2.2 e

Kig3.2
Kix3.3

Kir3.4

Kir4.1 e

Kd2
Kig.1 e
K1 =

Kiz6.2
Kig7.1

TTTTTIERITNOTI
ri

TMD-

N

TMD-2

Figure 3. Schematic representation of inward rectifier channels (Kjg1-7) sequence alignment. Red:

mutations associated with aberrant trafficking; mutation hotspots are boxed. Orange: transmembrane

domain; blue: Kjr protein sequence; gray: sequence gap.
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5.1. C-Terminal Trafficking Mutation Hotspot

Figure 4 depicts the alignment of the C-terminal hotspot, having ten trafficking associated
mutations/deletions located in Kjg1.1, Kjz2.1 and/or Kir6.2 over a stretch of 44 residues. This region
also covers the filamin A interaction domain of Kig2.1 (307-326) [32]. The loss-of-function E282K
mutation in Kjr6.2 is associated with congenital hyperinsulinism [45]. This mutation affects normal
function of a highly conserved di-acidic ER exit signal (DxE) that prevents mutant channels to enter ER
exit sites, which thus fail to traffic to the plasma membrane [45]. The Andersen-Tawil loss-of-function
Kir2.1 mutation V302M is located in the G-loop and displays intracellular, but no plasma-membrane
expression, upon transfection of HEK293 cells [46]. However, Ma et al., [47] demonstrated that the
Kir2.1 V302M mutation does not affect trafficking. The Bartter syndrome associated loss-of-function
A306T mutation in Kjg1.1 is also located in the G-loop. Its expression in the Xenopus oocyte membrane
is strongly reduced compared to wildtype channels [48]. At homologues positions, disease causing
mutations have been found in Kig2.1 [49] and Kjr6.2 [50] whose cause for loss- and gain-of-function,
respectively, is unknown but may be caused by trafficking abnormalities. Hyperinsulinism associated
Kir6.2 R301H/G/C/P loss-of-function mutations are located just C-terminal from the G-loop domain.
These mutants display reduced surface expression when expressed in COSmé6 or INS cells [51].
Interestingly, however, the R301A mutation displays normal expression at the plasma membrane [51].
At homologues positions, mutations have also been found in Kig1.1 [52] and Kig4.1 [53].

Krel.1 QQDFELWFLDGTVEST;ITCQVITS PEEVIﬁGY.APIVSK 331
Kiz2.1 NADFEIVVILEGMEEATAMTTOCRSEMIANEILJIGHRYEPVLFE 332
Ki:2.2 TDDFEIVVILEGMVEATAMTTQARSSYLANEILWGHRFEPVLFE 333
Ki:2.3 SEDFEIVVILEGMVEATAMTTQARSSYLASEILWGHRFEPVVFE 324
Kiz2.4 RADFELVVILEGMVEATAMTTQCRSSYLPGELLWGHRFEPVLFQ 337
Kiz2.6 TDDFEIVVILEGMVEATAMTTQARSSYLANEILWGHRFEPVLFE 333
Ki:3.1 TEQFEIVVILEGIVETTGMTCQARTSYTEDEVLWGHRFFPVISL 333
Ki:3.2 KEELEIVVILEGMVEATGMTCQARSSYITSEILWGYRFTPVLTL 342
Ki3.3 RDDFEIVVILEGMVEATGMTCQARSSYLVDEVLWGHRFTSVLTL 310
Ki23.4 QEEFEVVVILEGMVEATGMTCQARSSYMDTEVLWGHRFTPVLTL 339
Kiz4.1 EGDFELVLILSGTVESTSATCQVRTSYLPEEILWGYEFTPAISL 317
Kiz4 .2 EKEFELVVLLNATVESTSAVCOSRTSYIPEEIYWGFEFVPVVSL 317
Kiz5.1 KDNFEILVTFIYTGDSTGTSHQSRSSYVPREILWGHRFNDVLEV 316
Kiz6.1 NQDLEVIVILEGVVETTGITTQARTSYIAEEIQWGHRFVSIVTE 330
Kiz6.2 HODLEIIVILEGVVETTGETTOARTSYLADEILWGQRFVPIVAE 321
Kix7.1 PSHFELVVFLSAMQEGTGEICQRRTSYLPSEIMLHHCFASLLTR 305
[Pe-E] [-G-LOOP--] SY---EI-W
di-acidic Golgi-export
ER exit

Figure 4. K|g1-7 sequence alignment of the C-terminal mutation hotspot. Red: Mutations associated
with aberrant trafficking; Green: Residues whose mutations are currently not related to impaired
trafficking. Numbers at the right refer to the last amino-acid residue in the respective sequence shown.
Conserved residues among all Kjg members are shaded gray. Locations of the di-acidic ER exit, G-loop
and the Golgi-Export signal sequence (see text) are indicated below the alignment.

By use of homology comparison and structure guided mutagenesis, a common Golgi-export signal
patch was found to be formed by a C-terminal stretch of hydrophobic residues and basic residues
from the N-terminus [16,17]. The C-terminal stretch sequence is formed by residues SYxxxEIXW
indicated in Figure 4. Two Bartter syndrome associated Kjg1.1 (Y314C; L320P) and two Andersen-Tawil
syndrome associated Kig2.1 (delSY; W322S) confirmed trafficking mutations have been described in
this region [46,48,54]. Interestingly, the W residue is not conserved in the Kjr7.1 channel protein, which
may indicate Kir subtype specific use of the entire Golgi-export signal motif. Two additional Kjz1.1
mutations leading to altered trafficking, R324L and F325C have been located directly C-terminal from
the Golgi-export signal stretch [48,52].
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Fallen et al. [55] showed that mutations A198T and Y314C in the IgLD, located in the CTD of K|z1.1,
are associated with defects in channel trafficking and gating, see also Section 6.1. Y314C is present within
the C-terminal trafficking mutation hotspot and part of the Golgi-export signal as discussed above.
If incorrectly folded, the aberrant Kjg1.1 proteins will enter the endoplasmic-reticulum-associated
protein degradation pathway [56].

5.2. Transmembrane Region 1 Mutation Hotspot

Figure 5 depicts the alignment of transmembrane domain 1 and adjacent sequences, containing 15
trafficking associated mutations located in Kjg1.1, Kig2.1, Kjg3.4 or Kjg4.1. Three mutations in the
cytoplasmic domain, positioned just in front of the first transmembrane region in Kjz1.1 (T71M, V72M
and D74Y), have been demonstrated to strongly decrease plasma-membrane expression and mutant
channels were retained in the cytoplasm [48,57]. However, membrane expression of T71M in Xenopus
oocytes could be rescued by increasing the amount of injected RNA, in contrast to the other two
mutations. For Kjg1.1 T71M, mutations at the homologues positions were found in Kig2.1 (T75) [58-62]
and Kj6.2 (T62) [63,64] associated with Andersen—-Tawil syndrome and Familial hyperinsulinemic
hypoglycemia type 2, respectively. The Kjz2.1 T75R protein was observed at the plasma membrane
upon overexpression in HL1 cells [60]. Moreover, T75A, T75R and T75M channel proteins were also
expressed at the plasma membrane in Xenopus oocytes, HEK293 or COS-7 cells [58,61,65]. In contrast,
impaired plasma-membrane localization of T75M Kjr2.1 was observed in HEK293 cells in another
study [62]. Two Kjg2.1 mutations, i.e., D78G and D78Y, are at the equivalent position as D74 in Kjg1.1,
and also D78Y was found at the plasma membrane in Xenopus oocytes and HEK293 cells [59,65,66].
These comparisons indicate that findings on plasma-membrane expression may be influenced by the
degree of overexpression and cell type. Kig2.1 T75 and D78 residues are positioned on the hydrophilic
side of the slide helix that interacts with the cytoplasmic domain. The D78Y mutation disrupts this
interaction [65].

Krl.1l TrEILKWRIKMTI FITAFLGSWFFFGLLWYAVAY THKELPE - - FHP -~ -~ - -~ -~~~ - SANHTPCIEII 125
Kix2.1 TECVEIRWRWMLYIFCLAFVEMMEFGEVFWLIALLHGDLDASK- -~~~ -~ -~~~ ------- EGKACMSEV 126
Ki2.2 TTCVDIRWRYMLLIFSLAFLASWLLFGIIFWVIAVAHGDLEPAEGR---------------- GRTPCVMQV ~ 127
Kiz2.3 TTCVDTRWRYMLMIFSAAFLVSWLFFGLLFWCIAFFHGDLEASPGVPAAGGPAAGGGGAAPVAPKPCIMHV 118
Kir2.4 TTCVDVRWRWMCLLFSCSFLASWLLEGLAFWLIASLHGDLAAPP - - - - -- == == ===~~~ PPAPCFSHV 131
Kix2.6 TTCVDIRWRYMLLIFSLAFLASWLLEGVIFWVIAVAHGDLEPAEGH- -~ ------------- GRTPCVMQV ~ 127
Kiz3.1 TTLVDLKWRWNLETFILTYTVAWLEMASMWWYIAYTRGDLNKAHVG- -~ ------------ NYTPCVANV 127
Ki3.2 TTLVDLKWRENLLIFVMVYTVIWLEFGMIWWLIAYIRGDMDHIEDP - - - ------------- SWTPCVINL 136
Kiz3.3 TTLVDLQWRLSLLFFVLAYALTWLFFGATIWWLIAYGRGDLEHLEDT - - ------------- AWTPCVUNNL 104
Kiz3.4 TTLVDLKWRENLLVETMVYTVIWLFFGFIWWLIAYIRGDLDHVGDQ---------------- EWIPCVENL 133
Kixd.1 TTFIDMQWRYKLLLFSATFARTWFLFGVVWYLVAVAHGDLLE--LDP------------- PANHTPCVVQV 112
Kir4.2 TTVIDMKWRYKLTLFAATFVMTWFLEGVIYYATAFIHGDLEP--GEP------------- ISNHTPCIMKV 111
Kiz5.1 TTLVDTKWRHMFVIFSLSYILSWLIFGSVFWLIAFHHGDLLNDP - - - - == --------- DITPCVDNV 115
Kiz6.1 TTLVDLKWRHTLVIFTMSFLCSWLLFAIMWWLVAFAHGDIYAYMEKS-------- GMEKSGLESTVCVINV 124
Kiz6.2 THLVDLKWPHTLLIFTMSFLCSWLLEAMAWWLIAFAHGDLAPS - - - - -~ --------- EGTAEPCVTSI 114
Kix7.1 GILMDMRWRWMMLVFSASFVVHWLVFAVLWYVLAEMNGDLELDHDAP -~ - --------- PENHTICVKYI 103

[-transmembrane-domain 1--]

Figure 5. Kjg1-7 sequence alignment of the transmembrane domain 1 mutation hotspot. Red: mutations
associated with aberrant trafficking; Green: residues whose mutations are currently not related to
impaired trafficking. Numbers at the right refer to the last amino-acid residue in the respective sequence
shown. Conserved residues among all Kjg members are shaded gray. Location of the transmembrane
domain 1 (orange) is indicated below the alignment.

Trafficking associated mutations in the highly conserved transmembrane region 1 are described
for Kir1.1, Kig2.1 and Kir4.1 [46,48,67-69]. Expression of Kig1.1 Y79H in the Xenopus oocyte plasma-
membrane increases upon increasing the amount of RNA injection by ten-fold [48]. The Kig2.1 L94P,
A95-98 and Kjr4.1 G77R channel proteins localize intracellularly [46,68,69]. The molecular mechanisms
by which these mutations affect normal trafficking remain to be solved. However, interactions with
wildtype subunits appear not to be affected and may explain the dominant negative properties of
these mutations. The familial sinus node disease associated Kig3.4 W101C gain-of-function mutation
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is located at a position homologues to Kjg2.1 W96 [70]. In an ectopic expression system, the Kjg3.4
W101C protein is expressed at the plasma membrane, however it decreased surface expression of
Kir3.1 when co-expressed [70].

Confirmed trafficking associated mutations C-terminal from the transmembrane region 1 are
found in Kig1.1 and Kjr3.4 [48,71,72]. Kig1.1 D108H and V122E mutants did not display membrane
staining in Xenopus oocytes or HEK293 cells [48]. When comparing single channel characteristics
with macroscopic currents, it was concluded that loss-of-function of Kjg1.1 N124K was caused by
a reduction of functional channels at the plasma membrane [71]. The Kig3.4 R115W mutation was
obtained from aldosterone-producing adenoma linked to hyperaldosteronism, and displayed decreased
plasma-membrane expression in HEK293 cells [72]. A mutation, at a position homologues to V122 in
Kir1.1, has also been identified in Kijg2.1 [59].

5.3. N-Terminal Golgi-Export Patch, Kjg2.x ER Export, and Kig6.x ER Exit and Retention Signals

As indicated above, the so-called Golgi-export patch consists of interaction of a C-terminal and
N-terminal domain [16,17]. Mutations in the C-terminal domain have been found (see Section 5.1).
However, only few mutations have been described in the N-terminal part (Kig2.1 G52V; Kiz2.6 R43C)
that result in reduced plasma membrane expression by hampering Golgi export [73,74]. Thus far,
no mutations of residue R20 in Kjg2.3, which is required for Golgi export [17], or at the homologues
position in any other Kjg channel protein have been identified.

Kir2.x channels share a short C-terminal ER-export signal (FCYENE) [10,11]. Kig3.2 contains
N-terminal (DQDVESPV) and C-terminal (ELETEEEE) ER-export signals, whereas Kiz3.4 possesses
the N-terminal NQDMEIGV ER-export signal [12]. Remarkable, we did not encounter any trafficking
associated mutations in any of these domains. In contrast, one mutation (E282K) was present in the
di-acidic ER exit signal of Kjz6.2 as discussed in Section 5.1. Kjg6.x and SURx channel proteins contain
a C-terminal ER-retention signal (RKR) [13]. Upon channel assembly, retention signals from both
proteins are shielded, supporting subsequent ER-export. No trafficking associated mutations were
found in these retention signals in Kjr6.x channel proteins.

We therefore propose that mutations in Golgi-export domains have more severe clinical
implications than mutations in ER-export/retention signals.

6. Structural Mapping of Trafficking Defect Causing Mutants

Disease causing mutations associated with trafficking deficiencies were mapped onto the common
structural scaffold of a recently published high resolution Kjg2.2 structure [75]. As illustrated in
Figure 6, mutations are globally distributed.

A group of mutations clusters at regions important for channel gating, including the PIP; binding
site (T71M, V72E, D74Y and Y79H in Kjg1.1), the helix bundle crossing gate (A167V in Kir4.1; R162W/Q
in Kjr7.1) [76-78], as well as the G-loop gate (V302M, Kjg2.1). It can be expected that these mutations
have strong effects on the conformational equilibrium, thereby impairing normal protein function. It is
likely that these mutants lead to structurally less-stable proteins, thereby making them more susceptible
for degradation. Interestingly, 58% of the currently known trafficking defect causing mutations in Kig
channel proteins cluster in the cytoplasmic domain, which has been shown to be crucial for efficient
folding in Ky AP channels [79].

Another cluster of mutants (D108H, V122E and N124K in Kg1.1; R115W in Kjg3.4; C140R in
Kir4.1) is found on surface exposed loops of the channel. Except for C140R in Kir4.1 [68], which is part
of a disulfide bridge [80], none of the mutations causes changes in polarity or is at important structural
motifs, leaving it unclear why these mutants cause trafficking defects.

Mutations G77R in Kjg4.1 [68] and C101R in Kig2.1, located on the membrane facing side and near the
center of transmembrane helix M1, cause changes in the helical properties and hydrophobicity. It is thus
conceivable that they severely affect helical stability and possibly membrane insertion. It has been shown
in numerous studies that the cost for exposing arginine to lipid hydrocarbons is prohibitively high [81].
Interestingly, none of the identified disease mutations is located at the interface between subunits.
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KIr1.1
Kir2.1
KIR2.6
KIr3.4
Kir4.1
KIR6.2
KIrR7.1

0 060000

Figure 6. Structural mapping of trafficking mutants mapped on the Kjg2.2 structure. For clarity
reasons, only three of the four subunits are shown in side view, with the disease associated mutations
highlighted in one subunit only. Mutations of different Kjg channel family members are color-coded
and shown as spheres of their respective Cx atoms. Deletions are indicated by colored regions on the
secondary structure elements.

6.1. Structure-Based Hotspot in the IgLD Beta Barrel of the CTD

Two antenatal Bartter syndrome loss-of-function mutations A198T and Y314C, located in the IgLD
have been shown to impair forward trafficking and gating of Kig1.1 channels, possibly influencing
the core stability of this domain [55]. Interestingly, a trafficking affecting mutation in a homologous
position to Kjg1.1 A198 has been identified in Kjg2.6 (A200P) [74], and another mutation thus far not
associated with trafficking has been identified in Kjg6.2 (A187V). As shown in Figure 7, quite a large
number of disease causing mutations, including A306T (implicated in trafficking) [48], R311W and
L320P in Kjr1.1 (no data on trafficking), S314-Y315 deletion in Kjg2.1 (implicated in trafficking) [16],
E282K (prevents ER-export and surface expression of the channel) [45] or L241P in Kjg7.1 (implicated
in trafficking) [78], have been reported in the literature. This, as well as previous work [55], suggests
that this structural motif might be a crucial hotspot implicated in trafficking of Kjr channels.

© Kirl1l.1
© KIr2.1
O KiIr6.2
® KIrR7.1

Figure 7. Structure-based IgLD hotspot (mapped on the Kjz2.2 structure), with disease associated
mutations highlighted. Mutations of the different family members are color-coded and shown as
spheres of their respective Cox atoms.
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7. Conclusions

Mutations in Kjg potassium ion channels associate with a variety of human diseases in which
electrophysiological and potassium homeostasis aberrations are explaining etiology. Many of the
mutations associate with abnormal, mostly decreased forward, ion channel trafficking. Trafficking
associated mutations are present throughout the primary sequence, but they concentrate in cytoplasmic
domains in which channel structures involved in Golgi-export are clinically more important than
ER-export regions. Another group of mutations are found in regions important for gating and most
likely affect protein folding and stability. Therefore, mutation associated Ky trafficking defects are likely
caused by 1) defective interaction with the trafficking machinery due to mutations in specific trafficking
motifs, and 2) channel misfolding, destabilization and subsequent endoplasmic-reticulum-associated
protein degradation due to mutations in residues important for channel structure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/11/650/s1,
Figure S1: Kjg1-7 sequence alignment.
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Abstract: Ankyrin-B (encoded by ANK?2), originally identified as a key cytoskeletal-associated protein
in the brain, is highly expressed in the heart and plays critical roles in cardiac physiology and
cell biology. In the heart, ankyrin-B plays key roles in the targeting and localization of key ion
channels and transporters, structural proteins, and signaling molecules. The role of ankyrin-B
in normal cardiac function is illustrated in animal models lacking ankyrin-B expression, which
display significant electrical and structural phenotypes and life-threatening arrhythmias. Further,
ankyrin-B dysfunction has been associated with cardiac phenotypes in humans (now referred to as
“ankyrin-B syndrome”) including sinus node dysfunction, heart rate variability, atrial fibrillation,
conduction block, arrhythmogenic cardiomyopathy, structural remodeling, and sudden cardiac death.
Here, we review the diverse roles of ankyrin-B in the vertebrate heart with a significant focus on
ankyrin-B-linked cell- and molecular-pathways and disease.

Keywords: ankyrin-B; ANK2; ion channels; cardiovascular disease

1. Introduction: Ankyrin Proteins

The ankyrin family of polypeptides was first identified in the erythrocyte plasma membrane in
1979 by Bennett and Stenbuck [1]. Following this discovery, ankyrin was discovered in various organs
and cell types, including brain [2-4] and myogenic cells [5,6]. We now know that ankyrins are derived
from three ankyrin genes: ANK1, ANK2, and ANK3 [7-9]. ANK1 encodes ankyrin-R (AnkR), ANK2
encodes ankyrin-B (AnkB), and ANK3 encodes ankyrin-G (AnkG) (Table 1).
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Table 1. Brief summary of ankyrin family proteins: ankyrin-R, ankyrin-B, ankyrin-G.

Ankyrin-R Ankyrin-B Ankyrin-G

ubiquitously expressed, ubiquitously expressed, neurons (AIS,
cardiomyocytes (T-tubules, SR, and nodes of Ranvier) [13],
plasma membrane) [12], neurons [8] cardiomyocytes (intercalated disc) [14]

PP2A [12,13], NCX [12], NKA [18],

erythrocytes [1], myelinated axons [10],

Tissue Expression striated muscle [11]

Examples of Binding CD44 [15], NKA [16], Rh type A . Nay 1.6, pIV-spectrin, LICAMs [1,21,22],
Partners glycoprotein [17], obscurin [11] Klrb?sI[Ili;:c]ér(l::\[/zl(J? [, plakophilin-2 [23] Nay 1.5 [14]
Isoforms SANk15, 1.6, 1.7, and 1.9 [11] AnkB-188 21@?:4%i€]§)[24]' Giant Giant AnkG (480-kD) [25]

Di sociated with Ankyrin B syndrome: SCD, SND, AF, Brugada syndrome [12], dilated
seasevaasdt::‘ls hereditary spherocytosis [26] LQTS, VT, bradycardia, syncope [12], cardiomyopathy [28], cognitive
ARVC [27] disabilities [29]

SR = sarcoplasmic reticulum, AIS = axon initial segments, NKA = Na*/K* ATPase, PP2A = protein phosphatase 24,
NCX = Na*/Ca®* exchanger, Kir6.2 = inward rectifier potassium channel, Cay1.3 = voltage-gated calcium channel,
L1CAMs = L1 family of neural cell adhesion molecules, SCD = sudden cardiac death, SND = sinus node disease,
AF = atrial fibrillation, LQTS = long QT syndrome, VT = ventricular tachycardia, ARVC = arrhythmogenic right
ventricular cardiomyopathy.

Ankyrin-R is primarily expressed in erythrocytes and was the first ankyrin identified as an
adaptor protein [1], linking erythrocyte membrane proteins to the actin-based cytoskeleton [30]. AnkR
is important for the structural integrity and organization of the erythrocyte membrane. Moreover,
loss-of-function variants in human ANKI have been linked to ~50% of hereditary spherocytosis
cases [31], a complex form of hemolytic anemia that affects 1:2000 people of Northern European
descent [26] and results from a loss of membrane surface tension in red blood cells [32]. AnkR regulates
erythrocyte membrane expression of CD44 [15], Na*/K* ATPase (NKA) [16], and the Rh type A
glycoprotein [17]. Although AnkR is primarily expressed in erythrocytes, AnkR is also expressed in
myelinated axons [10]. ANKI also encodes four small ankyrin-1 isoforms (sAnk1.5, 1.6, 1.7, and 1.9) that
are highly expressed in striated muscle. These isoforms bind obscurin and stabilize the sarcoplasmic
reticulum in striated muscle [11].

Ankyrin-B was first identified in the brain [8] and has since been identified as a critical adaptor
and scaffolding protein in the heart, that mediates the interaction of integral membrane proteins with
the spectrin-actin cytoskeletal network [13,33]. ANK2 encodes multiple isoforms that may contribute
to disease. AnkB will be reviewed in detail below.

Ankyrin-G plays an important role across multiple excitable tissues. In the brain, AnkG links
integral membrane proteins with the actin/spectrin-based membrane skeleton at axon initial segments
(AIS) including Nay1.6, IV spectrin, and LICAMs [21,22,33]. In the heart, AnkG is required for
localization of Nay 1.5 and CaMKII to the cardiomyocyte intercalated disc [13,14,34]. In mice selectively
lacking AnkG expression in cardiomyocytes, BIV-spectrin and Nay1.5 expression and localization
are disrupted, and voltage-gated Nay channel activity (Inj) is significantly decreased. These animals
experience a reduction in heart rate, impaired atrioventricular conduction, increased PR intervals, and
increased QRS intervals [14]. Further, AnkG cKO mice display arrhythmias in response to adrenergic
stimulation. In humans, an SCN5A variant in the AnkG-binding motif of Nay1.5 has been associated
with Brugada syndrome and arrhythmia [12]. This same variant is a loss-of-function variant when
expressed in primary cardiomyocytes. Similar to other ankyrin genes, ANK3 encodes multiple isoforms
of AnkG. Giant AnkG is a 480-kD protein required for proper AIS and node of Ranvier assembly due
to the clustering of Nay channels [35]. Human variants affecting 480-kD AnkG are associated with
severe cognitive disability [29]. The role of Giant AnkG isoforms in the heart is currently unknown
and is an important area for future research.

AnkB and AnkG are ubiquitously expressed, but their functions are distinct. Although AnkG
plays a crucial role in the brain, variants in AnkG have been connected to Brugada syndrome [12]
and, more recently, dilated cardiomyopathy [28]. Although AnkB and AnkG have similar structures,
AnkG partners with proteins at the intercalated disc, including plakophilin-2 [23] and Nay1.5 [14],
while AnkB is crucial for the expression and localization of ion channels at the sarcoplasmic reticulum,
transverse-tubules, and plasma membrane [12]. However, Roberts et al. recently identified small
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populations of AnkB at the intercalated disc [27]. Cardiomyocytes from mice heterozygous for a null
mutation in ankyrin-B display mislocalization and a decrease in expression of Na*/Ca®* exchanger
(NCX) and Na*/K*-ATPase (NKA) [36]. Further, Roberts et al. demonstrated that 3-catenin is a novel
AnkB-binding partner, where 3-catenin localization is disrupted in individuals with ANK2 variants
who presented with arrhythmogenic right ventricular cardiomyopathy (ARVC) [27]. Importantly,
ankyrins -G and -B retain non-overlapping, non-compensatory functions despite their similarity in
sequence. Distinct from AnkG-associated disease, variants in AnkB are tied to a specific set of clinical
phenotypes, including susceptibilities to sinus node dysfunction and acquired heart diseases such
as atrial fibrillation [12] and heart failure [37]. Ankyrin specificity, at least in part, is attributed to an
autoinhibitory linker peptide between the membrane-binding domain (MBD) and spectrin-binding
domain (SBD), which prevents AnkB from binding with protein partners [38]. Further specificity is
attributed to key roles of the divergent C-terminal domains of AnkB and AnkG. Additional mechanisms
underlying ankyrin specificity in vivo are a key area for future research.

2. Ankyrin-B Isoforms

Similar to ANKI and ANK3, ANK2 generates multiple gene products. The diversity of known and
potential gene products is large and includes splice products defined as small, canonical, and Giant
AnkB isoforms [13]. In fact, The National Center for Biotechnology Information gene database (NCBI
Gene) lists 49 transcript variants that match the known RefSeq (NM) and 20 transcript variants that
match the model RefSeq (XM), yet most of these transcript variants have not been identified in tissue
or cells.

AnkB-188 and AnkB-212 are two ankyrin-B isoforms present in the heart [24]. AnkB-188 is
expressed in human ventricular cardiomyocytes and regulates NCX expression, whereas AnkB-212 is
expressed in cardiomyocytes and skeletal muscle, is localized to the M-line, and exclusively interacts
with obscurin [24]. Furthermore, 440kD AnkB (Giant AnkB) is the result of the insertion of a 6.4 kb
exon between the SBD and death domain (DD). To date, expression of Giant AnkB has only been
studied in neurons and was recently associated with autism [25]. Giant AnkB regulates the expression
and localization of LICAMs in neurons and predominates in unmyelinated axons to control axonal
branching. A mouse model deficient in Giant AnkB shows increased axonal branching and a transient
increase in excitatory synapses during postnatal development [39]. Although there are a host of
ankyrin-B isoforms in the heart, the primary isoform is canonical 220-kD AnkB.

Canonical AnkB is an adaptor protein that acts as a pivotal regulator in the localization and
organization of ion channels, structural proteins, signaling molecules, and adaptor proteins [40,41].
Deficiency in AnkB results in mislocalization and altered expression of multiple membrane and
cytoskeletal proteins, including NCX [12], NKA [18], ATP-sensitive inward rectifier K* channel
(Kir6.2) [13], voltage-gated calcium channel (Cay1.3) [19], and BII-spectrin [20], causing ion imbalance
and dysregulation of cellular signaling [18].

Animal models have been fundamental in illustrating the role of AnkB in the heart. AnkB*/~
myocytes display reduced expression and improper localization of AnkB-binding partners, as well
as strong electrical phenotypes including extrasystoles, early afterdepolarizations (EADs), and
delayed afterdepolarizations (DADs) following adrenergic stimulation. The mechanism underlying
AnkB-associated arrhythmias is attributed to improper calcium handling via disrupted organization of
AnkB-binding partners [36]. Through the use of a canine cardiomyocyte model, Chu et al. predicted that
mislocalization of the NKA and its subsequent uncoupling from the NCX in AnkB*/~ cardiomyocytes
disturbs Ca?* and Na* currents to predispose the cell to action potential prolongation [42].

3. Ankyrin-B Structure and Binding Partners

Canonical ankyrin proteins share a similar structure composed of an MBD, SBD, and a regulatory
domain (RD) that is comprised of a death domain (DD) and C-terminal domain (CTD) (Figure 1).
The MBD of AnkB is divided into four subdomains composed of 24 ANK repeats, which are defined by
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their repeated alpha-helical structure [43]. ANK repeats are not specific to the three canonical ankyrin
proteins and are present across a range of functionally diverse proteins including SHANK, BARD1,
and ANKRD. The AnkB MBD regulates the localization of ion channels and transporters (Figure 2 and
Table 2).

Membrane-Binding Domain Spectrin-Binding Domain Regulatory Domain
Figure 1. Structure of canonical ankyrin-B. Canonical ankyrin proteins share four domains: a
membrane-binding domain (MBD), spectrin-binding domain (SBD), death domain (DD), and C-terminal
domain (CTD). The MBD consists of 24 ANK repeats that are defined by their secondary structure
and aid in protein folding regulation. The SBD consists of ZU5N, ZU5C, and UPA domains that

are important for binding BII-spectrin and supporting cardiomyocyte structure. The DD and CTD
comprise the regulatory domain.

C-terminal Domain I

T-Tubule
Intercalated
Cytoplasm disc
PP2A
RYR2 ":‘——l
AnkB - ——
a-Spectrin 5 B-catenin N-cadherin
Sarcoplasmic p-Spectrin
Reticulum
Actin

Figure 2. Representative diagram of ankyrin-B-binding partners to emphasize the importance of
AnkB in the localization of ion channels, transporters, pumps, and structural proteins for proper
cardiomyocyte function.

Table 2. Ankyrin-B-binding partners in the heart.

Membrane-Binding Domain Spectrin-Binding Domain Regulatory Domain
Ion channels Transporters/Pumps -spectrin HSP40
IP3R Anion Exchanger PP2A Obscurin
Cay1.3 Na/Ca Exchanger Ankyrin MBD
Kir6.2 Na/K ATPase
Structural Cell adhesion
Tubulin B-catenin L1CAMs
fB-dystroglycan
Dystrophin

IP3R = 1,4,5 inositol trisphosphate receptor, Cay1.3 = voltage-gated Ca>* channel, Kir6.2 = ATP-sensitive inward
rectifier K* channel, PP2A = protein phosphatase 2A, HSP40 = heat shock protein 40, MBD = membrane binding
domain, LICAMs = L1 family of neural cell adhesion molecules.

The SBD is a highly conserved region of most ankyrin proteins, where the AnkB SBD is composed of
a ZU5N-ZU5C-UPA tandem structure. The ZU5N domain binds directly with the spectrin cytoskeleton
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to aid in the structural integrity of the myocyte [44]. Critical to calcium handling in the heart, the ankyrin
ZUS5C region of the AnkB-SBD associates with the B56a subunit of protein phosphatase 2A (PP2A),
an interaction that localizes PP2A with a primary target, RyR2 [12,13]. The ANK2 p.Q1283H variant
within ZU5c was recently associated with arrhythmia, potentially due to loss of PP2A activity and
altered phosphorylation of RyR2 [45].

The AnkB DD, composed of six helices that resemble the death domain of apoptotic-related
proteins, is proposed to play a role in the auto-inhibitory functions of AnkB through the binding
of the DD to the UPA region of SBD [44]. Additionally, a yeast two-hybrid screen and subsequent
co-immunoprecipitation revealed that the AnkB DD binds RAB GTPase activating protein-1 like
(RABGAP1L), which is involved in intracellular membrane trafficking within many different cell types,
including heart tissue [46]. Although the regulatory domain is the least conserved domain of AnkB,
the majority of disease-associated variants have been identified in this region. The DD variant, V1516D,
was identified in four individuals with various heart conditions such as atrial fibrillation, drug-induced
long QT syndrome (LQTS), exercise-induced ventricular tachycardia, bradycardia, syncope, or a
combination of phenotypes [12].

Finally, the AnkB CTD is characterized by its elongated structure and its high composition of
charged amino acids [12]. It is highly divergent and interacts with obscurin [47]. The CTD structure
allows for inter-domain interactions that are crucial to isoform-specific functions. Intramolecular
interactions between the AnkB CTD and MBD are proposed to regulate protein binding interactions.
Ankyrin auto-regulatory activity was originally identified in AnkR and its splice variant AnkR
2.2 [48,49]. Within AnkB, yeast two-hybrid studies identified essential amino acid sequences of the CTD
and MBD that are required for binding; Arg 37 and Arg 40 of the ANK repeat 1 within the MBD and
the three amino acid sequence EED within the CTD are shown to facilitate inter-domain binding [12].
Abolishment of this interaction inhibits AnkB-specific targeting of inositol trisphosphate receptor (IP3R)
to the sarcoplasmic reticulum, therefore demonstrating that inter-domain interactions are responsible
for ankyrin function through regulation of proper protein interactions. Interestingly, however, these
amino acid sequences are not required for binding of AnkB MBD with the IP3R, raising questions
about the role of the CTD in localization and expression of AnkB-binding partners within the heart.

4. Ankyrin-B Variants in Cardiovascular Disease

AnkB variants have been identified in all four domains of the AnkB protein and are linked to
a spectrum of cardiovascular phenotypes. AnkB is classically associated with human arrhythmia
syndromes, many of which demonstrate incomplete penetrance and variable expressivity [12,50-52].
In fact, it is likely that secondary genetic, lifestyle, and/or environmental factors are necessary to
cause disease. Ankyrin-B syndrome, originally classified as long QT syndrome type 4, is a heritable
arrhythmogenic disease that is the result of loss-of-function mutations in ANK2. A p.E1425G variant
was discovered in a French family suffering from sinus bradycardia, atrial fibrillation, and sudden
cardiac death and was the first to be implicated in AnkB syndrome [12,53].

Although the p.E1425G variant is localized to the AnkB regulatory domain, loss-of-function
variants in all four ankyrin domains are now associated with AnkB syndrome [12,54]. Notably,
these variants show a range of clinical severity and phenotypes, including torsades de pointes (TdP),
ventricular tachycardia, and long QT syndrome, a variability that is reflected at the cellular level [12].
This inconsistency of phenotype puts into the question the mechanics behind AnkB-associated diseases
that have yet to be fully elucidated. Although the AnkB MBD is imperative for AnkB interactions
and function within the heart, the first disease-associated loss-of-function variant in this domain,
p-S646F, was only recently identified within the First Nations of Northern British Columbia [54].
Individuals with this variant also exhibited congenital heart defects, Wolff-Parkinson-White syndrome,
and cardiomyopathy. These compounded symptoms are the result of improper NCX localization,
subsequent Ca?* overload, and possible disruption of pacemaking activity [12,36].
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Variants within the SBD pose distinct mechanisms of disease. Several AnkB variants including
the p.R990Q [20], p.A1000P, and p.DARIZ6AAA are present within the highly conserved ZU5N
region of the SBD that directly binds pIl-spectrin, disrupting this interaction. Importantly, AnkB
co-immunoprecipitates with a larger complex composed of BII-spectrin, NKA, and NCX [20]. Although
p-A1000P and p.DAR976AAA demonstrated normal AnkB activity with altered BII-spectrin binding,
the p.R990Q variant showed altered AnkB functionality, including an inability to rescue NCX localization
in AnkB knockout myocytes and severe arrhythmia attributed to disruption of the AnkB-spectrin
interaction [20]. Notably, the p.Q1283H variant within the ZUs¢ region disrupts PP2A activity via
loss of B56«x targeting, which increases RyR2 phosphorylation and disrupts the calcium dynamics
associated with excitation-contraction (EC) coupling [45]. Notably, alterations in RyR2 activity are
associated with dilated cardiomyopathy and offer an additional area for future investigation.

Variants in ANK2 have also been associated with sinus node disease (SND) [12] and most recently
with arrhythmogenic cardiomyopathy (ACM) [27]. In fact, the p.E1425G variant segregated with sinus
node disease with nearly complete penetrance [45]. Similar to ANK2 loss of function mutations, ANK2
transection in chromosome 4, leading to ANK2 haploinsufficiency, was associated with ankyrin-B
syndrome [55].

Although AnkB is commonly associated with arrhythmias, variants in ANK2 have also been
associated with structural heart disease. Lopes et al. found that individuals with ANK2 variants
had a greater maximum wall thickness in the left ventricle, in hypertrophic cardiomyopathy [50].
AnkB has also been linked to acquired heart disease and tissue remodeling following infarct in canine
animal models [12]. Following coronary artery occlusion, AnkB mRNA and protein levels decrease
in the cardiomyocytes found at the infarct border zone (BZ), as do common AnkB-binding partners
including NCX and NKA. These findings provide new insight into the role of AnkB in heart failure
and possibly for the cardiac remodeling that supports the creation of arrhythmogenic substrates at the
border zone [37].

Recently, ANK2 variants have been identified in individuals with arrhythmogenic right ventricular
cardiomyopathy (ARVC) [27], a disease characterized by a severe structural and electrical cardiac
phenotype that involves the fibrofatty replacement of healthy myocardium, malignant arrhythmias,
and even sudden cardiac death [56]. The AnkB-p.Glu1458Gly variant was linked to AnkB syndrome but
was also identified in a family with AnkB syndrome found to have ARVC atautopsy [27]. Alarger screen
that encompassed AnkB variants in ACM revealed a loss-of-function variant, AnkB-p.Met1988Thr,
which segregated with ARVC-affected family members, where staining of the ventricle tissue showed
reduced levels of NCX at the plasma membrane and abnormal Z-line targeting [27]. In order to
model the ACM phenotype seen in these patients with loss-of-function AnkB variants and ACM,
a cardiomyocyte-specific AnkB knockout mouse was generated (as AnkB null mice die shortly after
birth), which developed a phenotype similar to that of human ACM, including dramatic structural
abnormalities, biventricular dilation, reduced ejection fraction, cardiac fibrosis, premature death,
and exercise-induced death [27]. Although the desmosome was preserved in these mice, 3-catenin
localization was altered, and -catenin was demonstrated as a binding partner for the AnkB MBD.
Interestingly, when these mice were treated with GSK-3p-inhibitor, a pharmacological activator of
[3-catenin, it prevented and partially reversed the ARVC phenotype found in these mice [27], providing
a hopeful outlook on developing new therapies for patients with AnkB variant-driven ARVC.

5. Future Implications

ANK?2 variants are associated with cardiovascular phenotypes including sinus node disease, atrial
fibrillation, heart rate variability, catecholaminergic polymorphic ventricular tachycardia (CPVT), ACM,
cardiomyopathy, syncope, and sudden cardiac death. We strongly predict that disease penetrance and
severity will ultimately be predicated by the interaction between genetic (known as well as currently
unknown variants, deletions, etc.) and environmental factors. A key future area of research is to
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understand the impact of secondary variants and acquired/environmental factors (e.g., ischemia,
catecholamines) on ankyrin-B stability and disease.

Despite their variability, the majority of treatment options for AnkB-associated conditions continue
to mitigate the clinical symptoms of disease as opposed to their molecular causes. Currently, SND,
ARVC, and AnkB syndrome necessitate symptom-dependent approaches ranging from {3-blocker
administration to pacemaker implantation [12,37,56]. Only recently was SB-216763, a GSK-3f3 inhibitor,
identified to both prevent and reverse ARVC in mice by targeting a specific interaction between AnkB
and {3-catenin through the Wnt signaling pathway [27], but this therapeutic strategy has not yet been
tested. Although the authors posit that the drug may function by altering 3-catenin phosphorylation
levels, the exact mechanics of its action remain unclear, which highlights the need for future examination.
Furthermore, these findings address the structural phenotype of ARVC that is largely absent in SND
and AnkB syndrome, again establishing the need for more disease-specific therapeutic options.

The clinical manifestations of AnkB-attributed pathologies are also intriguingly patient specific.
For example, cases of ARVC and AnkB syndrome, which comprise disparate structural and electrical
phenotypes, have both been linked to the AnkB E1425G variant [27]. This genetic overlap demonstrates
that individual AnkB variants are not likely the sole determinants of a given clinical phenotype, but
rather are compounded by environmental factors that work in conjunction with additional genetic
factors to produce disease variability. Further study is necessary to elucidate the synergistic interactions
and intricate molecular pathways that could act as novel therapeutic targets in AnkB-associated illness.

In summary, AnkB is critical for the expression, targeting, and regulation of multiple proteins
involved in cardiac excitability, structure, and signaling. AnkB is a pivotal regulator of ion channels and
transporters (e.g., NCX and NKA), structural proteins (e.g., fII-spectrin and -catenin), and calcium
regulatory proteins (e.g., RyR2 and PP2A) (Figure 2). Together, the diverse roles of AnkB contribute
to EC coupling, cytoskeletal integrity, and signaling pathways required for proper cardiomyocyte
function. Variants in AnkB are associated with arrhythmogenic diseases that include both structural
and electrical dysfunction. Although AnkB isoforms have been shown to have unique functions in the
heart (AnkB-188 and AnkB-212), it is not known if variants in these isoforms contribute to disease.
Since AnkB-188 plays a role in localization of NCX and AnkB-212 binds obscurin, variants may lead
to M-line disruption in cardiomyocyte conduction and contraction, as knockdown of either isoform
resulted in arrhythmic contraction in vitro [24]. Although Giant AnkB has only been studied in the
brain, where variants may increase susceptibility to cognitive disorders and autism, its expression and
role in heart disease has yet to be determined. Understanding the role of AnkB variants in disease,
along with other variants that contribute to the phenotypes described here, is crucial to developing
new treatment strategies for complex human disease.
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Abstract: Transient receptor potential cation channels are emerging as important physiological and
therapeutic targets. Within the vanilloid subfamily, transient receptor potential vanilloid 2 (TRPV2)
and 4 (TRPV4) are osmo- and mechanosensors becoming critical determinants in cell structure and
activity. However, knowledge is scarce regarding how TRPV2 and TRPV4 are trafficked to the
plasma membrane or specific organelles to undergo quality controls through processes such as
biosynthesis, anterograde/retrograde trafficking, and recycling. This review lists and reviews a subset
of protein—protein interactions from the TRPV2 and TRPV4 interactomes, which is related to trafficking
processes such as lipid metabolism, phosphoinositide signaling, vesicle-mediated transport, and
synaptic-related exocytosis. Identifying the protein and lipid players involved in trafficking will
improve the knowledge on how these stretch-related channels reach specific cellular compartments.

Keywords: ion channel trafficking; transient receptor potential channels; TRPV2; TRPV4;
phosphatidylinositol signaling; stretch-related channels

1. Introduction

Transient receptor potential (TRP) channels are polymodal cation channels involved in
somatosensation at the cellular and tissue levels in vertebrates [1]. Channels in the TRP family
are in charge of sensing physical stimuli such as temperature or mechanical changes to trigger cation-
mediated cell signal transduction pathways [2]. The vanilloid subfamily (TRPV) has six members
(TRPV1-6), where TRPV1-4 have been long related to thermal sensing [3]. More recently, they have
also been linked to mechanical stress, especially the TRPV2 and TRPV4 channels [4,5]. Accordingly,
the function of TRPV2 and TRPV4 is expected to be essential in tissues with high mechanical shearing,
such as skeletal and cardiac muscle.

Expression of TRPV2 is wide (Figure la) and TRPV2 is involved in several physiological
processes [6], but the particular role of this channel in skeletal and cardiac muscle is gaining much
attention [7-12]. The expression of TRPV4 is as ubiquitous as TRPV2 (Figure 1a), but it is prominent in
epithelial tissues, evoking calcium currents in response to extracellular stimuli, such as temperature,
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osmotic changes, and mechanical stretch [13-15]. Mutations of TRPV4 are related to involved
in oligomerization, trafficking, and degradation can result in genetic disorders like Brachyolmia,
Charcot-Marie-Tooth disease type 2C, spinal muscular spinal muscular atrophy, arthrogryposis, and
hereditary motor and sensory neuropathy type 2 [16,17]. The identification of these mutations is a
first step to determine the pathogenesis of the associated diseases and to design specific therapies. In
addition, the disruption of the folding-sensitive region of TRPV4 could be a therapeutic option for
diseases in which TRPV4 increases its activity such as pain and skeletal dysplasias [18]. Recently, it
has also been shown that TRPV4 affects the calcium balance in cardiomyocytes, affecting contractility,
leading to cardiac tissue damage in heart physiopathology [19].

An important question regarding TRPV2 and TRPV4 is how these channels are trafficked to
and recycled from the membrane. This is an essential aspect in TRPV2 and TRPV4 function as
Ca?*-dependent stretch-modulated channels. It has been shown that trafficking and/or translocation is
a highly regulated process, and it may be dependent on channel activity. Translocation of TRPV2 to the
membrane is driven by growth factors or chemotactic peptides [6], although is not clear yet whether
TRPV2 is functional when at the plasma membrane and/or internal organelles, mainly because most
the literature regarding TRPV2 trafficking is based on poor detection antibodies against TRPV2 [20].
The function of TRPV4 is exerted mainly at the plasma membrane and TRPV4 trafficking to the
membrane is regulated by activators, such as GSK1016790A [18]. Controlled and regulated trafficking
of ion channels, especially in excitatory tissues, is fundamental because of the possibility of cation
leakage during trafficking, which leads to unbalanced cation homeostasis promoting cell toxicity and/or
excitotoxicity. This review of the published protein—protein interactions for the TRPV2 and TRPV4
channels [21-24] intends to shed light about the proteins involved in the regulated and constitutive
trafficking of these two mechanosensory cation channels.
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Figure 1. Transient receptor potential vanilloid subfamily TRPV2 and TRPV4 expression and
interactomic profiles. (a) TRPV2 and TRPV4 tissue expression in humans; (b) TRPV2 (left) and
TRPV4 (right) interactomes crossing published results (see main text for details). (c) Protein interactions
overlap among TRPV2 and TRPV4 interactomes. (d) Main biological process terms defined by TRPV2

and TRPV4 gene set enrichment analysis (GSEA).
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2. Sequence and Structure Determinants in Channel Trafficking

Beyond TRP biogenesis and oligomerization as tetramers [25], TRP channel trafficking is a complex
mechanism, integrating processes such as membrane insertion, glycosylation, Golgi maturation, vesicle
trafficking, and protein—protein interaction (PPI) [26]. The balance between these processes results in a
correct protein distribution in the plasma membrane or the corresponding membrane compartment,
leading to up- and down-regulation of the protein function. The trafficking structural and molecular
determinants in TRP sequence are mediators of PPI and/or lipid-protein interactions (LPIs). In TRPV
channels, both the N- and C-termini were involved in trafficking. The distal N-terminus of TRPV
channels is highly variable and structurally disordered and likely to host several phosphorylation
sites and PPI and LPI domains. Deletion of the distal N-terminus of TRPV2 is enough to deplete the
channel trafficking to the plasma membrane [23], which has also been observed for TRPV5 [27]. In
addition, the N-terminus of TRPV4 interacts with OS-9 in the endoplasmic reticulum (ER), preventing
channel trafficking to the plasma membrane [28]. Protein kinase C and casein kinase substrate in
neurins proteins (PACSIN) also bind to the TRPV4 distal N-terminal domain (interaction exclusive for
TRPV4 among TRPV channels), enhancing the relative amount of TRPV4 in the plasma membrane [29].
As for the C-terminus, AKAP79/150 binding has been described [24], as well as the ankyrin repeat
domain (ARD), which is involved in PPI, but also in the complex mechanism of trafficking of
TRPV channels. The TRPV4 C-terminus is also involved in trafficking, as shown by C-terminus
deletion mutants, resulting in TRPV4 accumulation in the ER [30]. The characteristic ankyrin repeat
domain (ARD) is involved in PPI, but also in the complex mechanism of trafficking of TRPV channels.
Experiments carried out to map in vitro TRPV2 topology [23] were performed with constructs lacking
either most of the N-terminal domain of the channel (the first 74 amino acids AN74-TRPV2) or the
first 336 amino acids at the distal N-terminus (corresponding to the ARD, AARD-TRPV2). Despite the
N-terminal truncation, TRPV2 was properly folded within the lipid bilayer. The AARD-TRPV2 mutant
was not able to traffic to the plasma membrane, as determined by confocal imaging and biotinylation
assay [23]. Such a fact indicates that the N-terminal region may be needed for additional channel
processes other than insertion in the ER membranes, such as channel tetramerization, glycosylation,
or interaction with chaperone proteins to allow membrane translocation. Although it has not been
described for TRPV2 [31], the ARD indeed plays a key role in channel oligomerization for TRPV4,
as has been shown for ARD mutants in TRPV4 [32]. TRPV mutants lacking ARD or carrying point
mutations in N- or C-terminal domains produce channels that seem unable to tetramerize, which
emphasizes the need for the TRPV cytosolic domains to promote the correct oligomerization of the
subunits [32,33].

Turnover of TRPV channels in the plasma membrane is also controlled by regulated exocytosis,
a process mediated by phosphorylation and interaction with SNAP (soluble N-ethylmaleimide sensitive
fusion attachment protein) receptor (SNARE) complex proteins. SNARESs are a protein complex of more
than 60 members in mammalian cells that mediate vesicle fusion with their target membrane bound
compartment. The complex of SNARESs has a relevant role in cellular processes such as neurotransmitter
release in synapses, exocytosis, or autophagy [34,35]. Upon protein kinase C (PKC) activation, TRPV1
is recruited to the plasma membrane by SNARE mediated vesicle transport, leading to a potentiation of
TRPV1 currents [36]. Interaction of TRPV1 and TRPV2 with Snapin and SynaptotagminIX (SYT9) [36,37].
For TRPV2, the interaction with SNAREs protein is mapped into the highly conserved region of
the membrane proximal domain (MPD), pointing to the conservation of these interactions along the
TRPV1-4 subfamily [37].

Regarding LPI, TRPV channels share highly conserved PIP2 binding domains [24]. Binding of
PIP2 to TRPV1 [38], TRPV2 [39], and TRPV3 [40] was mapped to the highly conserved proximal
C-terminal domain, contiguous to the TRP box. The TRPV4 PIP2 binding domain is pinpointed using
bioinformatics [24], although TRPV4 has an additional PIP2 binding site in the distal N-terminal
domain [41]. Two recent works suggest that phosphatidic acid (PA) mediates LPIs between the
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membrane proximal domain (pre-S1 domain) and the C-terminus of TRPV channels in the trafficking
of TRPV channels to the plasma membrane [37,42].

3. Interactomics

Proteomic studies provide useful tools to understand the molecular mechanism of TRPV channels.
Guilt-by-association approaches aiming for mid-throughput interactome discovery for TRPV2 and
TRPV4 were used, combined with standard techniques such as co-immunoprecipitation in mammalian
cell lines and a novel membrane-specific yeast two-hybrid (MYTH) methodology [21,22].

The MYTH is a split-ubiquitin-based system that allows the location of the bait protein (TRPV2,
TRPV4) embedded in the membrane. First, a yeast strain is generated that constitutively expresses the
ion channel fused to the C-terminus of ubiquitin followed by the transcription factor LexA-VP16 (TF).
The bait strain is then transformed with a cDNA library containing more than 10° protein preys fused
to the N-terminus of ubiquitin. The tag carries a mutation to hinder the spontaneous refolding of
ubiquitin, which thus will only occur when a prey protein interacts with the bait. Once the interaction
occurs and ubiquitin is refolded, the bait complex is cleaved and the TF is released. The traffic of TF to
the nucleus starts the expression of reporter genes integrated in the yeast strain, allowing cells to grow
in selective media lacking either Histidine (His) or Adenine (Ade). Moreover, the LacZ reporter gene
is activated upon interaction, so that colonies carrying a putative interactor become blue stained in
the presence of X-Gal. The blue color intensity may be used to determine whether interactions are
strong or constitutive (intense blue color staining) or transient (pale blue color intensity) [43]. Using
MYTH, 20 and 44 new interactors were found for TRPV2 and TRPV4, respectively [21,22] (Table S1
and Figure 1b,c).

Available PPIs for TRP channels are listed in the TRIP database [44]. For TRPV2 and TRPV4 PPI,
refer to Supporting Table S1 and Figure 1b,c. The TRIP database is an excellent tool to get relevant
information of biological processes regarding TRP channels. To the best of our knowledge, the database
was last updated in August 2015, not including any new PPIs, such as the TRPV2 and TRPV4 membrane
yeast two-hybrid (MYTH) dataset from these studies [21,24]. Figure 1 and Supplementary Table S1 list
all the interactions for TRPV2 and TRPV4. However, for the PPI trafficking analysis performed in this
study, only the PPIs identified in MYTH studies [21,22] are used. Using the list of TRPV2 and TRPV4
PPIs, a gene set enrichment analysis (GSEA) is performed, and then all ion channels and transporters
filtered out to avoid the bias towards transport and cation transport gene ontology terms. Out of the
59 protein list, the GSEA resulted in 10 enriched biological process categories, including the following:
neural nucleus development (GO:0048857); phosphatidylinositol biosynthetic process (GO:0006661);
myelin sheath (GO:0043209); phospholipid biosynthetic process (GO:0008654); regulation of cellular
amide metabolic process (GO:0034248); modulation of chemical synaptic transmission (GO:0050804);
regulation of vesicle-mediated transport (GO:0060627); Ras GTPase binding (GO:0017016); regulation
of cellular localization (GO:0060341); and cellular lipid metabolic process (GO:0044255).

4. Understanding Channel Trafficking through Protein-Protein Interactions

In this review, the focus lies in terms related to two aspects: (i) lipid and phosphoinositides,
and (ii) synaptic and vesicle-regulated trafficking. Because both aspects are tightly entangled, they
and are difficult to study independently [21-24,37]. Lipids are key effectors in signal transduction
and protein function, but also in protein trafficking [45]. Phosphoinositides (PIs) provide cellular
organelles with specific lipid signatures, facilitating the binding of specific proteins. Membrane protein
traffic is mediated by accessory proteins containing distinct lipid—protein binding domains, which
promote binding depending on the lipids physico-chemical nature [45]. Regulated (e.g., synaptic-
based exocytosis) and constitutive vesicle-mediated transport for TRP channels have already been
reviewed, mostly based on TRPV1 studies [46]. This review aims to expand the knowledge on
vesicle/synaptic-based trafficking by shedding some light on accessory proteins involved in these
processes, as listed in Table 1.
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Table 1. List of interactors related to trafficking processes derived from a membrane yeast two

hybrid approach.
Gene Symbol Interactor Gene Name Gene ID Process ?
ABHD16A TRPV4 abhydrolase domain containing 16A 7920 1
ANXA2 TRPV4 annexin A2 302 1,2
ARF1 TRPV2 Adenosine diphosphate (ADP) ribosylation factor 1 375 1,2,3,4,5
ATP13A2 TRPV4 Adenosine triphosphate (ATP)ase cation transporting 13A2 23400 2,3
CAMK2B TRPV4 calcium/calmodulin dependent protein kinase II beta 816 4
CASK TRPV4 calcium/calmodulin dependent serine protein kinase 8573 2,34
CDK16 TRPV4 cyclin dependent kinase 16 5127 2
INPP5F TRPV2 inositol polyphosphate-5-phosphatase F 22876 1,2,3,56
PIP4K2B TRPV2 phosphatidylinositol-5-phosphate 4-kinase type 2 beta 8396 1,56
SACMIL TRPV2 SAC1 like phosphatidylinositide phosphatase 22908 1,5,6
SDC3 TRPV2 syndecan 3 9672 1,2,3,4,5
SHISA6 TRPV2 shisa family member 6 388336 2,4
SNAPIN TRPV2/TRPV1 SNAP associated protein 23557 2,3,4
SPTLC1 TRPV4 serine palmitoyltransferase long chain base subunit 1 10558 1,6
SYT9 TRPV2/TRPV1 synaptotagmin 9 143425 2,3,4
TBC1D5 TRPV4 TBC1 domain family member 5 9779 3

2 Processes: 1, cellular lipid metabolism; 2, regulation of cell localization; 3, regulation of vesicle-mediated transport;
4, modulation of chemical synaptic transmission; 5, phosphatidylinositol biosynthesis; 6, phospholipid biosynthesis.
TRPYV, transient receptor potential vanilloid subfamily; SNAP, soluble NSF attachment protein.

Among the list of interactors (Table S1), the literature is revised regarding proteins/enzymes related
to phosphoinositide signaling as markers of specific lipidic composition among cellular organelles, but
also to trafficking and vesicle-mediated accessory proteins (Figure 2). This review provides an overview
of the TRPV2 and TRPV4 trafficking process. Side information on TRPV2 and TRPV4 trafficking is
found in the literature, such as the role of PACSIN3 for TRPV4 [29,41], recombinase gene activator
(RGA) protein, and ras-related protein 7 (Rab7) for TRPV2 [47,48], and the Snapin/Syt9 pair for TRPV1
and TRPV2 [21,36,37]. However, the role of the lipid-mediated PPI for TRPV channels deserves extra
attention, not only because of the complexity of the mechanism, but also because of the diversity of
mechanisms depending on the tissue of interest (Figure 1a).

The lipase/acyl-transferase dehydrogenase enzyme (ABHD16A) is a TRPV4 interactor involved
in lipid metabolism [49]. Proteins of the ABHD family are involved in lipidic modifications, such
as palmitoylation, and in negative regulation of x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor trafficking. The depalmitoylase ABHD17A is crucial for synaptic targeting and
vesicle sorting of AMPA receptors, through PSD-95 depalmitoylation [49,50]. In line with AMPA, but
also to N-methyl-p-aspartate (NMDA) receptors trafficking, the calcium/calmodulin dependent protein
kinase II beta (CAMK2B) and the calcium/calmodulin dependent serine protein kinase (CASK), both
TRPV4 interactors, are trafficking regulatory proteins [51-53]. Another kinase interacting with TRPV4
is the cyclin dependent kinase 16 (CDK16), a key regulator of vesicle trafficking [54-56]. The kinase
CDK16 interacts directly with COPII complexes modulating secretory cargo transport.

Annexin 2 (AnxA?2) is a lipid raft associated trafficking factor in the plasma membrane and the
endosomal system, related to both endo- and exocytosis [57]. Binding of AnxaA2 to phospholipids in a
Ca?*-dependent manner [58], generating microdomains suitable for the binding of membrane proteins,
such as the renal cotransporter NKCC2 [59]. AnxA2 has been shown to interact with fibroblast growth
factor 1 (FGF1) (Table S1), forming heteroligomers capable of interacting with acidic membrane lipids,
such as PA. Viral infection hijacks AnxA2, which is used for the virus advantage in cell-attachment,
replication, and proliferation processes [60]; thus, AnxA2 is a likely candidate protein to play a role in
the TRPV4-DDX3X mechanism in viral infectivity [22].

102



Biomolecules 2019, 9, 791

Plasma membrane

SYT9

a
( °CAMKZB @;/ w
CDK16 INPFFS
G L Camein

Earl
M Y 2 TBC1D5
endosome

SACNHL(J Lysosome
Golg|
coA ceramide
_) smc1

4\

Endoplasmic(
reticulum

(

Figure 2. Cellular overview of the main TRPV2 and TRPV4 trafficking-related protein—protein
interactions (PPIs) organized by cellular compartment (see main text for details).

The ADP-ribosylation factor (Arf) small G proteins, such as Arfl, are related to lipid droplet
metabolism, clathrin independent endocytosis, and other membrane dynamics processes [61-63].
N-terminus miristoylated Arfl only tethers to the membrane when bound to guanosine triphosphate
(GTP) [64]. Guanosine exchange factors (GEF) and GTPase activating proteins (GAP) are required by
Arfs. Hydrolysis of GTP by Arf and Arf-like proteins regulate the enzymatic activity of proteins, such
as PI kinases and phosphatases. Among the TRPV2 interactors, Phosphatidylinositol-5-phosphate
4-kinase type 2 beta (PIP4K2B), inositol polyphosphate-5-phosphatase F (INPP5F, also known as
Sac2), and SAC1 like phosphatidylinositide phosphatase (SACM1L, also known as Sacl) are enzymes
involved in phosphoinositide regulation as signals for membrane traffic. The Arfl pathway is related
to phospholipase D (PLD), which is responsible for the production of phosphatidic acid as a signaling
molecule, shown to interact with TRPV channels [37,42]. The Arfl1-PLD pathways are responsible
for vesicle-mediated endocytosis and exocytosis, as well as the formation of multivesicular bodies
(MVBs) through phosphoinositides binding/signaling [45]. The putative interaction between TRPV2
and Arfl is an important hint regarding vesicle-mediated constitutive trafficking of TRPV channels.
Other proteins that could be related to the Arfl pathway, identified as TRPV2 and TRPV4 interactions,
are Arl15 (Arf-like protein) and the CALM/CamK2B/Cask subset, respectively (Table S1 and Table 1).

Enzymes involved in phosphoinositide regulation are TRPV2/TRPV4 interactors, such as PIP4K2B
and the SACMI1L and INPP5F pair, Sacl and Sac2, respectively. The kinase PIP4K2B regulates the levels
of phosphatidylinositol 5-phosphate (PI5P) [65] by converting it to phosphatidylinositol 4,5-biphosphate
(PI(4,5)P2), alipid involved in TRPV2 and TRPV4 function [6,41]. The non-abundant PI5P phosphoinositide
is related to the Akt kinase pathway and relevant for several cellular processes, such as survival and
cell growth, with a prominent role in cancer [66]. Hydrolysis of phosphatidylinositol 3-phosphate
(PI3P), phosphatidylinositol 4-phosphate (PI4P), and phosphatidylinositol 3,5-bisphosphate(PI(3,5)P2)
is carried out by SACMI1L/Sacl, which is enriched at the Golgi membrane, but is also present in
ER membranes [67]. The preferential substrate for this enzyme is PI4P. The spatial distribution of
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PI4P in Golgi is defined by SACMIL/Sacl, creating the optimal conditions to maintain the cisternal
identity of the Golgi, which is critical to membrane protein trafficking [68]. Inositol polyphosphate-5-
phosphatase F (INPP5F, also known as Sac2) has a specific activity for PI(4,5)P2 and phosphatidylinositol
3,4,5-trisphosphate (PI(3,4,5)P3) to generate PI4P and PI(3,4)P2. INPP5F/Sac2 colocalizes with early
endosomal markers and is related to the regulation of endocytic recycling [69].

The ATPase cation transporting 13A2 (ATP13A2 or PARKDY) is an endo-/lysosomal associated
ATPase related to intracellular trafficking under proteotoxic stress [70]. In a MYTH-based proteomics
approach [71], the authors have identified 43 PARK9-interacting proteins related to trafficking. The
putative TRPV4-PARK9 and the TRPV2-INPP5F interactions identified in studies [21,22] could be
interesting to understand TRPV channels recycling in the endosome/lysosome pathways.

Syndecan-3 (SDC3) is a heparan-sulfate proteoglycan and a TRPV2 interactor, related to leukocyte
migration [72]. Modification of cytoskeleton is carried out by SDC3, but no relationship between SDC3
and membrane protein trafficking has been shown so far. However, SDC4 modulates the activity and
membrane expression of TRPC6 in glomerular permeabilization [73].

The trafficking of AMPA receptors towards the synapse has been thoroughly studied [74], and
among the proteins involved in locating AMPA receptors at the synapse, SHISA6 is found as a TRPV2
interactor. The C-terminal characteristic PDZ domain in SHISA6 binds to post-synaptic density
protein 95 (PSD95), which confines AMPA receptors at the postsynaptic density [75]. Proteins, such as
SHISA6, ABHD16A, Snapin, and SYT9 (Snapin and SYT9 revised earlier), interact with TRPV channels,
mediating synaptic exocytosis, suggesting conservation of some elements in regulated exocytosis of
TRPV channels [21,36,37,46].

The TRPV4 interactor serine palmitoyltransferase long chain base subunit 1 (SPTLC1), which
resides in the ER, drives the synthesis of sphingomyelin [76], sphingolipid that needs to be trafficked
to the plasma membrane. Specific lipid composition in membrane domains may argue for the need
of specific lipids bound to TRPV channels during trafficking. SPTLC1, teaming up with ORMDL3,
are involved in ceramide synthesis [77,78], in response to ER stress and calcium homeostasis, factors
influencing the trafficking of membrane proteins, such as TRPV channels.

The TBC1 domain family member 5 (TBC1D5) plays a significant role in the regulation of the
endosomal pathway. TBC1D5 interacts with TRPV4 in a yeast two-hybrid approach [22]. In the
endosomal system, TBC1D5 inhibits the retromer and promoting autophagy. It is also a key factor in
membrane turnover and membrane protein recycling through Rab7 [79]. The Rab7 and TRPV2 pair
has been shown to colocalize in the endosome. As a result of such a trafficking situation, TRPV2 relates
to nervous system development by enhancing neurite outgrowth [48]. Among TRPV channels, TRPV2
is the most likely to play a role in the regulation of the endosomal pathway [80].

5. Concluding Remarks

This review of the literature aims toward a better understanding of the mechanisms driving
the trafficking of TRPV2 and TRPV4 to specific membrane compartments, derived from a
guilt-by-association approach based on PPI (Table S1). The interaction of TRPV2 and TRPV4 with
lipids and/or with lipid modifying enzymes points to the fact that the lipid environment is fundamental
for TRPV2 and TRPV4 trafficking, beyond the TRPV2 and TRPV4 lipid requirement for ion channel
function. Future perspectives should include the study of the tight inactivation mechanisms of ion
channels involved in the trafficking of these proteins, to prevent cation leakage inside the cell. In
the case of TRPV2 and TRPV4 (and other TRP channels), the focus so far has resided on which lipid
signaling molecules activate/inhibit the channel at the site of function. The identification of LPI and
PPl interactions preventing cation leakage during trafficking toward avoiding detrimental cell toxicity
effects provides another potentially interesting area of study, which may be especially relevant in
tissues under high stretch stress conditions, such as skeletal and cardiac muscle. Knowledge on how
TRPV2 and TRPV4 are specifically trafficked in these tissues might provide invaluable benefits in
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the therapeutic management of muscle physiopathology, where cation transport and balance play a
cardinal role.
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Abstract: An extensive catalog of plasma membrane (PM) protein mutations related to phenotypic
diseases is associated with incorrect protein folding and/or localization. These impairments, in addition
to dysfunction, frequently promote protein aggregation, which can be detrimental to cells. Here,
we review PM protein processing, from protein synthesis in the endoplasmic reticulum to delivery to
the PM, stressing the main repercussions of processing failures and their physiological consequences
in pathologies, and we summarize the recent proposed therapeutic strategies to rescue misassembled
proteins through different types of chaperones and/or small molecule drugs that safeguard protein
quality control and regulate proteostasis.

Keywords: proteostasis; quality control; misrouting; chaperones

1. Introduction

Currently, we understand the plasma membrane (PM) not as a simple lipid bilayer protecting
the cells or surrounding the cytoplasm but as a collection of stably folded membrane proteins (MPs)
in an asymmetric arrangement. In the PM, peptides interact with the lipid bilayer hydrocarbon
core, the bilayer interface, and water in a minimum free energy state, forming complex and dynamic
protein-lipid structures that participate directly as messengers or regulators of many signal transduction
cascades. Regulation of these complex structures is essential for life and health [1-3]. MPs are difficult
to study in vitro for many reasons, such as their flexibility, instability, and relatively hydrophobic
surface. Since the first MP structure was published in 1985 [4], our knowledge has increased slowly
but steadily. However, many aspects of the cell membrane are incompletely understood, including its
lipid—protein organization and its stability to allow substances that meet strict criteria to transit unaided
or through protein transporters, maintaining the intracellular/extracellular balance of substances
according to physiological conditions.

Understanding how PM proteins are regulated from their synthesis to their final localization
could provide further insight into the mechanisms of certain cellular events, such as folding, molecular
sorting, and intracellular transport, that take place in lipidic membranes after protein synthesis.
A wide range of genetic diseases is related to MP misfolding. Because the mutant proteins are either
retained/accumulated intracellularly or are dysfunctional at the PM, signaling cascades mediating
various physiological processes are mainly affected. In this review, we focus on PM proteins, analyzing
their synthesis, folding, and trafficking in addition to the mechanism allowing their expression and
stability at the membrane, and highlighting approaches by which natural and synthetic chaperones
can be used to rescue misfolded phenotypes as strategic therapies to treat misfolding-related diseases.
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2. Membrane Proteins

The external boundary of the cell is the plasma membrane (PM), and organelles are delimited by
intracellular membranes. Lipids are essential components of all cell membranes. The composition of
lipids and MPs may differ substantially depending on the function, organelle type, cellular location, or
tissue level with which they are associated [1-3]. In many cells, phospholipids (glycerophospholipids
and sphingolipids) are the cellular building blocks, while non-phospholipids are important regulators of
lipid organization [1]. Cholesterol is the most abundant non-phospholipid in mammalian biomembranes.
In human brain cells, cholesterol is a major constituent; it is critical for brain development.
Cholesterol depletion leads to central nervous system pathologies such as Huntington’s [5] and
Alzheimer’s [6], among other diseases [7,8]. Lipid content of PM influences the ion channel electrostatic
environment, leading to an indirect modulation of ionic current and charge movement by modifying
the transmembrane. Different studies have experimentally demonstrated that voltage-gated potassium
(Kv) channels are sensitive to cholesterol [7-11] and phospholipid content [12-15].

Indeed, lipid distribution is highly regulated and not random across different membranes as
phosphoinositides (PIs) show a clear demarcation in the cell. The eight members of the mammalian
PI family (PI, PI3P, PI4P, PISP, PI(4,5)P2, P1(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3) play critical roles in
modulating biological processes, such as gene expression, signaling, and membrane and cytoskeletal
responses, and in membrane trafficking, among others. Thus, whereas some members, such as PI3P
and PI(3,5)P2, along with their effectors and specific phosphatases are mainly present at the early and
late endosome, respectively [16], PI(4,5)P2 is essential for endocytosis, exocytosis, and the regulation,
adhesion, and assembly of membrane proteins [17,18]. Because of the specific distribution of PI
family members in the cell, it is reasonable to fulfill important roles for MP location and function.
Recently, multiple roles of lipids in ion channels and transporter regulation have been demonstrated,
highlighting the importance of lipid—protein interactions for the cell physiology [19,20].

The abundance of MPs in the cell is low compared to the total protein population; the proportion of
putative MPs predicted from sequenced genomes is between 20% and 35% [21,22]. PM proteins carry out
diverse functions such as transporting nutrients to cells, regulating the exchange of bioactive molecules
and receiving chemical signals from the extracellular space, activating signaling pathways in response
to different stimuli, allowing the translation of chemical signals into intracellular activity, enhancing
intercellular interactions, and sometimes promoting cell anchoring in a particular location [23-25].

MPs are grouped into two broad categories based on the nature of their interactions: (1) Integral
MPs, also called intrinsic proteins, are integrated into the membrane; many of them can span the
entire lipid and include more than one linked transmembrane domain fully embedded in lipid bilayers
(also called transmembrane proteins). Examples of integral MPs include aquaporins, ion channels,
transporters, and pumps. (2) Peripheral MPs, or extrinsic proteins, are entirely outside the membrane,
indirectly bound to it by weak molecular interactions (e.g., ionic, hydrogen, and/or Van der Waals
bonds), with integral MPs or the polar head groups on lipids. These MPs include phospholipase C,
alpha/beta hydrolase fold, annexins, and synapsin I [26-28].

The mechanisms governing the selection and localization of PM proteins are strongly
controlled; MPs have additional sequences (e.g., stop—transfer sequence membrane-spanning regions,
glycosylphosphatidylinositol (GPI) anchors) that allow their integration into endoplasmic reticulum (ER)
membranes. As reticular membranes move to the Golgi apparatus and finally to the PM, transmembrane
proteins, such as ion channels and transporters, remain integrated with the internal membranes and then
associate with the external membrane or stay partially embedded in one leaflet of the bilayer [29-32].
Caveolins (Cavs) are a good example of integral proteins partially embedded in one leaflet of the
bilayer. The amino and carboxy terminal domains of Cavs flank a central hydrophobic region; hence,
the formation of a hairpin in the lipidic bilayer is suggested by the aminoacidic sequence of this protein.
Cavs are essential proteins for the formation of PM invaginations called Caveolae (“little caves”).
The co-translational ER membrane insertion of Cavs depends on the signal recognition sequence [33,34].
Cavs are exported in a vesicle-dependent manner from the ER to Golgi. After post-translational
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modifications, caveolae transport oligomeric Cavs embedded into cholesterol-rich membranes. At the
cell surface, Cavs interact with protein adaptors (Cavins) to assist membrane curvature. The lipidome
of caveolae depends on the cell type and physiological condition. Lipid—protein interaction in caveolae
may influence protein conformation, protein interactions, or ligand affinity, affecting cascaded signal
transduction and cell physiology [35].

Protein Biosynthesis

When mRNA reaches the cytosol, two ribosomal subunits associate with the initiation codon
through eukaryotic initiation factors (elFs) to integrate the translation initiation complex [36]. After the
signal peptide denoting an MP is detected by the protein/RNA complex—called signal recognition
particle (SRP)—the new protein will be inserted into the ER membrane, mediated in a co-translational
or post-translational manner [37]. In general, all MPs are assembled in the ER, achieving their tertiary
and quaternary structures.

In the co-translational pathway, many MPs and secretory proteins are formerly expressed as
a pre-protein with an N-terminal topogenic sequence, which is a crucial signal peptide for protein
localization and for protein insertion and orientation in cellular membranes. Commonly, 15 to 30 amino
acids conform to the signal peptide; however, length can be up to 50 residues. This peptide sequence
is typically cleaved off co-translationally [38]. Table 1 displays several signal sequences reported for
proteins located in the ER and PM.

Table 1. Signal peptide for protein localization in the endoplasmic reticulum and plasma membrane.

Sequence Protein Location Organism Reference
VVQAITFIFKSLGLKCVQFLPQVM mTOR Endoplasmic Homo sapiens; Mus musculus; Rattus [39]
PTFLNVIRVCDGAIRE. : reticulum. norvegicus.
HALSYWKPFLVNMCVATVLTAGA Endoplasmic o
YLCYRFLFNSNT. PIP-1B. reticulum. Homo sapiens. (401
MEAMWLLCVALAVLAWG. GIeNAC-PL Endoplasmic Homo sapiens. [41]
reticulum.
IPHDLCHNGEKSKKPSKIKSL Endoplasmic .
FKKKSK. STIM2. reticulum. Homo sapiens; Mus musculus. [42]
GVMLGSIECALITMLGHL. Cosme. Endloplasmlc Bos taurus; Homo sapiens; Mus [43]
reticulum. musculus; Rattus norvegicus.
MRLLLALLGVLLSVPGPPVLS. FGFRA4. Plasma membrane. Homo sapiens. [44]
MDCRKMARFSYSVIWIMAIS .
KVFELGLVAG. TDGE. Plasma membrane. Homo sapiens. [45]
MPAWGALFLLWATAEA. (GP)IX. Plasma membrane. Homo sapiens. [46]
LRCLACSCFRTPVWPR. prRDH. Plasma membrane. Bos taurus. [47]
MGCGCSSHPE. Lek. Plasma membrane. Homo sapiens; Aotus nancymaae. [48,49]
VTINGSTYILVPLSH. FSHR. Plasma membrane. Homo sapiens. [50]
AETENFV. M3mAChR.  Plasma membrane. 100 sapiens; Gorilla gorilla gorilla; 5 5,

Pan troglodytes; Pongo pygmaeus.

In general, even when sequence conservation among signal peptides is low, they have common
secondary structural features, including a hydrophilic region at the N-terminal—which is frequently
positively charged, a central hydrophobic domain, and a site for signal peptidase cleavage located in the
C-terminal region; signal peptides can also display extended N-regions or hydrophobic regions [38,53].

After the signal peptide denoting an MP is detected by the SRP, it interacts with the SRP receptor
in a GTP-dependent manner and undergoes several structural modifications. Then the SRP-ribosome
complex docks to the translocon—a channel composed of proteins crossing the lipid bilayer to the
ER lumen [10,17-21]—and translocation is resumed. the translocon is closed and the ribosome
dissociates. The nascent protein is unloaded into the translocation channel (or translocon), GTP
hydrolysis occurs, and the SRP receptor is free for another cycle [41]. Along with peptide translocation,
signal peptide cleavage is mediated by the signal peptidase complex. Cleavage frequently occurs in a
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co-translational way [42-44], but it can also happen at some point between the early co-translational
and late post-translational stages [45]. When translocation finishes, the translocon is closed and the
ribosome dissociates.

When the ER protein in the lumen is translocated across the membrane, the protein is shifted
laterally for anchoring within the phospholipid bilayer, allowing the protein to be integrated or
assembled with other proteins into the ER membrane [54,55]. During translocation, enzymes (e.g.,
signal peptidases and oligosaccharyltransferase) can associate with the protein to cleave the signal
peptide or N-glycosylate the translocating nascent chain [56,57].

In a conventional protein trafficking pathway after ER processing, vesicles favor the anterograde
protein traffic toward the Golgi apparatus to further fuse transport vesicles with the target membrane,
allowing protein insertion into the PM. Vesicular trafficking also occurs in an anterograde way to
support PM protein quality control and cell integrity. A growing number of proteins have been
associated with an unconventional protein trafficking pathway where proteins are delivered to the
surface of the PM in an ER- or Golgi-independent manner. Exceptionally, most of the proteins following
the unconventional trafficking pathway lack the classical N-terminal signal peptide, although if the
signal peptide is recognized, proteins bypass the Golgi to reach the PM or be excreted [58].

Particularly, the C-tail anchored MPs—called tail-anchored (TA) proteins—constitute 3%-5% of the
eukaryotic membrane proteome [37,59]; they lack the classical N-terminal signal for membrane insertion
because they constitute a single stretch of hydrophobic amino acids where the membrane-interacting
region is near the COOH terminus. After translation ends, a hydrophobic region is recognized and
captured by specific cytosolic chaperones forming a pre-targeting complex that drives the opening
of an ER membrane receptor, allowing TA protein insertion into the ER by a GTPase-dependent
step [37,60,61]. TA proteins are found essentially in the intracellular membranes, carrying out various
enzymatic and regulatory functions in the cellular metabolism, including apoptosis and protein quality
control processes, besides protein localization and membrane traffic [62].

3. Membrane Protein Folding

In addition to the folding guided through the amino acid sequence, cytosolic regions may interact
with intracellular proteins or chaperones for proper folding. Molecular chaperones are proteins that
interact with a nascent protein to assist the stabilization of the native conformation, allowing the
protein to remain in the intermediate states for longer during the folding process, but chaperones are
frequently absent in the final functional structure [63]. The major ER-resident chaperones are proteins
of the heat shock protein (Hsp) family [64], lectin chaperones, calnexin, and calreticulin [65].

Several Hsps are usually located in the ER; however, different types and levels of chaperone genes
can be expressed under stress conditions or indifferent cellular stages [65-70].

In addition, chaperones assist the translocation machinery and play a role in the retrograde
transport of aberrant proteins destined for proteasomal degradation [70,71], regulating the unfolded
protein response (UPR) [72].

Along with an abundance of cytosolic and ER-specific molecular chaperones, the ER contains
several classes of folding enzymes. Prolyl cis-trans isomerases, which via cis-trans isomerization of proline
residues constrain the flexibility of the peptide backbone favoring the formation of disulfide bonds,
catalyze co-translational and post-translational modifications important for protein folding [73-75].
Different kinds of chaperones are dissociated or associated with proteins throughout the protein
maturation process [76,77].

Although an entire machinery of molecules participates in the protein folding process, misfolding
sometimes happens despite the cell efforts to prevent it. Mutations and protein translation errors
are frequently associated with protein misfolding. Nevertheless, different factors (e.g., age-related
errors, exposure to environmental stress conditions, or lack of chaperone availability) can also induce
aberrant folding [78]. To avoid misfolded protein aggregates, cells have developed sophisticated
quality control mechanisms preventing dysfunctional proteins from reaching their destination. Control
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quality mechanisms are mediated by chaperone-dependent disaggregation and refolding systems
and/or systems regulated through selective proteolysis. However, when a system fails, misfolded
toxic aggregates lead to severe human diseases, such as neurodegenerative diseases (e.g., Alzheimer’s,
Parkinson’s, Creutzfeldt-Jakob, and Huntington’s), diabetes, and cancer, among others [79-81].

The structural integrity of proteins must be constantly monitored by quality control mechanisms
throughout their life—from translation in the ribosome to their arrival at the functional location in the
cell. Once the proteins reach their final destination, a subsequent monitoring system ensures protein
integrity; if at some point in their life cycle, proteins are recognized as terminally misfolded, they will
be eliminated.

Proteins are synthesized on cytosolic ribosomes, but the ER is the main entry gate for secretory
proteins expressed in intracellular organelles (including the ER), the PM, and cellular exterior. Hence,
the ER features the first-line cellular quality control system (QCS) as it must ensure proper folding and
assembly for proteins [63,82,83].

3.1. Quality Control Systems for Membrane Protein Folding

Cells have different QCSs to remove unfolded proteins. The UPR is a fundamental signaling
pathway to keep cell homeostasis; through this pathway, unfolded proteins are exported from the ER
and degraded in lysosomes, therefore increasing the ER folding capacity. When misfolded MPs are
retained in the ER, the latter becomes stressed, and the UPR pathway is activated. The UPR comprises
multiple strategies acting in parallel and/or in series to restore normal ER functioning [84].

In response to ER stress, major branches of the UPR are activated with the following aims: (1)
increase the biosynthetic capacity—upregulate the expression of ER-resident chaperones—to prevent
protein aggregation and facilitate correct protein folding; (2) control transcription, regulate mRNA
abundance by stimulating or inhibiting transcription or by enhancing or compromising mRNA stability;
(3) decrease the biosynthetic burden (attenuate translation) to reduce the transit of proteins through the
ER, while the synthesis of membrane lipids increases the ER volume; (4) translocate misfolded proteins
out of the ER; (5) remove misfolded proteins within the ER (by lysosomal/proteasomal degradation or
ER autophagy) [85,86].

These branches include at least three mechanistically different components of the UPR: the
RNA-dependent protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), and
inositol-requiring ER-to-nucleus signal kinase 1 (IRE1). Coordinated actions of these proteins modulate
gene expression, affecting the synthetic and secretory pathways, cell fate, and the metabolism of
proteins, amino acids and lipids by activating specific transcription factors (e.g., ATF4, ATF6N, and
X-box-binding protein 1 [XBP1], respectively) to lower ER stress [87]. A wide range of dysfunctions
would otherwise be lethal if not for this intervention. When it becomes clear that a misfolded protein
cannot be properly refolded, cellular stress persists, and the UPR negatively impacts the health of
the cell and induces apoptosis [88-90]. As part of the UPR response, the transmembrane protein
kinase PERK inhibits the translation of new proteins. After sensing ER stress, oligomerization of
the luminal domain (N-terminal) of PERK facilitates autophosphorylation. After PERK is processed,
it phosphorylates the « subunit of eukaryotic initiation factor 2 (eIF2c), which induces a transient
attenuation of protein translation along with the activation of stress-responsive transcription factors
to stimulate the expression of chaperones, oxidative response genes and autophagy/apoptosis genes,
among other UPR-related proteins [53-55,91,92].

IRE-1 represents the most conserved signaling pathway. Through this pathway, chaperone
expression is increased to modulate the ER-associated degradation (ERAD) pathway, responsible
for a common process that clears the ER from potentially harmful species. ERAD machinery drives
the retrotranslocation of misfolded proteins to the cytosol, where ubiquitin/proteasome proteolysis
occurs [78,89]. ATF6 and IRE-1 interaction regulate the quantitative and qualitative expression of
XBP1 to compensate for unfolded protein accumulation. After the UPR response is activated, ATF6
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is transported to Golgi, where it is further enzymatically cleaved. The released fragment acts as a
transcription factor that regulates the expression of proteins such as IRE1 and BiP chaperone [93,94].

Unfolded proteins stuck in the ER are eventually degraded; therefore, they must be retranslocated
into the cytosol. Proteins require a signal, like ubiquitination, to be recognized for degradation, thus
ensuring their delivery to the proteasome. However, a peptide signal for degradation is unclear.
Experimental evidence shows that some molecular chaperones or protein disulfide isomerase homologs
can associate with degradation substrates to prevent aggregation and escort selected polypeptides
from the ER to the proteasome or lysosomes [95]. After retrotranslocation, several ubiquitin-binding
proteins guide degradation substrates to the proteasome [96]. Even when glycosylation and protein
degradation are evidently associated, it is less clear how non-glycosylated proteins are recognized for
degradation. As the efficiency of binding through the calnexin/calreticulin cycle is dependent upon
the oligosaccharide structure, proteins that are not properly glycosylated may activate a degradation
pathway known as enhancing x-mannosidase-like protein (EDEM) [97]. Since the membrane protein
degradation mechanism is not yet understood, it may start at the protein soluble parts after dislocation
from the retrotranslocon or through a direct protein excision from the lipidic membrane. Analysis of
MP degradation fate demonstrated that undegraded molecules accumulate in the cytoplasm when
proteasome function is compromised, suggesting that transmembrane segments might be solubilized
from the ER membrane before proteasome-mediated degradation [98].

Along with protein degradation mediated by proteasomes or lysosomes, ER autophagy (ER-phagy)
can occur as an alternative to de-stress ER, removing aberrant portions of the ER containing abnormal
proteins [99,100]. ER stress-mediated autophagy is a cellular catabolic process in which misfolded
proteins, protein aggregates, and damaged ER regions are transported to the lysosome for degradation.
Lysosomal degradation is induced by a set of hydrolases working in an acidic environment; afterwards,
building blocks are recycled by the cell. The mechanisms by which MPs are tagged for lysosomal
degradation are known when the translocation of cytosolic proteins is associated with a specific
degradation signal (the KFERQ sequence motif) [101].

Evidently, the UPR response affects not only ER-related proteins but also genes associated with
different cellular processes, including metabolism and inflammation; thus, gene regulation cannot
always be explained through a canonical mechanism that only considers ER factors directly affecting
protein processing [102,103]. UPR transcriptional output can be supported by parallel non-canonical
stress-sensing mechanisms that may modulate the canonical mechanism. The translation of proteins
that are not related to ER function may be implicated, as well as the self-association of proteins
creating stress-specific scaffolds integrated by a multimeric protein complex. ER stress can also
induce transcriptional cascades, expanding the expression of UPR gene regulatory networks and
regulatory complexes not expressed constitutively. For example, the association of PERK and IRE-1
may create stress-specific scaffolds, inducing splicing mechanisms on XBP1 protein expression and
affecting the transcriptional regulation [104]. IRE-1 can also recruit the TNF receptor-associated factor
2 (TRAF2), inducing activation kinases (e.g., IKK, JNK, ASK1, p38 MAPK, and ERK) that are important
to determine the cell’s fate (survival/apoptosis) [105]. Another emerging point of regulation is related
to microRNAs, the short (~22 nt), single-stranded RNAs binding to complementary mRNAs to inhibit
protein translation [106]. In general, the expansion of UPR signals impact cell fate.

To prevent issues related to the quality control of protein folding, the cell developed QCSs beyond
ER checkpoints; for instance, in the Golgi apparatus, Rerl and ERp44 proteins recognize immature
proteins and facilitate their retrograde trafficking to the ER [107,108]. After passing the Golgi QCS,
MPs embedded into transport vesicles can continue towards their functional locations. PMs also seem
to have their own QCSs, including endocytic adaptors and ubiquitination systems, to monitor the MP
structural integrity [109].

Therefore, intracellular trafficking is highly regulated, even when proteins may have particular
motifs for exportation. If a QCS detects structural frustration indicating misfolding [110], proteins will
be stuck in traffic. Misfolded proteins can undergo a refolding process, although proteins unable to
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fold may induce ER or mitochondrial stress, activating the degradation pathway to release the stress.
After passing the QCS at the ER and Golgi, protein composition at the PM represents a complicated
balance of membrane delivery, endocytosis, and recycling mechanisms [82] (Figure 1).
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Figure 1. Trafficking of membrane proteins. As soon as the new membrane protein (MP) starts
translocating to the ER, it will associate with chaperones and other proteins, assisting in getting a
structural conformation into the lipid membranes. Well-folded proteins will continue trafficking
through the endomembrane system to and from the PM, while misfolded proteins are re-directed to ER
protein folding or degradation pathways, reducing their secretion to the extracellular space where they
could further misfold or aggregate into proteotoxic conformations.

Long- and short-distance communication can take multiple vesicular forms, generally created
through a membrane budding and pinching off mechanism. For MPs, vesicular transport is a milestone
to safeguard proper folding and integrity while trafficking to the final destination. After ER processing,
proteins are transported by coated vesicles (60-90 nm in diameter). The coat is a protein complex
integrated by four subunits: Sec23/24-Sar1 selects cargo while Sec13/31 deforms the membrane to
induce the budding. Some of the proteins incorporated into the vesicles can act as receptors for soluble
proteins, thus favoring their packaging. After the vesicle buds from ER, translocation to the Golgi
apparatus occurs, allowing post-translational modifications [111-113].

All cells contain a subset of membranous vesicular/tubular carriers formed by a direct budding of
membranes. Vesicles are responsible for several cellular processes involving intracellular trafficking,
including endocytosis and exocytosis. Primary endocytic vesicles can fuse with early endosomes to
continue toward the protein maturation process—via a constitutive recycling pathway—or to prepare
them for transportation to lysosomes [114]. Vesicles can be classified into three groups based on size and
biogenesis: Apoptotic bodies released as an apoptotic response (800-5000 nm in diameter), ectosomes
released directly from the PM (100-1000 nm in diameter), and exosomes originated from the inward
budding of endosomes into multivesicular bodies (late endosomes; 30-100 nm in diameter) [115].
Despite the vesicular origin and size, there is still no reliable way to distinguish between ectosomes
and exosomes, and the function may be quite analog. Particularly, some of the exosomes carry cargo
molecules directly into the lysosomal compartment for degradation. Exosomes also form intraluminal
vesicles to transport molecules (e.g., proteins, RNA [116,117] or Hsp chaperones [118]), which along
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with the cargo of extracellular vesicles may affect organelle function or modulate recipient cell function,
thus contributing to the molecular intercellular transmission [119]. The recognition and packaging of
cargo proteins result from multiple cooperative interactions between accessory proteins and lipids.
Distinct ER-to-Golgi forward-trafficking signals have been identified on cargo or cargo receptor proteins.
In potassium channels (Kir 1.1 and Kir2.1), the export signaling motif is not required for channel
folding, assembly, or gating, but it is crucial for ER export [120].

3.2. Membrane Protein Modifications

After the new proteins are correctly folded and assembled in the ER, they travel towards
the Golgi apparatus into transport vesicles, where they usually undergo different types of
post-translational processing; however, protein modifications occurring co-translationally in the
ER or post-transductionally in the Golgi apparatus also play an integral and crucial role in protein
trafficking and function [112].

Some protein modifications, such as glycosylation, can reduce protein dynamics by increasing
stability and favoring protein trafficking. N-glycosylation is the most common process to add
sugar moieties to proteins. Glycosylation often starts while MP is translocated into the ER, and a
preassembled polymannose oligosaccharide is transferred to the luminal N-aminoacidic residue of the
classic motif including asparagine-X-serine/threonine(N-X-S/T) as a consensus sequence. Once in the
Golgi, some enzymatic reactions can add sugar moieties or just modify the preexisting glycan tree
complexity [121-123].

Phosphorylation is the enzymatic transference of phosphate from the ATP molecule on
the side chains of serine, threonine, or tyrosine residues. Phosphorylation can occur co- or
post-translationally in a reversible process affecting a wide variety of processes, including protein
trafficking, clustering, conformation, and protein—protein interactions [124]. There are a few well-studied
phosphorylation-induced trafficking examples. For instance, serotonin transporter (SERT) trafficking
can be regulated when serine and threonine phosphorylation favors the recruitment of membrane
skeleton adaptor protein Hic-5, inducing the actin-dependent endocytosis [125-127]. Exceptionally,
phosphorylation at tyrosine residue in Kv1.3 triggers opposite effects depending on the protein
life-stage, inducing either protein surface targeting or endocytosis of the channel [128].

The formation of reactive oxygen and nitrogen species (ROS/RNS) normally induces the
post-translational oxidative modification of proteins, usually affecting cysteine residues due to
their highly reactive thiol group. ROS/RNS can affect the thiol group of cysteine residues. In the
mammalian proteome, two amino acids contain sulfur residues: cysteine and methionine. Particularly,
the thiol group of cysteine enables multiple oxidation states allowing redox modifications that
contribute to the signaling cascade specificity [129]. Many types of cysteine oxidative modifications
can be reversed depending on the physiological condition of the cell [130]; protein modification
through cysteine residues senses and transduces signaling cascades and regulates biological outcomes.
Post-translational modifications like phosphorylation, glycosylation, and ubiquitination can combine
with redox regulation to control cellular physiology. Even though many redox mechanisms affecting
PM protein trafficking are still unknown, these mechanisms are interesting and promising, especially
to understand the progression of many pathologies such as cancer and cardiovascular diseases [131].

Atleast six types of lipids, including fatty acids, sterols, isoprenoids, GPI anchors, and lipid-derived
electrophiles, can attach to the cysteine, serine, or lysine residues of proteins. The covalent but reversible
attachment of fatty acid with cysteines via a thioester linkage is called S-acylation, whereas the
covalent interaction between lipids and proteins is called protein lipidation. This process occurs
co- or post-translationally, and its deregulation has been linked to different diseases, including
metabolic diseases, neurological disorders, and cancers [132]. Reversibility of protein lipidation allows
multiple regulatory scenarios during protein lifetime. In most cases, the acyl chain attached to the
protein is unknown; however, there is some experimental evidence showing that palmitoylation or
myristoylation can modulate the trafficking of some potassium channels [133-135]. So far, covalently
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bound proteins-cholesterols are uncommon except in Hedgehog proteins, Smoothened, and Hh
pathway co-receptor [132]. Protein phospholipid modification is also rare; to date, the only known
example is the autophagy-related protein Atg8/LC3 [136,137].

Ubiquitination is a physiologically common interaction among proteins that describes the covalent
attachment of ubiquitin to Lys residue in a target protein. Ubiquitination complexity is related to
degradation, particularly in the ubiquitin—proteasome and autophagy-lysosome pathways. Alterations
in the ubiquitin system lead to the development of many diseases [138].

3.3. Membrane Protein Expression and Stability

In general, protein misfolding can generate two different protein phenotypes (Figure 2):
(1) Mislocalized proteins, which commonly induce cellular stress due to improper degradation [139] or
structural alterations that establish novel toxic functions, sometimes inducing ER and mitochondrial
stress leading to apoptosis [139-141] or amyloid accumulation [142-149], or (2) dysfunctional proteins
due to an increased (overexpressed) or decreased (underexpressed) amount of protein reaching the PM.
This phenotype occasionally disrupts protein stability at the PM (rendering proteins unstable) because of
increased turnover via endocytic and recycling mechanisms; in addition, misfolded proteins that reach
the PM frequently exhibit altered (atypical) functionality, such as underexpression, overexpression,
or complete loss of function [150,151]. In some cases, the functionality of misfolded proteins is lost
because of their mislocalization rather than the loss of the intrinsic ability of the mutant receptor to
interact with its ligands or effectors.
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Figure 2. Misfolded membrane protein phenotypes. Simplified scheme of membrane proteins (MP)
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with folding problems. Normal: As soon as a nascent protein starts being translated at the ribosomes
and translocated to the ER, chaperones will assist in folding, and well-folded proteins will travel in
lipidic vesicles (MP carrier) from the ER to the Golgi apparatus to reach the plasma membrane, where
they undergo a constant recycling cycle. Mislocated: Abnormally folded proteins will selectively be
excluded from transport vesicles for accumulation in the lumen of the ER, triggering a heightened
state of ER stress; to relax the stressed ER, the proteasomal degradation of proteins will be induced.
Protein aggregates can also induce mitochondrial stress, promoting apoptosis. Dysfunctional: Function
of misfolded protein reaching the PM can be affected due to protein over- or underexpression; if
protein expression seems normal, protein stability in the plasma membrane may be affected, increasing
the recycling turnover rate, or function can be atypical (i.e., non-functional or having a differently
modulated function).

The native forms of most proteins are in a maximum stable thermodynamic state [152]. However,
many proteins are metastable, meaning that thermodynamic stability can also be achieved by using
alternative folding pathways, thus inducing the formation of inactive conformations; this mechanism is
crucial for regulating the biological function of proteins [152-157]. Therefore, under mild destabilizing
conditions, proteins have an inherent tendency to misfold and aggregate and, hence, lose functionality.
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Protein levels are thus tightly regulated intracellularly and extracellularly; however, under some
circumstances, such as aging, mutation, and environmental stress [158-160], misfolded proteins can
have inappropriately exposed hydrophobic surfaces that are normally buried in the interior of the
protein, leading to nonnative conformations that can interact with each other to form aggregates [161].

4. Physiological Consequences of Protein Misfolding

4.1. Effects on Membranes

The arrangement of amino acids and the exposure of hydrophobic residues are important factors
affecting the ability of a protein to interact with a lipid membrane and can induce membrane fusion
and destabilization. Several studies have shown that specific lipids (also called “lipochaperones”) can
perform a chaperone-like function in insertion and folding, guiding the assembly of MPs [161,162].
Changes in the cell membrane affected by misfolded proteins can vary depending on the nature of the
proteins and the type of lipids involved. Some proteins, particularly those characterized by electrostatic
interactions, merely disrupt the membrane by the binding of positively charged amino acid residues to
negative or polar lipid head groups. Such disturbances are likely reversible and short-term for some
proteins [163-165]. In addition to electrostatic disturbance, the insertion of misfolded protein can affect
membranes in several ways:

(A) Vesicle formation. The exit signals that direct proteins out of the ER for transport to the
Golgi apparatus and beyond are poorly understood. Signal-dependent transport is mediated by the
recognition of discrete export signals on the cargo molecule by specific receptors concentrated at
specific vesicle binding sites. Thus, to be exported from the ER to the functional location, proteins
must be properly folded and completely assembled, while misfolded proteins will remain in the ER
bound to chaperone proteins, which may obscure the exit signals or anchor the proteins to the ER,
disturbing MP trafficking into vesicles [166-169].

(B) Loss of membrane integrity. Different lipid compositions can alter the bilayer’s natural
thickness. To shield hydrophobic surfaces from the aqueous environment, some membrane tension
can be induced if the hydrophobic surface of an MP is thicker or thinner than the hydrocarbon core of
the bilayer [170,171]. The arrangement of hydrophobic amino acid residues in a protein is fundamental
to favor protein-lipid interactions, and misfolding may affect the shape or thickness of the membrane
around the protein [172].

(C) Formation of pathologic ion channels. To minimize exposure of the hydrophobic regions to
the aqueous medium, a hydrophobic protein may change its structural conformation to act as a bridge,
allowing specific lipid interactions in the membranes and thus increasing the likelihood of ion channel
formation, regardless of the native protein’s secondary structure [173].

4.2. Effect on Protein Structure and Assembly

The composition and spatial arrangement of the subunits integrating functional proteins are a
prerequisite for protein function and trafficking to the cell membrane [31,171]. The assembly of diverse
proteins to perform a specific function is possible depending upon cell type-specific subunit expression,
as subunit assembly can be controlled in a developmentally regulated manner or in response to cellular
activity. Protein assembly relies on subunit stability in the ER, intersubunit affinities, and potential
subunit diffusion within the ER membrane. The homomeric structure is the simplest type of protein
assembly; it can be integrated by self-assembly of repeated copies of the same subunit or formed from
heteromeric complexes made of multiple distinct protein subunits [174]. Incompletely assembled
complexes are usually selectively retained. The association of two or more polypeptide chains to form
nonfunctional structures is defined as misassembly and is usually, by definition, a consequence of
misfolding [175].

Misfolding and misassembly typically occur in the ER but can also affect other organelles,
for example, (1) defective peroxisomal assembly is associated with inherited human diseases (commonly
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called peroxisomal biogenesis disorders), such as the severe cerebrohepatorenal Zellweger syndrome
(ZS). PBDs are mainly caused by mutations in PEX genes codifying for peroxins, proteins responsible
for normal peroxisome assembly and functions [176,177]. (2) Some transport vesicles carry cargo
molecules transporting misassembled proteins to the Golgi apparatus or beyond. Proteins retained in
the Golgi apparatus can also be targeted by lysosomes for degradation, suggesting that additional
quality control checkpoints could act in this compartment [178,179]. (3) Misassembled proteins can be
correctly targeted for degradation and transported out of the ER. When the degradation machinery
fails, misassembled proteins accumulate in the cytosol as aggresomes [180].

Even when the loss of proteostasis underlies aging and neurodegeneration characterized by the
accumulation of protein aggregates and mitochondrial dysfunction, the relationships among these
negative factors are unclear. Evidence suggests that some cytosolic proteins susceptible to aggregation
are imported to the mitochondria, which seems to act as a guardian of cytosolic proteostasis [181].

Conformational changes in the structure of a mutated protein lead to the formation of a partially
folded intermediate. Intermediate states in protein folding naturally occur even in wild-type proteins.
Folding/unfolding transitions thermodynamically and kinetically follow multiple discrete steps that
can sometimes provide a starting point for aggregation [182]. When protein monomer aggregates
produce fibrillar structures rich in 3-strand conformations, the formed structures are usually called
amyloid aggregates. Amyloidogenic proteins have been related to normal physiological functions such
as bacterial biofilm formation or regulation of synthesis and storage of melanin in human. Amyloid
aggregates are frequently related to neurodegenerative diseases that include Alzheimer’s disease,
Parkinson’s disease, various tauopathies, and other human disorders [183]. Although there is no clear
evidence that PM protein can form amyloid aggregates, experimental evidence shows pore formation
in the bilayer due to the amyloid aggregate-lipid interaction [184-186], toxically affecting membrane
permeabilization and ion homeostasis. In some cases, misfolded proteins and their aggregates can
be re-solubilized and re-folded by protein chaperones or degraded by the ubiquitin—-proteasome
pathway [187]. Scientists are starting to understand the molecular mechanisms underlying the
development of misfolding diseases. Mutations affecting the activity of chaperones to prevent protein
misfolding, along with the production of harmful proteins and the formation of misfolded protein
aggregates, may induce the toxicity associated with these pathological disorders [188,189].

The idea that misfolded proteins can be rescued comes true because several strategies, including
chaperone overexpression or using proteasome inhibitors, facilitate the biogenesis and surface
expression of these wasteful proteins, indicating that they were viable folding intermediates able to
integrate into functional pools [190].

5. Aid for Misfolded Proteins

In 1978, Ronald Laskey and his colleagues were the first to describe a chaperone protein necessary
for nucleosome assembly (nucleoplasmin) [191]. Chaperones can be expressed either in different
regions or in a tissue-specific manner, and the target proteins binding to chaperones are usually
termed clients [192]. Even when the protein structure is determined through the amino acid sequence,
chaperones are essential regulators stabilizing protein structure and participating in the folding and
assembly processes. Chaperones can bind to nascent or unfolded proteins to stabilize their structure
and prevent the formation of aggregates within the cell [193-195]. To date, different kinds of proteins
and small molecules that can be used physiologically to facilitate protein folding and assembly have
been identified. Chaperones are formally classified as molecular, chemical, and pharmacological
chaperones according to their origin [196,197].

5.1. Molecular Chaperones Associated with Plasma Membrane Protein Biogenesis

Molecular chaperones are a family of proteins that can recognize conflicts among paired-contact
interactions in proteins, where the implicated amino acids cannot reach a minimal free energy state
while folding (i.e., a frustrated structural state) [198]. Most of these chaperones were discovered as
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proteins expressed in response to temperature changes or environmental stresses and were named
heat shock proteins (Hsp) [199].

Chaperones can work as holdases (holding a partial folding state of a protein), foldases
(assisting protein folding in an ATP-dependent manner), or unfoldases (unfolding transiently unfolded
intermediates to allow protein refolding) [200,201]. The mechanism by which chaperones recognize and
assist their client proteins is still not clear as most chaperones are promiscuous molecules. Although
some interactions can be regulated in an ATP-dependent manner, others cannot, suggesting that the
molecular mechanism of chaperones may not be unique.

Studies have demonstrated the interaction of chaperones with polypeptides during
folding—through hydrophobic amino acid residues—to avoid aggregate formation and stabilize
the structure [202,203]; however, the way chaperones interact with native folded proteins is not clear.
A computational high-throughput analysis of the Hsp90 client (an ATP-dependent chaperone) failed
to identify a consensus motif allowing interaction [204]. Recently, researchers solved the interaction of
bacterial chaperones (e.g., ATP-independent holdases Spy, SurA, and Skp, and the ATP-dependent
chaperone GroEL) with clients, demonstrating that chaperone—client interaction occurs regardless of
sequence motif or local structure, but binding happens locally through an entropy-based mechanism
when a protein surface is frustrated [205,206] and unable to achieve a minimum energy structural
state [207,208]. Researchers have suggested several transient local interactions with some segments of
the client during folding to reach a minimally frustrated conformation [198].

Hsp function is crucial because these proteins promote cell stability under stress or pathological
conditions. Cells would suffer irreversible damage or even cell death without Hsps [209]. Twenty
different protein families exhibit chaperone activity. These proteins are classified by their molecular
weight and offer different alternatives for correct folding. To date, just a few molecular chaperones
have been associated with PM biogenesis.

5.1.1. Hsp70

Binding immunoglobulin protein (BiP), a member of the heat shock protein 70 (Hsp70) family, has
been found in the ER lumen, where it plays a role in the recognition of misfolded MPs. Hsp70 folding
is assisted by other chaperones such as Hsp90 and Hsp40, DNAJA1, and DNAJB1. Hsp70 unfolds
proteins through ATP hydrolysis, inducing the cyclic binding and releasing of hydrophobic amino
acids [210,211].

The balance between ER export and retention mediated through Hsp70-Hsp90 cytosolic chaperone
systems [189,212] has been evident in the trafficking of mutant ion channels with impaired traffic, such
as voltage-gated delayed rectifier potassium channel, hERG (human ether-a-go-go-related gene), which
is related to congenital long QT syndrome type 2 (LQT2) [213], and cystic fibrosis transmembrane
conductance regulator (CFTR), a chloride channel that plays an important role in the maintenance of
ion balance. CFTR favors epithelial surface hydration prominently in the lung airways and pancreas,
and its dysfunction is implicated in cystic fibrosis [189,214].

In vitro co-expression of Hsp70 or Hsc70 (heat shock cognate protein, a constitutively expressed
member of the Hsp70 family) with mutant hERG or voltage-sensitive potassium channel Kv1.5
prolonged the channel lifetime and increased functionality at the cell surface, decreasing its
ubiquitination [215]. However, overexpression of Hsp70 with the co-chaperone DNAJB1 or Hsp73 only
induced modest traffic and stabilization improvement of the deletion of phenylalanine at position 508) in
the CFIR channel (AF508-CFTR) [216,217]. Additionally, Hsc70 and one of its co-chaperones, DNAJAI,
are more associated with AF508-CFTR than with CFIR wild-type, suggesting that chaperones engage
in a mutant channel trying to refold it [218]. Mixed tetrameric channels integrated by acid-sensing
ion channel subunits (ASIC1 or ASIC2) together with subunits forming an epithelial sodium channel
(ENaCa or ENaCy) are thought to form the active ASIC channels at the glioma cell surface [219,220].
Hsc70 was found to associate with ASIC2 in glioma cells [221]. Knocking down this chaperone reduced
the channel activity but increased the cell surface expression and inhibited glioma cell migration [219].
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Thus, these chaperones promote protein damage recovery and improve cell viability. From another
functional perspective, overexpression of Hsp70 also suppresses phenotypes related to protein
aggregation in models of Alzheimer’s disease [222] and Parkinson’s disease [223-225].

5.1.2. Hsp90

The family of Hsp90 chaperones comprises critically conserved proteins that are major molecular
chaperones within eukaryotic cells. Hsp90 proteins are important for cellular stabilization processes
involving signal transduction, cellular trafficking, chromatin remodeling, cell growth, differentiation,
and reproduction [226-230]. Hsp90 interacts with specific proteins through an ATP-dependent cycle,
guaranteeing folding, transport, and/or assembly of the client into multiprotein complexes [231,232].
In addition to assisting in the folding of nascent proteins, Hsp90 chaperones promote protein refolding
and aberrant protein degradation, possibly indicating that Hsp90 proteins can adapt their conformation
to match every client or that they recognize different clients in different conformations [233-236]

Hsp90 client proteins include transcription factors (e.g., HIF1x, ATF3, and p53), steroid hormone
receptors (e.g., estrogen, glucocorticoid, and progesterone receptors), and kinases (e.g., EGFR, B-raf,
and SRC), among other proteins. Many of these client proteins are commonly overexpressed and/or
frequently mutated in cancer cells [237-239].

Early studies identified Hsp90 in complexes with hERG or CFTR channels. Hsp90 inhibition
impaired hERG trafficking, but the effect on CFTR remains unknown [240].

Hsp90p overexpression restored PM expression of the mutated voltage-gated potassium channel
(KCNQ4) related to autosomal dominant deafness type 2A and increased the activity of the WT channel,
but not the activity of WT and mutant (W276S) mixed channels, suggesting that chaperone affinity is
affected due to the mutation [241].

Since Hsp90 regulates the stability of oncoproteins important in tumor development
and progression, in addition to controlling other pathological oligomeric aggregates causing
neurodegenerative diseases, Hsp90 inhibitors have been suggested as a potential therapy for
misfolding-related diseases [242,243].

Under proteotoxic stress conditions, or when cellular protein degradation is overwhelmed,
misfolded MPs can become stuck and intracellularly form aggresomes [244], which should be
eventually cleared through autophagy over kinetically controlled chaperone-assisted folding and
degradation systems [244,245], including a group of molecular chaperones working together with
other molecules with chaperone activity (e.g., calnexin and a protein disulfide isomerase that catalyzes
the formation of disulfide bonds, allowing proteins to fold) [246-249].

How misassembled transmembrane domains are recognized is not clearly understood. However,
because protein maturation is a complex procedure, it is expected that a recently proposed
conformational frustration state recognized by chaperones [198,207,208] may consider intrinsic
structural properties of the misfolded proteins [89,250]; for instance, single amino acid mutations
within protein domains could potentially disrupt native helical packing interactions inducing solvation
of TM segments that are naturally hydrophobic [251,252], thus prompting the formation of different
protein contacts or interactions affecting their structure.

BiP activity was experimentally evidenced for two proteins needing a 3 subunit to stabilize their
membrane location: the Na*/K* ATPase [251,253,254] and the single-pass TM « subunit of the «f3
T-cell receptor (xTCR) [255]. For both proteins, the lack of a § subunit left some residues of the
o subunit out of the membrane, thus favoring protein interaction with BiP—targeting proteins for
degradation—and reducing the probability of exporting immature proteins.

5.1.3. Co-Chaperones Cooperating in Membrane Protein Folding

Cooperation between molecular chaperones to control protein synthesis and degradation is
crucial for cell maintenance. The physiological role of chaperones is evident because proteins are not
always able to attain their correct conformation spontaneously, and some factors, such as age, disease,
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or cellular stress, may also influence protein folding, thus affecting the balance of protein “rescue” or
protein degradation. Many co-chaperones have been reported to regulate chaperone activity related to
degradation. Particularly, a highly conserved cytoplasmic protein called CHIP (carboxyl terminus of
Hsc70 interacting protein) was identified during protein screening, in addition to the tetratricopeptide
repeat (TPR) [256], a very conserved domain in several co-chaperones. TRP allows CHIP interaction
with Hsp70, Hsc70, or Hsp90 to induce client substrate ubiquitylation and proteasome degradation
because CHIP works as a ubiquitin ligase [257].

Some studies showed that CHIP-dependent polyubiquitination serves as a sorting signal for
internalization and lysosomal degradation of the MP, including mutants from dopamine receptor
D4.4, vasopressin V2 receptor (V2R), CFTR and G-protein coupled receptors (GPCRs) [258]. Later on,
a supportive study showed that in vitro co-expression of CHIP with voltage-gated potassium channel
Kv1.5 increased channel ubiquitination and decreased the protein level, while CHIP suppression
increased channel expression [259].

Many mutations in genes encoding structural proteins may not influence protein functionality
but may still cause some diseases by either arresting mutant proteins intracellularly or preventing
the cellular trafficking machinery from transporting the mutant protein to an appropriate subcellular
location to avoid protein misfolding and aggregate formation in the first step of the pathological
cascade. Considering that chaperones are essential to many physiological processes by preventing
protein misfolding and aggregation, several strategies based on their buffering capacity are rapidly
emerging as promising treatments for misfolding-related diseases [196,197].

The ability to restore the biosynthesis of misfolded proteins has been demonstrated through
different strategies. For instance, AF508-CFTR channel is a classic example of a mutation causing a
misfolding disease. Nevertheless, crystal structures and biophysical studies comparing WT and mutant
CFTR domains suggest only local structural changes due to the amino acidic deletion [260,261]. Several
studies have demonstrated that F508 deletion induces ER retention, proteolytic degradation, and absent
CI" conductance. The ability of CFIR to traffic to the PM at 37 and <30 °C was evaluated, and the
lower temperature was found to favor PM localization and function [262]. Many other chaperones
have been evaluated as potent modulators of several misfolding diseases.

5.2. Chemical Chaperones

Some small organic molecules helping to maintain proper proteostasis in stressful environments
are considered chemical chaperones because they enhance the folding and/or stability of proteins. These
molecules can be present in a diverse range of organisms or tissues under denaturing conditions [263]
and are potentially helpful in treating conformational diseases. Nonspecific interactions with unrelated
proteins make them not specific for a therapeutic target. Some examples of these compounds are polyols,
such as glycerol, dimethyl sulfoxide (DMSO), trimethylamine (trimethylamine N-oxide [TMAO]) and
amino acid derivatives, 4-phenylbutyric acid (4PBA), membrane-permeable forms of promiscuous
enzyme antagonists, ligands, and substrates. Thus far, the mechanism by which chemical chaperones
modulate folding energy landscapes is not clearly understood [264], but these chaperones stabilize
misfolded proteins, thus decreasing the formation of protein aggregates, preventing unnecessary
interactions with other proteins and altering the activity of other chaperones such that proteins are
transported to their final destination with increased efficiency. Chemical chaperones of the polyol
TMAO and 4PBA groups act on multiple proteins, whereas antagonists, ligands, and substrates affect
specific proteins (and are commonly called pharmacological chaperones) [265].

Chemical chaperones can be classified into two groups: osmolytes and hydrophobic compounds.
Even when they lack specificity, these molecules usually have an effect only at high concentrations and
are thus frequently rejected as therapeutic agents even when they rescue the misfolded protein state
in vitro [190,261]. De novo design of chemical chaperones with increased activity and specificity is
desirable to ameliorate protein misfolding and aggregation in different contexts.
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Osmolytes: The group of osmolyte chaperones comprises low molecular weight compounds,
including free amino acids and amino acid derivatives (glycine, taurine, and 3-alanine). Other osmolyte
compounds are polyols, such as glycerol and sucrose, and methylamines, particularly TMAO.
Osmolyte chaperones are crucial for organisms exposed to stressful conditions such as fluctuating
salinity, desiccation, or extreme temperatures [266]. These types of chaperones increase protein
stability without disrupting protein function. Polyols protect cells against extreme conditions such as
increased temperature or dehydration. Amino acids preserve proteins in high-salinity environments,
and methylamines protect cells against the denaturing effect of urea [266,267].

Although osmolyte chaperones have effects on different kinds of proteins and under diverse
conditions, they share the function of stabilizing protein structure by modifying the solvent
properties. Osmolyte chaperone solvation decreases water activity around each polypeptide, forcing
partially exposed hydrophobic patches to reach the most stable conformation and facilitate protein
folding [268-270].

Several studies have shown that small organic compounds which stabilize PM protein [98] can
rescue protein folding defects by increasing traffic and function at the PM for selective mutants on the
cystic fibrosis-related CFTR chloride channel [98,271], aquaporin-2 water channel (AQP2), and V2R
associated with nephrogenic diabetes insipidus (NDI) [272,273]. Some of the mutants in these studies
were also tested with either TMAO, DMSO, or glycerol, showing different rescuing effects. TMAO
showed a lower ability to rescue MPs, which may be due to an enhanced hydration potential that
affects the reagent permeability on lipidic membranes or the stability of hydrophobic regions on the
MP [274,275].

Hydrophobic compounds: Several molecules have been classified as hydrophobic chaperones,
including (4PBA) and bile acids (e.g., oxysterol, an oxygenated isoform of cholesterol).

4PBA is capable of restoring the cell surface expression of mislocated mutants on bile salt export
pump (BSEP), which is related to an inherited autosomal recessive liver disease called progressive
familial intrahepatic cholestasis type 2 (PFIC2) that leads to cirrhosis and death before adulthood [276].
In a recent study testing a multidrug regimen of 4PBA mixed with anticonvulsants oxcarbazepine and
maralixibat, PFIC2 symptoms were controlled in two siblings with partial loss of BSEP activity [277].
4PBA has also been tested with the mutant channel A508-CFTR-inducing cell surface expression [278],
and some clinical trials using this chemical chaperone in cystic fibrosis patients have demonstrated an
improvement in CFTR function in the nasal epithelia [279].

For cyclic nucleotide-gated channels related to retinopathies, reduced degradation and/or
promoted PM localization of defective subunits was shown using chemical chaperones such as
4PBA or the bile acid component tauroursodeoxycholic acid (TUDCA) [280].

The general mechanism of action proposed for hydrophobic chaperones is based on the interaction
between the chaperone’s hydrophobic regions and the exposed hydrophobic segments of the unfolded
protein. However, even though 4PBA and bile acids can reduce aggregate accumulation in vivo
and in vitro and revert ER stress, these molecules may be more complex in the action mechanism
influencing different levels of regulation [196].

5.3. Pharmacological Chaperones

Pharmacological chaperones, also known as pharmacoperones, are lipophilic compounds
stabilizing protein conformation to prevent degradation and promote proper trafficking to their
functional site of action in the cell. These molecules represent one of the most promising therapeutic
strategies to treat misfolding-related diseases [281]. Unlike chemical chaperones, these low molecular
weight compounds bind selectively to proteins, stabilizing the protein structure and restoring protein
localization and function. Enzymes, agonists, antagonists, and some synthetic compounds are examples
of pharmacoperones [282].

Antagonists used as chaperones should ideally provide an effective rescue response at the
lowest concentration, without losing the ability to dissociate from the rescued protein to facilitate the
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endogenous ligand binding [283]. Antagonists are highly efficacious in rescuing mislocated mutant
proteins by preventing agonist or substrate access [284-286]; however, antagonists of high affinity for
receptors and ion channels may yield nonfunctional channels expressed at the PM, as was shown for
the rescued ATP-sensitive potassium channels (KATP) treated with sulfonylureas [287].

Agonist molecules were identified as pharmacoperones when SR49059, a small, cell-permeable
molecule formerly developed as a vasopressin antagonist, was able to rescue the function of
ER-retained V2 vasopressin receptor (V2R) mutants [288,289]. The experiments clearly showed
significantly improved kidney function in NDI patients [289]. Rhodopsin-like G-protein-coupled MC4R
(melanocortin 4 receptor), which causes severe early-onset morbid obesity in humans, exemplifies
misfolded and intracellularly retained proteins rescued using antagonists [290].

Channel blockers also represent an alternative to modulate protein folding and trafficking;
cisapride, E-4031, and the non-specific antiarrhythmic drug quinidine have experimentally rescued
mutant hERG leading to LQT2. However, using channel blocker as a pharmacological strategy is still
controversial as blocking ion flow can affect K* flux and cell homeostasis, leading to a prolonged QT
interval and increased risk of developing arrhythmia [291-293].

The dissociation rate is not essential for using an agonist as a chaperone [294,295]. Mislocation of
mutant MPs has been rescued using agonists. Defective trafficking of misfolded mutant CNG channels
has been successfully rescued using a cell-permeable cyclic nucleotide agonist [280]. High-affinity
non-peptide agonists were able to selectively rescue PM expression and function of misfolded
arginine-vasopressin receptor 2 (AVPR2) mutants associated with NDI [296]. Some mutants in
the calcium-sensing receptor (CaSR) leading to familial hypocalciuric hypercalcemia and neonatal
hyperparathyroidism can also be rescued using membrane-permeant allosteric agonists to recover
protein functionality [190,295].

In addition to functioning as cell proteostasis modulators modifying the cell proteome and
increasing MP maturation, pharmacological chaperones can also act as correctors and potentiators.
In fact, for the CFTR mutant channel, it has been tested that some compounds, such as corr-4a
and VRT-532, interact directly with the misfolded protein to correct the biosynthetic pathway and
enhance trafficking and channel function [297]. VX-809 (Lumacaftor) is a corrector tested by itself or in
combination with other molecules [298] in patients with cystic fibrosis and is a potential treatment for
other pathologies associated with misfolding and misrouted proteins, as has been proved to Stargardt
disease, which invariably ends in legal blindness (visual acuity of 20/200 or less [299]) [298]. Among
other correctors or pharmacoperones, Lumacaftor represents hope to set up therapeutic strategies for
misfolding diseases [300,301].

Assistance to stabilize protein folding can be analyzed in vivo or in vitro, as proteins can naturally
interact with many compounds intracellularly. Proteins can be assisted by chemical chaperones, which
helps scientists to better understand how proteins are properly folded in vitro and thus find more
suitable and specific compounds (or pharmacological chaperones) to develop a therapeutic strategy
for misfolding diseases.

Table 2 summarizes the misfolded PM proteins related to pathologies and the therapeutic
approaches used; molecular, chemical, and pharmacological chaperones are widely regarded as a
promising therapeutic strategy for these pathologies.
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Table 2. Chaperones used to rescue misfolded plasma membrane proteins related to diseases.

Misfolded Memb Rescuing Strategy
isfolded Membrane -
’ Disease Gene Molecular o n
Protein Chaperones Chemical Chap P Chap
~synucle Parkinson’s diseas SNCA Hsp70
acsynuclein arkinson’s disease S 205 225]
P Glycerol, Trimethylamine-N-oxide
Aquaporin-2 ' phrog AQP2 (TMAO) and Dimethy! sulfoxide (DMSO)
Diabetes Insipidus (A
[2272273].
OPC51803, VA999088, and
VA999089 [293]. L44P, A294P, and
Nephrogenic Syndrome of R337X [294].
Arginine- priate Antidiuresi AVPR SR49059, VPA-985, OPC31260,
(AVP) Receptor 2 (AVPRy)  and Diabetes Insipidus. OPC41061 (Tolvaptan) and
(nephrogenic, X-Linked) SR121463B [293,302,303].
MCF14, MCF18, and MCF57
[294,304].
ATP-binding Cassette Tangier disease ABCAT Sodium 4-Phenylbutyrate (4-PBA) [305].
Stargardt Eye disease ABCA4 VX-809 (Lumacaftor) [306].
; - o ZPBA mixed with
2;1;5,“)“ BRERIRETD E;i"':s:;i FC“}E;L‘;LS‘S oo ABCBIL Anticonvulsant-Oxcarbazepine, and
P YP Maralixibat [274,275].
Calchum-Sensing Receptor _Familial Flypocalciuric P MG132, NPS R.568 (295,307
(CaSR) Hypercalcemia
Cardiac Sodium (Na*) Brugada Syndrome ) .
Channel NaV15 Noctumnal Deathsyndrome. . oA Cirmrafin [E) RzdaheET
Connexin Cx31, Cx43, Charcot-Marie-Tooth - . a
Cx50 syndrome GJA1 Cycloheximide [310].
Copper-transporting Menkes discase ATP7A Excess of copper [311] Copper Toxicosis Protein
P-type ATPase PP b COMMDI [311].
TUDCA (Tauroursodeoxycholate Sodium
salt), 4-PBA [278].
Glycerol [312].
Y CPT-cGMP
Cyclic Nucleotide Gated  Retinitis Pigmentosa, . MTSHB ; .
(CNG) Channel Achromatopsia CNGA3 { ; I {f;(;]m"“"’he“’m““)'cc’w !
MTSEA =0k
(Aminoethyl-Methanethiosulfonate)
VX-809 (Lumacaftor) [269].
Cystic Fibrosis Hsc70, Hsp0 Lumacaftor/Ivacaftor [314,315].
Transmembrane I 313]. Glycerol [98]. TMAO [269] Cycloheximide [316].
Conductance Regulator St CHIR Hsc70/Hdj-2 4-PBA [276,277). Corr-4a and VRT-532 [317,318].
(CFTR) [218]. VX-661(Tezacaftor)/Ivacaftor
[319].
Dopamine Transporter Tnfantile - - o
Py parkinsonism-dystonia SLC6A3 Ibogaine, Noribogaine [320-322].
Gonadotropin Releasing -
Hormone Receptor i\l,yp:g;:‘“g:;"p“ GNRHR {‘33213] G IN3 [324].
(GnRHR) YPOS( <
E-4031 [289,326].
HERG potassium channel  Hereditary long QT syndrome ~ KCNH2 fg’ff’]/ Dna] Cisapride [291].
=l Thapsigargin [290].
: ) Calnexin and
) Diabetes Mellitus, § xin @
Insulin receptor ctes Vi INSR Calreticulin
Insulin-resistant syndrome 1327]
Melanocortin-4 receptor _ Severe early-onset morbid MCIR Tpsen 17 [288,328].
(MC4R) obesity ML00253764, Ipsen 5i [328-330].
Volt d I TDominant
P 2
channel (VGKC) Deafness type 2A ECeez e o
Neuroligin-3 Xclinked autism, Asperger NLGN3 Calnexin [331].
syndrome
Pendred syndrome and )
it Nomoyndhomic SLC26A4 TR, Cycloheximide (CHX), Puromycin
3 (PDS) [332].
Hearing loss
Genetic Creutzfeldt-Jakob
. ) disease, Gerstmann Straussler .
Prion Protein (PrP) Seheimker syndome and Fatal | PRNP BiP [333], [334].
Familial Insomnia
’ R T-cis retinal DMSO [336]. YC-001 [338].
Rhodopsin Retinitis Pigmentosa RHO (35). B e, T
Ant-inflammatory drugs
Sodium-borate ) (NSAIDs), Glafenine, Ibuprofen,
cotransporter Corneal dystrophy SLCaATL and Acetylsalicylic acid dissolved
in DMSO [339].
PR, SR49059 [197,286,287].
Ve o ECRILCESICRRES S V2R Glycerol, DMSO and TMAO [272,273].  Thapsigargin/Curcumin and
Receptor (V2R) Insipidus ey
Tonomycin [340].
Voltage sensitive Atrial Fibrillation KCNAS Hsp70 [215].

potassium channel (Kv1.5)

6. Conclusions

MP localization is critical for normal cell physiology. The correct routing of proteins is as important
as the genetic machinery for protein expression. Protein trafficking, moreover, is not a simple or
unidirectional process. Naturally, trafficking assistance from the ER to the plasma membrane involves
many proteins and factors as protein carriers or chaperones of molecular cargo, and, as a response
to misfolding, chaperones may also mask harmful modifications in the folding energy landscape.
However, when protein folding proceeds incorrectly, many diseases can arise; a wide range of diseases
result when protein misfolding induces intracellular retention of MPs. Misassembled proteins that

reach the membrane can also lead to disease due to dysfunctionality.
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Currently, specific therapies for conformational diseases are lacking because of a gap in the
understanding of the mechanisms by which the natural conformation of proteins is altered into many
misfolded pathological forms. However, encouragingly, an extensive and concerted effort is already
underway to combat misfolding diseases. The discovery of compounds with therapeutic chaperone
ability is customarily initiated through high-throughput screening of libraries, including natural or
synthesized compounds, searching for stabilizing binders using in silico, in vitro, in vivo, or cell-based
approaches. As we continue increasing knowledge of disease mechanisms, we also continue to
discover molecules that could interact with PM proteins, mimicking the effect of natural chaperones
that correct misfolding.
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