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GJB4 variants linked to skin
disease exhibit a trafficking
deficiency en route to gap
junction formation that can be
restored by co-expression of
select connexins
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Alexandra Hauser?!, Qing Shao?, Danielle Johnston?, Donglin Bai?
and Dale W. Laird"?*
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2Department of Physiology and Pharmacology, University of Western Ontario, London, ON, Canada

Epidermal keratinocytes are enriched with at least nine connexins that are key
regulators of epidermal homeostasis. The role of Cx30.3 in keratinocytes and
epidermal health became evident when fourteen autosomal dominant mutations
in the Cx30.3-encoding GJB4 gene were linked to a rare and incurable skin
disorder called erythrokeratodermia variabilis et progressiva (EKVP). While these
variants are linked to EKVP, they remain largely uncharacterized hindering
therapeutic options. In this study, we characterize the expression and
functional status of three EKVP-linked Cx30.3 mutants (G12D, T85P, and
F189Y) in tissue-relevant and differentiation-competent rat epidermal
keratinocytes. We found that GFP-tagged Cx30.3 mutants were non-functional
likely due to their impaired trafficking and primary entrapment within the
endoplasmic reticulum (ER). However, all mutants failed to increase BiP/
GRP78 levels suggesting they were not inducing an unfolded protein response.
FLAG-tagged Cx30.3 mutants were also trafficking impaired yet occasionally
exhibited some capacity to assemble into gap junctions. The pathological
impact of these mutants may extend beyond their trafficking deficiencies as
keratinocytes expressing FLAG-tagged Cx30.3 mutants exhibited increased
propidium iodide uptake in the absence of divalent cations. Attempts to rescue
the delivery of trafficking impaired GFP-tagged Cx30.3 mutants into gap junctions
by chemical chaperone treatment were ineffective. However, co-expression of
wild type Cx30.3 greatly enhanced the assembly of Cx30.3 mutants into gap
junctions, although endogenous levels of Cx30.3 do not appear to prevent the skin
pathology found in patients harboring these autosomal dominant mutations. In
addition, a spectrum of connexin isoforms (Cx26, Cx30, and Cx43) exhibited the
differential ability to trans-dominantly rescue the assembly of GFP-tagged
Cx30.3 mutants into gap junctions suggesting a broad range of connexins
found in keratinocytes may favourably interact with Cx30.3 mutants. We
conclude that selective upregulation of compatible wild type connexins in
keratinocytes may have potential therapeutic value in rescuing epidermal
defects invoked by Cx30.3 EKVP-linked mutants.
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Introduction

Gap junctions are clusters of intercellular channels composed of
connexins that establish a syncytium of gap junctional intercellular
communication (GJIC) to allow the passage of numerous small
molecules and metabolites between cells; an essential process for
skin homeostasis and epidermal health (Richard, 2000; Srinivas
et al., 2018; Laird and Lampe, 2022). Connexins (Cx) are a 21-
member protein family that oligomerize into homomeric or
heteromeric hexamers known as connexons (Sohl and Willecke,
2004; Laird, 2006; Goodenough and Paul, 2009; Lampe and Laird,
2022). At the cell surface, connexons can function independently as
hemichannels or proceed to form a variety of homotypic or
that
keratinocytes with a wide array of channel diversity (Cottrell and
Burt, 2005; Koval, 2006; Mese et al., 2007; Martin et al., 2014; Faniku
et al, 2015; Bai et al, 2018). Under physiological conditions,

heterotypic intercellular channels provide epidermal

connexin hemichannels are thought to adopt a primarily closed
conformation to maintain ionic gradients and prevent the leak of
cytoplasmic contents that commonly leads to cell death (Peng et al.,
2022). Growing evidence suggests that the pathological opening of
and various
2018;

hemichannels underlies inflammatory disease
connexin-linked inherited disorders (Delmar et al,
Cocozzelli and White, 2019; Peng et al., 2022).

The epidermis is unique amongst connexin expressing tissues, as
keratinocytes express at least nine different connexin isoforms
(Cx26, Cx30, Cx30.3, Cx31, Cx31.1, Cx37, Cx40, Cx43, and
Cx45), referred to in this report as “keratinocyte connexins” (Di
et al., 2001; Mese et al., 2007; Faniku et al.,, 2015; Au et al., 2020).
Keratinocyte connexins are expressed in distinct and overlapping
spatial and temporal patterns as keratinocytes undergo migration
through the strata of the epidermis during terminal differentiation.
For example, Cx43 is primarily expressed in the basal layer of the
epidermis, with decreasing expression in the upper layers, whereas
Cx30.3 is primarily expressed in the stratum granulosum, together
with other connexins such as Cx26, Cx30, Cx31, and Cx45
(Cartlidge, 2000; Macari et al, 2000; Richard, 2000; Di et al,
2001; Langlois et al., 2007; Faniku et al., 2015). The differential
expression of keratinocyte connexins is thought to play a key role in
epidermal differentiation, proliferation, wound repair, as well as in
maintaining epidermal homeostasis (Candi et al., 2005; Proksch
et al., 2008; Churko and Laird, 2013; Martin et al., 2014; Faniku et al.,
2015; Anderton and Alqudah, 2022).

The importance of keratinocyte connexins in the epidermis is
best exemplified by the various skin diseases caused by connexin
gene mutations. Mutations in five keratinocyte connexins, namely
the B-connexins Cx26 (encoded by GJB2), Cx30 (encoded by GJB6),
Cx30.3 (encoded by GJB4), and Cx31 (encoded by GJB3), and the a-
connexin Cx43 (encoded by GJAI) are linked to congenital skin
diseases in humans, ranging from mild to life-shortening (Scott
et al.,, 2012; Lilly et al., 2016; Laird et al., 2017; Delmar et al., 2018;
Laird and Lampe, 2022). For example, mutations to GJ/B2 can cause
Bart-Pumphrey syndrome, and the more severe keratitis-ichthyosis-
deafness syndrome, whereas mutations to GJB6 are associated with
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Clouston syndrome (Richard, 2005). Mutations to G/B3, GJ/B4, and
GJAI are linked to erythrokeratodermia variabilis et progressiva
(EKVP), a disease characterized by hyperkeratotic plaques and
erythematous patches (Ishida-Yamamoto, 2016).

Of the three connexins linked to EKVP, the mechanisms that
underpin GJ/B4 gene mutations (OMIM #617524) to disease remain
largely unknown. It has been known for some time that wild type
Cx30.3 assembles into functional gap junctions when expressed in
Xenopus oocytes, but this process appears inefficient as Cx30.3 is
also frequently found within intracellular compartments
(Hennemann et al, 1992; Plantard et al, 2003; Zhang et al,
2021). Cumulatively, GJ/B4 (Cx30.3) is the most common
connexin gene linked to EKVP, with fourteen GJ/B4 gene variants
encoding thirteen distinct Cx30.3 mutant proteins. Most of these
gene variants are subject to autosomal dominant inheritance with
the notable exception of the Thr130Met (T130M) variant, where the
mode of inheritance is unclear (Macari et al., 2000; Richard et al.,
2003; Common et al., 2005; Scott et al., 2011; Kokotas et al., 2012;
Sbidian et al., 2013; Dai et al., 2020; Zhang et al., 2021). Of these gene
variants, only the Phel37Leu (F137L) and Val37Met (V37M)
Cx30.3 mutants have been partially characterized (Plantard et al.,
2003; Zhang et al.,, 2021). The myc-tagged F137L mutant was found
to have a trans-dominant negative effect on the trafficking, gap
junction assembly, and function of Cx31 when co-expressed in HeLa
cells (Plantard et al., 2003), while reduced combined levels of
Cx30.3 and the V37M mutant were noted in the epidermis of the
patient harbouring the V37M mutant compared to healthy controls
(Zhang et al., 2021). Furthermore, the V37M mutant also exhibited
reduced expression and impaired trafficking in vitro when expressed
in HeLa cells (Zhang et al., 2021). The trafficking and functional
status of the remaining EKVP-linked Cx30.3 variants are unknown
including whether they exhibit any “loss-of-function” or “gain-of-
function” mechanism(s) of action that manifest in disease (Kelly
etal, 2015b). We propose that the characterization of EKVP-linked
Cx30.3 mutants and the underpinning mechanisms involved is
imperative for the future development of any targeted treatments.

In the present study, we characterize the expression, localization,
and function of GFP and/or FLAG tagged wild type human
Cx30.3 as well as Glyl2Asp (G12D), Thr85Pro (T85P), and
Phel89Tyr (F189Y) Cx30.3 mutants in tissue-relevant and
differentiation-competent rat epidermal keratinocytes (REKs). We
selected these three mutants, classified as pathogenic under the
American College of Medical Genetics and Genomics guidelines
(Richards et al,, 2015), because these amino acid sites are highly
conserved throughout the B-connexin subfamily suggesting their
probable importance in establishing Cx30.3 structure and function.
Collectively, our results indicate that the EKVP-linked mutants are
trafficking impaired and retained primarily in the ER and Golgi
apparatus, where they fail to invoke ER stress as defined by the lack
of increased BiP/GRP78 levels. However, their pathological
properties may extend beyond their trafficking deficiency as
expression of Cx30.3 mutants was also found to increase
propidium iodide uptake in the absence of extracellular divalent
cations, which may reflect the loss of cell membrane integrity leading
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to cell death. While cellular conditions designed to improve protein
folding and ER function failed to improve the trafficking of EKVP-
linked mutants and gap junction formation, co-expression of wild
type Cx30.3 dramatically increased mutant assembly into gap
junctions while other co-expressed keratinocyte connexins all
variably improved Cx30.3 mutant assembly.

Materials and methods
Cell culture

Rat epidermal keratinocytes (REKs) were originally obtained
from Dr. Vincent Hascall (Cleveland Clinic, Cleveland, Ohio,
United States). REKs are spontaneously immortal but retain the
capacity to form an organotypic rat epidermis when grown in an air-
liquid interface (Maher et al., 2005; Au et al., 2020). REKs express
transcripts for eight connexins, but only express high levels of
Cx43 protein with trace levels of Cx26 detectable in overgrown
cells (Maher et al., 2005; Au et al., 2020). Therefore, Cx43-ablated
REKs (Cx43KO REKs) using CRISPR/
Cas9 technology as described and characterized earlier (Au et al.,
2020). REKs, Cx43KO REKs, and normal rat kidney (NRK) cells
were grown in sterile T25 (Fisher Brand, Burlington, ON, Canada,
Cat# FB012935) or T75 flasks (Fisher Brand, Cat# FBO12937)
containing Dulbecco’s modified Eagle’s medium (DMEM;
ThermoFisher, Burlington, ON, Canada, Cat# 11960) fortified
with 10% (v/v) fetal bovine serum (FBS; ThermoFisher, Cat#
12483-020), 2 mM L-glutamine (ThermoFisher, Cat# 25030-081),
and 100 U/mL penicillin/streptomycin (ThermoFisher, Cat# 15140-
122). Cells were cultured at 5% CO, and 37°C (unless otherwise
stated) and subcultured when 80%-90% confluent into 35 mm

were  generated

plastic culture dishes or 35 mm 6-well plates using 0.25% (w/v)
trypsin-ethylene-diamine-tetraacetic acid (Trypsin-EDTA;
ThermoFisher, Cat# 25200056). Connexin-deficient Neuro-2a
(N2a) cells were used for electrophysiology experiments and
cultured under the same conditions outlined above.

Plasmids

The human Cx30.3-BFP expression vector driven by a CMV
promoter was custom ordered from VectorBuilder (Chicago, IL,
United States). Employing Xhol and HindIII restriction sites, the
BFP tag was replaced by fusing Cx30.3 in-frame to mox-GFP
(AddGene, Watertown, MA, United States, Cat# 68070). Plasmids
encoding GFP-tagged Cx30.3 mutants (G12D, T85P, and F189Y)
were special ordered and purchased from NorClone Biotech
Laboratories (London, ON, Canada) and confirmed by sequencing.
Red fluorescent protein (RFP) tagged Cx30.3, Cx26, Cx30, and
Cx43 were described earlier (Berger et al, 2014; Au et al, 2020;
Beach et al,, 2020). The myc-DDK (FLAG)-tagged Cx30.3 expression
vector driven by a CMV promoter was purchased from Origene
(Rockville, MD, United States, Cat# RC204406). This plasmid was
outsourced to NorClone Biotech Laboratories (London, ON, Canada)
for the generation of the G12D, T85P, and F189Y mutants via site-
directed mutagenesis. Resulting plasmids encoding Cx30.3 mutants
were verified by sequencing.
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Transfection

REKs and Cx43KO REKs were cultured and grown to ~50%-
60% confluence and transiently transfected by mixing 0.1-1 pg of
DNA constructs encoding GFP- or FLAG-tagged Cx30.3, G12D,
T85P, and F189Y and 2 pl Lipofectamine 2000 (ThermoFisher, Cat#
11668019) or Lipofectamine 3000 (ThermoFisher, Cat# L3000015)
in 200 pl of Opti-Mem reduced serum (ThermoFisher, Cat# 31985-
070). This mixture was gently mixed and incubated at room
temperature for 20 min (for Lipofectamine 2000) or 5 min (for
Lipofectamine 3000) before being added dropwise to the REKs.
In some cases, REKs were co-transfected with 1 ug of GFP-tagged
Cx30.3 or Cx30.3 mutants with 1 ug of constructs encoding Cx30.3-
RFP, Cx26-RFP, Cx30-RFP or Cx43-RFP (Berger et al., 2014; Au
et al.,, 2020). On occasion, REKs or Cx43KO REKs were transfected
with a plasmid encoding Cx43-GFP as a control. All transfected cells
were used in experiments 24-48 h later.

N2a cells used for electrophysiology experiments were cultured
and grown to ~50%-70% confluence and transiently transfected by
combining separate tubes containing 1) 1 ug of DNA constructs
encoding GFP-tagged Cx30.3, G12D, T85P, F189Y, and 2) free GFP
in 400l of Opti-Mem, and 2pl X-tremeGENE HP DNA
transfection reagent (MilliporeSigma, Oakville, ON, Canada Cat#
6366244001) in 400 pl of Opti-Mem and incubated at room
temperature for 30 min (Yue et al., 2021; Jaradat et al., 2022).
Growth media was aspirated, and cells were incubated with the
transfection cocktail for 5h at 37°C. Subsequently, the transfection
cocktail was replaced with fresh serum-containing culture media
and cells grown at 37°C and 5% CO, overnight and used for
electrophysiology experiments the following day as outlined below.

Immunolabeling and imaging

Control cells or cells expressing GFP- or FLAG-tagged Cx30.3,
Cx30.3 mutants or co-expressing Cx30.3 mutants together with
RFP-tagged Cx30.3, Cx26, Cx30, or Cx43 were plated on sterile glass
coverslips (ThermoFisher, Cat# 1254580). Cells were grown to ~80%
confluence, rinsed twice with 1x phosphate-buffered saline (PBS)
(ThermoFisher, Cat# 10010-023) and fixed in ice-cold 80%
methanol/20% acetone (v/v) solution for 15min at 4°C. After
rinsing in PBS, cells were blocked with 2% (w/v) bovine serum
albumin (BSA; MilliporeSigma, Cat# A2153) for 30 min at room
temperature. Cells were labelled for 45 min at room temperature
with a 1:200 dilution of the following primary antibodies: mouse
monoclonal anti-FLAG (MilliporeSigma, Cat# F3165), anti-PDI
(Enzo Life Science, Cat# ADI-SPA-891F), anti-E-cadherin (BD
Biosciences, Cat# 610182) or rabbit monoclonal anti-Cx43
(MilliporeSigma, Cat# C2619), anti-FLAG (Cell Signaling, Cat#
14793) and anti-BiP/GRP78 (MilliporeSigma, Cat# G8918). Cells
were then washed with PBS and incubated for 45min in the
secondary antibody Alexa Fluor 555-conjugated goat monoclonal
anti-mouse  (ThermoFisher, Cat# A32727) or anti-rabbit
(ThermoFisher, Cat# A32732) IgG (1:800 dilution in 2% BSA),
or in some cases, AlexaFluor 488-conjugated donkey anti-mouse
(ThermoFisher, Cat#  A21202) or donkey anti-rabbit
(ThermoFisher, Cat# A21206) IgG (both used at 1:800 dilution).
All antibodies were diluted as indicated in blocking solution. All
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coverslips were then stained with Hoechst 33342 (1:1000 dilution in
distilled water; ThermoFisher, Cat# H3570) for 1 min to demarcate
the nuclei and mounted onto glass microscope slides using Airvol
mounting solution. In some cases, cells were only labelled with
Hoechst 33342.

Cells were imaged on a Zeiss LSM800 confocal microscope
equipped with Zen2.3 software (Zeiss International, Oberkochen,
Germany, www.zeiss.com) and a x63 oil immersion objective lens.
When imaging samples for direct comparisons, all images were
acquired and presented using identical imaging conditions (laser
strength, pinhole, and contrast) to ensure fluorescence intensity
could be directly compared. For gap junction quantification, a third-
party investigator blinded to the treatment quantified the percent of
gap junction forming cell pairs. Gap junction plaques were defined
as a linear or punctate green fluorescence signal of approximately 0.
2 um in length, situated at the interface between two transfected
cells. Experiments were repeated at least three times, with 30 or more
cells or cell-cell interfaces analyzed for each group in each repeat.

Multi sequence alignment and generation of
connexin sequence logos

The OMA (Ortholog MAtrix) phylogenomic database (https://
omabrowser.org/) was queried for the available primary sequences
of Cx30.3 and all seven -connexins from various vertebrate species.
Multi sequence alignment was then performed using Clustal Omega
in Jalview version 2.11.2.0 (https://jalview.org/). Sequence logos
were then generated for the span of nine amino acids flanking
the G12, T85, or F189 residues using the WebLogo sequence logo
generator (https://weblogo.berkeley.edu/) (Schneider and Stephens,
1990; Crooks et al., 2004; Bai, 2016).

Bioinformatics analysis

The pathogenicity of missense mutants was predicted using
several algorithms, including SIFT (Kumar et al., 2009), SNPs & GO
(Calabrese et al., 2009), MutPred2 (Pejaver et al., 2020), PolyPhen-2
(Adzhubei et al., 2010), and CADD (Rentzsch et al., 2021). The
sequences of the missense mutants were input into the algorithms
and compared against the wild type Cx30.3 reference sequence taken
from UniProt (UniProt ID QINTQY; http://uniprot.org) (Bateman
et al,, 2021). The genome aggregation database (gnomAD; https://
gnomad.broadinstitute.org/) was also queried to determine whether
the three mutants were common genetic polymorphisms
(Karczewski et al., 2020). Allele frequencies for the G12D (allele
ID 20046), T85P (allele ID 20045) and F189Y (allele ID 20048) were
taken from the ClinVar database (https://www.ncbinlm.nih.gov/
clinvar/).

Western blotting

REKSs engineered to transiently express FLAG-tagged Cx30.3 or
Cx30.3 mutants were subjected to SDS-PAGE and Western blotting
as previously described (Au et al., 2020; Lucaciu et al., 2022). Blots
were labeled with rabbit anti-FLAG (1:3000) and mouse anti-
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GAPDH (1:5000; MilliporeSigma, Cat# MAB374) antibodies
overnight at 4°C. Primary antibodies were removed, blots were
washed, and then labeled with goat anti-mouse IgG AlexaFluor
680 (1:10000) (ThermoFisher, Cat# A-21057) and goat anti-rabbit
IgG DyLight™ 800 (1:10000, ThermoFisher, Cat# SA5-10036) for
45 min at room temperature. Secondary antibodies were removed,
blots washed, and protein bands were subsequently visualized using
the LI-COR Odyssey infrared imaging system. In some cases,
control and cells treated with 2pg/mL of tunicamycin
(MilliporeSigma, Cat# 11089-65-9) for 24 h or cells engineered to
express Cx30.3 or mutants were immunoblotted for BiP/GRP78 (1:
2000) to probe for UPR activation.

Dual whole-cell patch clamp

Transiently transfected N2a cells were re-plated onto glass
coverslips and incubated for 2 h at 37°C and 5% CO,. Coverslips
were transferred to a recording chamber on a fluorescent
microscope (Leica DM IRB) and subsequently washed and
bathed in extracellular solution (140 mM NaCl, 2 mM CsCl,
2mM CaCl,, 1 mM MgCl,, 5mM HEPES, 4mM KCl, 5mM
D-Glucose, 2 mM pyruvate, pH 7.4). Glass micropipettes were
pulled with a PC-100 puller Amityville, NY,
United States) configured to yield a patch pipette resistance in
the range of 2-3 M(), and back-filled with intracellular solution
(130 mM CsCl, 10 mM EGTA, 0.5mM CaCl,, 3mM MgATP,
2 mM Na,ATP, and 10 mM HEPES, pH 7.2). Isolated transfected
cell pairs, identified via fluorescence from the covalently bound GFP

(Narishige,

tag, were selected for dual whole-cell patch clamp and a voltage
clamp at 0 mV was applied to each cell. In an alternating fashion,
one cell in the pair was held at a constant holding potential of 0 mV
and junctional currents (I;)) were recorded in this cell during the
application of 7s long trans-junctional voltage (V)) pulses
(at £20, +60, and £100 mV) to the other cell of the pair as
previously described (Xin et al, 2010; Tong et al, 2014; Yue
et al, 2021; Jaradat et al., 2022; Lucaciu et al., 2022). The I
recorded during the 20 mV V; pulse was used to calculate the
macroscopic junctional conductance (G; = I; + V)) (Musa et al., 2004;
Bai and Cameron, 2016).

Fluorescence recovery after photobleaching
(FRAP)

REKs were subcultured into 35mm glass-bottom dishes
(Matsunami, Cat# DI11230H) and transfected as described
earlier. Cells were loaded with CellTrace™ Calcein Red-Orange,
AM (5 pg/mL; ThermoFisher, Cat# C34851) dye solution diluted in
1 mL of OptiMEM reduced serum for 10 min at 37°C and 5% CO,.
The cells were then washed three times with 1x PBS, covered with
2 mL of Opti-Mem and transferred to a live cell imaging apparatus
on the Zeiss LSM800 confocal microscope heated to 37°C. A single
cell in a small cluster or pair of transfected cells was selected and
imaged with a x63 oil immersion objective prior to photobleaching
with the Zeiss LSM800 confocal microscope with Zen2.3 software.
The selected fluorescent cells were photobleached to reduce the
fluorescence by ~80% intensity using a 561 nm laser, and
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fluorescence recovery was imaged every second for 2 min.
Fluorescence recovery was quantified using the Time Series
Analyzer v3 Plugin for Image] (NIH, imagej.nih.gov/ij/) as
2022).
Fluorescence recovery was measured by dividing the fluorescence

previously described (Au et al, 2020; Lucaciu et al,

at each 1-s interval and the level of fluorescence immediately after
photobleaching by the initial fluorescence intensity before
photobleaching, measured as a function of time. The area under
the curve (AUC) was calculated for each bleached cell.

Propidium iodide uptake assay

The membrane permeability of wild type and mutant Cx30.3-
expressing keratinocytes to propidium iodide (PI) was assessed as
previously described with some modifications (Tong et al., 2007;
Lucaciu et al., 2022). Briefly, Cx43KO REKs were seeded in six-well
plates with a glass coverslip and transfected with 0.1 pg plasmid
DNA encoding FLAG-tagged Cx30.3 and Cx30.3 mutants as
described above. As controls, one well was untreated (denoted
“control”) while another well was treated with all transfection
reagents except for plasmid DNA (denoted “lipofectamine”). 24 h
after transfection, the growth media was aspirated, and cells were
gently washed twice with either divalent cation-free extracellular
solution (DCF-ECS; 140 mM NaCl, 54 mM KCl, 2 mM EGTA,
10 mM HEPES, 25 mM D-Glucose, pH 7.35, osmolarity adjusted
to 298 mOsm/L) or extracellular solution containing divalent
cations (ECS; 140 mM NaCl, 5.4 mM KCl, 1.4 mM MgCl,, 2 mM
CaCl,, 10 mM HEPES, 25 mM D-Glucose, pH 7.35, osmolarity
adjusted to 298 mOsm/L). Subsequently, cells were incubated in
DCEF-ECS or ECS supplemented with 150 uM propidium iodide (P;
668.5Da; ThermoFisher, Cat# P1304MP) and 2.5 pg/mL calcein,
AM (ThermoFisher, Cat# C3100MP) for 15 min at 37°C and 5%
CO,. The dye solution was then aspirated, and cells were washed
gently three times with ECS. Cells were then transferred to a Zeiss
LSM800 confocal microscope and imaged using a x10 objective lens.
Five random frames (~400,000 um®) were captured for each
condition. The number of Pl-positive cells per frame were
quantified using the Cell Counter plugin (https://imagej.nih.gov/
ij/plugins/cell-counter.html) for Image] (https://imagej.nih.gov/ij/).

Transfection efficiency was quantified in parallel for each
condition using cells plated on the coverslips in each dish.
Prior to dye loading, the coverslips were removed, and cells
were fixed in 10% (v/v) neutral buffered formalin (VWR,
Mississauga, ON, Canada, Cat# 10790-714) for 20 min at
room temperature. Cells were then permeabilized with 0.1%
Triton X-100 (MilliporeSigma, Cat# 9002-93-1) for 10 min at
room temperature before immunolabeling for FLAG as described
above. Five random fields of view (~25,500 um?*) were captured
using a 40x water-immersion lens and the number of total cells
(identified by Hoechst 33342-positive nuclei) and FLAG-positive
cells were quantified using the Cell Counter plugin for Image]. At
least 180 total cells were quantified per coverslip to estimate
transfection efficiency.
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FIGURE 1

Cx30.3 traffics and assembles into gap junctions in keratinocytes.
GFP- (green), RFP- (red), and FLAG-tagged (green) wild type
Cx30.3 assemble into gap junction plaques (arrowheads) at cell-cell
interfaces in Cx43KO REKs similar to GFP-tagged Cx43 (green).
Nuclei are demarcated by Hoechst 33342 staining (blue). Scale bars =
10 pm.

Cell treatments

To assess the ability of sub-physiological temperature
incubation to improve protein folding and trafficking, cells
expressing Cx30.3 or EKVP-linked mutants were incubated at
26°C for 48h, fixed and subsequently immunolabelled as
described earlier. To assess the potential for rescue of EKVP-
linked mutants with chemical chaperones, connexin or mutant
expressing cells were treated with 5mM 4-phenylbutyrate (4-
PBA; Cat# 1716-12-7), or 500 uM
tauroursodeoxycholic acid (TUDCA; MilliporeSigma, Cat#
14605-22-2). Drug treated cells were fixed and immunolabelled
as described earlier. Connexin or mutant expressing cells treated

MilliporeSigma,

with 10% (v/v) glycerol Caledon Laboratories, Georgetown, ON,
Canada Cat# 5350-1) for 24 and 48 h were grown in glass-bottom
35 mm dishes and live-imaged as described earlier.

Statistical analysis

All data are shown as mean + standard error of the mean (SEM)
and analyzed with either a Mann-Whitney test for two group
analysis or a one-way or two-way ANOVA test with multiple
comparisons for analysis of more than two groups. Normality
tests were performed for all data to determine if parametric or
non-parametric analysis should be used. All statistical analysis was
performed using GraphPad Prism Version 8 (GraphPad Software,
San Diego, California, United States, www.graphpad.com).
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FIGURE 2

EKVP-linked Cx30.3 mutants exhibit impaired gap junction assembly compared to wild type Cx30.3. (A) Summary of in silico predictions of the
pathogenicity of the G12D, T85P, and F189Y Cx30.3 mutants. Score thresholds are as follows: 'Score <0.05 = not tolerated, 2Score >0.500 = pathogenic,
3Score >0.850 = probably damaging. “Score between 20 and 29.9 = top 1% most deleterious substitutions predicted in the human genome. (B) FLAG-
tagged Cx30.3 mutants (green) exhibit impaired assembly into gap junction plaques (arrowheads) at cell-cell interfaces, as demarcated by the proxy
marker for the plasma membrane, E-cadherin (red). (C) Quantification reveals that Cx43KO REK pairs expressing Cx30.3 mutants exhibit less gap
junctions compared to cells expressing wild type Cx30.3 (N = 3). (D) Representative immunoblot showing relatively equal expression of FLAG-tagged
Cx30.3 mutants. The band corresponding to the F189Y mutant migrated slightly slower than other mutants. (E) Densitometric analysis reveals relatively
equal expression of Cx30.3 mutants in Cx43KO REKs (N = 3). Nuclei are demarcated by Hoechst 33342 staining (blue). Scale bars = 10 ym **p < 0.01;

***p < 0.001.

Results

GFP-, RFP-, and FLAG-tagged
Cx30.3 assembled into gap junctions in
keratinocytes

Keratinocytes express multiple connexins including Cx30.3, yet
surprisingly no studies have previously investigated the ability of
human Cx30.3 to assemble into gap junctions when expressed in
keratinocytes. Here, we show that GFP-, RFP- and FLAG-tagged
Cx30.3 all assembled into gap junctions in Cx43KO REKs similar to
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GFP-tagged Cx43 (Figure 1, arrowheads). It is notable that GFP-
and RFP-tagged Cx30.3 tended to form variable numbers of
that the
fluorescent protein tags may attenuate the efficiency for

perinuclear inclusion bodies suggesting large
Cx30.3 to form gap junctions. On the other hand, the small
FLAG tag appeared to allow ectopically expressed Cx30.3 to form
a greater number of gap junctions although punctate intracellular
deposits of Cx30.3 were also identified in some cells. Collectively,
we concluded that Cx30.3 is a gap junction forming connexin
when expressed in keratinocytes in keeping with the vast majority

of connexins that have been studied.
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Cx30.3 mutants occur on highly conserved
residues and are predicted to be pathogenic

Bioinformatic analysis revealed that all three gene mutations were
absent from the genome aggregation database (gnomAD) suggesting
that the mutations that lead to G12D, T85P, and F189Y occur at
extremely low frequencies and have not been detected in healthy
human subjects. Multi sequence alignment analysis revealed that the
G12, T85, and F189 residues are highly conserved in Cx30.3 across
86 species, in all seven human {-connexins, and in 675 3-connexins
across species (Supplementary Figure S1) suggesting that there is
strong natural selection pressure on these positions. In the case of T85,
this position can tolerate a closely related serine residue in place of
threonine, or in some cases the threonine may be in position
86 instead (Supplementary Figure S1). Subsequent in silico analysis
of the pathogenicity of the G12D, T85P, and F189Y mutants using
four different algorithms almost unanimously predicted these
mutants to be pathogenic, probably damaging, or affecting protein
function (Figure 2A). The only exception was the G12D mutant that
was predicted to be tolerated by the SIFT algorithm, however, this
mutant scored directly at the threshold of being tolerated (threshold
score = 0.05) and was predicted to be pathogenic or probably
damaging by all other algorithms.

Cx30.3 mutants exhibit impaired trafficking
and assembly into gap junctions in
keratinocytes

To characterize the ectopic expression and cellular localization of
Cx30.3 mutants, we generated and expressed FLAG-tagged Cx30.3 and
EKVP mutants in REKs and counterstained the keratinocytes for the
adherens junction protein E-cadherin as a proxy marker of cell-cell
interfaces (Figure 2B). FLAG-tagged Cx30.3 efficiently assembled into
gap junctions while Cx30.3 mutants were frequently found within
intracellular compartments (Figure 2B). However, repeatedly a
population of Cx30.3 mutants were found to also form a few gap
junctions (Figure 2B, see T85P as an example). The ability of the FLAG-
tagged Cx30.3 mutants to form gap junctions was found to be reduced
by ~50%-70% when compared to wild type Cx30.3 (Figure 2C).
Western blots further revealed that none of the Cx30.3 mutants
were particularly unstable or rapidly degraded as all mutants were
found at comparable levels to wild type Cx30.3 (Figures 2D, E).
However, the F189Y mutant exhibited slightly slower electrophoretic
mobility (Figure 2D).

EKVP-linked Cx30.3 mutants were
frequently retained within the endoplasmic
reticulum or Golgi apparatus and fail to form
functional gap junctions

To characterize the subcellular localization of wild type Cx30.3 and
EKVP-linked mutants, Cx43-ablated REKs were genetically engineered
to express GFP-tagged or FLAG-tagged Cx30.3 or EKVP-linked G12D,
T85P, and F189Y Cx30.3 mutants. While wild type Cx30.3 assembled
into gap junctions (or intracellular structures resembling inclusion
bodies), all three mutants were found localized to a reticular
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network that was continuous with the nuclear envelope reminiscent
of the ER (Figure 3A) or found in paranuclear locations. Further
immunolabelling for the ER-lumen resident protein, PDI, revealed
that both GFP- and FLAG-tagged G12D, T85P, and F189Y mutants
were substantially retained in the ER (Figure 3A), a conclusion
supported when the Pearson’s correlation coefficient (PCC) was
calculated (Figures 3B, C). To further interrogate the paranuclear
FLAG-tagged
Cx30.3 mutants, mutant expressing cells were immunolabeled for

compartment  housing a  population  of
the resident Golgi apparatus protein, GM130 (Figures 4A, B). Here
distinct populations of all three mutants were found to localize to the
Golgi apparatus. Collectively, we concluded that whether the
Cx30.3 mutants were GFP- or FLAG-tagged they exhibited an
impaired ability to traffic through the secretory pathway and form
prototypical gap junctions, although this impairment was more
pronounced when using GFP-tagged mutants.

To assess if the Cx30.3 mutants could form functional gap junction
channels when expressed in the absence of other connexins, GFP-
tagged mutants were expressed in GJIC-deficient N2a cells. Paired cells
that both expressed either wild type or Cx30.3 mutants were subject to
patch-clamp electrophysiology and junctional currents were recorded
(Figure 5A). Quantification of the gap junctional coupling conductance
(G)) revealed that wild type Cx30.3 formed functional intercellular
channels but all three Cx30.3 mutants and the GFP (negative control)
did not (Figure 5B). Cell coupling percentage analysis revealed that
~70% of N2a cell pairs expressing wild type Cx30.3 were electrically
coupled compared to 0% of control or mutant expressing N2a cells
(Figure 5C). Confirmation that the Cx30.3 mutants failed to form gap
junctions beyond that observed in controls was confirmed when
fluorescence recovery after photobleaching was performed on calcein
red-orange loaded Cx43KO REK pairs and cell clusters that expressed
wild type Cx30.3 or the various Cx30.3 mutants (Figure 5D). Area
under the curve was quantified and revealed that the expression of wild
type Cx30.3, but not the EKVP-linked Cx30.3 mutants, significantly
increased the amount of dye recovery (Figure 5E), suggesting the
mutants were not forming functional gap junction channels capable
of dye transfer beyond that seen in controls.

Cx30.3 mutants did not elevate cellular BiP/
GRP78 levels

Since the Cx30.3 mutants were primarily retained in the ER of
REKs, we sought to determine whether BiP/GRP78 levels were
of ER
immunofluorescence analysis revealed no apparent upregulation
of BiP/GRP78 levels compared to neighbouring control cells that

elevated as one measure stress.  Qualitative

did not express the mutants, while BiP/GRP78 expression was
clearly induced in keratinocytes treated with tunicamycin
(Figure 6A). Quantitative immunoblot analysis showed no
evidence of increased BiP/GRP78 levels (Figures 6B, C).

Mutant expressing keratinocytes were more
susceptible to propidium iodide uptake

Since several disease-linked connexin mutants have been
linked to cell death and/or hyperactive or leaky hemichannels,
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Cx30.3 mutants are localized to the endoplasmic reticulum. (A) GFP-tagged or FLAG-tagged (inserts) Cx30.3 (green) traffics and assembles into gap
junctions (arrowheads). FLAG-tagged Cx30.3 was detected in noticeably fewer intracellular/perinuclear inclusion bodies than GFP-tagged Cx30.3
(arrows). In contrast, both GFP- and FLAG-tagged Cx30.3 mutants exhibit a primarily intracellular distribution that colocalizes with the ER resident protein
PDI (red). Nuclei are demarcated by Hoechst 33342 staining (blue). Scale bars = 10 pm. Quantification by Pearson’s correlation coefficient (PCC)

indicates that (B) GFP- and (C) FLAG-tagged Cx30.3 mutants significantly co-localize with PDI (N = 3 for Cx30.3-GFP; N = 4 for Cx30.3-FLAG).

**p < 0.01; ***p < 0.001

we evaluated the effect of the mutants on cell membrane
permeability to the normally impermeant fluorescent dye
propidium iodide (PI). We that
expressing two of the three Cx30.3 mutants exhibited a non-

found keratinocytes
significant trend towards an increase in PI uptake in the
presence of extracellular divalent cations (Ca®" and Mg*")
but significance was reached for the F189Y mutant (Figures
7A, C). However, when divalent cations were removed in an
attempt to potentially induce the opening of hemichannels, we
found that keratinocytes expressing all Cx30.3 mutants were
significantly more susceptible to PI uptake compared to
controls and keratinocytes expressing wild type Cx30.3
(Figures 7B, C).
transfection efficiency as all
expressed in REKs (Figure 7D).

These findings were independent of

plasmids were similarly
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*p < 0.05;

Strategies to improve ER function and
protein folding failed to increase
Cx30.3 mutant assembly into gap junctions
In the past, various drug and reduced-temperature
approaches to improve ER function and protein folding have
been employed to increase the intracellular transport and
delivery of disease-linked mutants, including a cataract-
linked Cx50 mutant, to the cell surface (Cortez and Sim,
2014; Uppala et al., 2017; Jara et al., 2018; Estabrooks and
Brodsky, 2020) raising the notion that similar strategies may
effectively increase the delivery of Cx30.3 mutants to the cell
surface and their assembly into gap junctions. First, we found
that incubating Cx43-ablated REKs engineered to express

Cx30.3 or EKVP-linked mutants at 26°C for 48 h revealed no
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Cx30.3 mutants occasionally localize to the Golgi apparatus. (A)

In some cells, FLAG-tagged Cx30.3 mutants (green) noticeably
localize to paranuclear caps that stained positively for the Golgi
apparatus resident protein GM130 (red). Gap junctions are

indicated by arrowheads. Nuclei are demarcated by Hoechst

33342 staining (blue). Scale bars = 10 um. (B) Quantification by PCC
reveals that the Cx30.3 mutants exhibit significant co-localization with
GM130 (N = 3). **p < 0.01; ****p < 0.0001.

improvement in gap junction formation (Supplementary
Figure S2). To assess the potential of chemical chaperones to
rescue EKVP-linked mutants, Cx43-ablated REKs engineered
to express Cx30.3 or EKVP-linked Cx30.3 mutants were treated
with either 500 uM TUDCA (Supplementary Figure S3), 5 mM
4-PBA (Supplementary Figure S4), or 10% (v/v) glycerol
(Supplementary Figure S5). All treatments failed to improve
mutant or wild type Cx30.3 delivery to the cell surface and gap
junction formation. These results suggest that conditions
designed to improve ER function and protein folding were
ineffective at improving the assembly of wild type Cx30.3 or
Cx30.3 mutants into gap junctions.
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Wild type Cx30.3 rescues the transport of
Cx30.3 mutants and their assembly into gap
junctions

Since Cx30.3 mutants are autosomal dominant and co-
expressed with wild type Cx30.3 in patients with EKVP, we
wanted to assess if co-expression of wild type Cx30.3 could
rescue the assembly of Cx30.3 mutants into gap junctions. Thus,
we transfected REKs with equal levels of plasmids encoding GFP-
tagged mutants with RFP-tagged wild type Cx30.3 and assessed gap
junction plaque levels in adjacent cells expressing both
Cx30.3 mutants and wild type Cx30.3 (Figure 8A). Quantification
of gap junctions that contained both Cx30.3 mutants and wild type
Cx30.3 revealed that all three mutants could be effectively, but
differentially, rescued to the cell surface where they intermixed with

wild type Cx30.3 within gap junctions (Figure 8B).

Connexin isoforms intermix with
Cx30.3 mutants and rescues their assembly
into gap junctions

Knowing that individual keratinocytes co-express multiple
connexins during any stage of their differentiation within the
epidermis, we investigated whether co-expressed connexins could
intermix with Cx30.3 within the same gap junctions. Confocal
imaging analysis revealed that not only did RFP-tagged Cx26 and
Cx30 colocalize with GFP-tagged Cx30.3, but surprisingly the more
sequence diverse Cx43 also intermixed with Cx30.3 when co-
expressed in REKs (Figures 9A, B). Next, we addressed if these
same connexin isoforms could selectively intermix with GFP-tagged
Cx30.3 mutants and transdominantly rescue their assembly into gap
junctions. Our findings revealed that the G12D (Figures 9C, D),
T85P (Figures 9E, F) and F189Y (Figures 9G, H) could all be
differentially rescued to the cell surface where they intermixed
within gap junctions containing co-expressed Cx26, Cx30, and
Cx43. These findings provide support to the notion that selective
upregulation of keratinocyte connexins could possibly reduce the
disease phenotype invoked by the Cx30.3 mutants.

Discussion

Cx30.3 encoded by the GJB4 gene is one of the most
understudied connexins found in the epidermis. Inherited GJ/B4
gene mutations are not known to cause pathologies in any organs
other than the skin, even though detectable levels of this connexin
have been reported in cardiomyocytes (Okamoto et al., 2020),
granulosa cells (Wang et al., 2009), corneal cells (Shurman et al.,
2005; Zhai et al,, 2014), and airway epithelial cells (Wiszniewski
et al., 2007; Kim et al., 2016). Studies using wild type and Cx30.3-
deficient mice support the location and potential role for Cx30.3 in
the stratum spinosum and granulosum of the epidermis, however,
Cx30.3-deficient mice exhibited no skin abnormalities or changes in
wound healing suggesting that co-expressed connexin isoforms may
compensate for the loss of Cx30.3 to maintain a healthy epidermis
(Zheng-Fischhofer et al, 2007). In addition to serving in
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FIGURE 5

Cx30.3 mutants do not form functional gap junctions. (A) Representative recordings of junctional currents (/) following a =20 mV trans-junctional
voltage pulse (V) in N2a cells expressing GFP-tagged wild type or mutant Cx30.3, or free GFP (Control). (B) Quantification of macroscopic junctional
conductance (G)) indicates that N2a cells expressing wild type Cx30.3 form functional gap junctions, while control (GFP alone) and mutant-expressing
cells do not. N values below the graph represents the number of cell pairs expressing each mutant analyzed. (C) Analysis of the coupling percentage

of control N2a cells or N2a cells expressing GFP-tagged wild type or mutant Cx30.3. (D) Fluorescence recovery in Cx43KO REKs, mediated by junctional
transfer of unbleached calcein red-orange dye from coupled cells, was monitored over 120 s. (E) Quantification of the area under the curve reveals that
wild type Cx30.3 enhances dye transfer in Cx43KO REKs, while Cx30.3 mutants do not (N = 3). **p < 0.01. Groups with different letters are statistically
different from groups marked with other letters (p < 0.05). Schematics in (B, D) were created using BioRender.com.

compensatory roles, it seems that keratinocytes differentially express
multiple connexin isoforms to act as key regulators of epidermal
differentiation and homeostasis (Di et al., 2001; Bedner et al., 2012;
Martin et al., 2014; Faniku et al., 2015; Anderton and Alqudabh,
2022). Keratinization disorders, such as EKVP, may arise when
inherited gene mutations dysregulate this differentiation process
(Lilly et al., 2016; Cocozzelli and White, 2019). In humans, fourteen
mutations to GJB4 encoding thirteen missense mutant proteins have
been clinically linked to EKVP (Macari et al., 2000; Richard et al.,
2003; Common et al., 2005; Van Steensel et al., 2009; Scott et al.,
2011; Kokotas et al., 2012; Liu et al., 2012; Sbidian et al., 2013; Ishida-
Yamamoto, 2016; Yoshikata-Isokawa et al., 2016; Dai et al., 2020;
Zhang et al., 2021) demonstrating an important role for Cx30.3 in
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the human epidermis. Further, the G12D, T85P, and F189Y
Cx30.3 mutants studied herein co-segregate with EKVP as they
were detected in patients with a family history of EKVP going back
generations highlighting the fact that G/B4 (Cx30.3) mutations are
likely causal of skin pathology in these patients (Richard et al., 2003;
Van Steensel et al., 2009).

In the present study, the GI12D, T85P and F189Y
Cx30.3 mutants associated with EKVP were found to exhibit
impaired trafficking resulting in retention within the ER and
Golgi apparatus when expressed in the absence of other
connexins, a finding that is consistent with the predicted
deleterious outcomes of the mutants in silico. Despite this, all
three mutants failed to activate one or more arms of the UPR as
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Cx30.3 mutants do not upregulate BiP/GRP78. (A)

Representative confocal images of Cx43KO REKs expressing GFP-
tagged wild type or mutant Cx30.3 (green) labeled for BiP/GRP78 (red)
Cx43KO REKs treated with 2 pg/mL tunicamycin (TM) to induce

ER stress were used as a positive control for BiP/GRP78 upregulation.
Untreated Cx43KO REKs served as a negative control. Nuclei
counterstained with Hoechst 33342 (blue). Scale bars = 10 um. (B)
Representative immunoblot of BiP/GRP78 levels in Cx43KO REKs
expressing wild type or Cx30.3 mutants, as well as negative and
positive controls. GAPDH was used as a loading control. (C)
Densitometry quantification reveals that the expression of either wild
type or mutant Cx30.3 did not result in BiP/GRP78 upregulation
(N=23)
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evidenced by normal levels of BiP/GRP78 expression indicating that
the mutant proteins may pass or evade quality control mechanisms.
Functional studies also revealed that the GFP-tagged
Cx30.3 mutants were incapable of forming functional
intercellular channels when expressed alone in keeping with the
impaired trafficking of the mutants into optically detectable gap
junctions. However, Cx30.3 mutant-expressing keratinocytes were
found to be more permeable to PI in the absence of extracellular
divalent cations, which may reflect disruption of the cell membrane
integrity leading to cell death. Treatments designed to improve
protein folding and/or ER function were ineffective in enhancing the
assembly of EKVP-linked mutants into gap junctions, but the co-
expression of select wild type keratinocyte connexins, including wild
type Cx30.3, rescued the assembly of Cx30.3 mutants into gap
junctions. These latter findings suggest that the mutants are not
in a permanent misfolded or trafficking defective state and can pass
or bypass quality control mechanisms associated with the secretory
pathway under some circumstances.

Prior to the current study, our understanding of the role and function
of Cx30.3 in cells and, particularly in keratinocytes, was limited to evidence
that Cx30.3 can form gap junctions when expressed in HeLa cells
(Plantard et al,, 2003; Zhang et al, 2021). We found that fluorescent
protein-tagged and FLAG-tagged Cx30.3 formed gap junctions in
keratinocytes albeit the efficiency of gap junction formation was
attenuated by the much larger fluorescent protein tag; a situation not
commonly observed when GFP is tagged to other connexin isoforms
(McLachlan et al,, 2005; Thomas et al., 2005; 2007; Gong et al., 2006;
Ableser et al., 2014; Berger et al,, 2014; Kelly et al,, 2015a; Au et al., 2020;
Beach et al., 2020; Lucaciu et al., 2022). Consistent with previous rodent
Cx30.3 studies (Hennemann et al, 1992; White and Bruzzone, 1996;
Yeager and Nicholson, 2000; Bai et al., 2018), human Cx30.3 was found to
be GJIC-competent as evidenced by its ability to electrically couple N2a
cells and modestly pass a 570 Da calcein red-orange dye between
connexin-deficient keratinocytes. Thus, we concluded that wild type
human Cx30.3 successfully assembled into functional gap junctions in
REKs, and these cells were a suitable keratinocyte model to interrogate the
trafficking and functional status of EKVP-linked Cx30.3 mutants when
expressed alone or in combination with other keratinocyte connexins.

In stark contrast to wild type Cx30.3, high-resolution confocal
microscopy revealed that the GI12D, T85P, and F189Y mutants all
surprisingly exhibited varying degrees of trafficking impairment when
expressed in keratinocytes resulting in their localization to the ER and
Golgi apparatus. This localization pattern was similar to that found in
Hela cells engineered to express the EKVP-linked GFP-tagged
Cx30.3 V37M mutant (Zhang et al, 2021) and NEBI keratinocytes
that expressed the EKVP-linked G12D, GI12R, R42P, and C86S
mutations of a second keratinocyte connexin isoform, Cx31 (Di et al,
2002). These findings lend support to the notion that connexin gene
mutations that lead to trafficking deficiencies is at the root or contributes
to some forms of EKVP.

The G12D, T85P, and F189Y amino acid substitutions are
localized within the amino terminus, second transmembrane, and
fourth transmembrane domains, respectively (Richard et al., 2003;
Ishida-Yamamoto, 2016), raising questions as to why all three
mutants would exhibit trafficking deficiencies. Crystal structure
analysis of Cx26, which is highly homologous to Cx30.3, suggests
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Mutant expressing keratinocytes are more permeable to propidium iodide. Representative images of Cx43KO REKs expressing FLAG-tagged wild

type or Cx30.3 mutants and loaded with propidium iodide (PI; red) and calcein AM (green) in either (A) extracellular solution (ECS) containing the divalent
cations Ca?* and Mg?* or (B) divalent cation-free extracellular solution (DCF-ECS). (C) Quantification reveals that significantly more cells expressing
Cx30.3 mutants took up Pl in the absence of divalent cations compared to both of the controls and wild type Cx30.3 in both ECS (grey bars) and
DCF-ECS (white bars) conditions. Groups marked with the same letter are not significantly different from one another. (D) Parallel quantification of
transfection efficiency reveals that a similar proportion of cells expressed Cx30.3 across all conditions. ****p < 0.0001 compared to control and

lipofectamine groups in the same extracellular solution.

mutations to these highly conserved domains may lead to changes in
tertiary structure-especially since the G12, T85, and F189 residues
are conserved across all 3-connexins in humans (Maeda et al., 2009;
Bai, 2016). Possible changes to domain flexibility due to the loss of a
flexible glycine residue in the G12D mutant or the introduction of a
kink due to the rigid proline residue in the T85P mutant could
impact folding or channel gating. Indeed, EKVP-linked Cx31 G12D
was shown to misfold and activate ER stress pathways downstream
of IREla (Tang et al., 2015). The F189Y amino acid substitution
introduces a tyrosine residue that is a potential phosphorylation or
sulfation site, although it is not clear if this residue is accessible to
enzymatic modification as it is predicted to reside within the
fourth transmembrane domain, but if so, this could possibly
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explain its slightly slower migration on western blots. This slight
change in electrophoretic mobility may also be due to a new post-
translational modification site that is unveiled elsewhere in the
polypeptide due to changes in FI89Y mutant protein folding.
Alternatively, this slower migration may be due to a change in
protein interaction with SDS during electrophoresis. In the case of the
T85P mutant, since the second transmembrane domain contains a highly
conserved proline residue nearby at position 87, we propose the alpha
helical structure of this domain would be disrupted by the introduction of
a second proline residue. Indeed, these conserved regions of the
Cx30.3 polypeptide are susceptible to mutations as single amino
acid substitutions to the corresponding and neighbouring
residues in Cx26, Cx30, Cx31, and Cx32 have also been
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FIGURE 8

Co-expression of wild type Cx30.3 restores Cx30.3 mutant trafficking and assembly into gap junctions. (A) Representative images of Cx43KO REKs
co-expressing GFP-tagged wild type or Cx30.3 mutants (green) and RFP-tagged wild type Cx30.3 (red). Yellow/orange signal denotes regions of
overlapping red and green signals. Dashed boxes indicate the areas magnified in the inserts below. Nuclei counterstained with Hoechst 33342 (blue)
Scale bars = 10 pm. (B) Expression of wild type Cx30.3 significantly increased the incidence of gap junctions containing Cx30.3 mutants in
keratinocytes. Filled in circles (®) represent one replicate. **p < 0.01; ****p < 0.0001

linked to various human pathologies affecting the skin and
nervous system (Common et al., 2005; Sbidian et al., 2013; Tang
et al., 2015; Ishida-Yamamoto, 2016; Dai et al., 2020; Bailey
et al.,, 2021). These putative structural changes may be at the
root of why Cx30.3 mutants have difficulty passing quality
control, via mechanisms that appear to evade the central
regulator of the UPR, BiP/GRP78 (Almanza et al., 2019; Hetz
et al, 2020), as well as impair gap junction assembly.
Nevertheless, detailed investigations of all three branches of
the UPR and other cellular stress responses are required to
effectively rule-out cell stress (Duennwald, 2015).

Currently, there are no cures or specific treatments that target the
pathogenic mechanisms underlying EKVP. This raises the question as
to whether the trafficking impaired Cx30.3 mutants in this study could
be rescued to potentially contribute to GJIC and mitigate disease
severity. Therapeutic strategies employing chemical chaperones have
met with some success for the treatment of disorders caused by
impaired protein folding and trafficking (Chaudhuri and Paul, 2006;
Calamini et al,, 2012; Cortez and Sim, 2014; Estabrooks and Brodsky,
2020). To that end, 4-PBA and a sub-physiological temperature
treatment partially restored the assembly of a trafficking defective
Cx50 mutant into gap junctions in a pre-clinical cellular setting
(Jara et al, 2018). However, these treatments, as well as TUDCA
and glycerol, failed to rescue the delivery of any Cx30.3 mutants to
the cell surface and their assembly into gap junctions. Thus, we posit
that the Cx30.3 mutants enter a misfolded state that does not benefit
from increasing the time and opportunity to fold correctly even with the
assistance of chemical chaperones.
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Cell death and hemichannel gain-of-function mechanisms,
which are intimately linked processes, have been reported for
other disease-linked connexin mutants (Delmar et al., 2018;
Cocozzelliand White, 2019). Thus, we evaluated the membrane
permeability of Cx30.3 mutant-expressing keratinocytes to the
normally membrane impermeant dye propidium iodide. Little
differences in PI uptake were detected in cells maintained
under physiological condition; however, Cx30.3 mutant
expressing keratinocytes were more permeable to PI when
divalent cations were absent. These findings could reflect the
formation of hyperactive mutant hemichannels or an unknown
mechanism where the mutants reduce the integrity of the
The of
hemichannels has been implicated in inflammatory diseases

plasma  membrane. pathological  opening
through the release of damage-associated molecular patterns
(DAMPs) that activate immune responses, involving ATP,
HMGB1 and S100 proteins et al, 2022). The

increased membrane permeability to PI that we observed,

(Peng

either due to cell death or inducible hemichannels, may
facilitate the release of DAMPs which activate inflammatory
responses that result in the erythema found in patients with
EKVP. Indeed, pharmacological and targeted inhibition of
connexin hemichannels has been shown to alleviate skin
disease in mouse models of both KIDS and Clouston
syndrome (Bruzzone and White, 2020; Kuang et al., 2020;
Sellitto et al., 2021).

Given all three mutants examined in this study exhibit an autosomal
dominant mode of inheritance, it was important to characterize the
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FIGURE 9

Co-expression of keratinocyte connexins partially restores Cx30.3 mutant trafficking and assembly into gap junctions. (A, B) Cx30.3 (green) forms

gap junctions alone and when co-expressed with Cx26, Cx30, or Cx43 (red). (C, D) G12D (green), (E, F) T85P (green), and (G, H) F189Y (green) mutants are
readily found in gap junctions when co-expressed with Cx26, Cx30, or Cx43 (red). Dashed boxes indicate the areas magnified in the inserts. Nuclei
counterstained with Hoechst 33342 (blue). N = 3 for all experiments. Scale bars = 10 um *p < 0.05

consequences of co-expressing the mutants together with wild type  These findings are encouraging from a clinical point of view as they act as
Cx30.3. Somewhat surprisingly we found that wild type  proof-of-principle that any misfolding of the Cx30.3 mutants that occurs
Cx30.3 rescued the assembly of Cx30.3 mutants into gap junctions.  can be overcome by the presence of a sufficient level of wild type Cx30.3.
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While efforts were made to co-express equal levels of mutant and wild
type Cx30.3 in keratinocytes it is not possible to discern if this was
achieved, but the partial rescue of the assembly of Cx30.3 mutants into
gap junctions would suggest that their pathological effects extend beyond
mechanisms that are strictly linked to their trafficking and gap junction
assembly deficiencies.

Since keratinocytes simultaneously express two or more connexin
isoforms we also asked the question whether co-expression of other
keratinocyte connexins would rescue the assembly of Cx30.3 mutants into
gap junctions. We saw a similar rescue of gap junction assembly when
Cx30.3 mutants were co-expressed with Cx26 and Cx30, both of which are
[-connexins found within the same epidermal strata in human skin as
Cx30.3 and plausibly form mixed oligomers with Cx30.3 (Di et al., 2001;
Bailey et al,, 2021). We also surprisingly found that the co-expression of
the o-connexin Cx43 could restore the gap junction assembly of
Cx30.3 mutants, although this appeared to be less effective possibly
due to the sequence divergence between a- and P-connexins (Mese
et al, 2007; Bailey et al, 2021). Evidence does suggest that Cx30.3 and
Cx43 co-immunoprecipitate and may localize to the same gap junctions in
diseased hearts and in induced pluripotent stem cell-derived
cardiomyocytes (Okamoto et al., 2020) suggesting that they may have
the capacity to interact within the same connexon. Further work has also
shown that rodent Cx30.3 and Cx43 form functional homomeric
heterotypic intercellular channels (White and Bruzzone, 1996; Yeager
and Nicholson, 2000; Bai et al, 2018). Although we showed that
expression of keratinocyte connexins could restore the assembly of
Cx30.3 mutants into gap junctions in keratinocytes it remains unclear
if this occurs in human epidermis where these connexins may be
simultaneously expressed in the same keratinocytes. Furthermore, it
remains unclear whether human Cx30.3 mutants form functional
homomeric or heteromeric channels when intermixed with the other
wild type connexins or wild type Cx30.3 as it was not possible to separate
the contribution to GJIC by the wild type connexin from that of the
mutant. Further, we were not able to rule-out the possibility of
haploinsufficiency, which would require an animal model of
heterozygous GJB4 deletion to study.

In summary, we have shown that three GFP and/or FLAG-tagged
EKVP-linked Cx30.3 mutants exhibit trafficking deficiencies and an
inability to form functional gap junctions when expressed alone with
no indication that the keratinocytes engineered to express the mutants are
undergoing ER stress. This trafficking impairment is an unreported
mechanism that may partially underpin EKVP thus expanding the
breadth of pathogenic mechanisms beyond transdominant disruption
of other co-expressed connexins (Plantard et al., 2003), induction of ER
stress and/or cell death (Tang et al, 2015) (He et al., 2005; Tattersall et al,,
2009; Easton et al,, 2018), the establishment of hyperactive hemichannels
(Srinivas et al., 2019), and perturbed connexin turnover (Lucaciu et al,
2022). Based on our PI uptake studies, it is possible that EKVP patients
harboring these mutants suffer from a mechanism that includes, not only
a Cx30.3 mutant trafficking deficiency, but also impaired membrane
permeability and activation of a cell death pathway possibly linked to
hyperactive gain-of-function hemichannels. Individual connexin mutants
may therefore simultaneously exhibit both gain- and loss-of-function
mechanisms, highlighting the molecular complexity of EKVP. Successful
rescue of these trafficking impairments via the co-expression of wild type
connexins provides hope that therapeutics can be identified, designed or
developed that drive the expression of keratinocyte connexins with the
promise of mitigating or curing EKVP as current treatments are non-
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specific, toxic, exhibit side effects and/or have limited efficacy (Shizukawa
et al.,, 2015; Ishida-Yamamoto, 2016; Okuda et al., 2020).

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

SAL and RF performed the majority of the experiments and drafted
the manuscript. RN, SN, and LDS performed many pilot studies that
formed the basis for the current study. SEL, AH, and DJ assisted in
quantifying some of the experiments and in imaging. QS, DB, and DL
supervised the work. All authors contributed to the reviewing and editing of
the manuscript.

Funding

This study was supported by funding to DL from the Canadian
Institutes of Health Research (148630).

Acknowledgments

The authors would like to thank Ryan Yee who compiled the
cell- and tissue-specific expression of Cx30.3 in humans, and
Honghong Chen, Benny Yue, Roa’a Jaradat, and Tianhe Li for
their technical support on patch clamp experiments. Finally, we
are grateful for the mentorship and support that Kevin Barr
provided throughout this project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1073805/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2023.1073805/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1073805/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1073805

Lucaciu et al.

References

Ableser, M. J., Penuela, S., Lee, J., Shao, Q. and Laird, D. W. (2014).
Connexin43 reduces melanoma growth within a keratinocyte microenvironment
and during tumorigenesis in vivo. J. Biol. Chem. 289, 1592-1603. doi:10.1074/jbc.
M113.507228

Adzhubei, I. A, Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P.,
et al. (2010). A method and server for predicting damaging missense mutations. Nat.
Methods 7, 248-249. doi:10.1038/nmeth0410-248

Almanza, A., Carlesso, A., Chintha, C., Creedican, S., Doultsinos, D., Leuzzi, B., et al.
(2019). Endoplasmic reticulum stress signalling — from basic mechanisms to clinical
applications. FEBS J. 286, 241-278. doi:10.1111/febs.14608

Anderton, H., and Alqudah, S. (2022). Cell death in skin function, inflammation, and
disease. Biochem. J. 479, 1621-1651. doi:10.1042/BCJ20210606

Au, A, Shao, Q., White, K. K., Lucaciu, S. A., Esseltine, J. L., Barr, K., et al. (2020).
Comparative analysis of Cx31 and Cx43 in differentiation-competent rodent
keratinocytes. Biomolecules 10, 1443. doi:10.3390/biom10101443

Bai, D., and Cameron, J. A. (2016). Patch clamp analysis of gap junction channel
properties. 1st ed. Boca Raton: CRC Press. doi:10.1201/9781315369396

Bai, D. (2016). Structural analysis of key gap junction domains-Lessons from genome
data and disease-linked mutants. Semin. Cell Dev. Biol. 50, 74-82. d0i:10.1016/j.semcdb.
2015.11.015

Bai, D., Yue, B, and Aoyama, H. (2018). Crucial motifs and residues in the
extracellular loops influence the formation and specificity of connexin docking.
Biochim. Biophys. Acta - Biomembr. 1860, 9-21. doi:10.1016/j.bbamem.2017.07.003

Bailey, R. A, Beahm, D. L., and Skerrett, I. M. (2021). The complex and critical role of
glycine 12 (G12) in beta-connexins of human skin. Int. . Mol. Sci. 22, 2615. doi:10.3390/
ijms22052615

Bateman, A., Martin, M. ], Orchard, S., Magrane, M., Agivetova, R., Ahmad, S., et al.
(2021). UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 49,
D480-D489. doi:10.1093/NAR/GKAA1100

Beach, R., Abitbol, J. M., Allman, B. L., Esseltine, J. L., Shao, Q., and Laird, D. W.
(2020). GJB2 mutations linked to hearing loss exhibit differential trafficking and
functional defects as revealed in cochlear-relevant cells. Front. Cell Dev. Biol. 8.
doi:10.3389/fcell.2020.00215

Bedner, P., Steinhduser, C., and Theis, M. (2012). Functional redundancy and
compensation among members of gap junction protein families? Biochim. Biophys.
Acta - Biomembr. 1818, 1971-1984. doi:10.1016/j.bbamem.2011.10.016

Berger, A. C,, Kelly, J. J., Lajoie, P., Shao, Q., and Laird, D. W. (2014). Mutations in
Cx30 that are linked to skin disease and non-syndromic hearing loss exhibit several
distinct cellular pathologies. J. Cell Sci. 127, 1751-1764. doi:10.1242/jcs.138230

Bruzzone, R., and White, T. W. (2020). Connexin hemichannel inhibition improves
skin pathology in Clouston syndrome mice. EBioMedicine 57, 102856. doi:10.1016/j.
ebiom.2020.102856

Calabrese, R., Capriotti, E., Fariselli, P., Martelli, P. L., and Casadio, R. (2009).
Functional annotations improve the predictive score of human disease-related
mutations in proteins. Hum. Mutat. 30, 1237-1244. doi:10.1002/humu.21047

Calamini, B., Silva, M. C,, Madoux, F., Hutt, D. M., Khanna, S., Chalfant, M. A,, et al.
(2012). Small-molecule proteostasis regulators for protein conformational diseases. Nat.
Chem. Biol. 8, 185-196. doi:10.1038/nchembio.763

Candji, E., Schmidt, R., and Melino, G. (2005). The cornified envelope: A model of cell
death in the skin. Nat. Rev. Mol. Cell Biol. 6, 328-340. doi:10.1038/nrm1619

Cartlidge, P. (2000). The epidermal barrier. Semin. Neonatol. 5,273-280. d0i:10.1053/
siny.2000.0013

Chaudhuri, T. K., and Paul, S. (2006). Protein-misfolding diseases and chaperone-
based therapeutic approaches. FEBS J. 273, 1331-1349. doi:10.1111/j.1742-4658.2006.
05181.x

Churko, J. M., and Laird, D. W. (2013). Gap junction remodeling in skin repair
following wounding and disease. Physiology 28, 190-198. doi:10.1152/physiol.00058.
2012

Cocozzelli, A. G., and White, T. W. (2019). Connexin 43 mutations lead to increased
hemichannel functionality in skin disease. Int. . Mol. Sci. 20, 6186. doi:10.3390/
ijms20246186

Common, J. E. A,, O’Toole, E. A, Leigh, I. M., Thomas, A., Griffiths, W. A. D.,
Venning, V., et al. (2005). Clinical and genetic heterogeneity of
erythrokeratoderma variabilis. . Invest. Dermatol. 125, 920-927. doi:10.1111/j.
0022-202X.2005.23919.x

Cortez, L., and Sim, V. (2014). The therapeutic potential of chemical chaperones in
protein folding diseases. Prion 8, 197-202. doi:10.4161/pri.28938

Cottrell, G. T., and Burt, J. M. (2005). Functional consequences of heterogeneous gap
junction channel formation and its influence in health and disease. Biochim. Biophys.
Acta - Biomembr. 1711, 126-141. doi:10.1016/j.bbamem.2004.11.013

Crooks, G., Hon, G., Chandonia, J., and Brenner, S. (2004). WebLogo: A sequence
logo generator. Genome Res. 14, 1188-1190. doi:10.1101/gr.849004

Frontiers in Cell and Developmental Biology

10.3389/fcell.2023.1073805

Dai, S., Wang, H., and Zhimiao, L. (2020). Novel and recurrent mutations in GJB3 and
GJB4 cause erythrokeratodermia variabilis et progressiva. Indian J. dermatol. Venereol.
Leprol. 86, 87-90. doi:10.4103/ijdvl.IJDVL_926_18

Delmar, M., Laird, D. W., Naus, C. C., Nielsen, M. S., Verselis, V. K., and White, T. W.
(2018). Connexins and disease. Cold Spring Harb. Perspect. Biol. 10, a029348. doi:10.
1101/cshperspect.a029348

Di, W. L., Monypenny, J., Common, J. E. A,, Kennedy, C. T. C., Holland, K. A., Leigh,
I M,, et al. (2002). Defective trafficking and cell death is characteristic of skin disease-
associated connexin 31 mutations. Hum. Mol. Genet. 11, 2005-2014. doi:10.1093/hmg/
11.17.2005

Di, W. L., Rugg, E. L., Leigh, I. M., and Kelsell, D. P. (2001). Multiple epidermal
connexins are expressed in different keratinocyte subpopulations including connexin
31. J. Invest. Dermatol. 117, 958-964. doi:10.1046/j.0022-202X.2001.01468.x

Duennwald, M. L. (2015). Cellular stress responses in protein misfolding diseases.
Futur. Sci. OA 1, FSO42. doi:10.4155/FSO.15.42

Easton, J. A., Albuloushi, A. K., Kamps, M. A. F., Brouns, G. H. M. R,, Broers, J. L. V.,
Coull, B. J., et al. (2018). A rare missense mutation in GJB3 (Cx31G45E) is associated
with a unique cellular phenotype resulting in necrotic cell death. Exp. Dermatol. 3,
1106-1113. doi:10.1111/exd.13542

Estabrooks, S., and Brodsky, J. L. (2020). Regulation of CFTR biogenesis by the
proteostatic network and pharmacological modulators. Int. J. Mol. Sci. 21, 452. doi:10.
3390/ijms21020452

Faniku, C., Wright, C. S., and Martin, P. E. (2015). Connexins and pannexins in the
integumentary system: The skin and appendages. Cell. Mol. Life Sci. 72, 2937-2947.
doi:10.1007/s00018-015-1969-0

Gong, X. Q., Shao, Q., Lounsbury, C. S., Bai, D., and Laird, D. W. (2006). Functional
characterization of a GJA1 frameshift mutation causing oculodentodigital dysplasia and
palmoplantar keratoderma. J. Biol. Chem. 281, 31801-31811. doi:10.1074/jbc.
M605961200

Goodenough, D. A, and Paul, D. L. (2009). Gap junctions. Cold Spring Harb. Perspect.
Biol. 1, 0025766. doi:10.1101/cshperspect.a002576

He, L. Q, Liu, Y,, Cai, F,, Tan, Z. P, Pan, Q,, Liang, D. S,, et al. (2005). Intracellular
distribution, assembly and effect of disease-associated connexin 31 mutants in HeLa
cells. Acta Biochim. Biophys. Sin. (Shanghai). 37, 547-554. doi:10.1111/j.1745-7270.
2005.00080.x

Hennemann, H., Dahl, E., White, J. B., Schwarz, H. J., Lalley, P. A., Chang, S., et al.
(1992). Two gap junction genes, connexin 31.1 and 30.3, are closely linked on mouse
chromosome 4 and preferentially expressed in skin. J. Biol. Chem. 267, 17225-17233.
doi:10.1016/s0021-9258(18)41916-3

Hetz, C., Zhang, K., and Kaufman, R. J. (2020). Mechanisms, regulation and functions
of the unfolded protein response. Nat. Rev. Mol. Cell Biol. 21, 421-438. doi:10.1038/
541580-020-0250-z

Ishida-Yamamoto, A. (2016). Erythrokeratodermia variabilis et progressiva.
J. Dermatol. 43, 280-285. doi:10.1111/1346-8138.13220

Jara, O., Minogue, P. ], Berthoud, V. M., and Beyer, E. C. (2018). Chemical chaperone
treatment improves levels and distributions of connexins in Cx50D47A mouse lenses.
Exp. Eye Res. 175, 192-198. doi:10.1016/j.exer.2018.06.015

Jaradat, R, Li, X., Chen, H., Stathopulos, P. B., and Bai, D. (2022). The hydrophobic
residues in amino terminal domains of Cx46 and Cx50 are important for their gap
junction channel ion permeation and gating. Int. J. Mol. Sci. 23, 11605-11622. doi:10.
3390/ijms231911605

Karczewski, K. J., Francioli, L. C., Tiao, G., Cummings, B. B., Alfoldi, J., Wang, Q.,
et al. (2020). The mutational constraint spectrum quantified from variation in
141,456 humans. Nature 581, 434-443. doi:10.1038/s41586-020-2308-7

Kelly, J. J., Shao, Q., Jagger, D. J., and Laird, D. W. (2015a). Cx30 exhibits unique
characteristics including a long half-life when assembled into gap junctions. J. Cell Sci.
128, 3947-3960. doi:10.1242/jcs.174698

Kelly, J. J., Simek, J., and Laird, D. W. (2015b). Mechanisms linking connexin
mutations to human diseases. Cell Tissue Res. 360, 701-721. doi:10.1007/s00441-
014-2024-4

Kim, R, Chang, G., Hu, R,, Phillips, A., and Douglas, R. (2016). Connexin gap
junction channels and chronic rhinosinusitis. Int. Forum Allergy Rhinol. 6, 611-617.
doi:10.1002/ALR.21717

Kokotas, H., Papagiannaki, K., Grigoriadou, M., Petersen, M. B., and Katsarou, A.
(2012). Erythrokeratodermia variabilis: Report of two cases and a novel missense variant
in GJB4 encoding connexin 30.3. Eur. ]. Dermatol. 22, 182-186. doi:10.1684/ejd.2011.
1617

Koval, M. (2006). Pathways and control of connexin oligomerization. Trends Cell Biol.
16, 159-166. doi:10.1016/j.tcb.2006.01.006

Kuang, Y., Zorzi, V., Buratto, D., Ziraldo, G., Mazzarda, F,, Peres, C,, et al. (2020). A
potent antagonist antibody targeting connexin hemichannels alleviates Clouston
syndrome symptoms in mutant mice. EBioMedicine 57, 102825. doi:10.1016/j.ebiom.
2020.102825

frontiersin.org


https://doi.org/10.1074/jbc.M113.507228
https://doi.org/10.1074/jbc.M113.507228
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1111/febs.14608
https://doi.org/10.1042/BCJ20210606
https://doi.org/10.3390/biom10101443
https://doi.org/10.1201/9781315369396
https://doi.org/10.1016/j.semcdb.2015.11.015
https://doi.org/10.1016/j.semcdb.2015.11.015
https://doi.org/10.1016/j.bbamem.2017.07.003
https://doi.org/10.3390/ijms22052615
https://doi.org/10.3390/ijms22052615
https://doi.org/10.1093/NAR/GKAA1100
https://doi.org/10.3389/fcell.2020.00215
https://doi.org/10.1016/j.bbamem.2011.10.016
https://doi.org/10.1242/jcs.138230
https://doi.org/10.1016/j.ebiom.2020.102856
https://doi.org/10.1016/j.ebiom.2020.102856
https://doi.org/10.1002/humu.21047
https://doi.org/10.1038/nchembio.763
https://doi.org/10.1038/nrm1619
https://doi.org/10.1053/siny.2000.0013
https://doi.org/10.1053/siny.2000.0013
https://doi.org/10.1111/j.1742-4658.2006.05181.x
https://doi.org/10.1111/j.1742-4658.2006.05181.x
https://doi.org/10.1152/physiol.00058.2012
https://doi.org/10.1152/physiol.00058.2012
https://doi.org/10.3390/ijms20246186
https://doi.org/10.3390/ijms20246186
https://doi.org/10.1111/j.0022-202X.2005.23919.x
https://doi.org/10.1111/j.0022-202X.2005.23919.x
https://doi.org/10.4161/pri.28938
https://doi.org/10.1016/j.bbamem.2004.11.013
https://doi.org/10.1101/gr.849004
https://doi.org/10.4103/ijdvl.IJDVL_926_18
https://doi.org/10.1101/cshperspect.a029348
https://doi.org/10.1101/cshperspect.a029348
https://doi.org/10.1093/hmg/11.17.2005
https://doi.org/10.1093/hmg/11.17.2005
https://doi.org/10.1046/j.0022-202X.2001.01468.x
https://doi.org/10.4155/FSO.15.42
https://doi.org/10.1111/exd.13542
https://doi.org/10.3390/ijms21020452
https://doi.org/10.3390/ijms21020452
https://doi.org/10.1007/s00018-015-1969-0
https://doi.org/10.1074/jbc.M605961200
https://doi.org/10.1074/jbc.M605961200
https://doi.org/10.1101/cshperspect.a002576
https://doi.org/10.1111/j.1745-7270.2005.00080.x
https://doi.org/10.1111/j.1745-7270.2005.00080.x
https://doi.org/10.1016/s0021-9258(18)41916-3
https://doi.org/10.1038/s41580-020-0250-z
https://doi.org/10.1038/s41580-020-0250-z
https://doi.org/10.1111/1346-8138.13220
https://doi.org/10.1016/j.exer.2018.06.015
https://doi.org/10.3390/ijms231911605
https://doi.org/10.3390/ijms231911605
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1242/jcs.174698
https://doi.org/10.1007/s00441-014-2024-4
https://doi.org/10.1007/s00441-014-2024-4
https://doi.org/10.1002/ALR.21717
https://doi.org/10.1684/ejd.2011.1617
https://doi.org/10.1684/ejd.2011.1617
https://doi.org/10.1016/j.tcb.2006.01.006
https://doi.org/10.1016/j.ebiom.2020.102825
https://doi.org/10.1016/j.ebiom.2020.102825
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1073805

Lucaciu et al.

Kumar, P., Henikoff, S., and Ng, P. C. (2009). Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nat. Protoc. 4,
1073-1081. doi:10.1038/nprot.2009.86

Laird, D. W., and Lampe, P. D. (2022). Cellular mechanisms of connexin-based
inherited diseases. Trends Cell Biol. 32, 58-69. doi:10.1016/j.tcb.2021.07.007

Laird, D. W. (2006). Life cycle of connexins in health and disease. Biochem. J. 394,
527-543. doi:10.1042/BJ20051922

Laird, D. W., Naus, C. C., and Lampe, P. D. (2017). SnapShot: Connexins and disease.
Cell 170, 1260-1260.e1. doi:10.1016/j.cell.2017.08.034

Lampe, P. D., and Laird, D. W. (2022). Recent advances in connexin gap junction
biology. Fac. Rev. 11, 14. doi:10.12703/r/11-14

Langlois, S., Maher, A. C., Manias, J. L., Shao, Q., Kidder, G. M., and Laird, D. W.
(2007). Connexin levels regulate keratinocyte differentiation in the epidermis. J. Biol.
Chem. 282, 30171-30180. doi:10.1074/jbc.M703623200

Lilly, E., Sellitto, C., Milstone, L. M., and White, T. W. (2016). Connexin channels in
congenital skin disorders. Semin. Cell Dev. Biol. 50, 4-12. doi:10.1016/j.semcdb.2015.
11.018

Liu, H., Fu, X. A., Yu, Y. X,, Zhou, G. Z., Lu, X. M., Tian, H. Q., et al. (2012). Mutation
analysis of GJB3 and GJB4 in Chinese patients with erythrokeratodermia variabilis.
J. Dermatol. 39, 400. doi:10.1111/j.1346-8138.2011.01314.x

Lucaciu, S. A., Shao, Q., Figliuzzi, R,, Barr, K., Bai, D., and Laird, D. W. (2022).
Interrogation of Carboxy-Terminus Localized GJA1 Variants Associated with
Erythrokeratodermia Variabilis et Progressiva. Int. J. Mol. Sci. 23, 486. doi:10.3390/
ijms23010486

Macari, F., Landau, M., Cousin, P., Mevorah, B., Brenner, S., Panizzon, R., et al.
(2000). Mutation in the gene for connexin 30.3 in a family with
erythrokeratodermia variabilis. Am. J. Hum. Genet. 67, 1296-1301. do0i:10.1016/
$0002-9297(07)62957-7

Maeda, S., Nakagawa, S., Suga, M., Yamashita, E., Oshima, A., Fujiyoshi, Y., et al.
(2009). Structure of the connexin 26 gap junction channel at 3.5 A resolution. Nature
458, 597-602. doi:10.1038/nature07869

Maher, A. C,, Thomas, T., Riley, J. L., Veitch, G., Shao, Q., and Laird, D. W. (2005).
Rat epidermal keratinocytes as an organotypic model for examining the role of
Cx43 and Cx26 in skin differentiation. Cell Commun. Adhes. 12, 219-230. doi:10.
1080/15419060500511818

Martin, P. E., Easton, J. A., Hodgins, M. B., and Wright, C. S. (2014). Connexins:
Sensors of epidermal integrity that are therapeutic targets. FEBS Lett. 588, 1304-1314.
doi:10.1016/j.febslet.2014.02.048

McLachlan, E., Manias, J. L., Gong, X. Q., Lounsbury, C. S., Shao, Q., Bernier, S.
M., et al. (2005). Functional characterization of oculodentodigital dysplasia-
associated Cx43 mutants. Cell Commun. Adhes. 12, 279-292. doi:10.1080/
15419060500514143

Mese, G., Richard, G., and White, T. W. (2007). Gap junctions: Basic structure and
function. J. Invest. Dermatol. 127, 2516-2524. doi:10.1038/sj.jid.5700770

Musa, H., Fenn, E., Crye, M., Gemel, J., Beyer, E. C., and Veenstra, R. D. (2004).
Amino terminal glutamate residues confer spermine sensitivity and affect voltage gating
and channel conductance of rat connexin40 gap junctions. J. Physiol. 557, 863-878.
doi:10.1113/jphysiol.2003.059386

Okamoto, R,, Goto, I, Nishimura, Y., Kobayashi, I., Hashizume, R., Yoshida, Y., et al.
(2020). Gap junction protein beta 4 plays an important role in cardiac function in
humans, rodents, and zebrafish. PLoS One 15, €0240129. doi:10.1371/journal.pone.
0240129

Okuda, K., Nishida, E., Tori, K., Matubara, A., Sagawa, Y., Takeichi, T., et al. (2020).
Case of erythrokeratodermia variabilis successfully treated with narrowband ultraviolet
B. J. Dermatol. 47, €30. doi:10.1111/1346-8138.15110

Pejaver, V., Urresti, J., Lugo-Martinez, J., Pagel, K. A, Lin, G. N., Nam, H.J., et al.
(2020). Inferring the molecular and phenotypic impact of amino acid variants with
MutPred2. Nat. Commun. 11, 5918. doi:10.1038/541467-020-19669-X

Peng, B., Xu, C,, Wang, S., Zhang, Y., and Li, W. (2022). The role of connexin
hemichannels in inflammatory diseases. Biol. (Basel) 11, 237. doi:10.3390/
biology11020237

Plantard, L., Huber, M., Macari, F., Meda, P., and Hohl, D. (2003). Molecular
interaction of connexin 30.3 and connexin 31 suggests a dominant-negative
mechanism associated with erythrokeratodermia variabilis. Hum. Mol. Genet. 12,
3287-3294. doi:10.1093/hmg/ddg364

Proksch, E., Brandner, J. M., and Jensen, J. M. (2008). The skin: An
indispensable barrier. Exp. Dermatol. 17, 1063-1072. doi:10.1111/j.1600-0625.
2008.00786.x

Rentzsch, P., Schubach, M., Shendure, J., and Kircher, M. (2021). CADD-Splice-
improving genome-wide variant effect prediction using deep learning-derived splice
scores. Genome Med. 13, 31. doi:10.1186/S13073-021-00835-9

Richard, G., Brown, N., Rouan, F., Van Der Schroeff, J. G., Bijlsma, E.,
Eichenfield, L. F., et al. (2003). Genetic heterogeneity in erythrokeratodermia
variabilis: Novel mutations in the connexin gene GJB4 (Cx30.3) and Genotype-

Frontiers in Cell and Developmental Biology

17

10.3389/fcell.2023.1073805

phenotype correlations. J. Invest. Dermatol. 120, 601-609. doi:10.1046/j.1523-
1747.2003.12080.x

Richard, G. (2005). Connexin disorders of the skin. Clin. Dermatol. 23, 23-32. doi:10.
1016/j.clindermatol.2004.09.010

Richard, G. (2000). Connexins: A connection with the skin. Exp. Dermatol. 9, 77-96.
doi:10.1034/j.1600-0625.2000.009002077 x

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American College of medical genetics and Genomics and the
association for molecular pathology. Genet. Med. 17, 405-424. doi:10.1038/gim.2015.30

Sbidian, E., Bousseloua, N., Jonard, L., Leclerc-Mercier, S., Bodemer, C., and Hadj-
Rabia, S. (2013). Novel mutation in GJB4 gene (Connexin 30.3) in a family with
erythrokeratodermia variabilis. Acta Derm. Venereol. 93, 193-195. doi:10.2340/
00015555-1436

Schneider, T. D., and Stephens, R. M. (1990). Sequence logos: A new way to display
consensus sequences. Nucleic Acids Res. 18, 6097-6100. doi:10.1093/nar/18.20.6097

Scott, C. A., O’Toole, E. A., Mohungoo, M. J., Messenger, A., and Kelsell, D. P. (2011).
Novel and recurrent connexin 30.3 and connexin 31 mutations associated with
erythrokeratoderma variabilis. Clin. Exp. Dermatol. 36, 88-90. doi:10.1111/j.1365-
2230.2010.03945.x

Scott, C. A., Tattersall, D., O'Toole, E. A., and Kelsell, D. P. (2012). Connexins in
epidermal homeostasis and skin disease. Biochim. Biophys. Acta - Biomembr. 1818,
1952-1961. doi:10.1016/j.bbamem.2011.09.004

Sellitto, C., Li, L., and White, T. W. (2021). Connexin hemichannel inhibition
ameliorates epidermal pathology in a mouse model of keratitis ichthyosis deafness
syndrome. Sci. Rep. 11, 24118. doi:10.1038/s41598-021-03627-8

Shizukawa, H., Hiragun, M., Hiragun, T., Sugita, Y., and Hide, M. (2015). Case of
erythrokeratodermia variabilis successfully treated with oral vitamin A. J. Dermatol. 42,
1124. doi:10.1111/1346-8138.13056

Shurman, D. L., Glazewski, L., Gumpert, A., Zieske, J. D., and Richard, G. (2005). In
vivo and in vitro expression of connexins in the human corneal epithelium. Invest.
Ophthalmol. Vis. Sci. 46, 1957-1965. doi:10.1167/I0VS.04-1364

Sohl, G., and Willecke, K. (2004). Gap junctions and the connexin protein family.
Cardiovasc. Res. 62, 228-232. doi:10.1016/j.cardiores.2003.11.013

Srinivas, M., Jannace, T. F., Cocozzelli, A. G., Li, L., Slavi, N., Sellitto, C., et al. (2019).
Connexin43 mutations linked to skin disease have augmented hemichannel activity. Sci.
Rep. 9, 19. doi:10.1038/541598-018-37221-2

Srinivas, M., Verselis, V. K., and White, T. W. (2018). Human diseases associated with
connexin mutations. Biochim. Biophys. Acta - Biomembr. 1860, 192-201. doi:10.1016/j.
bbamem.2017.04.024

Tang, C., Chen, X,, Chi, J., Yang, D., Liu, S, Liu, M., et al. (2015). Pathogenic Cx31 is
un/misfolded to cause skin abnormality via a Fos/JunB-mediated mechanism. Hum.
Mol. Genet. 24, 6054-6065. doi:10.1093/hmg/ddv317

Tattersall, D., Scott, C. A., Gray, C., Zicha, D., and Kelsell, D. P. (2009). EKV mutant
connexin 31 associated cell death is mediated by ER stress. Hum. Mol. Genet. 18,
4734-4745. doi:10.1093/hmg/ddp436

Thomas, T., Jordan, K., Simek, J., Shao, Q., Jedeszko, C., Walton, P., et al. (2005).
Mechanisms of Cx43 and Cx26 transport to the plasma membrane and gap junction
regeneration. J. Cell Sci. 118, 4451-4462. doi:10.1242/jcs.02569

Thomas, T., Shao, Q., and Laird, D. W. (2007). Differentiation of organotypic
epidermis in the presence of skin disease-linked dominant-negative Cx26 mutants
and knockdown Cx26. J. Membr. Biol. 217, 93-104. doi:10.1007/500232-007-9036-x

Tong, D, Li, T. Y., Naus, K. E., Bai, D., and Kidder, G. M. (2007). In vivo analysis of
undocked connexin43 gap junction hemichannels in ovarian granulosa cells. J. Cell Sci.
120, 4016-4024. doi:10.1242/jcs.011775

Tong, X., Aoyama, H., Tsukihara, T., and Bai, D. (2014). Charge at the 46th residue of
connexin 50 is crucial for the gap-junctional unitary conductance and transjunctional
voltage-dependent gating. J. Physiol. 592, 5187-5202. doi:10.1113/jphysiol.2014.280636

Uppala, J. K., Gani, A. R., and Ramaiah, K. V. A. (2017). Chemical chaperone,
TUDCA unlike PBA, mitigates protein aggregation efficiently and resists ER and
non-ER stress induced HepG2 cell death. Sci. Rep. 7, 3831. do0i:10.1038/s41598-
017-03940-1

Van Steensel, M. A. M., Oranje, A. P., Van der Schroeff, J. G., Wagner, A., and Van
Geel, M. (2009). The missense mutation G12D in connexin30.3 can cause both
erythrokeratodermia variabilis of mendes da Costa and progressive symmetric
erythrokeratodermia of Gottron. Am. J. Med. Genet. Part A 149, 657-661. doi:10.
1002/ajmg.a.32744

Wang, H. X,, Tong, D., El-Gehani, F., Tekpetey, F. R., and Kidder, G. M. (2009).
Connexin expression and gap junctional coupling in human cumulus cells:
Contribution to embryo quality. J. Cell. Mol. Med. 13, 972-984. doi:10.1111/.1582-
4934.2008.00373.x

White, T. W., and Bruzzone, R. (1996). Multiple connexin proteins in single
intercellular channels: Connexin compatibility and functional consequences.
J. Bioenerg. Biomembr. 28, 339-350. doi:10.1007/BF02110110

frontiersin.org


https://doi.org/10.1038/nprot.2009.86
https://doi.org/10.1016/j.tcb.2021.07.007
https://doi.org/10.1042/BJ20051922
https://doi.org/10.1016/j.cell.2017.08.034
https://doi.org/10.12703/r/11-14
https://doi.org/10.1074/jbc.M703623200
https://doi.org/10.1016/j.semcdb.2015.11.018
https://doi.org/10.1016/j.semcdb.2015.11.018
https://doi.org/10.1111/j.1346-8138.2011.01314.x
https://doi.org/10.3390/ijms23010486
https://doi.org/10.3390/ijms23010486
https://doi.org/10.1016/S0002-9297(07)62957-7
https://doi.org/10.1016/S0002-9297(07)62957-7
https://doi.org/10.1038/nature07869
https://doi.org/10.1080/15419060500511818
https://doi.org/10.1080/15419060500511818
https://doi.org/10.1016/j.febslet.2014.02.048
https://doi.org/10.1080/15419060500514143
https://doi.org/10.1080/15419060500514143
https://doi.org/10.1038/sj.jid.5700770
https://doi.org/10.1113/jphysiol.2003.059386
https://doi.org/10.1371/journal.pone.0240129
https://doi.org/10.1371/journal.pone.0240129
https://doi.org/10.1111/1346-8138.15110
https://doi.org/10.1038/S41467-020-19669-X
https://doi.org/10.3390/biology11020237
https://doi.org/10.3390/biology11020237
https://doi.org/10.1093/hmg/ddg364
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1186/S13073-021-00835-9
https://doi.org/10.1046/j.1523-1747.2003.12080.x
https://doi.org/10.1046/j.1523-1747.2003.12080.x
https://doi.org/10.1016/j.clindermatol.2004.09.010
https://doi.org/10.1016/j.clindermatol.2004.09.010
https://doi.org/10.1034/j.1600-0625.2000.009002077.x
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.2340/00015555-1436
https://doi.org/10.2340/00015555-1436
https://doi.org/10.1093/nar/18.20.6097
https://doi.org/10.1111/j.1365-2230.2010.03945.x
https://doi.org/10.1111/j.1365-2230.2010.03945.x
https://doi.org/10.1016/j.bbamem.2011.09.004
https://doi.org/10.1038/s41598-021-03627-8
https://doi.org/10.1111/1346-8138.13056
https://doi.org/10.1167/IOVS.04-1364
https://doi.org/10.1016/j.cardiores.2003.11.013
https://doi.org/10.1038/s41598-018-37221-2
https://doi.org/10.1016/j.bbamem.2017.04.024
https://doi.org/10.1016/j.bbamem.2017.04.024
https://doi.org/10.1093/hmg/ddv317
https://doi.org/10.1093/hmg/ddp436
https://doi.org/10.1242/jcs.02569
https://doi.org/10.1007/s00232-007-9036-x
https://doi.org/10.1242/jcs.011775
https://doi.org/10.1113/jphysiol.2014.280636
https://doi.org/10.1038/s41598-017-03940-1
https://doi.org/10.1038/s41598-017-03940-1
https://doi.org/10.1002/ajmg.a.32744
https://doi.org/10.1002/ajmg.a.32744
https://doi.org/10.1111/j.1582-4934.2008.00373.x
https://doi.org/10.1111/j.1582-4934.2008.00373.x
https://doi.org/10.1007/BF02110110
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1073805

Lucaciu et al.

Wiszniewski, L., Sanz, J., Scerri, I., Gasparotto, E., Dudez, T., Lacroix, J. S., et al.
(2007). Functional expression of connexin30 and connexin31 in the polarized
human airway epithelium. Differentiation 75, 382-392. doi:10.1111/j.1432-0436.
2007.00157.x

Xin, L., Gong, X. Q., and Bai, D. (2010). The role of amino terminus of mouse Cx50 in
determining transjunctional voltage-dependent gating and unitary conductance.
Biophys. J. 99, 2077-2086. doi:10.1016/j.bpj.2010.07.032

Yeager, M., and Nicholson, B. J. (2000). Structure and biochemistry of gap junctions.
Adv. Mol. Cell Biol. 30, 31-98. doi:10.1016/s1569-2558(00)30003-0

Yoshikata-Isokawa, Y., Itoh, M., and Nakagawa, H. (2016). Japanese sporadic case of
erythrokeratodermia variabilis caused by the connexin-30.3 (GJB4) mutation: Is Glyine
12 a mutation hotspot in the connexin family? J. Dermatol. 43, 830. doi:10.1111/1346-
8138.13277

Frontiers in Cell and Developmental Biology

18

10.3389/fcell.2023.1073805

Yue, B., Haddad, B. G, Khan, U,, Chen, H., Atalla, M., Zhang, Z., et al. (2021).
Connexin 46 and connexin 50 gap junction channel properties are shaped by structural
and dynamic features of their N-terminal domains. J. Physiol. 599, 3313-3335. doi:10.
1113/JP281339

Zhai, J., Wang, Q., and Tao, L. (2014). Connexin expression patterns in diseased
human corneas. Exp. Ther. Med. 7, 791-798. doi:10.3892/etm.2014.1530

Zhang, X., Xu, P,, Lu, J,, Ding, Y., Gu, J., and Shi, Y. (2021). Erythrokeratodermia

variabilis et progressiva due to a novel mutation in GJB4. Exp. Dermatol. 31, 594-599.
doi:10.1111/exd.14490

Zheng-Fischhéfer, Q., Schnichels, M., Dere, E., Strotmann, J., Loscher, N., McCulloch,
F., etal. (2007). Characterization of connexin30.3-deficient mice suggests a possible role
of connexin30.3 in olfaction. Eur. J. Cell Biol. 86, 683-700. doi:10.1016/j.ejcb.2007.
01.005

frontiersin.org


https://doi.org/10.1111/j.1432-0436.2007.00157.x
https://doi.org/10.1111/j.1432-0436.2007.00157.x
https://doi.org/10.1016/j.bpj.2010.07.032
https://doi.org/10.1016/s1569-2558(00)30003-0
https://doi.org/10.1111/1346-8138.13277
https://doi.org/10.1111/1346-8138.13277
https://doi.org/10.1113/JP281339
https://doi.org/10.1113/JP281339
https://doi.org/10.3892/etm.2014.1530
https://doi.org/10.1111/exd.14490
https://doi.org/10.1016/j.ejcb.2007.01.005
https://doi.org/10.1016/j.ejcb.2007.01.005
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1073805

	GJB4 variants linked to skin disease exhibit a trafficking deficiency en route to gap junction formation that can be restor ...
	Introduction
	Materials and methods
	Cell culture
	Plasmids
	Transfection
	Immunolabeling and imaging
	Multi sequence alignment and generation of connexin sequence logos
	Bioinformatics analysis
	Western blotting
	Dual whole-cell patch clamp
	Fluorescence recovery after photobleaching (FRAP)
	Propidium iodide uptake assay
	Cell treatments
	Statistical analysis

	Results
	GFP-, RFP-, and FLAG-tagged Cx30.3 assembled into gap junctions in keratinocytes
	Cx30.3 mutants occur on highly conserved residues and are predicted to be pathogenic
	Cx30.3 mutants exhibit impaired trafficking and assembly into gap junctions in keratinocytes
	EKVP-linked Cx30.3 mutants were frequently retained within the endoplasmic reticulum or Golgi apparatus and fail to form fu ...
	Cx30.3 mutants did not elevate cellular BiP/GRP78 levels
	Mutant expressing keratinocytes were more susceptible to propidium iodide uptake
	Strategies to improve ER function and protein folding failed to increase Cx30.3 mutant assembly into gap junctions
	Wild type Cx30.3 rescues the transport of Cx30.3 mutants and their assembly into gap junctions
	Connexin isoforms intermix with Cx30.3 mutants and rescues their assembly into gap junctions

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


