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Specific functional pathologies of Cx43 mutations 
associated with oculodentodigital dysplasia

ABSTRACT Oculodentodigital dysplasia (ODDD) is a rare genetic disease that affects the 
development of multiple organs in the human body. More than 70 mutations in the gap junc-
tion connexin43 (Cx43) gene, GJA1, are associated with ODDD, most of which are inherited 
in an autosomal dominant manner. Many patients exhibit similar clinical presentations. How-
ever, there is high intrafamilial and interfamilial phenotypic variability. To better understand 
this variability, we established primary human dermal fibroblast cultures from several ODDD 
patients and unaffected controls. In the present study, we characterized three fibroblast lines 
expressing heterozygous p.L7V, p.G138R, and p.G143S Cx43 variants. All ODDD fibroblasts 
exhibited slower growth, reduced migration, and defective cell polarization, traits common 
to all ODDD fibroblasts studied so far. However, we found striking differences in overall ex-
pression levels, with p.L7V down-regulated at the mRNA and protein level. Although all of 
the Cx43 variants could traffic to the cell surface, there were stark differences in gap junction 
plaque formation, gap junctional intercellular communication, Cx43 phosphorylation, and 
hemichannel activity among Cx43 variants, as well as subtle differences in myofibroblast dif-
ferentiation. Together these findings enabled us to discover mutation-specific pathologies 
that may help to predict future clinical outcomes.

INTRODUCTION
Mutations in the gene encoding connexin43 (Cx43), GJA1, are de-
finitively linked to the pleiotropic disease known as oculodentodigi-
tal dysplasia (ODDD; Paznekas et al., 2003). More than 70 mostly 
missense mutations have been linked to ODDD (Paznekas et al., 
2009; Laird, 2014), which result in several common clinical presenta-
tions: syndactyly and camptodactyly of the fourth and fifth fingers, 
enamel hypoplasia, microcornea and microphthalmos, and craniofa-

cial abnormalities, including narrow, pinched noses with hypoplastic 
alae nasi and bone deformities (Judisch et al., 1979). However, 
these presentations are not completely conserved across all muta-
tions in the GJA1 gene, since some patients present with only a few 
symptoms, whereas others exhibit symptoms including neurological 
defects (Gutmann et al., 1991; Loddenkemper et al., 2002; De Bock 
et al., 2013), such as conductive hearing loss, trichosis, and bladder 
incontinence (Loddenkemper et al., 2002; Paznekas et al., 2009). 
Our understanding of how these mutations lead to particular pa-
thologies in some individuals but not in others is unclear.

Cx43 is a member of the gap junction family of proteins and is 
the most widely expressed connexin in the human body (Laird, 
2006). Classically, connexins form hexameric oligomers called con-
nexons that traffic to the cell surface and dock with compatible con-
nexons on adjacent cells to form gap junction channels (Musil and 
Goodenough, 1990). These channels allow the passage of ions and 
small molecules up to 1 kDa in size directly between cells in a 
process termed gap junctional intercellular communication (GJIC; 
Alexander and Goldberg, 2003). Evidence now also suggests that 

Monitoring Editor
Alpha Yap
University of Queensland

Received: Jan 27, 2016
Revised: May 19, 2016
Accepted: May 20, 2016

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E16-01-0062) on May 25, 2016.
*Address correspondence to: Dale W. Laird (Dale.Laird@schulich.uwo.ca).

© 2016 Kelly et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available 
to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: α-SMA, α-smooth muscle actin; CBX, carbenoxolone; Cx43, 
connexin43; DCFS, divalent cation–free solution; ECS, extracellular solution; GJIC, 
gap junctional intercellular communication; ODDD, oculodentodigital dysplasia; 
PDGF, platelet-derived growth factor; TGF-β, transforming growth factor-β.

John J. Kellya, Jessica L. Esseltinea, Qing Shaoa, Ethylin Wang Jabsb,c, Jacinda Sampsond, 
Mari Auranene, Donglin Baif, and Dale W. Lairda,f,*
aAnatomy and Cell Biology and fPhysiology and Pharmacology, University of Western Ontario, London, ON N6A 
5C1, Canada; bGenetics and Genomic Sciences, Icahn School of Medicine at Mount Sinai, New York, NY 10029; 
cJohns Hopkins University, Baltimore, MD 21205; dDepartment of Neurology, Stanford University Medical Center, 
Palo Alto, CA 94304; eClinical Neurosciences, Neurology, University of Helsinki and Helsinki University Hospital, 
Helsinki 00290, Finland 



Volume 27 July 15, 2016 Cx43 mutations in human pathologies | 2173 

are found within a calmodulin-binding domain (Zhou et al., 2007). 
All patients exhibited heterozygosity for the Cx43 mutant allele, in 
agreement with previous reports that ODDD is mostly inherited as 
an autosomal dominant disease (Laird, 2014). Clinical presentations 
reported for ODDD patients harboring the L7V, G138R, and G143S 
mutants revealed many common and classical conditions, with mu-
tant- specific presentation variability in the teeth, eyes, bladder, 
skin, and hearing (Table 1).

Cx43 levels differ among ODDD fibroblasts
Fibroblasts immunolabeled for Cx43 and counterstained for actin 
(to denote the cellular architecture) revealed Cx43 gap junction 
plaques at putative cell–cell interfaces in both control and ODDD 
mutant–expressing cells (Figure 2A, insets, arrows), indicating that 
the L7V, G138R, and G143S mutants do not inhibit Cx43 trafficking 
to the cell surface. Although all the mutants exhibited some degree 
of cell surface localization in plaque-like structures, there was a strik-
ing decrease in overall Cx43 levels in L7V fibroblasts and to a lesser 
extent G138R (Figure 2, B and C). All of the mutant fibroblast lines 
were phosphorylated to the P1 Cx43 species, although these levels 
were slightly reduced in the L7V- and G138R-expressing fibroblasts. 
In addition, the L7V and G138R fibroblasts had significantly less of 
the P2 phosphorylated form of Cx43 when normalized to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; Figure 2D), and all 
three mutant fibroblast lines had significantly reduced P2 Cx43 lev-
els as a function of the total amount of Cx43 protein (Figure 2E). We 
examined whether the mRNA levels varied in the L7V, G138R and 
G143S fibroblasts by quantitative PCR (qPCR) and found that Cx43 
mRNA transcripts were reduced in L7V fibroblasts compared with 
control cells (Figure 2F).

Cx43 can traffic to the cell surface but is differentially 
regulated in ODDD fibroblasts
To confirm that Cx43 was trafficking to the cell surface in ODDD fi-
broblasts, we performed cell surface biotinylation followed by pull-
down assays using NeutrAvidin beads and immunoblotting for Cx43 
(Figure 3A). The amount of biotinylated Cx43 as a function of the 
total amount of Cx43 was significantly higher in the L7V- and G143S-
expressing fibroblasts, suggesting that these cells had proportion-
ally higher amounts of Cx43 at the cell surface (Figure 3A). This was 
a striking finding, given that L7V had generally less total Cx43. The 
amount of Cx43 in L7V lysates after pull down (cleared lysates) was 
significantly reduced compared with control cells, confirming that 
overall Cx43 levels were lower in L7V-expressing fibroblasts. In ad-
dition, the lack of accumulated Cx43 for any of the mutants in the 
cleared lysates indicated that there was no abnormal Cx43 buildup 
or retention within the cell (Figure 3A). The amount of Cx43 assem-
bled into gap junction plaques, and possibly inaccessible to bioti-
nylation, was not specifically measured in each fibroblast line. Be-
cause all the fibroblasts exhibited Cx43 trafficking to the cell surface, 
we next used high-resolution Airyscan microscopy to investigate its 
cell surface distribution. Of interest, we found that individual gap 
junction plaque lengths were significantly smaller in cells expressing 
L7V and G138R mutants than with Cx43 in control cells (Figure 3B). 
Finally, we investigated the Cx43 banding profile in Triton X-100–
soluble or –insoluble fibroblast lysates. Consistent with earlier re-
sults, overall L7V levels were reduced and the G138R-expressing fi-
broblasts had reduced P2 but increased P0 species in the insoluble 
fraction (Figure 3C). In contrast, the G143S profile exhibited more 
pronounced P2 phosphorylation in the Triton-X–insoluble fraction, 
indicating the presence of mature Cx43 gap junction plaques at the 
cell surface.

connexons can function as undocked channels on the plasma mem-
brane called hemichannels (Goodenough and Paul, 2003; D’Hondt 
et al., 2014). Although the functional role of hemichannels in vivo is 
incompletely understood, data suggest that particular connexin mu-
tations can lead to disease via “leaky” hemichannels (Essenfelder 
et al., 2004; Stong et al., 2006; Mhaske et al., 2013; Berger et al., 
2014; Levit and White, 2015; Shuja et al., 2016). In particular, previ-
ous reports suggested that the Cx43 G138R and G143S ODDD mu-
tants exhibit “leaky” hemichannels when expressed in HeLa cells 
(Dobrowolski et al., 2007) or in cell cultures obtained from Cx43-
G138R mutant mice (Dobrowolski et al., 2008).

The majority of ODDD patients inherit one copy of the mutated 
GJA1 gene, although recessive cases have been reported (Paznekas 
et al., 2009; Laird, 2014). Therefore most patients express a 1:1 ratio 
of wild-type Cx43 to mutated Cx43. This inheritance predicts that 
the Cx43 mutants might act in a dominant-negative manner on wild-
type Cx43. However, it is also plausible that the wild-type allele 
might rescue some of the mutant Cx43 functions or that the ex-
pressed mutants might have no effect on the coexpressed wild-type 
Cx43. Still further, it is possible that the Cx43 mutant will exhibit a 
gain-of-function phenotype (Shapiro et al., 1997), as reported for 
several connexin-related diseases (Kelly et al., 2015b). To address 
these possibilities and reduce the problems linked to overexpres-
sion studies in which a 1:1 ratio of mutant to wild-type Cx43 expres-
sion is hard to achieve, we obtained and cultured human dermal fi-
broblasts from three ODDD patients and two unaffected controls. To 
the best of our knowledge, we are the only laboratory that has suc-
cessfully cultured cells from ODDD patients, which allows us to “drill 
down” on how defined mutations exhibit specific pathological ef-
fects. To this end, we previously showed that fibroblasts expressing 
the D3N and V216L Cx43 mutants reduce GJIC, proliferation, and 
migration and may therefore negatively affect wound healing 
(Churko et al., 2011b). In addition, the D3N mutant expresses less 
Cx43 mRNA transcript, whereas both D3N and V216L trigger gene-
reprogramming events for certain extracellular matrix–associated 
proteins (Esseltine et al., 2015). Here we characterize three novel 
dermal fibroblast cell lines that express L7V, G138R, and G143S 
amino acid substitutions in the Cx43 polypeptide chain. We find that 
overall Cx43 protein levels, GJIC, ATP release, cell growth, cell mi-
gration, and cell differentiation into myofibroblasts are differentially 
affected in mutant fibroblasts in a mutation-dependent manner.

RESULTS
Profile of ODDD
Skin biopsies were obtained from three patients exhibiting many 
classical ODDD symptoms (see Table 1 for symptoms). All patients 
gave informed consent to participate in the study, and investiga-
tions were conducted in accordance with the Declaration of Hel-
sinki. As described previously (Churko et al., 2011b), dermal fibro-
blasts were cultured from punch biopsies taken from ODDD patients 
and unaffected controls, and the coding region of the GJA1 gene 
was sequenced (Figure 1A). We confirmed that patient #1 had a 
missense mutation (19T > G) leading to a leucine-to-valine substitu-
tion at position 7 (p.L7V) in the amino acid sequence, found within 
the N-terminal domain of Cx43, as reported previously (Paznekas 
et al., 2009). Patient #2 had a missense mutation (412G > C) leading 
to a glycine-to-arginine substitution at position 138 (p.G138R) within 
the intracellular loop of Cx43, as previously reported (Paznekas 
et al., 2003), and patient #3 had a missense mutation (427G > A) 
leading to a glycine-to-serine substitution at position 143 (p.G143S), 
also within the intracellular loop of Cx43 (Figure 1B), as reported 
here for the first time. Of interest, both G138R and G143S mutations 
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est, the G143S-expressing fibroblasts exhibited a higher order of 
dye transfer than the L7V- and G138R-expressing fibroblasts (Figure 
4, A and B). Dual whole-cell patch-clamp experiments were then 
performed to determine the coupling status and junctional conduc-
tance between contacting cell pairs. These data confirmed that the 
G143S-expressing fibroblasts were surprisingly able to form func-
tional gap junctions, with an average junctional conductance Gj ≈ 10 
nS, similar to ∼8 nS for control cells (Figure 4C). In contrast, L7V and 
G138R Cx43–expressing fibroblasts exhibited negligible (<0.1 nS) 
junctional conductance, suggesting that these mutants act in a 
strong dominant-negative manner on coexpressed endogenous 
Cx43 to inhibit overall gap junction channel function (Figure 4C).

L7V fibroblasts exhibit increased ATP release
We next sought to determine whether hemichannel regulation was 
affected in ODDD fibroblasts. We used a bioluminescent ATP re-
lease assay to quantify the amount of ATP released from fibroblasts 
bathed in normal extracellular solution (ECS), where the presence of 
extracellular calcium and magnesium normally keep hemichannels 
in a closed conformation, or in a divalent cation–free solution (DCFS) 
previously shown to open Cx43 hemichannels (Tong et al., 2007). 
Surprisingly, the L7V- but not G138R- or G143S-expressing fibro-
blasts released significantly more ATP into the ECS than did control 
cells (Figure 5A) despite L7V cells expressing ∼80% less Cx43 pro-
tein. In DCFS, there was no significant difference in ATP release be-
tween the mutant and control fibroblasts (Figure 5, A and B), sug-
gesting that the hemichannels are functional despite the 
dominant-negative effects by L7V and G138R on GJIC. The increase 
in ATP release after DCFS treatment was significantly reduced in 
L7V-expressing fibroblasts compared with control cells but only as a 
result of the higher-than-normal basal (ECS) ATP levels (Figure 5B). 
Of interest, when treated with DCFS in the presence of the hemi-
channel blocker carbenoxolone (CBX; 100 μM), the released ATP 
levels remained high for L7V, whereas those from control and 
G138R- and G143S-expressing fibroblasts were reduced to ECS 
baseline levels (Figure 5, A and C). There was no fold change in ATP 
release for L7V fibroblasts after CBX treatment, in contrast to the 
25–50% decrease in ATP release from control and G138R- and 
G143S-expressing fibroblasts (Figure 5C). These data suggest fibro-
blasts expressing the L7V mutant may exhibit “leaky” characteristics 
that that are insensitive to CBX.

Cell growth, migration, and polarization are dysregulated 
in ODDD mutant fibroblasts
Processes such as proliferation and migration are highly correlated 
with Cx43 expression. Abnormal expression or function of Cx43 has 
therefore been suggested to influence dermal fibroblast response 
to injury (Churko et al., 2011b; Francis et al., 2011; Mendoza-Nara-
njo et al., 2012). We investigated these properties in control and 
ODDD fibroblasts and found that all three ODDD cell lines exhib-
ited significantly reduced growth rates compared with control 
(Figure 6A). In addition, migration through a transwell insert toward 
a platelet-derived growth factor (PDGF) chemoattractant was mod-
estly but consistently reduced for all ODDD cells (Figure 6B). An 
important step for directional migration is for cells to polarize their 
Golgi apparatus toward their leading edge (Magdalena et al., 2003). 
We investigated this for ODDD fibroblasts in an in vitro scratch 
wound assay and found that all three cell lines had reduced ability 
to correctly polarize their Golgi (stained with GM130) toward the 
leading edge (Figure 6C). These data confirm that Cx43 plays an 
important role in cell growth, migration, and polarization, which are 
impaired in ODDD fibroblasts.

GJIC varies among ODDD fibroblasts
Because all of the fibroblasts exhibited some level of cell surface 
localization of Cx43, we next examined whether they could form 
functional intercellular gap junction channels. To do this, we micro-
injected fully confluent fibroblasts with a Cx43-permeable dye 
(Alexa Fluor 350) and quantified the extent of dye spread. Of inter-

FIGURE 1: Patient genotyping and model depicting the location of 
Cx43 amino acid changes. (A) Chromatogram of cDNA sequencing 
revealed heterozygous nucleotide substitutions that translated into 
single–amino acid substitutions in the Cx43 protein sequence. 
(B) Sites of the amino acid substitutions (red balls) in the Cx43 
polypeptide chain.
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Thus we investigated the effect of the 
wound-healing cytokines, including PDGF-
BB and transforming growth factor-β1 
(TGF-β), on ODDD fibroblasts with respect 
to Cx43 expression and myofibroblast 
differentiation. First, PDGF and TGF-β 
induced ∼1.2- to 2.8-fold increases in Cx43 
levels compared with untreated cells 
(Figure 7, A and B), which was not signifi-
cantly different between control and 
ODDD fibroblasts (Figure 7B). However, 
the G138R- and G143S-expressing fibro-
blasts, but not those expressing L7V, had a 
significantly lower fold increase of the P2 
Cx43 species after TGF-β treatment than 
did control cells (Figure 7C). Despite fold 
increases in Cx43 and Cx43 P2 species 
after TGF-β treatment, however, the actual 
amount of P2 Cx43 protein in mutant fi-
broblasts compared with control cells 
remained significantly low (Figure 7D), 
suggesting that the fully mature P2 form of 
Cx43 is not rescued.

α-Smooth muscle actin (α-SMA) is a 
marker for fibroblast-to-myofibroblast dif-
ferentiation during wound healing and is 
up-regulated in response to TGF-β. Our 
data showed that the control, L7V, and 
G143S fibroblasts exhibited a significant 
increase in α-SMA levels upon treatment 
with TGF-β, whereas G138R fibroblasts re-
sponded less well (Figure 7, A and E). Both 
the L7V and G143S but not the G138R 
cells had significantly higher basal levels 
of α-SMA than did control, whereas the 
G138R-expressing fibroblasts had lower 
levels of α-SMA after TGF-β treatment 
(Figure 7E). However, all three ODDD fi-
broblast lines had significantly reduced 
fold changes in α-SMA after TGF-β treat-
ment compared with control (Figure 7F). 
Of interest, although the L7V and G143S 
mutants had higher basal levels of α-SMA, 
this did not translate into an increase in 
stress fiber formation, suggesting the 
α-SMA was mostly cytosolic (Figure 8). 
On treatment with TGF-β, the G138R-ex-
pressing fibroblasts appeared to form α-
SMA–rich stress fibers in distinct popula-
tions of cells, whereas this was more 
homogeneous in the other fibroblast lines 
(Figure 8). These data suggest that regula-
tion of myofibroblast differentiation, which 
is tightly correlated with α-SMA up-regula-
tion, may be affected in ODDD-expressing 
fibroblasts.

DISCUSSION
Since the discovery that ODDD is definitively linked to mutations in 
the gene encoding Cx43, >70 mostly autosomal dominant muta-
tions have been reported (Paznekas et al., 2009). Remarkably, ODDD 
patients rarely present with identical clinical symptoms. Whereas 

ODDD fibroblasts exhibit altered responses 
to wound-healing cytokines
One of the key roles of dermal fibroblasts is to form and maintain 
the connective tissue layer of the skin by secreting and remodel-
ing extracellular matrix proteins, especially during wound healing. 

FIGURE 2: ODDD fibroblasts form gap junction–like plaques but have variable Cx43 expression 
levels. (A) Dermal fibroblasts from unaffected (control [Ctrl]) and ODDD patients were 
immunolabeled for Cx43 (green) and counterstained for actin (red). Insets highlight the presence 
of gap junction–like plaques (arrows). Scale bars, 20 μm. (B) Immunoblotting for Cx43 revealed 
total Cx43 content as well as the various phosphorylated species (P0/1/2). GAPDH was run as a 
loading control. (C–E) Quantification (N = 5) of total Cx43 (C) and the P2 species (D) normalized 
to GAPDH and relative P2 phosphorylation as a function of total Cx43 (E). (F) Quantitative 
real-time PCR of Cx43 mRNA isolated from control and ODDD patient fibroblasts as normalized 
to 18S rRNA (N = 3).



Volume 27 July 15, 2016 Cx43 mutations in human pathologies | 2177 

some Cx43-rich organs are routinely spared from disease or abnor-
malities (e.g., heart; Molica et al., 2014), other organs are moder-
ately or severely affected (e.g., bone). Still further, some ODDD pa-
tients have anomalies involving eight or more tissues/organs, 
whereas others may have only four affected tissues/organs. Attempts 
to correlate specific Cx43 gene mutations to cellular phenotypes, 
and ultimately to clinical presentations, have been limited to mutant 
overexpression and characterization in reference cell cultures or to 
three genetically modified mouse models of ODDD (Flenniken 
et al., 2005; Kalcheva et al., 2007; Dobrowolski et al., 2008; Stewart 
et al., 2013; Huang et al., 2014). Although mouse models of ODDD 
overcome the limitations of obtaining the appropriate 1:1 ratio of 
wild-type to mutant protein expected of an autosomal dominant dis-
ease, which is difficult to obtain in overexpression systems, it still 
does not fully mimic the human condition. A deeper understanding 
of the complex mechanisms that cause specific pathologies requires 
the use of models that most closely mimic or are genetically identical 
to the human condition. In the past few years, we have been fortu-
nate to obtain dermal fibroblasts from a variety of ODDD patients 
and unaffected controls to assess the effect of specific Cx43 gene 
mutations on channel function and cellular phenotypes. Here, using 
these novel human models of ODDD, we revealed three distinct 
causal mechanisms. First, in cells harboring the L7V mutant, Cx43 
was poorly expressed and phosphorylated, and upon trafficking to 
the cell surface, it resulted in greater ATP release, possibly as a result 
of dysregulated hemichannels, with limited capacity to make func-
tional gap junction channels. Second, in cells containing the G138R 
mutant, Cx43 was normally expressed but found at lower and less 
phosphorylated steady-state levels at the cell surface, with reduced 
gap junction size and reduced ability for GJIC. Finally, cells harbor-
ing the G143S mutant were the least affected mutant, expressing 
normal levels of Cx43 that were only slightly underphosphorylated, 
resulting in GJIC being identical to controls. Even though the func-
tional status of Cx43 was highly variable among the mutant fibro-
blasts, all cells grew more slowly, responded less well to the chemo-
taxis reagent PDGF, exhibited impaired polarization, and exhibited 
somewhat similar responses to TGF-β.

As reported elsewhere (Brueton et al., 1990; Paznekas et al., 
2003, 2009; Shuja et al., 2016), the clinical features associated with 
patients expressing L7V, G138R, and G143S Cx43 mutants have 
some common ground (Table 1). For example, all three patients ex-
hibit characteristic facies that includes thin and narrow noses, under-
developed/thin nostrils, and/or prominent bridges in addition to 
syndactyly of the fourth and fifth digits of the hands. Both the L7V 
and G138R patients have small eye/cornea defects, whereas micro-
cornea was found in only one patient (in this study) from 10 reported 
with the G143S variant. The G138R and G143S patients have re-
ported middle ear infections, resulting in conductive hearing loss. 
Surprisingly, only patients expressing the G138R mutant exhibit 
enamel hypoplasia, which is usually a common hallmark of ODDD. 
Patients reported in the literature with the G138R form of Cx43 ap-
pear to exhibit greater disease burden since they present with neu-
rological symptoms, including neural spasticity, hyperreflexia, uri-
nary incontinence, syndactyly, and hypoplasia of hands and feet and 
hyperkeratosis (Paznekas et al., 2003; Shuja et al., 2016). Although 
some of these symptoms, namely spasticity and hyperreflexia of 
lower limbs and mild urinary incontinence, are reported here for the 
p.G143S patient, a previous study of nine patients from four genera-
tions of a family had no report of neural or urinary problems (Brueton 
et al., 1990; Richardson et al., 2004).

FIGURE 3: Analysis of cell surface Cx43 using biotinylation 
pull down, high-resolution microscopy, and Triton X-100 solubility. 
(A) Representative Western blots of control and patient fibroblasts 
immunolabeled for Cx43 (green) and GAPDH (red). Biotinylated 
cell surface Cx43 precipitated with NeutrAvidin beads (Biotin 
pull down), total Cx43 in the input lysate (Whole lysate) and Cx43 
after biotin pull down (Cleared lysate). Graphs represent 
quantification of biotinylated (cell surface) Cx43 as a fraction of 
total Cx43 and Cx43 found in cleared lysates (N = 3). (B) High-
resolution microscopy of Cx43 immunofluorescence labeling in 
control and mutant fibroblasts and quantification of average 
plaque size (N = 3; Ctrl, n = 953; L7V, n = 473; G138R, n = 406; 
G143S, n = 530). Arrows highlight representative Cx43 gap 
junction plaques. Scale bars, 10 μm. (C) Representative Western 
blot of Cx43 (red) in Triton X-100–soluble (S) and –insoluble (I) 
fractions. GAPDH (green) as a control is present only in soluble 
fractions.
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is much higher in unstimulated L7V- expressing cells despite ex-
pressing ∼80% less Cx43 protein than control cells. Of interest, an-
other heterozygous mutation (p.G8V) in the N-terminal domain of 
Cx43 was recently reported to have enhanced hemichannel activi-
ties, leading to keratoderma-hypotrichosis-leukonychia totalis syn-
drome (Wang et al., 2015). In addition, a recent study (Ek Vitorin 
et al., 2016) revealed that the N-terminal domain of Cx43 plays a 
crucial role in channel regulation and that Cx43 gap junction and 
hemichannels are more resistant to closure when the N-terminal is 
replaced with that of Cx37. This suggests that the predicted role of 
the N-terminus inserting into the channel pore and regulating chan-
nel permeability is dysregulated in both L7V and G8V Cx43 variants 
and, for L7V, may lead to resistance of CBX-induced hemichannel 
blockage. However, we did not find cytotoxic effects in fibroblasts 
expressing L7V, as was reported for the G8V mutant (Wang et al., 
2015). Thus it is possible that down-regulation of Cx43 and L7V 
mutant expression levels functions as a feedback survival mecha-
nism, since a high level of overactive hemichannels at the cell sur-
face would most assuredly be cytotoxic. We propose that overall 
down-regulation of total Cx43 may protect L7V-harboring patients 
from having even more disease, given the severity of the mutation. 
However, it is important to note that linking ATP release directly to 

Intriguingly, our studies here using patient fibroblasts suggest 
that the G138R mutation does not affect Cx43 expression and func-
tion as severely as the L7V mutation. The L7V mutation resides in 
the N-terminal domain of Cx43, which is predicted from the crystal 
structure of Cx26 to insert into the pore-lining segment of the chan-
nel (Maeda et al., 2009; Bennett et al., 2016) and is proposed to 
play a role in transjunctional voltage-dependent gating and ion per-
meability (Harris, 2001; Ek Vitorin et al., 2016). Previously we exam-
ined another mutation in this same domain (D3N) and found that 
human fibroblasts exhibited a lower expression of Cx43 and im-
paired Cx43 function (Churko et al., 2011b; Esseltine et al., 2015). 
Of interest, both D3N and L7V mutants are located in the N-termi-
nal domain, and both mutants lead to reduced Cx43 RNA levels, 
which suggests that this part of the sequence is important for Cx43 
RNA transcription and/or stability and may be affected by important 
regulatory elements (Kandouz et al., 2013; Oyamada et al., 2013). 
L7V-expressing fibroblasts can deliver low levels of Cx43 to the cell 
surface, where they may contribute to increased (“leaky”) ATP re-
lease and form few gap junction channels. Thus the L7V mutant 
could be construed as a gain-of-function mutation since Cx43 hemi-
channels that do exist at the cell surface should primarily be main-
tained in a closed state (Shao et al., 2012). In addition, ATP release 

FIGURE 4: Patient fibroblasts exhibit variable gap junction function. (A) Representative images of Alexa Fluor 350 
transfer between cells after microinjection. Red asterisk, injected cell. Scale bars, 20 μm. (B) Incidence and degree of 
dye transfer, categorized into the percentage of cells exhibiting no transfer or first- or second-order transfer. (C) Gj as 
measured by dual whole-cell patch clamp. n, number of injections from three independent experiments (B) or number 
of cell pairs recorded (C).
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crease in hemichannel function (Dobrowolski et al., 2007), which 
appears not to be the case when the mutant and endogenous Cx43 
are expressed at patient-relevant levels. Nonetheless, the present 
finding that the G138R mutant inhibits the gap junction channel 
function of coexpressed endogenous Cx43 is in keeping with stud-
ies in which the G138R was overexpressed in cultured cells (Gong 
et al., 2007). Still other studies showed that the overexpression of 
the G138R mutant did not impair keratinocyte differentiation into 
organotypic epidermis (Churko et al., 2010). Genetically modified 
mice globally expressing one copy of the G138R mutant (Cx43G138R/+) 
mimicked ODDD and, similar to the human dermal fibroblasts re-
ported here, failed to phosphorylate Cx43 to the P2 species, indica-
tive of fully assembled gap junction plaques (Dobrowolski et al., 
2008). Of importance, ATP release increased in cardiomyocytes ob-
tained from G138R mutant mice, suggesting that Cx43 hemichan-
nels may be hyperactive. Given that the present study is the only 
one in which the G138R mutant was examined in the human con-
text, we suggest that the hemichannel dysfunction reported by oth-
ers is less likely to cause the clinical phenotype and that instead the 
reduction of Cx43 levels and GJIC is at the root of the disease in 
these patients.

Our functional analysis of the G143S mutant is among the most 
puzzling. Given that total Cx43 levels, hemichannel function, and 
intercellular channel function all appear normal in fibroblasts ex-
pressing the G143S mutant, one might predict that this mutant 
would not cause clinical disease. In fact, patients harboring the 
G143S mutant do not present with all of the classical symptoms of 
ODDD (Churko et al., 2011a). In one family, nine individuals exhib-
ited syndactyly/camptodactyly and facial abnormalities. However, 
ocular and dental defects, which are common hallmarks of ODDD 
patients, were not present in any of the affected family members 
(Brueton et al., 1990), and only one case (in this study) reported mi-
crocornea. Of interest, when the G143S mutant was expressed in 
connexin-deficient HeLa cells, GJIC was completely inhibited, hemi-
channel function was increased, and the half-life of the mutant was 
increased by approximately 1 h (Dobrowolski et al., 2007). However, 
it is important to point out that those studies were performed in an 
overexpression system with HeLa cells expressing mutant protein 
only. Although we now know that the G143S mutant has no inhibi-
tory effects on either hemichannel or gap junction channel function 
in the human context, in which mutant Cx43 is expressed in a 1:1 
ratio to normal Cx43, it is possible that the mutant delays the turn-
over of Cx43, thus introducing a cellular pathology. This effect could 
be linked to the reduced ratio of P2 isoform to total Cx43, since in-
creased phosphorylation is linked to Cx43 internalization and deg-
radation (Guan and Ruch, 1996; Laird, 2005). Alternatively, it is of 
note that the G143S mutation resides in a domain of Cx43 where pH 
gating may be dysregulated as the potential intramolecular binding 
site for the C-terminal tail of Cx43 (Hirst-Jensen et al., 2007). Never-
theless, it is intriguing that the G138R and the G143S mutations re-
side in the same intracellular loop domain and both result in clinical 
ODDD, with little (G143S) or drastic (G138R) effects on Cx43 
function.

Phosphorylation of Cx43 plays a critical role in regulating Cx43 
channel function, as well as in key stages of its life cycle (Laird, 2005; 
Solan and Lampe, 2014). The extent of phosphorylation in ODDD 
fibroblasts was highly variable among the Cx43 mutants. All fibro-
blasts exhibited some P1 species expression, suggesting that Cx43 
was phosphorylated. This might explain why all of the mutants re-
tained the ability to traffic to the cell surface (Solan and Lampe, 
2009) and exhibited ATP release under hemichannel-activating con-
ditions. In G143S-expressing cells, the higher amount of P1 species 

hemichannel function/dysfunction is technically challenging and has 
been controversial (Spray et al., 2006). Because the L7V fibroblasts 
had higher ATP release under normal calcium and CBX blockage 
conditions, both of which should normally close hemichannels, we 
cannot rule out other, indirect routes of ATP leakiness. Future stud-
ies will need to determine whether the L7V mutant alone leads to 
leaky ATP release and whether the mutant directly confers resis-
tance to CBX blockage.

Somewhat surprisingly, patients harboring the G138R mutant ex-
hibit the most severe disease of the mutants examined in this report. 
These patients harboring the G138R mutant appear to express 
slightly lower levels of total Cx43 with no GJIC and no dysregulated 
increase in Cx43 hemichannel function. Previously the overexpres-
sion of the G138R mutant in HeLa cells was found to result in an in-

FIGURE 5: ATP release is dysregulated in L7V-expressing fibroblasts. 
(A) ATP concentrations in the extracellular medium were measured in 
response to ECS, DCFS, and DCFS supplemented with 100 μM CBX 
from three independent experiments (n = 7–18). (B) Fold change in 
ATP release upon hemichannel opening in DCFS as a fold increase 
over baseline (ECS). (C) Fold change in ATP release upon hemichannel 
blockage with CBX compared with DCFS.
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grew more slowly in culture, similar to what 
we observed for human patient fibroblasts 
harboring the D3N and V216L mutations 
(Churko et al., 2011b). Moreover, the inter-
nal compass of all patient fibroblasts was 
altered, as cells failed to fully polarize during 
cell migration assays, which might be par-
tially related to a suboptimal response to 
growth factors like PDGF or problems in mi-
crotubule organization (Francis et al., 2011). 
It is plausible, then, that the symptoms as-
sociated with the G143S mutant are simply 
due to reduced ability of cells to proliferate 
and migrate efficiently, since these were the 
main anomalies found in our assays. Simi-
larly, patient fibroblasts did not fully respond 
to TGF-β, as normal Cx43 phosphorylation 
levels were never achieved, and cells had 
variable ability to differentiate into myofi-
broblasts, as revealed by the expression of 
α-SMA. The L7V and G143S fibroblasts had 
higher basal levels of α-SMA, suggesting a 
more differentiated basal state, whereas the 
G138R mutant fibroblasts had a significant 
reduction in α-SMA expression after TGF-β 
treatment, which suggests an inability to 
fully differentiate. Collectively, whereas all 
three patient fibroblasts exhibited dysregu-
lated Cx43, they shared common anomalies 
related to cell migration and response to 
growth factor stimulation. It will be interest-
ing to determine why all Cx43 mutants stud-
ied to date negatively regulate cell growth 
and migration. In addition, although pa-
tient-derived dermal fibroblasts offer an ex-
cellent model system for investigating the 
consequences of endogenous wild-type 
and mutant Cx43 expression, ODDD rarely 
manifests in the skin. Going forward, it will 
also be useful to investigate the conse-
quences of altered Cx43 function in cell 
types associated with ODDD symptoms, 
such as osteoblasts. Given limitations in 
which tissues can be readily biopsied from 
ODDD patients, this will be best achieved 
by reprogramming patient dermal fibro-
blasts into inducible pluripotent stem cells 
and differentiating cell types that are known 

to be compromised in ODDD.
In summary, we discovered that the variability in the clinical pre-

sentation of ODDD can be explained in part by how specific mis-
sense mutations affect Cx43 expression, trafficking, hemichannel 
function, and gap junctional intercellular communication. Even mu-
tations that are located within the same functional domain of Cx43 
can exhibit radically distinct effects on Cx43 function. Future ge-
nomic studies may also reveal modifying variants in other genes, 
including other connexins that could modulate the phenotype. Fi-
nally, these findings may have future therapeutic relevance when 
considering whether to reduce the inhibitory effects of Cx43 mutant 
levels in the disease state or use drugs that may block hyperactive 
hemichannels, stabilize gap junction plaque formation, and/or in-
crease gap junctional intercellular communication.

under normal conditions and the presence of P2 species in Triton 
X-100–insoluble fractions might account for why GJIC was not af-
fected. For example, P1 phosphorylation at specific sites (such as 
S365) might be more prominent in G143S-expressing cells, thus 
permitting cell surface localization and channel function (Solan and 
Lampe, 2007). Conversely, the absence of P2 phosphorylation and 
reduced P1 expression in L7V- and G138R-expressing fibroblasts 
might render Cx43 gap junctions nonfunctional (Solan and Lampe, 
2007, 2009). It will be interesting to see in future studies whether 
inducing phosphorylation at specific Cx43 sites could rescue Cx43 
function in ODDD cells.

Although patient fibroblasts exhibited differences in their ability 
to synthesize Cx43 and assemble functional gap junctions, they all 
changed the phenotype of the cell. All patient dermal fibroblasts 

FIGURE 6: ODDD patient fibroblasts exhibit reduced growth, less migration, and dysregulated 
polarization. (A) Cell counts performed at days 3, 6, and 9 after seeding (N = 3, n = 6–12). 
(B) Transwell migration shown as a percentage of cells migrating through an 8-μm porous 
membrane in response to no serum, 20% FBS, or 100 ng/ml PDGF-BB in the lower chamber 
(N = 3, n = 12–24) (C) Scratch-wound assay of confluent fibroblasts stained for the Golgi marker 
GM130 (green) and the nuclear stain Hoescht (blue). Representative control (Ctrl) and G143S 
images. Filled arrowheads represent cells with correctly aligned Golgi apparatus; open 
arrowheads represent defective Golgi alignment. The ratio of leading-edge cells (denoted above 
the dashed white line) with a correctly aligned Golgi apparatus was quantified (three 
experiments, 14–35 images). Scale bar, 20 μm.
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any significant variability among control 
groups. Although patient samples were not 
age or sex matched, all of the fibroblasts 
were standardized to the same passage 
number (3–7) for each assay. The fibroblasts 
were maintained in high-glucose DMEM 
supplemented with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin, 100 μg/ml strep-
tomycin, and 2 mM glutamine and incu-
bated at 37°C with 5% CO2. The medium 
was changed once a week for 3–4 wk. 
Cells were subcultured once they reached 
confluence with trypsin (0.05% trypsin with 
0.25 mM EDTA).

One-step reverse transcriptase-PCR 
and sequencing
Cells were grown to confluence, and RNA 
was extracted using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany). The RNA was 
converted to cDNA, and a region of the 
Cx43 sequence was amplified using a Su-
perScript One-Step RT-PCR with Platinum 
Taq DNA Polymerase kit. The following 
primers were used to amplify an 840–base 
pair region of Cx43 that incorporated all 
three mutation sites: forward, 5′-AGCAAAA-
GAGTGGTGCCCAG-3′; reverse, 5′-GAGC-
AGCCATTGAAATAAGC-3′. PCR products 
were run on a 1.5% agarose gel, bands were 
extracted using the QIAquick Gel Extraction 
Kit (Qiagen), and purified cDNA was sent for 
sequencing with the following primers: 
5′-ACTTCTTTATCTCAATCTGC-3′ (reverse 
primer 1), 5′-AGTCCACCTGATGTGGG-
CAG-3′ (reverse primer 2), and 5′-GAGCA-
GCCATTGAAATAAGC-3′ (reverse primer 3).

Quantitative real-time PCR
Total RNA was isolated from cultured fibro-
blasts using the RNeasy Mini Kit and then 
used for real-time PCR as described previ-
ously (Esseltine et al., 2015). Briefly, real-
time qPCR was performed with iQ SYBR 
Green Supermix (Bio-Rad Laboratories, Her-

cules, CA) with the following cycle conditions: 95°C for 3 min, then 
95°C for 10 s, 55°C for 10 s, and 72°C for 30 s for 39 cycles, followed 
by a melt curve from 65°to 95°C to analyze primer quality. Samples 
were run using a Bio-Rad Laboratories CFX96 Touch Real-Time PCR 
Detection System. The following primers were used to amplify 
Cx43: forward, 5′-AGAGGAAGAACTCAAGGTTGCC-3′; reverse, 
5′-AGGCCACCTCAAAGATAGACT-3′. Total RNA was controlled for 
with 18S rRNA: forward, 5′-GTAACCCGTTGAACCCCATT-3′; re-
verse, 5′-CCATCCAACGGTAGTAGCG-3′.

Immunofluorescence labeling
Fibroblasts were fixed with 10% neutral-buffered Formalin, permea-
bilized, and blocked with 0.1% Triton X-100 (Sigma-Aldrich, St. 
Louis, MO) and 3% bovine serum albumin (Santa Cruz Biotechnol-
ogy, Dallas, TX) in phosphate-buffered saline (PBS). The following 
primary antibodies were left on the cells for 2 h at room temperature 
or at 4°C overnight: rabbit polyclonal anti-Cx43 (1.4 μg/ml; C6219; 

MATERIALS AND METHODS
All consumables were obtained from Invitrogen/Thermo Fisher Sci-
entific (Waltham, MA) unless stated otherwise.

Primary human fibroblasts
Fibroblast cultures were created from human ODDD patient skin 
biopsies as described previously (Churko et al., 2011b), with in-
formed patient consent and approval by the Western University 
Health Science Research Ethics Board, the Johns Hopkins Joint 
Committee on Clinical Investigations, and the Institutional Review 
Board (00040092) from the University of Utah, as well as in accor-
dance with the Declaration of Helsinki. For controls, we used two 
human dermal fibroblast lines obtained from unaffected relatives of 
patients expressing Cx43 p.D3N and p.V216L variants, as we re-
ported previously (Churko et al., 2011b). For the purpose of this 
study, data from both cell lines (referred to as control [Ctrl]) were 
combined for quantification and statistical analysis and to minimize 

FIGURE 7: Effect of PDGF and TGF-β on Cx43 and α-SMA expression. (A) Representative 
Western blot analysis of lysates obtained from fibroblasts treated with 50 ng/ml PDGF-BB or 
5 ng/ml TGF-β for 3 d. Membranes were stained for Cx43, α-SMA, and GAPDH as a loading 
control. (B) Total Cx43 fold change in response to PDGF and TGF-β, with 1.0 being the 
untreated baseline for each genotype. (C) P2 Cx43 fold change from untreated cells, with 
1 being the untreated baseline. (D) Total P2 Cx43 levels normalized to GAPDH after TGF-β 
treatment. (E) Quantification of α-SMA levels, normalized to GAPDH, in fibroblasts before and 
after TGF-β treatment. Here a and b denote significant differences between untreated ODDD 
and Ctrl fibroblasts; for b, p < 0.05. The letters y and z denote significant differences between 
Ctrl and ODDD fibroblasts treated with TGF-β, where, for z, p < 0.05. (F) Fold increase in α-SMA 
after TGF-β treatment. N = 3 for all cases.
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Meta confocal microscope using a 63× oil 
immersion lens with 1.4 numerical aperture 
(Zeiss, Oberkochen, Germany).

Cell surface biotinylation
Fibroblasts were placed on ice and washed 
in ice-cold Hank’s balanced salt solution, 
and cell surface proteins were labeled with 
1.5 mg/ml EZLink Sulfo-NHS-SS-biotin 
(21331; Thermo Fisher) for 1 h. Biotin 
was subsequently quenched with 100 mM 
glycine for 30 min, and cells were lysed. 
Cleared supernatants containing 150–
250 μg of protein were incubated with 25 μl 
of NeutrAvidin affinity beads (29200; 
Thermo Fisher) overnight, with rotation at 
4°C to precipitate biotin-labeled proteins. 
After incubation, the beads were washed 
twice with PBS, and precipitated proteins 
were separated by SDS–PAGE, transferred 
to a nitrocellulose membrane, and immu-
noblotted. Total Cx43 and GAPDH levels 
were determined by immunoblotting 20 μg 
of protein from each cell lysate for biotinyl-
ation, input, and cleared lysate.

Gap junction measurements
Fibroblasts were immunofluorescently la-
beled for Cx43 and imaged with a 63× oil 
immersion lens on an LSM 800 Airyscan 
confocal microscope (Zeiss) with a resolu-
tion limit of 140 nm. The length of each 
plaque was measured using ZEN Blue soft-
ware (Zeiss). The data represent SEM of 
three independent experiments for a total 
of 27 separate images and >400 measure-
ments for each cell line. A one-way analysis 
of variance (ANOVA) with a Tukey post hoc 
test was performed to determine statistical 
significance (***p < 0.001) compared with 
control.

Triton solubility assay
Protein lysates from control and ODDD fi-
broblasts were divided into Triton X-100–
soluble and –insoluble fractions as de-
scribed previously (Kelly et al., 2015a). 
Briefly, cells were gently collected into cold 
PBS, pelleted, and resuspended in a 1% Tri-
ton X-100 buffer. Cells were left for 30 min 

on ice before pelleting and collecting the Triton-X–soluble superna-
tant. The remaining Triton-X–insoluble pellet was then dissolved in 
an equal volume of lysis buffer containing 1% SDS. Equal volumes 
of Triton X-100–soluble and –insoluble fractions were separated by 
SDS–PAGE and subjected to Western blotting. GAPDH was used to 
verify the quality of the isolated fractions.

Microinjection/dye transfer
Fully confluent fibroblast cultures were microinjected with the Cx43 
permeable dye Alexa Fluor 350 (10 mM) as described previously 
(Berger et al., 2014). The degree of transfer was quantified into 
three categories: no transfer, in which the dye was confined to the 

Sigma-Aldrich), mouse monoclonal anti-GM130 (0.63 μg/ml; 
610822; BD Biosciences, Franklin Lakes, NJ), mouse monoclonal 
anti–αSMA (4 μg/ml; A5228, Sigma-Aldrich), and rabbit polyclonal 
anti–nonmuscle myosin IIA (2 μg/ml; PRB-440P; Covance, Princeton, 
NJ). After being washed in PBS, cells were incubated for 1 h with the 
following secondary antibodies: goat anti-mouse Alexa Fluor 488 or 
555 (A11017/A21425; 1:500 dilution; Invitrogen) or goat anti-rabbit 
Alexa Fluor 488 or 555 (1:500 dilution; A11008/A21429; Invitrogen). 
F-actin filaments were labeled with phalloidin conjugated to Alexa 
Fluor 568 (1:500 dilution, A12380; Invitrogen). Nuclei were stained 
with Hoechst 33342 (10 μg/ml; 62249; Invitrogen). Cells were 
washed with PBS, mounted on slides, and imaged on a Zeiss 510 

FIGURE 8: Myofibroblast differentiation is inconsistent in G138R mutant–expressing fibroblasts. 
Fibroblasts untreated or treated with TGF-β (5 ng/ml) for 3 d were fixed and immunolabeled for 
nonmuscle myosin IIA (red) and α-SMA (green). Asterisks for G138R indicate fibroblasts devoid 
of α-SMA stress fibers. Scale bar, 20 μm.
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was performed to determine statistical significance (**p < 0.01, 
***p < 0.001).

Chemotaxis migration assay
HTS FluoroBlok Transwell inserts with an 8-μm porous polyethylene 
terephthalate membrane (Corning, Corning, NY) were placed into 
24-well plates containing DMEM without FBS, DMEM with 20% 
FBS, or DMEM with 50 ng/ml PDGF-BB. Fibroblast suspensions 
were plated into the upper chamber of the Transwell insert at a final 
concentration of 5 × 104 cells/well. After 24 h, the membranes were 
fixed in methyl alcohol for 5 min, washed with PBS, and stained with 
Hoechst 33342 (10 μg/ml in water) for 5 min. Membranes were cut 
out with a scalpel blade and mounted in 90% glycerol under a glass 
coverslip on slides. Four to six random images were taken of the 
upper and lower sides of each membrane, and the percentage of 
cell migration was calculated.

Golgi polarization scratch assay
Fibroblasts were grown to full confluency on glass coverslips. A sin-
gle scrape with a P20 pipette tip was made down the middle of 
each coverslip. The cells were left for 3 h and then fixed in 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA). The 
Golgi apparatus was stained with an antibody directed against the 
Golgi marker GM130. Images were scored for the number of lead-
ing-edge cells with correctly polarized Golgi, as described else-
where (Francis et al., 2011; Mendoza-Naranjo et al., 2012).

ATP release assay
Fibroblasts were seeded at a concentration of 4 × 104/well in 24-well 
plates. The next day, the cells were washed once with fresh DMEM 
and then incubated for 30 min in DMEM or DMEM supplemented 
with 100 μM carbenoxolone to block connexin hemichannels or di-
methyl sulfoxide as a control. Cells were washed with an ECS con-
taining Ca2+ and Mg2+ (142 mM NaCl, 5.4 mM KCl, 1.4 mM MgCl2, 
2 mM CaCl2, 10 mM HEPES, and 25 mM d-glucose) with or without 
CBX. To stimulate hemichannel opening, the cells were incubated 
with 300 μl of DCFS, in which Ca2+ and Mg2+ were replaced with 
2 mM EGTA for 15 min either with or without CBX (100 μM), as de-
scribed previously (Tong et al., 2007; Sun et al., 2014). Nonstimulated 
cells were incubated with ECS alone. To prevent extracellular degra-
dation of ATP, all solutions for the final incubation step contained 
150 μM of the ecto-ATPase inhibitor ARL-67156 trisodium salt (Santa 
Cruz Biotechnology). After 15 min at 37°C, 100-μl samples were spun 
down in precooled Eppendorf tubes to pellet any cells or debris, and 
then 10 μl was removed for ATP analysis using an ATP Determination 
Kit (Invitrogen), according to the manufacturer’s instructions. Briefly, 
90 μl of the standard reaction solution containing 1.25 μg/ml firefly 
luciferase was added to each sample and ATP standard in a 96-well 
plate and immediately imaged using the Luminescence setting on a 
Victor3 Multilabel Counter (PerkinElmer, Waltham, MA).

Statistics
All values are presented as mean ± SEM unless otherwise indi-
cated. All results were analyzed using a one-way or two-way 
ANOVA followed by a Bonferroni, Tukey, or Dunnett post hoc test. 
All analyses were calculated with GraphPad Prism 4.0 statistical 
software. *p < 0.05, **p < 0.01, ***p < 0.001.

injected cell; first order, in which the dye spread to the first layer of 
cells surrounding the injected cell; or second order, in which the dye 
spread to cells farther than the first layer.

Patch-clamp electrophysiology
Functional gap junction coupling between paired human fibroblasts 
was assessed using the dual whole-cell patch-clamp technique as 
previously described (Gong et al., 2006; Churko et al., 2011b). The 
cells were subcultured 2–3 h before the experiments. Isolated cell 
pairs were bathed in an external solution containing 140 mM NaCl, 
5 mM KCl, 2 mM CsCl2, 2 mM CaCl2, 1 mM MgCl2, 5 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 mM 
d-glucose, 2 mM pyruvate, and 1 mM BaCl2, pH 7.4. The junctional 
current was measured with Axopatch 200B patch-clamp amplifiers 
(Axon Instruments, Union City, CA) at room temperature (22–25°C). 
Patch pipettes had a resistance of 2.5–5.5 MΩ and were backfilled 
with an internal solution containing 130 mM CsCl2, 10 mM ethylene 
glycol tetraacetic acid (EGTA), 0.5 mM CaCl2, 3 mM MgATP, 2 mM 
Na2ATP, and 10 mM HEPES, pH titrated to 7.2 with CsOH. Data 
were low-pass filtered at 2 kHz, acquired using pClamp9 software 
(Axon Instruments), and digitized at 10-kHz sampling rate. Each cell 
of a pair was initially held at a common holding potential of 0 mV. To 
evaluate junctional coupling, we applied 7-s hyperpolarizing pulses 
from the holding potential of 0 to −20 mV to one cell to establish a 
transjunctional voltage gradient, and we measured the junctional 
current in the second cell. Macroscopic Gj was calculated from Gj = 
Ij/Vj, where Ij is the measured junctional current and Vj is transjunc-
tional voltage. One-way ANOVA with a Bonferroni post hoc test was 
performed to determine statistical significance (**p < 0.01). Gj is 
presented as mean ± SEM.

Drug treatments
PDGF-BB was used because it can activate both the α and β recep-
tors (Heldin and Westermark, 1999). PDGF-BB was reconstituted in 
100 mM acetic acid supplemented with 0.1% BSA and used at a 
working concentration of 50–100 ng/ml. TGF-β1 (R&D Systems, 
Minneapolis, MN) was reconstituted in 4 mM HCl supplemented 
with 1% BSA and used at a working concentration of 5 ng/ml.

Western blotting
Fibroblast protein lysates were obtained and processed as de-
scribed previously (Kelly et al., 2015a). Briefly, a 1% Triton X-100/0.5% 
Nonidet P-40 extraction buffer was used to lyse the cells. After clear-
ing the lysates, 20–30 μg protein/lane was separated by electropho-
resis on 10% SDS–PAGE gels and transferred to nitrocellulose mem-
branes for immunoblotting. The same antibodies were used as for 
immunofluorescent labeling, with the addition of mouse monoclo-
nal anti-GAPDH (0.1 μg/ml; Millipore, Billerica, MA). Primary anti-
bodies were detected using goat anti-rabbit IRdye 800 (1:10,000; 
LI-COR Biosciences, Lincoln, NE) and Alexa Fluor 680 goat anti-
mouse (1:10,000, Invitrogen) secondary antibodies. Membranes 
were scanned and quantified using the Odyssey Infrared Imaging 
System (LI-COR Biosciences).

Growth curve analysis
Fibroblasts were plated at 1 × 104/well in a six-well dish and al-
lowed to grow for 9 d in DMEM complete. Replicate samples were 
collected on days 3, 6, and 9 and viable cell numbers calculated 
with a Countess Cell Counter. Data from three independent experi-
ments were collated and assessed using GraphPad Prism 4.0 
(GraphPad, La Jolla, CA). A two-way ANOVA (repeated measures) 
from data points on days 3, 6, and 9 with a Bonferroni post hoc test 
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