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Phosphorylation on Ser-279 and Ser-282 of 
connexin43 regulates endocytosis and gap 
junction assembly in pancreatic cancer cells
Kristen E. Johnson, Shalini Mitra, Parul Katoch, Linda S. Kelsey, Keith R. Johnson, 
and Parmender P. Mehta
Department of Biochemistry and Molecular Biology and Department of Oral Biology, Eppley Institute for Research 
in Cancer and Allied Diseases, Eppley Cancer Center, University of Nebraska Medical Center, Omaha, NE 68198

ABSTRACT  The molecular mechanisms regulating the assembly of connexins (Cxs) into gap 
junctions are poorly understood. Using human pancreatic tumor cell lines BxPC3 and 
Capan-1, which express Cx26 and Cx43, we show that, upon arrival at the cell surface, the 
assembly of Cx43 is impaired. Connexin43 fails to assemble, because it is internalized by 
clathrin-mediated endocytosis. Assembly is restored upon expressing a sorting-motif mutant 
of Cx43, which does not interact with the AP2 complex, and by expressing mutants that can-
not be phosphorylated on Ser-279 and Ser-282. The mutants restore assembly by preventing 
clathrin-mediated endocytosis of Cx43. Our results also document that the sorting-motif 
mutant is assembled into gap junctions in cells in which the expression of endogenous Cx43 
has been knocked down. Remarkably, Cx43 mutants that cannot be phosphorylated on 
Ser-279 or Ser-282 are assembled into gap junctions only when connexons are composed of 
Cx43 forms that can be phosphorylated on these serines and forms in which phosphorylation 
on these serines is abolished. Based on the subcellular fate of Cx43 in single and contacting 
cells, our results document that the endocytic itinerary of Cx43 is altered upon cell–cell 
contact, which causes Cx43 to traffic by EEA1-negative endosomes en route to lysosomes. 
Our results further show that gap-junctional plaques formed of a sorting motif–deficient 
mutant of Cx43, which is unable to be internalized by the clathrin-mediated pathway, are 
predominantly endocytosed in the form of annular junctions. Thus the differential phospho-
rylation of Cx43 on Ser-279 and Ser-282 is fine-tuned to control Cx43’s endocytosis and 
assembly into gap junctions.

INTRODUCTION
Gap junctions, formed of proteins called connexins (Cxs), are en-
sembles of several cell–cell channels that signal by permitting the 
direct exchange of small molecules between the cytoplasmic interi-
ors of contiguous cells. Evidence is mounting that this form of sig-
naling fulfills a homeostatic role through buffering of spatial gradi-
ents of nutrients and small molecules of <1500 Da (Goodenough 
and Paul, 2009). Connexins, which are designated according to 
molecular mass, are family of 21 related proteins, some of which are 
expressed in a tissue-specific manner, while others are expressed 
redundantly (Beyer and Berthoud, 2009). A cell–cell channel is 
formed when newly synthesized Cxs oligomerize as a hexamer to 
form a connexon that, upon reaching the cell surface, docks with a 
connexon in an adjacent cell. A gap junction, often called a gap-
junctional plaque, is formed when several such channels cluster. 
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tumor cell line BxPC3, which expresses an exocrine pancreas-
specific Cx, Cx26, as well as a ubiquitously expressed Cx, Cx43, we 
show that only the assembly of Cx43 into gap junctions is impaired, 
because it is selectively internalized prior to assembly. Moreover, we 
show that the defective assembly of Cx43 is caused by the endocy-
tosis of connexons by the clathrin-mediated pathway. Furthermore, 
we provide evidence that defective assembly is restored by express-
ing a sorting-motif mutant of Cx43 that cannot be endocytosed by 
the clathrin-mediated pathway. In addition, we document that as-
sembly of Cx43 can also be restored by preventing phosphorylation 
of Ser-279 or Ser-282, previously shown to be phosphorylated by 
mitogen-activated protein (MAP) kinase (Warn-Cramer et al., 1998). 
Finally, our results document that defective assembly can only be 
restored when connexons are composed of Cx43 forms that can be 
phosphorylated on Ser-279 and Ser-282 and Cx43 forms in which 
phosphorylation of these serines is abolished. Our results suggest 
that differential phosphorylation of Cx43 on these serines is fine-
tuned to control endocytosis, plaque growth, and size.

RESULTS
Defective assembly of Cx43 in BxPC3 and Capan-1 cells
Cx32 and Cx26 are expressed in the acinar cells of the exocrine 
pancreas (Bavamian et al., 2009). We screened several human pan-
creatic cancer cell lines by semiquantitative reverse transcriptase 
PCR (RT-PCR) for the expression of Cxs (unpublished data) and 
chose two cell lines, BxPC3 and Capan-1, which expressed Cx43 
and Cx26. As was reported earlier (Lahlou et al., 2005), upon im-
munocytochemical and Western blot analysis, we found that Cx43 
was not assembled into gap junctions in either cell line and lay pre-
dominantly as discrete intracellular vesicular puncta dispersed 
throughout the cytoplasm (Figure 1A). On the other hand, Cx26 
formed gap junctions in BxPC3 cells but remained intracellular in 
Capan-1 cells (Supplemental Figure S1, left panels). To substantiate 
the immunocytochemical data, we determined the extent of assem-
bly of Cx43 into gap junctions biochemically by Western blot analy-
sis of total and Triton X-100 (TX100)-soluble and TX100-insoluble 
fractions (VanSlyke and Musil, 2000) and upon in situ extraction with 
1% TX100. The results showed that Cx43 remained predominantly 
detergent-soluble in both cell lines, as assessed by the disappear-
ance of intracellular puncta (Figure 1B) and by the majority of Cx43 
appearing in the detergent-soluble fraction (Figure 1C). For exam-
ple, the mean number of Cx43 intracellular puncta in both cell lines 
after detergent extraction was reduced from 82 ± 13 (n = 14) and 
104 ± 19 (n = 17) per cell to 11 ± 4 (n = 13) and 7 ± 3 (n = 14) per cell 
in BxPC3 and Capan-1 cells, respectively. Because Cx26 was as-
sembled into gap junctions, whereas Cx43 was not, we next exam-
ined the assembly of Cx32 in BxPC3 and Capan-1 cells upon retro-
viral transduction. We found that Cx32 assembled into gap junctions 
in BxPC3 cells, but not in Capan-1 cells, as assessed immunocy-
tochemically and biochemically with TX100-solubility assays (Figure 
S1). Altogether the results shown in Figures 1 and S1 suggest the 
following: 1) In BxPC3 cells, both Cx26 and Cx32 are efficiently as-
sembled into gap junctions, but the assembly of Cx43 is selectively 
impaired. 2) In Capan-1 cells, the assembly of all three Cxs is 
impeded.

To examine whether the failure of Cx43 to assemble into gap junc-
tions was due to impaired trafficking or to endocytosis prior to as-
sembly into gap junctions, we used cell surface biotinylation, as well 
as markers for the secretory and the endocytic compartments, to as-
sess its subcellular fate. Using biotinylation of E-cadherin as a positive 
control, we found that Cx43 was biotinylated significantly in both 
BxPC3 and Capan-1 cells (Figure 1D). However, immunocytochemical 

The half-life of most Cxs has been determined to lie between 2 
and 5 h both in vivo and in vitro, revealing gap-junctional plaques 
to be highly dynamic macromolecular complexes (Laird, 2006; 
Goodenough and Paul, 2009). Because a gap junction is a bicellular 
structure and is assembled by the collaborative effort of two cells, it 
is as yet not precisely known how the formation of a nascent gap-
junctional plaque is initiated at the site of cell–cell contact, how the 
plaque assembles and grows, and how it is endocytosed and disas-
sembled (Musil, 2009).

With regard to assembly, current evidence supports the notion 
that, once a plaque has been nucleated or a nascent gap junction 
formed, the plaque grows either when connexons, which have been 
delivered to the cell surface randomly, are recruited to its periphery 
by diffusion (Gaietta et al., 2002; Lauf et al., 2002; Thomas et al., 
2005), or when connexons are directly delivered to the plaque itself 
(Shaw et al., 2007). Moreover, it is thought that docking of connex-
ons occurs either in the plaque itself or in its vicinity. Furthermore, 
given the fact that an ensemble of cells has gap junctions of diverse 
sizes, it is also not known whether larger plaques arise from the co-
alescence of smaller plaques or by the continuous accretion of un-
docked or docked connexons to the plaque periphery. With regard 
to disassembly, recent studies have shown that gap junctions disas-
semble intricately, either through the endocytosis of the plaque in 
its entirety or through endocytosis of senescent plaque components 
from the center as double-membrane vesicles (Jordan et al., 2001; 
Gaietta et  al., 2002; Piehl et  al., 2007; Nickel et  al., 2008; Falk 
et al., 2009). Recently gap junctions have also been found to be 
degraded by autophagy upon internalization (Hesketh et al., 2010; 
Lichtenstein et al., 2011; Bejiarno et al., 2012; Fong et al., 2012).

Our previous studies with cadherin-null human squamous carci-
noma cells showed that the assembly of Cx43, which is ubiquitously 
expressed (Laird, 2006), was facilitated by cell–cell adhesion medi-
ated by cadherins although cadherins were not required to initiate 
the formation of nascent gap-junctional plaques. On the other hand, 
the assembly of Cx32, which is expressed in well-differentiated and 
polarized cells (Bosco et al., 2011), was induced only when cells ac-
quired a partially polarized state (Chakraborty et al., 2010). Our sub-
sequent studies with nontransformed rat epithelial cells showed that 
the assembly of Cx43 was differentially regulated by E-cadherin and 
N-cadherin at sites of cell–cell contact. When only E-cadherin was 
expressed, Cx43 was preponderantly assembled into large gap 
junctions, and when only N-cadherin was expressed, Cx43 was en-
docytosed prior to assembly into gap junctions (Govindarajan et al., 
2010). These studies suggest that the assembly of Cxs into gap 
junctions upon arrival at the cell surface is subject to regulatory 
mechanisms at the site of cell–cell contact and may be dependent 
upon additional proteins that permit or impede assembly. The ex-
tent to which the assembly of a particular connexon into gap junc-
tions upon arrival at the cell surface is determined by factors intrinsic 
to the connexon itself or by extrinsic factors, such as the direct or 
indirect interaction of a Cx with other cell surface-associated 
protein(s), has not yet been explored (Laird, 2010; Herve et  al., 
2012). Although many proteins have been shown to interact with 
Cxs either directly or indirectly, not much is known about the mole-
cular nature of these interactions and how they impose local con-
straints to restrict or permit the assembly of a particular connexon 
upon arrival at the cell surface (Laird, 2010; Herve et al., 2012).

As a first step toward elucidating the molecular mechanisms by 
which the assembly of a particular connexon is regulated at the site 
of cell–cell contact, we chose a tumor cell line that expressed two or 
more Cxs and in which the assembly of one of the Cxs was efficient, 
while that of the other Cx was inefficient. Using human pancreatic 



Volume 24  March 15, 2013	 Gap junction assembly  |  717 

junctions. We first used hypertonic sucrose to inhibit the clathrin-
mediated pathway (Heuser and Anderson, 1989) and filipin to in-
hibit the lipid-mediated pathway (Schnitzer et al., 1994). We found 
that exposure of cells to hypertonic conditions for 1–2 h caused the 
disappearance of Cx43 intracellular puncta and the concomitant 
increase in cell surface–associated Cx43, whereas filipin had no 
effect (unpublished data). These findings hinted that clathrin-
mediated endocytosis was involved. Earlier studies had shown that 
the cytoplasmic tail of Cx43 harbored a consensus protein–protein 
interaction proline-rich motif and an overlapping putative tyrosine-
based sorting motif (278-LSPMSPPGYKLV-289) that potentially tar-
geted it for internalization via the clathrin-mediated pathway 
(Thomas et al., 2003). We therefore directly tested whether Cx43 
interacted with the μ2 subunit of the clathrin adapter complex AP2 
by using a yeast two-hybrid analysis (Figure 2A). The results showed 
that, while the cytoplasmic tail of wild-type (WT) Cx43 interacted 
with the μ2 subunit of AP2, Cx43 mutants (Y286A, V289D, and 
Y286A/V289D), in which either tyrosine or valine or both amino ac-
ids of the sorting motif had been mutated, did not. The mutant 
Y286A/V289D hereafter will be referred to as YA/VD-Cx43. All the 

analysis showed that Cx43 barely colocalized with clathrin (Roth, 
2006), the early endocytic marker EEA1 (Mills et al., 1998), or caveolin 
1 (Parton and Simons, 2007; Figures 1E and S2A). This conclusion was 
supported by quantitative analysis (Figure S2C). On the other hand, 
discernible colocalization was observed with GM130, a cis-Golgi–
resident protein (Nakamura et al., 1995), and with caveolin 2 (Parton 
and Simons, 2007), which are markers for the secretory compartments 
(Figure S2A), as well as with the lysososmal marker Lamp1 (Rohrer 
et al., 1996; Hunziker and Geuze, 2011; Figure S2B). Taken together, 
these data suggest that intracellular accumulation of Cx43 in BxPC3 
and Capan-1 cells is not caused by impaired trafficking to the cell 
surface, but by some mechanism that selectively interferes with its 
assembly into gap junctions, causing it to accumulate in intracellular 
vesicles, yet permitting the assembly of Cx32 and Cx26 into gap 
junctions.

Endocytosis of Cx43
Because Cx43 trafficked to the cell surface, yet failed to colocalize 
discernibly with endocytic markers, we used other approaches to 
examine whether it was endocytosed prior to assembly into gap 

FIGURE 1:  Cx43 fails to assemble into gap junctions in BxPC3 and Capan-1 cells. (A) Cells were immunostained for 
Cx43. Note that in both BxPC3 and Capan-1 cells, Cx43 (red) is seen as discrete intracellular puncta dispersed 
throughout the cytoplasm. (B) Loss of Cx43 intracellular puncta upon in situ extraction with 1% TX100 in BxPC3 and 
Capan-1 cells. Note loss of Cx43 intracellular puncta upon extraction with TX100. (C) Western blot analysis of Cx43 in 
total (T), TX100-soluble (S), and TX100-insoluble (I) fractions of cell lysates in BxPC3 and Capan-1 cells. Note that the 
majority of Cx43 is soluble in TX100 in both cell types. (D) Cx43 traffics to the cell surface in BxPC3 and Capan-1 cells. 
The cell surface proteins of BxPC3 and Capan-1 cells were biotinylated. Biotinylated proteins were pulled down by 
immobilized streptavidin and immunoblotted for Cx43. Biotinylation of E-cadherin (E-cad) was used as a positive 
control. For input, 10 μg total cell lysate was used. Note that Cx43 and E-cad were efficiently biotinylated in both cell 
lines. (E) Cells were immunostained for Cx43 (red), clathrin, and EEA1. Enlarged images of the boxed regions are shown 
on the right. Note that Cx43 does not colocalize discernibly with either marker.
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transfection efficiencies of BxPC3 and Capan-1 cells. Altogether 
these data indicate that Cx43 interacts with the μ2 subunit of AP2 
complex either directly or indirectly.

To lend further support to the above data, and given the involve-
ment of Rab5 in clathrin-mediated endocytosis (Bucci et al., 1992; 
Zerial and McBride, 2001), we also examined whether Rab5 was in-
volved in the endocytosis of Cx43 (Figure S3). We transiently ex-
pressed wild-type Rab5 (Rab5-WT) and its dominant-active (Rab5-
DA) and dominant-negative (Rab5-DN) mutants conjugated with 
EGFP in BxPC3 and Capan-1 cells. The results showed that expres-
sion of Rab5-DN profoundly reduced the number of EEA1-positive 
vesicles, suggesting that the generation of EEA1-positive vesicles 
was Rab5-dependent in both cell lines (unpublished data). In agree-
ment with the effect of Rab5-DN on the generation of EEA1-positive 
vesicles, we found that the expression of Rab5-DN also drastically 
reduced the number of Cx43 intracellular puncta (Figure S3A). These 
results suggest that the generation of Cx43-positive intracellular 
vesicles depends on Rab5, which also regulates the productive en-
docytosis of Cx43. Altogether the above data demonstrate that 
Cx43 is endocytosed by the clathrin-mediated pathway in a Rab5-
dependent manner in both cell types, but that Cx43 colocalizes with 
clathrin—and predominantly traffics via EEA1-positive endosomes—
only in single cells, whereas in contacting cells, it traffics via EEA1-
negative endosomes

mutants and engineered constructs used are diagrammed in Figure 
12 under Materials and Methods later in the paper.

Our previous studies showed that Cx43 colocalized extensively 
with clathrin and EEA1 in single cells but not in contacting cells 
(Govindarajan et al., 2010). Therefore we examined the subcellular 
fate of Cx43 in single BxPC3 and Capan-1 cells 24–36 h after seed-
ing to determine whether it was endocytosed by the clathrin-
mediated pathway. We rationalized that, due to the short half-life 
of Cx43, intracellular puncta in single cells would plausibly repre-
sent endocytosed connexons that had trafficked to the cell sur-
face. We observed a marked colocalization of Cx43 with clathrin 
and EEA1 (Figure 2B), as well as with Lamp1 (Figure S3A), but no 
colocalization with caveolin 1 (Figure S3A). The data shown in 
Figure 2A prompted us to examine whether Cx43 would colocalize 
with the AP2 complex. The results showed that Cx43 colocalized 
discernibly with the AP2 complex both in contacting (Figure 2C) 
and single cells (Figure 2D). To determine whether AP2 complex 
interacts with WT-Cx43, we transiently expressed the monomeric 
enhanced green fluorescent protein (mEGFP)-tagged μ2 subunit 
of the adaptor protein (AP2) complex (Ohno et al., 1995) in HEK293 
cells, which express endogenous Cx43. The results showed that 
Cx43 could be immunoprecipitated from the total cell lysates with 
antibody to green fluorescent protein (GFP) green fluorescent 
protein (Figure S3B). We used HEK293 cells due to the low 

FIGURE 2:  (A) In the yeast two-hybrid assay, Cx43 interacts with the μ2 subunit of the AP2 complex in a sorting 
motif–dependent manner. Yeast were cotransformed with the indicated GAL4-binding domain and GAL4 transcription 
activation domain fusion constructs. Measured by growth on selective media (−His), only the wild-type (WT) tail of Cx43 
interacted with the μ2 subunit of the AP2 complex. PVA3 (p53) and PTD1 (large T-antigen) served as positive control, 
while rabinosyn-5 served as the negative control. (B) Cx43 (green) colocalizes with clathrin and EEA-1 in single cells. 
(C and D) Cx43 (green) colocalizes with the AP2 complex (red) in both single and contacting cells. (B–D) Outlined boxes 
are shown at higher power.
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fraction was substantially increased upon expressing YA/VD-Cx43 
(Figure 3C), substantiating the data obtained from the immuno-
cytochemical analysis.

To examine whether YA/VD-Cx43 restored assembly by incor-
porating into gap-junctional plaques that also contained the 
endogenous Cx43, we transiently expressed Myc-tagged YA/
VD-Cx43 in BxPC3 and Capan-1 cells and examined whether all 
forms of Cx43 were incorporated into gap-junctional plaques. 
Within the sensitivity of the light microscope and based on the pat-
tern of colocalization, the results showed that total Cx43 colocal-
ized nearly completely with YA/VD-Cx43-Myc (Figure 4A). If endog-
enous Cx43 did not assemble with YA/VD-Cx43-Myc, some of the 
red signal would appear alone. To determine whether YA/VD-Cx43 
formed heteromers with WT-Cx43, and to substantiate the immu-
nocytochemical data, we transiently expressed both WT-Cx43EGFP 
and YA/VD-Cx43-Myc (or the reciprocally labeled protein) in HeLa 
cells. We examined whether the two proteins could be coimmuno-
precipitated from the detergent-soluble fraction, since that fraction 
is likely to contain only connexons that are not incorporated into 
gap-junctional plaques (VanSlyke and Musil, 2000). We used HeLa 
cells for coimmunoprecipitation, because of the low transfection 
efficiencies of BxPC3 and Capan-1 cells. The results showed that 

Cells expressing YA/VD-Cx43 assemble gap junctions
Various Cx subtypes have been shown to oligomerize to form 
heteromeric connexons that are incorporated into gap-junctional 
plaques (Jiang and Goodenough, 1996; Valiunas et  al., 2001; 
Churko et al., 2010). We hypothesized that the sorting-motif mu-
tant YA/VD-Cx43, by forming heteromers with the endogenous 
Cx43, might affect junction assembly by inhibiting endocytosis. 
To pursue this hypothesis, we investigated whether expression of 
YA/VD-Cx43 would restore defective gap junction assembly in 
BxPC3 and Capan-1 cells. WT-Cx43 or YA/VD-Cx43 were tran-
siently expressed in each cell type along with EGFP to mark trans-
fected cells, and the formation of gap junctions was assessed im-
munocytochemically. The results showed that expressing YA/
VD-Cx43 induced the formation of large gap-junctional plaques, 
while expressing WT-Cx43 did not (Figure 3A, top panels). To rule 
out that the restoration of junction assembly was an artifact of 
overexpression, we also expressed WT-Cx43 or YA/VD-Cx43 via 
recombinant retroviruses. The results showed that the retroviral 
expression of YA/VD-Cx43 restored gap junction assembly with a 
concomitant decrease in intracellular puncta, although not as ro-
bustly as upon transient expression (Figure 3A, bottom panels). 
Detergent-solubility assays showed the detergent-insoluble 

FIGURE 3:  The sorting-motif mutant YA/VD-Cx43 restores gap junction assembly. (A) WT-Cx43 (WT) and YA/VD-Cx43 
(YA/VD) were expressed in cells by transient transfection (top row) or by retroviral infection (bottom row). Cells were 
immunostained for Cx43. For transient expression, WT-Cx43 and YA/VD-Cx43 were cotransfected with EGFP to mark 
the transfected cells. Note the formation of gap junctions (arrows) in cells expressing YA/VD-Cx43. (B) The percentage 
of transfected cells that had gap junctions was determined by examining 20 cells from two experiments (blue bars: cells 
expressing WT-Cx43; red bars: cells expressing YA/VD-Cx43). Note the increase in gap junction number in cells 
transfected with YA/VD-Cx43. (C) Total (T), TX100-soluble (S), and TX100-insoluble (I) fractions were prepared from cells 
expressing retrovirally introduced WT-Cx43 or YA/VD-Cx43. Note the robust increases in the detergent-insoluble 
fractions in cells infected with YA/VD-Cx43.
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4 document that the expression of the YA/VD-Cx43 mutant restores 
gap junction assembly in BxPC3 and Capan-1 cells and that the 
restoration occurs through inhibition of clathrin-mediated endocy-
tosis of connexons.

Phosphorylation of Ser-279 and Ser-282 of Cx43 
and gap junction assembly
Phosphorylation of serine and tyrosine residues in or adjacent to 
sorting motifs modulates the endocytosis of many transmembrane 
proteins (Bonifacino and Traub, 2003; Moore et al., 2007; Traub, 
2009). Thus we rationalized that the phosphorylation of Ser-279 
and Ser-282 of Cx43, which lay near the sorting motif, might dis-
rupt its assembly into gap junctions by inducing endocytosis. To 
test this notion, we created the following Cx43 mutants: 1) S279A 
and S279D, in which Ser-279 was substituted with alanine or its 
phosphomimetic, aspartic acid, respectively. 2) S282A and S282D, 
in which Ser-282 was substituted with alanine or aspartic acid, 

WT-Cx43 and YA/VD-Cx43 reciprocally coimmunoprecipitated with 
each other (Figure 4B).

To test whether the formation of heteromers between endoge-
nous Cx43 and YA/VD-Cx43 restored gap junction assembly by in-
hibiting endocytosis of connexons, we examined the colocalization 
of Cx43 with clathrin in single Capan-1 cells expressing retrovirally 
introduced WT-Cx43 or YA/VD-Cx43 in addition to endogenous 
Cx43. The results showed that, in contrast with discernible colocal-
ization of Cx43 with clathrin in single cells expressing retroviral 
WT-Cx43, no colocalization was observed in cells that expressed YA/
VD-Cx43 (Figure 4C). We also found that, in contrast with WT-Cx43, 
heteromers of endogenous Cx43 and YA/VD-Cx43 colocalized dis-
cernibly with caveolin 1 (Figure 4C, bottom middle panel). Both 
WT-Cx43 and the heteromers of endogenous Cx43 and YA/VD-
Cx43 were routed to lysosomes, as assessed by colocalization of 
Cx43 with Lamp1 in single cells expressing either WT-Cx43 or YA/
VD-Cx43 (Figure 4C). Collectively the data shown in Figures 3 and 

FIGURE 4:  Sorting-motif mutant YA/VD-Cx43 restores defective gap junction assembly by incorporating into gap 
junctions and inhibiting clathrin-mediated endocytosis. (A) BxPC3 and Capan-1 cells expressing endogenous Cx43 were 
transiently transfected with YA/VD-Cx43-Myc (YA/VD-Myc) and immunostained for Myc and Cx43. Note the robust 
colocalization of YA/VD-Cx43-Myc with total Cx43 (WT) and the formation of gap junctions. (B) Coimmunoprecipitation 
of WT-Cx43 and YA/VD-Cx43. HeLa cells were transfected with YA/VD-Cx43EGFP (YA/VD-GFP), WT-Cx43-Myc 
(WT-Myc), WT-Cx43EGFP (WT-GFP), and YA/VD-Cx43-Myc (YA/VD-Myc) either alone or in the various combinations 
indicated. GFP-tagged proteins were pulled down with immobilized anti-GFP antibody. Note that YA/VD-Cx43-Myc 
coimmunoprecipitated with WT-Cx43EGFP and WT-Cx43-Myc coimmunoprecipitated with YA/VD-Cx43EGFP. 
(C) Capan-1 cells, expressing endogenous Cx43 along with retrovirally introduced WT-Cx43 or YA/VD-Cx43, were 
seeded as single cells and immunostained for Cx43 (red) and either clathrin, Caveolin 1 (Cav1), or Lamp1 (green). Note 
that puncta composed of both endogenous Cx43 and retrovirally introduced WT-Cx43 colocalize extensively with 
clathrin and Lamp1 but not with Cav1. In contrast, puncta composed of both endogenous Cx43 and retrovirally 
introduced YA/VD-Cx43 fail to colocalize with clathrin, but colocalize discernibly with Cav1 at cell borders.
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other randomly chosen cell junction and cytoskeletal proteins 
(Figure S4B). These stably knocked-down cells are hereafter referred 
to as Bx43KD (for BxPC3) and CP43KD (for Capan-1) cells.

We used recombinant retroviruses to knock in wild-type and mu-
tant Cx43 in Bx43KD and CP43KD cells. Western blot analysis 
showed that the knocked-in WT-Cx43 and Cx43 mutants were ex-
pressed robustly (Figure 6A). However, unexpectedly, we observed 
that only YA/VD-Cx43 assembled into gap junctions, whereas the 
other mutants did not (Figure 6B). Hereafter, Bx43KD and CP43KD 
with knocked-in WT or mutant Cx43 will be referred to as Bx43KDKI 
and CP43KDKI cells, followed by the name of the constructs ex-
pressed. To substantiate the immunocytochemical data, we deter-
mined the assembly of knocked-in WT-Cx43, sorting-motif mutant 
YA/VD-Cx43, and mutants S279A and S279D biochemically by the 
TX100-solubility assay and upon in situ extraction with 1% TX100. 
We also performed functional analysis by scrape-loading and 
microinjection of gap junction–permeable fluorescent tracers. The 
results showed that only the YA/VD-Cx43 mutant assembled into 
detergent-insoluble, gap-junctional plaques, as assessed immuno-
cytochemically (Figure 7A) and biochemically by the TX100-solubil-
ity assay (Figure 7B). Moreover, as assessed by scrape-loading and 
microinjection of gap junction–permeable fluorescent tracers 
Lucifer Yellow (LY), Alexa Fluor 560, and Alexa Fluor 594, only the 
YA/VD-Cx43 mutant formed functional cell–cell channels (Figure 
S4, C and D; see also Table 1). Finally, to further substantiate the 
above data, we retrovirally introduced the same mutants into the 
human prostate cancer cell line, LNCaP, which we have shown as-
sembles Cxs into gap junctions efficiently (Mehta et al., 1999; Mitra 
et al., 2006; Kelsey et al., 2012). The results showed that, compared 
with WT-Cx43, mutant YA/VD-Cx43 formed large gap junctions, 
whereas mutants S279A and S279D assembled into small gap-junc-
tional puncta, many of which appeared to be intracellular (Figure 
S5A). In sum, the data shown in Figures 6 and 7 suggest that the 

respectively. 3) S279A/S282A and S279D/S282D, in which both 
Ser-279 and Ser-282 were substituted with alanine or aspartic acid, 
respectively. WT-Cx43 and the above mutants were transiently ex-
pressed in BxPC3 and Capan-1 cells along with EGFP to mark the 
transfected cells. The results showed that the expression of serine-
to-alanine mutants (S279A and S282A) restored gap junction as-
sembly, whereas expression of serine-to-aspartic acid mutants 
(S279D and S282D) had no discernible effect (Figure 5A). More-
over, mutants S279A and S282A restored gap junction assembly as 
robustly as YA/VD-Cx43 (Figure 5A). Furthermore, restoration with 
the double mutant S279A/S282A was not more robust than with 
the single mutants. To test whether mutants restored assembly by 
incorporating into gap-junctional plaques that also contained en-
dogenous Cx43, we transiently expressed the Myc-tagged mutant 
S279A-Myc in BxPC3 and Capan-1 cells. The results showed that 
S279A-Myc colocalized extensively with total Cx43 both in the 
gap-junctional plaques and in intracellular vesicles (Figure 5B). Col-
lectively these data suggest that phosphorylation on Ser-279 and/
or Ser-282 of Cx43 impairs its assembly into gap junctions in BxPC3 
and Capan-1 cells and preventing phosphorylation of these resi-
dues restores assembly.

Only the sorting-motif mutant assembles into gap junctions 
in cells with endogenous Cx43 knocked down
BxPC3 and Capan-1 cells express abundant endogenous Cx43 
(Figure 1). To test whether those mutants that restored defective 
gap junction assembly upon transient expression would assemble 
into gap junctions by themselves, we stably knocked down endog-
enous Cx43 in both cell types with a short hairpin RNA (shRNA) tar-
geting the 3′ untranslated region (UTR). As assessed by Western 
blot analysis, the expression of endogenous Cx43 was nearly abol-
ished in both cell lines upon knockdown (Figure S4A). Knockdown 
of Cx43 had no off-target effect on the expression level of seven 

FIGURE 5:  S279A and S282A mutants restore gap junction assembly. (A) BxPC3 and Capan-1 cells were transiently 
cotransfected with EGFP and the indicated Cx43 constructs. Cells were immunostained for Cx43 (red). Note that the 
S279A and S282A mutants restored gap junction assembly as robustly as the sorting-motif mutant YA/VD-Cx43, whereas 
S279D and S282D did not. (B) Capan-1 and BxPC3 cells were transiently transfected with Myc-tagged S279A and were 
immunostained for Cx43 (red) and Myc (green) after 24 h. Note the robust colocalization of total Cx43 with Myc.
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we checked for colocalization. The results showed extensive colo-
calization of Myc-tagged WT-Cx43 with total Cx43. Notably, junc-
tion assembly was restored only in cells expressing S279A (Figure 
8B, top row). Gap junctions were also assembled when Myc-tagged 
S279A was introduced into Bx43KDKI and CP43KDKI cells stably 
expressing S279D (unpublished data). Altogether the data shown 
in Figure 8, combined with those shown in Figures 5–7, suggest 
that S279A assembled into gap junctions only in the presence of 
WT-Cx43.

Trafficking, degradation, and subcellular fate of knocked-in 
WT-Cx43 and its mutants
In the next series of experiments, we examined whether the failure of 
knocked-in WT-Cx43 and mutants S279A, S279D, S282A, and S282D 
to assemble into gap junctions was due to impaired trafficking or 
differential degradation at the cell surface. Therefore we determined 
the trafficking and the kinetics of degradation of WT-Cx43 and the 
mutants by cell surface biotinylation. We found that WT-Cx43 and 
the various Cx43 mutants trafficked to the cell surface (Figure S5B). 

mutants S279A and S282A are unable to assemble into gap junc-
tions in the absence of WT-Cx43.

Wild-type and mutant Cx43 are required for gap 
junction assembly
To determine directly whether both WT-Cx43 and the S279A mu-
tant are required for junction assembly, we tested whether expres-
sion of WT-Cx43 would restore gap junction assembly in Bx43KDKI 
cells expressing knocked-in S279A. As controls, we also chose 
Bx43KDKI cells stably expressing either knocked-in WT-Cx43 or 
Cx43-S279D. WT-Cx43 was transiently expressed along with EGFP 
to mark the transfected cells (Figure 8A). The results showed the 
expression of WT-Cx43 restored junction assembly in Bx43KDKI 
cells expressing S279A but not in cells expressing S279D or 
WT-Cx43 (Figure 8A, compare middle panel with right and left 
panels). Similar data were obtained when WT-Cx43 was transiently 
transfected into CP43KDKI cells stably expressing S279A, S279D, 
or WT-Cx43 (unpublished data). To test whether WT-Cx43 was in-
corporated into gap-junctional plaques that also contained S279A, 

FIGURE 6:  Assembly of sorting-motif and serine mutants of Cx43 into gap junctions in knockdown cells. (A) WT-Cx43 or 
the indicated mutants were knocked in to Bx43KD and CP43KD cells, and lysates were analyzed for Cx43 expression by 
Western blotting. Note that, compared with parental cells expressing endogenous Cx43 (Endo-Cx43), the knocked-in 
WT-Cx43 and Cx43 mutants are robustly expressed. No detectable expression is seen in CP43KD and Bx43KD cells. 
(B) Bx43KD and CP43KD cells expressing the knocked-in WT-Cx43 or Cx43-mutants were immunostained for Cx43. 
Note that only the sorting motif mutant YA/VD-Cx43 (YA/VD) assembles into gap junctions.
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Moreover, the kinetics of degradation of all mutants, including YA/
VD-Cx43, was not noticeably different from WT-Cx43 (Figure S5C). 
Because endogenously expressed Cx43 colocalized with clathrin in 
single parental BxPC3 and Capan-1 cells, we also examined the sub-
cellular fate of knocked-in WT-Cx43, the sorting-motif mutant YA/
VD-Cx43, and mutants S279A and S279D in CP43KDKI single cells. 
The results showed that, in single cells, the knocked-in WT-Cx43 and 
S279D colocalized discernibly with clathrin, whereas YA/VD-Cx43 
and S279A barely colocalized (Figure S6A). Together the data shown 
in Figures S5 and S6 suggest that the efficient assembly of YA/VD-
Cx43 and the inefficient assembly of WT-Cx43 and mutants S279A 
and S279D can be attributed neither to differential trafficking nor to 
differential degradation. These data further document that clathrin-
mediated endocytosis appears to be the predominant pathway to 
internalize WT-Cx43 and mutant S279D connexons in single cells, 
whereas mutant YA/VD-Cx43 and S279A connexons are likely inter-
nalized by a non–clathrin-mediated pathway.

Internalization and degradation of mutant YA/VD-Cx43
Intracellular vesicular puncta in cells expressing knocked-in YA/VD-
Cx43, the only mutant that formed gap junctions (Figure 6), were 
fewer, larger, and of diverse sizes that colocalized neither with ca-
veolin 1 nor with clathrin (Figure S6B). We therefore investigated 
whether this mutant was internalized in the form of annular gap 

FIGURE 7:  Detergent solubility of knocked-in WT-Cx43 and its sorting motif and serine mutants. (A) CP43KD cells 
expressing knocked-in WT-Cx43 and various mutants were extracted in situ with 1% TX100 and immunostained for 
Cx43. Note that only knocked-in YA/VD-Cx43 (YA/VD) assembles into detergent-resistant gap junction puncta. Note 
also that intracellular puncta of knocked-in WT-Cx43 (WT) and all other mutants are lost upon extraction with 1% TX100. 
(B) Western blot analysis of Cx43 in Total (T), TX100-soluble (S), and TX100-insoluble (I) fractions from CP43KD cells 
expressing knocked-in WT-Cx43 and the mutants. Note that only cells expressing knocked-in YA/VD-Cx43 have a 
discernible detergent-insoluble fraction. The blots were stripped and reprobed for β-actin to verify equal loading.

Cell type

Junctional tracer

LY Alexa Fluor 488 Alexa Fluor 594

Capan-1 
(parental)

0 (21) 0 (24) 15.4 ± 3.3 (12)

CP43KD 0 (22) 0 (13) 0 (11)

CP43KDKI-
WT-Cx43

0 (32) 0 (19) 0 (8)

CP43KDKI-
S279A-Cx43

0 (24) 0 (14) 0 (10)

CP43KDKI-
S279D-Cx43

0 (23) 0 (24) 0 (9)

CP43KDKI-
YA/VD-Cx43

16 ± 6 (33) 18 ± 5 (21) 7 ± 1 (40)

Cells were seeded in 6-cm dishes and grown to 70% confluence. Junctional 
transfer was measured after microinjecting the indicated fluorescent tracers. 
The numbers of fluorescent cell neighbors (mean ± SE) were determined 1 min 
(LY), 3 min (Alexa Fluor 488), or 15 min (Alexa Fluor 594) after microinjection 
into the test cells. The total number of injection trials is shown in parentheses.

TABLE 1:  Junctional transfer of various fluorescent tracers in parental 
Capan-1, CP43 knockdown (CP43KD) cells and in CP43KD cells 
expressing WT-Cx43 and various Cx43 mutants.
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colocalized with AP2 and Lamp1 both in single and contacting 
cells, we rationalized that cell–cell contact might determine the 
endocytic route of Cx43. To test this notion, we first determined 
whether intracellular vesicles in contacting BxPC3 and Capan-1 
cells were comprised of docked or undocked connexons or repre-
sented internalized miniscule annular gap junctions. To determine 
this, we first retrovirally expressed Cx43EGFP and Cx43mAPPLE in 
CP43KD and Bx43KD cells. We then cocultured Bx43KD cells ex-
pressing nearly equal levels of either Cx43EGFP or Cx43mAPPLE 
and, after allowing cells to aggregate as doublets in suspension, 
seeded them on glass coverslips (see Materials and Methods). We 
did the same for CP43KD cells infected with the constructs. The 
doublets of cells were examined 24 h after plating to quantify in-
tracellular puncta that contained either Cx43EGFP or Cx43mAP-
PLE alone or both. As a control, the same experiment was done 
with cocultures of the human prostate cancer cell line LNCaP ex-
pressing retrovirally introduced Cx43EGFP or Cx43mAPPLE. The 
results showed that, in both CP43KD and Bx43KD cells, the intrac-
ellular vesicular puncta contained either Cx43EGFP or Cx43mAP-
PLE alone, but not both (Figure 10B). In contrast, LNCaP cells 
formed gap junctions and intracellular vesicles composed of both 
Cx43EGFP and Cx43mAPPLE (Figure 10C).

junctions. We examined whether these intracellular puncta were re-
sistant to in situ extraction with 1% TX100. The results showed that 
the majority of intracellular puncta in YA/VD-Cx43–expressing cells 
was resistant to in situ extraction with TX100 (Figure 9A). To deter-
mine whether this mutant is targeted upon internalization for degra-
dation by autophagy, we starved these cells for various times in the 
absence and presence of bafilomycin A1, which inhibits autophagy 
(Klionsky et al., 2008; Sarkar et al., 2009; Mizushima et al., 2010). We 
found that this mutant was degraded upon starvation (Figure 9B). 
Moreover, this mutant was predominantly internalized in the form of 
annular gap junctions upon starvation, and the degradation was 
prevented upon treatment with bafilomycin A1 (Figure 9, A and B). 
In contrast, degradation of knocked-in WT-Cx43 was minimally af-
fected upon starvation and was not inhibited by bafilomycin A1 
(unpublished data). These results suggest that the mutant YA/VD-
Cx43 is predominantly internalized in the form of annular gap junc-
tions, most likely by a clathrin-independent pathway, and is likely 
degraded by autophagy.

Cell–cell contact and the endocytic itinerary of Cx43
Because discernible colocalization of Cx43 with clathrin and EEA1 
was observed only in single cells, and because Cx43 significantly 

FIGURE 8:  Mutant S279A assembles into gap junctions only in the presence of WT-Cx43. (A) Bx43KD cells stably 
expressing knocked-in WT-Cx43, S279A, and S279D were transfected with WT-Cx43 along with EGFP and 
immunostained for Cx43 (red). Note that only mutant S279A is assembled into gap junctions upon expression of 
WT-Cx43. (B) Bx43KD cells stably expressing knocked-in S279A-Cx43 (S279A) or S279D-Cx43 (S279D) were transiently 
transfected with Myc-tagged WT-Cx43 (Cx43-Myc) and immunostained for Cx43 (red) and Myc (green). Note that total 
Cx43 and Myc colocalize extensively, but only mutant S279A is assembled into gap junctions.
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assembly of Cx43 is impaired in BxPC3 and Capan-1 cells because 
it is endocytosed by the clathrin-mediated pathway prior to its as-
sembly into gap junctions. Second, our findings demonstrate that 
assembly is restored by expressing a sorting-motif mutant of Cx43 
that cannot be endocytosed. Third, our results show that the phos-
phorylation on Ser-279 and Ser-282 disrupts gap junction assembly 
by inducing endocytosis of Cx43 by the clathrin-mediated pathway. 
Fourth, our study shows that Cx43 is assembled into gap junctions 
only when connexons are composed of forms that can be phospho-
rylated on Ser-279 and Ser-282 and forms in which phosphorylation 
on these serines is abolished. Finally, our results document that the 
endocytic itinerary of Cx43 is altered upon cell–cell contact: Cx43 
traffics by EEA1-negative endosomes in contacting cells versus 
EEA1-positive endosomes in single cells. Our results imply that en-
docytosis of connexons seems to be the major control point that 
determines gap junction size and growth.

Endocytosis of Cx43 and gap junction assembly
The use of human pancreatic cancer cell lines Capan-1 and BxPC3, 
which coexpressed Cx43 and Cx26 endogenously and in which ei-
ther both Cxs or only one of the two failed to assemble into gap 

To examine whether cell–cell contact alters the endocytic itiner-
ary of Cx43, we cocultured CP43KD and Bx43KD cells with cells 
expressing knocked-in Cx43EGFP. The cocultures were immuno
stained for clathrin to examine whether clathrin colocalized with 
Cx43EGFP. We found that, in both CP43KD and Bx43KD cells ex-
pressing Cx43EGFP, no discernible colocalization of clathrin with 
Cx43 was observed in contacting cells (Figure 10A) but extensive co-
localization was observed in single isolated cells (unpublished data). 
Taken together, the above results suggest that cell-to-cell contact 
alters the endocytic itinerary of Cx43 and that intracellular vesicular 
puncta in contacting BxPC3 and Capan-1 cells are made up of 
undocked connexons.

DISCUSSION
Molecular cues that govern the assembly of Cxs into gap junctions 
upon arrival at the surface are poorly understood. Through two dif-
ferent approaches, based on the subcellular fate of Cx43 in single 
and contacting cells and on the knock down and knock in of 
WT-Cx43 and its various mutants, we have uncovered some novel 
aspects of the molecular circuitry that orchestrates the assembly and 
the disassembly of gap junctions. First, our study shows that the 

FIGURE 9:  YA/VD-Cx43 is likely internalized in the form of annular gap junctions that are detergent resistant and 
degraded by autophagy. (A) Bx43KD and CP43KD cells expressing YA/VD-Cx43 were immunostained for Cx43 (green) 
and β-catenin (red). Cells were extracted in situ with 1% TX100 (b and d) or starved in PBS without (PBS e and g) or with 
bafilomycin A1 (BFL PBS+BFL, f and h) for 3 h. (B) CP43KD (left) or Bx43KD (right) cells expressing YA/VD-Cx43 were 
starved in PBS with or without bafilomycin A1 for the indicated times, and cell lysates were immunoblotted for Cx43. 
Note that the level of YA/VD-Cx43 decreases upon starvation, and the decrease is prevented by BFL. (A) Gap junctions 
at the areas of cell–cell contact are indicated by the pink arrows, whereas annular gap junctions are indicated by the 
white arrows. Note that both in normal medium and in PBS, the mutant YA/VD is internalized in the form of annular gap 
junctions and internalization is not prevented upon treatment with BFL.
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Restoration of defective gap junction assembly
Our results showed that transient, as well as stable, expression of 
the sorting-motif mutant YA/VD-Cx43 restored defective gap junc-
tion assembly in BxPC3 and Capan-1 cells expressing endogenous 
Cx43. Moreover, assembly was also restored upon expressing mu-
tants S279A, S282A, and S279/282A, which mimicked the nonphos-
phorylated state, but not upon expressing S279D, S282D, and 
S279/282D, which mimicked the phosphorylated state (Figure 5). 
Furthermore, restoration most likely occurred through the formation 
of heteromers with the endogenous Cx43 (Figures 4 and 5). These 
results raise intriguing issues with regard to the possible mecha-
nisms that dictate the assembly of Cx43 into gap junctions in these 
cell types. The most likely explanation for these data are that phos-
phorylation of Ser-279 or Ser-282 regulates sorting motif–mediated 
endocytosis and that gap junction assembly is enhanced due to the 
inhibition of endocytosis of connexons composed of heteromers of 
Cx43 and either YA/VD-Cx43, S279A, or S282A, permitting them to 
be incorporated in the plaque. This interpretation is supported by 
the fact that both Ser-279 and Ser-282 lie close to the proline-rich 

junctions, allowed us to address an important question: What are 
the intrinsic and extrinsic determinants that dictate the assembly of 
Cx43 into gap junctions in these cell lines, and what are their respec-
tive contributions? To explore the molecular basis of defective as-
sembly of Cx43 in BxPC3 and Capan-1 cells, we searched for motifs 
in Cx43 itself that might govern its assembly into gap junctions. We 
first discovered that Cx43 trafficked to the cell surface in both cell 
types but was endocytosed prior to its assembly into gap junctions 
by the clathrin-mediated pathway in a Rab5-dependent manner via 
a tyrosine-based sorting motif in its cytoplasmic tail that likely medi-
ated its interaction with the AP2 complex (Figures 1 and 2). Because 
both Cx26 and Cx32 assembled into gap junctions in BxPC3 cells, 
these results suggested that the defective assembly of Cx43 was not 
caused by spatial constraints imposed by extrinsic determinants, 
such as the expression of cell–cell adhesion molecules, which might 
have hindered the docking of connexons to form cell–cell channels 
and their subsequent clustering into gap junctions (Chakraborty 
et al., 2010; Musil, 2009; Musil et al., 1990; Wang and Mehta, 1995), 
but by the endocytosis of Cx43 itself.

FIGURE 10:  Cell–cell contact and the subcellular fate of Cx43. (A) Cell–cell contact alters the endocytic itinerary of 
Cx43. Bx43KD and CP43KD cells stably expressing knocked-in WT-Cx43EGFP were cocultured with Bx43KD and 
CP43KD cells, and the cultures were immunostained for clathrin (red). Note that Cx43EGFP does not discernibly 
colocalize with clathrin when the Cx43EGFP-expressing cells are in contact with Cx43KD cells. Occasional puncta that 
seem to colocalize with clathrin are likely to be undocked connexons that were endocytosed from the noncontacting 
cell surface. (B) Cx43 connexons fail to dock upon arrival at the cell surfaces of BxPC3 and Capan-1 cells. Bx43KD and 
CP43KD cells stably expressing knocked-in WT-Cx43EGFP or WT-Cx43mAPPLE were seeded on glass coverslips, as 
described in Materials and Methods. After 24 h, cells were fixed, stained for 4′,6-diamidino-2-phenylindole (DAPI), and 
examined for colocalization of Cx43EGFP and Cx43mAPPLE. Note the absence of colocalization at the areas of cell–cell 
contact, as well as in the cytoplasm. (C) Cx43 is endocytosed as annular gap junctions in assembly-efficient LNCaP cells. 
LNCaP cells stably expressing Cx43EGFP or Cx43mAPPLE were cocultured for 24 h, fixed, stained for DAPI, and 
examined for the colocalization of Cx43EGFP and Cx43mAPPLE. Note that both gap junctions (red arrows) and 
intracellular vesicular puncta (white arrows) are composed of both Cx43EGFP and Cx43mAPPLE.
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in cells expressing S279D (Figure 8). Moreover, S279A and S282A, 
like YA/VD-Cx43, also restored gap junction assembly through 
the formation of heteromers with the WT-Cx43 (Figures 5 and 8). 
Fourth, retroviral expression of only YA/VD-Cx43 resulted in the for-
mation of gap junctions in Bx43KD and CP43KD cells and in assem-
bly-efficient LNCaP cells (Figure S5). Although not demonstrated 
directly, YA/VD-Cx43 connexons are likely to contain Cx43 forms 
that are both phosphorylated and not phosphorylated on Ser-279/
Ser-282. Moreover, cell surface biotinylation of YA/VD-Cx43, S279A, 
and S279D showed that they trafficked to the cell surface and were 
degraded with similar kinetics (Figure S5).

NEDD4 is a ubiquitin ligase that interacts with Cx43 via its 
tryptophan-tryptophan (WW) domains (Leykauf et  al., 2006). 
NEDD4-dependent ubiquitylation of Cx43 could thus play a role in 
the failure of BxPC3 and Capan-1 to assemble Cx43-containing gap 
junctions. The WW2 domain of NEDD4 interacted with peptides 
containing the proline-rich tyrosine-based (PY) motif of Cx43 and 
was shown to have a slightly higher affinity for peptides with phos-
phoserines 279 and 282 than for their nonphosphorylated counter-
parts. However, the WW3 domain was speculated to be the domi-
nant mediator of the binding of NEDD4 to Cx43, and full-length 
Cx43 with phosphoserines 279 and 282 did not interact with the 
WW3 domain. The phosphorylation of Ser-279 and Ser-282 by MAP 
kinase (Warn-Cramer et al., 1996, 1998) has been thought to medi-
ate internalization of gap junctions in response to epidermal growth 
factor and tumor promoters (Kanemitsu and Lau, 1993; Leithe and 
Rivedal, 2004a, 2004b; Leithe et al., 2009; Solan and Lampe, 2008, 
2009). However, we found that S279A and S282A failed to assemble 
in both Bx43KD and CP43KD (Figures 6 and 7). In addition, we found 
YA/VD-Cx43 assembled efficiently into gap junctions in the knock-
down cells (Figures 6 and 7), in spite of the fact that Cx43-Y286A 
could still get ubiquitylated (Leykauf et al., 2006; Girao et al., 2009; 
Catarino et al., 2011). Thus the role that NEDD4 plays in the cells used 
in this study is unclear. Finally, the fact that gap junctions composed 
of mutant YA/VD-Cx43 in BxPC3 and Capan-1 cells appeared to be 
internalized in the form of annular junctions under both basal and 
starved conditions (Figure 9) suggests that clathrin-mediated endo-
cytosis by AP2 cannot account for the internalization of this mutant. 
The pathway by which YA/VD-Cx43 and S279A and S282A are inter-
nalized and degraded remains to be explored in future studies.

Endocytic itinerary of Cx43 and cell–cell contact
A salient aspect of our results was that a major fraction of Cx43 ap-
peared to reside in intracellular vesicles upon endocytosis. Despite 
this, discernible colocalization of Cx43 with clathrin and EEA1 was 
observed only in single cells—not in contacting cells (Figure 2). In 
contrast, in both single and contacting cells, Cx43 discernibly colo-
calized with AP2 and with Rab5, which is involved in clathrin-medi-
ated endocytosis and acts upstream of EEA1 (Bucci et  al., 1992; 
Zerial and McBride, 2001; Semerdjieva et al., 2008; Figures 2 and 
S3). These results were intriguing, given the fact that Cx43 trafficked 
to the cell surface in both cell types, and nearly all the Cx43 resided 
in intracellular vesicles that could be extracted in situ with 1% TX100 
(Figures 1 and 7). Thus the intracellular vesicular puncta observed in 
these cells were not internalized annular gap junctions or aggre-
gates of Cx43 that were detergent-resistant but represented vesicles 
that trafficked via EEA1-negative endosomes in contacting cells en 
route to the lysosomes. As Cx43 also did not discernibly colocalize 
with caveolin 1 (Figure S2), one plausible explanation for these data 
is that undocked connexons, upon clathrin-mediated endocytosis in 
single cells, traverse via EEA1-positive endosomes, whereas docked 
connexons and small miniscule annular gap junctions—which may 

sorting motif of Cx43, and phosphorylation and dephosphorylation 
of serines near sorting motifs of many G-protein–coupled receptors 
have been shown to modulate their endocytosis by regulating their 
interaction with the AP2 complex (Pitcher et al., 1999; Bonifacino 
and Traub, 2003; Rapacciuolo et al., 2003; Chen et al., 2004; Kittler 
et al., 2005; Toshima et al., 2009; Traub, 2009; Moeller et al., 2010; 
Shukla et al., 2011). Moreover, Ser-279 and Ser-282 have previously 
been shown to be phosphorylated by MAP kinase (Warn-Cramer 
et al., 1996, 1998), which has been thought to mediate internaliza-
tion of gap junctions in response to epidermal growth factor and 
tumor promoters (Kanemitsu and Lau, 1993; Ruch et  al., 2001; 
Leithe and Rivedal, 2004a, 2004b; Leithe et  al., 2009; Solan and 
Lampe, 2008, 2009). Furthermore, our results showing lack of dis-
cernible colocalization of clathrin and EEA1 with Cx43 in single cells 
that expressed heteromers of Cx43 and mutant YA/VD-Cx43 (Figure 
4) but a robust colocalization in single cells that expressed only 
WT-Cx43 (Figures 2 and 4) lend further credence to the above no-
tion. In contrast with their lack of colocalization with clathrin and 
EEA1, connexons composed of either Cx43 alone or of both Cx43 
and YA/VD-Cx43, or S279A colocalized extensively with Lamp1, in-
dicating that all were degraded in the lysosome (Figure S6). More-
over, it seems highly unlikely that the restored gap junctions were 
formed of cell–cell channels composed of homomeric connexons 
containing only Cx43, YA/VD-Cx43, or S279A, because channels 
formed of heteromeric connexons of different Cx subtypes have 
been demonstrated to readily assemble into functional gap junc-
tions in diverse cell types (Jiang and Goodenough, 1996; Valiunas 
et al., 2001; Churko et al., 2010). Furthermore, in contacting cells 
that coexpressed endogenous Cx43 and YA/VD-Cx43 (Figure 4A) or 
mutant YA/VD-Cx43 alone (Figure S6B), only large vesicular Cx43 
puncta of diverse sizes were observed these did not colocalize with 
clathrin and caveolin 1 and may represent annular gap junctions.

Ser-279 and Ser-282 of Cx43 and gap junction assembly
A salient and the most striking result of our study is that gap junc-
tion assembly was induced only when connexons were composed 
of Cx43 forms that can be phosphorylated on Ser-279 and 
Ser-282 and forms in which phosphorylation was abolished (mutants 
S279A, S282A, and S279/282A). Gap junction assembly was 
impaired when connexons were predominantly composed of Cx43 
forms that mimicked the phosphorylation on Ser-279 and Ser-282 
and when connexons were composed of Cx43 forms in which phos-
phorylation on these residues was abolished (Figures 6–8). The 
most plausible interpretation of these data is that the phosphory-
lated Ser-279 and Ser-282 (either alone or together) in the Cx43 
cytoplasmic tail, previously documented to be the substrates for 
MAP kinase (Warn-Cramer et al., 1996, 1998), regulate junction as-
sembly not only by modulating endocytosis of connexons but also 
by influencing plaque growth by a mechanism(s) that remains to be 
defined. Several lines of evidence support this interpretation.

First, knock in of S279A, S282A, S279/282A, S279D, S282D, or 
S279/282D alone in Bx43KD and CP43KD cells did not induce gap 
junction assembly. Moreover, the assembly of S279A and S279D 
was also robustly attenuated in assembly-efficient LNCaP cells 
(Figure S5), which suggested that these mutants were able to as-
semble into small gap junction plaques, but the plaques either did 
not grow or failed to coalesce to form larger plaques. Second, tran-
sient expression of mutants S279A or S282A, but not mutants S279D 
or S282D, restored gap junction assembly in cells that expressed 
endogenous Cx43, and the effect was as robust as with YA/VD-Cx43 
(Figure 5). Third, expression of Myc-tagged, WT-Cx43 induced gap 
junction assembly in Bx43KD cells stably expressing S279A but not 
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single versus contacting cells. The nature of the vesicles used for 
the trafficking of internalized Cx43 in contacting cells and how the 
endocytic fate of Cx43 is modulated by cell–cell contact remain to 
be investigated in these cell types at ultrastructural levels.

Conclusions
Although phosphorylation of the cytoplasmic tail of Cx43 on specific 
serines and tyrosines by protein kinases has been documented to 
regulate the function of cell–cell channels in both tissues and cell 
lines, evidence regarding its role in the assembly and disassembly of 
gap junctions has been correlative, and no coherent theme has yet 
emerged (Laird, 2005; Solan and Lampe, 2009). Our results demon-
strate that phosphorylation on Ser-279 and Ser-282 not only disrupts 
gap junction assembly by triggering endocytosis of Cx43 prior to its 
assembly but also likely regulates plaque growth. Earlier pioneering 
studies of Musil and Goodenough demonstrated the existence of 
plaque-associated and detergent-resistant multiple phosphorylated 
forms of Cx43 and postulated these forms to be involved in the es-
tablishment and/or maintenance of gap-junctional plaques (Musil 
et al., 1990; Musil and Goodenough, 1991). Our results, showing 
that gap junction assembly is induced only when connexons are 
composed of Cx43 forms that can be phosphorylated and forms 
that cannot be phosphorylated on Ser-279 and Ser-282, provide di-
rect evidence for this role. Our results, however, do not exclude the 
important role of phosphorylation and dephosphorylation of other 
serines in the cytoplasmic tail of Cx43, for example, Ser-365, Ser-364, 
and Ser-368, in determining gap junction assembly and disassembly 
(Solan et al., 2007; Solan and Lampe, 2008, 2009; TenBroek et al., 
2001). Because Ser-279 and Ser-282 have also been found to be 
phosphorylated by multiple signaling pathways (Solan and Lampe, 
2008), a question that remains to be answered is how the stoichiom-
etry of heteromerization of the various phosphoforms of Cx43 and 
the differential phosphorylation and dephosphorylation of these 
sites is fine-tuned to control plaque growth and dynamics in BxPC3 
and Capan-1 cells. It also remains to be determined whether this 
mechanism is used in normal cells in vitro and in vivo to regulate gap 
junction assembly. On the basis of our studies, we propose that en-
docytosis of connexons is the major control point that determines 
gap junction size and growth (as summarized in Figure 11).

MATERIALS AND METHODS
Cell culture
Several human pancreatic tumor cell lines were used initially to 
screen for the expression of Cx26, Cx32, Cx36, and Cx43 by RT-PCR 
(unpublished data). The cell lines were a gift from Surinder K. Batra 
(Department of Biochemistry and Molecular Biology, University of 
Nebraska Medical Center). For subsequent studies, two human pan-
creatic cancer cell lines, BxPC3 (CRL-1687) and Capan-1 (HTB-79), 
were purchased from the American Type Culture Collection (ATCC, 
Manassas, VA). The characterization of these cell lines has been de-
scribed (Tan et al., 1986; Fanjul and Hollande, 1993). BxPC3 and Ca-
pan-1 cells were grown, respectively, in RPMI 1640 and DMEM 
(GIBCO, Grand Island, NY) containing 5% fetal bovine serum (FBS; 
Sigma-Aldrich, St. Louis, MO) in an atmosphere of 5% CO2 at 37°C. 
Stock cultures were maintained weekly by seeding 5 × 105 cells per 
10-cm dish in 10 ml of complete culture medium with a medium 
change at day 3 or 4. New stocks were initiated every 3 mo from cells 
frozen in liquid nitrogen. The retroviral packaging cell lines EcoPack 
and PTi67 were grown as described previously (Mehta et al., 1999; 
Mitra et  al., 2006). BxPC3 and Capan-1 cells were infected with 
various recombinant retroviruses, and pooled polyclonal cultures 
from ∼2000 colonies were grown and maintained in complete medium 

not have been resolved immunocytochemically—traverse via vesi-
cles that are EEA1-negative. Although highly unlikely, sporadic colo-
calization of intracellular Cx43 with clathrin observed in contacting 
cells may represent clathrin-coated secretory vesicles (Bonifacino, 
2004; Weisz and Rodriguez-Boulan, 2009; Gravotta et al., 2012).

When Bx43KD and CP43KD cells expressing either Cx43EGFP or 
Cx43mAPPLE were cocultured, we did not observe vesicles contain-
ing both Cx43EGFP and Cx43mAPPLE, suggesting that the vesicles 
arose predominantly from undocked connexons (Figure 10B). More-
over, in cocultures with knockdown cells, we saw no discernible colo-
calization of clathrin with Cx43 in contacting cells (Figure 10A), in 
contrast with robust colocalization seen in single cells. One interpre-
tation of these results is that the endocytic itinerary of Cx43 is altered 
upon cell–cell contact, such that, after clathrin-mediated endocyto-
sis, Cx43 traffics by EEA1-negative endosomes in contacting cells 
and by EEA1-positive endosomes in single cells. It is also possible 
that the spatiotemporal characteristics of clathrin coats of endocytic 
vesicles in contacting cells are different from those in single cells, 
such that they cannot be discerned in the captured static images of 
contacting cells. The existence of at least two modes of endocytic 
coat formation at the plasma membrane—classical clathrin-coated 
pits and clathrin-coated plaques with distinct spatiotemporal charac-
teristics—has been described (Saffarian et al., 2009). It is worth con-
sidering that the connexons, unlike other well-studied transmem-
brane proteins, such as growth factor receptors and G-protein–coupled 
receptors (Moore et al., 2007; Shenoy and Lefkowitz, 2011), are hex-
amers of Cxs, which are known to interact with cytoplasmic proteins—
that are also part of other junctional complexes—and are recruited to 
the site of cell–cell contact upon cell–cell adhesion (Laird, 2010; 
Herve et al., 2012). Thus, although there is no coherent theme for the 
roles of these proteins in junction assembly or disassembly, these at-
tributes of connexons might impose unique spatial constraints on the 
endocytic machinery, causing Cxs to follow a noncanonical endocytic 
route in contacting cells but not in single cells (Boulant et al., 2011; 
McMahon and Boucrot, 2011; Sigismund et al., 2012).

Recent findings have shown that, upon internalization, cell sur-
face–associated Cxs are degraded by autophagy and that inhibi-
tion of autophagy stabilizes the cell surface–associated pool of Cxs 
(Hesketh et  al., 2010; Lichtenstein et  al., 2011; Bejiarno et  al., 
2012; Fong et al., 2012). Given the fact that the plasma membrane 
has now been shown to contribute to the formation of preautopha-
gosomal structures (Ravikumar et al., 2010), it is tempting to spec-
ulate that cell–cell contact dictates the choice of the endocytic 
itinerary of Cx43, such that it traffics from noncontacting surfaces 
by EEA1-positive endosomes, whereas it is linked from contacting 
surfaces to vesicles destined to fuse with autophagosomes. Recent 
studies have identified the existence of a new class of early endo-
somes that bear the membrane adaptor proteins APPL1 and APPL2 
(Miaczynska et al., 2004). These endosomes have been shown to 
be the precursors of EEA1-positive endosomes (Zoncu et al., 2009). 
Many transmembrane proteins have been demonstrated to inter-
act with APPL1 and APPL2, which have been shown to act not only 
as effectors of Rab5 (Zhu et al., 2007) but also as dynamic scaffolds 
that modulate Rab5-associated signaling (Caruso-Neves et  al., 
2006; Mao et al., 2006; Varsano et al., 2006; Chial et al., 2008). 
Earlier studies had demonstrated or assumed that Cx43, after be-
ing endocytosed by the clathrin-mediated pathway, trafficked via 
EEA1-positive early endosomes to lysosomes for degradation 
(Leithe et al., 2006, 2009; Piehl et al., 2007; Gumpert et al., 2008; 
Nickel et al., 2008). Although it is as yet unknown how endocytic 
vesicles are directed to the autophagosomes, our results provide a 
plausible explanation for the distinct endocytic routes of Cx43 in 
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containing G418 (200 μg/ml), puromycin (0.5 μg/ml for BxPC3 and 1 
μg/ml for Capan-1), or G418 plus puromycin (see Recombinant DNA 
constructs and retrovirus production and infection). 

Antibodies and immunostaining
Rabbit polyclonal and mouse monoclonal antibodies against Cx43 
and Cx32 and mouse anti-GM130, mouse anti-clathrin heavy chain, 
mouse anti–β-catenin, and rabbit anti–β-actin have been described 
previously (Mitra et al., 2006; Chakraborty et al., 2010; Govindarajan 
et al., 2010). A mouse monoclonal antibody against human Cx26 
(13–8100) was purchased from Zymed Laboratories (San Francisco, 
CA). Mouse anti–caveolin 1 (610058), anti–caveolin 2 (610684), and 
anti-EEA1 (610457) were purchased from BD Transduction (San 
Jose, CA). We also used mouse monoclonal antibodies against 
Lamp1 (SC-20011; Santa Cruz Biotechnology, Santa Cruz, CA), 
c-Myc (MMS-150P; Covance, Princeton, NJ), and GFP (Roche India-
napolis, IN). A monoclonal antibody against human desmoglien-2 
was a gift from James E. Wahl (Department of Oral Biology, Univer-
sity of Nebraska Medical Center).

For immunostaining, 5 × 105 BxPC3 and 4 × 105 Capan-1 cells 
were seeded on glass coverslips in six-well clusters and allowed to 
grow for 72 h, after which they were fixed with 2% paraformaldehyde 
and immunostained as described previously (Chakraborty et  al., 
2010; Govindarajan et al., 2010). Anti-rabbit and anti-mouse second-
ary antibodies, conjugated with Alexa Fluor 488 or Alexa Fluor 594 
(Invitrogen), were used as appropriate. Immunostained cells were 
mounted on glass slides in SlowFade antifade (Invitrogen, Carlsbad, 
CA) medium. Images of immunostained cells were acquired with a 

Leica DMRIE microscope (Leica Microsystems, Wetzler, Germany) 
equipped with a Hamamatsu ORCA-ER2 CCD camera (Hamamatsu 
City, Japan) using a 63× oil objective (numerical aperture 1.35). 
Colocalization was measured in Z-stacked images taken 0.3 μm 
apart using the commercial image analysis program Volocity 6.0.1 
(Improvision, Lexington, MA). Saturation of the detector, which would 
alter background adjustment, was prevented by minimizing expo-
sure of each fluorescently tagged antibody during acquisition. A 
background-corrected Pearson’s r was used to determine fluores-
cence colocalization as previously described (Barlow et al., 2010)

Detergent extraction and Western blot analysis
BxPC3 (3 × 106) and Capan-1 (2 × 106) cells were seeded in replicate 
10-cm dishes with 10 ml of complete medium per dish. Cells were 
grown for 72 h. Cell lysis, detergent solubility assay with 1% Triton 
X-100 (TX100), and Western blot analysis were performed as 
described previously (Mitra et al., 2006; Chakraborty et al., 2010; 
Govindarajan et al., 2010). For the analysis of detergent-soluble and 
detergent-insoluble fractions by SDS–PAGE, normalization was 
based on equal cell number. For the detergent extraction of live 
cells in situ, BxPC3 and Capan-1 cells were seeded in six-well clus-
ters containing glass coverslips at a density of 5 × 105 and 4 × 105 
cells per well, respectively. After 72 h, cells were extracted in situ 
with 1% TX100 in isotonic medium (30 mM HEPES, pH 7.2, 140 mM 
NaCl, 1 mM CaCl2, 1 mM MgCl2) supplemented with protease in-
hibitor cocktail (Sigma-Aldrich) for 60 min at 4ºC and then fixed and 
immunostained essentially as described previously (Govindarajan 
et al., 2002, 2010; Chakraborty et al., 2010).

FIGURE 11:  (A) In single cells, and from cell surfaces that are not in contact with other cells, connexons are 
endocytosed by clathrin-coated pits, which are directed toward the lysosomes for degradation by Rab5 via EEA1-
positive endosomes. (B) Cell–cell contact is assumed to recruit various cell junction–associated proteins to the cell 
surface, where they establish a direct or an indirect link between the connexons and the actin cytoskeleton. From 
cell–cell contact areas, connexons are postulated to be endocytosed via clathrin-coated plaques, which are directed 
toward the lysosomes by Rab5 via noncanonical endosomes and intermediate vesicles yet to be characterized. 
(C) Phosphorylation of Cx43 on S279 and S282 induces connexon endocytosis via the clathrin-mediated pathway by 
enhancing Cx43’s interaction with the AP2 complex, which is postulated to attenuate gap junction assembly. (D) Gap 
junction assembly is robustly induced when the interaction of the AP2 complex with the sorting motif is abolished 
through mutation or through dephosphorylation of Ser-279 and Ser-282 of some, but not all, connexin molecules in a 
connexon. It is postulated that the stoichiometry of phosphorylation and dephosphorylation of Ser-279 and Ser-282 of 
some connexin molecules in a connexon determines gap junction size, not only by regulating connexon endocytosis, but 
also by facilitating connexon–connexon docking to form cell–cell channels and their subsequent incorporation into 
gap-junctional plaques. Inhibition of clathrin-mediated endocytosis of connexons triggers internalization via the 
formation of annular gap junctions. ACJBPS = actin and cell junction binding proteins AGJs = annular gap junctions 
CAM = cell adhesion molecule CCP = clathrin-coated pit CCPL = clathrin-coated plaque CCV and CCVS = clathrin-
coated vesicles ENDO = endosome, LYS = lysosome YA/VD = sorting motif mutant Cx43.
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were multiply (two to four times) infected with various recombi-
nant retroviruses produced from PTi67 cells and selected in either 
G418 (400 μg/ml) or puromycin (1 μg/ml for BxPC3 and 2 μg/ml 
for Capan-1) for 2–3 wk in complete medium. Pooled cultures 
from ∼2000 colonies obtained from three to four dishes were 
expanded, frozen, and maintained in selection media containing 
G418 (200 μg/ml) and in G418 plus puromycin (1 μg/ml) for CP43KD 
and Bx43KD cells expressing the knocked-in constructs. Pooled 
polyclonal cultures were used within two to three passages for 
immunocytochemical and biochemical analyses.

Cell transfection
Twenty-four hours prior to transfection, Capan-1 (1.5 × 106) and 
BxPC3 (106) cells were seeded on glass coverslips in six-well clusters. 
Cells were transfected with various plasmids in duplicate using 
Fugene (Roche Diagnostics) according to the manufacturer’s instruc-
tions. For transfection of single plasmids, 2 μg of plasmid DNA was 
used per well. For cotransfection of two plasmids, pEGFP (0.5 μg) 
and the plasmid DNA (1.5 μg), containing the gene whose expression 
was to be detected were mixed. Expression was analyzed 16–24 h 
posttransfection after cells were fixed and immunostained with the 
desired antibodies as previously described (Mitra et al., 2006).

Yeast two-hybrid analysis
To test for the direct interaction of Cx43 with the μ2 subunit of 
AP-2 complex, we used yeast two-hybrid analysis (BD Biosciences/
Clontech, Franklin Lakes, NJ). Briefly, the cytoplasmic tail of Cx43 
(residues 240–382) was cloned into the EcoRI and BamHI sites of 
pGBKT7 to give pGBKT743-WT. Site-directed mutagenesis was 
then used to generate pGBKT743-Y286A, pGBKT743-V289D, and 
pGBKT743-Y286A/V289D. pGADT7-T containing the μ2 subunit of 

Cell surface biotinylation assay
BxPC3 (5 × 105) and Capan-1 (4 × 105) cells were seeded in 6-cm 
dishes in replicate and grown to 70–80% confluence. The biotinyla-
tion reaction was performed at 4°C using freshly prepared EZ-
LinkSulfo-NHS-SS Biotin reagent (Pierce, Rockford, IL) at 0.5 mg/ml 
in phosphate-buffered saline (PBS) supplemented with 1 mM CaCl2 
and 1 mM MgCl2 (PBS-PLUS) for 1 h. The reaction was quenched 
with PBS-PLUS containing 20 mM glycine, and cells were lysed as 
described previously (Govindarajan et al., 2002, 2010; Chakraborty 
et al., 2010). The affinity precipitation of biotinylated proteins was 
performed with 200 μg of total protein using 100 μl of streptavidin-
agarose beads (Pierce) on a rotator overnight at 4°C. The streptavi-
din-bound biotinylated proteins were eluted and resolved by SDS–
PAGE followed by Western blotting as described previously 
(Govindarajan et al., 2002, 2010; Chakraborty et al., 2010). The kinet-
ics of degradation of cell surface–associated Cx43 was determined 
as follows: after biotinylation, washing, and quenching of biotin, 
biotinylated proteins were chased at 37°C for various times before 
affinity precipitation with streptavidin. These methods have been 
described in our earlier studies (Govindarajan et al., 2010). The pro-
tein concentration was determined using the BCA reagent (Pierce).

Recombinant DNA constructs and retrovirus production 
and infection
Wild-type rat Cx43 and its various mutants were cloned into 
pcDNA3.1 and the retroviral vector pLXSN using PCR cloning and 
standard recombinant DNA protocols. Mutants were generated by 
site-directed mutagenesis using a QuikChange kit (Stratagene, 
La Jolla, CA) according to the manufacturer’s instructions. WT-Cx43 
and its various mutants tagged in-frame with green (EGFP) fluores-
cent protein and with a Myc epitope were constructed using pEGFP-
N1 and pMyc-CMV (Clontech, Mountain View, CA). All constructs 
were verified by DNA sequencing (ACGT, Wheeling, IL). These mu-
tants are shown in Figure 12. For construction of an EGFP-tagged μ2 
subunit of AP2 complex, a fragment of mouse μ2 corresponding to 
that in clone 3 μ2 (Ohno et al., 1995) was tagged at the N-terminus 
with mEGFP (GFPμ2). Rat Cx43 tagged in-frame with mAPPLE was a 
gift from Matthias Falk (Department of Biological Sciences, Lehigh 
University). The source of the retroviral vector pSUPER.retro.puro 
and the construction of the retroviral vector LXSNCx32 have been 
described in our earlier studies (Mitra et al., 2006; Chakraborty et al., 
2010). Rab5 and their constitutively active (pRab5Q67L) and domi-
nant-negative (pRab5S34N) mutants tagged with EGFP were a gift 
from Steve Caplan (Department of Biochemistry and Molecular Biol-
ogy, University of Nebraska Medical Center).

The retroviral vectors were used to produce recombinant retrovi-
ruses in EcoPack and PTi67 packaging cell lines as follows. EcoPack 
(Clontech) cells were seeded in duplicate at a density of 106 cells per 
10-cm dish. The cells were transfected with 20 μg of retroviral vec-
tors (plasmids) using Fugene for 6 h (Roche). The medium was 
replaced with 10 ml of fresh medium, and cells were incubated for 
additional 48 h, after which the medium containing the recombinant 
retrovirus was collected and filtered (0.45 μM; Millipore, Billerica, 
MA). For production of recombinant retrovirus for infection of 
target cells, amphotropic PTi67 cells were infected with the 
transiently produced recombinant retrovirus from EcoPack and se-
lected in G418 (400 μg/ml), when infected with LXSN constructs, 
or puromycin (1 μg/ml), when infected with pSuper.retro.puro. 
The recombinant retrovirus produced from the pooled polyclonal 
cultures of PTi67 cells was assayed for the virus titer by colony-
forming units as previously described (Mehta et al., 1991). PTi67 
cells producing the virus were frozen. BxPC3 and Capan-1 cells 

FIGURE 12:  Diagram of the Cx43 constructs. Shown are the maps of 
wild-type and mutant Cx43 cloned into pcDNA (PC) and retroviral 
vector LXSN (LX), as indicated on the left. The constructs are tagged 
either with Myc or with red or green fluorescent proteins. The regions 
indicated are as follows: the proline rich region (PY) is pink, whereas 
the tyrosine-based sorting motif is green. The amino acid sequence of 
each indicated region is shown above each construct. Mutated 
residues are highlighted by red letters, and the relative position of 
each mutant is marked by blue circles. The amino and the carboxyl 
termini are indicated by N and C, respectively.
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Single-cell and coculture experiments
For the single-cell experiments shown in Figures 2, S3, 4, and S6, 
BxPC3 and Capan-1 cells were seeded in six-well clusters at a den-
sity of (2–5) × 103 cells per well in 2 ml of complete culture medium 
as previously described (Govindarajan et al., 2010). For the cocul-
ture experiments shown in Figure 10, Cx43EGFP or Cx43mAPPLE 
was introduced into Bx43KD and CP43KD cells using LXCx43EGFP 
and LXCx43mAPPLE, and pooled polyclonal cultures expressing 
each construct were established separately upon selection in 
G418, as described above. Bx43KD and CP43KD cells expressing 
either Cx43EGFP or Cx43mAPPLE were suspended in medium 
and then mixed together in a 1:1 ratio and allowed to aggregate in 
suspension for 4 h at 37°C in an atmosphere of 5% CO2 to maxi-
mize the formation of doublets, triplets, and quadruplets. After 
4 h, these cells were plated into six-well clusters at a density of 
105 cells per well. After 20 h, cells were fixed and mounted on 
slides. For coculture experiments with the human prostate cancer 
cell line LNCaP, cells were infected with the retroviruses containing 
Cx43EGFP or Cx43mAPPLE, and cells expressing them were cocul-
tured using the approach described above for BxPC3 and Capan-1 
cells. To examine whether cell–cell contact determines Cx43 colo-
calization with clathrin, Bx43KDKI and CP43KDKI cells expressing 
Cx43EGFP were cocultured with Bx43KD and CP43KD cells at a 
ratio of 1:4, as described above, and colocalization of Cx43 with 
clathrin was determined upon immunostaining.

Quantitation of gap junction assembly/restoration
For quantifying gap junction assembly, pEGFP (0.5 μg) and the wild-
type or mutant cDNAs (1.5 μg) were cotransfected into BxPC3, 
Capan-1, Bx43KD, and CP43KD cells as described above in Cell 
transfection. After 16–24 h, pairs of cells expressing equal levels of 
EGFP (as assessed visually) were counted for the formation of gap 
junctions, as exemplified by Figure 3. The percentage of cells with 
restored gap junctions was determined by counting 15–20 EGFP-
expressing cells.

Communication assays
Gap-junctional communication was assayed by microinjecting fluo-
rescent tracers LY (Lucifer Yellow; MW 443 Da lithium salt), Alexa 
Fluor 488 (MW 570 Da A-10436), or Alexa Fluor 594 (MW 760 Da 
A-10438), and by the scrape-loading assay as previously described 
(Govindarajan et  al., 2002, 2010; Chakraborty et  al., 2010; Kelsey 
et al., 2012). All Alexa dyes were purchased as hydrazide sodium salts 
from Molecular Probes (Carlsbad, CA), and stock solutions for micro-
injection were prepared in water at 10 mM. Eppendorf InjectMan and 
FemtoJet microinjection systems (models 5271 and 5242; Brinkmann 
Instrument, Westbury, NY) mounted on a Leica DMIRE2 microscope 
were used to microinject the fluorescent tracers. Junctional transfer 
of fluorescent tracers was quantitated by scoring the number of fluo-
rescent cells (excluding the injected one) from the captured TIFF im-
ages either at 1 min (LY), 3 min (Alexa 488), or 15 min (Alexa 594) after 
microinjection into test cells as previously described (Mehta et al., 
1986, 1999; Mitra et al., 2006; Chakraborty et al., 2010). Cells were 
scrape-loaded in 1 ml of medium containing rhodamine-conjugated 
fluorescent dextrans (10 kDa, 1 mg/ml, fixable) and LY (0.5%) essen-
tially as previously described (Govindarajan et al., 2010).

AP2 complex was a gift from Steve Caplan (Biochemistry and Mole-
cular Biology, University of Nebraska Medical Center). These plas-
mids were used to transform Saccharomyces cerevisiae strain AH109 
(BD Biosciences/Clontech) by the lithium acetate procedure, using 
the MATCHMAKER two-hybrid kit (BD Biosciences/Clontech) essen-
tially as described (Naslavsky et al., 2006).

Immunoprecipitation
For the coimmunoprecipitation experiments shown in Figure 4, 
HeLa cells, grown to 50% confluence in 10-cm dishes, were trans-
fected with 10 μg of pcDNACx43EGFP, pcDNACx43-Myc, pcDNA-
Y286A/V289D-Cx43-Myc (YA/VD-Cx43-Myc), and pcDNA-YA/VD-
Cx43-EGFP (YA/VD-Cx43EGFP) either alone or in combination. 
Twenty-four hours posttransfection, cells were harvested and lysed 
as described above in Detergent extraction and Western blot 
analysis. Following lysis and protein estimation, 1 mg of total pro-
tein was precleared with the Control Agarose Resin in the Pierce 
Co-IP Kit (Pierce) at 4°C for 1 h with gentle end-over-end mixing. 
The precleared lysate was then added to AminoLink Plus Coupling 
Resin, containing covalently bound monoclonal-GFP antibody 
(Roche) and incubated at 4°C for 16 h with gentle end-over-end mix-
ing. After incubation, the GFP resin was washed three times in im-
munoprecipitation/wash buffer (Pierce) for 10 min with gentle shak-
ing. Bound proteins were eluted from the GFP resin using the Co-IP 
kit elution buffer, containing primary amines (Pierce). For Western 
blot analysis, 5X reducing lane Marker Sample Buffer (Pierce) was 
added to the eluted samples to a final concentration of 1X. Pull 
down was assessed by Western blotting with monoclonal-Myc 
antibody.

Connexin43 knockdown
Accell small interfering RNAs (siRNAs) with target sequences to the 
3′ UTR of human Cx43 were purchased from Dharmacon/Thermo 
Scientific (Lafayette, CO). BxPC3 cells were seeded at a density of 8 × 
104 cells per well in a 12-well cluster and, after 24 h, were transfected 
with the siRNAs using Oligofectamine according to the manufactur-
er’s instructions (Invitrogen). Cells were incubated in the transfection 
medium mixture for 72 h, after which the medium was replaced with 
complete RPMI medium, and the cells were allowed to grow for an 
additional 24 h. Cells were harvested and lysed as described above, 
and knockdown was assessed by Western blot analysis.

The most potent Cx43 siRNA was selected and used to con-
struct an shRNA. As a control, a scrambled sequence of the Cx43 
siRNA was generated using siRNA Wizard software (InvivoGen, 
San Diego, CA). The shRNA oligos were purchased from Inte-
grated DNA Technologies (Coralville, IA). The retroviral vector, 
pSUPER.retro.puro (OligoEngine, Seattle, WA), was used to pro-
duce shRNAs with the scrambled (Sh-Scr) Cx43 sequence (5′-GC-
UAUAGGAUACGGAUAAU-3′) and Cx43-targeting (Sh-Cx43) 
sequence (5′-GUAGUGGAUUCAAAGAACU-3′) according to 
the manufacturer’s instructions. The knockdown efficiency was 
assessed by transient transfection of these plasmids in BxPC3 
and Capan-1 cells followed by Western blot and immunocy-
tochemical analysis, as described above. After verification of 
knockdown, recombinant retroviruses containing Sh-Scr and 
Sh-Cx43 were produced in PTi67 cells, as described above. For 
stable knockdown, BxPC3 and Capan-1 cells were multiply in-
fected with the recombinant retroviruses, and pooled polyclonal 
cultures were established as described in Recombinant DNA 
Constructs and retrovirus production and infection. Stable Cx43 
knockdown BxPC3 and Capan-1 cells were designated as 
Bx43KD and CP43KD, respectively.
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