Connexin43 phosphorylation by PKC and
MAPK signals VEGF-mediated gap junction
internalization
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ABSTRACT Gap junctions (GJs) exhibit a complex modus of assembly and degradation to
maintain balanced intercellular communication (GJIC). Several growth factors, including vascu-
lar endothelial growth factor (VEGF), have been reported to disrupt cell-cell junctions and
abolish GJIC. VEGF directly stimulates VEGF-receptor tyrosine kinases on endothelial cell sur-
faces. Exposing primary porcine pulmonary artery endothelial cells (PAECs) to VEGF for 15 min
resulted in a rapid and almost complete loss of connexin43 (Cx43) GJs at cell-cell appositions
and a concomitant increase in cytoplasmic, vesicular Cx43. After prolonged incubation periods
(60 min), Cx43 GJs reformed and intracellular Cx43 were restored to levels observed before
treatment. GJ internalization correlated with efficient inhibition of GJIC, up to 2.8-fold in-
creased phosphorylation of Cx43 serine residues 255, 262, 279/282, and 368, and appeared
to be clathrin driven. Phosphorylation of serines 255, 262, and 279/282 was mediated by
MAPK, whereas serine 368 phosphorylation was mediated by PKC. Pharmacological inhibition
of both signaling pathways significantly reduced Cx43 phosphorylation and GJ internalization.
Together, our results indicate that growth factors such as VEGF activate a hierarchical kinase
program—including PKC and MAPK—that induces GJ internalization via phosphorylation of
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well-known regulatory amino acid residues located in the Cx43 C-terminal tail.

INTRODUCTION

Gap junctions (GJs) are specialized domains in the plasma mem-
brane that consist of clusters of channels that allow direct intercel-
lular communication between neighboring cells. These channels
permit ions and small molecules to be transferred from cell to cell
(Goodenough et al., 1996; Kumar and Gilula, 1996). Gap junction—
mediated intercellular communication (GJIC) is crucial for normal
cell function, including coordination of development (Guthrie and
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Gilula, 1989), tissue homeostasis, growth, and differentiation (Mehta
et al., 1986; Loewenstein and Rose, 1992). Aberrant function of GJs
and reduction of cell-cell coupling via GJs are associated with many
pathological conditions, including cancer (Simon, 1999; Sulkowski
et al., 1999; Chang et al., 2003; Leithe et al., 2006; Cronier et al.,
2009). Microscopic observations performed in living cells express-
ing fluorescent-tagged connexin43 (Cx43), the most ubiquitously
expressed and an essential GJ protein, have shown that GJs are
highly dynamic structures. To maintain normal cell-to-cell communi-
cation, recruitment of newly synthesized GJ channels along the
outer edge of GJ plaques and simultaneous removal of older chan-
nels from plaque centers are precisely regulated (Gaietta et al.,
2002; Lauf et al., 2002; Falk et al., 2009; Rhett et al., 2011; Dunn and
Lampe, 2014). Dynamic assembly and degradation of GJs corre-
lates with the short half-life of Cx proteins of 1-5 h determined in
situ as well as in cultured cells (Fallon and Goodenough, 1981;
Beardslee et al., 1998; Berthoud et al., 2004; Falk et al., 2009). A
characteristic feature of GJs is that docked double-membrane-
spanning GJ channels cannot be separated into individual, single-
membrane-spanning hemichannels (connexons) under physiologi-
cal conditions (Goodenough and Gilula, 1974; Ghoshroy et al.,
1995). However, cells can constitutively turn over GJs by either
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internalizing small double-membrane domains from central areas of
plaques (Jordan et al., 2001; Gaietta et al., 2002; Falk et al., 2009;
Cone et al., 2014) or internalizing entire plaques or large portions of
plaques (Piehl et al., 2007). Moreover, cells can acutely internalize
GJs in response to inflammatory agents or growth factors (Leithe
and Rivedal, 2004; Thuringer, 2004; Baker et al., 2008; Fong et al.,
2014). Earlier studies showed that GJ turnover uses the clathrin-
mediated endocytosis (CME) machinery (Larsen et al., 1979; Naus
et al., 1993; Huang et al., 1996; Piehl et al., 2007; Gumpert et al.,
2008; Nickel et al., 2008, 2013; Gilleron et al., 2011), and internaliza-
tion results in the formation of cytoplasmic double-membrane GJ
vesicles, termed annular gap junctions (AGJs) or connexosomes (re-
viewed in Thévenin et al., 2013; Falk et al., 2014; Su and Lau, 2014).

Cx43 is a phosphoprotein that is known to be phosphorylated in
situ on at least 15 different serine and tyrosine residues located in its
C-terminal domain that are known to regulate all steps of GJ assem-
bly and turnover (Solan and Lampe, 2007, 2014; Thévenin et al.,
2013). However, the cellular signals and molecular mechanisms that
regulate these events are poorly understood.

Vascular endothelial growth factor (VEGF) is an angiogenic
growth factor that is highly specific for endothelial cells. The VEGF-
specific tyrosine kinase receptors VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/
KDR), and VEGFR-3 (Flt-4, in lymphangiogenesis) activate several
intracellular signaling pathways upon VEGF binding (de Vries et al.,
1992). Proliferation and migration of endothelial cells are primarily
mediated by VEGFR-2 (Waltenberger et al., 1994). Activation of
VEGF receptors promotes phosphorylation of a number of down-
stream proteins in endothelial cells, including phospholipase Cy
(Takahashi et al., 2001), phosphatidylinositol 3-kinase (PI3-kinase;
Qi and Claesson-Welsh, 2001), and guanine 5-triphosphate and
GTPase-activating protein (Suzuma et al., 2000). Furthermore, VEGF
induces protein kinase C (PKC), which results in an increase in intra-
cellular calcium ions and stimulates inositol-1,4,5-triphosphate ac-
cumulation (Brock et al., 1991). VEGF has also been reported to tran-
siently disrupt GJIC in endothelial cells via the activation of VEGFR-2,
which activates mitogen-activated protein kinase (MAPK) and c-Src
activity (Kevil et al., 1998; Suarez and Ballmer-Hofer, 2001). In addi-
tion, it was reported that the VEGF-induced disruption of GJIC cor-
related with the rapid internalization of Cx43 and its tyrosine phos-
phorylation in rat coronary capillary endothelium (Thuringer, 2004).
Although VEGF-mediated endothelial response has been investi-
gated previously, inconsistent results related to timing of recovery
and kinases involved have been reported (Kevil et al., 1998; Suarez
and Ballmer-Hofer, 2001; Thuringer, 2004), hinting at endothelial cell
type-specific responses and possibly technical issues.

Furthermore, potential mechanisms, including posttranslational
modiifications of Cx43 such as phosphorylation or ubiquitination, that
may be important for VEGF-induced inhibition of GJIC and whether
VEGF-mediated inhibition of GJIC involves GJ internalization have
not been investigated. Elucidating the mechanisms that down-regu-
late GJIC in response to VEGF is important for understanding, for
example, the biology of cancer development, including changes in
cell cycle progression, angiogenesis, and tumor cell metastasis.

To test the hypothesis that phosphorylation of known regula-
tory amino acid residues in the Cx43 C-terminus might serve as an
early signal to initiate channel closure and GJ internalization, we
investigated whether treating cells with VEGF would induce phos-
phorylation of specific C-terminal Cx43 serine residues. We used
primary porcine pulmonary artery endothelial cells (PAECs) as a
model, as these cells express abundant levels of Cx43 and VEGF
receptors. We found that in these cells, recombinant human VEGF-
165 (VEGF-A) significantly inhibits GJIC and rapidly induces Cx43
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GJ internalization via CME. Our results demonstrate that VEGF
treatment induces the phosphorylation of Cx43 at serines 255,
262, 279/282, and 368 by MAPK and PKC that correlates with
GJIC inhibition and Cx43-based GJ internalization. Pharmacologi-
cal inhibition of both kinases significantly reduced Cx43 phosphor-
ylation and GJ internalization, indicating that phosphorylation of
Cx43 by both kinases on at least two different sites is required to
initiate GJ internalization.

RESULTS

VEGF induces efficient internalization of Cx43 GJs

Previous studies showed that treatment with VEGF leads to a tran-
sient disruption of GJIC that coincides with a disorganization of
junctional proteins (Kevil et al., 1998; Suarez and Ballmer-Hofer,
2001); however, whether VEGF treatment induces GJ internalization
has not been known. Thus, we first investigated whether VEGF in-
duces endocytosis of Cx43 GJs in PAECs. Cells were grown on cov-
erslips, incubated with VEGF for 5-60 min as indicated, and sub-
jected to immunofluorescence to determine the subcellular
distribution of Cx43 (Figure 1). In untreated cells, the majority of the
Cx43 signal was detected at cell-cell contacts (visualized by coun-
terstaining for zonula occludens-1 [ZO-1]), with the typical appear-
ance of GJs assembled in these cells endogenously expressing
Cx43 (Baker et al., 2008). In addition, a faint punctate distribution of
Cx43 was detected in the cytoplasm, especially in areas surrounding
the cell nucleus (including the Golgi apparatus), as is typical for se-
cretory Cx43 in transit to the plasma membrane (Musil and Goode-
nough, 1993; Jordan et al., 1999; Lauf et al., 2002; Falk et al., 2009;
Figure 1A, a—c). VEGF treatment for only 5 min induced a rapid
disruption of Cx43 GJs at cell-cell contacts and at the same time a
significant increase of vesicular Cx43 in the cytoplasm (Figure 1, A,
d-f, and B). At 15 min, almost all GJs at cell-cell contacts had disap-
peared and vesicular cytoplasmic Cx43 staining peaked (Figure 1,
A, g-i, and B). However, after 30 min of VEGF treatment, the Cx43
signal in the cytoplasm had decreased, and GJs began to reappear
at cell-cell contacts (Figure 1, A, j-I, and B). At 60 min after VEGF
treatment, most cells showed an almost complete restoration of GJs
at cell-cell contacts, and the vesicular Cx43 signal in the cytoplasm
had returned to levels comparable to what was observed before
treatment (Figure 1, A, m—o, and B). In contrast, the staining pattern
for ZO-1 at cell—cell contact areas remained largely unchanged over
the entire course of VEGF treatment (Figure 1A, b, e, h, k, and n).
Quantitative intracellular Cx43 fluorescence intensity analyses per-
formed on >300 cells of three independent experiments revealed a
significant average increase of (2.4 £ 0.17)- and (3.4 £ 0.86)-fold at 5
and 15 min of treatment, which returned to (1.5 £ 0.25)- and (1.4 +
0.34)-fold after 30-60 min of treatment, respectively (Figure 1B).
Taken together, these analyses suggest a rapid but transient inter-
nalization of Cx43 GJs in response to VEGF receptor activation that
was restored within 1-2 h.

Ultrastructural analyses reveal a rapid reorganization

of lateral junctional membranes in response to VEGF
treatment that is followed by GJ internalization and

AGJ formation

The loss in membrane fluorescence upon VEGF treatment, the con-
comitant increase in cytoplasmic staining, and the spherical appear-
ance of the newly formed cytoplasmic structures appearing larger
and brighter than secretory Cx43-containing transport vesicles (Lauf
et al., 2002; Falk et al., 2009) suggest that GJs were internalized as
complete plaques to form AGJs, as observed previously and deter-
mined to be typical for GJs (Jordan et al., 2001; Piehl et al., 2007,
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VEGF induces rapid, transient Cx43-GJ internalization in PAECs. (A) Double staining of Cx43 (green) and
ZO-1 (red) in untreated cells (a—c), or in cells treated with 100 ng/ml VEGF for 5 (d-f), 15 (g—i), 30 (j-I), or 60 (m—o) min.
Nuclei were stained with Hoechst 33342 (blue). Representative images acquired with identical camera settings are
shown. Note the acute transient loss of plasma membrane-localized GJs and a simultaneous increase in punctate,
intracellular Cx43 fluorescence. (B) Normalized quantitative analyses of intracellular fluorescence intensity of Cx43 (an
indirect measure of reduced plasma membrane fluorescence intensity) in untreated and VEGF-treated cells at indicated
time points of three independent experiments (a total of >300 cells). Significant differences are depicted with asterisks.
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Baker et al., 2008; Nickel et al., 2008, 2013; Fong et al., 2014). To
further support this assumption, we fixed untreated cells at 5 and
15 min after VEGF treatment and performed ultrastructural analyses
by transmission electron microscopy (TEM). A number of GJs were
detected in untreated cells (Figure 2, A-C, arrows) and exhibited the
characteristic pentalaminar staining pattern and small size that is
typical for these endogenously Cx43-expressing cells (Baker et al.,
2008). In cells treated for 5 min with VEGF, plasma membranes and
GJs were largely rearranged from a straight orientation to an undu-
lating, highly folded orientation suggestive of GJs in the process of
endocytosis (Figure 2D, arrows). Some AGJ vesicles showing the
characteristic pentalaminar staining pattern typical for double-mem-
brane-spanning GJs were also detected in the cytoplasm of these
cells, and their number increased in the longer-treated cells (Figure
2, E and F, arrowheads). Of interest, patches of organized protein
coats indicative of clathrin coats were detected on some AGJ vesi-
cles, as observed earlier in Hela and rabbit granulosa cells (Larsen
etal., 1979; Piehl et al., 2007; Figure 2F, open arrowhead; enlarged
in inset on the right). Taken together, these results suggest that GJs
after VEGF treatment internalized as whole plaques, resulting in the
formation of AGJs in the cytoplasm.

Activation of MAPK and PKC signaling pathways mediates
VEGF-induced GJ internalization

Previous studies reporting inhibition of GJIC in response to VEGF
treatment implied that MAPK and other kinases were involved in

Untreated

this process (Suarez and Ballmer-Hofer, 2001; Thuringer, 2004). To
address whether GJ internalization in PAECs in response to VEGF is
dependent on MAPK and PKC signaling, we examined the effects of
inhibiting MEK (an upstream kinase of the MAPK signaling cascade;
see later discussion of Figure 8) and PKC on Cx43 GJ internalization.
PAECs grown on coverslips were left untreated or were VEGF
treated after addition of MEK inhibitor PD98059 and PKC inhibitor
GF109203X before immunofluorescence analyses to detect Cx43.
As observed and shown in Figure 1, untreated cells exhibited robust
Cx43 GJ staining at cell-cell appositions (Figure 3, Aa and B),
whereas cells exposed to VEGF for 15 min had internalized their GJs
(Figure 3, Ab and B). In contrast, GJ internalization was significantly
inhibited in cells that were preincubated with the MEK inhibitor
PD98059 or the PKC inhibitor GF109203X before VEGF treatment.
This indicates that both kinase pathway inhibitors counteracted the
effect of VEGF in inducing Cx43 GJ internalization (Figure 3, A, ¢
and d, and B). Quantitative intracellular Cx43 fluorescence intensity
analyses, again performed on >300 cells of three independent ex-
periments, showed that the fluorescence intensity of Cx43 in the
cytosol was increased to (2.6 + 0.10)-fold after VEGF treatment and
that the VEGF-induced internalization of Cx43 was reduced to (1.7
+ 0.11)- and (1.6 £ 0.10)-fold in the presence of PD?8059 and
GF109203X, respectively (Figure 3B). These results demonstrate
that in response to VEGF-receptor activation, MAPK and PKC sig-
naling cascades are activated in PAECs, triggering Cx43 GJ
internalization.

VEGF

FIGURE 2: VEGF induces a rapid reorganization of lateral junctional membranes and internalization of GJs into annular GJs.
PAECs were processed untreated or after treatment with VEGF for 5 and 15 min and examined by thin-section electron
microscopy. (A-C) GJs with distinctive pentalaminar-striped staining pattern (labeled with arrows), in general small in size, as
characteristic for these endogenously Cx43-expressing cells, were detectable in untreated cells. (D) Cells in the 5-min
VEGF-treated samples largely exhibited undulating lateral membranes suggestive of GJs in the process of internalization
(arrows). (E, F) Cytoplasmic AGJs with vesicular, double-membrane GJ morphology (arrowheads) were also detected,
especially in the VEGF-treated cells. On some AGJs, a patchy protein coat similar in appearance to clathrin coats was
detected (open arrowhead in F, enlarged on the right). M, mitochondria; N, cell nucleus; PMs, lateral plasma membranes.
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Inhibition of MEK (MAPK signaling pathway) and PKC prevents VEGF-induced Cx43 GJ internalization.
(A) PAECs were (a) left untreated, (b) VEGF treated for 15 min, or preincubated with (c) MEK inhibitor PD98059 or
(d) PKC inhibitor GF109203X 1 h before VEGF treatment. Cells were then fixed and stained for Cx43. Representative
images acquired with identical camera settings. (B) Normalized quantitative analyses of intracellular fluorescence
intensity of Cx43 in untreated, VEGF-treated, and VEGF-treated cells preincubated with PD98059 or GF109203X. Data
represent analyses from three independent experiments (a total of >300 cells). Note the highly significant reduction in
GJ internalization in cells in which MAPK and PKC signaling pathways were blocked.
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VEGF-induced GJ internalization correlates with

GJIC inhibition

The aforementioned data strongly suggest that GJs are internalized
in response to VEGF receptor stimulation. To examine whether GJ in-
ternalization correlates with inhibition of GJIC, we performed scrape-
loading dye transfer assays using the established GJ permeable dye
Lucifer yellow (LY; Figure 4A). Within 5 min after scraping, LY robustly
spread to many rows of adjacent cells in untreated PAECs, consistent
with the high level of Cx43 GJs in these cells (Figure 4, Aa and B; cut
depicted with a red dotted line; fluorescence intensity measured along
the white line is depicted graphically on the right). In contrast, LY dye
transfer was significantly inhibited in cells that were treated for 15 min
with VEGF (Figure 4, Ab and B). In cells treated either with VEGF re-
ceptor inhibitor or with MAPK (PD98059) or PKC (GF109203X) inhibi-
tor before VEGF addition, LY dye transfer was comparably high to that
for untreated cells (Figure 4, A, c—e, and B). Quantitative fluorescence
analyses performed along lines placed perpendicular to the cuts in
three independent experiments revealed that GJIC in VEGF-treated
cells was significantly reduced to 34.5 + 8.46% (n = 3) compared with
the untreated group (100%, n = 3), whereas dye transfer was 88 +
2.18% (n = 3) in VEGF receptor inhibitor, 83.9 + 9.74% (n = 3) in
PD98059, and 78.9 £ 1.82 (n = 3) in GF109203X-treated cells, respec-
tively (Figure 4B). Dye transfer was restored within 1-2 h after VEGF
treatment to levels almost as high as observed in untreated cells (72.5
+9.3% after 1 h and 76.8 £ 4.0% after 2 h; n=5; Supplemental Figure
S1). These data correlate with the reappearance of GJs in the plasma
membranes as described earlier and previously published observa-
tions in VEGF-treated human umbilical vein cells and Ea.hy926 endo-
thelial cells (Suarez and Ballmer-Hofer, 2001).

VEGF treatment induces phosphorylation of Cx43 on
serines 255, 262, 279/282, and 368

To explore whether VEGF-induced internalization of Cx43 GJs
might be triggered by phosphorylation of Cx43 and whether it in-
volves MAPK and/or PKC signaling pathways, we examined the
level of phosphorylation of known regulatory serine residues lo-
cated in the Cx43 C-terminal domain. We again exposed PAECs to
VEGF for 5, 15, 30, and 60 min before lysing the cells and compar-
ing Cx43 phosphorylation levels to untreated cells by Western blot
analyses using Cx43 phosphospecific antibodies. Representative
Western blots are shown in Figure 5A, and quantitative analyses of
three independent experiments are shown in Figure 5B. We found
that VEGF induced significant phosphorylation of Cx43 serines
255, 262, 279/282, and 368 within 5 min after VEGF exposure.
Phosphorylation levels peaked at 15 min after VEGF treatment and
then decreased after 30-60 min, reaching levels comparable to
those of untreated cells (Ser-279/282 and especially Ser-368 phos-
phorylation levels appeared to be delayed in reverting back to
untreated levels, remaining at [1.40 + 0.03]- and [1.87 + 0.08]-fold
after 1 h) and correlating with the general time frame observed for
GJ internalization and restoration (Figure 5, A and B). In this set of

experiments (n = 3), Cx43 phosphorylation reached a maximum
of (2.21 + 0.15)-fold for Ser-255, (2.73 + 0.14)-fold for Ser-262,
(2.51 £ 0.001)-fold for Ser-279/282, and (2.55 + 0.03)-fold for Ser-
368 at 15 min after VEGF treatment (Figure 5B). Levels of total
Cx43 protein detected at all time points remained largely un-
changed (Figure 5A, top). Levels of o-tubulin were analyzed for
equal loading (Figure 5A, bottom).

VEGF-induced Cx43 phosphorylation is mediated

by MAPK and PKC

Next we examined the potential signaling cascades that up-regu-
late phosphorylation of respective Cx43 serine residues upon VEGF
treatment. We directly monitored activation of MAPK signaling by
analyzing activation of extracellular signal-regulated protein kinases
1 and 2 (ERK1/2; downstream kinases of the MAPK signaling cas-
cade [see later discussion of Figure 8] that are phosphorylated when
active) by Western blot and immunofluorescence techniques using
ERK1/2 phosphospecific antibodies (pERK1/2; Figure 5, A and C).
We found that in three independent experiments, increased ERK1/2
phosphorylation was detectable 5 min after VEGF treatment, which
peaked at (4.3 = 0.002)-fold at 15 min and then dropped to
(2.6 £ 0.01)-fold and levels comparable to those detected in un-
treated cells after 30 and 60 min, respectively (Figure 5C).

We further verified that MAPK and PKC are indeed the kinases
that mediate phosphorylation of respective Cx43 serine residues
by analyzing Cx43 phosphorylation patterns in cells in which VEGF
receptors and MAPK and PKC signaling cascades were inhibited
using the previously applied pharmacological inhibitors. Figure 6
shows that cells in this set of experiments (n = 3) treated in control
with VEGF alone for 15 min exhibited significant increases in pSer-
255, pSer-262, pSer-279/282, and p-Ser368 to ~1.84 + 0.02, 2.81
+0.10, 2.14 £ 0.08, and 2.35 + 0.06, respectively, comparable to
levels detected before and described earlier (Figure 5, A and B).
The VEGF receptor inhibitor significantly inhibited VEGF-induced
phosphorylation of ERK1/2 (Figure 6A, next to bottom) and all
examined serine residues (Figure 6). The MEK inhibitor (MAPK
pathway) PD98059 significantly inhibited VEGF-induced phos-
phorylation of ERK1/2, Ser-255, Ser-262, and Ser-279/282 but not
that of Ser-368 (Figure 6). The PKC inhibitor GF109203X signifi-
cantly inhibited VEGF-induced phosphorylation of Ser-368, from
(~2.35 * 0.06)-fold (without GF109203X) to (~1.0 + 0.03)-fold
(with GF109203X), which was similar to the basal level of Ser-368
phosphorylation observed in untreated cells (Figure 5, A and B).
Of interest, the PKC inhibitor GF109203X also significantly de-
creased VEGF-induced phosphorylation of Ser-279/282 and
Ser-255 (Figure 6), suggesting that PKC-mediated phosphoryla-
tion of Ser-368 might occur before the phosphorylation of serines
255, 262, and 279/282 by MAPK. Taken together, these results in-
dicate that VEGF receptor activation causes a significant up-regu-
lation of known Cx43 regulatory serine residues that correlates
with and induces GJ internalization.

FIGURE 4: VEGF inhibits GJIC in PAECs. (A) PAECs were (a) left untreated or treated with (b) VEGF for 15 min without
inhibitor, (c) VEGF receptor inhibitor, (d) PD98059, or (e) GF109203X, administered 1 h before VEGF treatment, followed
by Lucifer yellow (LY) scrape loading dye transfer assays. Representative LY fluorescence images for each group from
three independent experiments acquired with identical camera settings are shown in A, and quantitative analyses of
relative dye transfers (representative of GJIC efficiencies) are shown in B. Scalpel cuts through the cell monolayers
leading to cell wounding and dye uptake are depicted by dashed lines. Fluorescence intensity profiles along lines (solid)
placed in representative areas perpendicular to the cuts are shown beside the images. Note efficient dye transfer,
similar to untreated cells, when VEGF receptors or MAPK or PKC signaling pathways were blocked.
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FIGURE 5: VEGF treatment induces efficient phosphorylation of Cx43 serine residues 255, 262, 279/282, and 368.

(A) PAECs were left untreated or treated with VEGF for indicated times before cell lyses and Western blot analyses.
Phosphorylation of Cx43 was detected using phosphospecific antibodies directed against Ser-255, Ser-262, Ser-279/282,
and Ser-368. Phosphorylation (activation) of ERK1/2 was also detected using phosphospecific anti-ERK1/2 antibodies
(PERK1/2). Representative Western blots. (B) Normalized quantitative analyses of phosphorylated Ser-255, Ser-262,
Ser-279/282, and Ser-368 of Cx43 of three independent experiments. Note the significant increase in Cx43 serine
phosphorylation, which peaked 15-30 min after VEGF treatment. (C) Quantitative kinetic analyses of VEGF-induced
ERK1/2 phosphorylation/activation in PAECs over the course of a 1 h treatment as indicated by Western blot (shown in
A) and immunofluorescence analyses (representative images acquired with identical camera settings are shown in C)
using pERK1/2-specific antibodies. Note that ERK1/2 activation correlates with Cx43 phosphorylation.

VEGF-induced GJ internalization is clathrin mediated

Previous studies in our and other laboratories have revealed that
Cx43 GJs are internalized utilizing the CME machinery (Piehl et al.,
2007; Baker et al., 2008; Gumpert et al., 2008; Gilleron et al., 2011;
Fong et al., 2013, 2014; Nickel et al., 2013). We therefore reasoned
that VEGF-induced Cx43 GJ internalization is also clathrin medi-
ated. It has been established that hypertonic conditions can effi-
ciently prevent the budding of clathrin-coated vesicles from the
plasma membrane and that this eventually will significantly inhibit
CME (Heuser and Anderson, 1989; Hansen et al., 1993; Wu et al.,
2001). We therefore inhibited CME by exposing PAECs to hyper-
tonic culture medium (0.45 M sucrose) before and during VEGF ex-
posure. As shown in Figure 7Ac and quantified in Figure 7B, VEGF-
induced Cx43 GJ internalization was almost completely inhibited
under these hypertonic culture conditions as compared with normal
conditions (Figure 7, A, a—c, and B). Because transferrin receptor
endocytosis is known to be dependent on CME (Motley et al.,

2762 | W. Nimlamool et al.

2003), we used Alexa 568-conjugated transferrin uptake as a con-
trol to verify that our conditions successfully blocked CME. Signifi-
cant inhibition of Alexa 568-transferrin uptake was observed under
these conditions as well (Supplemental Figure S2). We also found
that phosphorylation of ERK1/2 occurred after 15 min of VEGF
exposure under these hypertonic conditions (unpublished data),
suggesting that MAPK and PKC signaling pathways were not af-
fected by the treatment. Similar results were obtained when VEGF-
treated cells in addition were incubated with other known CME in-
hibitors such as dynasore, a dynamin-specific small-molecule
inhibitor (Marcia et al., 2006), Pitstop 2, a small-molecule inhibitor
that inhibits both clathrin-dependent and -independent endocytic
processes (Dutta et al., 2012), or ikarugamycin, a macrocyclic antibi-
otic known to block CME (Luo et al., 2001), also resulting in signifi-
cant inhibition of GJ internalization (Figure 7A, d—f). Moreover, co-
immunofluorescenceanalysesusinganti-Cx43(green)andanti—clathrin
heavy chain antibodies (red) indicated that, after 15 min of VEGF
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FIGURE 6: MAPK and PKC mediate VEGF-induced Cx43
phosphorylation. (A) PAECs were left untreated, treated with VEGF
for 15 min, or incubated with VEGF receptor inhibitor PD98059 or
GF109203X 1 h before VEGF treatment prior to cell lysis and Western
blot analyses. Phosphorylation of Cx43 was detected using
phosphospecific antibodies directed against Ser-255, Ser-262,
Ser-279/282, and Ser-368. Phosphorylation of ERK1/2 was also
detected using anti—-phospho ERK1/2-specific antibodies.
Representative Western blots. (B) Normalized quantitative analyses of
phosphorylated Ser-255, Ser-262, Ser-279/282, and Ser-368 of Cx43 of
three independent experiments. Note that VEGF-mediated Cx43
phosphorylation is reduced significantly when VEGF receptors or
MAPK or PKC signaling pathways were inhibited.

exposure, intracellular Cx43 vesicles localized close to cell-cell con-
tacts and colocalized with clathrin, as indicated by their yellow ap-
pearance in merged images (Figure 7C, arrows). Together with the
ultrastructural analyses (Figure 2F), these results suggest that VEGF-
induced Cx43 GJ internalization most likely also represents a CME-
mediated process.

DISCUSSION

Integrity of blood vessel walls must be maintained precisely to pre-
vent the leakage of plasma components and blood cells into sur-
rounding tissues while simultaneously permitting extravasation of
leukocytes and other immune cells at sites of inflammation. The GJ
is one type of dynamic intercellular junction located at cell-cell con-
tacts that regulates the selective permeability of endothelial cells.
VEGF is a potent endothelial cell mitogen, with a significant role in
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regulating angiogenesis (Ferrara, 2004). VEGF has been reported to
disrupt GJIC in endothelial cells (Kevil et al., 1998; Suarez and
Ballmer-Hofer, 2001; Thuringer, 2004); however, underlying mole-
cular mechanisms were not characterized. We investigated cellular
and molecular effects of VEGF-induced GJ reorganization and char-
acterized relevant signaling pathways in PAECs, which express high
levels of endogenous Cx43 and VEGF receptors. We found that ex-
posure to 100 ng/ml VEGF induced a rapid (within 5-15 min), almost
complete but transient loss of Cx43-based GJ plaques from cell—cell
appositions that correlated with a significant increase of vesicular
Cx43 in the cytoplasm of the treated cells and a significant loss of
GJIC (Figures 1 and 4), consistent with a study by Suarez and
Ballmer-Hofer (2001). Within 30-60 min after VEGF treatment, both
plasma membrane GJs and cytoplasmic fluorescence were restored,
possibly based on VEGF-receptor desensitization. Ultrastructural
analyses indicated a rapid reorganization of lateral junctional mem-
branes, which included the formation of deep invaginations and a
number of AGJs in the cytoplasm of the treated cells (Figure 2).
This suggests that GJs internalized after VEGF treatment and
formed cytoplasmic AGJs, as is typical for the removal of GJs from
the plasma membrane (Jordan et al., 2001; Piehl et al., 2007; Nickel
etal., 2008; Falk et al., 2009; Gilleron et al., 2009; Cone et al., 2014).
Hypertonic conditions and incubation of cells in dynasore, Pitstop 2,
or ikarugamycin, known potent inhibitors of CME (Heuser and
Anderson, 1989; Hansen et al., 1993; Luo et al., 2001; Wu et al.,
2001; Marcia et al., 2006; Dutta et al., 2012), significantly inhibited
internalization (Figure 7 and Supplemental Figure S2). This suggests
that VEGF-mediated GJ internalization is also clathrin driven, as has
been characterized for GJ internalization under various other condi-
tions (Piehl et al., 2007; Baker et al., 2008; Gumpert et al., 2008;
Gilleron et al., 2009; Fong et al., 2013; Nickel et al., 2013; Cone
et al., 2014). No obvious change in the cellular distribution of the
tight junction protein ZO-1 was observed. This suggests that VEGF
may preferentially affect GJ internalization.

At least seven different kinases (Akt, CK1, PKA, PKC, MAPK,
CDC2, and Src) of different signal transduction pathways have
been characterized that phosphorylate numerous regulatory C-
terminal serine and tyrosine residues of Cx43 at various stages of
its life cycle. Of these, PKC, MAPK, CDC2 (during mitosis), and Src
have been reported to induce GJ channel closure and inhibition of
GJIC (Kanemitsu et al., 1998; Lampe et al., 2000; Petrich et al.,
2002; Polontchouk et al.,, 2002; Leykauf et al., 2003; Solan and
Lampe, 2007, 2014; Solan et al., 2007; Sirnes et al., 2009; Thévenin
et al., 2013). We therefore wondered whether in addition to the
described GJIC inhibition, the GJ internalization that we observed
to also occur in response to VEGF treatment might be triggered by
the phosphorylation of Cx43 in GJs. Using phosphospecific Cx43
antibodies, we detected a significant, up to 2.8-fold increase in the
phosphorylation of Cx43 serine residues 255, 262, 279/282, and
368 soon after VEGF exposure, which correlated with GJIC inhibi-
tion and GJ internalization. Increased phosphorylation was tran-
sient and returned within 1-2 h upon GJ restoration to levels com-
parable to what was detected before VEGF exposure (77%,; Figures
5 and 6 and Supplemental Figure S1). Kinetics of Cx43 serine
phosphorylation correlated with phosphorylation of ERK1/2, and
pretreating PAECs with VEGF-receptor inhibitor abolished the
VEGF-induced phosphorylation of these Cx43 serine residues.
We further found that pharmacological inhibition of MEK-1 (an
upstream kinase of the MAPK signaling cascade) and PKC
significantly inhibited VEGF-mediated Cx43 GJ internalization
(Figure 6). In addition, we detected direct activation (i.e., phos-
phorylation) of ERK1/2 (downstream kinases of the MAPK signaling
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VEGF induces Cx43 GJ internalization via CME. (A) PAECs were (a) untreated or
treated with VEGF for 15 min at 37°C in HEPES-buffered, serum-free DMEM without (b) or with
(c) 0.45 M sucrose (hypertonic medium, a potent inhibitor of endocytosis) or with inhibitors of
CME (d) 80 pM dynasore, (e) 30 uM Pitstop 2, or (f) 4 uM ikarugamycin before fixation and
immunostaining cells for Cx43. Representative images acquired with identical camera settings
are shown. (B) Quantitative analyses of plasma membrane-localized Cx43 GJ fluorescence of
seven independent measurements. Note significant inhibition of Cx43 GJ internalization in cells
in which CME was blocked. (C) Coimmunolocalization of Cx43 (green) and clathrin (red) in PAECs
treated for 15 min with VEGF. Several colocalizing cytoplasmic vesicles (yellow) are depicted
with arrows.

activation of VEGF receptor-2 (VEGFR-2),
eventually inducing a tyrosine kinase of the
Src family to activate ERK1/2 (Suarez and
Ballmer-Hofer, 2001). In addition, VEGF-
mediated activation of the MAPK signaling
pathway, which we characterized in pulmo-
nary artery endothelial cells, is in agree-
ment with a study that instead used aortic
endothelial cells (Kroll and Waltenberger,
1997).

We did not analyze Cx43 tyrosine phos-
phorylation or activation of c-Src in our
study; however, we concur that c-Src medi-
ated phosphorylation likely occurs in re-
sponse to VEGF treatment (see later discus-
sion), as observed previously (Suarez and
Ballmer-Hofer, 2001; Thuringer, 2004). Sur-
prisingly, in one of the earlier studies, a se-
ries of specific inhibitory drugs that blocked
PI3-kinase, eNOS, or PKCs had no effect on
VEGF-induced GJ disruption (Suarez and
Ballmer-Hofer, 2001), an observation that
differs from the significantly increased Ser-
368 phosphorylation and the role of PKC in
response to VEGF treatment that we ob-
served. In that study, the identity of the drug
and data supporting that statement were
not given, making a potential explanation
for this discrepant observation impossible.
In addition, the same authors report that in
their hands, VEGF apparently did not
change morphology and number of plasma
membrane—localized GJs (Suarez and
Ballmer-Hofer, 2001), an observation that
does not conform to the pronounced tran-
sient loss of GJs we observed in VEGF-
treated PAECs. However, the authors men-
tion that the anti-Cx43 antibodies they used
in Ea.hy926 endothelial cells may have com-
plicated detection of transient GJ internal-
ization, giving high cytoplasmic fluores-
cence and detecting only a very small
number of puncta suggestive of GJs. Finally,
Thuringer (2004) investigated VEGF-medi-
ated disruption of GJs in capillary endothe-
lial cells and observed reestablishment of
GJIC when cells were treated with bradyki-
nin (another hyperpermeabilizing agent) but
not VEGF. Although these, in some in-
stances inconsistent observations require
further analyses, all studies (Kevil et al.,
1998; Suarez and Ballmer-Hofer, 2001;
Thuringer, 2004), including our own, report
a rapid inhibition of GJIC in response to
VEGF that correlates with activation of sev-
eral kinases, including MAPK.

Pretreatment of PAECs with PD98059
(ERK1/2 inhibitor) before VEGF exposure

cascade; Figure 5), indicating that MAPK- and PKC-mediated Cx43  significantly reduced activation/phosphorylation of ERK1/2, Ser-
phosphorylation events together trigger VEGF-mediated Cx43 GJ 255, Ser-262, and Ser-279/282 but not Ser-368, suggesting that
internalization. Our observations are in accordance with previous  VEGF induces phosphorylation of these residues via the activation
findings showing that VEGF transiently reduces GJIC via the  of ERK1/2 (Figure 6). This is consistent with previous observations
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reporting that Ser-255, Ser-262, and Ser-279/282 of Cx43 are MAPK
phosphorylation sites that cause channel closure and decrease GJIC
when phosphorylated (Warn-Cramer et al., 1996; Leykauf et al.,
2003; Sirnes et al., 2009). Serine 368 is a well-known PKC target site,
and, consistent with this, phosphorylation of this residue was
abolished when cells were exposed to VEGF in the presence of the
known PKC inhibitor GF109203X. Of interest, GF109203X also sig-
nificantly inhibited phosphorylation of Ser-279/282 and Ser-255.
Thus, itis likely that in response to VEGF, PKC is activated first, caus-
ing the phosphorylation of Ser-368 to initiate GJ channel closure
(Cone et al., 2014). Then members of the MAPK pathway are acti-
vated, which leads to subsequent phosphorylation of Ser-255, Ser-
262, and Ser-279/282 to trigger GJ internalization. Taking these re-
sults together, this is the first study that reports that Ser-255, Ser-262,
Ser-279/282, and Ser-368, well-known Cx43 MAPK and PKC target
sites, are specifically phosphorylated in response to VEGF stimula-
tion and that phosphorylation on all or a subset of these sites in-
duces CME-mediated GJ internalization (Figure 8). A recent related
study in our laboratory showed that treating mouse embryonic stem
cell colonies (which express endogenous Cx43) with epidermal
growth factor (EGF) also resulted in a significant inhibition of inter-
cellular communication (GJIC) and activation of MAPK and PKC sig-
naling cascades to phosphorylate serines 262, 279/282, and 368 of
Cx43, leading to Cx43-based GJ endocytosis (Fong et al., 2014).
This study and additional studies in phorbol ester-treated (PKC-ac-
tivated) Cos7 cells (Cone et al., 2014) and GJ assembly-impaired
BxPC3 and Capan-1 pancreatic cancer cells (Johnson et al., 2013)
also describe the serine phosphorylation-mediated internalization
of Cx43 GJs. Thus, phosphorylation on well-recognized C-terminal
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regulatory Cx43 amino acid residues by a series of different kinases
emerges as an early molecular signal that triggers GJ internalization.
PKC-mediated phosphorylation on S368 may serve as the lead
phosphorylation event that then triggers subsequent MAPK-medi-
ated phosphorylation on serines 255, 262, and 279/282 to allow
AP-2 and clathrin to access juxtaposed Cx43-binding sites (Fong
et al., 2013; Thévenin et al., 2013), resulting in GJ internalization.
Precisely which of the MAPK sites (255, 262, 279/282) are phos-
phorylated may be stimulant or cell-type specific. In addition, Src
kinase-mediated phosphorylation, which phosphorylates Cx43 on
Tyr-247 and Tyr-265, is known to inhibit GJIC (Swenson et al., 1990;
Lin et al., 2001), making it likely that this kinase too is a member of
the “kinase program” (Solan and Lampe, 2014) that is activated in
cells to trigger GJ internalization.

Stimulation with growth factors such as VEGF, EGF, and platelet-
derived growth factor, inflammatory mediators such as thrombin and
endothelin, and phorbol esters (12-O-tetradecanoylphorbol-13-ace-
tate [TPA] and derivatives, analogues of the second messenger
molecule diacylglycerol that activate PKC) or ischemia, wounding, or
oncogene activation efficiently down-regulates GJIC (Kevil et al.,
1998; Postma et al., 1998; Suarez and Ballmer-Hofer, 2001; Thuringer,
2004; Warn-Cramer and Lau, 2004; Pahujaa et al., 2007; Sirnes et al.,
2009; Solan and Lampe, 2014). For some stimulants (EGF, VEGF,
thrombin, endothelin, and phorbol-12,13-dibutyrate, a TPA deriva-
tive), concomitant GJ internalization has been shown (Leithe and
Rivedal, 2004; Baker et al., 2008; Cone et al., 2014, Fong et al., 2014,
this study). On the basis of these observations, we postulate that in-
hibition of GJIC in general is accompanied by GJ internalization that
is initiated by specific Cx43 C-terminal phosphorylation events as
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described here. Elucidating in detail the molecular signals that trig-
ger GJ internalization and turnover will be critical for understanding
the many essential and dynamic roles of GJs in physiology/
pathology.

MATERIALS AND METHODS

Materials

Recombinant human vascular endothelial growth factor-165 (VEGF-
165, VEGF-A) was purchased from Millipore (Billerica, MA; GF315).
VEGF tyrosine kinase receptor inhibitor (N-(4-chlorophenyl)-2-
[(pyridin-4-ylmethyl) amino] benzamide) was from Calbiochem
(La Jolla, CA; 676481). MEK inhibitor (PD98059) was from Sigma-
Aldrich (St. Louis, MO; P215). PKC inhibitor (GF109203X) was from
Enzo Life Sciences (Farmingdale, NY; BML-EI246). Dynasore was
from Tocris Bioscience (Ellisville, MO; 2897), Pitstop 2 was from
Abcam (Cambridge, MA; AB120687), and ikarugamycin was from
Biomol (Plymouth Meeting, PA; EI313). Lucifer yellow was from Invi-
trogen (Grand Island, NY; L682). Rabbit polyclonal anti-Cx43 anti-
body (3512), phosphospecific rabbit anti-Cx43 Ser-368 antibody
(3511), and phosphospecific rabbit anti-p44/42 MAPK (ERK1/2)
monoclonal antibody (4370) were from Cell Signaling Technology
(Danvers, MA). Mouse monoclonal anti-ZO-1 antibody was from
Zymed Laboratories (San Francisco, CA; A11008). Rabbit polyclonal
anti—-Cx43 Ser-255 antibody (sc-12899-R), rabbit polyclonal anti—
Cx43 Ser-262 antibody (Sc-17219-R), and rabbit polyclonal anti—
Cx43 Ser-279/282 antibody (12900-R) were from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse anti—o.-tubulin monoclonal
antibody was from Sigma-Aldrich. Mouse anti—clathrin heavy chain
monoclonal antibody was from BD (Franklin Lakes, NJ; 610499).
Hoechst 33342, 4’,6-diamidino-2-phenylindole (DAPI), and Alexa
568-conjugated transferrin (T23365) were from Invitrogen.

Cell culture

PAECs were previously isolated in our laboratory as described
(Baker et al., 2008) or purchased from Cell Applications (San Diego,
CA; Cat. No. P302). PAECs were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 1.0% L-glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin in humidified atmosphere at
37°C, 5% CO,. PAECs were passaged and cultured in é-cm-dia-
meter dishes for no more than six to eight passages. Confluent cells
were incubated in serum-free medium for 3 h before exposure to
VEGF or kinase inhibitors. Cells were incubated with kinase inhibi-
tors 1 h before VEGF treatment.

Immunofluorescence

PAECs were grown on glass coverslips coated with poly-L-lysine and
then were left untreated or treated with 100 ng/ml VEGF (with or
without MEK or PKC inhibitors). Cells were fixed and permeabilized
with —20°C cold methanol for 10 min, blocked with 10% FBS/phos-
phate-buffered saline (PBS) for 30 min, and incubated with 1:200 of
an anti-Cx43 polyclonal antibody and 1:200 of an anti—ZO-1 mono-
clonal antibody at 4°C overnight. After three PBS washes, cells were
incubated with 1:500 secondary antibodies (Alexa 488—conjugated
goat anti-rabbit and Alexa 568-conjugated goat anti-mouse) for 1 h
at room temperature. Cell nuclei were counterstained with 1 pg/ml
Hoechst 33342 or 1 pg/ml DAPI. Cells were mounted using Fluoro-
mount-G (0100-01; SouthernBiotech, Birmingham, AL). Observa-
tions were performed on a Nikon EclipseTE 2000-U inverted fluores-
cence microscope equipped with 40x and 60x Plan-Apochromat,
numerical aperture 1.4 oil-immersion objectives (Nikon, Tokyo,
Japan), and micrographs were captured with a SPOT RT KE camera
(Scientific Instrument Co., Campbell, CA). Quantitative image analy-
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ses were performed using ImageJ software (National Institutes of
Health, Bethesda, MD).

Dye transfer assays

Confluent PAECs in 6-cm-diameter dishes were serum starved as
described and treated with 100 ng/ml of VEGF, with or without the
presence of inhibitors, for 15 min at room temperature. Incisions
through monolayers were performed in the presence of 0.05% Luci-
fer yellow using a fresh razor blade, and cells were incubated for
5 min at room temperature. After three quick washes with PBS, cells
were fixed with 4% paraformaldehyde for 15 min at room tempera-
ture. Then cells were washed three times with PBS containing Ca?*
and Mg?*. Observations were performed using a Nikon Eclipse TE
2000-U fluorescence microscope equipped with a 10x objective,
and micrographs were captured with a SPOT RT KE camera.

Endocytosis inhibition assays

PAECs grown to confluency on poly-L-lysine—coated cover glasses
were treated with 100 ng/ml VEGF for 15 min at 37°C in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buff-
ered and serum-free DMEM without or with the presence of 0.45 M
sucrose. To inhibit CME, cells were treated with 100 ng/ml VEGF for
15 min at 37°C in serum-free DMEM containing 30 pM Pitstop 2,
80 uM dynasore, or 4 pM ikarugamycin. Cells were fixed and
immunostained with anti-Cx43 antibodies and visualized using
fluorescence microscopy. Transferrin was used as a positive control
to determine efficiency of CME inhibition. Cells were incubated with
50 pg/ml Alexa 568—conjugated transferrin in the absence or pres-
ence of 0.45 M sucrose (for 45 min) or pharmacological CME inhibi-
tors (for 15 min) at 37°C. Cells were then fixed and mounted.
Immunofluorescence images were captured as described.

Electron microscopic analyses

PAECs cultured in 3.5-cm-diameter dishes were left untreated or
treated with VEGF as described and then fixed with 2.5% glutaral-
dehyde (G7651; Sigma-Aldrich) in 0.1 M sodium cacodylate buffer
at room temperature for 2 h. Cells were washed, treated with tannic
acid, dehydrated, uranyl acetate-stained and flat-embedded in the
dishes as described (Falk, 2000; Fong et al., 2014). Embedded cells
were mounted, trimmed, thin-sectioned, poststained, and exam-
ined with a Phillips CM100 electron microscope.

Western blot analyses

PAEC cell lysates were prepared by adding 1x reducing Laemmli
buffer into the sample dishes. Samples were collected and heated
at 98°C for 10 min and then separated in a 10% gel by SDS-PAGE
and electroblotted onto nitrocellulose. Membranes were blocked
with 5% nonfat dry milk in TBS-T (0.02 mol/I Tris-HCI, pH 7.6,
0.137 mol/I NaCl, and 0.1% [wt/vol] Tween 20) at room temperature
for 1 h. Membranes were then incubated with primary antibodies at
4°C overnight. Primary antibodies included 1:3000 of a rabbit anti-
Cx43 antibody, 1:500 of a phosphospecific rabbit anti-Cx43 Ser-255
antibody, 1:500 of a phosphospecific rabbit anti-Cx43 Ser-262 anti-
body, 1:500 of a phosphospecific rabbit anti—-Cx43 Ser-279/282 an-
tibody, 1:2000 of a phosphospecific rabbit anti-Cx43 Ser-368
antibody, 1:3000 of anti—phospho-ERK1/2 antibody, and 1:5000 of
an anti—o-tubulin antibody. After three washes with TBS-T, mem-
branes were incubated with 1:5000 of horseradish peroxidase—con-
jugated secondary antibodies for 1 h at room temperature. Immune
complexes were detected using enhanced chemiluminescence re-
agent. Intensity of immunoreactive bands was analyzed and quanti-
fied using ImageJ software.
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Statistical analyses

Unpaired Student’s t tests were performed to analyze intracellular
and plasma membrane fluorescence intensities (Figures 1, 3, and 7)
and distances of dye transfer (Figure 4 and Supplemental Figure S1),
and analysis of variance was used to compare changes in Cx43 ser-
ine phosphorylation (Figures 5 and 6) using Excel’s statistics pack-
age (Microsoft, Redmond, WA). Data are presented as mean * SD.
In all analyses, a p value (*p < 0.05, **p < 0.01, and ***p < 0.001)
was considered statistically significant. NS indicates nonsignificant
results.
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