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Abstract

Gap junctions within extracellular matrix (ECM)-defined boundaries ensure synchronous activity between cells
destined to become functional mediators that regulate cell behavior. However, the role of ECM in connexin (Cx)
function in mouse embryonic stem cells (mESCs) has not been elucidated. Therefore, we examined the role of
laminin-111 in the control of Cx43 functions and related signal pathways in mESCs. ECM components (laminin-
111, fibronectin, and collagen I) increased Cx43 phosphorylation and decreased Lucifer yellow (Ly) diffusion. In
addition, laminin-111 increased the proliferation index through reduction of gap junctional intercellular com-
munication (GJIC), which was confirmed by 18a-glycyrrhetinic acid (18a-GA). Laminin-111 increased phos-
phorylation of focal adhesion kinase (FAK)/Src and protein kinase C (PKC), which were inhibited by integrin b1
antibody (Ab) and laminin receptor-1 (LR-1) Ab, respectively. In addition, inhibition of both FAK/Src and PKC
blocked Cx43 phosphorylation. Laminin-111 increased the Ras homolog gene family, member A (RhoA) acti-
vation, which was blocked by FAK/Src and PKC inhibitors, suggesting the existence of parallel pathways that
merge at RhoA. Inhibition of RhoA reversed the laminin-111-induced increase of Cx43 phosphorylation and
reduction of GJIC. Laminin-111 also stimulated the dissociation of Cx43/ZO-1 complex followed by disruption
of Cx43/drebrin and Cx43/F-actin complexes, which were reversed by C3 (RhoA inhibitor). ZO-1 small inter-
fering (si) RNA significantly decreased Ly diffusion. Moreover, laminin-111 decreased Cx43 labeling at the
intercellular junction, whereas pretreatment with degradation inhibitors (lysosomal protease inhibitor, chloro-
quine; proteasome inhibitor, lactacystin) increased Cx43 expression, reversely. In conclusion, laminin-111
stimulated mESC proliferation through a reduction of GJIC via RhoA-mediated Cx43 phosphorylation and
Cx43/ZO-1/drebrin complex instability-mediated Cx43 degradation.

Introduction

Cells in their normal physiological context within a
tissue receive micro-environmental cues from soluble

mediators, extracellular matrix (ECM), and neighboring cells.
ECM had generally been thought of as solely providing a
physical framework; however, now ECM is thought to be
capable of exerting functional change, a process called ma-
tricrine signaling, via several mechanisms [1–2]. ECM serves
as a storage depot for transient components such as growth
factors, cytokines, chemokines, and enzymes. Resident pro-

teins bind to some of these molecules and modulate their
activity, bioavailability, or presentation to cell surface recep-
tors. The active interplay between cells and the ECM culmi-
nates in intracellular events associated with signal
transduction cascades, which, in turn, regulate the expression
of genes necessary for cell differentiation, proliferation, and
survival [3]. A major problem concerning the use of ECM
proteins for technological purposes is the lack of availability
of pure native isoforms for such purposes, which can yield
variable and irreproducible results. Laminins are a large
family of heterotrimeric macromolecules that have 15
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isoforms composed of a, b, and g chains. Different laminins
show various spatiotemporal expression patterns as well as
tissue-specific locations and functions. At present, mouse
EHS sarcoma-derived laminin-111 is the only laminin
isoform commercially available in pure native form for cell
culture use, although only recently, human/mouse hybrid
laminin-111 (early embryo) [4], human laminin-211 (base-
ment membrane of muscle cells and motor-neuron synapses)
[5], laminin-332 (subepithelial basement membranes) [6],
laminin-411 (subendothelial basement membranes) [7], and
the ubiquitous laminin-511 [8] have been successfully pro-
duced as recombinant proteins. Thus, since our research aim
is not characterization of laminin subtypes functions but the
role of laminin in the control of connexin 43 (Cx43) function,
we used laminin-111, which may be helpful in producing
more reproducible results although laminin isoforms are tis-
sue specific and functionally distinct.

Juxtacrine signaling mechanisms, specifically cell-ECM
interactions and gap junctional intercellular communications
(GJIC), act in concert to influence the developmental speci-
fication of stem cells or progenitor cells [9]. It has previously
been demonstrated, in other cell types (keratinocytes, alve-
olar epithelial cells, and ciliated tracheal epithelial cells), that
Cx expression and intercellular communication are strongly
influenced by laminin-integrin interactions [10–12]. This is an
important issue, because embryonic stem cells (ESCs) are
routinely expanded in the absence of exogenous ECM, while
functional assessment of cell-cell signaling pathways often
involves re-plating on adhesive substrates. Gap junctions
(GJs) are specialized domains in the plasma membrane
containing intercellular channels between neighboring cells
in almost every tissue of multicellular organisms that allow
the passage of small molecules (up to *1 kDa), including
second messengers, nucleotides, and ions [13]. GJs are
thought to be important in embryonic development, cellular
growth control, and differentiation [14–16]. Modulation of
channel properties by protein phosphorylation/dephos-
phorylation, as has been shown for several Cx-formed
channels [17–18], requires complexing of proteins, where Cxs
are localized proximal to auxiliary proteins, such as enzymes
or scaffolding proteins. Serine/threonine kinases such as
protein kinase C (PKC), c-Src, and mitogen-activated protein
kinase phosphorylate Cx43 and modulate GJs in sequence. In
addition, many Cx43-interacting proteins, including ZO-1,
drebrin, and cadherin associated with F-actin, are able to
modulate GJs through actin cytoskeleton; thus, an under-
standing of the molecular mechanisms underlying their
precise function is needed. However, the strict molecular
interactions that occur between Cx43 and these regulatory
partners are not yet well characterized. Therefore, further
studies will be needed to fully understand and elaborate the
molecular mechanisms involved in cross-talk between Cx43
and actin via ZO-1, which regulates plaque dynamics and
assembly.

ESCs are pluripotent cells derived from inner cell masses
of blastocysts or blastomeres of early mammalian embryos.
These unique cells are characterized by extended undiffer-
entiated proliferation in tissue culture and a prolonged po-
tential to differentiate into derivatives of all three germ layers
[19–20]. These characteristics make mouse embryonic stem
cells (mESCs) a versatile biological system, and their use has
led to major advances in cell and developmental biology.

Many adult stem cells reportedly lack Cxs [21]. On the other
hand, previous studies by our laboratory and others demon-
strated the presence of GJIC in hESC [22–23] as well as mESC
[24–26]. The most widely expressed member of the Cx family
in mESCs, Cx43, has been reported to express both mRNA
and protein [24]. Therefore, this study aimed at assessing the
importance of laminin-111-mediated actions on proliferation
of mESCs mediated by Cx43 macromolecule transition.

Materials and Methods

Materials

The mESCs (ES-E14TG2a) were obtained from the American
Type Culture Collection. Fetal bovine serum (FBS) was
purchased from Gibco. Laminin-111 (from Engelbreth-Holm-
Swarm murine sarcoma basement membrane), laminin-511,
fibronectin (from bovine plasma), collagen type I (from rat
tail), protease inhibitor cocktail, 18a-glycyrrhetinic acid (18a-
GA), chloroquine, and fluorescein isothiocynate (FITC)-anti-
rabbit antibody (Ab) were purchased from Sigma-Aldrich.
Alexa Fluor 488-anti-mouse and propidium iodide (PI) were
obtained from Invitrogen. Protein phosphatase 2 (PP2), bi-
sindolylmaleimide I, and Y27632 were obtained from Cal-
biochem. C3 and calpeptin were obtained from Cytoskeleton.
Leukemia inhibitory factor (LIF), primary Abs against p-Cx43,
Cx43, integrin b1, p-FAK, FAK, p-Src, Src, laminin receptor-1
(LR-1), PKCg, PKCd, PKCz, p-PKC, PKC, RhoA, ZO-1, ZO-2,
claudin, occludin, E-cadherin, b-catenin, drebrin, IgG, b-actin,
and secondary Abs against horseradish peroxidase (HRP)-
conjugated goat anti-rabbit Ab, goat anti-mouse IgG Ab, and
lactacystin were purchased from Santa Cruz Biotechnology. F-
actin was obtained from Abcam. All other reagents were of
the highest purity commercially available.

mESC culture

Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco-BRL) supplemented with 3.7 g/L of
sodium bicarbonate, 1% penicillin/streptomycin, 1.7 mM L-
glutamine, 0.1 mM b-mercaptoethanol, 5 ng/mL mouse LIF,
and 15% FBS. Cells were cultured without a feeder layer for
5 days on culture dishes in an incubator maintained at 37�C
with 5% CO2. The medium was changed to serum-free
standard medium (5% serum replacement instead of 15%
FBS) for 24 h before an experiment.

Scrape loading/dye transfer assay

The GJIC level was measured using a slight modification
of the Scrape loading/dye transfer (SL/DT) method [27–28].
Cells on 35-mm dishes were rinsed twice with 2 mL of
phosphate buffered saline (PBS), and 0.05% Lucifer yellow
(Ly) was then applied to the center of the dish. Scrapes were
performed ensuring that a large group of confluent cells
were traversed. Cells were incubated in the dye mix for
precisely 1 min, rinsed quickly thrice with PBS, and finally
examined by optical microscopy (FluoView 300, Olympus).

Fluorescence-activated cell sorting analysis

Cells were dissociated in 0.05% trypsin/ethylenediami-
netetraacetic acid (EDTA), pelleted by centrifugation, and
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resuspended at approximately 106 cells/mL in PBS contain-
ing 0.1% bovine serum albumin (BSA). The cells were then
fixed with 70% ice-cold ethanol for 30 min at 4�C, followed
by incubation in a freshly prepared nuclei staining buffer
consisting of 250 mg/mL PI and 100mg/mL RNase for 30 min
at 37�C. Cell-cycle histograms were generated after analyz-
ing the PI-stained cells by fluorescence-activated cell sorting
(Beckman Coulter). Samples were analyzed using CXP soft-
ware (Beckman Coulter), and proliferation indices [(S + G2/
M)/(G0/G1 + S + G2/M)] · 100 were calculated.

Immunofluorescence staining

Cells were fixed with 3.5% paraformaldehyde, 0.1% Triton
X-100, 5% BSA, and then treated with a 1:50 dilution of
primary Ab against target protein. Each sample was then
incubated for 30 min with a 1:100 dilution of FITC or Alexa
Fluor 488-conjugated secondary Ab. Fluorescence images
were visualized with a FluoView 300 fluorescence micro-
scope (Olympus).

Duolink� fluorescence assay

Cx43/ZO-1 interaction was detected in situ using Duolink
II secondary Abs and detection kits (Olink Bioscience; Cat#.
92001, 92005, and 92007) according to the manufacturer’s
instructions. Briefly, primary Abs against Cx43 (anti-mouse)
and ZO-1 (anti-rabbit) were applied under standard condi-
tions. Duolink secondary Abs against the primary Abs were
then added. These secondary Abs were provided as conju-
gates to oligonucleotides that were ligated together in a
closed circle by Duolink ligation solution if the Abs were in
close proximity (< 40 nm). Finally, polymerase was added,
which amplified any existing closed circles, and detection
was achieved with complementary, fluorescently labeled
oligonucleotides (green dot). PI staining (red) was used to
verify cell morphology, and confocal images were acquired.

Cytosolic and total membrane fractionation

Cells were lysed in buffer A (137 mM NaCl, 8.1 mM
Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 2.5 mM EDTA,
1 mM dithiothreitol, 0.1 mM PMSF, and 10 mg/mL leupeptin
[pH 7.5]). Resuspended cells were then mechanically lysed
on ice by triturating with a 21.1-gauge needle. The lysates
were first centrifuged at 1,000 g for 10 min at 4�C. Cytosolic
and total particulate fractions were then prepared by
centrifuging the supernatants at 100,000 g for 1 h at 4�C. The
supernatants (cytosolic fraction) were then precipitated with
5 vol. of acetone, incubated for 5 min on ice, and centrifuged
at 20,000 g for 20 min at 4�C. Pellets were resuspended in
buffer A containing 1% (v/v) Triton X-100. The particulate
fractions containing the membrane fraction were washed
twice and resuspended in buffer A containing 1% (v/v)
Triton X-100. Protein was quantified using the Bradford
procedure [29].

Western blotting and immunoprecipitation

Proteins (20–40mg) from cell homogenates were separated
using 6%–15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride membranes. Each membrane was washed with Tris-

buffered saline Tween-20 (TBST), consisting of 10 mM Tris-
HCl (pH 7.6), 150 mM NaCl, and 0.05% Tween-20, blocked
with 5% skim milk for 1 h, and incubated with the appropriate
primary Abs at dilutions recommended by the supplier.
Membranes were washed in TBST and probed with HRP-
conjugated goat anti-rabbit or goat anti-mouse IgG secondary
Ab. For immunoprecipitation, lysates were incubated with
appropriate Abs and protein A-sepharose beads with gentle
shaking overnight. Samples were washed thrice with lysis
buffer and analyzed by SDS-PAGE. Bands were visualized
with an enhanced chemiluminescence kit (Amersham Phar-
macia Biotech) and quantified with TINA 2.0 software.

Small interfering ribonucleic acid transfection

Cells were grown until 75% of the plate surface was cov-
ered, after which they were transfected for 24 h with either a
SMARTpool of small interfering ribonucleic acids (siRNAs)
specific to ZO-1 or nontargeting siRNAs (as a negative con-
trol) (Dharmacon, Lafayette, CO) using Dharmafect trans-
fection reagent (Dharmacon). After 24 h, the transfection
mixtures were replaced with regular medium, and cells
were maintained in normal culture conditions (DMEM sup-
plemented with LIF and FBS) as they were before the
experiments.

Affinity precipitation of cellular GTP-Rho

Ras homolog gene family, member A (RhoA) activation
was determined using an affinity precipitation assay incor-
porating the glutathione-S-transferase (GST)-tagged fusion
protein, corresponding to the Rhotekin Rho Binding Domain
(RBD), which binds only the active GTP-bound form. Cells
that had reached 70% confluence were incubated in the
presence of laminin-111 for 30 min at 37�C before addition of
lysis buffer (25 mM HEPES, [pH 7.5], 150 mM NaCl, 1%
Igepal CA-630, 10 mM MgCl2, 1 mM EDTA, 10% glycerol,
1 mg/mL aprotinin, 10mg/mL leupeptin, and 1 mM Na3VO4)
at 4�C. Whole cell lysates were incubated with agarose-
conjugated GST-RBD 20mg for 45 min at 4�C and then wa-
shed thrice with lysis buffer. In addition, whole cell lysates
were incubated with GTPgS/GDP for 30 min at 30�C as
positive/negative controls. Agarose beads were boiled in
sample buffer to release active Rho. Sample proteins were
resolved by 12% SDS-PAGE followed by immunoblotting
with RhoA Ab.

Statistical analyses

All results are expressed as mean – standard deviation
(SD). All experiments were analyzed by analysis of variance.
Several experiments were also evaluated by comparing the
treatment means with the control using a Bonferroni–Dunn
test. Statistical significance was defined at P < 0.05.

Results

Effect of ECM components on Cx43
functional changes

To identify Cx43 changes in mESCs in the presence of
exogenous ECMs (laminin-111, fibronectin, and collagen I),
we performed western blotting and SL/DT assays. Cx
phosphorylation studies have focused on Cx43 due to its
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FIG. 1. Effect of extracellular matrix (ECM) component functional change on Cx43 and related mouse embryonic stem cell
(mESC) proliferation (A) Cells were treated with laminin-111, fibronectin, or collagen I (10mg/mL) for 30 min and the
expression of p-Cx43 detected by western blot. The lower panel depicts the mean – standard deviation (SD) of four inde-
pendent experiments for each condition as determined from densitometry relative to b-actin. *P < 0.05 versus control. (B) Cells
were treated with laminin-111, fibronectin, or collagen I for 30 min, and gap junctional intercellular communication (GJIC)
analysis was carried out using a scrape loading/dye transfer (SL/DT) assay, as described in the Materials and Methods
section. The lower panel depicts the mean – SD of five independent experiments for each condition as determined from
quantification of GJIC (the relative distance of Lucifer yellow diffusion compared with control). *P < 0.05 versus control. (C)
Cells were treated with 18a-glycyrrhetinic acid (18a-GA, gap junction disruptor; 10mg/mL) for 30 min before laminin-111
treatment for 24 h, harvested, and subjected to propidium iodide (PI) staining for cell-cycle analysis by flow cytometry. Gates
were configured manually to determine the percentage of cells in S phase based on DNA content. Data are calculated using
proliferation indices [(S + G2/M)/(G0/G1 + S + G2/M)] · 100 and reported as mean – SD of four independent experiments,
each conducted in triplicate. *P < 0.05 versus control.
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importance within ESCs and directly regulated phosphory-
lation events. Therefore, we examined the effect of ECM
components on phosphorylation of Cx43 and found that
laminin-111, fibronectin, and collagen I (10 mg/mL) increased
phosphorylation of Cx43 (Fig. 1A). Next, we examined GJIC

in mESCs using the SL/DT assay with Ly. When cells treated
with laminin-111, fibronectin, and collagen I were scraped
and incubated in the presence of Ly, Ly remained at the site
of the scrape, whereas extensive Ly diffusion through the
colonies was observed in the control group. Mean – SD (inch
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in photographs) of maximal distance of lateral spreading of
Ly on mESCs treated with ECM components was signifi-
cantly smaller than in control cells (Fig. 1B). Among ECM
components, we found that laminin-111 affected functional
regulation of Cx43 more intensive than fibronectin or colla-
gen I; therefore, we chose laminin-111 as a ligand for further
studies. Since the relationship between the proliferative ca-
pacity of mESCs and GJIC was ascertained, we treated cells
with 18a-GA. A redistribution of Cx43 from cell-cell inter-
faces to cytoplasmic structures was reported after 18a-GA
exposure [30]. In the present study, inactivation of Cx43 in-
creased proliferation indices (Fig. 1C) (control: 48.50% –
2.51%; laminin-111: 68.46% – 4.01%; 18a-GA + laminin-111:
72.56% – 3.96%; 18a-GA: 57.54% – 3.54%). A possible mech-
anism responsible for this finding may involve interaction of
Cx43 with other proteins and/or protein complexes that can
regulate the cell cycle. Proteins such as ZO-1, ePKC, Src, or
b-catenin, all of which have been implicated in the regulation
of cell proliferation, are known to interact with Cx43 [31–34].
It is also theoretically possible that Cx43 may affect gene
expression directly, acting as a transcription factor, or indi-
rectly by interacting with transcription affecting protein(s) or
complexes. Therefore, we examined related mechanisms
of cell proliferation through reduction of GJIC induced by
laminin-111.

Involvement of integrin b1/FAK/Src, LR-1/PKC,
and RhoA on Cx43 phosphorylation

We examined the Cx43-related signal pathways affected
by laminin-111. Laminin has several receptors, including
integrins and LR-1. Functional blockage of integrin b1 in-
hibited laminin-111-induced phosphorylation of focal adhe-
sion kinase (FAK) and Src (Fig. 2A) and inhibition of FAK/
Src blocked phosphorylation of Cx43 (Fig. 2B). Moreover,
inhibition of integrin b1 and FAK/Src decreased laminin-

111-induced increase of cell proliferation (Fig. 2C). In addi-
tion, laminin-111 increased translocation of conventional,
atypical, and novel PKC to the plasma membrane (Fig. 2D).
Furthermore, LR-1-bound laminin-111 increased PKC phos-
phorylation (Fig. 2E), and laminin-111 increased Cx43
phosphorylation, which was blocked by bisindolylmalei-
mide I (PKC inhibitor) (Fig. 2F). Laminin-111 increased cell
proliferation was decreased by functional blockage of LR-1
and inhibition of PKC kinase activity (Fig. 2G). Therefore,
these results show that laminin-111-induced Cx43 phos-
phorylation and cell proliferation are mediated by integrin
b1-mediated FAK/Src and LR-1-mediated PKC in parallel
pathways. Rho GTPases are well-known cytoskeleton mod-
ulators in GJIC change; therefore, we examined the in-
volvement of RhoA on Cx43 functional change. Laminin-111
increased activation of RhoA, which was blocked by FAK/
Src inhibitor (PP2) and PKC inhibitor (bisindolylmaleimide I)
(Fig. 3A), which suggests that integrin b1- or LR-1-dependent
parallel pathways merge at RhoA. C3 is an ADP-ribosyl-
transferase from Clostridium botulinum that irreversibly in-
activates RhoA by covalent modification. RhoA inhibitor C3
blocked Cx43 phosphorylation, whereas the Rho-associated
kinase (ROCK) inhibitor Y27632 did not affect Cx43 phos-
phorylation (Fig. 3B). In addition, pretreatment with C3 re-
versed laminin-111 induced blockage of Ly diffusion (Fig.
3C), which suggests that RhoA might affect Cx43 indepen-
dent of ROCK. Moreover, inhibition of RhoA decreased
laminin-111-induced increase of cell proliferation (Fig. 3D).

Involvement of ZO-1 on laminin-induced
junctional dissociation

Inhibition of RhoA decreased Cx43/ZO-1 protein inter-
action, whereas Cx43/ZO-2 interaction did not change
(Fig. 4A). To confirm this result, subcellular localization of
Cx43/ZO-1 interaction was visualized using a Duolink assay

FIG. 2. Involvement of integrin b1/FAK/Src and laminin receptor-1 (LR-1)/PKC on Cx43 phosphorylation (A) Cells were
treated with integrin b1 neutralizing antibody (Ab, 1mg/mL) or IgG (negative control; 1mg/mL) for 30 min before laminin-
111 treatment for 30 min, and expression of p-FAK or p-Src was detected by western blot. The lower panel depicts the
mean – SD of four independent experiments for each condition as determined from densitometry relative to FAK or Src.
*P < 0.05 versus control of p-FAK; **P < 0.05 versus laminin-111 of p-FAK; #P < 0.05 versus control of p-Src; ##P < 0.05 versus
laminin-111 of p-Src. (B) Cells were treated with protein phosphatase 2 (PP2, FAK/Src inhibitor; 10–6 M) for 30 min before
laminin-111 treatment for 30 min, and the expression of p-Cx43 was detected by western blot. The lower panel depicts the
mean – SD of three independent experiments for each condition as determined from densitometry relative to b-actin. *P < 0.05
versus control; **P < 0.05 versus laminin-111. (C) Cells were treated with integrin b1 neutralizing Ab, PP2, and IgG for 30 min
before laminin-111 treatment for 24 h, harvested, and subjected to propidium iodide (PI) staining for cell-cycle analysis by
flow cytometry. Gates were configured manually to determine the percentage of cells in the S phase based on DNA content.
Data are calculated using proliferation indices [(S + G2/M)/(G0/G1 + S + G2/M)] · 100 and reported as mean – SD of three
independent experiments, each conducted in triplicate. *P < 0.05 versus control;. **P < 0.05 versus laminin-111. (D) Cells were
treated with laminin-111 for 30 min, separated into cytosol and plasma membrane fractions, and the expression of PKCg,
PKCd, or PKCz protein detected by western blot. (E) Cells were treated with LR-1 neutralizing Ab (1 mg/mL) or IgG for
30 min before laminin-111 treatment for 30 min, and the expression of p-PKC was detected by western blot. The lower panel
depicts the mean – SD of four independent experiments for each condition as determined from densitometry relative to PKC.
*P < 0.05 versus control; **P < 0.05 versus laminin-111. (F) Cells were treated with bisindolylmaleimide I (PKC inhibitor; 10–6

M) for 30 min before laminin-111 treatment for 30 min, and the expression of p-Cx43 was detected by western blot. The lower
panel depicts the mean – SD of three independent experiments for each condition as determined from densitometry relative to
b-actin. *P < 0.05 versus control; **P < 0.05 versus laminin-111. (G) Cells were treated with LR-1 neutralizing Ab, bisindo-
lylmaleimide I, or IgG for 30 min before laminin-111 treatment for 24 h, harvested, and subjected to propidium iodide (PI)
staining for cell-cycle analysis by flow cytometry. Gates were configured manually to determine the percentage of cells in the
S phase based on DNA content. Data are calculated using proliferation indices [(S + G2/M)/(G0/G1 + S + G2/M)] · 100 and
reported as mean – SD of three independent experiments, each conducted in triplicate. *P < 0.05 versus control;. **P < 0.05
versus laminin-111. FAK, focal adhesion kinase.
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for Cx43/ZO-1 interaction. This assay works similarly to
standard immunofluorescence detection, except that the
secondary Abs are conjugated to oligonucleotides that
comprise one-half of a closed circle that can be ligated to-
gether only when the Abs are in close proximity (< 40 nm)
[35]. This complex can then be detected by rolling circle
amplification of the closed circle and addition of a comple-
mentary, fluorescently tagged oligonucleotide. Primary Abs
against Cx43 and ZO-1 were used for Duolink detection of
Cx43/ZO-1 interaction. Laminin-111 or calpeptin (Rho acti-

vator)-treated cells showed decreased proximity compared
with controls or those pretreated with C3 (Fig. 4B). As we
assumed ZO-1 to be related to GJIC, we transfected cells with
ZO-1 siRNA and found that depletion of endogenous ZO-1
reduced GJIC intensively (Fig. 4C). ZO-1 siRNA transfection
efficiency was examined using western blotting (Fig. 4D).
Interestingly, laminin-111 also decreased ZO-1/tight junc-
tion proteins (claudin, occludin) or ZO-1/adherent junction
proteins (E-cadherin, b-catenin) association (Fig. 4E). More-
over, inhibition of RhoA reversed the laminin-111-induced
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decrease of Cx43/F-actin and Cx43/drebrin complex (Fig.
5A). We confirmed this result using immunofluorescence
staining. In control and C3 pretreatment cells, F-actin and
Cx43 localization at the plasma membrane remained intact,
whereas laminin-111 treated cells experienced decreased
stabilization (Fig. 5B). Since a decrease of GJIC appeared to
be involved in Cx43 degradation, cells were incubated with
lysosomal protease inhibitor (chloroquine) or proteasome
inhibitor (lactacystin), and then immunofluorescence was
used to observe the localization of Cx43. Laminin-111-
stimulated Cx43 labeling decreased at the plasma membrane
as well as the intercellular junction, whereas cells that were
pretreated with degradation inhibitors maintained Cx43 in-
tercellularly (Fig. 5C, D).

Discussion

The present study indicates that laminin-111 stimulates
mESC proliferation through reduction of GJIC via RhoA-
induced Cx43 phosphorylation and Cx43/ZO-1/drebrin
complex dissociation-induced degradation. To our knowl-
edge, this is the first study describing the relationship be-
tween proliferation and reduction of GJIC through Cx43
macromolecule disruption. Integrins, receptors for ECM
components, are not only mechanical receptors but also
intracellular signal transducers. The laminin-receptor sub-
group of integrins contains four heterodimers (a3b1, a6b1,
a6b4, and a7b1), but a6b1 integrin is regarded as the specific
receptor for laminin-111 in mESCs [36–38]. On the other
hand, it could also bind to laminin-332 [39] and laminin-511/
521 [40]. Indeed, laminin-511 has a higher effect on the cell
proliferation and reduction of GJIC than laminin-111 in our
experimental conditions (data not shown). This result indi-
cates that LN-111 and LN-511 are preferred ligands with
affinity toward a6b1 integrin in mouse ES cells. Based on
previous reports, there was a striking difference in the effects
of various laminin or integrin isoforms on ES cells [41–42].
This discrepancy could be due to a difference in laminin
source and protocol for laminin purification even though
same isotype of laminin as well as in vivo versus in vitro,
animal species, cell types, experimental conditions, etc., used
for study. FAK is activated by autophosphorylation in re-

sponse to integrin ligation, which induces interaction with
Src, leading to stable and increased activation of Src-FAK
complex [43]. Our results showed that laminin-111 increased
FAK and Src phosphorylation, which was blocked by in-
tegrin b1 neutralizing Ab. We found that c-Src is able to
phosphorylate the Cx43 C-tail, and this phosphorylated
residue behaved as a binding site for the c-Src SH2 domain.
We also found that laminin-111-increased FAK/Src is related
to phosphorylation of Cx43. In addition, LR-1 plays a role as
a co-receptor of integrin and also has been shown to be an
important step in the signal transduction pathway inducing
tyrosine phosphorylation of signal transduction molecules
[44–46]. In the present study, laminin-111 stimulated con-
ventional, atypical, and novel PKC translocation from the
cytosol to the plasma membrane, and functional blockage of
LR-1 inhibited PKC phosphorylation. We also found that
inhibition of PKC decreases Cx43 phosphorylation. A pre-
vious study reported that phosphorylation of purified hu-
man Cx43 resulted in only PKCe activation [47]. However,
our results suggest that every type of PKC might be involved
in Cx43 phosphorylation in mESCs. In the present study,
inhibition of both FAK/Src and PKC blocked RhoA activa-
tion fully, which suggests that integrin b1/FAK/Src and LR-
1/PKC parallel pathways merge at RhoA. Rho GTPase is
known as a major regulator of cellular junctions [48–49]. In
the present study, both a decrease of Cx43 phosphorylation
and an induction of intercellular coupling were observed
after C3 (RhoA inhibitor) exposure, suggesting that RhoA
modulates junctional channel functions. However, inhibition
of ROCK did not block Cx43 phosphorylation. This result
indicates that RhoA does not influence junctional perme-
ability through its downstream effector ROCK, consistent
with the results of a previous study [50]. Based on this in-
formation, using mESCs, we demonstrated a correlation be-
tween laminin-111 and Cx dependence on the coordinated
action of at least two signaling systems, direct integrin-de-
pendent FAK/Src signaling, and the LR-dependent PKC
pathways that merge at RhoA.

There is a growing understanding that an array of proteins
interact with Cx, potentially mediating linkage of GJs to
other junction types, signal transduction molecules, and the
cytoskeleton. One Cx-interacting molecule that has received

FIG. 3. Involvement of Ras homolog gene family, member A (RhoA) on Cx43 phosphorylation. (A) Cells were treated with
PP2 or/and bisindolylmaleimide I for 30 min before laminin-111 treatment and then loaded with GDP (negative control; lane
1) or GTPgS (positive control; lane 2) before affinity precipitation in the presence of 10mg of glutathione-S-transferase- Rho
Binding Domain on glutathione-sepharose beads. After each binding reaction at 4�C, the proteins bound to the beads were
separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and examined for GTP-bound
RhoA. The lower panel depicts the mean – SD of three independent experiments for each condition. *P < 0.05 versus control;
**P < 0.05 versus laminin-111; #P < 0.05 versus PP2 with laminin-111 or bisindolylmaleimide I with laminin-111. (B) Cells were
treated with C3 (RhoA inhibitor; 1mg/mL) or Y27632 (ROCK inhibitor; 10–6 M) for 30 min before laminin-111 treatment for
30 min, and the expression of p-Cx43 was detected by western blot. The lower panel depicts the mean – SD of three inde-
pendent experiments for each condition as determined from densitometry relative to b-actin. *P < 0.05 versus control;
**P < 0.05 versus laminin-111. (C) Cells were treated with C3 for 30 min before laminin-111 treatment for 30 min, and GJIC
analysis was carried out using a scrape loading/dye transfer (SL/DT) assay, as described in the Materials and Methods
section. The lower panel depicts the mean – SD of four independent experiments for each condition as determined from
quantification of GJIC (the relative distance of Lucifer yellow diffusion compared with control). *P < 0.05 versus control;
**P < 0.05 versus laminin-111. (D) Cells were treated with C3 for 30 min before laminin-111 treatment for 24 h, harvested, and
subjected to propidium iodide (PI) staining for cell-cycle analysis by flow cytometry. Gates were configured manually to
determine the percentage of cells in the S phase based on DNA content. Data are calculated using proliferation indices
[(S + G2/M)/(G0/G1 + S + G2/M)] · 100 and reported as mean – SD of three independent experiments, each conducted in
triplicate. *P < 0.05 versus control;. **P < 0.05 versus laminin-111. ROCK , Rho-associated kinase.
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FIG. 4. Involvement of Cx43/ZO-1 complex on GJIC stability (A) Cells were treated with C3 for 30 min before laminin-111
treatment for 30 min, and then, plasma membrane fraction was isolated. Plasma membrane protein lysates were im-
munoprecipitated with an anti-Cx43 Ab and blotted with Abs directed against ZO-1 or ZO-2. The example shown is
representative of five independent experiments. (B) Cells were treated with C3 for 30 min before laminin-111 treatment for
30 min or calpeptin (Rho activator; 0.5 unit/mL) for 30 min. Duolink� fluorescence (Cx43/ZO-1 interaction; green dot) and PI
(red) were assessed. The example shown is representative of five independent experiments. (C) Cells were transfected with
ZO-1 siRNA (20mM) or Nt siRNA (negative control; 20mM) for 24 h before laminin-111 treatment for 30 min, and GJIC
analysis was carried out using an SL/DT assay, as described in the Materials and Methods section. The lower panel depicts
the mean – SD of four independent experiments for each condition as determined from quantification of GJIC (the relative
distance of Lucifer yellow diffusion compared with control). *P < 0.05 versus control; **P < 0.05 versus laminin-111. (D) Cells
were transfected with ZO-1 siRNA or Nt siRNA for 24 h, and the expression of ZO-1 was detected by western blot. The
example shown is representative of two independent experiments. (E) Cells were treated with laminin-111 for 30 min, and
then, the plasma membrane fraction was isolated. Plasma membrane protein lysates were immunoprecipitated with an anti-
ZO-1 Ab and blotted with Abs directed against claudin, occludin, E-cadherin, or b-catenin. The example shown is repre-
sentative of three independent experiments. Color images available online at www.liebertonline.com/scd
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particular attention is ZO-1. Originally identified as a com-
ponent of tight junctions, ZO-1, ZO-2, and ZO-3 are mem-
bers of the membrane-associated guanylate kinase family of
proteins [51–52]. ZO-1, in particular, has been shown to in-
teract with the carboxy terminus of Cx43, and Cx43/ZO-1
interaction is involved in GJ regulation [53]. ZO-2 was also
reported to bind to the Cx43 tail in vitro, independent of ZO-
1 [54]. The functional significance of ZO-1 or ZO-2 interac-
tion with Cx43 is not as yet well defined; however, a few
studies reported that these proteins are not functionally re-
dundant [55]. In the present study, ZO-1 and ZO-2 were
expressed in mESCs, and laminin-111 dissociated the Cx43/
ZO-1 association, while Cx43/ZO-2 was not affected, which
suggests that ZO-1 is involved in Cx43 regulation. Duolink
assay data provided strong evidence into the Cx43/ZO-1
interaction. Under control or C3 (RhoA inhibitor) pretreated
cells, it was found that the Cx43/ZO-1 interaction (green dot)
occurred throughout cells, especially at cell-cell borders.
However, decreased Duolink fluorescence was observed in

laminin-111 or calpeptin (Rho activator)-treated cells. This
result suggests a relationship between Rho GTPases and
Cx43/ZO-1 complex. Derangeon et al. [56] reported that
RhoA inhibition caused an increase of the Cx43/ZO-1 asso-
ciation modulating the phosphorylation/dephosphorylation
cycle of Cx43. Divergent roles have been proposed for Cx43/
ZO-1 interaction, including the control of GJ formation and
localization of GJ plaques, as well as internalization of Cx43
and its targeting for endocytosis. In osteoblastic cells, dis-
ruption of the Cx43/ZO-1 interaction with a Cx-binding
fusion protein derived from ZO-1 disrupted GJ formation
and function, whereas overexpression of ZO-1 enhanced
both junctional plaques and GJIC [57]. The down-regulation
of ZO-1 in N/N1003A lens epithelial cells also resulted in
loss-of-dye transfer activity without altering the total amount
of Cx43 protein in cells [58]. In mESCs, we found that de-
pletion of ZO-1 blocked GJIC. The present results provide
further insight into the gating and regulation of junctional
channels, confirming the important role of ZO-1 in the

FIG. 5. Involvement of Cx43/
cytoskeleton complex on GJIC
degradation. (A) Cells were
treated with C3 for 30 min be-
fore laminin-111 treatment for
30 min, separated into plasma
membrane, and then, the lysates
were immunoprecipitated with
an anti-Cx43 Ab and blotted
with Abs directed against F-
actin or drebrin. The example
shown is representative of four
independent experiments. (B)
Cells were treated with C3
for 30 min before laminin-111
treatment for 30 min, and im-
munofluorescence staining with
F-actin (green) or Cx43 (red) was
assessed. Cells were treated with
chloroquine (lysosomal protease
inhibitor; 10–4 M), or lactacystin
(proteasome inhibitor; 10–5 M)
for 30 min before laminin-111
treatment for 30 min, and then,
the plasma membrane fraction
was isolated. The expression of
Cx43 at plasma membrane de-
tected by western blot (C) and
immunofluorescence staining
with Cx43 (green) and PI (red)
were assessed (D). The lower
panel depicts the mean – SD of
three independent experiments
for each condition. *P < 0.05
versus control; **P < 0.05 versus
laminin-111. Color images avail-
able online at www.liebertonline
.com/scd
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function of Cx43 GJs, and identifying a new downstream
target for the small G-protein RhoA. These interactions with
other proteins are required for connexon assembly, transport
via microtubules from Golgi apparatus to the plasma mem-
brane GJ plaque, and degradation.

Recent studies revealed that Cxs can interact with a large
number of additional partners and drebrin has been focused
on more recently. Actin might be linked to GJs by drebrin
and thereby stabilize Cx43 at the plasma membrane, possibly
by preventing interaction with degradation machinery or by
forming a highly structured complex between Cx43 and the
cytoskeleton [59]. A role for ZO-1 in linking the actin cyto-
skeleton and GJs is supported by coprecipitation of both
actin and ZO-1 with Cx43. In the present study, laminin-111
dissociated Cx43/F-actin and Cx43/drebrin protein com-
plexes. Therefore, we hypothesized that disruption of Cx43/
cytoskeleton association occurs along with Cx43/ZO-1
complex dissociation, and this series of events leads to de-
stabilization of GJIC or other cell junctions. Decreased GJIC
is closely related to cellular processes such as trafficking,
assembly/disassembly, gating of GJ channels, and altered
susceptibility to degradation [60–61]. Internalized GJs re-
quire proteasomal activity [62] and are degraded in lyso-
somes [63]. Western blotting or Immunofluorescence
staining showed laminin changed Cx43 distribution from the
plasma membrane to within whole cells, which was blocked
by lysosomal protease inhibitor (chloroquine) or proteasome
inhibitor (lactacystin), suggesting that laminin-111 stimulates
Cx43 degradation. Taken together, our data reveal that
laminin-111 leads to severe disruption of cell-cell communi-
cation by interfering with GJ plaques after the rapid inter-
nalization of these structures. It is possible that this step is
associated with cytoskeletal movements implicated in the
endocytic process, the nature of which remains to be iden-
tified. These data may improve understanding of the role of
laminin-111 in regulating the expression of Cx43, which is
crucial for controlling ESC growth, dysregulation of which
may materially contribute to the pluripotency of ESCs. In
conclusion, we determined that laminin-111 stimulated
mESC proliferation through a reduction of GJIC, via in-
tegrins b1/FAK/Src and LR-1/PKC, which merge at RhoA-
mediated Cx43 phosphorylation, and dissociation of Cx43/
ZO-1/drebrin complex-mediated Cx43 endocytosis.
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47. Hervé JC and D Sarrouilhe. (2006). Protein phosphatase
modulation of the intercellular junctional communication:
importance in cardiac myocytes. Prog Biophys Mol Biol
90:225–248.

48. Hall A. (1998). Rho GTPases and the actin cytoskeleton.
Science 279:509–514.

49. Etienne-Manneville S and A Hall. (2002). Rho GTPases in
cell biology. Nature 420:629–635.
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