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The organization of the apical junctional complex and its association
with the cytoskeleton is essential for the function of epithelial cells.
However, knowledge about the signaling pathways that regulate
these processes is still fragmentary. Here we found that ARHGEF11,
a member of the RGS-RhoGEF family, associates with tight junctions
(TJs) by binding to ZO-1, but not to the highly homologous Z0-2, in
polarized epithelial cells. In the early phases of cell-cell contact,
ARHGEF11 was located at primordial adherens junctions, and then
its localization was altered to TJs as epithelial polarity was estab-
lished, much like ZO-1. Knockdown of ARHGEF11 reduced the phos-
phorylation of myosin light chain, retarding the assembly of cell-cell
junctions and the development of the paracellular barrier. Further-
more, the simultaneous knockdown of ARHGEF11 and ZO-2 resulted
in significant impairment of TJs and of the perijunctional actomyo-
sin ring; similar defects arise when both ZO-1 and ZO-2 are depleted.
These results suggest that ARHGEF11 mediates RhoA-myosin light
chain signaling pathways at cell-cell junctions, functioning in coop-
eration with ZO-1, to regulate the paracellular barrier and the orga-
nization of the apical junctional complex and perijunctional acto-
myosin ring of epithelial cells.

epithelial organization | cell adhesion

n multicellular organisms, polarized epithelial cells form sheet-

like structures to protect underlying tissues and maintain the
physiological environment (1, 2). Cells within epithelial sheets are
connected by the intercellular apical junctional complex, which is
important in defining the sheets’ physiological functions and in-
tegrity (3). Tight junctions (TJs) are the most apical structures in
the junctional complex; they connect adjacent cells in a narrow
band just beneath the apical surface. Importantly, TJs create the
primary barrier that prevents the passage of molecules and ions
through the paracellular space between cells and restricts the
diffusion of integral membrane proteins and lipids between the
apical and basolateral surface of the cell, thus potentially con-
tributing to the maintenance of cellular polarity (1).

Recent investigations have provided significant advances in un-
derstanding the molecular architecture and regulatory mechanisms
of TJs (4). The ZO family proteins (ZO-1, ZO-2, and ZO-3), which
are located just beneath the plasma membrane, act as scaffolds by
interacting with various proteins to build the molecular platform
for the TJs. ZO-1, for example, binds to claudins, ZO-2, and
junctional adhesion molecule (JAM)-A via, respectively, its PDZ1,
PDZ2, and PDZ3 domains (5). It also interacts with occludin and
ZONAB, via its GU.K. and SH3 domains, respectively (Fig. 14)
(4). ZO-1’s C-terminal half binds proteins such as actin and cor-
tactin (6, 7). Because of these properties, ZO-1 is believed to
connect TJ membrane proteins with the actin cytoskeleton.

Just below the apical pole of polarized epithelial cells, the actin
and myosin cytoskeleton forms a characteristic structure, called the
perijunctional actomyosin ring (PJAR), which encircles each cell.
PJARs influence paracellular permeability and epithelial integrity
by associating with TJs and adherens junctions (AJs) (3). Several
studies have reported on the involvement of specific actin
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cytoskeletal regulatory proteins, such as Rho and myosin light
chain (MLC) kinase, in organizing the PJARs (8-11). The de-
pletion of ZO family proteins leads to the disorganization not only
of TJs, but also of PJARs, resulting in impaired barrier function
(12, 13). Thus, ZO family proteins could play crucial roles in the
regulation of epithelial physiology. However, the molecular
mechanisms underlying the ZO proteins’ control of PJARs and
TJs are still largely unknown.

In the present study, we identified ARHGEF11, a member of
the regulator of G protein signaling (RGS)-RhoGEF family, as
a ZO-1-binding regulator of junctional actomyosin in epithelial
cells. ARHGEF11 was targeted to the TJs ZO-1-dependently.
The depletion of ARHGEF11 affected the phosphorylated MLC
(p-MLC) and delayed junction assembly and barrier formation.
Furthermore, the simultaneous knockdown of ARHGEF11 and
Z0O-2 prevented proper establishment of the PJARs and TlJs,
a phenotype similar to that caused by the knockdown of both ZO-
1 and ZO-2. These results suggest that ARHGEF11 could play
crucial roles in epithelial barrier physiology by orchestrating the
activities of RhoA and MLC at cell-cell junctions through its di-
rect interaction with ZO-1.

Results

RGS-RhoGEF Family Protein ARHGEF11 Binds Directly to 20-1. To
elucidate the molecular mechanisms for the TJs” and PJARS’ or-
ganization by ZO family proteins, especially ZO-1, we used yeast
two-hybrid screening to identify regulatory molecules associated
with ZO-1. As ZO-1 consists of more than 1,700 aa, we con-
structed bait plasmids encoding ZO-1 fragments. Clones con-
taining three of these fragments, aa 181 to 503, aa 423 to 862, and
aa 1520 to 1745, which exhibited low background in a control
B-galactosidase assay, were mixed and used to screen prey library
produced from mouse embryo cDNA. Among the positive clones,
we focused on prey202, which encoded the carboxyl-terminal re-
gion of the RGS-RhoGEF family protein ARHGEF11, for further
analysis (Fig. 14).

We determined the ZO-1 region that bound prey202 by an
in vitro binding experiment using recombinant proteins (Fig. 1B).
GST (control), GST-ZO-1 (aa 181-503), GST-ZO-1 (aa 423-862)
and GST-ZO-1 (aa 1520-1745) were incubated with or without
a fusion protein of prey202 and maltose-binding protein (MBP;
MBP-prey202). Coomassie brilliant blue staining of the eluted
samples showed that GST-ZO-1(1520-1745) specifically pulled
down MBP-prey202 (Fig. 1B, Right, arrowhead).
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Next, we examined whether ARHGEF11 in cells interacted
with ZO-1 (Fig. 1 C and D). An expression vector containing myc-
tagged ARHGEF11 or ARHGEF1, another member of the RGS-
RhoGEF family, was introduced into HeLa cells, and the cell
lysates were incubated with GST or GST-ZO-1(1520-1745).
Western blots of the eluted samples with an anti-myc antibody
revealed significant amounts of ARHGEF11 in cells interacted
with ZO-1(1520-1745), but no detectable interaction between
ARHGEF1 and ZO-1(1520-1745) (Fig. 1C).

As a reverse experiment, we examined whether the C-terminal
region of ARHGEF11 could pull down ZO-1 and the closely re-
lated ZO-2 in cells and found that ZO-1, but not ZO-2, was clearly
precipitated by the C-terminal region of ARHGEF11 (Fig. 1D).
Finally, the association between endogenous ARHGEF11 and ZO-
1 was examined by immunoprecipitation. Endogenous ARHGEF11
was immunoprecipitated by using an anti-ARHGEF11 antibody
from the lysates of MCF7 human mammary epithelial cells, and
endogenous ZO-1 was found to be coprecipitated (Fig. 1E).

These findings strongly indicate that ARHGEF11, a member
of the RGS-RhoGEF family proteins, specifically interacts with
Z0-1 via ZO-1’s C-terminal region, both in vitro and in vivo.

ARHGEF11 Localizes Z0-1-Dependently to TJs in Epithelial Cells and
Tissues. ARHGEF11 has been shown to be a highly specific GEF
for RhoA and to associate physically with the activated Gyiz/13
proteins (14). However, its precise localization in epithelial cells
and tissues is undetermined; in addition, molecular mechanisms
regulating its cellular distribution pattern are not elucidated.
Thus, we first examined the localization of ARHGEF11 and
ZO-1 in vivo by using frozen sections of the mouse mammary
gland (Fig. 24, Middle); in addition, the ARHGEF11 localization
was compared with that of ERM (Ezrin/Radixin/Moesin), which is
localized to the apical membrane domains (Fig. 24, Top), and with
that of E-cadherin that is distributed at the lateral membranes in
addition to AJs (Fig. 24, Bottom). In the mammary gland, the
apical membrane domain faces the central lumen and is separated
from the lateral membrane by ZO-1-positive TJs. We found that
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Fig. 1. Identification of ARHGEF11 as a ZO-1-bind-
ing protein. (A) Domain structure of ZO-1 and the
fragments used to construct bait plasmids. Plasmids
encoding the underlined fragments, aa 181 to 503,
423 to 862, and 1520 to 1745, were used to screen
a mouse embryo cDNA prey library. The positive
clone, prey202, contained a fragment encoding the
C-terminal region of ARHGEF11, which possesses
PDZ, RGS, DH, and PH domains. (B) In vitro binding
assay between ARHGEF11 and ZO-1. The GST protein
(control) or the GST fusion proteins encoding ZO-1
fragments aa 181 to 503, 423 to 862, or 1520 to 1745
(asterisks) bound to glutathione-Sepharose beads,
was incubated with or without the lysate of Escher-
ichia coli-expressing prey202 fused to the MBP (ar-
rowhead). The eluates from beads incubated with
a glutathione-containing buffer were separated by
SDS/PAGE and analyzed by Coomassie brilliant blue
staining. Two asterisks mark the degradation prod-
ucts of the native proteins. (C and D) Lysates of HeLa
cells transfected with Myc-ARHGEF11 or Myc-ARH-
GEF1 were incubated with GST or GST-ZO-1(1520-
1745) coupled with glutathione-Sepharose beads (C);
lysates from Myc-ZO-1 or Myc-ZO-2 transfectants
were incubated with GST or GST-ARG11 (C-term),
which is the C-terminal region of ARHGEF11 corre-

sponding to prey202 (D). Coprecipitated proteins
were detected with anti-Myc antibodies. (E) Endog-
enous ARHGEF11 was immunoprecipitated from
MCF7 cells, and the immunoprecipitants were ana-
lyzed by immunoblotting for ARHGEF11 and ZO-1.
Mouse IgG was used as a control.

ARHGEF11 was clearly colocalized with ZO-1 at TJs, just be-
neath ERM and above E-cadherin labeling, respectively. Coloc-
alization of ARHGEF11 and ZO-1 was also confirmed in other
epithelial tissues, such as kidney (Fig. S14), and in epithelial cell
lines Caco-2, MCF7, and EpH4 (Fig. S1 B and C).

We previously established and analyzed mutant EpH4 cells
depleted of ZO-1, ZO-2, or both ZO-1 and Z0O-2 (12, 13, 15, 16).
To investigate ARHGEF11 roles in relation to ZO-1 and ZO-2,
we used EpH4 and its mutants. First, ARGEF11’s localization and
expression was examined in the ZO-1-KO EpH4 subline ZO1KO-
EpH4. In the ZO1KO-EpH4 cells, ARHGEF11’s localization at
the TJs was significantly disturbed compared with the parental
cells; most ARHGEF11 exhibited a cytoplasmic distribution with
a punctate pattern (Fig. 2B, micrographs), whereas the level of
ARHGEF11 was not altered by eliminating ZO-1 (Fig. 2B,
Western blot). We also investigated whether the depletion of ZO-2
would affect the expression and/or localization of ARHGEF11
and found that ARHGEF11 was still targeted to the TJs in the
Z0-2-depleted cells (Fig. S2). Therefore, ZO-1, but not the
closely related ZO-2, is required to recruit ARHGEF11 to TJs.

Next, to examine whether ARHGEF11 is required for the proper
intracellular localization of ZO-1, an ARHGEF11-specific siRNA or
scrambled control siRNA was introduced into EpH4 cells (Fig. 2C).
The effective knockdown of ARHGEF11 was confirmed by Western
blot and immunofluorescence. We examined and quantified the
Z0-1 expression level in ARHGEF11-depleted cells and control
cells by using independently prepared lysates, and found that the
Z0-1 expression was not significantly different between the two cell
types. In addition, the targeting of ZO-1 to TJs appeared to be un-
affected by ARHGEF11 depletion at 3 d after cell seeding (Fig. 2C).

Together, these data showed that ZO-1 specifically recruits
ARHGEF11 to TJs in epithelial cells, but ZO-1 does not require
ARHGEF11 for its own TJ targeting.

ARHGEF11 Depletion Delays Junction Assembly and Barrier Maturation.

Although ARHGEF11 was apparently dispensable for targeting
Z0O-1 to TJs, its depletion might still have affected the formation
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Fig. 2. ARHGEF11 localization to TJs is ZO-1-dependent. (A) Frozen sections
of mouse mammary gland were coimmunostained for ARHGEF11 and ERM
(Top), ARHGEF11 and ZO-1 (Middle), or ARHGEF11 and E-cadherin (Bottom).
Asterisks indicate the lumen of the mammary ducts. (B) Expression and lo-
calization of ZO-1 and ARHGEF11 in EpH4 and ZO1KO-EpH4 cells was analyzed
by immunoblotting and immunostaining. (C) Depletion of ARHGEF11 did not
prevent ZO-1 from localizing to TJs. Control or ARHGEF11-specific sSiRNA was
introduced into EpH4 cells, then the expression and localization of ZO-1 and
ARHGEF11 were examined. Blue indicates DAPI staining. (Scale bars: 10 pm.)

and/or maintenance of cell-cell junctions and the paracellular
barrier of epithelial cells. To address this issue, we used the cal-
cium switch assay (Fig. 3). Confluent EpH4 cells transfected with
control siRNA or ARHGEF11-specific siRNA were cultured in
alow-Ca** medium (~2 pM Ca**) overnight, and the assembly of
cell—cell junctions was initiated by switching the medium to one
with a normal Ca®* level (~1 mM Ca?*). The degree of junction
formation and maturation was evaluated by staining for myosin-
IIB (Fig. 3 A and B) because it is reorganized during junction
formation and found close to TJs in well-polarized epithelial cells
as a major component of PJARs (17).

When calcium was depleted from the culture medium over-
night, myosin-IIB labeling was observed throughout the cyto-
plasm, with poorly defined but increased intensity at the cell cortex
in cells expressing either siRNA (Fig. 34, 0 h). In the control
siRNA EpH4 cells, ~3 h after the reintroduction of calcium, my-
osin-1IB labeling appeared as thick subcortical bundles that was
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gradually refined into a thin linear pattern at ~6 h. Finally, be-
tween 12 and 18 h, gaps between labeled regions were closed to
build the complete PJAR architecture (Fig. 34, control 12 h, 18 h).

In contrast, in the ARHGEF11-depleted cells, the junction
assembly process was slower. Most myosin-IIB labeling remained
in the thick bundle-like state even ~6 h after the switch to normal
calcium, and the shift to linear labeling took much longer (~18 h).
This attenuated phenotype was also detectable when the calcium
switch assay was performed by using a coculture of control and
ARHGEF11-depleted cells (Fig. 3B). In addition, we assessed the
localization of JAM-A in cocultured cells (Fig. 3C). Approximately
6 h after the reintroduction of calcium, JAM-A exhibited dot-like
pattern in the ARHGEF11-depleted cells, whereas it appeared as
a dashed line in control cells (Fig. 3C, Left). Approximately 24 h
after, JAM-A in control cells exhibited linear staining encircling
cells that reflect TJ formation; on the contrary, JAM-A had an
undulating appearance in the ARHGEF11-depleted cells (Fig.
3C, Right), suggesting that TJ formation was also attenuated by
ARHGEF11 suppression.

To measure the functional integrity of the epithelial barrier in
the ARHGEF11-depleted cells, we examined their transepithelial
electrical resistance (TER). Confluent cells cultured on Transwell
filters were subjected to calcium switch, and the barrier formation
and maturation were assessed at 3, 6, 18, 24, and 36 h (Fig. 3D).
The barrier function of the ARHGEF11-depleted cells was sig-
nificantly attenuated compared with control cells, with a TER that
was 30% to 40% of the control value at 36 h (Fig. 3D).

Although ZO-1 is highly concentrated at TJs in fully polarized
epithelial cells, it is localized to a primordial spot-like AJ with
cadherin—catenin complex at the initial phase of epithelial junction
assembly (Fig. S3). Furthermore, a previous study implicated ZO-1
in the conversion from the spot-like AJ to the matured belt-like AJ,
which is colocalized with PJARs (16). We assumed that the ob-
served delay for junction assembly and barrier formation in the
ARHGEF11-depleted cells might indicate the involvement of
ARHGEF11 in the spot-like AJ, so ARHGEF11 distribution was
examined. We also investigated p114RhoGEF, of which depletion
was shown to cause the dissociation of ZO-1 from TJs and dis-
ruption of barrier in Caco-2 cells in a recent study (18), to dissect
the function of these two RhoGEF proteins. We found that
p114RhoGEF depletion seemed to not affect ZO-1 organization in
EpH4 cells (Fig. S4); in addition, ARHGEF11, but not p114Rho-
GEF, colocalized with ZO-1 at the spot-like AJ (Fig. 3E, 1.5 h).
Strikingly, an intense spot of fluorescent labeling was observed for
both ARHGEF11 and ZO-1 in the low calcium culture condition
(Fig. 3E, 0 h), suggesting that ARHGEF11 was constitutively as-
sociated with ZO-1. If so, ARHGEF11 could be quickly recruited
to cell-cell adhesion sites to serve orchestrating the epithelial-type
actomyosin architecture, and thus might be required at cell—cell
contact sites from the initiation of the polarization process.

ARHGEF11 Depletion Affects MLC Activity and Association of
E-Cadherin Complex with PJAR. To determine whether ARHGEF11
depletion affected actomyosin regulators that are downstream
targets of Rho, we examined the activity of ERM, MLC, and Src
by using phosphospecific antibodies by Western blotting ~6 h
after the calcium switch (Fig. 44). Although ERM and Src
showed similar phosphorylation levels in control and ARH-
GEF11-depleted cells, p-MLC was significantly down-regulated
(~50% reduction). Furthermore, by immunofluorescence, p-MLC
signal appeared rather diffuse in the ARHGEF11-depleted cells,
whereas the positive signal at cell-cell contact sites was clearly
detected in cocultured control cells ~6 h after the calcium switch
(Fig. 4B), a similar staining pattern to myosin-IIB at this stage
(Fig. 34, 6 h). We thought these observations indicated that the
depletion of ARHGEF11 led to a reduction of the MLC activity
at cell-cell adhesion sites that is required for PYAR formation.
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Fig. 3. ARHGEF11 is implicated in junction assembly and epithelial barrier
formation. (A) EpH4 cells transfected with control or ARHGEF11-specific
siRNA were cultured in low-calcium medium overnight. Junction assembly
was initiated by reintroducing normal calcium medium. Cells were fixed at
the indicated times and immunostained for myosin-IIB. (B and C) To further
verify the effect of ARHGEF11 depletion on PJARs or TJs, a calcium switch
assay was conducted using coculture of control and ARHGEF11-depleted
cells. Cells were stained for myosin-11B ~9 h after the calcium switch (B), and
stained for JAM-A ~6 h or ~24 h after the calcium switch (C). Arrowheads
and arrows indicate spot-like junctions and undulating appearance, re-
spectively. Asterisks indicate ARHGEF11-depleted cells. (D) Establishment of
the epithelial barrier was monitored by measuring the TER at the indicated
times (data presented as means + SD; n = 3). The y axis is the percentage of
maximal TER measured in this experiment. (E) EpH4 cells were fixed at the
indicated times after being returned to normal calcium, and the localization
of ARHGEF11 or p114RhoGEF was compared with that of ZO-1. (Scale bars:
10 pm.)

To clarify this possibility, we reduced MLC activity by ML-7,
a specific inhibitor of MLC kinase, in calcium switch assays. The
control cells were treated or not treated with ML-7 in low-calcium
medium before the reintroduction of calcium, and the p-MLC was
analyzed ~6 h after. We found the reduction of the p-MLC level by
Western blot and the diffuse appearance of its labeling in cells
treated with ML-7 (Fig. 4C). These phenotypes looked similar to
those observed in ARHGEF11-depleted cells. The p-MLC level
was also examined over time in calcium switch, and it showed el-
evation, especially approximately 6 h after, when myosin began to
organize into thin linear pattern, and then it seemed to reach
a steady state (Fig. 4D, a). The cells treated with ML-7 showed
retardation in increase of p-MLC level, but it became comparable
to that in nontreated cells (Fig. 4D, b), and the p-MLC localization
pattern was almost same between ML-7-treated and untreated
cells at 60 h (Fig. 4F). In contrast, when cells were treated with
ML-7 before and after the calcium switch, the increase of p-MLC
level and rearrangement of its distribution was not observed even
60 h later (Fig. 4 D, ¢, and F). We also measured TER over time
and found that the elevation of TER was significantly delayed or
abolished when cells were treated with ML-7 before or before and
after the calcium switch, respectively (Fig. 4E). Although alter-
ation pattern of p-MLC level and TER over time was not exactly
the same, ML-7 had similar effects on both properties and p-MLC
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Fig. 4. ARHGEF11 depletion affects MLC activity. (A) Effect of ARHGEF11
depletion on the activity of actomyosin regulators. EpH4 cells transfected
with control or ARHGEF11-specific siRNA were analyzed by Western blot by
using antibodies to detect phospho-specific or total ERM, MLC, and Src ~6 h
after the calcium switch. Representative data from three independent
experiments are shown. (B) Coculture of control and ARHGEF11-depleted
EpH4 cells were fixed ~6 h after the calcium switch and stained for p-MLC
and ARHGEF11. Asterisks indicate ARHGEF11-depleted cells. (C) EpH4 cells
were treated or not treated with ML-7 in a low calcium medium before the
reintroducing normal calcium. The p-MLC was analyzed by Western blot and
immunofluorescence after ~6 h culture in normal calcium medium. (D) The
p-MLC level was examined by Western blotting over time in calcium switch.
Calcium switch assay was conducted for control cells (a), control cells treated
with 30 pM ML-7 in low calcium medium before calcium switch (pretreat) (b),
control cells treated with 30 uM ML-7 before and after calcium switch (c),
ARHGEF11 knockdown cells (d), and ARHGEF11 knockdown cells treated
with 30 pM ML-7 in low-calcium medium before calcium switch (pretreat) (e).
Cells were lysed at the indicated time and processed for Western blotting for
detection of p-MLC level. Representative data from three independent
experiments are shown. (E) TER was measured at the indicated times (data
presented as means + SD; n = 3). The y axis is the percentage of the maximal
TER measured in this experiment. (F) Immunostaining for p-MLC in cells 60 h
after calcium switch. (Scale bars: 10 um.)

organization. When ARHGEF11-depleted cells were treated with
ML-7 before the reintroduction of calcium, p-MLC level exhibited
further reduction at time 0 and delayed in its increase (Fig. 4D, ¢)
compared with that in nontreated ARHGEF11-depleted cells
(Fig. 4D, d). Likewise, TER elevation was retarded and p-MLC
rearrangement was slightly altered at ~60 h (Fig. 4 E and F). These
results suggest that the activation of MLC is required for junction
assembly and barrier maturation, and ARHGEF11 as well as other
sources are involved in MLC activation for junction regulation.
Next, to elucidate the effect of ARHGEFI11’s depletion on
junction maintenance, the organization of TJs, AJs, and PJARs
was analyzed in coculture of EpH4 cells transfected with control or
ARHGEF11 siRNA and maintained for ~3 d under confluent
conditions (Fig. S54). Immunostaining for occludin revealed that
signal intensity and localization pattern were almost the same
between control and ARHGEF11-depleted cells, and the organi-
zation of myosin-IIB in PJARs did not seem disturbed in the
ARHGEF11-depleted cells. In contrast, the lateral distribution of
E-cadherin appeared to be increased. When cells were treated with
a buffer containing 0.5% CHAPS, E-cadherin and $-catenin in the
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ARHGEF11-depleted cells showed increased solubility, whereas
neither the TJ nor PJAR components exhibited obvious differ-
ences (Fig. S5B). Therefore, ARHGEF11 depletion appeared to
affect the association between the E-cadherin complexes and
PJARs, but the overall organization of established TJs, AJs, and
PJARSs was not appreciably affected.

ARHGEF11 Is Critical for PJAR Remodeling by Z0-1. When ZO-1 and
ZO-2 are depleted simultaneously, the formation of TJ strands
and establishment of barrier are severely impaired (12). In ad-
dition, the PJAR components are not organized properly under
these depletion conditions (13). As the expression of either ZO-1
or ZO-2 is sufficient to prevent such defects, these proteins are
believed to play redundant and critical roles in organizing the TJ
and PJAR architecture (12, 13).

To determine whether ARHGEF11 is involved in the ZO-me-
diated regulation of PJARs and TJs organization, we used an
EpH4 subline, ZO1KO-ZO2KD-EpH4, in which ZO-1 was
knocked out and ZO-2 was depleted by using an shRNA (12). ZO-1
expression vector was introduced into ZO1KO-ZO2KD-EpH4
cells with the control or ARHGEF11-targeted siRNA (Fig. 54),
and the cells were analyzed 3 d after replating. The reexpressed
ZO-1 was clearly localized to cell-cell junctions in both trans-
fectants (Fig. 5B, Top Left and Middle), and the PJARs, repre-
sented by myosin-IIB, were properly remodeled at the ZO-1-
positive cell—cell adhesion sites in ZO1KO-ZO2KD-EpH4 cells
cotransfected with control siRNA (Fig. 5B, Left). However, in the
ARHGEF11-depleted ZO1KO-ZO2KD-EpH4 cells, the PJARs
were not rescued by ZO-1 (Fig. 5 B, Middle, and C).

To dissect whether the ARHGEF11-binding domain was nec-
essary for ZO-1 to remodel an immature PJAR, we introduced
Z0O-1ACT, a mutant ZO-1 lacking the ARHGEF11-binding C-
terminal domain, into the ZO1KO-ZO2KD-EpH4 cells. Although
Z0O-1ACT was localized to cell-cell contact sites just like WT ZO-
1, myosin-IIB remained as diffuse bundles, indicating that the
PJARSs were not established properly (Fig. 5 B, Right, and C). To
clarify whether endogenous ARHGEF11 was recruited to the TJs
in these cells, ZO1KO-ZO2KD-EpH4 cells transfected with WT
Z0O-1 or ZO-1ACT were processed for immunostaining. Endoge-
nous ARHGEF11 was clearly detected at TJs in cells expressing
WT ZO-1 (Fig. 5D, Upper, arrows); however, ARHGEF11 re-
mained cytoplasmic when ZO-1ACT was expressed, even though
the ZO-1ACT was localized at cell—cell junctions (Fig. 5D, Lower,
arrowheads). We also investigated the exogenous ARHGEF11 in
Z0O1KO-ZO2KD-EpH4 cells (Fig. S6). Although almost no Myc-
ARHGEF11 was located at cell-cell junctions in ZO1KO-ZO2KD-
EpH4 cells, it was efficiently concentrated at TJs when cotrans-
fected with WT ZO-1. On the contrary, Myc-:ARHGEF11ACT,
which lacked the C-terminal ZO-1-binding domain, was distrib-
uted in the cytoplasm, even in the presence of WT ZO-1, implying
that the C-terminal domain of ARHGEF11 is necessary for its
targeting to TJs via ZO-1.

Finally, we addressed whether the ZO-1/ARHGEF11 complex
and ZO-2 regulate the organization of PAJRs and TJs through
independent molecular pathways. To this end, we used ZO2KD-
EpH4 cells, which did not show significant defects in TJs and
PJARs (12). When we depleted both ARHGEF11 and ZO-2 by
introducing ARHGEF11 siRNA into ZO2KD-EpH4 cells, my-
osin-IIB and occludin were aberrantly localized (Fig. SE, aster-
isks), which is similar to the phenotype that is observed when
both ZO-1 and ZO-2 are suppressed (12, 13).

Together, our data indicate that ARHGEF11, a member of
the RGS-RhoGEF family, specifically cooperates with ZO-1, and
their direct interaction via their C-terminal regions is crucial for
the proper establishment of PJARs and TJs in epithelial cells.
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Fig. 5. ARHGEF11 plays a crucial role in the ZO-1-mediated remodeling of
PJARs. (A-C) EpH4 cells depleted of ZO-1 and ZO-2 (ZO1KO-ZO2KD-EpH4)
were cotransfected with a ZO-1 expression vector and control or ARHGEF11-
specific siRNA, or transfected with ZO-1ACT (lacking aa 1520-1745). The
expression of ZO-1 and ARHGEF11 was examined by Western blotting (A).
(B) Distribution of the reexpressed WT or mutant ZO-1 was compared with
that of myosin-IIB. (C) The number of cells exhibited the formation of PJAR
represented by organized myosin-IIB as a thin line encircling cells was di-
vided by the number of cells that were positive for reexpressed ZO-1. The
percentage of the value was defined as rescued PJARs (y axis; data presented
as mean + SD; n = 3; *P < 0.001). (D) Recruitment of ARHGEF11 to TJs by WT
or mutant ZO-1 was examined. ZO1KO-ZO2KD-EpH4 cells transfected with
WT or ACT mutant ZO-1 were immunostained for ZO-1 and ARHGEF11.
Arrows and arrowheads indicate cell-cell adhesion sites. (E) Effect of the
simultaneous depletion of ARHGEF11 and ZO-2 on junction formation.
ARHGEF11-specific siRNA was introduced into ZO2KD-EpH4 cells. The cells
were stained for ARHGEF11 with myosin-IIB or occludin to investigate the or-
ganization of PJARs or TJs, respectively. Asterisks indicate ARHGEF11-depleted
cells. The cells were analyzed 3 d after replating (A-E). (Scale bars: 10 pm.)

Discussion

Here, we identified ARHGEF11 as a regulator for ZO-1-de-
pendent junction assembly and barrier formation in epithelial cells.
Previous studies showed that ZO-1 and the RhoA pathway regu-
lates the organization of TJs and PJARs, the barrier function in
epithelial cells, and the maturation of AJs during epithelial cell
polarization (9, 10, 12, 13, 16). However, the direct molecular ev-
idence connecting ZO-1 with the RhoA pathway has not been
determined.

The present study shows that a GEF protein for RhoA,
ARHGEF11, directly and specifically associates with ZO-1 (Fig.
1). ZO-1 recruited ARHGEF11 to TJs in polarized epithelial
cells (Fig. 2) and to the primordial spot-like AJ (Fig. 3). This
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interaction in cells possibly enables the spatially restricted acti-
vation of RhoA and MLC at cell-cell adhesion sites, promoting
contraction of the junction-associated actomyosin cytoskeleton,
which induces the assembly of junctions and the consequent
formation of the epithelial barrier.

We previously demonstrated that TJs and the epithelial bar-
rier are severely compromised when both ZO-1 and ZO-2 are
depleted, but the depletion of ZO-1 alone retards junction as-
sembly and barrier establishment (14, 15). Here, we found that
depletion of ARHGEF11 or the inhibition of its association with
Z0-1 caused similar defects (Fig. 5). As ZO-2 did not interact
with the C-terminal region of ARHGEF11 (Fig. 1D), we pos-
tulate that the ZO-1/ARHGEF11 complex and ZO-2 regulate
the PJAR and TJ organization through independent molecular
pathways. The results that cells depleted of both ARHGEF11
and ZO-2 exhibited similar defects to cells depleted of ZO-1 and
Z0O-2 support this presumption. Recently, the depletion of
p114RhoGEF alone was reported to be sufficient to cause the
dissociation of ZO-1 from TJs and disruption of barrier in Caco-
2 via modulating MLC (18); however, such defects were not
observed in our experiments with EpH4 (Fig. S4). It is possible
that molecular machinery regulating epithelial junctions could
vary among different cell types; in addition, our data with ML-7
suggest the existence of additional sources other than ARH-
GEF11 in MLC-dependent junction regulation. The existence of
a redundant pathway to maintain integrity of epithelial cells
seems very likely, because disruption of the epithelial barrier can
rapidly become life-threatening.

An earlier study showed that the constitutive activation of MLC
kinase induced increased TJ permeability (10), which seems to be
contradictory to our results. On the contrary, the inhibition of Rho
kinase, which is upstream of MLC, was shown to prevent the for-
mation of TJ and barrier in calcium switch assays (19); similar
effects were observed in EpH4 cells treated with ML-7 (Fig. 4). We
assume that the appropriate contraction force of actomyosin at the
cell—cell contact sites is necessary, and that an excessive or a re-
duced p-MLC level could lead to inadequate actomyosin contrac-
tion, and consequently to the impaired formation and function of
TJs and PJARs. Considering this point, opposing signals that pre-
vent excess constriction induced by the activation of RhoA and
MLC would be crucial to maintain the integrity of epithelial cells.
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One study indicated that the activation of Rac antagonizes Rho-
mediated actomyosin contraction and contributes to maintain ap-
propriate permeability (20). In another recent study, aPKC was
shown to inhibit excess actomyosin contraction and allow cells to
retain normally shaped apical domains (21). Determining if these
pathways have a molecular linkage to the ZO-1/ARHGEF11
pathway, and further, elucidating unidentified pathways that ensure
the balance of PJAR constriction, will permit the dissection of the
precise molecular mechanisms that regulate the organization of
junctions and the junction-associated cytoskeleton.

ARHGEF11 contains an RGS domain, which regulates the
activity of Goyo/13 proteins; thus, it provides a direct link from G
protein-coupled signaling to RhoA. Interestingly, it was reported
that Goy; is localized to TJs and interacts directly with ZO-1
(22). The treatment of endothelial cells with lysophosphatidic
acid, a stimulator of Gayy/13, was shown to modulate PJAR as-
sembly (23), and a recent study reported that ARHGEF11 is one
of the five SNPs identified as genetic susceptibility loci for in-
tracranial aneurysm, which has defects in the brain blood vessels,
suggesting that ARHGEF11 is also involved in endothelial reg-
ulations (24). It might be possible that ZO-1 and G protein-
coupled stimulation, respectively, define the spatial and temporal
activation of a specific RhoGEEF that regulates the epithelial and
endothelial junctions and barrier.

In conclusion, the present findings contribute a key element
toward understanding the control of the assembly and matura-
tion of cell-cell junctions and barrier formation in epithelial
cells. This information will be of help to lead a better un-
derstanding of how epithelial cells and cell sheets are integrated
to maintain homeostasis in multicellular organisms.

Materials and Methods

The transfection of DNA and siRNA was performed according to the man-
ufacturer’s instruction. The details of all the experimental procedures are
described in the S/ Text. The antibodies and other reagents are also de-
scribed in the S/ Text.
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