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mesenchymal transition.
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(Background: Molecular mechanism underlying cell-cell contact-dependent cell shape change has remained elusive.
Results: The activation of EphrinAl/EphA2 results in dephosphorylation of Ezrin through the phosphorylation of

Conclusion: Ezrin at the apical domain regulates the cell shape and is regulated by ephrinA1/EphA2 signaling upon cell-cell

Significance: Exploring the molecular mechanism underlying cell shape change contributes to the understanding epithelial-

~

J

The epithelial cells exhibit either a columnar or a flat shape
dependent on extracellular stimuli or the cell-cell adhesion. Mem-
“brane-anchored ephrinA stimulates EphA receptor tyrosine
kinases as a ligand in a cell-cell contact-dependent manner. The
mechanism through which ephrinA1/EphA2 signal regulates the
cell morphology remains elusive. We demonstrate here that eph-
rinA1/EphA2 signal induces compaction and enhanced polariza-
tion (columnar change) of Madin-Darby canine kidney epithelial
cells by regulating Ezrin, a linker that connects plasma membrane
and actin cytoskeleton. Activation of EphA2 resulted in RhoA inac-
tivation through p190RhoGAP-A and subsequent dephosphory-
lation of Ezrin on Thr-567 phosphorylated by Rho kinase. Consis-
tently, the cells expressing an active mutant of Ezrin in which
Thr-567 was replaced with Asp did not change their shape in
response to ephrinA1l. Furthermore, depletion of Ezrin led to com-
paction and enhanced polarization without ephrinA1 stimulation,
suggesting the role for active Ezrin in keeping the flat cell shape.
Ezrin localized to apical domain irrespective of ephrinAl stimula-
tion, whereas phosphorylated Ezrin on the apical domain was
reduced by ephrinA1 stimulation. Collectively, ephrinA1/EphA2
signal negatively regulates Ezrin and promotes the alteration of cell
shape, from flat to columnar shape.

Epithelial cells dynamically reorganize their morphology in
response to extracellular signals, during embryogenesis, wound
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healing, and other biological processes (1, 2). These cell mor-
phological changes are observed as epithelial-mesenchymal
transition and its reverse process (mesenchymal-epithelial
transition) (3, 4). Epithelial cells have firm adhesions to their
neighboring cells to establish cell-cell contact by homophilic
association of epithelial cell-cadherin (E-cadherin) supported
by actin cytoskeleton and preserve apical to basolateral polarity
at the cell-cell contacts (5). When the cells lose the cell-cell
contacts and polarity, they transit to mesenchymal cells. How-
ever, even in the epithelial state, they change their morphology:
between fully columnar shape and flat cell shape with cell-cell
adhesions (6). Although the columnar epithelial cells are char-
acterized by the full compaction and enhanced polarization, the
flat cells are characterized by the decreased lateral domain with
subtle E-cadherin-dependent cell-cell junctions. However, it is
not fully understood how epithelial cells change their shape.
Not only extracellular stimuli but also cell-cell adhesion mole-
cules that regulate actin cytoskeleton are involved in these mor-
phological changes.

Ezrin is a member of the Ezrin/Radixin/Moesin (ERM)? fam-
ily that regulates actin cytoskeleton by linking plasma mem-
brane proteins, including CD44, Podoplanin, and Podocalyxin/
gp135 to cell cortical actin fibers (7-11). Ezrin does not directly
regulate the apical to basolateral polarity; however, it is indi-
rectly involved in regulation of cell morphology by binding to
actin (7, 8). Ezrin is thought to be folded in an inactive form
through an intramolecular interaction between its NH,-termi-
nal domain and the COOH-terminal domain. Ezrin becomes
active by binding to phosphatidylinositol 4,5-bisphosphate
(PIP,) and by being phosphorylated at Thr-567 by Rho kinase,
protein kinase C, or NF-«B-inducing kinase (7, 8, 12—15). The
unfolded active Ezrin can finally bind to both actin cytoskeleton

3 The abbreviations used are: ERM, Ezrin/Radixin/Moesin; Arfé, ADP-ribosyla-
tion factor 6; E-cadherin, epithelial cell-cadherin; GAP, GTPase-activating
protein; MDCK, Madin-Darby canine kidney; PIP,, phosphatidylinositol 4,5-
bisphosphate; PIP5K, phosphatidylinositol 4-phosphate 5-kinase.
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and plasma membrane proteins to function at the apical cell
membrane, It is still unclear how Ezrin is dephosphorylated,
although increased cell density of endothelial cells leads to
dephosphorylation of ERM, probably by cell-cell contact-de-
pendent signal (16).

EphA and EphB (erythropoietin-producing hepatocellular
carcinoma A and B) tyrosine kinase receptors are activated by
binding to their ligands, ephrinA anchored to the plasma mem-
brane and ephrinB passing the membrane, respectively (17).
Thus, Eph receptor signals extracellular stimulus to the inside
of the cells in a manner dependent on cell-cell contacts. Among
EphA receptors (EphAl-EphA8 and EphAl10), EphA2 is
expressed in various cells including epithelial cells and endo-
thelial cells (18, 19). Because ephrinAl is similarly expressed in
epithelial and endothelial cells to EphA2, ephrinAl induces
EphA2 activation upon cell-cell contacts. We previously
reported that activation of EphA2 by ephrinAl induces com-
paction and enhanced polarization of Madin-Darby canine kid-
ney (MDCK) epithelial cells (20). This morphological change is
ascribed to an inactivation of ADP-ribosylation factor 6 (Arf6)
by EphA2-Nck1-Gitl pathway. Our data suggested that there
might be other signaling pathways besides inactivation of Arf6
in ephrinAl-induced cell compaction. In MDCK cells, ectopic
expression of Podoplanin induces epithelial-mesenchymal
transition through the activation of Ezrin and RhoA (21), indi-
cating an involvement of Ezrin in flattening of the cells lacking
cell-cell contacts. Therefore, ephrinA1/EphA2 might counter-
act or negatively regulate Ezrin-controlled cell shape change.

Apical to basolateral polarity is well maintained in the
columnar cells (5). Increased height of lateral domain is shown
byan increase in E-cadherin expression at the cell-cell contacts.
Conversely, loss of lateral domain is evidenced by a decrease in
E-cadherin expression. In clear contrast, apical surface is clearly
characterized by the expression of Podocalyxin/gp135 or Ezrin
as well as Crumb/Par6/atypical PKC (22). Localization of Par
complex is determined by a small GTPase, Cdc42. Other small
GTPases are also participated in organizing cell polarity and
changing cell shapes (22), because Rho family GTPases are well
known to regulate actin cytoskeleton in the presence or absence
of cell-cell contacts.

In this study, we aimed at investigating how ephrinA1/
EphA2 signal induces compaction with polarization of MDCK
cells. Ezrin was essential for maintaining the flat morphology of
the cells. EphrinA1/EphA2 signal inactivated Rho-Rho kinase
signal that phosphorylates Ezrin, thereby inducing compaction
of MDCK cells.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and siRNAs—Reagents were purchased
as follows: nonclustered EphrinAl-Fc, and Control Fc from
R & D Systems; Y-27632 from Calbiochem; and neomycin from
Sigma-Aldrich. Anti-gp135 antibody and anti-phosphatidyli-
nositol 4-phosphate 5-kinase antibodies were gifts from W. J.
Nelson (Stanford University) and Y. Kanaho (Tsukuba Univer-
sity, Tsukuba, Japan), respectively. Other antibodies were pur-
chased as follows: anti-Ezrin/Radixin/Moesin, anti-phospho-
ERM detecting phosphorylation of Ezrin (Thr-567)/Radixin
(Thr-564)/Moesin (Thr-558) (41A3), anti-pl90RhoGAP-A,
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and anti-PIP5K1C from Cell Signaling Technology; anti-Ezrin
(3C12), anti-EphA2 (C-20), anti-RhoA (26C4), and anti-Arf6
(3A-1) from Santa Cruz Biology; anti-E-cadherin (clone
ECCD-2) from Takara Bio Inc.; anti-FLAG (M2), and anti-3-
actin from Sigma-Aldrich; anti-phosphotyrosine (4G10® Plati-
num) from Millipore; anti-ZO-1, rhodamine-phalloidin, and
Alexa Fluor 633 phalloidin from Invitrogen; anti-HA (3F10)
from Roche Applied Science; horseradish peroxidase-coupled
goat anti-mouse, anti-rat, and anti-rabbit IgG from GE Health-
care and Cell Signaling Technology, respectively; and Alexa
Fluor 488- and Alexa Fluor 546-labeled secondary antibodies
from Molecular Probes. siRNAs targeting the genes and their
irrelevant siRNAs duplex were purchased from Sigma-Aldrich.
Nucleotide sequences for siRNAs used were as follows:
for Ezrin number 1, 5'-GCCUUAGGGAAGUGUGGUA-3';
for Ezrin number 2, 5'-CCAAGUGAAGGAGGGAAUU-3'; for
RhoA number 1, 5'-CCGGAAGAAACUGGUGAUU-3'; for
RhoA number 2, 5'-GCAGGUAGAGUUGGCUUUG-3';
for Arf6, 5-GCACCGCAUUAUCAAUGACC-3’; for pl90-
RhoGAP-A, 5'-GCUACUCAUAUGUACGAUA-3'; for PIP5KA
number 1, 5'-GCAACUCCUGCAUUACUUA-3'; for PIP5KA
number 2, 5'-CCACAGCUAUGGAAUCCAU-3'; for PIP5KC
number 1, 5'-GGAAGAAUUCCUCCCUGAA-3; and for PIP5KC
number 2, 5'-CCGCCACAGACAUCUACUU-3',
Plasmids—cDNA fragment encoding Ezrin was amplified by
PCR using the Ezrin ¢cDNA kindly provided by Sa. Tsukita
(Osaka University, Japan) as a template and a primer set con-
taining HindIII and EcoRI sites; 5'-TTAAGCTTGCCACCAT-
GCCCAAGCCAATCAACGTCCGGGTG-3" and 5'-AAA-
GAATTCCCATGGCCTCGAACTCGTCAATGCGTTG-3".
The resulting fragment was inserted into p3xFLAG-N1 vector
(designated as p3xFLAG-N1-Ezrin). The plasmid expressing a
mutant Ezrin (T567D) was developed by QuikChange site-di-
rected mutagenesis kit (Stratagene) using p3xFLAG-N1-Ezrin
as a template and a primer set: 5'-AAGTATAAGGACCTGC-
GGCAAATCAGGCAGGGCAAG-3’ and 5'-GATTTGCCG-
CAGGTCCTTATACTTGTCCCTGCCTTG-3'. The plasmid
expressing a mutant Ezrin that cannot bind to PIP,
(K253N,K254N,K262N,K263N, hereafter called PIP, mut) was
developed using p3xFLAG-N1-Ezrin as a template and primer
sets: 5'-TCTTTCAACGACAATAACTTTGTCATTAAGCC-
CATC-3', 5'-CTTAATGACAAAGTTATTGTCGTTGAAA-
GAGATGTTC-3', 5'-AAGCCCATCGACAACAATGCACC-
TGACTTTGTGTTCTAC-3',and 5'-AAAGTCAGGTGCAT-
TGTTGTCGATGGGCTTAATG-3'. The plasmid expressing
Ezrin resistant to siRNA for WT Ezrin, the target of siRNA was
mutated using the following primer set: 5'-GGTCTCCGCGA-
GGTCTGGTACTTCGGCCTC-3' and 5'-GTACCAGACCT-
CGCGGAGACCAATCGTC-3'. ¢cDNA fragment encoding
pl90RhoGAP-A was amplified by PCR using the p190
RhoGAP-A ¢cDNA provided by Kazusa DNA Research Insti-
tute as a template and a primer set containing Notl and BamHI
sites: 5'-ATAGCGGCCGCAATGATGATGGCAAGAAAGC-
AAGATG-3" and 5'-ATAGGATCCTCACAGCGTGTGTTC-
GGCTTGAAG-3'. The resulting fragment was inserted into
p3xFLAG-C1 vector and designated as p3xFLAG-C1-
p190RhoGAP-A. The plasmid expressing pl90RhoGAP-A
resistant to siRNA was constructed using the following primer
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set in which the target site of siRNA for p190RhoGAP-A was
mutated: 5'-TCGAGGCCACACATATGTATGACAATGCT-
GCCGAGG-3' and 5'-GCATTGTCATACATATGTGT-
GGCCTCGATTATGTTC-3,

Adenovirus and Infection—The cDNA encoding human EphA2
mutant, which lacks the cytoplasmic region (EphA2Acyto,
amino acids 1-574), was amplified by PCR using human EphA2
cDNA (a gift from A. Sakakibara, Nagoya University) as a tem-
plate. The amplified fragment was subcloned into pCMV-HA
vector. cDNA fragment encoding COOH-terminal HA-tagged
EphA2Acyto was inserted into the pShuttle vector (Clontech,
Mountain View, CA). The adenovirus was produced by using
the Adeno-X system according to the manufacturer’s protocol
(Clontech). Recombinant adenovirus expressing B-gal was
kindly provided by M. Matsuda (Kyoto University). The sub-
confluent MDCK cells were infected with adenoviruses at the
appropriate of multiplicity of infection for 24 h and replated for
the experiments.

Cell Culture, Transfection, and siRNA-mediated Protein
Knockdown—MDCK cells, obtained from S. Tsukita (Osaka
University) were cultured as described previously (20). The
cells were placed onto ~35- and ~100-mm plastic plates at 3 X
10° cells and cultured for 48 h to obtain confluent and sparse
cell cultures, respectively. MDCK cells were transfected with
¢DNA or oligonucleotide duplexes by using a reverse transfec-
tion method, according to the manufacturer’s instructions
(Invitrogen). In brief, the cells were trypsinized, washed with
PBS, suspended in DMEM with 10% fetal calf serum (HyClone
Laboratories), and plated onto a plastic dash in the presence of
plasmid DNA or oligonucleotide duplexes mixed with Lipo-
fectamine 2000 (Invitrogen) in OptiMEM (Invitrogen). MDCK
cells for immunofluorescence studies were cultured on the
glass-bottomed dishes. The cells transfected with plasmids or
siRNAs for 48 h as indicated in the figures were used for the
immunoblot analyses or immunofluorescence studies. MDCK
cells were stimulated with 125 ng/ml of nonclustered eph-
rinAl-Fc or 62.5 ng/ml of control Fc during the time points
indicated in the figure without any starvation. The cells were
also treated with the drugs Y-27632 (20 M) and neomycin (500
M) for the time indicated in the figures.

Immunoprecipitation, GST-Rhotekin Pulldown Assay, and
Immunoblot Analysis—The cells were washed with PBS; lysed
in ice-cold lysis buffer containing 1% Nonidet P-40, 50 mm Tris-
HCl, pH 7.4, 150 mMm NaCl, 5 mm EDTA, 1 mm Na;VO, 1 mum
DTT, 1 mm phenylmethylsulfonyl fluoride, 5 wg/ml aprotinin, 2
wng/ml leupeptin, and 3 pug/ml pepstatin A; and centrifuged at
20,000 X g for 5 min at 4 °C. The supernatant was used for the
immunoprecipitation and immunoblot analyses. Immunopre-
cipitation assays were performed using antibodies coupled with
biotin-conjugated F(ab’), fragments of goat anti-rabbit IgG,
coupled to streptavidin-Sepharose beads, as described previ-
ously (20). RhoA activity was measured using GST-rhotekin as
described previously (23). The cells were lysed in a lysis buffer
containing 1% Triton X-100, 20 mm Tris-HCl, pH 7.4, 100 mm
NaCl, 10 mm MgCl,, 1 mM EGTA, and 1 mm DTT and centri-
fuged at 20,000 X g for 10 min. The supernatant was incubated
with GST-rhotekin conjugated to glutathione-Sepharose beads
for 40 min at 4 °C. To enhance the detection sensitivity for
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RhoA on the immunoblot membrane, Can Get Signal
(TOYOBO) was used to dilute the anti-RhoA antibody for
immunoblot analyses.

Fractionation of Ezrin—Fractionation of soluble or insoluble
Ezrin were performed as described previously (24). MDCK cells
cultured on a 35-mm dish were washed twice with ice-cold PBS
and scraped off in 500 ul of an ice-cold sonication buffer (150
mm NaCl, 1 mMEGTA, 1 mm DTT, 10 ug/ml leupeptin, 10 mm
Hepes buffer, pH 7.5, and 20 mM NaF). The resuspended cells
were sonicated in a 1.5-ml tube and centrifuged at 10,000 X g
for 10 min at 4 °C. The supernatant and the pellet were used as
soluble and insoluble fraction, respectively.

Immunofluorescence Microcopy—MDCK cells grown on the
glass-bottomed dishes after the stimulation with ephrinAl-Fc
or after the treatment with drugs or siRNAs were fixed in PBS
containing 4% formaldehyde for 20 min at room temperature,
permeabilized with 0.05% Triton X-100 in PBS for 5 min, and
blocked with PBS containing 2% BSA for 10 min. The cells were
incubated with first antibody for 1 h at room temperature and
with Alexa 488- or Alexa 546-labeled secondary antibodies for
30 min at room temperature. To visualize F-actin, the cells were
incubated with rhodamine-phalloidin or Alexa Fluor 633 phal-
loidin for 30 min at room temperature. Fluorescence images of
Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 633, and rhoda-
mine were recorded with a FV1000 confocal microscope
(Olympus Corporation). Cell areas obtained from the XY image
immunostained with anti-E-cadherin antibody were quantita-
tively analyzed using the MetaMorph software (Molecular
Devices). The XY image shown in the figures represents a typ-
ical image obtained from at least three independent experi-
ments. The cell area determined by the confocal XY plane of the
cells was calculated using the MetaMorph software (Molecular
Devices). In each image, at least more than 100 cells were used
for measuring the area. The results of the quantitative analyses
were shown as averages with standard deviations. Each figure of
microscopical analysis shows representative results observed in
at least three independent experiments.

Statistical Analysis—The values are expressed as the
means * S.D. Differences among multiple groups were com-
pared by one-way analysis of variance followed by a post hoc
comparison test with Scheffe’s method or by unpaired £ test. A
p value < 0.05 was considered statistically significant.

RESULTS

Active Ezrin Maintains Flat Cell Shape and Inhibits Compac-
tion Induced by ephrinAl in MDCK Cells—Active Ezrin
induces cell flattening, whereas ephrinAl/EphA2 signal
induces compaction with polarization (20, 25). Therefore, we
hypothesized that ephrinA1/EphA2 signal might affect the reg-
ulation of Ezrin. Before testing this hypothesis, we examined
the expression of ERM proteins in MDCK cells and the local-
ization of Ezrin with actin (Fig. 14), because active Ezrin is
known to bind actin filament. Ezrin clearly localized to the api-
cal cell surface with actin filaments in unstimulated MDCK
cells. Depletion of Ezrin by siRNAs paralleled the decrease of
ERM detected by anti-ERM antibody, which recognizes all
ERM family members, indicating that MDCK cells express
mainly Ezrin of ERM family proteins (Fig. 1B).
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FIGURE 1.EphrinA1/EphA2 signal induces compaction by inhibiting Ezrin
that maintains the flat shape of MDCK cells. A, the confocal XZ images of
the MDCK cells immunostained with anti-Ezrin and stained with rhodamine-
phalloidin after the stimulation of either control Fc (left panel) or ephrinA1-Fc
(right panel) for 4 h. B, immunoblot analyses with the antibodies indicated at
the left using the cell lysates from the MDCK cells treated with siRNAs indi-
cated on the top. C, MDCK cells immunostained with anti-E-cadherin and
anti-gp135 after the treatment with siRNAs indicated on the top. The confocal
XY image displays the channel of Alexa 546 detecting anti-E-cadherin (top
panel). The XZ image displays both channel of Alexa 488 detecting anti-gp135
and Alexa 546 detecting anti-E-cadherin (bottom panel). The yellow line in the
XY image denotes the plane for the XZ image. D, area of the cells treated with
siRNAs indicated at the bottom in E was calculated by measuring the individ-
ual cell area (at least more than 100 cells in each experiment) using the Meta-
Morph as described under “Experimental Procedures.” The value (area) indi-
cates the mean with S.D. E, immunoblot analyses with the antibodies
indicated at the feft using the lysates from the cells transfected with the plas-
mid indicated at the top. F, the confocal XY images of the cells transfected
with the plasmids indicated at the top, stimulated with either control Fc or
ephrinA1-Fc for 4 h, and immunostained with E-cadherin. Asterisks indicate
the cells expressing Ezrin-FLAG. G, area of the cells marked by asterisks in F
was calculated as described for D. Bar, 20 um (throughout the figures).

To understand the loss of function of Ezrin, we imaged the

MDCK cells depleted of Ezrin. Ezrin depletion resulted in com-
paction with polarization as evidenced by the increased height

44246 JOURNAL OF BIOLOGICAL CHEMISTRY

of lateral cell-cell contacts marked by E-cadherin, by the
increased expression of gp135 on the apical cell surface, and by
the decreased area of XY plane of individual cell (Fig. 1, C and
D). We confirmed that the effect of Ezrin depletion using
siRNAs on cell morphological change was indeed ascribed to
the depletion of Ezrin by performing rescue experiments in
which we overexpressed Ezrin resistant to the siRNA for
endogenous Ezrin. When Ezrin resistant to siRNA was intro-
duced into Ezrin siRNA-treated cells, the compaction by deple-
tion of Ezrin was reversed (supplemental Fig. S1). Thus, these
results support the notion that Ezrin is essential for the main-
tenance of the flat cell shape of MDCK cells.

To understand the gain of function of Ezrin, we observed the
MDCK cells expressing active form of Ezrin (T567D). There
was no morphological change between the cells expressing WT
Ezrin and those expressing active Ezrin in resting state (Fig. 1,
E-G), suggesting that Ezrin in MDCK cells is active without any
stimulation. We further investigated the morphological change
induced by ephrinAl stimulation. Although MDCK cells
expressing WT Ezrin exhibited compaction, those expressing
Ezrin T567D resistant to dephosphorylation kept their flat cell
shape (Fig. 1F). These data suggest that Ezrin functions to
maintain the flat shape and might be inactivated by ephrinA1
stimulation.

Negative Regulation of Ezrin by ephrinA1/EphA2 Signal—To
examine whether the activity of Ezrin is regulated by ephrinAl-
triggered signaling, we investigated the phosphorylation of
Ezrin that reflects its activity (Fig. 24). When MDCK cells were
stimulated with ephrinAl, Ezrin among ERM proteins were
dephosphorylated in a time-dependent manner. Consistently,
the cells stimulated with ephrinA1 became compact in parallel
with dephosphorylation of Ezrin (Fig. 2B). EphA2 is known to
be activated in epithelial cells cultured at confluent condition
(20, 26). We examined the relevance of EphA2 activation to the
dephosphorylation of Ezrin (Fig. 2C). Presumably, EphA2 was
activated by ephrinA ligand expressed on MDCK cells. Dephos-
phorylation of Ezrin correlated with the activation of EphA2.
This result was consistent with the result obtained in the
MDCK cells stimulated with ephrinA1-Fc.

We further confirmed the essential signal mediated by eph-
rinA1-EphA2 by overexpressing EphA2 lacking the cytoplas-
mic domain (EphA2Acyto) that could sequester ephrinAl or
other EphA ligands, because we could not completely exclude
the involvement of EphA family receptors besides EphA2 upon
ephrinAl stimulation. Overexpression of EphA2Acyto resulted
in the reduced phosphorylation of EphA2 by ephrinAl (Fig,
2D). We confirmed that most of the cells expressed the mutant
EphA2 when the cells were adenovirally infected (supplemental
Fig. S2). Conversely, dephosphorylation upon ephrinAl stimu-
lation was reversed. Consistently, the columnar shape change
promoted by ephrinAl stimulation was abrogated in the cells
expressing this mutant EphA2 (Fig. 2, E and F), indicating the
essential role for EphA2 in ephrinAl-triggered signal and eph-
rinAl-induced dephosphorylation of Ezrin.

Although Ezrin was dephosphorylated by ephrinA1 stimula-
tion, the localization of Ezrin on the apical surface of MDCK
cells was not changed. However, it was of note that phospho-
rylated Ezrin on the apical domain was clearly decreased after
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FIGURE 2. EphrinA1/EphA2 signal induces dephosphorylation of Ezrin. A, immunoblot analyses using the antibodies indicated at the left using the cell
lysates (total) or the immunoprecipitates with anti-EphA2 (IP: EphA2) prepared from the cells treated with ephrinA1-Fc during the time indicated at the top. B,
the confocal images of MDCK cells immunostained with anti-Ezrin and anti-E-cadherin after the stimulation with either control Fc (left) or ephrinA1-Fc (right)
for 4 h. The XY image displays the channel of Alexa 546 detecting anti-E-cadherin. The XZ image displays two channels of both Alexa 488 detecting anti-Ezrin
and Alexa 546 detecting anti-E-cadherin. The yellow line denotes the plane for the confocal XZ image. C, immunoblot analyses with the antibodies indicated at
the left using the cell lysates (total) or the immunoprecipitates with anti-EphA2 (IP: EphA2) from the cells cultured at either sparse or dense condition. D,
immunoblot analyses of the immunoprecipitates using anti-EphA2 (IP: EphA2) or cell lysate (total) from the MDCK cells infected with the adenovirus expressing
either B-galactosidase (8-gal) or HA-tagged EphA2 lacking cytoplasmic domain (HA-EphA2Acyto) indicated at the top using antibodies indicated at the feft. £,
confocal images of the MDCK cells infected with the adenovirus indicated at the top after the treatment of either control Fc (upper panels) or ephrinA1-Fc (fower
panels). The top (XY) and bottom (XZ) panels were the confocal images for the cells immunostained with anti-E-cadherin or with both anti-E-cadherin and
anti-Ezrin, respectively. The yellow lines in the XY image denote the plane for the confocal XZ image. F, quantitative analyses of the individual celf area calculated
using XY images of E. G, the image for phospho-ERM (top panels) is the projection image of stacked XY image. The lower panels are the confocal images of the
MDCK cells immunostained with anti-phospho-ERM (pERM) or anti-Ezrin and stained with Alexa Fluor 633 phalloidin after ephrinA1-Fc stimulation. The XZ
images display the merged image of pERM, Ezrin, and F-actin (bottom panel). H, immunoblot analyses of the lysate (left panel) and the soluble or insoluble
fraction (right panel) of the MDCK cells treated with either ephrinAt-Fc using the antibodies indicated at the /eft. /, immuncblot analyses of MDCK cells
fractioned after the transfection with the plasmids expressing FLAG-tagged either the phosphorylation mimic mutant (T567D) or that incapable of PIP, binding
(PIP, mut) as described under “Experimental Procedures” using the antibodies indicated at feft.

the ephrinAl stimulation (Fig. 2, B and G). We assumed that  skeletal change. Because phosphorylated Ezrin on Thr-567 is
the columnar shape changes of the MDCK cells induced by  thought to bind to actin, we quantitatively analyzed the amount
ephrinAl stimulation must be accompanied with actin cyto-  of Ezrin binding to actin before and after ephrinA1 stimulation.
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FIGURE 3. Inhibition Rho kinase leads to the dephosphorylation of Ezrin and compaction of MDCK cells. A, immunoblot analyses with the antibodies
indicated at left using the cell lysates from the MDCK cells treated with a Rho kinase inhibitor, Y-27632, for the time indicated at the top. B, the confocal images
of the cells treated with Y-27632 for 4 h were obtained as described in the legend of Fig. 2B. C, area of the XY plane was analyzed as described in the legend of
Fig. 1D. D, confocalimages of the MDCK cells transfected the plasmids indicated at the top and treated with either vehicle (—) or a Rho kinase inhibitor, Y-27632,
and immunostained with anti-E-cadherin. Asterisks denote the cells expressing Ezrin-FLAG or EzrinT567D-FLAG. F, quantitative analyses of the cell area

calculated using the XY images in D.

Ezrin bound to actin filaments detected in insoluble fraction
was decreased in the MDCK cells stimulated with ephrinAl
(Fig. 2H). The correct fractionation was confirmed by the data
that T567D mutant was increased in insoluble fraction,
whereas a mutant Ezrin incapable of binding to PIP, was
increased in soluble fraction (Fig. 21). Collectively, these results
suggest that the ephrinA1/EphA2 signal negatively regulates
Ezrin by promoting dephosphorylation of Ezrin at the apical
surface of MDCK cells and induces dissociation of actin fila-
ments from Ezrin for the morphological changes.

RhoA-Rho Kinase Signal Is Required for Maintaining Flat
Cell Shape—To understand how Ezrin is phosphorylated in the
resting MDCK cells, we first examined the effect of Rho kinase
inhibitor Y-27632 on phosphorylation of Ezrin, because phos-
phorylation of Thr-567 is known to be regulated by Rho kinase
(13). Phosphorylation of Ezrin decreased in a time-dependent

44248 JOURNAL OF BIOLOGICAL CHEMISTRY

manner (Fig. 34). MDCK cells treated with Y-27632 became
compact as those depleted of Ezrin did (Figs. 3, Band C, and 1,
C and D). The columnar cell change with increased lateral
domain marked by E-cadherin was observed in the three-di-
mensional confocal image as in those depleted of Ezrin (Fig. 3, B
and C). The cell compaction was also evidenced by the decrease
in the area of XY image of individual cell (Fig. 3C). In contrast,
the MDCK cells expressing a mutant Ezrin that mimicked the
constitutive phosphorylation of Thr-567 (T567D) did not
change cell shape (Fig. 3, D and E). These data suggest that the
phosphorylation of Ezrin by Rho kinase is essential for main-
taining flat cell shape in MDCK cells.

We then tried to test whether RhoA is responsible for Rho
kinase-dependent phosphorylation of Ezrin. Depletion of Rho A
using RhoA siRNAs led to the dephosphorylation of Ezrin (Fig.
4A). Consistently, RhoA-depleted cells showed columnar shape
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FIGURE 4. EphrinA1/EphA2 signal inactivates RhoA that is required for
maintaining the flat shape of MDCK cells. A, immunoblot analyses with the
antibodies indicated at the feft using the cell lysates of the MDCK cells treated
with siRNAs indicated at the top. B, the confocal images of the cells trans-
fected with siRNAs indicated at the top were obtained as described in the
legend of Fig. 2B. C, area was calculated as described in the legend of Fig. 1D.
D and E, pulldown analyses with the antibodies indicated at the left using the
lysates of the MDCK cells stimulated with ephrinA1-Fc (D) or those cultured at
different density (£).

as those treated with Y-27632 did (Fig. 4B). The increased
height of lateral domain indicated by the increased accumula-
tion of E-cadherin at the cell-cell contacts shown in the XZ
image was clearer in the cells depleted of RhoA than those
treated with control siRNA (Fig. 4, B and C). These results indi-
cate that activation of RhoA-Rho kinase signal is essential for
phosphorylation of Ezrin that maintains the flat cell shape.

EphrinA1/EphA2 Signal Induces Inactivation of RhoA—To
test whether ephrinA1/EphA2 signal-induced dephosphoryl-
ation of Ezrin is dependent on inactivation of RhoA-Rho kinase
signal in MDCK cells, we measured the GTP-bound RhoA in
the cells stimulated with ephrinAl by pull-down assay. GTP-
bound RhoA was decreased in a time-dependent manner in
response to ephrinAl stimulation (Fig. 4D). When EphA2 was
activated in MDCK cells cultured at the confluent condition,
Ezrin was dephosphorylated (Fig. 2C). Therefore, we examined
whether GTP-bound RhoA is decreased under confluent con-
dition and found that GTP-RhoA was decreased (Fig. 4F).
These results were consistent with the previous evidence that
the increased cell density parallels the decreased RhoA activa-
tion (27). These results suggest that ephrinA1/EphA2 signal
inactivates Ezrin by inhibiting the RhoA-Rho kinase signal that
phosphorylates Ezrin.

pI190RhoGAP-A Is Essential for ephrinA1/EphA2 Signal-me-
diated Dephosphorylation of Ezrin and Compaction with
Polarization—p190RhoGAP-A is reported to inactivate 2RhoA
by accelerating hydrolysis of GTP on RhoA in MDCK cells,
whereas cell-cell contacts are tightly formed (28). Thus, we
hypothesized that p190RhoGAP-A might function down-
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FIGURE 5. EphrinA1/EphA2 signal induces cell compaction in a manner
dependent on p190RhoGAP-A. A, pulldown analyses of GTP-bound RhoA
using the lysates from the cells depleted of p190RhoGAP-A (p190A) after the
stimulation with ephrinA-Fc for 30 min. B, the result of A was quantitatively
analyzed by calculating the intensity of the band of GTP-bound RhoA divided
by that of total RhoA. C, the confocal images of the MDCK cells transfected
with the siRNAs indicated at the top after the stimulation with either control
Fc or ephrinA1-Fc for 4 h were obtained as described in the legend of Fig. 28.
D, area was calculated as described in the legend of Fig. 1D.

stream of EphA?2 to inactivate RhoA upon ephrinAl stimula-
tion. GTP-bound RhoA was not decreased in the cells depleted
of p190RhoGAP-A when stimulated with ephrinAl, whereas
GTP-bound RhoA in the control cells was decreased (Fig. 5, A
and B). We further studied the effect of depletion of
p190RhoGAP-A on ephrinA1/EphA2 signal-induced cell com-
paction. There was no difference of cell shape and polarity
between the control cells and those depleted of
p190RhoGAP-A before the stimulation with ephrinAl. The
cells treated with control siRNA exhibited columnar appear-
ance with E-cadherin accumulation at the cell-cell contacts,
whereas those depleted of p190RhoGAP-A failed to change the
cell shape in response to ephrinA1l stimulation (Fig. 5, Cand D).

EphrinAl-induced dephosphorylation of Ezrin was blocked
in the cells depleted of p190RhoGAP-A, although phosphoryl-
ation of Ezrin was not increased (Fig. 6, A and B). Because the
GAP activity of p190RhoGAP-A is increased by its tyrosine
phosphorylation (29), we examined whether ephrinAl induces
the phosphorylation of pl190RhoGAP-A and found that it
became phosphorylated in a time-dependent manner (Fig. 6, C
and D). Moreover, by overexpressing EphA2Acyto in MDCK
cells to sequester ephrinAl, we confirmed whether phospho-
rylation of p190RhoGAP-A was induced by ephrinA1/EphA2
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FIGURE 6. EphrinA1/EphA2 induces phosphorylation of p190RhoGAP-A.
A, immunoblot analyses with the antibodies indicated at the Jeft using the cell
lysates prepared from the cells treated with the siRNAs before and after the
stimulation with ephrinA1-Fcfor 4 h. B, dephosphorylation of Ezrin was quan-
titatively analyzed by calculating the intensity of the phosphorylated Eztin
divided by that of total Ezrin using the lysates from the cells treated with
siRNAs after the stimulation with ephrinA1-Fc or control as indicated at the
bottom. C, immunoblot analyses with the antibodies indicated at the left
using anti-p190RhoGAP-A immunoprecipitates (/P) of the MDCK cells treated
with ephrinA1-Fc for the time indicated at the top. D, phosphorylation
of p190RhoGAP-A quantitatively analyzed (intensity of phosopho-
p190RhoGAP-A divided by that of total p190RhoGAP-A) using at least three
independent immunoblots. E, the immunoblot analyses with the antibodies
indicated at the eft of the anti-p190RhoGAP-A immunoprecipitates (IP) of the
cells infected with the adenovirus as described in the legend of Fig. 2D and
treated by either control Fc or ephrinA1-Fc for 60 min. F, quantitative analyses
of E as described in D.

signal. Sequestering ephrinAl resulted in the inhibition of
phosphorylation of pl90RhoGAP-A (Fig. 6, E and F).

To further confirm whether p190RhoGAP-A is essential for
ephrinAl-induced columnar cell change, we examined the
effect of depletion of p190RhoGAP-A and that of forced
expression of p190RhoGAP-A resistant to siRNA on the eph-
rinAl-induced cell shape change to perform a rescue experi-
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ment. The effect of depletion of pI90RhoGAP-A was reversed
by the mutant p190RhoGAP-A resistant to siRNA (Fig. 5C and
supplemental Fig. $3). These data indicate that the basal RhoA
activity is not regulated by p190RhoGAP-A and that ephrinAl/
EphA2 signal-induced compaction is partly ascribed to the
RhoA inactivation mediated by p190RhoGAP-A.

EphrinA1/EphA2 Signal Induces Dephosphorylates of Ezrin
Independently of Arf6—We have previously shown that inacti-
vation of Arf6 through the EphA2-Nck-Gitl pathway induces
compaction and enhanced polarization of MDCK cells. There-
fore, we determined whether Arf6 is involved in dephosphoryl-
ation of Ezrin downstream of ephrinA1/EphA2 signal. Deple-
tion of Arf6 did not affect the dephosphorylation of Ezrin (Fig.
7A), although Arf6 depletion resulted in compaction of MDCK
cells (Fig. 7, B and C). Therefore, we assumed the other possi-
bility that Arf6 is involved in the activation of Ezrin, because
Arf6 is implicated in the regulation of production of phosphati-
dylinositol via phosphatidylinositol 4-phosphate 5-kinase
(PIP5K) (30). Ezrin is activated by binding to PIP, and being
phosphorylated on Thr-567 (7, 8). Thus, we tested the effect of
blocking of PIP, by treating the cells with neomycin that binds
to PIP, and masks the binding site for PIP,-binding molecules
(31). Treatment of MDCK cells with neomycin reduces the
phosphorylation of Ezrin and induced the compaction (Fig. 7,
D-F), suggesting the involvement of PIP5K downstream of
Arf6. We thus examined the effect of depletion of PIP5K on cell
compaction. Unexpectedly, the MDCK cells treated with
siRNAs for PIP5K-A and -C expressed in MDCK cells did not
show any morphological changes (Fig. 7, G-I), excluding the
possibility that PIP5K is involved in the regulation of Ezrin.
These results, together with our previous data, suggest that
ephrinA1/EphA2 signal induces compaction of MDCK cells by
two independent mechanisms: one dependent on dephospho-
rylation of Ezrin and the other dependent on inactivation of
Arf6 (Fig. 8).

DISCUSSION

We demonstrated that the active Ezrin (phosphorylated
Ezrin on Thr-567) was essential for forming the flat shape of
MDCK cells with cell-cell contacts. The importance of Ezrin in
shaping the cells was evidenced by the fact that depletion of
Ezrin or dephosphorylation of Ezrin resulted in the columnar
cell shape change of MDCK cells. Ezrin has been reported to be
involved in the determination of cell shape and polarity (7, 8).
Although the active Ezrin is known to change the cell shape of
MDCK cells (21, 32), the upstream signal activating Ezrin in the
presence of cell-cell contacts has remained unclear. In this
study, we focused on the signaling that causes dephosphoryl-
ation of Thr-567 in the MDCK cells stimulated with ephrinAl,
because we previously found that ephrinAl induces compac-
tion of MDCK cells.

The active Ezrin inhibited the compaction, whereas deple-
tion of Ezrin in the cells resulted in the compaction with polar-
ity. When the active Ezrin is overexpressed in the mouse egg,
the compaction that is usually found at the 8- or 16-cell stage is
inhibited (33). In addition, the active Ezrin induces the forma-
tion of abnormal membrane protrusions (33). These morpho-
logical changes are also observed in MDCK cells expressing
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FIGURE 7. EphrinA1/EphA2 signal induces cell compaction via inactivation of Ezrin independently of Arfé-mediated signaling. 4, immunoblot analyses
with the antibodies indicated at the left using the cell lysates of the MDCK cells treated with siRNAs indicated at the top. B, the confocal images of the cells
transfected with siRNAs indicated at the top are shown as described in the legend of Fig. 28. C, area was analyzed as described in the legend of Fig. 1D. D,
immunoblot analyses with the antibodies indicated at the left using the cell lysates from the MDCK cells treated with neomycin during the time indicated at the
top. E, confocal images of the MDCK cells treated with neomycin for 4 h were obtained as described in the legend of Fig. 2B. F, area of the cells treated with
neomycin was calculated as described in the legend of Fig. 1D. G, immunoblot analyses with the antibodies indicated at the left using the lysates from the MDCK
cells treated with the siRNAs for PIP5K-A (PIP5SKA) and/or PIP5K-C (PIPK5C). H, the confocal images of the cells treated with siRNAs indicated at the top were
shown as described in the legend of Fig. 2B. J, area of the cells of H was quantitatively analyzed as described in the legend of Fig. 1D.

Ezrin T567D (32). Ezrin knock-out mice show the loss of villous  sues. In Ezrin knock-out mice, disorganized intestinal epithelial
morphogenesis (34), suggesting that active Ezrin might have cells without polarization are found (34), suggesting the impor-
the membrane extension activity. Consistently, we found that tant role for Ezrin in the formation of a multicellular epithe-
MDCK cells expressing active Ezrin exhibited a flat shape by  lium. Activation or inactivation of Ezrin parallels phosphoryla-
horizontally extending the membrane even though cell-cell tion or dephosphorylation of Thr-567. Extracellular stimuli,
contacts were preserved. including epidermal growth factor, platelet-derived growth fac-

For Ezrin, cycling between inactivation and activation might  tor, and hepatocyte growth factor, can induce the phosphoryl-
be important for shaping the cells to form the organs and tis-  ation of Thr-567 through Ser/Thr kinases including protein
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FIGURE 8. A schematic illustration of ephrinA1/EphA2 signal-induced
compaction of MDCK cells. The signaling delineated in this study is indi-
cated by the black arrows and black characters, whereas the previously iden-
tified signal is indicated by gray arrows and gray characters. EphrinA1/EphA2
signal induces activation of p190RhoGAP-A and subsequent inactivation of
RhoA-Rho kinase that phosphorylates Ezrin. Phosphorylated Ezrin is required
for maintaining the flat shape of MDCK cells. Therefore, ephrinA/EphA signal
induces compaction with polarity in MDCK cells by inactivating Ezrin,
although the localization of Ezrin to the apical domain is unchanged before
and after ephrinA1 stimulation or upon cell-cell contact.

kinase Ca, Rho kinase, and NF-«B-inducing kinase (14, 25).
Activation of Fas, T-cell receptor and B-cell receptor leads to
dephosphorylates ERM protein (35-38). We here reported that
ephrinA1/EphA2 induced dephosphorylation of Thr-567 via
inactivation of RhoA-Rho kinase through pl190RhoGAP-A.
These data indicate that the formation of cell-cell contact neg-
atively regulates Ezrin and vice versa, because Ezrin decreases
the height of lateral domain at the cell-cell contacts. Therefore,
activation and inactivation of Ezrin appear to be essential for
organogenesis that requires the cell-cell contacts.

Besides the activation of Ezrin indicated by phosphorylation
of Thr-567, PIP, was required for activated Ezrin-dependent
morphological change (Fig. 7). It is controversial whether eph-
rinA/EphA signal activates phosphatidylinositol 3-kinase. Eph-
rinAl stimulation results in the recruitment of Src homology
2-containing inositol-5'-phosphatase and subsequently inhib-
iting the conversion from PIP, to phosphatidylinositol 3,4,5-
triphosphate (39), suggesting the possibility of an increase in
PIP,. In contrast, there is a contrasting report that EphA2 acti-
vation leads to the activation of phosphatidylinositol 3-kinase
in endothelial cells (40, 41), suggesting the possibility of a
decrease in PIP,. PIP5 kinase is an effector of Arf6 (30). We
previously demonstrated that ephrinA1/EphA2 signal induces
compaction of MDCK cells via inactivation of Arf6 and found
that PIP, was essential for maintaining the flat morphology of
MDCK cells in this study (Fig. 7). We thus tried to explore
whether ephrinAl/EphA2 signal affected the localization of
Ezrin in a manner dependent on PIP,. Depletion of PIP5K did

44252  JOURNAL OF BIOLOGICAL CHEMISTRY

not result in any morphological changes, excluding the possi-
bility that Arf6-PIP5K-mediated PIP, regulation in ephrinA1/
EphA2 signal induces compaction. In addition, Arf6 depletion
did not affect dephosphorylation of Ezrin (Fig. 74). These
results indicate that ephrinA1/EphA2 signal mainly regulates
the inactivation of Ezrin by inhibiting RhoA-Rho kinase signal
in a manner independent on Arf6, although it is not clear
whether EphA2 phosphorylates pl90RhoGAP-A directly or
indirectly via other tyrosine kinases.

The changes of cell shape are accompanied with the changes
in the domains of plasma membrane, pointing to the polarity.
Throughout the experiments, the localization of Ezrin was
restricted to the apical domain even in flat or columnar states,
suggesting that the activation or inactivation is not dependent
on the localization of Ezrin but dependent on the degree of
phosphorylation of Thr-567. At present, we have not yet clari-
fied the downstream signaling that controls cell morphology by
Ezrin at the apical domain, although we here demonstrated the
regulation of phosphorylation by ephrinA1/EphA2 signaling
initiated by cell-cell contacts. Ezrin at the border between api-
cal domain and lateral domain is known to bind to actin fila-
ment and to Bitesize to control actin organization at the cell-
cell junction (42). It is required to explore the molecular
mechanism by which active Ezrin maintains the flat morphol-
ogy. In conclusion, we delineated the signal that regulates eph-
rinA1/EphA2-induced compaction of MDCK cells (Fig. 8): the
engagement ephrinAl with EphA2 results in the phosphoryla-
tion of p190RhoGAP-A and subsequent inactivation of RhoA-
Rho kinase signaling, thereby leading to the dephosphorylation
of Thr-567 of Ezrin that is essential for maintaining the flat
morphology of MDCK cells.
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