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Tyrosine Phosphorylation and Cellular Redistribution of
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Abstract Ezrin is a key protein in membrane-cytoskeleton interaction and is expressed primarily in actin-rich
surface projections. Activation in protein tyrosine phosphorylation apparently regulates the structure and function of
ezrin. In this study, we found that pervanadate (PV, the complexes of vanadate with hydrogen peroxide) caused an
increase in tyrosine phosphorylation of ezrin and affected its cellular redistribution. Treatment of Madin-Darby canine
kidney (MDCK) cells with pervanadate resulted in a dramatically increased tyrosine phosphorylation of ezrin within
two to five min and the level reached the maximum after 60 min. This was accompanied by an alteration in the
subcellular distribution of ezrin. Immunofluorescence and scanning laser confocal microscopy analysis revealed that,
after PV stimulation, ezrin was redistributed from cytosol to the apical and lateral membrane domains. This occurred
within five min, and more obvious redistribution to the lateral membrane domain was observed after 30 min.
Furthermore, immunoblotting of ezrin in cell fractionation experiments showed that, in PV-treated MDCK cells,
cytosolic ezrin was translocated to the membrane fraction, while there was no change in the level of ezrin associated
with the actin-cytoskeleton. Therefore, cytoplasmic signaling may result in activation of ezrin in tyrosine phosphory-
lation, which is induced by PV stimulation. These results suggest that ezrin has qualities that might play a role in

modulation of cell shape and adhesion. J. Cell. Biochem. 79:311-321, 2000.  © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Ezrin and radixin moesin constitute the
ezrin-radixin-moesin (ERM) protein family. On
the basis of the homology ERM proteins have
with erythrocyte band 4.1 protein and cytoskel-
etal localization, it is thought that the ERM
proteins serve as membrane-cytoskeleton link-
ers [Algrain et al.,, 1993; Funayama et al.,
1991]. Ezrin is the most studied member of the
ERM family, and shares approximately 75%
primary sequence identity at the amino acid
level [Funayama et al., 1991]. The interaction
of ezrin between membrane proteins and the
cytoskeleton has been identified. The results
indicated that it can bind to various integral
membrane proteins including CD 44 [Tsukita
et al., 1994], CD 34 [Yonemura et al., 1998],
ICAM-2 [Helander et al., 1996], and ICAM-3
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[Yonemura et al., 1998] via its N-terminal do-
main, and binds to F-actin via its C-terminal
domain. Additionally, recent studies suggested
that ezrin is involved in cell-cell and cell-
substrate adhesions [Crepaldi et al., 1997;
Takeuchi et al., 1994; Wu et al., 1996].

The proteins at the boundary between the cy-
toskeleton and the plasma membrane control cell
shape, delimit specialized membrane domains,
and stabilize attachments to other cells and to
the substrate. It is of interest to note that these
proteins also regulate cell locomotion and cyto-
plasmic responses to growth factors and other
external stimuli [Luna and Hitt, 1992]. The ERM
family of proteins, of which ezrin is the most
studied member, is thought to function as the
membrane-cytoskeletal linker [Mangeat et al.,
1999]. Changes in protein phosphorylation in ty-
rosine, as well as in serine/threonine resi-
dues, apparently regulate the structure and
function of ERM proteins [Bretscher, 1989;
Crepaldi et al., 1997; Hirao et al., 1996]. Epi-
dermal growth fact (EGF) and hepatocyte
growth factor (HGF) stimulate tyrosine phos-
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phorylation of ezrin [Bretscher, 1989; Jiang et
al., 1995]. In a MDCK cell line transfected with
a temperature-sensitive mutant of v-src (ts-v-
src MDCK), the activation of ts-v-src increases
the tyrosine phosphorylation level ERM pro-
teins [Takeda et al., 1995]. In addition, ezrin-
tyrosine phosphorylation might be mediated by
the actions of protein tyrosine phosphatase
(PTPase). In Jurkat T cells, only after pretreat-
ment with PTPase inhibitors (PV, the com-
plexes of vanadate with hydrogen peroxide
+PAO, phenylarsine oxide) did T-cell antigen
receptor (TCR) ligation stimulate tyrosine
phosphorylation of ezrin [Egerton et al., 1992].
In the EGF treatment system, incubation with
PAO enhanced the degree of ezrin-tyrosine
phosphorylation, and increased the amount of
ezrin oligomer formed [Berryman et al., 1995].
These findings suggest that tyrosine phosphor-
ylation of ezrin might occur under various
physiological conditions, although the knowl-
edge regarding the precise mechanism is still
limited.

PV, a PTPase inhibitor, was shown to cause
increases in tyrosine phosphorylation and var-
ious cell signaling responses [Ayalon and Gei-
ger, 1997; Gilbert-McClain et al., 1998; Huyer
et al.,, 1997; Ruff et al.,, 1997; Wilden and
Broadway, 1995]. We were interested in
whether ezrin is tyrosine phosphorylated in
the presence of PTPase inhibitors, and in cel-
lular responses to such signals. Here, we exam-
ined the effects of the PTPase inhibitor PV on
MDCK cells and found that ezrin is involved in
responses to tyrosine phosphorylation signals.

MATERIALS AND METHODS
Cell Culture and Materials

MDCK cells were obtained from RIKEN Cell
Bank and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (GIBCO-BRL) at
37°C under 5% CO, in humidified air. Sodium
orthovanadate was from Sigma.

Antibodies

Ezrin was purified from human placenta, as
described previously by Bretscher [1989]. The
polyclonal (pAb) antiezrin antibody was raised in
rabbits using the purified human ezrin. Mouse
monclonal (mAb) antiezrin antibody clone:18
was purchased from Transduction Laboratories.
Monoclonal antiphosphotyrosine antibody PY 20

was from ICN Biomedicals. Rodamine phalloidin
was from Molecular Probes, Inc. Texas Red-
conjugated goat antimouse IgG was from Jack-
son Immunoresearch Labs. Fluorescin isothio-
cyanate (FITC)-conjugated goat antirabbit IgG
was from Zymed.

PV Treatment

Confluent MDCK cell monolayers were
washed three times with serum-free DMEM,
then 0.1 mM H,0, and 0.1 mM sodium or-
thovanadate in serum-free medium were added
to the cells and incubated for different periods of
time. Cells were lysed in RIPA buffer [20 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 0.1% (w/v)
SDS, 1% (v/v) Triton X-100, 1% (w/v) deoxycholic
acid, 10 mM NaF, 1 mM Na;VO,, 5 mM EDTA, 1
mM phenylmethylsulfonyl fluoride (PMSF), 10
g/ml leupeptin, and 10 . g/ml aprotinin]. Protein
concentration was determined using a BCA kit
(Pierce) and equal amounts of protein were sub-
jected to SDS-PAGE and analyzed by Western
immunoblotting.

Immunoprecipitation

Cultured cells were treated with PV at 37°C.
At the end of the incubation period, cells were
rinsed three times with ice cold PBS™
(phosphate-buffered saline without Mg?* and
Ca®") and lysed on ice for 30 min in RIPA
buffer. Cell lysates were clarified by centrifu-
gation at 10,000 X g for 30 min. After deter-
mining the protein concentration, equal
amounts of protein from clarified cell lysates
were incubated with 5 pl rabbit polyclonal an-
tiezrin antibody protein for two h at 4°C. Pro-
tein A-Sepharose (Pharmacia) was then added
for one hour. Immune complexes were washed
three times with RIPA buffer (lysis buffer),
eluted by boiling in Laemmli sample buffer
[Laemmli, 1970], and analyzed by SDS-PAGE
and Western immunoblotting.

Electrophoresis and Western Blotting

SDS-PAGE was performed according to La-
emmli [1970]. After electrophoresis, the gels
were transferred to nitrocellulose filters (Hy-
bond ECL, Amersham) for immunoblotting.
The membranes were blocked with 5% (w/v)
dry skim milk in TBST buffer [20 mM Tris-HC1
(pH 7.5), 150 mM NacCl, and 0.05% Tween-20]
for one h. After washing in TBST buffer, the
filters were probed with primary antibodies
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(antiezrin or PY 20) in 1% (w/v) skim milk/
TBST buffer for one h at room temperature.
The primary antibody reactions were detected
with peroxidase-conjugated goat antirabbit or
antimouse IgG in 1% skim milk/TBST buffer,
and developed using an enhanced chemilumi-
nescence Western blotting kit (ECL, Amer-
sham) according to the manufacturer’s specifi-
cations. For reprobing, the filters were stripped
by a 10 min incubation at 60°C in stripping
buffer [62.5 mM Tris-HC1 (pH 6.8), 2% SDS,
and 100 pM 2-mercaptoethanol], blocked in 5%
dry skim milk in TBST buffer, and probed as
described above.

Immunocytochemistry

MDCK cells grown on glass coverslips were
fixed in 3percnt; paraformaldehyde in PBS™
(phosphate-buffered saline containing 0.5 mM
CaCl, and 0.5 mM MgCl,) for 20 min at room
temperature. The fixed cells were washed and
then permeabilized by incubation with 0.5%
(v/v) Triton X-100 in PBS™ for 10 min. After
washing, the cells were incubated for 30 min in
PBS*containing 1% (w/v) bovine serum albu-
min (BSA). Incubation with primary antibodies
was in PBS™ containing 1% BSA for one h at
room temperature. After washing, the cells
were then incubated for 30 to 60 min at room
temperature with Texas Red or FITC-
conjugated secondary antibody and mounted.
Coverslips were examined with a Zeiss Axio-
scope microscope. For scanning laser confocal
analysis, cells labeled with fluorescence were
viewed with a laser scanning confocal system
(BioRad MRC 600) through a 60 X oil immer-
sion objective. The data were analyzed using
Comos software. Images were converted to
tagged information file format (TIFF), and pro-
cessed using Photoshop software (Adobe) on a
Power Macintosh 9500 (Apple).

Extraction of Cells with Detergent/Salt Solutions

Confluent monolayers of cells were sub-
jected to a modified protocol described previ-
ously [Bush et al., 1994; Stuart et al., 1996],
which yields two fractions: soluble (S) and
salt-sensitive cytoskeleton (C). After incuba-
tion in PV, monolayers were briefly rinsed
twice with a buffer containing 10 mM Tris-
HCl (pH 7.5), 150 mM NaCl, and 1 mM
PMSF. Cells were extracted for 15 min at 4°C
on a rotating platform after covering the cells

with CSK-1 buffer [containing 0.5% Triton
X-100, 10 mM Tris-HC1 (pH 7.5), 100 mM
NaCl, 300 mM sucrose, 10 mM NaF, 1 mM
Na3VO,, and a proteinase inhibitor mixture].
The extract (S-fraction) was aspirated, and
the monolayers were further extracted under
the same conditions with CSK-2 buffer,
which differs from CSK-1 buffer only in that
it contains 1 M NaCl in place of 100 mM
NaCl. The second extract (C-fraction) was
separated. Equivalent aliquots of soluble and
insoluble fractions were analyzed by Western
immunoblotting.

For immunoprecipitation of ezrin, each of the
C-fractions was diluted with CSK-1 buffer with-
out NaCl to a final concentration of 100 mM
NaCl. After that, both the soluble and cytoskel-
eton fractions were clarified by centrifugation at
10,000 X g for 30 min. Equivalent aliquots of
soluble and insoluble fractions were immunopre-
cipitated with antiezrin pAb, and the immuno-
precipitates were separated by SDS-PAGE and
immunoblotting.

Preparation of Cell Extracts

MDCK cells were then rapidly washed with
ice-cold PBS ~, scraped, and collected by cen-
trifugation at 1,000 X g for 10 min. Prepara-
tion of cell extracts was performed as described
previously [Warne et al., 1995]. The collected
cells were lysed briefly by sonication in ice cold
homogenization buffer [20 mM Tris-HC] (pH
7.5), 2 mM dithiothreitol, 10 mM NaF, 1 mM
Na;VO,, 2 mM EDTA, 0.5 mM EGTA, 0.33 M
sucrose, and a protease inhibitor mixture]. The
suspension was separated into a cytosol frac-
tion by ultracentrifugation (100,000 X g for
60 min). The pellet was suspended in homoge-
nization buffer containing 5 mg/ml Triton
X-100, and the extracted membrane fraction
(supernatant) was separated by ultracentrifu-
gation (100,000 X g for 60 min). After deter-
mining the protein concentration, equal
amounts of protein for both fractions were an-
alyzed by Western immunoblotting.

For immunoprecipitation of ezrin protein,
Triton X-100 was added to both the cytosol and
membrane fractions to a final concentration of
1% (v/v). Each fraction was incubated for
30 min on ice, and then clarified by centrifuga-
tion at 10,000 X g for 30 min. Equal amounts of
protein from each clarified fraction were immu-
noprecipitated with antiezrin pAb or PY 20,
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and the immunoprecipitates were separated
and immunoblotting.

RESULTS
Characterization of Antibodies to Human Ezrin

Ezrin was purified from human placenta es-
sentially as described by Bretscher [1989]. After
the last purification step, fractions from a Mono
S column, a single peak of 81-kDa proteins were
obtained (Fig. 1A). This 81-kDa protein was then
subjected to amino-terminal sequencing. The re-
sulting sequence, MPKPINVRVTTMDA, indi-
cated that the purified 81-kDa protein was hu-
man ezrin, as described previously [Bretscher,
1989]. Polyclonal antibodies were then elicited in
rabbit immunized with this purified 81-kDa
ezrin protein. Since the previous studies indi-
cated that ezrin and radixin are very similar in
their deduced amino acid sequences [Funayama
et al., 1991], we further examined our antiezrin
pAb are specific for ezrin and not for radixin.
Results of the immunoprecipitation analysis us-
ing this antibody in MDCK cells is shown in Fig.
1B, Line 2. The results revealed that a protein
with a single band apparent molecular mass at
81-kDa was specifically immunoprecipitated.
Furthermore, the immunoprecipitates from
MDCK cells was also examined by immunoblot-
ting with another antiezrin mAb that was previ-
ously characterized as specifically recognizing
ezrin. The data showed that antiezrin mAb re-
acted against this immunoprecipitate (Fig. 1B).
Moreover, antibodies were characterized by im-
munoblotting on a variety of cell lines (Fig. 1C).
Western blot analysis of homogenates from cul-
tured MDCK, LLC-PK;, porcine kidney cells,
Caco-2, and Madin-Darby bovine kidney
(MDBK) cells showed that the ezrin pAb specifi-
cally reacted with a single band at 81-kDa (Fig.
1C). Altogether, these results indicate that this
polyclonal antibody specifically recognizes ezrin.

Tyrosine Phosphorylation in PV-Treated
MDCK Cells

Pervanadate treatment increased levels of ty-
rosine phosphorylation in MDCK cells as deter-
mined by immunoblotting assay (Fig. 2A). A sig-
nificant level of phosphorylation was apparent
after two to five min, and the levels increased
with longer incubations (Fig. 2A). Western blot
analysis indicated that stimulation with PV dra-
matically augmented phosphorylation of a large
number of protein bands, ranging in molecular

A B

0 —

Fig. 1. Characterization of ezrin-specific antibodies. A: one
g sample of purified 81-kDa protein from Mono S column was
resolved by 10% SDS-PAGE and stained with Coomassie blue.
B: Cultured MDCK cells were lysed and then immunoprecipi-
tated with antiserum raised against human placental ezrin. The
resulting immunoprecipitates, with control rabbit IgG (Lane 1)
and antiezrin pAb (Lane 2), were resolved on a 10% SDS-PAGE
and stained with Coomassie blue. To detect ezrin, the immu-
noprecipitates were blotted with antiezrin mAb (Lane 3). C:
Total cell extracts from the following cell lines were separated
by 10% SDS-PAGE, transferred to nitrocellulose, and probed
with antibody raised against human placental ezrin. Lane 1,
MDCK cells; lane 2, LLC-PK, cells; lane 3, Caco-2 cells; lane 4,
MDBK cells. Arrow indicates the migration of ezrin.

mass from 20 to 200 kDa. However, the changes
in phosphorylation levels of different protein
bands varied significantly. These included a
gradual increase in the phosphorylation levels of
some bands (e.g. 180, 120, 110, 80, 50, and
30 kDa) peaking at 15 to 60 min (Fig. 2A). The
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Fig. 2. Effect of PV stimulation on the presence of P-Tyr in
MDCK cells. A: Cultured MDCK cells were incubated with 100
mM PV. Total protein extracts at indicated times were separated
by 10% SDS-PAGE and transferred to a nitrocellulose filter.
Immunoblots were probed with anti-P-Tyr antibody (PY 20).
The mobility of protein size markers is indicated in kDa B:
MDCK cells grown on glass coverslips were incubated with 100
mM PV for the indicated times. Cells were fixed and processed
for immunofluorescence using PY 20 antibody and then ob-
served through an immunofluorescence microscope. Photo-
graphs were taken at a magnification of 1,000 X.

immunocytochemical analysis using antiphos-
phorylation antibody is shown in Fig. 2B. In con-
trol MDCK cells, there was not detectable with
tyrosine phosphorylation (Fig. 2B, control). How-
ever, a five min treatment with PV resulted in an
intensely-labeled line at the periphery of nearly
all cells. Longer exposure (15 min) with PV re-
vealed that the phosphotyrosine (P-Tyr)-
containing components were associated specifi-
cally with areas of intercellular contact (Fig. 2B).
After a 30-min incubation, the MDCK cells were
relatively intensely stained with the antibody.
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Fig. 3. Effect of PV stimulation on ezrin tyrosine phosphory-
lation and distribution in MDCK cells. A: MDCK cells were
incubated with 100 mM PV. The cells were lysed and immu-
noprecipitated using antiezrin pAb. The immunoprecipitates
were blotted with PY 20 (upper panel) and reprobed with
antiezrin antibody on the same membrane filter (lower panel).
Arrow indicates the migration of ezrin. B: MDCK cells grown
on glass coverslips were incubated with 100 mM PV for the
indicated times. Cells were fixed and processed for immuno-
fluorescence using antiezrin antibody and then observed
through an immunofluorescence microscope. Photographs
were taken at a magnification of 1,000 X.

Diffuse cytoplasmic staining was also apparent
after 15 min of incubation.

PV Stimulated Tyrosine Phosphorylation of Ezrin

To address the issue of the identity of ezrin
phosphorylated in response to PV treatment, a
polyclonal antibody was raised that specifically
recognized ezrin as described above. Ezrin was
immunoprecipitated using the antiezrin pAb
and the tyrosine phosphorylated ezrin was de-
tected by immunoblotting. PV treatment
clearly stimulated tyrosine phosphorylation of
ezrin (Fig. 3A). There was a dramatic increase
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Control 5 min

Fig. 4. Confocal microscope images of MDCK cells showing
the distribution of ezrin in control and PV-treated MDCK cells.
MDCK cells grown to confluence on coverslips were incubated
with 100 mM PV for the indicated times and stained with
antiezrin pAb. Serial x-y horizontal focal sections (parallel
through MDCK cells) were performed from apical (A-D) to near
the center level (E-L) of the cells. The lower panel shows x-z

in the level of ezrin-phosphotyrosine in re-
sponse to treatment with PV. Tyrosine phos-
phorylated ezrin levels rapidly increased
within two to five min and reached maximal
values at 60 min of incubation (Fig. 3A). These
immunoprecipitates were also examined by im-
munoblotting with the antiezrin pAb on the
same membrane filter. The results showed that
the ezrin was tyrosine phosphorylated in re-

15 min 30 min

p

sections (M-P) taken in 0.15 mM steps through the cells at 90°
to the x-y sections (selected area same as in x-y sections).
Pictures were obtained with a BioRad MAC 600 confocal mi-
croscope, converted to TIFF images, and processed identically
by Adobe Photoshop program with identical settings. Scale bar,
10 mM.

sponse to PV without a change in the recovered
amount of ezrin protein.

Cellular Redistribution of Ezrin Occurred After
PV Treatment

The effect of PV treatment on the localization
of ezrin in MDCK cells was examined with both
immunofluorescence microscopy (Fig. 3B) and
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scanning laser confocal analysis (Fig. 4). In non-
PV-treated control cells, ezrin was localized in
the cytosol, the microvilli, and along the lateral
surface at cell-cell boundaries (Figs. 3B and 4A,
E, I, and M). When cultured MDCK cells were
treated with 100 mM PV, the distribution of
ezrin was altered. Treatment with PV for five
min caused an increase in ezrin staining at cell
surface structures. As shown in Fig. 3B, after PV
incubation, ezrin staining was increased at api-
cal and cell-cell boundaries. Serial x-y horizontal
optical sections show an increase in ezrin stain-
ing at apical and cell-cell contacts (Fig. 4B, F, and
dJ). The same conclusions were derived from x-z
vertical sections (Fig. 4N). After 15 min of incu-
bation, a further increase in ezrin staining was
observed at cell surface structures. As shown in
Fig. 3B, ezrin staining was more intense at cell
borders. The scanning laser confocal analysis
showed that ezrin was clearly recruited into the
cell peripheries and that increased staining of
ezrin was observed at cell-cell contacts (Fig. 4G,
K, and O). After incubation for 30 min with PV, a
decline in ezrin staining at the apical structure
was noted, but strong staining of ezrin at cell-cell
contacts was observed for almost all cells (Figs.
3B and 4H, I, and P). In contrast to the dramatic
increase in the level of ezrin labeling at the cell
surface structures, cytoplasmic staining of ezrin
appeared to decline after incubation for five min
with PV (Figs. 3B and 4). These data suggest
that PV treatment might cause a redistribution
of cytosolic ezrin to the cell surface structures.

In addition, it seems that PV treatment in-
duced morphological cell changes. In confocal
x-z vertical section views, the thickness of the
monolayer of MDCK cells was increased (Fig.
4M-P). This would imply that PV treatment
might be involved in the regulation of total
plasma membrane and might induce a cell to
round up.

Another tyrosine-specific phosphatase inhib-
itor, PAO, which causes tyrosine phosphoryla-
tion of proteins associated with intercellular
junctions in MDCK cells, was also used. How-
ever, PAO failed to stimulate the tyrosine
phosphorylation of ezrin (data not shown).

Association of Ezrin With the Cytoskeleton Does
Not Change After PV Stimulation

The previous studies indicated that PV stim-
ulation induced reorganization of the actin as-
sociation system [Volberg et al., 1992]. Consid-
ering that ezrin is an actin-cytoskeleton-
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—— ——— . — e ———— — ‘
PV Incubation; " T § 15 30 60 0 1 5 15 30 &0
{min) soluble fraction cytoskeleton fraction
C

PV
Contraol 15 i
PV PV
ELY Al min

Fig. 5. Effect of PV stimulation on the association of ezrin with
the cytoskeleton. A: MDCK cells were extracted with CSK-1 or
CSK-2 buffers, and then divided into S- (soluble) and C- (cy-
toskeleton) fractions. Total ezrin in both S- and C-fractions was
immunoprecipitated with antiezrin pAb. Immunoprecipitates
were blotted with PY 20. B: Both S- and C- fractions were
separated and blotted with antiezrin antibody. Arrow indicates
the migration of ezrin. C: MDCK cells grown on glass coverslips
were incubated with 100 mM PV for the indicated times. Cells
were fixed and processed for immunofluorescence using
rhodamine-phalloidin (actin) and then observed through an
immunofluorescence microscope. Photographs were taken at a
magnification of 1,000 X.

associated protein, it was necessary to
determine whether redistribution of ezrin,
which was dependent on tyrosine phosphoryla-
tion induced by PV treatment, still occurred
after disruption of its association with the
actin-cytoskeleton. We examined the Triton
X-100 solubility of ezrin after PV stimulation.
MDCK cells were lysed and divided into two
fractions: soluble (S) and salt-sensitive cy-
toskeleton (C). Ezrin was immunoprecipitated
using antiezrin pAb and tyrosine phosphoryla-
tion was examined by immunoblotting. As
shown in Fig. 5A, PV clearly brought about a
dramatic increase in the phosphotyrosine lev-
els of ezrin in both the soluble and cytoskeleton
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fractions. A similar effect was observed in the
total cell lysate (Fig. 2A). We next examined
the distribution of ezrin in the S- and
C-fractions after PV stimulation. The amount
of ezrin recovered in the S- and C-fractions was
estimated by comparing the staining intensity
of each band on immunoblots. As shown in Fig.
5B, the amounts of ezrin recovered in the S-
and C-fractions were unchanged after exposure
to PV. These data indicate that the association
of ezrin with the actin-cytoskeleton did not
change after PV stimulation.

Furthermore, we examined the effect of PV
treatment on the actin structure by Rhodamine
phalloidin. The staining in the actin association
with cell-cell junctions appeared unchanged (Fig.
5C). However, after incubation for 30 min, a de-
cline in the staining of actin at the apical surface
structure was observed (Fig. 5C). The similar
effect was also observed in ezrin staining at the
apical structure (Fig. 4D and P).

PV Treatment Induced Translocation of
Cytosolic Ezrin to the Membrane Domain

The above findings indicate that when
ezrin is activated by tyrosine phosphoryla-
tion in response to PV stimulation, cellular
redistribution occurs, but the association
with the actin-cytoskeleton is not changed.
Because previous studies indicated that ezrin
was localized to the cytoplasm, we examined
whether PV treatment regulated the ezrin-
plasma membrane interaction. For this pur-
pose, we established a cell extract system,
which was divided into cytosol and mem-
brane fractions that permitted estimation of
the amount of recovered ezrin. During a time-
course of PV treatment, MDCK cells were
homogenized and divided into cytosol and
membrane fractions. Immunoblotting (Fig.
6A) revealed that the amount of ezrin recov-
ered in the membrane fraction was increased
after PV treatment, and the amount of ezrin
recovered in the cytosol fraction was slightly
decreased. Furthermore, lysis of PV-treated
MDCK cells with RIPA buffer, and immuno-
precipitation with antiezrin pAb showed that
the amount of ezrin recovered in the mem-
brane fraction was increased compared with
that of untreated cells (Fig. 6B), and the
amount of ezrin in the cytosol fraction of
PV-treated MDCK cells was decreased com-
pared with untreated cells. These data sug-
gest that, when MDCK cells were treated
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Fig. 6. Cytosolic ezrin is moved into the membrane domain
after PV stimulation. A: MDCK cells were treated with 100 mM
PV, homogenized, and divided into soluble (cytosol) and insol-
uble (membrane) fractions. Each fraction was resolved by SDS-
PAGE, and ezrin was detected by immunoblotting with anti-
ezrin pAb (upper panel). The lower panel shows the
densitometric analysis of the immunoblotting. B: The soluble
(cytosol) and insoluble (membrane) fractions of PV-treated or
untreated MDCK cells were immunoprecipitated with antiezrin
pAb (upper panel), or with PY 20 (lower panel). Each immu-
noprecipitate was immunoblotted with antiezrin pAb Arrows
indicate the migration of ezrin.

with PV, cytosolic ezrin was translocated to
the membrane fraction. In addition, the total
tyrosine phosphorylate proteins were immu-
noprecipitated by PY 20 and the tyrosine
phosphorylated ezrin was detected by immu-
noblotting. The results showed that the
amounts of tyrosine phosphorylated ezrin re-
covered in both the cytosol and the mem-
brane fractions were increased (Fig. 6B).
However, the clearer increase was observed
in the membrane fraction, suggesting that
PV treatment induced a redistribution of ty-
rosine phosphorylated ezrin to membrane do-
main.
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DISCUSSION

In this report, we examined how phosphory-
lation of ezrin was affected by treatment with
tyrosine phosphatase inhibitors and if its cel-
lular localization was altered. Our results dem-
onstrated that treatment of MDCK cells with
PV induced a marked increase in phosphoryla-
tion of ezrin at tyrosine residues, and a redis-
tribution of ezrin to the membrane compart-
ment. Interestingly, we obtained clear evidence
that, following PV stimulation, ezrin was redis-
tributed to the apical and lateral membranes.
Furthermore, immunoblotting of cytosol and
membrane fractions with antiezrin showed
that, when MDCK cells were treated with PV,
cytosolic ezrin was translocated to the mem-
brane fraction. Because PV treatment can af-
fect the cytoskeletal organization [Volberg et
al., 1992], the association of ezrin with the
cytoskeleton was also examined. The results
showed that the distributions of ezrin did not
change in the soluble and salt-sensitive cy-
toskeleton fractions after the PV treatment.
Collectively, these findings demonstrate that
in this model, PV treatment induced the in-
crease in ezrin tyrosine phosphorylation and
that only cytosolic ezrin was involved in the
cellular redistribution and translocation to the
membrane domain.

The phosphorylation of ezrin occurs in many
systems and can induce various cellular re-
sponses. A correlation between the tyrosine
phosphorylation-induced ezrin redistribution
and changes in cell morphology has been dem-
onstrated [Bretscher, 1989; Jiang et al., 1995].
Treatment of A431 cells with EGF induces a
progression of morphological changes, includ-
ing the rapid and transient formation of mi-
crovilli and membrane ruffles. Ezrin is re-
cruited into the microvillar-like structures and
membrane ruffles, and is phosphorylated on
tyrosine and serine in a time course that par-
allels the formation and disappearance of these
surface structures [Bretscher, 1989]. In the
EGF treatment system, two tyrosine residues
(Y 145 and Y 353) were phosphorylated [Krieg
and Hunter, 1992]. HGF, also known as scatter
factor, also induced morphological changes and
tyrosine phosphorylation of ezrin, and shifted
ezrin from the cytosol and generalized mem-
brane to the areas of the ruffled membrane
[Jing et al., 1995]. In this report, PV treatment
induced a series of morphological changes and

an increase in ezrin tyrosine phosphorylation,
and ezrin was redistributed to the membrane
structures. However, the results have some dif-
ferent patterns from those which were ob-
served in EGF or HGF systems. As the PV
treatment is not receptor-mediated, it only in-
duced the cytoplasmic activation [Egerton et
al., 1992; Huyer et al., 1997; Ruff et al., 1997].
In addition, ezrin is also an integral component
involved in some cytoplasmic signaling path-
ways, such as the Rho pathway [Hirao et al.,
1996; Takahashi et al.,, 1997] and the PI
3-kinase/AKT pathway [Gautreau et al., 1999].
It is possible that the activated form of ezrin in
the PV treatment system might be different
from that in the EGF and HGF treatment sys-
tems. PV stimulation of tyrosine phosphoryla-
tion of ezrin might be regulated by a cytoplas-
mic signaling pathway. In the present study,
the major PV-induced tyrosine phosphoryla-
tion sites were not identified, and this remains
to be established in the future. The reactivity of
the antiphosphotyrosine antibody (PY 20) was
apparently specific [Glenney et al., 1988). It did
not seem important to question the assumption
that PV treatment induced tyrosine phosphor-
ylation of ezrin.

In epithelial cells, the adhesive interactions
of cells with their neighbors are responsible for
a wide variety of morphogenic and biochemical
processes, and the subapical junctional com-
plex and its regulation are involved in these
processes [Gumbiner, 1996]. The tight junction
(TJ), which seals together the plasma mem-
branes of adjacent cells, acts as a barrier that
separates apical and basolateral domains, and
is responsible for the permeability barrier func-
tion in each epithelial cell. Below the TJ is the
adherens junction (AJ), which connects sites
for bundles of actin filaments and is formed by
transmembrane adhesion proteins, cadherin
family members, and cadherin-associated cyto-
plasmic proteins such as catenins, vinculin,
a-actinin, and talin. Another class of
cytoskeleton-associated epithelial junctions is
the desmosomes, which is associated with in-
termediate filaments. The main targets for
phosphorylation of tyrosyl residues in junc-
tional components after PV treatment pro-
teins, such as B-catenin, E-cadherin, ZO-1, and
7Z0-2, have been identified [Staddon et al.,
1995; Volberg et al., 1992]. Thus, we suggest
that PV treatment might have an effect on the
tight junction or adherens junction compo-



320 Wu et al.

nents. In addition, in ts-v-sre-MDCK cells,
ERM proteins were heavily phosphorylated in
tyrosines in a time course similar to that of
B-catenin, suggesting that the tyrosine phos-
phorylation of ERM proteins is involved in the
regulation of cadherin-based cell adhesion
[Takeda et al., 1995]. Our study showed that
activation of ezrin by PV stimulation resulted
in its redistribution to lateral cell-cell contact
sites. However, it was not clear which intercel-
lular junctional complex structure was in-
volved. Because ezrin is an actin-associated
protein, it is possible that it is moved to the
nearby tight junction or adherens junction
compartment in the cytoplasm after PV treat-
ment. It was also reported that treatment of
cells with PV (30 min at the 1 mM concentra-
tion) increased tyrosine phosphorylation of pro-
teins at cellular junctions and induced deteri-
oration of the adherens junction [Volberg et al.,
1992]. The PV-induced downregulation of cel-
lular contacts is thought to occur because ty-
rosine phosphorylation of these cytoskeleton-
associated proteins disrupts the cytoskeleton
and membrane adhesion molecules. However,
in the present study, we obtained results that
differed from those of previous reports: the
downregulation of cellular contacts did not oc-
cur (Figs. 2B, 3B, and 4), and the association of
ezrin with the cytoskeleton did not change dur-
ing 60 min of PV treatment (Fig. 5B). Although
downregulation of cellular contacts occurred
after prolonged incubation (after two h, data
not shown), the differences between the studies
might have resulted from the different concen-
trations of PV used in this study.

Since PV has been reported to be involved
both in the inhibition of PTPase activity and
the activation of protein tyrosine kinase (PTK)
cascade, we suggest that the enhancement of
ezrin in tyrosine phosphorylation by PV may be
mediated through the actions of PTK and PT-
Pase. This may prove useful in the search for
ezrin proteins controlled by tyrosine phosphor-
ylation mechanisms, and in regulating cell ad-
hesion and cortical mophogenesis.
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