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Altered phosphorylation status of the C-terminal Thr residues of Ezrin/Radixin/Moesin (ERM) is often linked to cell
shape change. To determine the role of phophorylated ERM, we modified phosphorylation status of ERM and
investigated changes in cell adhesion and morphology. Treatment with Calyculin-A (Cal-A), a protein phosphatase
inhibitor, dramatically augmented phosphorylated ERM (phospho-ERM). Cal-A-treatment or expression of phospho-
mimetic Moesin mutant (Moesin-TD) induced cell rounding in adherent cells. Moreover, reattachment of detached cells
to substrate was inhibited by either treatment. Phospho-ERM, Moesin-TD and actin cytoskeleton were observed at the
plasma membrane of such round cells. Augmented cell surface rigidity was also observed in both cases.

Meanwhile, non-adherent KG-1 cells were rather rich in phospho-ERM. Treatment with Staurosporine, a protein
kinase inhibitor that dephosphorylates phospho-ERM, up-regulated the integrin-dependent adhesion of KG-1 cells to
substrate.

These findings strongly suggest the followings: (1) Phospho-ERM inhibit cell adhesion, and therefore,
dephosphorylation of ERM proteins is essential for cell adhesion. (2) Phospho-ERM induce formation and/or
maintenance of spherical cell shape. (3) ERM are constitutively both phosphorylated and dephosphorylated in cultured
adherent and non-adherent cells.

Introduction

Most metazoan cells are adhered to adjacent cells and/or con-
nective tissues such as basal membrane. These adhered cells show
various morphologies, but have flat surface areas at the attach-
ment sites to substrate and/or to the other cells. Meanwhile, non-
adherent cells such as leukocytes and oocytes are spherical and
maintain such round shape unless attached to other cells. Adher-
ent cells also become spherical during mitosis and when detached
from substrate by trypsinization. Thus, most metazoan cells
adopt spherical shape and maintain this morphology when not
attached to substrate or to other cells. At the same time, they
should have machineries to cancel such spherical shape when
attached to substrate or other cells.

Although the mechanisms to generate and/or maintain spheri-
cal cell shape have not been fully revealed, ERM proteins seem to
be the key players. Non-adherent cells such as T lymphocytes are
spherical and have microvilli on their surface. Previous studies
showed that dephosphorylation of ERM proteins and shift of
their subcellular localization were accompanied by cell shape

changes. Chemokines induced morphological changes including
polarization, membrane ruffling, loss of spherical shape and
microvilli in T lymphocytes.1,2 ERM proteins were localized to
uropods induced by chemokine treatment in T lymphoblasts.1

Treatment with Stromal Cell-derived Factor 1 (SDF-1) caused
rapid dephosphorylation of ERM proteins in peripheral T lym-
phocytes, while expression of phospho-mimetic Moesin mutant
delayed SDF-1-induced microvilli collapse.2 Meanwhile, T cell
receptor signaling induced cell shape change and binding to anti-
gen presenting cells. ERM proteins were dephosphorylated and
excluded from immunological synapse by T cell receptor signal-
ing.3,4 These reports strongly suggested the involvement of phos-
phorylated ERM proteins in maintaining spherical cell shape and
microvilli in T lymphocytes.

ERM are highly conserved cytoplasmic proteins. At least one
family protein is found in all sequenced metazoans.5,6 Each
ERM protein contains a conserved FERM (four point one,
ERM) domain in its N-terminal and an actin-binding
domain in its C-terminal.5,7 FERM domain is considered as the
binding site for membrane components, phosphatidyl-inositide
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4,5-bisphosphate and cytoplasmic domain of certain transmem-
brane proteins such as CD43, CD44 and ICAMs.1,8-10 In closed
and inactive conformation, FERM and C-terminal domains
intramolecularly interact and mask each other’s binding sites to
other molecules.6,11-13 When this conformation is opened up,
ERM proteins can bind to membrane components and actin
cytoskeleton via their FERM domain and C-terminal, respec-
tively.7,14,15 The mechanisms underlying these alternative con-
formational changes have not been fully revealed yet. However,
phosphorylated Thr residue close to the C-terminal actin-binding
site is a potent marker for the opened structure.11,13,16,17 This
Thr residue such as human Moesin T558 is surrounded by a
sequence conserved among ERM proteins. Development of
phospho-specific antibodies against this sequence containing
phosphorylated Thr residue enabled identification of ERM pro-
teins with phosphorylated Thr residue at this site (phospho-
ERM).18 Studies using such antibodies showed membarne
localization of phospho-ERM and co-localization with actin
cytoskeleton.2,5,19,20 Thus, phospho-ERM represent active form
of ERM proteins and function as cross-linkers between the
plasma membrane and actin cytoskeleton.

Unlike non-adherent cells, adherent cells are flat and spread
when attached to substrate during cell culture. However, adher-
ent cells become temporarily round during mitosis and when
detached from substrate. Among these cell shape changes in
adherent cells, ERM proteins have been shown to play crucial
roles in mitotic cell rounding. Moesin, which is the only ERM
protein in Drosophila, is essential for cell rounding during mito-
sis. 21,22 Phosphorylated Moesin was observed at the plasma
membrane of round mitotic cells and knocking down Moesin
resulted in impaired cell body retraction during mitosis. Knock-
ing down Slik, the gene encoding a protein kinase that phosphor-
ylates Moesin, inhibited cell rounding as well. Thus,
phosphorylated Moesin appear to be responsible for cell round-
ing of Drosophila adherent cells during mitosis. However,
changes in phospho-ERM upon cell detachment and reattach-
ment during tissue culture have not been studied yet.

We have reported that expression of cell surface mucin, CD43
or CD34, results in cell rounding, microvillous formation, and
inhibition of cell adhesion to substrate in HEK293T cells.23,24

Extracellular parts of mucins are highly O-glycosylated, and their
cleavage augmented integrin-mediated reattachment of cells to
substrate, indicating the inhibitory role of O-glycans in cell adhe-
sion. These cell surface mucins are highly expressed in leukocytes,
suggesting their roles in keeping leukocytes in suspended state by
inhibiting cell adhesion. Meanwhile, expression of such mucin
induced phosphorylation of ERM proteins in HEK293T
cells.23,24 ERM phosphorylation may be responsible for cell
shape change and inhibition of cell adhesion in mucin-expressing
HEK293T cells.

Besides mucin expression, we analyzed phosphorylation status
of ERM proteins in HEK293T cells after detachment by trypsi-
nization. We found that keeping cells unattached to substrate
augmented phospho-ERM. Such augmented phospho-ERM
decreased by the integrin-mediated cell adhesion.23 These obser-
vations indicate: (i) phosphorylation of ERM upon cell

detachment in adherent cells and (ii) dephosphorylation of ERM
proteins upon cell adhesion to substrate. Phospho-ERM in
detached cells is regarded to be involved in the formation and/or
maintenance of spherical cell shape as well.

In this article, we modified phosphorylation status of ERM
proteins and observed the subsequent alterations in cell shape,
cell adhesion to substrate, and cell surface rigidity. These observa-
tions not only depicted the roles of phospho-ERM in cell shape
formation and regulation of cell adhesion, but also suggested
potential mechanisms for such events.

Results

Cell shape change, ERM phosphorylation, and inhibition of
cell adhesion by Calyculin A treatment

We previously reported that inhibition of cell adhesion aug-
mented phosphorylated ERM proteins (phospho-ERM), while
cell adhesion to substrate decreased phospho-ERM.23 To investi-
gate cellular events caused by phospho-ERM, we treated adherent
cells with protein phosphatase inhibitors and observed their
effects on cell shape. Among tested inhibitors, Calyculin A (Cal-
A) induced cell rounding in NIH3T3 and HEK293T cells when
added to culture media at the concentration of 10 nM or more
(Fig. 1A and Supple 1A). Within 30 min after Cal-A addition,
more than half of NIH3T3 cells lost spread shape and became
round. Not only cell bodies were retracted, bleb-like structures
were observed on the surface of Cal-A-treated cells. To investi-
gate ERM phosphorylation, cells were harvested at several time
points after Cal-A addition and subjected to immunoblot analysis
with anti-phospho-ERM antibody (Ab). As demonstrated in
Figure 1B and Supple 1B, dramatic increase of phospho-ERM
was observed over time after Cal-A addition.

To further study the relation between cell rounding and ERM
phosphorylation, we modified Cal-A-induced ERM phosphory-
lation by Staurosporine, a powerful kinase inhibitor. NIH3T3
cells were incubated for 30 min with 50 nM Staurosporine, and
then incubated with Cal-A. As a result, Staurosporine treatment
partially inhibited Cal-A-induced cell shape change (Fig. 1C and
Supple 2). Staurosporine treatment also decreased phospho-
ERM in both Cal-A-treated and untreated cells (Fig. 1D). These
findings indicate that: (i) phospho-ERM should be kept dephos-
phorylated by protein phosphatases that are inhibited by Cal-A
in these adherent cells; (ii) ERM proteins are phosphorylated by
protein kinases that are inhibited by Staurosporine in these cells;
(iii) cell shape changes by Cal-A treatment, retraction of cell bod-
ies and following cell rounding, correspond with the increase of
phospho-ERM.

Since spread adherent cells became round by Cal-A treatment,
we investigated the effect of Cal-A on the reattachment of trypsi-
nized cells. Cal-A-preinucubated NIH3T3 cells were trypsinized
and re-incubated for 1h with 10 nM Cal-A. After incubation,
unattached cells were separated by flushing and counted, while
reattached cells were imaged. As demonstrated in Figure 1E and
F, Cal-A-treatment strongly inhibited reattachment of NIH3T3
cells to substrate. Similar inhibition of cell adhesion was observed
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in HEK293T cells (Supple 1C). Moreover, unattached Cal-A-
treated HEK293T cells eventually attached to substrate after
removal of Cal-A (Supple 1C). Thus, Cal-A-treated cells with
highly phosphorylated ERM proteins were not adhesive to
substrate.

Influence of Moesin mutant on cell shape and adhesion
Although Cal-A treatment significantly affected cell shape,

adhesion and ERM phosphorylation, many proteins other than
ERM could be phosphorylated by Cal-A treatment.25,26 To
obtain more direct evidence for the role of phospho-ERM, we
analyzed the effect of phospho-mimetic ERM mutant on cell
shape and adhesion by developing an expression vector that
coded a human Moesin Thr558 to Asp mutant (Moesin-TD).
Human Moesin Thr558 is the conserved phosphorylation site
among ERM family proteins, and Moesin-TD is considered as a
mutant that mimics phospho-Thr558 Moesin. Wild-type Moe-
sin (Moesin-wt) or Moesin-TD was expressed in HEK293T cells
by vector transfection, and the effects of Moesin expression were
investigated. Transfected cells were visualized by the expression
of GFP whose gene was transcribed from the same vector. First,
we investigated alterations of cell shape by Moesin expression. As
demonstrated in Figure 2A, many round GFPC cells were
observed in pCGFP-Moesin-TD transfectants. A few round
GFPC cells were observed in pCGFP-Moesin-wt transfectants,
while very few round GFPC cells were observed in pCGFP trans-
fectants. Ratio of round cells was much higher in Moesin-TD
transfectants than in GFP-alone transfectants.

Next, to investigate the effect of expressed Moesin on cell
adhesion, transfectants were trypsinized and allowed to reattach.
As demonstrated in Figure 2B, less GFPC cells attached to sub-
strate in Moesin-TD transfectants than those in GFP-alone trans-
fectants. To digitize the effect of Moesin-TD on cell
reattachment, GFPC cells per total cells in transfectants were
determined in attached (Fig. 2B) and whole cells. As summarized
in Table 1, less than half of GFPC cells reattached to substrate in
Moesin-TD transfectants, while most GFPC cells reattached in
GFP-alone transfectants. To further demonstrate the difference,
both reattached and unattached cells were analyzed by flowcy-
tometry. In Moesin-TD transfectants and Moesin-wt transfec-
tants, high expression of GFP was observed in unattached cells,
while lower or no expression of GFP was observed in attached
cells (Fig. 2C). This result further suggested that higher expres-
sion of either Moesin-TD or Moesin-wt tended to inhibit reat-
tachment of transfectants to substrate. Thus, expression of
Moesin-TD inhibited reattachment of cells to substrate, while
expression of Moesin-wt did it partially.

Expression of Moesin in these transfectants was investigated
by immunoblot analysis with anti-ERM and anti-phospho-ERM
Abs. Augmented expression of Moesin was identified as 75 kDa
bands by anti-ERM Ab in Moesin-wt or Moesin-TD transfec-
tants compared to non-transfectants (Fig. 2D). Meanwhile, no
difference was observed in 80 kDa bands of Ezrin and Radixin in
transfectants. Meanwhile, a dramatically augmented 75 kDa
band was detected by anti-phospho-ERM Ab in Moesin-TD
transfectants compared to non-transfectants, while the band in

Figure 1. Effect of Calyculin A (Cal-A) on cell shape, ERM phosphorylation
and inhibition of cell reattachment in NIH3T3 cells. (A) Cal-A treatment
induced cell rounding in NIH3T3 cells. Cell bodies of flat cells were
retracted within 30 min after incubation with 20 nM Cal-A. Magnifica-
tion: x100. Scale bar: 400 mm. (B) Immunoblotting with anti-phospho-
ERM Ab. Detection of phosphorylated ERM proteins (pERM) dramatically
increased over time after the addition of Cal-A. Concentration of Cal-A:
nM, time: min. (C) Suppression of Cal-A-induced NIH3T3 cell rounding by
Staurosporine (Sta). Image of cells incubated for 30 min with 10 nM Cal-
A after 50 nM Staurosporine pretreatment is shown. Staurosporine pre-
treatment delayed Cal-A-induced cell rounding. Magnification: x100.
Scale bar: 400 mm. (D) Suppression of Cal-A-induced ERM phosphoryla-
tion by Staurosporine. Pretreatment with 50 nM Staurosporine was
described by C, while concentrations of Cal-A (nM, 1h incubation) were
also described. Staurosporine decreased phospho-ERM in Cal-A-treated
and untreated cells. E: Inhibition of cell reattachment to substrate by Cal-
A treatment. Detached NIH3T3 cells were re-incubated with or without
10 nM Cal-A then washed. Images of cells remained attached after wash
are demonstrated. Magnification: x40. Scale bar: 400 mm. F: Ratios of
unattached cells per total cells are demonstrated by percentage.
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Moesin-wt transfectants was in between. These results indicated
the followings. (i) Moesin-TD was detected by either anti-ERM
Ab or anti-phospho-ERM Ab. (ii) Only part of Moesin-wt was
phosphorylated at Thr588 in HEK293T cells.

Combined, these findings indicate that phospho-mimetic
Moesin alone could induce cell rounding and inhibit cell reat-
tachment to substrate.

Staurosporine-induced ERM dephosphorylation and cell
adhesion in KG-1 cells

We already described the involvement of phospho-ERM in
the rounding of adherent cells and in the inhibition of cell reat-
tachment. Meanwhile, non-adherent cells are spherical and do
not attach to substrate. We next investigated the role of phospho-
ERM in the maintenance of such cell shape/adhesion-related
characteristics in KG-1 cells. KG-1 cells are round non-adherent
cells derived from acute myelogenous leukemia with microvilli
on their surface.24 ERM proteins such as Ezrin are localized at
microvilli and spherical surface of KG-1 cells. Despite surface
expression of a4b1 integrin, KG-1 cells hardly adhere to sub-
strate even coated with GST-CS1, a ligand for a4b1 integrin.24

However, we found that Staurosporine treatment augmented
KG-1 cell adhesion to the GST-CS1-coated substrate. Significant
increase of KG-1 cell attachment after washing (Fig. 3A) and
decrease in the number of unattached KG-1 cells (Fig. 3B) were
observed by Staurosporine treatment, indicating augmented
integrin-mediated cell adhesion to substrate by Staurosporine.

Immunoblot analysis showed dose-dependent decrease of
phospho-ERM by Staurosporine treatment in KG-1 cells
(Fig. 3C). Incubation with 10 nM Staurosporine for 1h almost
completely abrogated phospho-ERM, while incubation with less
concentration showed lower decrease. The results showed a dose-
dependent correlation between decrease of phospho-ERM and
number of unattached cells (Fig. 3B). Immunofluorescent images
of poly-L-lysine (PLL)-attached KG-1 cells also showed dimin-
ished phospho-ERM by Staurosporine treatment (Supple 3).
Phospho-ERM (Supple 3) and Ezrin (Fig. 3D) were detected at
the edge of non-treated KG-1 cells attached to PLL-coated sub-
strate, indicating localization at the plasma membrane. However,
Ezrin was mostly detected at the cytoplasm in Staurosporine-
treated cells (Fig. 3D). These observations revealed subcellular
localization of phospho-ERM at the plasma membrane of KG-1
cells and shift of Ezrin localization to the cytoplasm by
dephosphorylation.

Figure 2. Cell rounding and inhibition of cell adhesion by the expression
of Moesin-TD in HEK293T cells. (A) Rounding of HEK293T cells by Moe-
sin-TD expression. Fluorescent images of transfectants 44h after transfec-
tion are demonstrated. GFPC round cells/total GFPC cells ratio for GFP-
alone, Moesin-wt, Moesin-TD in these images was 4.3%, 9.2%, 35.4%,
respectively. Magnification: x100. Scale bar: 200 mm. (B) Effect of
expressed Moesin on HEK293T cell reattachment. Up: fluorescent images
of reattached GFPC cells after washing. Down: phase contrast images.
Magnification: x100. Scale bar: 200 mm. (C) Flowcytometry of reattached
and unattached Moesin transfectants. Expression of GFP in reattached
cells (lower panel) and unattached cells (upper panel) was analyzed by
flowcytometry after reattachment to substrate. High expression of GFP
in unattached cells and low or no expression of GFP in attached cells
were observed in Moesin-TD or wild-type Moesin transfectants. Horizon-
tal axis: FL1. Vertical axis: cell count. (D) Immunoblot analysis of transfec-
tants. Lysates of transfectants were analyzed by immunoblotting with
anti-ERM and anti-phospho-ERM Abs.

Table 1. Effect of Moesin expression on the reattachment of HEK293T cells.
GFPC cells/total cells before wash represents the ratio of GFPC transfec-
tants. GFPC cells/total cells after wash (Fig. 2B) represents the ratio of
GFPC transfectants attached to substrate per total attached cells. GFPC
after wash/GFPC before wash reflects the effect of transfection on cell
adhesion. Each number is shown by percentage.

GFP WT TD

GFPC/total(Before) 38.8 29.2 36.1
GFPC/total(After) 42.1 25.6 16.5
GFPC After/Before 108.5 87.6 45.7
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These findings further suggested the role of phospho-ERM in
the inhibition of cell adhesion.

Subcellular localization of phosphorylated ERM proteins
Expression of phospho-mimetic Moesin mutant or Cal-A

treatment induced cell body retraction, rounding and inhibition
of reattachment in adherent cells. To reveal mechanisms for these
phenomena, we investigated subcellular localization of phospho-
ERM. First, we analyzed HEK293T transfectants by

immunocytochemistry. As demonstrated in Figure 4A, staining with
anti-phospho-ERM Ab was clearly detected at the outer edge mem-
brane in Moesin-TD transfectants, while was hardly detected in
GFP-alone transfectants. Staining with anti-Moesin Ab was also
detected at the outer edge of Moesin-TD transfectants, while was
detected mostly at the cytoplasm of Moesin-wt transfectants
(Fig. 4B). These results indicated subcellular localization of phos-
pho-mimeticMoesin at the plasmamembrane of round cells.

More drastic changes were observed in Cal-A treated NIH3T3
cells. In non-treated spread cells, staining with anti-phospho-
ERM Ab was detected as filopodia-like structures at cell edge in
substrate-attach phase or as short microvilli on the apical surface
(Fig. 4C and D). Meanwhile, staining with Phalloidin was
observed at stress fibers, filopodia, and microvilli (Fig. 4C and
D). Notably, phospho-ERM were hardly detected along actin
stress fibers. After incubation with Cal-A, spread cell body was
retracted, and bleb-like structures appeared on the side and apical
surface of retracted cells (Fig. 1A). Staining with anti-phospho-
ERM Ab and Phalloidin were detected at the cell edge and rims
of bleb-like structures (Fig. 4C and E). This result indicated co-
localization of cortical actin cytoskeleton with phospho-ERM at
the inner surface of bleb-like structures. Meanwhile, actin stress
fibers were largely reduced in shrunk cells. Since phospho-ERM
crosslink plasma membrane and actin cytoskeleton, these obser-
vations strongly suggested the involvement of phospho-ERM in
gross reorganization of actin cytoskeleton.

A few cells showed a mixed phenotype between non-treated and
shrunk cells (Fig. 4F). The attachment site and the top parts of the
cells were similar to those of non-treated cells, while cell periphery in
the middle was covered with blebs. This finding suggested that Cal-
A-induced cell body retraction started from the apical side of cells,
especially from the side slope. Meanwhile, pretreatment with high
concentration of Blebbistatin, a Myosin II inhibitor, partially inhib-
ited Cal-A-induced bleb formation, but did not inhibit cell body
retraction (Fig. 4C). Thus, further study is required to clarify the
mechanism of Cal-A-induced cell rounding.

Most actin stress fibers disappeared in Cal-A-treated cells
(Fig. 4C and E). Since stress fibers are connected to focal adhe-
sions, phosphorylation status of focal adhesion kinase (FAK) was
investigated to find changes in focal adhesions. As demonstrated
in Figure 4G, phospho-Y397-FAK was reduced over time after
Cal-A addition in NIH3T3 cells in a concentration and time-
dependent manner. This decrease of phospho-Y397-FAK upon
Cal-A treatment was correspondent with the increase of phos-
pho-ERM (Fig. 1B) and with the advance of cell body retraction
and rounding (Fig. 1A and data not shown). Since phospho-
Y397-FAK is the marker of integrin-induced signaling, these
findings further suggested decrease of integrin-mediated cell
adhesion and signaling in Cal-A-treated cells.

Alterations of cell surface rigidity by phosphorylated ERM
Phospho-ERM as well as phospho-mimetic Moesin mutant

were localized at the plasma membrane in HEK293T and
NIH3T3 cells. Actin cytoskeleton was also detected at the plasma
membrane of Cal-A-treated NIH3T3 cells. However, our

Figure 3. Staurosporine-induced ERM dephosphorylation and cell adhe-
sion in KG-1 cells. (A) Staurosporine (Sta) treatment-induced adhesion of
KG-1 cells. KG-1 cells were incubated in the GST-CS1-coated plate with
or without Staurosporine. Images of cells remained attached to plate
after wash are demonstrated. Magnification: x40. Scale bar: 400 mm.
(B) Effect of Staurosporine on cell adhesion. Unattached cells in the
adhesion assay were counted and compared. Ratios of unattached cells
per total incubated cells are demonstrated by percentage. Treatment
with 1nM or more Staurosporine decreased unattached cells. Concentra-
tion: nM (C) Immunoblot analysis with anti-phospho-ERM Ab. Lysates of
Staurosporine-treated or untreated KG-1 cells were analyzed by immu-
noblotting. Concentrations of Staurosporine (nM) are indicated.
(D) Immunofluorescent analysis with anti-Ezrin Ab. KG-1 cells attached to
poly-L-lysine-coated coverglass chamber treated with or without 10 nM
Staurosporine were analyzed by immunocytochemistry. Staining with
anti-Ezrin Ab was detected at the edge of cells in untreated cells, while
detected at the cytoplasm in Staurosporine-treated cells. Magnification:
x200. Scale bar: 100 mm.
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immunocytochemical analysis with Phalloidin was not clear in
HEK293T cells. Moreover, recruitment of actin cytoskeleton to
plasma membrane could cause changes in physical characteristics

of cell surface. Since cell shape and adhesion could be affected by
such changes, we investigated cell surface stiffness by atomic force
microscopy (AFM).

Figure 4. Subcellular localization of phospho-ERM proteins. (A) Immunocytochemistry of HEK293T transfectants with anti-phospho-ERM Ab. Up: fluores-
cent images of anti-phospho-ERM Ab. Down: fluorescent images of GFP and AF488-labeled Phalloidin. Magnification: x200. Scale bar: 200 mm. (B) Immu-
nocytochemistry of HEK293T transfectants with anti-Moesin Ab. Staining with anti-Moesin Ab was detected at the edge of cells in Moesin-TD
transfectants, while detected rather at the cytoplasm in Moesin-wt transfectants. Magnification: x200. Scale bar: 200 mm. (C) Immunocytochemistry of
Cal-A-treated NIH3T3 cells. NIH3T3 cells untreated (left), treated with 20 nM Cal-A for 20 min (middle), and treated with Cal-A after Blebbistatin (Blebbi)
pretreatment (right) were analyzed with anti-phospho-ERM Ab (up) and AF488-labeled Phalloidin (down). Cal-A treatment augmented phospho-ERM,
induced cell body retraction and bleb formation. Fewer blebs were observed in Blebbistatin-pretreated cells. Magnification: x200. Scale bar: 200 mm. (D)
Non-treated NIH3T3 cells. (E, F) Cal-A treated NIH3T3 cells. From D to F: Up: anti-phospho-ERM Ab. Down: AF488-labeled Phalloidin. Magnification:
x1000. Scale bar: 20 mm. Side (E, F) and top (E) parts of Cal-A-treated cells were covered with blebs. Phospho-ERM and Phalloidin staining were detected
at the rim of blebs. (G) Immunoblotting with anti-pY397-FAK. NIH3T3 cell lysates used in Figure 1B were analyzed by immunoblotting with anti-phos-
pho-FAK (Y397) and anti-b-Actin Abs. Phospho-Y397-FAK was decreased over time after Cal-A addition to 20 nM. Concentration of Cal-A: nM, time: min.
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First, alteration of surface rigidity of HEK293T cells by Cal-A
treatment was investigated by the methods described in Materials
and Methods. As demonstrated in Figure 5A, average surface stiff-
ness of Cal-A-treated HEK293T cells were 1.7 times higher than
untreated cells.

Then, we analyzed the effect of Moesin-TD expression on cell
surface rigidity. Co-transfection of HEK293T cells with 10:1
molar ratio of pCAG-Moesin-TD and pCpuro-GFP boosted sur-
face rigidity of GFPC cells comparing to GFP- cells (Fig. 5B).

These results strongly suggested augmentation of cell surface
rigidity by phospho-ERM probably via the recruitment of actin
cytoskeleton to plasma membrane. This increased cell surface rigid-
ity could be involved in the formation/maintenance of spherical cell
morphology and in the inhibition of cell reattachment.

Discussion

It has been well documented that cell adhesion, either cell to cell
or cell to substrate, evokes various intracellular signaling by the inter-
action between cell adhesion molecules and their ligands. Morphol-
ogy of adherent cells is generated based on the influence of such
signaling from adhesion molecules. Meanwhile, non-adherent cells
such as leukocytes and transiently detached adherent cells are spheri-
cal in shape. It has been speculated that cells without adhesion spon-
taneously form spherical shape without any signaling. However,
recent studies by us and other laboratories demonstrated that: (i)
phospho-ERM were observed at the plasma membrane of non-
adherent cells such as peripheral T lymphocytes.2; (ii) phosphoryla-
tion of ERM proteins was induced by the detachment of adherent
cells, while phospho-ERM were reduced by cell adhesion to sub-
strate.23 Thus, augmented phospho-ERM were commonly observed
in the suspended cells. In this article, we artificially modified

phosphorylation status of ERM proteins by several methods and
investigated changes in cell shape and adhesion.

First, phosphorylation level of ERM proteins was low in
spread adherent cells such as NIH3T3 or HEK293T cells. How-
ever, phospho-ERM were dramatically augmented by the treat-
ment with a protein phosphatase inhibitor, Cal-A. This finding
indicated that ERM proteins were constitutively dephosphory-
lated by protein phosphatases in spread adherent cells. Constitu-
tive phosphorylation of ERM proteins by protein kinases in these
cells was also indicated by this finding as well as by Staurospor-
ine-induced decrease of phospho-ERM. Thus, ERM proteins are
kept both phosphorylated and dephosphorylated in adherent
cells. However, dephosphorylation of ERM proteins appears to
be dominant over phosphorylation in substrate-attached adherent
cells. On the other hand, phosphorylated ERM proteins are kept
in rather high level in KG-1 cells, which are non-adherent and
spherical cells. ERM proteins were dephosphorylated by Stauro-
sporine in KG-1 cells, while were further phosphorylated by Cal-
A treatment (data not shown). Thus, ERM proteins are kept
both phosphorylated and dephosphorylated in KG-1 cells, too.
However, phospho-ERM in KG-1 cells cultured in suspension
appear to be kept in a rather high level. Thus, phosphorylation
degree of ERM proteins is strongly regulated in cells by protein
kinases and phosphatases, i.e. low in spread adherent cells and
rather high in spherical non-adherent cells.

We then investigated alterations in cell shape and adhesion by the
modification of ERM phosphorylation. Cal-A treatment and expres-
sion of phospho-mimetic Moesin mutant resulted in cell rounding
and inhibited cell reattachment in adherent cells. Meanwhile, Staur-
osporine treatment abrogated phospho-ERM and augmented integ-
rin-mediated KG-1 cell adhesion. These findings strongly suggest
that higher level of phospho-ERM inhibits cell adhesion to substrate
in both adherent and non-adherent cells. It induces cell rounding
and maintained spherical cell shape as well.

Meanwhile, spherical cell shape is possibly involved in the regula-
tion of cell adhesion. Non-adherent cells and detached adherent cells
are spherical in shape. During adhesion process, cells change their
shape from spherical to flat after initial contact with substrate
(Fig. 6). This cell shape change increases contact area with flat sub-
strate and results in firm adhesion. Therefore, keeping spherical
shape despite initial contact impedes further increase of attachment
area and consequently inhibits establishment of sound cell adhesion.
We next examined possible evidence showing that high level phos-
pho-ERM maintained spherical cell shape. Non-adherent spherical

Figure 5. AFM analysis of Moesin transfectants. (A) AFM analysis of Cal-
A-treated HEK293T cells. Average Young’s modulus of Cal-A treated and
non-treated control (Ctrl) cells were 3397 and 1979 Pa, respectively. (B)
AFM analysis of Moesin-TD transfectants. Average Young’s modulus of
GFPC transfectants and GFP- cells were 2033 and 1251 Pa, respectively.
The lower Young’s modulus of GFP- cells compared to control cells in A
is due to the effect of lipofection.

Figure 6. Simplified schema of cell adhesion. Transition of cell shape and
phosphorylation status of ERM during detachment and reattachment of
adherent cells is depicted. Moesin-TD expression or keeping ERM highly
phosphorylated inhibits proceeding of cell adhesion. Cell surface struc-
tures such as filopodia, microvilli and bleb are not shown.
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cells such as lymphocytes and KG-1 cells were rather rich in phos-
pho-ERM. SDF-1 treatment led to dephosphorylation of ERM and
loss of spherical cell shape, while Moesin-TD expression partially
inhibited SDF-1-induced cell shape change.2 Moesin-TD transfec-
tants as well as Cal-A-treated cells were spherical, especially when
detached by trypsinization. Moesin-TD expressed cells remained
spherical for a few days (data not shown). BothMoesin-TD transfec-
tants and Cal-A-treated cells showed higher cell surface rigidity by
AFM, indicating more resistant to deformation. Thus, phospho-
mimetic ERM mutants as well as forced phosphorylation of ERM
probably maintain spherical cell shape, supporting the hypothesis
that phospho-ERM inhibit cell adhesion via keeping spherical cell
shape. If this is the case, adhesion of detached adherent cells to sub-
strate occurs in a sequential fashion as follows (Fig. 6): (1) Initial
contact with substrate, (2) dephosphorylation of ERM proteins
around the contact sites, (3) cell shape change, and (4) development
of further attachment. Meanwhile, non-adherent cells such as lym-
phocytes and KG-1 cells do not attach to substrate under the normal
culture conditions. Such inhibition of cell adhesion can be explained
by the lack of either initial attachment or adhesion-induced dephos-
phorylation of ERM. In addition, Staurosporine treatment dephos-
phorylated phospho-ERM and augmented cell adhesion in KG-1
cells. These results suggest that low dephosphorylation of phospho-
ERM is one of the potential reasons why non-adherent cells stay
unattached.

There are other possible mechanisms for inhibition of cell adhe-
sion by phospho-ERM. Adhesion inhibitory transmembrane pro-
teins such as CD43 are linked to cortical actin cytoskeleton by
phospho-ERM in leukocytes.27 Phospho-ERM scatter inhibitory
proteins on the whole cell surface and inhibit cell adhesion. Certain
signaling such as T cell receptor signaling induces dephosphorylation
of ERM proteins and promotes adhesion of T cells to antigen pre-
senting cell.3,4,27 Thus, in non-adherent cells such as T lymphocytes,
complex of adhesion inhibitory molecules, phospho-ERM, and cor-
tical actin cytoskeleton reversibly regulates cell adhesion. However,
such ERM-binding adhesion-inhibitory cell surface mucins appear
to be not highly expressed in adherent cells, suggesting a different
mechanism for phospho-ERM-mediated inhibition of cell adhesion.
As the other possibility, clustering of surface adhesion molecules
may be inhibited by phospho-ERM through organization of cell sur-
face structure. In our previous report, immunostaining of b1 integ-
rin on microvilli was patchy in KG-1 cells.24 This datum suggested
that adhesion molecules are sparsely localized on cell surface. There-
fore, inhibition of adhesion molecule clustering by membrane-
linked cortical actin cytoskeleton and/or cell surface structure may
result in failed cell adhesion. We believe one or a combination of
these mechanisms is involved in the inhibition of cell adhesion in
the cells rich in phospho-ERM.

In this article, we also showed rounding of adherent cells either
by Cal-A-treatment or by Moesin-TD expression. Cal-A treatment
induced rapid retraction of spread cell body with massive bleb for-
mation. This bleb formation appeared to start from side parts of
cells, and then expanded to apical parts. Bleb formation at the side
and apical parts during cell retraction possibly induces relocation of
cellular elements toward central and upper regions. Previous report
about serial cell shape changes from spread to bleb formation to

round by Cal-A treatment further indicates the involvement of bleb
formation during cell rounding.28 The initial step of bleb formation
is induced by the local increase of intracellular hydrostatic pressure,
which is generated by myosin.29,30 Meanwhile, phosphorylation of
myosin regulatory light chain was augmented by Cal-A treat-
ment.25,26 Thus, bleb formation in Cal-A-treated cells can be the
result of augmented phosphorylation of myosin regulatory light
chain. Meanwhile, previous reports proposed the involvement of
phospho-ERM in the retraction of blebs by recruiting actin cytoskel-
eton.21,31 Bending rigidity of the underlying cortex was increased
during bleb retraction,30 further suggesting the involvement of corti-
cal actin cytoskeleton in bleb retraction. We also observed increase
of cell surface rigidity either by Cal-A treatment or Moesin-TD
expression. Thus, bleb formation and phospho-ERM can be
involved in Cal-A-induced cell rounding. However, pre-treatment
with high concentration of Blebbistatin reduced Cal-A-induced bleb
formation, but did not inhibit cell retraction and rounding. Thus,
further studies are needed to confirm the roles of bleb formation
and phospho-ERM in cell rounding.

Meanwhile, Moesin-TD expression needs longer time for
cell rounding than Cal-A treatment. This can be due to the
initial time required for Moesin-TD expression, but can be
a different cell-rounding mechanism. Adherent cells undergo
cell body retraction, rounding, and bleb formation during
mitosis.21 Since spherical cell shape was maintained in Moe-
sin-TD transfectants, expression of phospho-mimetic Moe-
sin possibly inhibits re-spreading of round mitotic cells and
augments round-shaped cells. Then, what is the potential
mechanism for phospho-ERM/Moesin-TD to maintain
spherical cell shape? Colocalization of phospho-ERM/Moe-
sin-TD and polymerized actin at the plasma membrane of
round cells strongly suggest recruitment of actin cytoskele-
ton to the cell cortex by phospho-ERM. In combination
with the decrease of actin stress fibers in Cal-A-treated
NIH3T3 cells, reorganization of actin cytoskeleton in the
vicinity of the plasma membrane was induced by phospho-
ERM. In Cal-A-treated cells, Phalloidin-staining was
detected at the plasma membrane such as inner surface of
bleb rim. To cover the inner surface of such spherical 3-
dimensional protrusion, 2-dimensional actin networks are
necessary.30,31 Such phospho-ERM-cortical actin networks
at the inner surface augments cell surface rigidity by provid-
ing extra structural support for plasma membrane,30 which
in turn increase resistance to cell shape deformation. 32 Fur-
thermore, 2-dimentional contractile acto-myosin structures
can form membrane curvatures,33 suggesting formation/
maintenance of spherical cell surface. Thus, phospho-ERM
and reorganized actin cytoskeleton possibly maintain cell
surface architecture by backing plasma membrane. If this is
the case, modification of phosphorylation status of ERM
and reorganization of actin cytoskeleton are essential to alter
spherical cell shape.

In summary, cell shape and adhesion are regulated by phosphory-
lation status of ERM proteins in both adherent and suspended cells.
Upholding ERM proteins in phosphorylated state leads to the inhi-
bition of cell adhesion to substrate, paradoxically indicating the
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significance of ERM dephosphorylation in cell adhesion process.
Given that at least one of the ERM proteins is expressed in all meta-
zoans, regulation of ERM phosphorylation/dephosphorylation
could be one of the key biological events in multicellular organisms.

Materials and Methods

Cells and reagents
HEK293T, NIH3T3, KG-1 cells and their culture were

described previously.24 Rabbit anti-ERM (#3142) and anti-phos-
pho-ERM (#3149) antibodies (Abs) were obtained from Cell Sig-
naling Technology. This anti-phospho ERM Ab is reactive against
human phospho-Ezrin (Thr567)/ Radixin (Thr564)/ Moesin
(Thr558) and phospho-ERM of other species, while anti-ERM Ab
is reactive against human and mouse Ezrin, Radixin and Moesin.
Mouse anti-Moesin (610401) and anti-Ezrin (610603) monoclonal
Abs were obtained from BD Biosciences, Alexa Fluor (AF) 546-
labeled anti-Mouse Ig, anti-Rabbit Ig Abs, AF488-labeled Phalloi-
din, and anti-phospho-FAK (Y397) (44–624) were from Life Tech-
nologies. Calyculin A (Cal-A), Staurosporine and Blebbistatin (-)
were obtained from Wako, while poly-L-lysine (PLL, P-8920) and
anti-b-Actin Ab (A-5316) was from Sigma-Aldrich.

DNA
Human Moesin cDNA was cloned by RT-PCR. The cDNA

encoding Moesin Thr558Asp was generated by site directed
mutagenesis. A mammalian expression vector, pCLN (Imgenex),
was modified to replace neomycin resistant gene with GFP gene
to generate pCGFP vector. A Moesin cDNA was subcloned into
pCGFP. In pCGFP-Moesin vectors, Moesin and GFP genes are
on the same plasmid, but are driven by different promoters.
pCAG vector was generated with CAG promoter. Transfection
of expression vectors into HEK293T cells were performed with
LipofectAmine 2000 (Life Technologies). Production of GST-
CS1 peptide was described previously.34

Cell rounding assay
NIH3T3 and HEK293T cells were incubated in culture media

containing Cal-A for the indicated time. After images were taken,
cells were subjected to reattachment assay, and cellular lysates were
obtained for immunoblotting. For double treatment, Staurosporine
or Blebbistatin was added 30 min before Cal-A treatment. Mean-
while, transfected cells were analyzed at 42 to 45 hrs after the start of
transfection for imaging and reattachment assay.

Cell adhesion assay
For reattachment assay, NIH3T3 and HEK293T cells were

trypsinized, washed, re-suspended in culture media, and incu-
bated in CO2 incubator for 1 h. For Cal-A treatment, cells were
pre-incubated for 30 min with 10 nM Cal-A before trypsiniza-
tion and reincubated with 10 nM Cal-A. After incubation, unat-
tached cells were washed off and counted. Images of cells
remained attached to substrate were captured as reattached cells.

For adhesion assay of KG-1, cells were incubated in the plate
coated with GST–CS1 peptide in the culture media with or

without Staurosporine for 3h. After incubation, cells that did not
adhere to substrate were removed by washing and counted as
non-attached cells. Meanwhile, images of cells remained attached
to substrate after wash were captured as attached cells. For coat-
ing, petri-plate (Greiner) was incubated with PBS containing
1 mg/ml GST-CS1 peptide overnight in CO2 incubator, while
coverglass chambers (IWAKI) were incubated with PBS contain-
ing 0.001 % PLL.

All cell counts were performed in triplicate, and average values
are shown with standard deviation.

Immunoblotting
Cells were lysed in lysis buffer containing 1% CHAPS

(DOJINDO), sonicated, and subjected to immunoblot analysis
as described previously.23 Lysates from same number of cells
were electrophoresed in lanes of each blot. Blocking and incuba-
tion with primary antibodies were performed in TBS containing
5% BSA. Analysis was performed with LAS4000mini (Life Tech-
nologies) or C-Digit (LI-COR).

Microscopy
For phase contrast and fluorescent microscopy for GFP, images

of cells on culture dish were taken. For immunocytochemistry,
adherent cells were grown on coverglass chambers and treated as
described previously,24 while KG-1 cells were incubated for 30 min
with or without Staurosporine in PLL-coated coverglass chambers
before fixation. Both phase contrast and fluorescent microscopy
were performed by IX70 (OLYMPUS) and ORCA-ER (Hama-
matsu Photonics). Number of cells in the images was counted.

Flowcytometry
HEK293T transfectants were analyzed by flowcytometry with

FACS Calibur (BD Biosciences) as described previously.24

AFM assay
HEK293T cells cultured on 35 mm dishes in medium were

manipulated by AFM (Nanowizard I; JPK Instruments AG)
equipped with a plate heater at 37�C. Integration of the optical
microscopy (IX-71; Olympus) and AFM allows the probe to be
placed on a target region of the cell surface. For the analysis with
Cal-A treatment, Cal-A was added to culture media 30 min before
the start of AFM assay. For the analysis of transfectants, HEK293T
cells were transfected with pCAG-Moesin-TD and pCpuro-GFP by
LipofectAmine 2000 for 16 h. Then, cells were trypsinized, re-
plated on 35 mm dishes and incubated for 24h. Combination of
fluorescence microscopy and AFM enabled us to identify and mea-
sure transfectants. The AFM probe indented the cell surface on the
nuclear region with a loading force of up to 1 nN and approaching
velocity of 5 mm/s. The Young’s modulus of the cell was calculated
using the Hertz model.35 The force distance curve for a region up to
about 500 nm of cell surface indentation was fitted using JPK data
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processing software (JPK Instruments AG) as:

F D E

1¡ v2
tan a

ffiffiffi

2
p d2

where F is force, d is depth of the probe indentation, n is Pois-
son’s ratio (0.5), a is half-angle to the face of the pyramidal probe
(20�), and E is Young’s modulus. More than 20 cells were used
per experiment, and 25 points were examined on the surface of
each cell. Since distribution of the Young’s modulus values of a
cell exhibited a log-normal pattern,36 the average of the Young’s
modulus was used to show cell surface stiffness in each condition.
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