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EBP50 Phosphorylation by Cdc2/Cyclin B Kinase
Affects Actin Cytoskeleton Reorganization and
Regulates Functions of Human Breast Cancer Cell

Line MDA-MB-231

Chaoyuan Sun'?, Junfang Zheng'®, Shan Cheng', Duiping Feng?, and Jungi He'*

The actin cytoskeleton plays an important role in cell shape
determination, adhesion and cell cycle progression. Ezrin-
radixin-moesin (ERM)-binding phosphoprotein 50 (EBP50),
also known as Na*-H" exchanger regulatory factor 1 (NHERF1),
associates with actin cytoskeleton and is related to cell
cycle progression. Its Ser279 and Ser301 residues are
phosphorylated by cyclin-dependent kinase 2 (cdc2)/cyclin
B during the mitosis phase. However, the biological signi-
ficance of EBP50 phosphorylation mediated by cdc2/cyclin
B is not clear. In the present study, MDA-MB-231 cells with
low levels of endogenous EBP50 protein were stably trans-
fected with constructs of EBP50 wild type (WT), phospho-
deficient (serine 279 and serine 301 mutated to alanine-
S279A/S301A) or phospho-mimetic (serine 279 and serine
301 mutated to aspartic acid-S279D/S301D) mutants. Sub-
sequently, multiple phenotypes of these cells were charac-
terized. Failure of cdc2/cyclin B-mediated EBP50 phospho-
rylation in cells expressing S279A/S301A (AA cells) signif-
icantly increased F-actin content, enhanced the adherence
of cells to the extracellular matrix, altered cell morphology
and caused defects in cytokinesis, as reflected in the for-
mation of giant cells with heteroploid DNA and multinuc-
leation or giant nuclei. Furthermore, knockdown of EBP50
expression in AA cells rescued cell defects such as the
cytokinesis failure and abnormal cell morphology. EBP50
S$279A/ S301A had a weaker binding affinity with actin than
EBP50 S279D/S301D, which might explain the increase of
F-actin content in the AA cells. The present results suggest
that cdc2/cyclin B-mediated EBP50 phosphorylation may
play a role in the regulation of various cell functions by
affecting actin cytoskeleton reorganization.

INTRODUCTION

Actin filament remodeling regulates many important cell pro-
cesses such as cell adhesion, growth, morphological change
and cell cycle progression (Castillo-Romero et al., 2009; Chang
et al,, 2010; Hable et al., 2003; Watabe et al., 1996; White, 1984;
Zhuang et al., 2011). Actin remodeling in coordination can en-
sure proper execution of G2/M checkpoint arrest (Hsu et al.,
2010) and is crucial for entry into mitosis (Zhuang et al., 2011).
Cortical F-actin (polymerized actin) disappears at the initial
stage of mitosis (Yamagishi and Kawai, 2011). The abnormal
change in F-actin content can retard or inhibit cytokinesis (Bai
et al., 2001; Watabe et al., 1996). Hyperactivation and misloca-
lized actin polymerization can lead to the formation of binuc-
leated or multinucleated cells, suggesting a failure of cytokine-
sis (Moulding et al., 2007). Cell shape determination and adhe-
sion are also associated with actin dynamics (Hu et al., 2010;
White, 1984). The important roles played by the actin cytoske-
leton in multiple cell activities and the significance of the dy-
namic equilibrium of actin polymerization have triggered interest
in the regulation of actin reorganization.

The actin assembly process has been studied extensively.
The dynamic equilibrium between G-actin (monomer form) and
F-actin (polymeric form) can be regulated by multiple factors,
including ATP hydrolysis, efc. The dynamics of the actin cy-
toskeleton are also controlled by a number of actin-binding
proteins (ABPs) (Grzanka et al., 2010). Ezrin-radixin-moesin
(ERM)-binding phosphoprotein 50 (EBP50), also known as
Na*-H*exchanger regulatory factor 1 (NHERF1), has been shown
as a ABP to indirectly associate with the actin cytoskeleton and
regulate F-actin dynamics (Bretscher et al., 1997; Mohler et al.,
1999; Morales et al., 2004; Murthy et al., 1998; Shenolikar et al.,
2004; Short et al., 1998; Sun et al., 2000). The expression level
and phosphorylation status of EBP50 affect its interaction with
actin and actin reorganization. Disruption of EBP50 binding to
platelet-derived growth factor (PDGF) receptor enhances actin
filament reorganization (Demoulin et al., 2003). The phosphory-
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lation of EBP50 at Ser77 by protein kinase C (PKC) inhibits its
colocalization with the cortical actin cytoskeleton (Voltz et al.,
2007). EBP50 is also known to associate with cell cycle pro-
gression and suppresses G1-to-S transition in breast cancer
cells (Pan et al., 2006), while decreased EBP50 expression
causes abnormal breast cancer cell growth (Dai et al., 2004).
EBP50 is phosphorylated at Ser279 and Ser301 by cyclin-
dependent kinase 2 (cdc2) /cyclin B during the mitosis phase of
the cell cycle (He et al., 2001), and the cdc2/cyclin B complex
regulates the G2 to M phase transition. Taken together, these
findings suggested that EBP50 phosphorylation might play a
role in cell division. However, whether the cdc2/cyclin B-
mediated phosphorylation of EBP50 affects its interaction with
actin and further regulates cell cycle progression have not been
reported.

In this study, we over-expressed the full-length cdc2/cyclin B
phospho-deficient mutant EBP50 S279A/S301A and phospho-
mimicking mutant EBP50 S279D/S301D in MDA-MB-231 cells.
MDA-MB-231 cells stably over-expressing the EBP50 S279A/
S301A mutant (AA cells) showed abnormal morphology, in-
creased F-actin content, stronger cell matrix adhesion, defect in
cytokinesis and lower affinity to actin, suggesting that cdc2/
cyclin B-mediated EBP50 phosphorylation plays an important
physiological role in maintaining normal functions of MDA-MB-
231 cells by affecting actin cytoskeleton reorganization.

MATERIALS AND METHODS

Cell lines and plasmids

The human breast cancer cell line MDA-MB-231 and COS-7
cells were cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium (Gibco Lab Inc., USA) and Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) respectively, supplemented
with 10% fetal bovine serum (FBS, Hyclone, USA) and 1%
antibiotic-antimycotic agent (Life Technologies, Inc., USA) un-
der standard conditions at 37°C and 5% CO,. The constructs of
pBK-CMV-Hemagglutinin (HA)-EBP50 WT, HA-EBP50 S279A/
S301A and HA-EBP50 S279D/S301D were kindly provided by
Dr. Randy Hall from Emory University (USA). EBP50 knock-
down plasmid was generated using the ribozyme transgene
method described previously (Yang et al., 2011). Briefly, the
secondary structure of human EBP50 was generated using
Zucker's RNA mFold software. The ribozymes that specifically
targeted EBP50 were obtained by touchdown PCR with the
appropriate primers (sense: CTGCAGCCGGGGAGTCTGG
GTCCACTGACC GCTGATGAGTCCGTGAGGA; antisense:
ACTAGTCCAAGCCAGGCCAGTTCTTTCGTCCTCACGGAC
T). Among this, 5-CAGCCGGGGAGTCTGGGTCCACTGAC
CG-3' ribozyme sequence targeted EBP50 mRNA sequence
773-800 for degradation. The resulting positive inserts were
purified and cloned into the pEF6/V5-His-TOPO vector (Invitro-
gen, USA).

Stable overexpression of EBP50 protein

MDA-MB-231 cells were transfected with constructs of HA-
EBP50 WT, HA-EBP50 S279A/S301A (AA), or HA-EBP50
S279D/S301D (DD) respectively with Lipofectamine 2000 (Invi-
trogen, USA). The cells were split 36 h after transfection, and
placed in medium containing G418 (300 pg/ml) to select for
transfected cells. After 2 weeks, individual clones were picked
up and cultured.
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Stable knockdown of EBP50 expression using ribozyme

transgenes

To knock down the expression of EBP50 in MDA-MB-231 cells
stably expressing the EBP50 S279A/S301A mutant, the pEF6/
V5-His-TOPO control vector or pEF6/V5-His-TOPO-EBP50-
ribozyme plasmid was transfected using Lipofectamine 2000
and EBP50 stable knockdown cells were obtained by blasticidin
S selection at 1.25 pg/ml for 2 weeks.

Western blotting

Protein extracts were run on 8% SDS-polyacrylamide gels and
transferred to PVDF membranes. The membranes were
blocked in blocking buffer (5% non-fat dry milk in TBST buffer)
for 1 h at room temperature and then incubated with primary
antibodies against HA, (MBL, Japan) or B-actin (Sigma Che-
mical Corp., USA) in blocking buffer for 1.5 h at room tempera-
ture. The blots were washed three times with TBST buffer and
incubated for 1 h at room temperature with a horseradish pe-
roxidase-conjugated secondary antibody (Zhongshan Golden-
bridge Biotechnology Co. Ltd., China) in blocking buffer. Finally,
the blots were washed three times with TBST buffer and visua-
lized via enzyme-linked chemiluminescence using the electro-
chemiluminescence (ECL) kit (Applygen Technologies Inc.,
China).

In vitro matrigel adhesion assay

Cells (1 x 10°) were seeded into 96-well plates precoated with 5
ng Matrigel basement membrane matrix (BD Biosciences,
USA). After 45 min of incubation, non-adherent cells were washed
off using a balanced salt solution. The remaining adherent cells
were fixed, stained with crystal violet and the absorbance value
was determined at 540 nm using a plate reading spectropho-
tometer (Molecular Devices Corp., USA).

Analysis of cellular DNA content by flow cytometry

A total of 2 x 10° cells were collected, washed in phosphate
buffered saline (PBS) solution and fixed by adding 4 ml of ab-
solute ethanol precooled at -20°C. Fixed cells were washed
and incubated with 20 ug DNase-free RNaseA at 37°C for 30
min. The cells were then stained with 100 pl of 1 mg/ml propi-
dium iodide (PI, Sigma, USA) at room temperature for 5-10 min.
Samples were analyzed with the Epics XL flow cytometer (Beck
man-Coulter, USA).

High content screening for cytoskeletal rearrangement

A cytoskeletal rearrangement assay was performed according
to the manufacturers’ instructions (Thermo Cellomics® Cy-
toskeletal Rearrangement Kit, USA). Briefly, Cells on coverslips
were washed with PBS, fixed in 3.7% (vol/vol) formaldehyde for
10 min at room temperature, washed again before permeabili-
zation with 0.1% Triton X-100 in PBS for 5 min, and blocked
with 1% bovine serum albumin (BSA fraction V) in PBS for 30
min. The cells were stained with rhodamine phalloidin for 30
min at 37°C in the dark to visualize the actin cytoskeleton, and
with Hoechst 33258 for 10 min at room temperature in the dark
to label the nuclei. Cytoskeletal rearrangement was quantita-
tively analyzed with the Thermo Scientific Cellomics ArrayScan
(Thermo Fisher Scientific Inc., USA).

GST pull-down assay

Glutathione S-transferase (GST)-EBP50 fusion proteins and
GST alone were purified using glutathione-agarose beads. The
beads were blocked with blocking buffer (containing 3% BSA,
10 mM HEPES, 50 mM NaCl, and 0.1% Tween) for 30 min
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Fig. 1. Generation of MDA-MB-231 breast cancer cells stably over-
expressing EBP50 WT, or EBP50 phospho-deficient or phospho-
mimetic mutants. MDA-MB-231 cells were transfected with pBK-
CMV-HA-EBP50 WT, EBP50 phospho-deficient S279A/S301A
mutant, phospho-mimetic S279D/S301D mutant expression plas-
mids or the pBK-CMV-HA vector respectively and screened using
G418 sulfate (300 ug/ml). Then, the cells stably expressing these
plasmids were named WT, AA, DD or Vector cells respectively. The
HA-tag was detected for exogenous EBP50 protein expression.
The 6-9 clones of each, WT, AA, DD and vector control cells were
mixed respectively before usage. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a protein-loading control.

DD Vector

<« WB: HA

before being used. COS-7 cells were harvested and lysed in
ice-cold lysis buffer (10 mM HEPES, 100 mM NaCl, 0.5% Tri-
ton X-100, 5 mM EDTA, and protease inhibitor mixture), and
clarified via centrifugation at 13,000 rpm for 15 min. The super-
natant was incubated with the same amount of various GST-
EBP50 fusion proteins beads with end-over-end rotation at 4°C
for 3 h. After five washes with lysis buffer, the pulled-down pro-
teins were eluted from the beads with 1x SDS-PAGE sample
buffer, and subjected to western blotting with anti-actin antibody
(BD Biosciences, USA).
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Statistical analyses

The results of Western blotting were semi-quantitatively ana-
lyzed by densitometry using Image J software. All data were
presented as means + SD and statistical significance was ana-
lyzed by independent sample T-test. Differences were consi-
dered significant when P < 0.05.

RESULTS

Generation of a cell pool stably expressing EBP50 WT,
EBP50 phospho-deficient or phospho-mimetic mutants

To determine the physiological significance of cdc2/cyclin B-
mediated EBP50 phosphorylation, the constructs of EBP50 WT,
EBP50 S279A/S301A, S279D/S301D or pBK-CMV-HA vector
were stably transfected into MDA-MB-231 cells respectively.
MDA-MB-231 cell clones stably expressing HA-EBP50 WT
(WT cells), S279A/S301A (AA cells), S279D/S301D (DD cells)
mutants or control clones (Vector) were obtained and identified
by western blotting. Then, 6-9 clones of each, WT, AA, DD and
vector control cells were collected and mixed respectively be-
fore further analysis (Fig. 1). The EBP50 protein was expressed
at similar levels in AA cells and DD cells.

Cdc2/cyclin B-mediated EBP50 phosphorylation affects
actin cytoskeleton polymerization in MDA-MB-231 cells
Cytoskeletal reorganization was reported to be regulated by
EBP50 and the actin cytoskeleton plays an important role in cell
cycle progression. During the mitosis phase of the cell cycle,
Ser279 and Ser301 of EBP50 are phosphorylated by the cdc2/
cyclin B complex. However, whether EBP50 phosphorylation
by the cdc2/cyclin B in mitosis phase could affect cytoskeletal
rearrangement was elusive. Therefore, the effect of EBP50
phosphorylation on F-actin organization was analyzed by em-
ploying high content screening systems. The results showed a
robust increase of F-actin content in AA cells, compared with
that in WT or DD cells (Fig. 2, P < 0.01). These results indi-
cated that failure of cdc2/cyclin B-mediated EBP50 phosphory-
lation may disturb normal cytoskeletal rearrangement in MDA-
MB-231 cells.

Fig. 2. Cdc2/cyclin B-mediated EBP50 phosphorylation
affects actin cytoskeleton polymerization in MDA-MB-231
cells. (A) Representative images of F-actin staining in WT,
AA, or DD cells. (B) F-actin staining combined with a high
content screening assay showed that AA cells had more
F-actin content than WT or DD cells (P < 0.01). Error bars
indicate SD from triplicate measurements. Data shown are
representative of three independent experiments.
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Fig. 3. Cdc2/cyclin B-mediated EBP50 phosphorylation plays a role
in adherence of MDA-MB-231 cells to the extracellular matrix. AA
cells showed stronger adherence to matrigel than WT or DD cells
(P < 0.001), and DD cells had very weak binding to matrigel. Error
bars indicate SD from ftriplicate measurements. Data shown are
representative of three independent experiments.
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Cdc2/cyclin B-mediated EBP50 phosphorylation plays a
role in adherence of MDA-MB-231 cells to the extracellular
matrix

Cell-extracellular matrix (ECM) interactions are directed by the
actin cytoskeleton (Moh et al., 2009). Therefore, we further
explored the cell-ECM interactions of MDA-MB-231 cells stably
expressing a variety of EBP50 constructs. Various cells were
seeded in plates coated with ECM matrigel and incubated for
45 min. Non-adherent cells were washed off and adherent cells
were determined to identify the adhesive ability of respective
cells. The AA cells had significantly stronger ability to adhere to
ECM than WT cells or DD cells (Fig. 3, P < 0.001), and DD
cells had very weak binding to ECM. These results supported a
critical role of EBP50 phosphorylation by cdc2/cyclin B in the
regulation of cell adhesion.

Cdc2/cyclin B-mediated EBP50 phosphorylation
participates in cytokinesis

Actin filament remodeling is also known to regulate cellular
processes such as determination and maintenance of cell mor-
phology and cytokinesis (Castillo-Romero et al., 2009; Watabe
et al,, 1996; White, 1984; Zhuang et al., 2011), so we further
characterized morphological change of MDA- MB-231 cells, in

Fig. 4. Cdc2/cyclin B-mediated
EBP50 phosphorylation partici-
pates in cytokinesis. (A) Morphol-
ogy of AA cells was altered. (B)
Giant cells were observed in AA
cells after trypsin treatment under
light microscope. (C) F-actin stain-
ing combined with a high content
screening assay showed that the
cell body area (um?®) of AA cells

L 2

was significantly greater than that
of WT (P < 0.05) or DD (P < 0.01)
cells. Error bars indicate SD from
triplicate measurements. Data shown
are representative of three inde-

Hoechst 33258 Rhodamine-Phalloidin/

pendent experiments. (D) Hetero-
ploid DNA content was also ob-
served in AA cells by flow cytome-
try. Flow cytometry analysis was
performed three times. (E) Con-
focal microscopy showed the pre-
sence of multiple nuclei in AA cells.
(F) Representative images of nu-
clei in WT, AA, or DD cells. (G)
High content screening assay
results confirmed that the ratio of
giant or multinucleated cells among
AA cells was significantly greater
than that among WT or DD cells
(P < 0.01). Error bars indicate SD
from triplicate measurements. Data
shown are representative of three
independent experiments.
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which a variety of EBP50 mutants stably expressed, and found
the formation of cell aggregates in AA cells (Fig. 4A). Cells with
a larger size was observed in AA cells through a light micro-
scope, after trypsin treatment, but not in WT or DD cells (Fig.
4B). Consistent with the findings of observation under the light
microscope, a proportion of cells with a larger size was ob-
served in AA cells, but not in WT or DD cells with the quantita-
tively based high-content screening (Fig. 4C, vs. WT P < 0.05
orvs. DD P<0.01).

Cell size homeostasis in proliferating cells requires a coordi-
nation of growth with division, and it could be altered by a nuc-
lear division failure or a cytokinesis failure. Thus, we further
monitored the changes in the DNA content by flow cytometry.
Results showed the DNA content increased significantly and
the heteroploid rate was up to 28.4% in the AA cells, whereas
the heteroploid was not detected in either the WT or the DD
cells (Fig. 4D). Consistently, cells with either single giant nuclei,
or multiple smaller-size nuclei were observed in the AA cells by
confocal microscopy (Fig. 4E). Verification of the confocal re-
sults with the quantitative high content screening assay also
showed that there were a significantly larger proportion of giant

http://molcells.org
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Fig. 5. Knockdown of EBP50 expression in MDA-
MB-231 cells stably expressing the EBP50 S279A/
S301A mutant rescues the formation of cell aggre-
gates and heteroploid DNA content. (A) pEF6/V5-His-
TOPO control vector or pEF6/V5-His-TOPO-EBP50-
ribozyme plasmid was transfected using Lipofecta-
mine 2000 and EBP50 stable knockdown cells were
obtained by blasticidin S selection at 1.25 pg/ml.
Stable knock-down clones for EBP50 (EBP-rib) or
control vector (pEF) were picked up and mixed.
EBP50 protein expression was detected. GAPDH
was used as a protein-loading control. EBP50 was
knocked down to 45% as revealed by Western blot-
ting. Data shown are representative of three inde-
pendent experiments. (B) Knockdown of EBP50 in
AA cells reversed the formation of cell aggregates,
and control vector expression can not have an effect
on the cell aggregates. (C) Flow cytometry analysis
showed that knockdown of EBP50 in AA cells re-
versed the DNA content from heteroploid to normal,
while the control vector expression had no such ef-
fect. The data in each panel were obtained from
three individual experiments.

or multi-nucleated cells among the AA mutant expressing cells
than that among the WT or DD cells (Figs. 4F and 4G, P <
0.01). Large nuclei may result from its cytokinesis failure (Bram-
well et al., 1982), and multinucleation is a marker of cytokinesis
defects. Taken together, these results suggested that cytokine-
sis was abnormal in the cells stably expressing the EBP50
phospho-deficient AA mutant, revealing that cdc2/cyclin B-
dependent EBP50 phosphorylation is important for cytokinesis.

To further confirm the results that cdc2/cyclin B-dependent
EBP50 phosphorylation affects cytokinesis, we knocked down
EBP50 expression in the AA cells to rescue the morphological
changes resulted from overexpressing the EBP50 phospho-
deficient mutant. EBP50 protein expression was knocked down
up to 55% with EBP50 ribozyme system (Fig. 5A). As we ex-
pected, the cell morphology such as the cell aggregation, cell
size and DNA content were rescued by EBP50 knockdown.
Meanwhile, control vector transfection had no effect on these
phenotypes (Figs. 5B and 5C), indicating that morphological
changes and heteroploid DNA content resulted from the ex-
pression of the AA mutant and EBP50 phosphorylation was
required for normal cytokinesis.
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Fig. 6. Cdc2/cyclin B-mediated EBP50 phosphorylation regulates
the interaction of EBP50 with actin. COS-7 cells were harvested
and lysed in ice-cold lysis buffer, and supernatants were incubated
with 50 pl of GST, GST-EBP50 S279A/S301A (AA) or GST-EBP50
S279D/S301D (DD) fusion proteins adsorbed onto glutathione
agarose. Pulled down proteins were eluted from the beads with 1x
SDS-PAGE sample buffer and subjected to Western blot analysis.
The GST-EBP50 AA pull-down contained less actin than that of the
GST-EBP50 DD mutant from COS-7 cell lysates. Coomassie blue
staining showed equal loading of GST-EBP50 AA and GST-EBP50
DD. The GST pull-down assay was carried out three times inde-
pendently.

Cdc2/cyclin B-dependent EBP50 phosphorylation
regulates the interaction of EBP50 with actin

The actin cytoskeleton remodeling is a dynamic process that
participates in many fundamental cellular functions such as cell
adhesion, cell morphology change and cell cycle progression
(Hu et al., 2010; Kunda and Baum, 2009; Pollard and Cooper,
2009). EBP50 is known to interact with the actin cytoskeleton
and regulate actin reorganization (Bretscher et al., 1997; Murthy
et al., 1998; Shenolikar et al., 2004; Sun et al., 2000). Hence, to
further explore the underlying molecular mechanisms by which
cdc2/cyclin B-mediated EBP50 phosphorylation participates in
the regulation of cellular functions such as cell adhesion, cell
shape and cytokinesis, the binding affinity of actin with EBP50
AA and EBP50 DD was studied by GST pull-down assay.
EBP50 protein is phosphorylated by cdc2/cyclin B kinase,
which is present in all known eukaryotes, but absent in bacteria,
so in E. coli expression system, wild type EBP50 is unphospho-
rylated and the same as EBP50 phospho-defective mutant (He
et al., 2001). In this study, we expressed GST-tagged fusion
protein in E. coli. Hence, we only explored the binding differ-
ence with actin between phospho-defective and phospho-
mimetic EBP50 mutants. As the results were shown in Fig. 6,
GST-EBP50 AA pulled down 50% less actin than the GST-
EBP50-DD mutant (P < 0.05, n = 3), indicating that cdc2/cyclin
B kinase-mediated EBP50 phosphorylation affected its interac-
tion with actin.

DISCUSSION
Actin dynamics regulate many vital cell functions such as cell

shape, cell adhesion, motility, cytokinesis, endocytosis and
membrane trafficking (Bretscher, 1991; Lee et al., 2010; Mould-
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ing et al., 2007; Nestor et al., 2011; Shao et al., 2010; White, 1984;
White et al., 2001). The dysregulation of actin organization can
lead to defects in mitosis and cytokinesis (Moulding et al., 2007).
EBP50 is an actin-binding protein and required for actin cy-
toskeleton reorganization (Demoulin et al., 2003; Mohler et al.,
1999; Murthy et al., 1998; Reczek et al., 1997; Voltz et al,,
2007). EBP50 can be phosphorylated at Ser279 and Ser301
during mitosis phase by cdc2/cyclin B (He et al., 2001). In the
present study, we first observed an increase of the F-actin con-
tent in AA cells, suggesting that a defect in EBP50 phosphory-
lation may disturb actin cytoskeleton reorganization dynamics
and turnover during the mitosis phase. Further investigation
revealed that these changes were related to a lower affinity of
the EBP50 phospho-deficient mutant to actin. AA cells showed
altered morphology, enhanced adherence of cells to ECM and
cytokinesis defect as reflected in bigger cell size and multinuc-
leation or giant nuclei, accompanied by increased F-actin con-
tent. Knockdown of EBP50 AA reversed the defects such as
heteroploid DNA and altered morphology of the cells, further
suggesting that EBP50 phosphorylation deficiency-triggered
functional abnormalities was closely correlated with the in-
crease of F-actin content. The phosphorylation of S279 and
S301 of EBP50 mediated by cdc2/cyclin B was found to play a
key role in modulating EBP50 association with actin. EBP50
WT has the same binding affinity with actin as EBP50 AA in
prokaryotic cell. However, in eukaryotic cell with the progres-
sion of cell cycle, EBP50 WT oscillated its phosphorylation level,
i.e. it is phosphorylated during M phase. Hence, EBP50 WT wiill
have different affinity with actin from EBP50 AA in M phase,
resulting in the different phenotypes between WT cells and AA
cells. The present results suggest a novel mechanism by which
EBP50 phosphorylation enhance its binding affinity with actin,
and decrease the F-actin content, furthermore may regulate
functions of breast cancer cells.

Post-translational modification of EBP50 could affect protein
conformation and regulate the interaction between EBP50 and
its binding proteins. The intramolecular interaction between the
second PDZ domain (PDZ2, amino acids 150-237) and the C-
terminal 242-358 fragment of EBP50 plays an autoinhibitory
role, preventing complex formation between EBP50 and other
proteins (Cheng et al., 2009). EBP50 phosphorylation at S162
of PDZ2 by PKC reduces the affinity of EBP50 for the cystic
fibrosis transmembrane conductance regulator (CFTR) (Raghuram
et al., 2003). EBP50 phosphorylation at S339 and S340 by PKC
has been shown to inhibit the tail-PDZ2 intramolecular interac-
tion and enhance binding to CFTR (Li et al., 2007). This study
result showed EBP50 phosphorylation at S279 and S301 by
cdc2/cyclin B kinase might also affect protein conformation and
regulate the interaction between EBP50 and actin, and further
play a role in actin reorganization.

Cytokinesis, the final step of cell division, is mediated by the
formation of a contractile ring composed of actin and myosin to
partition one cell into two. Cytokinesis occurs at the point of
minimum cortical F-actin content (Wong et al., 1997) and actin
depolymerization is required for cytokinesis (Hotulainen et al.,
2005). Unregulated actin synthesis or turnover leads to polyp-
loidization of human megakaryocytes, which in turn possibly
abrogates the formation of the actin cleavage furrow in telo-
phase (Baatout et al., 1998). The enhanced and delocalized
actin polymerization of whole cell may cause defects of mitosis
and cytokinesis in X-linked neutropenia (Bai et al., 2001; Castil-
lo-Romero, 2009; Moulding et al., 2007). Actin-polymerization
and microfilament-stabilization can also alter cell morphology
(Bai et al., 2001; Castillo-Romero, 2009). The failure of EBP50
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phosphorylation by cdc2/cyclin B caused a significant increase
in F-actin content, further leading to altered cell morphology and
cytokinesis failure as reflected in bigger cell size and multinuc-
leation or giant nuclei. EBP50 knockdown restored heteroploid
DNA and morphological changes in cells over-expressing the
EBP50 phosphor-deficient mutant, revealing EBP50 phospho-
rylation in S279 and S301 was required for cytokinesis.

EBP50 is phosphorylated in M phase of Hela cells, while
Hela cells decrease its adhesive ability to cell matrix, detach
from matrix, become round and prepare to divide. The weak
adhesive state of M phase was consistent with cells undergoing
cytokinesis (Murphy-Ullrich, 2001). DD cells had the weakest
adhesive ability to matrix, which was consistent with cell beha-
vior during mitosis phase. While during interphase, adherent
cells have stronger adhesive ability. The strong adhesive state
to matrix is characteristic of a differentiated, quiescent cell
(Murphy-Ullrich, 2001). AA cells showed strongest adhesive
ability to matrix compared with other cells, which was consistent
with cell behavior during interphase. This study also revealed
increased adhesive ability of AA cells was positively correlated
with its increased F-actin content. Actin polymerization can
increase cell adhesion (Lee et al., 2010), so it is possible that
the increased F-actin content caused by EBP50 dephosphory-
lation enhanced the adhesive ability of cells. The increased
adhesive ability of AA cells might also be the reason of cell
aggregates.

In summary, EBP50 phosphorylation at Ser279 and Ser301
during the mitosis phase of the cell cycle is important for normal
cell cycle progression in addition to inhibiting self-oligomeri-
zation (He et al., 2001). Changes in the phosphorylation status
of EBP50 during the different phases of the cell cycle may in-
fluence cell morphology, adhesion and cell cycle progression by
changing its binding affinity for actin and further affecting actin
polymerization. This study provides critical information concern-
ing the unique physiological function of the EBP50 protein and
its involvement in cell division and adhesion, which may help to
better understand the role of EBP50 in tumor development.
These data also provide insight into the regulation of the final
stages of cell division. As cytokinesis defects can cause chro-
mosomal instability, knowledge of the processes that regulate
normal cytokinesis may help to understand the events that lead
to tumorigenesis.
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