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Abstract. Vasodilator stimulated phosphoprotein (VASP) is 
known as an actin-binding protein. The phosphorylation of 
VASP plays an important role in its function. In a previous 
study, serine 157 phosphorylated VASP (p-VASP S157) was 
shown to be co-localized with α-tubulin on the spindle of 
SGC-7901 cells. In the present study, we demonstrated that 
the level of p-VASP S157 increases and has a peak which 
coincides with serine 10 phosphorylated histone 3 (p-H3 S10) 
during mitotic progression in a human cervical cancer cell 
line (HeLa cells). Application of protein kinase A inhibitor 
H89, protein kinase G inhibitor KT5823 and protein kinase 
C inhibitor Go6983, or a combination of these inhibitors, 
caused a partial decrease in p-VASP S157 and a delay in G2/M 
progression. Depletion of p-VASP S157 by VASP siRNA 
resulted in an increase in binucleated cells and x4n cells, a 
further delay in G2/M progression and the inhibition of HeLa 
cell proliferation. These results suggest that p-VASP S157 may 
play an important role in the G2/M transition and the comple-
tion of cytokinesis in HeLa cells.

Introduction

The cell cycle, which underlies all biological growth and repro-
duction processes, is the sequence of events that produces two 
nearly identical cells from one original. In eukaryotic cells, 
DNA replication and sister chromatin separation are tempo-
rally divided into distinct phases of the cell cycle: the S phase 
(for DNA synthesis) and the M phase (for mitosis). Certain 
cellular structures are crucial to the cell cycle process, and the 
mitotic spindle is one of these. This cellular structure plays a 
role in the cell cycle by mediating chromosome segregation 
during mitosis. Errors in spindle formation result in both chro-
mosome missegregation and cytokinesis defects, which lead 

to genomic instability (1). The mitotic spindle is a complex 
microtubule (MT)-based cellular structure based on a bipolar 
array of MTs and interacting proteins. The formation of the 
spindle involves dramatic changes in MTs and the recruitment 
of specific spindle-associated proteins that facilitate function 
in the mitotic phase (2-7). Certain proteins with important 
functions in the assembly of the mitotic spindle are those also 
crucial to the cell cycle, such as tastin and interphase nucleus 
and mitotic apparatus-associated protein (INMAP) (8,9). 

Proteins of the Ena/VASP family are a group of multifunc-
tional proteins associated with the regulation of actin (10,11). 
In mammals, the Ena/VASP family consists of three proteins, 
including mammalian Ena, VASP and Ena-VASP-like protein. 
VASP is known to be a substrate for PKA, PKG and PKC in 
a variety of cells (12-14) and participates in actin-fiber forma-
tion. Its activity is regulated by phosphorylation. VASP harbors 
three phosphorylation sites: S157, located N-terminally to the 
central proline-rich region, and S239 and T278, located in the 
Ena/VASP-homology domain 2 (15-17). The phosphorylation 
of VASP plays an important role in its function. However, the 
precise functional mechanism of the specific phosphorylation 
remains unknown.

In a previous study, we demonstrated for the first time 
that p-VASP S157, not VASP, was co-localized with α-tubulin 
on the spindles of the gastric cancer cell line SGC-7901, 
suggesting that p-VASP S157 may have an important role in 
the assembly of this cellular structure (18). Considering that 
spindle-associated proteins, such as tastin and INMAP, play 
a crucial role in the cell cycle, we performed the following 
experiments to identify p-VASP as a new regulator of G2/M 
progression in HeLa cells.

Materials and methods

Cell lines. The human cervical cancer cell line HeLa was 
provided by the Institute of Cell Biology (Shanghai, P.R. China). 

Reagents. Dulbecco's modified Eagle's medium (DMEM) was 
purchased from Gibco (Grand Island, NY, USA). New-born 
calf serum (NBCS) was from Minhai Bio-engineering Co. 
(Lanzhou, P.R. China). Antibodies against VASP (cat. no. 
sc-46668) and phosphorylated VASP (cat. nos. sc-23506-R 
and sc-23507) were from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Antibody against α-tubulin (BM1452) was 
from Foster Biological Technology Ltd. (Wuhan, P.R. China). 
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FITC, TRITC and peroxidase-conjugated secondary anti-
bodies were from Jackson ImmunoResearch Laboratories 
(West Grove, PA, USA). Antibody against glyceraldehyde 
phosphate dehydrogenase (GAPDH) was from Kangcheng 
(Hangzhou, P.R. China). Antibody against Phospho-Histone 
H3 S10 (cat. no. 1173-1) was from Epitomics (Burlingame, 
CA, USA). VASP small interfering RNA (siRNA) (cat. no. 
sc-29516) and transfection reagent (cat. no. sc-29528) were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Nuclear fluorochrome Hoechst 33342 was from Sigma (St. 
Louis, MO, USA). Electrochemiluminescence (ECL) reagents 
were from Amersham Biosciences (Buckinghamshire, UK). 

Cell culture and transfection. HeLa cells were maintained 
in DMEM supplemented with 10% FBS (100 IU/ml) and 
penicillin/streptomycin (100 mg/ml) and incubated at 37˚C in 
5% CO2. The cells were seeded in 6-well plates at a density 
of 20-30% of confluence and were transfected the following 
day. Transfection of siRNA was performed according to the 
manufacturer's instructions.

Fluorescence-activated cell sorter (FACS) analysis. Cells 
were transfected with siRNA and harvested after 72 h with 
trypsin digestion, washed twice in PBS and fixed with cold 
70% ethanol for 30 min at 4˚C. Cells were washed twice 
with ice-cold PBS, incubated with 6 mg/ml propidium 
iodide and 10  mg/ml RNAse for 30 min at room tempera-
ture, and analyzed for DNA content by flow cytometry on a 
FACSCalibur (Becton Dickinson, San Jose, CA, USA).

Preparation of cell extracts. Cells were harvested at various 
time points by aspiration of the media and the direct addition of 
2X SDS sample buffer. The cell lysate was scraped and trans-
ferred to tubes, heated for 5 min at 95˚C and stored at -20˚C. 

Cell synchronization. For synchronization experiments, cells 
were seeded in 6-well plates at a density of 20%, transfected 
as described above and incubated immediately with 2 mM 
thymidine (Sigma) for 14 h. Cells were then washed three 
times with PBS and released into fresh medium for 11 h, 
followed by a second round of incubation with 2 mM thymi-
dine for 15 h. Cells were then washed three times with PBS 
and fresh medium was added. This time point, corresponding 
to the G1/S transition, was designated as time 0. Cells were 
harvested at the indicated time points and the whole cell 
extracts were prepared as described above.

Western bloting. Sample proteins were separated on SDS-PAGE 
gels and blotted onto polyvinyl difluoride (PVDF) membrane. 
The PVDF membrane was blocked with 3% (w/v) bovine serum 
albumin (BSA) in TBS-T for 1 h at room temperature. Incubation 
with the primary antibody was conducted at 4˚C overnight, and 
with the secondary antibody for 1 h at room temperature, with 
three washes after each incubation. ECL reagents were used 
to reveal the positive bands on the membrane. The bands were 
detected by Typhoon 9400 (GE Healthcare, USA).

Immunofluorescence assay. Control and VASP siRNA-
transfected cells grown on cover slips were incubated with 
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Figure 1. p-VASP S157, but not S239, increases during the G2/M transition. (A and B) Results of immunofluorescence microscopy. (A) HeLa cells were stained 
with antibodies against-α-tubulin (green) and p-VASP S239 (red), and with nuclear Hoechst 33342 dye (blue). (B) HeLa cells were visualized with antibodies 
against actin (green), p-VASP S239 (red) and Hoechst 33342 (blue). (C and D) Results of Western blotting. HeLa cells were synchronized with a double 
thymidine block and released into fresh medium, whole cell extracts were prepared at different time points after release from the block and were analyzed 
by Western blotting with antibodies against (C) VASP, p-H3 S10, GAPDH and p-VASP S157, and with antibodies against (D) VASP, p-H3 S10, GAPDH and 
p-VASP S239. GAPDH expression served as the control.
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0.2 mmol/l Hoechst 33342 for 10 min after 48 h of transfec-
tion to reveal nuclei, and were then fixed with freshly prepared 
40 g/l paraformaldehyde in PBS at 4˚C overnight. After being 
penetrated with 30 ml/l Triton X-100 and blocked with 30 g/l 
BSA, the cells were incubated with primary antibodies at 
4˚C overnight and then with FITC- or TRITC-conjugated 
secondary antibodies for 1 h at room temperature, with three 
washes after each incubation. The morphologic changes of the 
cells were analyzed by fluorescence microscopy.

Cellular proliferation assay. HeLa cells were seeded in 
96-well plates at a density of 1.2x104/100 µl. After being trans-
fected with VASP siRNA, they were cultured for an additional 
72 h. Proliferation of the cells was detected by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-dimethyl tetrazolium bromide 
(MTT) colorimetric method (19). The units of absorption 
were measured using a photometer (Bio-tek MQX200) at a 
wavelength of 570 nm.

Statistical analysis. Data were expressed as the mean ± SE. 
Statistical significance was examined by the Student's t-test. 
Probability below 0.05 (P<0.05) was considered significant.

Results

p-VASP S157 levels increase during G2/M progression. 
p-VASP S157 localizes on the spindle of SGC-7901 cells (18). 
To determine whether p-VASP S157 is the only phosphoryla-
tion form related to the spindle, we applied the commercially 
available antibody against serine 239 phosphorylated VASP 
(p-VASP S239), another phosphorylation form of VASP, to 

detect the location of other forms of phosphorylated VASP. 
p-VASP S239 was found to be colocalized with actin (Fig. 1B), 
but not α-tubulin (Fig. 1A), and did not localize on the spindle. 
To investigate the phosphorylation of VASP during mitotic 
progression, cell extracts from synchronized HeLa cells were 
harvested after release from a double thymidine block and 
analyzed by Western blot analysis. The results showed that 
the level of p-VASP S157 increased as the cells were released 
from thymidine block, and peaked 10-11 h after release. 
This process coincided with the observed accumulation of 
p-H3 S10 (Fig. 1C), a modification which is highly conserved, 
correlates with chromosome condensation during mitosis and 
is used as a marker of G2/M progression. Again, p-VASP S239 
did not increase during the cell cycle (Fig. 1D). These data 
implied that p-VASP S157, but not p-VASP S239, was involved 
in G2/M progression. 

Protein kinase inhibitors decrease the level of p-VASP 
S157 and cause a delay in G2/M progression. Considering 
that VASP was phosphorylated by PKA, PKG and PKC, we 
applied H89 (inhibitor of PKA), KT5823 (inhibitor of PKG), 
and Go6983 (inhibitor of PKC) to inhibit the phosphorylation 
of VASP and to observe the effects on G2/M progression. 
HeLa cells were synchronized at the G1/S boundary with 
a double thymidine block and were then released into fresh 
medium. The cells were treated with H89 (1 µM), KT5823 
(2  µM), Go6983 (1  µM) or a combination of the inhibitors 
after 8 h (after cells had progressed through S phase) and were 
harvested after 9  h. The results of Western blotting showed 
that the treatment caused not only a decrease in p-VASP S157, 
but also a delay in p-H3 S10, which accumulates in prophase 

Figure 2. Decrease in p-VASP S157 delays G2/M progression. HeLa cells were synchronized with a double thymidine block and released into fresh medium. 
After 8 h from releasing, kinase inhibitors were added. The whole cell extracts were prepared after 9 h from release and analyzed by Western blotting using 
anti-p-VASP S157, anti-VASP, anti-p-H3 S10 and anti-GAPDH antibodies, respectively. GAPDH served as the control. Cells were treated as follows: A1 
and A2, control; B1 and B2, 1 µM H89; C1 and C2, 2 µM KT5823; D1 and D2, 1 µM Go6983; E1 and E2, combination of the above three inhibitors. The 
expression of p-H3 S10 and GAPDH proteins in each fraction was detected by Western blotting. Representative band images are shown in the left panels. 
Densitometric analysis of the bands is shown in the right panels.
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~10 h after release (Fig. 2A1 and A2), and at 11 h (Fig. 2B1 
and B2) with H89 treatment (1 µM), 11 h (Fig. 2C1 and C2) 
with KT5823 treatment (2 µM), 14 h (Fig. 2D1 and D2) with 
Go6983 treatment (1 µM) and 14 h (Fig. 2E1 and E2) with a 
combination of the inhibitors, suggesting that p-VASP S157 
is required for G2/M progression. However, none of their 
inhibitors nor their combination was capable of completely 
preventing the phosphorylation of VASP at S157 during 
progression (Fig. 2). 

Depletion of VASP causes a further delay in G2/M progression 
and a defect in the completion of cytokinesis. Since the kinase 
inhibitors could not completely prevent the phosphorylation 
of VASP, we applied RNA interference to see the effect of 
the silencing of VASP expression on the phosphorylation 
of VASP and G2/M progression. Double-stranded siRNA 
targeting VASP was transfected into unsynchronized HeLa 
cells. Western blotting of the whole lysate of the cells verified 
that the siRNA not only specifically depleted the expression 
of VASP (Fig. 3A), but also reduced the level of p-VASP 
S157 (Fig. 3B). Immunofluorescence assay showed that VASP 
siRNA caused an increase in binucleated cells (Fig.  3D). 
Approximately 20% of the cells transfected with VASP siRNA 

appeared as binucleated cells, compared to less than 2% of 
the control cells (Fig. 3C). VASP siRNA also resulted in an 
increase in the percentage of x4n cells compared to control 
cells (Fig. 3E). These data suggested that cell cycle progression 
was disturbed in VASP-knockdown cells. To identify the 
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Figure 3. Depletion of VASP and p-VASP S157 causes a further delay in G2/M progression and the accumulation of binucleated cells. Unsynchronized 
control, mock siRNA-transfected and VASP siRNA-transfected HeLa cells were lysed at 72 h after transfection, and cell extracts were analyzed by Western 
blotting using (A) anti-VASP and anti-GAPDH antibodies and (B) anti-p-VASP S157 and anti-GAPDH antibodies. (C) Unsynchronized control and VASP 
siRNA-transfected cells were fixed at 72 h after transfection and stained with Hoechst 33342. The percentage of binucleated cells was determined. The 
mean ± SD of 5 independent experiments is shown. (D) Control and VASP siRNA-transfected cells were fixed at 72 h after transfection and visualized with 
anti-α-tubulin antibody (red) and Hoechst 33342 (blue). Binucleated cells were shown. (E) Unsynchronized control and VASP siRNA-transfected cells were 
subjected to FACS analysis, and the percentage of x4n cells was determined. The mean ± SD of 3 independent experiments is shown. Control cells (F) and 
VASP siRNA-transfected cells (G) were synchronized with a double thymidine block and released into fresh medium. Whole cell extracts were prepared at 
the different time points and analyzed by Western blotting using anti-VASP, anti-p-VASP S157, anti-p-H3 S10 and anti-GAPDH antibodies, respectively. The 
expression of p-H3 S10 and GAPDH proteins in each fraction was detected by Western blotting. The representative band images are shown in the upper panel. 
Densitometric analysis of the bands is shown in the lower panel.

Figure 4. Depletion of p-VASP S157 inhibits the proliferation of HeLa cells. 
Cell growth was determined with the MTT assay. Compared to the control, 
cell growth was markedly decreased after transfection with VASP siRNA. 
The mean ± SD of 3 independent experiments is shown.
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effect of VASP depletion on G2/M progression, control and 
VASP siRNA-transfected cells were synchronized at the G1/S 
boundary with a double thymidine block. After being released 
into fresh medium, the cells were harvested at the indicated 
time points and the lysate was analyzed by Western blotting. 
The level of p-H3 S10 was detected to analyze changes in 
G2/M progression. The results showed that there was nearly no 
increase in the level of p-VASP S157 during G2/M progression 
in VASP siRNA-transfected cells. In mock-transfected cells, 
maximal accumulation of p-H3 S10 occurred 10 h after 
release from the thymidine block (Fig. 3F). By contrast, in 
VASP-depleted cells, p-H3 S10 reached the maximal level 4 h 
later (Fig. 3G). 

Depletion of VASP causes inhibition of the proliferation of 
HeLa cells. HeLa cells were transfected with VASP siRNA 
for 72 h and the MTT assay was applied to detect the prolif-
eration of the cells. The results showed that the growth of the 
cells was markedly inhibited by VASP siRNA. Compared to 
the control cells (Fig. 4), there was a significant decrease in 
the proliferation of VASP siRNA transfected cells (P<0.05). 

Discussion

VASP is highly expressed in focal adhesions along stress 
fibers and in areas with highly dynamic membrane activity, 
such as the extending lamellipodia and filopodia (20-23). 
The activity of Ena/VASP family proteins is regulated by 
phosphorylation, and phosphorylation at different sites has 
different functions. For example, previous studies have shown 
that S157 phosphorylated VASP stimulates cell proliferation, 
while S239 phosphorylated VASP exerts an inhibitory effect 
on cell proliferation (24). Our results showed that p-VASP 
S157 was related to cell cycle progression, and suggest a novel 
function and action mechanism for this protein.

The M phase comprises mitosis and cytokinasis, which 
are the most spectacular points in the cell cycle. Errors in the 
choreography of these processes lead to aneuploidy or genetic 
instability, fostering cell death or disease. Sister chromatin 
separation is one of the important events during this phase. 
This task is performed by MTs that assemble into a spindle-
shaped apparatus around the chromosomes. The mitotic 
spindle is a complex structure based on a bipolar array of MTs 
and interacting proteins. Timely assembly and disassembly 
of the spindle are extremely complex processes, involving 
numerous molecules, such as MT-associated protein, motor 
protein, MT severing protein and MT destabilizing protein. 
These proteins are essential for maintaining the integrity of the 
spindle and cell cycle progression (25-28). Since our previous 
study showed that p-VASP S157 was localized on spindle, we 
speculated that it may contribute to cell cycle progression. In 
the present study, we showed that p-VASP S157, but not VASP 
or p-VASP S239, were bound with α-tubulin and increased 
during G2/M progression, indicating that VASP phospho-
rylation of S157 is closely related to cell cycle progression. 
Through the analysis of the accumulation of p-H3 S10, a 
known marker of G2/M progression, the decrease of p-VASP 
S157 was shown to be correlated with a significant delay in 
the progression. This suggests that p-VASP S157 may be a 
potential regulator of the cell cycle. 

VASP is the substrate of several protein kinases, including 
protein kinases A, C and G. In this study, we applied the inhib-
itors of these kinases to identify the kinase that is relevant to 
the phosphorylation of VASP during mitosis. However, each of 
the inhibitors alone only partially prevented phosphorylation. 
The combination of the inhibitors also failed to completely 
block phosphorylation. This suggests two possibilities: i) all 
the above protein kinases may participate in the phosphory-
lation process of p-VASP S157; therefore, several signaling 
pathways may converge on the phosphorylation of VASP to 
regulate the assembly of the spindle and the cell cycle process. 
ii) Unknown kinase(s) may take VASP as a substrate. Further 
study is required to determine the candidate(s). There are 
many other substrates of these protein kinases, and changes 
in their phosphorylation status may contribute to the delay in 
G2/M progression. Therefore, the results of kinase inhibition 
do not elucidate the exact role of p-VASP in the cell cycle. 
However, they do suggest that p-VASP is correlated with 
progression.

We also applied RNA interference to study the effect of 
the depletion of VASP on the cell cycle. This technique not 
only silenced the expression of VASP, but also efficiently 
suppressed the increase in p-VASP S157 during G2/M progres-
sion in HeLa cells. In conjunction, there was a further delay in 
the progression of mitosis and an accumulation of binucleated 
and x4n cells. On the one hand, these results further confirm 
the regulatory role of p-VASP S157 in G2/M progression. 
On the other, they suggest that this phosphorylated protein 
also has an effect on cytokinesis. This is in accord with our 
previous finding, that p-VASP S157 is located at the cleavage 
furrow between two separating cells (18). Again, siRNA 
not only decreased phosphorylated VASP, but also depleted 
its expression. It cannot distinguish the roles of VASP and 
p-VASP, but suggests the correlation of p-VASP with G2/M 
progression.

In conclusion, we provide evidence that p-VASP S157 is 
correlated with G2/M progression and cytokinesis in HeLa 
cells. However, further studies, including experiments with 
cell-free Xenopus laevis egg extracts and mutations in the 
phosphorylation site of VASP, are required to provide direct 
evidence that p-VASP is a potential regulator of spindle 
assembly. Elucidation of this enigmatic protein will contribute 
to studies on cell cycle progression. 
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