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Abnormal actin remodeling is a typical characteristic of tumor cells. Thymosin β10 (TB10) and profi-
lin-1 (PFN-1) are actin-binding proteins and essential regulators of actin polymerization. We pre-
viously showed that TB10 induced death in ovarian cancer cells by sequestering F-actin, but the un-
derlying mechanisms of this induction have not been explored. In this study, we identified TB10 as 
a novel regulator of PFN-1 and demonstrated its novel function as a tumor suppressor in ovarian can-
cer cell lines. The present study investigated protein expression profiles through polyacrylamide gel 
electrophoresis (PAGE) and liquid chromatography-mass spectroscopy (LC-MS/MS) in SKOV3 cells, 
an ovarian cancer cell line, that were transiently transfected with TB10. PFN-1 was highly overex-
pressed in response to TB10, and overexpression of PFN-1 resulted in inhibition of cell proliferation 
and migration and promotion of cellular apoptosis in ovarian cancer cells. Furthermore, transiently 
transfected PFN-1 appeared to deactivate the Erk signaling pathway, followed by decreased ex-
pression of Elk-1 and Egr-1 in human ovarian cancer cells. Interestingly, PFN-1 did not affect the acti-
vation of Akt. The results demonstrated that PFN-1 induced apoptotic cell death and inhibited pro-
liferation and migration in ovarian cancer cells, suggesting that PFN-1 may be valuable in anti-cancer 
therapy.
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Introduction

Ovarian cancer is the leading cause of cancer death 

among all gynecological malignancies, with a 5-year survival 

rate of around 40% [1]. Many new treatments have been de-

veloped over the past 20 years; however, the mortality rate 

has only slightly decreased. The high mortality rate of ovar-

ian cancer is due to its non-specific symptoms and rapid 

tumor cell migration and invasion [11] .

Profilins are small proteins expressed in all cell types that 

belong to a class of small G-actin-binding proteins. Profilin-1 

(PFN-1) is a profilin family member that regulates actin pol-

ymerization at the leading cell edge during migration. PFN-1 

reportedly acts both as a G-actin-sequestering molecule [3] 

and as an enhancer of actin polymerization [16, 19]. Ding 

et al. [11] reported that PFN-1 activates endothelial cell mi-

gration; however, some researchers have shown that PF-1 

has tumor suppression capabilities [25].

Several studies have focused on the tumor suppression 

functions of PFN-1. PFN-1 expression is down-regulated in 

breast cancer [12], bladder cancer [24], pancreatic cancer [9], 

and hepatocarcinoma [22], but is overexpressed in renal cell 

carcinoma [15]. PFN-1 is thought to be a potent tumor sup-

pressor in breast cancer cells [21, 25]. The mechanisms of 

the tumor suppressor functions of PFN-1 have been pre-

viously evaluated, and PFN-1 is thought to up-regulate the 

expression of p27kip1 [25] and PTEN, and suppress AKT acti-

vation [5]. 

β-thymosins inhibit barbed-end actin polymerization by 

sequestering actin monomers [23]. Recent studies suggest 

that the expression of thymosins is associated with growth 

and differentiation in many cell types. In human tissues, thy-

mosin β10 (TB10) is widely distributed, along with thymosin 

β4 [8]. Both proteins belong to a family of highly conserved 

small actin-binding peptides [18] that inhibit barbed-end ac-

tin polymerization by sequestering actin monomers [23]. 

These proteins bind to G-actin in a 1:1 complex, forming 

a large pool of unpolymerized actin that can be easily re-

leased when needed [4]. In a previous study, we reported 

that overexpression of TB10 disrupts F-actin stress fibers, 

markedly decreases cell growth, and induces apoptosis in 

human ovarian cancer cells [14].  

The mechanisms underlying the tumor suppressor func-
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tions of TB10 have not yet been elucidated. Therefore, we 

evaluated protein expression using protein electrophoresis 

and liquid chromatography-mass spectroscopy (LC/MS/MS) 

in ovarian cancer cells overexpressing TB10 to find novel 

tumor-related proteins. We found that PFN-1 expression was 

significantly over-expressed in TB10-transfected ovarian can-

cer cells compared to control. These data suggest that PFN-1 

is involved in the inhibition of tumor growth by TB10 in 

ovarian cancer. The antitumor effects of PFN-1 have been 

tested in several cancer cell lines, but no previous studies 

have evaluated PFN-1 in ovarian cancer. In this study, we 

investigated the anti-cancer mechanisms of PFN-1 in human 

ovarian cancer cells. 

Materials and Methods 

Cell Culture 

SKOV3 and 2774 are human ovarian cancer cell lines. 

These cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% fetal calf serum 

(Life Technologies Inc., Gaithersburg, MD) at 37℃ in a hu-

midified atmosphere with 5% CO2.

Cell proliferation assay

Cell proliferation was estimated by the 3-(4,5-dimethylth-

iazol-2-yl)-2,5-diphenhyl-2H-tetrazolium bromide (MTT) assay. 

Cells were plated in triplicate at a density of 2×105 cells/ 

well in 6-well plates. Twenty-four hours later, the cells were 

transiently transfected with pC-DNA3-profilin or control 

pC-DNA3. Beginning 24 hr after transfection, cells were 

counted each day by MTT assay for up to 3 days. 

For colony formation assay, transfected cells were grown 

at 1,000 cells per 100 mm cell culture dish in triplicate. Then, 

the cells were incubated to allow colonies to form for 2 

weeks. After the incubation, cells were washed twice with 

1X PBS, fixed in 4% paraformaldehyde (Sigma) for 15 min, 

and stained with 0.5% crystal violet (in D.W, Sigma) at room 

temperature for 15 min. The plates were rinsed with water 

and total colony number was counted.

Apoptosis assay

 SKOV3 and 2774 cells were plated onto six-chamber 

slides and infected with the indicated control or pC-DNA- 

profilin. For the observation of nuclear apoptotic body, the 

nuclei were fixed in methanol and stained with 40, 60-dia-

midino-2-phenylindole (DAPI, Sigma-aldrich) for 15 min 

and rinsed twice with PBS, then examined with the fluo-

rescence microscope.

Western blot and antibodies

Samples were separated on 10% polyacrylamide-SDS gels. 

The gel was transferred overnight to nitrocellulose mem-

brane and blocked in TBS-Tween-20 (0.1% v/v) with dry 

skimmed milk (5% w/v) (PBSTM) for 1 hr at RT. And then 

western blotting was carried out by using respective anti-

body and ECL (Amersham). Antibodies against pERK (sc- 

7383), Elk-1 (sc-355), Egr-1 (sc- 189), GFP, (sc-9996) and 

GAPDH (sc-25778) were obtained from Santa Cruz Biotech-

nology. Antibodies against p-Akt (#4060), and cleaved PARP 

(#9541) was purchased from Cell signaling technology. 

Protein identification of nano-LC/MS/MS

Coomassie blue-stained 1-D SDS-gels were sliced and 

then reduced and alkylated. The gel pieces were washed and 

digested with trypsin for 6 hr at 37°C. Digested products 

were identified using the UltiMate capillary LC system (LC 

Packings) with a hybrid quadrupole ion trap mass spec-

trometer (Qtrap, Applied biosystem). Mass data were proc-

essed and submitted to the search software Mascot (http:// 

www.matrixscience.com). Protein identifications were ob-

tained by comparison of the experimental data with the 

NCBI nr database.

Wound-healing cell migration assay

Cells were grown in 6-well plates until confluence was 

reached. The plates were scratched with a thin disposable 

micropipette tip to generate a wound in the cell monolayer. 

The cells were incubated for 48 hr and analyzed and photo-

graphed with a microscope.

Results

TB10 up-regulates PFN-1 expression 

To investigate the effect of TB10 overexpression on pro-

teins expression, TB10-expressing adeno-virus vectors were 

infected into SKOV3, an ovarian tumor cell line.

Proteins that were significantly upregulated by TB10 were 

identified on a 1-D SDS-gel (Fig. 1A). One band located at 

15 kDa that was dramatically overexpressed in TB10-over-

expressing cells was subjected to in-gel digestion and 

nano-LC/MS/MS analysis. Three different tryptic peptides 

derived from the band were identified. A major peptide was 
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Fig. 1. Identification of differentially expressed proteins in ovarian cancer cells after infection of thymosin β-10 expressing adenovirus 

vector by using nano-LC/MS/MS.  SKOV3 cells were plated in 100 mm
2 dishes and infected with Ad5CMV-gfp or 

Ad5CMV-gfp-thymosin β-10. 48 hr after infection, proteins were extracted from untreated, control virus treated, Ad-thymosin 

β-10 treated cells. A. The proteins were separated by SDS-PAGE. Differentially expressed gel lane was sliced and then subjected 

to in-gel digestion. The same cell lysates were also used to evaluate GFP-thymosin β-10 expression using Western blotting. 

B. The in-gel digested protein was identified with LC/MS/MS. 

detected at 1625.08(m/z), which corresponded to the peptide 

sequence DSLLQDGEFSMDLR (Fig. 1B). Based on the in-

formation available on the Mascot web site (NCBI protein 

database), the protein was identified as PFN-1. This suggests 

that PFN-1 may play an important role mediating the tumor 

suppressor functions of TB10 in ovarian cancer. To test this 

hypothesis, we constructed a pcDNA-PFN-1 vector. 

PFN-1 inhibits cell growth and induces apoptosis 

in ovarian cancer cells

Growth rate and apoptosis in transiently transfected cells 

with control (expression plasmid vector only) or pcDNA- 

PFN-1 were analyzed. After 3 days, 50% of SKOV3 cells re-

mained, while only 28% of 2,774 cells remained (Fig. 2A). 

As shown in Fig. 2B, DAPI (4,6-diamidino-2 phenylindole)- 

stained PFN-1 over-expressing 2,774 cells showed clear DNA 

fragmentation, suggesting that overexpression of PFN-1 in-

duces massive cell death. SKOV3 cells also showed massive 

cell death (Data not shown). To further examine apoptosis, 

cleaved PARP, a marker of apoptosis, was detected using 

Western blot analysis. PFN-1 overexpressing 2,774 and 

SKOV3 cells showed increased levels of cleaved PARP pro-

tein in a time-dependent manner (Fig. 2C). These results in-

dicate that overexpression of PFN-1 induces high levels of 

cell death in ovarian cancer cells.

PFN-1 inhibits cancer cell migration

Ovarian cancer has a high mortality rate due to rapid tu-

mor cell growth and migration. We assessed the effect of 

PFN-1 on cell migration using a wound-healing assay. 

SKOV3 and 2,774 cells were plated and transiently trans-

fected with a PFN-1-expressing pcDNA3 vector or with a 

control vector. Over-expression of PFN-1 significantly in-

hibited ovarian cancer cell migration (Fig. 3). 

 

PFN-1 inhibits tumorigenesis of ovarian cancer

A colony formation assay was used to examine the in vitro 

effects of PFN-1 on tumorigenesis. SKOV3 and 2,774 cells 

transfected with PFN-1 had decreased colony formation 

compared to the control (Fig. 4).

PFN-1 inhibits the Erk pathway

To explore the mechanisms of growth and migration in-

hibition by PFN-1, we measured the expression of several 
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Fig. 2. PFN-1 inhibits tumor cell growth and induces apoptotic cell death. (A) Ovarian cancer cells, 2,774 and SKOV3, were plated 

in 24-well plates and transiently transfected with control(expression plasmid vector only) and pcDNA3-PFN-1. Cell numbers 

were counted at the indicated times. Error bars represent means ± S.D.  (B)  2,774 cells were transiently transfected with 

pcDNA3-PFN-1 and TUNEL assay was performed 48 hr after transfection. Images were captured on a fluorescence microscope. 

(C) 2774 and SKOV3 cells were transiently transfected with pcDNA3-PFN-1, after which cells were harvested at 24-hr intervals. 

The levels of PFN-1 and cleaved PARP were determined using Western blot analysis.

proteins related to cell growth and migration. Ovarian can-

cer cells (2774 cells) were cultured in the presence or absence 

of PFN-1 for 48 hr. As shown in Fig. 6, PFN-1 transfection 

in 2,774 cells resulted in no changes in Akt phosphorylation, 

but significantly reduced Erk phosphorylation compared to 

control 2,774 cells. This suggests that one of the major 

growth and migration pathways was suppressed by PFN-1. 

We then analyzed the expression of Elk-1, an Erk target 

protein. The levels of Elk-1 were markedly diminished in 

2,774 cells overexpressing PFN-1. In addition, the expression 

of Egr-1, the target of Elk-1, was also dramatically decreased. 

These data suggest a possibility that PFN-1 inhibits 2,774 

cell growth and migration by inhibiting the Erk pathway.

Discussion

PFN-1 was originally discovered as an actin mono-

mer-sequestering protein. PFN-1 has also been implicated 

in a wide range of cellular activities, including proliferation, 

migration, and gene transcription [6, 20]. Most studies of 

PFN-1 have focused on its role in actin polymerization dur-

ing cell proliferation and migration. 
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Fig. 3. The effects of PFN-1 on cell motility 

were evaluated in SKOV3 and 2,774 

cells. Each cells were transiently trans-

fected with pC-DNA-PFN-1 for 72 hr. 

Cell migratory abilities were analyzed 

with wound-healing assay. 

Fig. 4. The effects of PFN-1 on in vitro tumori-

genesis. After transient transfection of 

PFN-1 for 72 hr, in vitro tumorigenesis 

was evaluated with soft agar colony- 

forming assay in SKOV3 and 2,774 

ovarian cancer cell lines. Right pannel. 

The bar-chart was used to show the 

colony numbers of each cell line.

Actin is one of the most abundant structural proteins in 

the cell [17], and the dynamic equilibrium between mono-

meric and filamentous actin is altered in neoplastic/trans-

formed cells [10]. Profilin is a major actin monomer-seques-

tering protein, and is a key integrator of signals leading to 

actin polymerization. Recent studies have shown that down-

regulation of PFN-1 expression is implicated in many types 

of epithelial-derived tumors, including those originating in 

the breast, pancreas, liver, and bladder [9, 12, 22, 24]. In addi-

tion, profilin can deplete filamentous actin [2] and has tumor 

suppressor activity [21]. Recent studies showed that PFN-1 

overexpression reduced tumor formation and cell migration 

[6, 7, 13, 21] in breast cancer cells. However, the underlying 

molecular mechanisms of these results are not clear.

This study shows the anti-tumor cell growth and migra-

tion functions of PFN-1 in ovarian cancer cells, and also sug-

gests that TB10 is a novel regulator of PFN-1.

In a previous study, we showed that TB10 sequestered 

F-actin and induced ovarian cancer cell death [14]. Therefore, 

we screened the proteins affected by TB10, and found that 

PFN-1 was significantly upregulated (Fig. 1). In this study, 

overexpressed PFN-1 potently inhibited cell growth and in-

duced cell death in ovarian cancer cells (Fig. 2).

Cell migration involves dynamic remodeling of the actin 

cytoskeleton and is a fundamental process in the develop-

ment and maintenance of organisms. Cell migration plays 

a critical role in tumor formation and metastatic processes. 

In this study, we found that overexpression of PFN-1 in-

hibited ovarian cancer cell migration (Fig. 3) and colony for-

mation (Fig. 4). Therefore, attenuation of PFN-1 expression 

may play an important role in the regulation of ovarian can-

cer development and progression.

To investigate the possible mechanisms by which PFN-1 

arrests cell growth and inhibits tumor cell migration, we 

evaluated the levels of Erk and Akt and found that PFN-1 

suppressed the phosphorylation of Erk (Fig. 5). The level 

of Elk-1, an Erk target protein, was markedly diminished 

in 2,774 cells overexpressing PFN-1. In addition, expression 
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Fig. 5. PFN-1 overexpression inhibited Erk signaling. 2,774 cells were transiently transfected with pcDNA3-PFN-1, and harvested 

after 48 hr. (A) The expression of PFN-1, p-Akt, Erk, Elk-1 Egr-1 were detected using Western blotting. (B) The results 

of Western blot analysis were quantified by densitometry using the Image J program. Error bars represent means ± S.D.

of Egr-1, the target of Elk-1, was also dramatically decreased. 

Suppression of Erk activation led to inhibition of cell pro-

liferation and migration, which may have resulted in the in-

hibition of ERK downstream target genes.

In conclusion, PFN-1 plays a tumor suppressor role in 

ovarian cancer by repressing ERK1 activation, resulting in 

the suppression of cancer cell growth, migration, and 

tumorigenesis. Therefore, PFN-1 may be a useful therapeutic 

target for ovarian cancer.
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록：Profilin-1 과발 에 의한 난소암 세포 성장  이동 해 효능 연구

이승훈*

(용인대학교 생명과학과)

비정상적 액틴의 재구성은 암세포의 대표적 특성이다. Thymosin β10 (TB10)과 Profilin-1 (PFN-1)은 액틴중합 

조절에 필수적인 단백질이다. 이전의 연구에서 본 연구진은 TB10이 F-actin의 구조를 파괴하여 난소 암 세포의 
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의하여 PFN-1의 발현이 조절되며, PFN-1의 난소 암 저해 유전자로서의 새로운 기능을 보고하였다. 우선 난소암세

포주인 SKOV3 세포에서 TB10에 의하여 발현이 조절되는 단백질들을 전기영동법과 liquid chromatography-mass 

spectroscopy (LC-MS/MS) 방법을 통하여 분석하였다. 그 결과 PFN-1이 TB10에 의하여 발현이 급격히 증가되는 

단백질로 동정되었으며, 이 PFN-1을 난소 암 세포주인 SKOV3에 과발현 시켰을 때 암세포의 증식과 이동을 저해

하고 암세포 사멸을 유도하였다. 또한 이 결과는 PFN-1에 의하여 Erk 신호전달기전이 저해되고 부수적으로 Elk-1
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저해함과 동시에 세포사멸을 일으키므로 난소 암 치료에 유용하게 이용될 가능성이 높다.
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