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Deregulated miR-296/S100A4 axis promotes tumor 
invasion by inducing epithelial-mesenchymal  
transition in human ovarian cancer
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Abstract: S100A4 represents an important member of the S100 family of small calcium-binding proteins. Increased 
expression of S100A4 has been observed in chronic inflammatory and autoimmune diseases, such as idiopathic in-
flammatory myopathies. The majority of studies of S100A4 are focused on cancer research; however, the oncogenic 
roles of S100A4 in epithelial ovarian cancer (EOC) remain largely unexplored. In this study, S100A4 expression is 
significantly up-regulated in ovarian cancer and associated with the clinical stage of EOC patients. Attenuation of 
S100A4 expression results in decreased cell mobility and metastatic capacity, whereas overexpression of S100A4 
enhanced the invasive ability of EOC cells. Then by an integrated informatics analysis and luciferase reporter assay, 
we identify that miR-296 is a critical upstream regulator of S100A4. In addition, deregulated miR-296/S100A4 
axis facilitates epithelial-mesenchymal transition (EMT) process as demonstrated by altered expression of EMT-
related markers. In conclusion, our study reveals that deregulated miR-296/S100A4 promotes tumor progression 
in EOC, and provides evidence that miR-296/S100A4 axis-related signaling may represent a potential target for 
EOC therapy.
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Introduction

Epithelial ovarian cancer (EOC) is the leading 
cause of gynecologic cancer-related death wo- 
rldwide [1, 2]. The 5-year survival ratio for all 
stages of EOC has been estimated to be 45.6% 
[3]. Specifically, the 5-year survival rate in 
patients diagnosed at early stage is more than 
70%, and this ratio declines to 35% in patients 
at advanced stage. Unfortunately, only 19% of 
EOC are diagnosed at the early stage [4]. The 
highly aggressive phenotypes of EOC cells are 
critically involved in this poor prognosis. Th- 
erefore, elucidation of the molecular mecha-
nisms underlying EOC progression, and discov-
ery of valuable predictive biomarkers are es- 
sential for developing efficient therapies [5-7].

S100A4, also known as metastasis-associated 
protein MTS1, is a small calcium-binding pro-
tein belong to the S100 protein family, which 
characterized by the two EF-hand Ca2+ binding 
motifs [8, 9]. Recently, it has been demonstrat-

ed that S100A4 is critically implicated in the 
development and progression of fibrosis in 
many organs [10-12], as well as chronic inflam-
matory and autoimmune diseases, including 
muscle tissue from patients with idiopathic 
inflammatory myopathies [13-15]. S100A4 is 
frequently up-regulated in multiple human can-
cers, including gastrointestinal cancers [16-
20], breast cancer [21], prostate cancer [22] 
and lung cancer [23], and contributes to the 
oncogenic transformation, angiogenesis, mobil-
ity and metastasis of tumor cells. In EOC, nucle-
ar S100A4 expression is higher in solid tumors 
than that in effusions, and is associated with 
more aggressive clinical disease in primary car-
cinoma [24]. Treatment with recombinant 
S100A4 resulted in enhancement of invasive-
ness, which was associated with the up-regula-
tion of small GTPase RhoA [25]. However, the 
reasons for upregulated S100A4 are poorly 
known and the effects of endogeneous S100A4 
remain largely unexplored in EOC.
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Epithelial mesenchymal transition (EMT) is bio-
logical process that epithelial cell acquires the 
properties of mesenchymal cell, thereby pro-
moting the invasive capacity of tumor cells. 
S100A4 is also an EMT-related maker and plays 
an important role in EMT. For example, S100A4 
is involved in EMT mediated by the sonic hedge-
hog-Gli1 signaling pathway in pancreatic can-
cer [26]. And S100A4 participates in EMT in 
breast cancer via targeting MMP2 [27]. How- 
ever, whether S100A4-mediated EMT is invo- 
lved in the progression EOC remains unknown.

In current study, we firstly determine the expres-
sion pattern of S100A4 in EOC and find that 
S100A4 is significantly upregulated in EOC tis-
sues and positively associated with clinical 
TNM stage. By loss and gain function study, we 
show that S100A4 promotes cell mobility and 
metastatic capacity of EOC cells. Furthermore, 
an integrated analysis identifies miR-296 as  
a critical upstream regulator of S100A4. Me- 
chanistically, miR-296/S100A4 axis facilitates 
EMT by altering the expression of EMT-related 
molecules, including E-cadherin, Vimentin, N- 
cadherin, Snail1 and MMP9.

Materials and methods

Cell culture and EOC tissues

Human EOC cells (SK-OV-3, HO8910, HO8910-
PM, OVCAR-3) were all obtained from Cell Bank 
of the Chinese Academy of Sciences (Shanghai, 
China). The Caov-3 was purchased from 
American Type Culture Collection (ATCC). All 
cells were cultured in DMEM (Invitrogen, USA) 

supplemented with 10% fetal bovine serum 
(Gibco, USA) and 1% antibiotics (penicillin and 
streptomycin) at 37°C and 5% CO2 in a humidi-
fied atmosphere. A tissue microarray (OV809) 
containing seventy cases of EOC tissues and 
ten cases of normal ovarian tissues were pur-
chased from Xi’an Alenabio Inc (Xi’an, China).

Immunohistochemical staining

The section of EOC tissue microarray was depa-
raffinized in xylene and boiled in 0.01 M citrate 
buffer (pH 6.0) for 15 min in a microwave oven. 
Then the slide was treated with 0.3% hydrogen 
peroxide to neutralize endogenous peroxidase 
and incubated with 10% BSA (Sangon, Shang- 
hai, China) at room temperature for 1 h. After 
washing with phosphate-buffered saline (PBS), 
the section was incubated with an anti-S100A4 
primary antibody (Novus Biologicals, USA, 1: 
200) at 4°C overnight, followed by incubation 
with a second antibody labeled by HRP (rabbit) 
at room temperature for 1 h. Finally, the immu-
noreactivity were visualized with 3,3’-diamino-
benzidine tetrahydrochloride and countersta- 
ined was done with hematoxylin. The staining 
score of tumor cells were estimated based on 
the percent of positive cells and staining inten-
sity. The percent of positive cells was classified 
as: 0-5% positive cells scored 0; 5-30% posi-
tive cells scored 1; 30-50% positive cells sc- 
ored 2 and more than 50% scored to 3. The 
staining intensity was revealed as follows: no 
staining scored 0, weakly staining scored 1, 
moderately staining scored 2 and strongly 
staining scored 3. The final score was calculat-
ed as the percent of positive cell score × stain-
ing intensity score. The evaluation of immunos-
taining was carried out independently by two 
independent observers, who are unaware of 
the information of the patient or the tissue site.

Total RNA extraction and real-time PCR

Total RNA was extracted using TRIzol reagent 
(TaKaRa, Biotech Co., Ltd, Dalian, China) and 
RNeasy protect mini kit (Qiagen, Hilden, Ger- 
many). Complementary DNA (cDNA) was syn-
thesized using a first strand cDNA synthesis kit 
(TaKaRa, Dalian, China). Real-time PCR was 
performed with SYBR Premix Ex TaqTM (Ta- 
KaRa, Biotech Co., Ltd, Dalian, China). PCR 
primers used in this study were listed in Table 
1. Each sample was run in triplicate. Relative 
expression was standardized using the quanti-
ty of β-actin and data were analyzed according 
to the 2-ΔΔCt formula.

Table 1. Primers used in this study
Gene Sequence
S100A4 Forward GATGAGCAACTTGGACAGCAA

Reverse CTGGGCTGCTTATCTGGGAAG
E-cadherin Forward ATTTTTCCCTCGACACCCGAT

Reverse TCCCAGGCGTAGACCAAGA
Vimentin Forward AGTCCACTGAGTACCGGAGAC

Reverse CATTTCACGCATCTGGCGTTC
E-cadherin Forward AGCCAACCTTAACTGAGGAGT

Reverse GGCAAGTTGATTGGAGGGATG
Snail1 Forward TCGGAAGCCTAACTACAGCGA

Reverse AGATGAGCATTGGCAGCGAG
MMP9 Forward GGGACGCAGACATCGTCATC

Reverse TCGTCATCGTCGAAATGGGC
β-actin Forward CATGTACGTTGCTATCCAGGC

Reverse CTCCTTAATGTCACGCACGAT
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Small interfering RNA, plasmid construction 
and transfection with miRNA

The small interfering RNA (siRNA) sequences 
targeting S100A4 mRNA (GenePharma, Shang- 
hai, China) were transfected into EOC cells for 
silencing. The nontargeting siRNA was used as 
a negative control. The transfection was con-
ducted with Lipofectamine 2000 (Invitrogen, 
USA) according to manufacturer’s instructions. 
The medium was replaced with complete medi-
um after 8 h of transfection. After incubating 
for 48 h, cells were plated for invasion and 
migration assays or harvested for Western blot-
ting. The coding sequences of S100A4 were 
cloned into pcDNA3.1 (+) to generate S100A4 
expression vector and verified by sequencing. 
The knockdown or overexpression efficacy was 
demonstrated by Western blotting. MiR-149, 
miR-296, miR-505 and scrambled control oli-
gos were purchased from Invitrogen (Invitrogen, 
USA). Transfection was performed following the 
manufacturer’s instructions with the mimic 
concentration at 50 nM. Cells were incubated 

in the medium containing the transfection mix-
ture for 48 h before each experiment.

Luciferase reporter assays

The predicted 3’-UTR segment of S100A4 was 
inserted into the pmirGLO Dual-Luciferase 
miRNA target expression vector (Promega, Cat. 
E1330, USA). And the humanized Renilla lucif-
erase-neomycin resistance cassette (hRluc-
neo) was used as a control reporter for normal-
ization. Cells were seeded to reach 90% co- 
nfluence and transiently transfected with the 
reporter plasmid. After 48 h, the cells were har-
vested and lysed, and luciferase activity was 
analyzed by the Dual-Glo® Luciferase Assay 
System (Promega, Cat. E2920, USA) using a 
multifunctional microplate reader. The experi-
ments were performed independently in five 
replicates.

Cell migration and invasion assay

The effects of siRNA-mediated S100A4-kno- 
ckdown and miR-296 on the migration and 

Figure 1. S100A4 expression is significantly up-regulated in ovarian cancer and associated with clinical stage of 
EOC patients. A. Analysis of Oncomine datasets demonstrated a statistically significant increase in S100A4 expres-
sion in EOC tissues compared with the normal ovarian tissues. B. The protein expression of S100A4 in an EOC tissue 
microarray containing 10 normal ovarian tissues, 15 EOC specimens at early TNM stage and 55 EOC specimens 
at advanced TNM stage. The p value was calculated to determine the difference in S100A4 expression between 
normal ovarian tissues and EOC specimens at early or advanced stages. C. The mRNA expression of S100A4 in EOC 
cell lines was detected by real-time PCR.
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invasion of EOC cells were detected by tran-
swell model (Corning, NY, USA). In brief, for cell 
migration assay, 8000 cells in 100 μl serum-
free medium were seeded into the upper com-
partment of the transwell inserts. The lower 
compartment of the chamber was supplement-
ed with 10% fetal bovine serum as a chemo-
attractant. After incubation for 24 h, cells on 

the upper compartment were scrubbed and 
washed with PBS. The invaded cell on the mem-
brane were fixed with methanol and stained 
with 0.1% crystal violet. For invasion assay, the 
procedures were the same to migration assay 
apart from the chamber was replaced with 
matrigel-coated filters (BD Bioscience, USA). 
Cell invasive ability was quantified by counting 

Figure 2. S100A4 promotes cell migration and invasion in ovarian cancer cells in vitro. (A) The interfere efficacy 
of S100A4 in SK-OV-3 and HO-8910PM cells was demonstrated by Western blotting. (B) The influence of S100A4 
knockdown on cell migration (B) and cell invasion (C) of SK-OV-3 and HO-8910PM cells. si-Ctrl versus siRNA-1 or 
siRNA-2, *P < 0.05, **P < 0.01, ***P < 0.001. (D) The overexpression efficacy of S100A4 in OVCAR-3 and CaoV-3 cells 
was demonstrated by Western blotting. The influence of S100A4 overexpression on cell migration (E) and cell inva-
sion (F) was measured in OVCAR-3 and CaoV-3 cells. pc-DNA3.1 versus pc-DNA3.1-S100A4, *P < 0.05, **P < 0.01.
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the stained cell number in six individual fields 
by microscopy. All experiments were performed 
in triplicate.

Statistical analysis

All experiments were performed in triplicate 
and data were presented as the means ± SD. 
All statistical analyses were performed using 
the SPSS 16.0 software and graphical repre-
sentations were performed with GraphPad Pri- 
sm 5 (San Diego, CA) software. The Student’s 
t-test was used to determine differences bet- 
ween two groups, and one-way ANOVA was us- 
ed to analyze the differences among multiple 
groups. P < 0.05 was considered to be statisti-
cally significant.

Results

S100A4 expression is significantly upregulated 
in EOC and associated with clinical stage of 
EOC patients

Expression of S100A4 in EOC was firstly exam-
ined in Oncomine datasets. Data from eight 
individual datasets showed that S100A4 was 
frequently expressed in ovarian cancer, which 
was significantly different from that in normal 
ovarian epithelial (OE) tissues (Figure 1A). Ne- 
xt, we examined the expression of S100A4 in  
a tissue microarray by immunohistochemical 
staining. As shown in Figure 1B, elevated pro-
tein expression of S100A4 was also observed 
in EOC tissues. Indeed, S100A4 expression 

Figure 3. miR-296 is a critical upstream regulator of S100A4. A. The mRNA expression of S100A4 was detected 
in the presence of miR-149, miR-296 and miR-505 mimics. B. The protein expression of S100A4 was detected in 
the presence of miR-296 mimics in SK-OV-3 and HO-8910PM cells. C. Luciferase reporter assay demonstrated the 
direct interaction between miR-296 and S100A4 3’UTR in SK-OV-3 and HO-8910PM cells. The data are shown as 
the means ± S.D. of three replicates (vector versus miR-296, **P < 0.01, ***P < 0.001). D. The influence of miR-296 
mimics on cell migration and cell invasion of SK-OV-3 and HO-8910PM cells. Ctrl versus miR-296, *P < 0.05, **P < 
0.01.
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was positively associated with advanced TNM 
stages of EOC patients. And consistent with 
this, the S100A4 mRNA expression in EOC cell 
lines was also higher than that in OE tissues 
(Figure 1C), indicating an underlying oncogenic 
role of S100A4 in the progression of EOC.

S100A4 promotes cell migration and invasion 
in ovarian cancer cells in vitro

To determine the underlying cellular functions 
of S100A4 in EOC, siRNA-mediated S100A4 
knockdown was performed. Western blotting 
demonstrated that S100A4 expression was 
markedly decreased in SK-OV-3 and HO-89- 
10PM cells after targeted siRNA treatment 
(Figure 2A). By transwell model, we found that 
suppression of S100A4 expression significantly 
inhibited cell migration (Figure 2B) and inva-
sion (Figure 2C) ability of EOC cells.

Furthermore, we overexpressed S100A4 exp- 
ression in two cell lines (OVCAR-3 and Caov-3) 
with lower S100A4 expression (Figure 2D). Ex- 
pectedly, overexpression of S100A4 significant-
ly promoted the invasive ability of OVCAR-3 and 
Caov-3 cells as demonstrated by cell migration 
(Figure 2E) and invasion (Figure 2F) assay, 
respectively. Taken together, these results indi-
cated that upregulated S100A4 promoted the 

invasive potential of EOC cells and this prereq-
uisite further facilitated tumor progression.

miR-296 is a critical upstream regulator of 
S100A4

To identify the potential upstream miRNA regu-
lator of S100A4, two miRNA target prediction 
programs, TargetScan and Miranda, were used. 
As a result, three candidate miRNAs (miR-149, 
miR-296 and miR-505) were selected for ne- 
xt investigation. By treatment with mimics of 
those three miRNAs, we found miR-296 but not 
miR-149 or miR-505 can markedly down-regu-
late S100A4 mRNA expression (Figure 3A). 
Consistently, the protein level of S100A4 in 
SK-OV-3 and HO-8910PM cells was also re- 
duced by miR-296, indicating miR-296 might 
be an upstream regulator of S100A4 (Figure 
3B). To further confirm this finding, we then 
cloned a sequence containing the predicted 
3’-UTR target site of S100A4 mRNA and its 
mutated sequence into the pGL3 luciferase 
reporter gene to generate wild type and muta-
tion vector, respectively. The result showed that 
luciferase activity in wild type SK-OV-3 and 
HO-8910PM cells co-transfected with miR-296 
was significantly decreased compared with the 
control (Figure 3C), whereas no significant dif-
ference was found in mutant type. Next, cell 

Figure 4. miR-296/S100A4 axis is a novel regulator of EMT in ovarian cancer. The influence of S100A4 knockdown 
on the mRNA expression of E-cadherin, Vimentin, N-cadherin, Snail1 and MMP9 in SK-OV-3 (A) and HO-8910PM 
cells (B). si-Ctrl versus siRNA-1 or siRNA-2, *P < 0.05, **P < 0.01, ***P < 0.001. Western blotting analysis of the 
effects of miR-296 mimics on the expression of S100A4, E-cadherin, Vimentin, N-cadherin, Snail1 and MMP9 in 
SK-OV-3 (C) and HO-8910PM cells (D).
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migration and invasion assays were performed 
to determine whether miR-296 is the functional 
mediator of S100A4. Consistent with the phe-
nomenon observed in siRNA-mediated S100A4 
knockdown, cell migration and invasion ability 
of EOC cells was also reduced by miR-296 
(Figure 3D). Collectively, these findings sugge- 
sted that miR-296 was a critical upstream regu-
lator of S100A4.

miR-296/S100A4 axis is a novel regulator of 
EMT in ovarian cancer

The process of epithelial-mesenchymal transi-
tion (EMT) is a key step in tumor metastasis by 
which epithelial cells lose their cell polarity and 
cell-cell adhesion, and further gain invasive 
properties to become mesenchymal cells. How- 
ever, whether the oncogenic functions of the 
miR-296/S100A4 axis were dependent on EMT 
in EOC remain unclear. Here, we analyzed the 
effects of S100A4 silencing on the gene expres-
sion profile of EMT markers, including E-cad- 
herin, Vimentin, N-cadherin, Snail1 and MMP9 
in SK-OV-3 and HO-8910PM cells. The result 
revealed that E-cadherin, the epithelial marker, 
was significantly up-regulated by silencing of 
S100A4. Meanwhile, the mesenchymal mark-
ers, including Vimentin, N-cadherin and Snail1, 
were down-regulated by silencing of S100A4 
(Figure 4A, 4B). Furthermore, the alternations 
of these markers at protein level were detected 
by miR-296 treatment. Expectedly, miR-296 
reversed the EMT phenotype of SK-OV-3 and 
HO-8910PM cells by up-regulating the epitheli-
al marker and down-regulating the mesenchy-
mal markers (Figure 4C, 4D). And as shown in 

Figure 5A, restoration of S100A4 expression 
completely recovered the altered expression of 
E-cadherin and N-cadherin induced by miR-
296. And expectedly, ectopic expression of 
S100A4 rescued the suppressive roles of miR-
296 on cell migration (Figure 5B) and invasion 
(Figure 5C) in both SK-OV-3 and HO-8910PM 
cells. Taken together, these data above sug-
gested that miR-296/S100A4 axis was a novel 
regulator of EMT in EOC.

Discussion

It has been well established that S100A4 is 
associated with a variety of human malignan-
cies. In the present study, we show that S100A4 
is also involved in the metastatic progression 
of EOC. Previously, Horiuchi A et al. reported 
that hypoxia-induced hypomethylation is asso-
ciated with up-regulation of S100A4 expres-
sion in ovarian carcinoma cell lines and tissues 
[28]. And up-regulated nuclear S100A4 expres-
sion in primary carcinomas is correlated with 
advanced clinical stage and poor response to 
chemotherapy [25]. Consistent with these find-
ings, we also demonstrate that increased ex- 
pression of S100A4 in EOC tissues and cell 
lines compared with the normal counterparts 
at both mRNA and protein level. Due to limited 
follow-ups of the commercial tissue microarray, 
however, we fail to analyze prognostic value of 
S100A4 based on its nuclear and cytoplasmic 
expression in the EOC tissues. MicroRNAs (miR-
NAs) are short non-coding RNAs that usually 
21-25 nucleotides in length, which function by 
binding to the 3’-UTRs of targeted mRNA and 
lead to the repression of translation or degra-

Figure 5. Restoration of S100A4 blocks the role of miR-296 in EMT, cell migration and invasion. (A) The protein 
expression of E-cadherin and N-cadherin was detected in the presence of miR-149 and restoration of S100A4. Res-
toration of S100A4 abolished the inhibitory effects of miR-296 on cell migration (B) and cell invasion (C) in SK-OV-3 
and HO-8910PM cells; *P < 0.05, **P < 0.01.
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dation of the coding transcript [29]. Recently, 
growing evidences suggest that miRNAs play a 
functional role in regulating development and 
progression in ovarian cancer [30, 31]. Here we 
show for the first time that miR-296 is a critical 
modulator of S100A4 expression.

The role of S100A4 in EOC has not yet been 
well studied. To gain insight into S100A4-me- 
diated oncogenic functions, we silence the en- 
dogeneous expression of S100A4 by siRNAs. 
Consistent with the results in laryngeal cancer 
[32] and gastric cancer [33], attenuation of 
S100A4 compromises the metastatic potential 
of EOC cells. And overexpression of S100A4 in 
S100A4 low-expressing cells enhances their 
metastatic capacity.

In line with this, S100A4 overexpression is as- 
sociated with invasion and metastasis of papil-
lary thyroidcarcinoma [34], and progression of 
colorectal cancer [35]. As miR-296 contributes 
to up-regulated S100A4 expression, we further 
determine whether miR-296 is the functional 
mediator of S100A4 in EOC. Indeed, induction 
of miR-296 markedly decreases S100A4 exp- 
ression and invasive ability of EOC cells. MiR-
296 functions as a tumor suppressor in pros-
tate cancer by directly targeting Pin1 [36], and 
regulates cell growth and multi-drug resistance 
of human glioblastoma by targeting EAG1 [37]. 
Therefore, we cannot exclude the potential pro-
metastatic roles of other targets of miR-296 in 
this study.

It was documented that EMT plays an impor-
tant role in the migratory and invasive ability of 
tumor cells. And accumulating evidences have 
indicated that S100A4 is critically involved in 
the process of EMT. In esophageal cancer, 
S100A4 could regulate motility and invasive-
ness of cancer cells through modulating the 
AKT/Slug signal pathway [38]. In colon cancer, 
S100A4 is a direct target of β-catenin/T-cell 
factor signaling and acts as a master mediator 
of the EMT [39]. Similarly, we demonstrate that 
deregulated miR-296/S100A4 axis promotes 
the process of EMT through altering the expres-
sion of EMT-related markers. Since the E-cad- 
herin/β-catenin complex is associated with 
EMT, further investigations are required to con-
firm that whether β-catenin/T-cell factor signal-
ing is involved in the regulation of the oncogen-
ic functions of miR-296/S100A4 axis.

In conclusion, the current work supports the 
role of S100A4 in EOC progression, and pro-
vides novel insights into the EMT process by 
which S100A4 promotes metastatic capacity of 
EOC cells. These results suggest that targeting 
the miR-296/S100A4 axis may represent a 
novel therapeutic approach for EOC treatment.
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