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Abstract. Breast cancer is the most common malignancy in 
women around the world, and its incidence and mortality 
rates are still rising. An increasing number of studies have 
reported that SOX18 plays an important role in various 
cancers. However, the role of SOX18 in breast cancer remains 
poorly understood. In this study, we aimed to investigate the 
biological role and potential molecular mechanism of SOX18 
in breast cancer. We found that the mRNA and protein 
expression levels of SOX18 were prevalently and signifi-
cantly overexpressed in human breast cancer cell lines. Next, 
we performed loss-of-function experiments by transfection 
of two breast cancer cell lines, BT-474 and MCF-7, with 
SOX18 small interfering RNAs (siRNA). Results showed that 
SOX18 siRNA transfection significantly suppressed mRNA 
and protein expression of SOX18 in breast cancer cells. 
Furthermore, knockdown of SOX18 significantly inhibited 
cell proliferation and invasion, but promoted apoptosis in 
breast cancer cells. Importantly, several oncogenic proteins, 
including the Ras homolog gene family member A (RhoA), 
platelet-derived growth factor B (PDGFB), Insulin-like 
growth factor 1 receptor (IGF-1R), and matrix metallopro-
teinase-7 (MMP-7), were markedly decreased by SOX18 
siRNA. Taken together, the results of our study suggest that 
knockdown of SOX18 inhibits breast cancer cell growth and 
invasion, possibly by downregulating downstream oncogenic 
proteins, providing novel insights into the development of 
breast cancer therapy through targeting of SOX18.

Introduction

Breast cancer is the most common malignancy in women 
around the world, and its incidence and mortality rates are 
increasing (1,2). While surgery, radiotherapy, chemotherapy, 
hormone and/or biological methods are available clinical thera-
pies for breast cancer, their therapeutic efficacy is still limited. 
Furthermore, the detailed pathogenesis of breast cancer is still 
unclear. Therefore, it is of great importance to gain a better 
understanding of the molecular mechanisms underlying breast 
cancer pathogenesis, which will help to identify an effective 
and specific molecular target for the development of novel and 
promising therapeutic strategies for breast cancer.

The SOX genes, located on the sex-determining region of 
the Y chromosome, are a highly conserved family of genes 
encoding various transcription factors. All family members 
share a high-mobility group (HMG-box) DNA-binding 
domain (3,4). According to their HMG-box homology, the SOX 
family is divided into ten groups (A-J) (4-7). SOX18, a member 
of group F (SOX F), affects vascularization, neolymphangio-
genesis, and tumor growth. SOX18 mutations are characterized 
by defective blood and lymphatic vessel formation, resulting 
in hypotrichosis-lymphodema-teleangiectasia syndrome (8-10). 
In addition, loss of function of SOX18 results in vascular and 
coat anomalies in ragged (Ra) mutant mice (11). Furthermore, 
SOX18 overexpression has recently been detected in several 
cancer-derived cell lines, including those from melanoma, 
hepatic carcinoma, and breast, gastric, lung, and pancreatic 
cancers  (12-15). However, mechanistic insight into how 
SOX18 exerts its function in human breast cancer cells is still 
very limited.

Considering the important role of SOX18 in tumorigenesis 
and tumor progression, we investigated the functional role of 
SOX18 in breast cancer and explored the potential underlying 
mechanism of SOX18 in regulating breast cancer cell prolif-
eration and invasion. We found that the mRNA and protein 
levels of SOX18 in human breast cancer cells were significantly 
increased, as compared with normal human breast epithelial 
cells. Then, by siRNA-mediated silencing of SOX18 in two 
breast cancer cell lines, BT474 and MCF-7, we demonstrated 
that SOX18 was involved in the regulation of cell proliferation, 
apoptosis, and invasion. Moreover, we found that SOX18 was 
associated with the regulation of several tumorigenic genes. 
Taken together, the results of our study provide evidence that 
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SOX18 is a novel and promising molecular target for human 
breast cancer therapy.

Materials and methods

Cell culture. Human breast cancer cell lines, including BT-474, 
MCF-7, Hs578T, T-47D, and SK-BR-3, and the normal human 
breast epithelial cell line, MCF-10 were from the Cell Bank 
of the Shanghai Institutes for Biological Sciences, Chinese 
Academy of Sciences (Shanghai, China). MCF-10A cells were 
maintained in Dulbecco's modified Eagle's medium: F12 
(DMEM: F12) medium supplemented with 5% horse serum 
(Hyclone, Logan, UT, USA), 10 µg/ml insulin (Sigma-Aldrich, 
St. Louis, MO, USA), 100 ng/ml cholera toxin (Sigma-Aldrich), 
20 ng/ml epidermal growth factor (EGF; Peprotech, Rocky 
Hill, NJ, USA), 0.5 µg/ml hydrocortisone (Sigma-Aldrich), 
100 U/ml penicillin, and 100 mg/ml streptomycin. All other 
cell lines (human breast cancer cell lines) were grown in 
RPMI-1640 medium containing 10% fetal bovine serum 
(FBS; Gibco, Rockville, MD, USA), 100 U/ml penicillin, and 
100 mg/ml streptomycin. These cell lines were maintained in 
a humidified incubator with 5% CO2 at 37˚C.

Silencing of SOX18 by small interfering RNA (siRNA). 
siRNAs directed against either human SOX18 or negative 
control (NC) were purchased from Ambion (Austin, TX, 
USA). BT-474 and MCF-7 cells were grown in 6-well plates 
and transfected with SOX18 siRNA or NC (at a final concen-
tration, 125  nM) using Lipofectamine  2000 (Invitrogen, 
Carlsbad, CA, USA), according to the manufacturer's instruc-
tions. At 48 h after transfection, cells were harvested for 
RT-PCR or western blot analyses.

CCK-8 assay. As described in detail previously (16), cell prolif-
eration was assessed using the Cell Counting Kit-8 (CCK-8) 
(Beyotime, Nantong, China) method. Briefly, cells were seeded 
onto 96-well culture plates, and then transfected with SOX18 
siRNA, or negative control (NC) using Lipofectamine 2000 
according to manufacturer's instructions. At 48 h after siRNA 
transfection, CCK-8 solution was added to each well and incu-
bated for 2 h, and the absorbance was read at 450 nm. The 
assay was performed in triplicate and repeated three times.

Protein extraction and western blotting. Total protein from 
treated and untreated BT-474 and MCF-7 cells was extracted 
using RIPA lysis buffer containing phenylmethylsulfonyl 
fluoride (PMSF). Protein concentrations were determined 
using the bicinchoninic acid (BCA) protein assay kit (Boster 
Biology Co., Wuhan, China). Equal amounts of protein were 
separated on SDS-polyacrylamide gels and electrotransferred 
to a PVDF (polyvinylidene fluoride) membrane. Membranes 
were blocked with 5% skim milk for 1 h at room tempera-
ture, and probed at 4˚C overnight with primary antibodies. 
The appropriate secondary antibody was applied at room 
temperature for 1  h. An ECL detection method (Pierce 
Biotechnology, Rockford, IL, USA) was subsequently used 
to visualize the protein band of interest. Densitometric 
analysis was performed using ImageJ software. Primary 
antibodies were purchased from the following companies: 
i) SOX18, RhoA, PDGFB, IGF1R and MMP7 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA); ii) Bcl-2, Bax and 
β-actin (ProteinTech, Chicago, IL, USA).

Reverse transcription and real-time PCR (RT-PCR). Total 
RNA was extracted from treated and untreated cells using 
TRIzol reagent (Invitrogen) according to the manufacturer's 
protocol. cDNA was then synthesized using the PrimeScript 
RT reagent kit (Takara, Dalian, China) according to the manu-
facturer's instructions. Next, real-time PCR was performed 
using the LightCycler 480 and SYBR green master mix (Roche 
Diagnostics Ltd., Lewes, UK). β-actin served as an internal 
control. Results were normalized to the endogenous control 
(β-actin). All RT-PCR amplifications were performed in trip-
licate. Fold changes were calculated in relation to reference 
control cDNA as previously described (17). The sequences 
of PCR primers for SOX18, RhoA, PDGFB, IGF1R, MMP7, 
Bcl-2, Bax, and β-actin are listed in Table I.

Cell invasion assay. As described in detail previously (18), 
transwell insert assays were used to assess BT-474 and MCF-7 
cell invasion ability. Briefly, for the invasion assay, siRNA-
transfected cells in serum-free RPMI-1640 were seeded in the 
upper chambers of Matrigel-coated Transwell plates. To the 
lower chamber was added RPMI-1640 containing 10% FBS 
(600 µl) as a chemotactic factor. All of the Transwell cham-
bers were then incubated at 37˚C for 48 h. Each subclone was 
seeded in triplicate. The migrated cells were observed under a 
Leica inverted microscope (Deerfield, IL, USA) and counted.

Caspase-3 activity assay. The caspase-3 colorimetric assay is 
based on the hydrolysis of the peptide substrate acetyl-Asp-
Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) by caspase-3, 
resulting in the release of the p-nitroaniline (pNA) moiety. 

Table I. The primer sequences of PCR.

Primer	 Sequence

β-actin	 F: 5'-GCGCGGCTACAGCTTCA-3'
	 R: 5'-TCTCCTTAATGTCACGCACGAT-3'
SOX18	 F: 5'-CGCGTGTATGTTTGGTTC-3'
	 R: 5'-ATGTAACCCTGGCAACTC-3'
Bcl-2	 F: 5'- ATGTGTGTGGAGAGCGTCAACC-3'
	 R: 5'- GCATCCCAGCCTCCGTTATC-3'
Bax	 F: 5'-CCTTTTCTACTTTGCCAGCAAAC-3'
	 R: 5'- GAGGCCGTCCCAACCAC-3'
RhoA	 F: 5'-GAGTGTTCAGCAAAGACCAAAG-3'
	 R: 5'-TTGCAGCAAGGTTTCACAAG-3'
PDGFB	 F: 5'-CTCGATCCGCTCCTTTGATG-3'
	 R: 5'-AGGAAGTTGGCGTTGGTG-3'
IGF1R	 F: 5'-GAGCCTCCTGTGAAAGTG-3'
	 R: 5'-GCATCCTGCCCATCATAC-3'
MMP-7	 F: 5'-GAGTGCCAGATGTTGCAGAA-3'
	 R: 5 AAATGCAGGGGGATCTCTTT-3'
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pNA has a high absorbance at 405 nm. Cell lysates were 
prepared using the Caspase-3 activity kit (EMD Millipore 
Corp., Billerica, MA, USA). The concentration of pNA released 
from the substrate is calculated from the absorbance values 
at 405 nm. The rest of the detailed procedure was performed 
according to the manufacturer's instructions. This assay was 
performed in triplicate and repeated three times.

Statistical analysis. Data are summarized as mean ± SD from 
at least three independent experiments. Statistical analysis was 
carried out using SPSS 17.0 software. Statistical differences 
were processed using one-way analysis of variance (ANOVA). 
A P-value of <0.05 was considered to be statistically signifi-
cant.

Results

SOX18 is highly expressed in various human breast cancer 
cell lines. To investigate the function of SOX18 in human 

breast cancer cell lines, we evaluated its expression in four 
breast cancer cell lines (BT-474, MCF-7, Hs578T, T-47D, 
and SK-BR-3) and a normal human breast epithelial cell line 
(MCF-10A) using RT-PCR and western blotting. As shown in 
Fig. 1, the expression of SOX18 was significantly upregulated 
in breast cancer cell lines when compared with that of matched 
normal human breast epithelial cells, both at the protein 
(Fig. 1A) and mRNA expression levels (Fig. 1B). The data 
revealed that SOX18 is overexpressed in breast cancer cell 
lines, indicating that increased SOX18 protein expression is 
clearly involved in human breast cancer development.

Silencing of SOX18 by RNAi. To investigate the potential func-
tion of SOX18, the breast cancer cell lines, BT-474 and MCF-7 
were selected for the RNAi experiment and transfected with 
one siRNA targeting human SOX18 (SOX18 siRNA) and a 
negative control (NC) siRNA. The silencing efficiency of the 
siRNA on SOX18 expression was then detected by western blot 
and RT-PCR analysis. Our results showed that SOX18 siRNA 

Figure 1. SOX18 is highly expressed in human breast cancer lines. The protein (A) and mRNA (C) expression of SOX18 was analyzed by western blot and RT PCR 
analysis, respectively. (B) The relative protein expression of SOX18 was analyzed by ImageJ software. Data are based on at least 3 independent experiments and 
are shown as mean ± SD (*P<0.05 as compared with MCF-10A).

Figure 2. The silencing effect of SOX18-siRNA was evaluated in BT-474 and MCF-7 cells. The protein (A) and mRNA (C) expression level of SOX18 was 
analyzed by western blot and RT-PCR analysis, respectively. (B) The relative protein expression of SOX18 was analyzed by ImageJ software. WT, wild-type 
cells; NC, cells transfected with NC siRNA; SOX18 siRNA, cells transfected with SOX18-siRNA. Data are based on at least 3 independent experiments and 
are shown as mean ± SD (*P<0.05 as compared with NC).
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was able to efficiently and significantly suppress endogenous 
SOX18 expression in BT-474 and MCF-7 cells (Fig. 2A and B).

SOX18 knockdown inhibits human breast cancer cell 
proliferation. To test whether the silencing effect of SOX18 
suppresses the proliferation of human breast cancer cells, 
BT-474 and MCF-7, the CCK-8 assay was performed. As 
shown in Fig.  3, cell proliferation of BT-474 and MCF-7 
transfected with SOX18 siRNA was notably impaired when 
compared to the corresponding WT and NC cells. These 
results suggest that knockdown of SOX18 represses breast 
cancer cell proliferation.

Silencing of SOX18 in human breast cancer induces cell apop-
tosis. To further investigate the role of SXO18 in breast cancer 
cells, we next detected the effect of SOX18 silencing on breast 
cancer cell apoptosis. The results showed that knockdown of 
SOX18 significantly increased the expression of Bax and the 
activity of caspase-3 (Fig. 4A-C) in both BT-474 and MCF-7 
cells. Furthermore, the protein expression level of Bcl-2, an 
anti-apoptotic protein, was markedly decreased by SOX18 
siRNA transfection. These results imply that knockdown of 
SOX18 promotes breast cancer cell apoptosis.

Silencing of SOX18 affects cell invasion in human breast 
cancer cells. To further investigate the biological role of 
SOX18 in breast cancer cells, we detected the effect of SOX18 
siRNA on breast cancer cell invasion using the Transwell inva-
sion assay. As shown in Fig. 5, the number of invaded cells in 
SOX18 siRNA-knockdown cells was significantly decreased 
in BT-474 and MCF-7 cells when compared with that of the 
WT and NC cells, suggesting that depletion of SOX18 mark-
edly decreased the cell invasive ability of breast cancer cells.

Silencing of SOX18 in human breast cancer cells modulates 
the mRNA and protein expression of RhoA, PDGFB, IGF1R, 
and MMP-7. To explore the potential underlying molecular 
basis of SOX18 in regulating breast cancer cell proliferation 
and invasion, we examined the expression of several onco-
genic proteins, including RhoA, PDGFB, IGF1R and MMP-7 
by western blot analysis and RT-PCR. Results showed that 
both protein (Fig. 6A) and mRNA (Fig. 6B) expression levels 
of these detected genes were markedly decreased after inhibi-
tion of SOX18 expression in BT-474 cells in comparison with 
control cells. Furthermore, similar data were observed using 
MCF-7 cells (Fig. 6C and D). These data suggest that SOX18 
is an important transcription factor in breast cancer that modu-
lates the expression of several oncogenic proteins.

Discussion

It is now clear that SOX genes encoding transcription factors 
are involved in embryonic development and oncogenesis (19). 
While the role and functions of SOX18 in various cancers 
are proundly reseached, the specific molecular functions of 
SOX18 in human breast cancer remain obscure. Here, we 
evaluated SOX18 expression in human breast cancer cell 
lines (BT-474, MCF-7, Hs578T, T-47D, and SK-BR-3) using 
RT-PCR and western blot analysis, and we found that SOX18 
was highly expressed in breast cancer cell lines. Furthermore, 
knockdown of SOX18 by SOX18 siRNA suppressed cell 
proliferation and invasion of breast cancer cells, but promoted 
breast cancer cell apoptosis. Most importantly, several 

Figure 3. SOX18 knockdown inhibits human breast cancer cell prolifera-
tion. Results of the CCK-8 assay performed in WT, NC and SOX18 siRNA 
cells. Data are based on at least 3 independent experiments and are shown as 
mean ± SD (*P<0.05 as compared with NC).

Figure 4. SOX18 knockdown induces cell apoptosis. (A) The protein expression of Bcl-2 in different transfected cells were detected by western blot analysis. 
(B) The relative protein expression of Bax was analyzed by ImageJ software. (C) The caspase-3 activity was detected in different cell groups using a com-
mercial kit. (D) The protein expression of Bcl-2 in different transfected cells were detected by western blot analysis. (E) The relative protein expression of 
Bcl-2 was analyzed by ImageJ software. Data are based on at least 3 independent experiments and are shown as mean ± SD (*P<0.05 as compared with NC).
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oncogenic proteins, including RhoA, PDGFB, IGF1R, and 
MMP-7, were found to be regulated by SOX18. These results 
suggested that SOX18 was a critical regulator involved in 
human breast cancer.

Previous studies showed that SOX18 mRNA was 
expressed in pancreatic and breast cancer cells (13); in non-
small cell lung cancer, SOX18 expression in mRNA and 
protein was significantly lower than in non-malignant lung 
tissue (12); Also, in ovarian cancer, SOX18 expression was 
detected in the cell nuclei as well as the cytoplasm using 
immunohistochemical methods  (20). In the current study, 
the expression level of SOX18 mRNA and protein was 
significantly upregulated in human breast cancer cell lines 
when compared with a normal human breast epithelial cell 
line (Fig. 1A), which is consistent with the results obtained 
by immunohistochemistry showing that SOX18 was rarely 
expressed in non-malignant breast duct cells and frequently 

in invasive ductal breast carcinoma (21). Taken together, these 
findings suggest that SOX18 may serve as a novel oncogene 
and a potential therapeutic molecular target.

Previous studies have suggested the promoting effect 
of SOX18 on cell proliferation of vascular smooth muscle 
cells (22) and MCF-7 breast cancer cells (15). In line with these 
findings, knockdown of SOX18 in human breast cancer cells 
significantly impaired cell proliferation (Fig. 3). Moreover, 
we assessed the apoptotic function of SOX18 in SOX18 
siRNA-treated breast cancer cells (Fig. 4A). Our data showed 
that the silencing of SOX18 significantly downregulated the 
expression of Bcl-2 and increased the activity of caspase-3 and 
expression of Bax in BT-474 and MCF-7 cells (Fig. 4), which 
might have contributed to the inhibition of proliferation in 
SOX18-knockdown cells.

In addition, the expression of SOX18 is mainly involved in 
tumor metastatic processes in lung and gastric cancer, where 
it plays an important role in regulating vascular formation and 
degradation of extracellular matrix tumor metastasis (23,24). 
Consistent with these studies, we found that SOX18 siRNA 
treatment significantly decreased the invasive capabilities of 
breast cancer cells (Fig. 5), suggesting that tumor metastasis can 
be inhibited by SOX18 silencing in human breast cancer cells.

To elucidate the underlying mechanisms involved in cell 
proliferation, apoptosis and invasion induced by SOX18 
silencing, we investigated the expression of several down-
stream signaling molecules of SOX18, including RhoA, 
PDGFB, IGF1R, and MMP-7, in SOX18 siRNA-knockdown 
breast cancer cells. RhoA, a small GTP-binding protein, has 
been reported to be associated with the occurrence, invasion, 
and metastasis of various tumors (25-27). PDGFB, a platelet-
derived growth factor, is a member of the PDGF family 
(PDGFA, B, C, and D) that is involved in multiple tumor-

Figure 5. The silencing of SOX18 inhibits breast cancer cell invasion. Cell 
invasion was detected using Matrigel-coated Transwell chambers. Data are 
based on at least 3 independent experiments and are shown as mean ± SD 
(*P<0.05 as compared with NC).

Figure 6. The effect of SOX18 gene silencing on the expression of RhoA, PDGFB, IGF1R and MMP-7. Western blot analysis of protein expression levels of 
RhoA, PDGFB, IGF1R and MMP-7 in BT-474 (A) and MCF-7 (C) cells. RT-PCR analysis of mRNA expression levels of f RhoA, PDGFB, IGF1R and MMP-7 
in BT-474 (B) and MCF-7 (D) cells. Data are shown as mean ± SD (*P<0.05 as compared with NC).
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associated processes, including tumor growth and metastasis 
(autocrine or paracrine) (28), tumor angiogenesis (29), and 
tumor fibroblasts (30). IGF1R is reported to be overexpressed 
in some types of human cancer, including lung, breast, 
pancreatic, prostate and glioma cancers (31-36). Moreover, 
IGF1R has been confirmed to play critical roles in multiple 
biological processes of tumor diseases, including malignant 
transformation, proliferation, anti-apoptosis, vasculariza-
tion, and invasion (37). MMP-7 can cleave plasminogen and 
collagen  XVIII to generate angiostatin and a 28  kDa 
endostatin-spanning fragment, respectively  (38). Previous 
studies have also suggested that SOX18 RNAi significantly 
downregulated the expression of detected genes in SOX18 
siRNA-knockdown hepatocellular carcinoma cells  (14) 
and in human endothelial cells  (39). Our findings further 
proved that the expression of detected genes is significantly 
downregulated in SOX18 siRNA-treated breast cancer cells 
(Fig. 6), indicating that tumor progression can be inhibited by 
SOX18 silencing.

Interestingly, SOX18 expression also plays a crucial role 
in vascularization and lymphangiogenesis. Previous studies 
showed that vascular cell growth was inhibited by antisense 
SOX18 in endothelial cells and vascular smooth muscle 
cells  (22); the expression of dominant-negative SOX18 in 
human umbilical vein endothelial cells impaired capillary tube 
formation (15). Additionally, knockdown of SOX18 selectively 
impaired lymphatic sprouting, resulted in defective lymphatic 
thoracic duct formation, and caused lymphedema (40). SOX18 
expression is not responsible for the maintenance of lymphatic 
identity in the normal organism, whereas under pathological 
conditions, such as tumor growth, loss of SOX18 function 
impairs tumor-induced angiogenesis and lymphangiogenesis 
and decreases cancer cell metastasis (41). However, know-
ledge of whether knockdown of SOX18 expression decreases 
cancer metastasis through inhibition of angiogenesis and 
lymphangiogenesis in breast cancer would be required for 
further research.

In conclusion, this study showed for the first time that 
SOX18 silencing by siRNA inhibited proliferation and inva-
sion and promoted apoptosis in human breast cancer cell lines 
in vitro. Furthermore, our findings showed that knockdown of 
SOX18 significantly downregulated the expression of associ-
ated tumorigenic genes (RhoA, PDGFB, IGF1R, and MMP-7) 
in SOX18 siRNA-knockdown breast cancer cells. Our results 
suggest that SOX18 is a promising therapeutic molecular target 
for the treatment of breast cancer. 
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