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Abstract. The transcriptional factor Osterix is specifically 
expressed in bone tissues to regulate the differentiation and 
maturation of osteoblasts. Recent studies have also identified 
the expression of Osterix in a number of cancer tissues, such as 
kidney and lung cancers. However, the association of Osterix 
with the metastasis of breast cancers has never been reported. 
The present study, for the first time, provides evidence 
supporting the involvement of Osterix in breast cancer 
metastasis. Western blotting was employed to investigate the 
expression of Osterix in a number of human breast cancer 
cell lines with different metastatic features. Gain‑of‑function 
and loss‑of‑function experiments were performed in 
MCF7 cells (low level of metastasis) and MDA‑MB‑361 
cells (high level of metastasis). The expression of several 
metastasis‑associated genes was analyzed by western blot-
ting and quantitative polymerase chain reaction. A firefly 
luciferase‑based reporter gene assay was conducted in order 
to study whether Osterix regulated the promoter activities 
of the MMP2 and MMP9 genes, which play critical roles in 
cancer metastasis. The results showed that Osterix was highly 
expressed in the MDA‑MB‑231 and MDA‑MB‑361 cells, but 
was not detectable in the MCF7 cells. The overexpression of 
Osterix in the MCF7 cells promoted the expression of VEGF, 
MMP9 and β‑catenin, while downregulating the expression 
of E‑cadherin. In addition, suppression of Osterix expression 
in the MDA‑MB‑361 cells reversed the alteration of VEGF, 
MMP9, β‑catenin and E‑cadherin expression. A reporter 
gene assay suggested that Osterix activated MMP2 and 
MMP9 promoter activity. In conclusion, Osterix is involved 

in the metastasis of human breast cancer and may be a target 
for the efficient treatment of human breast cancers.

Introduction

Osterix, also known as SP7, is a zinc finger transcription 
factor belonging to the specificity protein family (1). Osterix 
is normally expressed by osteoblasts to regulate osteoblast 
differentiation and maturation, and its expression is directly 
or indirectly regulated by various factors, including Msx2 and 
BMP2 (2). Osterix can bind with the nuclear factor of activated 
T cells to form a complex, promoting osteoblastic bone forma-
tion through stimulation of the promoter activity of collagen 
type I α1 (3). In a study based on a mouse osteosarcoma model, 
Osterix was downregulated in mouse osteosarcoma cells 
and its expression was negatively associated with metastatic 
potency (1). Suppression of Osterix expression could inhibit 
osteosarcoma cell proliferation, in vitro and in vivo, reducing 
the metastatic potency of osteosarcoma (4). Previous studies 
have suggested that Osterix is a tumor suppressor gene and 
prevents the progression of osteosarcoma, making it a poten-
tial target for the clinical therapy of osteosarcoma (4). Osterix 
expression had been shown to be limited to the bone tissues; 
however, recent studies identified that Osterix expression was 
present in the metastatic stage of kidney, prostate and lung 
cancer, among others (5,6). However, the mechanisms of tran-
scriptional regulation and the control of cancer metastasis for 
this factor are poorly understood. The present study aimed to 
investigate whether Osterix is able to regulate genes involved 
in the proliferation and metastasis of breast cancer.

Materials and methods

Breast cancer cell lines. Human breast cancer cell lines, MCF7, 
MDA‑MB‑231 and MDA‑MB‑361, were purchased from the 
American Type Cell Collection (ATCC, Manassas, VA, USA), 
and were routinely maintained according the culture instructions 
provided by the ATCC. Briefly, the MCF7 cells were maintained 
in minimum essential medium and 10% fetal bovine serum (FBS), 
supplemented with 0.01 mg/ml human recombinant insulin. The 
MDA‑MB‑361 cells were cultured within Leibovitz's L‑15 medium 
supplemented with 20% FBS, while the MDA‑MB‑231 cells were 
fed with Leibovitz's L‑15 medium supplemented with 10% FBS.
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Reagents and instruments. All culture media for the human 
breast cancer cell lines were purchased from Life Technolo-
gies (Carlsbad, CA, USA). The Taq polymerase and restriction 
enzymes for constructing the expression vectors and reporter 
gene vectors were obtained from New England Biolabs 
(Ipswich, MA, USA). The kits for electrotransformation 
were prepared by Lonza (Basel, Switzerland). The primary 
antibodies for the western blotting were products of Abcam 
(monoclonal rabbit anti‑Osterix, 1:1,000 dilution; catalogue 
no. ab187158; polyclonal rabbit anti‑MMP2, 1:250  dilu-
tion; catalogue no. ab110186; monoclonal rat anti‑β‑catenin, 
1:500 dilution, catalogue no. ab22656; monoclonal mouse 
anti‑E‑cadherin, 1:500 dilution; catalogue no. ab11512; Abcam 
Inc., Cambridge, MA, USA). Polyclonal goat anti‑mouse 
IRDye® 680‑labeled (1:7,500  dilution; catalogue no.  P/
N92668180; RD) and goat anti‑rabbit IRDye 800‑labeled 
(1:5,000 dilution; catalogue no. P/N92532211; RD) secondary 
antibodies were obtained from LI‑COR Biosciences (Lincoln, 
NE, USA). The ONEGlo reagent for the detection of firefly 
luciferase activity was a product of Promega (catalogue 
no. E6120; Promega, Madison, WI, USA).

Li‑COR Odyssey was used to visualize the bands on the 
polyvinylidene difluoride (PVDF) membrane in the western 
blot assay. The mRNA levels of target genes were quantified 
using ABI7300 (Life Technologies). The luminescence of 
firefly luciferase was determined with PHERAstar (BMG 
Labtech, Inc., Durham, NC, USA).

Generation of MCF7 subline of Osterix overexpres‑
sion. The open reading frame of the human Osterix gene 
(GenBank accession number, AF477981.1) was synthesized 
by GenScript Inc., (Piscataway, NJ, USA), and subcloned 
into pcDNA3.1+ expression vectors. In order to generate a 
stable overexpression subline, the pcDNA3.1+ expression 
vector subcloned with Osterix was electrotransformed into 
MCF7 cells using Lonza kit V and Amaxa Nucleofector II. 
At 24 h post‑electrotransformation, the cells were selected 
with G418 at a final concentration of 400 µg/ml for 2 weeks. 
Single colonies were screened by limiting dilution, and were 
propagated for subsequent experiments after the confirmation 
of Osterix expression. A subline with an empty vector was 
used as the control.

Genera t ion  of  the  M DA‑M B ‑361 subl ine  wi th 
Osterix‑knockdown. The psiRNA‑h7SK vector used for 
the interference of Osterix expression was purchased from 
Invitrogen Life Technologies. The target sequence was 
5'‑AAGAGGTTCACTCGTTCGGAT‑3', and a universal 
sequence (5'‑CAACAAGATGAAGAGCACCAA‑3') that was 
not complementary to any human gene was used as a control 
short hairpin (sh)RNA. The shRNA vector was delivered 
into the MDA‑MB‑361 cells and stably incorporated into the 
MDA‑MB‑361 genome, as described in the generation of the 
Osterix‑overexpression subline. The single cell‑derived stable 
clones were obtained by limiting dilution, and were propagated 
for follow‑up experiments.

Determination of the expression of metastasis‑associated 
genes. The whole cell lysates from the Osterix‑overexpres-
sion or Osterix‑knockdown cells were prepared with RIPA 

buffer for western blot analysis according to the manufacturer's 
instructions (Forevergen Biosciences Co., Ltd., Guangzhou, 
China). SDS‑PAGE was conducted as described previously (7), 
in order to separate the proteins (30 µg). For immunoblotting, 
proteins in the SDS gels were transferred to a PVDF membrane 
using electroblotting apparatus (Forevergen Biosciences, Co., 
Ltd.). Subsequent to being blocked with 5% bovine serum 
albumin in Tris‑buffered saline with Tween 20, the membranes 
were incubated with primary antibodies against VEGF, 
MMP9, β‑Catenin and E‑cadherin at room temperature for 
1.5 h. Mouse or rabbit immunoglobulin G antibodies coupled 
with fluorescein were used as secondary antibodies. Li‑COR 
Odyssey was used for fluorescein detection.

Assay of the MMP‑2 and MMP‑9 promoter activities. Firefly 
luciferase reporter plasmids incorporating the human MMP‑2 
or MMP‑9 promoter were prepared using the promoter‑free 
luciferase expression vector, pGL4.12 (Promega). The human 
promoter pGL4.12‑MMP‑2 construct extended to ‑1,659 bp 
relative to the transcriptional start site, and the pGL4.12‑MMP‑9 
promoter region ranged from ‑992 to +304 bp relative to the 
transcription initiation site.

The pGL4.12‑MMP‑2 and pGL4.12‑MMP‑9 vectors were 
transfected into the MCF7 and MDA‑MB‑361 cells, respec-
tively. The stable cell lines bearing the MMP‑2 or MMP‑9 
promoters were established in the same way as described in the 
generation of the Osterix‑overexpression sublines. The clonal 
sublines were prepared for downstream reporter gene assays 
after validating the basal firefly luciferase activity in the stable 
clones. The resultant stable clones were tentatively termed 
MCF7‑pMMP‑2, MCF7‑pMM‑9, MDA‑MB‑361‑pMMP‑2, 
and MDA‑MB‑361‑ pMMP‑9.

Figure 1. Osterix expression in various breast cancer cell lines. (A) The 
expression of Osterix in the human breast cancer MDA‑MB‑231, 
MDA‑MB‑361  and MCF7 cell lines was detected by western blotting. 
(B) Osterix was highly expressed in the MDA‑MB‑231 and MDA‑MB‑361 
cell lines, while endogenous Osterix was not detectable in the MCF7 cells. 
*P<0.05 vs. MDA-MB-231 cells.

  A

  B
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The MCF7‑pMMP‑2 and MCF7‑pMMP‑9 sublines were 
transiently transfected with Osterix expression vectors with 
the Lonza electrotransformation kit, and were continuously 
cultured for an additional 48 h to allow the expression of 
Osterix. An equal amount of empty pcDNA.1+ vector was 
transfected into the cells as a control. The cells were harvested 
for analysis of firefly luciferase activity with PHEARstar 
(BMG Labtech Inc.).

The MDA‑MB‑361‑pMMP‑2 and MDA‑MB‑361‑pMMP‑9 
sublines were transiently transfected with the shRNA expres-
sion vector to knock down endogenous Osterix expression. 
The psiRNA‑h7SK vector backbone was transfected into the 
cells as a control. At 36 h post‑transfection, the cells were 
harvested and subjected to firefly luciferase activity assay.

Statistical analysis. All statistical analyses were performed 
using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, 
USA). Student's t‑tests were used to compare the two groups. 
All experiments were repeated at least three times and data 
are presented as the mean ± standard deviation. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression of Osterix in human breast cancer cell lines. 
Osterix has been shown to be specifically expressed in human 
bone tissues (1); however, until now, it was not clear whether 
it was also expressed in human breast cancer. In the present 
study, the western blotting results (Fig. 1) demonstrated that 
Osterix was highly expressed in the human breast cancer 
MDA‑MB‑231 and MDA‑MB‑361 cell lines, while the endog-
enous expression of Osterix was not detectable in the MCF7 
cells (Fig. 1). Given that the MDA‑MB‑231 and MDA‑MB‑361 
cell lines have higher metastatic potentials than the MCF7 
cell line, these results suggest a role for Osterix in the metas-
tasis of human breast cancers. Additionally, the expression of 

Osterix was higher in the MDA‑MB‑361 cell line compared 
with the MDA‑MB‑231 cell line. Thus, MDA‑MB‑361 cells 
were used to perform subsequent Osterix knockdown experi-
ments to investigate the expression of metastasis‑associated 
genes in human breast cancer.

Osterix is associated with the expression of a number of 
metastasis‑associated genes. Since the endogenous expression 
of Osterix was not detectable in the MCF7 cells, it was an 
ideal model for the investigation of the regulatory network of 
Osterix through the manual introduction of Osterix expres-
sion. The data showed that overexpressing Osterix altered the 
expression profile of a number of metastasis‑related genes in 
the MCF7 cells. The levels of VEGF, MMP‑9 and β‑catenin 
mRNA and protein were significantly increased in the 
Osterix‑overexpression MCF7 cells, whereas the expression 
of E‑cadherin was suppressed (Fig. 2). Suppressing Osterix 
expression could reverse the alteration of the expression of 
VEGF, MMP‑9, β‑catenin and E‑cadherin. Since endog-
enous expression of Osterix in the MDA‑MB‑361 cells was 
abundant, an shRNA expression vector containing a small 
interfering (si)RNA sequence against Osterix was delivered 
into the MDA‑MB‑361 cells in order to block its endogenous 
expression. The expression of VEGF, MMP‑9, β‑catenin and 
E‑cadherin in the MDA‑MB‑361 cells with siRNA transfec-
tion was reversed, as expected (Fig. 3).

Osterix is involved in breast tumor metastasis through inter‑
action with MMP‑2 and MMP‑9 promoters. Osterix belongs 
to a family of transcription factors that exert their functions 
through binding with the promoters of controlled genes. The 
overexpression or knockdown of Osterix expression could 
significantly enhance or reduce the expression of MMP‑2 and 
MMP‑9 (8). It has never previously been reported that Osterix 
could regulate the expression of MMP‑2 and MMP‑9 through 
interaction with their promoters. In the present study, the core 

Figure 2. Overexpression of Osterix in the MCF7 cell line alters the expression of MMP9, β‑catenin, E‑cadherin and VEGF. Overexpression of Osterix 
in the MCF7 cells increased the expression levels of VEGF, MMP9 and β‑catenin, while it downregulated E‑cadherin expression. (A) mRNA level and 
Osterix‑overexpression in the MCF7 cells. (B) mRNA expression level of VEGF and Osterix‑overexpression in the MCF7 cells. (C) mRNA expression level 
of MMP9 and Osterix‑overexpression in the MCF7 cells. (D) mRNA expression level of β‑catenin and Osterix‑overexpression in the MCF7 cells. (E) mRNA 
expression level of E‑cadherin and Osterix‑overexpression in the MCF7 cells.

  A   B   C

  D   E
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regions of the MMP‑2 and MMP‑9 promoters were incorpo-
rated into the pGL4.12 vector, flanking the upstream portion 
of a firefly luciferase sequence. In the MCF7‑pMMP‑2 and 
MCF7‑pMMP‑9 stable sublines, overexpression of Osterix 
significantly increased the firefly luciferase activity driven 
by the MMP‑2 or MMP‑9 promoters (Fig. 4), while in the 
MDA‑MB‑361‑pMMP‑2 and MDA‑MB‑361‑pMMP‑9 cells, 
suppression of endogenous Osterix expression resulted in 

the inhibition of firefly luciferase activity driven by MMP‑2 
and MMP‑9 promoters, suggesting that Osterix promoted the 
activities of the MMP‑2 and MMP‑9 promoters.

Discussion

Osterix has long been known to be a transcription factor that 
plays an important role in the differentiation of osteoblasts 

Figure 4. Analysis of the promoter activity of MMP2 and MMP9 in the MCF7 and MDA‑MB‑361 cells. (A) Control, MCF7 cells stably transfected with 
pGL4.12‑MMP2 promoter and empty lentivirus; pMMP‑2‑Osterix, MCF7 cells stably transfected with pGL4.12‑MMP2 promoter and Osterix lentivirus. 
(B) Control, MCF7 cells stably transfected with pGL4.12‑MMP9 promoter and empty lentivirus; pMMP‑2‑Osterix, MCF7 cells stably transfected with 
pGL4.12‑MMP9 promoter and Osterix lentivirus. (C) Control, MDA‑MB‑361 cells stably transfected with pGL4.12‑MMP2 promoter and empty lentivirus; 
pMMP‑2‑shRNA‑Osterix, MDA‑MB‑361 cells stably transfected with pGL4.12‑MMP2 promoter and shRNA lentivirus against Osterix. (D) Control, 
MDA‑MB‑361 cells stably transfected with pGL4.12‑MMP9 promoter and empty lentivirus; pMMP‑9‑shRNA‑Osterix, MDA‑MB‑361 cells stably transfected 
with pGL4.12‑MMP9 promoter and shRNA lentivirus against Osterix. *P<0.05 vs. control. shRNA, small hairpin RNA.

Figure 3. Knockdown of Osterix in MDA‑MB‑361 cells alters the expression of VEGF, MMP9, β‑catenin, and E‑cadherin expression. (A) mRNA expression 
level of Osterix and Osterix‑knockdown in the MDA‑MB‑361 cells. (B) mRNA expression level of VEGF and Osterix‑knockdown in the MDA‑MB‑361 cells. 
(C) mRNA expression level of MMP9 and Osterix‑knockdown in the MDA‑MB‑361 cells. (D) mRNA expression level of β‑catenin and Osterix‑knockdown 
in the MDA‑MB‑361 cells. (E) mRNA expression level of E‑cadherin and Osterix‑knockdown in the MDA‑MB‑361 cells. shRNA, short hairpin RNA; 
KO, knowckdown of Osterix.
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and bone maturation (1). However, recent studies have shown 
that Osterix expression is not limited to bone tissues, and 
expression of Osterix in metastatic kidney cancer and lung 
cancer has also been reported, suggesting the possible roles 
of Osterix in the progression of these cancers. In the present 
study, Osterix was found to be highly expressed in the meta-
static breast cancer MDA‑MB‑231 and MDA‑MB‑361 cell 
lines, but undetectable in the non‑metastatic breast cancer 
MCF7 cells, providing further evidence supporting the role 
of Osterix in the mediation of breast cancer metastasis. In 
addition, the present study identified, for the first time, the 
association of Osterix with a number of metastasis‑associated 
genes, namely VEGF, MMP‑9, β‑catenin and E‑cadherin, in 
human breast cancer cells. The results showed that Osterix 
upregulated the expression level of VEGF, MMP‑9 and 
β‑catenin, while reducing the expression of E‑cadherin. 
A luciferase gene reporter assay demonstrated that Osterix 
altered the expression of MMP‑2 and MMP‑9 through binding 
with their promoters.

In the Wnt signaling pathway, β‑catenin is one of the 
key regulators. Activation of this pathway will block prote-
asome‑mediated degradation of β‑catenin, promoting the 
translocation of cytoplasmic β‑catenin to the nuclei, where 
β‑catenin activates T‑cell factor/lymphoid enhancer factor 
transcription factors, leading to the expression of a number 
of oncogenes and the development of tumors (9,10). In the 
present study, the results demonstrated that Osterix interacted 
with the Wnt signaling pathway through the upregulation of 
β‑catenin and the downregulation of E‑cadherin.

VEGF and its receptors play a pivotal role in angiogenesis 
in cancer growth (11). The binding of VEGF with VEGFR 
triggers multiple signaling pathways, activating the prolif-
eration, migration and differentiation of cells, as well as 
increasing vascular permeability. VEGF has been reported to 
be associated with malignant effusions (12,13). VEGF overex-
pression has been found to be associated with the progression 
and poor prognosis of several tumors, including human breast 
cancer (14). In the present study, Osterix upregulated VEGF 
expression, suggesting that Osterix promoted breast cancer 
progression through this pathway.

MMPs, particularly MMP‑2 and MMP‑9, are known to be 
involved in angiogenesis, tumor growth and metastasis due to 
their ability to degrade the extracellular matrix, leading to the 
endothelial cell migration (15‑18). MMP‑2 and MMP‑9 secre-
tion is elevated in several types of human cancers and their 
elevated expression has been associated with the poor prog-
nosis of cancer patients (19‑21). The present study employed 
a firefly luciferase‑based reporter assay to analyze the inter-
action of Osterix with the MMP2 and MMP9 promoters. 
The results showed that Osterix overexpression significantly 
enhanced MMP2 and MMP9 promoter activities. 

Taken together, these results indicate that Osterix plays a 
pivotal role in the metastasis of human breast cancer and may 
be a novel target for the efficient treatment of human breast 
cancers.
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