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Abstract. The expression of estrogen receptor-α (ERα) is 
one of the most important diagnostic and prognostic factors 
of breast cancer. Recently, ERα-36 has been identified as a 
novel variant of ER-α. ERα-36 lacks intrinsic transcription 
activity and mainly mediates non-genomic estrogen signaling. 
Bone morphogenetic proteins (BMPs) are recognized as key 
factors during the control of cell fate and cancer development. 
However, the correlation between BMP and the ER signaling 
pathway remains unclear. In this study, we show that BMP2, 
a member of the BMP family, is a novel inducer of ERα-36 
expression in breast cancer cells. As shown by western blot 
assays, the upregulation of ERα-36 by BMP2 was significant. 
In MDA-MB-231 cells which are ERα-66-negative, BMP2 was 
able to induce the expression of ERα-36 in a dose-dependent 
manner, and the RNA interference assay indicated a correla-
tion between BMP2 and ERα-36 expression. BMP2 inhibited 
the growth of MCF-7 and MDA-MB-231 cells; however, the 
inhibitory effect was antagonized by tamoxifen, suggesting 
that the ER signal was involved. The growth of MDA-MB-231 
cells was stimulated by 17-β-estradiol (E2) after BMP2 induc-
tion, even though the cells were previously insensitive to E2. 
These results suggest that BMP2 induces ERα-36 expression 
and alters tumor resistance to endocrine therapy by changing 
the expression profile of ERs.

Introduction

Members of the transforming growth factor (TGF)-β family, 
including TGF-β, activin, nodal and bone morphogenetic 
proteins (BMPs), are multifunctional cytokines that regulate a 
wide range of cellular responses, such as cellular proliferation, 

adhesion and differentiation, haematopoiesis, inflammation, 
wound repair and skeletal development (1). BMPs were identi-
fied based on their ability to promote ectopic cartilage and bone 
formation (2). BMPs function through conserved type I and 
type II transmembrane receptors and Smad-dependent and -inde-
pendent pathways, to regulate a range of biological processes in 
a highly context-dependent manner (1,3-5). Disruption of these 
pathways can lead to various diseases including cancer (6).

Estrogenic hormones regulate multiple activities, including 
cell proliferation and differentiation, in different types of cells. It 
is widely accepted that the hormone-occupied estrogen receptor 
(ER) functions as a versatile transcription factor to either acti-
vate or repress gene expressions (7). These effects of estrogen on 
transcriptional regulation involve both the direct interaction of 
ER with DNA encoded estrogen response elements (EREs) and 
the indirect tethering of ER to DNA through protein-protein 
interactions (8,9). In addition to these nuclear events, estrogen is 
capable of evoking rapid, membrane-initiated signaling events, 
such as the release of calcium, secretion of prolactin, generation 
of nitric oxide, regulation of PI3K/Akt and the activation of the 
MAPK pathway (10-12). Estrogen can influence these effects in 
a variety of cell types (13), with the exact response dependent 
on the nature of the target cell.

The ER signaling pathway plays a pivotal role in the devel-
opment of different types of breast cancer (14). Two types of 
ERs have been identified, ERα and ERβ, both of which have 
many mRNA splice variants (15). For example, there are 3 types 
of ERα isoforms identified: 66-KD, 46-KD and 36-KD (16). 
Usually, if a cell line expresses ERα-66 (e.g., MCF-7 cells) it is 
considered ERα-positive; if a cell line does not express ERα-66 
(e.g., MDA-MB-231 cells) it is termed ERα-negative.

Endocrine therapy is effective in approximately one-third 
of all breast cancers, although up to 80% of these express both 
estrogen and progesterone receptors (17). Unfortunately, most 
breast cancer cells acquire resistance due to the use of steroid 
hormones in the process of endocrine treatment for control-
ling the growth of cancer cells (18). In order to understand the 
effects of ERs on the development of breast cancer, we wished 
to explore the correlation between the ER signaling pathway 
and other pathways, such as the Wnt/wingless, receptor tyro-
sine kinase, JAK/STAT and the BMP signaling pathways, 
which are included among the conserved pathways that control 
the fate of cells (19,20).
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In this study, we report for the first time that BMP2 induces 
the expression of ERα-36, but not ERα-66, in MDA-MB-231 
and MCF-7 breast cancer cell lines. The results from our study 
indicate that BMP2 alters the expression profile of ERα and 
thus, has the potential to alter the response of breast cancer 
cells to endocrine therapy.

Materials and methods

Cell lines and antibodies. The human breast cancer cell lines, 
MDA-MB-231 (ER-negative) and MCF-7 (ER-positive), were 
obtained from the American Type Culture Collection (ATCC). 
All cells were passaged for a period of <6 months subsequent 
to resuscitation, and cultured using the protocol provided by 
ATCC. The sera and media were purchased from Invitrogen 
and ATCC, whereas anti-β-actin, anti-ERα-66 and anti-ERβ 
antibodies were from Cell Signaling Technology. HRP-goat 
anti-rabbit conjugate and HRP-goat anti-mouse conjugate 
were purchased from Santa Cruz Biotechnology,.

Quantitative RT-PCR. MCF-7 and MDA-MB-231 breast 
cancer cells were plated in 10-cm dishes, and subsequently 
treated with BMP2 (20 ng/ml) for 0, 24 and 48 h. Total RNA 
was extracted using TRIzol reagent, and cDNA was prepared 
using SuperScript II Reverse Transcriptase (Invitrogen). 
Quantitative RT-PCR was performed using the IQ SYBR-
Green Mix in an iCycler PCR machine (Bio-Rad), using 1 µl 
of cDNA in triplicate. Primers used are included in Table I.

Specific antibody for ERα-36. The antigenicity of the specific 
C-terminal amino acid sequence of ERα-36 was analyzed 
using the Onastar software. The IFGNKWFPRV sequence 
was selected and named IV10. This amino acid sequence was 
made using solid phase chemical synthesis and coupled by 
KLH. The specific antibody against IV10 was obtained from 
the antiserum of rabbits and purified by Protein A affinity 
chromatography.

Western blot analysis. MCF-7 and MDA-MB-231 breast cancer 
cells were incubated with 20 ng/ml BMP2 for 24 and 48 h. 
For western blot analyses, cells were disrupted by incubation 
at 4˚C for 15 min in cell lysis solution (UpState) containing 
protease inhibitor cocktail (Roche). The protein concentration 
was quantified using a BCA™ Protein Assay kit (Pierce). Equal 
amounts of protein (20 µg) were subjected to 12% SDS-PAGE 
and western blot analysis, as described previously (21). 
Immunoreactive bands were visualised by an enhanced chemi-
luminescence reaction kit (Thermo Fisher Scientific).

RNA interference. The sense strands of BMPR1a-siRNA 
and BMPR1b-siRNA were purchased from Dharmacon, Inc. 
MDA-MB-231 cells were seeded into 6-well plates, grown to 
40-60% confluence and then transfected with siRNAs for 4 h 
using Lipofectamine 2000 (Invitrogen). The cells were allo-
cated to 3 groups: control group, BMP2 group and si-BMPR1a + 
si-BMPR1b + BMP2 group. The dosage of BMP2 was 20 ng/ml.  
The protein levels were analyzed by western blot analysis.

Cell proliferation assay. For the proliferation assay with 
recombinant human BMP2 (R&D Systems, Minneapolis, 

MN, USA), MCF-7 and MDA-MB-231 cells were cultured in 
96-well plates (approximately 5,000 cells per well) for 24 h, 
respectively. Cells were then serum-starved for 24 h in DMEM 
with 1% FBS. The experiment included a control group and a 
BMP2 group (2.5, 5, 10, 20 or 30 ng/ml). After 48 h of induc-
tion by BMP2, cell growth was measured by an MTT assay.

Tamoxifen citrate (Sigma) was used to identify the corre-
lation between BMP2 and 17-β-estradiol (E2) (Sigma). Cells 
were plated in 96-well plates (approximately 5,000 cells/well) 
for 24 h in phenol red-free DMEM containing 2% FBS that 
had been incubated with dextran-coated charcoal to remove 
endogenous steroids (dialyzed fetal bovine serum, PAA 
Laboratories). Cells were then incubated with BMP2 (20 ng/ml),  
E2 (0.01 μM) and tamoxifen citrate (Tam, 0.01 µM) for 48 h. 
The experiment included a control group, a BMP2 group 
(20 ng/ml), an E2 group, a Tam group, a E2 + BMP2 group and 
a Tam + BMP2 group. The MTT assay was used to determine 
the relative cell number. Absorbance was recorded at 570 nm in 
a spectrophotometer (Spectronic 1001, Bausch & Lomb). The 
mean value of 5 wells was calculated and each experiment was 
repeated 3 times.

Statistical analysis. Statistical analysis was carried out using 
the Statistical Package for Social Sciences 13.0 (SPSS). Data 
are presented as the means ± SEM. Statistical significance was 
determined by a one-way analysis of variance or the t-test. 
P-values <0.05 were considered to indicate statistically signifi-
cant differences.

Results

BMP2 alters the expression of genes in MCF-7 and MDA-MB-
231 cells. To understand the effect of BMP2 on the BMP and 
ER signaling pathway in MCF-7 and MDA-MB-231 cells, 
the changes in the expression of key genes, such as BMPR1a, 
BMPR1b, BMPR2, ERα and ERβ, were examined using quan-
titative RT-PCR following the addition of 20 ng/ml BMP2. 
Interestingly, we found that treatment with BMP2 upregulated 
the expression of ERα almost 7-fold in MCF-7 and 4-fold 
in MDA-MB-231 cells. Since ERα had at least 3 types of 
identified splicing variants (ERα-66, ERα-46 and ERα-36), 
we designed specific primers for ERα-66 and ERα-36 and 
examined their specific expression. Genomic organization of 
the human ERα-66/36 gene and the positions of the primer 
pairs were shown in Fig. 1. The results shown in Fig. 2 indi-
cated that the upregulation of ERα-36 by BMP2 was sustained 
from 24 to 48 h in MCF-7 cells and was the highest at 48 h in 
MDA-MB-231 cells. ERα-66 expressed in MCF-7 cells was 
slightly higher at 24 h. By contrast, the expression of ERβ was 
not changed after the addition of BMP2 (Fig. 2) in either of 
the cell lines.

BMP2 induces the expression of ERα-36 in MCF-7 and 
MDA-MB-231 cells. Western blot analysis was used to eval-
uate the protein levels of ERα in BMP2-treated breast cancer 
cells. Since the C-terminal of ERα-36 was unique, we raised 
antibodies against a synthetic peptide antigen (IV10) corre-
sponding to the C-terminal 10 aa of hERα-36. Its specificity 
was determined in MDA-MB-231 cells (Fig. 3A). We observed 
that ERα-36 was significantly upregulated by BMP2 in 



MOLECULAR MEDICINE REPORTS  6:  591-596,  2012 593

MDA-MB-231 cells, which were ERα-66-negative (Fig. 3B). 
We also found that BMP2 induced the expression of ERα-36, 
but not ERα-66 in MCF-7 cells (Fig. 3C). The expression of 
ERβ did not change in either of the cell lines.

BMP2 regulates the expression of the ERα-36 protein. To 
assess the correlation between BMP2 and ERα-36, an addi-
tional investigation was carried out on MDA-MB-231 cells 
(ERα-66-negative). BMP2 induced the expression of ERα-36 
in a dose-dependent manner, which was inhibited by the 
BMP2 antagonist, noggin (Fig. 4A). In addition, the RNA 
interference assay indicated that BMP2 was associated with 
ERα-36 expression. When the BMP2 signaling pathway was 
silenced by si-BMPR1a and si-BMPR1b, the ERα-36 induction 
was eradicated (Fig. 4B). Hence, it is possible that crosstalk 
exists between BMP2 and ERα-36.

BMP2 inhibits the growth of MCF-7 and MDA-MB-231 cells. 
MTT assays revealed that the proliferation of MCF-7 and 
MDA-MB-231 cells was significantly inhibited by BMP2 (2.5, 
5, 20 or 30 ng/ml) for 2 days. BMP-2 was effective in inhibiting 
the growth of the MCF-7 cells when its dose was 5-30 ng/ml,  
but the most effective dose was 20 ng/ml. A similar effect of 
BMP-2 was observed in the MDA-MB-231 cells; however, its 
inhibitory effect on cell proliferation was more prominent in 
MCF-7 than in MDA-MB-231 cells (Fig. 5A).

MDA-MB-231 cells were not sensitive to E2 and tamoxifen 
treatment as shown in Fig. 2B. However, the BMP2 inhibition 
of MDA-MB-231 cells was antagonised when E2 or tamoxifen 

Figure 2. Changes in ERα (including the 3 isoforms: 66, 46 and 36KD), 
ERα-66 and ERα-36 mRNA expression in MCF-7 and MDA-MB-231 cells 
after induced by BMP2 (20 ng/ml). (A) MCF-7 cells treated with BMP2. The 
expression of ERα was highest at 24 h, but dropped at 48 h. The expression of 
ERα-36 was upregulated constantly from 24 to 48 h. (B) MDA-MB-231 cells 
treated with BMP2. The expression of ERα and ERα-36 was highest at 48 h, 
and ERα-36 was upregulated 6-fold at 48 h. The value of 2–ΔΔCt represents the 
expression of the ERα, ERα-66, ERα-36, BMPR1a, BMPR1b and BMPR2 
genes in BMP2-treated cells normalized to β-actin, relative to the normalized 
expression of ERα, ERα-66, ERα-36, BMPR1a, BMPR1b and BMPR2 genes 
in the control cells, respectively. Results of 3 independent experiments were 
averaged and the mean values ± SEM are shown. *p<0.05 compared to the 
0 h group.

Table I. Primers used for real-time PCR.

Genes Primer sequences (F, forward; R, reverse)

ERα F: AAGTATTCAAGGACATAACG  R: TATCCCACCTTTCATCAT
ERα-66 F: GGTGCCCTACTACCTGGAGA  R: TCTGAATTTGGCCTGTAGAATG
ERα-36 F: GACAGGAACCAGGGAAAA  R: TCTACATGTGAGATACCAGA
ERβ F: TCATGAATTACAGCATTCCC  R: ATGAAGTGAGCATCCCTCTT
BMPR1b F: AATGCCACCATTGTCCA  R: CTAGGCAACCAGAAGTGACCACAG
BMPR1a F: AGTGTCTCCAGTCAAGCTCTGGGTA R: CCATCTCTGCTGCTGCGCTCATTTA
BMPR2 F: TGCAGATGGACGCATGGAA  R: CGGCAAGAGCTTACCCAGTCA
p21 F: TGAGCCGCGACTGTGATG  R: GTCTCGGTGACAAAGTCGAAGTT

ER, estrogen receptor; BMP, bone morphogenetic protein receptor.

Figure 1. Genomic organization of the human hERα-66/36 gene, and the posi-
tions of the 3 primer pairs used in this study. The locations of the multiple 
promoters of hERα-66 are shown as arrows. The translation start and stop 
codons are indicated as AUG and UGA. The common exons are shown as 
numbered open boxes (solid line). The extra exon that is beyond the 8 exons, 
found in the hERα-36 gene, is numbered as 9 in the open box (broken line). 
Intron 1 is also shown with exon 1 in the open box. The 3 pairs of primers were 
chosen to span an intron within the genomic sequence.
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were added. E2 promoted the multiplication of MCF-7 cells, 
while tamoxifen restrained their growth (Fig. 5B). The inhibi-
tory effect of BMP2 was, however, counteracted by tamoxifen. 
We also observed that MCF-7 cells treated with BMP2 were 
insensitive to tamoxifen treatment (Fig. 5C). The results from 
our study were consistent with those from previous reports 
stating that tamoxifen strongly inhibits cell proliferation in the 
MCF-7 cells. The constitutive overexpression of recombinant 
ERα-36, however, demonstrated insensitivity to tamoxifen 
treatment (22). Since the MDA-MB-231 cells were ERα-66-
negative and ERα-36-positive following BMP2 treatment, we 
hypothesized that the breast cancer cells became sensitive 
to E2 and resistant to tamoxifen following the induction of 
ERα-36 by BMP2.

Discussion

In the present study, we identified that BMP2 induced the 
expression of ERα-36 in MDA-MB-231 and MCF-7 breast 
cancer cells. A previous study on the induction of ERα and ERβ 
in granulosa cells by activin also showed that BMP-2 increased 
ERα mRNA levels by approximately 50% (23), consistent with 
our results.

Wang et al (21) reported that ERα-36 lacks both tran-
scriptional activation domains of ERα-66, retains portions 

Figure 5. The effects of BMP2, 17-β-estradiol (E2) and tamoxifen citrate 
(Tam) on the proliferation of MCF-7 and MDA-MB-231 cells by MTT assay. 
(A) Cells treated with 2.5, 5, 10, 20 or 30  ng/ml recombinant human BMP2  
(rhBMP2) for 2 days. Results of 3 independent experiments were averaged and 
the mean values ± SEM are shown. *p<0.05 compared to the 0 ng/ml group. 
(B) Cells treated with BMP2 (20 ng/ml), E2 (0.01 μM), Tam (0.01 μM), and 
the indicated combinations for 2 days. The growth of cells was inhibited dif-
ferently. Results of 3 independent experiments were averaged and the mean 
values ± SEM are shown. *p<0.05 compared to the control group, ▲p<0.05 
compared to the BMP2 group. (C) MCF-7 cells were treated with different 
concentrations of tamoxifen containing BMP2 or without BMP2 in medium 
for 48 h. MTT assay was performed. Results of 3 independent experiments 
were averaged and the mean values ± SEM are shown. *p<0.05 compared to 
the groups without E2.

Figure 4. Western blot and RNA interference assays were used to examine 
the induction of ERα-36 regulated by BMP2 in MDA-MB-231 cells. (A) The 
expression of ERα-36 induced by BMP2 was dose-dependent and was inhib-
ited by its antagonist (noggin). Each bar represents the mean value ± SEM 
(n=3). *p<0.05 compared to the 0 h group without noggin, (B) The expression 
of ERα-36 was upregulated almost 2.5-fold when BMP2 was added. This effect 
was reversed when the BMP2 signaling pathway was silenced. Each bar rep-
resents the mean value ± SEM (n=3). *p<0.05 compared to the control group.

Figure 3. BMP2 induced the expression of ERα-36 in MCF-7 and MDA-MB-231 
cells as shown by western blot analysis. (A) The expression of ERα-36 in MDA-
MB-231 cells indicating that the antibody against ERα-36 was specific. (B) The 
expression of ERα-36 significantly increased after induction by BMP2 (20 ng/ml)  
in MCF-7 cell lines. The same effect was observed for ERα-66, but the varia-
tion was weaker than ERα-36. There was no change in the expression of ERβ. 
β-actin was used as the control. (C) ERα-36 was upregulated prominently in 
MDA-MB-231 cells subsequent to treatment with BMP2, and ERα-66 was not 
expressed in MDA-MB-231 cells. ERβ expression was not changed. Each bar 
represents the mean value ± SEM (n=3). *p<0.05 compared to the 0 h group.
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of the DNA-binding domain, the partial dimerization and 
ligand-binding domains, and possesses a unique 27 amino 
acid domain that replaces the last 138 amino acid of ERα-66. 
Moreover, ERα-36 can inhibit the transactivation of both 
ERα-66 and ERβ, stimulate the MAPK signaling pathway 
and induce cell growth in breast cancer cell lines. Considering 
all the above information, the effect of ERα-36 on the growth 
inhibition induced by BMP2 is complicated, thus additional 
investigation is required to clarify it.

An issue that scientists and clinical physicians should 
address is why endocrine therapy is effective on some kinds 
of breast cancers, but not on others. Recent studies have indi-
cated that the efficacy of endocrine therapy cannot be simply 
explained by the expression levels of ERα, but may be deter-
mined by the expression profiles of both ERα and ERβ, as well 
as their various splice variants (14,21,24,25). Furthermore, 
to understand the meaning of the demonstrated change in 
ERα-36 expression induced by BMP2 in breast cancer cells, 
additional research  should be carried out to determine whether 
the ERα-36 reported in the present study is the same as that 
reported by Wang et al (21).

Anti-estrogen compounds are widely used for the treat-
ment of osteoporosis, breast cancer and other diseases. Smad4, 
a common signal transducer in the BMP/TGF-β signaling 
pathway, functions as a transcriptional co-repressor for human 
ERα (26). Estrogen and glucocorticoid interact in osteoblastic 
differentiation regulated by BMP and TNF-α in mouse 
myoblastic C2C12 cells. The expression of ERs, ERα and ERβ, 
as well as the glucocorticoid receptor (GCR) has been shown 
to be significantly increased by BMP-2 treatment, regardless of 
the presence of estradiol and dexamethasone (27). ERα, BMP-2 
and BMP-4 expressions have been found to correlate tempo-
rarily, during the development of the osteoblast phenotype in 
early fibroblastic stem cells (28). These observations indicate 
that the ER pathway is closely associated with the BMP 
pathway during bone development and remodeling. In previous 
studies, BMP-6 expression was determined to be activated by 
estrogen in the MCF-7 breast cancer cell line (29). It was also 
reported that BMP-2-induced the activation of Smad activity 
and that BMP-2-mediated gene expression was suppressed 
by E2 in breast cancer cells via direct physical interactions 
between Smads and ER (30). Therefore, the crosstalk between 
the BMP and ER pathways may play a role in tumor differentia-
tion and metastasis. It is reported in this study, for the first time, 
that BMP2 can induce the expression of ERα-36 in MCF-7 and 
MDA-MB-231 cells. This study provides new insights into the 
BMP2 function in breast cancer cells. Understanding the cross-
talk of BMP2 and ER signaling pathways will increase our 
understanding of the mechanisms of many diseases, in addition 
to cancer, that are important to human health.
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