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 MicroRNAs (miRNAs), which are small noncoding RNA molecules, play important roles in the post-transcrip-
tional regulation process. The microRNA-21 gene (miR-21) has been reported to be highly expressed in various 
solid tumors, including breast cancer. Bone morphogenetic protein-6 (BMP-6) has been identified as an inhibitor of 
breast cancer epithelial-mesenchymal transition (EMT) through rescuing E-cadherin expression. We initiated experi-
ments to identify the relationships between miR-21 and BMP-6 in breast cancer progression. Real-time PCR analysis 
showed that miR-21 expression was very high in MDA-MB-231 cells that expressed little BMP-6. A reverse correla-
tion between BMP-6 and miR-21 was also determined in breast cancer tissue samples. Moreover, BMP-6 inhibited 
miR-21 transcription in MDA-MB-231 cells. In order to investigate how BMP-6 inhibited the miR-21 promoter 
(miPPR-21), we constructed a series of miPPR-21 reporters. Luciferase assay results indicated that BMP-6 inhibited 
miPPR-21 activity through the E2-box and AP-1-binding sites. We also demonstrated that both δEF1 and TPA in-
duced miR-21 expression. Using site-directed mutation and CHIP assay, we found that δEF1 induced miPPR-21 ac-
tivity by binding to the E2-box on miPPR-21. Moreover, TPA triggered miPPR-21 activity through the AP-1 binding 
sites. BMP-6 treatment significantly reduced the binding of these factors to miPPR-21 by decreasing the expression 
of δEF1 and c-Fos/c-Jun. We also demonstrated that BMP-6-induced downregulation of miR-21 modified the activ-
ity of PDCD4 3′UTR and inhibited MDA-MB-231 cell invasion. δEF1 overexpression and TPA induction blocked this 
inhibitory effect of BMP-6. In conclusion, BMP-6-induced inhibition of miR-21 suggests that BMP-6 may function as 
an anti-metastasis factor by a mechanism involving transcriptional repression of miR-21 in breast cancer.
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Introduction

Post-transcriptional regulation has been realized to be 
an important mechanism in regulation of gene expres-
sion. Several hundred genes in our genome encode small 
functional RNA molecules, collectively called microR-
NAs (miRNAs) [1]. More than 700 human miRNAs have 
been experimentally identified. Computational predic-
tions of miRNA targets suggest that up to 30% of human 
protein-coding genes may be regulated by miRNAs [2]. 
This makes miRNAs one of the most abundant classes of 
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regulatory genes in humans. miRNAs are now predicted 
to be a key layer of post-transcriptional control within 
the networks of gene expression regulation.

Among human diseases, it has been shown that miR-
NAs are aberrantly expressed or mutated in cancer, sug-
gesting that they may function as a novel class of onco-
genes or tumor suppressor genes [3]. Although several 
reports have shown examples of mammalian miRNA 
genes regulated by known transcription factors, it still 
remains largely unknown how human miRNA expres-
sion is regulated at the transcriptional level [4]. Recent 
reports have identified that microRNA-21 gene (miR-21) 
is a unique miRNA overexpressed in nine types of solid 
tumors, including lung, breast, stomach, prostate, colon, 
brain, head and neck, esophagus, and pancreas carcino-
mas [5]. Of these carcinomas, breast cancer is a leading 
cause of cancer death in women worldwide. More than 
one million new cases of breast cancer are diagnosed an-
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nually [6]. Moreover, distant metastases remain the most 
common type of breast cancer recurrence and are often 
the cause of death in breast cancer patients. For example, 
metastases result in more than 40 000 deaths per year in 
the US alone [7]. Recently, studies suggested that miR-
21 could play important roles in invasion and metastasis 
in different types of cancers by inhibiting its target genes 
(e.g. tropomyosin 1 (TPM1) and programmed cell death 
4 (PDCD4)) [5, 8, 9]. Elucidating the regulatory mecha-
nisms of miR-21 expression in breast cancer would pro-
vide novel clues for therapeutic strategies.

Bone morphogenetic protein-6 (BMP-6) belongs to 
the TGF-b superfamily. The traditional BMP-6 signaling 
pathway is Smad-dependent [10]. In addition to the Smad 
pathway, BMP-6 is also known to activate and cross-talk 
with other pathways, such as the MAPK pathway [11]. 
In addition to its effect on inducing new bone forma-
tion, BMP-6 has been shown to be involved in numerous 
biological processes. In our previous studies, we found 
that BMP-6 was abnormally expressed and regulated by 
estrogen receptor alpha in breast cancer cells [12]. More-
over, we confirmed that BMP-6 induced E-cadherin ex-
pression by repressing δEF1 in MDA-MB-231 cells [13]. 
E-cadherin has been well documented as a key player in 
breast cancer EMT. Loss of E-cadherin expression corre-
lates with tumor invasiveness and metastasis [14], whereas 
restoration of E-cadherin expression reverses EMT pro-
gression. Taken together, these results suggest that BMP-
6 might play an important role in breast cancer invasion 
and metastasis.

Here, we discovered a negative correlation between 
the expressions of BMP-6 and miR-21 in breast cancer 
tissue samples. The expression of miR-21 was high in 
MDA-MB-231 cells that expressed a very low level of 
BMP-6 transcripts. Moreover, BMP-6 inhibited miR-21 
expression in MDA-MB-231 cells at the transcriptional 
level, an effect that was mediated via reduction of the ex-
pression of δEF1 and c-Fos/c-Jun. BMP-6 thus inhibited 
δEF1 and c-Fos/c-Jun binding to the miPPR-21. BMP-6 
could also modify PDCD4 3′UTR activity and block 
MDA-MB-231 cell invasion by inhibiting miR-21.

Results

BMP-6 inhibits miR-21 expression at the transcriptional 
level

Recent reports indicated that MDA-MB-231 breast 
cancer cells, which have low endogenous BMP-6 expres-
sion, expressed a high level of mature miR-21 [8]. Con-
sistent with these observations, we used real-time PCR 
in this study to show that miR-21 exhibited high level of 
expression in the metastatic MDA-MB-231 cells (Figure 

1A). It is well known that bone is the most frequently 
targeted organ of breast cancer metastasis [7]. Growth 
factors that are involved in bone development, such as 
TGF-b and BMPs, also play important roles in the breast 
cancer metastatic process [13, 15]. Here, we detected 
miR-21 and BMP-6 expression levels in matched normal 
and breast tumor tissues by real-time PCR. We collected 
12 pairs of matched advanced breast tumor specimens 
with lymph node metastasis, and found that miR-21 ex-
pression was much higher in tumor tissue than in the cor-
responding normal tissues, whereas BMP-6 expression 
level was much higher in normal tissues (Figure 1B). Af-
ter normalizing the data, there was an average of nearly a 
five-fold increase in the level of miR-21 in tumor tissues 
compared with the matched normal tissues. These results 
from clinical samples suggest that miR-21 may play a 
significant role in breast cancer metastasis, a finding that 
is consistent with previous reports [8].

We further investigated whether there is an association 
between the expression of BMP-6 and miR-21 in breast 
cancer. We treated MDA-MB-231 cells with BMP-6. 
Interestingly, we found that BMP-6 inhibited miR-21 
expression in a dose-dependent manner, with a BMP-6 
dose of 200 ng/ml obviously inhibiting miR-21 expres-
sion (Figure 1C). The inhibitory effect of BMP-6 was 
also time-dependent, exhibiting maximum repression at 
24 h (Figure 1D). Since the transcriptional start site of 
miR-21 has been established [4], we constructed a 1.4-
kb promoter of miR-21 to investigate whether BMP-6 
inhibited miPPR-21 activity. Results from luciferase as-
says indicated that BMP-6 markedly inhibited miPPR-21 
activity (Figure 1E). These results indicate that BMP-6 
may transcriptionally inhibit miR-21 expression.

BMP-6 inhibits miPPR-21 activity through repression of 
δEF1 expression

In order to clarify the regulatory mechanism by which 
BMP-6 affects miR-21 expression, we analyzed miPPR-
21 using the online tools TRANSFAC (http://www.gene-
regulation.com) and TESS (http://www.cbil.upenn.edu/
cgi-bin/tess/tess). Since we did not find a typical BMP re-
sponse element (BRE) or a Smad binding element (SBE) 
on this promoter, we proposed that BMP-6 might influ-
ence miR-21 expression by affecting other transcription 
factors. Based on our online analysis, we found that there 
was an E2-box, whose sequence is CACCTG, located in 
the promoter region (Figure 2A). Our previous results 
indicated that BMP-6 inhibited the expression of δEF1, 
which could bind to the E2-box directly [13]. To inves-
tigate whether δEF1 regulated miR-21 expression, we 
overexpressed δEF1 in MDA-MB-231 cells. Real-time 
PCR results demonstrated that δEF1 significantly in-
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Figure 1 BMP-6 inhibited miR-21 expression at the transcrip-
tional level. (A) Different breast cancer cell lines were cultured 
and total RNA was extracted using TRIZOL (Invitrogen). Real-
time PCR indicated that the miR-21 expression level was much 
higher in the metastatic breast cancer cell line MDA-MB-231 
than in other cell lines. (B) Fresh-frozen human breast cancer 
samples were obtained and total RNA was extracted using 
TRIZOL (Invitrogen). Real-time PCR results showed a much 
higher miR-21 expression level in the tumor tissues than in the 
corresponding normal tissues, whereas the BMP-6 expression 
level was higher in normal tissues. The expression level of miR-
21 and BMP-6 in normal breast tissue was normalized to 1. (C) 
MDA-MB-231 cells were plated into a 24-well plate and treated 
with different concentrations of BMP-6. Total RNA was extracted 
24 h after treatment. Real-time PCR results indicated that 200 
ng/ml BMP-6 obviously inhibited miR-21 expression. (D) BMP-6 
inhibited miR-21 expression in a time-dependent manner. MDA-
MB-231 cells were plated into a 24-well plate for 24 h, and then 
BMP-6 (200 ng/ml) was added. Total mRNA was extracted at 
different time points after treatment, and miR-21 expression was 
examined by real-time PCR. (E) 1.4-kb miPPR-21-containing 
plasmids were transfected into MDA-MB-231 cells, and BMP-6 
(200 ng/ml) was added 5 h after transfection. After another 24 h, cells 
were harvested, and luciferase assay results confirmed that 
BMP-6 treatment obviously inhibited miPPR-21 activity.

creased miR-21 expression. However, upon transfection 
of a siδEF1 expression plasmid, the δEF1-induced acti-
vation of miR-21 expression was totally abolished (Figure 
3A). These data suggest that δEF1 is a transcriptional 
activator of miR-21. We found similar results in the lu-
ciferase experiments. δEF1 overexpression induced miP-
PR-21 activity in a dose-dependent manner. In contrast, 
siδEF1 decreased the promoter activity (Figure 3B and 
3C). We further examined whether BMP-6 affected this 
δEF1-induced promoter activity. As shown in Figure 3B 
and 3C, δEF1-induced miPPR-21 activity was evidently 
weakened in the presence of BMP-6. With increasing of 
BMP-6 dosage, the weakening effect was more obvious. 
Further, δEF1 overexpression in MDA-MB-231 cells in 
the presence of BMP-6 rescued the miR-21 expression 
(Figure 3D). Collectively, the above results confirmed 
our hypothesis that BMP-6 inhibited miR-21 expression, 
an effect that could be mediated through repression of 
δEF1.

How does BMP-6 affect δEF1-induced miPPR-21 
activity? We further investigated whether BMP-6 affects 
δEF1 binding to the E2-box on the miPPR-21. We mu-
tated the E2-box sequence from CACCTG to CGAATG 
so that δEF1 could not bind to the mutated site. Lu-
ciferase results indicated that δEF1-induced miPPR-21 
activity was completely abolished. This result confirmed 
that δEF1 induces miR-21 expression and its promoter 
activity by binding to the E2-box directly (Figure 3E). 
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Moreover, with E2-box mutation, the inhibitory effect of 
BMP-6 on miPPR-21 was also weakened (Figure 3E). 
Using a Q-CHIP assay, we sought to determine whether 
BMP-6 decreases δEF1 binding to the miPPR-21. The 
results showed that the binding of δEF1 to miPPR-21 
was decreased by BMP-6 induction (Figure 4E and 4F).

BMP-6 inhibits miPPR-21 activity by repressing c-Fos 
and c-Jun

Our experiments indicate that BMP-6 decreases δEF1 
binding to the E2-box, and thus inhibits miPPR-21 activ-

ity. However, as shown in Figure 3E, we found that E2-
box mutation did not completely abolish the inhibitory 
effect of BMP-6 on miPPR-21 activity. We proposed that 
there might be other signaling pathways mediating BMP-
6-induced transrepression of miPPR-21 activity. Accord-
ing to a previous report [4], there are three AP-1-binding 
elements located upstream of the TATA box on the miP-
PR-21 (Figure 2A). Moreover, the results from our previ-
ous microarray assay indicate that BMP-6 overexpres-
sion in MDA-MB-231 cells strongly inhibits c-Fos and 
c-Jun transcription (data not shown). It is known that the 
c-Fos/c-Jun complex plays a critical role among differ-
ent components of AP-1. TPA, which is a specific AP-1 
activator, induces miPPR-21 activity by activating AP-1-
binding sites, and the c-Fos/c-Jun dimer shows the stron-
gest induction effect on miPPR-21 activity [4]. Based 
on these results, we propose that, along with the E2-box, 
BMP-6 might also inhibit miPPR-21 activity through 
AP-1-binding elements. In order to exclude the effect of 
δEF1, we deleted the E2-box from the 1.4-kb miPPR-
21 and constructed a series of truncated miPPR-21s that 
contained different AP-1-binding elements (Figure 2A). 
Luciferase assay results indicated that TPA obviously in-
duced the miPPR-21 activity, whereas BMP-6 treatment 
could inhibit the promoter activity in the absence or pres-
ence of TPA (Figure 4A). We sequentially deleted each 
of the AP-1-binding sites and repeated the luciferase as-
says. The results show that when all the three AP-1-bind-
ing sites were deleted, BMP-6 lost its inhibitory effect on 
miPPR-21; so did the induction of miPPR-21 activity by 
TPA (Figure 4B).

In order to confirm whether the inhibitory effect of 
BMP-6 is dependent on the AP-1-binding sites, we 
constructed another set of miPPR-21s (Figure 2B). We 
mutated the AP-1-binding elements, individually or in 
combination. The results indicated that when any single 
or any two AP-1-binding elements were mutated, the 
negative effect of BMP-6 was weakened but did not van-
ish. When all three AP-1 sites were mutated, however, 
neither BMP-6 nor TPA exhibited an effect on miPPR-
21 activity (Figure 4C). Based on the previous microar-
ray results, we hypothesized that the AP-1-dependent 
inhibition by BMP-6 is due to BMP-6 repressing the 
expression of the AP-1 complex components, as well 
as decreasing the binding of these components to the 
AP-1 sites on the miPPR-21. We investigated whether 
BMP-6 affects c-Fos or c-Jun expression at the protein 
level. Western blotting experiments demonstrated that 
BMP-6 treatment obviously inhibited both c-Fos and c-
Jun expression (Figure 4D). In addition, we investigated 
whether this inhibitory effect by BMP-6 results in reduc-
tion of the binding of both c-Fos and c-Jun to the miPPR-

Figure 2 miPPR-21 was analyzed using the online tools TRANS-
FAC (http://www.gene-regulation.com) and TESS (http://www.cbil.
upenn.edu/cgi-bin/tess/tess). (A) An E2-box and three AP-1-bind-
ing sites were found on the promoter. No typical BRE elements 
were located on this promoter. In order to study the effects of 
the E2-box and AP-1 elements in BMP-6-induced miR-21 re-
pression, a series of deleted miPPR-21s were constructed and 
named F1, F2, F3, F4, and F5. (B) A series of mutated miPPR-
21s were constructed using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Stratagene) following the instruction 
manual. These plasmids were named F1m, F2m, F2m1, F2m2, 
and F2m3, as described in the figure. Primers used for mutation 
were designed using the QuikChange Primer Design Program 
(http://www.stratagene.com/sdmdesigner/default.aspx). The 
primers used in construction and mutation are described in 
Supplementary information, Table S1. 
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21. Q-CHIP assay confirmed that (1) both c-Fos and 
c-Jun bound to the miPPR-21, and (2) BMP-6 treatment 
significantly reduced this binding (Figure 4E and 4F). 
With BMP-6 treatment, the binding rates were only 40% 
and 60% compared with the control group. Taking these 

findings together, we elementarily clarified the molecular 
mechanism of BMP-6-mediated inhibition of miR-21 ex-
pression in breast cancer.

BMP-6 inhibits miR-21-induced invasion in vitro

Figure 3 BMP-6 inhibited miPPR-21 activity by repressing δEF1. (A) δEF1 and siδEF1 expression plasmids were transfected 
into MDA-MB-231 cells. Total RNA was extracted at different time points. Real-time PCR results indicated that δEF1 induced 
miR-21 expression, whereas additional siδEF1 weakened δEF1-induced miR-21 upregulation. (B, C) miPPR-21 F1, δEF1, 
and siδEF1 expression plasmids were transfected into MDA-MB-231 cells following the experimental design. After 24 h, cells 
were harvested. Luciferase assay results indicated that δEF1 increased miPPR-21 F1 activity, whereas siδEF1 exhibited the 
negative effect. BMP-6 treatment had a similar effect with siδEF1. The inhibitory effect of BMP-6 was dose-dependent. (D) 
BMP-6 expression plasmids were transfected into MDA-MB-231 cells. At 24 h after the first transfection, different amounts of 
δEF1 expression plasmids were transfected again, and total RNA was extracted 24 h later. Real-time PCR results indicated 
that δEF1 overexpression rescued the miR-21 expression, which was inhibited by BMP-6 treatment. (E) miPPR-21s F1 and 
F1m, in which the E2-box was mutated, together with the δEF1 expression plasmids were transfected into MDA-MB-231 
cells. BMP-6 (200 ng/ml) was added 5 h after transfection. Cells were harvested 24 h later. Luciferase assay results indicated 
that BMP-6-mediated inhibition of miPPR-21 was partially abolished when the E2-box was mutated.
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Figure 4 BMP-6 inhibited miPPR-21 activity by reducing c-Fos and c-Jun expression. (A) The miPPR-21 F2 was transfected 
into MDA-MB-231 cells. TPA (100 ng/ml) and BMP-6 (200 ng/ml) were added 5 h after transfection. Cells were harvested 24 h 
later; luciferase assay results indicated that BMP-6 inhibited the truncated miPPR-21 F2 activity in the absence or presence 
of TPA treatment. (B) A series of truncated miPPR-21s (F2, F3, F4, and F5) were transfected into MDA-MB-231 cells. Cells 
were treated with TPA (100 ng/ml), BMP-6 (200 ng/ml), or both, after 5 h. Cells were harvested 24 h later; luciferase assay 
results indicated that the inhibitory effect of BMP-6 depended on the AP-1 elements. (C) miPPR-21 F2 and another four pro-
moters (F2m1, F2m2, F2m3, and F2m) that had different amounts of mutated-AP-1 sites were transfected into MDA-MB-
231 cells. After 5 h, cells were treated with TPA (100 ng/ml), BMP-6 (200 ng/ml), or both. Cells were harvested 24 h later; 
luciferase assay results indicated that the inhibitory effect of BMP-6 was abolished when all AP-1 elements were mutated. 
(D) MDA-MB-231 cells were plated into six-well plates and treated with BMP-6 (200 ng/ml). Cells were harvested 24 h later 
to extract protein. Western blot results indicated that BMP-6 obviously inhibited c-Fos and c-Jun expression. (E, F) MDA-
MB-231 cells were plated into 10-cm dishes and BMP-6 (200 ng/ml) was added 24 h later. Cells were harvested and CHIP 
assays were processed using the Chromatin Immunoprecipitation (CHIP) Assay Kit (Upstate). CHIP assay results indicated 
that BMP-6 obviously decreased binding of δEF1 and c-Fos/c-Jun to the endogenous miPPR-21. The binding of the control 
without BMP-6 treatment was normalized to 1.
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Having clarified how BMP-6 inhibits miR-21 expres-
sion, we investigated whether BMP-6 influences the 
biological effect of miR-21 in breast cancer. miR-21 has 
been reported to induce invasion in MDA-MB-231 cells 
by inhibiting several tumor suppressor genes [8]. Our 
previous results indicated that BMP-6 rescues E-cadherin 
expression, which is a critical gene in breast cancer inva-
sion and metastasis, through inhibition of δEF1 in MDA-
MB-231 cells [16]. We investigated whether BMP-6 
could rescue miR-21-targeted gene expression, and thus 

inhibit MDA-MB-231 invasion in vitro. We constructed 
a miR-21 expression plasmid and validated its expression 
in HEK293T cells (Supplementary information, Figure 
S1). The luciferase results indicated that BMP-6 reversed 
the inhibitory effect of miR-21 on PDCD4 3′UTR activ-
ity (Figure 5A). BMP-6 also increased PDCD4 3′UTR 
activity in MDA-MB-231 cells, whereas miR-21 over-
expression abolished this effect of BMP-6 (Figure 5B). 
Consistent with previously reported results [8], Boyden 
chamber assay showed that miR-21 induced MDA-MB-

Figure 5  BMP-6 reversed the miR-21 biological effect in vitro. (A) MDA-MB-231 cells were transfected with PDCD4 3′UTR 
plasmids or miR-21 expression plasmids or treated with BMP-6 (200 ng/ml). Cells were harvested 24 h later. Luciferase as-
say results indicated that miR-21 obviously inhibited PDCD4 3′UTR activity and BMP-6 rescued miR-21-inhibited PDCD4 
3′UTR activity. (B) PDCD4 3′UTR plasmids were transfected into MDA-MB-231 cells. Cells were treated with BMP-6 (200 
ng/ml) 5 h later. Cells were harvested 24 h after treatment. Luciferase results indicated that BMP-6 treatment increased the 
PDCD4 3′UTR activity. With the miR-21 expression plasmid co-transfected with the PDCD4 3′UTR plasmid, BMP-6-induced 
activity was inhibited. (C) MDA-MB-231 cells were transfected with miR-21 expression plasmids or the vector for 24 h and 
cells were digested and counted in a Boyden chamber assay. The Boyden chamber assay results indicated that BMP-6 inhib-
ited miR-21-induced MDA-MB-231 invasion. (D) MDA-MB-231 cells treated with BMP-6 (200 ng/ml) were transfected with the 
δEF1 expression plasmid or treated with TPA (100 ng/ml). After 24 h, cells were digested and counted. The Boyden chamber 
assay results indicated that both δEF1 overexpression and TPA treatment increased MDA-MB-231 invasion.
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231 invasion in vitro. In contrast, BMP-6 decreased miR-
21-induced invasion of MDA-MB-231 cells (Figure 5C 
and Supplementary information, Figure S2A). Moreover, 
the inhibitory effect of BMP-6 on miR-21-induced inva-
sion was also mediated through decreasing δEF1 and 
c-Fos/c-Jun expression. Either δEF1 overexpression or 
TPA treatment could abolish this inhibitory effect of 
BMP-6 (Figure 5D and Supplementary information, Fig-
ure S2B).

In summary, this study demonstrated that BMP-6 
could inhibit miR-21 transcription in MDA-MB-231 
cells. Moreover, this effect was mediated through inhi-
bition of δEF1 and c-Fos/c-Jun expression by BMP-6. 
Meanwhile, BMP-6 also decreased the binding of δEF1 
and c-Fos/c-Jun to the miPPR-21. Since miR-21 has 
been confirmed as an oncogene that facilitates breast 
cancer metastasis, our research provides a novel func-
tion of BMP-6, namely, acting as a miR-21 inhibitor in 
breast cancer progression. This regulation mechanism by 
BMP-6 is likely to be clinically significant in breast can-
cer progression and metastasis research.

Discussion

Metastases are the major source of morbidity and 
mortality in breast cancer patients. Breast cancer – the 
second most common metastatic cancer – frequently me-
tastasizes to the bone, lung, liver, and brain [17]. Because 
of this clinical importance, detection and treatment of 
breast cancer metastases have been urgently researched. 
However, little is known about the mechanisms of can-
cer metastasis in distinct tissues. Several studies have 
reported that breast cancer produces a variety of growth 
factors that can play important roles in cancer progres-
sion and metastasis. Moreover, as an important post-
transcriptional regulator, some miRNAs have been found 
not only to regulate diverse cellular processes, including 
differentiation, proliferation, and apoptosis [18], but also 
to cause cancer cells to invade and metastasize [19]. 

miR-21, the only miRNA that was overexpressed in 
nine types of solid tumors including breast cancer [5], 
was focused on recently. The genes targeted by miR-21 
have been under intense study because miRNAs general-
ly function by downregulating target gene mRNAs. The 
phosphatase and tensin homolog deleted on chromosome 
10 (PTEN) gene was first determined to be a potential 
miR-21 target based on its well-characterized roles in tu-
mor biology [16]. Researchers subsequently reported that 
other tumor suppressor genes, such as TPM1 [20] and 
PDCD4 [9, 21], were targets of miR-21. All these genes 
encode tumor suppressors that are involved in breast can-
cer migration and invasion [22]. Correspondently, miR-

21 also has a role in invasion and metastasis [8].
Just like those traditional protein-encoding genes, 

miRNAs were reported to be transcribed by RNA poly-
merase II to produce a pri-miRNA. This process has also 
been reported to be regulated by known transcription fac-
tors. But it remains largely unknown how human miRNA 
expression itself is regulated at the transcriptional level.

BMP-6, an important growth factor involved in the 
regulation of bone development, has been found to be 
a multifunctional growth factor. We have reported that 
BMP-6 acts as an anti-apoptotic factor during H2O2-
induced neuron apoptosis [23] and stress-induced breast 
cancer cell apoptosis [24]. Moreover, we recently re-
ported that BMP-6 upregulated E-cadherin expression by 
repressing δEF1 in MDA-MB-231 breast cancer cells, 
providing evidence that BMP-6 might restore E-cadher-
in-mediated cell-to-cell adhesion during breast tumori-
genesis [13]. In this report, we studied the interaction 
between BMP-6 and miR-21. Our results demonstrated 
the novel finding that BMP-6 treatment inhibited miR-21 
expression. We thus investigated whether BMP-6 affects 
miPPR-21 activity directly. After analysis of the miPPR-
21 using online tools, we did not find the typical BMP 
response element (BRE) or Smad binding element (SBE). 
We moved on to study whether BMP-6 inhibited the 
miPPR-21 activity via other signal pathways. The results 
of transcriptional factor searching indicated that there are 
three AP-1-binding sites and an E2-box located on the 
miPPR-21.

Our previous report indicated that BMP-6 repressed 
δEF1 expression and thus rescued E-cadherin expression. 
Traditionally, δEF1 was identified as a transcriptional in-
hibitor, acting through interactions with co-repressors or 
competition with activators for DNA binding sites. How-
ever, it has been reported that δEF1 could also be a tran-
scriptional activator [25]. Here, we reported that δEF1 
elicited transcriptional activation of miPPR-21. BMP-6 
inhibited both δEF1 expression and δEF1 binding to the 
miPPR-21, resulting in downregulation of miR-21.

Besides δEF1, we also found that BMP-6 inhibited 
miR-21 expression and miPPR-21 activity through the 
AP-1 signaling pathway. Our previous results showed 
that BMP-6 inhibited c-Fos and c-Jun expression. It has 
also been reported that during TPA-induced miR-21 ex-
pression through AP-1, c-Fos and c-Jun are the principal 
contributors among the AP-1 components [4]. In this 
study, we further confirmed that BMP-6 inhibited c-Fos 
and c-Jun protein expression. Meanwhile, a CHIP assay 
demonstrated that BMP-6 decreased the binding of c-Fos 
and c-Jun to the miPPR-21. 

Taken together, our results suggested that BMP-6 
might be a potential miR-21 inhibitor in breast cancer 
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progression. BMP-6 not only inhibited miR-21 expres-
sion but also repressed miR-21-induced breast cancer 
invasion in vitro. Moreover, our research provided evi-
dence that BMP-6 rescued miR-21-inhibited PDCD4 
3′UTR activity. Understanding the regulatory mecha-
nisms of BMP-6 that function in breast cancer progres-
sion would help to further elucidate the mechanism of 
miR-21-induced metastasis, and will lead to a factor that 
may facilitate the clinical treatment and metastasis pre-
vention of breast cancer.

Materials and Methods

Human tissue samples
Fresh-frozen human breast cancer samples were obtained from 

the Tissue Banking Facility, which is jointly supported by TMU-
CIH (Tianjin Medical University Cancer Institute and Hospital) 
and NFCR (National Foundation for Cancer Research). This study 
was approved by the institutional ethics committee.

Cell lines and culture conditions
Human breast cancer cell lines MDA-MB-231 and HEK293 

were obtained from the American Type Culture Collection. All cell 
lines were maintained in DMEM supplemented with 10% fetal bo-
vine serum (FBS).

Real-time PCR assay
Total RNA (2 mg) was reverse-transcribed using random hex-

amers. The cDNA was PCR-amplified by rTaq (TAKARA) using 
the primers listed in Supplementary information, Table S1. GAPDH 
cDNA amplification was used as an internal control. Reaction condi-
tions were as follows: 95 ºC/3 min; 40 cycles (95 ºC/30 s; 60 ºC/60 s).

Luciferase reporter assay
TSS of miR-21 was described previously [4]. miPPR-21 frag-

ments were PCR-amplified from human blood genomic DNA. 
The fragments were cloned into pGL4.10 (Promega). The mutant 
miPPR-21 inserts were generated by the QuikChange Lightning 
Site-Directed Mutagenesis Kit (Stratagene). The pri-miR-21 frag-
ment was cloned into pSilencer4.1 (Ambion). The PDCD4 3′UTR 
fragment was a kind gift from Professor H Allgayer (University of 
Heidelberg, Germany). MDA-MB-231 cells or 293 cells (8 × 105 
cells) were transfected with 400 or 200 ng of plasmid, respectively, 
and 100 ng of the control vector harboring Renilla luciferase us-
ing Lipofectamine 2000 (Invitrogen). TPA (100 ng/ml) was added 
to the culture 24 h after transfection. Firefly and Renilla activities 
were measured consecutively using the Dual Luciferase Assay kit 
(Promega) 5 h after addition of either TPA or vehicle. All primers 
used in the experiments are listed in Supplementary information, 
Table S1.

Chromatin immunoprecipitation
CHIP assays were performed using reagents commercially ob-

tained from Upstate and were conducted essentially according to 
the manufacturer’s instructions. The antibodies used in these ex-
periments were anti-δEF1 (sc-81428, Santa Cruz), anti-c-Jun (sc-
1694, Santa Cruz), anti-c-Fos (sc-52, Santa Cruz), and anti-mouse 

normal IgG (sc-2025, Santa Cruz). The immunoprecipitates were 
washed and eluted in a solution containing 1% SDS and 0.1 M 
NaHCO3 and incubated overnight at 65 ºC with 20 ml of 5 M NaCl 
for reverse cross-linking. DNA was purified, and each fragment 
was PCR-amplified using the primer pairs listed in Supplementary 
information, Table S1.

Immunoblotting
Total protein extracts were prepared by boiling the cells in 1.5× 

SDS sample buffer for 10 min, separated by SDS-Tricine-PAGE, 
and transferred onto Hybond ECL nitrocellulose membranes (Am-
ersham). Immunoblotting was performed either by incubating the 
membrane overnight at 4 ºC with the antibodies anti-c-Jun (sc-1694, 
Santa Cruz) or anti-c-Fos (sc-52, Santa Cruz) or by incubating for 
1 h at room temperature (RT) with anti-actin (A5316, Sigma). Sec-
ondary antibodies conjugated to horseradish peroxidase were in-
cubated with the membranes for 1 h at RT after three washes with 
phosphate-buffered saline (PBS) containing Tween-20. Signals 
were detected using ECL reagent (Amersham).

Invasion assay
Transwell 24-well chambers with 8 mm pore size (Costar) were 

used as directed by the manufacturer. The membranes were pre-
coated with collagen matrix (Sigma), which was reconstituted by 
adding 0.5 ml serum-free medium to the well for 2 h. To assess 
the invasion ability of the cells, 2.5 × 104 cells in 0.5 ml medium 
containing 1% FBS were placed into the upper compartment of the 
wells and 0.75 ml of medium containing 10% FBS was placed in 
the lower compartment. The transwell chambers were incubated 
for 16 h at 37 ºC in a 5% CO2 incubator. Cell penetration through 
the membrane was detected by staining the cells on the porous 
membrane with 0.25% crystal violet. To quantify the data, we 
washed the chamber twice with PBS, and then used 33% acetic 
acid to wash off the excess crystal violet. Crystal violet remaining 
on the membranes was measured on a spectrophotometer at A570.

Statistical analysis
The statistical significance of the in vitro studies was analyzed 

using Student’s t-test. Differences with P values of less than 0.01 
are considered significant. All experiments were done in triplicate 
and repeated at least three times.
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