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BMP-7 Attenuates TGF-B1-Induced Fibronectin Secretion and Apoptosis of

NRK-52E Cells by the Suppression of miRNA-21
Zhong Yu, Xu Zai-Chun, Han Wun-Lun, and Zhu Yun-Yun

Department of Nephrology, Tongde Hospital of Zhejiang Province, Hangzhou, China

Bone morphogenetic protein-7 (BMP-7) inhibited the pathogenesis of renal injury in response to a variety of
stimuli. However, little is known about the molecular regulation and mechanism of endogenous BMP-7 and
its renoprotective functions. This study examined the regulation of BMP-7 and its role in the fibronectin secre-
tion and apoptosis of NRK-52E cells resulting from transforming growth factor-B1 (TGF-B1) in vitro. Results
showed that TGF-B1 promoted factor-associated suicide (FAS), FAS ligand (FASL), fibronectin (FN), and
miRNA-21 expression, while it downregulated phospho-Smadl (pSmad1), pSmad5, and pSmad8 expressions
in NRK-52E cells. In contrast, BMP-7 alleviated TGF-f1-induced cell apoptosis, inhibited TGF-B1-induced
higher expression of miRNA-21 and FN, and enhanced TGF-f1-attenuated phosphorylation of Smadl, Smad5,
and Smad8. Furthermore, a chemical inhibitor of miRNA-21 also negatively affected TGF-B1-induced apop-
tosis and FN secretion. On the other hand, overexpression of miRNA-21 counteracted the inhibitory effect of
BMP-7 on TGF-B1-induced FN secretion and apoptosis. However, BMP-7 showed no effects on TGF-f1-induced
FN secretion and apoptosis following knockdown of miRNA-21. Taken together, these findings demonstrated
that BMP-7 might inhibit TGF-B1-induced FN secretion and apoptosis by the suppression of miRNA-21 in

NRK-52E cells.
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INTRODUCTION

Bone morphogenetic proteins (BMPs), the members
of the transforming growth factor-B (TGF-B) superfam-
ily, play a major role in development, differentiation, and
apoptosis of tissues (1,2). Among these members, bone mor-
phogenetic protein-7 (BMP-7) has been shown to regulate
fibrosis especially in kidney and liver diseases. Previous
studies suggested that BMP-7 inhibited corneal fibrosis (3),
oral submucous fibrosis (4), and pulmonary fibrosis (5).
Furthermore, BMP-7 was correlated with development of
hepatic fibrosis (6,7) and even prevented the level of hepatic
fibrosis in rats and mice (8,9). Recent studies have shown
that BMP-7 exerted beneficial effects on acute and chronic
kidney injuries induced by different pathological conditions.
For instance, BMP-7 protected human renal tubular epi-
thelial cells (HK-2) against aristolochic acid (AA)-induced
injury in vitro (10) and inhibited the transdifferentiation of
these kind of cells (11). TGF-f was thought to be proinvasive
by inducing epithelial-to-mesenchymal transition (EMT).
BMP-7 could inhibit TGF-B-induced EMT and tumor inva-
sion in normal breast and kidney epithelial cells (12) and
in breast and prostate tumors (13). However, the effect and

mechanism of BMP-7 on TGF-B1-induced cell apoptosis in
vitro are unknown.

MicroRNAs (miRNAs) are short, noncoding RNAs
that posttranscriptionally regulate the expression of mul-
tiple genes. In particular, miRNA-21 is overexpressed
in various human cancers and plays an important role in
cancer development, progression, and metastasis (14).
miRNA-21 is primarily enriched in myofibroblasts in
the fibrotic lungs and colorectal cancer tissues (15). The
observation of Yang et al. showed that miRNA-21 nega-
tively regulated the sensitivity of prostate cancer cells to
chemotherapeutic drugs (16). The role of miRNA-21 in
organ fibrosis and the antifibrotic action of miRNA-21
inhibitors were further confirmed by a later study in
bleomycin-induced pulmonary fibrosis model, suggest-
ing a central role for miRNA-21 in the pathogenesis of
lung fibrosis (17). The authors found that miRNA-21 was
upregulated by TGF-B3, which in turn inhibited Smad7
leading to amplification of TGF-B signaling and finally
resulting in a fibrotic response in human primary fibro-
blasts. Patrick et al. proved that miRNA-21 inhibition
affected the therapeutic benefit in pathological cardiac
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remodeling in mice exposed to transverse aortic constric-
tion (TAC) for 6 weeks (18).

In the present study, we investigated the effect and
mechanism of BMP-7 on TGF-B1-induced FN secretion
and apoptosis in NRK-52E cells and strongly suggested
that BMP-7 was a potent inhibitor of TGF-f1-induced
FN secretion and apoptosis through the suppression of
miRNA-21 in NRK-52E cells and might be a promising
agent for TGF-B1-induced kidney damage.

MATERIALS AND METHODS
Cell Culture

The rat renal proximal tubular cell line NRK-52E pur-
chased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China) was cultured in
low-glucose Dulbecco’s modified Eagle medium (Gibco
BRL, Grand Island, NY, USA) supplemented with 10%
(v/v) fetal bovine serum, 100 IU/ml penicillin, and 10 mg/
ml streptomycin. Cells were incubated at 37°C in a
humidified atmosphere of 5% CO, in air. The medium
was changed every 3 days, and cells were subcultured
before forming confluent monolayer.

Treatments

The experiments were randomly divided into eight
groups: Control, TGF-B1 treatment, BMP-7 treatment,
BMP-7 plus TGF-B1 treatment, miRNA-21 mimic plus
TGF-B1 treatment, miRNA-21 siRNA plus TGF-B1 treat-
ment, miRNA-21 mimic plus TGF-B1 and BMP-7 treat-
ment, and miRNA-21 siRNA plus TGF-f1 and BMP-7
treatment. TGF-B1 was purchased from PeproTech (Rocky
Hill City, NJ, USA), BMP-7 was provided by Creative
Biomolecules, Inc. (Hopkinton, MA, USA), and miRNA-
21 mimic (sense: UAGCUUAUCAGACUGAUGUUGA;
antisense: AACAUCAGUCUGAUAAGCUAUU) and
miRNA-21 siRNA were purchased from Genepharma
(Shanghai, China).

Flow Cytometry

A total of 2.0x 10* cells were seeded onto a 96-well
plate and 24 h later treated for 8 h with TGF-B1 (5 ng/
ml), BMP-7 (100 ng/ml), BMP-7 (100 ng/ml) plus TGF-
B1(5 ng/ml) treatment, and cell apoptotic rate was iden-
tified by flow cytometry according to the manufacturer
instructions. Cells were collected after trypsinization and
then fixed in 70% ethanol. After ethanol was removed,
the samples were stained with 50 ug/ml FITC, Annexin
V, and PI (BD Biosciences, San Jose, CA, USA), respec-
tively. Cell apoptotic rate was assayed using a FACScan
flow cytometry apparatus (BD Biosciences).

ELISA

The levels of factor-associated suicide (FAS), FAS
ligand (FASL), and fibronectin (FN) in cell culture were
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analyzed using the method of ELISA (enzyme-linked
immunosorbent assay). The assay kits of FN were pro-
vided by Beijing North Institute of Biological Technology
(Beijing, China).

Western Blot Analysis

The examination of the protein expression levels of
pSmadl, pSmad5, and pSmad8 was performed separately
using Western blot analysis. Total protein was extracted,
and the protein concentration was measured. Briefly, a
total of 10 ug of protein was separated by SDS-PAGE
and transferred onto a polyvinylidene fluoride mem-
brane using wet transfer apparatus (Bio-Rad, Hercules,
CA, USA). The membranes were then blocked with 5%
skimmed milk and incubated overnight at 4°C with the
primary antibodies, followed by incubation with the sec-
ondary antibodies labeled with HRP. Next, the protein
bands were visualized using an enhanced chemilumi-
nescence kit (Millipore, Billerica, MA, USA), and the
protein levels were detected using the chemilumines-
cence reader, ImageQuant™ LAS4000 (GE Healthcare,
Pittsburgh, PA, USA). Antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Band
density was quantitated using ImagelJ software.

Gene Expression Analysis

Expression of miRNA-21 in cells was determined
at indicated times by RNA preparation and quantita-
tive reverse transcription polymerase chain reaction
(RT-PCR). Briefly, total cellular RNA was isolated from
cells on six-well plates using TRIzol reagent following
the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). According to the manufacturers’ instruc-
tions, real-time RT-PCR analysis was carried out using
the QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Valencia, CA, USA) under the ABI Prism 7500 Sequence
Detector (Applied Biosystems, Foster City, CA, USA).
The reaction run at one cycle of 54°C for 1 min and
95°C for 15 min, followed by 40 cycles of 95°C for
15 s, 57°C for 30 s, and 72°C for 45 s. B-Actin expres-
sion was used as an internal control. Specific primer
sequences were synthesized in BIOSUNE Biological
Technology Corp (Shanghai, China), and the sequences
of the primers were as follows: miRNA-21, sense:
5’-TAGCTTATCAGACTGATG-3’, antisense: 5-GCT
GTCAACGATACGCTACGTAACG-3"; B-actin, sense:
5’-GACATGCCGCCTGGAGAAAC-3', antisense: 5-AG
CCCAGGATGCCCTTTAGT-3".

Small Interference RNA (siRNA)

miRNA-21-specific siRNA was as follows: UCAA
CAUCAGUCUGAUAAGCUA; miRNA-21 siRNA con-
trol: CAGUACUUUUGUGUAGUACAA. For transient
transfections, cells in the exponential growth phase were
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grown to 65% confluence and then transfected with 3 ug
of miRNA-21-specific siRNA construct or nontargeting
siRNA using HiPerFect (Qiagen) according to the manufac-
turer’s protocols. After cells were cultured in medium for
48 h, the efficiency of miRNA-21 siRNA was determined
by RT-PCR. Furthermore, cells treated with TGF-B1 in the
exponential growth phase were grown to 65% confluence
and transfected with miRNA-21 siRNA or mimic for 48 h;
cell FN secretion and apoptosis were investigated.

Statistical Analysis

Data are presented as the meanz=standard deviation
(SD). Student’s two-tailed z-test was used to determine
the statistical differences between the treatment and con-
trol groups. A value of p <0.05 was considered to indicate
a statistically significant difference.

RESULTS

BMP-7 Attenuated TGF-BI1-Induced FN Secretion
and Apoptosis

To investigate whether BMP-7 has an inhibitory effect
on TGF-B1, the effects of BMP-7 on FN secretion and
apoptosis of NRK-52E cells were examined follow-
ing TGF-B1 treatment. It was suggested that, compared
with the control (10.22+3.04%), the apoptotic rate of
cells treated with TGF-B1 (42.18+6.05%) showed a
significant increase (p<0.05), while it was decreased
in the BMP-7-treated group (6.24+0.96%) (p<0.05).
Obviously, the apoptotic rate of cells treated with both
BMP-7 and TGF-f1 was 18.58+2.11%, showing a sig-
nificant decrease in comparison with TGF-B1-treated
group (p<0.05) (Fig. 1A). Additionally, the protein levels
of apoptotic markers FAS and FASL, and fibrotic marker
FN (Fig. 1B) were investigated. It was found that, in the
presence of TGF-B1, protein expressions of FAS, FASL,
and FN were obviously increased (p<0.05). BMP-7
strongly inhibited the secretion of FAS, FASL, and FN
(p<0.05), while it had inhibitory effects on TGF-B1-
induced cell apoptosis and FN secretion (p <0.05). Taken
together, it was indicated that BMP-7 attenuated TGF-
B1-induced FN secretion and apoptosis.

BMP-7 Activated TGF-BI-Suppressed Smad Signaling

To investigate the molecular mechanism by which
BMP-7 inhibited TGF-B-induced invasion, we analyzed
the effects of BMP-7 on Smad signaling after cells were
treated with TGF-B1. First, we analyzed whether TGF-B1
had an inhibitory effect on the phosphorylation of Smadl,
Smad5, and Smad8 and found that TGF-B1 suppressed
protein expression of pSmadl, pSmad5, and pSmadsS.
Second, we proved that BMP-7 promoted TGF-3-induced
lower phosphorylation of Smadl, Smad5, and Smad8
(Fig. 2). Thus, BMP-7 activated TGF-B-suppressed Smad
signaling in NRK-52E cells.
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BMP-7 Reduced TGF-B-Induced Higher Expression
of miRNA-21

The influence of BMP-7 on the expression of
miRNA-21 induced by TGF-B1 was next examined.
Importantly, as shown in Figure 3, compared to the non-
TGF-B1 treatment group, TGF-B1 potently induced higher
miRNA-21 expression in NRK-52E cells (p<0.05).
However, BMP-7 obviously inhibited the TGF-B-induced
higher expression of miRNA-21 (p<0.05). It was sug-
gested that BMP-7 specifically inhibited TGF--induced
miRNA-21 expression.

miRNA-21 Was a Crucial Mediator of TGF-B-Induced
FN Secretion and Apoptosis

To find out whether miRNA-21 participated in cellu-
lar processes, TGF-B1-induced FN secretion, apoptosis,
and Smad signal transduction in vitro were determined
by transient transfection of miRNA-21 mimic or siRNA
into NRK-52E cells. As shown in Figure 4A, NRK-52E
cells transducted with miRNA-21 mimic exhibited higher
levels of miRNA-21 compared to the control cells (p<0.05),
while miRNA-21 expression was significantly downregu-
lated in miRNA-21 siRNA-treated cells (p <0.05), indicat-
ing the good efficiency of overexpression and knockdown
of miRNA-21 in NRK-52E cells. The expression levels
of FAS, FASL, and FN induced by TGF-B1 were signifi-
cantly enhanced by miRNA-21 mimic treatment, but inhib-
ited by miRNA-21 siRNA treatment (p<0.05), indicating
miRNA-21 was a crucial mediator of TGF-B-induced FN
secretion and apoptosis (Fig. 4B). However, the phos-
phorylation of Smadl, Smad5, and Smad8 in TGF-B1-
treated cells showed little significant difference between
miRNA-21 knockdown cells and miRNA-21 overexpres-
sion cells. The results above indicated that miRNA-21 was
a crucial mediator of TGF-B-induced FN secretion and
apoptosis in NRK-52E cells.

BMP-7 Inhibited TGF-f-Induced FN Secretion and
Apoptosis by miRNA-21

To demonstrate if miRNA-21 is important for TGF-f3-
induced FN secretion and apoptosis from BMP-7 inhibi-
tion, miRNA-21 mimic or siRNA that overexpressed or
downregulated miRNA-21 was transfected in NRK-52E
cells. As demonstrated in Figure 5, BMP-7 inhibited TGF-
B-induced FN secretion and apoptosis, overexpression of
miRNA-21 aggravated TGF-B-induced higher expression
of FAS, FASL and FN, and completely counteracted the
inhibitory effect of BMP-7 (p<0.05). However, when
miRNA-21 expression was suppressed using siRNA
method, BMP-7 showed little effects on TGF-f-induced
higher expression of FAS, FASL, and FN (p<0.05).
Taken together, these data suggested that BMP-7 inhib-
ited TGF-B-induced FN secretion and apoptosis by inhib-
iting miRNA-21 expression.
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Figure 1. Effects of BMP-7 on TGF-B1-induced FN secretion and apoptosis. NRK-52E cells were treated with TGF-B1 (5 ng/ml),
BMP-7 (100 ng/ml), BMP-7 (100 ng/ml) plus TGF-B1 (5 ng/ml) for 8 h. (A) Cell apoptotic rate was identified by flow cytometry.
(B) FAS, FASL, and FN expression in cell culture were analyzed using the method of ELISA. Data are expressed as mean+SD of

three independent experiments in triplicate.

DISCUSSION

Among BMP family members, BMP-7 has shown to
be a multifunctional cytokine with a wide range of effects
on cell growth, differentiation, and apoptosis (19,20) and
thus plays a crucial role in the development of many
organs. Previous study suggested that BMP-7 was ben-
eficial at limiting fibrosis of the kidney when the BMP-7
was administered during the progression of fibrotic dis-
ease, indicating that BMP-7 administration might be an

effective treatment to restore or preserve renal histology
and renal function in the experimental model of renal dis-
ease (12). In the present study, we investigated the effects
and mechanism of BMP-7 in TGF-B1-induced FN secre-
tion and apoptosis, and found that BMP-7 could inhibit
TGF-B1-induced FN secretion and apoptosis by sup-
pressing miRNA-21 expression.

TGF- and BMP-7 are two key members in the TGF-3
superfamily and play important but diverse roles in
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Figure 2. Effects of BMP-7 on TGF-B1-suppressed Smad signaling. NRK-52E cells were treated with TGF-B1 (5 ng/ml), BMP-7
(100 ng/ml), BMP-7 (100 ng/ml) plus TGF-B1 (5 ng/ml) for 24 h, and Western blot analysis was used to measure the protein levels of
pSmadl, pSmad5, and pSmad8. Blots were incubated with pSmad1, pSmad5, and pSmad8 antibodies.

chronic kidney diseases (CKDs) characterized by progres-
sive tubulointerstitial fibrosis. BMP-7 has been shown to
play a pivotal role in eye development during embryo-
genesis (21), and exogenous BMP-7 administration could
attenuate fibrosis (22). Furthermore, BMP-7 could be
used as an EMT inhibitor to suppress the progression of
cholangiocarcinoma (CCA) and might be a therapeutic
approach to improve efficiency for CCA treatment (13).
Mostly important, the activation of BMP-7 signaling has

been reported to oppose TGF-B biological activity (20),
and administration of recombinant BMP-7 could reverse
TGF-B-derived fibrosis in organs such as the kidney and
cardiac tissue (22). The certain levels of BMP-7 could
prevent and inhibit mRNA expression of TGF-f1 and
its type II receptor, thus inhibiting the transdifferen-
tiation of renal tubular epithelial cells (11). In addition,
BMP-7 partially inhibited TGF-B1-induced an increase
in MMP-2 and MMP-13 release, and TGF-B1-induced a
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Figure 3. Effects of BMP-7 on TGF-B1-induced higher expression of miRNA-21. NRK-52E cells were treated with TGF-1 (5 ng/ml),
BMP-7 (100 ng/ml), BMP-7 (100 ng/ml) plus TGF-B1 (5 ng/ml) for 8 h. Total cellular RNA was isolated from cells using TRIzol reagent,
and miRNA-21 expression was determined by RT-PCR. Data are expressed as mean+SD of three independent experiments in triplicate.
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Figure 4. Effects of miRNA-21 on TGF-B-induced FN secretion, apoptosis, and Smad signaling. (A) NRK-52E cells were transfected
with miRNA-21 mimic or siRNA for 24 h, and the efficiency of overexpression and knockdown was measured by RT-PCR method.
Data are expressed as mean+SD of three independent experiments in triplicate. (B) Cells were treated with TGF-B1 (5 ng/ml),
miRNA-21 mimic plus TGF-B1 (5 ng/ml), miRNA-21 siRNA plus TGF-B1 (5 ng/ml) for 8 h. Expression of FAS, FASL, and FN in cell
culture was analyzed using ELISA method. Data are expressed as mean+ SD of three independent experiments in triplicate. (C) NRK-
52E cells were treated with miRNA-21 siRNA or miRNA-21 mimic for 48 h, the protein levels of pSmadl, pSmad5, and pSmads.
Blots were incubated with pSmadl, pSmad5 and pSmad8 antibodies were measured using Western blot analysis.

myofibroblast-like transformation (23). This study also
suggested that BMP-7 could attenuate TGF-B-induced
FN secretion and apoptosis in cultured NRK-52E cells.
Both TGF-B and BMP-7 share similar downstream
Smad signaling pathways, but counterregulate each other to
maintain the balance of their biological activities. During
renal injury in CKDs, TGF-f signaling was upregulated
by inducing TGF-B1 and activating Smad3, whereas
BMP-7 and its downstream Smad1/5/8 were downregu-
lated. In the context of renal fibrosis, Smad3 is patho-
genic, whereas Smad2 and Smad7 are renoprotective.
Overexpression of renal Smad7 restored the balance of
TGF-B/Smad signaling and had therapeutic effects on
CKDs. Furthermore, activation of TGF-f/Smad signal-
ing inhibited renal BMP-7 expression and BMP/Smad
signaling. On the other hand, overexpression of renal

BMP-7 was capable of inhibiting TGF-B/Smad3 signal-
ing and protected the kidney from TGF-3-mediated renal
injury, suggesting the therapeutic potential by targeting
TGF-B/Smad signaling or restoring BMP-7 in CKDs
(24). Another study showed that BMP-7 gene delivery
in rabbit cornea modulated wound healing and inhibited
fibrosis in vivo by counterbalancing TGF-1-mediated
profibrotic Smad signaling (3). In this study, using in
vitro cultured NRK-52E cells as models, it was dem-
onstrated that BMP-7 could activate TGF-B-suppressed
Smad signaling.

The small regulatory RNA miRNA-21 plays a crucial
role in a plethora of biological functions and diseases
including development, cancer, cardiovascular diseases,
and inflammation. miRNA-21 has been found to be
upregulated in many pathological conditions including
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Figure 5. BMP-7 inhibited TGF-B-induced FN secretion and apoptosis by miRNA-21. NRK-52E cells were treated with TGF-B1
(5 ng/ml), BMP-7 (100 ng/ml), BMP-7 (100 ng/ml) plus TGF-B1 (5 ng/ml), miRNA-21 mimic plus TGF-B1 (5 ng/ml)+BMP-7 (100
ng/ml), miRNA-21 siRNA plus TGF-B1(5 ng/ml)+ BMP-7 (100 ng/ml) for 8 h, and FAS, FASL, and FN expressions were analyzed by
ELISA. Data are expressed as mean=+SD of three independent experiments in triplicate.

cancer and cardiovascular diseases (25). Inhibition of
miRNA-21 has been shown to provide significant ben-
efits during cancer or heart failure in mice models (26).
Recent studies also suggested that Smad3 mediated renal
fibrosis by upregulating miRNA-21 and miRNA-192, but
downregulating miRNA-29 and miRNA-200 families.
Therefore, restoring miRNA-29/miRNA-200 or suppress-
ing miRNA-21/miRNA-192 was able to treat progressive
renal fibrosis. Many researchers have made their efforts to
find out the mechanic functions of BMP-7 in renal fibrosis.
In vitro, BMP-7 inhibited TGF-B-induced invasion of the
metastatic breast cancer cell line MCF10CAla through
inhibition of integrin B3 expression (27) and down-
regulated TGF-B-induced CCA cell migration through
inhibition of TGF-B-mediated Twist and N-cadherin
expressions (28). Manson et al. examined transcriptional
regulation of BMP-7 and its role in the pathogenesis of
renal injury resulting from urinary tract dysfunction and
found that BMP-7 potentiated TGF-B-mediated renal
fibrosis in obstructive uropathy (29). BMP-7 antagonized
the profibrotic effects of TGF-B1 through inhibition of
de novo expression of o-smooth muscle actin (a-SMA)
(30). This study further proved that miRNA-21 was an
important mediator of TGF-B-induced FN secretion and
Smad signaling, and BMP-7 could attenuate TGF-J1-
induced FN secretion and apoptosis in NRK-52E cells
through the suppression of miRNA-21.

In conclusion, the current understanding of the cru-
cial roles and mechanisms of TGF-B1 and BMP-7 in FN
secretion and apoptosis of NRK-52E cells implied that
targeting miRNA-21 or restoring BMP-7 signaling might
represent novel and effective treatment to renal injury.
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