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Abstract. MicroRNAs (miRNAs) are a class of small 
non-coding single-stranded RNAs that regulate gene expres-
sion at the posttranscriptional level. Since the identification 
of miRNA, accumulating research has shown their involve-
ment in numerous biological processes, including timing of 
developmental patterning, embryogenesis, cell differentiation, 
organogenesis, growth control and pathogenesis of human 
diseases. It is estimated that >30% human genes may be 
regulated by miRNA, and that each miRNA can regulate >100 
target mRNAs. The widespread and distinct expression pattern 
of miRNAs in normal and disease states has been extensively 
investigated in the context of human diseases. Due to the 
diversity of targets, it is challenging to identify the specific 
target genes and elucidate the biological function of a certain 
miRNAs. In the present study, it was confirmed that SMAD7 
is a direct target of miR-21, and overexpression of miR-21 may 
inhibit the proliferation of rat renal tubular epithelial cells. 
These findings confirm the results of previous studies, which 
have demonstrated that miR-21 regulates the expression of 
SMAD7 protein. However, further investigation is required to 
determine whether miR-21 is involved in renal development 
and disease, particularly diabetic nephropathy.

Introduction

The identification of microRNA (miRNA) in the 1990s was 
prominent in biological research (1). miRNAs are a class of 
small non-coding single-stranded RNA, 21-25 nucleotides in 

length, with diverse biological functions (2,3). miRNA has 
been implicated in regulating cell division, differentiation, 
development, oncogenesis, apoptosis and other processes 
through translational arrest and/or messenger RNA (mRNA) 
degradation (4-6). It has been shown that a single miRNA 
may be directly responsible for the repression of hundreds 
of proteins, and indirectly for the regulation of thousands of 
others (4). Abnormal expression of miRNA has been impli-
cated in various diseases, including cancer, diabetes, and 
cardiovascular, neurodegenerative and psychological disor-
ders (5-8). Despite the involvement of miRNA in numerous 
biological and pathological processes, the large number of 
candidate targets and cellular pathways, which are regulated 
by miRNAs, remain to be understood.

miRNA-21 (miR-21) is a small RNA, which is ubiquitously 
expressed in normal tissues and cells (9). Previous studies 
have predominantly focused on the association between 
miR-21 and tumors, since miR-21 has been consistently iden-
tified to be overexpressed in numerous tumor samples (10), 
including glioblastomas (11), lung (12,13), stomach (14), 
prostate (14) and colon cancer (15,16), and cholangiocarci-
noma (17) samples.

miR-21 has numerous predicted target genes; however, 
only a few have been validated in an experimental study (18). 
Despite the widespread expression of miR-21 in normal 
tissues, little is known regarding its physiological functions 
and regulatory mechanisms (19).

Transforming growth factor (TGF)-β is a multifunctional 
growth factor that functions in the initiation and termination 
of tissue repair. TGF-β is considered to be a key mediator 
in disease pathogenesis (20-22). SMAD7 is a negative regu-
lator of Smad signaling and inhibits TGF-β activity through 
the prevention of the phosphorylation of Smad2/3 (23,24). 
However, the association between TGF-β and miR-21 in renal 
disease, in particular diabetic nephtropathy, remains to be 
elucidated.

The aim of the present study was to investigate the func-
tional interaction between miR-21 and the TGF-β signaling 
pathway, in order to eventually determine its involvement in 
diabetic nephropathy.
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Materials and methods

Cell lines and culture conditions. Rat renal tubular epithe-
lial cells and HEK 293T cells were obtained from the 
Shanghai Academy Sciences Cell Bank (Shanghai, China). 
Cell lines were cultured in Dulbecco's modified Eagle's 
medium (DMEM) high glucose (25 mmol/l) and low glucose 
(5 mmol/l), respectively (Gibco-BRL, Carlsbad, CA, USA). 
The low glucose group served as a control, while the high 
glucose group represented the environment of renal cells in a 
patient with diabetes. The media were supplemented with 10% 
fetal bovine serum (FBS; Gibco-BRL). All cells were grown 
in a humidified incubator in 5% CO2 at 37˚C.

Bioinformatic analyses. TargetScan 4.1 (http://www.
targetscan.org), PicTar (http://pictar.mdc-berlin.de/) and 
miRNA.org (http://www.microrna.org/), GenBank (http://
www.ncbi.nlm.nih.gov/gene/) online databases were used to 
predict the targets of miR-21. These three programs used a 
different algorithm to identify highly complementary sites 
of miRNA. SMAD7 was consistently identified as a target of 
miR-21 with all three programs (Fig. 1).

Dual luciferase reporter assay. Luciferase reporter gene 
constructs containing either the wild-type or mutated 
full-length 3' untranslated region (UTR) of SMAD7, were 
constructed using the luciferase reporter vector psi-CHECK2 
(Promega Corporation, Madison, WI, USA). The following 
primers were used for site direct mutagenesis plasmid 
const r uct ion:  Forward:  5'- CACACTTTAATGCG-
GTTCATTTTTCTAACTACAAAGGTTT-3'; and reverse: 
5'-AGTTAGAAAAATGAACCGCATTAAAGTGTGAGCAT 
GCTCA-3' for MutSmad7. ATAAGCT was mutated to 
GCGGTTC. The cells were transiently cotransfected into 
24-well plates using Lipofectamine™ reagent (Invitrogen Life 
Technologies, Carlsbad, CA, USA). Mutations to the seed 
region of miR-21 mimics, which can result in high levels of 
miR-21 expression, and miR-21 negative controls (NC) which 
have no function were compounded. These were cotransfected 
into HEKT cells with the WT or mutant 3'UTR SMAD7. 
Reporter assays were performed at 48 h posttransfection using 
the Dual‑luciferase Reporter Assay system (E1910; Promega 
Corporation) according to manufacturer's instructions. All 
experiments were performed in triplicate and the standard 
deviation was calculated.

miR‑21 transfection in renal tubular epithelial cells. Rat 
renal tubular epithelial cells were transfected with 1.2 µl 
lentivirus overexpressing miR-21 or empty virus (Shanghai 
Jikai Gene Chemical Co., Ltd, Shanghai, China). Flow 
cytometry (FACSVantage; BD Biosciences, San Jose, CA, 
USA) was used 36 h after transfection in order to assess 
transfection efficiencies. Total RNA was then extracted 
from the cells and the miR-21 levels were assessed using 
reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR).

Cell growth inhibition assay. Following transfection, the cells 
were seeded into 96‑well plates at a density of 10,000 cells/well. 
Four plates were used in total, and were incubated for 0, 24, 48, 

or 72 h. The cellular proliferation was analyzed at each time 
point using an MTT Cell Proliferation Assay kit (Invitrogen 
Life Technologies) over four days.

RT‑qPCR. Cells were collected following transfection for 
72 h and total RNA was extracted using TRIzol™ reagent 
(Invitrogen Life Technologies). cDNA was synthesized from 
the extracted RNA using a First-strand cDNA Synthesis kit 
(Promega Corporation) according to the manufacturer's 
instructions. The miRNA reverse  transcription-PCR primers 
for miR-21, and endogenous control U6RT were purchased 
from Applied Biosystems (Applied Biosystems, Invitrogen 
Life Technologies). The primer sequences used in the 
experiment were designed as follows: Forward: 5'-ACACTC 
CAGCTGGGTAGCTTATCAGACTGAT-3'; and reverse: 
5'-ACTGGTGTCGTGGAGTCG-3' for Rno-mir-21. qPCR 
analysis was performed using an ABI PRISM® 7500 
Sequence Detection system (Applied Biosystems). The 
conditions for the PCR were as follows: 95˚C for 5 min, 95˚C 
for 15 sec and 62˚C for 30 sec, for a total of 40 cycles. Each 
sample was run in triplicate. The comparative threshold 
cycle (CT) method was used to evaluate the relative gene 
expression.

Western blot analysis. Western blot analysis was performed 
according to standard protocols. Briefly, the cells were 
solubilized in lysis buffer (containing posphatase inhibitors, 
protease inhibitors and PMSF) and the protein was extracted 
using a Protein Extraction reagent (Sigma, St. Louis, MO, 
USA). Protein concentrations were determined using a 
Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, USA). 
The proteins were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes. Then the membranes 
were blocked and incubated overnight at 4˚C with a rabbit 
anti-SMAD7 antibody (Abcam, Cambridge, MA, USA). The 
membranes were then washed and incubated with horse-
radish peroxidase-conjugated goat anti-rabbit secondary 
antibody (Abcam) at 37˚C for two hours. Proteins were visu-
alized by an enhanced chemiluminescence detection system 
(Amersham Pharmacia Biotech, Piscataway, NJ, USA). When 
required, the membranes were stripped and reprobed with 
β-actin, as an internal loading control.

Statistical analysis. Statistical analyses were performed using 
a one-way analysis of variance or a Kruskal-Wallis non-para-
metric test, according to the Gaussian or non-Gaussian 
distribution of the data. P<0.05 was considered to indicate 
a statistically significant difference in miRNA expression 
profiling. All data are presented as the mean ± standard devia-
tion. Statistical analysis was performed using SPSS software 
17.00 (SPSS Inc., Chicago, IL, USA).

Figure 1. Predicted miR-21 target site (bold) in the 3'UTR of SMAD7, using 
TargetScan 4.1.
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Figure 2. A luciferase assay confirmed that SMAD7 could be regulated by miR‑21. (A) The miR‑21 transfected group showed a lower luciferase renilla/firefly  
expression compared with that in the blank and NC groups transfected with 3UTR' rat SMAD7 (*P<0.05 and **P<0.01). (B) There were no significant differences 
between the the luciferase renilla/firefly expression in the miR‑21, blank and NC group in HEK 293T cells cotransfected with the mutant rat SMAD7 vector 
(P>0.05).

Figure 3. miR‑21 lentivirus transfection efficiency following 72 h incubation. (A) Low glucose empty virus control group. (B) Low glucose group transfected 
with lentivirus overexpressing miR-21. (C) High glucose empty virus control group. (D) High glucose  group transfected with lentivirus overexpressing miR-21. 
Images were captured at x200 magnification. (E) Transfection efficiency quantification across groups A‑D (%).

  A   B
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  E
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Results

SMAD7 is a predicted target of miR‑21. In order to determine 
whether SMAD7 was a predicted target of miR-21, the miRNA 
GenBank was used. Using the TargetScan software, it was 
predicted that SMAD7 was a target of miR-21. One binding 
site for miR‑21 was identified in the 3'UTR of the SMAD7 
gene, complementary to the 3' region of miR-21. The predicted 
binding site was located at 1192‑1198 and contained seven 
conservative target sites (Fig. 1).

Luciferase assay confirms that SMAD7 is regulated by miR‑21. 
To confirm whether SMAD7 could be regulated by miR‑21 

in vitro, wild-type and mutant plasmids expressing the 3'UTR 
region predicted to bind miR-21, were constructed. Then 
miR-21-mimics with a mutated seed region and miR-21-nega-
tive control (NC) were synthetized (Shanghai Jima Company, 
Shanghai, China). Subsequently, the two luciferase reporter 
vectors with miR-21 response were cotransfected into HEK 
293T cells using a Dual‑Luciferase Reporter Assay system. 
As shown in Fig. 2A, following transfection in the HEK 293T 
cells, a significant difference was observed in luciferase activity 
between the miR-21 and blank groups (P<0.05) and between 
the miR-21 and NC groups (P<0.01). These data showed that 
miR-21 could interact with the 3'UTR of SMAD7, which was 
not observed in the NC and blank groups (P>0.05). As shown 
in Fig. 2B, in HEK 293T cells cotransfected with the mutated 
3'UTR rat SMAD7 gene, there was no statistical significance 
among the miR-21, blank and NC groups (P>0.05). These 
data indicate that the SMAD7 3'UTR could not interact with 
miR‑21 when mutated. Therefore, these results confirm that the 
SMAD7 3'UTR may be regulated by miR-21.

Protein level of SMAD7 inversely correlates with the expres‑
sion level of miR‑21 in rat renal tubular epithelial cells. To 
further confirm whether miR‑21 directly targets the 3'UTR 
of SMAD7, lentiviral vectors overexpressing miR-21 and 
empty lentiviral vectors were constructed. The plasmids were 
transfected into rat renal tubular epithelial cells respectively 
(Fig. 3) and the transfection efficiency was analyzed using flow 
cytometry (Fig. 3E). The RNA and protein was extracted from 
renal tubular epithelial cells, 72 h post-transfection. The results 
of RT-qPCR demonstrated that the expression of miR-21 was 
higher in the lentivirus-transfected rat renal tubular epithelial 
cells (Fig. 4b) cultured in high glucose compared with untrans-
fected cells cultured in high glucose (Fig.4c). There was no 
difference between the transfected and untransfected cells 
in the low glucose groups (data not shown). By western blot 
analysis, it was shown that the protein expression of SMAD7 
was increased in the low glucose groups. In the high glucose 
groups, the SMAD7 expression was lower compared with that 
in the low glucose group. When lentivirus expressing miR-21 
and empty lentivirus were transfected the protein expression 
of SMAD7 was lower in the miR-expressing groups in high 

Figure 5. SMAD7 protein expression in rat renal tubular epithelial cells 
72 h after transfection with miR-21 lentivirus. SMAD7 protein expression 
was lower as compared with the empty lentivirus transfected group, and the 
untransfected low glucose and high glucose control groups (P<0.05). a, low 
glucose cell control group without virus transfection; b, high glucose cell 
control group without virus transfection; c, high glucose control group trans-
fected with empty virus; d, high glucose group transfected with lentivirus 
overexpressing miR-21.

Figure 6. Cellular proliferation in the four groups, a high glucose control 
group without virus transfection, a high glucose group transfected with 
empty virus and high and low glucose groups transfected with the lentivirus 
overexpressing miR-21.

Figure 4. Expression of miR-21 was higher in rat renal tubular epithelial 
cells with high glucose transfected with lentivirus overexpressing miR-21 
as compared with the high glucose empty virus control group (P<0.05). a, 
low glucose cell control group without virus transfection; b, high glucose 
group transfected with lentivirus overexpressing miR-21; c, high glucose 
cell control group without virus transfection; and d, high glucose group with 
empty virus transfection.

  A

  B



MOLECULAR MEDICINE REPORTS  10:  707-712,  2014 711

and low glucose conditions (Fig. 5) when compared with the 
cells transfected with empty lentivirus.

miR‑21 inhibits the proliferation of rat renal tubular epithelial 
cells. To investigate the effects of miR-21 on renal tubular 
epithelial cells, miR-21 overexpressing- and empty lentivi-
ruses were transfected into the rat renal tubular epithelial cells 
and were cultured under high and low glucose conditions. 
Following transfection for 24, 48 and 72 h, it was detected that 
the cellular proliferation in the miR-21-transfected lentivirus 
group was significantly decreased compared with the empty 
lentivirus and untransfected groups (P<0.01). These data 
indicated that overexpression of miR-21 may inhibit rat renal 
tubular epithelial cellular proliferation (Fig. 6).

Discussion

miRNA are a class of non-coding, highly conserved RNA 
molecules, with numerous biological functions in various 
processes, including development, differentiation, cell prolif-
eration and apoptosis (25,26).

TGF-β is a member of a large family of structurally 
related cytokines, including activins, Nodal and bone 
morphogenetic proteins, which transmit cellular signals 
through the Smad signaling pathway (27). TGF-β1 binds to 
TGF-β receptor II (TβRII), to initiate intracellular signaling. 
This results in activation of TβRI kinase, which phosphory-
lates and activates Smad2 and 3. Activated Smad2 and 3 form 
heteromeric complexes, together with Smad4, and translocate 
to the nucleus to regulate target gene activity. Inhibitory 
Smads (SMAD6 and SMAD7) provide negative feedback 
and repress TGF-β superfamily signaling through various 
molecular mechanisms (28).

miRNA-21 is a conserved miRNA that has been associ-
ated with various types of tumors. Less research has been 
performed on the cellular pathways involving miR-21 in renal 
diseases. Certain studies have shown that miRNAs are associ-
ated with TGF-β signaling in other diseases (29,30). This study 
has explored the possible role of miR-21 in TGF-β signaling, 
and confirmed the results of previous studies that showed 
SMAD7 to be a direct target of miR-21, with predicted target 
sites in its 3'UTR. To further confirm whether SMAD7 could 
be regulated by miR-21, a luciferase assay was used to assess 
the SMAD7 3'UTR reporter activity when co-transfected with 
miR-21. Mutation in the SMAD7 miR-21 target site reduced 
the inihibitory effects on SMAD7 expression. When miR-21 
lentivirus was transfected into rat renal tubular epithelial cells, 
the protein level of SMAD7 was lower than that of the empty 
lentivirus-transfected cells, in untransfected low glucose and 
high glucose cells conditions.

These data confirmed that SMAD7 is a direct target of 
miR-21, and that miR-21 can repress the expression of SMAD7 
proteins and inhibit the proliferation of rat renal tubular 
epithelial cells by targeting TGF-β/SMAD signaling in vitro. 
Preliminary data suggested that miR-21 affects proliferation 
of rat renal tubual epithelial cells and further studies should 
investigate whether miR-21 is abberantly expressed in renal 
disease. Further studies using a diabetic nephropathy animal 
model are required in order to determine the function of 
miR-21 regulation of SMAD7 in diabetes.
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