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Abstract. MicroRNAs (miRNAs/miRs) are key regulators 
of renal interstitial fibrosis (RIF). The present study was 
designed to identify miRNAs associated with the development 
of RIF, and to explore the ability of these identified miRNAs 
to modulate the renal tubular epithelial‑to‑mesenchymal 
transition (EMT) process. To this end, miRNAs that were 
differentially expressed between normal and fibrotic kidneys 
in a rat model of mercury chloride (HgCl2)‑induced RIF were 
detected via an array‑based approach. Bioinformatics analyses 
revealed that miR‑101 was the miRNA that was most signifi‑
cantly downregulated in the fibrotic renal tissue samples, and 
this was confirmed by RT‑qPCR, which also demonstrated that 
this miRNA was downregulated in transforming growth factor 
(TGF)‑β1‑treated human proximal tubular epithelial (HK‑2) 
cells. When miR‑101 was overexpressed, this was sufficient 
to reverse TGF‑β1‑induced EMT in HK‑2 cells, leading to 
the upregulation of the epithelial marker, E‑cadherin, and the 
downregulation of the mesenchymal marker, α‑smooth muscle 
actin. By contrast, the downregulation of miR‑101 using an 
inhibitor exerted the opposite effect. The overexpression of 
miR‑101 also suppressed the expression of the miR‑101 target 
gene, TGF‑β1 type I receptor (TβR‑I), and thereby impaired 

TGF‑β1/Smad3 signaling, while the opposite was observed 
upon miR‑101 inhibition. To further confirm the ability of 
miR‑101 to modulate EMT, the HK‑2 cells were treated with 
the TβR‑I inhibitor, SB‑431542, which significantly suppressed 
TGF‑β1‑induced EMT in these cells. Notably, miR‑101 inhi‑
bition exerted a less pronounced effect upon EMT‑related 
phenotypes in these TβR‑I inhibitor‑treated HK‑2 cells, 
supporting a model wherein miR‑101 inhibits TGF‑β1‑induced 
EMT by suppressing TβR‑I expression. On the whole, 
the present study demonstrates that miR‑101 is capable of 
inhibiting TGF‑β1‑induced tubular EMT by targeting TβR‑I, 
suggesting that it may be an important regulator of RIF.

Introduction

Renal interstitial fibrosis (RIF) is a pathological process that is 
common to the majority of chronic kidney diseases, resulting 
in functional deterioration which is largely independent of 
the initial renal injury (1). RIF is characterized by abnormal 
interstitial extracellular matrix (ECM) deposition (2). While 
a number of detailed studies on the mechanistic basis for RIF 
have been published in recent years, the etiology of this condi‑
tion has yet to be fully clarified.

MicroRNAs (miRNAs/miRs) are short non‑coding RNAs, 
which can modulate gene expression by altering target mRNA 
stability and translation to control key physiological and 
pathological processes (3,4). Indeed, miRNA dysregulation 
has been linked to an array of different disease processes (5). 
Within the kidneys, specific miRNAs regulate development, 
homeostasis and normal physiology, while also regulating the 
onset of a range of renal diseases (6). As such, further studies 
elucidating the miRNAs that regulate the incidence of RIF 
have the potential to highlight novel approaches with which to 
prevent or treat this debilitating condition.

In the present study, a miRNA array‑based approach was 
utilized to identify miRNAs that were differentially expressed 
between fibrotic and normal kidney tissues using a rat model 
of mercury chloride (HgCl2)‑induced RIF (7,8). This analysis 
identified miR‑101 (also termed miR‑101a, miR‑101a‑3p) as 
the miRNA that was the most significantly downregulated 
in fibrotic renal tissue. In previous studies, miR‑101 has also 
been shown to be involved in fibrotic processes, such as liver 
fibrosis (9,10), pulmonary fibrosis (11), cardiac fibrosis (12,13), 
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bladder fibrosis (14) and cystic fibrosis (15). The role of this 
miRNA in the context of RIF, however, remains to be clarified, 
as do the molecular mechanisms underlying such a role. As 
such, the present study further evaluated the ability of miR‑101 
to regulate RIF.

One of the key steps in the development of RIF is renal 
tubular epithelial‑to‑mesenchymal transition (EMT), wherein 
tubular epithelial cells adopt a mesenchymal‑like phenotype 
and lose their epithelial‑like traits  (16). The disruption of 
tubular EMT is thus a viable approach for the treatment of 
RIF (17,18). Transforming growth factor‑β1 (TGF‑β1) is an 
essential regulator of this renal tubular EMT process (19,20), 
signaling through its cognate cell‑surface type I and II recep‑
tors (TβR‑I and TβR‑II, respectively) to induce appropriate 
downstream signaling pathway activation. There is prior 
evidence to indicate that TβR‑I is a direct miR‑101 target (21), 
and as such, it was hypothesized that miR‑101 may be able to 
regulate renal tubular EMT by targeting TβR‑I and thereby 
suppressing TGF‑β1 signaling.

The present study thus examined the ability of miR‑101 
to reverse TGF‑β1‑induced tubular EMT in human proximal 
tubular epithelial (HK‑2) cells. Through these analyses, it was 
determined that TGF‑β1 treatment led to the downregulation 
of miR‑101. In addition, miR‑101 overexpression suppressed 
TGF‑β1‑induced EMT, whereas miR‑101 knockdown exerted 
the opposite effect. At a mechanistic level, miR‑101 suppressed 
TGF‑β1 signaling by inhibiting TβR‑I expression, and the 
blocking of TβR‑I signaling ablated the effects of miR‑101 
inhibition on TGF‑β1‑induced EMT. Overall, the results thus 
demonstrated that miR‑101 inhibited tubular EMT, at least in 
part by suppressing TβR‑I expression.

Materials and methods

Rat model of HgCl2‑induced RIF. In total, 20 male 
Sprague‑Dawley rats (4‑5 weeks old, weighing 120±10 g) 
were obtained from the Shanghai Laboratory Animal 
Center, Chinese Academy of Sciences. All rats were housed 
in a specific pathogen‑free environment that was maintained 
at 22‑24˚C with a relative humidity of 50‑60% and a 12‑h 
light/dark cycle. All rats were provided with ad  libitum 
access to food and water. These animals were then randomly 
divided into the control (n=8) and model (n=12) groups, with 
the animals in the latter group being orally administered 
with HgCl2 (8 mg/kg; Shanghai Tongren Pharmaceutical 
Co., Ltd.) once daily for nine weeks. These experimental 
protocols were conducted in accordance with internation‑
ally accepted laboratory principles and all animals received 
humane care as well as free access to food and water. The 
present study was approved by The Animal Research Ethics 
Committee of Shanghai University of Traditional Chinese 
Medicine, Shanghai, China. The humane endpoint for this 
study was a loss of 15% of the starting body weight. The 
animals were anesthetized using 1% pentobarbital sodium 
(50 mg/kg) by intraperitoneal (i.p.) injection. The samples 
of blood (0.8 ml) were collected from the vena cava. After 
collecting the blood and kidney, at the end of the experi‑
mental procedure, the abdominal vasculature, including 
the vena cava was cut to cause exsanguination under deep 
anesthesia. Death was further confirmed by checking for the 

onset of rigor mortis (22). The body weight was measured at 
the time of sacrifice, and body weight loss was not observed 
in any of the rats, with the body weight ranging from 331 to 
492 g.

Cells, cell culture and treatment. HK‑2 cells were obtained 
from the Institute of Basic Medical Sciences, Chinese 
Academy of Medical Sciences, and were grown in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal 
bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc.) 
for 18 h. Cells were then transferred to serum‑free medium 
and were treated for 48 h with 5 ng/ml TGF‑β1 to achieve 
EMT induction. In appropriate experiments, cells were trans‑
fected with 20 nM of miR‑101 mimic (Guangzhou RiboBio 
Co., Ltd.; the mature sequence of hsa‑miR‑101 mimic was 
UAC​AGU​ACU​GUG​AUA​ACU​GAA​) or 50 nM of miR‑101 
inhibitor (Guangzhou RiboBio Co., Ltd.) or appropriate 
controls using a ribioFECT CP Transfection kit (Guangzhou 
RiboBio Co., Ltd.) along with 5 ng/ml TGF‑β1 for 48 h. In 
order to assess how TβR‑I affects these results, in appropriate 
experiments, cells were treated with 10 µM of SB‑431542 
(Tocris Bioscience) to specifically inhibit TβR‑I for 12 h, 
and the cells were then transfected with miR‑101 inhibitor or 
appropriate controls using a ribioFECT CP Transfection kit 
(Guangzhou RiboBio Co., Ltd.) along with 5 ng/ml TGF‑β1 
or SB‑431542 for a further 48 h.

Hydroxyproline measurements. Renal hydroxyproline levels 
were measured based upon HCl hydrolysis as per the method 
described in the study by Jamall et al (23). Briefly, 100 mg of 
renal tissue was homogenized in 2.5 ml of ice‑cold ddH2O, 
after which a BCA kit (Thermo Fisher Scientific, Inc.) was used 
to quantify the protein levels in these samples. Subsequently, 
6 M HCl were used to hydrolyze 2 ml of these homogenates 
for 18 h at 105˚C, and the resultant hydrolysates were filtered 
using 3‑mm filter paper prior to drying at 40˚C. Samples 
were then incubated with Ehrlich's solution [25%  (w/v) 
p‑dimethylaminobenzaldehyde and 27.3%  (v/v) perchloric 
acid in isopropanol] at 50˚C for 1.5 h, followed by assessment 
at 558 nm using a Tecan Infinite M200 Pro plate reader (Tecan 
Life Sciences), with protein concentrations being used to 
normalize the resultant values.

Histological analysis. The kidney samples were fixed using 
10% formalin, paraffin‑embedded, and cut into 5‑µM‑thick 
sections. The sections were then subjected to Masson's 
trichrome staining using a modified Masson's Trichrome stain 
kit (Solarbio Science & Technology Co., Ltd.) according to the 
manufacturer's instructions. Briefly, the sections were stained 
in Harris hematoxylin for 5 min, in Ponceau acid fuchsin 
staining solution for 10 min, and in Aniline Blue solution for 
5 min at room temperature. Hematoxylin and eosin (H&E) 
staining was performed using a H&E staining kit (Yeasen 
Biotech Co., Ltd.) according to the manufacturer's instructions. 
Briefly, the sections were stained in hematoxylin for 5 min 
and in eosin solution for 1 min at room temperature. Images 
were obtained using an Olympus IX73 microscope (Olympus 
Corporation). ImageJ software for Windows V 1.52v (NIH) 
was used to quantify the Masson's trichrome positive staining 
area.
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miRNA microarray. Renal miRNA profiles in these animals 
(two samples in each group) were evaluated using an Agilent 
Rat microRNA Microarray 16.0 (Agilent Technologies. Inc.). 
Total renal tissue RNA was extracted using a mirVana™ 
miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.), 
after which an Agilent Bioanalyzer 2100 was used to assess 
the RNA quality based upon the RNA integrity number (RIN) 
statistic. The miRNAs in these samples were then labeled and 
hybridized with a miRNA Complete Labeling and Hyb kit 
(Agilent Technologies, Inc.) based on the provided directions, 
and the Agilent Microarray Scanner and Feature Extraction 
software (v10.7) was used to analyze these slides under default 
settings. The Quantile algorithm was used to normalize the 
resultant raw data with the Gene Spring Software v11.0 (Agilent 
Technologies, Inc.). Shanghai Biotechnology Corporation 
conducted these microarray analyses.

miRNA microarray analysis. Linear models and empirical 
Bayes methods were used to detect differentially expressed 
miRNAs (24), with the thresholds for differential expression 
being the following: P<0.05, false discovery rate (FDR) <0.05 
and fold change (FC) >1.5.

TargetScan (http://www.targetscan.org) was used to 
identify putative miRNA target genes, with the resultant 
miRNA‑gene network being constructed based upon the 
associations between these miRNAs and genes in the Sanger 
microRNA database (http://www.mirbase.org) and on the 
strength of their interactions. This network was constructed as 
an adjacency matrix A=[ai,j], where ai,j represents the relational 
weights of gene ‘I’ and microRNA ‘j’. In the final network, 
squares and circles were used to represent miRNAs and mRNAs, 
respectively, with single edges being used to represent associa‑
tions between miRNAs and target genes. Degree values were 
used to represent centrality within this network, indicating the 
contribution of one miRNA to the surrounding genes such that 
key miRNAs have larger degree values (25).

Reverse transcription‑quantitative PCR (RT‑qPCR). A Qiagen 
miRNeasy Mini kit (Qiagen, Inc.) was used to extract mRNA 
and miRNAs from the samples. Relative gene expression was 
analyzed using the 2‑ΔΔCq method (26), with U6 and β‑actin 
being used to normalize miRNA and mRNA expression, 
respectively. A SYBR‑Green Real‑Time PCR kit (Takara Bio, 
Inc.) was used for qPCR with the following primers: Human 
E‑cadherin forward, 5'‑AAG​ACA​AAG​AAG​GCA​AGG​TT‑3' 
and reverse, 5'‑AAG​AGA​GTG​TAT​GTG​GCA​AT‑3'; human 
α‑smooth muscle actin (α‑SMA) forward, 5'‑GGA​CAT​CAA​
GGA​GAA​ACT​GT‑3' and reverse, 5'‑CCA​TCA​GGC​AAC​TCG​
TAA​CT‑3'; human TβR‑I forward, 5'‑TGT​GAA​GCC​TTG​AGA​
GTA​AT‑3' and reverse, 5'‑TGT​TGA​CTG​AGT​TGC​GAT​AA‑3'; 
and β‑actin forward, 5'‑CAC​GAT​GGA​GGG​GCC​GGA​CTC​
ATC​‑3' and reverse, 5'‑TAA​AGA​CCT​CTA​TGC​CAA​CAC​
AGT​‑3'. Primers for U6 and miRNA were from GeneCopoeia, 
Inc. The cycling conditions were as follows: 95˚C for 30 sec, 
followed by 40 cycles of 95˚C for 5 sec, and 60˚C for 10 sec.

Western blot analysis. RIPA buffer supplemented with a 
complete mini protease inhibitor cocktail and a PhosSTOP 
phosphatase inhibitor cocktail (Roche Diagnostics) was used 
to lyse the HK‑2 cell and renal tissue samples, which were then 

spun for 15 min at 13,000 x g at 4˚C. A BCA assay (Thermo 
Fisher Scientific, Inc.) was then used to assess the protein 
quantities in the collected supernatants, and equal protein 
amounts (30 µg) were separated via 10% SDS‑PAGE prior 
to transfer onto nitrocellulose membranes. Following a 1‑h 
blocking step using 5% non‑fat milk for 1 h at room tempera‑
ture, these blots were probed overnight at 4˚C with primary 
anti‑α‑SMA (1:1,000, ab7817), anti‑E‑cadherin (1:1,000 
ab40772), anti‑Smad3 (1:1,000 ab40854), anti‑p‑Smad3 (1:500 
ab52903), anti‑TβR‑I (1:1,000 ab31013) and anti‑GAPDH anti‑
bodies (1:5,000 ab8245) (Abcam). The blots were then washed, 
incubated with secondary HRP‑conjugated goat anti‑mouse 
antibody (1:5,000, ab97023, Abcam) or goat anti‑rabbit anti‑
body (1:5,000, ab205718, Abcam) for 1 h at room temperature, 
and protein bands were then visualized using an ECL reagent 
(Thermo Fisher Scientific, Inc.), with a Tanon 5200 detection 
system (Tanon Science & Technology Co., Ltd.) being used 
for imaging. Protein band densitometry was quantified using 
ImageJ software for Windows V 1.52v (NIH) and normalized 
to GAPDH.

Immunofluorescence staining. E‑cadherin and α‑SMA 
expression was assessed via immunofluorescence in HK‑2 
cells by plating these cells in 96‑well plates, washing them 
with PBS twice, and then fixing them using 4% paraformal‑
dehyde. Subsequently, 5% BSA in PBS was used to block the 
cells for 30 min at room temperature, after which they were 
incubated with primary anti‑α‑SMA (1:200, ab7817; Abcam) 
and anti‑E‑cadherin (1:50, ab40772; Abcam) antibodies at 
room temperature for 1 h. Cy3‑conjugated goat anti‑rabbit 
secondary antibody (1:200, A10520; Thermo Fisher Scientific, 
Inc.) and FITC‑conjugated goat anti‑mouse secondary anti‑
body (1:200, F2761; Thermo Fisher Scientific, Inc.) were 
then incubated with these cells for 1 h at 37˚C, after which 
Hoechst 33258 (Thermo Fisher Scientific, Inc.) was used for 
nuclear staining at room temperature for 5 min, and a Thermo 
Fisher Scientific ArrayScan HCS reader was used for image 
acquisition, with the Thermo HCS Studio™ 2.0 Cell Analysis 
Program was used for subsequent data analysis.

Statistical analysis. Data are presented as the mean ± SEM. 
GraphPad Prism 7 was used for all statistical analysis. Data 
were compared using Student's t‑tests and one‑way ANOVA 
with Tukey's post hoc analysis, as appropriate. P<0.05 was 
the significance threshold, and all experiments were repeated 
three or more times.

Results

HgCl2 treatment induces renal inflammation and interstitial 
fibrosis. The present study first analyzed the H&E‑stained 
kidney sections from the rats, revealing that HgCl2 treatment 
was associated with renal tubular deformation and mononu‑
clear cell infiltration. This was in sharp contrast to the normal 
glomerul'ar and tubular architecture observed in the control 
animals (Fig. 1A).

Collagen deposition is a key hallmark of tissue fibrosis, 
and can be evaluated via Masson's trichrome staining and 
by measuring hydroxyproline content. Masson's staining 
indicated that HgCl2 treatment resulted in increased collagen 
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deposition (Fig. 1B and C). The renal hydroxyproline content 
was similarly elevated in the HgCl2‑treated rats compared 
with the controls (Fig. 1D).

α‑SMA is a marker of ECM‑secreting myofibroblasts, 
and it was found that HgCl2 treatment significantly enhanced 
α‑SMA expression at the protein and mRNA level (Fig. 1E‑G), 
thus confirming that this treatment was linked to an enhanced 
renal myofibroblast activation.

Identification of key differentially expressed miRNAs associ‑
ated with HgCl2‑induced RIF. Using an array‑based approach, 
40 miRNAs that were differentially expressed between the 
control and RIF model animals were identified, of which 17 
and 23 were downregulated and upregulated, respectively 
(Fig. 2A). TargetScan was used to predict target genes for 
these miRNAs and a miRNA‑gene network based upon 
predicted interactions among these miRNAs and genes was 
then constructed using the Sanger miRNA database (Fig. 2B). 
The degree metric was used to determine centrality within 
this network, reflecting the degree to which a given miRNA 
contributes to the regulation of the surrounding genes, with key 
miRNAs having a larger degree value (25). The top 10 most 
central miRNAs within this network included four downregu‑
lated miRNAs (miR‑101a, miR‑107, miR‑194 and miR‑142‑3p, 
with respective degree values of 102, 63, 48 and 43) and six 

upregulated miRNAs (miR‑27a, let‑7i, miR‑34a, miR‑214, 
miR‑199a‑3p and miR‑21, with respective degree values of 
170, 126, 93, 76, 60 and 42) (Fig. 2C).

miR‑101 is downregulated in fibrotic kidney tissue and 
TGF‑β1‑treated HK‑2 cells. Given that miR‑101 was among 
the most significantly downregulated miRNAs in the 
miRNA‑mRNA network  (Fig. 2C), the present study then 
explored the role of this miRNA in the context of RIF. First 
it was confirmed that miR‑101 downregulation was evident in 
the HgCl2‑treated fibrotic kidney tissue by RT‑qPCR, in line 
with the microarray findings (Fig. 3A).

Renal tubular EMT is a key driver of the development of 
RIF (27). The present study therefore explored this process 
in vitro by treating HK‑2 cells with TGF‑β1. Consistent with the 
successful EMT induction, TGF‑β1 treatment resulted in both 
the loss of epithelial E‑cadherin expression and the upregu‑
lation of mesenchymal α‑SMA expression in HK‑2 cells, as 
confirmed by western blot analysis (Fig. 3C‑E). Additionally, 
miR‑101 expression was assessed in these cells by RT‑qPCR, 
and it was confirmed that this miRNA was downregulated in 
the context of TGF‑β1‑induced EMT (Fig. 3B).

miR‑101 inhibits TGF‑β1‑induced EMT in HK‑2 cells. 
HK‑2 cells were then transfected with a miR‑101 mimic or a 

Figure 1. HgCl2 induces renal inflammation and interstitial fibrosis in rats. (A) Representative H&E‑stained renal tissues. (B) Representative Masson's 
trichrome‑stained tissues used to analyze RIF. (C) Quantification of Masson's trichrome positive staining area in renal tissue samples. (D) Renal hydroxypro‑
line levels were measured using the method by Jamall et al (23). (E) Renal α‑SMA levels were assessed via western blot analysis. (F) α‑SMA levels in western 
blots were quantified via densitometry and were normalized to GAPDH. (G) Renal α‑SMA mRNA expression was assessed by RT‑qPCR. HgCl2, mercury 
chloride; RIF, renal interstitial fibrosis; α‑SMA, α‑smooth muscle actin; Hyp, hydroxyproline. 
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corresponding control construct, after which these cells were 
treated with TGF‑β1. As was expected, miR‑101 mimic trans‑
fection was associated with a significant increase in miR‑101 
expression, whereas TGF‑β1 treatment decreased miR‑101 
expression (Fig. 4A).

When the effects of miR‑101 on TGF‑β1‑induced EMT 
were evaluated in these HK‑2 cells, it was found that miR‑101 
mimic transfection resulted in an increased E‑cadherin 
expression at the protein (Fig. 4B‑E) and mRNA (Fig. 4F) 
level, along with a decreased α‑SMA protein (Fig. 4B‑E) and 
mRNA (Fig. 4F) expression, consistent with the suppression of 
EMT in these cells.

miR‑101 knockdown promotes TGF‑β1‑induced EMT in 
HK‑2 cells. The present study then assessed the effects of 
miR‑101 downregulation on TGF‑β1‑induced EMT in HK‑2 
cells by transfecting the cells with a miR‑101 inhibitor prior 
to TGF‑β1 treatment, resulting in a significant knockdown of 
miR‑101 expression (Fig. 5A). This inhibition of miR‑101 was 
associated with a significant decrease in E‑cadherin protein 

(Fig. 5B, C, E and F) and mRNA (Fig. 5D) expression, while 
α‑SMA protein (Fig. 5, C, E and F) and mRNA (Fig. 5D) 
expression increased significantly in these cells. These 
results thus revealed that miR‑101 downregulation enhanced 
TGF‑β1‑induced EMT in these HK‑2 cells.

Effect of miR‑101 on TβR‑I and Smad3 expression in HK‑2 
cells. Previous studies have identified TβR‑I as a miR‑101 
target gene (21,28). The present study thus assessed the effects 
of miR‑101 on TβR‑I expression in the TGF‑β1‑treated HK‑2 
cells. This approach revealed that TGF‑β1 treatment enhanced 
TβR‑I expression, whereas miR‑101 mimic transfection inhib‑
ited its expression (Fig. 6A and B). By contrast, transfection 
with miR‑101 inhibitor was associated with an increased TβR‑I 
expression in the TGF‑β1‑treated HK‑2 cells (Fig. 6D and E).

The TGF‑β1/Smad pathway serves to facilitate canonical 
TGF‑β1 signaling within cells, with Smad3 phosphoryla‑
tion being a key step in this pathway (29). The present study 
confirmed, by western blot analysis, that miR‑101 mimic 
transfection was associated with a decreased Smad3 

Figure 2. Identification of key differentially expressed miRNAs associated with HgCl2‑induced renal interstitial fibrosis. (A) Data from a miRNA microarray 
comparing expression levels between control and RIF model rats were arranged in a heatmap. The color scale indicates the expression level of the miRNA, with 
green and red colors indicating low and high expression, respectively. (B) A miRNA‑gene network was constructed, with squares and circles corresponding 
to miRNAs and genes, respectively. Associations between these network elements are represented by edges, with network centrality corresponding to degree 
values. (C) The degree values for the 10 top miRNAs within this network, with miR‑101 being identified as the most significant downregulated miRNA in this 
disease context. The red square represents miRNA and the green circle represents mRNA. HgCl2, mercury chloride. 
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phosphorylation (Fig. 6A and C), whereas the inhibition of 
miR‑101 exerted the opposite effect in TGF‑β1‑treated HK‑2 
cells (Fig. 6D and F).

TβR‑I inhibition impairs TGF‑β1‑induced EMT and the effect 
of miR‑101 inhibition on HK‑2 cells. In an effort to more 
fully assess whether miR‑101 targets TβR‑I to suppress the 
EMT process in HK‑2 cells, the present study then assessed 
whether the effect of miR‑101 inhibitor transfection on EMT 
was disrupted when the cells were treated with the potent 
TβR‑I inhibitor, SB‑431542 (30). As was expected, SB‑431542 
markedly impaired TGF‑β1‑induced EMT in the HK‑2 cells, 
enhancing E‑cadherin expression and suppressing α‑SMA 
expression (Fig. 7A and B). When the cells were treated with 
SB‑431542, this ablated the effects of miR‑101 inhibitor 

transfection on EMT‑related phenotypes (Fig. 7A and B), indi‑
cating that miR‑101 targets TβR‑I to inhibit TGF‑β1‑induced 
EMT. When TβR‑I protein expression was assessed, it was 
confirmed that SB‑431542 treatment markedly decreased 
TβR‑I protein expression, whereas miR‑101 inhibitor treat‑
ment did not further affect the TβR‑I protein levels in these 
SB‑431542‑treated HK‑2 cells (Fig. 7C and D).

Discussion

A number of studies to date have highlighted the roles played by 
miRNAs in the context of both pathological and physiological 
processes (5). Specific miRNAs have been found to regulate 
renal development, homeostasis and the pathology of RIF as 
well as other diseases (6,31). While the general etiology of RIF 
has been thoroughly studied, the specific regulatory roles of 
individual miRNAs in this disease context remain to be fully 
elucidated. By further studying the ability of these miRNAs to 
influence RIF progression, it may be possible to identify novel 
approaches to preventing or treating this condition.

Herein, a previously described HgCl2‑induced rat model 
of RIF was employed (8,32). By analyzing renal tissues from 
these animals, 17 and 23 miRNAs were identified that were 
downregulated and upregulated, respectively, in fibrotic kidney 
tissue samples relative to the control kidney samples. Through 
bioinformatics analyses, the 10 most critical of these miRNAs 
were then identified, including four that were downregulated 
(miR‑101, miR‑107, miR‑194 and miR‑142‑3p) and six that were 
upregulated (miR‑27a, let‑7i, miR‑34a, miR‑214, miR‑199a‑3p 
and miR‑21) in fibrotic renal tissue. The majority of these 
miRNAs have previously been linked to renal diseases, such 
as RIF. For example, Hou et al (33) found miR‑27a to suppress 
peroxisome proliferator‑activated receptor‑γ signaling and to 
thereby promote RIF, whereas miR‑34a has been shown to 
regulate Klotho expression in tubular epithelial cells, thereby 
controlling RIF (34), while also inducing the apoptotic death 
of these cells  (35). There is also evidence to indicate that 
miR‑214 is upregulated in the context of renal injury, and the 
knockdown of this miRNA is sufficient to attenuate unilateral 
ureteral obstruction (UUO)‑induced RIF  (36). miR‑21 is 
among the most well‑characterized miRNAs associated with 
fibrosis in a range of tissue types (37‑39). In healthy renal 
tissue, minimal miR‑21 expression is observed, whereas it is 
significantly upregulated in the context of RIF, wherein it can 
target PTEN and peroxisome proliferator‑activated receptor‑α 
to promote fibrotic progression  (38). These findings thus 
confirm that HgCl2 induces a model of RIF similar to that 
induced by a UUO‑based approach, while also confirming the 
reliability of our miRNA array findings.

Using bioinformatics analyses, the present study identified 
miR‑101 as the most downregulated miRNA in the rat model 
of HgCl2‑induced RIF. This miRNA has previously been 
reported to play roles in other fibrotic processes, including liver 
fibrosis (9,10), pulmonary fibrosis (11), cardiac fibrosis (12,13), 
bladder fibrosis (14) and cystic fibrosis (15); however, its impor‑
tance in the context of RIF has not been well‑characterized. 
As such, the present study explored its role in this pathological 
setting. Renal tubular EMT is a key step in RIF progression (40), 
and is characterized by tubular cells undergoing a shift from an 
epithelial‑like to a mesenchymal‑like phenotype, whereupon 

Figure 3. miR‑101 downregulation is evident in both the RIF model renal 
tissue and TGF‑β1 treated HK‑2 cells. (A) RT‑qPCR was used to assess 
miR‑101 expression in renal tissues. (B)  RT‑qPCR was used to assess 
miR‑101 expression in TGF‑β1‑treated HK‑2 cells. (C) RT‑qPCR was used 
to assess E‑cadherin and α‑SMA expression in TGF‑β1‑treated HK‑2 cells. 
(D) Western blot analysis was used to assess E‑cadherin and α‑SMA protein. 
(E) Densitometric quantification of the results in (D), with GAPDH used 
for normalization. RIF, renal interstitial fibrosis; α‑SMA, α‑smooth muscle 
actin; TGF‑β1, transforming growth factor‑β1. 
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these cells are able to produce high levels of ECM components 
and to thereby drive RIF pathogenesis (8). TGF‑β1 is the most 
well‑studied inducer of EMT (41), which is also downregulated 
in HgCl2‑induced RIF (8,32), and as such, this was utilized 
in the present study to induce this process in HK‑2 cells. In 
line with the findings in vivo, a reduced miR‑101 expression 
was observed in the cells following TGF‑β1 treatment. When 
miR‑101 was overexpressed in these same cells, it was found 
that this reversed TGF‑β1‑induced EMT, whereas miR‑101 
inhibition exerted the opposite effect. Taken together, these 
findings highlight miR‑101 as an inhibitor of tubular EMT.

The TGF‑β1/Smad pathway is an essential mediator 
of EMT progression that is initiated upon the binding of 

TGF‑β1 to the cell surface TβR‑II molecule, in turn resulting 
in TβR‑I activation, Smad2/3 phosphorylation and nuclear 
translocation and altered gene expression. Previous research 
has demonstrated that miR‑101 can suppress fibrosis owing 
to its ability to target TβR‑I and to thereby suppress TGF‑β1 
signaling (21). In line with this finding, the present study deter‑
mined that miR‑101 was able to inhibit EMT progression via 
downregulating TβR‑I, as miR‑101 overexpression disrupted 
TGF‑β1‑induced TβR‑I mRNA and protein expression. The 
TGF‑β1/Smad pathway is an essential mediator of canonical 
TGF‑β1 signaling (29), with Smad3 phosphorylation being a 
key component of this process. Consistently, it was determined 
that miR‑101 was able to inhibit TGF‑β1‑induced Smad3 

Figure 4. miR‑101 inhibits TGF‑β1‑induced EMT in HK‑2 cells. (A) miR‑101 expression was quantified in HK‑2 cells. (B) Levels of E‑cadherin and α‑SMA in 
HK‑2 cells were measured by western blot analysis. (C) Densitometric quantification of data in (B), with GAPDH used for normalization. (D) E‑cadherin and 
α‑SMA expression as assessed by immunofluorescence. (E) E‑cadherin and α‑SMA staining intensity was quantified using the Thermo HCS StudioTM 2.0 
Cell Analysis Program. (F) RT‑qPCR was used to assess E‑cadherin and α‑SMA mRNA expression. NC, negative control; T, TGF‑β1; mimic, miR‑101 mimic; 
EMT, epithelial‑to‑mesenchymal transition; α‑SMA, α‑smooth muscle actin; TGF‑β1, transforming growth factor‑β1. 
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phosphorylation in HK‑2 cells, suggesting that this miRNA 
can suppress TGF‑β1/Smad3 signaling. Taken together, these 
findings demonstrate that miR‑101 can control TβR‑I expres‑
sion so as to suppress TGF‑β1 signaling.

To confirm these results, the cells were additionally treated 
with the potent TβR‑I inhibitor, SB‑431542. As was expected, 
SB‑431542 suppressed TGF‑β1 induced EMT in HK‑2 cells. 
When cells were treated with this TβR‑I inhibitor, the ability 
of miR‑101 inhibition to impact EMT phenotypes was ablated, 
thus confirming that miR‑101 ablates TGF‑β1‑induced EMT by 
directly targeting TβR‑I. Recently, Zhao et al (42) also found 
that miR‑101 inhibited acute kidney injury‑chronic kidney 
disease transition by inhibiting the EMT process. The results 

of the present study revealed that miR‑101 expression was 
downregulated in a rat renal fibrosis model, confirming that 
miR‑101 may be important in different rodent renal diseases 
model. In an in vitro study, Zhao et al (42) found that miR‑101 
overexpression using miR‑101 mimic inhibited EMT. Apart 
from the gain‑of function experiment, in the present study, it 
was further confirmed that the downregulation of miR‑101 
using miR‑101 inhibitor promoted the process of EMT. Taken 
together, the results further verified the key role of miR‑101 in 
kidney diseases, and suggested that it may be a potential target 
for the treatment of renal fibrosis.

In conclusion, the findings of the present study highlight 
miR‑101 as a key miRNA associated with HgCl2‑induced RIF. 

Figure 5. miR‑101 inhibition enhances TGF‑β1‑induced EMT in HK‑2 cells. A miR‑101 inhibitor was transfected into HK‑2 cells, which were then treated 
with TGF‑β1, (A) and miR‑101 expression was quantified. (B) E‑cadherin and α‑SMA expression as assessed by immunofluorescence. (C) E‑cadherin and 
α‑SMA staining intensity as quantified using the Thermo HCS StudioTM 2.0 Cell Analysis Program. (D) RT‑qPCR was used to assess E‑cadherin and 
α‑SMA mRNA expression. (E) E‑cadherin, and α‑SMA levels in HK‑2 cells were assessed by western blot analysis. (F) Densitometric quantification of the 
data in (D), with GAPDH used for normalization; NC, negative control; T, TGF‑β1; inhibitor, miR‑101 inhibitor; α‑SMA, α‑smooth muscle actin; TGF‑β1, 
transforming growth factor‑β1. 
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Figure 6. Effect of miR‑101 on TβR‑I and Smad3 in HK‑2 cells. (A) TβR‑I, Smad3 and p‑Smad3 levels were assessed by western blot analysis in HK‑2 cells 
following miR‑101 mimic transfection. (B) Densitometric quantification of TβR‑I and Smad3, with GAPDH being used for normalization. (C) Ratio of 
p‑Smad3 vs. Smad3. (D) TβR‑I, Smad3 and p‑Smad3 levels were assessed by western blot analysis in HK‑2 cells following miR‑101 inhibitor transfection. 
(E) Densitometric quantification of TβR‑I and Smad3, with GAPDH being used for normalization. (F) Ratio of p‑Smad3 vs. Smad3. NC, negative control; 
T, TGF‑β1; mimic, miR‑101 mimic; inhibitor, miR‑101 inhibitor; α‑SMA, α‑smooth muscle actin; TGF‑β1, transforming growth factor‑β1. 

Figure 7. Effect of miR‑101 inhibition on TβR‑I inhibitor‑treated HK‑2 cells. (A) E‑cadherin and α‑SMA expression were assessed by immunofluorescence 
staining. (B) data in (A) were quantified using the Thermo HCS StudioTM 2.0 Cell Analysis Program. (C) TβR‑I expression in HK‑2 cells was assessed by 
western blot analysis. (D) Densitometric quantification of the data in (C), with GAPDH used for normalization. NC, negative control; T, TGF‑β1; inhibitor, 
miR‑101 inhibitor; α‑SMA, α‑smooth muscle actin; TGF‑β1, transforming growth factor‑β1. 
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It was found that this miRNA can suppress renal tubular EMT 
by targeting TβR‑I and thereby inhibiting TGF‑β1 signaling, 
thus indicating that miR‑101 may be a viable target for treating 
RIF, although further research is required needed to confirm 
this hypothesis.
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