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Abstract. Transient receptor potential (TRP) cation channels 
are essential for normal cellular physiology, and their abnormal 
expression may lead to a number of disorders, including podo-
cytopathy. Therefore, it is crucial to understand the mechanisms 
underlying the regulation of TRP channels. In the present study, 
microRNA (miR)-135a was found to be upregulated in patients 
with focal segmental glomerulosclerosis and mice treated 
with adriamycin (ADR). In cultured podocytes, transforming 
growth factor (TGF)-β and ADR were found to promote 
miR-135a expression. Conversely, TRP channel 1 (TRPC1) 
protein levels were markedly downregulated in podocytes 
from mice treated with ADR, as well as in cultured podocytes 
treated with ADR and TGF-β. Ectopic expression of miR-135a 
led to severe podocyte injury and disarray of the podocyte 
cytoskeleton, whereas podocyte-specific expression of TRPC1 
was able to reverse the pathological effects of miR-135a in 
cultured podocytes. Moreover, using Luciferase reporter assays 
and western blot analysis, TRPC1 was identified as a target 
gene of miR-135a. To the best of our knowledge, this is the first 
study to demonstrate the role of TRPC1 in the development of 
podocyte injury and disorders of the podocyte cytoskeleton, 
which may contribute to the development of novel therapeutics 
for podocyte injury-associated kidney diseases.

Introduction

Transient receptor potential (TRP) proteins are non- selective 
cation channels performing numerous roles as versatile cellular 
sensors and effectors (1). The TRP superfamily consists of 
33 channels, which are divided into seven families: TRPC, 
TRPM, TRPV, TRPA, TRPP, TRPML and TRPN. Apart from 
the TRPN channels, all TRP families are expressed in humans 

and are associated with diverse conditions, such as neuro-
logical, cardiological, pulmonary, renal, dermatological and 
urological diseases (1). TRPC1, the founding member of the 
TRPC family, was the first cloned mammalian TRP protein, 
but its molecular function as a channel in the development of 
kidney disease, particularly podocytopathy, remains obscure.

Podocytopathy, including podocyte injury and loss, is a 
major pathological mechanism underlying glomerular scle-
rosis (2). Although numerous signaling pathways have been 
implicated in podocyte damage (3,4), it has been demonstrated 
that microRNAs are necessary for podocyte homeostasis, 
with podocyte-selective deletion of dicer, an enzyme that 
generates microRNAs (5), promoting podocyte injury (6,7). 
More recently, several microRNAs, including miR-193a (8), 
miR-29a (9), the miR-30 family (10,11) and the miR-135 
family (12), have been implicated in podocyte injury.

The miR-135 family is evolutionarily highly conserved 
and comprises two members, miR-135a and miR-135b. It has 
been reported that miR-135a functions as a tumor suppressor 
gene in gastric (13), prostate (14) and renal cancer (15), and 
malignant glioma cells (16). However, other studies recently 
demonstrated that miR-135a acts as a tumor-promoting gene 
involved in the development of several cancers, including the 
pathogenesis of colorectal cancer (17), the promotion of pacli-
taxel resistance in non-small-cell lung cancer (18), and the 
facilitation of growth and invasion in colorectal cancer (19). 
In addition, it was demonstrated that ectopic expression of 
miR-135 family members may induce actin fiber disrup-
tion (12), suggesting that miR-135a is involved in podocyte 
actin fiber and cytoskeletal stability via an undetermined 
mechanism. Despite promising findings, the precise function 
of the miR-135a remains largely unknown, particularly in 
podocyte injury-associated renal diseases.

The aim of the present study was to determine the role and 
mechanisms of action of miR-135a and TRPC1 in podocyte 
injury, and to elucidate the mechanisms underlying this type 
of injury. miR-135a was found to be overexpressed in patients 
with focal segmental glomerular sclerosis (FSGS) and in 
models of podocyte injury; in addition, the ectopic expression 
of miR-135a promoted podocyte injury by downregulating 
TRPC1 expression. Our findings originally demonstrated that 
miR-135a and TRPC1 play an important role in podocyte 
injury, and may provide novel insight into the understanding of 
the molecular mechanisms underlying podocyte injury, which 
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may be crucial for the development of novel therapeutic agents 
for the treatment of podocytopathy.

Materials and methods

Human samples. A total of 3 patients with FSGS were diag-
nosed by renal biopsy at the Department of Nephrology of the 
First Affiliated Hospital of Chongqing Medical University 
(Chongqing, China). The control group comprised patients 
with kidney rupture following incidents of violence or traffic 
accidents. The glomeruli were collected from the renal tissues 
using the sieving technique, as previously described (20), 
placed in TRIzol reagent (Ambion, Austin, TX, USA) and 
stored at -70˚C for RNA extraction and molecular analysis. 
Human subject research approval was granted by the Ethics 
Committee of the First Affiliated Hospital of Chongqing 
Medical University. All the participants enrolled in this study 
provided written informed consent.

Animal experiments. The use of animals in the present study 
was approved by the Ethics Committee of the First Affiliated 
Hospital of Chongqing Medical University. BALB/c mice 
(6-7 weeks old, weighing 24-28 g, n=60) were used to create the 
adriamycin (ADR)-induced podocyte injury model. The models 
were generated by administration of an intravenous injection of 
ADR (10.5 mg/kg; Sigma-Aldrich; Merck KGaA, St. Louis, MO, 
USA) as previously described (21,22). For the control group, the 
mice received an equivalent volume of normal saline. The mice 
were sacrificed by cervical vertebral dislocation on days 4, 7, 
11, 15 and 20 following the administration of ADR or normal 
saline. In total, there were 10 groups (5 ADR-treated groups 
and 5 normal saline-treated groups) with 6 mice in each; one 
ADR-treated group and one normal saline-treated group were 
sacrificed at the indicated time points (4, 7, 11, 15 and 20 days). 
The glomeruli were isolated from the kidneys using the sieving 
technique, as previously described (20), and were snap-frozen in 
liquid nitrogen for RNA and protein extraction.

Cell culture and treatment. The mouse podocyte cell 
line 5 (MPC5) was used, and the cells were cultured as 
previously described (23). In brief, the cells were cultured at 
33˚C (10 U/ml of interferon-γ) with 5% CO2 and were differ-
entiated at 37˚C (free interferon-γ) with 5% CO2 in RPMI 
Dutch-modified medium (Invitrogen; Thermo Fisher Scientific, 
Carlsbad, CA, USA) supplemented with 10% v/v fetal calf 
serum (Gibco-BRL; Thermo Fisher Scientific, Carlsbad, CA, 
USA). 293T cells were cultured in Dulbecco's modified Eagle's 
medium (Invitrogen; Thermo Fisher Scientific) supplemented 
with 10% v/v fetal bovine serum at 37˚C with 5% CO2. 
Depending on the experimental setup, the MPC5 cells were 
treated with different doses of ADR and transforming growth 
factor (TGF)-β. For transient transfection of miRNA mimics 
and plasmid DNA, Lipofectamine 3000 reagent (Invitrogen; 
Thermo Fisher Scientific, Grand Island, NY, USA) was used, 
according to the manufacturer's instructions.

Bioinformatics analysis. Predicted miR-135a targets were 
obtained from miRwalk (www.umm.uni-heidelberg.de/apps/
zmf/mirwalk), miRanda (www.microrna.org/microrna/home.
do) and TargetScan (www.targetscan.org/).

Plasmid construction. Genomic DNA fragments containing 
the 3' untranslated region (UTR) of TRPC1 were prepared 
by the amplification of genomic DNA, cloned onto the 
pcDNA3.1-Luc reporter vector and verified by sequencing. 
For the wild-type construct, the seed sequence was wild-type. 
For the mutant construct, the seed sequence was mutated. The 
TRPC1 coding sequence (CDS) was obtained by polymerase 
chain reaction (PCR) and cloned into the pcDNA3.1(+) plasmid. 
The sequences of the primers used are listed in Table I.

Luciferase assays. miR-135a mimics and miRNA mimics 
negative control were purchased from RiboBio Co., Ltd.
(Guangzhou, China). Luciferase assays were conducted as 
previously described (24). In brief, the 293T cells were cultured 
in 24-well plates and transfected with 500 ng of the reporter 
vector, 50 ng of pRL-CMV and 50 nM of miR-135a mimics 
or the miRNA mimics negative control (RiboBio Co., Ltd.) 
using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher 
Scientific). According to the dual-Luciferase assay system 
manufacturer's instructions (Promega, Madison, WI, USA), 
the Firefly and Renilla Luciferase activities were measured at 
36-48 h after transfection.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). Total RNA was extracted 
from the cultured cells and renal tissue with TRIzol reagent 
(Ambion), according to the manufacturer's instructions. cDNA 
was synthesized from 5 ng of total RNA with the RevertAid 
First Strand cDNA synthesis kit (Fermentas, Burlington, ON, 
Canada). RT-qPCR for the detection of miR-135a was performed 
using miR-135a-specific PCR primers (RiboBio Co., Ltd.) with 
the RevertAid First Strand cDNA Synthesis kit (Fermentas) and 
SYBR Premix Ex Taq™ II (Takara, Dalian, China) according to 
the manufacturers' instructions, with U6 as the internal control. 
The sequences of the primers used in RT-qPCR are presented 
in Table II. 18S was used as the internal control.

Protein extraction and western blot analysis. Total protein 
was extracted from the MPC5 cells and isolated glomeruli 
using radioimmunoprecipitation assay lysis buffer (Beyotime, 
Jiangsu, China) according to the manufacturer's instructions. 
Western blot analysis was performed with a standard method, as 
previously described (25). The antibodies used were as follows: 
Rabbit anti-desmin (1:1,000; sc-14026), rabbit anti-snail 
(1:1,000; sc-28199), rabbit anti-TRPC1 (1:1,000; sc-28199), 
rabbit anti-Wilms tumor 1 (WT1; 1:500; sc-192), rabbit anti-E-
cadherin (1:1,000; sc-7870), mouse anti-β-tubulin (1:3,000; 
sc-80011), goat anti-rabbit IgG-HRP (1:3,000; sc-2004), goat 
anti-mouse IgG-HRP (1:3,000; sc-2005) (all from Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and rabbit 
anti-nephrin (1:2,000; ab136894; Abcam, Cambridge, MA, 
USA). Images were captured with a SPOT CCD camera 
(Diagnostic, Sterling Heights, MI, USA). For the quantitative 
analysis of the western blots, the protein band intensities were 
quantified using ImageJ software and β-tubulin was used as 
the internal control.

F-actin cytoskeleton staining and immunofluorescence 
staining. Rhodamine-labeled phalloidin (diluted in phos-
phate-buffered saline (PBS) containing 5% bovine serum 
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albumin, 1:1,000; Sigma-Aldrich; Merck KGaA) was used to 
strain F-actin according to the manufacturer's instructions. 
Images were captured with a SPOT CCD camera (Diagnostic).

Flow cytometric analysis of apoptosis via Annexin V staining. 
After treatment, the cultured podocytes were collected and 
washed with ice-cold PBS twice, resuspended in 200 µl binding 
buffer, and then incubated with FITC-conjugated Annexin V 
(final concentration, 0.5 µg/ml) for 15 min at room tempera-
ture. Subsequently, the cells were again washed with ice-cold 
PBS, centrifuged, and resuspended in 500 µl binding buffer. 
Finally, 50 µg/ml propidium iodide was used to stain the cells 
at room temperature for 5 min, followed by flow cytometric 
analysis using a FACScan flow cytometer and CellQuest soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. All the data are presented as means ± stan-
dard deviation. The two-tailed Student's t-test was employed 
to indicate whether two sets of data (groups) differed signifi-
cantly using GraphPad Prism 5 software (GraphPad Software, 

Inc., La Jolla, CA, USA). P-values <0.05 and <0.01 were 
considered statistically significant and highly statistically 
significant, respectively. All the experiments were performed 
at least 3 times.

Results

Enhanced miR-135a expression in podocyte injury. To inves-
tigate whether miR-135a is involved in the pathogenesis of 
podocyte injury, glomeruli were first isolated from 3 patients 
with FSGS, whose podocytes were severely damaged, and 
from 3 patients who had suffered kidney rupture due to inci-
dents of violence or traffic accidents. The ruptured kidney 
samples were used as controls. miR-135a expression was 
examined by RT-qPCR in the glomeruli from these patients 
and, as indicated in Fig. 1A, miR-135a was highly expressed 
in the glomeruli of FSGS patients compared with those of 
controls. Furthermore, a mouse model was established by 
intravenous injection of ADR (10.5 mg/kg), which is a widely 
recognized model of podocyte injury (21,22), and the expres-
sion of miR-135a was then detected in the isolated glomeruli. 
The expression level increased significantly as early as day 4 
following the injection of ADR. On day 15 following treatment 
with ADR, the miR-135a expression level improved by ~3-fold. 
Additionally, the expression level of miR-135a was measured in 
in vitro models of ADR-induced and TGF-β-induced podocyte 
injury. As illustrated Fig. 1C-F, treatment with ADR increased 
the expression of miR-135a in cultured MPC5 cells in a 
dose-dependent manner [24 h after ADR treatment (Fig. 1C)], 
as well as in a time-dependent manner [5 µg̸ml ADR treat-
ment (Fig. 1D)]. Similarly, TGF-β enhanced the expression 
level of miR-135a in a dose-dependent manner [24 h after 
TGF-β treatment (Fig. 1E)], as well as in a time-dependent 
manner [5 ng̸ml TGF-β treatment (Fig. 1F)] in cultured MPC5 
cells. Thus, these data clearly demonstrated that miR-135a was 
upregulated in podocyte injury models and glomeruli isolated 
from patients with FSGS.

miR-135a promotes podocyte injury and apoptosis. As shown 
in Fig. 1, our results demonstrated that miR-135a expression was 
upregulated in podocyte injury. We then determined whether the 
increased expression of miR-135a was functionally significant 
in podocyte damage. miR-135a mimics and miRNA mimics 
negative control were transfected into the cultured MPC5 cells. 
As indicated in Fig. 2A and B, the protein expression levels 
of desmin and Snail, two markers associated with podocyte 
injury, were significantly increased in the cells transfected with 
miR-135a mimics compared with the cells transfected with 
miRNA mimics negative control. However, the expression of 
functional markers, such as nephrin, WT1 and E-cadherin, 
was inhibited by miR-135a mimics (Fig. 2A and B). To further 
support the hypothesis of the damaging effect of miR-135a on 
podocytes, at 48 h following miR-135a mimics transfection 
into MPC5 cells, the podocyte cytoskeleton was examined 
by means of fluorescein-conjugated phalloidin staining, and it 
was observed that the stress fibres in podocytes were severely 
reduced in number and disordered (Fig. 2C). The podocytes of 
cells transfected with miR-135a mimics also exhibited signifi-
cantly increased levels of apoptosis compared with miRNA 
negative-transfected control cells (Fig. 2D). Furthermore, the 

Table I. Sequences of the PCR primers for construction.

Name Primer sequences

TRPC1 3'UTR
  Sense 5'-TGTATTTGCATACTTGCAA-3'
  Antisense 5'-GAGGGAACACTTAAACCTG-3'
TRPC1 3'UTR
(mutant)
  Sense 5'-TGTATTTGCATACTTGCAA-3'
 5'-CAATTACACATACGGCTTTCTT-3'
  Antisense 5'-AAGAAAGCCGTATGTGTAATTG-3'
 5'-GAGGGAACACTTAAACCTG-3'
TRPC1 CDS
  Sense 5'-ATGGGGGCCCCGCCTCCGTCT-3'
  Antisense 5'-TTAATTTCTTGGATAAAACATAG-3'

PCR, polymerase chain reaction; TRPC1, transient receptor potential 
channel 1; UTR, untranslated region; CDS, coding sequence.

Table II. Sequences of RT-PCR primers.

  Product 
Name Primer sequences size (bp)

TRPC1
  Sense 5'-GGATTATTGGGATGATTTG-3' 143
  Antisense 5'-GTGAGCCACCACTTTGAG-3'
18S
  Sense 5'-GTAACCCGTTGAACCCCATT-3' 151
  Antisense 5'-CCATCCAATCGGTAGTAGCG-3'

RT-PCR, reverse trancription-polymerase chain reaction; TRPC1, 
transient receptor potential channel 1.
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ectopic expression of miR-135a improved the protein expres-
sion level of activated caspase-3 (Fig. 2A and B). These date 
clearly indicated that miR-135a enhances podocyte injury and 
promotes podocyte apoptosis.

The expression level of TRPC1 was downregulated in 
podocyte injury. In order to further elucidate the molecular 
mechanisms underlying miR-135a-induced podocyte 
injury, the targets of miR-135a were predicted by online 
miRNA target prediction programmes, such as TargetScan 
(www.targetscan.org) PicTar (http://pictar.mdc-berlin.de) 
and miRanda (www.microrna.org), suggesting that miR-135a 
possessed a highly conserved binding site in the 3'UTR of 

TRPC1 (Fig. 3A). Subsequently, the expression level of 
TRPC1 was investigated. As shown in Fig. 3B and C, TRPC1 
expression was severely inhibited in the glomeruli isolated 
from ADR-induced podocyte injury mouse models; on day 20 
following ADR injection, the expression level of TRPC1 
had decreased by 75% compared with the control group. In 
cultured MPC5 cells, the expression level of TRPC1 was 
reduced by ADR and TGF-β (Fig. 3D and E).

miR-135a directly targets TRPC1 3'UTR and inhibits TRPC1 
expression. In order to further validate the results of bioin-
formatics analysis, mouse TRPC1 3'UTR was cloned into the 
pcDNA3.1-Luciferase reporter vector, generating a mutant 

Figure 1. miR-135a is upregulated in podocyte injury. (A) Quantification by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) of 
miR-135a in the isolated glomeruli from 3 patients with focal segmental glomerulosclerosis (FSGS) and 3 patients with kidney rupture (control). (B) RT-qPCR 
analysis of miR-135a expression in the glomeruli isolated from BALB/c mice treated with adriamycin (ADR; 10.5 mg/kg) at different time points after the 
injection [n=3, means ± standard deviation (SD)]. (C and D) The miR-135a expression level was measured in the cultured mouse podocyte cell line 5 (MPC5) 
treated with ADR (C) at different doses and (D) for different periods of time. (E and F) Quantification of miR-135a in MPC5 cells treated with transforming 
growth factor (TGF)-β (E) at different doses and (F) for different periods of time. The data are expressed as mean + SD of three independent experiments. 
*P<0.05 and **P<0.01 indicate statistically significant and highly statistically significant differences, respectively, compared with the controls. NO1, patient 
number 1; NO2, patient number 2; NO3, patient number 3.
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reporter vector in which the putative miR-135a binding site 
AAA GCC AU in the TRPC1 3'UTR was mutated into ATA 
CGG CTU (Figs. 3A and 4A and B). Luciferase reporter assays 
were conducted in HEK293T cells to determine whether 
miR-135a significantly repressed TRPC1 transcript levels. The 
results revealed that Luciferase expression was significantly 
suppressed in the group transfected with the miR-135a mimics 
compared with miRNA mimics negative control group, while 

mutations of the miR-135a-binding sites reversed the suppres-
sion of Luciferase expression (Fig. 4C). Moreover, the effect 
of miR-135a on TRPC1 expression was also examined, and 
the results indicated that miR-135a inhibited the expression of 
TRPC1 at the protein as well as at the mRNA level (Fig. 4D-F). 
Taken together, these results demonstrated that miR-135a 
directly binds to the 3'UTR of TRPC1 and inhibits TRPC1 
expression.

Figure 2. Ectopic expression of miR-135a led to severe podocyte injury. (A) The changes in the expression levels of nephrin, Wilms tumor 1 (WT1), E-cadherin, 
desmin, Snail and activated caspase-3 were determined by western blot analysis in the cultured MPC5 cells treated with miR-135a mimics. (B) Quantitative 
analysis of the results of western blot analysis. (C) Effects of miR-135a on cytoskeletal stabilization in podocytes. Scale bar, 10 µm. (D) MPC5 cell apoptosis 
was detected by flow cytometry following transfection of miR-135a mimics. *P<0.05 and **P<0.01 indicate statistically significant and highly statistically 
significant differences, respectively, compared with the control group.
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Figure 3. Transient receptor potential channel 1 (TRPC1) expression was downregulated in podocyte injury. (A) Predicted miR-135a target TRPC1 3' untrans-
lated region (UTR) in human and mouse species. (B) The protein level of TRPC1 was downregulated in the glomeruli isolated from BALB/c mice treated with 
adriamycin (ADR) in a time-dependent manner. (C) Quantitative analysis of the results of (B). (D) TRPC1 expression was inhibited in cultured MPC5 cells 
treated with ADR (5 µg/ml, 24 h) and transforming growth factor (TGF)-β (5 ng/ml, 24 h). (E) Quantitative analysis of the results of (D). *P<0.05 and **P<0.01 
indicate statistically significant and highly statistically significant differences, respectively, compared with the control group.

Figure 4. miR-135a directly targets transient receptor potential channel 1 (TRPC1) 3' untranslated region (UTR). (A) Schematic diagram of TRPC1 3'UTR 
reporter construct. (B) Sequence alignment between miR-135a and mouse TRPC1 3'UTR, including wild-type (wt) and mutant (mut). (C) For dual Luciferase 
reporter assays, 293T cells were transfected with pCDNA3.1-Luciferase TRPC1-3'UTR reporter and miR-135a mimics. (D) Reverse transcription-quantitative 
polymerase chain reaction analysis was used to determine the effect of miR-135a on TRPC1 mRNA expression. (E) The effect of miR-135a on TRPC1 protein 
expression was determined by western blot analysis. (F) Quantitative analysis of the results of (E). *P<0.05 and **P<0.01 indicate statistically significant and 
highly statistically significant differences, respectively, compared with the controls.
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Overexpression of TRPC1 abrogates miR-135a-induced 
podocyte injury. To investigate whether the miR-135a-in-
duced podocyte injury was TRPC1-dependent, mouse 
TRPC1 CDS was cloned into the pcDNA3.1(+) vector 
(TRPC1 overexpression vector). Western blot analyses 
confirmed that TRPC1 was significantly increased by ectopic 
expression compare with control (Fig. 5A). The expression 
of podocyte injury markers and functional markers was 
next determined, and the results suggested that TRPC1 
reversed the increased expression of desmin̸Snail̸activated 
caspase-3, and inhibited the miR-135a-induced expression 
of nephrin̸WT1̸E-cadherin (Fig. 5B and C). Furthermore, 

the effect of miR-135a on the podocyte cytoskeleton was 
investigated, and the results indicated that the miR-135a-in-
duced stress fibre decrease in number and disarray was 
reversed by overexpression of TRPC1. Additionally, in order 
to further investigate the significance of TRPC1 in podocyte 
injury, miR-135a mimics and the TRPC1 overexpression 
vector were co-transfected into cultured MPC5 cells, and 
the apoptosis ratio was measured with flow cytometry; the 
results indicated that miR-135a induced severe podocyte 
apoptosis, which was reversed by ectopic expression of 
TRPC1 (Fig. 5E). Therefore, miR-135a induced podocyte 
injury in a TRPC1-dependent manner.

Figure 5. Ectopic expression of transient receptor potential channel 1 (TRPC1) protects against podocyte damage from miR-135a. (A) Western blot analysis 
confirmed that the TRPC1 overexpression construct was available. (B) Western blot analysis was applied to determine the effects on the expression levels of 
nephrin, Wilms tumor 1 (WT1), E-cadherin, desmin, Snail and activated caspase-3 in MPC5 cells transfected with miR-135a and/or TRPC1 overexpression 
construct. (C) Quantitative analysis of the results of (B). (D) Stress fibre reduction in number and disarray, which was induced by miR-135a, was reversed by 
overexpression of TRPC1. Scale bar, 10 µm. (E) Ectopic expression of TRPC1 alleviated miR-135a-induced podocyte apoptosis.
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Discussion

The findings of the present study, consistently with those of 
previous studies (12), indicated that miR-135a is an important 
signature microRNA in podocyte injury, and its expression 
was significantly upregulated in glomeruli isolated from 
FSGS patients and podocyte injury mouse models, as well as 
in cultured cells treated with ADR and TGF-β. This finding 
was associated with the development of kidney diseases, 
particularly glomerulopathies; thus, miR-135a may be a poten-
tial diagnostic biomarker for glomerular and podocyte injury. 
More importantly, our study indicated that ectopic expression 
of miR-135a promotes podocyte injury, in terms of down-
regulating functional markers, upregulating injury marker, 
reducing the number of stress fibres and promoting apoptosis, 
which suggested that targeting miR-135a may be a viable 
approach to preventing the progression of podocyte injury.

Moreover, TRPC1 was identified as a target of miR-135a 
during podocyte injury, and overexpression of TRPC1 was 
able to reverse the damaging effects of miR-135a on podocytes. 
These results are significant, as the expression of TRPC1 is 
inhibited in several types of kidney disease and animal models 
of kidney disease, such as nodular FSGS (26), as well as in 
animal models of diabetes (26-28). Furthermore, it was recently 
demonstrated that TRPC1 genetic polymorphisms are involved 
in diabetic nephropathy in type 2 diabetes in Chinese patients, 
and that TRPC1 is a strong positional and biological candidate 
for diabetic nephropathy (26,28). Therefore, we predicted 
that miR-135a-induced downregulation of TRPC1 may be a 
major mechanism involved in podocyte injury. Of note, it was 
demonstrated that overexpression of TRPC1 protects against 
podocyte injury from miR-135a. Thus, TRPC1 may ameliorate 
progression of podocyte damage.

Wu et al previously suggested that miR-135a significantly 
downregulated Luciferase activity in wild-type as well as 
mutant TRPC1 3'UTR, which suggested that miR-135a may 
not directly target TRPC1 3'UTR to inhibit TRPC1 expres-
sion (16). Thus, it is worth considering whether there is any 
association between the location of TRPC1 genetic variants 
and the binding site of miR-135a. Our results confirmed the 
ability of miR-135a to reduce TRPC1 expression by directly 
binding to the TRPC1 3'UTR. A novel mutant of TRPC1 3'UTR 
was generated, which included the putative miR-135a-binding 
site, and demonstrated that miR-135a significantly inhibited 
the Luciferase activity of TRPC1 3'UTR, without affecting the 
mutant TRPC1 3'UTR. Thus, our data indicated that TRPC1 is 
a direct target of miR-135a.

However, the precise mechanism underlying miR-135a-in-
duced podocyte injury may also be associated with other 
putative target genes of miR-135a. A recent study demonstrated 
that miR-135a may activate the Wnt signaling pathway through 
inhibiting GSK-β (12). In addition, studies on miR-135a 
suggested that it modulates multiple target genes, including 
MTSS1 (29), HOXA10 (30), SMAD5 (31) and JAK2 (32). Our 
data indicated that TGF-β1 induced the miR-135a-mediated 
reduction in TRPC1 expression, suggesting that miR-135a 
may function downstream of TGF-β1 signaling, promoting the 
progression of podocyte injury in kidney diseases. Additionally, 
TRP channels are expressed along the nephron and play an 
important role in kidney function (33). Using online miRNA 

target prediction programmes, such as TargetScan, PicTar and 
miRanda, we predicted that the TRP superfamily members 
TRPC6, TRPM4 and TRPM7 may be potential targets of 
miR-135a. TRPC6, a glomerular slit diaphragm protein, is 
necessary for normal renal function (34). TRPM4 and TRPM7 
are Mg2+ transport channels and are ubiquitously expressed in 
the kidney (33). Taken together, these findings indicate that 
miR-135a may regulate TRPs members collectively to affect 
podocyte physiological processes, and abnormal regulation of 
miR-135a in TRPs members may contribute to the develop-
ment of podocyte injury.

In conclusion, the present study suggested that miR-135a 
is a significant factor in podocyte injury. miR-135a expression 
was found to be upregulated in podocyte injury, while TRPC1 
expression was downregulated. Ectopic expression of TRPC1 
prevents podocyte injury by miR-135a. These findings provide 
novel insights into the role of miR-135a in glomerulopathies 
and support the development of a novel therapeutic strategy.
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