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Abstract: Podocyte apoptosis is a typical early feature of diabetic nephropathy (DN), with loss of nephrin integrity
contributing to increased proteinuria in patients with DN. Emerging evidence shows that microRNAs (miRNAs) play
vital roles in the pathogenesis of DN. Thus, we aimed to further elucidate the role of miRNAs in podocyte apoptosis
in DN. We used db/db and db/m mice maintained under a continuous feeding regime for 12 weeks. Using microar-
ray analysis, we found several miRNAs potentially related to podocyte apoptosis. In addition, we cultured a condition-
ally immortalized human podocyte cell line in 30 mM D-glucose and found that miR-134-5p was upregulated in both
db/db mice and high-glucose (HG)-treated podocytes. Upregulation of miR-134-5p was accompanied by podocyte
apoptosis and downregulation of nephrin. Inhibition of miR-134-5p produced the opposite effect. Dual-luciferase
reporter assays showed that miR-134-5p directly targeted the 3’-untranslated region of the B-cell ymphoma-2 gene
(BCL2), and further study confirmed an increase in bcl-2 protein level in HG-treated podocytes transfected with
anti-miR-134-5p. Knockdown of BCL2 impeded the antiapoptotic effect of anti-miR-134-5p. Finally, we found that
miR-134-5p might regulate apoptosis in db/db mice and podocytes by targeting BCL2. Taken together, our findings
suggest that miR-134-5p promotes podocyte apoptosis under HG conditions by targeting BCL2. Our study provides
a meaningful approach to interpret the mechanisms of action of miRNAs involved in DN.
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Introduction

Diabetic nephropathy (DN) is a major debilitat-
ing complication of both type 1 and type 2 dia-
betes that progresses to end-stage renal dis-
ease [1]. Persistent microalbuminuria is widely
used as a biomarker of early DN, which indi-
cates a progressive decline in renal function
[2]. Podocytes are terminally differentiated ce-
lls that are unable to proliferate [3], and which
form the glomerular filtration barrier, together
with endothelial cells and the glomerular base-
ment membrane [4]. Previous research has
shown that podocyte apoptosis is associated
with decreased expression of podocin, nephrin,
and slit-associated proteins [5], resulting in
massive proteinuria in DN [6]. Therefore, it is
critical to further explore podocyte-based ther-
apies that can prevent or cure DN in the early
stages.

MicroRNAs (miRNAs) are single-stranded, sm-
all, noncoding RNAs (21-25 nucleotides) [7] that
regulate gene expression by binding to the
MRNAs of protein-coding genes to inhibit their
translation [8]. Cumulative studies suggest that
miRNAs are involved in the pathogenesis of
various diseases, including kidney disease [9].
MiR-26a [10], miR-192 [11], miR-200 [12], and
miR-215 [13] have been shown to be involved in
DN in a transforming growth factor (TGF)-B-
dependent manner. Emerging evidence sug-
gests that miRNAs also play an important role
in podocytes. MiR-29¢ has been determined to
be involved in podocyte apoptosis by targeting
Sprouty homolog 1 in diabetic mice [14]. Kn-
ockdown of miR-34c¢ in podocytes has been
shown to reduce apoptosis by blocking upregu-
lation of proapoptotic factors induced by high-
glucose (HG) treatment [15]. MiR-195 has been
found to promote podocyte apoptosis by target-
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ing BCL2 in cultured podocytes [16]. Our previ-
ous studies have found that several miRNAs
were differentially expressed in both db/db
mice and HG-treated podocytes. Among these,
miR-383-5p, miR-205-5p, and miR-134-5p
were upregulated. In addition, overexpression
of miR-383-5p has been demonstrated to
block the increase in autophagy and attenua-
tion of HG-induced apoptosis induced by resve-
ratrol [17]. However, the mechanisms by which
miRNAs modulate disease are complex and fur-
ther investigations are required to clarify the
role of these miRNAs in DN.

The BCL2 gene family and its related protein
bcl-2 were the first apoptosis-related genes to
be studied [18]. Using two miRNA target analyz-
ing databases (TargetScan and miRNAWalk
2.0), we found that the well-known anti-apop-
totic gene BCL2 might be a direct target of miR-
134-5p. This led us to hypothesize that miR-
134-5p might be involved in the pathological
process of DN by regulating bcl-2 expression.
This study aimed to gain insight into the biologi-
cal roles of miR-134-5p. We found that miR-
134-5p accelerates HG-induced podocyte apo-
ptosis by suppressing its direct target gene,
BCL2.

Materials and methods
Animal model of DN

Twenty male mice (eight weeks of age), includ-
ing ten C57BL/KsJ db/db mice as the experi-
mental group and ten C57BL/KsJ db/m mice
as the control group, were purchased from the
Experimental Animal Center of Nanjing Medical
University (Nanjing, China). Db/db mice are a
genetic model of the early-stage type 2 DN,
with features of hyperglycemia and urinary
albumin excretion enhancement [19]. Animal
experiments were conducted in accordance
with Nanjing Medical University guidelines and
ethical norms for animal care. The mice were
adaptively fed for a week and then housed in
well-ventilated plastic cages with stainless
steel grid tops at 22 + 2°C with a 12-h light/
dark cycle. After 20 weeks of sustained hyper-
glycemia, all mice were weighed and placed in
individual metabolic cages. Urine samples were
collected after 24 h to test the urine albumin
excretion rate (UAER) using the microalbumin-
uria ELISA Kit (SenBeilia Biological Technology
Company, Nanjing, China). Blood samples from
the orbital vein of mice were used for detection
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of blood urea nitrogen, creatinine, and other
biochemical parameters. Mice were sacrificed
by cervical dislocation, and all renal tissues
were isolated immediately. Half of the kidney
samples from each mouse were sent at low
temperature in formaldehyde to Google Bio-
technology Co., Ltd. (Wuhan, China) for staining
and immunohistochemistry. Samples of the
harvested kidneys were also sent to the kidney
laboratory of The Second Affiliated Hospital of
Nanjing Medical University for immunofluores-
cence analysis. The remaining samples were
stored at -80°C.

Podocyte culture and treatment

Conditionally immortalized human podocytes
were kindly provided by Dr. Junwei Yang (Center
for Kidney Disease, Second Affiliated Hospital
of Nanjing Medical University, Nanjing, China).
Podocytes were cultured in RPMI 1640 medi-
um supplemented with 10% fetal bovine serum
(Invitrogen, Grand Island, NY, USA) at 33°Cin a
humidified atmosphere of 5% CO,,. After cultur-
ing to a confluence of 80%-90%, the podocytes
were subcultured under similar conditions for
10-14 days to induce cell differentiation. After
serum starvation for 12 h, the cells were
exposed to the indicated high-glucose (HG, 30
mM D-glucose) or normal glucose (NG, 5 mM
D-glucose) conditions for 24, 48, or 72 h.

qRT-PCR

Total RNA was extracted with TRIzol reagent
(Invitrogen, Shanghai, China). Gene expression
was detected by gRT-PCR using the Mir-X
miRNA First-Strand Synthesis and SYBR gRT-
PCR Kits (Takara, Nanjing, China). The primers
used were purchased from GeneCopoeia
(Rockville, MD, USA). U6 was used as an inter-
nal reference for quantification of the relative
expression of MRNA and miRNA using the 2-4¢t
method.

Cell transfection

Hsa-miR-134-5p mimic, hsa-miR-134-5p inhibi-
tor, and hsa-miR-ctrl were chemically synthe-
sized by GenePharma (Shanghai, China). Hu-
man bcl-2 and bcl-2 shRNA plasmids were con-
structed and supplied by GenePharma. Human
BCL2 cDNA was cloned into the pcDNA-vector
to generate pcDNA-bcl2 or pcDNA-sh-bcl2 re-
combinant plasmids. All oligonucleotides and
plasmids were transfected into cells using Lipo-
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Figure 1. Characteristics of db/db and db/m mouse
kidney samples used for miRNA microarray analysis.
A. Compared with db/m mice, glomerular hypertro-
phy, mesangial matrix expansion, and capillary base-
ment membrane thickening changes were apparent
in HE-stained and PAS-stained tissue sections from
kidney specimens from db/db mice. Immunohisto-
chemistry and immunofluorescence were used to
detect bcl-2 and nephrin protein expression in renal
tissue. B. Differentially expressed miRNAs are shown
from microarray miRNA profiling.

fectamine 2000 Transfection Reagent (Invi-
trogen, Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions.

Western blot analysis

Proteins from podocytes were extracted using
RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China) and the protein concentration
was determined by the BCA Protein Assay Kit
(Beyotime Biotechnology). Proteins were sepa-
rated by electrophoresis on 10% SDS-poly-
acrylamide denaturing gels and transferred to
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nitrocellulose membranes, which were then
blocked in 5% non-fat dry milk for 2 h, followed
by overnight incubation at 4°C with primary
antibodies against nephrin (0.5-1 uyg/ml; ab-
58968 Abcam, Cambridge, MA, USA), Bcl-2
(1:2000; #2872 Cell Signaling Technology,
Danvers, MA, USA), cleaved caspase-3 (1:1000,
#29034, SAB), and GAPDH (1:1000, #21612,
SAB). After washing in TBS-Tween buffer, the
membranes were incubated with peroxidase-
conjugated goat anti-rabbit IgG (1:3000) for 1 h
at room temperature. Protein bands were visu-
alized using an imager. The intensities of the
identified bands were quantified.

Analysis of apoptosis by flow cytometry

Apoptosis of the podocytes was evaluated 48 h
after their exposure to the various treatments.
Briefly, podocytes were trypsinized and centri-
fuged at 1000 rpm for 5 min at room tempera-
ture. Next, 1x binding buffer was added to the
precipitate followed by Annexin V Fluorescein
isothiocyanate (FITC) stock solution (Annexin
V-FITC Apoptosis Detection Kit, Sigma). Cells
were incubated for 10 min at 4°C. Propidium
iodide (Pl) was added immediately before flow
cytometric analysis. A total of 20,000 cells per
sample were employed for flow cytometry an-
alysis. Flow cytometric data were used to de-
termine the percentage of cells undergoing
apoptosis.

Dual luciferase reporter assay

To validate whether miR-134-5p directly targets
the bcl-2 3’-untranslated region (3-UTR), we
performed a firefly luciferase reporter assay.
Wildtype (WT) and mutated (mut) putative miR-
134-5p seed-matching sites in bcl-2 3-UTRs
were amplified from human cDNA by PCR and
inserted into the Sac | and Hind Il restriction
enzyme sites of the pmiRNA-Report vector
(Genechem, Shanghai, China). Podocytes were
seeded in a 24-well plate and co-transfected
with WT or mut reporter plasmid, Renilla lucifer-
ase (pRL) plasmids, or miR-134-5p mimic or
miR-ctrl. After transfection for 24 h, the cells
were harvested and luciferase activity was ana-
lyzed with the Dual Luciferase Reporter Assay
System (Promega, Madison, WI, USA).

Statistical analysis

All data are presented as the means + S.E.M. of
at least three independent assays, each per-
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Figure 2. MiRNA-134-5p is upregulated in HG-treated podocytes and promotes podocyte apoptosis. A. The expres-
sion of miR-134-5p in podocytes treated with HG (30 mM) at different time points (0-72 h) was analyzed by qRT-
PCR. B. The expression of miR-134-5p was analyzed by qRT-PCR after anti-miR-134-5p transfection in HG-treated
podocytes. C. The relative mRNA level of nephrin was analyzed by qRT-PCR in HG-treated podocytes after transfec-
tion with anti-miR-ctrl or anti-miR-134-5p. D, E. The expression level of nephrin in HG-treated podocytes was ana-
lyzed by western blotting. F, G. Apoptosis in HG-treated podocytes was measured by western blot analysis and flow
cytometry analysis of Annexin V and Pl double staining. **P < 0.01. Data are presented as the mean * SE.

formed in duplicate. Means and standard error
of the mean or standard deviation were sub-
jected to the Student’s t-test for pairwise com-
parison or ANOVA for multivariate analysis
using Graphpad Prism 5 software. The level of
statistical significance was set at P < 0.05.

Results
Establishment of the DN mouse model

Hematoxylin-eosin (HE) and Periodic acid-
Schiff (PAS) tissue staining were used for mor-
phological analysis of all mice at 20 weeks of
age (Figure 1A). All ten db/db mice had early
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symptoms of DN, including glomerular hyper-
trophy, mesangial matrix expansion, and capil-
lary basement membrane thickening. In con-
trast, the renal function of db/m mice was nor-
mal. The expression of nephrin and bcl-2 in
glomeruli was significantly decreased in db/db
mice compared with that in db/m mice.

Microarray miRNA profiling

To investigate the potential function of miRNAs
during DN, we conducted a microarray analysis
of the renal tissues from the two groups of
mice. Compared with the db/m group, 43 miR-
NAs were differentially expressed in the db/db
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Figure 3. BCL2 is a direct target of miR-134-5p. A. Alignment of miR-134-5p
with Bcl-2 3’-UTR sequences. B. Relative luciferase activity of reporters con-
taining wild-type or mutated type with miR-134-5p target sites in NG-treated
podocytes. C, D. The expression level of bcl-2 was analyzed by western blotting
after co-transfection with anti-miR-ctrl or anti-miR-134-5p in HG-treated podo-
cytes. **P < 0.01. Data are presented as the mean + SE.

examine the effect of miR-
134-5p on the expression
of nephrin, a key marker of
podocytes in the filtration
slits. Notably, mRNA and
protein levels of nephrin
were significantly increased
in HG-treated podocytes
transfected with anti-miR-
134-5p compared with that
in cells transfected with
anti-miR-ctrl (Figure 2C-E).
In addition, we performed
flow cytometry and western
blotting to detect apopto-
sis in podocytes. We found
that the apoptosis rate and
levels of cleaved caspase
3 decreased in HG-treated
podocytes transfected with
anti-miR-134-5p, compared
with that in cells transfect-
ed with anti-miR-ctrl (Figure

group, of which 28 were significantly upregu-
lated and 15 were significantly downregulated.
The top 16 up- or down-regulated miRNAs are
presented in Figure 1B.

HG induces higher expression of miR-134-5p

To explore the potential function of miR-134-5p
in HG-treated podocytes, we used qRT-PCR to
examine the expression of miR-134-5p at dif-
ferent timepoints (0, 24, 48, and 72 h) following
HG (30 mM) stimulation. Notably, miR-134-5p
levels in podocytes were upregulated after HG
treatment in a time-dependent manner (Figure
2A), indicating that miR-134-5p might play a
critical role in HG-treated podocytes.

MiR-134-5p promotes apoptosis of podocytes

Podocytes are thought to be injured at an early
stage in DN; therefore, we investigated the
functional role of miR-134-5p in podocyte
apoptosis. First, anti-miR-ctrl or anti-miR-134-
5p was transfected into HG-treated podocytes
prior to analysis by qRT-PCR. Importantly, the
relative expression of miR-134-5p in HG-treated
podocytes transfected with anti-miR-134-5p
was significantly reduced compared with that in
cells transfected with anti-miR-ctrl (Figure 2B).
Next, we used gRT-PCR and western blotting to
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2F, 2G). In contrast, NG-

treated podocytes trans-
fected with miR-ctrl or miR-134-5p showed the
opposite results (Figure S1). These results indi-
cate that miR-134-5p acts as a promoter of
podocyte apoptosis.

Luciferase assay validates bcl-2 as a direct
target of miR-134-5p

To explore the mechanism by which miR-134-
5p promotes HG-induced apoptosis of podo-
cytes, we searched two miRNA target analyzing
databases (TargetScan and miRNAWalk 2.0)
and found that bcl-2 is a latent target of miR-
134-5p. We then performed luciferase reporter
assays. The sequence of the 3-UTR of bcl-2
MRNA matched the seed sequence of miR-
134-5p. To test the functional significance of
this finding, the 3’-UTR sequences, containing
putative binding sites of the WT or mut for the
seed matching sites, were introduced into a
luciferase reporter vector (Figure 3A) and each
was co-transfected into podocytes with the
miR-134-5p mimic or miR-ctrl (Figure 3B). The
results demonstrated that bcl-2 is a direct tar-
get of miR-134-5p. To further examine the
effect of miR-134-5p on bcl-2, we transfected
HG-treated podocytes with anti-miR-134-5p or
anti-miR-ctrl. Western blotting was performed
to assess bcl-2 protein levels. The results
showed that bcl-2 protein levels were increased
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in HG-treated podocytes transfected with anti-
miR-134-5p compared with that in cells trans-
fected with anti-miR-ctrl (Figure 3C, 3D).
Overexpression of miR-134-5p by miR-134-5p
mimic transfection in podocytes reduced the
expression of bcl-2 under NG conditions (Figure
S2). Together, these results indicate that bcl-2
is a direct target of miR-134-5p.

Inhibition of bcl-2 enhances the proapoptotic
effect of miR-134-5p, while overexpression of
bcl-2 attenuates it

To investigate the contribution of Bcl-2 to the
proapoptotic effect of miR-134-5p in podo-
cytes, we co-transfected human sh-bcl2 plas-
mids and anti-miR-134-5p into HG-treated
podocytes. The effects of miR-134-5p on apop-
tosis were enhanced following reduction in
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Figure 4. Inhibition of bcl-2 attenuates the anti-apoptotic effect of anti-
miR-134-5p and decreases nephrin expression. A, B. The expression
levels of nephrin and bcl-2 were measured by western blotting after
co-transfection with anti-miR-ctrl or anti-miR-134-5p, and sh-Bcl2 ex-
pression plasmid in HG-treated podocytes, together or separately. C,
D. Apoptosis was measured by western blotting and flow cytometry
analysis of Annexin V and Pl double staining. **P < 0.01. Data are
presented as the mean * SE.

bcl-2 levels in HG-treated podocytes (Figure 4).
In addition, downregulation of bcl-2 alone mark-
edly enhanced the effects of miR-134-5p on
HG-treated podocytes. We found that the
effects of miR-134-5p on apoptosis were inhib-
ited by bcl-2 overexpression in NG-treated
podocytes (Figure S3). Our results suggest that
miR-134-5p functionally promotes podocyte
apoptosis in a bcl-2-dependent manner.

Discussion

In this study, we successfully established a DN
model in C57BL/KsJ db/db mice and found
that glomerular miR-134-5p is differentially
expressed in the mouse Kidney in diabetes,
with or without proteinuria. To further explore
the roles of miRNAs, we cultured cells from a
conditionally immortalized human podocyte

Am J Transl Res 2018;10(3):989-997



MicroRNA-134-5p podocyte apoptosis bcl-2

cell line in medium supplemented with 30 mM
D-glucose to mimic conditions in diabetes. Our
data showed that miR-134-5p expression is
higher in high-glucose than in normal (non-dia-
betic) glucose conditions. We found that miR-
134-5p mimics can reduce bcl-2 protein levels
when transfected into podocytes. As a result,
the podocyte-specific biomarker nephrin was
downregulated and the podocytes became
apoptotic. The reduced nephrin levels could
lead to the impairment of podocyte function
and structure. In contrast, miR-134-5p inhibi-
tors conferred protection from apoptosis, even
under hyperglycemic conditions.

MiRNAs are a class of non-coding small RNA
molecules consisting of 21-25 nucleotides,
which not only cause the degradation of target
MRNAs, but also inhibit translation through tar-
get mMRNA-specific base pairing [20, 21]. Recent
studies have shown that miRNAs are essential
regulators of expression and important thera-
peutic targets in DN [22-24]. Studies have also
demonstrated that miRNAs negatively regulate
protein-coding genes at the posttranscriptional
level, primarily by binding to their 3’-UTR [20,
21, 25]. Therefore, identification of the key
roles of miRNAs in apoptosis, via modulation of
various targets, has promoted research into
mMiRNAs as biomarkers and therapeutic targets
for the treatment of DN. Using miRNA target
gene prediction tools and bioinformatics-based
analyses, we found that miR-134-5p, which is
expressed in cultured podocytes dependent on
the extracellular glucose concentration, might
complement a single site in the 3’-UTR of tran-
scripts of BCL2, FUT2, ESRRG, TMEM184A,
DRP2, PUSL1, and PXMP4. Among these genes,
we validated that BCL2 was a direct target of
miR-134-5p and intrinsically linked to apopto-
sis.

Apoptosis is a defined set of molecular cas-
cades that result in lethal changes to the cell,
including membrane blebbing, mitochondrial
breakdown, and DNA fragmentation [26, 27].
Podocyte apoptosis has been reported to play
a key role in the pathophysiology of DN, both
dependent and independent of miRNAs [28-
34]. In addition, podocyte apoptosis not only
causes podocytopenia but also affects the glo-
merular slit diaphragm by downregulating podo-
cyte biomarkers such as nephrin, which is
expressed in mature renal podocytes [35-37].
All of these changes cause a critical impair-
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ment of podocytes and subsequently the func-
tion of the filtration barrier, which would be at
least partially responsible for proteinuria in DN.
BCL2 is a well-known prosurvival gene that
plays a critical role in a variety of cell systems,
including podocytes [38]. Bcl-2 regulates cell
death primarily by controlling mitochondrial
membrane permeability and functions together
with caspases and other proteins in a feedback
loop system [16, 39]. Hundreds of discrete
mMiRNA sequences have the potential to inhibit
BCL2 [40-42]. Among these miRNAs, miR-134-
5p may inhibit bcl-2 expression and increase
apoptosis in HG-cultured podocytes. miR-134-
5p regulates BCL2 at the post-transcriptional
level and induces apoptosis in podocytes under
HG conditions by inhibiting bcl-2. Apoptotic
podocytes fail to synthesize sufficient levels of
specific functional proteins and subsequently
undergo actin rearrangement, thus resulting in
functional and structural defects that are simi-
lar to those observed in humans and animal
models with DN. BCL2 shRNA plasmids can
also induce podocyte apoptosis, although not
at the post-transcriptional level, by targeting
BCL2 expression.

Taken together, our findings demonstrate that
miR-134-5p promotes podocyte apoptosis
under HG conditions by reducing the expres-
sion level of bcl-2. This study provides a useful
approach for deciphering the mechanisms
used by miRNAs in the pathogenesis of DN.
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