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Abstract
Abnormal elevation of homocysteine (Hcy) level is closely related to the development and progression of chronic
kidney disease (CKD), with the molecular mech2anisms that are not fully elucidated. Given the demonstration that
miR-30a-5p is specifically expressed in glomerular podocytes, in the present study we aimed to investigate the role
and potential underlying mechanism of miR-30a-5p in glomerular podocyte apoptosis induced by Hcy. We found
that elevated Hcy downregulates miR-30a-5p expression in the Cbs+/– mice and Hcy-treated podocytes, and miR-
30a-5p directly targets the 3′-untranslated region (3′-UTR) of the forkhead box A1 (FOXA1) and overexpression of
miR-30a-5p inhibits FOXA1 expression. By nMS-PCR and MassARRAY quantitative methylation analysis, we
showed the increased DNA methylation level of miR-30a-5p promoter both in vivo and in vitro. Meanwhile, dual-
luciferase reporter assay showed that the region between –1400 and –921 bp of miR-30a-5p promoter is a possible
regulatory element for its transcription. Mechanistic studies indicated that DNA methyltransferase enzyme 1
(DNMT1) is the key regulator of miR-30a-5p, which in turn enhances miR-30a-5p promoter methylation level and
thereby inhibits its expression. Taken together, our results revealed that epigenetic modification of miR-30a-5p is
involved in glomerular podocyte injury induced by Hcy, providing a diagnostic marker candidate and novel ther-
apeutic target in CKD induced by Hcy.
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Introduction
Chronic kidney disease (CKD) is a worldwide health issue which
can progress to advanced renal failure, end-stage renal disease, and
even death, while effective treatment of CKD is still lacking. Ab-
normal elevated plasma homocysteine (Hcy) concentrations (tHcy
>15 μM) are known as hyperhomocysteinemia (HHcy), which is
considered as a risk or pathogenic factor in the progression of CKD
as well as the cardiovascular complications [1,2]. Multiple reports
have shown that HHcy accelerates the progression of CKD by reg-
ulating oxidative stress, endoplasmic reticulum stress and in-
flammation [3–5]. However, improved understanding of the role of
HHcy in CKD is necessary for better treatment. Glomerular podo-
cytes are a group of highly differentiated glomerular epithelial cells
with poor proliferation capability, which play a critical role in the

maintenance of the glomerular filtration barrier integrity [6]. Injury
and loss of glomerular podocytes caused by various stresses and
pathological stimuli are critical for the pathogenesis of proteinuria
and CKD [7]. Therefore, CKD can benefit from protecting glo-
merular podocytes from injury and limiting their loss.

MicroRNAs (miRNAs) are endogenous, non-coding small RNAs
with 21–24 nucleotides long. They play important roles in various
biological processes through negative modulation of gene expres-
sion after post-transcription [8]. It has been demonstrated that ab-
normal expressions of miRNAs play a pivotal role in CKD. For
instance, miR-193a, miR-34a, and miR-195 promote glomerular
podocyte injury [9–11]. In contrary, miR-29a, miR-217 and miR-590
can protect podocytes from injury [12–14]. miR-30a-5p is a member
of the miR-30 family which has five members of distinct pre-mature
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miRNAs, showing diverse roles in the regulation of tumorigenesis,
metastasis, chemo-resistance and clinical prognosis in several types
of human cancers [15]. Accumulating studies have suggested that
miR-30a-5p, which is specifically expressed in the cells of collecting
duct and podocytes, is a biomarker in the urine of patients with
focal segmental glomerular sclerosis [16,17]. Therefore, it would be
interesting to know whether Hcy promotes glomerular podocyte
injury through the regulation of miR-30a-5p as well.

DNA methylation is one of the major epigenetic modifications
that can activate or repress gene expression. Numerous studies have
demonstrated that DNA methylation plays a key role in the silencing
of genes that are involved in cellular processes, such as cell cycle
checkpoint, cell apoptosis, signal transduction, cell adhesion and
angiogenesis [18,19]. Hcy is a sulfur-containing non-protein form-
ing amino acid synthesized during methionine metabolism and it is
a byproduct of cellular methylation reactions, which serves as a
sensitive marker of one-carbon metabolism important for multiple
physiological processes, including DNA methylation regulation
[20]. Our previous studies showed that Hcy causes aberrant DNA
methylation and impairs epigenetic control of gene expression,
suggesting that epigenetic dysregulation of gene expression medi-
ated by DNA methylation is a pathogenic consequence of HHcy in
many human diseases [21]. DNA methylation of mi RNAs has been
identified as an emerging mechanism of miRNA regulation. In
particular, the hypermethylation of the miRNA promoter has been
recognized as a mechanism leading to dysregulation of miRNA
expression in cancers [22–24]. These studies implied that DNA
methylation is an important cofactor for miRNA expression.

In the present study, we identified that miR-30-5p is associated
with podocyte apoptosis during Hcy-induced glomerular injury.
Mechanistic studies demonstrated that DNMT1 mediates miR-30-5p
promoter hypermethylation to suppress its expression, thus reg-
ulates FOXA1 expression in glomerular podocyte injury induced by
Hcy. Our work provides new insights into the molecular mechan-
isms of the development of HHcy-induced CKD, and a potential
strategy for its diagnosis and treatment.

Materials and Methods
Ethical compliance
All animal experiments were performed according to guidelines
approved by the Institutional Animal Care and Use Committee of
the Ningxia Medical University, and the ethics approval number is
2018-089.

Experimental animals
Cystathionine beta-synthase (Cbs) heterozygous knockout (Cbs+/–)
mice (8–10 weeks old) were purchased from Jackson Laboratory
(Bar Harbor, USA) and maintained in the Ningxia Medical Uni-
versity Laboratory Animal Center. Mice were housed in a controlled
environment on the 12/12 h light/dark cycle. Mice genotypes were
determined by a PCR of DNA from tail biopsies with a specific set of
primers. Cbs+/+ and Cbs+/– mice were used in the experiments
since Cbs homozygote knockout (Cbs–/–) mice have a short life span
and die of liver failure before weaning, and all mice were fed with
chow diet plus 2% methionine diet for 8 weeks to induce HHcy. For
the overexpression assay, Cbs+/– mice were randomly assigned into
the following 3 groups: PBS, AAV9-miR-neg, and AAV9-miR-30a-5p
(GENE, Shanghai, China). PBS group mice were injected with
100 μL PBS into left renal, AAV9-miR-neg group mice were injected

with 100 μL miRNA negative control (10 μL miR-neg+90 μL PBS)
into left renal, and AAV9-miR-30a-5p group mice were injected with
miR-30a-5p adeno-associated virus (10 μL AAV9-miR-30a-5p+
90 μL PBS) into left renal.

Cell culture and transfection
Conditionally immortalized mouse podocytes (MPC-5) and human
HEK293 cells (h243) were obtained from iCell Bioscience Inc.
(Shanghai, China). Podocytes and HEK293 cells were grown in
Dulbecco’s modification of Eagle’s medium (DMEM) (GIBCO, New
York, USA) containing 10% fetal bovine serum (GIBCO), 1% pe-
nicillin-streptomycin, and incubated at 37°C with 5% CO2. After cell
cultures reached a confluence of 70%–80%, podocytes were treated
with 80 μM Hcy (Sigma-Aldrich, Darmstadt, Germany) for 48 h. For
transfection experiments, miR-30a-5p inhibitor, miR-30a-5p mimic,
miRNA negative control (miR-neg), and small interfering RNAs
(siRNAs) specifically targeting DNA methyltransferase enzyme 1
(si-DNMT1) were obtained from Gene Pharma (Shanghai, China).
Recombinant adenoviruses expressing DNMT1 (Ad-DNMT1) were
purchased from HANBIO (Shanghai, China). Then, the cells were
seeded in 6-well plates and transfected according to the supplier′s
instructions. The siRNA sequences of DNMT1 are as follows: si-NC:
5′-UUCUCCGAACGUGUCACGUTT-3′; si-DNMT1-1: 5′-GCAAAGAG
UAUGAGCCAAUTT-3′; si-DNMT1-2: 5′-GCUGGUCUAUCAGAUCU
UUTT-3′, and si-DNMT1-3: 5′-CCGAGGCCUUUACUUUCAATT-3′.

Transmission electron microscopy (TEM)
Biopsy from kidney tissues were cut into pieces (1
mm×1 mm×5 mm), and fixed with glutaraldehyde at 4°C for 2 h.
After wash with PBS, they were incubated with 1% osmium tetr-
oxide at room temperature for 1 h, followed by dehydration with
30%–100% ethanol gradient. Next, the samples were infiltrated in
1:1 mixture of acetone and Epon 812 resin (SPI Supplies, West
Chester, USA) overnight. Tissues were then embedded in araldite,
sectioned with a diamond knife, stained with 1% uranyl acetate and
1% lead citrate, and examined with a transmission electron mi-
croscope (JME-1220; JEOL, Tokyo, Japan) at an acceleration voltage
of 80 kV.

Periodic acid schiff (PAS) staining
Kidney tissues were fixed in 10% buffered formalin and embedded
in paraffin. Paraffin-embedded histological sections were then cut
into 5-μm sections, stained with PAS kit (Solarbio, Beijing, China) at
room temperature for 2 h. After being washed with 1% ethanol
hydrochloride, the slides were stained with eosin solution for 5 min
and dehydrated with an alcohol gradient. Images were evaluated
using light microscopy to determine the microscopic alterations of
pathological significance.

Cell viability and actin cytoskeleton
Total cell number, as well as the number of viable and dead cells, is
determined in parallel. The total cell number was determined by
staining with Nuclei Dye, which stained the nuclei of live and dead
cells. The percentage of dead cells is detected based on membrane
permeability using the Dead Dye. Furthermore, viable cells are also
stained with the Viable Dye. F-actin was stained using Phalloidin-
iFluor™ 594 Conjugate (AAT Bioquest®, San Diego, USA), and po-
docytes were permeabilized for 5 min with PBS containing 0.1%
Triton X-100 and then counterstained with 5 μg/mL of 4′,6-diami-
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dino-2-phenylindole (DAPI). The images were acquired under a
light microscope and fluorescence microscope (Olympus, Tokyo,
Japan), respectively.

Flow cytometric analysis
After treatment, cell apoptosis was determined by using a com-
mercial PE Annexin V Apoptosis Detection kit (BD Pharmingen,
Franklin Lakes, USA). Briefly, cells were washed twice with cold
PBS and then suspended at a concentration of 1×106 cells/mL.
Then, 100 μL of the cell suspension (1×105 cells) was transferred to
a 5-mL culture tube, and 5 μL of PE Annexin V and 5 μL 7-AAD were
added into the cell suspension, followed by incubation at 25°C for
15 min in the dark. The percentages of PE Annexin V and/or 7-
amino-actinomycin D (7-AAD)-positive cells were determined by
flow cytometry.

Western blot analysis
Total protein was extracted from the kidney tissues or podocytes
using lysis buffer (KeyGene, Nanjing, China). Western blot analysis
was performed as previously described [25]. The antibodies used
were as follows: Bax (21 kDa; 1:1000; Abcam, Cambridge, USA),
Bcl-2 (26 kDa; 1:1000; Abcam), cleaved caspase 3 (17 kDa; 1:1000;
Abcam), FOXA1 (51 kDa; 1:1000; Abcam), DNMT1 (183 kDa;
1:1000; Abcam), DNMT3a (108 kDa; 1:2000; Abcam), DNMT3b (96
kDa; 1:1000; Abcam) and β-actin (43 kDa; 1:1000; Zhongshan
Biotech, Guangzhou, China). Image Lab software was used to
analyze the signals. The relative protein expression was normalized
by β-actin expression.

Quantitative real-time polymerase chain reaction (qRT-
PCR)
Total RNA, including miRNA, was isolated using Trizol reagent
(Invitrogen, Carlsbad, USA) according to the manufacturer′s in-
structions. cDNA was synthesized with the First-Strand cDNA
Synthesis kit (Thermo Scientific, Waltham, USA). qRT-PCR was
performed as previously described [26]. The primers for FOXA1
were synthesized by Sangon Biotech (Shanghai, China) and the
sequences are as follows: FOXA1 forward 5′-TACTCCTA-
CATCTCGCTCATCA-3′ and reverse 5′-CCATGATCCACTGGTA-
GATCTC-3′; and β-actin forward 5′-AACAGTCCGCCTAGAAGCAC-
3′, reverse 5′-CGTTGACATCCGTAAAGACC-3′. The primers for
miR-30a-5p and U6 were designed and synthesized by RiboBio
(Guangzhou, China). All the experiments were performed in tri-
plicates, and the data were normalized using β-actin or U6 (for
miRNA detection) as the house-keeping gene.

Nested methylation-specific-polymerase chain reaction
(nMS-PCR)
Genomic DNA isolation and nMS-PCR were performed as pre-
viously described [26]. In briefly, genomic DNA was isolated from

the kidney tissues using EZ DNA Methylation-Gold™ kit (Zymo
Research, Irvine, USA). nMS-PCR consists of two-step PCR ampli-
fications that are used for the detection methylation levels. The first
step of nMS-PCR uses an outer primer pair set that does not contain
any CpGs. The second step of PCR was carried out with a methy-
lation primer and an unmethylated primer. The primers used for the
nMS-PCR assays are listed in Table 1. The PCR products were se-
parated by 2% agarose gel containing ethidium bromide and vi-
sualized with ultraviolet light.

TdT-mediated DUTP nick end labeling (TUNEL)
The apoptosis of podocytes was detected by using TUNEL apoptosis
detection kit (Vazyme, Nanjing, China) according to the manu-
facturer′s instructions. Cells were incubated with TUNEL reaction
mixture at 37°C for 1 h. The number of TUNEL-positive nuclei
(green) and the total number of nuclei (blue) in each field were
scored, and apoptosis of podocytes were detected under the
fluorescent microscope.

Luciferase reporter assay
The 2071 bp promoter region of miR-30a-5p was amplified by PCR
and cloned into pGL3-basic vector (Yingbio Technology, Shanghai,
China). The wild-type (WT) and corresponding mutated (Mut)
versions of FOXA1 3′-UTR were cloned into pcDNA3.1 vector to get
pcDNA-FOXA1-WT and pcDNA-FOXA1-Mut. HEK293T cells were
seeded in 24-well plates, then the miR-30a-5p promoter reporter
plasmids, pcDNA-FOXA1-WT and pcDNA-FOXA1-Mut, respectively
were co-transfected with miR-30a-5p mimic into the cells using lipo-
fectamine 2000 (Invitrogen). Forty-eight hour after transfection, luci-
ferase activities were measured using the dual-luciferase reporter assay
system (Promega, Madison, USA) according to the manufacturer’s in-
structions, and normalized with Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed using the assay kit (Millipore, Billerica,
USA) according to the manufacturer’s instructions. Anti-DNMT1
antibody was used for chromatin immunoprecipitation. Primers
were designed to detect the proximal promoter region of miR-30a-5p
by qPCR as described previously [25]. The forward primer was 5′-
AACGTTGACAGTGAGCGACT-3′ and the reverse primer was 5′-
AGCTGCAAACATCCGACTGA-3′. IgG was used as a negative con-
trol to measure nonspecific background in immunoprecipitation.

MassARRAY quantitative methylation analysis
For every cleaved CpG site, the intensity of a pair of mass signals,
one representing methylated and/or the other one representing
unmethylated DNA, was recorded and analyzed using the Mass
ARRAY EpiTYPER software. The relative methylation status was
estimated by dividing the peak intensity, or area of the methylated

Table 1. Sequences of miR-30a-5 primers for nMS-PCR

Gene Species Primer sequence (5′→3′)

Outer primer Mouse
Forward: GTTTATAGAATGTTGTTTGTATATTTTAGA
Reverse: ATTTATAACTTCACAACTTCCAATC

Methylation primer Mouse
Forward: TGTTTGTATATTTTAGAAATTTTCGT
Reverse: TTTATAACTTCACAACTTCCAATCG

Unmethylation primer Mouse
Forward: TGTTTGTATATTTTAGAAATTTTTGT
Reverse: TATAACTTCACAACTTCCAATCAAA
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DNA, by the sum of the intensities or areas of the methylated and
unmethylated components. The ratios between methylated and
unmethylated DNA were obtained as the quantity of methylation for
further analysis.

Statistical analysis
All quantitative data were obtained from three independent ex-
periments and presented as the mean±SD. The results were ana-
lyzed using Graph Pad Prism 6.0 software. One-way ANOVA,
Student-Newman-Keul’s test (comparisons between multiple
groups), or unpaired Student′s t-test (between two groups) was
used as appropriate. P values less than 0.05 were considered as
statistically significant.

Results
HHcy induces glomerular damage and glomerular po-
docyte apoptosis in vivo
To examine the impact of HHcy on glomerular damage, we estab-
lished HHcy mice by feeding Cbs mice with high-methionine diet for
8 weeks. As shown in Figure 1A, a high-methionine diet caused
higher Hcy level in the serum of Cbs+/– mice compared with that in
Cbs+/+ mice, suggesting that HHcy model is successfully estab-
lished. Meanwhile, the serum levels of blood urea nitrogen (BUN),

creatinine (Cr) and cytochrome-C (Cyt C) were significantly in-
creased in Cbs+/– mice (Figure 1B). Moreover, TEM images showed
that glomerular podocytes in Cbs+/– mice have typical ultra-
structural change, such as thickened ultrastructure of the glo-
merular basement membrane (red arrow), effacement and focal
fusion of the podocyte foot process (blue arrow) (Figure 1C). PAS
staining revealed HHcy-induced glomerular capillary collapse and
mesangial expansion in Cbs+/– mice compared with those in Cbs+/+

mice (Figure 1D). It has been reported that podocyte apoptosis is
key to glomerular injury. By TUNEL staining, we showed that po-
docyte apoptosis in Cbs+/– mice was markedly increased compared
with that in Cbs+/+ mice (Figure 1E). Moreover, the ratio of Bax/
Bcl-2 and expression of cleaved caspase-3 (c-caspase-3) were sig-
nificantly increased in Cbs+/– mice (Figure 1F). These results in-
dicated that HHcy induces glomerular damage and glomerular
podocyte apoptosis in vivo.

Hcy induces glomerular damage and glomerular podo-
cyte apoptosis in vitro
To further confirm the above results in vitro, actin filaments were
labeled by phalloidin staining in podocytes treated with Hcy. The
results showed a marked disruption of filamentous actin structure
in the Hcy group compared with that in the control group (Figure

Figure 1. HHcy induces glomerular damage and glomerular podocyte apoptosis in vivo (A,B) The serum levels of Hcy, blood urea nitrogen (BUN),
creatinine (Cr) and cytochrome-C (Cyt C) in Cbs+/+ and Cbs+/– mice fed with high methionine diet were measured with an automatic biochemistry
analyzer. n=6. (C) Transmission electron microscopy (TEM) was used to examine podocyte foot process changes in Cbs+/– mice (scale bar
=2000 μm). Red arrow: thickened ultrastructure of the glomerular basement membrane; Blue arrow: effacement and focal fusion of the podocyte
foot process. n=6. (D) Representative periodic acid schiff (PAS) staining images of glomerular structure change in Cbs+/– mice (scale bar=170 μm).
n=6. (E) TUNEL staining assay showing podocyte apoptosis in Cbs+/– mice. Green fluorescence indicates TUNEL-positive cells and the nuclei were
stained with DAPI (blue) (scale bar=170 μm). n=6. (F) The expressions of apoptosis-associated proteins Bax, Bcl-2 and cleaved caspase-3 (c-
caspase-3) in Cbs+/– mice were detected by western blot analysis. n=6. Data are expressed as the mean±SD. **P<0.01.
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2A). Meanwhile, the podocyte viability was decreased after Hcy
treatment, showing obvious damage in podocytes induced by Hcy
(Figure 2B). In addition, flow cytometric analysis showed that the
apoptosis ratio of podocytes was significantly increased in the Hcy
group (Figure 2C). Western blot analysis results further showed
increased expressions of Bax and c-caspase-3 and decreased ex-
pression of Bcl-2 in podocytes treated with Hcy (Figure 2D). These
results confirmed that Hcy induced apoptosis of podocytes in vitro,
which was consistent with the in vivo results.

miR-30a-5p is downregulated during Hcy-induced po-
docyte apoptosis
In order to investigate whether miR-30a-5p is involved in Hcy-in-
duced podocyte apoptosis, we detected the expression of miR-30a-
5p in Cbs+/– mice fed with high-methionine diet and in podocytes
treated with Hcy. The expression of miR-30a-5p was significantly
reduced both in glomeruli of Cbs+/– mice and in podocytes treated
with Hcy (Figure 3). These data suggested that Hcy downregulates
miR-30a-5p expression both in vivo and in vitro.

miR-30a-5p inhibits Hcy-induced podocyte apoptosis
both in vitro and in vivo
To explore the role of miR-30a-5p in Hcy-induced podocyte apop-
tosis, we transfected miRNA negative control (miR-neg), miR-30a-
5p mimic or miR-30a-5p inhibitor into podocytes with high efficacy

as confirmed by qRT-PCR (Supplementary Figure S1). Flow cyto-
metric analysis showed that miR-30a-5p mimic inhibited the
apoptosis of podocytes treated with Hcy, which could be reversed
by miR-30a-5p inhibitor transfection (Figure 4A). Similarly, western
blot analysis showed that both the ratio of Bax/Bcl-2 and c-caspase-
3 protein expression were decreased after transfection with miR-
30a-5p mimic in podocytes treated with Hcy. In contrast, miR-30a-
5p inhibitor transfection increased the ratio of Bax/Bacl-2 and c-
caspase-3 protein expression (Figure 4B). Furthermore, to examine
whether miR-30a-5p regulates podocyte apoptosis in vivo, re-
combinant adeno-associated virus serotype 9 (AAV9) vectors har-

Figure 2. Hcy induces glomerular damage and glomerular podocyte apoptosis in vitro (A) Representative immunofluorescence images of po-
docytes stained with phalloidin (F-actin, red) and DAPI (nuclei staining, blue). Scale bar=10 μm. n=3. (B) Cell viability was determined after
podocytes were treated with Hcy. Nuclei were stained with DAPI (blue), dead cells emitted red fluorescence and viable cells emitted green
fluorescence. Scale bar=500 μm. n=3. (C) Flow cytometry analysis was used to evaluate and quantify podocyte apoptotic rate. n=3. (D) The protein
expressions of Bax, Bcl-2 and c-caspase-3 in podocytes treated with Hcy were detected by western blot analysis. Data are expressed as the mean
±SD. n=3. **P<0.01.

Figure 3. miR-30a-5p is downregulated during Hcy-induced podocyte
apoptosis (A,B) The expression of miR-30a-5p was analyzed by qRT-
PCR in Cbs+/- mice (n=6) and in podocytes treated with Hcy (n=3). Data
are expressed as the mean±SD. **P<0.01.
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boring miR-30a-5p (AAV9-miR-30a-5p) were delivered into the
kidney of Cbs+/– mice by intraparenchymal injection (Figure 4C).
Western blot and TUNEL analysis results showed that the apoptosis
of podocytes was significantly decreased in AAV9-miR-30a-5p mice
than that in AAV9-miR-neg mice (Figure 4D,E). These results in-
dicated that overexpression of miR-30a-5p inhibits Hcy-induced
podocyte apoptosis.

FOXA1 is a target gene of miR-30a-5p
To further explore the regulation mechanisms of miR-30a-5p in
podocyte apoptosis induced by Hcy, we identified the potential
targets of miR-30a-5p using Targetscan online software (http://
www.targetscan.org/vert_72/). Interestingly, we found that miR-
30a-5p has complementary binding sites to the 3′-UTR of FOXA1
(Figure 5A). To elucidate whether FOXA1 is a target of miR-30a-5p,

we constructed wild-type (WT) and mutant (Mut) FOXA1 reporter
plasmids. Co-expression of miR-30a-5p and WT reporter plasmids
significantly reduced the luciferase activity, while co-expression of
miR-30a-5p and mutated FOXA1 reporter did not change the luci-
ferase activity (Figure 5B). These results indicated that miR-30a-5p
directly targets FOXA1. In addition, the mRNA and protein ex-
pression of FOXA1 were increased both in glomeruli of Cbs+/– mice
fed with high-methionine diet and in podocytes treated with Hcy
(Figure 5C,D). Thereafter, the results of western blot analysis re-
vealed that overexpression of miR-30a-5p suppressed the protein
expression of FOXA1 in podocytes treated with Hcy, while silencing
of miR-30a-5p promoted the protein expression of FOXA1 (Figure
5E). Similar results were also obtained in AAV9-miR-30a-5p mice
(Figure 5F). These results indicated that miR-30a-5p directly binds
to the FOXA1 3′-UTR to inhibit FOXA1 expression in Hcy-induced

Figure 4. miR-30a-5p inhibits podocyte apoptosis during HHcy-induced glomerular injury (A) Flow cytometry analysis was used to detect
apoptosis of podocytes after transfected with miR-neg, miR-30a-5p mimic or miR-30a-5p inhibitor in presence of Hcy, respectively. n=3. (B) The
protein expressions of Bax, Bcl-2 and c-caspase-3 were detected by western blot analysis in podocytes transfected with miR-neg, miR-30a-5p
mimic or miR-30a-5p inhibitor and treated with Hcy. n=3. (C) The expression of miR-30a-5p was analyzed by qRT-PCR after AAV9-miR-30a-5p was
delivered into kidney of Cbs+/− mice by intraparenchymal injections. n=6. (D) Representative western blots and quantification results of Bax, Bcl-2
and c-caspase-3 in the glomerulus after AAV9-miR-30a-5p or AAV9-miR-neg was delivered into kidney of Cbs+/− mice. n=6. (E) The apoptotic
podocytes in glomerulus were detected by TUNEL assay after AAV9-miR-30a-5p was delivered into kidney of Cbs+/− mice by intraparenchymal
injections. Scale bar=170 μm. Data are expressed as the mean±SD. n=6. **P<0.01.
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podocyte apoptosis.

Hcy promotes DNA methylation of miR-30a-5p promoter
in podocytes
A possible mechanism of miRNA transcription regulation is DNA
methylation [27]. To further investigate whether downregulation of
miR-30a-5p in Hcy-induced podocyte apoptosis is related to DNA
methylation, several fragments of miR-30a-5p promoter region (–
2000/+71, –1400/+71, –921/+71, and –600/+71) were inserted
into the firefly luciferase vector pGL3. The dual-luciferase reporter
assay showed that the region between –1400 and –921 of miR-30a-
5p promoter region has the highest activity, indicating that the re-
gion between –1400 and –921 of miR-30a-5p promoter is critical for
miR-30a-5p expression (Figure 6A). nMS-PCR results showed that
the methylation level of the miR-30a-5p promoter in the glomeruli of
Cbs+/– mice is higher than that of Cbs+/+ mice (Figure 6B). In
addition, MassARRAY quantitative methylation analysis showed
that the methylation level of miR-30a-5p promoter was increased in
podocytes treated with Hcy (Figure 6C). To further examine whe-
ther DNA methylation directly represses miR-30a-5p promoter ac-
tivity, the cloned miR-30a-5p promoter fragments were methylated
by SssI DNA methylase (SssI), and proper methylation sites of miR-
30a-5p promoter were confirmed by digestion with methylation-
specific restriction enzyme McrBC. The dual-luciferase reporter
assay results showed that miR-30a-5p promoter activity was
markedly blocked after treatment with M.SssI (Figure 6D). These

results suggested that miR-30a-5p transcription level was modu-
lated by DNA methylation in Hcy-induced podocyte apoptosis.

DNMT1 inhibits miR-30a-5p transcription activity in po-
docytes in a DNA methylation-dependent manner
DNA methylation is mediated by DNMT family members DNMT1,
DNMT3a and DNMT3b [28]. To explore their roles in miR-30a-5p
DNA methylation induced by Hcy, we examined the expressions of
DNMT1, DNMT3a and DNMT3b both in vivo and in vitro. As shown
in Figure 7A,B, the expressions of DNMT1, DNMT3a and DNMT3b
were increased both in the glomeruli of Cbs+/– mice and in podo-
cytes treated with Hcy. Moreover, only DC_05 (DNMT1 specific
inhibitor) showed the strongest stimulatory effect on miR-30a-5p
expression, while all investigated inhibitors, including 5-Azacyti-
dine (AZC, DNMT inhibitor), theaflavin 3, –3′-digallate (TFD,
DNMT3a specific inhibitor) and nanaomycin A (NA, DNMT3b
specific inhibitor), did not change miR-30a-5p expression (Figure
7C). This result suggested that DNMT1 is the major regulator for
miR-30a-5p methylation induced by Hcy. To further investigate the
regulatory effect of DNMT1 on miR-30a-5p expression, we knocked
down or overexpressed DNMT1 in podocytes by DNMT1 siRNA (si-
DNMT1) or recombinant adenoviruses expressing DNMT1 (Ad-
DNMT1) respectively (Supplementary Figure S2). As shown in
Figure 7D, overexpression of DNMT1 significantly decreased the
expression of miR-30a-5p in podocytes treated with Hcy. In con-
trast, knockdown of DNMT1 increased the expression of

Figure 5. FOXA1 is a target gene of miR-30a-5p (A) A schematic diagram showing the predicted miR-30a-5p binding sites in the 3′-UTR of FOXA1.
(B) The reporter vectors containing wild-type (WT) 3′-UTR of FOXA1 or its mutant (Mut) were co-transfected with miR-neg or miR-30a-5p mimic.
Relative luciferase activities were normalized by the ratio of firefly and Renilla luciferase activities. n=3. (C,D) The expression of FOXA1 was
analyzed by qRT-PCR and western blot analysis in Cbs+/– mice or podocytes treated with Hcy. n=3. (E) Western blot analysis of FOXA1 protein
expression after podocytes were transfected with miR-neg, miR-30a-5p mimic or miR-30a-5p inhibitor in presence of Hcy. n=3. (F) Representative
western blots and quantification results of FOXA1 in the glomerulus after AAV9-miR-30a-5p was delivered into kidney of Cbs+/− mice. Data are
expressed as the mean±SD. n=6. *P<0.05, **P<0.01.
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miR-30a-5p. In addition, the methylation level of miR-30a-5p pro-
moter in Hcy-treated podocytes was significantly decreased after
DC_05 treatment or DNMT1 knockdown, while overexpression of
DNMT1 enhanced the miR-30a-5p promoter methylation level
(Figure 7E). These results revealed that DNMT1 can inversely reg-
ulate miR-30a-5p expression. Furthermore, we examined that
whether DNMT1 binds to miR-30a-5p promoter directly in vitro.
ChIP analysis showed that Hcy enhanced the binding of DNMT1 to
the miR-30a-5p promoter (Figure 7F). We further found that over-
expression of DNMT1 significantly promoted the enrichment of
DNMT1 to miR-30a-5p promoter in podocytes treated with Hcy,
whereas this phenomenon was decreased by DNMT1 knockdown
(Figure 7G). Taken together, these results demonstrated that
DNMT1 promotes miR-30a-5p methylation by direct binding to the
miR-30a-5p promoter.

Discussion
In the present study, we established HHcy Cbs+/– mice model with a
serum level of Hcy around 40 μM. The results showed that HHcy
aggravates glomerular podocyte injury and apoptosis in Cbs+/–

mice, and similar results were obtained in podocytes treated with
Hcy in vitro, suggesting that elevated Hcy level is associated with
glomerular podocyte injury.

To explore the mechanism of HHcy-induced glomerular podocyte
injury, we focused on miRNAs due to their regulating function in
most biological processes of cells, including cell proliferation, dif-
ferentiation, senescence and apoptosis [29]. miRNAs are a class of
non-coding small RNA molecules, which regulate gene expression
by completely or partially binding to the 3′-UTR of the target
mRNAs. However, the mechanism responsible for miRNA regula-
tion and the contributions of Hcy-regulated miRNAs towards HHcy-
induced glomerular injury has not been well explored. Previous
studies showed that miRNAs plays an important role in the occur-
rence and development of various kidney diseases, especially in the
maintenance of glomerular function. miR-770-5p is involved in the
development of diabetic nephropathy through regulating podocyte
apoptosis [30,31]. In addition, miR-382 was found to inhibit glo-
merular mesangial cell proliferation and extracellular matrix accu-
mulation in diabetic nephropathy by targeting FOXO1 [32]. In this
study, we showed that Hcy inhibits miR-30a-5p expression both in
vitro and in vivo. Furthermore, we found that FOXA1 is a direct
target of miR-30a-5p by using miRNA target gene prediction tools
and bioinformatics-based analyses. In addition, our study high-
lighted the functional role of miR-30a-5p in HHcy-induced glo-
merular injury. We found that podocyte apoptosis caused by Hcy
were alleviated by overexpression of miR-30a-5p, and recombinant

Figure 6. Hcy promotes DNA methylation of miR-30a-5p promoter in podocyte (A) The promoter activity of the miR-30a-5p was examined by dual-
luciferase reporter assay. Fragments of the miR-30a-5p promoter (–2000/+71, –1400/+71, –921/+71, and –600/+71) were co-transfected into HEK293
cells with a Renilla luciferase vector. The results were presented as firefly luciferase activity normalized to Renilla luciferase activity 48 h after
transfection. n=3. (B) Methylation level of the miR-30a-5p promoter region in Cbs+/+ and Cbs+/– mice was analyzed by nMS-PCR. M: methylated
status; U: unmethylated status. n=6. (C) MassARRAY quantitative methylation analysis of DNA methylation level of miR-30a-5p promoter region in
podocytes treated with Hcy. n=3. (D) The proximal promoter region –2000/+71 of miR-30a-5p was methylated using methylase SssI in vitro and
cloned into a luciferase reporter vector. The promoter activity of the methylated miR-30a-5p proximal promoter region was assessed by trans-
fection of the luciferase reporter vectors into HEK293 cells. Data are expressed as the mean±SD. n=3. **P<0.01.
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adeno-associated viral vectors AAV9 harboring miR-30-5p protected
podocyte apoptosis in vivo. These data provided a novel mechan-
ism responsible for HHcy-induced glomerular podocyte injury by
regulating miR-30a-5p expression.

DNA methylation is often regulated by the activities of key en-
zymes and intermediate metabolites including Hcy which is an
amino acid produced in the metabolism of methionine [20,33]. Our
previous study showed that abnormal DNA methylation is closely
associated with the pathogenesis of liver diseases and athero-
sclerosis [21,25]. Meanwhile, the strong evidence that Hcy can in-
crease DNA methylation prompted us to evaluate the relationship
between DNA methylation, Hcy, and miR-30a-5p. As expected,
DNA methylation of the miR-30a-5p promoter was significantly
increased in Cbs+/– mice and in glomerular podocytes induced by
Hcy, and the region between –1400 and –921 of miR-30a-5p pro-
moter played a key role for its transcription regulation, suggesting
that downregulation of miR-30a-5p is mediated in a DNA methy-

lation-dependent manner.
DNMTs are responsible for establishing and maintaining DNA

methylation in mammalian cells and increased DNMT activity leads
to the hypermethylation of cellular genes and miRNAs, which are
generally associated with transcriptional repression and thereby
contribute to gene regulation [34]. In this study, we observed that
the protein levels of DNMT1, DNMT3a and DNMT3b were in-
creased both in vivo and in vitro. Subsequent experiments further
suggested that DNMT1 is the major regulator for DNA methylation
of miR-30a-5p promoter. The present study further uncovered that
overexpression of DNMT1 significantly decreases miR-30a-5p ex-
pression by increasing its methylation. More importantly, ChIP
analysis indicated that Hcy enhances the binding of DNMT1 with
the miR-30a-5p promoter, and the binding is more obvious when
DNMT1 is overexpressed in podocytes treated with Hcy.

In conclusion, the present study demonstrates that over-
expression of miR-30a-5p hampers the development and progres-

Figure 7. DNMT1 inhibits miR-30a-5p transcriptional activities in podocytes in a DNA methylation-dependent manner (A,B) Western blot analysis
of DNMT1, DNMT3a and DNMT3b protein expressions in Cbs+/– mice (n=6) and Hcy-treated podocytes (n=3). (C) The expression of miR-30a-5p was
detected in podocytes after treatment with AZC, DC_05, theaflavin 3,3′-digallate (TFD) or NanaomycinA (NA) (DNMTs, DNMT1, DNMT3a and
DNMT3b specific inhibitors, respectively) for 48 h. n=3. (D) The relative expression of miR-30a-5p in Hcy-treated podocytes with overexpression or
knockdown of DNMT1. n=3. (E) MassARRAY quantitative methylation analysis of DNA methylation level of miR-30a-5p promoter region after
overexpression or knockdown DNMT1 in Hcy-treated podocytes. n=3. (F,G) ChIP assay revealed the fold enrichment of DNMT1 on miR-30a-5p
promoter. The normal mouse IgG was used as a negative control. Data are expressed as the mean±SD. n=3. *P<0.05, **P<0.01.
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sion of Hcy-induced glomerular podocyte injury by targeting
FOXA1. Mechanistically, DNMT1-mediated DNA hypermethylation
promotes Hcy-induced podocyte injury by downregulation of miR-
30a-5p expression, suggesting a new pathogenic pathway in HHcy-
associated CKD (Figure 8).
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Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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