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DNA methyltransferase 1 knockdown 
reverses PTEN and VDR by mediating 
demethylation of promoter and protects 
against renal injuries in hepatitis B 
virus-associated glomerulonephritis
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Abstract 

Background: Aberrant DNA methylation patterns, including hypermethylation of key genes that inhibit fibrosis and 
inflammation, have been described in human kidney diseases. However, the role of DNA methyltransferase 1 (DNMT1) 
in hepatitis B virus-associated glomerulonephritis (HBV-GN) remains unclear.

Methods: We explored the underlying mechanism by establishing HBV X protein (HBx) overexpressing renal tubu-
lar epithelial (HK-2) cells and human podocytes with DNMT1 knockdown. Using RNA-sequencing to determine the 
downstream targets of DNMT1 and evaluate its levels of promoter methylation. HBV transgenic mice were used to 
examine the effects of DNMT1 inhibitor on renal in vivo.

Results: DNMT1 was significantly upregulated in the renal tissue of HBV-GN patients, accompanied by injuries of 
HK-2 cells and podocytes. HBx markedly upregulated DNMT1 and induced epithelial-mesenchymal transition (EMT) 
and inflammation in HK-2 cells and human podocytes. This increased DNMT1 expression was attenuated after DNMT1 
knockdown, accompanied by restored HK-2 cells and podocyte injuries resulting from the activation of PI3K/Akt/
mTOR and nuclear factor-kappa B (NF-κB) pathways. Hypermethylation of the phosphatase and tensin homolog 
(PTEN) promoter and vitamin D receptor (VDR) was induced in HBx-overexpressing HK-2 cells and podocytes, 
respectively, whereas DNMT1 knockdown effectively corrected these alterations. Furthermore, PTEN and VDR ablation 
resulted in marked EMT and inflammation induction in HBx-overexpressing HK-2 cells and human podocytes even 
with DNMT1 knockdown. Downregulation of the PI3K/Akt/mTOR-related pathway attenuated HBx-induced EMT and 
inflammation in HK-2 cells. Luciferase reporter assay revealed VDR as a direct target of the Snail family transcriptional 
repressor 1 (SNAI1) in HBx-overexpressing podocytes. DNA methylation inhibitor 5-azacytidine alleviated urinary pro-
tein and renal inflammation in HBV transgenic mice via PTEN-PI3K/Akt signaling and VDR signaling axis.
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Introduction
Hepatitis B virus (HBV) infection is widespread world-
wide and manifests as several extrahepatic syndromes 
[1]. HBV-associated glomerulonephritis (HBV-GN) is 
a cause of HBV-induced renal impairment and is one 
of leading secondary renal diseases in China. HBV-GN 
usually manifests as glomerular damage; its main path-
ological types are membranous, membranous prolif-
erative, IgA, and mesangial proliferative nephropathies 
[2]. Podocytes that reside on glomerular capillaries 
and play an essential role in the glomerular filtration 
barrier have been identified as the main targets in the 
pathogenesis of HBV-GN. In contrast, accumulat-
ing evidence suggests that renal tubular epithelial cell 
(RTEC) injury, tubular atrophy, inflammatory cell infil-
tration, and tubular interstitial fibrosis in the renal tis-
sue of HBV-GN patients play a critical role function in 
developing HBV-GN [3, 4]. Therefore, determining the 
causative mechanisms of HBV-GN, especially target-
ing podocytes and renal tubular injury, has become an 
urgent problem in the clinic.

HBV-GN is generally believed to be caused by the 
deposition of immune complexes. However, recent 
studies have revealed that direct virus-induced renal 
pathological alterations contribute to the HBV-GN 
progression in addition to immune dysfunction. The 
HBV X protein (HBx), a small soluble protein compris-
ing 154 amino acids, plays the most important regu-
latory role in HBV transcription and replication [5]. 
HBx is a multifunctional transactivator that affects cell 
transcription, signal transduction, cell cycle regula-
tion, DNA repair, apoptosis, and chromosomal stabil-
ity [6, 7]. It modulates AP-1 and nuclear factor-kappa 
B (NF-κB) transcription and activates the JAK/STAT, 
Ras/Raf/MAPK, JNK, and PI3K/Akt signaling path-
ways to promote disease progression [8]. HBx has been 
identified within the glomeruli and tubular epithelial 
cells of HBV-GN patients, suggesting a role for HBx 
in podocyte and tubulointerstitial damage. Previous 
studies have revealed that HBx enhances tumor necro-
sis factor‒related apoptosis-inducing ligand (TRAIL)-
induced apoptosis of RTECs by enhancing NF-κB 
activation, resulting in the enhanced production of 
proinflammatory cytokines such as TNF-α and IFN-γ 
[9]. HBx also stimulates renal epithelial-mesenchymal 

transition (EMT) via the activation of NF-κB [10]. 
However, the precise pathogenic mechanism under-
lying HBx-induced renal injuries has not been fully 
clarified.

Epigenetic modifications, i.e., genomic DNA methyla-
tion and histone modifications, are associated with vari-
ous renal disease etiologies [11,12]. Recent research has 
found that histone demethylase promotes renal inflam-
mation by mediating TLR4 signaling in HBV-GN, thereby 
revealing epigenetic modifications associated with HBV-
induced renal injuries [13]. In DNA methylation—an 
indispensable modification associated with epigenetic 
regulation—DNA methyltransferases (DNMTs) deposit 
methyl groups at the CpG dinucleotides. DNMT1 main-
tains the DNA methylation levels during DNA replica-
tion and repair and is responsible for transmitting the 
DNA methylation information to progeny cells, as it is a 
pivotal factor in maintaining promoter methylation. Fur-
ther, it is known to play a role in the differentiation and 
development of inflammatory cells. Moreover, blocking 
of DNMT1 activity has been reported to inhibit mac-
rophage polarization [14]. In addition, DNA methylation 
by DNMT1 could inhibit TRIM22 expression, thus caus-
ing HBV to evade the IFN- and TRIM22-associated anti-
viral machinery [15]. Therefore, DNMT1 is believed to 
be involved in cell proliferation, differentiation, apopto-
sis, and viral escape and is closely associated with tumor 
metastasis, inflammation, and viral replication. Sev-
eral studies indicated that hypermethylation of various 
promoters was related to the pathogenesis of acute and 
chronic kidney diseases, and that the reversibility of epi-
genetic modifications offered a molecular foundation for 
epigenetic intervention in the treatment of kidney dis-
eases [16–18]. However, the exact mechanism by which 
DNMT1 regulates HBx-induced podocyte and RETC 
injury remains unclear.

This study aimed to assess the potential mechanism 
of action DNMT1 in HBx-induced renal inflamma-
tion and fibrosis in HBV-GN. We found that DNMT1 
promoted HBx-induced fibrosis and proinflammatory 
mediator production by enhancing the promoter meth-
ylation of phosphatase and tensin homolog (PTEN) 
and vitamin D receptor (VDR) in RTECs and human 
podocytes, respectively. Furthermore, DNMT1 knock-
down effectively recovered PTEN and VDR promoter 

Conclusions: Our study clarifies the potential epigenetic mechanisms underlying HBx-induced renal injuries in HBV-
GN and the renoprotective effects of inhibiting DNMT1, which can provide important insights into the development 
of treatments for HBV-GN.

Keywords: Hepatitis B virus-associated glomerulonephritis, Hepatitis B virus X protein, DNA methylation, 
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hypermethylation, thereby contributing to the down-
regulation of PI3K/Akt/mTOR and NF-κB signaling 
pathways, which could restore the protein loss and 
protect against HBx-induced renal injuries in vivo and 
in vitro. Therefore, our study explored epigenetic mech-
anisms—from the perspective of fibrosis and inflamma-
tion in HBx-induced renal dysfunction—leading to the 
development of HBV-GN.

Materials and methods
Patient samples
Kidney biopsy samples were obtained from 15 inpa-
tients diagnosed with HBV-GN and 50 inpatients with-
out HBV-GN. HBV-GN was diagnosed based on the 
following criteria: (a) serum hepatitis B surface antigen 
(HBsAg) positivity, (b) glomerular nephritis, where sec-
ondary glomerular disorders and lupus nephritis were 
excluded, and (c) HBV DNA or HBV antigen positivity 
in renal samples. Patients were classified into four groups 
(groups I–IV), i.e., HBV-GN (Group I, n = 15), HBV-pos-
itive PGN (Group II, n = 20, PGN cases showing positive 
serum HBV DNA or HBsAg results), HBV-negative PGN 
(Group III, n = 15, PGN cases not affected by HBV), and 
normal control (n = 15, matched non-carcinoma kidney 
tissue samples). This study was conducted in accordance 
with the Second Declaration of Helsinki. Each patient 
provided informed consent.

Animals
Fourteen 6-week-old HBV-Tg C57BL/6 male mice (HBV 
mice) and age-matched WT C57BL/6 male mice (C57 
mice) were obtained from Vitalstar Biotechnology Co., 
Ltd. (Beijing, China). Each mouse was raised in an SPF 
environment under a 12-hour/12-hour light/dark cycle at 
22 °C. Animals were allowed ad  libitum access to drink-
ing water. Half of the HBV (n = 7) and C57 mice (n = 7) 
were randomly chosen to receive 5-azacytidine dissolved 
in PBS (5-Aza, Sigma-Aldrich, St. Louis, MO, USA) 
at 16 weeks of age. These mice were intraperitoneally 
injected with 5-Aza (1 mg/kg body weight) three times 
per week. The same volume of PBS was intraperitoneally 
injected into the control HBV (n = 7) and C57 mice 
(n = 7). After 8 weeks of treatment, 24 h urine, blood, and 
kidney samples were collected. All experiments involv-
ing animals were approved by the Animal Care and Use 
Committee of Shanghai General Hospital, Shanghai Jiao-
tong University School of Medicine. And we declared 
that each experiment was carried out according to the 
guidelines for the Care and Use of Laboratory Animals 
(NIH publication, Eighth edition, 2011) released by the 
National Institutes of Health.

Assessment of renal function
The total blood samples were centrifuged at 3500 × g 
for 15–30 min. Serum creatinine (Scr) levels were 
determined with an automatic biochemical analyzer. 
The 24 h urine samples were collected from metabolic 
cages, and urinary protein (Upro) was determined with 
an automatic biochemical analyzer.

Cell culture
Human tubular epithelial cells, i.e., HK-2 cells were 
obtained from the American Type Culture Collec-
tion (ATCC), and cultured in DMEM/F12 (Gibco, NY, 
USA) supplemented with 1% penicillin/streptomycin 
(Sigma-Aldrich, St. Louis, MO, USA) and 10% fetal 
bovine serum (FBS, Gibco, NY, USA) and incubated 
in a humid atmosphere of 5%  CO2 at 37 °C. The con-
ditionally immortalized human podocyte cell line dem-
onstrating nephrin and podocin expression was kindly 
provided by Prof. Chuanming Hao (Huashan Hospital, 
Fudan University) and cultured as previously described 
[19]. Differentiated podocytes were cultured in RPMI-
1640 medium (Gibco, NY, USA), containing 1% penicil-
lin/streptomycin and 10% FBS.

Plasmid and RNA interference
Full-length sequences of the gene encoding the HBx 
(Gene ID: 944,566) were chemically synthesized, and 
these were then subcloned into a lentiviral expression 
vector (PGMLV-PA6) obtained from Genomeditech 
(Shanghai, China). The sequences of the DNMT1, 
VDR, and PTEN genes were obtained from GenBank. 
Genepharma Co., Ltd (Genepharma, Shanghai, China) 
designed and synthesized control siRNA and siRNA 
against DNMT1, VDR, PTEN. siSNAI1 was purchased 
from Santa Cruz  (sc-38398,  CA, USA)  (Additional 
file 1: Table S1).

Transfection and stable cell line generation
Cells were seeded in 6-well plates (1 ×  105/well), and 
when the cell density reached approximately 70–80%, 
siRNA or plasmids were transfected into cells using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) in 
accordance with the manufacturer’s instructions. HBx 
overexpression and control lentiviral vectors—contain-
ing a random sequences—were transfected into HEK 
293 T cells. After 48 h of transfection, the medium con-
taining the lentivirus was harvested and used for infect-
ing the HK-2 cells and human podocytes, followed by a 
week of puromycin (2 µg/mL) selection to generate sta-
bly transfected cells. Cells with stable HBx expression 
were considered HBx-HK-2 cells or HBx-podocytes, 
whereas those with stable empty vector were used as 
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Fig. 1  DNMT1 upregulation among HBV-GN patients and HBx-transfected renal cells. A DNMT1 expression was determined using 
immunohistochemistry. B and C HK-2 cells and human podocytes transfected with empty vector lentivirus (NC) or HBx-expressing lentivirus (HBx) 
and without transfection (Cont) were examined for HBx expression by western blotting and RT-qPCR. D The expression of DNMT1, DNMT3a, and 
DNMT3b was measured in HK-2 cells and human podocytes using western blotting. E DNMT1 activity was evaluated using the DNMT1 assay kit. 
Data are expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01
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negative control (NC) cells. The untreated cells were 
called control (Cont) cells.

RNA‑sequencing and transcriptome analysis
NC cells transfected with siNC were used as negative 
controls. HBx-HK-2 cells or HBx-podocytes transfected 
with or without siDNMT1 were used to analyze the 
potential downstream targets of DNMT1. TRIzol (Invit-
rogen, Carlsbad, CA, USA) was used to extract total RNA, 
and libraries were established using the TruSeq Stranded 
mRNA LTSample Prep Kit (Illumina, San Diego, CA, 
USA) in accordance with the manufacturer’s instructions. 
The constructed libraries were then sequenced using the 
Illumina sequencing platform (Illumina HiSeq X Ten or 
HiSeqTM 2500), which produced paired-end reads of 
125 bp/150 bp. Transcriptomic analysis and sequenc-
ing was outsourced to OE Biotech Co., Ltd. (Shanghai, 
China). P < 0.05, and fold change (FC) < 0.5 or FC > 2 indi-
cated significant differential expression.

Immunofluorescence
After rinsing twice with PBS, cells were fixed for 30 min 
in 4% paraformaldehyde, permeabilized using 0.2% Tri-
ton X-100, and blocked using 0.5% bovine serum albu-
min (BSA) at room temperature. Thereafter, cells were 
probed overnight with anti-DNMT1 (#ab188453), anti-
VDR (#ab89626), anti-PTEN (#ab137337) (Abcam, 
Cambridge, MA, UK), anti-DNMT1 (#sc-271,729), anti-
SNAI1 (#sc-271,977), anti-nephrin (#sc-376,522) (Santa 
Cruz, CA, USA), anti-E-cadherin (#14,472), and anti-p-
NF-κB P65 (#3033) (Cell Signaling Technology, Danvers, 
MA, USA), anti-HBx (#MA1-81021) (Thermo Fisher Sci-
entific, Waltham, MA, USA) antibodies at 4 °C. This was 
followed by a 60 min incubation with fluorescence-con-
jugated secondary antibodies (Yeasen, Shanghai, China) 
in the dark at room temperature. Then, cells were stained 
with DAPI (Beyotime, Shanghai, China) for 10 min at 
room temperature.

Immunohistochemistry
Human and animal kidney samples were fixed with 4% 
paraformaldehyde, embedded in paraffin, and sliced 
into 4 μm sections. After blocking with 5% BSA at 
room temperature, the sections were probed overnight 
with antibodies against HBx (#ab235), IL-6 (#ab9324, 
#ab208113),  DNMT1 (#ab188453)  (Abcam, Cambridge, 
MA, UK), and TNF-α (#sc-52,746) (Santa Cruz, CA, 
USA) at 4 °C, followed by incubation with appropriate 
secondary antibodies. The sections were visualized using 

a light microscope (Leica, Heidelberg, Germany) and 
quantified using ImageJ.

Masson’s trichromatic staining
Kidney sections were prepared as described above and 
then dewaxed and hydrated. After rinsing with water, 
the sections were stained using reagents from a Mas-
son Modified International Medical Equipment (IMEB) 
Stain Kit (IMEB, San Marcos, CA, USA), in accordance 
with the manufacturer’s instructions. Collagen deposi-
tion was imaged using a microscope (Leica, Heidelberg, 
Germany).

Quantitative real‑time PCR
TRIzol was used to isolate the total RNA. Thereafter, 1 µg 
of total RNA was reverse transcribed into cDNA using 
the Toyobo reverse transcription system (Osaka, Japan). 
SYBR Green Premix (Takara, Otsu, Japan) was used to 
conduct quantitative real-time PCR (qRT-PCR) on an 
ABI 7700 Sequence Detector System (Applied Biosys-
tems, USA). The expression of target genes was normal-
ized to the expression of GAPDH. We used the  2−ΔΔCT 
method to determine the fold-change at the target gene 
level. Additional file 1: Table S2 displays all the primers 
used.

Protein isolation and western‑blotting
RIPA buffer (Thermo Fisher Scientific, Waltham, MA, 
USA), supplemented with phosphatase/protease inhibi-
tors (Thermo Fisher Scientific, Waltham, MA, USA), 
was used to lyse cells and tissues. Proteins were collected 
after centrifuging the lysate at 15,000 × g for 15 min. 
Equivalent amounts of protein were loaded into each well 
of 6–12% SDS-PAGE gels, and then transferred onto a 
PVDF membrane (Thermo Fisher Scientific, Waltham, 
MA, USA). Thereafter, the membranes were blocked in 
5% skim milk for 1–2 h at room temperature, followed 
by overnight incubation at 4 °C with primary antibod-
ies, i.e., anti-HBx (#ab235), anti-DNMT1 (#ab188453), 
anti-DNMT3a (#ab188470), anti-DNMT3b (#ab2851), 
anti-ZO1 (#ab216880), anti-VDR (#ab3508), anti-PTEN 
(#ab137337), anti-podocin (#ab181143), anti-fibronectin 
(#ab2413), anti-IL-6 (#ab9324, #ab208113)(Abcam, Cam-
bridge, MA, UK), anti-p-NF-κB P65 (#3033), anti-NF-κB 
P65 (#8242), anti-p-IκBα (#2859), anti-IκBα (#4814), 
anti-E-cadherin (#14,472), anti-vimentin (#5741), anti-
p-mTOR (#5536), anti-mTOR (#2983), anti-p-Akt 
(#5012), anti-Akt (#4691), anti-β-actin (#3700), and anti-
GAPDH (#5174) (Cell Signaling Technology, Danvers, 
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Fig. 2  Kidney injuries in HBV-GN patients. A Nephrin expression in podocytes analyzed using immunofluorescence. Scale bar: 25 μm. B E-cadherin 
expression in renal tubular epithelial cells was analyzed using immunofluorescence. Scale bar: 25 μm. C The expression of HBx, TNF-α, and IL-6 was 
observed using immunohistochemistry. Scale bar: 100 μm. D Analysis of mean staining intensity in each group. Results are expressed as mean ± SD 
of 3 separate assays. *P < 0.05; **P < 0.01
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Fig. 3 DNMT1 inhibition attenuated HK-2 cell and human podocyte injury in vitro. A and B The expression of HBx and DNMT1 in HBx-HK-2 cells 
and HBx-podocytes with or without DNMT1 knockdown was evaluated by western blotting. C and D The localization and expression of HBx and 
DNMT1 in HBx-HK-2 cells and HBx-podocytes were determined by immunofluorescence. Scale bar: 10 μm. E and F ELISA was conducted to measure 
concentrations of IL-6 and TNF-α in the culture supernatant of HBx-HK-2 cells and HBx-podocytes with or without DNMT1 knockdown. G and 
H Western blotting was conducted to measure the expression of E-cadherin, ZO1, Vimentin, Fibronectin, Podocin, and Nephrin in HBx-HK-2 cells 
and HBx-podocytes with or without DNMT1 knockdown. Results are expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01
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MA, USA), and anti-SNAI1 (#sc-271,977), anti-nephrin 
(#sc-376,522) and anti-TNF-α (#sc-52,746) (Santa Cruz, 
CA, USA). This was followed by a 2 h incubation with 
horseradish peroxidase-conjugated secondary anti-rabbit 
IgG (#7074) and anti-mouse IgG (#7076) (Cell Signaling 
Technology, Danvers, MA, USA) under room tempera-
tures. ECL (Millipore, Billerica, MA, USA) was used to 
visualize and analyze the protein bands.

Enzyme‑linked immunosorbent assay
Commercial enzyme-linked immunosorbent assay 
(ELISA) kits (R&D, Minneapolis, MN, USA) were used 
to measure TNF-α and IL-6 levels in the supernatant, in 
accordance with the manufacturers’ instructions. TNF-α 
and IL-6 levels were analyzed based on  OD450.

Bisulfite‑sequencing PCR
Total genomic DNA was isolated from HK-2 cells and 
human podocytes. After bisulfite treatment, 1 µg genomic 
DNA was modified using the EpiTect Bisulfite Kit (Qia-
gen, Germantown, MD, USA), followed by PCR amplifi-
cation using Bisulfite-sequencing PCR (BSP) forward and 
reverse primers (Additional file  1: Table  S3). After PCR 
amplification procedure, the PCR products correspond-
ing to the CpG islands of the PTEN and VDR promoters 
(351 base pairs and 399 base pairs) were subjected to gel 
purification and insertion into the pMD18-T vector. Ten 
clones were chosen for sequencing after transformation 
into TOP10 (DL1010) competent cells.

Dual‑luciferase reporter assay
Cells were seeded into 24-well plates, followed by co-
transfection with pcDNA3.1/Flag-SNAI1, pGL4.10-
VDR luciferase promoter-reporter plasmid (wild-type 
or mutant plasmid), and a plasmid encoding Renilla 
luciferase (pRL-TK plasmid, OBiO Technology, Shang-
hai, China). After 48 h, cells were harvested, and Renilla 
and firefly luciferase activities were assessed—using the 
Dual-Luciferase Reporter Assay System purchased from 
Promega (Madison, WI, USA)—based on a previous 

description [20]. The firefly luciferase to Renilla luciferase 
ratio was calculated.

Nuclear extract preparation
Nuclear extracts were prepared using a nuclear protein 
extraction kit (Beyotime, Shanghai, China) in accordance 
with the manufacturer’s instruction. Briefly, cells were 
rinsed twice with PBS and resuspended in reagent A to 
extract the cytoplasmic protein fraction. After extraction 
of cytoplasmic proteins, the pellets were resuspended 
in 50 µL nuclear protein extraction reagent. After agita-
tion at 4 °C and centrifugation at 12,000×g for 10 min, 
the supernatant containing the nuclear proteins was har-
vested. Nuclear extracts were used for further analysis or 
stored at − 80 °C.

DNMT1 activity assay
Ten to twenty micrograms of the nuclear extract was 
harvested, and DNMT1 activity was evaluated using 
the DNMT1 assay kit (Abcam, Cambridge, MA, UK) in 
accordance with the manufacturer’s protocol. DNMT 
activity based on  OD450 values was measured using a 
microplate reader.

Statistical analysis
Each experiment was performed with three or more 
independent replicates. All data are shown as the 
mean ± SD and were compared using one-way ANOVA 
or Student’s t-test. GraphPad Prism 7.0 (GraphPad 
Software, Inc., Jolla, CA, USA) was used for graphical 
visualization and statistical analyses. Significance was 
set at P < 0.05.

Results
Significantly upregulated DNMT1 levels 
in HBx‑overexpressing renal cells and renal tissues 
of HBV‑GN patients
To investigate the function of DNMT1 in HBV-GN, 
we collected renal biopsy samples from 15 HBV-GN 

Fig. 4  RNA-sequencing after DNMT1 knockdown in HBx-overexpressing renal cells. A PCA in HK-2 cells and siNC- or siDNMT1-transfected HBx-HK-2 
cells (three replicates). B KEGG pathway analyses for identifying potential pathways in HK-2 cells and siNC- or siDNMT1-transfected HBx-HK-2 
cells. C Differentially expressed genes (79 upregulated and 97 downregulated) identified in the volcano plot for siNC- or siDNMT1-transfected 
HBx-HK-2 cells. D Heatmap showing 25 differentially expressed genes in siNC- or siDNMT1-transfected HBx-HK-2 cells. E RT-qPCR and western 
blotting were performed to confirm the altered mRNA and protein expression of PTEN after knocking down DNMT1. F PCA of podocytes and 
siNC- or siDNMT1-transfected HBx-podocytes with three replicates. G KEGG pathway analyses for potential pathways in podocytes and siNC- or 
siDNMT1-transfected HBx-podocytes. H Volcano plot revealed differentially expressed genes (291 upregulated and 131 downregulated) in siNC- or 
siDNMT1-transfected HBx-podocytes. I Heatmap showing 25 differentially expressed genes in siNC- or siDNMT1-transfected podocytes. J RT-qPCR 
and western blotting were performed to confirm the altered mRNA and protein expression of SNAI1 and VDR after knocking down DNMT1. Data are 
expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01

(See figure on next page.)
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patients, 15 HBV-antigen-negative PGN patients, 20 
HBV-antigen-positive PGN patients, and 15 matched 
non-carcinoma samples. In the normal control group, 
the DNMT1 expression was so low that it could not be 
detected by immunohistochemistry (IHC) (Fig.  1  A). 
In the HBV-antigen-negative and HBV-antigen-
positive PGN groups, a slight increase in DNMT1 
expression was detected (Fig.  1  A). DNMT1 showed 
markedly increased expression in the HBV-GN group 
than in the non-HBV-GN group and was found to be 
localized in the cytoplasm and nuclei of renal tubu-
lar epithelial cells (Fig. 1 A). HBx is a multifunctional 
viral protein that plays a critical role in disease patho-
genesis. To analyze whether HBx affects DNMT1 
expression in HBV-associated glomerulonephritis, 
we generated stable HBx-overexpressing cells, HBx-
HK-2 cell lines, and HBx-podocytes. We determined 
the overexpression efficiency of the lentiviral vectors 
with respect to HBx using qRT-PCR and western blot-
ting (Fig.  1B and C). We then confirmed the expres-
sion of three major DNMTs (DNMT1, DNMT3a, and 
DNMT3b) with or without HBx overexpression in 
HK-2 cells and human podocytes by western blotting. 
HBx markedly increased DNMT1 levels (compared to 
those in control lentiviral vector-transfected cells (NC) 
or wild-type cells (Cont)) (Fig.  1D). Consistent with 
these observations, HBx significantly increased the 
nuclear activity of DNMT1 in HK-2 cells and human 
podocytes (Fig. 1E). Further, DNMT1 was found to be 
upregulated in HBx-overexpressing cultured cells and 
kidney biopsies from HBV-GN patients.

DNMT1 knockdown protects against injuries 
in HBx‑overexpressing renal cells
To further explore the effects of DNMT1 with respect 
to modulating renal dysfunction in vitro, we first ana-
lyzed the expression of the podocyte slit diaphragm 
protein nephrin, epithelial membrane protein E-cad-
herin, and proinflammatory mediators in renal biop-
sies. Compared with the non-HBV GN groups, the 
HBV-GN group exhibited a significant reduction in 
glomerular nephrin levels, together with continuous 
linear pattern loss down the glomerular basement 
membrane (Fig.  2A). E-cadherin levels in the renal 
epithelium also decreased significantly in the HBV-
GN group (Fig. 2B). IHC revealed the absence of HBx 
expression in the kidney biopsy samples of non-HBV 
GN groups, and increased HBx expression in the kid-
ney biopsy samples of HBV-GN groups (Fig. 2C). The 
expression of proinflammatory factors, including IL-6 
and TNF-α, was markedly upregulated in the HBV-
GN group (Fig.  2D). Semi-quantitative analysis of the 

staining intensities confirmed the upregulation of 
HBx, TNF-α, and IL-6 in the HBV-GN group (com-
pared to the non-HBV-GN group) (Fig. 2D). The above 
results demonstrate that the expression of DNMT1 in 
the kidney of HBV-GN patients is significantly higher 
than that in the HBV-positive PGN group and HBV-
negative PGN group, suggesting that the abnormal 
expression of DNMT1 is closely related to the pres-
ence of renal HBV.

We then tested DNMT1 regulation in the context of 
kidney injuries. Western blotting revealed that the tar-
geted siRNA effectively knocked down DNMT1 expres-
sion in HK-2 cells and human podocytes but did not 
have any effect on HBx expression (Fig.  3  A and B). 
Immunofluorescence revealed that HBx and DNMT1 
co-localized in the nucleus, and the expression trends 
corresponded to those observed in western blotting 
(Fig. 3 C and D). Furthermore, DNMT1 knockdown sig-
nificantly reversed the HBx-induced release of TNF-α 
and IL-6 (Fig.  3E and F). Western blotting revealed 
that HBx downregulated epithelial markers, such as 
E-cadherin, ZO-1, nephrin, and podocin, whereas it 
upregulated mesenchymal markers, such as vimentin 
and fibronectin (Fig.  3G and H). DNMT1 knockdown 
in the background of HBx overexpression abolished the 
abnormal expression of EMT markers (Fig. 3G and H). 
Collectively, these results suggest that DNMT1 pro-
motes HBx-induced kidney injury in vitro.

RNA‑sequencing after DNMT1 knockdown 
in HBx‑overexpressing HK‑2 cells and podocytes
Based on the above results, we aimed to detect the genes 
regulated by DNMT1 in HBx-overexpressing HK-2 cells 
and human podocytes. We conducted transcriptome 
sequencing (RNA-seq) in the negative control + siNC 
(NC + siNC), HBx-overexpressing + siNC (HBx + siNC), 
and HBx-overexpressing + siDNMT (HBx + siDNMT1) 
cells. Principal component analysis (PCA) indicated 
favorable repeatability within groups and significant dif-
ferences among the three groups in HK-2 cells (Fig. 4A). 
The Kyoto encyclopedia of genes and genomes (KEGG) 
enrichment analyses were performed to better compre-
hend the regulatory mechanism of the potential path-
ways among the three groups. The PI3K/Akt signaling 
pathway was significantly upregulated in HBx + siNC 
group (compared to the NC + siNC group). In contrast, 
the mTOR signaling pathway, a key pathway downstream 
of PI3K/Akt signaling, was significantly downregulated 
in DNMT1 knocked down HBx-HK-2 cells, confirming 
that DNMT1 mediates its effects through the PI3K/Akt/
mTOR pathway in HBx-HK-2 cells (Fig.  4B). The vol-
cano plot showed that 166 differentially expressed genes 
(DEGs), including 79 upregulated and 97 downregulated 
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genes, were affected by DNMT1 knockdown in HBx-
HK-2 cells (Fig.  4C). The heatmap revealed 25 DEGs in 
siNC- or siDNMT1-transfected HBx-HK-2 cells, thereby 
demonstrating significant changes in the transcriptome 
(Fig.  4D). We observed alterations in the expression of 
PTEN —an important target of the PI3K/Akt/mTOR 
pathway—at the protein and mRNA levels after DNMT1 
knockdown using western blotting and RT-qPCR 
(Fig. 4E).

PCA of podocytes also showed favorable repeatabil-
ity within groups and significant differences among the 
NC + siNC, HBx + siNC, and HBx + siDNMT1 groups 
(Fig.  4F). KEGG enrichment analyses for potential 
pathways in podocytes revealed that the NF-κB path-
way—a key inflammatory pathway—was significantly 
upregulated in HBx-podocytes but downregulated after 
DNMT1 knockdown (Fig.  4G). These results confirmed 
the anti-inflammatory effects of DNMT1 knockdown. 
Volcano plot revealed that 422 DEGs, including 291 
upregulated and 131 downregulated genes, were affected 
by DNMT1 knockdown in HBx-podocytes (Fig. 4H). The 
heatmap showed 25 DEGs in siNC- and siDNMT1-trans-
fected HBx-podocytes (Fig.  4I). The alterations in the 
protein and mRNA expression of the main inflammation 
targets and EMT—VDR and SNAI1—were confirmed 
by western blotting and RT-qPCR after DNMT1 knock-
down (Fig.  4J). These results suggest that PTEN and 
VDR—downstream targets of DNMT1—might play an 
important role in regulating renal injuries in HBx-overex-
pressing HK-2 cells and human podocytes, respectively.

DNMT1 knockdown protects against renal injuries 
by mediating PI3K/Akt/mTOR and NF‑κB signaling
Based on the results of RNA-seq, we examined the 
activation of PI3K/Akt/mTOR and NF-κB signaling in 
response to HBx overexpression. Western blotting dem-
onstrated that overexpression of HBx distinctly improved 
the levels of p-AKT and p-mTOR compared to those in 
the NC group. Nevertheless, DNMT1 inhibition signifi-
cantly prevented the increase in p-AKT and p-mTOR lev-
els in HBx-HK-2 cells (Fig. 5A). As the NF-κB pathway is 
a vital inflammatory pathway that functions downstream 
of the AKT pathway, we examined the effect of DNMT1 
on the activation of the NF-κB pathway in HK-2 cells. 

DNMT1 inhibition reversed the increase in p-P65 and 
p-IκBα levels in HBx-HK-2 cells (Fig. 5B). To confirm the 
effect of DNMT1 on the NF-κB pathway in HBx-podo-
cytes, we detected the levels of p-P65, P65, p-IκBα, and 
IκBα in HBx-podocytes with or without DNMT1 inhi-
bition. Similar results for the NF-κB signaling pathway 
were observed in HBx-podocytes (Fig.  5D). Immuno-
fluorescence revealed the nuclear translocation of p-P65 
in HBx-overexpressing HK-2 cells and human podocytes 
(Fig. 5C and E). Blocking of DNMT1 significantly attenu-
ated the nuclear translocation of p-P65 (Fig. 5 C and E). 
Collectively, these data indicated that DNMT1 inhibition 
attenuated HBx-induced activation of PI3K/Akt/mTOR 
and NF-κB signaling in vitro.

Knockdown of DNMT1 reverses PTEN promoter 
hypermethylation in HBx‑HK‑2 cells
To obtain additional insights into the possible involve-
ment of DNA methylation alterations in PTEN in 
HBx-HK-2 cells, we first examined the expression and 
localization of DNMT1 and PTEN using immunofluores-
cence. We found that DNMT1 knockdown resulted in the 
reversal of HBx-induced reduction in PTEN expression. 
Further, we observed a co-localization between DNMT1 
and PTEN (Fig. 6A). To further verify the mechanisms by 
which DNMT1 affects PTEN expression in HK-2 cells, 
we successfully silenced PTEN using siRNA-mediated 
gene silencing. Western blotting revealed that DNMT1 
inhibition significantly prevented EMT in HBx-HK-2 
cells (Fig.  6B). However, PTEN silencing in the back-
ground of DNMT1 knockdown prevented the reversal of 
EMT (Fig. 6B). ELISA revealed that DNMT1 knockdown 
reduced TNF-α and IL-6 release, and PTEN silencing 
partially reversed the reduction in IL-6 release (Fig.  6C 
and D). PTEN silencing significantly reversed the down-
regulation of the NF-κB signaling pathway in DNMT1 
knocked down HBx-HK-2 cells (Fig.  6E). Then, we 
checked PTEN promoter methylation in a CpG-rich area 
using BSP. Methylation analysis of 21 CpG sites revealed 
that HBx-HK-2 cells displayed increased methylation 
of the PTEN promoter, whereas DNMT1 knockdown 
resulted in low methylation levels (Fig.  6F). To further 
verify the role of PTEN in regulating renal injury, we used 
the PI3K inhibitor LY294002 to confirm the pathway 

(See figure on next page.)
Fig. 5  HBx activated PI3K/Akt/mTOR and NF-κB pathways in cultured human podocytes and HK-2 cells. A Western blotting evaluating Akt, 
p-Akt, mTOR, and p-MTOR levels among different groups in HK-2 cells treated with or without inhibition of DNMT1. B Western blotting evaluating 
P65, p-P65, IκBα, and p-IκBα levels in HK-2 cells exposed to siDNMT1 or not across diverse groups. C Representative micrographs showing the 
immunostaining for p-NF-κB P65 within HK-2 cells among different groups. Scale bar: 10 and 50 μm. D Western blotting evaluating P65, p-P65, IκBα 
and p-IκBα levels within podocytes exposed to siDNMT1 or not across diverse groups. E Representative micrographs showing the immunostaining 
for p-NF-κB P65 among different groups in podocytes as indicated. Scale bar: 50 μm and 10 μm. Results are expressed as mean ± SD of 3 separate 
assays. *P < 0.05; **P < 0.01
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downstream of PTEN. Western blotting indicated that 
the PI3K inhibitor LY294002 could markedly enhance the 
PTEN knockdown‒induced EMT and NF-κB pathway 
activation (Fig.  6G and H). The above results illustrate 
that HBx enhances PTEN promoter hypermethylation by 
upregulating DNMT1, thus upregulating the PI3K/Akt/
mTOR and NF-κB pathways in HK-2 cells.

Knockdown of DNMT1 reverses VDR promoter 
hypermethylation in HBx‑podocytes
DNMT1 downregulated and upregulated VDR and 
SNAI1, respectively in HBx-podocytes. Immunofluores-
cence revealed that DNMT1 was upregulated and VDR 
was downregulated in HBx-podocytes; however, in the 
background of DNMT1 knockdown, the expression of 
VDR was remarkably upregulated. Further, DNMT1 and 
VDR were colocalized in the nucleus (Fig. 7A). DNMT1 
knockdown prevented the upregulation of SNAI1 in 
HBx-podocytes (Fig.  7B). Western blotting and ELISA 
demonstrated that VDR silencing prevented the rever-
sal of DNMT1 knockdown‒induced NF-κB pathway 
downregulation and partial proinflammatory cytokine 
downregulation (Fig. 7C, D, and E). In contrast, DNMT1 
knockdown resulted in the downregulation of vimentin 
and fibronectin and upregulation of nephrin, podocin, 
and ZO1 in HBx-podocytes, which was reversed upon 
silencing VDR, consequently contributing to EMT 
(Fig.  7F). Methylation analysis of 28 CpG sites fur-
ther revealed that overexpression of HBx significantly 
increased VDR promoter methylation, and DNMT1 
knockdown reversed this increase to the control level 
(Fig. 7G).

To explore a direct correlation between SNAI1 func-
tion and VDR expression, we evaluated the effect of 
SNAI1 on the transcriptional activity of the VDR pro-
moter. A dual-luciferase reporter assay was performed 
to verify the relationship between SNAI1 and VDR. The 
results showed that SNAI1 decreased the luciferase activ-
ity in case of wild-type VDR (WT), but not in case of 
VDR promoter with a mutation at the predicted SNAI1-
binding site (Mut1 and Mut2) (Fig.  8A). Furthermore, 
luciferase activity associated with the VDR promoter was 

lowered in HBx-podocytes and increased after SNAI1 
knockdown (Fig.  8B). These results suggest that SNAI1 
directly modulates the expression of VDR by binding to 
its promoter, thereby promoting fibrosis in HBx-induced 
renal injuries.

DNMT1 inhibitor 5‑Aza alleviates kidney injuries in HBV 
transgenic mice
To investigate whether DNMT1 could regulate renal 
injury in  vivo, we used HBV transgenic (HBV-Tg) mice 
and wild-type (NC) C57BL/6 mice with or without gav-
age with the DNMT1 inhibitor 5-Aza. Scr and 24 h Upro 
levels were also significantly reduced upon 5-Aza treat-
ment (Fig.  9A). Histological examination of the kid-
ney by Masson’s trichrome staining revealed that 5-Aza 
decreased mesangial matrix expansion and fibrosis in the 
glomeruli of HBV-Tg mice (Fig. 9B). IHC of the renal cor-
tex revealed that the expression of DNMT1, TNF-α, and 
IL-6 was upregulated in HBV-Tg mice, and this upregula-
tion was inhibited by 5-Aza treatment (Fig. 9C). Western 
blotting revealed that the expression of HBx and DNMT1 
was elevated in the kidneys of HBV-Tg mice. However, 
5-Aza markedly decreased DNMT1 expression but did 
not reduce HBx expression (Fig. 9D). These results sug-
gested that the DNMT1 inhibitor might attenuate renal 
injuries independently of the direct downregulation of 
HBx, and instead might regulate the specific downstream 
pathway in the kidneys of HBV-Tg mice. To verify the 
downstream targets of DNMT1 identified in  vivo, we 
examined the expression of PTEN, VDR, and SNAI1 in 
the kidneys of different groups. Western blotting revealed 
that the 5-Aza markedly reversed the upregulation of 
SNAI1 and downregulation of PTEN and VDR in the 
kidneys of HBV-Tg mice (Fig. 9E). Mechanistically, 5-Aza 
inhibited the release of inflammatory mediators and the 
activation of the NF-κB and Akt/mTOR pathways (Fig. 9F 
and G). Altogether, these data further demonstrate that 
the DNMT1 inhibitor‒mediated restoration of PTEN 
and VDR levels is a critical mechanism that could serve 
as a potential therapeutic strategy for renal protection in 
HBV-Tg mice.

Fig. 6  DNMT1 regulated PTEN methylation in kidney injuries in HBx-HK-2 cells. A DNMT1 and PTEN levels and localization within HBx-HK-2 cells 
measured through immunofluorescence. Scale bar: 10 μm. B Western blotting for PTEN, E-cadherin, ZO1, Vimentin, and Fibronectin in HBx-HK-2 
cells treated with or without inhibition of DNMT1 or PTEN. C and D Concentrations of IL-6 and TNF-α in HBx-HK-2 cells supernatant exposed to 
siDNMT1 or siPTEN transfection were detected by ELISA. E Western blotting for P65, p-P65, IκBα and p-IκBα in HBx-HK-2 cells treated with or without 
inhibition of DNMT1 or PTEN. F Representative BSP analysis for evaluating the DNA methylation status of the PTEN promoter region (21 CpG 
dinucleotides) in HK-2 cells and HBx-HK-2 cells transfected with siNC or siDNMT1. Methylated CpGs are indicated as black dots; unmethylated CpGs 
are indicated as empty dots. G Western blotting for E-cadherin, ZO1, Vimentin, and Fibronectin in HBx-HK-2 cells exposed to siPTEN or LY294002. H 
Western blotting for P65, p-P65, IκBα and p-IκBα in HBx-HK-2 cells exposed to siPTEN inhibition or LY294002. Results are expressed as mean ± SD of 
3 separate assays. *P < 0.05; **P < 0.01

(See figure on next page.)
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Discussion
It has been reported that HBx mediated the establish-
ment and maintenance of the chronic carrier state. 
Currently, the mechanisms regulating HBx-induced 
inflammatory injury and fibrosis are mostly concentrated 
in the liver [21]. The role of HBx in renal inflammation 
and fibrosis during HBV-GN is not well documented. In 
addition to bone marrow-derived fibroblasts, resident 
fibroblasts generated during EMT have been demon-
strated to be an important mechanism responsible for 
kidney fibrosis progression [22,23]. HBV infection can 
directly cause inflammatory cell infiltration and immune 
disorders, eventually leading to kidney fibrosis [3, 9,13]. 
Thus, we reasoned that HBx could enhance the produc-
tion of inflammatory cytokines, such as TNF-α and 
IL-6, and decrease that of podocyte slit diaphragm pro-
teins and renal tubular epithelial proteins. In this study, 
analysis of renal biopsy and HBV-Tg mouse renal tissue 
samples revealed that HBx expression was positively 
associated with the release of proinflammatory media-
tors, whereas it was inversely associated with expression 
of renal tubular epithelial and podocytes marker pro-
teins, demonstrating direct virus-induced pathological 
alterations in the kidney.

HBx, a pleiotropic protein involved in multiple patho-
genic processes, can initiate many epigenetic modifica-
tions, including DNA methylation, histone modifications, 
and chromatin remodeling [24,25]. Aberrant DNA meth-
ylation patterns have been associated with the progres-
sion of various kidney diseases [26,27]. In this study, we 
discovered that DNMT1 expression was upregulated 
in the kidneys of HBV-GN patients with accompanying 
renal injuries. Previous study has uncovered the role of 
DNMT1 and DNMT3a upregulation in enhancing the 
methylation of the Klotho promoter in mice exposed to 
adenine treatment [28]. However, our results showed that 
DNMT1 was the main subtype to promote the secretion 
of inflammatory mediators and EMT process without 
altering the levels of DNMT3a and 3b in HBx-induced 
renal injury. Consistent with our study, DNMT1 has 
been reported as a unique DNMT subtype that medi-
ates hypermethylation of the RasalI promoter, thereby 
leading to persistent renal fibrosis [29]. HBx can acti-
vate DNMT1 expression through the E2F1 pathway 

[30], further supporting our hypothesis. It is currently 
unknown whether the discrepancies were caused by 
the different disease models, which warrants further 
investigation.

The molecular events involved in the epigenetic regu-
lation of HBx-induced kidney injury are not fully under-
stood. DNA methylation of promoters can reprogram 
gene expression by silencing gene expression, thereby 
regulating ongoing kidney damage. Furthermore, 
DNMT1 knockdown did not affect HBx expression 
in  vivo or in  vitro, demonstrating that its renoprotec-
tive effect was mainly dependent on downstream signal-
ing pathway rather than directly affecting HBV. PTEN is 
a negative regulator of the Akt and mTOR pathways and 
its expression is controlled by several pathologic pro-
cesses and cellular factors including epigenetic mecha-
nisms [31,32]. PTEN downregulation may contribute 
to immune dysregulation, leading to glomerular hyper-
trophy, tubular hypertrophy, fibrotic reprogramming, 
and epithelial dedifferentiation through Akt activa-
tion[33,34]. Genetic suppression of PTEN could inhibit 
its EMT-promoting role, causing alleviation of kidney 
damage, thereby improving the survival rates [35]. Pre-
vious research found that PTEN protein was decreased 
when epigenetic expression of multiple miRNAs and res-
cued by knocking down relative miRNA in HBx induced 
pathological state [36,37]. HBx interrupted the balance 
between miRNA and PTEN, which contributed to the 
development of multiple diseases [38,39]. These data sug-
gest that HBx uses more than one epigenetic mechanism 
to induce cell injuries. In this study, we presented here 
a novel regulation mechanism between DNMT1 and 
PTEN in HBx induced HK-2 cells. We confirmed that 
HBx induced PTEN promoter methylation to promote 
inflammation and fibrogenesis in cultured HK-2 cells, 
a phenomenon that was partially reversed in the back-
ground of DNMT1 knockdown.

Furthermore, we examined the effect of DNMT1 on the 
downstream pathway of PTEN. At the molecular level, 
silencing of PTEN could reverse the regulation pattern 
of DNMT1 in HBx-HK-2 cells by upregulating the PI3K/
Akt/mTOR and NF-κB pathways. Similar to our findings, 
Xu et  al. confirmed that the m6A modification-related 
PI3K/Akt pathway modulated by methylase METTL14 

(See figure on next page.)
Fig. 7  DNMT1 regulated VDR methylation during kidney injuries in HBx-podocytes. A The localization and expression of DNMT1 and VDR in 
HBx-podocytes were determined by immunofluorescence. B DNMT1 and SNAI1 levels and localization within HBx-podocytes detected through 
immunofluorescence. Scale bar: 10 μm. C Western blotting for p-P65, P65, p-IκBα, and IκBα in HBx-podocytes treated with or without inhibition 
of DNMT1 or VDR. D and E Concentrations of TNF-α and IL-6 in the supernatant of HBx-podocytes with or without transfecting siDNMT1 or siVDR 
were evaluated by ELISA. F Western blotting for VDR, Podocin, Nephrin, ZO1, Vimentin, and Fibronectin in HBx-podocytes treated with or without 
inhibition of DNMT1 or VDR. G Representative BSP analysis for the DNA methylation status of the VDR promoter region (28 CpG dinucleotides) in 
human podocytes and HBx-podocytes transfected with siNC or siDNMT1. Methylated CpGs are indicated as black dots; unmethylated CpGs are 
indicated as empty dots. Results are expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01
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through PTEN had an effect on HDAC5-induced EMT 
in renal tubular cells exposed to high glucose (HG) 
treatment [40]. DNMT1 could downregulate PTEN, 
while PTEN overexpression reduced inflammation and 
activated fibroblast-like synoviocytes via AKT signal-
ing in rheumatoid arthritis [41]. Moreover, our results 
indicated that the PI3K/Akt inhibitor LY294002 attenu-
ated PTEN downregulation-induced EMT and NF-κB 
activation, thereby demonstrating that activation of the 
PI3K/Akt pathway in response to PTEN loss could result 
in the activation of the downstream proinflammatory 
NF-κB pathway. NF-κB is a prototypical proinflamma-
tory transcription factor that binds to the IκB protein 
in the cytoplasm. IκB phosphorylation and ubiquitina-
tion result in its degradation and this is followed by p65 
phosphorylation, translocation to the nucleus, and sub-
sequent transcription of several target genes [42]. The 
PI3K/Akt/NF-κB pathway also mediates EMT in many 
cancer cells [43–46]. Increasing evidence reveal that Akt/
mTOR and NF-κB activation upregulates renal inflam-
mation and dramatically promotes renal interstitial fibro-
sis and fibroblast activation [47–50]. And upregulation 
of autophagy upon PI3K/Akt/mTOR pathway inhibition 

can significantly stabilize IκB-α and reduce the expres-
sion of TNF-α-induced EMT [51].

The other downstream target, VDR, were studied to 
explore the underlying mechanism of increased Dnmt1 
in HBx-podocytes. VDR, a nuclear receptor superfamily 
member, harbors a ligand-independent cell-specific tran-
scriptional activation autonomic regulatory domains. In 
addition to classical regulation of the calcium and phos-
phorus balance, relevant results have shown that VDR 
plays an important role in cell differentiation, immuno-
logical regulation, and inflammation. Clinical research 
indicated that genetic variants of the VDR genes were 
associated with increased susceptibility to HBV-related 
hepatocellular carcinoma [52]. HBV downregulates VDR 
expression, thereby avoiding the immunological defense 
system [53]. Evidence from relevant renal studies has 
revealed that VDR agonists could be used to reduce pro-
teinuria via downregulating renin transcription. None-
theless, VDR agonists do not upregulate VDR expression, 
and adding a DNA methylation inhibitor to VDR ago-
nists amplifies VDR levels. The epigenetic status of the 
VDR-targeted gene transcription start sites was regu-
lated by altering the DNA methylation and H3K4me2/

Fig. 8  The transcription factor SNAI1 represses VDR in HBx-podocytes. A Luciferase activities of podocyte lysates subject to basic vector (Vector) 
or pcDNA3.1/Flag-Snai1 (SNAI1) transfection with pGL4.10-VDR wild-type promoter (VDR-WT) or VDR mutant promoter (Mut1 and Mut2). Renilla 
activity was used to normalize firefly activity. B HBx-podocytes were transfected with the VDR reporter plasmid and a Renilla luciferase reporter, 
which were subsequently treated with or without SNAI1 knockdown. Renilla activity was adopted for normalizing firefly activity. Results are 
expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01

(See figure on next page.)
Fig. 9  DNMT1 inhibitor 5-Aza protected from renal injuries in vivo. A Scr and Upro levels of the C57 + PBS(NC), C57 + 5-Aza (NC + 5-Aza, 1 mg/
kg weight), HBV + PBS, HBV + 5-Aza (1 mg/kg weight) groups at 24 weeks were measured. B Representative Masson’s stained kidney sections of 
different groups. Scale bar: 25 μm. C Immunohistochemistry for DNMT1, IL-6, and TNF-α in the renal cortex from experimental mice. Scale bar: 
100 μm. D Western blotting to evaluate HBx and DNMT1 expression in the kidneys from the experimental mice. E Western blotting to evaluate 
PTEN, VDR, and SNAI1 expression in the kidneys from the experimental mice. F Western blotting on IL-6, TNF-α, P65, p-P65, IκBα and p-IκBα levels in 
the kidneys from the experimental mice. G Western blotting to evaluate Akt, p-Akt, mTOR, and p-mTOR levels in the experimental mouse kidneys. 
Results are expressed as mean ± SD of 3 separate assays. *P < 0.05; **P < 0.01
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H3K9Ac levels within prostatic cancer [54]. Consistently, 
our results verified that HBx increased VDR promoter 
hypermethylation and silencing of VDR could reverse the 
downregulation of EMT and inflammatory mediator pro-
duction after DNMT1 knockdown.

To further identify the precise signaling pathway by 
which DNMT1 aids HBx-induced podocytes injuries. 
Genetic evidence indicates that master regulators of 
EMT, such as TWIST and SNAI1, play important roles 
in kidney fibrosis progression. Our luciferase reporter 
assay showed that VDR was a direct SNAI1 target, and 
silencing of SNAI1 partially enhanced the VDR activ-
ity in HBx-podocytes. Chandel et al. proved that human 
immunodeficiency virus induced SNAI1 repressor com-
plex formation, consisting of DNMT1-regulated VDR 
expression in podocytes, accounted for the increased 
CpG methylation at the VDR promoter and epigenetic 
alterations associated with the alleviation of podocyte 
injuries [55]. However, the specific SNAI1 mechanism 
in VDR requires further investigation. VDR agonists can 
inhibit NF-κB activity and reduce renal podocyte inflam-
mation in some experimental renal disease models (e.g., 

azithromycin-induced renal injury), thereby alleviating 
renal injury [56]. Increased levels of Sp1 and NF-κB-p65 
bound to the DNMT1 promoter region in podocytes 
under diabetic conditions, and this resulted in hyper-
methylation of podocyte slit diaphragm proteins which 
exacerbated podocyte damage [57]. Thus, we hypoth-
esized that the NF-κB pathway as a key regulator in 
DNMT1-mediated regulation of podocyte injuries was 
further confirmed by concurrently knocking down VDR 
and DNMT1.

Consistent with the results of in  vitro experiments, 
our research also revealed that pretreatment with 
the DNMT1 inhibitor 5-Aza mitigated renal injuries, 
improved kidney function and downregulated PI3K/
Akt/mTOR and NF-κB pathways in the kidneys of HBV-
Tg mice, and this renoprotective effect was independ-
ent of elimination of virus. Although our current study 
has conducted an in-depth exploration of the role of 
DNMT1 in HBV-GN, some limitations of this study need 
to be addressed. First, HBx overexpression of renal cells 
could not completely simulate all pathological processes 
of HBV damage to renal cells. Second, DNMT inhibitor 

Fig. 10  The proposed mechanism of DNMT1 silencing related to protecting against HBx-induced kidney injuries. DNMT1 knockdown protects 
against renal injuries mediated by PI3K/Akt signaling and VDR signaling by regulating the DNA methylation status of PTEN and VDR in HBV-GN
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was used to verify the systemic effects of vital targets 
in vivo experiments, but there was no specific knockout 
or knockin model for key molecules such as HBx and 
DNMT1 in kidney tissue. Third, further clinical valida-
tion of developed in vivo HBV-Tg model and clinical effi-
cacy of DNMT inhibitor in HBV-GN patients.

Conclusions
In conclusion, we have demonstrated an epigenetic 
mechanism by which HBx induces renal EMT and 
inflammation and uncovered a vital characteristic of the 
DNMT1 inhibitor with respect to preventing and treat-
ing HBV-GN. Our findings provide strong evidence that 
DNMT1 is upregulated in HBx-overexpressing HK-2 
cells and podocytes, leading to PTEN and VDR pro-
moter hypermethylation, respectively, and subsequent 
activation of the PI3K/Akt/mTOR and NF-κB signal-
ing pathways. Thus, DNMT1 may be exploited as a 
novel therapeutic target for intervention in HBV-GN 
progression (Fig. 10).
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48h. PTEN protein levels were determined by Western blotting. (C) Human 
podocytes were transfected with control siRNA (siNC) as negative or VDR 
siRNAs (siVDR) for 48 h. VDR protein levels were determined by Western 
blotting. Data were represented as mean ± SD from three independent 
experiments. **P < 0.01 vs siNC group.
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