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ARTICLE INFO ABSTRACT
Keywords: Renal fibrosis is the common histopathological feature of chronic kidney diseases (CKD), and there is increasing
NDRG2 evidence that epigenetic regulation is involved in the occurrence and progression of renal fibrosis. N-myc
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downstream-regulated gene 2 (NDRG2) is significantly down-regulated in renal fibrosis, the mechanism of which
remains unclear. Previous studies have confirmed that the inhibition of NDRG2 expression in tumor cells is
related to hyper-methylation, mainly regulated by DNA methyltransferases (DNMTS). Herein, we explored the
expression of NDRG2 and its epigenetic regulatory mechanism in renal fibrosis. The results showed that the
expression of NDRG2 was significantly inhibited in vivo and in vitro, while the overexpression of NDRG2
effectively alleviated renal fibrosis. Meanwhile, we found that the expression of DNMT1/3A/3B was significantly
increased in hypoxia-induced HK2 cells and Unilateral Ureteral Obstruction (UUO) mice accompanied by hyper-
methylation of the NDGR2 promoter. Methyltransferase inhibitor (5-AZA-dC) corrected the abnormal expression
of DNMT1/3A/3B, reduced the methylation level of NDRG2 promoter and restored the expression of NDRG2.
The upstream events that mediate changes in NDRG2 methylation were further explored. Reactive oxygen
species (ROS) are important epigenetic regulators and have been shown to play a key role in renal injury due to
various causes. Accordingly, we further explored whether ROS could induce DNA-epigenetic changes of the
expression of NDRG2 and then participated in the development of renal fibrosis. Our results showed that
mitochondria-targeted antioxidants (Mito-TEMPO) could reverse the epigenetic inhibition of NDRG2 in a DNMT-
sensitive manner, showing strong ability of DNA demethylation, exhibiting epigenetic regulation and anti-
fibrosis effects similar to 5-AZA-dC. More importantly, the anti-fibrotic effects of 5-AZA-dC and Mito-TEMPO
were eliminated in HK2 cells with NDRG2 knockdown. These findings highlight that targeting ROS-mediated
hyper-methylation of NDRG2 promoter is a potentially effective therapeutic strategy for renal fibrosis, which
will provide new insights into the treatment of CKD.

1. Introduction irreversible loss of kidney, the main pathological feature is renal fibrosis
[2]. In addition, renal fibrosis is the common ultimate pathway for

Chronic kidney disease (CKD) is an increasingly serious global public progression to end-stage renal disease in almost all chronic and pro-
health problem, affecting as much as 8 to 18% of the world population gressive kidney disease [3]. Despite recent studies have focused on
[11, which brings a heavy burden to the society. Regardless of the un- investigating how the differential expression of key genes mediate the
derlying etiology of CKD which is characterized by progressive and progression of renal fibrosis, the mechanisms of renal fibrosis have not
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been fully elucidated. Hence, understanding the underlying molecular
mechanisms of renal fibrosis might reveal potential therapeutic mo-
dalities for CKD.

N-myc downstream-regulated gene 2 (NDRG2) is a cytoplasmic
protein that belongs to the N-Myc downstream gene family [4]. It is
widely expressed in a variety of normal tissues and has many biological
functions, including cell growth and differentiation, stress responses and
hormonal responses [5]. Previous studies have shown that NDRG2 is
closely related to chronic fibrotic diseases. For instance, the expression
of NDRG2 was reduced in fibrotic liver, while overexpression of NDRG2
could protect against liver fibrosis by suppressing the TGF-p1/Smad
pathway and increasing the MMP2/TIMP2 ratio [5]. In addition, NDRG2
has been proved to be a potential regulator of renal fibrosis, and
blocking the expression of NDRG2 could promote renal fibrosis by
regulating the TGF-p/Smad3-mediated pro-fibrosis signaling pathway in
HK2 cells [6]. All above findings indicate that NDRG2 may play a vital
role in the pathogenesis of renal fibrosis. However, studies on the role
and molecular mechanisms of NDRG2 in the development and pro-
gression of renal fibrosis are rather limited.

The NDRG2 promoter, which contains typical CpG islands, is regu-
lated by DNA methylation. Several studies have shown that the hyper-
methylation of NDRG2 is related to the decreased expression of
NDRG2 in a variety of tumors [7,8]. DNA methylation is the most
studied epigenetic mechanism, and its role in renal fibrosis has been
gradually explored in recent years. It refers to the regulatory process of
adding a methyl group to CpG island cytosine residue under the medi-
ation of DNMT1/3A/3B [9], which leads to gene inhibition and plays an
important role in the regulation of gene expression [10]. Previous
studies have shown that abnormal DNA hyper-methylation of multiple
tumor suppressor genes is closely related to its transcriptional silencing
in tumor cells, which is an important factor promoting the progression of
cancer [11,12]. In addition, recent studies have found abnormal DNA
methylation on the promoters of genes known to be associated with
renal fibrosis in renal damage models [13-15], revealing the important
role of DNA methylation in renal fibrosis and providing a potential
therapeutic target for CKD. However, whether NDRG2 is an important
regulator of epigenetic changes in renal fibrosis has not been confirmed.

Reactive oxygen species (ROS) are important epigenetic regulators.
Studies have shown that higher levels of ROS promote the development
of tumor through genetic and epigenetic mechanisms [16]. Specifically,
ROS promote gene silencing by inducing abnormal hyper-methylation
on promoters of tumor suppressor genes, leading to tumor invasion
and metastasis [17,18]. ROS such as hydrogen peroxide (H202), su-
peroxide ions (O2e—) and hydroxyl radicals (¢OH) have been identified
as one of the pathogenic factors of various diseases [19] and play a
central role in signaling networks that regulate basic cellular processes
[20]. Importantly, ROS are overproduced in the pathological state of
CKD caused by various causes [21], which leads to the progression of
CKD [22]. In addition, early intervention of excess ROS has been widely
proven to prevent or delay the progression of CKD [23,24]. There is
increasing evidence that oxidative stress induced by ROS can promote
hyper-methylation of regional CpG islands and up-regulate DNA
methylation levels by promoting the expression of DNMTS or forming
new DNMT-containing complexes [25]. More importantly, ROS may
contribute to the development and progression of renal fibrosis by
promoting abnormal DNA methylation of target genes for renal fibrosis
through increasing the expression of DNA methyltransferases [26-28].
However, whether ROS can induce epigenetic changes in NDRG2 to
promote renal fibrosis and the key factors involved in this process
remain unclear.

In this study, we analyzed the relationship between ROS and DNA
methylation of NDRG2 in order to further explore the pathogenesis of
renal fibrosis related to CKD. Our results revealed the key role of DNA
hyper-methylation of NDRG2 in renal fibrosis and provided novel in-
sights into potential prophylactic and therapeutic anti-renal fibrosis
strategies.
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2. Methods
2.1. Construction of animal models

All experimental procedures were performed in accordance with the
guidelines of Laboratory Animal Care Committee of Shandong Univer-
sity (Shandong, China). Recombinant adeno-associated virus (AAV9-
NDRGZ2) and adeno-associated virus negative control (AAV9-NC) were
constructed by GENECHEM (Shanghai, China). C57BL/6 mice aged 6-8
weeks purchased from Shandong Animal Experimental Center were
randomly allocated into four groups: (1) Control group: Sham operation
(n = 6); (2) UUO group: unilateral ureteral obstruction operation (n =
6); (3) AAV9-NC + UUO group: AAV9-NC administered before UUO
operation (n = 6); (4) AAV9-NDRG2+UUO group: AAV9-NDRG2
administered before UUO operation (n = 6). The model of UUO was
established according to the method described in previous literatures
[29]. Briefly, the left ureter was exposed after anesthesia in all mice and
then the ureter was ligated with silk sutures for 14 days in the experi-
mental group, while no treatment was done in the control group. Mice in
the AAV9-NDRG2 and AAV9-NC group received tail vein injection of
AAV9-NC or AAV9-NDRG2, with a dose of 100 pl phosphate buffer sa-
line (PBS) containing 2 x 10”11 vector genome (vg) per mouse. Mice in
control group were injected with the same volume of PBS. After 3 weeks,
UUO model was carried out. The ability of AAV9 viral vector injected
through tail veins to transduce the kidneys of C57BL/6 mice was
determined using frozen kidney tissue sections (Supplementary Fig. 2).
In addition, the results of Western blotting showed that
NDRG2-overexpressed mice were successfully constructed (Supple-
mentary Fig. 2).

For some experiments, mice were randomly assigned to one of three
groups: (1) Control group (n = 6) ; (2) UUO group (n = 6); (3) 5-AZA-dC
-+ UUO group: 5-AZA-dC administered before UUO operation (n = 6) or
(3) Mito-TEMPO + UUO group: Mito-TEMPO administered before UUO
operation (n = 6). Mice treated with 5-AZA-dC were intraperitoneally
injected with 5-AZA-dC (0.35 mg/kg, A3656, Sigma-Aldrich, USA) every
other day from day 1 before surgery to the day of euthanasia. The same
injection regimen was followed for Mito-TEMPO (1 mg/kg, SML0737,
Sigma-Aldrich, USA) treated mice. Mice in control group were injected
with the same volume of PBS. For some experiments, C57BL/6 mice
aged 6-8 weeks were randomly allocated into five groups: (1) Control
group (n = 6); (2) UUO group (n = 6) (3) AAV9-NC + UUO group (n =
6); (4) AAVO-NDRG2+UUO group (n = 6); (5) AAV9-NDRG2+5-AZA-
dC + UUO group: Mice overexpressing NDRG2 were injected with 5-
AZA-dC before UUO operation, using the same dosage and method as
previously described (n = 6).

2.2. Histology and immunohistochemistry

The kidneys of mice were fixed with 10% formalin, embedded in
paraffin, and cut into 4 pm sagittal sections. Hematoxylin-eosin staining
(H&E), Periodic Acid-Schiff staining (PAS) and Masson-trichrome
staining were performed according to the manufacturer’s instructions.
For immunohistochemistry, the sections were incubated with primary
antibodies against NDRG2 (1:100, Abcam, UK), E-cadherin (1:100,
Abcam), Fibronectin (1:200, Proteintech, USA), Collagen-I (1:100,
Proteintech, USA), and a-SMA (1:100, Abcam), DNMT1 (1:200, Abcam),
DNMT3A (1:200, Abcam), DNMT3B (1:200, Proteintech).

2.3. Cell culture

Human renal tubular epithelial cells (HK2) were seeded in 6-well
plates at a density of 5000 cells/cm? and grown in 1640 medium
(Gibco, USA) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Solarbio, Beijing, China). For hypoxia experi-
ment, cells were exposed to 1% O3, 5% CO5 at 37 °C in the hypoxic
chamber (Thermo Fisher, USA). For the treatment with
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methyltransferase inhibitors, cells were pretreated with 5-AZA-dC (1
pM, Sigma-Aldrich) 1 h before exposed to hypoxia. For the treatment
with ROS inhibitors, cells were pretreated with Mito-TEMPO (10 pM,
Sigma-Aldrich) 2 h before exposed to hypoxia. For the treatment with
glutathione precursors, cells were pretreated with GSHee (2 mM, Sigma-
Aldrich) or NAC (5 mM, MedChemExpress) 1 h before exposed to
hypoxia.

2.4. Lentiviral vector transduction

Lentivirus vectors encoding NDRG2 (NDRG2 vector), an empty len-
tiviral vector (NULL vector), lentivirus interference vector against
NDRG2 (NDRG2 shRNA) and control lentiviral vector (scramble vector)
were purchase from Cyagen (Guangzhou, China). Lentivirus trans-
fections of HK2 were performed according to the manufacturer’s in-
structions. Transfection efficiencies were assessed by RT-PCR and
Western blotting.

2.5. Western blotting

Protein was extracted from HK2 cells and mice kidney by Lysis buffer
supplemented with 10% protease inhibitors. Equal amounts of protein
samples from each group were loaded on 10% SDS-PAGE gel in order
and then transferred onto poly vinylidene fluoride (PVDF) membrane.
After blocking in 5% skim milk for 1 h, the membranes were incubated
at 4 °C overnight with primary antibodies against GAPDH (1:1000,
Proteintech), NDRG2 (1:1000, Abcam), E-cadherin (1:1000, Cell
Signaling Technology,USA), N-cadherin (1:2000, Abcam), Vimentin
(1:2000, Abcam), a-SMA (1:2000,Abcam), Collagen-I (1:1000, Pro-
teintech), Fibronectin (1:2000, Proteintech), DNMT1 (1:1000, Abcam),
DNMT3A (1:1000, Abcam), and DNMT3B (1:1000, Proteintech). The
next day, the membranes were incubated with different secondary an-
tibodies: horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:5000, Abcam) or horseradish peroxidase-conjugated goat anti-mouse
IgG (1:5000, Abcam) for 1 h. Finally, the results were analysis using ECL
reagent (Millipore, USA) and Amersham Imager 600 (GE, USA). The
protein content was analyzed with Image J software.

2.6. Quantitative real-time PCR analysis

Total RNAs were extracted from HK2 cells and mice kidney using
Trizol reagent (Takara, Japan) according to the manufacturer’s in-
structions. Reverse transcription kits (Takara, Japan) were used to
reverse transcribe RNA into ¢cDNA according to the manufacturer’s in-
structions. SYBR Green PCR kits (Takara, Japan) were used for Real-time
PCR and the primers are listed in Supplementary Table 1.

2.7. Immunofluorescence analysis

The HK-2 cells were cultured on cover-slips and treated accordingly.
Then, the cells were washed and fixed with formaldehyde for 15 min.
Cells were selectively treated with or without 0.5% Triton X-100 for 5
min, depending on the location of protein expression. Next, cells were
incubated with blocking medium (PBS containing 5% bovine serum al-
bumin) for 1 h at 37 °C, then incubated at 4 °C overnight with primary
antibodies against E-cadherin (1:100, Cell Signaling Technology),
Vimentin (1:200, Abcam), a-SMA (1:100, Abcam), DNMT1 (1:100,
Abcam), DNMT3A (1:100, Abcam), DNMT3B (1:100, Proteintech).
Subsequently, the cells were washed and incubated at room temperature
with Alexa Fluor® 594-conjugated goat anti-rabbit IgG (1:200, Abcam)
for 1 h. The nuclei were stained with 4’, 6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich). Then the cells were imaged on fluorescence
Microscope (Leica Microsystems GmbH, Germany).
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2.8. Mito SOX Red mitochondrial superoxide

Mitochondrial ROS activity was analyzed using the MitoSOX Red
Mitochondrial Superoxide Indicator (YEASEN Biotech, China). The HK-
2 cells were cultured on cover-slips and treated accordingly. Cells were
washed and fixed with formaldehyde for 15 min, and then were incu-
bated in MitoSOX (5 pM) in Hank’s balanced salt solution (HBSS) for 30
min at 37 °C. The nuclei were stained with DAPI. Images were taken by
fluorescence Microscope (Leica Microsystems GmbH).

2.9. Methylation-specific PCR (MSP) and bisulfite-sequencing PCR (BSP)

The prediction of CpG islands in the NDRG2 gene and the designing
of MSP primers and BSP primers were performed with the online
MethPrimer software (http://www.urogene.org/methprimer). The pre-
dicted CpG islands of the NDRG2 gene in human and the locations of
MSP primers are plotted in Fig. 3J. The predicted CpG islands of the
NDRG2 gene in mouse and the locations of BSP primers are plotted in
Fig. 5C. The primer sequences for MSP and BSP were listed in Supple-
mentary Tables 2 and 3. The genomic DNA was extracted from HK2 cells
and mouse kidney tissues (Fast Pure Blood/Cell/Tissue/Bacteria DNA
Isolation Mini Kit, Vazyme Biotech). For MSP analyses, human genomic
DNA was modified by bisulfate treatment (EZ DNA Methylation-Gold
Kit, Zymo Research). The IQ5 real-time PCR detection system (Bio-
Rad, Hercules, CA) was used for MSP analysis, according to the manu-
facturer’s instruction. The PCR products were visualized by ethidium
bromide staining in 2% agarose gels, and the densitometric intensity
corresponding to each band was quantified, and then the ratio of
methylation or unmethylation band intensity over total PCR products
was calculated. PCR amplification profiles were essentially as following:
initial denatured at 95 °C for 8min, annealing and extension: (95 °C x
1min/60 °C x 30 s/72 °C x 30 s) for a total of 40 cycles and final
extension at 72 °C for 10min.

Three randomly selected mice from control, UUO, 5-AZA + UUO or
Mito-TEMPO + UUO group were subjected for BSP assay. The PCR
products were separated by electrophoresis, and the target DNA frag-
ments were purified and cloned into pGEM T Easy Vector (A1360;
Promega). Eight clones from each sample were picked for sequencing
analysis.

2.10. Chromatin immunoprecipitation and quantitative PCR

DNMT1 (Abclonal, USA), DNMT3A (Abclonal), DNMT3B (Pro-
teintech) antibodies and normal rabbit IgG (1 pg) were used for chro-
matin immunoprecipitation (ChIP) assays, which were performed using
a ChIP assay kit (Beyotime Biotechnology, China), according to the
manufacturer’s protocol. DNA recovered and purified from the immune-
precipitated complexes was subjected to quantitative PCR (qPCR).

2.11. Dual-luciferase system

Dual-luciferase reporter was obtained using a Dual-luciferase re-
porter assay system kit (Promega, USA). Briefly, HK2 cells were co-
transfected with human NDRG2 promoter reporter plasmid (pGL3-
NDRG2-Luc) plus the renilla luciferase reporter plasmid (pRL-TK) with
Lipofectamine 2000 (Invitrogen, USA) following the manufacturer’s
instructions. The transfected cells were cultured in hypoxia condition for
48 h in presence or absence of 5-AZA-dC or Mito-TEMPO before further
analysis. The reporter luciferase activities were determined as the results
of reporter activities divided by renilla activities and normalized. All the
transfection experiments were performed in triplicate and repeated at
least three times independently.

2.12. Flow cytometry

For apoptosis analysis, HK2 cells were treated accordingly and
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processed according to the PE Annexin V Apoptosis Detection Kit I (BD,
San Jose, CA, USA) and analyzed by a FACS can flow cytometer.

2.13. TUNEL

The apoptotic cells in kidney tissue sections were detected using a
TUNEL apoptosis detection kit (Elabscience Biotechnology Co. Ltd,
China) according to the instructions provided by the manufacture.
Briefly, paraffin-embedded sections were treated with fresh diluted
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proteinase K for 30 min at 37 °C after deparaffinage and rehydration.
TdT enzyme reaction mixture was applied to each slide at 37 °C for 2 h.
At last, the slides were reacted with DAPI solution for 10 min at room
temperature. Controls for this procedure included a slide where the TdT
enzyme was omitted and another where the slide was pretreated with
DNAse I before the normal TUNEL procedure. Images were taken by
fluorescence Microscope (Leica Microsystems GmbH). Positive cells
were counted using Image J software.
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Fig. 1. Overexpression of NDRG2 prevented renal fibrosis in UUO mice. Mice in the AAV9-NDRG2 and AAV9-NC group were received tail vein injection of AAV9-NC
or AAV9-NDRG2, following the method described earlier. Then, C57BL/6 mice were subjected to ligation of left urteter (UUO) or sham operation (control). The mice

were sacrificed 14 days after surgery. (A) Protein expressions levels of Fibronectin, C
and AAV9-NDRG2-+UUO mice assayed by Western blotting (3 samples from each

ollagen-I, E-cadherin, a-SMA and NDRG2 from control, UUO, AAV9-NC + UUO
group). (B) Quantification of (A). (C) Gene expressions levels of Fibronectin,

Collagen-1, E-cadherin, a-SMA assayed by Real-time PCR. (D) Representative renal immunohistochemical staining of NDRG2, E-cadherin, a-SMA, Fibronectin and
Collagen-I from experimental mice as above. (E) Representative images of H&E, PAS and Masson’s trichrome staining in control group, UUO group and AAV9-
NDRG2+UUO group. The statistics were based on at least three independent experiments. **p < 0.01 versus control, **p < 0.01 versus UUO by one-way ANOVA.
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2.14. Statistical analysis

GraphPad Prism 8 was used to analyze experimental data. The results
were shown as the mean + standard deviation (SD). Statistical signifi-
cance between two groups was determined by Student t-test, while
significance among multiple groups was determined by one-way
ANOVA. P < 0.05 indicated a statistically significant difference. All
experiments were repeated at least three times unless otherwise stated.

3. Results
3.1. Overexpression of NDRG2 prevented renal fibrosis in UUO mice

To gain insights into the role of NDRG2 in CKD, we established mice
model of CKD by UUO. Two weeks after ligation of ureter, the left kid-
neys of mice were collected for histological analysis. The expression
levels of epithelial marker E-cadherin and mesenchymal markers
including Fibronectin, Collagen-I, a-SMA, N-cadherin and Vimentin
were detected by Western blotting, PCR assays and immunohisto-
chemistry. Renal damage and fibrosis were evaluated using H&E, PAS
and Masson trichrome staining. We found that compared with control
group, kidneys from UUO mice displayed marked reduction of epithelial
marker E-cadherin. Inversely, UUO mice displayed induction of
Vimentin, a-SMA, Collagen-I and Fibronectin (Supplementary Fig. 1A-C,
E). Moreover, histological examination of the kidneys in UUO mice
exhibited severe tubular dilation and atrophy, intratubular cast forma-
tion, inflammatory cell infiltration as well as collagen deposition in
tubular interstitial area (Supplementary Fig. 1D). All above indicated
that renal fibrosis model was successfully established. To clarify the role
of NDRG2 in UUO, the expression levels of NDRG2 in kidneys from
control group and UUO group were detected. We found that the mRNA
and protein levels of NDRG2 was moderately decreased in UUO mice
(Supplementary Fig. 1 A-C, E), which indicating a potential role for
NDRG2 in regulating UUO-induced renal fibrosis.

To provide more direct evidence for the role of NDRG2 in the pro-
gression of renal fibrosis in UUO mice, we constructed mice over-
expressing NDRG2 by injecting adeno-associated virus containing
NDRG2 gene (Supplementary Fig. 2), which is consistent with the
studies of Ma et al. [30], Wang et al. [31], and Zhang et al. [32]. Then
the mice were subjected to sham-operation or ligation of the left ureter,
and the left kidneys were collected 14 days after surgery. Considering
that NDRG2 may affect apoptosis, the effect of overexpression of NDRG2
on apoptosis was detected by TUNEL assay. As shown in Supplementary
Fig. 3, the proportion of TUNEL positive cells increased slightly in the
NDRG2 overexpression group, but there was no statistical difference
from the control group. We found that following UUO, AAV-NDRG2
treatment mitigated abnormal expression of Fibronectin, Collagen-I,
a-SMA, and E-cadherin (Fig. 1A-C). In addition, immunohistochemical
staining indicated that in UUO mice, AAV9-NDRG2 treatment reversed
the decrease of E-cadherin and NDRG2 and the increase of mesenchymal
markers (a-SMA, Collagen-I and Fibronectin) (Fig. 1D). Furthermore,
mice overexpressing NDRG2 showed more minor histopathological
damage, structural damage, and renal fibrosis severity than AAV-NC
mice (Fig. 1E). Taken together, these results indicated that inhibition
of NDRG2 deficiency could alleviate renal fibrosis under pathologic
conditions of UUO.

3.2. NDRG2 was crucial for the normalization of fibrotic protein
expression in HK2 cells under hypoxia conditions

In order to further verify the role of NDRG2 in the pathogenesis of
renal fibrosis, we examined the expression of NDRG2 and renal fibrosis-
related proteins in HK2 cells. Previous studies have reported that hyp-
oxia is an early event of obstruction-induced renal fibrosis [29]. Corre-
sponding to the in vivo experiments, HK2 cells were cultured in a
hypoxic environment to simulate the micro-environment of HK2 cells in
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patients with CKD. HK2 cells were cultured in hypoxia chamber (1% O5)
for different periods of time (for 24 h and 48 h) to observe whether
hypoxia increased cell fibrotic protein expression and the cells cultured
under normoxia served as control. Remarkably, the expression level of
NDRG2 and E-cadherin were significantly decreased in HK2 cells after
48h of hypoxia, whereas the expression levels of N-cadherin, Vimentin
and a-SMA were significantly increased (Fig. 2A-C), which was in line
with the results of in vivo experiments. To further determine the role of
NDRG2 in the progression of cells fibrotic response, we investigated the
effects of NDRG2 knockdown on basal levels of several key proteins in
HK2 cells. Firstly, we constructed a lentiviral vector for human NDRG2
that could specifically overexpress or knockdown NDRG2 after trans-
fection of HK2 cells (Supplementary Fig. 4A-C and 5A-C). We found that
NDRG2 knockdown led to an increased basal expression of N-cadherin
and Vimentin, while a decreased basal expression of E-cadherin
compared to HK-2 cells treated with Scramble vector (Supplementary
Figs. 5A-C). These results suggested that NDRG2 controlled the basal
expressions of these proteins. Next, we tried to explore whether the same
effect could be achieved after hypoxia stimulation with HK2 cells. HK2
cells with normal expression, over-expression and low expression of
NDRG2 were cultured in hypoxia condition (1% O3) for 48 h and the
cells cultured under normoxia served as control. We found that NDRG2
knockdown led to more significantly increased expression levels of
Fibronectin, Collagen-I, N-cadherin, Vimentin and «-SMA significantly
decreased expression levels of E-cadherin under hypoxia exposure
(Supplementary Figs. 5D-F). Conversely, overexpression of NDRG2
successfully returned the abnormal levels of E-cadherin and mesen-
chymal markers to control levels (Fig. 2D-F). Consistently, the results of
immunofluorescence indicated that the expression of E-cadherin, a-SMA
and Vimentin in HK2 under hypoxia exposure was markedly reversed by
NDRG2 vector (Fig. 2G-I). Taken together, these data strongly suggested
that NDRG2 was a key factor in the resistance to fibrotic responses in
HK2 cells under hypoxia conditions.

3.3. NDRG2 was regulated epigenetically via promoter methylation in
hypoxia-induced HK2 cells

Human NDRG2 promoters contain typical CpG islands and NDRG2
promoter hyper-methylation has been reported in a variety of tumors
[33,34]. We speculated that hypoxia-associated NDRG2 loss might
involve aberrant epigenetic DNA methylation. Because DNA
hyper-methylation correlates with a gain of function of DNMT, we
measured the expression of DNA methylation-related proteins, including
DNMT1, DNMT3A and DNMT3B. Our results showed that HK2 cells in
hypoxia group displayed marked increase of DNMT1/3A/3B (Fig. 3A
and B), which indicated hypoxia induced abnormal DNA
hyper-methylation in HK2 cells. In addition, HK2 cells were pretreated
with different concentrations of 5-AZA-dC, a DNMTS inhibitor, which is
reported to inhibit the activity of DNMTS. We found that with the in-
crease of concentration of 5-AZA-dC, the expression level of
DNMT1/3A/3B gradually decreased, while the expression level of
NDRG2 gradually increased. In addition, the use of 5-AZA-dC could
effectively inhibit fibrotic protein expression in hypoxia-induced renal
tubular epithelial cell (Fig. 3A and B). We found that when the con-
centration of 5-AZA-dC was 1 pM, the abnormal expression of
DNMT1/3A/3B and the inhibition of NDRG2 induced by hypoxia were
significantly reversed without causing HK2 cells apoptosis (Supple-
mentary Figs. 6A and B). Therefore, this concentration group was used
in the follow-up experiment. In addition, the results of PCR (Fig. 3C) and
immunofluorescence staining (Fig. 3D-I) showed that the abnormal
expression of DNMT1/3A/3B, Fibronectin, E-cadherin, Vimentin, and
a-SMA was significantly reversed when the concentration of 5-AZA-dC
was 1 pM. To gain additional insight into the possible involvement of
DNA methylation alteration in NDRG2 reduction in hypoxia-induced
HK2 cells, we performed MSP on a selected CpG-rich area (as picked
by MethPrimer software) on human NDRG2 promoter and



Y. Zhao et al.

Redox Biology 62 (2023) 102674

A. B (] Controld Hypoxia-24h[ Hypoxia-48h
N-cadherin E 130KD ‘g ‘S 5 %5 5
o o ) 3 o 2 ) 3
[ [ ] v 2 o
Vimentin | S S| 54D " ot < '§1. = ‘g 2 = \ o2
[ o [T < [T =]
asua [N <2k0 § Q T %% B3 o B3 8= BE
s 0o 5 3o 89 1 2o S E 1
NDRG2 [ s v 22D 5 2 N o2 0%, of
2 = 2 2 i =
GAPDH [M] 350 5 5, g . 5 ol g .
C & & @ P2 ¢ & &
& S % 7 Control [ Control [ Hypoxia M NULL+Hypoxia I NDRG2 vector+Hypoxia
c s QR xS *k.
S &K o wx . 5 ok
2 [ Hypoxia 2
® ®
o 9
g g
x o
v, &
s :
t 1R ﬁ ﬂ ﬁ ;
g lI"l
& & N N o v
© o e° & & & »
eo% & & F & & P <
»o‘ ® Q; ‘\,o )
F 4= Se % 51
*%
L] *% *% * k%
Flbronectm “ ‘g *|263KD £ o - c
2 S 34 E 3
Collagen-l | Fii & s — — |150KD S 2 5 5
B ## i ## T 24 #
N-cadherin [seeG——— — —'|130KD L 9 O Z
o o o

E-cadherin |- —— — d125KD

Relative protein levels of Relative protein levels of

Je KRR

=
3]
@
°©
>
2
X=
@
2
°
s
o
2
=]
]
©
['4
~
o
0
©
>
2
=
2
°
°
s
o
2
s
£
7}
['4

Relative protein levels of Relative protein levels of

| -
Vimentin |sek0 1 4
£ o s ok kk
) c 3
a-SMAl— — —|42KD 5" g < e
$ ok X g 2 ##t %
GAPDH |- —— —— .|36KD W o5+ > o
$& of® e o= o=
T e oo
\)\,\/ @\)\\;Q
G NDRG2 Vector H NDRG?2 Vector
® Control oxia NULL+Hypoxia +Hypoxia ® Control Hypoxia NULL+Hypoxia +Hypoxia

Merge

Mer‘e

E-cadherin

a-SMA

DAPI
DAPI

Control

NDRG2 Vector

H“oxia NULL+H|ioxia +H‘ioxia

Mer‘e

Vimentin

Fig. 2. NDRG2 was crucial for the normalization of fibrotic protein expression in HK2 cells under hypoxia conditions. (A) Western blotting assay for the expression of
NDRG?2, E-cadherin, N-cadherin, Vimentin and a-SMA in HK2 cells cultured at 1% oxygen concentration for 24, 48 h. (B) Quantification of (A). (C) Real-time PCR
analysis in HK2 cells. (D) Real-time PCR analysis in HK2 cells transfected with NULL vector, NDRG2 vector and then cultured in normxia or hypoxia conditions for
48h. (E) Western blotting assay of protein expression levels. (F) Quantification of (E). (G-I) Representative immunofluorescence images of E-cadherin, Vimentin and
a-SMA in HK2 cells. The statistics were based on at least three independent experiments. *p < 0.05, **p < 0.01 versus control; “p < 0.05, **p < 0.01 versus NULL +
hypoxia by one-way ANOVA.

[
<
[a}



Y. Zhao et al. Redox Biology 62 (2023) 102674

A.

[] Control [[] Hypoxia [ 5AZA-10nM+Hypoxia [ 5AZA-100nM+Hypoxia

o

" B 5AZA-1uM+Hypoxia H 5AZA-10uM+Hypoxia
DNMT1 | g SR e % e | 183KD = 5 %
w 1.0 ) 59 %% 7] 6
DNMT3A | A &8 150kD 5 4 o 5 *x
> 08 w3 2
2 2 2< .
o - £ 5 o SE - sE
Q % Q O =
5% 52 My 53 # 4
NDRG2 [Ml 55 s s s sl 42KD 0.4 24
e 8 :| 52 5a 52 .
Q0.2 o 14 o
GAPDH kD > O 2> 2>
bt ) R
8 o 5 5
. 0 ] ]
E-cadherin |l #% ....‘ 125KD gp o o
Y= Y Y—
Vimentin |—..-..| 54KD O 5 o 3 ** ¢
© © T © Kk
#
-SMA (W ——— 10D D £ 2 & 3 a R 1
£ 3" = *E- 7 ]' I## £ 1 ##
o< ] #W Q=
GAPDHM:&GKD § 5 o § qé § o 2 l####
S P e o ::.Lu? 0.5+ SRSRE [ SIS .
14
F o e 2 2 2
SIS 5 5 5
N E N ¥ = 0.0 - o = 0
D S 2 2 2
T C
e
3] c 7 . .
- P S Sl *%[] Control [0 Hypoxia [l 5AZA+Hypoxia
° @
> 3 ’1‘
[} 3 # = 4
=8 ## S
oE #H o’ *% *% *k
‘é ; <Zt 2 M ## - ## ##
2N Y ¢ |""‘| *k
e M g F'hi [] |1| T|- ﬁrl-.l [ ! [ !
=
©
.l 0 Q.
2 %

Control Hypoxia S5AZA+Hypoxia

Control Hypoxia 5AZA+Hypoxia

Fig. 3. NDRG2 was regulated epigenetically via promoter methylation in hypoxia-induced HK2 cells. (A) Western blotting assay for the expression of DNMT1,
DNMT3A, DNMT3B, NDRG2, E-cadherin, Vimentin and a-SMA in HK2 cells pretreated with 5-AZA-dC at different concentrations (10 nM, 100 nM, 1 uM, and 10 pM)
for 1 h and cultured in normxia or hypoxia conditions for 48 h. (B) Quantification of (A). (C) Real-time PCR analysis in HK2 cells. (D-I) Representative immuno-
fluorescence images of DNMT1, DNMT3A, DNMT3B, E-cadherin, Vimentin and a-SMA. (J) Schematic diagram of human NDRG2 promoter. The CpG island is in gray.
The relative locations of methylation-specific polymerase chain reaction (MSP) primers are indicated. (K) MSP analysis of NDRG2 promoter methylation in HK2 cells.
(L) Quantifications for (K). (M) Luciferase assay. A Human NDRG2 promoter reporter plasmid plus a renilla luciferase control were co-transfected into HK2 cells and
the cells were cultured in normxia or hypoxia conditions in presence or absence 5-AZA-dC for the following 48h. The cell lysates were assayed for luciferase activities,
which were normalized with renilla activities. (N) ChIP-qPCR using primer sets specific for NDRG2 promoter. ChIP products using antibodies against DNMT1,
DNMT3A and DNMT3B were analyzed by qPCR. The statistics were based on at least three independent experiments. *p < 0.05, **p < 0.01 versus control, *p < 0.05,
##p < 0.01 versus hypoxia by one-way ANOVA.

Merge
Merge

<
o
=
=
Z
a

DNMT1

DAPI
DAPI




Y. Zhao et al.

BEE

H

Control Hypoxia

Merge

DNMT3B

Control Hypoxia 5AZA+Hypoxia

Merge

(.

NDRG2 Human CpG Island

Meth =—m

CG(%)
20 40 60 80

5AZA+Hypoxia G -

Redox Biology 62 (2023) 102674

Control Hypoxia 5AZA+Hypoxia

DAPI

Control Hypoxia 5AZA+Hypoxia

DAPI|

Control

Hypoxia

5AZA+Hypoxia

Meth Unmet

Unmet

Meth Unmet Meth

600 bp

°

200 bp

400 bp
1 I 1

800 bp

[] Control [ Hypoxia Il 5AZA+Hypoxia

1.5+
L. 150 [J Unmet M .
s [ Meth >
< 0 1.0
=100 o
2 o *%
s o
> 50 = 0.5+
2 8
1)
= 3
0.0

3*

#

(] Control [@ Hypoxia I 5AZA+Hypoxia

. 25- ChIP-gPCR
5 20+
2
c
= 15+
3
c
S 10+
o
m

5-

DNMT1 DNMT3A DNMT3B

Fig. 3. (continued)

Fig. 3. (continued).

semi-quantitatively analyzed the PCR products. MSP revealed that
NDRG2 promoter displayed low basal methylation in control group
(about 21%), however, HK2 cells in hypoxia group exhibited increased
methylation up to 65%. On the contrary, the use of 5-AZA-dC inhibited
this hyper-methylation to 30% (Fig. 3J-L). Collectively, these results
suggested that hypoxia-associated NDRG2 repression was due to NDRG2
promoter hyper-methylation, which was likely associated with aberrant
DNMTS expression. In addition, the dual-luciferase reporter gene assay
verified that hypoxia decreased the transcription of NDRG2 promoter
reporter that contained partial CpG islands, which was inhibited by
5-AZA-dC (Fig. 3M), suggesting that abnormal changes in DNMTS

expression affected the transcription of NDRG2 in response to
hypoxia-induced cellular fibrotic response. To further clarify the role of
DNMTS in NDRG2 promoter hyper-methylation in HK2 cells under
hypoxia exposure, we used ChIP-qPCR to analyze whether DNMT1,
DNMT3A and DNMT3B could bind to the NDRG2 promoter region of
HK2 cells and the effect of hypoxia on their binding ability with or
without 5-AZA-dC. We found that all of three DNMTS strongly bind to
the NDRG2 promoter region in hypoxia condition. On the contrary,
5-AZA-dC treatment significantly reduced the binding force between
them (Fig. 3N). All together, these results clarified that hypoxia sup-
pressed NDRG2 likely through inducing aberrant DNMTS-associated
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NDRG2 promoter hyper-methylation in HK2 cells.

3.4. NDRG2 was crucial for the anti-fibrotic effects mediated by 5-AZA-
dC in hypoxia-induced HK2 cells

We hypothesized that if NDRG2 retention was critical for anti-
fibrotic effects mediated by 5-AZA-dC in hypoxia-induced HK2 cells,
and that the deletion of NDRG2 would eliminate this effect. To
demonstrate our suppose, HK2 cells with NDRG2 knockdown were
treated with 5-AZA-dC. We found that the anti-fibrotic activities of 5-
AZA-dC were largely abolished when NDRG2 was knocked down
(Fig. 4A-C). Overall, these results strongly revealed that NDRG2 was
required for the anti-fibrotic effects mediated by 5-AZA-dC in HK2 cells
under hypoxic environment.

3.5. 5-AZA-dC alleviated NDRG2 promoter hyper-methylation and UUO-
associated renal fibrosis

To gain additional insight into the possible involvement of DNA
methylation alteration in NDRG2 reduction in UUO kidney, we exam-
ined the DNMTS expression by immunohistochemistry. We found that
kidneys of UUO mouse displayed dramatic increases of DNMTI,
DNMT3A and DNMT3B (Supplementary Figs. 7A-C), which were in line
with the in vitro experiment. Then we further examined the potential
role of 5-AZA-dC on UUO-induced NDRG2 reduction and kidney
fibrosis. Mice were injected with 5-AZA-dC (120 mg/kg) intraperitone-
ally every other day from day 1 before surgery and the mice were
sacrificed at 14 days after UUO. We found that 5-AZA-dC significantly

Redox Biology 62 (2023) 102674

mitigated abnormal expression of DNMTS (Fig. 5A and B). To further
explore the potential epigenetic mechanisms of aberrant DNA methyl-
ation that might account for NDRG2 suppression, we analyzed the
NDRG2 promoter by the online software MethPrimer (http://www.uro
gene.org/methprimer). As show in Fig. 5C, mouse NDRG2 gene pro-
moter is characterized by typical CpG islands (gray areas). Subse-
quently, BSP assay, the gold standard of methylation analysis, was
performed on mouse kidney tissue. The results of BSP assay revealed
that UUO kidney showed a significant increase of NDRG2 promoter
methylation from 0.83 + 0.72% to 7.92 + 2.89% (P < 0.01), but 5-AZA-
dC treatment reduced the level to 1.67 £+ 0.72% (P < 0.01, Fig. 5D and
E). Collectively, these results suggested that UUO-associated NDRG2
repression was due to NDRG2 promoter hyper-methylation, and 5-AZA-
dC might inhibit NDRG2 suppression by blocking DNMTS aberrations
and subsequent NDRG2 promoter hyper-methylation, which was
consistent with in vitro results. In addition, histologic examinations
showed that kidneys of UUO mouse displayed tubular atrophy,
increased cell density, intratubular cast formation as well as collagen
deposition in tubular interstitial area. However, 5-AZA-dC treatment
effectively reduced these pathologic changes (Fig. 5F). Furthermore, our
results showed that 5-AZA-dC mitigated abnormal expression of NDRG2
and fibrosis-related proteins induced by UUO (Fig. 5G-I). To further
investigate whether the anti-renal fibrosis effect of 5-AZA-dC was
dependent on NDRG2, mice overexpressing NDRG2 were pretreated
with 5-AZA-dC the day before UUO surgery. As shown in Fig. 5J and K,
there was no further remission of renal fibrosis in mice overexpressing
NDRG2 after exposure to 5-AZA-dC. Together, these findings demon-
strated that 5-AZA-dC could restore the expression of NDRG2 by
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Fig. 4. NDRG2 was crucial for the anti-fibrotic effects mediated by 5-AZA-dC in hypoxia-induced HK2 cells. (A) Western blotting assay for the protein expression of
NDRG?2, Fibronectin, N-cadherin, E-cadherin and a-SMA in HK2 cells transfected with NDRG2 shRNA or Scramble shRNA cultured in hypoxia or normoxia for 48h
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Fig. 5. 5-AZA-dC alleviated NDRG2 promoter hyper-methylation and UUO-associated renal fibrosis. (A) Protein expression levels of DNMT1, DNAM3A and DNMT3B
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are indicated. (D) BSP assay of experimental mice. Renal tissues from the above-mentioned experimental mice were analyzed by BSP analysis. The black circle
represents methylated cytosine and the white circle represents the un-methylated. Results of three mice (M1-M3) from each group and eight clones from each mouse
are shown. (E) Quantification of (D). (F) Representative H&E, PAS and Masson’s trichrome-stained kidney sections from experimental mice as above. (G) Repre-
sentative kidney immunohistochemical staining of E-cadherin, Collagen-I, a-SMA from experimental mice as above. (H) Western blotting assay for the protein
expression of Fibronectin, Collagen-I, E-cadherin, Vimentin, a-SMA and NDRG2 from experimental mice as above (3 samples from each group). (I) Quantification of
(H). (J) Western blotting assay for the protein expression of Fibronectin, E-cadherin, Vimentin from experimental mice as above. (K) Quantification of (J). The
statistics were based on at least three independent experiments. **p < 0.01 versus control; “p < 0.05, **p < 0.01 versus UUO by one-way ANOVA.

10



Y. Zhao et al.

demethylation of NDRG2 promoter and then inhibit renal fibrosis in
UUO mice.

3.6. Elimination of ROS alleviated hypoxia-induced fibrotic protein
expression and NDRG2 repression in HK2 cells

Since ROS play an important role in DNA promoter hyper-
methylation [17,35], we speculated that ROS were responsible for
NDRG2 promoter hyper-methylation. Firstly, we detected the intracel-
lular ROS levels in HK2 cells under normxia or hypoxia conditions. As
mitochondrial ROS are the main source of cellular ROS, Mito SOX Red
Mitochondrial Superoxide Indicator (MitoSOX) was used to detected the
activity of ROS. Compared to HK2 cells under normxia conditions, HK2
cells exposed to hypoxia exhibited increased fluorescence intensity of
MitoSOX (Fig. 6A). To further investigate the effect of ROS in
hypoxia-induced fibrotic protein expression in cells, Mito-TEMPO was
used to incubate HK-2 cells. HK-2 cells were pretreated with
Mito-TEMPO for 2 h and cultured in hypoxic condition for 48 h, while
the cells cultured under normoxia served as control. As shown in Fig. 6A,
Mito-TEMPO treatment significantly decreased fluorescence intensity of
MitoSOX Red, which suggested that Mito-TEMPO treatment markedly
rescued the increased mitochondrial ROS stress induced by hypoxia
exposure. Then, we examined whether the decrease of mitochondrial
ROS was accompanied by the decreased fibrotic protein expression in
HK2 cells. We found that Mito-TEMPO treatment restored the expression
of NDRG2 and E-cadherin, and mitigated the upregulation of Fibro-
nectin, Vimentin and a-SMA, in hypoxic-induce HK2 cells (Fig. 6B-F).
To further determine the effect of Mito-TEMPO in NDRG2-mediated
protective effect in hypoxia-induced HK2 cells, we investigated the ef-
fects of NDRG2 knockdown on the anti-fibrotic effects of Mito-TEMPO.
We found that the anti-fibrotic activities of Mito-TEMPO were largely
abolished when NDRG2 was knocked down (Fig. 6G-I). Overall, these
results clearly indicated that the regulation of Mito-TEMPO on NDRG2
was the key mechanism of Mito-TEMPO against fibrotic protein
expression in HK2 cells under hypoxia conditions.

3.7. Elimination of ROS inhibited hypoxia-induced hyper-methylation of
NDRG2 promoter in HK2 cells

Previous studies have shown that ROS are involved in regulating
DNA promoter methylation and regulating gene expression at the
transcriptional level by regulating the expression level of DNMTS [25].
We found that Mito-TEMPO could alleviate aberrant DNMTS expression
(Fig. 7A-F). To further determine whether Mito-TEMPO could inhibit
hypoxia-induced aberrant NDRG2 promoter methylation, we performed
MSP. The results of MSP revealed that NDRG2 promoter displayed low
basal methylation in control group (about 18%), while HK2 cells in
hypoxia group exhibited increased methylation up to 65%. However,
Mito-TEMPO inhibited such hyper-methylation down to 29% (Fig. 7G
and H). In addition, the dual-luciferase reporter gene assay verified that
Mito-TEMPO treatment successfully restored hypoxia-induced lower
transcription of NDRG2 promoter reporter (Fig. 7I). These results sug-
gested that reducing mitochondrial ROS could reverse the
hyper-methylation of NDRG2 promoter. To further verify our hypothe-
sis, ChIP-qPCR was used to analyze whether reducing mitochondrial
ROS could decrease the binding force between DNMTS and NDRG2
promoter region in hypoxia-induced HK2 cells. As shown in Fig. 7J, the
results of ChIP-qPCR indicated that Mito-TEMPO treatment reduced the
increase of binding force between DNMTS and the NDRG2 promoter
caused by hypoxia. These findings suggested that NDRG2 expression
was Mito-stress-dependently inhibited by up-regulation of DNMTS in
hypoxia-treated HK2 cells. Glutathione is known to be an important
antioxidant in vivo, widely involved in the maintenance of cellular
redox homeostasis [36,37]. To further confirm whether ROS was
involved in the regulation of NDRG2 expression by regulating DNMTS
expression levels, we pretreated HK2 cells with GSH and its precursors

11

Redox Biology 62 (2023) 102674

(N-acetyl cysteine, NAC). The results showed that, as with Mito-TEMPO
pretreatment, the expression level of DNMT1/3A/3B was significantly
decreased in HK2 cells pretreated with GSHee (glutathione ethyl ester)
and NAC, while the expression level of NDRG2 was significantly
increased (Supplementary Figs. 8A and B). Collectively, these results
clearly indicated that ROS were involved in the hypoxia-induced fibrotic
protein expression in HK2 cells by regulating the DNA methylation of
NDRG2 promoter.

3.8. Inhibition of ROS attenuated NDRG2 promoter hyper-methylation
and renal fibrosis in UUO

We further verified whether Mito-TEMPO had the same protective
effects in fibrotic kidney of UUO. To investigate the effect of ROS inhi-
bition against renal damage in UUO mouse model, Mito-TEMPO (1 mg/
kg) was intraperitoneally injected to mice every other day from day 1
before surgery. The results showed that Mito-TEMPO reversed UUO-
associated DNMTS aberrations (figure 8A-C), which suggested that
Mito-TEMPO might reduce the DNA methylation level of NDRG2 pro-
moter, thereby restoring the expression of NDRG2. Therefore, we per-
formed BSP assay on mouse kidneys, and the results showed that the
methylation level of NDRG2 promoter in UUO kidney increased from
0.83 £ 0.72% to 7.92 + 2.89% (P < 0.01), and Mito-TEMPO treatment
reduced the methylation level to 2.083 + 0.72% (P < 0.01, Fig. 5D-E).
In addition, following UUO, Mito-TEMPO treated mice showed less
histopathological and structural damage and collagen deposition than
UUO mice (Fig. 8D). Furthermore, our results also showed that Mito-
TEMPO mitigated abnormal expression of NDRG2 and fibrosis-related
proteins induced by UUO (Fig. 8E-H). Together, these findings
demonstrated that inhibition of ROS could restore the expression of
NDRG2 by suppressing UUO-induced DNMTS aberrations which were in
line with the in vitro experiment.

4. Discussion

NDRG2 is known as an important tumor suppressor gene, and its role
in fibrotic diseases has been gradually explored in recent years. With the
extensive research on renal fibrosis, DNA methylation modification of
susceptibility genes to renal fibrosis is becoming a new role in this
process [14,15]. In this study, we investigated early upstream events of
epigenetic induction of NDRG2 inhibition and their role in renal fibrosis.
Some significant findings were made in this study, which contribute to a
better understanding of the DNA-epigenetic regulation of the expression
of NDRG2 in renal fibrosis and its regulatory mechanisms: (1) Our study
was the first to verify the anti-fibrotic effect of NDRG2 in renal fibrosis in
vivo and in vitro; (2) In the development of renal fibrosis, the elevations
of DNMT1/3A/3B led to hyper-methylation of NDRG2 promoter,
resulting in transcriptional inhibition and decreased expression of
NDRGZ2; (3) We found that in the development of renal fibrosis, exces-
sive ROS was an important risk factor leading to increased activity of
DNA methyltransferases. Mitochondria-targeted antioxidants effectively
reduced hyper-methylation of NDRG2 promoter, restored NDRG2
expression level and inhibited renal fibrosis; (4) In HK2 cells with
NDRG2 knockdown, the anti-fibrotic effects of both methyltransferase
inhibitors and mitochondria-targeted antioxidants were eliminated.
Thus, our study demonstrated that aberrant DNMT1/3A/3B elevations
and the resultant suppressions of NDRG2 contribute to renal fibrosis,
revealing a new signaling pathway linking ROS and DNA methylation
with NDRG2 deficiency and renal fibrosis.

Abundant evidence suggests that NDRG2 is extensively involved in
important cellular processes and plays an important role in diseases such
as tumor, fibrosis and inflammation by regulating multiple signaling
pathways [4,5,38]. For example, previous studies have reported that
NDRG2 could reduce liver fibrosis and improve liver function, pre-
venting phosphorylation of ERK and Smad3 [5,39]. Hu et al. found that
NDRG2 was significantly expressed during the differentiation of renal
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treated with Mito-TEMPO for 2 h and cultured in normxia or hypoxia conditions for 48h assessed by MitoSOX assay. (B) Western blotting assay for the protein
expression of NDRG2, Fibronectin, E-cadherin, Vimentin and a-SMA. (C) Quantification of (B). (D) Real-time PCR analysis in HK2 cells. (E, F) Representative
immunofluorescence images of Vimentin and a-SMA. (G) Western blotting assay in HK2 cells transfected with NDRG2 shRNA or Scramble shRNA cultured in hypoxia
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tubular epithelial cells [40]. In addition, NDRG2 expression was
decreased in HK-2 cells induced by TGF-p1 and NDRG2 knockdown
promoted EMT process and ECM production, leading to renal fibrosis
[6]. These studies suggest that NDRG2 may play an important role in
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kidney fibrosis. In this study, we found that the expression level of
NDRG2 was significantly reduced in both fibrotic kidneys and
hypoxic-treated HK2 cells, which greatly stimulated our interest in
further exploring the role of NDRG2 in the progression of renal fibrosis.
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Furthermore, NDRG2 overexpression alleviated renal fibrosis of UUO
mice and hypoxia-induced HK2 cell fibrotic response, supporting our
hypothesis that NDRG2 mediated an anti-fibrotic role in renal fibrosis.
We believe that the anti-fibrotic effect of over-expression of NDRG2 in
vivo is the result of the combined action of various cells and molecules.
However, our in vitro study only explored the role of fibrotic response of
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#p < 0.05, #*p < 0.01 versus UUO by one-way ANOVA.

HK2 cell in the process of renal fibrosis. Our subsequent studies will
explore which cell types and the specific regulatory networks are
involved in the anti-fibrotic effect of NDRG2 in complex organism
environments.

DNA methylation is the most common epigenetic modification and a
major regulator of the activity of transcriptional [41,42], associated
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with silencing of gene expression [43]. Previous studies have shown that
abnormal DNA methylation is associated with the development of a
variety of human diseases [44-46]. In fact, there is increasing evidence
that DNA methylation of multiple genes associated with renal fibrosis is
involved in the pathogenesis of renal fibrosis and promotes the pro-
gression of CKD [27,28,47]. In addition, results from a cohort study of
chronic kidney disease showed that the level of global DNA methylation
was positively associated with loss of renal function in patients diag-
nosed with CKD [10]. The NDRG2 promoter contains evolutionarily
conserved CpG islands, which are hyper-methylated in primary tumors
[48,49], and are closely related to the loss of NDRG2 expression in liver
cancer [50]. In addition, deletion of NDRG2 expression has been re-
ported to be associated with promoter hyper-methylation in liver
fibrosis [51]. DNMTS are key enzyme regulating DNA methylation [9,
52], and the epigenetic inactivation of key genes mediated by DNMTS
are closely related to the development and progression of renal fibrosis
[14,53,54]. We also found that methyltransferase inhibitor 5SAZA-dC
reversed NDRG2 loss in a DNMT1/3A/3B-dependent manner, thereby
alleviated hypoxia-induced fibrotic response in HK2 cells and
UUO-induced renal fibrosis.

A growing number of studies have shown the presence of chronic
renal hypoxia [55,56] in patients with CKD and in mouse models asso-
ciated with CKD, which is a common pathway to end-stage renal failure
[57,58]. In addition, ROS induced by chronic hypoxia have been widely
confirmed to play an important role in renal injury from various causes
[19], but the molecular mechanism of ROS mediating renal fibrosis has
not been elucidated. In this study, we found that ROS levels in
hypoxia-treated HK2 cells were significantly increased, and inhibition of
ROS effectively alleviated HK2 cell fibrotic response induced by hypoxia
and renal fibrosis induced by UUO. Previous studies have shown that
chronic hypoxia and its resulting oxidative stress significantly increased
global DNA methylation in cardiac fibroblasts, and inhibition of oxida-
tive stress reduced myocardial fibrosis induced by hypoxia [59]. In
addition, ROS can increase the expression level of methyltransferase,
which is the main cause of abnormal DNA methylation of the target gene
in renal fibrosis [26-28]. More importantly, our study showed that
treatment of Mito-TEMPO increased NDRG2 expression in
hypoxia-induced HK2 cells and fibrotic kidneys of UUO mice. Based on
the above evidence, we hypothesized that oxidative stress induced by
hypoxia was an upstream event that induced methylation of the NDRG2
promoter. Further studies showed that Mito-TEMPO effectively reversed
the epigenetic alterations and reduced the renal fibrosis alterations in a
NDRG2 dependent manner. Interestingly, the anti-fibrotic effect of
Mito-TEMPO was eliminated in HK2 cells with NDRG2 knockdown.
These results confirmed our hypothesis that ROS was involved in renal
fibrosis by enhancing the activity of DNA methyltransferases, which led
to DNA methylation and NDRG2 inhibition.

Taken together, the results of this study confirmed the critical anti-
fibrosis role of NDRG2 in renal fibrosis. Moreover, ROS promoted
hyper-methylation of NDRG2 promoter in a DNMT-dependent manner
and was involved in DNA methylation regulation of the expression of
NDRG2 in renal fibrosis. This study not only reveals the unique mech-
anism of renal fibrosis, but also provides new ideas for future treatment
of CKD.
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