
Received: 23 March 2021 Revised: 13 September 2021 Accepted: 17 September 2021

DOI: 10.1002/ctm2.592

RESEARCH ARTICLE

HIF2α promotes tumour growth in clear cell renal cell
carcinoma by increasing the expression of NUDT1 to reduce
oxidative stress

Jian Shi1,2 Zhiyong Xiong1,2 KeshanWang1,2 Changfei Yuan1,2 Yu Huang1,2

Wen Xiao1,2 Xiangui Meng1,2 Zhixian Chen1,2 Qingyang Lv1,2

Daojia Miao1,2 Huageng Liang1,2 Tianbo Xu1,2 Kairu Xie3 Hongmei Yang3

Xiaoping Zhang1,2

1 Department of Urology, Union Hospital,
Tongji Medical College, Huazhong
University of Science and Technology,
Wuhan, Hubei, P. R. China
2 Institute of Urology, Union Hospital,
Tongji Medical College, Huazhong
University of Science and Technology,
Wuhan, Hubei, P. R. China
3 Department of Pathogenic Biology,
School of Basic Medicine, Huazhong
University of Science and Technology,
Wuhan, Hubei, P. R. China

Correspondence
HongmeiYang,Department of Pathogenic
Biology, School of BasicMedicine,
HuazhongUniversity of Science andTech-
nology,Wuhan430030, P.R.China.
Email: hyang@hust.edu.cn
XiaopingZhang,Department ofUrology,
UnionHospital, TongjiMedicalCollege,
HuazhongUniversity of Science andTech-
nology,Wuhan430022,Hubei, P.R.China.
Email: xzhang@hust.edu.cn

Graphical Abstract

1. Silencing HIF2α in ccRCC can lead to a decrease in oxidative stress level.
2. The oxidative stress pathway inhibited by the high expression of NUDT1 plays
an important role in the cancer-promoting of HIF2α in ccRCC.
3. NUDT1 regulates ccRCC progression through cellular oxidative stress medi-
ated by SIRT3 ubiquitination.
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Abstract
Background: The key role of hypoxia-inducible factor 2alpha (HIF2α) in the
process of renal cancer has been confirmed. In the field of tumour research,
oxidative stress is also considered to be an important influencing factor.However,
the relationship and biological benefits of oxidative stress and HIF2α in ccRCC
remain unclear. This research attempts to explore the effect of oxidative stress
on the cancer-promoting effect of HIF2α in ccRCC and reveal its mechanism of
action.
Methods: The bioinformatics analysis for ccRCC is based on whole transcrip-
tome sequencing and TCGA database. The detection of the expression level of
related molecules is realised by western blot and PCR. The expression of Nucle-
oside diphosphate-linked moiety X-type motif 1 (NUDT1) was knocked down by
lentiviral infection technology. The functional role of NUDT1 were further inves-
tigated by CCK8 assays, transwell assays and cell oxidative stress indicator detec-
tion. The exploration of related molecular mechanisms is realised by Luciferase
assays and Chromatin immunoprecipitation (ChIP) assays.
Results:Molecular screening based on knockdown HIF2α sequencing data and
oxidative stress related data sets showed that NUDT1 is considered to be an
important molecule for the interaction of HIF2α with oxidative stress. Subse-
quent experimental results showed that NUDT1 can cooperate with HIF2α to
promote the progression of ccRCC. And this biological effect was found to be
caused by the oxidative stress regulated by NUDT1. Mechanistically, HIF2α tran-
scription activates the expression of NUDT1, thereby inhibiting oxidative stress
and promoting the progression of ccRCC.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Conclusions: This research clarified a novel mechanism by which HIF2α sta-
bilises sirtuin 3 (SIRT3) through direct transcriptional activation of NUDT1,
thereby inhibiting oxidative stress to promote the development of ccRCC. It pro-
vided the possibility for the selection of new therapeutic targets for ccRCC and
the study of combination medication regimens.

KEYWORDS
hypoxia-inducible factor 2alpha (HIF2α), NUDT1, oxidative stress, reactive oxygen species, sir-
tuin 3 (SIRT3)

1 INTRODUCTION

Clear cell renal cell carcinoma (ccRCC) is the pathologi-
cal subtype with the highest proportion of kidney cancer.1
In most ccRCCs, the hypoxia-inducible factor (HIF) signal
is widely activated due to the mutation of VHL.2 Hypoxia-
inducible factor (HIF) is a regulator of cell detection and
adaptation to oxygen levels, specifically regulating oxygen
homeostasis through transcriptional activation of down-
stream genes.3 Hypoxia-inducible factor signals are usu-
ally mediated by two subunits (HIF1α and HIF2α), which
mainly affect tumour progression through transcriptional
regulation.4 Among them, HIF1α and HIF2α have been
confirmed to have diametrically opposite effects in ccRCC,
and HIF2α is considered to be one of the most significant
oncogenes in ccRCC.5–9
Oxidative stress refers to the destruction of the redox

balance in the cell.10,11 It is mostly caused by the imbal-
ance of mitochondrial function, which is directly medi-
ated by reactive oxygen species (ROS) and can be directly
regulated by mitochondrial related proteins such as NOX
family and sirtuin 3 (SIRT3).12,13 ROS is a double-edged
sword for cells. A certain range of ROS can clearly toxic
substancesmaintain cell viability. However, when the level
of ROS reaches an uncontrollable level, it can damage
cell structure, affect cell metabolism and destroy nucleic
acid stability, thereby causing cell death.14–17 Previous stud-
ies have confirmed that there is also a great relation-
ship between hypoxia-induced signals and oxidative stress.
Among them, HIF1α can affect the formation of many
tumours through the mediation of ROS, and HIF2α affect
the level of related mitochondrial matrix proteins through
oxidative stress.18–21 However, the relationship and biolog-
ical benefits of oxidative stress and HIF2α in ccRCC have
not yet been proven.
Nucleoside diphosphate linked moiety X-type motif 1

(NUDT1) is an 18KD naked pyrophosphatase,22,23 which
is necessary for RAS/ROS-related transformation and
has important significance for the maintenance of cell
viability.24–29 In the field of oncology, NUDT1 has a certain

research foundation, it mainly focuses on lung cancer,30
gastrointestinal tumours31,32 and glioblastomas.33 How-
ever, its effects in ccRCC have not been elucidated.
In our study, a new mechanism has been clarified that

HIF2α in ccRCC affects oxidative stress through transcrip-
tional regulation of NUDT1, thereby affecting the progress
of ccRCC.

2 MATERIALS ANDMETHODS

2.1 Human ccRCC tissues and cell lines

The HK-2, A-498, 786-0, Caki-1 and OSRC cell lines were
from the American Type Culture Collection (ATCC, USA)
andwere cultivated under conditions recommended by the
provider. DMEM (HyClone, UT, USA)were used to culture
cell lines,with 1%penicillin-streptomycin solution and 10%
foetal bovine serum (Gibco, MA, USA) supplemented.
Human ccRCC tissue samples come fromWuhanUnion

Hospital. The pathological results of all samples were
ccRCC. All the patients had not been treated by any anti-
tumour treatment before surgery. Huazhong University of
Science and Technology Committee approved this study.
The tissue samples were acquired with informed consent
signed by patients.

2.2 Immunohistochemistry

The tumour and adjacent normal tissues of ccRCCpatients
were treated with paraffin embedding, and use immuno-
histochemical staining to process the tissue sections. The
tissue sectionswere processed in sequence according to the
following steps: deparaffinisation, rehydration and incu-
bating for antigen retrieval. NUDT1 antibody (ABclonal,
A13330, Wuhan, China) or HIF2α antibody (ABclonal,
A7553, Wuhan, China) were used as primary antibodies
and incubated overnight. Immune complexes and nuclei
were visualised by DAB and haematoxylinm, respectively
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(Biosharp, BS915, Hefei, China). The statistical analysis
of all immunohistochemical staining is shown in Supple-
mentary Information 4.

2.3 RNA extraction and qPCR

TRIzol reagent (Thermo, USA) was used to extract total
RNA from tissues. Use 1 μg RNA for reverse transcrip-
tion. Determination of mass and concentration of RNA
solution byNanoDrop2000 spectrophotometer (NanoDrop
Technologies, USA). GAPDH was used as an internal con-
trol.Use SYBRGreenMix (Thermo,USA) to performqPCR
according to the manufacturer’s instructions. Real-time
qPCRwas performedusing the StepOnePlus™PCR system
(Applied Biosystems, California, USA). Analyse qRT-PCR
data with StepOne software 2.3 (Applied Biosystems, Cal-
ifornia, USA). 2− ΔΔCT is used as the final statistical data.
For ccRCC tissue samples, log 2(2 − ΔCT) is used as the final
statistical data. Detailed primer sequences:

GAPDH: forward, 5′-
GAGTCCACTGGCGTCTTCA-3′,

reverse, 5′-GGTCATGAGTCCTTCCACGA-3′;

NUDT1: forward, 5′-
ATCGTGTTTGAGTTCGTGGG-3′,

reverse, 5′-TGGAAACCAGTAGCTGTCGT-3′;

and HIF2α: forward 5′-
ACAGGTGGAGCTAACAGGAC-3′,

reverse, 5′-CCGTGCACTTCATCCTCATG-3′.

2.4 Whole transcriptome sequencing

HIF2α and NUDT1 stable knocked down ccRCC cell lines
were established with lentivirus respectively. Every 5 ×
106 cells were vigorously pipetted with 1 ml of TRIzol
until clear. Oebiotech, China (contact NO: OE2017H0149S)
performed total RNA extraction and total transcriptome
sequencing after stable inhibition of HIF2α.
Total RNA extraction, whole transcriptome sequenc-

ing and bioinformatics data analysis after NUDT1 sta-
ble knockdown were supported by Majorbio (China). The
differentially expressed genes from the RNA sequencing
results were analysed via Majorbio Cloud Platform.

2.5 Cell transfection and infection

The supplier of HIF2α-targeted shRNAs and NUDT1-
targeted shRNAs is Genechem Co. Ltd (China). The
supplier of the overexpression plasmids of NUDT1 is
Genechem Co. Ltd (China). The HIF1α siRNA was pur-
chased from GenePharma. The shRNA or expression vec-
tor of NUDT1 was infected into 786-0 and A498 cells
with the manufacturer’s protocols, respectively. The vec-
tor backbone of shRNA is ‘hU6-MCS-CBh-gcGFP-IRES-
puromycin’. The vector backbone of LV-NUDT1 is ‘Ubi-
MCS-3FLAG-SV40-EGFP-IRES-puromycin’. The specific
sequences of shRNA were:

shNUDT1-1 Forward 5′-
ccCGACGACAGCTACTGGTTT-3′

shNUDT1-2 Forward 5′-
ccTGAGCTCATGGACGTGCAT-3′

shHIF2α-1 Forward 5′-
caGTACCCAGACGGATTTCAA-3′

shHIF2α-2 Forward 5′-
acTTCATGTCCATGCTGTGGC-3′

2.6 Immunoprecipitation, Western
blotting

After the cells were lysed with RIPA, centrifuged at
13 000 rpm for 5 min, the supernatant was collected in
two parts: a small amount of lysate was taken as input and
the remaining lysate was incubated with 2 μg of the cor-
responding antibody and 30 μl of agarose beads overnight
at 4◦C. Immune complexes were separated at 3000 rpm
for 5 min. Carefully discard the supernatant, and wash the
agarose beads 3 timeswith 200μl of lysis buffer. Finally, add
64 μl of RIPA lysis buffer and 16 μl of loading buffer, and
boil for 10 min.
Western blotting: RIPA protein cleavage buffer (Bey-

otime, Wuhan, China) containing a mixture of protease
inhibitors (Beyotime, P1005, Wuhan, China) and Phenyl-
methanesulfonyl fluoride (PMSF) (Beyotime, ST506,
Wuhan, China) was used for protein extraction. The
supplier of BCA kit is Beyotime Institute of Biotechnology
(P0012S, China). Forty micrograms of protein was loaded
in to SDS-PAGE and then transferred to polyvinylidene
fluoride (PVDF) membranes (Roche, 03010040001, Basel,
Switzerland). Five percent non-fat dried skim milk
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(BD Company, 232100, New Jersey, USA) was used to
blocking. The membranes with primary antibodies were
incubated overnight at 4◦C. After washing with PBST 3
times, incubate with secondary antibody for 2 h at room
temperature.
The primary antibody was diluted at a ratio of 1:1000.

The primary antibodies used were shown as follows:
NUDT1 (ABclonal Biotech Co., Ltd, A13330, Wuhan,
China), HIF2α (ABclonal Biotech Co., Ltd, A7553, Wuhan,
China), GAPDH (Proteintech, 60004-1-Ig, Chicago, USA),
HO-1 (ABclonal Biotech Co., Ltd, A11919, Wuhan, China),
SOD2 (ABclonal Biotech Co., Ltd, A1340, Wuhan, China),
CAT (ABclonal Biotech Co., Ltd, A5275, Wuhan, China),
SIRT3 (ABclonal Biotech Co., Ltd, A7307, Wuhan, China),
Ubiquitin (P4D1) Mouse mAb (CST, 3936S, Boston, USA)
and OTUB1(ABclonal Biotech Co., Ltd, A11656, Wuhan,
China). The secondary antibodies used forwestern blotting
were as follows: HRP-conjugated Affinipure Goat Anti-
Rabbit IgG(H+L) (Proteintech, SA00001-2, USA), HRP-
conjugated Affinipure Goat Anti-Mouse IgG(H+L) (Pro-
teintech, SA00001-1, Chicago, USA). The above secondary
antibodies are diluted at a ratio of 1:2000. The statistical
analysis of all western blots is shown in Supplementary
Information 2.

2.7 Cell viability assays

Each 96-well plate was inoculated with cells at a den-
sity of 2 × 103/ well. Cell proliferation rate was mea-
sured with cell counting kit 8 (YEASEN Biotech Co.Ltd,
40203ES80, China) on the basis of the instruction man-
ual. Add 110 μl CCK8 solution (10 μl CCK8:100 μl medium)
to each well and incubate in the dark for 1 h. Determi-
nation of absorbance at 450 nm by NanoDrop 2000 spec-
trophotometer (NanoDrop Technologies, USA). Cell via-
bility were measured at 0, 24, 48, 72 and 96 h after treat-
ment.

2.8 Colony formation assays

A total of 103 cells were seeded in 6-well plates for 2 weeks
and then fixed with methanol. Stain with 0.05% crystal
violet (Servicebio, G1014, Wuhan, China) to visualise the
colonies (>50 cells/colonies).

2.9 Wound healing assays

Ten microlitres pipette tips were used for wounding in a
straight line when the cells have reached 70–80% fusion

in the 6-well plates. Afterwards, gently wash the cells with
PBS and hold them at 37◦C. Images were collected at 0,
12 and 24 h post wounding under UOP microscope (UOP
Photoelectric Technology, DSZ2000, Chongqing, China)
with UopView software (UOP Photoelectric Technology,
Chongqing, China).

2.10 Transwell assays

Cells are cultured in serum-free medium for 24 h before
testing. With or without Matrigel™ (BD Company, BD-
354234, USA) transwell R© inserts (Corning Costar Corp,
01020023, USA) were used for migration and invasion
assay. Cells are inoculated in the top compartment of the
implant and allow cell invasion through the stroma. After
24 h of culture, fix the cells on the lower surface of the
insert with methanol and stained with 0.05% crystal violet
(Servicebio, G1014, Wuhan, China). Image acquisition and
cell counting were performed in randomly selected areas.

2.11 Measurement of intracellular
oxidative stress levels

Cells with a density of 5 × 105–106 cells/ml were mea-
sured for ROS levels through the Cellular ROS Detection
Assay Kit (Abcam, ab186029, UK). Fluorescence micro-
scope (Leica Microsystems, Leica DMI 3000 B, Wetzlar,
Germany) was used to observe the fluorescence intensity
and collect images.
The assay uses ROS deep red dye to quantify ROS:

the dye is cell permeable and reacts with intracel-
lular ROS to produce a deep red fluorescent signal
(Ex/Em = 650/675 nm). The intensity of deep red fluores-
cence reflects the level of cellular ROS; the stronger the flu-
orescence is, the higher the cellular ROS level is.

2.12 Cellular MDA, protein
carbonylation, 8-oxodGmeasurement

Use malondialdehyde (MDA) assay kit (Nanjing
Jiancheng, A003-1-2, China) to measure cell MDA.
Intracellular malondialdehyde (MDA) expression was
obtained at 532 nm.
The protein carbonylation level was completed by

the Protein Carbonylation Content Assay kit (BOXBIO,
AKAO007U, Beijing, China) according to the instructions.
8-oxodG levels in cells and tissues were determined by

Human 8-oxodG ELISA Kit (Wuhan Hull Biotechnology,
China) according to the instructions.
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2.13 Cycloheximide (CHX) chase assay

Respectively treat the cells with 50 μM cycloheximide
(CHX) for 0, 4, 8, 12 and 24 h. Cells were collected for pro-
tein extraction for western blot analysis. ImageJ software
was used to quantitatively analyse protein levels.
Colchicine (S2284), chloroquine (S6999) and MG132

(S2619) were purchased from Selleck (Shanghai, China).

2.14 Sunitinib resistance assay

A498 and 786-0 cells were suspended in DMEM (10% foetal
bovine serum) with sunitinib or DMSO. Inoculate 5 × 103
cells in eachwell of 96-well plate. After 24 h, 96-well dishes
were cultivated at 37◦C for 1, 2 and 3 h for measuring the
cell validity. The concentrations of sunitinib were 1, 2, 4, 8,
16 and 32 μmol/ml, respectively

2.15 Chromatin immunoprecipitation
(ChIP) assay

ChIP assay was performed with SimpleChIP R© Kit
(Agarose Beads) (CST, 22188S, Boston, USA). The plas-
mids containing abridgedNUDT1 promoter region (Figure
S13) were constructed by Tianyi Huiyuan Biological Tech-
nology Co., Ltd (Wuhan, China). Rabbit IgG (CST, 2729,
Boston, USA) was used to pretreat the cell lysate and
Chip-Grade protein G Agarose Beads (CST, 9007S, Boston,
USA). Incubate an anti-NUDT1 antibody (ABclonal,
A13330, Wuhan, China) overnight at 4◦C. Also use IgG as
a negative control. The details of primers for amplifying
the target sequence in the NUDT1 promoter are as below:

Control: Forward 5′-
CACCATTGCTAAACCACCCA-3′

Reverse 5′-AGGCTGAGTGGGCATGGG-3′

Site 1: Forward 5′-
TGGCCAACATGATGAAACCC-3′

Reverse 5′-GGGTTCAGGCGATTCTCCT-3′

Site 2: Forward 5′-
TCTCGAACTCCTGACCTCTG-3′

Reverse 5′-CAGCCTGGATGATAGCAAAACA-
3′

Site 3: Forward 5′-
CCGGTCTCTATGTCCATCTTTC-3′

Reverse 5′-GAGGGGAAGACAGCGACTC-3′.

2.16 Luciferase assays

The construction of the truncated plasmids in the NUDT1
promoter regions is Tianyi Huiyuan Biological Technol-
ogy Co., Ltd (Wuhan, China). Construction vector is pGL3-
Basic. The specific construction sequences were shown in
Figure S13. Placed the cells in 24-well plates and Lipofec-
tamine 2000 was used to transfect complimentary DNA
(Invitrogen, CA, USA). Use pRL-TK as an internal control
(Promega, E2241, USA). The luciferase activity was deter-
mined by double luciferase detection reagent (Promega,
E1910,Madison,WI,USA), and itwas performed according
to the instructions.

2.17 Tumour formation assay

A total of 2 × 106 A498 cells infected with shNUDT1-
1, shNUDT1-2 or negative control shRNA were sub-
cutaneously injected into 6-week-old nude mice (Vital
River, Beijing, China) and 4 × 106 A498 cells infected
with negative control shRNA, shHIF2α, negative control
shRNA+LvNUDT1 or shHIF2α+LvNUDT1 were injected
into nudemice. Themicewere euthanised 49 days after cell
implantation and the tumour weight was measured. Mea-
sure tumour growth every week for 7 weeks with a digital
caliper.

2.18 In vivo cancer metastasis assay

The metastatic ability of tumour cells was evaluated by
the caudal vein metastasis model in nude mice. Note
that, 1 × 106 A498 cells infected with negative control
shRNA, shHIF2α, negative control shRNA+LvNUDT1,
shHIF2α+LvNUDT1, shNUDT1-1 or shNUDT1-2 were
injected into the tail vein of mice. All mice were eutha-
nized, and the liver tissues were fixed, paraffin-embedded
and sectioned after 7 weeks’ observation. And then per-
formH&E and IHC staining. Use UopView software (UOP
Photoelectric Technology, Chongqing, China) to analy-
ses the stained sections. The intensities of the staining
were analysed using Image J.2.0 software (NIH, Maryland,
USA).
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2.19 TCGA database

The Cancer Genome Atlas (TCGA) is a cancer genomics
project containing data on more than 20 000 primary can-
cers. TCGA mainly stores basic information of various
types of tumours, including RNAseq, miRNAseq, DNA
methylation, patient clinical information etc. It is a rela-
tively one of the public available comprehensive databases
so far. The TCGA Kidney Clear Cell Carcinoma (TCGA-
KIRC) database contains clinical data and related gene
expression data of 533 patients with ccRCC. The gene
mRNA data in the bioinformatics analysis was obtained
from the TCGA database. We analysed relevant data with
SPSS 22.0 and generated the curves with GraphPad Prism
7.0.

2.20 Bioinformatics analysis

Screening was performed using three independent sets
of genes associated with oxidative stress pathways from
theOncomineDatabase (https://www.oncomine.org). The
mRNA levels of genes in normal renal and ccRCC
tumour tissue and clinical information of ccRCC patients
comes from the TCGA datasets (http://www.cbioportal.
org/public-porta).
Use Gene Set Enrichment Analysis (GSEA) to determin-

ing whether a set of genes defined a priori show statisti-
cal differences between the two biological states. It can be
used to study the gene function and metabolic pathways
of a group of statistically significant genes. We used GSEA
v4.1.0 for Windows (UC San Diego, San diego, USA) to
determine the enrichment pathway of the RNAseq data of
ccRCC in TCGA database.

2.21 Statistical analysis

Statistical analysis adopts t-test or analysis of variance
with SPSS 22.0. Among them, independent-samples t-test
is applied to test whether the mean and variance of the
samples of two independent normal populations are from
the same population; paired-samples t-test is applied to
test whether two related samples come from a normal
population with the same mean. The Pearson’s correla-
tion coefficient calculated by linear correlation analysis is
used to calculate the correlation between the two genes.
Receiver operating characteristic (ROC) and area under
curve (AUC) are measured to obtain the highest overall
accuracy to compare the diagnostic abilities of different
genes.

3 RESULTS

3.1 NUDT1 is closely related to HIF2α
and oxidative stress and highly suggests the
clinical prognosis of ccRCC

Oxidative stress is an important pathophysiological pro-
cess of cells, which is closely related to the development
of a variety of tumours. HIF2α is a key cancer-promoting
gene of ccRCC. Through bioinformatics analysis, we found
that HIF2α is highly related with related to ccRCC’s oxida-
tive stress (Figure 1A). However, the specific mechanism
and mode of this correlation have not been reported in
ccRCC. To clarify the relationship between oxidative stress
and HIF2α in ccRCC, we used HIF2α-specific shRNA to
construct ccRCC cell lines with HIF2α stably knocked
down (Figure S1A). As shown in Figure 1B, the levels
of antioxidant enzymes are obviously reduced in the cell
lines knocking downHIF2α, whichmeans that HIF2α and
oxidative stress have a significant negative regulation.18,34
In order to make sure there is no compensation (specifi-
cally protein expression) mechanism between HIF1α and
HIF2α, siRNA was transfected into ccRCC cell lines to
knock down HIF1α. Western blot results showed that the
change of HIF1α protein expression had no effect on the
expression of HO-1, CAT and SOD2 (Figure S1B). How-
ever, the mRNA levels of HO-1 and SOD2 are positively
correlated with HIF2α (Figure S1C, D). In order to find the
potential mechanism of HIF2α regulating oxidative stress,
we used the sequencing data after knocking down HIF2α
and the ccRCC-related oxidative stress data set from the
Oncomine database for molecular screening. The results
showed that there are two molecules, including NUDT1
and SOD2, that are significantly differentially expressed in
ccRCC (Figure 1C). Then, the expression trend of NUDT1
and SOD2 was verified by the 786-0 cells with HIF2α sta-
bly knocked down (Figure 1D). Further bioinformatics
analysis based on TCGA showed that the average line of
NUDT1 and SOD2 in ccRCC showed a high expression
trend (Figures 1E and S1E). Subsequently, the construc-
tion of the Kaplan–Meier curve also indicated that these
two molecules are negatively related to patient survival;
that is higher expression levels have a shorter survival
time, andmore importantly, NUDT1 has amore significant
trend (Figure 1F). Moreover, through ROC curve analysis,
the AUC of NUDT1 is higher than SOD2, indicating that
NUDT1 has better diagnostic value in ccRCC (Figure 1G).
Therefore, NUDT1 was selected as the target molecule for
in-depth research.
We conducted further bioinformatics analysis to ver-

ify the above results. Similarly, the expression trend of
NUDT1 in ccRCC was once again proved by data from the

https://www.oncomine.org
http://www.cbioportal.org/public-porta
http://www.cbioportal.org/public-porta
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F IGURE 1 NUDT1 is closely related to HIF2α and oxidative stress and highly suggests the clinical prognosis of ccRCC. (A) GSEA
correlation charts were screened according to the database from TCGA-KIRC, and they reveal the correlation between oxidative stress and
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TABLE 1 Correlation between NUDT1 mRNA expression and clinicopathological parameters of ccRCC patients

Parameter Total [cases, (%)] NUDT1 mRNA expression [cases, (%)] p Value
Low (n = 259) High (n = 260)

Age (years) .380
≤60 258 (49.7) 134 (51.7) 124 (47.7)
>60 261 (50.2) 125 (48.3) 136 (52.3)

Gender .001*

female 182 (35.1) 109 (42.1) 73 (28.1)
male 337 (64.9) 150 (57.9) 187 (71.9)

T stage .000*

T1+T2 332 (64.0) 196 (75.7) 136 (52.3)
T3+T4 187 (36.0) 63 (24.3) 124 (47.7)

N stage .006*

N0+ NX 505 (97.3) 257 (99.2) 248 (95.4)
N1 14 (2.7) 2 (0.8) 12 (4.6)

M stage .000*

M0+MX 441 (85.0) 237 (91.5) 204 (78.5)
M1 78 (15.0) 22 (8.5) 56 (21.5)

G stage .000*

G1+G2 239 (46.1) 156 (60.2) 83 (31.9)
G3+G4 280 (53.9) 103 (39.8) 177 (68.1)

TNM stage .000*

I+II 314 (60.5) 192 (74.1) 122 (46.9)
III+IV 205 (39.5) 67 (25.9) 138 (53.1)

*Indicates that the p value is statistically significant, p < .05.
Relevant clinical data of ccRCC patients are all from the TCGA-KIRC database.

Oncomine database (Figure S1F). Furthermore, bioinfor-
matics analysis was performed using the data of 519 groups
of ccRCC patients with complete clinical parameters in
TCGA-KIRC. As shown in Table 1, the expression level of
NUDT1 will gradually increase with the increase of ccRCC
staging and grading (Figure S1G). Subsequently, the sub-
group survival analysis based on ccRCC clinical indicators

once again clarified the important guiding significance of
NUDT1 on the survival time of ccRCC patients (Figures S2
and S3). Then, we used the level of HIF2α expression as the
screening condition to draw the OS Kaplan–Meier curves
of the high and low expression of NUDT1 in different clini-
cal parameters. The results indicated that the high expres-
sion of HIF2α and NUDT1 obviously reduces the clinical

HIF2αmRNA levels in ccRCC. FDR < 25% and p ≤ .05 was considered statistically significant. (B) Based on 786-O and A498 are ccRCC cell
lines with VHL mutations, we selected them to more truly and comprehensively reflect the cellular biological functions and mechanisms
under the action of HIF2α. Protein levels of oxidative stress-related marker genes HO-1, CAT and SOD2 in HIF2α knockout cell lines were
shown by western blotting. (C) A Venn diagram composed of three independent oxidative stress pathway-related gene sets from the
Oncomine database (https://www.oncomine.org) and the entire transcriptome sequencing data obtained after stable HIF2α knockdown. The
data were screened in ccRCC. (D) Protein levels of NUDT1and SOD2 in HIF2α knockdown 786-0 cells were shown by western blotting. (E)
The heatmap of NUDT1 and SOD2 mRNA levels in 533 ccRCC tissues and 72 matched tissues in TCGA database. (F) Kaplan–Meier curves of
NUDT1 and SOD2 expression in ccRCC patients were used to measure the impact of overall survival (OS). The p value is obtained through
log-rank (Mantel-Cox) test. (G) The ROC curve was drawn using the expression levels of NUDT1 and SOD2 in tumour samples and normal
samples in the TCGA-KIRC database to assess the sensitivity and specificity of its diagnostic ability. The ROC curves for NUDT1
(AUC = 0.9277 95% CI: 0.8997 to 0.9557; p < .0001) and SOD2 (AUC = 0.8135 95% CI: 0.7721 to 0.855; p < .0001) in ccRCC. (H) Histogram and
box plot of NUDT1 mRNA expression in 34 pairs of ccRCC tissues and adjacent non-malignant tissues; t-test, p < .0001(paired-samples t-test
for statistics). (I) Levels of the HIF2α and NUDT1 protein in ccRCC tissues and adjacent nonmalignant tissues (n = 12). (J)
Immunohistochemical (IHC) staining for NUDT1 in ccRCC tissues and adjacent nonmalignant tissues. Scale bar: 20 μm. (K) NUDT1 mRNA
levels in 3 ccRCC cell lines and normal cell lines. HIF2α and NUDT1protein levels in 3 ccRCC cell lines and normal cell lines; t-test, *p < .05,
***p < .001 and ****p < .0001(independent-samples t-test for statistics)

https://www.oncomine.org
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prognosis (Figure S4). Moreover, the COX survival regres-
sion analysis based on the TCGA database clarified the
status of NUDT1 as an independent risk factor for ccRCC
(Table 2). Although there are differences between differ-
ent normal and tumour samples, which may reflect the
heterogeneity of patient tissues, the expression of NUDT1
in tumours is consistent with HIF2α and both are upregu-
lated compared to normal tissues adjacent to cancer (Fig-
ures 1H–J and S5). Consistent with the results of tissue ver-
ification, experiments based on multiple cell lines showed
that the expression levels of HIF2α and NUDT1 in ccRCC
cells were obviously increased (Figure 1K). In summary,
we conclude that NUDT1 is closely related to HIF2α and
oxidative stress and highly suggests the clinical prognosis
of ccRCC.

3.2 NUDT1 promotes the progress of
ccRCC

The above studies have confirmed the characteristics of
NUDT1 as a biomarker of ccRCC, so the specific biological
function of NUDT1 in ccRCC is the focus of this part of the
investigation. In order to analyse the biological functions of
NUDT1, we used NUDT1 specific shRNA and overexpres-
sion lentivirus to construct ccRCC cell lines model with
NUDT1 stably knocked down and overexpressed NUDT1
(Figure 2A, B). Analysis experiments based on the growth
rate of tumour cells suggest that knocking down NUDT1
can significantly inhibit the proliferation rate of ccRCC
cell lines (Figure 2C, D), while overexpression of NUDT1
can have the opposite result (Figure 2E). Similarly, analysis
based on the migration and invasion capabilities of ccRCC
cells also suggests that knocking down NUDT1 can signif-
icantly inhibit the migration and invasion of ccRCC cells
(Figures 2F and S6), while overexpression of NUDT1 can
significantly promote the above capabilities (Figure 2G).
Then, NUDT1 overexpression lentivirus was infected into
the ccRCC cell lines with stable knockdown of NUDT1
to construct functional recovery cell lines (Figure S7A).
The results of functional recovery experiments showed
that overexpression of NUDT1 can reverse the inhibition of
downregulation of NUDT1 on cell proliferation, migration
and invasion (Figure S7B–E). These findings imply that
NUDT1 is an important cancer-promoting gene in ccRCC,
which can significantly promote the progress of ccRCC.

3.3 NUDT1 reduces the biological
effects of oxidative stress

CcRCC is a special tumour type that exhibits a significant
change in cellular redox balance.35–37 Encouraged by the T
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F IGURE 2 NUDT1 promotes the progress of ccRCC. NUDT1 knockdown or overexpressing ccRCC cell lines were constructed by
transfecting lentivirus, respectively. The results are expressed as the mean ± SEM of three independent experiments, and there are at least
three replicates in each independent experiment. t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples t-test for
statistics). (A) Western blotting and qPCR were used to verify NUDT1 knockdown at the protein and mRNA levels, respectively. (B) Western
blotting and qPCR were used to verify NUDT1 overexpression at the protein and mRNA levels, respectively. (C) Colony formation experiment
results are shown for NUDT1 knockdown cells. (D) CCK8 assays were used to determine the cell growth of NUDT1 knockdown cell lines. (E)
CCK8 was used assays to determine the cell growth curve of NUDT1-overexpressing cell lines. (F) The results of the transwell assay of the
migration and invasion of NUDT1 knockdown cell lines. (G) The results of the transwell assay of the migration and invasion of
NUDT1-overexpressing cell lines
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above results, more in-depth research based on NUDT1
was carried out. It is worth noting that the screening of
NUDT1 is based on oxidative stress, and at the same time,
oxidative stress plays an essential role in tumour progres-
sion. Therefore, the specific regulation between NUDT1
and oxidative stress in ccRCC has become the focus of this
unit. We first performed bioinformatics analysis to clar-
ify the association between NUDT1 and oxidative stress.
GSEA results suggest that NUDT1 is involved inmitochon-
drial formation, division and nucleotide salvage, which all
imply that NUDT1 is closely related to oxidative stress (Fig-
ure 3A). In order to verify the above conjecture, we con-
structed a correlation heat map and a correlation curve
between NUDT1 and common antioxidant enzymes (Fig-
ure 3B, C). At the same time, we tested the expression
of the corresponding antioxidant enzymes in cells sta-
bly knocked out and overexpressing NUDT1. The results
revealed that NUDT1 is highly positively correlated with
these antioxidant enzymes. Knockdown of NUDT1 obvi-
ously reduces corresponding antioxidant enzymes’ expres-
sion, while overexpression of NUDT1 has the opposite
effect (Figure 3D, E). MDA detection and ROS fluores-
cence detection are used to more intuitively display the
level of cellular oxidative stress. The results are very simi-
lar, that is, knockdown ofNUDT1 activates oxidative stress,
while overexpression of NUDT1 inhibits oxidative stress
in ccRCC cells (Figure 3F–H). 8-oxo-2′-deoxyguanosine (8-
oxodG), as the main oxidation product of ROS-induced
guanosine (dG), is often used as an indicator ofDNAoxida-
tive damage.38,39 Studies have shown that increased oxida-
tive stress can cause protein carbonylation.40,41 Therefore,
we detected 8-oxodG and protein carbonylation levels in
ccRCC cells that stably knockdown and overexpressing
NUDT1. The results showed that knocking outNUDT1was
accompanied by increased levels of 8-oxodG and protein
carbonylation levels, while overexpression of NUDT1 was
accompanied by decreased levels of 8-oxodG and protein
carbonylation levels (Figure 3I, J). The above results indi-
cate that NUDT1 reduces the biological effects of oxidative
stress.

3.4 NUDT1 regulates the progress of
ccRCC by inhibiting the ubiquitination of
SIRT3 to affect cellular oxidative stress

The above studies have confirmed that NUDT1 has a
significant negative regulation of cellular oxidative stress.
At the same time, cellular oxidative stress has been
confirmed to play a vital role in tumour progression.
Therefore, it is reasonable to believe that cellular oxidative
stress also plays an important role in NUDT1’s regulation

of the progress of ccRCC. To verify the above hypothesis,
we used acetylcysteine (NAC), an inhibitor of cellular
ROS, to construct functional recovery models in ccRCC
cells with stably NUDT1 knocked down (Figure 4A). As
shown in the figure, after the use of Acetylcysteine to
reduce cell ROS, the inhibition of cell proliferation caused
by NUDT1 knockdown can be significantly reversed
(Figure 4B). At the same time, similar results can be
obtained from experiments on migration and invasion
ability. Inhibition of cellular ROS can also significantly
reverse the inhibition of NUDT1 on cell migration and
invasion (Figure S8A, B). Based on the above results, we
can conclude that cellular oxidative stress plays a vital
role in the biological functions mediated by NUDT1 in
ccRCC.
Encouraged by the above results, the next focus is to

explore the specificmechanismbywhichNUDT1 regulates
cellular oxidative stress. As known, SIRT3 is an impor-
tant cell oxidative stress regulator; especially it participates
in the regulation of ROS in many tumour fields.42–44 It is
worth noting that through transcriptome sequencing and
bioinformatics analysis (Figure S9), we found that NUDT1
is closely related to SIRT3. Considering the molecular bio-
logical functions of these twomolecules, we have reason to
believe that SIRT3 is very likely to be an important down-
stream of NUDT1 in regulating oxidative stress. Experi-
ments have confirmed that NUDT1 has a significant pos-
itive regulation of SIRT3 in ccRCC; that is, NUDT1 over-
expression can significantly enhance the SIRT3 expres-
sion, while knocking down NUDT1 has the opposite effect
(Figure 4C). In order to eliminate the effect of prolifera-
tion on SIRT3 levels, we used colchicine to treat ccRCC
cells that knock down or overexpress NUDT1, respectively.
The experimental results are consistent with the above
results (Figure S8C). The protein level of themitochondrial
marker COXIV45 was determined to exclude the influence
of the number of mitochondria on the level of SIRT3 (Fig-
ure S8D). The results showed that mitochondrial markers
increased slightly after knocking downNUDT1. A series of
results show that NUDT1 can regulate the protein level of
SIRT3, but not caused by the proliferation level or mito-
chondrial level changes caused by NUDT1. A large num-
ber of studies have confirmed that the stability regulation
of SIRT3 plays an important role in the regulation of oxida-
tive stress in tumour. Moreover, the functional analysis of
NUDT1 has shown that it is highly related to ubiquitina-
tion, protein synthesis and protein hydromechanical path-
ways, which are closely related to the regulation of protein
stability. Accordingly, we introduced that NUDT1’s regula-
tion of SIRT3 is based on the regulation of protein stabil-
ity. In order to verify the above conjecture, we used cyclo-
heximide (CHX) to construct protein half-life experiments.
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As shown in the figure, knocking down NUDT1 can sig-
nificantly accelerate the degradation rate of SIRT3 (Fig-
ure 4D, E). It can be seen that NUDT1 can significantly
improve the protein stability of SIRT3. Protein degrada-
tion is mainly mediated through the lysosomal-dependent
pathway or the ubiquitin-proteasome pathway.46 In order
to determine the specific way that NUDT1 affects the sta-
bility of SIRT3, lysosomal inhibitor chloroquine and pro-
teasome inhibitor MG132 were added to the ccRCC cell
lines with stable knockdown of NUDT1, and the expres-
sion of SIRT3 was detected by Western blotting. After
treatment with the chloroquine, the expression of SIRT3
in knockdown NUDT1 cells was significantly lower than
that of control cells, but after treatment with the MG132,
the expression of SIRT3 in knockdown NUDT1 cells was
the same as that of control cells (Figure 4F). The results
showed that NUDT1 regulates the expression of SIRT3
mainly through the ubiquitin-proteasome pathway. Later,
Western blot results showed that knockdown of NUDT1
increased the ubiquitination level of SIRT3 (Figure 4G).
Based on the above research results, the focus of our next
exploration is how NUDT1 affects SIRT3 ubiquitination.
As we all know, the ubiquitination process is jointly reg-
ulated by ubiquitination-related enzymes and deubiquiti-
nating enzymes. As a deubiquitinating enzyme, OTUB1
not only has the classic deubiquitinating enzyme activ-
ity, but also shows a non-classical activity that does not
depend on catalysis, which can inhibit the ubiquitination
of a variety of proteins.47 Treating ccRCC cells withMG132
to inhibit SIRT3 ubiquitination, we found that knocking
down NUDT1 can significantly reduce the expression of
OTUB1 that binds to SIRT3, which indicates that OTUB1
plays an important role in the process of NUDT1 affecting
SIRT3 ubiquitination (Figure 4H). In summary, the con-
clusion can be drawn that NUDT1 regulates the progress of
ccRCC by inhibiting the ubiquitination of SIRT3 to affect
cellular oxidative stress.

3.5 The oxidative stress pathway
inhibited by the highly expressed NUDT1 is
a key link in the process of HIF2α
promoting ccRCC

Considering the reasons of NUDT1 based onHIF2α knock-
down and oxidative stress screening, as well as the impor-
tant characteristics of NUDT1 as a cancer-promoting gene,
we have reason to believe that NUDT1 has a potentially
key role in the cancer-promoting pathway of HIF2α. We
used NUDT1 overexpression lentivirus to construct func-
tional recovery models in ccRCC cells with HIF2α stably
knocked down to verify the above hypothesis (Figure 5A).
As shown in the Figure 5B, after the use of lentivirus
to overexpress NUDT1, the inhibition of cell proliferation
caused byHIF2α knockdown can be significantly reversed.
At the same time, similar results can be obtained from
experiments on cell migration and invasion ability. The
NUDT1 overexpression can also significantly reverse the
negative effects of HIF2α knockout on cell migration and
invasion (Figure 5D). When talking about oxidative stress,
similar results can also be observed; that is, overexpression
of NUDT1 is able to reverse the ROS production caused
by knockdown of HIF2α (Figure 5C, E). Consistently, over-
expression of NUDT1 can reverse DNA oxidative damage
caused by HIF2α knockdown (Figure S10). In all, we can
conclude that the oxidative stress pathway inhibited by the
highly expressed NUDT1 is a key link in the procession of
HIF2α promoting ccRCC.

3.6 HIF2α directly transcriptionally
regulates the expression of NUDT1 in
ccRCC

Above research results indicate that NUDT1 may be an
important potential downstream of HIF2α in promoting

F IGURE 3 NUDT1 reduces the biological effects of oxidative stress. (A) The GSEA correlation charts were screened according to the
TCGA-KIRC database. FDR < 25% and p < .05 was considered statistically significant. (B), (C) The correlation heatmap and the linear
correlation curve (R stands for Pearson’s correlation coefficient) between NUDT1 and the most critical molecules related to oxidative stress
(HO-1 and SOD2) based on the data from the TCGA-KIRC database. (D), (E) Protein levels of ROS and oxidative stress-related marker genes
(HO-1, CAT and SOD2) in NUDT1 knockdown and overexpressing cell lines were detected by western blotting. (F) Images of NUDT1
knockdown and control cell lines stained with a ROS deep red stain solution in a 96-well plate. Compared with control cells, the deep red
fluorescence of ccRCC cells knocked down NUDT1 was enhanced. Scale bar: 50 μm. (G) Images of NUDT1 overexpressing and control cell
lines stained with a ROS deep red stain solution in a 96-well plate. Compared with control cells, the deep red fluorescence in ccRCC cells
overexpressing NUDT1 was reduced. Scale bar: 50 μm. (H) MDA content in NUDT1 knockdown and overexpressing cell lines. Experiments
were repeated 3 times, as described in Section 2; t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples t-test for
statistics). (I) Relative 8-oxodG levels in NUDT1 knockdown and overexpressing cell lines; t-test, ****p < .0001, ***p < .001, **p < .01 and
*p < .05 (independent-samples t-test for statistics). (J) Relative protein carbonylation levels in NUDT1 knockdown and overexpressing cell
lines; t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples t-test for statistics)
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F IGURE 4 NUDT1 regulates the progress of ccRCC by inhibiting the ubiquitination of SIRT3 to affect cellular oxidative stress.
Acetylcysteine (NAC) was used as a cellular ROS inhibitor to construct a functional recovery model of the ccRCC cell line stably knocked out
of NUDT1. (A) ROS fluorescence staining image and the corresponding quantitative analysis results of the recovered cell line. (B) CCK8
proliferation curve of functional recovery cell line. (C) Protein levels of SIRT3 in NUDT1 knockdown and overexpressing cells were shown by
western blotting. (D) Protein stability experiment of A498 cells knocked down NUDT1. Cells were treated with 50 μM cycloheximide (CHX)
and harvested at specific time points, 0 h, 4 h, 8 h, 12 h, 24 h. (E) Protein stability experiment of 786-0 cells knocked down NUDT1. (F) A498
and 786-0 cells were treated independently with 20 μMMG132 and chloroquine for 12 h, and the expression of SIRT3 protein was analysed by
Western blot. (G) A498 and 786-0 cells infected with negative control and shNUDT1 virus were immunoprecipitated with SIRT3 antibody, and
Western blotting with ubiquitin (Ub) antibody. (H) A498 and 786-0 cells were treated with 20 μMMG132. A498 and 786-0 cells infected with
negative control and shNUDT1 virus were immunoprecipitated with SIRT3 antibody, and the expression changes of OTUB1 bound to SIRT3
were determined by western blotting
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F IGURE 5 The oxidative stress pathway inhibited by the highly expressed NUDT1 is a key link in the process of HIF2α promoting
ccRCC. We performed double infection in A498 and 786-O cells with sh-HIF2α and NUDT1 overexpression lentivirus to cause HIF2α
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cancer in ccRCC, so the specific regulatory mechanism
between them has become the focus of this unit. First,
through further bioinformatics analysis, we once again
clarified the correlation between NUDT1 and HIF2α (Fig-
ure 6A). Subsequently, sequencing (Figure 6B) and related
expression experiments based on knockdown of HIF2α all
indicate that HIF2α positively regulates NUDT1; that is,
knockdown of HIF2α can significantly reduce the protein
and RNA levels of NUDT1 in ccRCC (Figures 6C, D and
S11A, B). In order to further increase the reliability of the
conclusion, the cell hypoxia experiment was carried out.
A498 and 786-0 parental cells were cultured in 1% O2 to
induce increased HIF2α levels. Compared with cells cul-
tured under normoxia, the expression of HIF2α increased
under hypoxic conditions, and NUDT1 increased accord-
ingly (Figure S11C). At the same time, the protein levels of
HIF2α, HO-1, CAT and SOD2 in ccRCC cell lines that were
knocked down and overexpressed inNUDT1were detected
by western blot (Figure S11D, E). The results showed that
NUDT1 affects cell oxidative stress without affecting the
level of HIF2α protein. It was further verified that NUDT1
is a downstream gene of HIF2α affecting cell oxidative
stress. Based on the characteristics of HIF2α as a tran-
scription factor and the fact that HIF2α and NUDT1 are
positively regulated, the first thing we consider in terms
of mechanism is direct transcription regulation. Accord-
ing to the prediction of the sequence information of the
hypoxia-inducing unit, there are three potential binding
sites for HIF2α in the 3000 bp promoter region upstream
of the transcription start site of NUDT1. We named the
site as 1 to 3 based on the location of these sites (Figure
S12). In order to verify the corresponding specific mech-
anism, we successively carried out Chip experiments and
carried out luciferase assay by constructing truncated plas-
mids (Figure S13). The results showed that in terms of bind-
ing, HIF2α can bind to the site 1–3 in the promoter region
of NUDT1 (Figure 6E), while in terms of function, HIF2α
only has a significant effect on site1 (Figure 6F). In Fig-
ure 6F, the decreasing on luciferase activity mediated by
HIF2α silencing was significantly reversed after HIF2α site
1 was excised, while the removal of site 2 or 3 had no sig-
nificant reverse effect. The results suggested that site 1 was
the main site of HIF2α regulation of NUDT1. In all, we can
draw the conclusion that HIF2α directly transcriptionally
regulates the expression of NUDT1 in ccRCC

3.7 Targeting NUDT1 can affect the
drug sensitivity of ccRCC to sunitinib

Currently, the targeted therapies for HIF2α in ccRCC are
mainly anti-angiogenesis. They include various types of
tyrosinase inhibitors. Among them, sunitinib is considered
to be the first-line drug for ccRCC treatment.48 In the above
studies, we have confirmed that NUDT1 has a highlymedi-
ating effect on the biological function of HIF2α in ccRCC.
Therefore, their correlation in the field of ccRCC treatment
has become the focus of our attention. In order to explore
the above conjecture, drug sensitivity experiments were
carried out between sunitinib and NUDT1. Different con-
centrations of sunitinib were used to treat ccRCC cell lines
withNUDT1 stably knocked down andNUDT1 stably over-
expressed, and construct a drug sensitivity curve based on
the experimental results. The experimental results showed
that compared with the control cell lines, the ccRCC cell
lines with stable knockdown of NUDT1 has a faster rate
of decrease in cell viability against the same sunitinib
concentration (Figure S14A). However, overexpression of
NUDT1 will weak the inhibitory efficiency of ccRCC cell
line against sunitinib (Figure S14B). These results all sug-
gest that knocking down of NUDT1 in ccRCC can enhance
the sensitivity of ccRCC to sunitinib, but overexpression
of NUDT1 will have the opposite effect. Therefore, we can
conclude that targeted knockdown of NUDT1 can enhance
the drug sensitivity of ccRCC to sunitinib, which will pro-
vide the possibility for the development of new drug com-
bination therapies.

3.8 NUDT1 knockdown suppresses the
progression of ccRCC in vivo

Encouraged by cell experiments, the role of NUDT1 at
the animal level has become the focus of exploration.
In order to explore the above functions, we used sub-
cutaneous injection of tumour cells and tail vein injec-
tion to construct nude mouse subcutaneous xenograft
tumour models and nude mouse-tail vein metastasis mod-
els. Through the evaluation of subcutaneous transplanted
tumours in nude mice, it is found that knocking down
NUDT1 (Figure S15) can significantly inhibit the growth
rate of tumours (Figure 7A–C). At the same time, small

knockdown and NUDT1 overexpression. (A) HIF-2α and NUDT1 protein levels in transfected cell lines are shown by western blotting. (B) Cell
growth curves based on CCK8 assays are shown for transfected cell lines; t-test, ****p < .0001, ***p < .001, **p < .01 and * p < .05
(independent-samples t-test for statistics). (C) Western bolt showing levels of the HIF2α, NUDT1, HO-1, CAT, SOD2 in the indicated cell lines.
(D) The results of the transwell assay of the migration and invasion of transfected cell lines; t-test, ****p < .0001, ***p < .001, **p < .01 and
*p < .05 (independent-samples t-test for statistics). (E) Images and quantitative analysis results of NUDT1 transfected cell lines stained with
ROS deep red stain solution in a 96-well plate. Scale bar: 50 μm
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F IGURE 6 HIF2α directly transcriptionally regulates the expression of NUDT1 in ccRCC. (A) GSEA correlation charts were screened
according to the database from TCGA-KIRC, reflecting the correlation between nucleoside metabolism and HIF-2a mRNA levels in ccRCC.
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animal live imaging based on tail vein metastases in nude
mice showed that knocking down NUDT1 can signifi-
cantly reduce the level of tumour metastasis (Figure 7D,
E). Subsequently, immunohistochemistry based on sub-
cutaneous transplanted tumours also showed that the
expression level of the corresponding antioxidant enzymes
decreased significantly after knocking down NUDT1, and
the tumour malignant index KI67 also decreased signif-
icantly. However, the DNA oxidative damage marker 8-
oxodG increased, and the level of apoptosis increased (Fig-
ure 7F). To verify the regulatory effect of silencing NUDT1
on oxidative stress, we detected the levels of 8-oxodG
and protein carbonylation in subcutaneous tumour tis-
sues in nude mice. The results showed that the silenc-
ing of NUDT1 caused increased DNA oxidative damage
and increased protein carbonylation levels in vivo (Fig-
ure 7G, H). Studies have shown that the transcription
factor nuclear factor red blood cell 2 related factor 2
(NRF2), as the main regulator of the antioxidant response,
can neutralise ROS in the cell to restore the cell’s redox
balance.49–51 Western blot results of xenograft tumour tis-
sues showed that NUDT1 silencing led to a decrease in
NRF2 levels in the body (Figure 7I). These results indi-
cate that NUDT1 silence activates oxidative stress in vivo
to inhibit the progression of ccRCC.
In order to further prove in vivo that NUDT1 is a vital

gene for HIF2α to promote ccRCC, HIF2α stable knock-
down and negative control A498 cells were infected with
NUDT1 overexpressing lentivirus. Xenograft tumour mod-
els and tail vein metastasis models were established using
the above cell lines. Overexpression of NUDT1 can reverse
the growth inhibition caused by HIF2α silencing, which is
consistent with in vitro experiments (Figure 8A–C). The
results of fluorescence images of living mice showed that
the overexpression of NUDT1 reversed themetastasis inhi-
bition effect caused byHIF2α silencing (Figure 8D). In gen-
eral, NUDT1 is a vital downstream gene that HIF2α pro-
motes the progression of ccRCC.
In summary, we constructed a model in which HIF2α

acts as a transcription factor to directly elevate NUDT1
expression by binding the HIF2α response element in
the NUDT1 promoter. NUDT1 regulates ccRCC progres-
sion through the SIRT3 stability mediated cellular oxida-

tive stress. The decreased expression of HIF2α inhibits
the expression of NUDT1 at the transcriptional level and
causes the degradation of SIRT3 to accelerate, which cause
an increase in tumour cell ROS and oxidative stress levels,
thereby inhibits the progress of ccRCC (Figure 8E).

4 DISCUSSION

Multiple studies have indicated that oxidative stress takes
a vital part in ccRCC.36,52 CcRCC has the distinctive fea-
ture of HIF2α activation. HIF2α has been shown to affect
oxidative stress.53 However, the unambiguous mechanism
by which HIF2α affects oxidative stress is still unclear. Our
study describes a new approach, HIF2α reduces the bio-
logical effects of oxidative stress in tumour cells through
NUDT1. Malignant tumours can produce large amounts of
ROS due to their high metabolic characteristics, leading to
DNAdamage and protein degeneration, thereby inhibiting
tumour progression.54 HIF2α can directly transcription-
ally activate the expression of NUDT1, reduce the biologi-
cal impact of oxidative stress on tumour cells and promote
tumour growth and metastasis.
Oxidative stress refers to the breakdown of the bal-

ance between the production of cellular oxidants and the
removal of by-products.11 Reactive oxygen species (ROS)
is a barometer of oxidative stress and is produced during
mitochondrial respiration. ROS occupies the central field
in a variety of cell signaling pathways such as proliferation
and apoptosis.55,56 But, excess ROS can lead to structural
damage in cells.54 Cancer cells produce more ROS than
normal cells due to their active metabolism, and there is
DNA damage.10 Therefore, tumour cells use some ‘means’
to reduce the level of ROS and the DNA damage it brings
to promote cell survival and proliferation.57
Increased levels of ROS in cancer cells lead to an

increase in 8-oxo-dGTP in the nucleic acid pools.29,58,59
NUDT1 protects the nucleic acid of cancer cells fromoxida-
tive damage by removing excess 8-oxo-dGTP.60 Related
studies have pointed out that NUDT1 can reduce the level
of ROS, which is induced by oncogenic RAS.26,61,62 Overex-
pressed NUDT1 promotes cancer cell growth and metasta-
sis by reducing ROS levels and hydrolysing ROS products,

FDR < 25% and p < .05 was considered statistically significant. (B) Volcano map of whole transcriptome sequencing data after HIF2a
knockdown. After HIF2a knockdown, there were 3586 meaningful differentially expressed genes, of which 1778 were upregulated genes and
1808 were downregulated genes (including NUDT1). (C), (D) The protein and mRNA levels of NUDT1 after knocking down HIF2α are shown
by western blotting and qPCR; t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples t-test for statistics). (E) ChIP
experiment results of potential HIF2α binding sites in the NUDT1 promoter are based on the HIF2α binding sequence; t-test, ****p < .0001,
***p < .001, **p < .01 and *p < .05 (independent-samples t-test for statistics). (F) The results of the luciferase assay were obtained according to
Section 2 described previously. The truncation of the promoter showed that HIF2α bound to the NUDT1 promoter 1 region (–2143 to –2139),
which is important for HIF2α to regulate NUDT1; t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples t-test for
statistics)
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F IGURE 7 NUDT1 knockdown suppresses the progression of ccRCC in vivo. (A), (B) A498 cells and control cells transfected with
shNUDT1-1 and shNUDT1-2 were injected subcutaneously into nude mice in the three groups. The tumour size and weight of mice in each
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such as 8-oxo-dGTP. Dozens of NUDT1 inhibitors have
been developed with the goal of inhibiting cancer growth
by accumulating oxidative damage in cancer cells.29,63–65
Although these NUDT1 inhibitors have been shown to be
effective in suppressing cancer, some studies have pointed
out that NUDT1 inhibitors have failed to completely erad-
icate cancer cells.66,67 In this context, we believe that the
specific mechanism of inhibiting NUDT1 and the key fac-
tors affecting the efficiency of NUDT1 inhibition should be
strictly resolved. The results of NUDT1 inhibition depend
on whether there are strong oxidant driving factors. The
presence of strong oxidant driver will eliminate the redun-
dant function of NUDT1 inhibitors on tumours.26,61 The
oxidant driving factors in ccRCC may be the reason for
the toxic effect of NUDT1 inhibition on tumour cells. Since
gene depletion of NUDT1 and pharmacological inhibi-
tion of NUDT1 have different mechanisms of action, our
study only reflects the effects of knockdown of NUDT1
on oxidative stress and cell function. As for the selec-
tion of effective NUDT1 inhibitors in ccRCC, follow-up
related experiments need to be supplemented. The role
of HIF2α as a common transcription factor on the occur-
rence and development of ccRCC has been confirmed. Its
effect on oxidative stress has also been discovered by a
number of studies.68,69 Under this premise, the specific
mechanism by which HIF2α regulates oxidative stress is
still confused. Our research further validated the effect of
HIF2α on oxidative stress and clarified the specific ways
in which HIF2α affects oxidative stress in ccRCC. Consis-
tently, HIF2α directly transcriptionally activates NUDT1 to
reduce the biological impact of oxidative stress. This regu-
lation process may be an important link for HIF2α to pro-
mote the progress of ccRCC.
SIRT3 is a type III deacetylase that relies on

nicotinamide-adenine dinucleotide (NAD). It is mainly
located in mitochondria and is widely distributed in tis-
sues and organs rich inmitochondria such as kidney, brain
and liver. It can play a vital role in the deacetylation of
histones and non-histone proteins in the regulation of cell
metabolism, cell cycle, cell apoptosis and cell lifespan.70,71
SIRT3 plays a pivotal role in cellular oxidative stress. It

can deacetylate related acetylated proteins in mitochon-
dria, stabilise mitochondrial function by increasing the
activity of ROS scavenging enzymes, thereby inhibiting
the accumulation of ROS in mitochondria to improve cell
function.72 Our research found that NUDT1 in ccRCC
can regulate the level of cellular oxidative stress by
regulating the stability of SIRT3, thereby affecting the
progress of ccRCC. This means that SIRT3 is an important
downstream of NUDT1, and at the same time, treatments
for SIRT3 can also provide the possibility for the further
development of combined treatment programs.
Many proteins have a dual role in tumours due to the

differences in their localisation and functional pathways
in cells. They play different roles in different stages of
tumour development and in different cells, such as YB-
1,74,75 TRAP1,76,77 autophagy pathways77–79 etc. According
to literature reports, SIRT3 also has the same character-
istics. Since SIRT3 can maintain the production of ROS
at an appropriate level to prevent cell apoptosis and pro-
mote cell proliferation, it is called an oncogene in cer-
tain types of cancer.80 On the contrary, some studies have
shown that SIRT3 has a tumour suppressor effect. Accord-
ing to reports, SIRT3 induces cell arrest and apoptosis by
regulating Bcl-2, HIF-1α, p53 and other proteins.81–84 At
present, there is no consensus on the impact of SIRT3
on the occurrence and progression of ccRCC. The results
of some studies are not completely consistent with ours,
which is very likely to exist.85 Because the regulatorymech-
anisms of different studies are different, and we do not reg-
ulate the expression of SIRT3 at the transcriptional level,
but affect the protein stability of SIRT3 through NUDT1.
Theremay be some feedback and bypass adjustmentmech-
anisms to produce functional differences. In view of these
differences, we are expected to improve and resolve them
through further experiments.
HIF2α as a far-reaching ccRCC oncogene has been

extensively studied in ccRCC. Most of these studies have
focused on the angiogenic effects of HIF2α. Sunitinib, the
first-line treatment of ccRCC, targets vascular endothe-
lial growth factor receptor (VEGFR) and platelet-derived
growth factor receptor (PDGFR), which are both down-

group was measured after the seventh week. Data are expressed as the mean ± SEM from tumours of each group; t-test, ****p < .0001,
***p < .001, **p < .01 and *p < .05 (independent-samples t-test for statistics). (C) The tumour volume of each group was measured every week.
This graph is drawn based on the relationship between the number of weeks after tumour cell implantation and tumour size (mm3). Data are
expressed as the mean ± SEM from tumours of each group; t-test, ****p < .0001, ***p < .001, **p < .01 and *p < .05 (independent-samples
t-test for statistics). (D) H&E staining of liver tissue in the NUDT1 knockdown group and control group. Scale bar: 100 μm, 50 μm, 25 μm. (E)
Living fluorescence images of the NUDT1 knockdown in the metastasis model group and control group. (F) Immunohistochemical (IHC)
staining for NUDT1, markers of oxidative stress-related molecules (SOD2, HO-1 and CAT), tumour malignancy (Ki67), 8-oxodG and TUNEL
in tumour xenografts. Scale bar: 20 μm. (G) Relative level of 8-oxodG in xenograft tumour tissue; t-test, ****p < .0001, ***p < .001, **p < .01
and *p < .05 (independent-samples t-test for statistics). (H) Relative level of protein carbonylation in xenograft tumour tissue; t-test,
****p < .0001, ***p < .001, **p < .01 and * p < 0.05 (independent-samples t-test for statistics). (I) NRF2 protein level in xenograft tumour tissue
determined by western blot
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F IGURE 8 Amodel of HIF2α affecting oxidative stress through NUDT1 in ccRCC. (A) Xenograft tumour model was constructed by
overexpressing NUDT1 lentivirus to infect HIF2α stable knockout and negative control A498 cells. (B) Xenograft tumour weight (g) after
7 weeks. (C) Volume growth curve of xenograft tumour within 7 weeks. (D) Living fluorescence images of the Vector, shHIF2α,
Vector+NUDT1, shHIF2α+NUDT1 group in the metastasis model. (E) A model in which HIF2α acts as a transcription factor to directly
increase NUDT1 expression by binding to the HIF2α response element in the NUDT1 promoter. The high expression of HIF2α in ccRCC cells
can directly target the promotion of NUDT1 expression to stabilise SIRT3 protein in tumour cells and inhibit oxidative stress, thereby
promoting the progression of ccRCC. When HIF2α is knocked down, it can target the reduction of NUDT1 expression and accelerate the
degradation of SIRT3 protein in tumour cells to cause the increase of oxidative stress level and inhibiting the progression of ccRCC
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stream genes ofHIF2α.86,87 However, about 20% of patients
with advanced RCC instinctively do not respond to suni-
tinib treatment, and patients who are sensitive to treat-
ment gradually show drug resistance and tumour dete-
rioration after 6–15 months of treatment.88 The cancer-
promoting effect of HIF2α on ccRCC is mainly due
to angiogenesis and oxidative stress.53 Nevertheless, few
reports have evaluated the effects of targeted oxidative
stress therapy on ccRCC. Our research certified that
NUDT1 is a pivotal gene through which HIF2α governs
oxidative stress in ccRCC. Therefore, we believe that treat-
ments targeting NUDT1 are of great benefit to inhibit the
progression of ccRCC. In view of the above findings, we
come up with a brand-new drug joint tactics: a combi-
nation therapy of NUDT1 targeting inhibitors and anti-
angiogenesis.

5 CONCLUSION

In summary, we found a novel pathway for HIF2α to tran-
scriptionally activate the expression of NUDT1 in ccRCC.
As HIF2α’s downstream, NUDT1 mediates the stability
of SIRT3 to influence the process of cell oxidative stress
and regulate ccRCC. Moreover, our research provides a
new direction for the cancer-promoting effect of HIF2α
in ccRCC, which is different from angiogenesis. This may
become a new weapon to break through the outcome of
ccRCC-targeted drug treatment resistance.
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