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Abstract

Rationale: Increased methylation of key genes has been observed in kidney diseases, suggesting that the
ten-eleven translocation (Tet) methyl-cytosine dioxygenase family as well as 5mC oxidation may play
important roles. As a member of the Tet family, the role of Tetl in acute kidney injury (AKI) remains
unclear.

Methods: Tet!/ knockout mice, with or without tempol treatment, a scavenger of reactive oxygen
species (ROS), were challenged with ischemia and reperfusion (I/R) injury or unilateral ureteral
obstruction (UUO) injury. RNA-sequencing, Western blotting, qRT-PCR, bisulfite sequencing, chromatin
immunoprecipitation, immunohistochemical staining, and dot blot assays were performed.

Results: Tetl expression was rapidly upregulated following I/R or UUO injury. Moreover, Tetl
knockout mice showed increased renal injury and renal cell death, increased ROS accumulation, G2/M
cell cycle arrest, inflammation, and fibrosis. Severe renal damage in injured Tet] knockout mice was
alleviated by tempol treatment. Mechanistically, Tetl reduced the 5mC levels in an enzymatic
activity-dependent manner on the promoters of Sodl and Sod2 to promote their expression, thus
lowering injury-induced excessive ROS and reducing I/R or UUO injury.

Conclusions: Tetl plays an important role in the development of AKI by promoting SOD expression
through a DNA demethylase-dependent mechanism.
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Introduction

Acute kidney injury (AKI) is defined as a rapid Several clinical events contribute to the

decrease in renal function characterized by increased
serum creatinine, decreased urine output, or both [1].
AKl is associated with high mortality in the absence of
effective treatment, and its prevalence in patients
admitted to the intensive care unit (ICU) exceeds 50%
[1, 2]. Moreover, AKl is also a major risk factor for the
development of chronic kidney disease (CKD) and
end-stage renal disease (ESRD) [1, 3].

development of AKI, including renal ischemia-
reperfusion (I/R) injury and obstructive nephropathy.
Renal I/R injury often occurs during cardiac
surgeries, shock, and kidney transplantation [4, 5].
The pathogenesis of renal I/R injury is complicated,
however, production of excessive reactive oxygen
species (ROS) during reperfusion is a major
contributor to the injury [6]. Excessive ROS
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contributes to oxidative stress, apoptosis/necrosis,
and inflammation [7, 8], which lead to maladaptive
cellular responses including cell cycle arrest,
metabolic reprogramming, and secretion of profibro-
tic factors that accelerate the progression of AKI to
CKD [9]. Obstructive nephropathy is another
common clinical event that may cause AKI or CKD
[10, 11]. In rodent models, unilateral ureteral
obstruction (UUO) mimics obstructive nephropathy
with development of severe tubular injury, interstitial
inflammation and renal fibrosis, serving as a model of
irreversible AKI [11]. Like I/R injury, excessive ROS
production and enhanced oxidative stress also
contribute to the pathology associated with UUO [12].

Dynamic regulation of cytosine methylation/
demethylation is a common epigenetic modification
that regulates disease processes in a cell-type,
context-dependent manner [13, 14]. The Ten-eleven
translocation cytosine dioxygenases (Tets) family,
including Tetl, Tet2, and Tet3, are key enzymes that
convert 5-methylcytosine (5mC) to 5-hydroxymethyl-
cytosine (5hmC) via an a-ketoglutarate (a-KG) and
Fe?* dependent mechanism [15, 16]. We recently
reported that Tetl affects the methylation level of the
promoters of lipolysis and lipid oxidation-related
genes, resulting in an obesity-prone phenotype in Tet1
insufficient mice fed a high fat diet (HFD) [17].
Although an increased Tetl level has recently been
found in the kidneys of CKD patients [18], the exact
role of Tetl in AKI and the following transition to
CKD remains unclear.

In the current study of I/R- or UUO-induced
renal injury, we found an increased protein level of
Tetl in the kidney, while knockout of Tet1 aggravated
AKI and AKI-CKD transition as suggested by
increased inflammation, apoptosis, oxidative stress
and fibrosis. RNA-sequencing analysis demonstrated
that the superoxide dismutase (SOD) family was
downregulated in injured Tetl knockout mice.
Mechanistic studies demonstrated that Tet1 knockout
affected Sod1 and Sod2 expression by increasing the
methylation levels on their promoters, thus
decreasing their expression. Moreover, treating with
tempol, an SOD mimic and strong ROS scavenger,
eliminated the worst outcomes observed in injured
Tet1 KO mice. Together, we revealed a critical role for
Tetl in both AKI and AKI-CKD transition stages.

Materials and Methods

Animals

Breeding pairs of Tetltmllae (JAX #017358,
Tet1*/-) mice were kindly provided by Dr. Wuhan
Xiao (Institute of Hydrobiology, CAS) [19].
Genotyping to identify wildtype (WT; Tet1*/+) and

knockout (KO; Tetl/-) mice was performed as
described [17]. Both males and females weighing 22 +
2 g were used in the present study. Animals were
handled according to the Guidelines of the China
Animal Welfare Legislation, as approved by the
Committee on Ethics in the Care and Use of
Laboratory Animals, College of Life Sciences, Wuhan
University.

AKI models and treatments

Ischemic AKI was created using a unilateral
renal I/R injury model as previously described to
reduce surgery caused related mortality [20]. Briefly,
mice were anesthetized and underwent midline
abdominal incisions with the left renal pedicle bluntly
clamped for 45 minutes; reperfusion was achieved by
removing the clamp. Mice were euthanized at day 3,
7, or 21 to harvest kidneys. For the UUO model, the
left ureter of the mouse was ligated at proximal and
distal points and then cut between the ligated points
[21]. Mice were sacrificed 7 days later and kidneys
were collected. For folic acid-induced AKI, folic acid
(250 mg/kg body-weight; Aladdin, Shanghai, China)
was dissolved in NaHCO; (300 mmol/L) and injected
intraperitoneally once [22]; kidneys were collected at
day 1, 3 or 7 after the injection. As previously reported
[23, 24], after I/R or UUO injury, tempol (50 mg/kg
body-weight; MedChem  Express, NJ) was
administered by oral gavage once per day for 3 or 7
days.

Cell culture, plasmids, in vitro
Hypoxia/Reperfusion (HR) injury and
treatment

The mouse renal tubular epithelial cell line
TCMK-1 (Otwo Biotech.,, Guangzhou, China) was
cultured in DMEM media (Cytiva, South Logan, UT)
plus 10% FBS (Lonsera, shuangru Biotech., China).
pCMV-mTet1 (full-length mouse Tet1) plasmid was a
kind gift from Dr. Wuhan Xiao; pCMV-mTet1ACD
(mouse Tetl enzymatic domain truncation) plasmid
was constructed using a standard protocol. TCMK-1
cells were transfected with different plasmids, in vitro
hypoxia and reperfusion (HR) experiments (12 hr
hypoxia followed by 1 hr reperfusion) were
performed as previously described [25]. For TGF-f
recombinant protein (Novoprotein, Suzhou, China)
treatment, TCMK-1 cells were treated with 0, 5 or 10
ng/ml TGF-p for 24 h.

MTT assays

TCMKT1 cells were cultured at a density of 3000
cells/well in a 96-well plate for 12 hours, and then
transfected with the empty vector, pCMV-mTet1, or
pPCMV-mTetIACD. 24 hours later, cells were treated
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to produce HR injury, then MTT assays were
performed as previously reported [26].

Measurement of SOD activity

A superoxide dismutase (SOD) assay kit
(Beyotime Biotech., Shanghai, China) was used to
measure the oxidative stress level in the kidneys and
TCMK1 cells.

Assessment of renal function

Blood samples were centrifuged at 2000 g for 15
min at 4 °C, and serum was collected subsequently.
Serum creatinine (Crea) and blood urea nitrogen
(BUN) levels were measured using a creatinine
reagent kit or a BUN reagent kit (both from Jiancheng
Bio., Nanjing, China), respectively.

Histology, immunohistochemical, immuno-
fluorescent and dihydroethidium staining

Paraffin embedded renal sections were used for
hematoxylin-eosin (H&E), sirius red or immuno-
histochemical staining. H&E staining was performed
to evaluate pathological lesions as previously
described [27, 28]. Sirius red staining (SenBeijia
Biotech., Nanjing, China) was performed to detect
fibrosis. For immunohistochemical staining, primary
antibodies for Ly6G, CD3, F4/80, 5ShmC or Tetl were
applied to sections (detailed information in Table S1)
overnight at 4 °C, then incubated with an appropriate
biotinylated secondary antibody and ABC-peroxidase
solution (Vector Laboratories, Burlingame, CA) seq-
uentially, and finally visualized using 3,3'-diamino-
benzidine (DAB, Cwbiotech, Beijing, China).

OCT (Sakura Finetek, Torrance, CA) embedded
renal cryosections were used for immunofluorescent
staining, as well as for renal tubular markers and
dihydroethidium (DHE) staining. Cryosections were
incubated overnight with a Tetl antibody (Table S1)
followed by an appropriate Alexa Fluor labelled
secondary antibody (Thermo Fisher, Waltham, MA).
For renal tubular staining, cryosections were
incubated with PNA (peanut agglutinin, detecting
distal tubules and collecting ducts), or LTL (lotus
tetragonolobus lectin, detecting proximal tubules), or
DBA (dolichos Dbiflorus agglutinin, detecting
collecting ducts) (all from Vector Laboratories),
respectively, as previously reported [27, 29]. For DHE
staining, cryosections were incubated with 10 pM
DHE (Beyotime) at 37 °C for 30 min. Sections were
then covered with DAPIl (Sigma) and antifading
medium (Invitrogen). Sections were imaged using a
Leica TCS SP8 confocal microscope (Milan, Italy).
Quantitative analysis of positively stained cells was
performed as previously reported [29, 30].

Dot blot assays

Genomic DNA was isolated using a genomic
DNA extraction kit (Tiangen Biotech., Beijing, China),
and dot blot assays were performed [17]. Briefly, 100
ng of denatured DNA was spotted onto a
nitrocellulose membrane (Bio-Rad, Hercules, CA).
After cross-linking and blocking, anti-5hmC or
anti-5mC antibody (Active motif, California, CA) was
applied, then probed with HRP-conjugated secondary
antibody (Bio-Rad), visualized by enhanced chemi-
luminescence reagent (Beyotime), and quantitated
using Quantity One (Bio-Rad).

Bisulfite sequencing

Bisulfite modification of genomic DNA was
performed using a Bisulfite Conversion Kit (Active
Motif) following the manufacturer’s instruction. The
promotors (-1500 bp to +200 bp relative to the +1
transcription start site) of Sod1 or Sod2 were amplified
using  primers designed wusing MethPrimer
(http:/ /www.urogene.org/) (Table S2). PCR was
performed using Hot Start Taq Polymerase (Qiagen,
Germany). PCR fragments purified from agarose gels
were cloned into the pMD18-T vector (Tsking
Biotech., Beijing, China). At least 10 clones of each
sample were selected for sequencing and analyzed
using DNAMAN software (San Ramon, CA) [17].

RNA sequencing and analysis

Total renal RNA was isolated. RNA sequencing
and data analyses were performed by Novogene
Bioinformatics (Beijing, China) [31]. Differentially
expressed genes were assessed with a threshold of
adjusted P value < 0.05 and |log>FoldChange| > 0.5.
Novogene’s cloud platform (https://magic.novogene
.com/) was used for KEGG pathway enrichment,
while Graphpad Prism (v8.0.1) was used to generate a
heatmap.

Co-immunoprecipitation (Co-IP)

Renal tissues were ground in immuno-
precipitation buffer (Beyotime) supplemented with
protease inhibitors and then centrifuged at 8000 g for
10 mins to obtain whole cell lysates. Lysates were
immunoprecipitated with the Tetl antibody or
respective 1gG with Protein A/G magnetic beads
(MedChem Express, NJ) overnight at 4 °C [32]. After
washing, the beads were boiled in loading buffer and
subjected to Western blots.

Chromatin immunoprecipitation (ChlP)

ChIP assays were performed as previously
described [33, 34]. Briefly, 48 hours after transfection
with empty vector or the pCMV-mTetl plasmid,
TCMK1 cells were crosslinked with 1% formaldehyde,
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then quenched with glycine. Crosslinked chromatin
was sheared wusing micrococcal nuclease (New
England Biolabs, Beverly, MA) and sonication.
Chromatin was immunoprecipitated using anti-Tetl
antibody or rabbit IgG (Table S1). Purified DNA was
detected by qPCR (primer sequences provided in
Table S2). Input samples were used as the internal
control for comparison between samples.

Western blots and Quantitative real-time PCR
(gqPCR)

Western blots and qPCR were performed as
previously described [35, 36]. Antibodies and primers
are shown in Tables S1 and S2.

Statistical analysis

The data are presented as means + SD. The
normal distribution of data was tested using Graphpad
Prism (v8.0.1). For two-group comparison, statistical
significance of normally distributed data was
analyzed using an unpaired two-tailed Student's test,
while non-normally distributed data was analyzed
using Mann-Whitney U test. For multiple-group
comparison of normally distributed data, one-way
ANOVA with Tukey’s test was used for a single
independent variable, while two-way ANOVA with
Tukey’s test was used for two independent variables.
Differences were considered statistically significant at
P <0.05.

Data availability

RNA-seq data from this study is available in the
NCBI GEO database (accession code GSE232751,
https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?a
cc=GSE232751, reviewer token mjkluckqdtchxcp).

Results

Tetl is significantly upregulated in AKI and
AKI to CKD stages after I/R injury

To investigate the role of Tetl in I/R-induced
renal injury, the protein level of Tetl was determined
in mice at different time points following injury.
Although the Tetl level was relatively low in
non-injured kidneys, Tetl was significantly increased
at day 3 and day 7 (AKI stage, I/R 3D and I/R7D),
and remained high at day 21 (AKI to CKD stage, I/R
21D) after I/R injury in female mice (Figure 1A).
Immunohistochemical studies consistently demons-
trated weak Tetl staining in renal glomeruli and
tubular cells under non-injury conditions; after I/R
injury, a significant increase in the nuclear Tetl level
was found in renal tubules and glomeruli at the AKI
stage and the AKI to CKD stage with no gender-based
differences (Figure S1A-B). However, no significant
change in the transcriptional level of Tetl was

observed in mouse kidney upon renal I/R injury
(Figure 1B and Figure S1C). Post-translational
modifications affect protein stability, structure and
function [37]. Ubiquitination or PARylation of Tetl
have been shown to alter its stability [38, 39].
Co-immunoprecipitation assays were performed to
determine whether Tetl was PARylated or
ubiquitinated following I/R injury. PARylation, but
not ubiquitination, of Tetl was increased in the
kidneys at I/R 3D, suggesting increased PARylation
of Tetl may contribute to accumulation of renal Tetl
protein level after I/R injury (Figure S1D).

The kidney consists of multiple cell types with
different functions. To identify the type of renal
tubular cells that harbor increased Tetl, we co-stained
cells for Tetl and with different renal tubular markers,
including LTL (lotus tetragonolobus lectin, detecting
proximal tubules), PNA (peanut agglutinin, detecting
distal tubules and collecting ducts), and DBA
(dolichos biflorus agglutinin, detecting collecting
ducts). While weak Tetl staining was found in the
proximal tubular cells, distal tubular cells, and
collecting tubular cells under non-injury conditions,
significantly increased nuclear Tetl staining was
found in these tubular cells at the AKI stage and the
AKI to CKD stage in injured female mice (Figure 1C-D
and Figure S1E). Similar results were found in male
mice (data not shown). Interestingly, increased Tetl
protein level was found in TCMKI1 cells upon TGF-3
treatment, indicating that Tetl protein may response
to fibrotic stimulation per se (Figure S2). The persistent
upregulation of Tetl suggested its potential role in the
pathogenesis of both AKI and the following AKI to
CKD transition.

Knockout of Tetl exacerbates I/R injury at
both AKI stage and the AKI to CKD stage

To study the role of Tetl in renal I/R injury, Tet1

knockout (Tet1 KO; Tet1” ') mice and their gender-,
age-matched wildtype (WT; Tet1*/+) littermates were
studied (Figure S3A). The deletion efficiency of Tetl
in the kidney was examined. Tet1 mRNA was barely
detectable, while Tet2 and Tet3 mRNA levels were
unaffected in the kidneys of Tetl KO mice (Figure
S3B). Immunochemical staining further showed a
significant reduction in the Tetl protein level in the
cortex and medulla of Tetl KO female mice (Figure
S3C). Similar results were observed in male mice (data
not shown). We and others have reported that Tet1
KO mice are born at approximately 30% of the
expected Mendelian ratio with a slight reduction in
body size, which may be due to defects in embryonic
development, while the Tet1 KO mice that survive are
viable [17, 40]. At 12 weeks of age, adult Tet1 KO mice
showed similar renal morphology, number of
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glomeruli and kidney weight compared with those of
their WT littermates (Figure S3D-F). Furthermore,
normal renal function, as indicated by serum
creatinine and BUN (blood urea nitrogen) levels, was
found in Tetl KO female mice (Figure S3G). Similar
results were found in adult male mice (data not
shown).

Since Tetl was elevated in both AKI and AKI to
CDK stages (Figure 1), we first studied its role in the
AKlI stage (I/R 3D) in both male and female mice. Tet1
KO female mice exhibited more severe renal
morphological injury than WT mice at I/R 3D (Figure
2A). Significantly higher transcriptional levels of Kim1
(kidney injury molecule 1) and Ngal (neutrophil
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whether the more severe renal injury observed in Tet1
KO mice was due to increased cell death, a terminal
deoxynucleotidyl transferase TUNEL (dUTP nick-end
labeling) assay was performed. While there was no
difference in the number of renal TUNEL* cells
between non-injured WT and Tet1 KO female mice, an
increase in cell death was observed in Tet1 KO female
mice compared to WT mice at I/R 3D (Figure 2C).
Meanwhile, Western blots demonstrated an elevated
Bax/Bcl2 ratio as well as an increase in cleaved
Caspase-3 in the kidney of Tet1 KO female mice at I/R
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Figure 1. Tetl senses renal I/R injury. (A) Western blot of Tetl (left) with quantitative results (right) of non-injured (NI) or I/R injured mice at 3, 7, or 21 days after I/R
injury (/R 3D, I/R 7D, I/R 21D); SE, short exposure; LE, long exposure. (B) mRNA level of Tet/ in the kidney at indicated times after I/R injury. (C) Representative
co-immunofluorescent staining for Tetl (red) with LTL (lotus tetragonolobus lectin; green) in the kidney, and quantitative results of the percentage of Tetl* cells in LTL* tubular
cells. DAPI (blue) stains nuclei; scale bars = 50 pm. (D) Representative co-immunofluorescent staining for Tetl (green) with PNA (peanut agglutinin; red) in the kidney, and
quantitative results of the percentage of Tetl* cells in PNA* tubular cells. DAPI (blue) stains nuclei; scale bars = 50 um. *P < 0.05; **P < 0.01; n.s., not significant.
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3D (Figure 2D-E). Similarly, Tetl KO male mice
showed more severe pathological damage and cell
death at I/R 3D (Figure S4), indicating that Tetl
deficiency increases renal I/R induced AKI in both
genders.

To further assess the role of Tetl in AKI to CKD
transition, we collected renal samples at 21 days after
renal I/R (I/R 21D). H&E staining revealed that Tet1
KO female mice had more severe damage than WT
female mice at I/R 21D (Figure 2F). qPCR results
demonstrated that fibrotic related genes such as Tgfb1
(transforming growth factor beta 1), Acta2 (actin alpha
2) and Ctgf (connective tissue growth factor) were
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Sirius red staining and immunohistochemical staining
for a-SMA all demonstrated increased renal fibrosis in
WT mice, which was further increased in Tetl KO
female mice at I/R 21D (Figure 2H-I). In contrast,
there was a similar level of pathological injury in
injured WT and Tet1 KO male mice at I/R 21D (Figure
S5). Thus, losing Tetl aggravated the AKI to CKD
transition induced by renal I/R, at least in female
mice. Based on this observation, the following
experiments were carried out using female mice.
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Figure 2. Tetl knockout increases I/R-induced acute kidney injury and accelerates the progression of AKI to CKD in female mice. (A) Representative H&E
images (left) with injury scores (right) of the kidney of WT and Tet!/ KO mice at 3 days (I/R 3D) after renal I/R injury. Asterisks indicate injured tubules. Scale bar = 100 pm. (B)
mRNA levels of KimI and Ngal in the kidney of WT and Tet! KO mice with or without injury. (C) Representative TUNEL images (left) with quantitative results (right) of WT and
Tet] KO mice with or without injury. DAPI stains nuclei. Scale bar = 50 um. (D) Western blots of Bax and Bcl2 (left) with quantitative results (right) in the kidney of WT and Tet/
KO mice with or without injury. (E) Representative immunohistochemical staining of cleaved Caspase-3 in the kidney of WT and Tet/ KO mice with or without injury. Scale bar
=100 pm. (F) Representative images of H&E staining of the kidney of WT and Tet!/ KO mice at 21 days (I/R 21D) after the renal I/R injury. Scale bar = 100 um. (G) qPCR analysis
of indicated genes in the kidney of WT and Tet!/ KO mice at I/R 21D. (H-I) Representative images of Sirius Red staining (H) and immunostaining for a-SMA (1) of the kidney of
WT and Tet! KO mice at I/R 21D, and quantitative results of injury score. Scale bars = 100 um. *P < 0.05; **P < 0.01.
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Tetl knockout reduces renal 5hmC and
promotes inflammation in I/R injury

Recent studies suggest that Tetl plays a role in a
variety of diseases and biological processes by
regulating DNA methylation and genome remodeling
[41, 42]. To establish whether depletion of Tetl affects
renal methylation/hydroxymethylation and gene
transcription levels, we first examined the global
levels of 5mC and 5hmC and analyzed the gene
expression profile in the kidney at I/R 3D.
Immunohistochemical and dot blot results showed
that the level of renal 5hmC was significantly
decreased in injured WT mice, which was further
decreased in injured Tet1 KO mice at I/R 3D; while
there was no significant difference between non-
injured WT and Tet1 KO female mice (Figure S6A-B).
However, there was no significant difference in the
renal 5mC level between WT and Tetl KO female
mice under non-injury and I/R 3D injured conditions
(Figure S6B).

To determine the genes exhibiting altered
expression in injured Tetl KO and WT female mice at
I/R 3D, we analyzed the global transcriptome.
Compared to non-injured kidneys, 2609/2150 signifi-
cantly upregulated/downregulated genes were found
atI/R 3D in injured kidneys of WT mice (Figure S7A).
Meanwhile, Tetl knockout resulted in significant
upregulation of 775 genes and downregulation of
1234 genes compared with those of WT mice at I/R
3D (Figure S7B). Since Tetl knockout exacerbated
renal injury, we focused on the 484 genes that were
further upregulated and the 587 genes that were
further downregulated in injured Tetl KO mice
(Figure 3A-B). At I/R 3D, KEGG enrichment showed
that some of I/R-upregulated immune and inflam-
matory pathways, such as the cytokine-cytokine
receptor interaction pathway, were further upregu-
lated by Tetl ablation; while I/R-downregulated
peroxisome as well as valine, leucine and isoleucine
degradation pathways were further downregulated
by Tet1 ablation (Figure 3A-B).

Altered expression of genes involved in
cytokine-cytokine receptor interaction was verified by
qPCR (Figure 3C-D). Transcription of Ccl6 (C-C motif
chemokine ligand 6), Ccl7, Ccl9 and Cxcl5 (C-X-C
motif chemokine ligand 15) was increased in the
kidneys of injured WT mice and was further
upregulated in injured Tet1 KO mice at I/R 3D (Figure
3D). Excessive expression of cytokines in the kidneys
of KO mice may increase the infiltration of
inflammatory cells and further aggravate tissue
inflammation. As expected, the number of infiltrating
macrophages (F4/80* cells) and lymphocytes (CD3*
cells) was increased in the injured kidneys of WT

mice, and was further increased in the injured kidneys
of Tet1 KO mice at I/R 3D (Figure 3E).

Tetl knockout increases oxidative stress in
renal I/R injury

Analysis of RNA sequencing (RNA-seq) data in
the kidneys of Tet1 KO female mice suggested that the
number of downregulated genes was nearly twice
that of upregulated genes, together with a reduction
in 5hmC at I/R 3D (Figure 3A-B and Figure S6), which
indicated that Tetl may be more prone to activating
than inhibiting gene expression in the kidney. The
further downregulated peroxisome pathway in
injured Tetl KO female mice caught our attention
(Figure 3B), since the kidney is rich in peroxisomes
containing  antioxidant enzymes, particularly
superoxide dismutase (SODs) and catalase (Cat), to
regulate cellular redox homeostasis; while disrupted
redox homeostasis is an important pathogenic driver
in AKI [43, 44]. Differences in the peroxisome
antioxidant defense system associated genes between
Tetl KO and WT mice identified by RNA-seq (Figure
4A) were further validated using qPCR. The results
indicated that transcription of Sod1, Sod2 and Cat were
significantly decreased in WT kidneys after I/R
injury, and was further downregulated in injured Tet1
KO mice at the AKI stage (Figure 4B). Furthermore,
decreased Sod1 and Sod2 protein levels were found in
the kidneys of injured Tetl KO mice compared with
those of injured WT mice at the AKI stage (Figure 4C).
Meanwhile, total SOD activity was significantly
decreased in WT kidneys, which was further
decreased in injured kidneys of Tetl KO mice, after
I/R 3D injury (Figure 4D). We next examined whether
the altered transcription of Sods was due to a change
in their methylation status. Bisulfite sequencing
demonstrated increased DNA methylation on the
CpG islands of Sod1 and Sod2 promoters in injured
Tet1 KO mice (Figure 4E).

Thus, we proposed that downregulated Sods and
the decrease in their enzymatic activities may lead to
accumulation of excessive reactive oxygen species
(ROS), such as superoxide anions and hydroxyl radi-
cals, as well as increased nitric oxide (NO)-derived
peroxynitrite after the injury. Dihydroethidium
(DHE) staining consistently demonstrated signifi-
cantly increased ROS production in injured kidneys of
WT mice, which was further increased in injured Tet1
KO mice after I/R 3D injury (Figure 4F); consistently
increased DHE staining was also found in Tetl KO
mice at [/R 21D (Figure S8). Furthermore,
3-nitrotyrosine (3-NT) modified protein levels were
increased in the injured kidneys of Tetl KO mice at
the AKI stage, indicating increased peroxynitrite
levels [45] (Figure 4G). ROS overload contributes to
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oxidative stress and DNA damage, which arrests the
cell cycle at the G2/M phase by inhibiting the repair
of damaged tubules, and leading to the acceleration of
renal injury [9, 46]. An increased in p-H2A.X and the
cyclin Bl/cyclin D1 ratio were consistently found in
injured kidneys of Tetl KO mice at AKI stage,
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indicating more DNA damage and cell cycle arrest
(Figure 4G). Furthermore, more accumulation of cells
in the G2/M phase, as demonstrated by the increased
p-H3/Ki67 ratio, was seen in injured kidneys of Tet1
KO mice at the AKI stage (Figure 4H).
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Figure 3. RNA-sequencing analysis reveals that Tetl knockout affects peroxisome and cytokine-cytokine receptor interaction in I/R injured female mice.
(A-B) KEGG pathways of co-upregulated and co-downregulated genes in KO-I/R 3D vs. WT-I/R 3D and WT-I/R 3D vs. WT-NI. (C) Heat map of inflammation-related pathways
identified by RNA-seq. (D) qPCR analysis of indicated genes in the kidney of WT and Tet/KO mice with or without injury. (E) Representative immunostaining for CD3 (top) and
F4/80 (bottom) with quantitative results (right) of the kidney of WT and Tet/ KO mice at I/R 3D. Scale bar = 100 um. Brown color indicates positive staining; *P < 0.05; **P < 0.01.
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Figure 4. Knockout of Tetl increases I/R-induced oxidative stress. (A) Heat map of peroxisome pathway identified by RNA-seq. (B) qPCR validations of indicated
genes related to peroxisome pathway in the kidney of WT and Tet! KO mice with or without injury. (C) Western blots of Sodl and Sod2 (top) with quantitative results (bottom)
in the kidney of WT and Tet/ KO mice at I/R 3D. (D) Total SOD activity in the kidney of WT and Tet! KO mice with or without injury. (E) Methylation status of the Sod| and
Sod2 promoters in the kidney of WT and Tet! KO mice at renal I/R 3D analyzed by bisulfite sequencing. Each row of dots represents CpG sites in a single sample, with each white
dot indicating a single unmethylated CpG and each black dot indicating a single methylated CpG. (F) Representative DHE staining images with quantitative result in the kidney of
WT and Tet! KO mice with or without injury. DAPI stains nuclei. Scale bar = 100 um. (G) Western blot of 3-NT, Cyclin B1, Cyclin D1 and p-H2A X with quantitative results
in the kidney of WT and Tet/ KO mice with or without injury. (H) Representative immunostaining for Kié7 and p-H3 with quantitative results of the kidney of WT and Tet] KO

mice at I/R 3D. Scale bar = 50 um. *P < 0.05; **P < 0.01; n.s., not significant.

Tetl demethylase activity enhances the
expression of Sodl and Sod2

Next, we explored whether Tetl directly regu-
lates Sod1 and Sod2. Western blots and qPCR analysis
demonstrated that over-expression of full-length
mouse Tetl (mTetl) in TCMK1 cells significantly
increased the mRNA and protein levels of Sod1l and

Sod2 (Figure 5A-B). ChIP assays demonstrated direct
binding of Tetl to the promoter regions of Sodl and
Sod2 (Figure 5C). To investigate whether the
regulation of Sods by Tetl depend on its enzyme
activity, a truncated form that abolishes enzymatic
activity (mTetIACD) was used (Figure 5D). As
expected, the protein levels of sodl and sod2 were
significantly increased after mTetl overexpression
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under either normoxia or HR conditions, but not in
mTetIACD overexpressed group (Figure 5E).
Furthermore, total SOD activity was significantly
increased in the mTet1 overexpression group, but not
in the mTet]1ACD overexpression group under either
normoxia or HR conditions (Figure 5F). MTT assay
and DHE staining results also showed that

Tempol administration rescues I/R injury in
Tet] KO mice

To investigate whether ROS overload caused by
downregulated Sods are responsible for Tetl
deficiency enhanced I/R kidney injury, a membrane-
permeable SOD mimetic, tempol, which is an FDA

cerebral cavernous

approved medication for
hemangioma [47], was administered through oral
gavage into Tet1 KO mice after I/R injury. AtI/R 3D,
DHE staining demonstrated that the increased ROS in
injured kidneys of Tetl KO mice was normalized by
tempol (Figure 6A). The total SOD activity in injured

overexpression of mTet1, but not mTetIACD, could
reduce ROS accumulation and enhance cell viability
under HR conditions (Figure 5G-H). Taken together,
these results suggest that Tetl enhances Sodl and
Sod2 levels dependent on its demethylase activity.
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Figure 5. Tetl enzymatic activity enhances the expression of Sodl and Sod2. (A)Western blots of Sodl and Sod2 in TCMKI cells overexpressing full-length mouse
Tetl (mTetl) under normoxia. (B) mRNA levels of Sod] and Sod2 in TCMKI cells transfected with mTet! under normoxia. (C) ChlP assay for Tetl on the promoters of Sod! and
Sod2 in TCMKI1 cells. Three different promoter regions of each gene were shown. (D) Schematic of the Tetl domains. CD, Catalytic domain; CXXC, DNA-binding domain;
Cys-rich, cysteine-rich domain; DSBH, double-stranded B-helix domain; Spacer region, Low complexity insert; (E) Western blots of Sod| and Sod2 with quantitative results in
TCMKI cells transfected with mTet/ and its enzymatically inactive form (ACD) under normoxia and hypoxia for 12 h and reperfusion for 1 h (HR). (F) Total SOD activity in
TCMKI cells transfected with mTet] and ACD under normoxia and HR. (G) MTT assay for TCMKI cells overexpressing indicated Tetl constructs after HR injury. (H)
Representative DHE staining with quantitative results in TCMKI cells overexpressing indicated Tetl constructs under HR. The experiments were repeated three times, and at
least three biological replicates per group were used. *P < 0.05; **P < 0.01; n.s., not significant.
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kidneys of Tet1 KO mice was also rescued by tempol  results of F4/80*, CD3* and Ly6G* showed that the
treatment (Figure 6B). H&E staining showed that increased inflammatory cell infiltration in injured
tempol alleviated the more severe renal injury in Tetl  kidneys of Tetl KO mice was decreased after tempol
KO mice (Figure 6C). Similarly, TUNEL assay treatment (Figure 6E). These results suggested that
demonstrated that tempol completely abrogated the  tempol-mediated ROS elimination rescued the
enhanced cell death in injured kidneys of Tefl KO  exacerbated renal injury in Tet1 KO mice.

mice (Figure 6D). Moreover, immunohistochemical
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Figure 6. Tempol administration rescues I/R-induced kidney injury in female Tet] KO mice. (A) Representative DHE staining images (left) with quantitative results
(right) in the kidney of indicated groups at I/R 3D. Scale bar = 50 um. (B) Total SOD activity in the kidney of indicated groups at I/R 3D. (C) Representative H&E images (left)
with injury scores (right) of the kidney of indicated groups at I/R 3D. Scale bar = 100 pm. (D) Representative TUNEL images (top) with quantitative results (bottom) in the
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Knockout of Tetl exacerbates UUO-induced
renal injury

To investigate whether Tetl responds to other
renal injury models, we examined the expression of
Tetl in UUO- or folic acid-induced renal injury
models. Like I/R-induced renal injury, Tetl was
significantly increased at day 7 after UUO injury or at
day 7 after folic acid overdose injury, while its mRNA
level was unchanged (Figure 7A-C and Figure S9). To
exclude model-specific effects, the role of Tetl in renal
protection was further investigated in the UUO
model. Tetl KO mice consistently exhibited more
severe renal pathological injury than WT mice at day
7 after UUO injury (Figure 7D). Both a-SMA staining
and Sirius red staining showed more severe fibrosis in
Tet1 KO female mice compared to WT mice after UUO
injury (Figure 7E). Moreover, the number of
infiltrating macrophage (F4/80%), T cell (CD3*) and
neutrophil (Ly6G*) was increased in Tetl KO mice
after UUO injury (Figure 7F); while immunofluores-
cent staining for p-H3 and Ki67 as well as Western
blots for Cyclin Bl and Cyclin D1 indicated more
severe G2/M cell cycle arrest in the kidneys of Tet1
KO mice after UUO injury (Figure 7G-H). Increased
DNA damage, as demonstrated by p-H2A.X level,
was also observed in the kidneys of Tetl KO female
mice after UUO injury (Figure 7G). These results
demonstrated that knockout of Tetl exacerbated UUO
induced renal injury.

Knockout of Tetl increases UUO-induced
oxidative stress

To investigate whether the Tetl-Sods-ROS axis
also existed in UUO-induced renal injury, the levels of
Sod1 and Sod2 were examined. Upon UUO injury, the
protein and mRNA levels of Sodl and Sod2 were
significantly reduced in Tet1 KO mice compared with
those of WT mice (Figure 8A-B). Furthermore, the
total SOD activity was decreased in Tetl KO mice
after UUO injury (Figure 8C). Bisulfite sequencing
demonstrated that the DNA methylation levels in the
promoters of Sod1 and Sod2 were increased in Tet1 KO
mice compared with those of WT mice (Figure 8D). In
addition, DHE staining demonstrated increased ROS
level in the kidneys of Tet1 KO mice after UUO injury
(Figure 8E). These results indicated that in UUO-
mediated renal injury, knockout of Tetl downregu-
lated Sodl and Sod2 expression and increased
oxidative stress.

Tempol administration rescues UUO-induced
kidney injury in Tet] KO mice

Finally, we investigated whether tempol could
also rescue UUO-induced renal injury in Tetl KO
mice. Tempol was administered through oral gavage

into Tetl KO mice after surgery. Seven days after
UUO injury, DHE staining demonstrated that
increased ROS in injured kidneys of Tet1 KO mice was
rescued by tempol (Figure 9A). The reduction in total
SOD activity in injured kidneys of Tet1 KO mice was
also rescued by tempol treatment (Figure 9B). H&E
staining showed that the more severe renal injury in
Tetl KO mice was alleviated by tempol treatment
(Figure 9C). Similarly, Sirius red and a-SMA staining
demonstrated that tempol administration completely
abrogated the enhanced fibrosis in injured Tetl KO
mice (Figure 9D). Moreover, immunohistochemical
staining for CD3*, Ly6G*and F4/80* showed that the
increased infiltration of inflammatory cells in injured
kidneys of Tetl KO mice was decreased after tempol
injection (Figure 9E). These results suggested that
tempol treatment rescued the exacerbated kidney
injury in Tet1 KO mice following UUO.

Discussion

Abnormal DNA methylation has been found in a
variety of diseases. As important regulators for DNA
methylation, Tetl and its family members have
received extensive attention for their DNA
demethylation function [48]. For example, Tetl
promotes fatty acid oxidation and inhibits NAFLD
progression by hydroxymethylation of the PPARa
(peroxisome proliferator-activated receptor alpha)
promoter [49]. Tet1 deficiency reduces 5ShmC levels in
spermatogonia and downregulates a subset of genes
critical for cell cycle, germ cell differentiation, and
meiosis, which leads to premature reproductive
senescence [50]. For other Tet enzymes, studies on
Tet2 KO mice suggested that Tet2 protects renal I/R
injury by repressing inflammatory responses [51];
while Tet3 mediates the hydroxymethylation of the
Rasall (RAS protein activator like 1) gene in renal
fibrosis models [52, 53]. Our study suggests that Tetl
plays a vital protective role in the acute and
acute-to-chronic phases of renal injury.

Our current study demonstrated that Tetl is
significantly increased in multiple models of kidney
injury while there was no significant change in Tet1
mRNA levels in either model (Figures 1, 7, and S9). It
has been reported that Tetl interacts with poly
(ADP-ribose) polymerase 1 (PARP1) and is targeted
by covalent PARylation in its catalytic domain, which
improves the stability of Tetl and enhances its activity
[38, 54]. Notably, enhanced PARylation has been
found in multiple renal diseases [55, 56]. (VprBP-
DDB1-CUL4-ROC1) E3 ubiquitin ligase-mediated
ubiquitylation on Lys1537 of Tetl affects its stability
[39]. Upon AKI injury, we found alteration of
PARylation, but not ubiquitination, of Tetl (Figure
S1D). Thus, increased PARylation of Tetl may
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contribute to increased Tet protein level during AKI,  stability in mouse embryonic stem cells [57], however,
at least under I/R injury. However, the exact site(s) of =~ whether this modification contributes to increased
Tetl responsible for PARylation need to be  Tetl protein level following renal injury needs further
determined. In addition, O-GlcNAc modification on  investigation.

Thr535 of Tetl has also been reported to enhance its
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Figure 7. Knockout of Tetl in female mice increases UUO-induced kidney injury. (A) Representative immunostaining of Tetl in the kidney of WT mice with or
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with quantitative results. Scale bar = 100 um. (F) Representative immunostaining for F4/80, CD3, Ly6G and quantitative results. Scale bar = 100 um. (G) Western blot of cyclin
B1, cyclin D1 and p-H2A X with quantitative results in the kidney of WT and Tet/ KO mice at UUO 7D. (H) Representative immunostaining for Kié7, p-H3 and quantitative
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Representative DHE staining images with quantitative result of WT and Tet! KO mice with or without UUO injury. DAPI stains nuclei. Scale bar = 50 pm. *P < 0.05. **P < 0.01.

Tetl plays a protective role against oxidative
stress in different tissues/cells. In our study, Tetl KO
increased ROS accumulation in the kidney, in both the
I/R or UUO models. Further study found that Tet1
KO increased the methylation levels of the CpG island
in the Sod1/2 promoters, inhibited the expression of
Sod1/2 and hindered the removal of superoxide
(Figures 4 and 8). In vitro, Tetl promotes the
expression of Sodl/2 dependent on its enzymatic
activity, and overexpression of mTetl rescued
oxidative stress induced by hypoxia (Figure 5). It has
been reported that Tetl upregulates Klotho
expression through DNA demethylation, thereby
inhibiting hydrogen peroxide-induced apoptosis in
cerebellar granule cells [58]. Moreover, Tetl plays a
protective role in arsenic induced oxidative stress in
human bronchial epithelial cells by regulating the
methylation of the OGGI (8-oxoguanine DNA
glycosylase) and GSTP1 (glutathione S-transferase Pi
1) promoters [41]. All these results suggest that Tetl
plays a role in the response to oxidative stress through
an enzyme-dependent mechanism, and this effect is
not limited to specific tissues/ cells.

Oxidative stress induces cell death, leading to

inflammation, which in turn leads to kidney injury
[59, 60]. We consistently found that I/R-induced
apoptosis and inflammation are dependent on
oxidative stress. In our study, the levels of ROS,
apoptotic proteins such as Bax/Bcl2, pro-inflamma-
tory genes and immune cell markers in the kidneys of
Tetl KO mice were higher than those of WT mice
following I/R injury (Figures 2 and 3). After injection
of tempol, a ROS scavenger, both apoptosis and
inflammation were reduced in I/R injured Tetl KO
mice along with decreased ROS (Figure 6). We
observed the same phenomenon in the UUO model
(Figure 9). Therefore, removal of excess reactive
oxygen species by activating the antioxidant system
may be a key to treating AKL

In summary, we report increased Tetl
expression in the models of I/R- or UUO-induced
AKI, AKI-CKD progression. More severe kidney
injury was found in Tetl KO mice. Mechanistically,
Tetl promotes the expression of the key antioxidant
enzyme Sod1/2 by reducing the methylation on their
promoters, thus reducing the accumulation of ROS
and the occurrence of inflammation, apoptosis and
fibrosis in injured kidney (Figure 9F).
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Figure 9. Tempol administration rescues UUO-induced kidney injury in female Tet] KO mice. (A) Representative DHE staining images (left) with quantitative
results (right) in the kidney of WT and Tet! KO mice with or without tempol treatment at UUO 7D. Scale bar = 50 pm. (B) Total SOD activity in the kidney of WT and Tet/
KO mice with or without tempol treatment at UUO 7D. (C) Representative H&E images with injury scores of the kidney of WT and Tet! KO mice with or without tempol
treatment at UUO 7D. Scale bar = 100 pm. (D) Representative images of Sirius Red staining and immunostaining for a-SMA with quantitative results in the kidney of WT and Tet!
KO mice with or without tempol treatment at UUO 7D. Scale bar = 100 um. (E) Representative immunohistochemical staining for CD3, Ly6G, F4/80 and quantitative results in
the kidney of WT and Tetl KO mice with or without tempol treatment at UUO 7D. Scale bar = 100 pm. (F) A schematic model for the role that Tetl plays in I/R- or
UUO-induced kidney injury. *P < 0.05; **P < 0.01.
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