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Abstract

Background The role of histone methyltransferase SETDB1 in renal ischemia-reperfusion (I/R) injury has not been
explored yet. This study aims to investigate the potential mechanism of SETDB1 in regulating renal I/R injury and its

impact on mitochondrial damage and oxidative stress.

Methods The in vivo model of renal I/R in mice and the in vitro model of hypoxia/reoxygenation (H/R) in human
renal tubular epithelial cells (HK-2) were constructed to detect the expression of SETDB1. Next, the specific inhibi-
tor (R,R)-59 and knockdown viruses were used to inhibit SETDB1 and verify its effects on mitochondrial damage
and oxidative stress. Chromatin immunoprecipitation (ChIP) and coimmunoprecipitation (ColP) were implemented
to explore the in-depth mechanism of SETDB1 regulating renal I/R injury.

Results The study found that SETDB1 had a regulatory role in mitochondrial damage and oxidative stress dur-

ing renal I/R injury. Notably, SESN2 was identified as a target of SETDB1, and its expression was under the influence
of SETDB1. Besides, SESN2 mediated the regulation of SETDB1 on renal I/R injury. Through deeper mechanistic
studies, we uncovered that SETDB1 collaborates with heterochromatin HP 1, facilitating the labeling of H3K9me3

on the SESN2 promoter and impeding SESN2 expression.

Conclusions The SETDB1/HP1B-SESN2 axis emerges as a potential therapeutic strategy for mitigating renal I/R injury.
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Background

Renal ischemia—reperfusion (I/R) injury poses an una-
voidable challenge in kidney transplantation and other
renal surgeries, often resulting in renal dysfunction and,
in severe cases, renal failure [1]. Enhancing our under-
standing and addressing renal I/R injury is crucial for
improving the success rates of kidney surgeries and
reducing patient mortality [2]. Current strategies for pre-
venting and treating renal I/R injury include medications,
ischemic preconditioning, ischemic post-treatment, and
normothermic perfusion [3]. However, many of these
approaches are still experimental, lacking specific treat-
ment measures and drugs targeting the mechanisms of
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renal I/R injury. The threat of renal failure, stemming
from I/R injury, and its associated high mortality risk
continue to jeopardize patients’ lives and well-being [4].
There is an urgent need to delve deeper into the mecha-
nisms of renal I/R injury to unveil new insights and offer
innovative approaches for its prevention and treatment.
The mechanism underlying renal ischemia/reperfusion
(I/R) injury remains incompletely understood, with cur-
rent consensus attributing a significant role to oxidative
stress induced by mitochondrial damage [5]. Ischemia
reperfusion creates an imbalance in oxygen supply and
demand, culminating in mitochondrial dysfunction [6].
During ischemia, adenosine-triphosphate (ATP) produc-
tion diminishes within mitochondria, resulting in the
accumulation of reactive oxygen species (ROS) and other
detrimental molecules. Paradoxically, reperfusion, aimed
at restoring oxygen supply, exacerbates oxidative stress by
promoting ROS production. These ROS can inflict dam-
age upon cellular components such as lipids, proteins,
and DNA, ultimately causing kidney damage [7].
SETDBI is a member of the protein family character-
ized by the presence of the SET domain, a conserved
region exhibiting histone methyltransferase (HMT)
activity. Alongside the SET domain, SETDB1 features
additional structural domains such as pre-SET, SET,
and post-SET, playing roles in substrate recognition and
catalysis [8]. Notably, SETDB1 encompasses the Tudor
domain crucial for recognizing and binding methylated
histones. Its principal function involves the methyla-
tion of histone H3 at lysine 9 (H3K9), resulting in H3K9
methylation and the formation of heterochromatin—a
densely packed and transcriptionally repressive chroma-
tin form. H3K9 methylation typically correlates with the
suppression of gene expression by impeding the entry
of transcriptional mechanisms into DNA [9]. Aberrant
expression or dysregulation of SETDBI is implicated
in various diseases, including cancer, intestinal inflam-
mation, and neurological disorders [10-12]. Its signifi-
cance in epigenetic regulation positions it as a potential
target for therapeutic interventions aiming to modulate
gene expression patterns [13]. Recent studies have con-
firmed that SETDBI1 could serve as a therapeutic target
for ischemia—reperfusion (I/R) in the liver and intestines,
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providing a new perspective for the treatment of I/R [14,
15]. However, the role of SETDBI1 in renal I/R injury
remains unexplored.

Sestrin2 (SESN2) is a conserved stress-induced protein
with a pivotal role as an antioxidant, inhibiting reactive
oxygen species (ROS) and modulating signaling path-
ways related to hypoxia and nutritional stress responses
through AMP-dependent protein kinase (AMPK) and
mammalian target of rapamycin complex 1 (mTORC1)
[16]. Additionally, SESN2 appears to be involved in pre-
serving mitochondrial function, a critical aspect of cel-
lular health [17]. Research on SESN2 in renal diseases
predominantly centers around its potential protective
effects against renal injury and its contribution to main-
taining renal function [18]. Several studies suggest that
SESN2 may exert a protective influence in various kidney
diseases, positioning it as a reliable target for kidney dis-
ease treatment [19-21]. Consequently, regulating SESN2
expression during kidney ischemia/reperfusion (I/R)
injury represents a promising therapeutic strategy.

In this study, we investigated the mechanism by which
SETDBI regulated renal IR injury and clarified the rela-
tionship between SETDB1 and SESN2, providing a theo-
retical basis for the treatment of renal I/R injury.

Results

SETDB1 was upregulated in vivo and in vitro

By analyzing data (GSE43974, GSE90861, GSE126805)
from the public database GEO (https://www.ncbi.nlm.
nih.gov/geo/), we focused on SETDBI, an important
histone methyltransferase during I/R, which was upreg-
ulated in human renal tissue after I/R (Fig. 1A). To inves-
tigate the role of SETDBI1, we constructed in vitro and
in vivo models of renal I/R injury. The results showed that
the mRNA levels of SETDBI significantly increased with
prolonged reperfusion time (6 h, 12 h, 24 h) in the mouse
I/R model compared to the sham group (Fig. 1B). The
protein expression of SETDB1 and H3K9me3 showed
the same results (Fig. 1C). The immunohistochemistry
(IHC) results showed that the protein staining degree of
SETDB1 was significantly increased in the renal tubules
of mice after I/R stimulation, and the degree of protein
staining was positively correlated with reperfusion time

Fig. 1 SETDB1 was upregulated in I/R model of mice and H/R model of HK-2 cells. A Analysis of SETDB1 expression in human kidney tissue
pre-ischemia (pre) and post-reperfusion (post) using GEO dataset (GSE43974, GSE90861, GSE126805). B gPCR detection of SETDBT mRNA

levels in mice kidney tissues. C WB detection of SETDB1 and H3K9me3 protein levels in mice kidney tissues. D Representative images

of immunohistochemistry of SETDB1 in mice kidney tissues (left) and related quantitative analysis (right). Bar=50 um. E gPCR detection of SETDBI1
mMRNA levels in HK-2 cells. F WB detection of SETDB1 protein levels in HK-2 cells. G Representative images of immunofluorescence (green)

of SETDB1 in HK-2 cells (left) and related quantitative analysis (right). Bar=>50 um. Values are expressed as the mean +SEM. N=3.The * represents
differences between groups, and p < 0.05. The ** represents differences between groups, and p <0.01
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(Fig. 1D). The 24 h reperfusion time was set as the con-
dition of subsequent I/R model. Next, we established
an in vitro H/R model of HK-2 cells. Consistent with
in vivo findings, in vitro experiments showed a signifi-
cant increase in the mRNA levels of SETDB1 and pro-
tein expression of SETDB1 and H3K9me3 in HK-2 cells
after H/R stimulation compared to the control group
(Fig. 1E and F). The immunofluorescence (IF) experiment
of SETDBI1 protein in HK-2 cells showed that the fluo-
rescence intensity significantly increased with prolonged
reoxygenation time (1 h, 3 h, 6 h) (Fig. 1G). The 6 h reox-
ygenation time was set as the condition of subsequent
H/R model. These results indicated that SETDB1 might
be involved in the process of renal I/R injury.

Inhibiting SETDB1 alleviated oxidative stress in vivo

and in vitro

To investigate the regulatory effect of SETDBI on renal
I/R injury, we used a SETDB1 specific inhibitor, (R,R)-59
[14]. (R,R)-59 could effectively inhibit H3K9me3 dur-
ing renal ischemia—reperfusion in mice (Supplementary
Fig. S1A), and it does not have nephrotoxicity (Sup-
plementary Fig. S1B and C). To eliminate non-specific
factors, we applied (R,R)-59 to SETDB1 knockdown
HK-2 cells. The CCK8 experiment results showed that
(R,R)-59 did not have any additional effects on SETDB1
knockdown HK-2 cells during H/R period (Supplemen-
tary Fig. S1D). As shown in Fig. 2A, after I/R injury,
renal tubules swell, fuse, and nuclear detachment occur,
with interstitial inflammatory cell infiltration. After the
application of (R,R)-59, renal tissue damage was sig-
nificantly improved, and the treatment effect of the high
concentration (50 mg/kg) group was better than that of
the low concentration (25 mg/kg) group. Similarly, the
renal function reflected by Cr and BUN of mice was sig-
nificantly improved (Fig. 2B). During renal I/R injury,
there was a significant increase in oxidative substances
(malondialdehyde, MDA), a reduce in antioxidant sub-
stances (glutathione, GSH), and a decrease in the activ-
ity of antioxidant enzyme (superoxide dismutase, SOD).
These changes were significantly reversed with the
application of drugs (Fig. 2C). Inhibiting SETDB1 could
significantly decrease I/R-induced dUTP Nick-End Labe-
ling (TUNEL) positive cells (Fig. 2D). Subsequently, we

(See figure on next page.)
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conducted experimental validation in the H/R model
of HK-2 cells. Compared with the control group, the
mRNA and protein levels of antioxidant enzymes (SOD1,
SOD2, and Catalase) in HK-2 cells of the H/R group
were significantly reduced. With (R,R)-59 treatment, the
expression of antioxidant enzymes was restored, and
compared to 5 pM (R,R)-59, 10 pM (R,R)-59 had better
effects (Fig. 2E and F). The increased cellular ROS con-
tent after H/R stimulation labeled by MDCFH-DA was
significantly suppressed by (R,R)-59, which had the same
effect with SETDBI genetic inhibition (Fig. 2G). SETDB1
knockdown efficiency was shown in Supplementary Fig.
S2A. In addition, drug or genetic inhibiting SETDBI sig-
nificantly improves H/R induced apoptosis of HK-2 cells
(Fig. 2H). These findings illustrated that SETDB1 played
an important role in renal I/R-induced oxidative stress.

Inhibiting SETDB1 maintained mitochondrial health in vivo
and in vitro

As is well known, mitochondrial damage is an important
factor of inducing oxidative stress. Therefore, we inves-
tigated whether SETDB1 could regulate mitochondrial
damage. The IHC results showed a significant increase
of protein staining intensity in mitochondrial dynamic
proteins DRP1 and FIS1 during renal I/R injury, and inhi-
bition of SETDB1 could reverse these changes (Fig. 3A).
Through transmission electron microscopy (TEM), we
observed mitochondrial rupture, mitochondrial cristae
rupture, and vacuole formation in renal I/R injury. After
using SETDBL1 inhibitors, the mitochondrial structure
was significantly improved (Fig. 3B). Compared with
the control group, the mRNA and protein expression of
mitochondrial fission related molecules (FIS1 and DRP1)
in HK-2 cells of the H/R group significantly increased,
while the mRNA and protein expression of mitochon-
drial fusion related molecule (MFN2) significantly
decreased. Inhibiting SETDB1 could improve these
mitochondrial dynamics abnormalities (Fig. 3C and D).
Mito-tracker staining of HK-2 cells revealed fragmented
punctate structures and decreased fluorescence intensity
in mitochondria after H/R stimulation. Drug or genetic
inhibiting SETDB1 could significantly improve morphol-
ogy of mitochondria, presenting a continuous network
structure, and increased fluorescence intensity (Fig. 3E).

Fig. 2 Inhibition of SETDB1 mitigated oxidative stress in vivo and in vitro. A Representative images of HE staining in mice kidney tissues

(left) and related quantitative analysis (right). Bar=50 um. B Detection of Cr and BUN in mice serum. C Detection of the level of MDA, GSH,

and the activity of SOD in mice kidney tissues. D Representative images of TUNEL staining in mice kidney tissues (left) and related quantitative
analysis (right). Bar=100 um. E gPCR detection of SOD1, SOD2, and Catalase mRNA levels. F WB detection of SOD1, SOD2, and Catalase protein
levels. G Detection of ROS levels in HK-2 cells by flow cytometry. H Detection of apoptosis rate in HK-2 cells by flow cytometry. Values are expressed
as the mean + SEM. N=3.The ** represents differences between groups, and p <0.01
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JC-1 detection showed that the ratio of JC-1 aggregate
to monomer reflecting mitochondrial membrane poten-
tial (MMP) decreased after H/R stimulation, and drug
or genetic inhibiting SETDBI restore the mitochondrial
membrane potential (MMP) (Fig. 3F). These results sug-
gested that SETDB1 participated in regulating mitochon-
drial damage.

SETDB1 regulated the expression of Sestrin2

By screening SETDBI1 related dataset (SRX5347751,
SRX10987311, SRX10987323, SRX10987324) from the
public database ChIP-Atlas (chip-atlas.org), we identified
the top 10 targeted genes of SETDB1 (Txndcll, Sesn2,
Tmem125, Sfil, Eif4enifl, Nefm, Gm525, Sspn, Plagll,
Cd209a) (Fig. 4A). The SESN2 gene encoded a stress pro-
tein Sestrin2 that was widely involved in mitochondrial
protection and antioxidant stress processes, and was
therefore selected as the target of this study. By query-
ing public databases ChIPBase (rnasysu.com/chipbase3/
index.php), we found that SETDB1 was enriched in the
promoter region (Fig. 4B), and its module sequence was
AATGGAAT (Fig. 4C). Notably, the mRNA and protein
level of Sestrin2 were significantly downregulated with
the prolonged reperfusion time during renal I/R injury
(Fig. 4D and E). The IHC results showed that the protein
expression of Sestrin2 was significantly decreased in the
renal tubules of mice after I/R stimulation, and the level
of expression was negatively correlated with reperfu-
sion time (Fig. 4F). Drug inhibition or gene inhibition of
SETDBI could significantly restore the loss of Sestrin2 on
mRNA and protein induced by H/R (Fig. 4G and H). The
IF detection of Sestrin2 protein in HK-2 cells showed the
same observation (Fig. 4I). These findings indicated that
SETDBI could regulate the expression of Sestrin2.

SETDB1 mediated H3K9me3 at the promoters of SESN2

According to reports, the expression of Sestrin2 was
regulated by histone H3K9 modification [22]. To inves-
tigate the in-depth mechanism of SETDBI1 regulating
Sestrin2, we conducted the ChIP experiment on the pro-
moter of SESN2. As shown in Fig. 5A, the enrichment of
SETDBI and tri-methylated histone H3K9 (H3K9me3)
on the SESN2 promoter gradually increased with the
prolongation of reperfusion time, while the antagonistic

(See figure on next page.)
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marker of H3K9me, acetylated H3K9 (H3K9ac), signifi-
cantly decreased. No significant changes were observed
in H3K9me and H3K9me2. By comparison, no significant
accumulation of SETDB1, H3K9mel/2/3, or H3K9ac
bound to the region of GAPDH (Supplementary Fig.
S3A). Both drug and gene inhibition of SETDBI led to a
decrease in the enrichment of SETDB1 and H3K9me3, as
well as an increase in the enrichment of H3K9ac during
H/R in HK-2 cells (Fig. 5B). Similarly, no significant accu-
mulation of SETDB1, H3K9me3, or H3K9ac bound to the
region of GAPDH (Supplementary Fig. S3B). Meanwhile,
the luciferase reporter gene assay showed that overex-
pression of SETDB1 could significantly reduce the activ-
ity of the SESN2 promoter (Fig. 5C). Moreover, SETDB1
(Flag-tagged) accumulated on SESN2 promoter and
promoted the recruitment of H3K9me3 to the reporter
construct which was transfected in HK-2 cells (Fig. 5D).
Subsequently, we constructed promoters of SESN2 with
different lengths (Fig. 5E). SETDB1 could enrich on dif-
ferent lengths of SESN2 promoters (Fig. 5F) and inhibit
their activity (Fig. 5G). These findings demonstrated that
SETDBI regulated the transcription of SESN2 by mediat-
ing histone H3K9me3 modification.

SETDB1 maintained mitochondrial health dependently

of SESN2

To investigate whether SESN2 mediated the ability of
SETDB1 to regulate mitochondria, we constructed
in vivo and in vitro SESN2 knockdown models. The IHC
staining showed that inhibiting SETDB1 could reduce the
expression of DRP1 and FIS1 in I/R, but knockdown of
SESN2 reversed and exacerbated this process (Fig. 6A).
During H/R, knockdown of SESN2 reversed the effects
of (R,R)-59 on inhibiting mitochondrial fission related
molecules (FIS1 and DRP1) and promoting mitochon-
drial fusion related molecule (MFN2) at mRNA and pro-
tein level during H/R and had an additional effect in the
opposite direction (Fig. 6B and C). In addition, knock-
down of SESN2 aggravated mitochondrial damage and
eliminated the protective effect of (R,R)-59 on mitochon-
drial morphology of HK-2 cells (Fig. 6D). Similarly, the
recovery effect of (R,R)-59 on MMP during H/R process
was eliminated by knockdown of SESN2 (Fig. 6E). These

Fig. 3 Inhibition of SETDB1 improved mitochondrial morphology and function in vivo and in vitro. A Representative images

of immunohistochemistry of DRP1 and FIST in mice kidney tissues (left) and related quantitative analysis (right). Bar=50 um. B Representative
images of TEM in mice kidney tissues. Bar=20 um (up), bar=10 pm (down). C gPCR detection of FIS1, DRP1, and MFN2 mRNA levels. D WB
detection of FIS1, DRP1, and MFN2 protein levels. E Representative images of Mito Tracker Red CMXRos in HK-2 cells (left) and related quantitative
analysis (right). Bar=30 um. F Detection of JC-1 in HK-2 cells by flow cytometry. Values are expressed as the mean + SEM. N=3.The ** represents

differences between groups, and p<0.01
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results proved that the effect of SETDB1 on mitochon-
dria was mediated by SESN2.

SETDB1 modulated oxidative stress dependently of SESN2
Next, to explore whether SESN2 mediated the regu-
lation of oxidative stress by SETDB1, we constructed
a SESN2 knockdown model in mice (Supplementary
Fig. S2B). The HE staining results showed that knock-
down of SESN2 deteriorated renal tissue damage and
eliminated the protective effect of (R,R)-59 during I/R
(Fig. 7A). Similarly, the therapeutic effect of (R,R)-59
on renal function during I/R was disrupted and exacer-
bated by knockdown of SESN2 (Fig. 7B). In addition, the
decrease in MDA, increase in GSH, and increase in SOD
activity caused by (R,R)-59 during I/R were reversed by
knockdown of SESN2 (Fig. 7C). The TUNEL staining
indicated that the anti I/R-induced apoptotic effect of
(R,R)-59 was blocked by knockdown of SESN2 (Fig. 7D).
During H/R, the administration of (R,R)-59 reduced the
mRNA and protein expression of antioxidant molecules,
while knockdown of SESN2 reversed it (Fig. 7E and F).
Moreover, (R,R)-59 could reduce the production of ROS
induced by H/R, but knockdown of SESN2 obviated this
effect (Fig. 7G). Notably, (R,R)-59 treatment did not alle-
viate apoptosis induced by H/R in SESN2 knockdown
HK-2 cells (Fig. 7H). These findings indicated that SESN2
mediated the regulation of SETDB1 on oxidative stress.

HP1B collaborated with SETDB1 to inhibit the expression
of SESN2

Heterochromatin protein 1 (HP1) is a key factor in H3K9
methylation modification process, including HPla,
HP1p, and HP1y [23]. Thus, we proposed a hypothesis
that HP1 mediated the modification of H3K9me3 on
SESN2 promoter by SETDB1. To verify our hypothesis,
we performed a CoIP assay and examined the interac-
tions between SETDB1 and HP1s in HK-2 cells during
H/R. Importantly, SETDB1 presented the strong interac-
tion with HP1a and HP1f (Fig. 8A). Notably, only HP1B
was dramatically increased and enriched on SESN2 pro-
moter in kidney undergoing an I/R operation (Fig. 8B and
C). The Re-ChIP assay demonstrated that HP1p collabo-
rated with SETDBI1 enriched on SESN2 promoter during

(See figure on next page.)
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I/R (Fig. 8D). Inhibiting HP1p could restore the reduced
expression of SESN2 caused by H/R stimulation (Fig. 8E).
Notably, inhibiting HP1B could also alleviate ROS pro-
duction and mitochondrial damage during H/R (Fig. 8F
and G). These findings provided evidence that coopera-
tion of SETDB1 with HP1p suppressed SESN2 expression
and regulated oxidative stress and mitochondrial damage.

Discussion

Renal ischemia—reperfusion (I/R) injury, marked by a
dismal prognosis and elevated mortality rates, currently
lacks effective therapeutic interventions [24]. Identify-
ing reliable therapeutic targets to alleviate the substan-
tial medical burden associated with renal I/R injury is
of paramount importance [25]. Here, we found that
SETDB1 was upregulated during renal I/R injury, and
inhibition of SETDB1 could significantly improve renal
function and renal tissue damage. Scrutinizing the regu-
latory mechanisms governing SETDB1 in the context of
renal ischemia—reperfusion injury could offer a fresh per-
spective for its treatment, addressing the critical need for
more efficacious therapeutic strategies in this challenging
clinical scenario.

Mitochondria are both a source and a target of oxi-
dative stress during I/R. On one hand, damaged mito-
chondria release more ROS into the cell, contributing to
oxidative stress. On the other hand, the oxidative dam-
age to mitochondrial components further impairs their
function, creating a vicious cycle [26]. Mitochondrial
damage and oxidative stress contribute to cell death and
tissue injury during I/R [27]. The release of pro-apoptotic
factors from damaged mitochondria can activate apop-
totic pathways, leading to programmed cell death [28].
Additionally, the disruption of mitochondrial function
can compromise cellular energy balance, ion homeosta-
sis, and contribute to inflammation. Strategies aimed at
preserving mitochondrial function and reducing oxida-
tive stress have been explored as potential therapeutic
approaches to mitigate I/R injury [29]. Previous study has
shown that SETDB1 mediated mitochondrial dysfunction
in cockayne syndrome [30]. Our study elucidated the role
of SETDBI in regulating mitochondrial function and oxi-
dative stress during renal I/R injury. Inhibiting SETDB1

Fig. 4 Sestrin2 was downregulated in vivo and in vitro and regulated by SETDB1. A The heatmap of top 10 targeted genes of SETDB1 (Txndc11,
Sesn2, Tmem125, Sfi1, Eif4enif1, Nefm, Gm525, Sspn, Plagl1, Cd209a). B The motif density of SETDB1 relative to the TSS. C The forward and reverse
motif logo of SETDB1. D qPCR detection of SESN2 mRNA levels in mice kidney tissues. EWB detection of Sestrin2 protein levels in mice kidney
tissues. F Representative images of immunohistochemistry of Sestrin2 in mice kidney tissues (left) and related quantitative analysis (right).
Bar=50 um. G gPCR detection of SESN2 mRNA levels in HK-2 cells. H WB detection of Sestrin2 protein levels in HK-2 cells. | Representative
images of immunofluorescence (red) of Sestrin2 in HK-2 cells (left) and related quantitative analysis (right). Bar=>50 pm. Values are expressed

as the mean + SEM. N=3.The ** represents differences between groups, and p <0.01
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could significantly improve mitochondrial morphology
and function, maintain mitochondrial dynamic balance,
and reduce ROS production during renal I/R injury.

SETDBI functions as a histone methyltransferase, con-
tributing to the epigenetic regulation of gene expression
by modifying histone proteins, particularly H3K9 meth-
ylation, and influencing chromatin structure. This activ-
ity is important for various cellular processes, including
development, differentiation, and the maintenance of
genomic integrity [31-33]. According to reports, SETDB1
regulated hematopoietic function through H3K9me3
modification and chromatin remodeling [34]. In addition,
Cao et al’s study suggested that SETDB1 could bind to
the p21 promoter and regulate its H3K9me3 enrichment
level [35]. Our study revealed that SESN2 serves as the
target of SETDB1, with SETDBI1 being enriched on the
SESN2 promoter and mediating H3K9me3 modification.
Consequently, SETDBI indirectly influences mitochon-
drial function and oxidative stress by modulating SESN2
transcription.

H3K9me3 is a hallmark of heterochromatin, which is a
densely packed and transcriptionally silent form of chro-
matin [36]. The trimethylation of H3K9 is a key step in
the establishment and maintenance of heterochromatin,
contributing to the compaction of chromatin structure
[37]. The function of HP1 is primarily associated with
heterochromatin. HP1 protein functions by recruit-
ing other chromatin modifying enzymes and proteins.
Maeda and Tachibana’s study indicated that HP1 could
maintain the protein stability of H3K9 methyltrans-
ferase and demethylase [38]. Here, we have identified a
type of HP1, HP1B, involved in regulating the transcrip-
tion of SESN2. HP1p was found to directly interact with
SETDBI, collectively influencing the H3K9me3 modifica-
tion on the SESN2 promoter.

Conclusions

In summary, our investigation reveals that SETDB1 has
a regulatory role in mitochondrial damage and oxidative
stress during renal ischemia—reperfusion injury. Further-
more, we have identified SESN2 as a target of SETDBI,
and its expression is under the influence of SETDBI.
Through additional mechanistic studies, we have uncov-
ered that SETDB1 collaborates with heterochromatin

(See figure on next page.)
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HP1p, facilitating the labeling of H3K9me3 on the
SESN2 promoter and impeding SESN2 expression.
Consequently, the SETDB1/HP1B-SESN2 axis emerges
as a potential therapeutic strategy for mitigating renal
ischemia—reperfusion injury (Fig. 9).

Methods

Mice model and treatment

Male C57BL/6 mice (20-25 g, 6—8 weeks) were pur-
chased from the Experimental Animal Center of the
Medical College of Wuhan University (Wuhan, China).
Renal I/R injury model was constructed as previously
method [39]. Briefly, after removing the right kidney,
non-invasive vascular clamps were utilized to occlude the
left renal pedicle for 30 min. The left kidney was collected
at different time points after releasing the clamp. The
sham group mice only had their right kidney removed.

To inhibit SETDBI activity in vivo, (R,R)-59 (Med-
ChemExpress, HY-141539, USA) was injected intraperi-
toneally at a concentration of 25 mg/kg or 50 mg/kg and
a volume of 100 pl for 3 consecutive days before surgery
in mice. DMSO of the same volume was applied as nega-
tive control.

The procedures were performed in accordance with the
principles of Animal Care of Wuhan University (Wuhan,
China). This study was approved by the Laboratory Ani-
mal Committee of Wuhan University (IACUC Issue NO.
20230304B). The mice were anesthetized by 2% isoflu-
rane, and euthanasia was performed by dislocating the
cervical vertebrae of mice after anesthesia.

Cell model and culture

The human proximal renal tubular epithelial cells (HK-2,
China Center for Type Culture Collection) were cultured
in complete medium under normal condition (37 °C and
5% CO,). Hypoxia/reoxygenation (H/R) model was con-
structed as previously method [40]. Briefly, HK-2 cells
were cultured in sugar-free and serum-free DMEM
under hypoxic condition (37 °C and 1% O,, 5% CO,)
for 1 h, and then were transferred to complete medium
under normal conditions for different reoxygenation
times. HK-2 cultured under normal condition serves as
the control group.

Fig.5 SETDBI1 regulates H3K9me3 on the SESN2 promoter. A ChIP detection of the enrichment of SETDB1, H3K9me1, H3K9me2, H3K9me3,

and H3K9ac on SESN2 promoter in vivo. B ChIP detection of SETDB1, H3K9me3, and H3K9ac on SESN2 promoter in vitro. C Detection of luciferase
activity by the SESN2 promoter reporter gene in HK-2 cells. D ChIP detection of the enrichment of Flag and H3K9me3 on SESN2 promoter in HK-2
cells. E Schematic diagram of SESN2 promoters with different lengths. F ChIP detection of the enrichment of SETDB1 on SESN2 promoters

with different lengths in HK-2 cells. G Detection of luciferase activity by the reporter gene of SESN2 promoters with different lengths in HK-2 cells.
Values are expressed as the mean + SEM. N=3.The ** represents differences between groups, and p<0.01
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Fig. 6 Knockdown of SESN2 eliminated mitochondrial protection mediated by (R,R)-59 in vivo and in vitro. A Representative images

of immunohistochemistry of DRP1 and FIS1 in mice kidney tissues (left) and related quantitative analysis (right). Bar=50 um. B gPCR detection

of FIST, DRP1, and MFN2 mRNA levels. C WB detection of FIST, DRP1, and MFN2 protein levels. D Representative images of Mito Tracker Red CMXRos
in HK-2 cells (left) and related quantitative analysis (right). Bar=30 um. E Detection of JC-1 in HK-2 cells by flow cytometry. Values are expressed

as the mean £ SEM. N=3.The ** represents differences between groups, and p <0.01

To inhibit SETDBI1 activity in vitro, (R,R)-59 was
applied at a concentration of 5 pM or 10 uM for 24 h
before H/R stimulation. DMSO was applied as negative
control.

Transduction and transfection

For in vivo knockdown of SESN2 in mice, the recom-
bined adenoviruses mediating SESN2 knockdown were
constructed and applied as previously described [41].
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Fig. 9 SETDBI1 collaborates with heterochromatin HP 1, facilitating the labeling of H3K9me3 on the SESN2 promoter and impeding SESN2
expression. Loss of Sestrin2 induces mitochondrial damage and subsequent oxidative stress

Briefly, we use the recombined adenoviruses carrying
short hairpin RNA against SESN2, and all carriers were
injected to mice via tail vein 2 weeks before inducing I/R.
For in vitro knockdown of SETDB1, SESN2, and HP1f
in HK-2, the lentiviruses were packaged using a double
packing plasmid system. The lentiviruses transducted
into HK-2 to obtain stable cell lines. For coimmunopre-
cipitation (CoIP), SETDB1, HP1a, HP1f, and HP1y prod-
ucts were obtained through PCR and were subcloned
into pHAGE-flag or pcDNA5-HA vectors, and then
transfected into the corresponding cells. All the primers
were listed in Table 1.

Real-time quantitative real-time qPCR (RT-qPCR)

Total RNA from kidney tissues or HK-2 cells was
extracted using the RNAiso Plus (TaKaRa Biotechnol-
ogy). Reverse transcriptase reactions were performed
using a SuperScript First-strand Synthesis System (Inv-
itrogen). RT-qPCR reactions were performed with
GAPDH as internal control. Gene levels were shown

as fold change relative to control calculated by the
2 — AACT method. Primers used for qPCR were listed in
Table 1.

Western blot (WB)

The total proteins were extracted using RIPA buffer
(BL509A, Biosharp) with protease inhibitor cocktail
tablet. The protein were separated by 10-15% SDS-—
polyacrylamide gel electrophoresis and then transferred
onto polyvinylidene difluoride membranes (PVDF; Milli-
pore, USA). Subsequently, the membranes were blocked
with 5% skim dry milk for 2 h, following by incubating
at 4 °C overnight with corresponding primary antibod-
ies (summarized in Table 2). After washing thrice with
Tris-buffered saline with Tween 20 (TBST), the mem-
branes were incubated with secondary goat anti-rabbit
or goat anti-mouse antibodies (listed in Table 2) in TBST
for 2 h at room temperature. After incubation, the blots
were developed by the Chemiluminescent HRP Substrate
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Table 1 The primers used in the study

Genes Species Sequences
SETDBI1 Human  Forward: 5'-AGGAACTTCGGCATTTCATCG-3'
Reverse: 5'-TGTCCCGGTATTGTAGTCCCA-3"
Setdbl Mouse  Forward: 5'-GGAGGAACTTCGTCAGTACATTG-3'
Reverse: 5'-TCTTTCTGTAGTACCCACGTCTC-3'
SESN2 Human  Forward: 5'-AAGGACTACCTGCGGTTCG-3'
Reverse: 5'-CGCCCAGAGGACATCAGTG-3'
Sesn2 Mouse  Forward: 5'-GAGTGCCATTCCGAGATCAAG-3"
Reverse: 5-TAGTCCGGGTGTAGACCCATC-3'
SOD1 Human  Forward: 5'-GACTGACTGAAGGCCTGCAT-3'
Reverse: 5'-ATCGGCCACACCATCTTTGT-3"
SOD2 Human  Forward: 5'-GGCCTACGTGAACAACCTGA-3'
Reverse: 5'-CCGTTAGGGCTGAGGTTTGT-3'
CATALASE Human  Forward: 5'-AGTGATCGGGGGATTCCAGA-3'
Reverse: 5'-AAGTCTCGCCGCATCTTCAA-3"
FIST Human  Forward: 5'-GTCCAAGAGCACGCAGTTTG-3'
Reverse: 5'-ATGCCTTTACGGATGTCATCATT-3'
DRP1 Human  Forward: 5'-CTGCCTCAAATCGTCGTAGTG-3'
Reverse: 5-GAGGTCTCCGGGTGACAATTC-3"
MFN2 Human  Forward: 5'-CTCTCGATGCAACTCTATCGTC-3'
Reverse: 5-TCCTGTACGTGTCTTCAAGGAA-3'
GAPDH Human  Forward: 5'-GGAGCGAGATCCCTCCAAAAT-3'
Reverse: 5'-GGCTGTTGTCATACTTCTCATGG-3'
Gapdh Mouse  Forward: 5'-AGGTCGGTGTGAACGGATTTG-3'
Reverse: 5'-GGGGTCGTTGATGGCAACA-3'
SESN2 promoter  Human  Forward: 5'-GCAGGAGATGGATGTCAAGA-3'
Reverse: 5'-TTTGGTGCTGGACTCTTCCC-3"
Sesn2 promoter  Mouse  Forward: 5'-CTGGCAGTGTTCAGGGTAAAT-3'
Reverse: 5'-CCTTATCCCTTGGGTTCTGCC-3'
SESN2 promoter  Human  Forward: 5-GACCTCTGATTGGCTGGACC-3'
p(-93/+479) Reverse: 5-GAGGCTCAGACGCGGTTC-3'
SESN2 promoter  Human  Forward: 5'-AAGGC CCTGAGGCTCC-3"
p(-554/-11) Reverse: 5'-TCTGACACCAGCAGTTCAGC-3'
SESN2 promoter ~ Human  Forward: 5'-GTGAAGGAAGAGGCTCCGTT-3'
p(-927/-490) Reverse: 5'-GGGAAGCTCCAAAGATGCGA-3'
SESN2 promoter  Human  Forward: 5'-GCTCAGGGGAGGGTGAGATTA-3'
p(-1138/-815) Reverse: 5'-TCACTTCCTGGCCTTCAACTC-3'
SESN2 promoter ~ Human  Forward: 5'-GTGACATAGAGCAGGAGATGG-3'
p(-1996/-1013) Reverse: 5-GATAAGACCCCCAAGTCCCC-3'

(WBKLS, Millipore). The intensity of immunoreactive
band was analyzed using Image J software (NIH, USA).

Immunohistochemistry (IHC)

Paraffin sections of kidney tissues were dewaxed in
xylene and then rehydrated in 100%, 90%, and 70% con-
centrations of alcohol. Immunohistochemical staining
was performed with the UltraSensitiveTM SP (mouse/
rabbit) IHC Kit (KIT-9710, MXB Biotechnologies).
Briefly, tissue sections were subjected to antigen repair,
blocking nonspecific binding and blocking, followed by
incubation of sections with related primary antibodies
(listed in Table 2) were incubated overnight at 4 °C. The
secondary antibody was incubated at room temperature
the next day and labeled with horseradish peroxidase.
Subsequently, DAB was used for color development and
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the nuclei were restained with hematoxylin. The positive
score was calculated using relative mean integrated opti-
cal density (IOD) measured by Image-Pro Plus (version
6.0).

Immunofluorescence (IF)

HK-2 cells were spread on cell crawl sheets, and after
completing treatment according to experimental needs,
they were fixed with 4% paraformaldehyde for 15 min,
followed by permeabilization with 0.5% TritonX-100 at
room temperature for 10 min, and then closed with 10%
goat serum at room temperature for 60 min. Incubate
with relevant antibodies (listed in Table 2) overnight at
4 °C. The next day, incubate with the secondary antibody
at room temperature and in the dark for 60 min. The
nuclei were stained with DAPI before sealing the slices.
Subsequently, randomly field of view was observed using
a fluorescence microscopy (Olympus IX51).

Hematoxylin and eosin (H&E) staining

Renal tissues were sectioned into 4 pm thickness and
then were stained with hematoxylin and eosin. Two
experienced renal pathologists, blinded to the groups,
performed morphological assessment. The 5-point scale
reflected varying degrees of renal tubular injury.

Renal function testing

Blood samples (0.2 ml) were collected and centrifuged
to obtain supernatants. According to the manufacturer’s
instructions, the levels of blood urea nitrogen (BUN)
(NO. C013-2-1) and creatinine (Cr) (NO. C011-2-1)
were measured with the relevant kits (Nanjing Jiancheng
company, China).

Determination of malondialdehyde (MDA), glutathione
(GSH) levels, and superoxide dismutase (SOD) activity

The kidney tissues were homogenized and centrifuged at
12,000 rpm for 20 min at 4 °C. The levels of MDA and
GSH and the activity of SOD were evaluated using MDA
(S0131S, Beyotime Biotechnology), GSH (S0053, Beyo-
time Biotechnology), and SOD (S0101S, Beyotime Bio-
technology) assay kits according to the manufacturer’s
protocols, respectively.

Cell viability assay

A CCK-8 assay kit (Biosharp, Hefei, China) was used to
evaluate cell viability following manufacturer’s instruc-
tions. HK-2 cells were seeded into 96 well plates at 5x 10°
cells/well. After different treatments, 10 ul CCK-8 were
added to each well and incubated in the dark for 2 h.
Then, the cell viability of different treatment groups
(treatment group optical density/control group opti-
cal densityx100%) was compared by measuring the
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Table 2 The antibodies used in the study
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Proteins Company Catalog Dilution

SETDB1 Invitrogen PA5-29,101 1:1000(WB), 1:500(IHC), 1:200(IF), 1:100(1P)
Sestrin2 Proteintech 10,795-1-AP 1:2000(WB), 1:200(IHC), 1:100(IF)
SOD1 Proteintech 10,269-1-AP 1:2000(WB)

SOD2 Proteintech 24.127-1-AP 1:2000(WB)

Catalase Proteintech 21,260-1-AP 1:1000(WB)

FIST Proteintech 10,956-1-AP 1:1000(WB), 1:200(IHC)
DRP1 Proteintech 12,957-1-AP 1:2000(WB), 1:200(IHC)
MFN2 Proteintech 12,186-1-AP 1:5000(WB)

GAPDH Proteintech 10,494-1-AP 1:5000(WB)

HP1a Abcam ab109028 1:1000(WB), 1:50(IP)
HP1B3 Abcam ab10811 1:1000(WB), 1:25(IP)
HP1y Abcam ab217999 1:30(IP)

H3K9me Abcam ab176880 1:10(IP)

H3K9me2 Abcam ab1220 1:10(1P)

H3K9me3 Abcam ab8898 1:10(1P)

H3K9ac Abcam ab32129 1:1000(WB), 1:10(IP)
H3 Abcam ab1791 1:1000(WB)

Flag Servicebio GB15938 1:1000(WB), 1:50(IP)
HA Servicebio GB12939 1:1000(WB), 1:50(IP)
HRP-conjugated Affinipure Goat Anti-  Proteintech SA00001-2 1:5000(WB)

Rabbit IgG(H+L)

HRP-conjugated Affinipure Goat Anti-  Proteintech SA00001-1 1:5000(WB)

Mouse IgG(H +L)

absorbance at 450 nm with molecular devices (Molecular
Devices, USA).

TdT-mediated dUTP Nick-End Labeling (TUNEL)

The apoptotic cells in mouse kidney tissue were evalu-
ated by a TUNEL Assay Kit (C1090, Beyotime Biotech-
nology) according to the manufacturer’s instructions. The
TUNEL positive area was measured using randomly field
of view observed by a fluorescence microscopy (Olympus
IX51).

Mitochondrial morphology analysis

For in vivo experiments, mouse kidney tissues were
observed using transmission electron microscopy
(TEM) after fixed with electron microscope fixative
(G1102, Servicebio). For in vitro experiments, HK-2
cells were stained using Mito Tracker Red CMXRos
(C1035, Beyotime Biotechnology) after spread on cell
crawlers.

Flow cytometry
For measurement of apoptosis, HK-2 cells after treat-
ment were stained using Annexin V-FITC/PI apoptosis

kit (A01122, Multi Sciences) at room temperature
(20-25 °C) in the dark for 10-20 min, and subsequently
detected of FITC-A and PE-A signals by Beckman flow
cytometry (Beckman Coulter Biotechnology, China).

For measurement of ROS, HK-2 cells after treatment
were labeled using MDCFH-DA (S0033S, Beyotime Bio-
technology) at 37 °C in the dark for 20 min, and then
quantified the count of FITC-A using flow cytometry.

For measurement of mitochondrial membrane poten-
tial (MMP), HK-2 cells after treatment were incubated
with JC-1 (C2006, Beyotime Biotechnology) at 37 °C in
the dark for 20 min. JC-1 complex was reflected by PE-H
signal, while JC-1 monomer was reflected by FITC-H sig-
nal using flow cytometry.

The relevant data was analyzed by FlowJo (version 10.0,
USA) software.

Chromatin immunoprecipitation (ChIP) and re-ChiIP

ChIP and re-ChIP were performed according to the
established method [42]. The obtained samples were
incubated overnight at 4 °C with related antibodies (listed
in Table 2). ChIP was performed by using elution buffer
(1% SDS, 100 mM NaHCO3) to elute immune complexes,
and then using ChIP buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris, pH 8.1) to dilute
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immune complexes. As for Re-ChIP, immunoprecipi-
tation was performed with the second target antibody.
ChIP-enriched DNA analyzed by qPCR with the prim-
ers in Table 1. Primers designed for ChIP analysis were
ranged from —2000 bp to transcription start site (TSS),
which was obtained from www.ncbi.nlm.nih.gov/gene.

Coimmunoprecipitation (ColP)

The protein samples obtained from specific experi-
ments were incubated with corresponding antibodies
(listed in Table 2) overnight. Protein A/G agarose beads
were introduced and incubated with agitation for 2 h at
4 °C. Non-specific binding proteins and impurities were
removed by washing multiple times with buffer solution
(0.1% SDS, 500 mM NaCl, 1% NP40, 0.02% NaNj,, pH
7.5). The proteins bound to the beads were eluted using
elution buffer (0.1 M glycine-HCI, pH 2.5) and subse-
quently analyzed through immunoblotting (IB) using the
specified antibodies.

Luciferase reporter assays

Sangon Biotech (Shanghai, China) designed and syn-
thesized the SESN2 promoter reporter vector. Reporter
gene plasmids and transcription factor expression plas-
mids were co-transfected in cells using Lipofectamine
3000 reagent (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer’s instructions. HK-2 cells were sub-
jected to H/R after 48 h of transfection. A dual-luciferase
reporter assay system (Promega, Madison, W1, USA) was
used to detect luciferase activity.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (version 8.0, USA); all data were expressed as
the mean *standard error of mean (SEM). More than
three replicates for each experimental operation. The
difference between two groups was assessed by Stu-
dent’s ¢-test. Multiple comparisons were evaluated using
ANOVA with Tukey—Kramer test. Statistical significance
was determined at p <0.05.

Abbreviations

ATP Adenosine-triphosphate

AMPK AMP-dependent protein kinase

BUN Blood urea nitrogen

Chip Chromatin immunoprecipitation
ColP Coimmunoprecipitation

Cr Creatinine

DCFH-DA  Dichlorodihydrofluorescein diacetate

DMSO Dimethy! sulfoxide

GSH Glutathione

H3K9 Histone H3 at lysine 9

HE Hematoxylin and eosin

HK-2 Human proximal renal tubular epithelial cells
HMT Histone methyltransferase

H/R Hypoxia-reoxygenation (H/R)

IF Immunofluorescence
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IHC Immunohistochemistry

I/R Ischemia-reperfusion

MDA Malondialdehyde

MMP Mitochondrial membrane potential
mTORCI1 Mammalian target of rapamycin complex 1
ROS Reactive oxygen species

RT-gRCR Real-time quantitative PCR

SEM Standard error of the mean

SESN2 Sestrin2

SOD Superoxide dismutase

TEM Transmission electron microscopy
TUNEL DUTP Nick-End Labeling

WB Western blot
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