
Kidney and
Blood Pressure
Research

Research Article

Kidney Blood Press Res 2024;49:196–207
DOI: 10.1159/000537866

Received: November 3, 2023
Accepted: February 11, 2024
Published online: February 18, 2024

Multi-Omics Integrated Analysis of the Protective
Effect of EZH2 Inhibition in Mice with Renal
Ischemia-Reperfusion Injury

Shanshan Zoua Jianing Chena Peihui Zhoub Mengzhu Xuec Ming Wud

Li Wanga

aDepartment of Nephrology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, PR China; bShanghai Diabetes Institute, Department of Endocrinology and Metabolism,
Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, PR
China; cShanghai Jiao Tong University School of Medicine, College of Stomatology, Shanghai Jiao Tong University,
National Center for Stomatology, National Clinical Research Center for Oral Diseases, Shanghai Key Laboratory of
Stomatology, Shanghai Research Institute of Stomatology, Research Unit of Oral and Maxillofacial Regenerative
Medicine, Chinese Academy of Medical Sciences, Shanghai, PR China; dDepartment of Nephrology, Shuguang
Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, TCM Institute of Kidney Disease of
Shanghai University of Traditional Chinese Medicine, Key Laboratory of Liver and Kidney Diseases, Ministry of
Education, Shanghai Key Laboratory of Traditional Chinese Clinical Medicine, Shanghai, PR China

Keywords
Renal ischemia-reperfusion injury · EZH2 · Transcriptomics ·
Integrated multi-omics

Abstract
Introduction: Acute kidney injury (AKI) is a common clinical
syndrome associated with high morbidity and mortality. In-
hibition of the methyltransferase enhancer of zeste homolog
2 (EZH2) by its inhibitor 3-deazaneplanocin A (3-DZNeP)
exerts renal benefits in acute renal ischemia-reperfusion in-
jury (IRI). However, the underlying mechanisms are not
completely known. This study aimed to elucidate the path-
ological mechanism of EZH2 in renal IRI by combination of
multi-omics analysis and expression profiling in a public
clinical cohort. Methods: In this study, C57BL/6 J mice were
used to establish the AKI model, which were treated with 3-
DZNeP for 24 h. Kidney samples were collected for RNA-seq
analysis, which was combined with publicly available EZH2

chromatin immunoprecipitation sequencing (ChIP-seq) data
of mouse embryonic stem cell for a joint analysis to identify
differentially expressed genes. Several selected differentially
expressed genes were verified by quantitative PCR. Finally,
single-nucleus sequencing data and expression profiling in
public clinical datasets were used to confirm the negative
correlation of the selected genes with EZH2 expression.
Results: 3-DZNeP treatment significantly improved renal
pathology and function in IRI mice. Through RNA-seq analysis
combined with EZH2 ChIP-seq database, 162 differentially
expressed genes were found, which might be involved in
EZH2-mediated pathology in IRI kidneys. Four differential
expressed genes (Scd1, Cidea, Ghr, and Kl) related to lipid
metabolism or cell growth were selected based on Gene
Ontology and Kyoto Encyclopedia of Genes and Genome
enrichment analysis, which were validated by quantitative
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PCR. Data from single-nucleus RNA sequencing revealed the
negative correlation of these four genes with Ezh2 expression
in different subpopulations of proximal tubular cells in IRI
mice in a different pattern. Finally, the negative correlation of
these four genes with EZH2 expression was confirmed in
patients with AKI in two clinical datasets. Conclusions: Our
study indicates that Scd1, Cidea, Ghr, and Kl are downstream
genes regulated by EZH2 in AKI. Upregulation of EZH2 in AKI
inhibits the expression of these four genes in a different
population of proximal tubular cells to minimize normal
physiological function and promote acute or chronic cell
injuries following AKI. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Acute kidney injury (AKI) is a common clinical syn-
drome characterized by a rapid increase in serum creatinine
(Scr) with or without decreased urine output [1]. AKI is
associated with high incidence and mortality rates, with a
rising trend in hospitalized patients in recent years [2]. There
are three recognized causes of AKI, which are prerenal, renal,
and postrenal injury. Renal AKI accounts for 80%–90% of
cases, which is mainly caused by ischemic injury or
nephrotoxins that damage the renal structures [3, 4]. In a
clinic, neutrophil gelatinase-associated lipid transport pro-
tein (NGAL) and kidney injury molecule 1 (KIM-1) are
commonly used diagnostic markers for AKI [5].

Histone modification-mediated epigenetic gene regula-
tion plays an important role in ischemia-reperfusion injury
(IRI), which is involved in histone modifications of proin-
flammatory and profibrotic genes [6]. Polycomb repressive
complex 2 (PRC2) is a methyltransferase (HMT) in which
the enhancer of zeste homolog 2 (EZH2) is the key subunit
that trimethylates lysine 27 on histone H3 (H3K3me27),
thereby silencing downstream target gene expression [7].
EZH2 is known to participate in various cellular processes
such as cell cycle regulation, DNA damage repair, apoptosis,
autophagy, and immunological responses, and thus, EZH2
was extensively studied in various cancers [8–10].

EZH2 and H3K27me3 are upregulated in ischemia-
reperfusion (I/R) or folic acid-induced AKI mouse kid-
neys [11]. The EZH2 inhibitor 3-deazaneplanocin A (3-
DZNeP) reduced renal tubular epithelial cell death by
preserving cell adhesion/junctions, reducing the expres-
sion of matrix metalloproteinases, and attenuating the
Raf-2/ERK1/1 pathway in injured kidneys [11]. In an-
other report, inhibition of EZH2 by 3-DZNeP preserved
renal function and reduced tubular injury by regulating
the p38 signaling pathway and inhibiting cell apoptosis as

well as inflammation [12]. It has also been shown that
EZH2 can induce the production of reactive oxygen
species through the ALK4/Smad5/2 signaling pathway
and thus EZH2 inhibition, exerting renal protection by
reducing oxidative stress in IRI kidneys [13].

Multi-omics analysis encompasses genomics, tran-
scriptomics, proteomics, and metabolomics [14]. Different
omics approaches can be combined to dissect the signaling
properties and mechanisms of a disease. For example,
chromatin immunoprecipitation sequencing (ChIP-seq)
and RNA-seq can be integrated to identify transcriptional
regulated genes together with specific genomic DNA
binding sites or histone modification [15].

Single-nucleus RNA sequencing (snRNA-seq) is a rap-
idly evolving technique, which can dissect cellular hetero-
geneity in complex tissues and characterize rare cell pop-
ulations at a single-cell resolution [16]. A recent snRNA-seq
study on an AKI mouse model revealed two novel clusters
of proximal tubular (PT) cells, named NewPT1 and
NewPT2, besides the healthy kidney cell clusters PTS1,
PTS2, and PTS3 (corresponding to S1, S2, and S3 segments
of the PT) [17]. NewPT1 cells belong to a cluster composed
of the three acute injury states, while NewPT2 cells belong
to a newly identified population of PT cells that fail to repair
and expresses abundant proinflammatory and profibrotic
genes, suggesting that NewPT2 is a cluster of PT cells that
need to be targeted for therapy [17]. In this study, we aimed
to investigate the downstreammechanism of EZH2 in renal
IRI with integrated multi-omics assays.

Materials and Methods

Animal Models
Wild-typemale C57BL/6 Jmice aged 6–8weeks (approx. 22 g)were

used to establish the model of AKI induced by I/R. All mice were
provided by the animal house of the Central Laboratory of the Ninth
Hospital of Shanghai Jiao Tong University. The experimental proce-
dures were approved by the Ethics Committee of the Ninth People’s
Hospital (SH9H-2020-A655-1). Mice were equally divided into four
groups: sham + normal saline (NS), I/R + NS, sham + 3-DZNeP, and
I/R + 3-DZNeP. NS or 3-DZNeP (2 mg/kg, Selleck, USA) was in-
traperitoneally injected at 24 h before surgery. Mice were fasted for
12 h before the surgery. After anesthesia with 2% sodium pentobarbital
(40 mg/kg), the abdomen of mouse was exposed, and both renal
arteries were clamped for 30 min to achieve kidney ischemia. During
this period, the animals were closelymonitored to prevent a decrease in
body temperature. After the ischemic period, the arterial clamps were
removed. If the kidneys changed from dark red to bright red, it in-
dicated a successful modeling. Then, 500 μL of sterile saline was added
to the abdominal cavity, and the incision was sutured. The sham mice
underwent the same surgical procedure without clamping the renal
arteries. At 24 h after reperfusion, the mice were euthanized for blood
and kidney collection.
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(Figure continued on next page.)

Fig. 1. a Inhibition of EZH2 by 3-DZNeP improved IRI in mice. Experimental flowchart (6 mice per group) in male
mice upon sham or renal ischemia-reperfusion (I/R) surgery. Serum creatinine (Scr) levels (b) and blood urine
nitrogen (BUN) levels (c) were assessed. dHE staining of mouse kidney sections (magnification ×200, bar = 100 μm).
e Quantitative assessment of tubular injury. NS represents not significant. *p < 0.05. **p < 0.01. ***p < 0.001.
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Renal Function Measurements
The blood collected from the eyeball was centrifuged at 3,000×

for 15 min, and the supernatant was sent to the Department of
Laboratory of the Ninth People’s Hospital for enzymatic analysis
of Scr and blood urea nitrogen.

RNA Extraction and Real-Time Fluorescence Quantitative
PCR
Total RNA was extracted from kidney tissue using TRIzol

reagent (15596-026, Thermo Fisher Scientific, USA) and
then reverse-transcribed to generate cDNA using a Takara kit
(Takara Bio, Shiga, Japan). The cDNA was subsequently
subjected to qPCR amplification using SYBR Green premix

(Yeasen, Shanghai, China) following standard methods. The
relative gene expression was normalized to GAPDH. The
primer sequences are listed in Table 1.

HE Staining
Kidney tissues were fixed by 10% paraformaldehyde. After

embedding in paraffin, the specimens were sectioned and sub-
jected to deparaffinization, dehydration, and staining with he-
matoxylin and eosin. Histological evaluation of kidney injury was
performed under a light microscope.

All histological examinations were conducted by pathologists in
a blinded manner. Renal pathological abnormalities were scored
based on the presence and severity of components such as tubular

Fig. 2. Combined analysis of RNA-seq and EZH2 ChIP-seq. Three
samples per group were collected for RNA-seq analysis from mice
upon sham or IR operation with or without 3-DZNep treatment.
a Volcano plot of differentially expressed genes between ischemia-
reperfusion (IR) versus sham group. b Volcano plot of differentially
expressed genes between IR + 3-DZNeP versus IR group. c Venn
diagram of genes fromRNA-seq data. dVenn diagram of genes from

the two biological replicates of EZH2 ChIP-seq. e ChIP-seq signal
profiles and binding peak heatmap. fVenn diagram of RNA-seq and
EZH2 ChIP-seq data. g Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of 162 differential genes. h Gene Ontology (GO)
analysis of 162 differential genes. Promoter region (including ≤1 kb,
1–2 kb, and 2–3 kb). “p value” refers to the statistical significance
level. TSS, transcription start site; rep1-rep2, biological replicates.
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necrosis or injury, loss of the brush border, tubular dilation, cell
lysis, and tubular cast formation: 0 = normal kidney (no injury);
1 =minimal injury (<25% injury); 2 =mild injury (25–50% injury);
3 = moderate injury (50–75% injury); 4 = severe injury (>75%
injury).

RNA Sequencing Determination and Data Analysis
Total mRNA was isolated from mouse kidney tissues (n = 3) by

TRIzol (B511311, Sangon Biotech, China). mRNA libraries were
prepared with the Hieff NGS™ MaxUp Dual-mode mRNA Li-
brary Prep Kit from Illumina® (12301ES96,YEASEN, China)

Fig. 3. PCR validation of EZH2-targeted genes. Quantitative PCR validation was performed and compared with
RNA-seq data. a Results of differential expressed genes between the IR versus sham group were validated by
quantitative PCR. b Results of differential expressed genes between the IR + 3-DZNeP versus IR group was
validated.

Table 2. Differentially expressed genes screened by RNA-seq and CHIP-seq

Gene log2FC
(IR/sham)

log2FC
(IR + 3-DZNeP/IR)

Description

Cidea −5.235 3.860 Lipid transferase Cidea
Scd1 −4.729 2.928 Acyl-CoA desaturase 1
Ghr −2.677 0.657 Growth hormone receptor
Kl −2.128 1.010 Klotho

Table 1. Sequences of real-time PCR primers

Gene name Primer sequence (5’ → 3’) Primer sequence (3’ → 5’)

Mouse NGAL ACCACGGACTACAACCAGTTCG ACTTGGCAAAGCGGGTGAAAC
Mouse Kim-1 CTGCTGCTACTGCTCCTTGTG CACGCTTAGAGATGCTGACTTCC
Mouse Scd1 GCCTGTTCGTTAGCACCTTCTTG GGGATTGAATGTTCTTGTCGTAGGG
Mouse Cidea CCGTGTTAAGGAATCTGCTGAGG GGATGGCTGCTCTTCTGTATCG
Mouse Ghr GTACAGCGAGTTCAGCGAAGTC GGTGATACAGGTGGTTGTCAATCTC
Mouse GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Mouse Ezh2 AGAGTGGAAGCAGCGGAGGATAC CATTATAGGCACCGAGGCGACTG
Mouse Kl TGACTTTGTGCTAGGCTGGTTTG AATCAGGCAGAAGAGACGAGAGG
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following the manufacturer’s instructions. Quality control was
performed using gel electrophoresis. Subsequently, libraries were
sequenced in PE150 mode on Illumina Hiseq™ instruments at
Sangon Biotech (Shanghai, China).

Reads were aligned to the mm10 mouse genome for read
count and transcript per million data generation. Differential
gene expression analysis was performed using edgeR (v3.36.0)
in R 4.2.0. Differentially expressed genes were identified based

Fig. 4. Analysis of four selected EZH2 downstream genes by
snRNA-seq. The snRNA-seq samples were collected from 8- to 10-
week-old male mice. Ischemia was induced by clamping of the
bilateral renal pedicles for 18 min. Mice were sacrificed at 4 and
12 h and 2, 14, and 42 days post bilateral ischemia-reperfusion
injury (IRI). In this study, UMI count data from the control, 12-h,
and 2-day samples were reanalyzed. a UMAP plot displays
clustering of all PT cells. b Bubble plot depicting the proportion of
positive cells for the Havcr1 gene. c Bubble plot depicting the
proportion of positive cells for the Lcn2 gene. d Bubble plot de-
picting the proportion of positive cells for the Ezh2 gene. e Bubble
plot depicting the proportion of positive cells for the Ghr gene.

f Bubble plot depicting the proportion of positive cells for the Kl
gene. g Bubble plot depicting the proportion of positive cells for
the Scd1 gene. h Bubble plot depicting the proportion of positive
cells for the Cidea gene. PT-S1 represents the S1 segment of the PT;
PT-S2 corresponds to the S2 segment of the PT; PT-S3 corre-
sponds to the S3 segment of the PT. “NewPT1” and “NewPT2” are
newly identified clusters that emerge during injury, located
proximate to healthy PTs in the UMAP space, representing the
injury state of mouse PTs. “Log2 average counts per million
(log2avecpm)” is a metric computed from sequencing data to
represent the expression levels of each gene or transcript at the
single-cell level.
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on the criteria: p value <0.05 and absolute FC ≥1.5 (equivalent
to |log2FC| ≥ 0.585). GO enrichment analysis and KEGG
pathway analysis were performed using the DAVID database
(https://david.ncifcrf.gov/). GO functional analysis included
biological processes, molecular functions, and cellular com-
ponents. Statistical significance was determined with adjusted p
values using the Benjamini and Hochberg method, where
corrected p value <0.05 indicated significance for differential
expression.

Public ChIP-Seq Data Acquirement and Analysis
EZH2 ChIP-seq data from mouse embryonic stem cells were

obtained from NCBI-GEO using SRA software suite (version
3.0.0). The dataset included input samples (GSM1199187) and
two EZH2 antibody-treated biological replicates (GSM1199182
and GSM1199183) [18]. After aligning to the mm10 genome with
bowtie2 software (version 2.0.5), peak calling was performed
using the HOMER software suite (version 4.11.1). File formats

were converted using Samtools software (version 1.1), and peak
annotation was conducted with ChIPseeker software (version
1.32.1).

Single-Cell Transcriptome Sequencing Acquirement and
Analysis
Download metadata for the single-cell nuclear transcriptome

sequencing dataset GSE139107 from the GEO website, including
UMI count data for control, 12 h, and 2 days samples after IRI.
The UMI count data related to PTS1, PTS2, PTS3, NewPT1 (new
PT subpopulation 1), and NewPT2 (new PT subpopulation 2)
were extracted based on cell type annotation using Seurat
(v4.3.0.1) in R 4.2.0 [17]. The data were transformed into log2
count per million +1 values to depict expression levels. After data
standardization, feature search, principal component analysis,
and clustering, UMAP clusters were separately visualized based
on sample time points and sources. Then, we extracted the cell
expression matrix of key genes and calculated the single-cell

Fig. 5. Violin plots of EZH2 regulated gene expression in public
clinical datasets. a GSE 53769 comprises 8 posttransplant (Tx)
biopsy with acute tubular necrosis (ATN) and 10 post-Tx biopsy
with protocol biopsy (PBx) without pathology. Violin plots of
key gene expression in the GSE53769 database. b Pearson
correlation between the EZH2 gene and the four selected genes

in the GSE 53769 dataset. The GSE 76882 dataset consists of 99
normal functioning transplant samples and 40 samples with
acute dysfunction but no rejection. c Violin plots of key gene
expression in the GSE76882 database. d Pearson correlation
between the EZH2 gene and the four selected genes in the
GSE76882 dataset.
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average expression level of genes and the proportion of cells with
an expression level ≥1. Finally, positive percentage bubbles were
plotted in R 4.2.0.

Expression Profiling Validation in Public Datasets
GSE227970, GSE53769, and GSE76882 datasets were obtained

from the GEO database (http://www.ncbi.nlm.nih.gov/geo/).
Candidate gene expressions across different groups were
extracted and visualized in R 4.2.0. Pearson correlation coeffi-
cients were calculated for correlation analysis, with a significance
level set at p < 0.05, indicating significant correlations between
the genes.

Statistical Analysis
Data were presented as mean ± standard deviation. Two-group

comparisons were performed using t-tests, while comparisons
among multiple groups were conducted using ANOVA. GraphPad
Prism software was used for data analysis, and R package ggplot2
(v3.4.2) was used for data visualization. p value <0.05 was con-
sidered statistically significant.

Results

Inhibition of EZH2 by 3-DZNeP Preserved Renal
Function and Attenuated Tubular Injury in IRI Mice
IRI was performed by bilateral renal artery clamping

for 30 min and followed by 24 h of reperfusion in C57
mice (Fig. 1a). Scr and blood urea nitrogen levels were
significantly higher in the IRI group compared to the
sham group, which were reduced by 24 h pretreatment
with 2 mg/kg 3-DZNeP (Fig. 1b, c). HE staining revealed
that renal histology was injured in IRI kidneys, as shown
by reduced tubular epithelial cell swelling, tubular dila-
tion, and less tubular cell nuclear dissolution, which was
improved by 3-DZNeP treatment (Fig. 1d). Renal injury
was further quantified and showed that 3-DZNeP
treatment significantly reduced the score of tubular in-
jury in IRI kidneys (Fig. 1e). These results indicate that
inhibition of EZH2 by 3-DZNeP prevents renal injury in
IRI mice.

Analysis of Differentially Expressed Genes Regulated
by EZH2
A total of 7,026 differential genes were identified be-

tween the IR (I/R) group and the sham group (with p
value <0.05, fold change [FC] absolute value ≥1.5).
Among these, 4,733 genes were upregulated in the IR
mice, while 2,293 genes were downregulated (Fig. 2a).
There were 2,361 differential genes between the IR + 3-
DZNeP group and the IR group (p value <0.05, FC ab-
solute value ≥1.5), of which 1,098 genes were upregulated
in expression and 1,263 genes were downregulated in the
IR mice (Fig. 2b).

Given that EZH2 is an epigenetic regulator of gene
silencing and EZH2 is upregulated in AKI, we further
selected differentially expressed genes that were
downregulated in the IRI group and upregulated in
the treatment group for subsequent study. A total of
732 differentially expressed genes were identified
(Fig. 2c).

We next downloaded a public dataset for EZH2 ChIP-
seq analysis of mouse embryonic stem cells (GSE49431)
to search the direct targeted genes of EZH2. The ChIP-seq
signal profiles were derived from the two biological
replicates, which showed strong high enrichment of
binding peaks near the transcription start site (Fig. 2e). A
total of 8,884 genes with EZH2 enrichment in the pro-
moter region were obtained from two biological replicates
(Fig. 2d).

A joint analysis of RNA-seq and EZH2 ChIP-seq data
was further performed. And the final 162 differentially
expressed genes with EZH2 enrichment in their promoter
region were obtained (Fig. 2f). Kyoto Encyclopedia of
Genes and Genome (KEGG) pathway enrichment
analysis and Gene Ontology (GO) functional enrichment
analysis were performed. The 162 differentially expressed
genes were mainly associated with the metabolic path-
ways, which were revealed by KEGG analysis (Fig. 2g).
GO analysis showed that the differentially expressed
genes are primarily involved in lipid metabolism as
shown in Figure 2h.

Expression of EZH2-Targeted Genes in IR Mouse
Kidneys
We selected four genes, Scd1, Cidea, Ghr, and Kl, for

further validation because these genes are involved in
lipid metabolism or cell growth, which is another key
feature of AKI (Table 2). Quantitative PCR was per-
formed to validate these differential expressed genes,
which were compared with RNA-seq data (Fig. 3a, b). The
analysis showed that the mRNA levels of these four genes
were significantly decreased in IRI kidneys (p < 0.05),
with a significantly increased after 3-DZNeP treatment
(p < 0.01) (Fig. 3a, b). Furthermore, we demonstrated that
the expression of these four genes were negatively cor-
related with the expression of Ezh2 and two injury
markers (Kim-1 and NGAL) in IRI kidneys or 3-DZNeP-
treated IRI kidneys (Fig. 3a, b).

Interestingly, we confirmed the negative correlation of
EZH2 with KL, SCD1, and GHR expression in a cellular
model of cisplatin-induced AKI. In the GSE227970
dataset, the expression of the EZH2 gene increased in the
cisplatin-induced AKI group compared to the control
group (online suppl. Fig. S1; for all online suppl. material,
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see https://doi.org/10.1159/000537866). Moreover, the
expression of KL, SCD1, and GHR significantly decreased
in the AKI group (online suppl. Fig. S1). Importantly,
there was a clear negative correlation between these genes
and EZH2 (online suppl. Fig. S1). The expression of the
Cidea gene was consistently recorded as zero (data not
shown), likely due to the limitation of sequencing
technology. Thus, we excluded this gene during quality
control.

Expression of EZH2-Targeted Genes in Renal PTs
According to previous studies, the PTs experience the

most significant damage due to their high metabolic
activity during IRI [17]. Therefore, we selected an
snRNA-seq dataset with a similar experimental design to
analyze the expression profiles of these four genes in
various subpopulations of PT cells (GSE139107). Renal
samples were taken at different time points (control, 12 h,
and 2 days) after reperfusion, and PT cells were clustered
into different groups according to their segment markers
(PTS1, PTS2, and PTS3) or injury markers (NewPT1 and
NewPT2) (Fig. 4a).

We first analyzed the expression of two injury
markers Lcn2 (NGAL) and Havcr1 (Kim-1), which were
quickly upregulated and reach a peak at 12 h after re-
perfusion in all five subgroups (Fig. 4b, c). Ezh2 was
upregulated after reperfusion in all five subgroups but
only reached a peak at 12 h after reperfusion in PTS1 and
PTS2. In PTS3, NewPT1, and NewPT2 cells, Ezh2 was
persistently upregulated at 12 h and 24 h after re-
perfusion (Fig. 4d).

An acute response of gene downregulation in PTS1
and PTS2 cells was only observed for Ghr and Kl genes,
which was negatively and tightly correlated with Ezh2
gene expression (Fig. 4e, f). A steadily reduced gene
expression in PTS3, NewPT1, and NewPT2 cells was
observed for Scd1 (Fig. 4g). The Cidea gene was only
negatively and tightly correlated with Ezh2 expression in
PTS3 cells after reperfusion (Fig. 4h). These results
indicate that these four genes are differentially regulated
by EZH2 in different subgroups of PT, which may
contribute to the acute or chronic responses after renal
injury.

Expression of EZH2-Targeted Genes in Patients with
Kidney Injury
We next determined the correlation of these four genes

with EZH2 in patients with AKI by analyzing the ex-
pression profiles of two highly annotated public clinical
cohorts (GSE 53769 and GSE 76882), which were
downloaded from the GEO website. The violin plots were

generated based on the expression profiles from the
GSE53769 dataset. The expression of the EZH2 gene was
notably increased in the ATN group compared to the PBx
group, while the expression of KL, SCD1, and GHR genes
were decreased (Fig. 5a). KL and GHR exhibited a strong
and negative correlation with EZH2 expression in this
dataset, while SCD1 was weakly and negatively correlated
with EZH2 expression in this dataset (Fig. 5b).

A similar result was obtained from the GSE76882
dataset. The upregulation of EZH2 and downregulation of
KL, SCD1, GHR, and Cidea genes were observed in patients
with acute kidney injuries (Fig. 5c). Interestingly, in this
dataset, we only observed a negative correlation of EZH2
expression with KL, GHR, and Cidea genes (Fig. 5d).

Discussion

In the current study, we first identified 162 EZH2
regulated genes in the kidneys of AKI mouse through
RNA-seq analysis, which was combined with the ChIP-seq
analysis. We further selected and verified four genes (Scd1,
Cidea, Ghr, and Kl) involved in lipid metabolism or cell
growth after KEGG and GO enrichment analysis of these
162 genes. By leveraging single-nucleus RNA-seq datasets,
we confirmed the negative correlation of these four genes
with EZH2 in the PT of AKI kidneys. The negative cor-
relation of these four genes with EZH2 was finally con-
firmed in patients with acute kidney injuries.

The Scd1 gene plays a crucial role in lipid metabolism
by primarily participating in the intracellular triglyceride
synthesis [19]. It has been reported that the EZH2 in-
hibitor increased the expression of SCD1 in cancer cells
[20]. Cidea is another gene playing an important role in
lipid metabolism, which was found negatively regulated
by EZH2 in our study [21]. It has been shown that lipid
metabolism gradually declines with prolonged re-
perfusion time, leading to a higher risk of kidney fibrosis
[17]. Our study implies that EZH2 may inhibit lipid
metabolism through downregulation of SCD1 and Cidea.
Interestingly, in PTS3, NewPT1, and NewPT2 cells, a
steadily reduced gene expression of Scd1 was observed at
12 h and 24 h after reperfusion, which was tightly and
negatively correlated with Ezh2 expression. A negative
correlation between Cidea and Ezh2 expression was
observed in PTS3 cells. Thus, EZH2 may inhibit lipid
metabolism of a different population of PT cells con-
tributing to normal physiological function, acute re-
sponses, and chronic responses of PTs after IRI-AKI.

The Kl and Ghr genes are involved in cell growth and
apoptosis [22–25]. During AKI, the expression of the Kl
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gene in renal tubular cells is reduced, and its restoration
can alleviate kidney damage and promote AKI recovery
[26, 27]. A significant decrease in GHR expression was
observed in diabetic kidney disease, and GHR antagonists
protected against diabetic kidney disease [28, 29]. In-
terestingly, we observed an acute downregulation of Kl
and Ghr in PTS1 and PTS2 cells, which was negatively
correlated with Ezh2 expression. Thus, EZH2 may inhibit
cell growth in PTS1 and PTS2 to maintain a minimized
physiological function of PTs after IRI-AKI.

The IRI-AKI model is the focus of this study. In order to
confirm that our discovered molecular mechanisms can be
shared by other type of AKI, we performed analysis on a
publicly available RNA-seq data from a cisplatin-AKImodel.
We found that the expression of KL, SCD1, and GHR were
significantly decreased in the cisplatin-AKI group, which
was negatively correlated with EZH2 expression.

EZH2 dysregulation is associated with various tu-
morigenesis and cancer types. Hypermethylation, con-
sidered an early event in renal cell carcinoma (RCC),
correlates with tumor invasiveness [30]. Inhibiting EZH2
can reactivate PEG3, thereby inhibiting RCC progression
[31]. Surgery is the primary treatment for RCC, and
nephron-sparing surgery (NSS) is the preferred option to
minimize peripheral lesions [30]. During NSS, inter-
ruption of renal blood flow may induce kidney injury,
representing a distinct pathological cause leading to IRI
[32]. Thus, we speculate that our results may have po-
tential applications particularly to IRI-AKI induced by
NSS during RCC treatment, in which inhibition of EZH2
may not only inhibit residual RCC after surgery but also
prove beneficial to the injured kidney.

One limitation in our study is that we validate these
genes only at mRNA levels. The existing literature suggests
direct regulation of the Scd1 gene by EZH2 in mRNA and
protein levels in cancer cells [20]. However, direct evidence
of Scd1 regulation by EZH2 in AKI-related studies is
currently lacking. Epigenetic regulation of the Cidea gene
has been shown in a study on intrauterine malnutrition,
but direct evidence of Cidea protein regulation by histone
modification is lacking [33]. The Ghr gene’s epigenetic
regulation has not been reported. Interestingly, H3K27me3-
mediated epigenetic regulation of the Kl gene has been
studied in renal tubular cells, and inhibition of H3K27
methylation resulted in elevated Klotho expression [34].
Thus, we propose that proteins encoded by the Kl gene may
participate in this epigenetic cascade and represent prom-
ising candidates as downstream targets for further studies.

In both human and animal models of AKI, consistent
downregulation of Klotho is observed [26, 35]. Impor-
tantly, mice subjected to IRI exhibit reduced Klotho levels

in the kidneys, urine, and blood, preceding the increase in
NGAL, indicating an early response [26]. More impor-
tantly, ELISA kits and immunoprecipitation-immunoblot
kits for detecting Klotho are commercially available [36].
Thus, the activation of the EZH2 signaling pathway after
AKI can be indirectly detected through analyzing Klotho
expression. EZH2 inhibitors are currently undergoing
clinical trials for cancer patients. Tazemetostat, an orally
administered selective EZH2 inhibitor, displays anti-
tumor activity in both hematological malignancies
and solid tumors [37]. As the pioneer among selective
EZH2 inhibitors, tazemetostat underwent its initial
human studies in 2018, revealing promising safety and
anti-tumor efficacy in blood and solid cancer patients
[38]. In 2020, tazemetostat entered phase 2 trials for
patients with relapsed or refractory follicular lymphoma,
which exhibited clinical significance and enduring re-
sponses, and maintained favorable tolerability [39].
Once available in the market, EZH2 inhibitors could be
applied to AKI patients, particularly RCC patients un-
dergoing NSS, where detection of EZH2 activation be-
comes important.

In conclusion, our study indicates that Scd1, Cidea,
Ghr, and Kl are downstream genes regulated by EZH2
in IRI-AKI. Upregulation of EZH2 in IRI-AKI inhibits
the expression of these four genes in a different pop-
ulation of PTs to minimize normal physiological
function and to promote acute or chronic cell injuries
following IRI-induced AKI. Understanding the work-
ing mechanism of EZH2 in AKI may help to design a
therapy specifically targeting a certain subpopulation of
PT to improve repairing and reduce fibrosis after
IRI-AKI.
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