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A B S T R A C T

Diabetic kidney disease (DKD) represents one of the most severe complications of diabetes. Although EZH2 
(Enhancer of Zeste Homolog 2) has been implicated in renal injury and diabetes, its specific function within renal 
tubular cells in DKD remains unclear. Here, we explored the role and downstream mechanism of tubular EZH2 in 
DKD progression.

Renal EZH2 expression was significantly upregulated in DKD. Single-nucleus RNA sequencing and immuno
fluorescence analyses verified that such elevation was restricted to proximal tubular epithelial cells. Conversely, 
tubular-specific deletion of Ezh2 exacerbated renal dysfunction and fibrosis in DKD mice. In vitro gain- and loss- 
of-function experiments in high glucose-stimulated HK2 cells further validated that EZH2 plays a renoprotective 
role under diabetic conditions. Mechanistically, we demonstrated that EZH2 epigenetically suppresses the pro- 
oxidative mediator SHC1. In the DKD mouse model, renal SHC1 protein abundance was markedly increased 
upon tubular Ezh2 knockout, accompanied by reduced levels of antioxidant enzymes SOD1 and SOD2, signifi
cantly elevated MDA, and depleted GSH. Consistent with these in vivo observations, in vitro functional assays 
further validated that EZH2 epigenetically downregulates SHC1 and alleviates such oxidative stress perturba
tions. Finally, we verified that SHC1 inhibition rescues the exacerbated fibrotic response and oxidative damage 
triggered by pharmacological EZH2 suppression under high-glucose conditions.

In conclusion, tubular EZH2 protects against DKD via inhibiting SHC1-driven oxidative stress.

1. Introduction

Diabetic kidney disease (DKD), a major complication of diabetes, is 
the leading cause of end-stage renal disease (ESRD) in developed nations 
[1,2]. Beyond significantly compromising patients' quality of life, DKD 
imposes a substantial economic burden on healthcare systems globally 

[3]. Renal tubules play a crucial role in maintaining kidney function [4]. 
In DKD, tubular injury emerges as an early and prominent pathological 
feature, often preceding glomerular damage [4]. Tubular epithelial cells 
are highly vulnerable to diabetes-related metabolic stresses, such as 
hyperglycemia, hyperlipidemia, and oxidative stress [5]. Such injury 
disrupts normal tubular reabsorption and secretion, activates 
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inflammatory pathways, and promotes renal fibrosis, collectively 
contributing to the progressive decline in renal function [6,7]. A deeper 
understanding of the molecular basis of tubular injury in DKD is there
fore essential for developing effective treatments.

EZH2 (Enhancer of Zeste Homolog 2) has emerged as a critical 
regulator in the pathogenesis of various kidney diseases, including renal 
fibrosis, acute kidney injury, and DKD [8]. Molecularly, EZH2 serves as 
the catalytic subunit of the polycomb repressive complex 2 (PRC2) and 
mediates transcriptional repression through histone H3 lysine 27 tri
methylation (H3K27me3) [9]. While EZH2 promotes fibrosis in 
obstructive models, it appears to exert protective effects in the diabetic 
environment by suppressing oxidative stress in podocytes and inhibiting 
inflammatory responses in mesangial cells [10–12]. However, its spe
cific role and downstream targets within the renal tubular compartment 
under diabetic stress remain to be fully elucidated.

SHC1 (Src homology 2 domain–containing transforming protein 1) is 
an adaptor protein known to participate in redox-sensitive signaling 
pathways that stimulate reactive oxygen species (ROS) production and 
subsequent cellular injury [13]. Genetic or pharmacological inhibition 
of SHC1 confers protective effects against DKD by alleviating oxidative 
stress in both podocytes and renal tubular epithelial cells [14–16]. While 
previous studies have validated the protective role of SHC1 suppression 
in diabetic renal injury, the upstream regulatory mechanisms governing 
SHC1 activity remain largely uncharacterized. Accumulating evidence 
indicates that SHC1 expression is tightly modulated by epigenetic 
modifications, including DNA and histone methylation [14,17,18]. 
Given the established role of EZH2 in repressing oxidative stress [10,
19], we hypothesized that tubular EZH2 ameliorates diabetic kidney 
injury, at least partially, via epigenetic repression of SHC1-mediated 
oxidative stress.

The objective of this study was to elucidate the specific role and 
underlying mechanism of tubular EZH2 in DKD. Using tubular-specific 
Ezh2 conditional knockout mice and in vitro models of renal tubular 
epithelial cells, we investigated how tubular EZH2 influences disease 
progression in diabetic kidney injury.

2. Results

2.1. EZH2 is up-regulated in the proximal tubules of diabetic kidneys

Western blot analysis showed a significant upregulation of EZH2 and 
H3K27me3 in the kidneys of streptozotocin (STZ)-induced diabetic mice 
compared to controls (Fig. 1A–B). Analysis of the Ju CKD Tublnt data
base revealed a negative correlation between renal EZH2 expression and 
glomerular filtration rate (GFR), and a positive correlation with serum 
creatinine levels in patients with diabetic kidney disease (DKD) 
(Fig. 1C).

Transcriptome data from human DKD samples (GSE30122) indicated 
that EZH2 mRNA was specifically upregulated in DKD tubuli, but not in 
glomeruli, compared to controls (Fig. 1D). Interrogation of a public 
single-nucleus RNA sequencing dataset (https://humphreyslab.com/Si 
ngleCell/) revealed predominant EZH2 expression in tubular cells 
across various segments, with minimal expression in glomerular cells 
(podocytes and mesangial cells) in both human control and DKD kidneys 
(Fig. 1E–F). Notably, EZH2 expression was markedly elevated in injured 
proximal tubular cells (VCAM1+ proximal tubular cells) in human DKD 
kidneys compared to controls (Fig. 1F). This specific upregulation of 
EZH2 in proximal tubules of diabetic mouse kidneys was further 
confirmed by co-immunofluorescence staining with LRP2, a proximal 
tubular marker (Fig. 1G).

Collectively, these findings suggest a potential role for tubular EZH2 
in DKD pathogenesis.

2.2. EZH2 inhibits fibrotic responses in high glucose-stimulated renal 
epithelial cells

In HK2 human renal proximal tubular epithelial cells, high glucose 
stimulation elevated the expression of EZH2, H3K27me3, and the 
fibrotic markers fibronectin, vimentin, α-smooth muscle actin (α-SMA), 
and Snail (Fig. 2A–D). Pharmacological inhibition of EZH2 with 3DZNeP 
reduced EZH2 and H3K27me3 levels but paradoxically enhanced the 
expression of these fibrotic markers in high glucose-stimulated HK2 cells 
(Fig. 2A–D). Conversely, adenovirus-mediated overexpression of EZH2 
increased EZH2 and H3K27me3 levels and concurrently suppressed the 
high glucose-induced expression of fibronectin, vimentin, α-SMA, and 
Snail (Fig. 2E–H).

These results demonstrate that EZH2 exerts an anti-fibrotic effect in 
renal epithelial cells under high glucose conditions.

2.3. Tubular-specific deletion of EZH2 exacerbates renal injury and 
systemic glucose intolerance in STZ-induced diabetic mice

Tubular-specific Ezh2 knockout mice were generated by crossing 
Ezh2 floxed mice with Cdh16-Cre mice (Fig. 3A). Histological analysis 
via H&E staining revealed aggravated renal damage in diabetic mice, 
which was more pronounced in Ezh2 knockout diabetic mice, charac
terized by enhanced tubular dilation, tubular epithelial cell atrophy, and 
interstitial inflammation (Fig. 3B). Diabetic mice exhibited significantly 
increased levels of blood urea nitrogen (BUN), serum creatinine (Scr), 
urine albumin-to-creatinine ratio (uACR), and kidney-to-body weight 
ratio compared to non-diabetic controls (Fig. 3C). Tubular deletion of 
Ezh2 in diabetic mice led to a further significant increase in Scr, whereas 
no significant changes were observed in BUN, uACR, or kidney-to-body 
weight ratio (Fig. 3C).

Systemic glucose metabolism, assessed by pyruvate, insulin, and 
glucose tolerance tests, was impaired in diabetic mice (Fig. 3D–E). 
Tubular Ezh2 deletion exacerbated this systemic glucose intolerance, as 
indicated by increased area under the curve (AUC) in these tests 
(Fig. 3D–E).

These findings indicate that tubular EZH2 confers protection against 
hyperglycemia-induced renal injury and systemic glucose metabolism.

2.4. Tubular deletion of EZH2 aggravates renal fibrosis in diabetic mice

Consistent with the genetic model, Western blot analysis confirmed 
the downregulation of EZH2 and H3K27me3 in the kidneys of diabetic 
Ezh2 CKO mice (Fig. 4A–B). The expression of fibrotic markers, 
including fibronectin, vimentin, α-SMA, and Snail, was increased, while 
the epithelial marker E-cadherin was decreased, in the kidneys of Ezh2 
knockout diabetic mice compared to wild-type diabetic controls 
(Fig. 4C–D).

These results demonstrate that tubular EZH2 attenuates renal fibrosis 
in the context of diabetes.

2.5. Tubular deletion of EZH2 exacerbates oxidative stress in diabetic 
kidneys

RNA sequencing was performed to elucidate the downstream 
mechanisms of tubular EZH2. Comparison between DKD/Ezh2 WT and 
DKD/Ezh2 CKO groups identified 303 differentially expressed genes, 
with 95 up-regulated and 208 down-regulated (Fig. 5A). Given EZH2's 
role as a transcriptional repressor, we focused on the up-regulated genes. 
Among the top 10, three (Shc1, Gdf15, and Ugt1a10) have reported links 
to oxidative stress (Fig. 5B) [13,20,21]. Subsequent qPCR validation 
confirmed that only Shc1 mRNA was significantly upregulated in Ezh2 
CKO kidneys (Fig. 5C), a finding corroborated at the protein level by 
Western blot (Fig. 5D and F).

Since SHC1 is a known promoter of oxidative stress [13], we assessed 
its functional consequences. Tubular Ezh2 deletion in diabetic kidneys 
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led to decreased protein levels of the antioxidant enzymes SOD1 and 
SOD2 (Fig. 5E–F), reduced glutathione (GSH) levels, and increased 
malondialdehyde (MDA) content, a marker of lipid peroxidation 
(Fig. 5G).

These data suggest that tubular EZH2 mitigates oxidative stress in 
DKD, potentially through the repression of SHC1.

2.6. EZH2 attenuates oxidative stress in high glucose-stimulated renal 
epithelial cells

In high glucose-stimulated HK2 cells, EZH2 inhibition by 3DZNeP 
increased SHC1 expression, decreased SOD1 and SOD2 levels 
(Fig. 6A–B), elevated reactive oxygen species (ROS) concentration, and 
reduced GSH concentration (Fig. 6C).

Conversely, EZH2 overexpression decreased SHC1 expression, 
increased SOD1 and SOD2 levels (Fig. 6D–E), reduced ROS, and elevated 
GSH (Fig. 6F). Furthermore, CUT&Tag–qPCR analysis revealed signifi
cant enrichment of both EZH2 and its associated repressive histone mark 
H3K27me3 at the SHC1 promoter in high glucose–stimulated HK-2 cells, 
with EZH2 overexpression further enhancing these enrichments (Fig. 6G 
and H).

Collectively, these findings demonstrate that EZH2 inhibits oxidative 
stress in renal epithelial cells under high glucose conditions through a 
mechanism involved with epigenetic repression of SHC1.

2.7. EZH2-mediated anti-fibrotic effects are dependent on suppression of 
SHC1

Next, we examined whether the pro-fibrotic effects of EZH2 inhibi
tion were mediated by SHC1. In high glucose-stimulated HK2 cells, the 
SHC1 inhibitor idebenone reversed the pro-fibrotic effects of 3DZNeP, as 
evidenced by suppressed expression of fibronectin, vimentin, and α-SMA 
(Fig. 7A–B).

Idebenone also counteracted the pro-oxidant effects of 3DZNeP, 
shown by reduced SHC1 expression, increased SOD1/SOD2 levels 
(Fig. 7C–D), normalized GSH depletion, and attenuated ROS over
production (Fig. 7E–G).

These results indicate that the pro-oxidant regulator SHC1 mediates 
the anti-fibrotic effects of EZH2 in renal epithelial cells under high 
glucose stress.

3. Discussion

Previous studies have established a protective role for EZH2 in 
hyperglycemia-induced glomerular injury [10,11]. However, its specific 
function in tubular pathology during diabetic kidney disease (DKD) 
remained unclear. Our study demonstrates that EZH2 is predominantly 
expressed in renal tubules and is upregulated under diabetic conditions. 
We identified a crucial protective role for tubular EZH2 in DKD patho
genesis. Functionally, EZH2 inhibited fibrotic responses in high 
glucose-stimulated renal proximal tubular epithelial cells. Furthermore, 
tubular-specific deletion of Ezh2 exacerbated renal function decline, 
fibrosis, histological damage, and systemic glucose metabolism in 
STZ-induced diabetic mice.

A key finding of our study is the inhibitory effect of EZH2 on fibrotic 
responses in renal epithelial cells under high glucose conditions. EZH2 
overexpression suppressed the expression of fibrotic markers, whereas 
its inhibition enhanced fibrotic responses in high glucose stimulated 
renal epithelial cells, suggesting EZH2 as a potential therapeutic target 
for mitigating renal tubulointerstitial fibrosis in DKD. In addition, EZH2 
appears to exert protective effects in the glomerular compartments in 
DKD: it suppresses oxidative stress in podocytes [10], and inhibits 
TGF-β-induced fibrotic and inflammatory responses in mesangial cells 
[11]. Renal fibrosis is a hallmark of disease progression in chronic kid
ney diseases, including DKD [22]. Interestingly, EZH2 has been reported 
to promote renal fibrosis in other CKD models, such as those induced by 
obstructive nephropathy, ischemia-reperfusion injury, or nephrotoxins 
[8]. This context-dependent role underscores the necessity of tailoring 
EZH2-targeted therapies to the specific etiology of CKD.

Mechanistically, we found that EZH2 exerts its protective effects 
primarily through the inhibition of oxidative stress. While EZH2 has 
previously been shown to protect podocytes from hyperglycemia- 
induced injury via regulation of the antioxidant inhibitor thioredoxin- 
interacting protein (TxnIP) [10], our study newly identifies SHC1 as a 
downstream target of EZH2 in the tubular response to diabetic stress. 
SHC1 is a recognized regulator of oxidative stress, and its activation can 
promote ROS production and subsequent cellular damage [13]. Previous 
studies indicate that SHC1 inhibition is protective in DKD by reducing 
oxidative injury in tubular cells and podocytes [14–16]. However, the 
upstream regulation of SHC1 in DKD was not fully understood. Our re
sults demonstrate that tubular deletion of Ezh2 increased Shc1 expres
sion and oxidative stress markers, whereas EZH2 overexpression 
suppressed them. Furthermore, we identified EZH2 and H3K27me3 
occupancy at the SHC1 promoter in high-glucose–stimulated HK-2 cells, 
with enrichment further enhanced upon EZH2 overexpression. Impor
tantly, the SHC1 inhibitor idebenone reversed both the pro-fibrotic and 
pro-oxidant effects induced by EZH2 inhibition in high 
glucose-stimulated tubular cells. These findings collectively suggest that 
epigenetic suppression of SHC1-mediated oxidative stress is a central 
mechanism through which EZH2 protects against tubular injury in DKD.

In this study, tubular-specific Ezh2 deletion exacerbated systemic 
glucose intolerance in diabetic mice, as evidenced by impaired pyruvate, 
insulin, and glucose tolerance tests. The proximal tubule plays a central 
role in gluconeogenesis, accounting for approximately 40% of systemic 
glucose production in the fasting state [23]. EZH2 may directly or 
indirectly influence tubular gluconeogenic enzyme expression, thereby 
affecting systemic glucose homeostasis. This is an interesting research 
topic warranting further investigation.

Regarding the aggravated renal injury in DKD mice, we propose that 
this phenotype reflects a combined effect of direct tubular Ezh2 defi
ciency and secondary insults resulting from the deteriorated systemic 
metabolic state. Importantly, our in vitro experiments in HK 2 cells using 
EZH2 overexpression and inhibition demonstrated that EZH2 directly 
inhibits fibrosis and oxidative stress under high glucose conditions, in
dependent of systemic metabolic factors. These results indicate that the 
renal injury observed in Ezh2 CKO diabetic mice is, at least in part, a 
direct consequence of the loss of tubular EZH2 mediated protection 
against hyperglycemia induced cellular stress.

Fig. 1. EZH2 is up-regulated in the proximal tubules of diabetic kidneys 
(A-B) Western blot analysis and quantification of EZH2 and H3K27me3 protein expression in kidney tissues from control and STZ-induced diabetic mice. (C) 
Correlation analysis between renal EZH2 expression and GFR or serum creatinine (Scr) levels in patients with diabetic kidney disease (DKD) using the Ju CKD Tublnt 
database. (D) RNA-seq analysis of public datasets (GSE30122) revealing EZH2 expression in tubule or glomerulus of healthy or DKD human kidneys. (E) UMAP plot of 
integrated snRNA-seq dataset with annotation by cell type and disease condition. PT: proximal tubules, PTVCAM1: VCAM1(+) proximal tubule, PEC: Parietal 
Epithelial Cells ATL: ascending thin limb, TAL1: CLDN16(− ) thick ascending limb, TAL2: CLDN16(+) thick ascending limb, FIB: Fibroblasts, ICA: Type A intercalated 
cell of collecting duct, ICB: Type B intercalated cell of collecting duct, LEUK: Leukocytes, DCT1: early distal convoluted tubule, DCT2: late distal convoluted tubule, 
PC: principal cells, PODO: podocytes, MES: Mesangial cells, and ENDO: Endothelial cells. (F) snRNA-seq analysis of a public dataset revealing EZH2 expression in 
different cellular groups in human DKD kidneys. (G) Immunofluorescence staining (200× magnification) of EZH2 (green) with tubular marker LRP2 (red) in diabetic 
mouse kidney sections. Merged images with DAPI (blue). One representative of at least three independent experiments is shown. Data represent mean ± SD. Ns 
represent not significant. **p < 0.01. ***p < 0.001.
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Notably, tubular-specific Ezh2 deletion in non-diabetic mice did not 
result in significant renal dysfunction, histological abnormalities, or 
altered systemic glucose metabolism. This observation highlights that 
EZH2 functions primarily as a stress-responsive factor that is recruited 
under diabetic conditions to protect against injury, rather than as a 
constitutive homeostatic regulator under normal physiological condi
tions. This stress-inducible characteristic makes EZH2 an attractive 
therapeutic target—its modulation would likely not interfere with 

normal renal function while providing protection under pathological 
conditions.

The classic rodent model of DKD, induced by streptozotocin alone, 
frequently exhibits mild renal injury phenotypes, a protracted disease 
course, and limited tubulointerstitial fibrosis within a reasonable 
experimental timeframe [24]. To accelerate disease progression and 
better recapitulate the clinical presentation of advanced DKD with 
reduced nephron mass, we employed a dual-insult approach combining 

Fig. 2. EZH2 inhibits fibrotic responses in high glucose-stimulated renal epithelial cells 
(A-D) Western blot analysis and quantification of EZH2, H3k27me3 and fibrotic markers (fibronectin, E-cadherin, vimentin, α-SMA) in HK2 cells stimulated with 
normal glucose (5.5 mM) or high glucose (30 mM) for 48 h. EZH2 was inhibited by 3DZNeP (1 μM) for 48 h. (E-H) EZH2 was overexpressed by adenovirus (Ad-EZH2) 
at a multiplicity of infection (MOI) of 10 in high glucose-stimulated HK2 cells for 48 h. Western blot analysis and quantification of EZH2, H3K27me3, and fibrotic 
markers. One representative of at least three independent experiments is shown. Data represent mean ± SD. *p < 0.05.**p < 0.01. ***p < 0.001.

Q. Xu et al.                                                                                                                                                                                                                                       Free Radical Biology and Medicine 255 (2026) 730–743 

734 



Fig. 3. Tubular deletion of Ezh2 exacerbates disease progression in STZ-induced diabetic mice 
(A) Mice with tubular specific deletion of Ezh2 (Ezh2 CKO) were established by crossing Ezh2flox/flox mice with Cdh16-cre mice. Diabe bic nephropathy was induced 
through STZ injection in mice with unilateral nephrectomy, which were fed with high fat diet (n = 6 per group). (B) HE staining (200× magnification) were 
performed to evaluate renal damages in control and diabetic mice. (C) Blood urea nitrogen (BUN) and serum creatinine (CREA) levels, urine albumin-creatinine ratio 
(uACR), and kidney/body weight ratio were analyzed. (D-E) Pyruvate tolerance test (PTT), insulin tolerance test (ITT) and glucose tolerance test (GTT) were 
performed to assess systemic glucose metabolism in mice. Area under the curve (AUC) following these tests were calculated. Data represent mean ± SD. *p < 0.05. 
**p < 0.01. ***p < 0.001.
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hyperglycemia with unilateral nephrectomy [24,25]. Unilateral ne
phrectomy triggers compensatory hyperfiltration and increased tubular 
workload in the remnant kidney, thereby amplifying 
hyperglycemia-induced tubular injury signals and enabling evaluation 
of EZH2's role in DKD tubular injury within a feasible experimental 
window [25]. This model has been extensively validated for investi
gating DKD pathophysiological mechanisms [26,27]. Future studies 
utilizing alternative animal models that replicate early- or late-stage 
diabetic nephropathy will further enhance the clinical translatability 
of our findings.

Our study has another limitation. While our conclusions are strongly 
supported by data from animal and cellular models, clinical validation is 
still needed. Although we observed an inverse correlation between renal 
EZH2 expression and renal function in patients with DKD, the trans
lational significance of these observations needs to be confirmed in 

larger human cohorts.
In conclusion, our study reveals that tubular EZH2 plays a protective 

role in DKD by inhibiting SHC1-mediated oxidative stress (Fig. 8). These 
results provide new insights into the pathogenesis of diabetic tubulop
athy and suggest that maintaining or enhancing tubular EZH2 activity 
could represent a promising therapeutic strategy for DKD.

4. Materials and methods

4.1. Reagents

Streptozotocin (STZ; Cat# 18883-66-4) was purchased from Sigma- 
Aldrich. 3-Deazaneplanocin A (3DZNep; Cat# 102052-95-9, purity 
99.80%) was obtained from MedChemExpress (Monmouth Junction, NJ, 
USA). Sodium pyruvate (Cat# A100342) was bought from Shanghai 

Fig. 4. Tubular deletion of Ezh2 promotes renal fibrosis in STZ-induced diabetic mice 
(A) Western blot analysis and quantification of EZH2 and H3K27me3 in kidney tissues from Ezh2 flox/flox and Ezh2 flox/flox; cdh16-cre (Ezh2 CKO) diabetic mice. (B) 
Western blot analysis and quantification of fibrotic markers (fibronectin, E-cadherin, vimentin, α-SMA, and Snail) in Ezh2 flox/flox and Ezh2 CKO diabetic kidneys. One 
representative of at least three independent experiments is shown. Data represent mean ± SD. **p < 0.01. ***p < 0.001.
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Fig. 5. Tubular deletion of Ezh2 promotes oxidative stress in diabetic kidneys 
(A) RNA-seq was performed in Ezh2 WT vs. CKO diabetic kidneys. Volcano plot of RNA-seq data showing differential expressed genes (208 downregulated, 95 
upregulated) between these two groups. (B) Heat map of top differential expressed genes ranked by p value between these two groups. (C) qPCR validation of three 
oxidative stress related genes in WT and Ezh2 CKO diabetic kidneys. (D-F) Western blot analysis and quantification of SHC1, SOD1 and SOD2 expression in mouse 
kidneys. (G) Renal glutathione (GSH) and malondialdehyde (MDA) levels were measured in WT and Ezh2 CKO diabetic kidneys. One representative of at least three 
independent experiments is shown. Data represent mean ± SD. Ns present not significant. *p < 0.05.**p < 0.01. ***p < 0.001.
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Shengong Biotechnology Co., Ltd. Shanghai, China. Assay kits for 
malondialdehyde (MDA), reactive oxygen species (ROS), glutathione 
(GSH), serum creatinine (Scr), and blood urea nitrogen (BUN) were 
purchased from the Nanjing Jiancheng Bioengineering Institute (Nanj
ing, China).

4.2. Animal experiments

All animal procedures and experimental protocols were performed in 
compliance with the guidelines approved by the Animal Ethics Com
mittee of Shanghai University of Traditional Chinese Medicine 
(Approval No. PZSHUCTM250626003). Ezh2 flox/flox (Ezh2 f/f) mice on a 
C57BL/6 background were kindly provided by Prof. Xi Wang from 

Fig. 6. EZH2 inhibits oxidative stress in high glucose-stimulated renal epithelial cells 
High glucose-stimulated HK2 cells were treated with 1 μM 3DZNeP for 48 h. (A-B) Western blot analysis and quantification of SHC1, SOD1, and SOD2 in high 
glucose-treated HK2 cells. (C) Intracellular ROS and GSH levels were measured in HK2 cells. EZH2 was overexpressed in high glucose-stimulated HK2 cells through 
adenovirus (Ad-EZH2) at MOI of 10 for 48 h. (D-E) Western blot analysis and quantification of SHC1, SOD1, and SOD2 in high glucose-treated HK2 cells. (F) 
Intracellular ROS and GSH levels were measured in high glucose-stimulated HK2 cells with Ad-EZH2. (G-H) EZH2 and H3K27me3 occupancy on the SHC1 promoter 
in high glucose-stimulated HK-2 cells were analyzed by CUT&Tag qPCR. IgG severed as the negative control. One representative of at least three independent 
experiments is shown. Data represent mean ± SD. *p < 0.05. ***p < 0.001.
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Capital Medical University [28]. These mice were crossed with 
Cdh16-Cre transgenic mice (stock no. 012237, Jackson Laboratory) to 
generate Ezh2 flox/+; Cdh16-Cre + heterozygotes. The heterozygotes 
were then backcrossed with Ezh2 flox/flox mice to produce experimental 
group (Ezh2 flox/flox; Cdh16-Cre+) and littermate control group (Ezh2 
flox/flox; Cdh16-Cre-). All mice were maintained on C57BL/6J back
ground (backcrossed for at least 6 generations). Ezh2 flox/+ represents the 
first-generation heterozygous offspring used for breeding only; the final 
experimental and control groups are both Ezh2 flox/flox homozygotes 
(with or without Cre recombinase). Animals were housed under 
controlled temperature conditions with a 12-h light/dark cycle and had 
ad libitum access to food and water.

The DKD mouse model was constructed according to a previous 
published protocol [27]. After one week of acclimatization, mice were 
randomly divided into four groups (n = 6 per group). Six mice served as 
the sham-operated control group, which received a standard diet. The 
remaining mice were assigned to the model (DKD) group and fed a 
high-sugar, high-fat diet (HSHFD; composition: 67% maintenance feed, 
10% lard, 20% sucrose, 2.5% cholesterol, 0.5% sodium cholate), fol
lowed by unilateral left nephrectomy. After one week of post-operative 
recovery, and following a 12-h fast, diabetes was induced by a single 
intraperitoneal (i.p.) injection of STZ (50 mg/kg) dissolved in sodium 
citrate buffer (pH 4.5). The sham group received an equal volume of the 
citrate buffer vehicle. Four days post-injection, plasma glucose levels 

were measured for three consecutive days using blood collected from the 
tail vein with an Accu-Chek glucose meter (Roche Diagnostics, Indian
apolis, IN, USA). A diabetic mouse model was considered established 
when plasma glucose levels were ≥16.7 mmol/L. The early-stage DKD 
model was defined based on the urine albumin-to-creatinine ratio 
(uACR), with 24-h urine collected using metabolic cages. Mouse health 
status and body weight were monitored regularly. Body weight and 
blood glucose were measured weekly. At the end of the 6-week experi
mental period, urine samples were collected. Mice were then anes
thetized with sodium pentobarbital (50 mg/kg, i.p.), and samples 
(including blood and kidney tissues) were immediately collected for 
analysis.

4.3. Evaluation of biochemical data

BUN, Scr, and UACR levels were measured using an automatic 
biochemical analyzer (Model: TC6010 L; Tecom Science Corporation, 
Nanchang, Jiangxi, China) in accordance with standard clinical pro
tocols at the Clinical Laboratory of Shuguang Hospital.

4.4. Mouse glucose tolerance test (GTT)

Following a 24-h fast, mice were injected intraperitoneally with 
glucose (0.5 g/kg body weight). Blood glucose levels were measured 

Fig. 7. EZH2 attenuates fibrotic responses through inhibition of SHC1 
High glucose-stimulated HK2 cells were treated with 1 μM 3DZNeP in the presence or absence of SHC1 inhibitor idebenone (50 μM) for 48 h. (A-B) Western blot 
analysis and quantification of EZH2 and fibrotic markers (fibronectin, vimentin, and α-SMA). (C-D) Western blot analysis and quantification of SHC1, SOD1 and 
SOD2. (E-G) Intracellular GSH and ROS levels in high glucose-stimulated HK2 cells were measured. One representative of at least three independent experiments is 
shown. Data represent mean ± SD. *p < 0.05.**p < 0.01. ***p < 0.001.
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from tail vein blood using a glucose meter (Contour Next One; Bayer) 
immediately before (time = 0) and at 15, 30, 45, 60, 90, and 120 min 
after glucose injection. Food was provided to the mice at the end of the 
experiment, and changes in blood glucose at each time point were 
analyzed.

4.5. Mouse insulin tolerance test (ITT)

After an 8-h food restriction, mice were injected intraperitoneally 
with 0.5 U per kg body weight of human recombinant insulin (Sigma). 
Blood glucose was measured before (time = 0) and at 15, 30, 45, 60, 90, 
and 120 min after insulin injection. If blood glucose dropped below 
2 mM, mice were rescued by i.p. injection of 30 mg glucose and excluded 
from the analysis.

4.6. Mouse pyruvate tolerance test (PTT)

Fasting was initiated at 4:00 p.m. on the day before the experiment 
and continued for 16 h. Water was provided ad libitum during fasting to 
maintain normal physiological status. The experiment started at 8:00 a. 
m. the next day. Baseline fasting blood glucose levels were measured 
using a glucose meter with compatible test strips. Sodium pyruvate was 
diluted in phosphate-buffered saline (PBS) and administered intraperi
toneally at a dose of 2 g/kg. Blood glucose levels were measured and 
recorded at 10, 20, 30, 60, 90, and 120 min post-injection. Food was 
provided to the mice at the end of the experiment.

4.7. Renal histological examination

Kidney tissues were fixed in 10% neutral buffered formalin, 
embedded in paraffin, and sectioned at a thickness of 4 μm. After 

deparaffinization and rehydration, kidney sections were stained with 
Hematoxylin and Eosin (H&E; D006-1-1, Jiancheng, Nanjing, China). 
Sections were observed under an optical microscope at 200× magnifi
cation, and images were captured using a Leica SCN400 slide scanning 
system and its accompanying software. Tubular injury was assessed in a 
double-blinded manner and graded based on the severity of damage.

4.8. Immunofluorescence staining

Paraffin-embedded kidney sections (4 μm) were subjected to antigen 
retrieval using sodium citrate buffer, followed by permeabilization with 
0.5% Triton X-100 and blocking with 5% bovine serum albumin (BSA). 
Sections were then incubated overnight at 4◦C with rabbit anti-EZH2 
(D2C9, Cell Signaling Technology, 1:200) and mouse anti-LRP2 
(HA722151, HUABIO, 1:200) antibodies. On the following day, sec
tions were incubated with horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit IgG (1:10,000; Biosynthesis Biotechnology Co., Ltd., 
Beijing, China) at room temperature for 1 h in the dark. After nuclear 
counterstaining with DAPI, sections were mounted and imaged using a 
confocal microscope.

4.9. Cell culture

Human Kidney 2 (HK2) cells, a human renal proximal tubular 
epithelial cell line, were purchased from the Cell Bank of the Shanghai 
Institute of Biological Sciences, Chinese Academy of Sciences (Shanghai, 
China). HK2 cells were cultured in DMEM medium (Gbico, Cat: 11885) 
containing 10% fetal bovine serum (FBS) and 0.5% penicillin/strepto
mycin at 37◦C in a 5% CO2 atmosphere. Cells were seeded into six-well 
plates. When cell density reached approximately 50%, they were treated 
for 24 h with media containing normal glucose (NG; 5.5 mM D-glucose 

Fig. 8. Schematic illustration of the role of tubular EZH2 in hyperglycemia-induced kidney injury Under hyperglycemic conditions, EZH2 — predominantly 
expressed in renal tubules — is significantly upregulated. Tubular EZH2 exerts a protective effect against renal function decline and fibrosis in diabetic kidney disease 
by suppressing SHC1-mediated oxidative stress.
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+ 24.5 mM mannitol) or high glucose (HG; 30 mM D-glucose). Cell 
culture supernatants and cellular proteins were collected for subsequent 
analysis after 24 h. Cellular proteins were also collected after 48 h of 
treatment for further analysis.

For overexpression experiments, recombinant adenoviral vectors 
encoding human full-length EZH2 (Adv-EZH2, Vigene Biosciences, 
Jinan, China) were used. Empty adenoviral vectors (Adv-Vector) served 
as negative controls. HK2 cells were seeded into six-well plates and 
infected with adenovirus at a multiplicity of infection (MOI) of 10 when 
cell confluence reached approximately 50%. The culture medium was 
replaced 4 h post-infection. Cells were harvested 48 h after infection for 
protein extraction and subsequent analysis.

4.10. GSH and MDA assays

Kidney tissues and HK2 cells were homogenized in lysis buffer and 
centrifuged at 12,000 g for 10 min at 4◦C. The resulting supernatants 
were collected, and the levels of GSH and MDA were determined using 
commercial assay kits (A006-2-1 for GSH, A003-1 for MDA; Jiancheng, 
Nanjing, China) according to the manufacturer's instructions.

4.11. Detection of ROS

Intracellular ROS levels in HK2 cells were measured using the DCFH- 
DA fluorescent probe (ROS Assay Kit, Cat. No. S0033S, Beyotime 
Biotechnology, Shanghai, China). In brief, cells were loaded with 
10 μmol/L DCFH-DA and incubated at 37◦C for 30 min. After washing 
three times with phosphate-buffered saline (PBS), fluorescence intensity 
was quantified using a microplate reader (Biotek, USA) with excitation 
at 488 nm and emission at 525 nm. For morphological assessment of 
ROS production, cells were visualized and imaged under a fluorescence 
microscope (TH4-200, Olympus, Japan) with consistent imaging pa
rameters applied to all experimental groups.

4.12. Quantitative PCR (qPCR) analysis

Kidney tissue samples were collected, immediately snap-frozen in 
liquid nitrogen to preserve RNA integrity, and stored at − 80◦C until 
processing. Total RNA was extracted using TRIzol reagent (CW0580S; 
JiangSu CoWin Biotec, Beijing, China) according to the manufacturer's 
instructions. cDNA was synthesized using the Evo M-MLV RT Premix kit 
(AG11706; Accurate Biology, China). Quantitative real-time PCR was 
performed using the SYBR Green Premix Pro Taq HS qPCR Kit 
(AG11701; Accurate Biology, China) on an ABI 7500 PCR system 
(Applied Biosystems, Waltham, MA, USA). The relative expression levels 
of target genes were calculated using the 2− ΔΔCt method, normalized 
to the expression of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). All experiments were performed in triplicate. The primer 
sequences for qPCR were listed in Table S1.

4.13. Western blotting analysis

Renal cortex tissues were dissected from mice and homogenized in 
radioimmunoprecipitation assay (RIPA) lysis buffer (P0013B, Beyotime 
Biotechnology, China). After centrifugation at 13,000 rpm for 15 min at 
4◦C, the supernatant was collected. Protein concentration was deter
mined using a bicinchoninic acid (BCA) protein assay kit (Beyotime 
Biotechnology Institute). Protein lysates were separated by 10–12% 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred 
onto polyvinylidene fluoride (PVDF) membranes (0.2 μm, Bio-Rad 
Laboratories, Inc.). Membranes were blocked with 5% (w/v) non-fat 
milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h 
at room temperature and then incubated with the designated primary 
antibodies overnight at 4◦C. The primary antibodies used in this study 
were as follows: GAPDH (6004-1-1g, Proteintech, 1:5000), EZH2 (D2C9, 
Cell Signaling Technology, 1:1000), Fibronectin (ab45688, Abcam, 

1:2500), α-Smooth Muscle Actin (α-SMA; ET1607-53, HUABIO, 1:2000), 
Snail (A11794, ABclonal, 1:2000), SHC1 (EM1706-40, HUABIO, 
1:1000), SOD1 (A0274, ABclonal, 1:1000), SOD2 (A1340, ABclonal, 
1:1000), Histone H3 trimethyl Lys27 (H3K27me3; ab192985, Abcam, 
1:1000), Vimentin (ET1610-39, HUABIO, 1:5000), and alpha-Tubulin 
(ET1705-31, HUABIO, 1:5000). After washing three times with PBS-T 
at 5-min intervals, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000 dilution; 
Biosynthesis Biotechnology Co., Ltd., Beijing, China) or goat anti-mouse 
IgG (1:10,000 dilution; Biosynthesis Biotechnology Co., Ltd., Beijing, 
China) for 1 h at room temperature. Immunoreactive bands were visu
alized using Immobilon Western Chemiluminescent HRP Substrate 
(Millipore Corporation, Billerica, MA, USA) and a Bio-Rad ChemiDoc 
MP Imaging System. Densitometric analysis was conducted using 
ImageJ software version 6.0 (National Institutes of Health, Bethesda, 
MD, USA).

4.14. RNA sequencing analysis

High-throughput RNA sequencing was employed to investigate gene 
expression patterns and obtain precise digital gene expression profiles. 
RNA samples underwent standard library preparation procedures, 
which included mRNA enrichment using oligo(dT) magnetic beads, RNA 
fragmentation, first-strand cDNA synthesis, second-strand cDNA syn
thesis, adapter ligation, and PCR amplification. The resulting circular
ized DNA libraries were sequenced. Raw sequencing data were subjected 
to stringent quality control to generate high-quality clean data. Subse
quent comprehensive analysis, including read alignment, and gene 
expression quantification, was performed using integrated multi-omics 
data mining systems. Differentially expressed genes were calculated by 
DESeq2_EBSeq algorithms with FDR (False Discovery Rate) ≤ 0.05 and 
fold-change >2.

4.15. Bioinformatics analysis

Gene expression datasets from Ju CKD TubInt (RNA-seq) and 
GSE30122 (Affymetrix microarray) were retrieved from the Nephroseq 
v5 database (https://nephroseq.com; University of Michigan, Ann 
Arbor, MI, USA). Nephroseq v5 is a specialized integrative platform for 
kidney disease transcriptomics, where all raw data undergo standard
ized preprocessing according to established protocols. Specifically, the 
Ju CKD TubInt dataset was normalized using the median-of-ratios 
method implemented in DESeq2, while the GSE30122 dataset was 
processed with the Robust Multi-array Average (RMA) algorithm for 
background correction and quantile normalization. Preprocessed 
expression matrices and differential expression analysis results were 
directly downloaded from the platform. Differentially expressed genes 
were defined as those with |log2 fold change| > 1 and P < 0.05 (unad
justed P values, as per platform default settings).

Humphreys lab single-nucleus RNA sequencing (snRNA-seq) data 
were obtained from the KIT (Kidney Interactive Transcriptomics) data
base (http://humphreyslab.com/SingleCell/; RRID: SCR_017209). KIT 
is an online analytical platform developed by the Humphreys Laboratory 
at Washington University School of Medicine, integrating multiple 
published kidney single-cell and single-nucleus RNA-seq datasets 
encompassing healthy kidney, diabetic kidney disease, and kidney 
injury conditions. The Comparative Analysis module was utilized to 
interrogate EZH2 expression distribution across renal cell sub
populations. Single-cell data provided by the platform were pre
processed using LogNormalize (scaling total cellular counts to 10,000 
per cell). Cell clustering was performed based on t-distributed stochastic 
neighbor embedding (t-SNE)/uniform manifold approximation and 
projection (UMAP) dimensionality reduction and Louvain community 
detection algorithm, with cell type annotations assigned according to 
established marker genes from published literature.
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4.16. Cleavage Under Targets and Tagmentation (CUT&Tag) qPCR

CUT&Tag assays were performed according to the manufacturer's 
protocol using the Hyperactive® In-Situ ChIP Library Prep Kit for Illu
mina® (HD101-01, Vazyme Biotech, Nanjing, China). Briefly, 1 × 105 

HK2 cells were bound to concanavalin A (ConA)-coated magnetic beads 
and incubated overnight at 4◦C with EZH2 antibody (D2C9, Cell 
Signaling Technology, 1:100), H3K27me3 antibody (HA722376, HUA
BIO, 1:100), or rabbit IgG isotype control (1:100). Protein A/G-MNase 
fusion protein was subsequently added and incubated at room temper
ature for 1 h. Targeted chromatin cleavage was activated by adding 
CaCl2 (37◦C, 30 min). After terminating the reaction, DNA was extracted 
and subjected to quantitative PCR analysis. Primer sequences for the 
SHC1 promoter region were: forward, 5′-CCCCAGACTCAGGACTCAGA- 
3'; reverse, 5′-TCAGCCTCCTGGGTAGGTAG-3'. Enrichment was calcu
lated as percentage of input DNA and normalized to IgG control. Data 
are expressed as mean ± SD from three independent experiments.

4.17. Statistical analysis

Statistical comparisons between two groups were performed using 
either the parametric Student's t-test or the non-parametric Mann- 
Whitney U test, depending on the data distribution. Comparisons among 
multiple groups were conducted using one-way analysis of variance 
(ANOVA) or the Kruskal-Wallis test. All statistical analyses were per
formed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, 
USA) or R software. A P-value of less than 0.05 was considered statis
tically significant.
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