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Abstract
Background  Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a prevalent genetic disorder characterized 
by the formation of renal cysts leading to kidney failure. Despite known genetic underpinnings, the variability in 
disease progression suggests additional regulatory layers, including epigenetic modifications.

Methods  We utilized various ADPKD models, including Pkd1 and Ezh2 conditional knockout 
(Pkd1delta/delta:Ezh2delta/delta) mice, to explore the role of Enhancer of Zeste Homolog 2 (EZH2) in cystogenesis. 
Pharmacological inhibition of EZH2 was performed using GSK126 or EPZ-6438 across multiple models.

Results  EZH2 expression was significantly upregulated in Pkd1−/− cells, Pkd1delta/delta mice, and human ADPKD 
kidneys. EZH2 inhibition attenuates cyst development in MDCK cells and a mouse embryonic kidney cyst model. 
Both Ezh2 conditional knockout and GSK126 treatment suppressed renal cyst growth and protected renal function in 
Pkd1delta/delta mice. Mechanistically, cAMP/PKA/CREB pathway increased EZH2 expression. EZH2 mediated cystogenesis 
by enhancing methylation and activation of STAT3, promoting cell cycle through p21 suppression, and stimulating 
non-phosphorylated β-catenin in Wnt signaling pathway. Additionally, EZH2 enhanced ferroptosis by inhibiting 
SLC7A11 and GPX4 in ADPKD.

Conclusion  Our findings elucidate the pivotal role of EZH2 in promoting renal cyst growth through epigenetic 
mechanisms and suggest that EZH2 inhibition or ablation may serve as a novel therapeutic approach for managing 
ADPKD.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD) 
is the most common inherited kidney disease and is char-
acterized by progressive enlargement of fluid-filled cysts 
in both kidneys, often leading to kidney failure [1, 2]. 
About 85% and 10% of ADPKD patients are affected by 
mutations of PKD1 and PKD2, which encode polycystin 
1 and 2, respectively [1, 3]. Several abnormal signaling 
pathways have been identified in ADPKD pathogenesis 
and progression, such as the cAMP, mTOR, JAK-STAT 
pathways [4, 5]. However, the variability in the severity 
and progression of ADPKD among individuals with the 
same genetic mutation suggests that other factors, espe-
cially epigenetic modifications, play crucial roles in mod-
ulating ADPKD phenotypes.

Epigenetics is a rapidly evolving field that offers new 
insights into the mechanisms of genetic regulation in 
ADPKD [6, 7]. Epigenetic mechanisms such as DNA 
methylation, histone modifications, and non-coding 
RNAs can influence gene expression levels and have 
been implicated in the pathogenesis of ADPKD. Studies 
have shown that mutations in PKD genes may result in 
epigenetic changes that promote renal cyst formation. 
For instance, PKD1 mutations increase the expression 
of various epigenetic regulators, including DNA meth-
yltransferases, histone deacetylases (HDACs), histone 
methyltransferases, and bromodomain proteins [8].

Targeting these epigenetic modifications, such as 
inhibiting Sirt1 (a class III HDAC) with nicotinamide, has 
been found to delay cyst growth and preserve renal func-
tion in animal models [9]. HDACs are the most studied 
epigenetic modifiers in ADPKD [7]. Inhibition of HDACs 
by pharmaceutic agents reduced the growth of renal cysts 
[7]. In addition, the epigenetic reader bromodomain-
containing protein 4 (BRD4) is up-regulated in renal tis-
sues of Pkd1 mutant mice [10]. Animal studies showed 
that inhibition of BRD4 delayed the progression of PKD 
[10]. SMYD2, a lysine methyltransferase, was increased 
in renal tissues of pkd1-knockout mice and ADPKD 
patients [11]. SMYD2 has been proven to promote cyst 
growth via IL-6/STAT3 and TNF-α/NF-κB signalings in 
ADPKD [11]. Knockout or inhibition of SMYD2 amelio-
rated ADPKD progression, indicating that SMYD2 was 
an epigenetic regulator of ADPKD [11].

Enhancer of Zeste Homolog 2 (EZH2) is a critical com-
ponent of the Polycomb Repressive Complex 2 (PRC2), 
functioning primarily as a histone methyltransferase that 
catalyzes the trimethylation of histone H3 on lysine 27 
(H3K27me3), leading to gene silencing [12–14]. Over 
the years, EZH2 has garnered significant attention due 

to its overexpression and/or mutational activation in a 
wide array of cancers, including hematological malig-
nancies and solid tumors, where it often correlates with 
aggressive disease, poor prognosis, and resistance to 
therapy [12, 13]. However, the roles of EZH2 have not 
been explored in ADPKD. In this study, we investigated 
expressions, functions, and mechanisms of EZH2 in 
ADPKD via multiple models in vivo and in vitro. These 
findings may provide a molecular basis for the use of 
EZH2 inhibitors to delay cyst growth with the potential 
for clinical application.

Methods
Animal experiments
Mouse strains and treatments. Pkd1fl/fl:CreER positive 
mice were provided by Professor G. Germino and T. 
Watnick at Johns Hopkins University School of Medi-
cine [15]. The study was approved by the review board of 
Second Military Medical University. The Ezh2fl/fl:CreER 
positive mice on a C57BL/6J background were described 
previously [16]. Tamoxifen-inducible Cre-expressing 
CAGGCre-ERTM mice (stock no.: 004682) were pur-
chased from the Jackson Laboratory and used in our pre-
vious study [17]. These conditional mice were maintained 
according to local regulations and guidelines. To gener-
ate the early-onset ADPKD mouse model, Pkd1fl/fll:CreER 
positive mice were induced by an intraperitoneal injec-
tion of tamoxifen (20 mg kg− 1 day− 1 formulated in corn 
oil, T5648, Sigma-Aldrich, St. Louis, MO) at postnatal 
day 10 (P10). To generate the late-onset ADPKD mouse 
model, Pkd1fl/fl:CreER positive mice were given tamoxi-
fen (125 mg kg− 1 day− 1) on P25 and P28 which resulted 
in renal cyst formation after two months. In this study, 
Pkd1fl/fl CreER positive mice treated with tamoxifen were 
defined as Pkddelta/delta mice; Pkd1fl/fl:Ezh2fl/fl CreER posi-
tive mice treated with tamoxifen were defined as Pkd-
1delta/delta:Ezh2delta/delta mice; Pkd1fl/fl:Ezh2+/+ CreER 
positive mice treated with tamoxifen were defined as 
Pkd1delta/delta:Ezh2+/+ mice; Pkd1+/+ CreER positive mice 
treated with tamoxifen were defined as WT mice.

GSK126 is a highly selective, potent EZH2 methyltrans-
ferase inhibitor. Both Pkd1delta/delta and wild-type Pkd1+/+ 
C57/BL6 mice from the same litters were randomly allo-
cated to the following three groups: Pkd1+/+ control, 
Pkd1delta/delta GSK126, and Pkd1delta/delta control (8 mice 
in each group, male: female = 1:1). DMSO (20  µl/g) and 
GSK126 (MedChem Express, HY-13470, 30  mg/kg, 3 
times/week) were administered to the mice by intra-
peritoneal injection from P14 to P35 in early-onset 
Pkd1delta/delta mice or from P56 to P150 in late-onset 
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Pkd1delta/delta mice, respectively. We included mixed male 
and female mice in all groups. We collected blood sam-
ples one day after the last injection and harvested kidneys 
from P35 (early-onset) and P150 (late-onset) GSK126 and 
DMSO-treated mice for biochemical and histopathologi-
cal analyses.

Pkd1fl/fl:Ezh2fl/fl:CreER positive mice were used to 
observe the effect of EZH2 on cyst formation and kid-
ney function. The Ezh2fl/fl CreER positive mice devel-
oped normally and were fertile. Pkd1fl/fl:Ezh2fl/fl CreER 
positive mice were generated by crossing Pkd1fl/+:Ezh2fl/+ 
CreER positive female mice with Pkd1fl/+:Ezh2fl/+ 
CreER negative male mice. The Pkd1fl/fl:Ezh2fl/f mice 
and Pkd1fl/fl:Ezh2+/+ mice were injected with tamoxifen 
(50  mg/kg body weight, formulated in corn oil) on P10 
to induce Pkd1 and Ezh2 gene deletions in the test group 
(n = 8, male/female mixed, 1:1). All animals were raised 
in specific pathogen-free animal facilities according to 
the protocol approved by the Animal Care Committee of 
Second Military Medical University, Shanghai, China.

Measurement of the Renal Function. Levels of serum 
creatinine and blood urea nitrogen (BUN) were mea-
sured using a mouse kit (#80350, Crystal Chem, IL) and 
a BUN colorimetric detection kit (#K024-H5, Arbor 
Assays, Ann Arbor, MI).

Histology and immunohistochemistry. Paraffin-embed-
ded Sections.  (2  μm) were used for H&E staining and 
immunohistochemistry. For EZH2 staining, a rabbit 
anti-EZH2 antibody (#5246S, 1:50, CST) was used. Ki-67 
was stained with anti-Ki-67 (#ab15580, 1:100; Abcam). 
Images were analyzed via ipp 6.0 with Panoramic 250 
(3D HISTECH). The ImageJ software was used to quan-
tify the percentage of positively stained areas in immu-
nohistochemistry samples. The cyst index was assessed 
by morphometry using the point counting method as 
described previously [18]. The proliferation index analy-
sis was measured via the ratio of Ki-67 positive nuclei to 
the total number of nuclei which was calculated as a per-
centage. The numbers of positive and total nuclei were 
counted (> 1000 nuclei for each kidney) using Image Pro-
Plus (version 6.0).

XCT (SLC7A11) Detection: Sections were deparaf-
finized, rehydrated, and incubated with an anti-SLC7A11 
antibody (Affinity DF12509, 1:50) overnight at 4 °C. After 
washing, sections were incubated with HRP-conjugated 
secondary antibodies and visualized using DAB substrate. 
Counterstaining was performed with hematoxylin. Posi-
tive staining for SLC7A11 was quantified using ImageJ 
software. 4-Hydroxynonenal (4HNE) Staining: Sections 
were deparaffinized, rehydrated, and incubated with an 
anti-4HNE antibody (Abcam ab48506, 1:25) overnight 
at 4  °C. After washing, sections were incubated with 
HRP-conjugated secondary antibodies and visualized 
using DAB substrate. Counterstaining was performed 

with hematoxylin. Positive staining was quantified using 
ImageJ software. Prussian Blue Staining: Sections were 
deparaffinized, rehydrated, and stained with Prussian 
Blue stain (Sigma-Aldrich) to detect iron ions for 30 min. 
Sections were then counterstained with nuclear fast red 
for 5  min. Iron deposits were visualized and quantified 
using a light microscope and ImageJ software.

Zebrafish model
Zebrafish (TAB, Tubigen) were raised according to stan-
dard protocols in Prof. Ying Cao’s laboratory at Shanghai 
Tongji University. Human EZH2 mRNA (200 pg) was 
injected into embryos at the one to two-cell stage, as 
described before [19]. Zebrafish protein was harvested 
for Western blot analysis. EZH2 mRNA was injected into 
zebrafish larvae, and pronephic cysts were observed on 
3 days post-fertilization from the shield stage. The aver-
age percentage of embryos with kidney cysts from 3 inde-
pendent experiments. 20 embryos were examined in each 
experiment.

Embryonic kidney cyst model
ICR mouse embryonic kidneys (E13.5) were harvested 
and placed on 0.4  μm cell culture inserts (Merck Mil-
lipore, Billerica, MA, USA). The lower chambers were 
filled with DMEM/F-12 supplemented with 10 mM 
HEPES (Sigma H3375), 2 mM L-glutamine (Sigma 
G7513), 25 ng/ml of prostaglandin E1 (Sigma P5515), 
1/100 insulin-transferrin-selenium (Life 41400-045), 32 
pg/ml of T3 (Sigma T5516), 1/40 penicillin/streptomycin 
(Life 15140-122) and 100 µM 8-Br-cAMP (Sigma B5386). 
The medium was replaced every 12 h. The kidneys were 
photographed every 2 days. Embryonic kidneys were sec-
tioned and cyst size was calculated on slides.

Human kidney samples
Kidney tissue samples from anonymous ADPKD patients 
and normal controls were obtained from Changzheng 
Hospital. The control samples were collected from non-
cancerous renal tissue located more than 5  cm away 
from the tumor lesions in patients undergoing nephrec-
tomy for renal cell carcinoma [20]. Renal cortex tissues 
surrounding cysts were obtained from ADPKD patients 
who underwent nephrectomy. All tissues were devoid of 
contamination and stored in liquid nitrogen before fur-
ther experiments. Informed consent was obtained from 
all subjects. The study was approved by the ethics review 
board of Changzheng Hospital (CZ2018-0619). The study 
abided by the Declaration of Helsinki principles.

In vitro experiments
Cell Cultures. Pkd1−/− (PN24) and Pkd1+/− cells (PH2) 
were obtained from Prof. Stefan Somlo (Yale University, 
New Haven, CT) [21]. Human immortalized renal cyst 
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epithelial cells (WT9-12) were kindly provided by Prof. 
Jing Zhou (Harvard University, Boston, MA, USA), and 
were cultured as described previously [22]. OX161 cells 
were human ADPKD cystic lining epithelial cells kindly 
provided by Prof. Albert CM Ong (Sheffield Kidney Insti-
tute, Division of Clinical Sciences, University of Sheffield, 
UK). Pkd1 mutant cells and WT9-12 cells were treated 
with various concentrations of GSK126 for 24 h, 48 h, or 
more. Human renal tubular epithelial cells (UCL93 and 
RCTEC) were used as control groups for OX161 and 
WT9-12 cells, respectively. Reagents used 8-Br-cAMP 
(Sigma B5386), forskolin (Selleck No.S2449), PKA inhibi-
tor H89 (Selleck No.S1582), and cAMP antagonist Rp-
camp (Sigma A165).

SiRNA and plasmids. Cells were transfected using 
Lipo2000 (Lipofectamine®, Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions 48  h 
before protein extraction. EZH2 siRNA (#SC-35312, 
Santa Cruz), CREB siRNA (#SC-29281, Santa Cruz), and 
plasmid (Addgene: CMV500 A-CREB, #33371) were used 
according to the manufacturer’s protocol. The HA-tagged 
EZH2 plasmid was constructed into the pCMVHA vec-
tor (Addgene plasmid # 24230).

MTT assays. Cell proliferation was measured via an 
MTT kit (Sigma-Aldrich) according to the manufactur-
er’s instructions.

Madin-Darby Canine Kidney Cell 3D Culture. Type I 
Madin-Darby canine kidney (MDCK) cells were cultured 
in DMEM/F-12 medium (Biological Industries) supple-
mented with 10% FBS (Biological Industries) and incu-
bated in a humidified incubator at 37°C with 5% CO2. For 
3D culture, MDCK cells were first resuspended in MEM 
containing 10 mM HEPES, 2.79 mg/ml collagen I (Pure-
Col), and 27 mM NaHCO3 and incubated at 37°C for 90 
minutes. Then, DMEM/F12 medium supplemented with 
10% FBS and 10 µM forskolin was added to the cells, and 
spheroid formation was visible after 4 days. The estab-
lished spheroids (day 4) were treated with GSK126 or 
EPZ-6438 for another eight days in the presence of 10 
µM FSK. For the EZH2 knockdown experiments, we first 
generated an MDCK cell line that stably expressed Cas9 
(MDCK-Cas9). MDCK-Cas9 cells were infected with len-
tiviruses carrying control or EZH2 sgRNA for 48 hours, 
followed by puromycin selection for another 48 hours 
to achieve ideal knockdown efficiencies. The sgRNA 
sequence targeting exon 1 of EZH2 was as follows: for-
ward 5’-​C​A​C​C​G​G​C​A​G​C​T​C​A​A​G​A​G​G​T​T​C​A​G​G​C-3’; 
reverse 5’-​A​A​A​C​G​C​C​T​G​A​A​C​C​T​C​T​T​G​A​G​C​T​G​C​C 
− 3’. Then, the cells (day 0) were subjected to 3D culture 
in the presence of 10 µM forskolin. Micrographs of the 
same spheroids were taken on days 4, 6, 8, 10, and 12. The 
spheroid numbers and diameters were measured on day 
12 using the NIH ImageJ software.

Real-time PCR. Total RNA was extracted using the 
RNase mini kit (Invitrogen, Carlsbad, CA, USA) and 
reverse-transcribed. The primer sequences were listed 
in Supplement 1. Real-time PCR was performed using 
the SYBR Green PCR Master Mix (Toyobo, Osaka, 
Japan) and a Rotor-Gene-3000  A Real-Time PCR Sys-
tem (Corbett, Sydney, Australia) according to the man-
ufacturer’s protocols. The results are given as relative 
EZH2 expression normalized to GAPDH expression. 
The relative amount of mRNA compared with the inter-
nal control was calculated by 2−△△CT method: △CT 
=△CTexperimental –△CTcontrol.

Western Blotting Analyses. Tissue or cell lysates 
were prepared in RIPA buffer (50 mM Tris HCl, 1 mM 
EDTA, 150 mM NaCl, 1% Triton, 2% sodium dodecyl 
sulfate (SDS), and phosphatase and protease inhibi-
tors), and clarified by centrifugation. Equal amounts of 
protein ran on SDS-polyacrylamide gels, transferred 
to polyvinylidene difluoride membranes, blocked in 
3% bovine serum albumin, and incubated with the pri-
mary antibodies. Then appropriate secondary antibod-
ies were used before development with an enhanced 
chemiluminescence reagent. The primary antibodies 
were as follows: anti-EZH2 (#5246, 1:1000, CST), anti-
STAT3 (#SC-8019, 1:100, Santa CRUZ), anti-p-stat3 
(#af3294, 1:1000, Affinity), anti-methylated lysine anti-
body (ab23366, 1:1000, Abcam), anti-tri-methyl-histone 
H3 (Lys27) (#07-449, 1:1000, Millipore), Phospho-CREB 
antibody (AB_2536825, Invitrogen), β-Catenin antibody 
(D10A8, cst8480, Cell Signaling), Non-phospho (Active) 
β-Catenin (Ser33/37/Thr41) antibody (CST8814, 1:1000, 
Cell Signaling), P21 antibody (CST2947, 1:1000, Cell 
Signaling), GPX-4 antibody (abcam ab125066 1:1000), 
SLC7A11 antibody (CST12691, 1:500), ACSL4 antibody 
(Abcam ab155282 1:10000).

Immunoprecipitation Assay. Precleared lysates were 
used for immunoprecipitation with antibodies against 
EZH2 or STAT3 after overnight incubation at 4ºC and 
subsequently pulled down using protein A or G agarose/
Sepharose beads. The complexes were resolved on SDS-
PAGE for Western blotting analysis.

RNA sequencing
The Kidney Interactive Transcriptomics (https://hum-
phreyslab.com/SingleCell/) provided a snRNA + scATAC-
seq analysis for comparing EZH2 expression levels in 
ADKD patients and healthy groups [23]. Eight human 
ADPKD kidneys and five control kidneys were analyzed 
with snRNA-seq (62,073 nuclei from ADPKD and 40,637 
nuclei from control kidneys) and snATAC-seq (17,365 
nuclei for ADPKD and 33,621 nuclei for control) by 10X 
Genomics Chromium Single Cell [24].

Total RNA was collected from WT9-12 cells and 
WT9-12 + EZH2 siRNA cells with TRIzol reagent (Life 

https://humphreyslab.com/SingleCell/
https://humphreyslab.com/SingleCell/
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Technologies). DJ Group (Shanghai, China) was respon-
sible for RNA sequencing and data processing. To iden-
tify differentially expressed genes (DEGs), we used R 
studio (DESeq2, lg|FC|> 2, FDR < 0.05). DEGs were used 
to create a volcanic map and analyzed using KEGG. 
P < 0.05 were considered significant. RNAseq raw data 
was shown in https://1drv.ms/f/c/cff9170848857f88/
EjzEDoMuy49Bi_lsWWmSG_UBloAf_SfyipHahLVmUB
LCPg?e=k2Ez2s.

Statistical analyses
Statistical analyses were performed with an unpaired 
t-test or one-way or two-way ANOVA with the Turkey 
post hoc test using GraphPad Prism version 9.0 (Graph-
Pad, San Diego, CA, USA). All data are expressed as 
the mean ± SD, and P < 0.05 was considered statistically 
significant.

Results
EZH2 expression is upregulated in vivo and in vitro in 
ADPKD
SnRNA-seq data showed that EZH2 had higher levels in 
ADPKD kidneys than controls, particularly in the proxi-
mal tubules, front-row proximal tubular cells, ascending 
thin limb, thick ascending limb, type B intercalated cell of 
collecting duct, leukocytes, and endothelial cells (Fig. 1A, 
B). Then we found that EZH2 mRNA was up-regulated in 
Pkd1−/− cells vs. Pkd1+/−cells, WT9-12 cells vs. RCTEC, 
Pkd1delta/delta mice kidneys vs. Pkd1+/+ mice kidneys, 
and human ADPKD kidneys vs. normal control kidneys, 
respectively (Fig.  1C). Western blot analysis indicated 
that the protein expression of EZH2 and its down-
stream substrate H3K27me3 were both upregulated in 
Pkd1−/− cells compared with Pkd1+/− cells, WT9-12 cells 
vs. RCTEC, Pkd1delta/delta mice kidneys vs. Pkd1+/+ mice 
kidneys at P25, and human ADPKD kidneys vs. normal 
control kidneys, respectively (Fig. 1D-K). Immunohisto-
chemistry analysis indicated that EZH2 and H3K27me3 
expression was increased and localized to cyst lining 
epithelial cells and renal tubular epithelial cells in Pkd-
1delta/delta mice kidneys compared with Pkd1+/+ mice kid-
neys (Fig. 2A, B), and human ADPKD kidneys vs. normal 
control kidneys, respectively (Fig. 2C, D). Negative con-
trol DAB IHC stains were shown in Supplement 2.

PKD gene mutation up-regulates EZH2 expression through 
cAMP pathway in cystic epithelial cells
As cAMP pathway is the most important pathway acti-
vated by Pkd1 mutation to promote cyst growth [5], we 
tested whether cAMP/PKA/CREB pathway was the 
upstream of EZH2 in ADPKD. Two cAMP agonists, 
forskolin (5 to 20 µM) or 8-Br-cAMP (75 to 150 µM), 
dose-dependently increased EZH2 and H3K27me3 pro-
tein expression in WT9-12 cells (Fig.  3A, B). And vice 

versa, PKA inhibitor H89 and cAMP antagonist Rp-camp 
reduced protein levels of p-CREB, EZH2, and H3K27me3 
in WT9-12 cells dose-dependently from 5 to 50 µM or 
from 50 to 200 mΜ, respectively (Fig. 3C, D). Moreover, 
CREB siRNA reduced p-CREB, EZH2, and H3K27me3 
protein levels. Vice versa, overexpression of human 
CREB plasmids resulted in increased phosphorylation of 
CREB, EZH2 expression, and H3K27me3 protein levels 
in WT9-12 cells (Fig. 3E, F). Figure 3G-L showed related 
quantitative Western blot bar graphs.

EZH2 inhibition attenuates cystogenesis of MDCK cells
To evaluate the effects of EZH2 inhibition on cystogen-
esis, an established in vitro 3D-MDCK spheroid cell 
model was treated with several reagents. Treatment with 
the cAMP agonist forskolin-induced spheroid formation 
in MDCK cells grown in collagen gels for 4 days. Treat-
ment with GSK126 (Fig. 4A, B) dose-dependently dimin-
ished spheroid enlargement. GSK126 had little or no 
effect on the total number of established spheroids, indi-
cating that exposure was marginally toxic to MDCK cells 
(Fig.  4C). EPZ-6438 also dose-dependently diminished 
spheroid enlargement (Fig.  4D, E) with no effect on the 
total number of established spheroids (Fig. 4F). Further-
more, we applied CRISPR/Cas9-mediated gene editing 
to evaluate the effect of EZH2 knockdown. As shown in 
Fig. 4G-I, EZH2 silencing dramatically reduced spheroid 
diameters and also significantly reduced spheroid num-
bers. The efficiency of EZH2 knockdown was confirmed 
by Western blotting (Fig. 4J).

EZH2 inhibition suppresses cyst development in an 
embryonic kidney cyst model
To examine the role of EZH2 in cystogenesis, we first 
analyzed the effects of pharmacological inhibition of 
EZH2 in cyst formation using a mouse embryonic kidney 
cyst model [25]. The embryonic kidneys were dissected 
from CD1 mice at embryonic day 13.5 and grew over 6 
days under basal culture conditions. Treatment with 
8-Br-cAMP (100 µM) induced tubule dilation and cyst 
formation. Cystogenesis was measured by quantifying 
the fractional cyst area using morphometric analyses. As 
shown in Fig. 5A and B, GSK126 inhibited cystogenesis 
in mouse embryonic kidney explants in a dose-depen-
dent manner. To further confirm the anti-cystic effect 
of EZH2 inhibition, we examined cyst formation with 
another potent EZH2 inhibitor, EPZ-6438. Consistent 
with GSK126, EPZ-6438 also inhibited cyst enlargement 
ex vivo in a dose-dependent manner (Fig. 5C and D).

EZH2 over-expression induces cyst growth in Zebrafish
Human EZH2 protein was exogenously expressed in 
Zebrafish by injecting Ezh2 mRNA. 12% of the injected 
embryos exhibited pronephic cysts on 3 days post 

https://1drv.ms/f/c/cff9170848857f88/EjzEDoMuy49Bi_lsWWmSG_UBloAf_SfyipHahLVmUBLCPg?e=k2Ez2s
https://1drv.ms/f/c/cff9170848857f88/EjzEDoMuy49Bi_lsWWmSG_UBloAf_SfyipHahLVmUBLCPg?e=k2Ez2s
https://1drv.ms/f/c/cff9170848857f88/EjzEDoMuy49Bi_lsWWmSG_UBloAf_SfyipHahLVmUBLCPg?e=k2Ez2s
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Fig. 1  Increased expression of EZH2 in ADPKD. (A) Left: UMAP plot of integrated snRNA-seq dataset with annotation by cell type and disease condition. 
Right: UMAP plot from an integrated snATAC-seq dataset with gene activity-based cell-type assignments and disease condition. PT: proximal tubules, 
FR-PTC: Front-row proximal tubular cells, PEC: Parietal Epithelial Cells ATL: ascending thin limb, TAL: Thick ascending limb, FIB: Fibroblasts, ICB: Type B in-
tercalated cell of collecting duct, LEU: Leukocytes, DCT: Distal Convoluted Tubule, CNT-PC: Connecting Tubule Principal Cells, and ENDO: Endothelial cells. 
(B) SnRNA-seq showed EZH2 mRNA levels in different cell types between ADPKD kidneys and controls. (C) Quantitative RT-PCR analysis of relative EZH2 
mRNA expression in Pkd1−/− cells vs. Pkd1+/−cells, WT9-12 cells vs. RCTEC, Pkd1delta/delta mice kidneys vs. Pkd1+/+ mice kidneys at P25, and human ADPKD 
kidneys vs. control, N = 6 respectively. (D, E) Western blotting of EZH2 and methylated H3K27 (H3K27me3) expression in Pkd1+/− cells and Pkd1−/− cells 
(N = 3 respectively). (F, G) Western blotting of EZH2 and H3K27me3 expression in RCTEC cells vs. WT9-12 cells. (H, I) EZH2 and H3K27me3 protein expres-
sion in kidney tissues from Pkd1+/+ vs. Pkd1delta/delta mice. (J, K) EZH2 and H3K27me3 protein expression in control and human ADPKD kidneys. Statistical 
analyses were performed with an unpaired t-test or one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 2  Immunohistochemistry analysis of EZH2 and H3K27me3 in vivo. (A and B) Immunohistochemistry analysis indicated that EZH2 and H3K27me3 
expression was increased in cyst lining epithelia and renal tubular epithelial cells in Pkd1delta/delta mice kidneys compared with Pkd1+/+ mice kidneys, N = 6 
respectively. Scale bar: 100 μm. (C and D) EZH2 and H3K27me3 expression was increased in cyst lining epithelia and renal tubular epithelial cells in human 
ADPKD kidneys compared with normal control kidneys. Statistical analyses were performed with an unpaired t-test. ****P < 0.0001
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fertilization and heart edema was observed (Fig.  5E 
and F). Western analysis showed that EZH2 was over-
expressed on day 3 after Ezh2 mRNA injection (Fig. 5G). 
Meanwhile, EZH2 expression and H3K27me3 levels were 
not changed in Ezh2 failed EZH2 injection group. Vari-
ability in zebrafish responses occured due to multiple fac-
tors such as injection efficiency and embryo health.

Ezh2 and Pkd1 double conditional knockout suppresses 
renal cyst growth
To investigate the functional role of EZH2 in vivo, we 
generated Pkd1 and Ezh2 double conditional knockout 
Pkd1delta/delta:Ezh2delta/delta mice (Fig. 6A). We found that 
cyst index was significantly reduced by 30.3% (P < 0.001) 
in Pkd1delta/delta:Ezh2delta/delta mice at P25 compared with 
age-matched Pkd1delta/delta:Ezh2+/+ mice (Fig. 6B and H). 
Total image scanning results were shown in Fig. 6C and 

Fig. 3  cAMP/PKA/CREB signaling increased EZH2 expression in cystic epithelial cells. WT9-12 cells were treated with two cAMP agonists forskolin (A and 
G) and 8-Br-cAMP (B and I), PKA inhibitor H89 (C and H), cAMP antagonist Rp-camp (D and J), or transfected with CREB siRNA (E and K) or CREB plasmids 
(F and L). The expressions of EZH2, phosphorylation of CREB, and H3K27me3 were evaluated by Western blot, N = 3 respectively. Statistical analyses were 
performed with one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001, ****P < 0.0001
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Supplement 3. Two-kidney/total body weight (2KW/
TBW) ratio in the Pkd1delta/delta:Ezh2delta/delta mice was 
significantly lower than that in the Pkd1delta/delta:Ezh2+/+ 
mice by 57% (P < 0.01) (Fig. 6F). The BUN and serum cre-
atinine levels were elevated in the Pkd1delta/delta: Ezh2+/+ 

mice at P25. EZH2 ablation in the Pkd1delta/delta mice also 
significantly decreased the BUN and serum creatinine 
levels by 58% and 70%, respectively, which indicated that 
renal function was significantly improved (Fig.  6D and 
E). Survival rates were not statistically different in P25 

Fig. 4  EZH2 inhibition attenuates cystogenesis in MDCK spheroid cell model. (A and D) MDCK cells were grown in collagen gels in the presence of 10 
µM forskolin. Cells were treated with the indicated doses of GSK126 (A) or EPZ-6438 (D) from day 4. Micrographs were taken at the indicated time points. 
Spheroid diameters (B and E) and spheroid numbers (C and F) from the indicated groups were counted on day 12. (G) MDCK-Cas9 cells infected with 
lentiviruses carrying control or EZH2 sgRNA were grown in collagen gels in the presence of 10 µM FSK. Micrographs were taken at the indicated time 
points. (H and I) Spheroid diameters (H) and spheroid numbers (I) from the indicated groups were counted on day 12. (J) Immunoblotting analysis of 
EZH2 expression in MDCK-Cas9 cells infected with lentiviruses carrying EZH2-sgRNA or control-sgRNA. Data are represented as the mean ± SEM. Statistical 
analyses were performed with one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 5  EZH2 inhibition suppresses cyst formation in embryonic kidney explants while EZH2 over-expression induces cyst growth in Zebrafish. (A and C) 
Mouse embryonic kidneys (E13.5) cultured in the presence of 8-Br-cAMP (100 µM) were treated with the indicated doses of GSK126 (A) and EPZ-6438 (C) 
for 6 days, N = 4 respectively. Micrographs were taken at the indicated time points. (B and D) The percentage of the cystic area relative to the total kidney 
area was measured on day 6. (E) Exogenous expression of human EZH2 induced cyst growth in Zebrafishes. The Zebrafish in the control group have no 
renal cysts, and the general phenotype is normal. The black arrows indicated pronephric cysts, while the red arrows pointed to pericardial cysts. The inset 
in the top right corner shows an enlarged view of the area marked by the black arrow. EZH2 overexpression Zebrafish group had obvious pronephric 
cysts and mild pericardial edema. (F) The proportion of prerenal cysts in zebrafish in control group and EZH2 overexpression group. (G) Western blotting 
showed protein expressions of EZH2 and H3K27me3 of zebrafish in the control group, EZH2 overexpression with renal cyst group, and failed EZH2 injec-
tion group, N = 3 respectively. Statistical analyses were performed with one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 6  Double conditional knockout of Pkd1 and Ezh2 suppresses cyst growth in Pkd1delta/delta mice. (A) Schedule of the induction of Pkd1 and Ezh2 con-
ditional knockout mice (n = 8 each group). (B) Representative kidneys from Pkd1+/+:Ezh2+/+ mice, Pkd1delta/delta:Ezh2+/+ mice (Pkd1flox/flox:Ezh2+/+ mice), and 
Pkd1delta/delta:Ezh2delta/delta mice (Pkd1flox/flox:Ezh2flox/flox mice). Scale bar: 1 cm. (C) Total image scanning of histological kidneys on P25 from the three groups 
mentioned above. (D and E) BUN and creatinine levels were significantly decreased in P25 serum from Pkd1delta/delta:Ezh2delta/delta mice compared with 
Pkd1delta/delta:Ezh2+/+ mice. (F) 2KW/TBW ratios. (G) Survival rates were not statistically different in P25 Pkd1delta/delta:Ezh2delta/delta mice vs. Pkd1delta/delta:Ezh2+/+ 
mice. (H) The cyst index. (I) Cell proliferation detected via Ki67 staining. (J and K) Western blotting of EZH2, p-STAT3, STAT3, and H3K27me3 expression 
from wild type mice, Pkd1delta/delta:Ezh2+/+ mice, and Pkd1delta/delta:Ezh2delta/delta mice in P25. Statistical analyses were performed with one-way ANOVA with 
the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Pkd1delta/delta:Ezh2delta/delta mice vs. Pkd1delta/delta:Ezh2+/+ 
mice (Fig. 6G). H&E result found that Ezh2 knockout had 
better cystic effect in cortex than in medulla (Fig.  6H). 
Pkd1delta/delta:Ezh2+/+ mice had increased cystic epi-
thelial cell proliferation in the kidneys compared with 
WT mice (Fig.  6I). Ki67-positive cells were significantly 
decreased in the kidneys of Pkd1delta/delta: Ezh2delta/delta 
mice. Our previous data showed that STAT3 was over-
activated in polycystic kidneys, and inhibition of STAT3 
by triptolide reduced cyst growth in a PKD rat model 
[26]. The protein expression of EZH2, phosphorylation 
of STAT3 (p-STAT3), and H3K27me3 were increased in 
kidneys from Pkd1delta/delta:Ezh2+/+ mice vs. WT mice, 
whereas the expression of the three proteins decreased 
in kidneys from Pkd1delta/delta:Ezh2delta/delta mice vs. Pkd-
1delta/delta:Ezh2+/+ mice (Fig. 6J and K).

EZH2 inhibitor GSK126 suppresses cyst growth in Pkd1 
knockout mice
The effect of GSK126 on ADPKD was first tested in 
early-onset Pkd1delta/delta mice (Fig. 7A). GSK126 (30 mg/
kg) reduced the 2KW/BW ratio, BUN, and serum cre-
atinine levels in the Pkd1delta/delta mice by 20%, 62%, and 
61%, respectively (Fig. 7B). GSK126 significantly delayed 
cyst growth, as indicated by a 36% decrease in the cyst 
index compared with age-matched DMSO-treated Pkd-
1delta/delta mice (P < 0.001) (Fig.  7C). Moreover, GSK126 
significantly inhibited cystic epithelial cell proliferation 
in the kidneys of Pkd1delta/delta mice by Ki-67 staining 
(Fig. 7D). To mimic the human long-term ADPKD pro-
cess, we further tested effects of GSK126 on renal cyst 
growth in late-onset Pkddelta/delta mice with a 5-month 
follow-up. We administered GSK126 (30 mg/kg) to mice 
through i.p. injections from P56 to P150. We found that 
GSK126 treatment delayed cyst growth as indicated by 
a decreased cyst index, KW/BW ratio, proliferation of 
cystic epithelial cells, BUN, and serum creatinine levels 
(Fig. 7E-H). These results suggested that targeting EZH2 
with pharmacological inhibition could delay cyst growth 
during both short-term and long-term periods in vivo.

Total image scanning indicated that cysts were inhib-
ited in both the medulla and cortex in early-onset 
Pkd1delta/delta mice (Fig.  8A). Immunohistochemical 
analysis indicated that expressions of EZH2, H3K27me3, 
p-STAT3, and PCNA were significantly decreased after 
GSK126 treatment in Pkd1delta/delta mice (Fig.  8B, C). 
Meanwhile, western blotting revealed expressions of 
EZH2, p-STAT3, and H3K27me3 were decreased in 
GSK126-treated Pkd1delta/delta mice kidneys compared 
with DMSO control group, whereas STAT3 level did not 
change significantly (Fig. 8D, E).

EZH2 increases cystic epithelial cell proliferation and 
phosphorylation of STAT3 in ADPKD
Given the evidence that EZH2 promoted renal cyst 
growth in vivo, we investigated the function and mecha-
nism involved in the process in vitro. EZH2 mRNA level 
was knocked down by siRNA and over-expressed by 
EZH2 plasmids in WT9-12 cells (Fig.  9A). MTT assay 
showed that knockdown of Ezh2 by siRNA reduced the 
proliferation of WT9-12 cells while EZH2 plasmids 
increased the proliferation of WT9-12 cells at 5 days. 
WT9-12 cells were treated with various GSK126 concen-
trations (0, 5, and 10 µM) for 7 days, and the proliferation 
index was dose-dependent decreased (Fig. 9B). By using 
EZH2 siRNA, western blotting showed that expressions 
of EZH2, H3K27me3, and p-STAT3 were decreased in 
WT9-12 cells, whereas the expression of STAT3 was 
almost unchanged (Fig.  9C, D). By using EZH2 plas-
mid, EZH2, p-STAT3, and H3K27me3 were increased in 
WT9-12 cells, while the expression of STAT3 was almost 
unchanged (Fig. 9C, D). WT9-12 cells and RCTEC were 
treated with GSK126 concentrations (0, 5, and 10 µM) for 
5 days, and protein expressions of EZH2, H3K27me3, and 
p-STAT3 were dose-dependent decreased (Fig.  9E, F). 
Considering the time effect, WT9-12 cells were treated 
with 10 µM GSK126 concentrations for 2 days. EZH2, 
p-STAT3, and H3K27me3 protein levels were remark-
ably inhibited at 24 H and 48 H, while STAT3 was almost 
unchanged (Fig. 9G, H).

EZH2 activates STAT3 by methylation in ADPKD
To further investigate the mechanisms mediated by 
EZH2, EZH2 was pulled down from WT9-12 cell protein 
samples with antibodies by IP to detect its binding pro-
teins. We determined that endogenous EZH2 could pre-
cipitate with STAT3 by immunoprecipitation in WT9-12 
cell proteins (Fig. 9I). To investigate whether the interac-
tion between EZH2 and STAT3 affected their methyla-
tion, STAT3 was pulled down from cell protein samples 
with an anti–methylation antibody. We found that the 
methylation of STAT3 was positive in WT9-12 cells, and 
the inhibition of EZH2 with GSK126 dose-dependently 
decreased the methylation of STAT3 (Fig.  9J). In addi-
tion, EZH2 was pulled down from human ADPKD kid-
neys by IP to detect its binding proteins. We showed 
that STAT3 was also enriched with EZH2 antibodies 
in the immunoprecipitates (Fig.  9K). Then, we pulled 
down STAT3 in kidneys from normal human controls 
and ADPKD patients and found that STAT3 methylation 
was more enhanced in ADPKD tissues than in normal 
controls (Fig.  9L). These results together with those for 
knockdown of Ezh2 or inhibition with GSK126 leading 
to a decreased phosphorylation of STAT3, suggested that 
EZH2 might regulate STAT3 activation in Pkd1 mutant 
tissues and cells through methylation of the substrates. 
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Fig. 7  GSK126 treatment suppresses cyst growth in both early-onset and late-onset Pkd1delta/delta mice. (A) Representative kidneys from Pkd1+/+ DMSO 
control (n = 8), Pkd1delta/delta (Pkd1flox/flox) DMSO control (n = 8), and Pkd1delta/delta GSK126 mice (n = 8) from P14 to P35. Scale bar: 1 cm. Schedule of the treat-
ment of Pkd1 conditional knockout mice (bottom panel). (B) Treatment with GSK126 compared with DMSO decreased serum BUN, creatinine levels, and 
2KW/TBW ratios in Pkd1delta/delta mice. (C) The cyst index in P35 kidneys. (D) Ki67 staining at P35. The percentage of Ki67-positive nuclei in cells was calcu-
lated from a mean of 1,000 nuclei per kidney section. Scale bar: 50 μm. (E) Representative kidneys from Pkd1+/+ DMSO control (n = 6), Pkd1delta/delta DMSO 
control (n = 8), and Pkd1delta/delta GSK126 mice (n = 7) from P56 to P150. Scale bar: 100 μm. (F) Treatment with GSK126 compared with DMSO decreased 
serum BUN, creatinine levels, and 2KW/TBW ratios in late-onset Pkd1delta/delta mice. (G) The cyst index in P150. (H) Ki67 staining in P150. Scale bar: 50 μm. 
Statistical analyses were performed with one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 8  GSK126 treatment inhibits p-STAT3 and PCNA in Pkd1delta/delta mice kidneys. (A) Total image scanning of histological kidneys on P25 from Pkd1+/+ 
DMSO control, Pkd1delta/delta (Pkd1flox/flox) DMSO control, and Pkd1delta/delta GSK126 mice. (B and C) Immunohistochemical analysis indicated that EZH2, 
H3K27me3, p-STAT3, and PCNA expression were decreased in GSK126-treated Pkd1delta/delta mice kidneys compared with Pkd1delta/delta mice kidneys, N = 6 
respectively. (D) Western blotting of EZH2, p-STAT3, STAT3, and H3K27me3 expression from WT DMSO control, Pkd1delta/delta DMSO control, and Pkd-
1delta/delta GSK126 mice at P35, N = 6 respectively. (E) The expression of EZH2, p-STAT3/STAT3, and H3K27me3 were decreased in kidneys from Pkd1delta/delta 
GSK126 mice compared with DMSO control group, whereas STAT3 did not change significantly. Statistical analyses were performed with one-way ANOVA 
with the Turkey post hoc test. ** P < 0.01, *** P < 0.001, ****P < 0.0001
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Fig. 9 (See legend on next page.)
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Predicted structure and binding interaction between 
EZH2 and STAT3 protein was modeled by AlphaFold in 
Supplement 4. Moreover, STAT3 mediates the activation 
of c-Myc gene by binding to specific regions in c-Myc 
promoter [27).

EZH2 promotes cell cycle and activates wnt signaling in 
human cyst epithelial cells
To identify the EZH2-regulated genes responsible for cys-
togenesis, RNA sequencing was performed from WT9-
12 and WT9-12 + EZH2 siRNA cell groups. We found 
809 upregulated and 826 downregulated DEGs (Fig. 10A, 
B). KEGG analysis found that DEGs were abundant 
in metabolic pathways, cell cycle, Wnt signaling path-
ways, ferroptosis, etc. Thus, the expression of P21 and 
β-catenin were further evaluated. By specific knockdown 
of EZH2 by siRNA, protein levels of non-p-β-catenin, 
EZH2, and H3K27me3 were decreased in WT9-12 cells 
compared with RCTEC, whereas the expression of p21 
was over-expressed (Fig.  10C, D). β-catenin was almost 
unchanged. WT9-12 cells and RCTEC then were treated 
with GSK126 concentrations (0, 5, 10, and 20 µM) for 2 
days, western blotting showed that expressions of EZH2, 
H3K27me3, and non-p-β-catenin were dose-responsively 
decreased from 5 to 20 µM, whereas GSK126 dose-
responsively increased the expression of p21 (Fig.  10E, 
F). β-catenin was almost unchanged. We repeated the 
experiments in OX161 and Ucl93 cells, and the results 
were stable (Supplement 6). Predicted structure and 
binding interaction between EZH2 and non-p-β-catenin 
protein was modeled by AlphaFold in Supplement 7. Cell 
cycle analysis at 2 days confirmed that there was a sig-
nificant reduction in the percentage of cells in the S and 
G2 phases accompanied by an increase in the percentage 
of cells in the G0/G1 phase after GSK126 treatment in 
WT9-12 and OX161 cells (Fig.  10G, H). GSK126 dose-
responsively increased the percentage of G0/G1 cells 
from 5 to 20 µM. Besides, we found that mRNA levels 

of TNF-α upregulated in WT9-12 cells compared with 
RCTEC (Supplement 8). Knockdown of Ezh2 and inhibi-
tion with GSK126 decreased TNF-α mRNA level.

EZH2 enhances ferroptosis by inhibiting SLC7A11 and 
GPX4 in ADPKD
As ferroptosis was a key pathway indicated by EZH2-
regulated DEGs responsible for cell cystogenesis, we 
hypothesized that EZH2 might promote ferroptosis in 
ADPKD. Initially, RT-PCR results indicated reduced 
mRNA levels of glutathione peroxidase 4 (GPX4, a key 
ferroptosis inhibitor) and SLC7A11 (a glutamate/cystine 
antiporter essential for glutathione synthesis) in human 
ADPKD kidney tissues compared to normal controls. 
However, the mRNA levels of Acyl-CoA Synthetase 
Long-Chain Family Member 4 (ACSL4, a ferroptosis 
promoter via lipid peroxidation) showed no significant 
difference (Fig.  11A). MRNA levels of GPX4, SLC7A11 
were also lower, while ACSL4 was higher in Pkd1−/− cells 
vs. Pkd1+/− cells (Fig.  11B). Western blotting revealed 
that GPX4 and SLC7A11 protein expressions were sig-
nificantly decreased, and ACSL4 was slightly increased 
in Pkd1delta/delta mice kidneys compared to WT mice 
(Fig.  11C). Quantifications of Western blotting were 
shown in Supplement 9.

Moreover, knockdown of Ezh2 by siRNA increased 
mRNA and protein levels of GPX4 and SLC7A11 in 
Pkd1−/− cells vs. Pkd1+/− cells with minimal effect on 
ACSL4 levels (Fig.  11B, E). Western blotting showed 
that GSK126-mediated inhibition of EZH2 moderately 
upregulated GPX4 and SLC7A11 protein levels without 
affecting ACSL4 protein levels in Pkd1−/− cells (Fig. 11D). 
Prussian blue staining and 4HNE staining revealed 
increased 4HNE and Fe3 + deposition, while XCT showed 
decreased SLC7A11 expression in Pkd1delta/delta mice 
kidneys compared with WT mice and Pkd1delta/delta 
+ DMSO mice kidneys versus WT mice, respectively 
(Fig. 11F). In contrast, Pkd1 and Ezh2 double conditional 

(See figure on previous page.)
Fig. 9  EZH2 increases WT9-12 cell proliferation and activates STAT3 by methylation. (A) EZH2 mRNA level was knocked down by siRNA and over-ex-
pressed by EZH2 plasmids in WT9-12 cells. WT9-12 NC group consisted of WT9-12 cells transfected with a non-coding siRNA, which served as the control 
for EZH2 siRNA group. The vehicle group consisted of WT9-12 cells transfected with the empty plasmid, serving as the control for the EZH2 overexpres-
sion (EZH2-OE) experiments. (B) The MTT assay showed that knockdown of Ezh2 by siRNA reduced the proliferation of WT9-12 cells while EZH2 plasmids 
increased the proliferation of WT9-12 cells at 5 days. WT9-12 cells were treated with various GSK126 concentrations (0, 5, and 10 µM) for 7 days. (C and D) 
By using EZH2 siRNA, western blotting expressions of EZH2, H3K27me3, and p-STAT3 were decreased in WT9-12 cells, whereas the expression of STAT3 
was almost unchanged. By using EZH2 plasmid, EZH2, p-STAT3, and H3K27me3 were increased in WT9-12 cells, while the expression of STAT3 was almost 
unchanged. (E and F) WT9-12 cells and RCTEC were treated with GSK126 concentrations (0, 5, and 10 µM) for 5 days, western blotting expressions of EZH2, 
H3K27me3, and p-STAT3 were dose-dependent decreased. (G and H) WT9-12 cells were treated with 10 µM GSK126 concentrations for 2 days. EZH2, p-
STAT3, and H3K27me3 protein levels were remarkably inhibited while expressions of STAT3 were almost unchanged. (I) Interactions between EZH2 and 
STAT3 in WT9-12 cells were detected with anti-EZH2 antibody and then blotted with anti-STAT3 antibody. IgG was the negative control. (J) WT9-12 cells 
were immunoprecipitated with anti-STAT3 antibody and then blotted with anti-methylated lysine antibody. The methylated STAT3 level was decreased 
in WT9-12 cells treated with GSK126 (5 and 10 µM, 3 days) compared with WT9-12 cells treated with DMSO. (K) Interactions between EZH2 and STAT3 
in human ADPKD kidney tissues (1 and 2) were also detected with an anti-EZH2 antibody and blotted with an anti-STAT3 antibody. (L) Methylation of 
STAT3 was increased in two different human ADPKD kidney tissues compared with two normal controls. Kidney tissues were immunoprecipitated with 
anti-STAT3 antibody and then blotted with anti-methylated lysine antibody. IgG was the negative control. Statistical analyses were performed with an 
unpaired t-test or one-way ANOVA with the Turkey post hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001, ****P < 0.0001
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knockout and GSK126 treatment both reduced 4HNE 
and Fe3 + deposition while increasing SLC7A11 expres-
sion (Fig.  11G). These findings suggest that EZH2 may 
enhance ferroptosis by inhibiting SLC7A11 and GPX4 in 
ADPKD. The schematic model of EZH2 in ADPKD was 
listed in Fig. 12 and Supplement 10.

Discussion
Epigenetics plays important roles in ADPKD pathogen-
esis [7, 10, 11]. In this study, we studied the functions of 
EZH2 in the setting of cyst growth, revealing its upregu-
lation across various ADPKD models and assessing the 
therapeutic potential of EZH2 inhibition on cystogenesis. 
Our findings indicated a significant increase in EZH2 
mRNA and protein levels in vivo and in vitro. PKD1/2 
mutation may activate cAMP/PKA/CREB pathway and 
increase EZH2 expression in ADPKD. Importantly, the 
inhibition of EZH2, through pharmacological means or 
gene knockdown, markedly attenuated cyst formation 
and growth, underscoring EZH2’s pivotal role in PKD 
pathogenesis. EZH2-specific inhibitor, GSK126, could 
delay cyst growth and protect renal function in both early 
and late-onset Pkd1 knockout mice. EZH2 mediated 
cystogenesis by enhancing methylation and activation 
of STAT3, stimulating non-phosphorylated β-catenin in 
Wnt signaling pathway, and suppressing p21. Addition-
ally, EZH2 enhanced ferroptosis by inhibiting SLC7A11 
and GPX4.

An interesting finding was the different EZH2 expres-
sion among kidney cell types in ADPKD. SnRNA-seq data 
showed that EZH2 had higher expression in the proximal 
tubule cells, ascending thin limb, thick ascending limb, 
and collecting duct cells in ADPKD, which was follow-
ing origins of cysts in various segments of renal tubules 
[28]. However, EZH2 expression was not significantly 
increased at distal tubules, which may partly decipher 
better cyst suppression at cortex after EZH2 knockout in 
PKD mice. It is noteworthy that GSK126 inhibition sup-
pressed cyst growth in both cortex and medulla, which 
was not affected by EZH2 knockout efficiency.

The upregulation of EZH2 in PKD observed in our 
study aligned with previous cancer research [12, 13]. 
The upregulation of EZH2 in ADPKD and the benefi-
cial effects of its inhibition on cystogenesis, as observed 
in our study, sit at the confluence of a growing body of 
literature exploring EZH2’s role. EZH2 research has pre-
dominantly focused on its oncogenic functions in cancer 
biology, where EZH2 is known to facilitate tumorigen-
esis through the epigenetic silencing of genes that regu-
late cell cycle arrest and apoptosis. In cancer research, 
EZH2’s overexpression has been consistently linked 
to poor prognosis and aggressive disease phenotypes, 
prompting the development of EZH2 inhibitors as thera-
peutic agents [29]. Studies in lymphoma and solid tumors 

have shown that targeting EZH2 can halt tumor growth 
and even reverse the malignant phenotype. ADPKD is a 
tumor-like disease to some degree [30]. The inhibition of 
EZH2 in ADPKD models leading to reduced cyst growth 
partly mirrors the inhibitory effects of EZH2 targeting in 
cancers. However, our work first elucidated the multifac-
eted role of EZH2 across human samples and multiple 
PKD models in ADPKD, from gene expression regula-
tion to its involvement in critical signaling pathways like 
STAT3, p21, Wnt, and ferroptosis. The efficacy of EZH2 
inhibitors (GSK126 and EPZ-6438) in reducing cyst 
growth in our study contributed significantly to the lit-
erature, highlighting EZH2 as a viable therapeutic target 
for ADPKD.

We hypothesized that polycystin-1/2 regulated EZH2 
expression through the cAMP/PKA/CREB pathway. Dys-
function of polycystins could promote cell proliferation 
by increasing the cellular level of adenosine 3′,5′-cyclic 
monophosphate (cAMP), which in turn activates pro-
tein kinase A (PKA) and downstream transcriptional 
factor CREB [31]. The cellular level of cAMP is elevated 
in ADPKD, which plays a central role in the progression 
of ADPKD by stimulating fluid secretion and cell prolif-
eration [32]. We partly proved this hypothesis with the 
following results: (1) p-CREB positively correlated with 
EZH2 expression in ADPKD kidneys; (2) cAMP agonists 
or antagonists increased or decreased CREB phosphory-
lation and EZH2 expression respectively; (3) inhibition 
of CREB activity by PKA inhibitor H89 down-regulated 
EZH2 expression; (4) knockdown CREB by siRNA 
decreased EZH2 expression, and vice versa CREB over-
expression increased EZH2 expression. Our findings sug-
gest that EZH2 upregulation and cyst growth may form a 
positive feedback loop, where each process amplifies the 
other. Elevated cAMP levels, commonly observed in cys-
tic cells, were found to enhance EZH2 expression, while 
increased EZH2 activity further drives cystogenesis. This 
mutual reinforcement between EZH2 upregulation and 
cyst growth likely contributes to the progressive nature of 
the disease, creating a cycle that accelerates cyst develop-
ment over time.

We found that the methylation level of H3K27 was 
enhanced in animal and human polycystic kidney tissues 
and EZH2 inhibition or ablation decreased H3K27me3 in 
vivo and in vitro, implying that EZH2 may promote renal 
cyst growth through epigenetically regulating target gene 
expression. EZH2 is well known for its role in maintain-
ing the repression of multiple downstream targets such 
as HOX, e-cadherin, FOXC1, and DNA damage repair 
pathways through epigenetically modifying histones [33, 
34]. Additionally, EZH2 directly influences DNA methyl-
ation and interacts with DNA methyltransferases within 
the PRC2/3, indicating a direct connection between two 
key epigenetic repression systems [35]. Besides, EZH2 
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Fig. 10  Inhibition of EZH2 decreases non-p-β-catenin and arrests cell cycle by p21 in vitro. (A) Heatmap and volcano map of 809 upregulated and 826 
downregulated DEGs from RNA sequencing performed from WT9-12 and WT9-12 + EZH2 siRNA cells. (B) KEGG enrichment analysis of DEGs. (C and D) 
By using EZH2 siRNA, western blotting expressions of EZH2, H3K27me3, and non-p-β-catenin were decreased in WT9-12 cells vs. RCTEC, whereas the 
expression of p21 was over-expressed. β-catenin was almost unchanged. (E and F) WT9-12 cells and RCTEC were treated with GSK126 concentrations 
(0, 5, 10, and 20 µM) for 2 days, western blotting expressions of EZH2, H3K27me3, and non-p-β-catenin were dose-dependently decreased, whereas the 
expression of p21 was over-expressed. β-catenin was almost unchanged. (G) Stages of the cell cycle of WT9-12 cells treated with GSK126 concentrations 
(0, 5, 10, and 20 µM) at 5 days. (H) G0/G1 phase, S phase, and G2/M phase percent of cell cycle in WT9-12 cells, RCTEC, OX161, and Ucl93 cells treated with 
GSK126 concentrations (0, 5, 10, and 20 µM) at 2 days, respectively. Statistical analyses were performed with an unpaired t-test or one-way ANOVA with 
the Turkey post hoc test. *P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 11  EZH2 enhances ferroptosis by inhibiting SLC7A11 and GPX4 in ADPKD. (A) mRNA expression levels of GPX4, SLC7A11, and ACSL4 in human 
ADPKD kidney tissues vs. normal controls. (B) mRNA levels of GPX4, SLC7A11, and ACSL4 in Pkd1−/− cells vs. Pkd1+/− cells. The effect of Ezh2 knockdown 
on mRNA levels of GPX4, SLC7A11, and ACSL4 in Pkd1−/− cells vs. Pkd1+/− cells. (C) Western blotting of protein expressions of GPX4, SLC7A11, and ACSL4 
in Pkd1delta/delta (Pkd1flox/flox) mice kidneys vs. WT mice. (D) Western blotting of protein expressions of GPX4, SLC7A11, and ACSL4 after inhibition of EZH2 
by different doses of GSK126 in Pkd1−/− cells vs. Pkd1+/− cells. (E) The effect of Ezh2 knockdown on protein levels of GPX4, SLC7A11, and ACSL4 in Pkd1−/− 
cells vs. Pkd1+/− cells. (F) xCT, 4HNE, and Prussian blue staining analysis in Pkd1+/+:Ezh2+/+ mice, Pkd1delta/delta:Ezh2+/+ mice, and Pkd1delta/delta:Ezh2delta/delta 
(Pkd1flox/flox:Ezh2flox/flox) mice kidneys. (G) xCT, 4HNE, and Prussian blue staining analysis in Pkd1+/+ DMSO control, Pkd1delta/delta DMSO control, and Pkd-
1delta/delta GSK126 mice. Statistical analyses were performed with an unpaired t-test or one-way ANOVA with the Turkey post hoc test. *P < 0.05, ** P < 0.01, 
*** P < 0.001
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can reduce non-coding RNA expression by binding to 
the promoter [36]. In addition to its known roles in tran-
scriptional regulation and histone modification, EZH2 
can methylate nonhistone substrates [13, 37, 38]. Several 
studies identified a PRC2-independent role of EZH2 in 
transcriptional activation instead of repression [39]. For 
example, an activating function of EZH2 was found in 
breast cancer via activation of NF-κB targets [40]. EZH2 
has been shown to methylate the androgen receptor and 
modulate its recruitment in a prostate cancer model [40]. 
In this study, we found that STAT3 was a nonhistone sub-
strate of EZH2. We found that the upregulation of EZH2 
led to the methylation and phosphorylation of STAT3 
which accelerated cyst proliferation. These data suggested 
that EZH2 ablation in ADPKD inhibited cell proliferation 
partly through post-translational modification of STAT3. 
Moreover, co-IP results indicate that EZH2 is directly 
bound with me-STAT3 in ADPKD. Dasgupta et al. [37] 
found that K49 of STAT3 was dimethylated by EZH2 and 
that EZH2 preferentially bound to tyrosine-phosphory-
lated STAT3. The amino acid sequence surrounding the 
K49 methylation site of STAT3 and the H3K27 EZH2-
dependent methylation site were similar, which may 
lead to binding between EZH2 and STAT3 in ADPKD. 
[37] Moreover, C-Myc, a downstream regulatory gene of 

STAT3, was inhibited by knockdown of Ezh2 or GSK126 
treatment in vitro. C-Myc is a well-known oncogene that 
regulates cell cycle progression, apoptosis, and cellular 
transformation [2]. Therefore, EZH2 might increase cyst 
growth by activating me-STAT3/c-Myc signaling.

Our study indicated that the modulation of EZH2, 
either through siRNA knockdown or pharmacologi-
cal inhibition using GSK126, impacted p21 expression. 
Notably, the downregulation of EZH2 led to decreased 
levels of H3K27me3, alongside an overexpression of 
p21 in WT9-12 cells when compared to RCTEC. Fur-
thermore, the increase in p21 expression following Ezh2 
knockdown or GSK126 treatment indicated a possible 
mechanism by which EZH2 influenced cell cycle arrest 
in the G0/G1 phase, thereby reducing the progression 
of cells into the S and G2 phases. The mechanism by 
which EZH2 regulated p21 involved the trimethylation of 
H3K27me3, leading to the repression of p21 expression 
[41]. Besides, EZH2 can influence the expression of p21 
indirectly through its role in chromatin remodeling and 
gene silencing [42]. In melanoma cells, EZH2 suppres-
sion led to the activation of p21/CDKN1A in a p53-inde-
pendent manner, contributing significantly to cell cycle 
arrest and the induction of a senescence phenotype [42].

Fig. 12  A schematic model for the mechanism of EZH2 in cyst growth of ADPKD. Pkd1/2 mutation or knockout results in the upregulation of cAMP/PKA/
CREB signaling. Upregulated EZH2 methylated STAT3 leading to its phosphorylation and increased proliferation by activating STAT3 and Wnt signaling 
pathways, promoted cell cycle by inhibiting p21 signaling, increased ferroptosis by inhibiting GPX4 and SLC7A11, and regulated the transcription of po-
tential targeted genes such as TNFα and c-Myc. Targeting EZH2 with specific inhibitors GSK126 or EPZ-6438 could delay cyst growth in ADPKD
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Moreover, Ezh2 knockdown or using GSK126 inhib-
ited Wnt signaling in vitro. The downregulation of 
EZH2 dose-dependently led to decreased levels of 
non-phosphorylated β-catenin. This suggested that 
EZH2 inhibition decreased β-catenin’s activity, which 
is a key component of the Wnt signaling known for its 
role in controlling cell proliferation and differentiation 
in ADPKD [43]. EZH2 regulated non-phosphorylated 
β-catenin in colorectal cancer through a specific mecha-
nism involving the activation of the AKT pathway [44]. 
When AKT is activated, it phosphorylates EZH2 on ser-
ine 21. This phosphorylation event is crucial for enabling 
EZH2 to interact with and methylate β-catenin at lysine 
49 (K49) [44]. This methylation of β-catenin increased its 
binding affinity to chromatin. EZH2-β-catenin interac-
tions are associated with colorectal cancer progression, 
including enhancements in cell stemness and migra-
tion [44]. Therefore, EZH2 could methylate and acti-
vate Wnt/β-catenin signaling, ultimately increasing cyst 
growth and progression in ADPKD. Moreover, we found 
that TNF-α levels were upregulated in WT9-12 cells 
compared with RCTEC, and that knockdown of Ezh2 or 
inhibition with GSK126 significantly decreased TNF-α 
mRNA levels, highlighting a potential role of EZH2 in 
activating TNF signaling in ADPKD.

Last, the intriguing link between EZH2 regulation and 
ferroptosis added a novel layer to the understanding of 
ADPKD pathogenesis. Ferroptosis, a form of regulated 
cell death driven by iron-dependent lipid peroxidation, 
emerged as a pivotal pathway influenced by EZH2-regu-
lated DEGs involved in cystogenesis. EZH2 disrupted the 
cellular antioxidant defense and enhanced susceptibil-
ity to ferroptotic cell death, contributing to the progres-
sion of renal cystogenesis [45]. Our results revealed that 
EZH2 may promote ferroptosis by downregulating key 
inhibitors such as glutathione GPX4 and the glutamate/
cystine antiporter SLC7A11. The regulatory mechanism 
involved EZH2 suppressing SLC7A11 expression through 
H3K27me3 modification [46]. The observed upregulation 
of SLC7A11 upon EZH2 inhibition suggested that EZH2 
suppression of SLC7A11 fostered a ferroptotic environ-
ment conducive to ADPKD progression. However, the 
regulation of GPX4 by EZH2 is not yet fully understood. 
It is possible that EZH2 directly binds to the promoter 
regions of GPX4, promoting H3K27me3 modification 
and resulting in the silencing of GPX4 expression, or it 
may interact with microRNAs and transcription factors 
that further modulate GPX4 expression. Collectively, 
these findings highlight the role of EZH2 in regulating 
ferroptosis through mechanisms involving the repres-
sion of GPX4 and SLC7A11. Understanding these path-
ways enhances our appreciation of the potential of EZH2 
inhibitors as therapeutic agents in ADPKD by mitigating 
ferroptosis.

EZH2 has become an important therapeutic target for 
cancer therapy [47]. Our study proved that EZH2 regu-
lated several physiological processes in cyst development 
and enlargement, highlighting the potential therapeutic 
relevance of targeting EZH2 in ADPKD. The small mole-
cule EZH2 inhibitor, GSK126, inhibited both mutant and 
wild-type EZH2 with an over 1,000-fold selectivity for 
EZH2 over other methyltransferases [48]. Our study not 
only showed high expression of EZH2 in human ADPKD 
but also tested the effect of GSK126 in ADPKD animal 
models and organoids for the first time and found it could 
attenuate cyst growth. Moreover, GSK126 decreased 
EZH2 and H3K27me3 in PKD mice without affecting 
the survival time. The potential of EZH2 inhibition as a 
therapeutic strategy opens up new possibilities for PKD 
treatment, emphasizing the need for further research in 
this area. These findings are particularly promising con-
sidering the limited effective treatments currently avail-
able for ADPKD, offering a potential new avenue for 
therapy development. The development of EZH2 inhibi-
tors, such as EPZ-6438 (Tazemetostat), has opened new 
avenues for cancer treatment, particularly for malignan-
cies characterized by EZH2 overexpression or mutation 
[49]. Future research should focus on exploring the long-
term impact of EZH2 inhibition on ADPKD progression, 
particularly in human clinical trials. Investigating the role 
of EZH2 at different stages of PKD and identifying poten-
tial biomarkers for EZH2 activity could provide valuable 
insights for targeted therapy development. Moreover, 
examining combinational therapy approaches, including 
the use of EZH2 inhibitors alongside other therapeutic 
agents, could enhance treatment efficacy and minimize 
resistance.

Our study had some limitations. First, we did not assess 
fibrosis levels in the EZH2 knockout or GSK126-treated 
mouse models. Secondly, one limitation of our study is 
the absence of kidney tissue samples from early-stage 
Pkd1delta/delta mice. As a result, we were unable to assess 
the expression of EZH2 and H3K27me3 during the pre-
cystic stages of disease development. Thirdly, we did not 
directly examine PC1/PC2 mutations and our evidence 
for the regulation of EZH2 through the cAMP/PKA/
CREB pathway was based on indirect pharmacological 
interventions. Additionally, while exploring tolvaptan 
and the mTOR pathway could provide further insights, 
these aspects were beyond the scope of our current study 
and will be considered for future research.

In conclusion, our investigation revealed significant 
upregulation of EZH2 in ADPKD and demonstrated the 
therapeutic potential of EZH2 inhibition in reducing 
cystogenesis. Abnormal polycystins may increase EZH2 
expression via the cAMP/PKA/CREB pathway. EZH2 
plays a critical role in ADPKD progression by activat-
ing STAT3 and Wnt signaling, promoting the cell cycle 
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by inhibiting P21, and enhancing ferroptosis by inhibit-
ing SLC7A11 and GPX4. EZH2 inhibition significantly 
reduced cyst growth both in vitro and in vivo. Both phar-
macological inhibition and genetic ablation of EZH2 sup-
pressed renal cyst growth and protected renal function 
in vivo. These findings advance our understanding of 
ADPKD pathogenesis and highlight EZH2 as a promising 
therapeutic target. Continued research in this direction 
is essential for developing viable treatment strategies for 
ADPKD, offering hope for improved patient outcomes.
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