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Abstract
Background:Renal fibrosis is the final development pathway and themost com-
mon pathological manifestation of chronic kidney disease. Epigenetic alteration
is a significant intrinsic factor contributing to the development of renal fibrosis.
SET domain-containing 2 (SETD2) is the sole histone H3K36 trimethyltrans-
ferase, catalysing H3K36 trimethylation. There is evidence that SETD2-mediated
epigenetic alterations are implicated in many diseases. However, it is unclear
what role SETD2 plays in the development of renal fibrosis.
Methods: Kidney tissues from mice as well as HK2 cells were used as research
subjects. Clinical databases of patients with renal fibrosis were analysed to inves-
tigate whether SETD2 expression is reduced in the occurrence of renal fibrosis.
SETD2 and Von Hippel–Lindau (VHL) double-knockout mice were used to
further investigate the role of SETD2 in renal fibrosis. Renal tubular epithe-
lial cells isolated from mice were used for RNA sequencing and chromatin
immunoprecipitation sequencing to search for molecular signalling pathways
and key molecules leading to renal fibrosis in mice. Molecular and cell biol-
ogy experiments were conducted to analyse and validate the role of SETD2 in
the development of renal fibrosis. Finally, rescue experiments were performed to
determine the molecular mechanism of SETD2 deficiency in the development of
renal fibrosis.
Results: SETD2 deficiency leads to severe renal fibrosis in VHL-deficient mice.
Mechanically, SETD2 maintains the transcriptional level of Smad7, a negative
feedback factor of the transforming growth factor-β (TGF-β)/Smad signalling
pathway, thereby preventing the activation of the TGF-β/Smad signalling path-
way. Deletion of SETD2 leads to reduced Smad7 expression, which results in
activation of the TGF-β/Smad signalling pathway and ultimately renal fibrosis
in the absence of VHL.
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Conclusions: Our findings reveal the role of SETD2-mediated H3K36me3 of
Smad7 in regulating the TGF-β/Smad signalling pathway in renal fibrogenesis
and provide an innovative insight into SETD2 as a potential therapeutic target
for the treatment of renal fibrosis.

KEYWORDS
epigenetic regulation, renal fibrosis, SET domain-containing 2 (SETD2), transforming growth
factor-β (TGF-β)/Smad signalling pathway

1 INTRODUCTION

Chronic kidney disease (CKD) is a progressive disease
with no cure and affects approximately 10% of adults
worldwide.1 Renal fibrosis is the final development path-
way and the most common pathological manifestation of
CKD.2 Characterised by deposition of extracellular matrix,
such as collagen type I alpha 1 chain (COL1A1) and
fibronectin (FN), renal fibrosis causes tissue scarring and
ultimately leads to end-stage renal disease.3 For the major-
ity of individuals suffering from kidney failure, kidney
transplantation and dialysis remain the prevailing treat-
ment options. Nevertheless, the treatment of end-stage
renal disease poses various challenges, such as a shortage
of available kidney donors, a decrease in overall quality of
life and a notable mortality rate following dialysis.4–7 So,
it is crucial to identify and detect new potential targets to
prevent renal fibrogenesis.
There is compelling literature suggesting increased

expression and activation of transforming growth factor-β
(TGF-β) in human kidney disease.8,9 In addition, numer-
ous animal studies have been conducted to confirm that
the TGF-β/Smad signalling pathway plays a pivotal role in
driving the progression of renal fibrosis.10,11 TGF-β/Smad
signalling pathway acts through a very typical signalling
pathway that includes the phosphorylation and activa-
tion of Smad2 and Smad3 by the TGF-β/Smad signalling
pathway receptor 1 (TGFR1, also known as ALK5). Sub-
sequently, the phosphorylated Smad2 and Smad3 bind
Smad4 to form a complex that translocates into the
nucleus, thereby facilitating the transcription of target
genes involved in renal fibrosis.12 This process is inhibited
by the inhibitory Smad, including Smad6 and Smad7. As a
negative feedback inhibitor of the TGF-β/Smad signalling
pathway, Smad7 recruits E3 ubiquitin ligase SMAD-
ubiquitination-regulatory factor 1 (Smurf1) and Smurf2 to
degrade TGFR1.13 In addition, Smad7 inhibits the TGF-
β/Smad signalling pathway by competing with Smad2/3
for bounding to TGFR1 to prevent the phosphorylation of
Smad2/3.14

An important intrinsic cause of CKD is epigenetic
alteration.15 Epigenetics refers to changes in the tran-
scription and expression of genes rather than changes
in the genes themselves, including methylation of DNA,
histone modification and non-coding RNA.16 There are
compelling studies suggesting that histone modifications
play a crucial role in CKD and renal fibrogenesis, such as
H3K9me2/3, H3K4me1/2/3, and H3K27me3.17,18 However,
the role of H3K36 methylation in renal fibrosis remains
unknown. SET domain-containing 2 (SETD2) is the
sole histone H3K36 trimethyltransferase, which catalyses
H3K36 trimethylation.19 SETD2 has been described to be
implicated in a diverse array of biological processes, show-
ing involvement in DNA repair, transcription initiation
and elongation, as well as alternative splicing.20–22 SETD2-
mediated epigenetic alterations are implicated in many
diseases, especially in renal cell carcinoma (RCC).23–25 Our
recent studies also reported that SETD2 plays important
roles in developmental areas and disease occurrence.26–35
Notably, SETD2 deficiency accelerates the transition from
polycystic kidney disease (PKD) to RCC by regulating β-
catenin activity.26 However, the role of SETD2 in renal
fibrosis remains still unknown.
It is worth noting that Von Hippel–Lindau (VHL) is

an important regulatory molecule in the pathogenesis
of kidney diseases. VHL E3 ubiquitin ligase, which can
recognise and ubiquitinate HIF1α and HIF2α, is associ-
ated with the development of renal fibrosis and RCC.36–38
Besides, mouse models combined with VHL deletion
and the target molecular loss are highly favoured when
studying the mechanisms underlying various kidney
diseases.39–41
Here, we established a mouse model of renal fibro-

sis driven by the inactivation of SETD2 and VHL. We
found that SETD2 can maintain the transcriptional level
of Smad7 through H3K36me3, thus inhibiting the activa-
tion of the TGF-β/Smad signalling pathway. SETD2 loss
results in decreased Smad7 level and TGF-β/Smad sig-
nalling pathway activation, which is predictive of fibrosis
in the absence of VHL.
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2 METHODS

2.1 Mouse strains

Setd2fl/fl mice were generated by Shanghai Biomodel
Organism Co. The KspCre mice (B6.Cg-Tg (Cdh16-cre)
91Igr/J) and VHLfl/fl were purchased from The Jackson
Laboratory. Eight-week-old Setd2fl/fl mice were bred with
KspCre mice, resulting in offspring with the genotype
KspCre; Setd2fl/fl mice (Setd2−KO, n = 30). Eight-week-old
VHLfl/fl mice were mated with KspCre mice to generate
KspCre; VHLfl/fl mice (VHL−KO, n = 30). Setd2−KO mice
were mated with VHLfl/fl mice to generate KspCre; VHLfl/fl
Setd2fl/fl mice (VHL−KO; Setd2−KO, n = 30). All mice used
in this study were in C57 background andweremaintained
in a specific pathogen-free facility. All experimental pro-
cedures were approved by the Institutional Animal Care
and Use Committee of Shanghai Jiao Tong University. The
ethical number of animal experiments is 202201027.
Male and female VHL−KO; Setd2−KO mice, as well as

VHL−KO mice, were euthanised at 15 and 30 weeks of age
for subsequent experiments. Additionally, male wild-type
(WT) and Setd2−KOmice were euthanised on days 7 and 14
after unilateral ureteral obstruction (UUO) at 8 weeks of
age (n = 10).

2.2 Blood urea nitrogen and creatinine
test

Blood was collected from 15-week-old VHL−KO; Setd2−KO
and VHL−KO mice (average weight= 30 g, n= 6) using the
tail vein blood collectionmethod. The serumwas analysed
for Blood urea nitrogen (BUN) and creatinine concentra-
tions by Wuhan Servicebio on a Beckman Coulter AU680
analyser.

2.3 Isolation of primary tubular
epithelial cells

To increase the percentage of Cre recombinase-positive
cells, we separated primary renal tubular epithelial
cells (PTECs) from 10-week-old VHL−KO; Setd2−KO and
VHL−KOmice (average weight= 25 g, n= 10) kidneys. Pre-
viously described procedures for isolating and identifying
phenotypes were followed.42

2.4 RNA isolation and reverse
transcription real-time quantitative PCR

RNA was isolated from 10-week-old VHL−KO; Setd2−KO
and VHL−KO mouse PTECs and HK2 cells using TRIzol
reagent (Invitrogen) Reverse transcription real-time quan-

titative PCR (RT-qPCR) was performed using Setd2 and
target gene primers with the Prime Script RT reagent kit
(TaKaRa). GAPDHwas used to normalise the results. Data
were analysed from three independent experiments and
are shown as the mean ± standard error of mean.

2.5 Western blot analysis and antibodies

The cells were lysed with 500mL of Radioimmunoprecipi-
tation assay buffer (RIPA) containing protease and phos-
phatase inhibitors (Millipore). Bio-Rad’s Bicinchoninic
Acid (BCA) assay was used to measure protein concentra-
tions. Proteins were separated using 6% and 10% Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels and then transferred to polyvinylidene fluoride
membranes. Themembranes were blockedwith 5% bovine
serum albumin (BSA) in Tris Buffered Saline (TBS) for
1 h at room temperature. They were then incubated
overnight at 4◦C with the primary antibody. Afterward,
the membranes were washed with TBS containing 1%
Tween 20 and incubated with an Horseradish Peroxidase
(HRP)-conjugated secondary antibody for 1 h at room tem-
perature. Finally, the membranes were developed using an
Enhanced chemiluminescence (ECL) reagent (Thermo).
The immunoblots were quantified by Bio-Rad Quan-
tity One version 4.1 software. Primary antibodies against
SETD2 (LS-C332416), histone H3 (trimethylK36) (ab9050),
Smad7 (ab216428) and FN (15613) were purchased from
Lifespan, Abcam and Proteintech. Antibodies against
histone H3 (#9715), p-Smad3 (#9520), Smad3 (#9523), p-
Smad2 (#3108), Smad2 (#5339) and COL1A1 (#72026) were
purchased from Cell Signaling Technology Inc.

2.6 Haematoxylin and eosin staining,
immunohistochemistry and
immunofluorescence

Sections of fixed tissues were stained with haematoxylin
and eosin (H&E) after being fixed in 10%buffered formalin.
For immunohistochemistry (IHC) staining, sections were
deparaffinised, rehydrated, treated with antigen retrieval
citrate buffer and quenched with 3% H2O2. Five percent
BSA was used as a blocking agent for 1 h at room tem-
perature. Afterward, primary antibodies were incubated at
4◦C for 12−16 h. For immunofluorescence (IF), kidney sec-
tions were permeabilised with Triton X-100, blocked with
5% BSA for 1 h and incubatedwith primary antibody at 4◦C
for 12−16 h. Followed by the incubationwith the secondary
antibodies at 37◦C for 1 h. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI). The primary
antibodies against FN (15613), COL1A1 (#72026), p-Smad3
(ab52903), α-smooth muscle actin (α-SMA) (ab184675)
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for IF, and Smad7 (ab216428) were purchased from Pro-
teintech, Cell Signaling Technology Inc. and Abcam.
Besides, the antibodies againstα-SMA (A17910) and SETD2
(A3194) were purchased from Abclonal. The antibodies
against Tamm–Horsfall protein (THP) (sc-271022), FITC-
LTL (FL-1321), CD8a (14-0808-82) and F4/80 (17-4801-80)
were purchased from Santa Cruz, Vector Laboratories and
eBioscience.

2.7 RNA sequencing and analyses

RNA was extracted from 10-week-old VHL−KO; Setd2−KO
andVHL−KOmice PTECs. For the construction of sequenc-
ing libraries, New England Biolabs’ Next Ultra Direc-
tional RNA Library Prep Kit for Illumina (Ipswich) was
utilised. Afterward, Illumina sequencing was performed
with paired-ends 2× 150 as the sequencingmode. Differen-
tial gene expression was analysed using the DESeq2 pack-
age. The statistically significantDE geneswere obtained by
a p-value threshold<.05 and fold change≥1.5. All differen-
tially expressed mRNAs were selected for Gene Ontology
(GO) analysis.

2.8 Chromatin
immunoprecipitation-qPCR assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using the EZ ChIP kit (Millipore). The proce-
dure was performed as described in the kit provided
by the manufacturer. Briefly, isolated PTECs were fixed
with 1% formaldehyde and broken up by sonication.
Immunoprecipitationwas then performedwith histoneH3
trimethylK36 (Abcam, ab9050). After washing and reverse
cross-linking, the precipitated DNA was amplified with
primers and quantified by qPCR.

2.9 Masson and Sirius Red staining

Kidney samples were obtained from 15- and 30-week-old
VHL−KO; Setd2−KO and VHL−KO mice. Kidney sections
were stained with Masson’s trichrome (Solar bio, G1340)
and Picrosirius red (G-CLONE, RS1220). The experiment
was performed in strict accordance with the operating
instructions. Measurement of the fibrotic area was quan-
tified with ImageJ software (NIH, http://rsbweb.nih.gov/
ij/).

2.10 SIS3 treatment

SIS3 (Selleck, S7959) was stored as a solution in Dimethyl
sulfoxide (DMSO), which was used after diluting it with

a medium for each assay. sh-VHL; sg-SETD2 HK2 cells
were treated with SIS3 at 1 μM for 48 h. SIS3 (2.5 mg/kg)
was administered by i.p. injection four times a week for
4 weeks in 12-week-old VHL−KO; Setd2−KO mice (average
weight = 25, n = 5).

2.11 TGF-β1 stimulation

HK2 cells were incubated in TGF-β1 (R&D Systems, 7666-
MB) at 10 ng/mL for 12 h for Smad3 phosphorylation
assessment.

2.12 Statistics

Statistical evaluation was conducted using Student’s t-
test. Multiple comparisons were analysed first by one-way
analysis of variance. p-Values <.05 were considered sta-
tistically significant. *p < .05; **p < .01; ***p < .001; and
****p < .0001.

3 RESULTS

3.1 The mRNA expression of SETD2 is
positively correlated with VHL in kidney

To investigate whether SETD2 expression is altered in
fibrotic kidneys, we analysed clinical data from Keenan
Research Centre for Biomedical Science and found
reduced expression of SETD2 in patients with renal fibro-
sis (Figure 1A). Considering that fibrosis is usually the
result of chronic inflammation, we also analysed biopsy
data from patients with nephritis and patients with renal
fibrosis, and the data showed that SETD2 expression
is also decreased in patients with renal fibrosis com-
pared to patients with inflammation (Figure 1B). In
addition, we generated a mouse model of UUO, com-
monly used in studies of renal fibrosis,42–44 to evaluate
the expression level of SETD2 in renal fibrosis. We con-
ducted double IF experiments using antibodies against
Lotus tetragonolobus lectin (LTL) and THP, which are
markers of proximal and distal tubules, respectively, to
identify the tubules with SETD2 expression. As shown
in Figure 1C,D, SETD2 is mainly expressed in the renal
tubular epithelial cells in WT mice. And the expres-
sion level of SETD2 protein was decreased in the renal
tubular epithelial cells in the kidney with renal fibrosis,
especially in distal tubules. Meanwhile, considering that
VHL deficiency can result in increased inflammation and
fibrosis,45 we explored the relationship between SETD2
and VHL. The mRNA expression of VHL in the kidneys

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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F IGURE 1 The mRNA expression of SET domain-containing 2 (SETD2) is positively correlated with Von Hippel–Lindau (VHL) in
kidney. (A) The mRNA expression level of SETD2 in normal kidneys (n = 12) and transplant kidneys (n = 18, using dataset GSE135327). (B)
The mRNA expression level of SETD2 in the kidneys with interstitial nephritis (ISN) (n = 5) and interstitial fibrosis/tubular atrophy (IFTA)
(n = 5, using dataset GSE120495). (C) The double immunofluorescence (IF)staining experiment results of SETD2 with Lotus tetragonolobus
lectin (LTL) and Tamm–Horsfall protein (THP). Scale bars: 50 μm. (D) The statistical results of the double IF staining experiments. (E) The
mRNA expression level of VHL in normal kidneys (n = 12) and transplant kidneys (n = 18, using dataset GSE135327). (F) The relation of the
expression of SETD2 and VHL in normal kidneys and transplant kidneys (n = 5, using dataset GSE135327). (G) The relation of expressions of
SETD2 and VHL in the kidneys with ISN and IFTA (using dataset GSE120495). (H) The relation of expressions of SETD2 and VHL in normal
and transplant kidneys from The Cancer Genome Atlas (TCGA). The data are represented as the mean ± standard deviation (SD). *p < .05,
**p < .01, ***p < .001, ****p < .0001.

with renal fibrosis was also reduced compared to that
in normal kidneys (Figure 1E). Meanwhile, the mRNA
expression of SETD2 is positively correlated with VHL
in both kidneys with renal fibrosis and normal kidneys
(Figure 1F–H).

3.2 Loss of SETD2 is no more prone to
promote renal fibrosis in the UUOmodel

To explore the potential function of SETD2 in renal fibro-
sis in vivo, we used a transgenic Ksp1.3/Cre mouse line
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F IGURE 2 Loss of SET domain-containing 2 (SETD2) is no more prone to promote renal fibrosis in the unilateral ureteral obstruction
(UUO) model. (A) Schematic representation of generatingWT and Setd2−KO mice UUOmodel (n = 10). (B) Kidney volumes ofWT and
Setd2−KO mice on days 7 and 14 post-UUO (n = 10). Scale bars: 1 cm. (C) Haematoxylin and eosin (H&E), Masson’s trichrome, Sirius Red and
immunohistochemistry (IHC) staining ofWT and Setd2−KO mice UUOmodel. Scale bars: 100 μm. WT, wild type.

to generate Setd2fl/fl mice and delete SETD2 in tubular
epithelial cells (referred to as Setd2−KO mice).42 First, we
generated the UUO model of Setd2−KO mice and WT
mice (Figure 2A,B). Using Masson’s trichrome and Sir-
ius Red staining, we observed that the loss of SETD2 did
not significantly increase the positive area of Masson’s
trichrome and Sirius Red staining compared to WT mice
at either day 7 or 14 post-UUO. In addition, the IHC stain-
ing results also showed that the expression levels of α-SMA
and COL1A1 remained unchanged in Setd2−KO mice com-
pared to WT mice (Figure 2C). These results indicated

that Setd2−KO mice were no more prone to develop renal
fibrosis compared toWTmice under the condition ofUUO.

3.3 SETD2 deficiency resulted in severe
renal fibrosis in VHL-deficient mice

To further investigate whether SETD2 contributes to renal
fibrosis, we generated KspCre; VHLfl/fl mice (hereafter
referred to as VHL−KO mice) and KspCre; VHLfl/fl; Setd2fl/fl
mice (hereafter referred to as VHL−KO; Setd2−KO mice)
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F IGURE 3 SET domain-containing 2 (SETD2) deficiency resulted in severe renal fibrosis in Von Hippel–Lindau (VHL)-deficient mice.
(A) Schematic representation of generating the VHL−KO and VHL−KO; Setd2−KO mouse model (n = 30). (B) Immunohistochemistry (IHC)
staining of VHL and H3K36me3 inWT, VHL−KO and VHL−KO; Setd2−KO mice (n = 8). Scale bars: 25 μm. (C) Western blotting (WB) analysis of
the expression of SETD2 inWT and VHL−KO; Setd2−KO mice (n = 8). (D) The mRNA level of SETD2 in VHL−KO and VHL−KO; Setd2−KO mice.
The mRNA level of VHL inWT and SETD2–KO mice (n = 8). (E) Kidney volumes of VHL−KO and VHL−KO; Setd2−KO mice (n = 8). Scale bars:
1 cm. (F) Haematoxylin and eosin (H&E), Masson’s trichrome and Sirius Red staining of 15- and 30-week-oldWT, Setd2−KO, VHL−KO and
VHL−KO; Setd2–KO mice. Scale bars: 50 μm (left), 25 μm (right). (G) The statistical results of 15- and 30-week-old VHL−KO and VHL−KO;
Setd2−KO mice (n = 10). (H) The RT-qPCR results of the inflammatory cytokines and chemokines in VHL−KO and VHL−KO; Setd2−KO mice. (I)
Testing the infiltration of macrophages and CD8+ T cells in 15-week-old VHL−KO and VHL−KO; Setd2−KO mice by using the antibodies against
F4/80 and CD8α. Scale bars: 100 μm (left), 50 μm (right). (J) Immunohistochemistry (IHC) and immunofluorescence (IF) results of COL1A1
and α-smooth muscle actin (α-SMA) in 15-week-old VHL−KO mice and VHL−KO; Setd2−KO mice (n = 10). Scale bars: 100 μm. (K) The mRNA
levels of collagen type I alpha 1 chain (COL1A1), fibronectin (FN) and α-SMA in 15-week-old VHL−KO mice and VHL−KO; Setd2−KO mice. (L)
BUN and creatinine levels in 15-week-oldWT, Setd2−KO, VHL−KO and VHL−KO; Setd2−KO mice (n = 6 mice per group). The data are
represented as the mean ± standard deviation (SD). *p < .05, **p < .01, ***p < .001, ****p < .0001. WT, wild type.
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F IGURE 3 Continued

(Figure 3A). Based on the experimental results obtained
from Western blotting (WB), IHC and RT-qPCR, we
observed a downregulation ofVHL, SETD2 andH3K36me3
expression levels in the renal tubules (Figure 3B–D).
Observing the mouse kidneys, we found that the kidneys
appeared to be crumpled and smaller inVHL−KO; Setd2−KO
mice than in VHL−KO mice (Figure 3E). To observe the
morphologic alteration, we performed H&E, Masson’s
trichrome and Sirius Red staining, and the results showed
that VHL−KO; Setd2−KO mice exhibited a loss of normal
renal tubular structure and numerous cysts. Additionally,
these mice displayed characteristic features of renal fibro-

sis (Figure 3F,G). Furthermore, we performed RT-qPCR
and found a significant upregulation in the expression
of inflammatory cytokines and chemokines in VHL−KO;
Setd2−KO mice compared with VHL−KO mice, including
Interleukin-1α (IL-1α), Interleukin-6 (IL-6), Chemokine
(C-X-C motif) ligand 1 (CXCL1) and Chemokine (C-C
motif) ligand2 (CCL2). Similarly, IF staining revealed
an increased infiltration of macrophages and CD8+ T
cells in VHL−KO; Setd2−KO mice compared with VHL−KO
mice (Figure 3H,I). Meanwhile, the expression levels of
COL1A1, α-SMA and FN in VHL−KO; Setd2−KO mice were
much higher than that in VHL−KO mice, suggesting that
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F IGURE 4 The inactivation of SET domain-containing 2 (SETD2) caused hyperactive transforming growth factor-β (TGF-β)/Smad
signalling pathway in Von Hippel–Lindau (VHL)-deficient renal tubular epithelial cells. (A) Heatmap of genes with significantly different
expression in freshly isolated renal tubular epithelial cells based on unsupervised hierarchical agglomerative clustering (n = 3 mice per
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SETD2 deficiency leads to renal fibrosis (Figure 3J,K).
Moreover, in line with the morphologic alteration, BUN
and creatinine levelswere reduced in the blood ofVHL−KO;
Setd2−KO mice compared to the control group (Figure 3L).
Together, these results indicated that SETD2 deficiency
resulted in severe renal fibrosis in VHL-deficient mice.

3.4 The inactivation of SETD2 caused
hyperactive TGF-β/Smad signalling
pathway in VHL-deficient renal tubular
epithelial cells

To explore the mechanisms by which SETD2 deficiency
promotes renal fibrosis in VHL-deficient renal tubular
epithelial cells, we performed RNA sequencing using
PTECs freshly isolated from 10-week-old VHL−KO and
VHL−KO; Setd2−KO mice. The overall transcriptome of
VHL−KO; Setd2−KO PTECs was significantly altered com-
pared to VHL−KO PTECs. A total of 2659 genes were
upregulated and 2617 genes downregulated with a fold
change ≥1.5 (Figure 4A). GO and pathway analysis pre-
sented that SETD2 inactivation significantly enriched lots
of genes associated with pathways associated with fibro-
genesis. In addition, GO analysis showed that several
pathways were upregulated in VHL−KO; Setd2−KO mice
compared with VHL−KO mice, including the TGF-β/Smad
signalling pathway and PI3K–Akt signalling pathway
(Figure 4B). We conducted gene set enrichment analysis
to gain a better understanding of the signalling pathways
mediated by SETD2. The data showed that TGF-β/Smad
signalling pathway-associated genes were enriched in
VHL−KO; Setd2−KO PTECs. To verify the results of the
pathway analysis and explore the pivotal pathway in fibro-
genesis, we used RT-qPCR to detect the expression levels
of related pathways in more samples, including the TGF-
β/Smad signalling pathway, PI3K–Akt signalling pathway,
FoxO signalling pathway andWnt signalling pathway. And
the results showed that only the TGF-β/Smad signalling
pathway was indeed significantly activated in VHL−KO;
Setd2−KO mice (Figure 4D). TGF-β/Smad signalling path-
way plays an important role in renal fibrogenesis and a
wide range of studies have established the TGF-β/Smad
signalling pathway as the paramount pathogenic fac-
tor that drives fibrosis. The activated Smad2 and Smad3

have been verified in VHL−KO; Setd2−KO mice by WB
(Figure 4E). Furthermore, the data of IHCalso showed that
the positive rate of p-Smad3 was much higher in VHL−KO;
Setd2−KO mice than that in VHL−KO mice (Figure 4F).
These results indicated that SETD2 can inhibit the TGF-
β/Smad signalling pathway transcriptional activity and
SETD2 loss leads to p-Smad2 and p-Smad3 activation,
which activates TGF-β/Smad signalling in VHL-deficient
kidneys.

3.5 SETD2 inhibits TGF-β/Smad
signalling activation by regulating Smad7
expression

To explore the potential mechanisms of SETD2-dependent
epigenetic alterations and to identify genes associatedwith
SETD2 and H3K36me3 on a genome-wide scale in the kid-
ney, we referred to the ChIP sequencing data as described
to explore possible SETD2/H3K36me3 targets.26 Consider-
ing that SETD2 can facilitate gene transcription,we investi-
gated the negative regulators of the TGF-β/Smad signalling
pathway and we found that the H3K36me3 antibody occu-
pies the Smad7 transcription start region and exon region
(Figure 5A). To demonstrate the involvement of SETD2
andH3K36me3 histonemarker in Smad7 transcription, we
verified the occupancy of H3K36me3 in the Smad7 tran-
scribed region using ChIP-qPCR (Figure 5B). These results
indicated that SETD2 deletion eliminates H3K36me3mod-
ification in the transcriptional region Smad7. In addi-
tion, Smad7 protein expression was also reduced in
VHL−KO; Setd2−KO mice compared with VHL−KO mice
(Figure 5C). Furthermore, IHC and RT-qPCR results also
showed that SETD2 loss resulted in the downregulation
of Smad7 expression in VHL−KO; Setd2−KO mice PTECs
(Figure 5D,E). To better verify the fact that SETD2 can reg-
ulate Smad7 transcription in vitro, we utilised renal cell
lines and demonstrated that SETD2 depletion leads to a
reduction in Smad7 transcript level, while overexpression
of SETD2 leads to a large increase in Smad7 expression
(Figure 5F). In addition, clinical data also showed a pos-
itive correlation between SETD2 and Smad7 expression
(Figure 5G). Together, these results showed that SETD2
inhibits TGF-β/Smad signalling activation by regulating
Smad7 expression. Notably, RT-qPCR analysis showed that

group). (B) Pathway analysis of differentially expressed genes belonging to signalling pathways associated with SETD2 deletion. (C) Gene set
enrichment analysis (GSEA) enrichment plots of differentially expressed genes associated with SETD2 deletion in VHL-deficient tissue. (D)
RT-qPCR analysis of Wnt signalling pathway, TGF-β signalling pathway, FoxO signalling pathway and PI3K signalling pathway (n = 3 mice
per group). (E) The protein levels of p-Smad2 and p-Smad3 in VHL−KO and VHL−KO; Setd2−KO mice. (F) Immunohistochemistry (IHC)
staining reveals the positive rate of p-Smad3 in VHL−KO and VHL−KO; Setd2−KO mice (n = 8). Scale bars: 25 μm. The data are represented as the
mean ± standard deviation (SD). *p < .05, **p < .01, ***p < .001, ****p < .0001.
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VHL mRNA expression level was reduced by SETD2 defi-
ciency in the PETCs from 10-week-old mice (Figure 5H).
This result suggested that SETD2 loss also partially affects
the inhibitory function of VHL on the TGF-β signalling
pathway. Furthermore, in VHL−KO; Setd2−KO mice PTECs,
VHL is deleted in the renal tubules, leading to activation of
the TGF-β/Smad signalling pathway.

3.6 SETD2 deletion leads to fibrosis
through activation of the TGF-β/Smad
signalling pathway in vitro

To further validate the effect of SETD2 on the TGF-
β/Smad signalling pathway and exclude the effect of the
pro-fibrotic environment, we deleted SETD2 through
the CRISPR-Cas9 method in HK2 cells. SETD2 deletion
resulted in increased expression of p-Smad3 and decreased
expression of Smad7 in HK2 (Figure 6A,B). IF results pre-
sented that SETD2 deficiency resulted in the activation
of the TGF-β/Smad signalling pathway (Figure 6C,D). In
addition, the mRNA levels of COL1A1, COL1A2 and FN1,
which are the target genes of p-Smad2/3, are increased
in the absence of SETD2 (Figure 6E). IF results showed
that FN protein expression levels increased after SETD2
deletion (Figure 6F). Considering that SETD2 inhibits
TGF-β/Smad signalling activation by regulating Smad7
expression, we performed a gene rescue experiment
with Smad7 overexpression in HK2 cells. And the results
showed that Smad7 overexpression inhibited the TGF-
β/Smad signal pathway caused by SETD2 and VHL
deletion (Figure 6G). In addition, we further confirmed
that SETD2 overexpression could facilitate Smad7 tran-
scription to inhibit the TGF-β/Smad signalling pathway
and renal fibrosis (Figure 6H). We also found that TGF-β
can repress SETD2 expression (Figure 6I). These results
indicated that SETD2 deletion leads to fibrogenesis
through activation of the TGF-β/Smad signalling pathway
in vitro.

3.7 Treatment with TGF-β/Smad
inhibitor rescues the renal fibrosis
phenotype caused by SETD2 absence

Given that SETD2 loss-mediated fibrogenesis is dependent
on the hyperactivation of TGF-β/Smad signalling, we next
investigated whether this phenotype could be rescued
efficiently by the TGF-β/Smad signalling inhibitor. SIS3
is a novel specific Smad3 inhibitor that inhibits TGF-β
by inhibiting Smad3 phosphorylation.46 SIS3 or DMSO
was administered by i.p. injection four times a week for
4 weeks in 12-week-old VHL−KO; Setd2−KO mice. We
found that the surface of SIS3-treated mice was relatively
smoother compared to the control group (Figure 7A,B).
BUN and creatinine levels were reduced in the blood
of SIS3-treated mice compared to the control group
(Figure 7C). In addition, the degree of kidney fibrosis was
greatly reduced in SIS3-treated mice compared to the con-
trol group (Figure 7D,E). Meanwhile, p-Smad3, COL1A1
and α-SMA positive staining were reduced in drug-treated
mice compared with controls, demonstrating that the
TGF-β/Smad inhibitor can largely relieve the fibrotic
phenotype (Figure 7F,G). The same results were observed
in vitro (Figure 7H,I). Overall, these results suggested
that inhibition of the TGF-β/Smad signalling pathway
can rescue the renal fibrosis phenotype caused by SETD2
absence.

4 DISCUSSION

In this study, we demonstrated that SETD2 plays a crit-
ical role in the inhibition of the development of kidney
fibrosis both in vitro and in vivo. We illustrated that
SETD2 deficiency promotes renal fibrosis in VHL-deficient
mice by the activation of the TGF-β/Smad signalling path-
way. SETD2 maintains the expression level of Smad7
through H3K36me3 and inhibits the TGF-β/Smad sig-
nalling pathway. The anti-fibrotic effect of SETD2 provides

F IGURE 5 SET domain-containing 2 (SETD2) inhibits transforming growth factor-β (TGF-β)/Smad signalling activation by regulating
Smad7 expression. (A) Snapshot of H3K36me3 chromatin immunoprecipitation sequencing (ChIP-Seq) signals at the Smad7 gene loci in
primary tubular epithelial cells (PTECs). (B) ChIP-qPCR analysis of H3K36me3 occupancy to gene body-retained locus using immunoglobulin
G (IgG) as the control (n = 3). (C) Western blot analysis of the Smad7 protein level in VHL−KO and VHL−KO; Setd2−KO mice. (D)
Immunohistochemistry (IHC) staining and statistics of Smad7 and p-Smad3 inWT, Setd2−KO, VHL−KO and VHL−KO; Setd2−KO mice (n = 8).
Scale bars: 50 μm. (E) The mRNA expression levels of Smad7 in VHL−KO; Setd2−KO mice and VHL−KO mice (n = 8). (F) Changes in Smad7
mRNA expression in 786-O and CAKI cells after SETD2 knockdown or overexpression (n = 3). (G) Correlation between SETD2 and Smad7
expression levels in normal kidney tissues and GSE135327. Statistical significance was determined using the Pearson correlation coefficient.
(H) The SETD2 expression level in 10-week-oldWT and VHL−KO mice and Von Hippel–Lindau (VHL) expression in 10-week-oldWT and
Setd2−KO mice. The data are represented as the mean ± standard deviation (SD). *p < .05, **p < .01, ***p < .001, ****p < .0001. WT, wild
type.
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an innovative insight into SETD2 as a potential therapeutic
target for the treatment of renal fibrosis.
SETD2 is reported to be the only histone H3K36

trimethyltransferase involved in different biological pro-
cesses, including DNA repair, transcription initiation and
elongation20–22 SETD2-mediated epigenetic alterations are
associated with many diseases, especially in RCC.23–25
SETD2 loss perturbs the kidney cancer epigenetic land-
scape to promote metastasis and engenders actionable
dependencies on histone chaperone complexes.25 Our
recent studies reported that SETD2 plays important
roles in intestinal immunity,27 suppressing inflammatory
bowel disease,28 V(D)J recombination in normal lympho-
cyte development,29 attenuating experimental colitis,30
inhibiting pancreatic carcinogenesis,31 bone marrow mes-
enchymal stem cell differentiation,32 genomic imprinting,
embryonic development,33 spermiogenesis34 and cuta-
neous wound healing.35 Based on the PKD model caused
by the oncogene MYC, SETD2 deficiency accelerates the
transition from PKD to RCC by regulating β-catenin
activity at the transcriptional and post-transcriptional
levels.26 In addition to the role of transcription regula-
tion, SETD2 is also involved in non-histone methylation
modifications,47,48 alternative splicing,49 etc. For example,
it has been reported that SETD2 can restrict prostate can-
cer metastasis by integrating EZH2 and AMPK signalling
pathways.50 Loss of SETD2 promotes acinar-to-ductal
metaplasia and epithelial–mesenchymal transition during
pancreatic carcinogenesis induced by Kras.31
There is evidence suggesting increased expression and

activation of TGF-β/Smad in human kidney disease. TGF-
β/Smad signalling pathway has important regulatory roles
in inflammation, cancer, immunity and fibrosis.51–53 TGF-
β/Smad signalling pathway is the primary factor that drives
renal fibrosis.12 Few studies have been conducted between
SETD2 and the TGF-β/Smad signalling pathway, especially
in the field of renal diseases. Smad7 is a negative feed-
back inhibitor of the TGF-β/Smad signalling pathway.54
Smad7 can recruit Smurf1 and Smurf2 to degrade TGFR1.
In addition, Smad7 can inhibit the TGF-β/Smad signalling

pathway by competing with Smad2/3 for bounding to
TGFR1 to prevent the phosphorylation of Smad2/3. SIS3
is a selective Smad3 inhibitor that attenuates TGF-β1-
dependent Smad3 phosphorylation and DNA binding.46
SIS3 can alleviate many diseases, such as lung cancer.55
The results that SIS3 can treat fibrosis caused by SETD2
inactivation to some extent prove that the clinical appli-
cation of SIS3 will be more desirable for patients with
reduced SETD2 expression.
SETD2 and VHL are both commonly mutated genes in

renal cell cancer. The expression of SETD2 andVHL is pos-
itively correlated in patients with renal fibrosis and renal
cancer, indicating their clinical significance. Available
studies have suggested that VHL protein can also ubiqui-
tinate Smad3.56,57 In this study, we found that SETD2 and
VHL could jointly inhibit TGF-β/Smad signalling pathway
activation. Deletion of SETD2 results in reduced expres-
sion of Smad7, leading to the failure to inhibit the TGF-β
signalling pathway. Meanwhile, the lack of VHL leads to
the excessive accumulation of Smad3, which promotes
the TGF-β signalling pathway. The combined effect of the
two aspects results in the excessive activation of the TGF-
β signalling pathway. However, as important regulatory
molecules, SETD2 and VHL are involved in various bio-
logical processes. The potential interaction between VHL
and SETD2 is unknown and undoubtedly complex. And it
will also be a major focus of our future work.
In summary, we established a mouse model of renal

fibrosis driven by deficiency of SETD2 and VHL. SETD2
deficiency resulted in severe renal fibrosis in the absence
of VHL, and based on these results, we found that SETD2
deletion can lead to reduced expression of Smad7 by
H3K36me3, which activates the TGF-β/Smad signalling
pathway and leads to renal fibrosis. In addition, TGF-
β inhibitor can rescue the phenotype caused by SETD2
absence. For clinical translation, pharmaceutical investi-
gation of the cross-talk between SETD2 and TGF-β/Smad
signalling may provide a potentially promising strategy to
prevent renal fibrogenesis in patients (Supporting Infor-
mation).

F IGURE 6 SET domain-containing 2 (SETD2) deletion leads to fibrosis through activation of the transforming growth factor-β
(TGF-β)/Smad signalling pathway in vitro. (A and B) The expression of p-Smad3 and Smad7 in sh-VHL and sh-VHL; sg-SETD2 HK2 cells
(n = 4). (C) Immunofluorescence (IF) results of p-Smad3 expression level in wild type (WT), sg-SETD2, sh-VHL and sh-VHL; sg-SETD2 HK2
cells (n = 4). Scale bars: 100 μm. (D) Statistical results of p-Smad3 in WT, sg-SETD2, sh-VHL and sh-VHL; sg-SETD2 HK2 cells. (E) The mRNA
levels of collagen type I alpha 1 chain (COL1A1), COL1A2 and fibronectin (FN) in sh-VHL and sh-VHL; sg-SETD2 HK2 cells (n = 4). (F) IF
results of FN expression level in WT, sg-SETD2, sh-VHL and sh-VHL; sg-SETD2 HK2 cells (n = 4). Scale bars: 100 μm. (G) Western blotting
(WB) analysis of p-Smad3 expression in sh-VHL; sg-SETD2 HK2 cells with or without OV-Smad7. (H) WB analysis of p-Smad3 expression in
sh-VHL; sg-SETD2 HK2 cells with or without TGF-β1 stimulation. (I) Changes in SETD2 mRNA expression level after TGF-β1 stimulation.
The data are represented as the mean ± standard deviation (SD). *p < .05, **p < .01, ***p < .001, ****p < .0001. VHL, Von Hippel–Lindau.



LIU et al. 15 of 18

F IGURE 7 Treatment with transforming growth factor-β (TGF-β)/Smad inhibitor rescues the renal fibrosis phenotype caused by SET
domain-containing 2 (SETD2) absence. (A) A scheme of treatment was given for each injection (n = 5 mice per group). (B) Kidney volumes
of VHL−KO; Setd2−KO mice treated with SIS3 or DMSO. Scale bars: 1 cm. (C) BUN and creatinine levels in VHL−KO; Setd2−KO mice treated
with SIS3 or DMSO. (D) Haematoxylin and eosin (H&E), Masson’s trichrome and Sirius Red staining and statistical results of VHL−KO;
Setd2–KO mice treated with SIS3 or DMSO. (E) The protein levels of p-Smad3 in VHL−KO; Setd2−KO mice treated with SIS3 or DMSO.
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(F) Immunohistochemistry (IHC) staining of p-Smad3, collagen type I alpha 1 chain (COL1A1) and α-smooth muscle actin (α-SMA) in
VHL−KO; Setd2−KO mice treated with SIS3 or DMSO. Scale bars: 50 μm. (G and H) Fibronectin (FN) and p-Smad3 immunofluorescence (IF)
results in sh-VHL; sg-SETD2 HK2 cells treated with SIS3 or DMSO. Scale bars: 100 μm. The data are represented as the mean ± standard
deviation (SD). *p < .05, **p < .01, ***p < .001, ****p < .0001. VHL, Von Hippel–Lindau.
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