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Abstract Clear cell renal cell carcinoma (ccRCC) is a common kidney malignancy characterized by a

poor prognosis. Suppressor of variegation 3e9 homolog 1 (SUV39H1), which encodes a histone H3

lysine 9 methyltransferase, has been reported to act as an oncogene in many cancers. However, it is un-

clear whether SUV39H1 is involved in ccRCC. Here, we report that SUV39H1 expression is frequently

upregulated in ccRCC tumors and is significantly correlated with ccRCC progression. SUV39H1 expres-

sion level is an independent risk factor for cancer prognosis, and integration with several known prog-

nostic factors predicted ccRCC patient prognosis with improved accuracy than the conventional

SSIGN (stage, size, grade and necrosis) prognostic model. Mechanistically, we discovered that siRNA

knockdown or pharmacological inhibition of SUV39H1 induced iron accumulation and lipid peroxida-

tion, leading to ferroptosis that disrupted ccRCC cell growth in vitro and in vivo. We also show that

SUV39H1 deficiency modulated the H3K9me3 status of the DPP4 (dipeptidyl-peptidase-4) gene pro-

moter, resulting in upregulation of its expression that contributes to ferroptosis. Taken together, our find-

ings provide the mechanistic insight into SUV39H1-dependent epigenetic control of ccRCC tumor growth

and indicate that SUV39H1 may serve as a potential therapeutic target for ccRCC treatment.
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1. Introduction

Renal cell carcinoma (RCC) is the most common adult renal
cancer originating from renal tubular epithelial cells1. Clear cell
renal cell carcinoma (ccRCC) is the major histopathological
RCC subtype, and accounts for approximately 75% of all RCC
cases2. Localized ccRCC is generally cured by surgery, whereas
patients with advanced ccRCC still face limited treatment op-
tions due to its intrinsic resistance to conventional chemotherapy
or radiotherapy3. Recently, tremendous progress in our under-
standing of the underlying biology of this tumor type and the
discovery of effective drugs have resulted in the development of
several therapeutic methods, including immune-checkpoint in-
hibitors, vascular endothelial growth factor (VEGF) receptor
tyrosine kinase inhibitors and mammalian target of rapamycin
(mTOR) inhibitors, which have exhibited promising clinical
results4. However, each of these management strategies has
specific limitations, such as frequently occurring severe side
effects and intrinsic or acquired drug resistance5. Clinicians
therefore face a significant decision-making challenge when
choosing the most appropriate therapeutic regimen for patients
with advanced ccRCC. Thus, an individualized therapeutic
regimen is desperately needed to provide hope for patients with
advanced ccRCC.

Epigenetic alterations, such as histone modification, DNA
methylation and the expression of non-coding RNAs, are closely
involved in ccRCC initiation and progression, indicating that
targeting the epigenome could be a promising approach to treating
ccRCC6,7. Suppressor of variegation 3e9 homolog 1 (SUV39H1),
a SET domain-containing histone methyltransferase (HMTase), is
responsible for tri-methylation of histone 3 lysine 9 (H3K9me3),
which is associated with heterochromatin formation and tran-
scriptional repression of targeted genes8. SUV39H1 is essential for
mouse germ cell development and cell cycle regulation9,10. In
addition, SUV39H1 has been reported to participate in tumori-
genesis in various types of cancer. SUV39H1 is generally regarded
as a tumor suppressor, due to its roles in suppressing genes
required for proliferation and in promoting senescence11. How-
ever, increasing evidence indicates that SUV39H1 may also serve
as an oncogene in some human cancers. SUV39H1 expression is
upregulated in many cancers, including human colon carcinoma,
bladder cancer and hepatocellular carcinoma, compared with
nontumor tissues12e14. SUV39H1 has been reported to function as
an oncogene in melanoma via inhibiting the expression of reti-
noblastoma (RB)15. To date, the role of SUV39H1 in ccRCC
progression is still largely unknown.

Ferroptosis, an iron-dependent form of non-apoptotic regulated
cell death, was originally identified in cancer cells with oncogenic
RAS mutations16. Two central biochemical events, iron accumu-
lation and lipid peroxidation, result in reactive oxygen species
(ROS) production and subsequent cell death17. More importantly,
ferroptosis has been implicated in the progression of neurode-
generative and neuropsychiatric diseases, ischemiaereperfusion
injury and kidney degeneration18. Recent work has also indi-
cated that dysfunction of ferroptosis is closely related to tumor
progression. Inducing ferroptosis has emerged as an attractive
strategy for managing various types of cancer19. Therefore, factors
that regulate ferroptosis are potential therapeutic targets for cancer
treatment. Dipeptidyl-peptidase-4 (DPP4, also known as CD26) is
a glycoprotein mainly located at the plasma membrane that plays a
critical role in regulating ferroptosis. In particular, DPP4 binds to
NADPH oxidase 1 (NOX1) to form the DPP4eNOX1 complex,
which facilitates intracellular lipid peroxidation and ultimately
results in ferroptosis20. Of note, the expression levels of a variety
of iron-related genes are significantly associated with ccRCC
patient prognosis, suggesting that ferroptosis plays a vital role in
ccRCC progression, and that targeting ferroptosis could be an
effective option for ccRCC treatment21.

In this study, we examined SUV39H1 expression in ccRCC
tumor tissues and analyzed its association with ccRCC progres-
sion and prognosis. Further, SUV39H1 expression and SUV39H1
activity were inhibited by genetic knockdown and pharmacolog-
ical inhibition, respectively, to determine the functional role of
SUV39H1 in ccRCC cell growth both in vitro and in vivo. Finally,
we investigated the exact mechanism underlying the effects of
SUV39H1 on ccRCC tumor growth. Our study provides proof-of-
concept that targeting an epigenetic factor could be a promising
strategy for ccRCC treatment.

2. Materials and methods

2.1. Patients and tissue samples

Two ccRCC patient cohorts for which clinical information was
available were used for the analysis. For the first cohort, Clin-
icalMatrix and RNA sequencing data (HiSeqV2) for 534 ccRCC
patients were obtained from the Cancer Genome Atlas (TCGA,
https://cancergenome.nih.gov/) data portal. Patients for whom
clinical information was missing were excluded when analyzing
the relationship between SUV39H1 expression level and clinical
characteristics. The median mRNA expression value was consid-
ered as the cutoff value for low/high expression of SUV39H1 or
DPP4 in ccRCC samples. For the second cohort, SUV39H1
expression in ccRCC tumor and normal tissue samples from 358
patients (for whom follow-up data was available) was analyzed by
immunohistochemistry (IHC). Overall survival (OS) was calcu-
lated from the time of surgery to the latest follow-up or death for
any reason, while recurrence-free survival (RFS) was calculated
from the date of nephrectomy to the date of recurrence. Tissues
samples collected from ccRCC patients who had undergone ne-
phrectomy were used for mRNA or protein extraction and IHC
staining. Written consent was obtained from all the patients for
sample collection. This study was approved by the Ethics and
Research Committees of Renji Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China.

2.2. RNA isolation and RT-qPCR

Total RNA was isolated using Trizol and reverse transcribed into
cDNA following the manufacturer’s instructions. Gene expression
levels were measured by reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) using ChamQ Universal SYBR
qPCR Master Mix (Vazyme, Nanjing, China) and an ABI ViiA™
7 System (Thermo Fisher, Waltham, MA, USA). Primers used in
our study are listed in Supporting Information Table S1.

2.3. Western blot

Western blot analysis was performed as previously described22.
Briefly, after collecting protein lysates in 2% SDS, we measured
the protein concentration of each sample and separated the

https://cancergenome.nih.gov/
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samples on a 7.5%e12.5% SDS-PAGE gel (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Next, the proteins were transferred to a
membrane, the membrane was blocked and then treated with
various antibodies (with washing between steps), and target pro-
tein bands were detected by an enhanced chemiluminescence
system (GE Healthcare Life Sciences, Chalfont, UK). All anti-
bodies used in this study are listed in Supporting Information
Table S2.
2.4. Immunohistochemistry

Tissue microarrays (TMAs) were constructed and stained as previ-
ously described23. A primary anti-SUV39H1 antibody was used for
IHC staining. Tissue staining intensity and percentage were scored,
and a comprehensive score (staining percentage � intensity) was
used to evaluate the expression level of SUV39H1.Acomprehensive
score of 6 was set as the cutoff value to define low/high SUV39H1
expression in ccRCC tissues24.
2.5. Cell culture and chemical reagents

RCC cell lines 786-O, Caki-1, A498, 769-P and ACHN and the
normal cell line HK-2 were obtained from the American Type
Culture Collection (Manassas, VA, USA). All cell lines were
cultured in the recommended medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Gibco, Australia) at
37 �C with 5% CO2. Chemical reagents, including ferrostatin-1
(CSN12654), z-VAD-FMK (CSN19230), necrostatin 1
(CSN11637), bafilomycin A1 (CSN10374), VX-765 (CSN15837),
UNC0638 (CSN16350) and chaetocin (CSN19229) were provided
by CSNpharm (Chicago, IL, USA).
2.6. Small interfering RNA (siRNA) transfection

Cells were seeded into plates at an appropriate density. After 12 h,
small interfering RNAs (siRNAs, 50e100 nmol/L) and lipofect-
amine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA,
USA) were added, according to the manufacturer’s instructions.
Western blotting was performed to detect the efficiency of gene
knockdown. The sequence-specific siRNAs used to knock down
SUV39H1 and DPP4 expression are listed in Supporting Infor-
mation Table S3.
2.7. Cell proliferation assay

The effects of siRNA transfection and treatment with various
compounds on cellular proliferation were determined by Sulfo-
rhodamineB (SRB) assay according to the manufacturer’s in-
structions. In brief, ccRCC cells were seeded into 96-well plates
(1 � 103 cells/well) and incubated overnight at 37 �C. After
treatment, cells were fixed, stained, and Soft Max pro plate reader
was used to assess the cell viability at 560 nm.
2.8. Colony growth assay

Cells were seeded in 6- or 12- or 24-well plates at an appropriate
density and incubated overnight at 37 �C. After managements,
colony cell growth was measured at Day 3 or 7, and the colonies
were fixed, stained, photographed and counted.
2.9. Cell cycle assay

Cell cycle analysis after siRNAs and drug treatments were per-
formed by flow cytometry (BectoneDickinson, Franklin Lakes,
NJ, USA) as previous reported22. Briefly, cells were collected,
fixed, stained with propidium iodide (PI) and analyzed by flow
cytometry. The results were analyzed using ModFit software.

2.10. Lentiviral vector construction and transfection

Lentiviral particles were constructed as described25. In brief, a
short hairpin RNA (shRNA) homologous to SUV39H1 or a control
shRNA was integrated into the pGMLV-SC5 backbone. The
shRNA sequences are listed in Supporting Information Table S4.
Cells were infected and subjected to puromycin selection before
the experiments were performed.

2.11. Animal xenograft models and treatment

Female SCID mice (4e6 weeks old) were purchased and used for
the xenograft models. Approximately 5 � 106 ccRCC cells were
injected subcutaneously into the flank, or patient-derived tumor
xenograft (PDX) was established using human ccRCC tissue
(PDX#1002523691) from patients from Renji Hospital, with
written patient consent. Tumor volume was estimated as Eq. (1):

Tumor volume Z Length � Width2/2 (1)

The mice were treated with vehicle (control) or chaetocin
(0.5 mg/kg/day) by daily intraperitoneal injection. Mice body
weights and tumor volumes were measured twice a week. After
treatment, the tumors were harvested, weighed, photographed and
fixed with 4% formaldehyde. Animal studies were performed in
accordance with the guidelines of the Experimental Animal Ethics
Committee of Shanghai Jiao Tong University (Shanghai, China).

2.12. Lipid ROS assay

Lipid ROS in cells was detected with C11-BODIPY (Cat. #D3861,
Thermo Fisher) following the manufacturer’s protocols. Briefly,
after 2 days of treatment, cells were incubated with 10 mmol/L of
C11-BODIPY and incubated in the dark at 37 �C, 5% CO2 for
30 min. After washing three times with PBS, the C11-BODIPY
green fluorescence (484 nm/510 nm) was measured with a flow
cytometer.

2.13. Mitochondrial superoxide measurement

Mitochondrial superoxide production in ccRCC cells was detected
using MitoSOX™ Red Mitochondrial Superoxide Indicator for
live-cell imaging (Invitrogen) according to the manufacturer’s
protocols. After 2 days of treatment, the cells were stained with
5 mmol/L MitoSOX reagent in PBS for 10 min at 37 �C, 5% CO2

in the dark, and then washed three times to remove excess
MitoSOX. Cellular fluorescence was examined at an excitation/
emission value of 510 nm/580 nm.

2.14. Iron assay

An Iron Assay Kit (SigmaeAldrich, St. Louis, MO, USA) was
used to measure the Fe2þ and total iron content of cells, according
to the manufacturer’s protocols. After 2 days of treatment, cells
(5 � 106) were homogenized in 300 mL of iron assay buffer and



Figure 1 SUV39H1 expression is upregulated in tumors and correlates with the progression and prognosis of ccRCC patients. (A) The mRNA

levels of SUV39H1 were analyzed in the ccRCC tissues in TCGA dataset compared to the normal controls. (B)e(D) The mRNA levels of

SUV39H1 in different histological grades, clinical TNM stages and T stages of ccRCC tissues. Patients with clinical information missing were

excluded. (E) KaplaneMeier analysis of OS for all ccRCC patients with low or high SUV39H1 expression level in TCGA dataset. (F)

KaplaneMeier analysis of OS for patients with high histological grade (Grades 3þ4). (G) KaplaneMeier analysis of OS for patients with in-

termediate and advanced tumor stage (Stages IIþIIIþIV). (H) KaplaneMeier analysis of OS for patients with large tumor size (tumor

size � 1.5 cm). (I) RT-qPCR experiment was performed to analyze the SUV39H1 mRNA level in ccRCC cell lines (786-O, Caki-1, A498, 769-P,

and ACHN) and the normal kidney cell line HK-2. The expression level of b-actin was used as the normalized control. The experiment was

repeated three times and data was presented as mean � SD. (J) The mRNA level of SUV39H1 was detected in 12 pairs of human ccRCC tumor

tissues and adjacent normal tissues. The expression level of b-actin was used as normalized control. The experiment was repeated three times and

data was presented as mean � SD. (K) and (L) Western blot experiment was performed to evaluate the protein level of SUV39H1 in 5 paired

ccRCC tissue samples, and b-Actin was used as control. The statistical analysis comes from technical replicates and the experiment was repeated

three times. (“T” means tumor tissue and “N” means paired normal tissue). Data was presented as mean � SD. (M) Representative images of

SUV39H1 staining with high or low expression level in ccRCC tumor tissues and peritumor tissues. nTumor tissues Z 358, nPeritumor tissues Z 233.

Scale bar: 100 mm. (N) KaplaneMeier analysis of ccRCC OS based on SUV39H1 expression level in ccRCC TMAs. nZ 358. (O) KaplaneMeier

analysis of ccRCC RFS based on SUV39H1 expression level in ccRCC TMAs. n Z 358. ***P < 0.001.

SUV39H1 deficiency suppresses ccRCC growth by inducing ferroptosis 409
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centrifuged at 16,000�g for 10 min at 4 �C. Next, 50 mL of the
samples were transferred to a 96-well plate, and the volume was
brought to 100 mL per well with assay buffer. To measure Fe2þ,
5 mL of iron assay buffer was added to each sample. To measure
total iron, 5 mL of iron reducer was added to samples. Then, the
96-well plate was incubated for 30 min at room temperature. Next,
100 mL of iron probe was added to each sample, and the samples
were then incubated in the dark for 60 min at room temperature.
Finally, the absorbance was measured at 593 nm (A593).

2.15. RNA-sequencing analysis

RNA-sequencing (RNA-seq) analysis was performed as described
previously26. Briefly, cells were collected, and total RNA was
isolated. RNA-seq was performed on the Illumina HiSeq2000, the
data were aligned to the UCSC human hg19 genome using STAR
2.5, and hits were quantified using feature count software. The R
package tools “DESeq2” and “ClusterProfiler” were used to
analyze the RNA-seq data, using a fold change of 2 and an
adjusted P value of 0.01 as the cut-off values, respectively.

2.16. Chromatin immunoprecipitation analysis (ChIP)

ChIP analysis was performed using a ChIP Kit from Cell Signal
Technology (Cat. No. #9005, Danvers, MA, USA) according to
the manufacturer’s instructions. The percentage of DPP4 gene
promoter copies bound to H3K9me3 was quantified by qPCR
using DPP4 promoter-specific primers (Supporting Information
Table S5).

2.17. Statistical analysis

Statistical analysis was performed using SPSS 22 software, R
software or Graphpad Prism 6.0 (La Jolla, CA, USA). The chi-
square function of SPSS 22 was used to investigate the correlations
between SUV39H1 expression and clinical features, and the
KaplaneMeier method and log-rank test were used to analyze
survival curves. The “rms” tool of R was used to analyze the no-
mograms, calibration plots, Harrell concordance index (C-index)
and Akaike information criteria (AIC). Data was presented
as mean � standard deviation (SD), and a student’s t-test was
performed to calculate the statistical significance of differences
between groups using GraphPad Prism. *P < 0.05, **P < 0.01 and
***P < 0.001 were considered significantly different.

3. Results

3.1. SUV39H1 expression is upregulated in ccRCC tumors and
correlates with the progression and prognosis

Studies have indicated that SUV39H1 plays a vital role in the
progression of multiple cancers12,14. To assess the clinical role of
SUV39H1 in ccRCC progression, we first investigated the
expression pattern of SUV39H1 in ccRCC by analyzing publicly
available data from TCGA. As shown in Fig. 1A, SUV39H1
expression was significantly higher in ccRCC tumor tissues than
that in normal tissues. SUV39H1 expression was also correlated
with various features of tumor progression, including histological
grade, clinical TNM stage, invasion depth (T stage) and tumor size
(Fig. 1BeD, Supporting Information Fig. S1AeS1C and Table
S6).
A survival analysis was performed to investigate the prognostic
value of SUV39H1 expression level in ccRCC, and the results
show that patients exhibiting high SUV39H1 expression had
significantly shorter OS than those with low SUV39H1 expression
(Fig. 1E). Moreover, SUV39H1 expression level had significant
prognostic value for ccRCC with a high histological grade (Grades
3þ4), intermediate and advanced tumor stages (Stages IIþIII-
þIV), large tumors (tumor size � 1.5 cm), deep invasion
(T2þT3þT4), and negative for lymph node metastasis (N0 stage),
while there was no significant prognostic value for patients with
distant metastasis (Fig. 1FeH and Fig. S1DeS1L).

To further investigate SUV39H1 expression in ccRCC, RT-
qPCR and Western blot experiments were performed with
ccRCC cell lines and paired normal and ccRCC tissue samples
from patients. The results show that most ccRCC cell lines (786-O,
Caki-1, A498, and 769-P) have a higher SUV39H1 expression
levels than the normal kidney cell line HK-2 (Fig. 1I). Consistent
with this, ccRCC tumor tissues exhibited increased levels of
SUV39H1 mRNA and protein compared with normal tissues
(Fig. 1JeL).

Next, we evaluated the SUV39H1 expression in ccRCC by
performing an IHC staining analysis of a TMA consisting of 358
ccRCC tissue samples. As shown in Fig. 1M, variable SUV39H1
staining intensity was detected both in tumor tissues and paired
peritumor tissues. Upregulated SUV39H1 expression was also
observed in ccRCC tissues compared with peritumor tissues
(Fig. S1M and S1N). The association between patients’ clinico-
pathological features and SUV39H1 levels are summarized in
Table 1. Of note, SUV39H1 expression was positively associated
with clinical stage (P Z 0.020), invasion depth (T stage,
P Z 0.040) and Fuhrman grade (P Z 0.002). Furthermore, sur-
vival analysis indicated that a high level of SUV39H1 expression
was significantly correlated with shorter OS and RFS in ccRCC
patients (Fig. 1N and O). Taken together, these findings suggest
that SUV39H1 expression is increased in ccRCC tumors and
correlates with the progression and prognosis.

3.2. Construction of nomogram models for predicting ccRCC
patient prognosis

We next investigated whether SUV39H1 expression level is an
independent prognostic factor for ccRCC patient outcomes. Sig-
nificant prognostic factors (P < 0.05) identified by univariate
analysis were further assessed by multivariate analysis. The results
indicate that SUV39H1 expression level, as well as TNM stage,
Fuhrman grade and tumor size, was an independent prognostic
predictor for OS and RFS of ccRCC patients (Table 2).

To evaluate the predictive value of SUV39H1 expression
levels, C-index and AIC analyses were performed27. As shown in
Table 3, the C-index values were increased and the AIC values
were decreased for OS or RFS when SUV39H1 expression level
was considered together with conventional prognostic factors,
suggesting the SUV39H1 expression level has good predictive
ability for ccRCC prognosis. Moreover, compared with the SSIGN
outcome algorithm, the nomogram model integrating all factors
(SUV39H1 expression, TNM stage, Fuhrman grade and tumor
size) has a higher C-index and a lower AIC, which means that the
nomogram model performed better than the conventional SSIGN
outcome algorithm in predicting ccRCC prognosis.

To further assess the utility of SUV39H1 expression as a
prognostic factor, we constructed two nomogram models to pre-
dict ccRCC patient prognosis by integrating all of the independent



Table 1 Association of SUV39H1 expression with clinico-

pathological characteristics of 358 ccRCC patients in TMAs.

Characteristic Patient SUV39H1

expression

P

n % Low High

All patients 358 100 99 259

Gender 0.950

Male 254 70.9 70 184

Female 104 29.1 29 75

Age (years) 0.259

�55 178 49.7 54 124

>55 180 50.3 45 135

Stage 0.020*

IþII 341 95.3 99 242

IIIþIV 17 4.7 0 17

T stage 0.040*

T1þT2 344 96.1 99 245

T3þT4 14 3.9 0 14

N stage 0.133

N0 349 97.5 99 250

N1 9 2.5 0 9

M stage 0.286

M0 352 98.3 99 253

M1 6 1.7 0 6

Fuhrman grade 0.002*

G1þG2 297 83.0 92 205

G3þG4 61 17.0 7 54

Tumor size (cm) 0.280

�4 186 52.0 56 130

>4 172 48.0 43 129

*P < 0.05 indicates a significant association among the variables.
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prognostic predictors identified by the multivariate analysis28.
Patients’ OS or RFS probabilities could be predicted from the total
score, which was calculated by adding up the points for each
parameter (Supporting Information Fig. S2A and S2B). The
calibration plots for the probability of OS or RFS at 3, 5, 7 and 10
years after surgery show good consistency between observed
survival and that predicted by the nomogram models
(Fig. S2CeS2J). Moreover, analysis of ccRCC data from TCGA
largely supported our findings (Supporting Information Tables S7
and S8, and Fig. S2KeS2O). Our results suggest that these two
nomogram models may be used to reliably predict the probable
prognosis of ccRCC patients.
Table 2 Multivariate Cox regression analysis for overall survival an

Characteristic Overall survival

HR (95% CI) P

SUV39H1 in cancer tissues

Low 1

High 4.678 1.851e11.821 0.00

TNM stage

IþII 1

IIIþIV 4.373 2.373e8.058 <0.

Fuhrman grade

IþII 1

IIIþIV 1.981 1.216e3.225 0.00

Tumor size (cm)

�4 1

>4 3.891 2.081e7.274 <0.

HR, hazard ratio; 95% CI, 95% confidence interval. *P < 0.05 was consid
3.3. SUV39H1 knockdown inhibits ccRCC tumor growth and
induces ferroptosis

Based on our finding that SUV39H1 expression is correlated with
ccRCC prognosis, we next investigated the functional role of
SUV39H1 in ccRCC cells. We initially evaluated the correlation
between SUV39H1 expression level and expression of KI67, a
marker that is closely associated with tumor malignancy. As
expected, SUV39H1 expression was significantly correlated with
KI67 expression (RZ 0.4099, P < 0.001) in ccRCC tumors from
TCGA (Supporting Information Fig. S3A). To further investigate
the effect of SUV39H1 on ccRCC growth, SUV39H1 was
depleted by siRNAs in ccRCC cells, and the knockdown effi-
ciency was assessed by Western blot (Fig. 2A). Compared with
the negative control, cells in which SUV39H1 expression was
knocked down showed reduced growth and colony formation
(Fig. 2BeE) and the cells were arrested in G2/M phase (Fig. 2F
and G and Fig. S3BeS3C). We also employed a ccRCC cell-
derived xenograft mouse model to investigate whether
SUV39H1 expression is essential for tumor growth in vivo. Caki-
1 cells with stable depletion of SUV39H1 significantly impaired
tumor growth, as indicated by tumor volume, weight and size
(Fig. 2HeJ and Fig. S3D). The average body weight of mice did
not change significantly in either group (Fig. S3E). These find-
ings suggest that SUV39H1 plays a crucial role in promoting
ccRCC growth.

Several forms of regulated cell death (RCD), including
apoptosis, necroptosis, pyroptosis, ferroptosis and autophagy-
dependent cell death, have been well-characterized29. We next
attempted to determine whether SUV39H1 depletion inhibits
ccRCC tumor growth by inducing any of these forms of RCD. To
test this, five different RCD-specific small-molecule compounds
were used to inhibit individual cell death pathways. The death of
SUV39H1-depleted cells was significantly reduced by treatment
with ferrostatin-1, an inhibitor of ferroptosis, suggesting that
SUV39H1 knockdown may attenuate cell growth partly by
inducing ferroptosis (Fig. 2KeM and Fig. S3F). To confirm this
finding, we assessed intracellular iron, lipid ROS levels and the
morphological changes in ccRCC cells. As expected, we found
that SUV39H1 knockdown increased intracellular lipid ROS,
mitochondrial superoxide levels, intracellular iron and Fe2þ

levels, and induced ferroptosis associated morphological changes
in ccRCC cells (Fig. 2NeS and Fig. S3GeS3K). Together, our
d recurrence-free survival in 358 ccRCC patients.

Recurrence-free survival

HR (95% CI) P

1

1* 2.420 1.183e4.949 0.016*

1

001* 3.336 1.754e6.346 <0.001*

1

6* 1.924 1.174e3.154 0.009*

1

001* 5.064 2.676e9.582 <0.001*

ered statistically significant.



Table 3 Comparison of the predictive accuracies of prog-

nostic factors.

Model Overall survival

(n Z 358)

Recurrence free

survival

(n Z 358)

C-

index

AIC C-

index

AIC

SUV39H1 0.628 780.1949 0.600 828.7987

TNM stage 0.589 771.5985 0.576 816.8801

TNM stageþSUV39H1 0.688 752.7648 0.652 808.8266

Fuhrman grade 0.614 788.2059 0.609 825.5831

Fuhrman

gradeþSUV39H1

0.696 767.8118 0.665 817.0112

Tumor size 0.683 766.2329 0.703 793.0312

Tumor sizeþSUV39H1 0.748 742.5755 0.749 781.6016

Nomogram 0.791 722.4722 0.782 768.5916

SSIGN 0.678 768.2519 0.702 789.5096

AIC, Akaike information criterion; C-index: Harrell’s concordance

index.
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results suggest that SUV39H1 knockdown attenuates tumor
growth partly by inducing ferroptotic cell death in ccRCC.
3.4. Inhibition of SUV39H1 enzymatic activity induces
ferroptosis and suppresses cell proliferation in ccRCC cells

To determine whether SUV39H1 enzymatic activity participates
into ferroptosis, we examined the effect of the SUV39H1 inhibitor
chaetocin on ccRCC cell ferroptosis30. Western blot analysis was
performed to evaluate the effect of chaetocin on H3K9me3 levels
in ccRCC cells. As shown in Supporting Information Fig. S4A,
chaetocin treatment reduced the level of H3K9me3 in ccRCC
cells. Importantly, we found ferrostatin-1 significantly reduced the
cell death induced by chaetocin (Fig. 3A and Fig. S4B). Impor-
tantly, electron microscopy analysis indicated that chaetocin
treatment significantly induces ferroptosis specific changes of
mitochondria such as the disappearance of the mitochondrial crest
and increased dense of mitochondrial membrane (Fig. 3B). In
addition, chaetocin treatment also increased intracellular levels of
lipid ROS, mitochondrial superoxide, iron and Fe2þ levels, and
induced ferroptosis associated morphological changes in ccRCC
cells (Fig. 3CeH and Fig. S4CeS4I). Since chaetocin is a non-
selective histone lysine methyltransferase inhibitor (targeting for
Suv39H1, G9a and DIM5), we next to test whether the inhibition
of G9a or DIM5 impacts the occurrence of ferroptosis in ccRCC.
We firstly examined the impacts of G9a inhibition on intracellular
iron level, lipid ROS level and the morphology of ccRCC cells
with a G9a-selective inhibitor (UNC0638), and found that G9a has
no significant impact on ferroptosis-specific phenotypes in ccRCC
(Supporting Information Fig. S5). Besides, we found DIM5 gene
is not detected in Homo sapiens31. These results together largely
exclude that the impacts of chaetocin was via other targets like
G9a and DIM5. Together, we reveal that the inhibition of
SUV39H1 enzymatic activity could induce ccRCC cell
ferroptosis.

To evaluate whether SUV39H1 could serve as a potential
therapeutic target for ccRCC treatment, we examined the effect of
chaetocin on ccRCC cell growth. In vitro experiments showed that
chaetocin inhibited ccRCC cell proliferation and colony forma-
tion, and increased cell death in a dose-dependent manner (Fig. 3I
and J and Supporting Information Fig. S6A). Consistent with this,
chaetocin treatment significantly increased the proportion of
ccRCC cells that arrested in the G2/M phase of the cell cycle
(Fig. 3KeL, Fig. S6B and S6C). To assess the anti-tumor effects
of chaetocin in vivo, we treated a patient-derived xenograft (PDX)
ccRCC model with chaetocin and found chaetocin treatment
resulted in substantially inhibited tumor growth, as indicated by
tumor volume, size and weight (Fig. 3MeO). In terms of tolerance
and toxicity, no significant weight loss was observed in either
group (Fig. S6D). In summary, our results show that inhibiting
SUV39H1 enzymatic activity induces ferroptosis and suppresses
ccRCC tumor growth, indicating that SUV39H1 may be an
effective therapeutic target for treating ccRCC.

Given that SUV39H1 depletion also induces G2/M cell cycle
arrest, we next asked whether cell cycle arrest is mediated by
ferroptosis. Result showed that the inhibition of ferroptosis barely
impacts the occurrence of G2/M cell cycle arrest, indicating the
regulation of cell cycle is independent of ferroptosis in SUV39H1
suppressed ccRCC cells (Supporting Information Fig. S7).
Considering apoptosis is a key pattern of inducing tumor cell
death, we further asked whether cell apoptosis is involved in the
SUV39H1-induced cell death. Our data indicate that knockdown
or inhibition of SUV39H1 has no significant impact on apoptosis
phenotype of ccRCC cells (Supporting Information Fig. S8). Be-
sides, we want to know whether SUV39H1 knockdown or inhi-
bition have cell cytotoxicity in the normal kidney cell line HK-2.
Results showed that SUV39H1 knockdown or inhibition of
SUV39H1 enzymatic activity by chaetocin have some extent ef-
fect of cell cytotoxicity in HK-2 cells, which is relatively marginal
compared with that in ccRCC cells (Supporting Information
Fig. S9). Taken together, our data showed that targeting SUV39H1
has a potential value in treating ccRCC.

3.5. SUV39H1 inhibition upregulates DPP4 in ccRCC

To identify the molecular signaling pathway involved SUV39H1-
mediated regulation of ferroptotic cell death, we performed an
RNA-seq analysis of 786-O cells after SUV39H1 knockdown.
Heat-map analysis of differentially expressed genes (DEGs)
showed the overall changes (Fig. 4A). Given the functional role of
SUV39H1 in transcriptional repression of target genes, DEGs that
were upregulated following SUV39H1 knockdown were selected
for further analysis. GO enrichment and KEGG pathway analyses
were performed to evaluate the functional role of SUV39H1 in
ccRCC. The GO analysis results showed that the upregulated
DEGs were enriched with proteins involved in the endoplasmic
reticulum lumen, and the KEGG analysis indicated that SUV39H1
may participate in lysosome function and sphingolipid metabolism
in ccRCC (Fig. 4B and C), which have been previously reported
play a critical role in ferroptosis19,32,33.

We next sought to identify the potential targeted genes that
may contribute to ferroptosis induction in ccRCC. An ever-
expanding number of regulators, such as GPX4, FTH1, SLC7A11,
TFRC and DPP4, are consecutively reported to involve in
modulating ferroptosis19,29. We found two ferroptosis associated
genes (TFRC and DPP4) expression levels were significantly
changed among the Top200 upregulated DEGs (ranked by Padj)
in response to SUV39H1 knockdown (Supporting Information
Table S9). Next, RT-qPCR was performed to verify the expres-
sion level of TFRC and DPP4, as well as GPX4, FTH1 and
SLC7A11, and we found that DPP4 was the most significantly
upregulated gene after SUV39H1 knockdown (Fig. 4D). To



Figure 2 Knockdown of SUV39H1 attenuates cell growth and induces ferroptotic cell death. (A) Knockdown of SUV39H1 by specific siRNAs

in ccRCC cells, after 48 h, and the expression of SUV39H1, H3K9me3, H3 and GAPDH were detected by Western blot. (B) and (C) Knockdown

of SUV39H1 suppressed cell growth ability in ccRCC cells (786-O and Caki-1). SUV39H1 was knocked down with SUV39H1 siRNAs and OD

values were used to compare cell growth ability between different groups. Data was presented as mean � SD, n Z 3. (D) and (E) Knockdown of

SUV39H1 suppressed 786-O or Caki-1 cell colony formation ability. Three view fields were selected to count the number of cells and data was

presented as mean � SD. (F) and (G) Knockdown of SUV39H1 significantly induced G2/M cell cycle arrest in 786-O cells. The experiment was

repeated three times and data was presented as mean � SD. (H) RT-qPCR analysis was performed to detect the level of SUV39H1 mRNA in Caki-

1 cells transfected with the SUV39H1-specific shRNA and control (shcontrol). Data was presented as mean � SD, nZ 3. (I) and (J) Tumor growth

curves in SUV39H1 stable depleted Caki-1 xenograft models, and tumor weights were expressed as mean � SD, n Z 6 for each group. (K)

Treatment with RCD specific inhibitors, including z-VAD-FMK (an apoptosis inhibitor, 10 mmol/L), necrostatin 1 (a necroptosis inhibitor,

20 mmol/L), bafilomycin A1 (an autophagy inhibitor, 100 nmol/L), VX-765 (a pyroptosis inhibitor, 5 mmol/L), and ferrostatin-1 (a ferroptosis

inhibitor, 5 mmol/L), in SUV39H1 specific siSUV39H1#1 transfected 786-O cells, and cell proliferation was evaluated after 3 days. Three view

fields were selected to count the number of cells and data was presented as mean � SD. (L) and (M) 786-O and Caki-1 cells were transfected with

SUV39H1 specific siRNA (siSUV39H1#1) or negative siRNA (siNC) in the presence and absence of 5 mmol/L Fer-1 (ferrostatin-1), and cell

proliferation was evaluated after 3 days. Three view fields were selected to count the number of cells and data was presented as mean � SD. (N)

and (O) Levels of lipid ROS were analyzed in SUV39H1-depleted Caki-1 cells. Data was presented as mean � SD, n Z 3. (P) and (Q) Levels of

mitochondrial superoxide were analyzed in SUV39H1-depleted Caki-1 cells. Data was presented as mean � SD, nZ 3. (R) and (S) Levels of Fe2þ

and total iron were analyzed in Caki-1 cells transfected with the SUV39H1-specific shRNA and control (shcontrol). Data was presented as

mean � SD, n Z 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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confirm this finding, we performed Western blot analyses to
detect DPP4 protein expression levels in SUV39H1 deficiency
cells. Consistently, DPP4 was significantly upregulated in
SUV39H1-depleted or inhibition cells compared with the nega-
tive control cells (Fig. 4E and F). These data indicate that DPP4
was transcriptionally upregulated when SUV39H1 expression
was suppressed.

As SUV39H1 primarily catalyzes H3K9me3 status, we next
asked whether SUV39H1 modulates the H3K9me3 status of the
DPP4 promoter to regulate its expression. To test this, we per-
formed ChIP-qPCR analysis in ccRCC cells upon SUV39H1
depletion or inhibition. The results show that H3K9me3 modifi-
cation in the DPP4 promoter region was noticeably decreased
following SUV39H1 knockdown or inhibition (Fig. 4G and H).
Taken together, these data suggest that SUV39H1 suppression
decreased H3K9me3 localization to the DPP4 promoter region,
which in turn led to the transcriptional upregulation of DPP4 in
ccRCC cells.



Figure 2 (continued).
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3.6. SUV39H1 deficiency induces ferroptosis and inhibits cell
proliferation by targeting DPP4

Previously report showed that DPP4 plays differential regulation
roles of ferroptosis dependent on its subcellular localization in
cells and P53 status20. We first detected the subcellular localiza-
tion of the upregulated DPP4 protein in ccRCC cells, and result
showed that SUV39H1 deficiency increased the expression of
DPP4 in both membrane and nuclear of ccRCC cells (Supporting
Information Fig. S10A). We next want to figure out whether the
P53 status impacts the DPP4-induced ferroptosis in ccRCC cells.
Two ccRCC cell lines 786-O (mutant P53) and Caki-1 (wild-type
P53) were used in our study and both cell lines showed ferroptosis
after SUV39H1 depleted, which indicated that the regulation role
of DPP4 is independent of P53 status in ccRCC cells34. Together,
our data indicate that SUV39H1 deficiency upregulate the
expression of membrane and nucleus DPP4, which is P53-inde-
pendent in ccRCC.

Given that membrane DPP4 contributes the occurrence of
ferroptosis via cooperating with NOX1, we next to investigate the
association between upregulated DPP4 and NOX1 activity in
SUV39H1 deficient ccRCC cells. We observed that NOX activity
was remarkably upregulated in 786-O cells following SUV39H1
depleted (Supporting Information Fig. S10B and S10C), indi-
cating DPP4 may interact with NOX1 to induce ferroptosis in
SUV39H1 deficient ccRCC cells. To determine whether inhibiting
DPP4 expression or activity could reverse SUV39H1-mediated
ferroptosis and its associated phenotypes, we performed DPP4
knockdown or enzyme activity inhibition experiments in
SUV39H1-deficient ccRCC cells. Vildagliptin was used to spe-
cifically inhibit DPP4 enzyme activity. Knockdown of DPP4
expression restored the intracellular lipid ROS, mitochondrial
superoxide, iron and Fe2þ levels in ccRCC cells (Fig. 5AeF).
Furthermore, DPP4 knockdown or enzyme inhibition partially
restored cell growth in SUV39H1-deficient ccRCC cells
(Fig. 5GeI and Supporting Information Fig. S11AeS11E). These
findings suggest that DPP4 is the functional target gene in
SUV39H1-mediated ferroptosis and its associated phenotypes in
ccRCC.

Based on the above findings, we next asked whether DPP4
expression is associated with ccRCC prognosis. The role of DPP4
in ccRCC is poorly understood. We found that ccRCC patients in
the TCGA dataset with low DPP4 transcript levels had a poor
prognosis, with a median OS of 38.5 months compared with 42.3
months in the high DPP4 expression group (Fig. 5J). Finally,
patients with a high level of SUV39H1 expression and a low level
of DPP4 expression had an even worse prognosis (Fig. 5K and
Fig. S11F). Additionally, we also evaluated H3K9me3 and DPP4
expression level in the chaetocin-treated group and control group
tumor tissues by IHC and verified that chaetocin treatment was
associated with obviously increased DPP4 expression (Fig. 5L).
Taken together, our findings outline a functional role for the
SUV39H1eDPP4 axis in ccRCC progression (Fig. 5M). Loss of
SUV39H1 function in ccRCC tumors leads to hypomethylation of
the DPP4 promoter, upregulating DPP4 expression, which then
induces ferroptosis and suppresses cell proliferation. Our data
indicate that SUV39H1 may serve as a therapeutic target for
ccRCC treatment.

4. Discussion

Aberrant histone modification is one of the most common events
observed in carcinogenesis35,36. As a H3K9 methyltransferase,
SUV39H1 has been reported to function as an oncogene in many
tumors. However, the exact role of SUV39H1 in ccRCC progres-
sion remains poorly understood. In the present study, we show that
SUV39H1 plays a critical role in ccRCC progression and prog-
nosis, and impacts tumor growth by regulating ferroptotic cell
death. By analyzing data from the public TCGA database and our
own ccRCC cohorts, we found that SUV39H1 is overexpressed in
ccRCC tumors, and that SUV39H1 expression levels are signifi-
cantly correlated with shortened OS and RFS in ccRCC patients.



Figure 3 Inhibition of SUV39H1 enzymatic activity induces ferroptosis and suppresses cell proliferation. (A) 786-O cells were treated with

chaetocin (80 nmol/L) or DMSO in the presence and absence of 5 mmol/L Fer-1 (ferrostatin-1), and cell proliferation was evaluated after 3 days.

Three view fields were selected to count the number of cells and data was presented as mean � SD. (B) Transmission electron microscopy

analysis of 786-O cells treated with DMSO (24 h) and chaetocin (50 nmol/L, 24 h). (C) and (D) Levels of lipid ROS were analyzed in chaetocin

(100 nmol/L) treated 786-O cells. Data was presented as mean � SD, n Z 3. (E) and (F) Levels of mitochondrial superoxide were analyzed in

chaetocin (100 nmol/L) treated 786-O cells. Data was presented as mean � SD, nZ 3. (G) and (H) Levels of Fe2þ and total iron were analyzed in

chaetocin (100 nmol/L) treated 786-O cells. Data was presented as mean � SD, nZ 3. (I) Cell proliferation assay was performed to determine the

proliferation ability of ccRCC cells (786-O and Caki-1) treated with chaetocin for 5 days in a dose-dependent manner. The experiment was

repeated three times and data was presented as mean � SD. (J) Treatment with chaetocin suppressed 786-O cell colony formation ability. Three

view fields were selected to count the number of cells and data was presented as mean � SD. (K) and (L) Treatment with chaetocin (30 nmol/L)

significantly induced G2/M cell cycle arrest in 786-O cells. Data was presented as mean � SD, n Z 3. (M) Tumor growth curves in chaetocin

(0.5 mg/kg/day) treated ccRCC PDX animal model (PDX 1002523691). nZ 6 for each group. (N) and (O) Representative photographs of ccRCC

PDX animal model tumor tissues treated with chaetocin, and tumor weights were expressed as mean � SD, n Z 6 for each group. *P < 0.05,

**P < 0.01, and ***P < 0.001.
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Figure 4 SUV39H1 deficiency upregulates DPP4 expression in ccRCC. (A) RNA-seq analysis was performed to analyze gene expression

changes in 786-O cells transfected with the SUV39H1 specific siSUV39H1#1 or negative siRNA (siNC), and upregulated genes presented in red

while downregulated genes in blue. n Z 2 for each group. (B) GO functional annotation for upregulated genes in DEGs following SUV39H1

knockdown. Top 5 of GO enrichments were showed. (C) KEGG functional annotation for upregulated genes in DEGs following SUV39H1

knockdown. Top 5 of KEGG enrichments were showed. (D) Ferroptosis associated key regulators, including TFRC, DPP4, GPX4, FTH1 and

SLC7A11, were verified by RT-qPCR experiment in SUV39H1 deleted Caki-1 cells. Data was presented as mean � SD, n Z 3. (E) DPP4

expression levels were detected by Western blot in SUV39H1 knockdown ccRCC cells. (F) DPP4 expression levels were detected by Western blot

in ccRCC cells treated with different concentrations of chaetocin. (G) H3K9me3 binding at the three sections of DPP4 promoter in SUV39H1

knockdown 786-O cells. Data was presented as mean � SD. (H) H3K9me3 binding at the three sections of DPP4 promoter in chaetocin

(100 nmol/L) treated 786-O cells after 3 days. Data was presented as mean � SD, n Z 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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We further showed that integrating assessment of SUV39H1
expression level with several prognostic factors could predict
clinical outcomes in ccRCC patients with greater accuracy than
the conventional SSIGN prognostic model. In addition, we
demonstrated that knocking down SUV39H1 expression or phar-
macologically inhibiting SUV39H1 activity suppresses ccRCC
cell growth in vitro and in vivo. Furthermore, DPP4, a well-known
ferroptosis regulator, was identified as the direct functional target
of SUV39H1 in mediating ccRCC cell proliferation. Thus, our
findings provide an insight into the functional role of SUV39H1 in
ccRCC progression and prognosis, and suggest that SUV39H1
could be used as a prognostic marker for ccRCC progression and a
therapeutic target for ccRCC treatment.

Our data show that SUV39H1 is mostly overexpressed in
ccRCC tissues while a small number of patients may have low
expression of SUV39H1. Typically, the reason for this phenome-
non may due to the heterogeneity of ccRCC. As is a highly het-
erogeneous and complex disease, ccRCC patients are always
facing limited effective treatment options. Therefore, there is an
urgent need for improved outcome prediction models to guild
clinical decisions following surgery. To this end, numerous
nomogram models have been proposed to predict ccRCC clinical



Figure 5 SUV39H1 deficiency induces ferroptosis and inhibits cell proliferation by targeting DPP4. (A) and (B) Levels of lipid ROS were

analyzed in 786-O cells transfected with the SUV39H1-specific siSUV39H1#1 and/or DPP4-specific siDPP4#1. Data was presented as

mean � SD, n Z 3. (C) and (D) Levels of mitochondrial superoxide were analyzed in 786-O cells transfected with the SUV39H1-specific

siSUV39H1#1 and/or DPP4-specific siDPP4#1. Data was presented as mean � SD, n Z 3. (E) and (F) Levels of Fe2þ and total iron were

analyzed in 786-O cells transfected with the SUV39H1-specific siSUV39H1#1 and/or DPP4-specific siDPP4#1. Data was presented as

mean � SD, n Z 3. (G) Cell proliferation was evaluated in 786-O cells transfected with SUV39H1 specific siSUV39H1#1 and/or DPP4-specific

siRNAs after 3 days. Three view fields were selected to count the number of cells and data was presented as mean � SD. (H) 786-O cells were

transfected with SUV39H1 specific siSUV39H1#1 or negative siRNA (siNC) in the presence and absence of 10 mmol/L Vild (vildagliptin), and

cell proliferation was evaluated after 3 days. Three view fields were selected to count the number of cells and data was presented as mean � SD.

(I) 786-O cells treated with chaetocin (80 nmol/L) or DMSO in the presence and absence of 10 mmol/L Vild (vildagliptin), and cell proliferation

was evaluated after 3 days. Three view fields were selected to count the number of cells and data was presented as mean � SD. (J) KaplaneMeier

analysis of OS for all ccRCC patients with low or high DPP4 expression level in TCGA dataset. n Z 532. (K) SUV39H1 and DPP4 prognostic

interactions. KaplaneMeier analysis was performed to show the association between OS and SUV39H1 high & DPP4 low expression levels in

ccRCC patients in TCGA. n Z 532. (L) IHC analysis of tissues harvested from the mouse tumor model stained for H3K9me3 and DPP4 (scale

bar: 10 mm). (M) Schematic diagram depicting the regulation of DPP4 in ccRCC cells. SUV39H1 is an epigenetic repressor to suppress DPP4

expression. Loss function of SUV39H1 in ccRCC tumors contributes the hypomethylation of the DPP4 promoter to upregulate DPP4 expression

and induces DPP4-mediated ferroptosis to suppress cell proliferation. Each experiment was performed three times, and data was presented as

mean � SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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outcomes37e39. Unfortunately, many of these models have innate
limitations, such as insufficient validation and poor accuracy40.
Here, we found that SUV39H1 expression level is an independent
prognostic factor for ccRCC patient outcome. SUV39H1 expres-
sion levels were especially accurate in predicting outcomes in
ccRCC patients with a high histological grade, intermediate and
advanced tumor stages, large tumors, deep invasion, and no lymph
node metastasis, suggesting that analysis of SUV39H1 expression
may be most appropriate for predicting prognosis in this subset of
ccRCC patients. Importantly, when combined with several clinical
features, analyzing SUV39H1 expression levels could predict
ccRCC patient outcomes with greater accuracy than the



418 Jianfeng Wang et al.
conventional SSIGN prognostic model, which is a powerful pre-
dictor of prognosis in ccRCC patients who have undergone radical
nephrectomy37. Ideally, with more and more external validations
of our findings, we believe that SUV39H1 could be considered as
a powerful predictor of prognosis in ccRCC patients.

Recently, ferroptosis has been identified as a nonapoptotic
form of cell death that is involved in the progression of many
diseases, especially cancer18,41. Inducing ferroptosis using small
molecules is a focus of intense investigation in the cancer therapy
field42. Although many molecular factors are involved in ferrop-
tosis, several key regulators, such as RAS and TP53, play critical
roles in tumor development19. However, the correlation between
epigenetic alterations and ferroptosis remains poorly understood.
Here we show that SUV39H1 deficiency increases intracellular
lipid ROS, mitochondrial superoxide and iron levels, indicating
that the HMTase SUV39H1 may regulate ferroptosis in ccRCC
cells. More importantly, sorafenib, a first-line clinical drug for
advanced ccRCC treatment, is also a ferroptosis inducer, which
suggests that the SUV39H1 inhibitor chaetocin could be effective
in treating sorafenib-resistant ccRCC patients. Our findings pro-
vide the insight into the role of epigenetic alteration in regulating
ferroptosis, as well as the biological processes underlying ccRCC
progression.

Loss function of GPX4 is a canonical way to induce ferrop-
tosis. GPX4 is a member of the GSH peroxidases that protects
biomembranes against peroxidation damage through repressing
phospholipid hydroperoxide43. However, our RNA-seq data show
that there is no significant expression change for GPX4 after
SUV39H1 knockdown. Additionally, DPP4, an important
ferroptosis-associated regulator that binds to NOX1 to form the
DPP4eNOX1 complex, which facilitates lipid peroxidation in
ferroptosis, plays a key role in the clinical progression of
ccRCC20. DPP4 is primarily located at the plasma membrane,
where it functions as a serine exopeptidase that cleaves X-proline
dipeptides from the N-terminus of polypeptides44. In addition to
its role in diabetes45, the biological role of DPP4 in various types
of cancers, including ccRCC, has also been investigated. DPP4
activity is negatively correlated with tumor grade and positively
correlated with survival in ccRCC patients46,47. In our study, we
demonstrated that SUV39H1 deficiency upregulated DPP4
expression. Knocking down DPP4 expression or inhibiting DPP4
enzyme activity restored intracellular lipid ROS and iron levels,
and partially restored cell growth in SUV39H1-deficient ccRCC
cells, suggesting that DPP4 is a functional target of SUV39H1 in
mediating ccRCC ferroptosis and cell proliferation. Furthermore,
we found that SUV39H1 deficiency upregulates DPP4 expression
by decreasing H3K9me3 levels at the DPP4 promoter. Taken
together, these results demonstrate that SUV39H1 negatively
regulates DPP4 expression by modulating H3K9me3 levels at the
DPP4 promoter during ccRCC cell growth. Thus, our study pro-
vides a mechanistic insight into the impact of SUV39H1 on
ccRCC tumor growth, which may provide a strategy for ccRCC
treatment.

Although our study presents meaningful findings regarding the
role of SUV39H1 in ccRCC progression, it does have several
limitations. Specifically, the role of SUV39H1 expression level in
the clinical behavior of ccRCC was investigated by retrospectively
analyzing data from TCGA and our own ccRCC cohort. However,
the clinical features of our cohort were somewhat different from
those of the patients in the TCGA database, so we were unable to
analyze enough patients with advanced disease to confirm the role
of SUV39H1 expression levels in advanced ccRCC. Thus, data
from multicentric cohorts with comprehensive clinical informa-
tion are needed to confirm our findings. Besides, we used chae-
tocin as the inhibitor to inhibit SUV39H1 enzymatic activity.
However, chaetocin is a non-selective histone lysine methyl-
transferase inhibitor which targeted SUV39H1, G9a and DIM5 at
the same time. Although we excluded the potential interferences
in our study, a SUV39H1-specific inhibitor is still needed to
confirm our finding. Additionally, our data show that suppressing
ferroptosis only partially restored cell growth in SUV39H1-defi-
cient ccRCC cells, suggesting the SUV39H1 may also regulate
ccRCC cell proliferation through other ferroptosis-independent
mechanisms. As shown in our data, SUV39H deficiency could
also induce G2/M cell cycle arrest, which is independent of fer-
roptosis. Thus, the potential involvement of other molecular
mechanisms involved in SUV39H1 function in ccRCC needs to be
explored further.

In conclusion, our study provides the mechanistic insight into
SUV39H1-dependent epigenetic regulation of ccRCC tumor
growth, indicating that SUV39H1 may serve as a prognostic
biomarker for ccRCC progression and a therapeutic target for
ccRCC treatment.
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