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ABSTRACT

Advanced renal cell carcinoma (RCC) poses a threat to patient survival. Epigenetic remodelling is
the pathogenesis of renal cancer. Histone demethylase 4B (KDM4B) is overexpressed in many
cancers through various pathways. However, the role of KDM4B in clear cell renal carcinoma has
not yet been elucidated. The differential expression of KDM4B was first verified by analysing
public databases. The expression of KDM4B in fresh tissues and pathology slides was further
analysed by western blotting and immunohistochemical staining. KDM4B overexpression and histone demethylase 4B;
knockdown cell lines were also established. Cell Counting Kit-8 (CCK-8) assay was used to detect copy number variation; cell
cell growth. Transwell assays were performed to assess cell migration. Xenografts were used to cycle

evaluate tumour growth and metastasis in vivo. Finally, KDM4B expression levels associated with

copy number variation (CNV) and cell cycle stage were evaluated based on single-cell RNA

sequencing data. KDM4B was expressed at higher levels in tumour tissues than in the adjacent

normal tissues. High levels of KDM4B are associated with worse pathological features and poorer

prognosis. KDM4B also promotes cell proliferation and migration in vitro, as well as tumour

growth and metastasis in vivo. Tumour cells with high KDM4B expression exhibited higher CNV

levels and a greater proportion of cells in the G1/S transition phase. Our results confirm that

KDM4B promotes the progression of clear cell renal carcinoma, is correlated with poor prognosis,

and may be related to high levels of CNV and cell cycle progression.
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troductio involved in epigenetic regulation is methylation and

Renal cell carcinoma (RCC) is a common malig-
nancy of the urinary system that originates from
the epithelial cells of the renal tubules. In contrast,
clear cell RCC (ccRCC) is the most common
pathological form of RCC, accounting for more
than 80% of RCC incidence [1]. At the time of
diagnosis, ~20% of ccRCC patients are in the late
stage in China [2]. However, complete remission
and long-term disease-free survival (DFS) is diffi-
cult to achieve. Therefore, it is necessary to under-
stand advanced ccRCC and identify new
biomarkers for targeting this disease.

Epigenetic alterations play a crucial role in the
development and progression of various tumours,
including ccRCC [3,4]. One of the mechanisms

demethylation of histones [5]. Jumonji C domain-
containing (JMJD) proteins are a family of proteins
with histone demethylase activity. Lysine demethylase
4B (KDM4B, also known as JMJD2B) is an essential
member of the JMJD family [6]. KDM4B was shown
to have pro-oncogenic effects in many tumours
through various mechanisms, such as malignant cells
proliferation by promoting autophagy in prostate can-
cer [7], cancer promotion by altering glucose metabo-
lism in colorectal cancer [8], and enhancement of
gastric cancer by epithelial - mesenchymal transition
(EMT) [9]. KDM4B was also found to be regulated by
many upstream and downstream molecules. For
example, KDM4B acts as an ERa target gene in hor-
monally responsive breast carcinogenesis but also
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forms a feed-forward regulatory loop in the regulation
of hormone response [10]. KDM4B can also be
induced by HIF-1a in colorectal cancer cells under
hypoxia and is positively correlated with the expres-
sion of the hypoxic marker carbonic anhydrase 9
(CA9) [11]. KDM4B is also a positive regulator of
cyclin-dependent kinase 6 (CDK6) in bladder and
lung cancer cells [12]. However, the role of KDM4B
in ccRCC requires further investigation.

In this study, we investigated the role of KDM4B in
ccRCC. We found that KDM4B was highly expressed
in cancer regions other than adjacent normal tissues.
High levels of KDM4B in patients with ccRCC often
correlate with worse clinicopathological characteris-
tics and poorer prognosis. Furthermore, KDM4B was
demonstrated to promote cell proliferation, migration,
and tumour progression in vitro and in vivo.
Additionally, single-cell RNA sequencing analysis of
ccRCC patients showed that KDM4B may alter the
copy number of genes and promote cell cycle
progression.

Methods and materials
Sample collection and cell lines

ccRCC and adjacent normal fresh tissues were col-
lected from patients at Shanghai General Hospital

between 2019-2021 with approval of Ethics
Committee of Shanghai General Hospital
(Registration number: SHGH/20195Q404). Formalin-
fixed paraffin-embedded (FFPE) ccRCC slides from
ccRCC in 2016-2018 were also collected for further
analysis. The clinical and pathological characteristics
of the FFPE samples are shown in Table 1.

786-O and Caki-1 cell lines were obtained from
American Type Culture Collection (ATCC) and cul-
tured separately in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin solution. All cells were incubated in
a 37°C incubator with 5% CO, and humidified air.

Cell transfection

KDM4B was overexpressed by transfection of the
KDM4B-cDNA plasmid (pcDNA3.1) [8] using
Lipofectamine 2000 (Invitrogen) following the manu-
facturer’s instructions. The recombinant lentivirus
containing the empty vector or shKDM4B was con-
structed and transfected as described previously [13].
Overexpression and knockdown cells were screened

by western blotting. The shRNA sequences
were  listed as  follows:  shKDM4B1#:5'-
CCTGCCTCTAGGTTCATAA-3/, shKDM

4B2#:5-GCTACGAAGTGAACTTCGA-3'.

Table 1. Clinicopathological characteristics of SHGH cohort.

KDM4B-High KDM4B-Low
(n=16) (n=13) p value
Age 0.2155
<65 9 1
>=65 7 2
Gender 1
Female 6 5
Male 10 8
Tumour(T) 0.0009
T 3 11
T2 9 2
T3 4 0
Nodes(N) 0.0199
LO 8 12
L1 8 1
Metastasis(M) 0.0476
MO 11 13
M1 5 0
Stage 0.0017
Stage | 3 1
Stage Il 3 1
Stage lll 5 1
Stage IV 5 0
Grade 0.0899
G1 0 1
G2 6 9
G3 8 3
G4 2 0

KDM4B: Lysine Demethylase 4B; SHGH: Shanghai General Hospital.



Western blot analysis

Proteins from cell lysates were loaded into SDS-
PAGE gel to get separated and transferred to
nitrocellulose membranes (GE Healthcare). The
membranes were first blocked by 5% non-fat
milk in Tris-buffered saline (TBS, pH 7.4) for 1
h, incubated with primary antibodies overnight at
4°C, and then incubated with secondary antibodies
for 1h at room temperature (25°C). Antibodies
against KDM4B (LS-C165363-400) and p-actin
(LS-B1040) were purchased from LifeSpan
BioSciences. The secondary antibody was
ab205718 from Abcam. The proteins were visua-
lized using an ECL chemiluminescence system
(Santa Cruz Biotechnology).

RNA extraction and quantitative real-time PCR

Total RNA from fresh tissues was extracted by
TRIzol (15596026, Invitrogen) at 4°C. cDNA was
constructed using a Superscript RT kit
(TOYOBO). Gene expression was quantified
using the SYBR Green PCR Master Mix Kit
(TOYOBO). GAPDH was used as an internal con-
trol. The expression of KDM4B was normalized to
that of GAPDH. Primers for KDM4B and GAPDH
were previously described by Wu et al [14].

Immunohistochemistry

Immunohistochemistry (IHC) was performed on
formalin-fixed paraffin-embedded (FFPE) ccRCC
tissue to compare in situ expression of KDM4B
using the streptavidin-peroxidase method (Zymed
Laboratories Inc.) described by the manufacturer.
The antibodies were used as described above. IHC
score was defined as the staining intensity score
multiplied by the staining percentage score.
Staining intensity scores were scaled to 0-3, repre-
senting no staining, weak staining, moderate stain-
ing, and strong staining, respectively. The staining
percentage was scored using the following scale: 0,
< 1% positive cells, 1 as less than 25% positive
cells, 2 as 25-50% positive cells, 3 as 50-75%
positive cells, 4 as more than 75% positive cells.
A positive cell was defined as a cell with a weak,
moderate, or strongly stained nucleus. Three
pathologists independently evaluated the images.
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The THC scores of KDM4B were used to classify
the patients. Patients with KDM4B scores lower
than the median were defined as ‘low expression’
and vice versa.

Cell proliferation assay

Cell counting Kit-8 (CCK-8) assay was performed
to determine the cell proliferation rate. When per-
forming the assay, overexpression/knockdown
cells and control cells were plated onto 96-well
plates (1000 cells/well) individually and cultured
for seven days. On days one, three, five, and seven,
the CCK-8 solution was added to the plates (10 ul/
well) and incubated for 1 h. Absorbance was mea-
sured at 450 nm to determine the cell number.
Each assay was replicated thrice.

Cell migration assay

Cell migration rates were assessed using the
Transwell migration assay. Briefly, 2x10* cells
were seeded into the upper chamber with serum-
free medium and the lower chamber was filled with
10% FBS medium. The upper and lower chambers
were separated using a permeable polycarbonate
membrane coated with Matrigel basement mem-
brane matrix (1 ug/pl) (BD Bioscience). Following
24 h of incubation, migrated cells were fixed with
4% paraformaldehyde and stained with crystal vio-
let. The migration assay was replicated three times.
The number of migrated cells was counted in three
randomly selected fields on each membrane. The
average value was used as the result.

Mice xenograft

NU/NU nude mice were injected subcutaneously
with 1 x 10° 786-O cells (empty vectors or KDM4B
overexpressed) individually. Five mice were used
in each group and 10 in total. The tumour size was
measured using a caliper. Each tumour was mea-
sured at least 3 different diameters, separately. The
longest diameter was defined as the length and
the second longest diameter was defined as the
width. Tumour volume was calculated as Volume
(mm’=LengthxWidth®/2. After 28 days of feeding,
mice were sacrificed by cervical dislocation.
Tumours and livers of mice were collected for
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further analysis. The animal study was approved
by the Ethics Committee of Shanghai General
Hospital ~ (Registration =~ number:  SHGH/
2021SQ209).

Data processing of bulk sequencing

The TCGA database was downloaded in
January 2022 by  the R package
‘UCSCXenaTools’, Subsequently, we chose the
TCGA.KIRC.sampleMap/HiSeqV2 dataset with
a total of 606 samples, including 531 tumour sam-
ples. The mRNA expression matrices of
GSE46699, GSE53757, and GSE66272 were
obtained using the R package ‘GEOquery’. Data
were visualized using the R package ‘ggpubr’ and
‘VennDiagram’.

Data processing of single-cell transcriptomic
sequencing

Single-cell RNA sequencing data were reported pre-
viously by Shi Y et al [15]. The expression matrix of
ccRCC and normal epithelial cells was extracted from
the original filtered data. The R package Giotto was
used for data processing and visualization [16]. The
count matrix of ccRCC was normalized using the
function ‘normalizeGiotto’. Highly variable genes
were identified using the function ‘calculateHVF.
We performed principal component analysis (PCA)
with highly variable genes using the function
‘runPCA’. PCA was evaluated using the function
‘jackstrawPlot’. We clustered the cells using the func-
tion ‘createNearestNetwork’ and ‘doLeidenCluster’
with dimensions 1-20. We visualized the data using
Uniform Manifold Approximation and Projection
(UMAP) by functions ‘runUMAP’ and ‘dimPlot2D’.

CNV inferring

We inferred the CNV in malignant cells using the
R package InferCNV (https://github.com/broadin
stitute/inferCNV). Normal epithelial cells were
used as a reference and ccRCC cells were used
for observation. The HMM-i6 state result was
obtained. We scored the different states according
to Table S1 to determine the CNV level in the
different KDM4B groups.

Cell cycle analysis

The cell cycle was analysed using the R package
TriCycle [17]. The normalized expression matrix was
first projected to ‘cell cycle space’ using the function
‘project_cycle_space’. The cell cycle stages were esti-
mated using the function ‘estimate_cycle_position’.
We defined 0-0.6pi as the ‘G1/S’ stage, 0.6-1pi as the
‘S’ stage, 1-1.25pi as the ‘G2/M’ stage, 1.25-1.75pi as
the ‘M’ stage, and 1.75-2pi as the ‘G0/G1’ stage. The
stage proportions of different clusters were calculated
and visualized using the R package ggpubr.

Statistical analysis

All experiments were performed at least thrice.
Data are expressed as the mean * SD. Student’s
t-test was applied to two-group data (paired or
non-paired). Fisher’s exact test was used to analyse
the contingency tables. GraphPad Prism v9.3 soft-
ware was adopted for statistical analysis and visua-
lization. Statistical significance was set at p < 0.05.

Results
KDM4B expressed higher in ccRCC

Twenty-seven JMJD family genes were identified
through literature review [18]. We compared the
expression levels between the tumour and adjacent
normal tissues using data from The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus
(GEO) (Figure 1a, S1A). Ten genes that were signifi-
cantly differentially expressed were filtered out
(Figure S1B and Table S2, p0.05). KDM4B was
selected for further analysis owing to its greatest
fold-change among the other genes in all datasets.
As per our expectations, KDM4B showed higher
expression levels in the cell RNA-sequencing dataset.
Moreover, the expression level in the cancer throm-
bus was considerably higher than that in the primary
tumour (Figure 1b). Quantitative RT-PCR analysis
of 23 pairs of fresh tumours and adjacent normal
tissues from Shanghai General Hospital revealed sig-
nificantly higher KDM4B mRNA levels in ccRCC
tissues than in normal tissues (Figure 1c). IHC
images showed elevated protein levels in tumour
tissues compared with normal tissues at the histo-
pathological level (Figure 1d). In conclusion, we


https://github.com/broadinstitute/inferCNV
https://github.com/broadinstitute/inferCNV

. Normal E Tumor

3

Expression Value
o

0

i

& & & «‘ ° PR S & & LI«
SIS 5@% o5 é"'ov S8 K Qeé)e‘& e & Q\S Kefe®e* &
Gene

% %k %k Xk

N
o
]

-
(3
1

3]
1

Relative mRNA Expression
2

o
1

Normal Tumor

EPIGENETICS (&) 5

b . Cancer |:| Thrombus Normal

Figure 1. Overexpression of KDM4B in ccRCC tissues. (a) Differential expression of 27 JMJID family genes in TCGA between tumour
and adjacent normal tissues. (b) Differential expression of KDM4B in normal tissues, primary tumours and tumour thrombus in
single-cell datasets. (c) qPCR analysis of KDM4B in paired samples. GAPDH was used as an internal control to normalize KDM4B
mRNA expression. (d) Representative immunohistochemical staining of tissues with different expression levels of KDM4B. Left:
normal tissue; Middle: low expression of KDM4B; Right: high expression of KDM4B.

observed KDM4B with higher expression levels from
different perspectives.

KDM4B expression predicted a poor prognosis

We scored these pathology slides of tumour tissues (#
=29) and classified them as low or high expression
according to the scores (see Methods). We observed
that the higher the tumour stage, the higher the
KDM4B score (Figure 2aa). Higher-grade tumours
had higher KDM4B scores (Figure 2ab). The TNM
staging results were similar. Larger tumours (T) had
significantly higher KDM4B scores (Figure 2ac).
Tumours with lymph node metastasis (N) or distant
metastasis (M) had higher KDM4B scores at primary
sites (Figures 2ad,e). TCGA data partially validated
our findings, as the TCGA data revealed no significant
differences in pathological tumour (T) and histologic
grading between the high and low-expression groups

(Figure S2). We speculate that this may be related to
the small sample size of our cohort and differences in
the clinical characteristics of the samples. Patients
from our cohort and TCGA datasets with higher
expression levels of KDM4B had significantly shorter
overall survival than those with lower expression (p =
0.016 and p=0.026, respectively; Figures 2b,c).
Therefore, these results indicate that higher KDM4B
levels may be associated with worse clinical character-
istics and prognosis.

KDM4B promoted cell proliferation and
migration

Based on the above results, we speculated that
KDM4B may be an oncogene that mediates the
progression and metastasis of ccRCC. Therefore, to
further identify the function of KDM4B in cells, we
established KDM4B overexpressing and knockdown
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Figure 2. Relationship between KDM4B and clinicopathological features. (a) the relationship between KDM4B score and (a) stage, (b)
tumour grade, (c) primary tumour, (d) lymph node metastasis, and (e) distant metastasis in the SHGH cohort. High stage: stage Ill,
low stage: stage | and Il. High grade: G3 and G4, low grade: G1 and G2. (b) Kaplan--meier’s survival curve of SHGH cohort. High and
low groups are determined by the mean KDM4B scores. (c) Kaplan — Meier’s survival curve of TCGA cohort. High and low groups are
determined by the median KDM4B expression. *: p < 0.05, **: p < 0.01, SHGH: Shanghai General Hospital.

cell lines 786-O and Caki-1. Western blot analysis
confirmed this successful establishment (Figure 3a).
Notably, the cells overexpressing KDM4B had sig-
nificantly promoted proliferation as determined by
the CCK-8 assay (Figure 3aa, c), while the knock-
down of KDM4B significantly downregulated cell
proliferation (Figure 3bb, d). Cell migration was
assessed using the Transwell assay. The KDM4B
overexpressed 786-O cells showed a higher percen-
tage of migrated cells. In contrast, when KDM4B was
knocked down, cell migration was inhibited
(Figure 3c, d). These results confirm our hypothesis
that KDM4B causes advanced disease by promoting
cell proliferation and migration.

KDM4B enhanced tumour growth and metastasis
in vivo

We examined whether KDM4B promotes tumour
growth and metastasis in vivo. KDM4B overexpressed
and control 786-O cells were injected subcutaneously
into nude mice for the xenograft assays. Four weeks
after transplantation, the mouse tumours were col-
lected and analysed. IHC of xenograft tumours con-
firmed elevated levels of KDM4B (Figure 4d). We
observed that tumours overexpressing KDM4B were
significantly heavier than tumours in the control
groups (Figure 4a, ¢, p <0.01). We also measured the
growth curves of tumours on days three, five, seven,
10, and 14 and observed that tumours overexpressing
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Figure 3. KDM4B promotes cell proliferation and migration. (a) Verification of overexpression and knockdown (a) 786-O and (b) Caki-1 cell
lines by western blot analysis. (b) CCK-8 assays to assess cell growth. (a) KDM4B overexpressed 786-0; (b) KDM4B knockdown 786-0; (c) KDM4B
overexpressed Caki-1; (d) KDM4B knockdown Caki-1. (c), (d) Transwell migration assay of 786-O cell lines. EV: empty vector.

KDM4B presented with more progressive growth
than control tumours (Figure 4b). In some of these
mice, we found that those transplanted with KDM4B
overexpressed cells had more liver metastatic nodules
than those transplanted with control cells (Figure 4e).
These nodules were further confirmed by H&E stain-
ing (Figure 4f). Therefore, these results provide further
evidence that KDM4B enhances tumour growth and
metastasis in vivo.

KDM4B altered copy number of genes and
activated cell cycle progression

To further explore the mechanism by which
KDM4B promotes ccRCC progression, we per-
formed a single-sample GSEA (ssGSEA) analysis

of 531 bulk-sequencing tumour samples from the
TCGA database using the 50 most representative
hallmarks from the MsigDB database. The results
showed that KDM4B was highly correlated with
the estrogen response, mitotic spindle, myogen-
esis, angiogenesis, and spermatogenesis
(Figure 5a). Additionally, some signalling path-
ways are highly correlated with KDM4B, such as
IL-2/STATS5, p53, TGF-B, and TNF-a pathway
(Figure 5a). To further investigate the effect of
elevated levels of KDM4B on tumour cells, single-
cell transcriptome sequencing data of 29,831
ccRCC cells from eight patients were enrolled in
our analysis. After a standard preprocessing work-
flow, the cells were grouped into 11 clusters. For
the significant relationship between KDM4B,
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mitotic spindle and assembly, and its correlation
with DNA damage repair (p<0.001, Figure 5a,
S3D, E), copy number variation (CNV) was
inferred in these cells (Figure S3A). We observed
high CNV levels in the high KDM4B-expressing
group (Figure S3B, C). It was also demonstrated

that the high level of CNV was due to the gain
rather than the loss of copy numbers (Figure S3C).

In contrast, myogenesis is closely linked to the
activation of the cell cycle, both in physiological
and pathological processes [19-21].
Spermatogenesis is also regulated by the correct



UMAP2

HALLMARK_ADIPOGENESIS
* |HALLMARK_ALLOGRAFT_REJECTION
HALLMARK_ANDROGEN_RESPONSE
HALLMARK_ANGIOGENESIS
HALLMARK_APICAL_JUNCTION
HALLMARK_APICAL_SURFACE
HALLMARK_APOPTOSIS
'ns | HALLMARK_BILE_ACID_METABOLISM
HALLMARK_CHOLESTEROL_HOMEOSTASIS
HALLMARK_COAGULATION
HALLMARK_COMPLEMENT
HALLMARK_DNA_REPAIR
'ns| HALLMARK_E2F_TARGETS
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
- | HALLMARK_ESTROGEN_RESPONSE_EARLY
HALLMARK_ESTROGEN_RESPONSE_LATE
HALLMARK_FATTY_ACID_METABOLISM
HALLMARK_G2M_CHECKPOINT
HALLMARK_GLYCOLYSIS
HALLMARK_HEDGEHOG_SIGNALING
- | HALLMARK_HEME_METABOLISM
HALLMARK_HYPOXIA
HALLMARK_IL2_STATS5_SIGNALING
HALLMARK_IL6_JAK_STAT3_SIGNALING
HALLMARK_INFLAMMATORY_RESPONSE
HALLMARK_INTERFERON_ALPHA_RESPONSE
HALLMARK_INTERFERON_GAMMA_RESPONSE
HALLMARK_KRAS_SIGNALING_DN
HALLMARK_KRAS_SIGNALING_UP
HALLMARK_MITOTIC_SPINDLE
HALLMARK_MTORC1_SIGNALING
HALLMARK_MYC_TARGETS_V1
HALLMARK_MYC_TARGETS_V2
HALLMARK_MYOGENESIS
.ns | HALLMARK_NOTCH_SIGNALING
HALLMARK_OXIDATIVE_PHOSPHORYLATION
HALLMARK_P53_PATHWAY
| |HALLMARK_PANCREAS_BETA_CELLS
HALLMARK_PEROXISOME
\ns | HALLMARK_PI3K_AKT_MTOR_SIGNALING
|ns | HALLMARK_PROTEIN_SECRETION
|ns | HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY
HALLMARK_SPERMATOGENESIS
HALLMARK_TGF_BETA_SIGNALING
HALLMARK_TNFA_SIGNALING_VIA_NFKB
HALLMARK_UNFOLDED_PROTEIN_RESPONSE
|- |HALLMARK_UV_RESPONSE_DN
1" HALLMARK_UV_RESPONSE_UP
'ns | HALLMARK_WNT_BETA_CATENIN_SIGNALING
[ns | HALLMARK_XENGBIOTIC_METABOLISM

arNaM

Cluster

10

© 0 0 0 0 0 0 o

PP T N )

Cc

03

0.2

0.

Average Expression Value

0.0

EPIGENETICS (&) 9

" 9 10 [ 4
Cluster 6 1 5 7
3 8 2

o

3

.GO/G1 . s

Cluster

. M . cam [ eus

100
07

g 050

w
02
0.00

1

CDK6

COK4

CCNE2

CCNE1

CCND3

CCND2

CCND1

CCNA2

CCNA1

6

3

9

i 8 10
Cluster

5 2 4 7

® * CDK
¢ CycinA
* CycdinD
* CycinE

Pearson

Coefficient
. 02
® o0s
® o5
®

60
-og10(p-value)

90

Figure 5. KDM4B and the progression of the cell cycle. (a) the correlation of KDM4B with ssGSEA results of 50 Hallmark gene sets of TCGA-KIRC
datasets. (b) the UMAP plot shows 29,831 ccRCC cells were grouped into 11 clusters. () Mean KDM4B expression levels of different clusters. (d)
the proportion of cells at different cell cycle stages in different clusters. (e) the correlation between the expression of KDM4B and cell cycle

genes.



10 H. TANG ET AL.

regulation of the cell cycle [22]. Therefore, we
hypothesized that KDM4B may be related to an
aberrant cell cycle stage. The ssGSEA analysis of
the TCGA database suggested that KDM4B was
correlated with the cell cycle (Figure S3D),
although analysis of single-cell sequencing data
did not confirm this significance (Figure S3E).
We then utilized Tricycle [17], a cell cycle stage
estimator with high accuracy and robustness, to
perform cell cycle analysis on the 29,831 tumour
cells. Clusters with higher KDM4B expression
levels had a relatively higher proportion of cells
in the G1/S transition phase. Meanwhile, the pro-
portion of the M-phase was relatively stable
among the different clusters, whereas cells in
other phases showed inconsistent trends
(Figure 5c¢, d). We also observed an association
between KDM4B and the cell cycle proteins.
KDM4B exhibited a significant and strong correla-
tion with cyclin D and CDKs expression
(Figure 5e). These results indicated that the effect
of KDM4B on the cell cycle is focused on the G1/S
transition phase.

Discussion

Epigenetics-related genes have an essential role in
oncogenesis and cancer progression [23,24].
Notably, epigenetic abnormalities are frequently
identified in renal cancer [3]. For example, tumour-
specific hypermethylation of the secreted frizzled-
related protein 1 (SFRP1) gene and the basonuclin
1 (BNCI1) gene has been associated with poorer
survival in ccRCC patients [25]. Other methylated
genes, including GREM1, NEURL, LADI1, and
NEFH, were also highly frequent in ccRCC [26].
As a crucial component of epigenetics, histone
demethylation modifications have been shown to
have pro-cancer effects in renal cell carcinoma
[27]. For example, JMJD1A, which belongs to the
JMJD family, was shown to be induced by HIF-1a
overexpression and decreased promoter histone
methylation of adrenomedullin (ADM) and growth
and differentiation factor 15 (GDF15), enhancing
the tumour growth of renal cancer [28]. Similarly,
the histone demethylase JMJD1A can be upregu-
lated by hypoxia via HIF-1 and may be involved in
tumour angiogenesis in renal cell carcinoma [29].
Currently, KDM4B has been studied in other

cancers. It has shown a significant cancer promo-
tion ability in prostate [7,14], colorectal [8,30], and
breast cancer [10,31]. However, thus far, no studies
have been conducted on ccRCCs.

Our results demonstrated that KDM4B was
highly expressed in tumour tissues compared
with normal adjacent tissues. KDM4B was also
correlated with clinicopathological characteristics,
including significantly advanced stages, higher
tumour grade, greater invasion of local lymph
nodes, and distant metastasis. We also observed
that higher KDM4B levels represented a worse
prognosis for patients, as patients with higher
KDM4B scores on pathology slides had signifi-
cantly shorter OS. Similar analyses were per-
formed on TCGA datasets, suggesting that
KDM4B may have the potential to predict patient
prognosis. This potential is similar in other types
of tumours, such as osteosarcoma [32] and lung
adenocarcinoma [33]. However, owing to the
small number of samples included in this study
(n=29) studies with larger sample sizes are
required to determine whether KDM4B can be
used in clinical practice.

Furthermore, we explored the possible mechan-
isms by which KDM4B promotes tumours. We
observed that KDM4B is highly related to the
processes of cell division, such as mitotic spindle
assembly and DNA damage repair. Previous stu-
dies have also revealed that KDM4B, as a histone
demethylase, mediates increased levels of long-
interspersed nuclear Element-1 expression by par-
ticipating in the demethylation of H3K9, causing
genomic instability and DNA damage [34].
A study conducted in breast epithelial cells sug-
gested that the demethylation of pericentromeric
H3K9me3 by KDM4B causes missegregation of
chromosomes and increased genomic instability
[35]. Our study detected increased cellular CNV
levels in cells with high levels of KDM4B expres-
sion based on single-cell RNA sequencing data.
This suggested a close link between high KDM4B
expression and genomic instability. In addition, we
did not observe a link between CNV and KDM4B
expression levels of specific genes or chromosomal
regions, which also indicated that KDM4B-
mediated CNV may not be specific, suggesting
that KDM4B-mediated genome instability is an
overall effect.



We also explored whether KDM4B alters the cell
cycle stages of ccRCC. Previous studies have demon-
strated that the depletion of KDM4B in breast cancer
leads to a blocked ER-mediated G1/S transition [10].
KDM4B also regulated the expression levels of cell
cycle proteins, such as CCND1 and CCNAL in breast
cancer [36], and CDK6 in lung and bladder cancer
[12]. In addition, some drugs, such as triptolide, can
cause cell cycle arrest by inhibiting expression of
KDM4B [37]. Consistently, our study showed that
the proportion of cells at the G1/S transition increased
with higher expression levels of KDM4B and that the
expression levels of KDM4B were significantly and
positively correlated with those of CCNDI1 and
CCND2, demonstrating the strong association of
KDM4B with the cell cycle.

However, our study had some limitations. We
included a small number of patients for the clinical
evaluation (n = 29), which may have biased our con-
clusions. This shortcoming was partially compen-
sated by our analysis of credible public databases.
Nevertheless, our study is novel in revealing the role
of KDM4B in ccRCC and contributes to the devel-
opment of precision medicine strategies for ccRCC.
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