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1 | INTRODUCTION
Kidney cancer is a common type of urinary malignancy
with a relatively poor prognosis and an incidence rate
that has increased in recent years.! According to 2020
cancer statistics, the estimated number of new kidney
cancer cases in the United States may reach 73,750 and
result in approximately 14,830 deaths.” Kidney cancer is
a heterogeneous disease that includes several histolog-
ical subtypes, and the most common pathological sub-
type is clear cell renal cell carcinoma (ccRCC).* Recently,
high-throughput sequencing data and etiology analysis
revealed that ccRCC harbors well-known mutations in a
series of chromatin modifier genes, such as VHL, PBRMI,
SETD2, and KDM5C.*> Aberrant epigenetic programming
has been recognized as a hallmark of renal cell carcinoma
(RCC) tumorigenesis and progression.® Targeting epige-
netic modifiers have exhibited satisfactory effects, such
as JQ1, HDAC inhibitors, or EZH2 inhibitors. As previ-
ously reported, JQ1, one bromodomain BET inhibitor, was
proved effectively to suppress tumor growth via specially
targeting BRD4.” Besides, EZH2 inhibition via Tazemeto-
stat was proven to be an effective strategy for the suppress-
ing H3K27M-mutant pediatric gliomas or lymphoma.’'°
As a result, screening and developing novel epigenetic
inhibitors for use in RCC are worthy and promising
endeavors.'"'> However, in recent years, therapeutics for
advanced RCC have been limited to mainly antiangiogenic
targeted therapies and immunotherapies."® Furthermore,
only a portion of patients benefit from long-term drug
responses that suppress tumors.'* Sunitinib belongs to a
multi-targeted receptor tyrosine kinase (RTK) inhibitor,
which is a first-in-line small-molecule drug for advanced
RCC.">'® However, the general treatment efficacy of suni-
tinib or PDLI remains limited owing to the frequent devel-
opment of resistance, and more than 30% of RCC cases
had progressed into the terminal stage at the time of
diagnosis."”"" Thus, there is urgent demand for discover-
ing novel insights and therapeutic strategies for RCC, espe-
cially those targeting abnormal epigenetic drivers.
Currently, the genome-wide clustered regularly inter-
spaced short palindromic repeats (CRISPR)-associated
nuclease Cas9 genome editing system knockout screen
(GeCK) has emerged as an effective next-generation

targeting JMJD6 sensitized RCC to sunitinib and was synergistic when they were
combined together. Collectively, this study indicated that targeting IMJD6 was an
effective approach to treat RCC patients.

epigenetic vulnerability, IMID6, sunitinib, super-enhancers

approach for functional screening.’’?! The loss-of-
function genetic screens are mainly focused on the
potential fitness of candidates that mediate tumor growth,
drug responses, cancer metastasis, and drug resistance.?
In addition, researchers have released comprehensive
screening results from 33 tumor cell lines including RCC,
providing useful resources for the prioritization of cancer
epigenetic targets in our study.” Furthermore, countless
high-throughput sequencing data obtained during can-
cer discovery are produced daily, and cloud computing
algorithms have been rapidly developed. The Pan-cancer
Analysis of Whole Genomes (PCAWG) consortium was
established for investigating oncogenic drivers based on
The Cancer Genome Atlas (TCGA) and International
Cancer Genome Consortium (ICGC) resources, which has
been a research hotpot.’*?> As a result, we combined the
two powerful technologies incorporating GeCK screening
results and sequencing data from TCGA/ICGC cohorts to
identify robust epigenetic vulnerability in RCC.

The Jumonji domain-containing 6 (JMJD6) gene,
belonging to a family of JmjC-domain-containing pro-
teins, was identified as an iron (Fe?*)- and 2-oxoglutarate-
dependent dioxygenase.?*?” As reported, JMJD6 can alter
downstream gene expression levels by interacting with
a coactivator of BRD4 and demethylating histone H4 at
arginine 3, resulting in abnormal distal promoter proximal
pausing of Pol II release.”®*’ JMJD6 is a decisive regulator
of the rapid physiological responses to estrogen depending
on its demethylase activity.* In addition, JMJD6 can also
function as a lysyl-hydroxylase to constitute complexes
that lead to p53 hydroxylation and inactivation.>’ Mean-
while, IMJD6 was reported to downregulate H4Kl6ac
independently of the enzymatic activity that modulates
the epigenome around DNA lesions.*” Previous studies
have suggested that JMJD6 can regulate multiple bio-
logical processes, including the cell cycle, proliferation,
and tumorigenesis.**** Knockouts of JMJD6 could lead
to severe defects in mice, which suggested critical roles
of JMID6 in development.® Furthermore, JMJD6 could
accompany with BRD4 to regulate the activity of CDK9
and RNA polymerase II complex.>®* However, the specific
function and therapeutic significance of JIMJD6 in RCC
are indefinite. Given the potential value of JMJD6 in
cancer treatment, researchers have accordingly designed
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an inhibitor, SKLB325, based on the crystal structure of
the jmjC domain of IMJD6, which was demonstrated to
possess remarkable antitumor effects in ovarian cancer.*
Whether the JMJD6 inhibitor SKLB325 can effectively
suppress RCC growth and become a novel alternative drug
is essential to figure out.

In the current study, we combined GeCK screening data
and RCC cohorts to identify JMJD6 as a pivotal chromatin
modifier in RCC. Overexpressed JMJID6 could promote
RCC progression in vitro and in vivo through remodel-
ing the oncogenic transcriptome profiles. We proposed that
JMJD6 may be a promising predictor of prognosis and ther-
apeutic target for treating RCC.

2 | MATERIALS AND METHODS
2.1 | Cell culture and RCC patient
samples

The 293T cells and kidney cancer cell lines (786-O, ACHN,
and Caki-1) were obtained from the American Type Cul-
ture Collection (ATCC). 786-O, ACHN, 769-P Caki-1, and
A498 belong to human renal clear cell adenocarcinoma
cells, all originating from renal tubular epithelial cells. The
RCC cell lines were cultured in medium containing RPMI-
1640 (Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% FBS and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA), whereas the 293T cells
were maintained in DMEM medium with 10% FBS. All
cells were kept at 37°C under 5% CO,. The cells were tran-
siently transfected with plasmids or siRNAs using Lipo-
fectamine 3000 (Thermo, USA). The resected RCC tumors
and matched normal tissues were obtained from the
Department of Urinary Surgery, Ruijin Hospital, Shang-
hai Jiaotong University School of Medicine, 197 Ruijin
Second Road, Shanghai, 200025, China. All samples were
collected according to the protocols approved by the
institutional review boards, and informed consent was
obtained from all subjects before samples collection. All
resected RCC tumors were confirmed by two pathologists.

2.2 | Lentiviral infection, stable cell
generation, and siRNA knock-down assay

We purchased the pLKO.3G GFP-shRNA plasmids from
Addgene. After 48 h of transfection, the virus supernatant
was obtained through centrifugation. We infected the cells
with collected viruses combined with polybrene for 48 h,
which were sorted by GFP signals. After seeded in the
24-well plates, the kidney cancer cell lines (786-O and
ACHN) were then transfected with 20 nM siRNA oli-
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* CRISPR/Cas9 screen data and RCC cohorts
identify JMJDG6 as a novel epigenetic vulnerabil-
ity in RCC.

* P300-mediated activation of IMJD6 constitutes
super-enhancers to drive canonical kidney can-
cer crosstalk.

* SKLB325is effective to treat RCC and synergistic
with sunitinib.

gos via RNAiMax reagent (Life Technology). Western blot
assays were used to confirm the knockdown efficiency.
The specific sequences of siRNA targets are summarized
in Table SI.

2.3 | Western blot assays

Lysis buffer with protease inhibitors was used to extract
total proteins, which were separated by 8% SDS-PAGE
gels. Then, the proteins were transferred onto PVDF mem-
branes (Millipore, Bedford, MA). Moreover, the mem-
branes were blocked with 5% nonfat milk and incubated
with specific primary antibodies overnight. After washing
three times in TBS containing 0.1% Tween-20, the mem-
branes were incubated with the secondary antibody for 1 h
at 4°C temperature. The ECL chemiluminescence system
(Santa Cruz Biotechnology) was used to visualize the pro-
tein bands. The information of antibody used in the study
is summarized and shown in Table SI.

2.4 | Cell proliferation analysis, colony
formation assays, and migration assay

The Cell Counting Kit-8 (CCK-8) was utilized to calculate
the cell proliferation rate according to the manufacturer’s
protocol (Dojindo Laboratories, Japan). First, with a den-
sity of 1000 cells per well, the cells were seeded onto the
96-well plates. From Day 2 to Day 8, 10 ul of the CCK-
8 solution was put into the cell culture. The microplate
absorbance reader (Bio-Rad) was used to detect the result-
ing color at 450 nm. Each experiment was repeated in trip-
licate. With a density of 1 x 103 individual cells per well, the
RCC cell lines were seeded onto six-well plates in triplicate.
Followed by staining with Giemsa dye for 20 min (Solarbio,
China), the cell lines were fixed with 100% methanol for
5 min. Trans-well (Costar) migration and invasion assays
were conducted to assess the cell migration and invasion
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abilities. For migration assay, the lower chamber was filled
with DMEM mixed with 10% FBS and the upper cham-
ber was covered by 3 X 10* cells. After 48 h, a cotton
swab was used to remove the nonmigrating cells on the
upper chambers, whereas the migrated cells below the fil-
ter were stained and calculated in eight different positions.
Transwell inserts (Costar) coated with Matrigel (BD Bio-
sciences)/fibronectin (BD Biosciences) was utilized to per-
form the Matrigel invasion assays.

2.5 | Single-cell IMJD6-knockout clone
generation

Guide oligos targeting JMJID6 were cloned in pX459 plas-
mid. 786-0 cells were cultured and transfected with pX459
constructs for 2 days. Then, 1 ug/ml puromycin was added
into the medium to screen the remaining cells. The mono-
clonal cell line was isolated and obtained by seeding living
cells onto 96-well plate. Western blot assay was used to con-
firm the knockout efficiency of cells along with validations
by Sanger sequencing method. The specific sequences of
sgRNAs in the current study are summarized in Table SI.

2.6 | Chromatin immunoprecipitation
sequencing and data analysis, and
chromatin immunoprecipitation coupled
with quantitative real-time polymerase
chain reaction

Total RNA extracted from the indicated cells was subjected
to HiSeq RNA-Seq, which was performed by BGI Tech
Solutions Co. Each sample contained pooled RNA from
three biological replicas and was mixed with an equal mass
of RNA to minimize variation across samples. Transcrip-
tome reads from RNA-Seq experiments were mapped to
the reference genome (hgl9) using the Bowtie tool. The
gene expression level was quantified by the RSEM software
package and the DEGs were detected with the Poisson
distribution method. For chromatin immunoprecipitation
(ChIP) sequencing (ChIP-seq) analysis, formaldehyde (1%,
12 min)-fixed cells were sheared to achieve chromatin frag-
mented to a range of 200-700 bp using an Active Motif
EpiShear Probe Sonicator, after which ChIP-Seq assays
were performed by Active Motif Inc. Two ChIP coupled
with quantitative polymerase chain reaction (ChIP-qPCR)
primer pairs that overlap the p300 binding site of the
human JMJD6 promoter region are designed as in Table
S1. Samples were run in triplicate, and data from p300 IP or
control IP were calculated as enrichment relative to input
DNA. ChIP-gPCR was repeated twice in same condition to
confirm the reproducibility of the results.

2.7 | Immunoprecipitation

Briefly, the lysis buffer (Cell Signaling) was used to lyse
the cells, then the lysates were centrifuged to exclude the
impurity substance. The protein A/G beads (Sigma) were
added into the supernatant and incubated with the spe-
cific antibody for 12 h at 4°C. Moreover, the protein A/G
beads were incubated with the left immunocomplexes for
2hat4°C. The pellets were obtained and washed five times
with indicated lysis buffer after centrifugation. Western
blot assay was used to detect the potential interacting pro-
teins.

2.8 | Generation of kidney cancer
xenografts in mice

All animal assays are in agreement with ethical require-
ments and have been approved by the Institutional Animal
Care Use Committee of Shanghai RuiJin Hospital, Shang-
hai JiaoTong University. Besides, 4-6 weeks’ old BALB/c
nu/nu mice were obtained from SLAC Laboratory Ani-
mal Co., Ltd. After pre-experiments, 6 X 10 indicated RCC
cells were suspended into the 100 ul of PBS buffer and
then injected into the armpits of nude mice (five mice per
group). All mice were sacrificed and in vivo solid tumors
were dissected after 3 weeks.

2.9 | Establishment of patient-derived
xenograft and patient-derived organoids
models

To obtain the subcutaneous patient-derived xenograft
(PDX) models, fresh human ccRCC tissues were resected
from RCC patients. To optimize the tumor take rate of PDX
models, we used the original patient specimens contain-
ing high amounts of viable cancer, which are defined as
samples with (i) notable Ki67 expression, (ii) no remark-
able damage, and (iii) >50% cancer cells. The minor
portion of the tumor was obtained and fixed for BRD9
staining within 6 h of sample arrival. The remaining
tumors were resected into smaller pieces (about 1 X 3 X 3
mm?) and implanted surgically into the subcutaneous tis-
sue in the flanks of 4-week-old BALB/c-nu mice. The mice
were raised in a clean condition at the Shanghai Ruijin
Hospital. All initial implants were conducted with 200 ul of
Matrigel (BD Bioscience, San Jose, CA) injected around the
renal cancer implants. Once a xenograft was passaged two
or three times, Matrigel was no longer required for serial
propagation. After several subcutaneous passages in mice,
the stable ccRCC PDX models were established. To obtain
the patient-derived organoids, the single-cell suspensions
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were obtained via enzymatically digesting the fresh ccRCC
tissues and then incubated with 200 U/ml of deoxyribonu-
clease I (Roche, Indianapolis, IN) and collagenase type IV
(Sigma, St. Louis, MO) for 1 h at 37°C. The sterile gauze
and 100-mm nylon mesh were used to filter the cells that
were plated in Matrigel (BD) and cultured by DMEM/F12
medium containing 1.25 mM N-acetyl-1-cysteine, 2% B27,
50 ng/ml EGF, 100 ng/ml Noggin, 200 nM A83-01, 10 uM
Y-27632, 500 ng/ml R-spondin 1, and 1 nM dihydrotestos-
terone. To perform the organoid formation assays, approx-
imately 2000 cells were plated per well on Day 1, and the
number and diameter sizes of the organoids were detected
and compared on Day 7, Day 14, and Day 21. The specific
media composition of organoids is summarized in Table S1.

2.10 | Bioinformatics and statistical

analysis

The other eligible RCC patients were all obtained from
the public datasets, including TCGA (https://portal.gdc.
cancer.gov/) and ICGC (https://icgc.org/). The differential
analysis of mRNA or protein levels were determined via
Wilcoxon test. The RNA-seq data were normalized with
edgeR package and matched with complete clinical infor-
mation. For pan-cancer analysis, the JMJID6 expression
data were extracted from 33 tumors matched with normal
samples. The differential analysis of JMJD6 in 33 tumors
was determined via Wilcoxon test. LASSO regression,
Cox regression analysis, and Kaplan-Meier analysis were
mainly conducted by the glmnet and survival packages.
Correlation analysis was conducted with corrplot package.
The ROSE2 (Rank Order of Super Enhancers) soft-
ware (https://github.com/BradnerLab/pipeline) was uti-
lized to identify the putative enhancer regions, using distal
(>2.5 kb from TSS) H3K27ac peaks. All bioinformatic sta-
tistical analysis was mainly performed in R studio (Version
3.6.1). All experiments were carried out in three biolog-
ical replicates, respectively. Results from three biological
replicates were expressed as the mean + SD. The one-way
ANOVA or two-tailed Student’s ¢-test was used to analyze
the differences between treatment regimens. The P < 0.05
was regarded to be of statistical significance. Lastly,
*P < 0.05, ¥*P < 0.01, *** P < 0.001, and ****P < 0.0001.

3 | RESULTS

3.1 | GeCK functional screening data and
RCC cohorts were integrated to highlight
JMIJD6 as a fitness candidate for RCC

Given that CRISPR-Cas9 screens effectively identify
robust targets across cancers, researchers have recently

3

integrated screening data with genomic biomarkers to
prioritize new candidates for tumor vulnerability. In par-
ticular, we derived a list of 1614 fitness genes in RCC from
the comprehensive pan-cancer results'® (Table S2). In
addition, we extracted expression data of 665 epigenetic
regulators from a TCGA-KIRC (Kidney Renal Clear
Cell Carcinoma) cohort, and univariate Cox regression
analysis was used to screen a total of 355 hazardous
epigenetic factors at P < 0.05. We overlapped the data
from the two screening results and ultimately identified 61
potential epigenetic fitness genes in RCC, such as PLK1,
AURKB, BRD4, and BPTF (Figure 1A). Gene Ontology
(GO) analysis further revealed that the intersecting genes
were mainly enriched in histone modifications, cell
cycle processes, chromatin organization, and DNA repair
(Figure 1B). In addition, we utilized area under the curve
(AUC) analysis to evaluate the predictive efficiency of can-
didate genes based on two independent datasets featuring
TCGA-KIRC and ICGC-RCC cohort data (Figure 1C;
Table S3). The underlying relationships of 12 genes were
illustrated in a correlation heatmap (Figure 1D). To further
identify the most potent epigenetic regulator associated
with RCC growth, we performed an MTT assay to validate
the screening results and used individual siRNAs to
compare the antitumor effects of specific genes. The MTT
assay indicated that JMJD6 was the most promising hit
compared with other genes in RCC cell lines (Figure 1E).
Furthermore, IMJD6 knockdown remarkably suppressed
RCC proliferation in three independent RCC cell lines
(Figure 1F). We used the Cancer Cell Line Encyclopedia
(CCLE) dataset and observed that JMJD6 was highly
expressed in kidney cancer relative to most other solid
tumors (Figure 1G). Finally, we conducted the pan-cancer
analysis using the expression data from 33 tumors and
found that JMJD6 was highly expressed in RCC patients
compared with most of other tumor types (Figure 1H).
Taken together, these data suggest that JMJD6 is an
essential epigenetic candidate in RCC that deserves to be
further investigated.

3.2 | High JMJD6 level correlated with
poor prognosis in RCC patients and could
act as an independent marker

To further figure out the oncogenic role of IMID6 in
RCC, we analyzed several cohorts to evaluate its clinical
significance and found that IMJD6 was commonly higher
in tumor samples than in normal tissues from the TCGA-
KIRC cohort, GSE40435, GSE53757, and IGC-RCC cohort
(Figure 2A-D). In addition, we confirmed the results in
a microarray assay of RCC samples, in which JMJD6 was
significantly elevated in RCC samples compared with
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FIGURE 1 High-throughput sequencing data and experimental validations identified JMJD6 as a potential epigenetic fitness gene for

RCC. (A) Illustrations of the screening strategies incorporating GeCK data and RCC datasets. (B) Functional enrichment revealed several
oncogenic cross talk, such as histone modifications, cell cycle processes, chromatin organization, and DNA repair, based on the 61 potential
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paired normal tissue samples, as determined by immuno-
histochemistry (IHC) (N = 280, P < 0.001, Figures 2E
and 2F). Consistent with these results, the JMJID6 protein
levels were remarkably higher in 11 of 14 (78.6%) fresh RCC
tissues than in their matched normal tissues, as deter-
mined by western blot analysis (Figure 1G). Moreover,
based on the analysis of the TCGA-KIRC cohort, high
expression of JMJIDG6 correlated positively with advanced
TM stages, pathological stages, and tumor grades (P < 0.01,
Figure S1A). Kaplan-Meier analysis further indicated that
high JMJD6 levels correlated with worse overall survival
(OS) and progression-free survival for patients from the
TCGA-KIRC cohort and Ruijin-RCC dataset (Figures 2H
and 2I). Simultaneously, we conducted a multivariate Cox
analysis using age, pathological stage, and tumor grade
and found that JMJD6 still remained one independent
predictive marker for the prognosis of RCC (HR = 1.289,
95% CI, 1.136—1.463, P < 0.001, Figure 2J). Finally, we
conducted a time-dependent receiver operating charac-
teristic (ROC) curve assessment to evaluate the predictive
ability of IMJD6 expression. The combination of clinical
risk variables with JMJD6 expression in the TCGA-KIRC
cohort contributed much more than any factor alone
(Figure 2K). Taken together, these findings indicated that
the JMJID6 level expressed highly in RCC and JMJID6
possessed the potentiality as an independent prognostic
factor for RCC patients.

3.3 | Oncogenic JMJD6 promotes RCC
progression in vitro and in vivo

To further examine the biological function of JMJID6
in RCC, stable GFP-tagged JMJD6-overexpressing or
JMID6-knockout RCC cell lines (786-O and Caki-1) were
established (Figures 3A and S2A). The RCC cell colony
formation efficiency in soft agar was significantly pro-
moted in the JMJID6-overexpressed group compared with
that in the control group (Figure 3B). In addition,
IMJDe6 deficiency significantly impeded RCC growth (786-
O and Caki-1), which was completely rescued through
the restoration of exogenously expressed JMJID6 tagged
with FLAG (Figures 3C and 3D). However, the well-
known JMID6(H187A) mutant causing enzymatic defi-

3

ciency remarkably impaired the formation of RCC clones
compared to those formed by the IMID6(WT) group®’ (Fig-
ure 3E). Flow cytometry analysis further revealed that
JMJD6 deficiency exerted a cytostatic effect and promoted
cell apoptosis, in accordance with its oncogenic features
in RCC (Figure S2C-D). In addition, to determine the
roles of JMID6 in vivo, we performed tumor xenograft
studies and observed that knocking out JMJD6 signifi-
cantly suppressed tumor growth, as quantified by tumor
size, compared with tumors derived from control group
(Figures 3F and 3G). In addition, the THC results fur-
ther revealed that Ki-67, an indicator of proliferation, was
notably decreased in tumors derived from JMJID6-KO cells
(Figure 3H). Furthermore, we also detected that ectopic
expression of JMJID6 enhanced the migration and invasion
of 786-O and Caki-1 cells (Figure S2B). We assessed the
effect of IMJD6 on RCC metastasis in vivo and injected
luciferase-tagged RCC cells into the splenic portal vein
of nude mice. As quantified by bioluminescence signals
and number of lung metastatic nodes, JIMID6 overexpres-
sion remarkably promoted RCC lung metastasis, whereas
JMJD6 deficiency dramatically inhibited the metastatic
ability of RCC tumors to metastasize to the lung rel-
ative to the corresponding control groups (Figure 3I).
Finally, an RCC-specific organoid model was established
from three different patients, and we observed that the
lentivirus-mediated overexpression of JMJD6 markedly
promoted RCC cell proliferation in three independent RCC
organoids, as quantified by organoid sizes and Ki-67 signal
intensity (Figure 3J). Collectively, these data suggested that
JMID6 can function as a robust oncogene that promotes
RCC proliferation.

3.4 | p300-mediated H3K27ac activates
JMIJD6 transcription in RCC

To investigate the underlying mechanisms that mediate
high JMJD6 expression in RCC, we first considered the
transcriptional regulation or modification of the promoter
of JMJD6 using the Cistrome Data Browser, a compre-
hensive epigenetic dataset (http://cistrome.org/db/#/). We
detected and observed that H3K27 acetylation (H3K27ac)
peaks, well-defined markers of active enhancers and

epigenetic fitness genes. (C) The area under the curve (AUC) evaluation of the prognostic value of candidate genes involved in overall survival-
related events based on datasets TCGA-KIRC and ICGC-RCC. (D) Besides, we utilized the heatmap to reveal the potential relationships across
the 12 prognostic genes. (E) Meanwhile, MTT assay was used to validate the screening results using specific sSiRNAs and revealed that JMID6

was the most potent hit in relative to other epigenetic factors in RCC cells. (F) Independent assays further validated that IMJD6 knockdown
remarkably suppressed RCC proliferation in three RCC cell lines. (G) The Cancer Cell Line Encyclopedia (CCLE) dataset revealed that IMID6
was highly expressed in kidney cancer compared with most of other solid tumors. (H) Lastly, the pan-cancer analysis based on 33 tumors
suggested that JIMJD6 was highly expressed in RCC patients relative to most of other tumor types
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FIGURE 2 JMJD6 expression level is positively associated with OS of RCC patients and exhibits independent prognostic significance. (A-
D) JMJID6 exhibited significantly higher levels in tumor samples versus normal tissues from the multiple RCC datasets, such as TCGA-KIRC,
GSE40435, GSE53757, and ICGC-RCC cohorts. (E) Representative IHC images of tumor and paired normal sections on the tissue microarray
(TMA) probed with the anti-JMJD6 antibody (scale bars = 200 or 50 um, respectively) are shown. (F) The distribution of the difference in
JMID6 immunoreactivity score (/\scores = (Tumor — Normal)/Normal). The /\scores of IMID6 staining was available in 280 pairs of tissues.
(G) Moreover, JMID6 protein levels were also detected in RCC tissues and paired normal kidney tissues via western blotting assay (N = 14).
(H) Kaplan-Meier analysis in Ruijin RCC dataset (N = 280) suggested that patients with high JMJID6 levels suffered from worse progression-
free survival (PFS) outcomes compared with those with low JMJD6 levels. (I) In line with the previous results, high IMJID6 mRNA levels also
correlated with worse overall survival (OS) outcomes based on the analysis of sequencing data of TCGA-KIRC cohort (N = 530). (J) Multivari-
able analyses were conducted in the RCC cohort, where all bars were corresponded to 95% CIs. (K) The time-dependent receiver operating
characteristic (ROC) analysis for the tumor grades, pathological stages, and the combined JMJD6 levels in the RCC cohort
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FIGURE 3 JMJD6 promotes RCC proliferation and distal metastases in vitro and in vivo. (A) To demonstrate the biological roles of IMID6,
we first constructed the stable GFP-tagged JIMJD6-overexpressing and JMJD6-knockout RCC cell lines via CRISPR/Cas9 technology, which
were validated by western blotting. (B) JMJID6 overexpression promoted RCC cell (786-O and Caki-1) anchorage-independent growth in soft
agar (scale bars = 200 um). Quantification of the soft agar colony formation assay results (right panel). (C-D) Besides, JIMID6 knockout could
notably suppress the RCC colony formation ability, which could be rescued via restoration of IMJD6 levels. (E) However, ectopic expression of
inactive IMJID6 mutant (H187A) failed to rescue the suppressive effect induced by IMID6 deficiency. (F) IMID6 deficiency significantly inhibited
RCC subcutaneous tumor growth in nude mice (N = 5). (G) The tumor volume was detected at indicated days, and tumor growth curves were
generated. (H) The sections of tumors from two groups were collected and stained with anti-Ki-67 via IHC, where the scale bars = 200um. (I)
Furthermore, overexpressed JMJD6 enhanced RCC distal metastases, whereas JMJD6 knockout significantly impaired the tumor metastatic
ability, as indicated by bioluminescence signals and lung metastatic node numbers. (J) The representative pictures of three independent RCC
organoids transfected with JMJD6 overexpression vectors or control lentivirus for 2 weeks were shown (scale bars = 250 um, left panel) and
quantified via organoid diameters (right panel)
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transcription, were significantly abundant at the promoter
of IMJD6, indicating a potential role for chromatin acety-
lation in JMJD6 regulation (Figure 4A). As previously
reported, the p300/CPB complex mediates the catalytic
process of cellular acetylation of H3K27ac, which directs
H3K27me loss and reciprocal H3K27ac gain.*’*® Accord-
ingly, we found that p300 protein levels were significantly
higher in RCC than in normal tissues (P = 0.0021), whereas
CBP expression was not different between RCC and nor-
mal kidney tissues (P = 0.463) (Figure 4C). These find-
ings were further validated in a microarray assay using IHC
(Figure 4D). By analyzing the TCGA-KIRC and GTEx data,
we found a remarkably positive correlation between EP300
and JMJD6 mRNA levels with P < 0.0001 (Figure 4D).
C646, a histone acetyltransferase inhibitor targeting p300,
was selected to treat RCC cells, and we found a signifi-
cant decrease in JMJID6 mRNA levels in a time- and dose-
dependent manner (Figures 4E, 4F, and S2E). Performing
western blot analysis, we found that the protein levels of
IJMID6 and H3K27ac were reduced synchronously in 786-
O and Caki-1 cells treated with C646 (Figure 4G). We thus
designed two specific siRNAs targeting p300 (Figure 4H).
As expected, knocking down p300 resulted in considerable
reductions in both the mRNA and protein levels of IMJD6,
along with the H3K27ac levels (Figures 4I and 47J). Fur-
thermore, we selected another chromatin modifier CHD6
as the negative control and repeat the above assays again.
Intriguingly, we did not observe significant abundance
of H3K27ac peaks at the CHD6 promoter region (Figure
S2F). Neither C646 nor p300 knockdown could reduce the
expression levels of CHD6 in RCC lines, suggesting the spe-
cific effect of p300 on CHD6 (Figure S2G-J). Finally, ChIP
analysis was performed to verify that H3K27ac signals and
p300 binding were both enriched at the promoter regions
of IMJD6, and p300 ablation significantly weakened the
enrichment of H3K27ac signals, in line with previous find-
ings (Figures 4K and 4L). Taken together, these results
indicate that the aberrant expression of p300 and subse-
quent p300-mediated H3K27ac modification may partially
result in and explain the high IMJD6 expression levels in
RCC (Figure 4M).

3.5 | Overexpressed JMJD6 alters the
oncogenic transcriptome in RCC cells to
promote tumorigenesis

To determine the underlying mechanism by which IMJD6
promotes RCC growth and progression, we conducted
transcriptome profiling analysis of IMJD6-WT and JMJD6-
knockout cells. The analysis revealed 2311 differentially
expressed genes (DEGs) between the two groups, of

which 682 genes were upregulated and 1629 genes were
downregulated upon JMJID6 ablation (Figure 5A; Table
S4). A GO analysis suggested that the top 300 DEGs were
significantly enriched in cell growth, cell cycle, apoptotic
signaling pathways, and pathways in cancer categories,
implying an oncogenic role of JMJD6 in RCC (Figure 5B).
We also generated a heatmap to observe the DEGs in
clusters (Figure 5C). To identify definitive downstream
targets regulated by JMJD6, we performed ChIP-seq and
found a total of 56,531 peaks comparedwith input signals.
The JMJID6-binding distributions are shown in the pie
charts (Figure 5D-E; Table S5). In line with previous
studies, JMJD6 mainly binds to distal enhancer regions.
Subsequent binding and expression target analysis (BETA)
suggested that JMJD6 mainly functioned as an activation
factor in Caki-1 cells, and the red and dark purple lines
indicated upregulated and downregulated genes, respec-
tively (Figure 5F). To screen the putative targets of IMID6
in RCC, we overlapped the two omics datasets (RNA-seq,
Chip-seq) to identify 1904 intersecting genes, which were
defined as the JMJD6 signature, including well-known
kidney cancer drivers such as vascular endothelial growth
factor A (VEGFA), -catenin, FGFR1, and MAPK4 (Fig-
ure 5G; Table S6). Accordingly, we illustrated several
JMID6-binding peaks in representative target gene loci
(Figure S2K). Subsequently, the GO analysis indicated that
blood vessel development was the most enriched cross-
talk function, followed by Wnt/beta-catenin signaling, cell
proliferation, and positive regulation of the MAPK cas-
cade (Figure 5H). Furthermore, we found that the JIMJID6
signature can successfully stratify the data of patients via
K-means clustering into two clusters that exhibit distinct
differences in terms of OS (log-rank test, P < 0.001,
Figure 5I). Although it was difficult to attribute the JMID6
oncogenic effect to a segmented target gene, we selected
several top genes known to be essential for RCC progres-
sion and measured their expression levels. As a result,
genes representative of pivotal drivers of VEGFA signal-
ing, f-catenin signaling, and cell proliferation in RCC
were chosen, including VEGFA/B, SRC proto-oncogene,
nonreceptor tyrosine kinase (SRC), CDC42, CTNNBI,
CCND1, MMP9, CDK6, CDKN2D, and HDGF (Figure 5J).
The western blot assay further demonstrated that wild-
type JMJID6, but not the inactive IMID6 mutant (H187A),
maintained the high levels of VEGFA crosstalk and
f-catenin and could reverse the impaired effects induced
by IMJD6 deficiency (Figure 5K). Moreover, VEGFA or
B-catenin knockdown markedly impaired JMJID6-induced
RCC growth in vitro (Figure 5L). Collectively, our data
indicated that JMJD6 initiates a tumorigenic transcrip-
tome profile involving several oncogenic cross-talking
pathways, particularly the VEGFA signaling.
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FIGURE 4 The p300-mediated H3K27ac activates JMID6 transcription in RCC. (A) We screened and observed the high enrichment of
H3K27ac at the promoter region of JIMID6 from the data of the UCSC genome bioinformatics site (http://genome.ucsc.edu/). (B) We compared
and found that p300 mRNA levels exhibited significantly higher in tumors than that in normal tissues, whereas no notable CBP alterations
were found. (C) The IHC assay further validated that p300 was higher in tumor tissues versus normal sections, where the scale bars were 200
and 50 um, respectively. (D) Besides, a remarkably positive correlation between p300 and JIMID6 mRNA levels was calculated with P < 0.0001
based on the analysis of TCGA-KIRC and GTEx data. (E and F) C646, a histone acetyltransferase inhibitor targeting p300, was selected to
treat RCC cells, and a significant decrease of JMJD6 mRNA levels was observed in a time- and dose-dependent manner. (G) The JMJD6 and
H3K27ac protein levels in RCC cell lines (786-O and Caki-1) were detected via western blotting with C646 treatment (20 uM) for 24 h. (H) The
specific siRNAs targeting p300 were designed and the knockdown efficiency was confirmed via western blotting. (I) The quantitative real-time
polymerase chain reaction (QRT-PCR) method was used to detect the JMID6 expression levels in Caki-1 cells when knocking down the p300. (J)
Both the protein levels of IMID6 and H3K27ac were decreased significantly after the p300 knockdown. The levels of p300 binding (K) and the
enrichment of H3K27ac at the promoter region of JMJD6 (L) in p300 knockdown or control Caki-1 cells were determined via ChIP assays. (M)
The simple graphical illustration of the mechanisms was drawn to show that p300-mediated H3K27ac activation enhances JMJD6 transcription
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FIGURE 5 Overexpressed JIMID6 alters the oncogenic transcriptome in RCC cells to promote tumorigenesis. (A) The differential analysis
was conducted in IMJD6YT and IMID6~/~ cells and the differentially expressed genes (DEGs) were exhibited in volcano plot. (B) The Gene
Ontology (GO) analysis indicated that the top 300 DEGs were significantly enriched in cell growth, cell cycle, apoptotic signaling pathways,
and pathways in cancer categories. (C) The cluster of DEGs was shown in heatmap. (D) ChIP-Seq summary plot of IMID6-binding intensities
across JMJID6 peaks in Caki-1 cells. (E) The distributions of IMID6-binding regions were shown in the pie charts. (F) The binding and expression
target analysis (BETA) suggested that JMJD6 plays an active factor in Caki-1 cells, where the red and dark purple lines indicate upregulated
and downregulated genes, respectively. (G) We overlapped the RNA-seq data and Chip-seq data to narrow down the JMJD6 signature in RCC,
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3.6 | JMJD6 constitutes super-enhancers
to drive downstream targets such as
VEGFA and -catenin

Previous studies have reported that JMJD6 can alter
enhancer profiles and interact with BRD4 and N-MYC,
which are mainly super-enhancers (SEs) driving down-
stream oncogenic signatures. To determine and demon-
strate the potential effect and regulation of JMJD6 on
targets, we conducted ChIP-seq of H3K27ac, an enhancer
indicator, and compared the differential enhancer land-
scapes between JMID6-deficient and control cells. We
observed a minor reduction in H3K27ac signals across the
genome upon JMJD6 knockout (Figure 6A). Intriguingly,
we utilized the rank oriented of super enhances (ROSE)
algorithm to detect SE peaks and found a remarkable
reduction in SE signals: there were 545 SEs in control cells
and only 286 SEs in JMJD6~/~ cells (Figure 6B). Further-
more, we conducted RNA-seq to compare the fold change
of SEs compared to SE-associated genes upon JQl1 treat-
ment for 8 h. We observed that SE-associated genes in
786-0 cells were particularly sensitive to JQ1, an observa-
tion also noted upon JMJD6 depletion (Figure 6C). Gene
set enrichment analysis (GSEA) further indicated that JQ1
can selectively downregulate JMJD6 signature genes with
enrichment mirroring the knockout of IMJD6 (Figure 6C).
Taking VEGFA as an example, we conducted ATAC-seq
and integrated the multiple tracks in the IGV diagram,
where JMJID6 and H3K27ac were found to co-occupy the
VEGFA enhancer region (Figure 6D). We also compared
the different H3K27ac peaks near VEGFA in JMJD6-intact
and JMJD6-deficient cells to identify putative SEs medi-
ated by IMJID6. Intriguingly, there was a remarkable reduc-
tion in the H3K27ac signal at one of the SE regions where
IJMJD6 was also bound (Figure 6E). To test this putative
IJMJD6-comprised SE, we utilized the CRISPRi method to
target putative IMJD6-binding sites within this region, and
the results indicated an ~60% reduction in VEGFA expres-
sion (Figures 6F and 6G). Considering that JMJD6 interacts
with BRD4 to form SEs, we treated RCC cells with a BRD4
inhibitor and found that JQ1 largely reduced VEGFA levels
in a dose-dependent manner (Figure 6H). Besides, target-
ing MYCN, another JMJD6 co-activator, could also result in
decreased levels of representative IMJDG6 targets compared
with control group, recapitulating the similar effect of
IJMID6 or BRD4 inhibition (Figure 6I). In addition, IMID6
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had no effect on the restoration of VEGFA levels induced
by sgVEGFA-SE-1 (Figure 6J). Similarly, there were no
detectable alterations in VEGFA levels in sgVEGFA-SE-1
cells upon JMID6 knockdown (Figure 6K). Collectively,
VEGFA-SE1 depletion can cause VEGFA to escape from
JMID6 manipulation. Finally, we downloaded the Hi-C
data of RCC cells from the ENCODE dataset (https://www.
encodeproject.org/) and integrated the JMID6 and coacti-
vator tracks, where these loops enable the physical interac-
tion of the SE-bound proteins N-MYC and BRD4 with the
promoter of VEGFA to facilitate transcription (Figure 6L).
Using this strategy, we also identified several putative SE
regions in other IMJD6 signatures, such as S-catenin and
SRC (Figures S3A and S3B). Taken together, these data con-
cluded that IMJD6 mainly interacts with BRD4 to consti-
tute SEs that alter downstream targets in RCC, such as
VEGFA.

3.7 | JMJID6 inhibitor (SKLB325) exhibits
remarkable antitumor efficacy and
mediates sunitinib sensitivity in RCC

Recently, targeting cancer-associated SEs, such as JQl,
BETis, or THZ1, has become a priority strategy to suppress
tumors. However, these drugs work across a broad spec-
trum of targets and induce multiple side effects. Given the
essential roles of JMJD6 in regulating VEGA and other
RCC identity drivers, we sought to determine the clinical
utility of JMJD6 inhibitors in RCC. First, we synthesized
the SKLB325 as instructions and the specific chemical
structure was determined via nuclear magnetic resonance
spectroscopy in Figure S4A. The half maximal inhibitory
concentration (ICs,) values of SKLB325 were detected in
three RCC cell lines (Figure S4B). Then, we observed that
the proliferation efficiency and clone formation ability
of the RCC cells (786-0; Caki-1) were both significantly
impeded upon SKLB325 treatment in a dose-dependent
manner (Figures 7A and 7B). To closely imitate the tumor
microenvironment and assess the clinical utility of drugs,
we established an RCC organoid model with organoids
from three RCC patients to further determine the anti-
tumor effect of SKLB325 (Figure 7C). As determined
by the sizes of the organoids, SKLB325 was observed to
significantly suppress RCC organoid growth relative to the
control PBS treatment (Figure 7D). In addition, we also

indicated by Venn diagram. (H) The Gene Ontology (GO) analysis revealed the significantly enriched items based on JMJD6 signature. (I) The
JMJD6 signature can successfully stratify the data of patients via K-means clustering into two clusters for overall survival (P-values by log-rank
test). (J) quantitative real-time polymerase chain reaction (QRT-PCR) analysis of gene expressions in JMJD6 intact and knockout cells. (K)

The western blotting assay was used to further demonstrate the associations among JMJD6 and downstream targets. (L) VEGFA or S-catenin
knockdown via specific sShRNAs markedly attenuated JMID6-induced RCC growth in vitro
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found that SKLB325 remarkably suppressed in vivo tumor
size and reduced tumor-derived VEGF level in the circula-
tion (Figure 3E). Animals were treated via intraperitoneal
injection (i.p.) with either SKLB325 (12.5 mg/kg) or PBS
(n = 8 per group) three times per week for 5 weeks. No
adverse reactions were found. In the 786-O cell-bearing
metastatic model, we confirmed that SKLB325 can also
inhibit the growth of distal lung metastases, as quantified
by serial bioluminescence signals and metastatic nodes
in the lung (Figures 7G and S4C). Kaplan-Meier analysis
suggested that mice in the SKLB325 group benefited from
a more favorable prognosis than those in the PBS control
group (n = 15, log-rank test, P = 0.0069, Figure 7F). Suni-
tinib is a clinically first-line drug used for advanced RCC
that targets multiple RTKs. Nevertheless, a fraction of
patients exhibit resistance after a period of sunitinib treat-
ment. Mechanisms of resistance to sunitinib therapy fall
into several categories, and the main cause is the bypassed
activation of VEGF signaling via other pathways. Given
the robustness of the JMJD6/VEGFA axis, we reasoned
that JMJD6 status modulated sunitinib efficacy. In line
with expectations, we found that overexpressed JMID6
significantly attenuated sunitinib efficacy compared
with that observed in the control group, whereas JIMJD6
depletion sensitized RCC cells to sunitinib (Figure S4D).
Additionally, we calculated the inhibitory concentration
values for drug combinations (SKLB325 and sunitinib)
and illustrated the synergistic effect using a heatmap
(Figure 7G). To assess the in vivo inhibitory efficacy of
SKLB325 in RCC, we further established patient-derived
tumor xenograft (PDX) models from Ruijin-RCC patient
specimens after several subcutaneous passages. In agree-
ment with our previous results using xenograft-bearing
mice, SKLB325 therapy resulted in remarkable tumor
regression that was synergistic with sunitinib treatment, as
indicated by serial tumor volumes (Figure 7H). Finally, we

CLINICAL AND TRANSLATIONAL MEDICINE 15 of 21
e e — - OpenAccess'

constructed orthotopic xenograft models using luciferase-
tagged sunitinib-resistant (SR) cells. No significant
difference in tumor growth was found between the
sunitinib-treated SR mice and PBS-treated mice, indi-
cating the resistance features of 786-O cell-SR-derived
orthotopic ccRCC in vivo. Intriguingly, SKLB325 treatment
and JMID6 deficiency exerted a remarkable reduction
in tumor growth relative to that of the sunitinib-treated
786-0 cell-SR or naive 786-0 cell-SR mice, as quantified by
serial bioluminescence signals (Figure 7H). Additionally,
THC validated that the orthotopic xenografts derived from
IMID6-deficient or SKLB325-treated mice exhibited sig-
nificantly decreased CD34, CD105, and Ki-67 expression
levels (angiogenesis and proliferation markers) com-
pared with that of the other two groups (Figures 71 and
S4E). Taken together, these data indicated that a JMJID6
inhibitor (SKLB325) exhibits a significant antitumor effect
on primary tumors and distal metastases. High JMJID6
levels might predict natural resistance to VEGF signaling
inhibitors, and the combination of SKLB325 with sunitinib
was shown to synergistically suppress RCC growth.

To confirm the above p300/JMJID6 axis and JMJID6
downstream targets in clinical samples, we detected the
expression levels of p300, JMJD6, and representative
IMJD6-driving targets (VEGFA and f-catenin) using the
RCC tissue microarrays from Ruijin Hospital. Subse-
quently, we categorized the RCC tissues into the p300-low
and p300-high groups according to the median H-score
data of 34.8 and determined their expression relevance
in RCC (Figure 8A). The expression of JMJID6 was posi-
tively associated with the expression of p300, VEGFA, and
B-catenin in the 70 RCC patients (Figure 8B). Furthermore,
we comprehensively illustrate the aberrant p300/IMJID6
axis in promoting RCC progression, at least partly through
inducing VEGFA, B-catein, or other JMJD6 signature
(Figure 8C).

to detect and compare the differential SEs in JMJD6 intact and JMJID6-knockout cells. (C) Selective disruption of SE genes upon JMJD6 knock-
out or BET bromodomain inhibition (JQ1) in Caki-1 cells (Left). Error bars show the 95% confidence interval. P-values calculated by Welch’s
unpaired ¢-test. Gene set enrichment analysis (GSEA) revealed the inhibition of JMJDG6 targets, along with by JQ1 (Right). (D) The multiple
tracks in the IGV diagram exhibited the co-occupancy of JMID6 and H3K27ac at the VEGFA enhancer region. (E) Comparing the differential
H3K27ac peaks near VEGFA in JMJDé6-intact and JIMID6-deficient cells, we identified one putative SE mediated by JMID6. (F) Schematic pre-
sentation of location of VEGFA as well as the design of CRISPR/Cas9-mediated deletion of the super-enhancer VEGFA-SE-1. The location of
sgRNAs and the primers used to validate the deletion were indicated. (G) Real-time PCR was used to determine the mRNA level of VEGFA in
sgVEGFA-SE-1 cells and control cells. Data are represented as mean + SD. (H) The interaction of JMJD6 and BRD4 was verified by immuno-
precipitation (IP) assay and the reduced VEGFA expression levels were determined by western blotting after BRD4 inhibitors (JQ1) treatment.
(I) The mRNA expression levels of representative JMID6 signature were detected and compared via qPCR in MYCN knockdown and control
cells. (J) Overexpressed IMJID6 could not rescue the VEGFA expression levels in sgVEGFA-SE-1 cells. (K) No altered VEGFA expression levels
were detected in sgVEGFA-SE-1 cells upon JMJID6 knockdown versus control. (L) The combination of Hi-C data from the ENCODE dataset
with the JMID6 and coactivator tracks revealed the potential physical interactions between the SE-bound proteins (N-MYC, JMJID6, and BRD4)
with the promoter of VEGFA to facilitate transcription
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FIGURE 7 JMID6 inhibitor (SKLB325) exerts remarkable antitumor efficacy and influences sunitinib sensitivity in RCC. (A) The CCK-8
assay revealed the attenuated proliferation ability of 786-O cells caused by SKLB325 in different doses. (B) The soft agar colony formation assay
also indicated that the SKLB325 could inhibit the Caki-1 clonogenic ability in a dose-dependent manner. (C) The graphical illustration of patient-
derived organoids models derived from RCC patients via laparoscopic resections. (D) Representative images of three different RCC organoids
treated with SKLB325 and control PBS for 3 weeks. The diameters of organoids in two groups were compared and calculated as mean + SD
(scale bar = 250um). (E) SKLB325 effectively inhibited RCC subcutaneous tumor growth in nude mice (n = 5), where the tumor volume was
monitored at indicated days, and tumor growth curves were generated and compared (middle panel). The serum VEGF concentrations in
treated mice and control mice were detected (right panel). (F) Besides, SKLB325 could significantly suppress the distal metastatic ability of
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4 | DISCUSSION

Aberrant expression levels or truncation mutations in
chromatin modifiers have been recognized as vital patho-
logical features in RCC.>* In addition to the loss of func-
tion of canonical divers (VHL, SETD2, or BAPI), essential

CLINICA TRANSLATIONAL MEDICINE

didates, in which JMJD6 was the pivotal hit via functional
validations. JMJID6, activated by p300, is highly expressed
in RCC and was confirmed as an independent prognostic
factor across multiple RCC datasets. In addition, JMJD6
promoted RCC growth and distant lung metastasis in vitro
and in vivo. Mechanistically, JMJD6 altered a series of

oncogenic signatures and mainly activated blood vessel
development and S-catenin signaling crosstalk. In par-
ticular, JMJD6 was demonstrated to be a robust SE that
drives VEGFA expression levels. Finally, we assessed the

epigenetic vulnerabilities may contribute to RCC prolifera-
tion and may be developed into drug targets. In the current
study, we combined the GeCK screening data and TCGA
cohort data to identify a cluster of epigenetic fitness can-

RCC cells via tail vein injection, as indicated by Photo flux signals (middle panel), and improved the overall survival of mice (n = 15, log-rank
test P < 0.01). (G) The inhibitory concentration values for drug combinations (SKLB325 and sunitinib) were shown in heatmap, illustrating the
synergistic efficacy. (H) Representative tumors at necropsy (left) and changes in tumor volume (right) of the subcutaneous PDX models treated
with PBS control, sunitinib, SKLB325, and combination of both once daily for 28 days (n = 10 mice per group). (I) Representative images of the
luciferase intensity and orthotopic xenografts from different groups are presented (n = 5/group, left panel). Representative images of H&E and
THC staining for JIMID6, CD34, and Ki-67 in tumor specimens from mice in the four groups were exhibited (scale bar = 200 um, middle panel).
The serial photon flux levels and H-scores of indicated genes in four groups were calculated and compared (right panel)
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B-catenin expression in RCC patients (scale bars = 300 and 100 um, respectively). (B) The percentages of RCC specimens showing low or
high JMJD6 expression relative to the levels of p300, VEGFA, and $-catenin are shown. (C) The graphic illustration of JIMID6 constituting
super-enhancers to drive downstream targets that promote tumor proliferation and distal metastasis of RCC
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efficacy of a novel JMJID6 inhibitor (SKLB325) for sup-
pressing RCC progression and observed its synergistic
efficacy when combined with the first-line drug sunitinib.

Recently, researchers have conducted CRISPR/Cas9
screening of a panel of cancer cell lines and considered
genomic and tractability data to comprehensively iden-
tify novel drug targets through an unbiased tool. Unbiased
strategies may expand the scope of druggable targets in
cancer and accelerate the development of new treatment
therapies.”’ The GeCK library, epigenomic library, and
kinase library have been successfully used to screen and
identify potential targets in various cancers associated with
cisplatin resistance, immunotherapeutic sensitivity, or
metastasis.**~*? The functional library screens can largely
prevent missing targets caused by false-negative results
obtained from previous genetic transcription screens, such
as microarrays, as some essential genes may exhibit no
altered expressions in different conditions. Therefore, we
extracted and focused on epigenetic candidates in RCC
cells based on the GeCK results. Furthermore, in line with
the emerging hotspot of PCAWG, high-throughput screen-
ing of large cohorts (TCGA/ICGC) has become a power-
ful method to identify the underlying prognostic factors in
cancer. Complementary to each other, these two screen-
ing strategies were combined together to identify JMJD6
as the pivotal epigenetic vulnerability in RCC, which had
never been investigated in RCC. Nevertheless, although
the utilization of these two screening methods enabled
the range of candidates to be narrowed to a large extent,
low-throughput validations via experimental assays are
warranted for follow-up, owing to the proportions of poten-
tially false-positive targets.

As reported, JMID6 possesses double functions as a
histone arginine demethylase and hydroxylase, dynami-
cally regulating chromatin and gene transcription. Par-
ticularly, JMJD6 could interact with BDR4 physically
and functionally to modulate Pol II promoter proxi-
mal pause release of a large cohort of genes, especially
remodeling the enhancer profiles.””*® Previous studies
have indicated that JMJD6 overexpression may result
in poor prognosis for multiple cancers, such as neu-
roblastoma, breast cancer, and liver cancer.20-23:43:44 We
detected high expression levels of JMJD6 in RCC com-
pared to normal tissues and investigated whether p300
directly binds to the promoter region and mediates the
transcriptional activation of IMJD6. The p300/CBP com-
plex is a histone acetyltransferase that promotes the
establishment of H3K27ac, and p300 can activate tran-
scription through direct interaction with RNA poly-
merase II. Considering that we did not detect altered
expression of CBP, higher p300 levels accounted for,
at least partly, the elevated JMJD6 in RCC. Whether
other mechanisms, such as N6-methyladenosine (m°A)

modifications or ubiquitin-mediated regulation, medi-
ate aberrant JMJD6 levels remains unclear. The joint
analysis of RNA-seq and ChIP-seq revealed a cluster
of JMJD6 signatures that may be used as the basis
for molecular classification. We selected and found sev-
eral classical kidney cancer pathways, including blood
vessel development, -catenin signaling, and cell cycle
pathways.

As genomic regulatory elements, enhancers have been
well studied and known to perform vital roles in control-
ling tissue-specific gene expression regulation. Genomic
epigenetic marks such as H3K27ac or H3K4mel/2 or coac-
tivators (MED1, BRD4, MED1/12, and c-Myc) are all essen-
tial enhancer indicators. In line with previous conclusions,
ChIP-seq data suggested that JMJD6 mainly binds to intra-
genic regions, not TSS loci, and alters enhancer profiles
in RCC. As JMJID6 can interact with BRD4, we found that
JMID6 and BRD4 co-occupy at an adjacent VEGFA region
to act as a putative SE, with an accompanying H3K27ac
mark. Previous studies have demonstrated that IMJD6 can
activate downstream targets of E2F2, N-Myc, and c-Myc
in neuroblastoma, indicating a role for JMJD6 as master
regulator of SEs.*># Recent strategies used to suppress
aberrant oncogene activation by abrogating relative tran-
scriptional SEs have been among the most promising direc-
tions, and their effects have been confirmed effectively
with the BRD4 inhibitor, HDAC inhibitor, and THZ1. We
treated RCC cells with JQ1 and observed a significant
reduction in SE-induced VEGFA expression. However, JQ1
and other SE inhibitors interrupt a wide range of targets
across the genome and have induced a series of side effects
in previous studies.*’

Considering the vital role of JMJD6 in cancer treat-
ment, researchers have investigated only one highly selec-
tive inhibitor, SKLB325, developed on the basis of the
jmjC domain crystal structure. Accordingly, we derived
SKLB325 using available protocols and determined its clin-
ical utility in RCC organoids and PDX models. Interest-
ingly, we further observed that JMJD6 status influenced
sunitinib efficacy and combination of JMJD6 and suni-
tinib had synergistic effects in vitro and in vivo. As pre-
viously reported, VEGFA is one identity signature in RCC
angiogenesis, participating in tumor proliferation and dis-
tal metastasis.*>*’ Encouragingly, SKLB325 could signif-
icantly suppress the tumor-derived VEGF levels in the
circulation of mice and inhibit the expressions of CD34
and CDI105 in renal cell orthotopic models, which were
both the angiogenesis and proliferation markers. Consid-
ering the high-throughput sequencing data, we think that
JMID6 might activate several overlapping tyrosine kinase
inhibitor downstream targets, such as SRC or FGFRI.
Persistent activation of a canonical VEGF signaling
bypass mediated by JMJD6 might contribute to sunitinib
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resistance. However, owing to publication space limits, the
specific underlying resistance mechanisms induced by
JMID6 have not been thoroughly clarified. Given that
IMID6 regulating a relatively wide spectrum of targets
such as BRD4, the toxicity and optimal doses of SKLB325
were warranted to evaluate based on in vitro and in vivo
models.’">! Whether SKLB325 has an effect on a small frac-
tion of IMJD6!°" RCC samples to exhibit synergistic effi-
cacy with sunitinib remains to be determined. In addition,
although SKLB325 and sunitinib efficiently cooperate, the
dosing quantity and order of these two drugs for optimized
treatment will be of great importance to evaluate in mouse
models.

5 | CONCLUSIONS

Taken together, the results obtained by integrating the
GeCK screening, multiple RCC cohort, and experimen-
tal validation data enabled us to highlight JMJD6 as an
independent predictive biomarker that is also a thera-
peutic vulnerability for RCC. P300-activated IMJD6 may
constitute SEs to drive a series of kidney cancer-related
drivers, such as VEGFA, f-catenin, or SRC. Targeting
JMID6 by inhibitors (SKLB325) may be an alternative strat-
egy to suppress RCC proliferation and distant metastases.
How to combine SKLB325 with traditional tyrosine kinase
inhibitor drugs, such as sunitinib, to achieve optimal ther-
apeutic benefits will be important to determine in subse-
quent researches.

AUTHOR CONTRIBUTIONS

Chuanjie Zhang, Danfeng Xu, Xiaoqun Yang, and Lu
Chen designed the research. Chuanjie Zhang, Xuan Lu,
and Jingyi Huang conducted the experiments. Chuanjie
Zhang, Xuan Lu, Jingyi Huang, and Hongchao He col-
lected and analyzed the data. Jingyi Huang, Siwei Xing,
Xiaohao Ruan, Yang Xu, Xiaoqun Yang, Hongchao He,
and Haofei Wang collected the samples. Xuan Lu and
Li Chen mainly conducted the pharmacology experi-
ment of SKLB325. Chuanjie Zhang wrote and revised
the manuscript. All authors read and approved the final
manuscript.

ACKNOWLEDGMENTS

The research is funded by the National Natural Science
Foundation of China (No. 81972405 to DX), Guangci Excel-
lent Youth Program of Ruijin Hospital (GCQN-2018-B15),
and the National Natural Science Foundation of China for
Youths (81903050 to XY).

CLINICAL AND TRANSLATIONAL MEDICINE 19 of 21
e e — - OpenAccess'

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data used or analyzed during this study are included
in this article and available from the corresponding author
upon reasonable request.

ORCID
Danfeng Xu (© https://orcid.org/0000-0002-4175-1009
REFERENCES

1. Capitanio U, Bensalah K, Bex A, et al. Epidemiology of renal cell
carcinoma. Eur Urol. 2019;75(1):74-84.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer
J Clin. 2020;70(1):7-30.

3. Linehan WM, Ricketts CJ. The Cancer Genome Atlas of renal
cell carcinoma: findings and clinical implications. Nat Rev Urol.
2019;16(9):539-552.

4. Liao L, Testa JR, Yang H. The roles of chromatin-remodelers
and epigenetic modifiers in kidney cancer. Cancer Genet.
2015;208(5):206-214.

5. Ricketts CJ, De Cubas AA, Fan H, et al. The Cancer Genome
Atlas Comprehensive Molecular Characterization of Renal Cell
Carcinoma. Cell Rep. 2018;23(1):313-326.€5.

6. Sanchez DJ, Simon MC. Genetic and metabolic hallmarks of
clear cell renal cell carcinoma. Biochim Biophys Acta Rev Can-
cer. 2018;1870(1):23-31.

7. Nagaraja S, Vitanza NA, Woo PJ, et al. Transcriptional depen-
dencies in diffuse intrinsic pontine glioma. Cancer Cell.
2017;31(5):635-652.€6.

8. Asangani IA, Dommeti VL, Wang X, et al. Therapeutic targeting
of BET bromodomain proteins in castration-resistant prostate
cancer. Nature. 2014;510(7504):278-282.

9. Mohammad F, Weissmann S, Leblanc B, et al. EZH2 is a poten-
tial therapeutic target for H3K27M-mutant pediatric gliomas.
Nat Med. 2017;23(4):483-492.

10. Italiano A, Soria JC, Toulmonde M, et al. Tazemetostat, an
EZH2 inhibitor, in relapsed or refractory B-cell non-Hodgkin
lymphoma and advanced solid tumours: a first-in-human, open-
label, phase 1 study. Lancet Oncol. 2018;19(5):649-659.

11. Cortiguera MG, Garcia-Gaipo L, Wagner SD, Leén J, Batlle-
Lopez A, Delgado MD. Suppression of BCL6 function by HDAC
inhibitor mediated acetylation and chromatin modification
enhances BET inhibitor effects in B-cell lymphoma cells. Sci Rep.
2019;9(1):16495.

12. Mazur PK, Herner A, Mello SS, et al. Combined inhibition
of BET family proteins and histone deacetylases as a poten-
tial epigenetics-based therapy for pancreatic ductal adenocarci-
noma. Nat Med. 2015;21(10):1163-1171.

13. Lalani AA, McGregor BA, Albiges L, et al. Systemic treatment
of metastatic clear cell renal cell carcinoma in 2018: current
paradigms, use of immunotherapy, and future directions. Eur
Urol. 2019;75(1):100-110.

14. Brodziak A, Sobczuk P, Bartnik E, et al. Drug resistance in pap-
illary RCC: from putative mechanisms to clinical practicalities.
Nat Rev Urol. 2019;16(11):655-673.


https://orcid.org/0000-0002-4175-1009
https://orcid.org/0000-0002-4175-1009

20 of 21 CLINICAL AND TRANSLATIONAL MEDICINE
OpenAccess)

15.

16.

17.

18.

19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.

32.

33.

ZHANG ET AL.

M¢éjean A, Ravaud A, Thezenas S, et al. Sunitinib alone or after
nephrectomy in metastatic renal-cell carcinoma. N Engl J Med.
2018;379(5):417-427.

Motzer RJ, Ravaud A, Patard JJ, et al. Adjuvant sunitinib
for high-risk renal cell carcinoma after nephrectomy: sub-
group analyses and updated overall survival results. Eur Urol.
2018;73(1):62-68.

Rijnders M, de Wit R, Boormans JL, Lolkema MPJ, van der Veldt
AAM. Systematic review of immune checkpoint inhibition in
urological cancers. Eur Urol. 2017;72(3):411-423.

Zhao T, Bao Y, Gan X, et al. DNA methylation-regulated
QPCT promotes sunitinib resistance by increasing HRAS sta-
bility in renal cell carcinoma. Theranostics. 2019;9(21):6175-
6190.

Yuen KC, Liu LF, Gupta V, et al. High systemic and tumor-
associated IL-8 correlates with reduced clinical benefit of PD-L1
blockade. Nat Med. 2020;26(5):693-698.

Joung J, Konermann S, Gootenberg JS, et al. Genome-scale
CRISPR-Cas9 knockout and transcriptional activation screen-
ing. Nat Protoc. 2017;12(4):828-863.

Shalem O, Sanjana NE, Hartenian E, et al. Genome-scale
CRISPR-Cas9 knockout screening in human cells. Science.
2014;343(6166):84-87.

Mullenders J, Bernards R. Loss-of-function genetic screens as a
tool to improve the diagnosis and treatment of cancer. Oncogene.
2009;28(50):4409-4420.

Behan FM, Iorio F, Picco G, et al. Prioritization of can-
cer therapeutic targets using CRISPR-Cas9 screens. Nature.
2019;568(7753):511-516.

Pan-cancer analysis of whole genomes. Nature. 2020;578(7793):
82-93. https://doi.org/10.1038/s41586-020-1969-6.

Gerstung M, Jolly C, Leshchiner I, et al. The evolutionary history
of 2,658 cancers. Nature. 2020;578(7793):122-128.

Gao WW, Xiao RQ, Zhang WIJ, et al. JMJID6 licenses ERa-
dependent enhancer and coding gene activation by modulat-
ing the recruitment of the CARM1/MEDI2 co-activator complex.
Mol Cell. 2018;70(2):340-357.€8.

Chang B, Chen Y, Zhao Y, Bruick RK. JMJD6 is a histone argi-
nine demethylase. Science. 2007;318(5849):444-447.

Wong M, Sun Y, Xi Z, et al. JMJD6 is a tumorigenic fac-
tor and therapeutic target in neuroblastoma. Nat Commun.
2019;10(1):3319.

Liu W, Ma Q, Wong K, et al. Brd4 and JMJD6-associated anti-
pause enhancers in regulation of transcriptional pause release.
Cell. 2013;155(7):1581-1595.

Poulard C, Rambaud J, Hussein N, Corbo L, Le Romancer
M. JMJID6 regulates ERa methylation on arginine. PLoS One.
2014;9(2):e87982.

Wang F, He L, Huangyang P, et al. JMJD6 promotes colon car-
cinogenesis through negative regulation of p53 by hydroxylation.
PLoS Biol. 2014;12(3):e1001819.

Huo D, Chen H, Cheng Y, et al. JMID6 modulates DNA
damage response through downregulating H4K16ac indepen-
dently of its enzymatic activity. Cell Death Differ. 2020;27(3):1052-
1066.

Zheng H, Tie Y, Fang Z, et al. Jumonji domain-containing 6
(JMJD6) identified as a potential therapeutic target in ovarian
cancer. Signal Transduct Target Ther. 2019;4:24.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhou DX, Zhou D, Zhan SQ, et al. Inhibition of JMJD6 expres-
sion reduces the proliferation, migration and invasion of neu-
roglioma stem cells. Neoplasma. 2017;64(5):700-708.

Yanagihara T, Tomino T, Uruno T, Fukui Y. Corrigendum to
“Thymic epithelial cell-specific deletion of Jmjd6 reduces aire
protein expression and exacerbates disease development in a
mouse model of autoimmune diabetes” [Biochemical and Bio-
physical Research Communications 489/1 (2017) 8-13]. Biochem
Biophys Res Commun. 2017;491(4):1126.

Lee S, Liu H, Hill R, et al. JMJD6 cleaves MePCE to release posi-
tive transcription elongation factor b (P-TEFb) in higher eukary-
otes. eLife. 2020;9:€53930.

Huang X, Yan J, Zhang M, et al. Targeting epigenetic crosstalk
as a therapeutic strategy for EZH2-aberrant solid tumors. Cell.
2018;175(1):186-199.€19.

Raisner R, Kharbanda S, Jin L, et al. Enhancer activity requires
CBP/P300 bromodomain-dependent histone H3K27 acetylation.
Cell Rep. 2018;24(7):1722-1729.

Nam HY, Chandrashekar DS, Kundu A, et al. Integrative epige-
netic and gene expression analysis of renal tumor progression to
metastasis. Mol Cancer Res. 2019;17(1):84-96.

Goodspeed A, Jean A, Costello JC. A whole-genome CRISPR
screen identifies a role of MSH2 in cisplatin-mediated cell death
in muscle-invasive bladder cancer. Eur Urol. 2019;75(2):242-250.
Li F, Huang Q, Luster TA, et al. In vivo epigenetic CRISPR
screen identifies Asfla as an immunotherapeutic target in Kras-
mutant lung adenocarcinoma. Cancer Discov. 2020;10(2):270-
287.

Chen S, Sanjana NE, Zheng K, et al. Genome-wide CRISPR
screen in a mouse model of tumor growth and metastasis. Cell.
2015;160(6):1246-1260.

Wan J, Liu H, Yang L, Ma L, Liu J, Ming L. JMJD6 promotes
hepatocellular carcinoma carcinogenesis by targeting CDK4. Int
J Cancer. 2019;144(10):2489-2500.

LiuY, Long YH, Wang SQ, et al. JMJD6 regulates histone H2A.X
phosphorylation and promotes autophagy in triple-negative
breast cancer cells via a novel tyrosine kinase activity. Oncogene.
2019;38(7):980-997.

Biswas A, Mukherjee G, Kondaiah P, Desai KV. Both EZH2 and
JMID6 regulate cell cycle genes in breast cancer. BMC Cancer.
2020;20(1):1159.

Aprelikova O, Chen K, El Touny LH, et al. The epigenetic modi-
fier IMID6 is amplified in mammary tumors and cooperates with
c-Myc to enhance cellular transformation, tumor progression,
and metastasis. Clin Epigenetics. 2016;8:38.

Lambert JP, Picaud S, Fujisawa T, et al. Interactome rewiring
following pharmacological targeting of BET bromodomains. Mol
Cell. 2019;73(3):621-638.€17.

Crona DJ, Skol AD, Leppidnen VM, et al. Genetic variants of
VEGFA and FLT4 are determinants of survival in renal cell carci-
noma patients treated with sorafenib. Cancer Res. 2019;79(1):231-
241.

Rahma OE, Hodi FS. The intersection between tumor angiogen-
esis and immune suppression. Clin Cancer Res. 2019;25(18):5449-
5457.

Zengerle M, Chan KH, Ciulli A. Selective small molecule
induced degradation of the BET bromodomain protein BRD4.
ACS Chem Biol. 2015;10(8):1770-1777.


https://doi.org/10.1038/s41586-020-1969-6

ZHANG ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE 21 0f 21
e ]

51. ShiY, Zhao H, Ye J, et al. Low-dose triptolide enhances antitu-
mor effect of JQ1 on acute myeloid leukemia through inhibit-
ing RNA polymerase II in vitro and in vivo. Mol Carcinog.
2020;59(9):1076-1087.

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Zhang C, Lu X, Huang J,
et al. Epigenome screening highlights that IMJD6
confers an epigenetic vulnerability and mediates
sunitinib sensitivity in renal cell carcinoma. Clin
Transl Med. 2021;11:e328.
https://doi.org/10.1002/ctm2.328


https://doi.org/10.1002/ctm2.328

	Epigenome screening highlights that JMJD6 confers an epigenetic vulnerability and mediates sunitinib sensitivity in renal cell carcinoma
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Cell culture and RCC patient samples
	2.2 | Lentiviral infection, stable cell generation, and siRNA knock-down assay
	2.3 | Western blot assays
	2.4 | Cell proliferation analysis, colony formation assays, and migration assay
	2.5 | Single-cell JMJD6-knockout clone generation
	2.6 | Chromatin immunoprecipitation sequencing and data analysis, and chromatin immunoprecipitation coupled with quantitative real-time polymerase chain reaction
	2.7 | Immunoprecipitation
	2.8 | Generation of kidney cancer xenografts in mice
	2.9 | Establishment of patient-derived xenograft and patient-derived organoids models
	2.10 | Bioinformatics and statistical analysis

	3 | RESULTS
	3.1 | GeCK functional screening data and RCC cohorts were integrated to highlight JMJD6 as a fitness candidate for RCC
	3.2 | High JMJD6 level correlated with poor prognosis in RCC patients and could act as an independent marker
	3.3 | Oncogenic JMJD6 promotes RCC progression in vitro and in vivo
	3.4 | p300-mediated H3K27ac activates JMJD6 transcription in RCC
	3.5 | Overexpressed JMJD6 alters the oncogenic transcriptome in RCC cells to promote tumorigenesis
	3.6 | JMJD6 constitutes super-enhancers to drive downstream targets such as VEGFA and -catenin
	3.7 | JMJD6 inhibitor (SKLB325) exhibits remarkable antitumor efficacy and mediates sunitinib sensitivity in RCC

	4 | DISCUSSION
	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


