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Integrated Genomic and Proteomic Analyses
Reveal Novel Mechanisms of the
Methyltransferase SETD2 in Renal Cell
Carcinoma Development*s

Lin Lit,

Clear cell renal cell carcinoma (ccRCC) is the most com-
mon type of RCC in humans. SET domain-containing 2
(SETD2), a lysine methyltransferase for histone and other
proteins, has been found to be frequently lost in ccRCC.
However, the mechanisms through which deficiency in
SETD2 contributes to ccRCC development remain largely
unknown. Here, we used a human embryonic kidney epi-
thelial cell line with the SETD2 gene being knocked out
using CRISPR/Cas9 technology. Using ChlP-seq analysis,
we showed that SETD2 loss leads to diminished occu-
pancy of histone H3K36me3 and H4K16ac on actively
transcribed genes. Transcriptome sequencing of the
knockout cells revealed diminished expression of genes
involved in metabolic pathways and elevated expression
of genes involved in regulation of RNA polymerase lI-
mediated transcription. Quantitative proteomic analysis
of chromatin-associated proteins showed that genetic
ablation of SETD2 leads to elevated chromatin occupancy
of proteins involved in chromatin remodeling and RNA
polymerase |l transcription regulation, and diminished
chromatin binding of proteins involved in translation elon-
gation and RNA splicing. Interestingly, we found that
SETD2 depletion attenuates cell proliferation, and this can
be rescued by knockdown of CDK1. Taken together, we
illustrate multiple SETD2-regulated cellular pathways that
suppress cancer development and uncover mechanisms
underlying aberrant cell cycle regulation in SETD2-de-
pleted cells. Molecular & Cellular Proteomics 18: 437-
447, 2019. DOI: 10.1074/mcp.RA118.000957.

Kidney cancer is a chemotherapy-resistant disease, and it
comprises numerous different cancers with distinct histo-
pathological features and genetic alterations (1-3). Clear cell
renal cell carcinoma (ccRCC)'" accounts for the majority
(~92%) of kidney cancer cases (3, 4). Typically, ccRCC cells
are originated from malignant epithelial cells with clear cell
morphology, which is accompanied with abnormal lipid and
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glycogen accumulation, suggesting a role of dysregulated
metabolic pathways in ccRCC development (1).

Large-scale genomic sequencing studies on ccRCC re-
vealed many frequently mutated genes, such as von Hippel-
Lindau tumor suppressor (VHL), polybromo 1 (PBRM1), SET
domain-containing 2 (SETD2), and BRCA1-associated protein
1 (BAPT) (3). In this vein, VHL encodes an E3 ubiquitin ligase
regulating the levels of hypoxia inducible factors (HIF) in cells,
and it is involved in cellular response pathways toward met-
abolic stress and nutrient stimulation (5). PBRM1, SETD2, and
BAP1 proteins are involved in regulating histone epigenetic
marks, indicating the importance of epigenetic reprogram-
ming in ccRCC development (3, 6, 7).

SETD2 is the major histone methyltransferase for the trim-
ethylation of lysine 36 in histone H3 (H3K36me3) in mammalian
cells (8, 9). Mutation in SETD2 confers a loss of DNA methylation
in non-promoter regions, suggesting its role in maintaining DNA
epigenetic marks (3). SETD2 also plays roles in DNA damage
repair, where the SETD2-mediated H3K36me3 promotes the
chromatin localization of protein factors involved in mismatch
repair and homologous recombination repair (10-12). Thus,
SETD2-deficient cells exhibit increased mutation frequency and
microsatellite instability as well as heightened sensitivity toward
DNA double strand break-inducing agents (10—-12). Additionally,
SETD?2 interacts with phosphorylated C-terminal domain (CTD)
of RNA polymerase Il to promote transcription elongation (13).
However, the downstream cellular pathways modulated by
SETD2 remain largely unknown.

In the present study, we sought to understand the under-
lying biological processes/pathways regulated by SETD2. To-
ward this end, we performed an integrated analysis of two
histone epigenetic marks (H3K36me3 and H4K16ac) by ChIP-
seq, the mRNA transcriptome by RNA-seq and the chromatin-
bound proteins by SILAC (stable isotope labeling by amino
acids in cell culture)-based quantitative proteomic workflow.
Our results reveal that deficiency in SETD2 leads to the acti-
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vation of multiple cellular pathways that are conducive for
cancer development.

EXPERIMENTAL PROCEDURES

Cell Lines—HEK293T (293T) cells were purchased from ATCC
(Manassas, VA). SETD2 KO cells were previously generated by
CRISPR/Cas9-mediated genome editing in 293T background (11).
UOK121 and UOK143 cells were generously provided by Professor
Guo-Min Li (10). Cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM, Life Technologies, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA)
and 100 unit/ml penicillin/streptomycin at 37 °C in a humidified incu-
bator with 5% CO,.

5-Bromouridine (BrU) Incorporation Assay—BrU incorporation ex-
periment was conducted following the previously described protocols
(14). Briefly, cultured cells were collected and washed for 3 times with
ice-cold PBS. The pellet was lysed in a buffer containing 10 mm
Tris-HCI (pH 7.4), 10 mm NaCl, 3 mm MgCl, and 0.5% (v/v) NP-40.
After washing, the nuclear pellet was resuspended in nuclei storage
buffer containing 50 mm Tris-HCI (pH 8.3), 0.1 mm EDTA, 5 mm MgCl,
and 40% (v/v) glycerol. The semi-in vivo transcription was subse-
quently performed in a transcription reaction buffer, which contained
10 mm Tris-HCI (pH 8.3), 2.5 mm MgCl,, 150 mm KCI, 2 mm DTT and
RNase inhibitor, along with 1 mm dNTP and 1 mm BrU. After incuba-
tion at 30 °C for 1 h, the nuclear RNA was extracted with Omega Total
RNA Kit | (Omega, Norcross, GA). About 200 ng total RNA was
digested with nuclease P1 and alkaline phosphatase, as previously
described (15). For the measurement of BrU incorporation, the diges-
tion mixture was subjected to LC-MS/MS analysis on an LTQ XL
linear ion trap mass spectrometer (Thermo Fisher Scientific, San
Jose, CA).

ChIP Sequencing—ChlIP experiments were conducted as previ-
ously described (11). Approximately 2 X 10° cells were washed with
ice-cold PBS and resuspended in a douncing buffer containing 10 mm
Tris-HCI (pH 7.5), 4 mm MgCl,, 1 mm CaCl,, and 1X protease inhibitor
mixture. After homogenization, micrococcal nuclease (Worthington
Biochemicals, Lakewood, NJ) was used to fragment the chromatin,
and the reaction was terminated by using 0.5 m EDTA. A hypotonic
buffer (0.2 mm EDTA, pH 8.0, 0.1 mm benzamidine, 0.1 mm phenyl-
methylsulfonyl fluoride, 1.5 mm dithiothreitol, 1X protease inhibitor
mixture) was then added to the mixture and incubated on ice for 1 h.
ChIP experiments were performed with 1 g of anti-H3K36me3 (Ab-
cam, Cambridge, UK, ab9050) or anti-H4K16ac (Millipore, Burlington,
MA, 07-329) antibody. DNA was subsequently retrieved from the
immunoprecipitation mixture with 100 mm NaHCO; and 1% SDS at
68 °C for 2 h and purified using QIAquick PCR Purification Kit (Qia-
gen, Venlo, Netherlands).

A sequencing library was prepared from the retrieved DNA with
TruSeq ChIP Sample Preparation Kit (lllumina, San Diego, CA) following
the manufacturer’s instructions. Briefly, the DNA was end repaired
with End Repair Mix, and 3" ends were adenylated with A-Tailing Mix.
The RNA Adaptor Indices were then ligated to DNA fragment. After
purification with AMPure XP Beads (Beckman Coulter, Brea, CA) and
size selection on a 2% agarose gel, the product was amplified by PCR
using the PCR Master Mix with PCR Primer Mixture for 18 cycles and
purified with AMPure XP Beads. The purified DNA libraries were
subsequently quantified using Agilent 2100 Bioanalyzer and multi-
plexed for sequencing. Sequencing was performed on an lllumina
HiSeq4000 at the DNA Technologies Core at UC Davis.

" The abbreviations used are: ccRCC, clear cellrenal cell carci-
noma; HIF, hypoxia-inducible factor; SETD2, SET domain-containing
2; CTD, C-terminal domain.

RNA Sequencing—For RNA sequencing, the RNA was extracted
with Omega Total RNA Kit | (Omega) and quantified using NanoDrop
One Spectrophotometer (Thermo Fisher Scientific). Generally, the
RNA library preparation was conducted following the instructions for
NEBNext® Ultra™ Il RNA Library Prep Kit for lllumina. Total RNA was
pretreated using the NEBNext rRNA Depletion Kit to remove the
rRNA. After DNase | digestion and cleanup, the rRNA-depleted RNA
was fragmentized in NEBNext First Strand Synthesis Reaction Buffer
by heating at 94 °C for 15 min on a thermal cycler. The first strand
cDNA was synthesized using First Strand synthesis enzyme Mix
(NEB, lpswich, MA) with random primers. The second strand cDNA
was then synthesized using NEBNext Second Strand Synthesis En-
zyme Mix (NEB). The DNA sample was purified with AMPure XP
Beads. The sequencing library was subsequently prepared as de-
scribed above. The DNA was ligated with NEBNext Multiplex Oligos
for lllumina (NEB) and multiplexed for sequencing. Sequencing was
again performed on an lllumina HiSeg4000 by the DNA Technologies
Core at UC Davis.

SILAC-based Quantitative Profiling of Chromatin-binding Pro-
teins—Cells were cultured in SILAC DMEM medium (Thermo Fisher
Scientific) containing 10% dialyzed FBS (Invitrogen) and 1% penicillin
and streptomycin (Invitrogen), supplemented with unlabeled L-argi-
nine and L-lysine (Sigma, St. Louis, MO) (light medium), or '3*Cg-L-
arginine and '3Cg,"*N,-L-lysine (Cambridge Isotope Laboratories)
(heavy medium). 293T and SETD2 KO cells were cultured in light or
heavy medium. After complete labeling in heavy medium for more
than 10 cell doublings, an equal number of light and heavy labeled
cells were harvested and washed with PBS.

Chromatin fractionation was performed following the previously
described procedures (11). The cells were lysed using a cytoplasmic
lysis buffer (10 mm Tris-HCI, pH 8.0, 0.34 m sucrose, 3 mm CaCl,, 2
mm MgCl,, 0.1 mm EDTA, 1 mm DTT, 0.5% NP-40, protease inhibitor
mixture) for 30 min on ice. The intact nuclei were subsequently
collected by centrifugation at 5000 rpm for 2 min. The nuclear pellets
were then homogenized in a nuclear lysis buffer (20 mm HEPES, pH
7.9, 1.5 mm MgCl,, 1 mm EDTA, 150 mm KCI, 0.1% NP-40, 1 mm DTT,
10% glycerol, protease inhibitor mixture). After centrifugation at
14,000 rpm for 30 min, the chromatin-enriched pellet fraction was
incubated in a chromatin isolation buffer, which contained 20 mm
HEPES (pH 7.9), 1.5 mm MgCl,, 150 mm KCI, 10% glycerol, prote-
ase inhibitor mixture and 0.15 unit/ul benzonase (Sigma), on ice for
2 h with gentle resuspension in every 10 min. After centrifugation at
5000 rpm for 2 min, the supernatant was collected as the chromatin
fraction.

The chromatin fractions from equal amounts of light- and heavy-
labeled cells were mixed together and loaded onto a 10% SDS-PAGE
gel. After electrophoretic separation, gel slices containing the proteins
were cut into small pieces, and the proteins were digested, following
a previously published protocol (16). After digestion, the peptide
mixtures were desalted using OMIX C,g Tips (Agilent, Santa Clara,
CA) and subjected to LC-MS/MS analysis on a Q Exactive Plus Hybrid
Quadrupole-Orbitrap Mass Spectrometer coupled with an EASY-nLC
1200 UPLC (Thermo Fisher Scientific).

Raw data acquired from the Q Exactive Plus mass spectrometer
were processed in parallel with MaxQuant Version 1.5.0.3 for protein
identification and quantification. MaxQuant multiplicity was set to 2,
and '®Cg-L-arginine and '3Cg,"°N,-L-lysine were selected as heavy
amino acids. Methionine oxidation and cysteine carboamidomethyla-
tion were set as variable and fixed modifications, respectively. The
maximum number of missed cleavages for trypsin was set to two per
peptide. The tolerances in mass accuracy were 20 ppm for both MS
and MS/MS. The maximum false discovery rates (FDRs) were 0.01 at
both the peptide and protein levels. Raw MS data were searched
against the IPI human proteome database (with 87061 protein entries,
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version: 3.68) to which contaminants and reverse sequences were
added. Raw output results were analyzed, and known contaminant
proteins were removed from analysis.

Experimental Design and Statistical Rationale—For quantitative
profiling of chromatin-binding proteins, four biological replicates were
processed to obtain statistically robust results. The 293T and SETD2
KO cells were employed as control and experimental cell lines, re-
spectively. To minimize experimental error or bias, SILAC was used to
achieve accurate protein quantification. For quantitative analysis, at
least one unique and razor peptide was considered for the identifica-
tion and quantification of the proteins. In addition, unmodified pep-
tides and peptides with methionine oxidation, or asparagine and
glutamine deamination were employed for quantification. The H/L
normalized ratios of biological replicates were employed to calculate
the average ratios of identified proteins. The ratios were normalized
by finely adjusted normalization factors to minimize the variability
between samples, based on the assumption that most proteins do not
or only minimally change between samples. All RNA-seq and other
quantitative assays were performed with at least three biological
replicates, and Student’s t test was used to verify the significance of
the results.

Real-time Quantitative PCR (RT-qPCR)—For RT-gPCR, total RNA
was extracted using Omega Total RNA Kit | (Omega) and quantified.
Reverse transcription was performed using M-MLV Reverse Tran-
scriptase (Promega) for first strand cDNA synthesis. RT-gPCR was
performed using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA)
on the CFX96 RT-gPCR detection system (Bio-Rad). Primers used in
RT-gPCR are listed in supplemental Table S1.

Cell Proliferation and Clonogenic Survival Assay—For proliferation
assay, cells were plated in 6-well plates in triplicate in DMEM sup-
plemented with 10% FBS. After 6 h, the cells were transfected
with plasmids expressing shRNA, siRNA or treated with 100 nm
GSK461364 for 72 h. For cell counting, the cells were detached by
trypsin-EDTA (Life Technologies), and the number of cells was
counted with a hemocytometer using a microscope.

For clonogenic survival assay, the cells were plated in 6-well plates
in triplicate. After 6 h, the cells were transfected with plasmids ex-
pressing shRNA, siRNA, or treated with the indicated concentrations
of GSK461364. After treatment for 2 days, the medium was ex-
changed with fresh DMEM supplemented with 10% FBS. Cell colo-
nies grown for 10-14 days were then fixed using 6% (v/v) glutaral-
dehyde and stained with 0.5% (w/v) crystal violet. Colonies containing
at least 50 cells were counted under a microscope.

Chromatin Fractionation and Western Blotting— Chromatin frac-
tionation was performed as described above. The protein concentra-
tions in the soluble and chromatin fractions were determined by
Bradford assay (Bio-Rad). For Western blot analysis, protein samples
were separated on a 12% SDS-PAGE and transferred to a nitrocel-
lulose membrane (Bio-Rad). After blocking with blotting-grade
blocker (Bio-Rad), the membrane was incubated in a solution con-
taining primary antibody and 5% BSA for 2 h, and then incubated in
a 5% blotting-grade blocker containing the HRP-conjugated second-
ary antibody. The immunoblots were detected using ECL Western
blotting detection reagent (Amersham Biosciences, Little Chalfont,
UK). Primary antibodies used in this study included H3K36me3 (Ab-
cam, ab9050; 1:5000), histone H3 (Cell Signaling Technology, Dan-
vers, MA, 9715S; 1:10000), H4K16ac (Millipore, 07-329; 1:10000),
histone H4 (Cell Signaling Technology, 13919S; 1:5000), B-actin (Cell
Signaling Technology, 4967S; 1:5000), CDK1 (Cell Signaling Technol-
ogy, 77055S; 1:5000), phosphor-CDK1 (Cell Signaling Technology,
9111S; 1:5000), WEE1 (Santa Cruz Biotechnology, Dallas, TX, sc-
5285; 1:3000), CDC25C (Santa Cruz Biotechnology, sc-13138;
1:3000) and PLK1 (Santa Cruz Biotechnology, sc-17783; 1:2000).

Statistical Analysis—All data in this study are presented as the
mean = standard deviation (S.D.), unless otherwise indicated. Dot
plots were generated in Origin 9 (OriginLab, Northampton, MA) (Fig.
4B). For all tests, p values of < 0.05 were considered statistically
significant. All statistical analyses were performed using Origin 9 or
Microsoft Office Excel (Microsoft, Redmond, WA). The Gene Ontology
(GO) analysis was performed using the DAVID bioinformatics re-
sources (17). Kaplan-Meier survival curves for the Cancer Genome
Atlas (TCGA) samples were generated using the OncolLnc online tool
(18). For the analysis, up and bottom 33% percentile slices were
used.

ChIP-seq Analysis—The sequencing reads of ChlP-seq were
aligned to human hg19 reference genome using the Bowtie 1.1.2 (19).
Peak calling were generated using the Model-based Analysis of ChlP-
Seq (MACS) (20). The UCSC Genome Browser was used to visualize
the mapping results (21), and the deepTools2 was used for visualiza-
tion of the analysis results (22).

RNA-seq Analysis—For RNA-seq analysis, the sequencing results
were first aligned to human hg19 reference genome using the TopHat
Gapped-read mapper for RNA-seq data (23). The differentially ex-
pressed transcripts were subsequently generated using the Cuffdiff
tools following the developers’ instructions (24).

RESULTS

SETD2 is Frequently Mutated in ccRCC and Correlated With
Patient Survival—Recent large-scale sequencing studies re-
vealed SETD2 as one of the most frequently mutated genes in
cancer with an alteration frequency of 4.4% in 10,945 patients
with advanced cancers (Fig. 1A) (3, 6, 25, 26). Especially high
frequency of mutations were observed in ccRCC, where
21.4% (96 of 448) and 16.0% (67 of 418) of cases had mu-
tated SETD2 gene in two cohort studies (Fig. 1A) (3). Kaplan-
Meier survival analysis also supported the correlation be-
tween SETD2 deficiency and poorer prognosis in ccRCC
patients, where patients with higher levels of SETD2 expres-
sion manifest significantly better prognosis (Fig. 1B), suggest-
ing that SETD2 is a potent tumor suppressor for ccRCC.

Knockout of SETD2 Leads to Decreased Proliferation and
RNA Transcription— Despite the importance of mutant SETD2
in cancer development, the mechanisms through which
SETD2 suppresses tumor development remain elusive. To
better understand these mechanisms, we first generated
SETD2 knockout (SETD2 KO) cells by using the CRISPR/Cas9
technology (11). We found that SETD2 KO (clone 5) cells
display diminished proliferation rate (Fig. 1C). Because the
SETD2-mediated H3K36me3 is commonly associated with
transcription (27, 28), we measured the transcription effi-
ciency based on 5-bromouridine (BrU) incorporation (14). Our
result reveals a markedly decreased rate of BrU incorporation
in SETD2 KO cells, supporting that SETD2 depletion lead to
diminished transcription efficiency (Fig. 1D).

SETD2 KO Cells Display Drastically Reduced H3K36me3,
which is Correlated with Diminished Acetylation of Lysine 16 in
Histone H4 (H4K16ac)—We next performed ChlIP-seq exper-
iment to analyze the genome-wide occupancy of H3K36me3
in HEK293T (293T) and SETD2 KO cells (Fig. 2A and 2C).
Consistent with the previous findings (29, 30), our results
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Fic. 1. SETD2 is a tumor suppressor in clear cell renal cell
carcinoma (ccRCC), and knockout of SETD2 affects cell prolifer-
ation and RNA transcription. A, SETD2 is frequently mutated in
different cancers, especially in ccRCC. The mutation frequency of
SETD2 is about 4.4% in all cancers (481 of 10945 cases), whereas
21.4% (96 of 448) and 16% (67 of 418) of ccRCC cases had mutated
SETD2 gene (TCGA, Provisional and TCGA, Nature 2013, respec-
tively). B, Higher level of SETD2 expression is correlated with better
survival in ccRCC patients (n = 172 each in Low and High groups). C,
Knockout of SETD2 in 293T cells results in diminished proliferation. D,
Knockout of SETD2 confers a reduced rate of RNA transcription in
SETD2 KO cells, as manifested by decreased 5-bromouridine (BrU)
incorporation into RNA.

show that the H3K36me3 level increases gradually after the
transcription start site (TSS) and peaks at around the tran-
scription end site (TES) in 293T cells (Fig. 2A and 2C). The
H3K36me3 levels are, however, markedly attenuated in
SETD2 KO cells (Fig. 2A and 2C). H4K16ac is a histone
epigenetic mark for transcriptionally active chromatin (31, 32).
Considering our previous finding that deletion of SETD2 com-
promises the DNA damage-induced H4K16ac (11), we ana-
lyzed the genome-wide occupancy of H4K16ac in 293T and
SETD2 KO cells (Fig. 2B and 2D). Our results reveal that the
genome-wide occupancy of H4K16ac is decreased in SETD2
KO cells, with the distribution of changes mirroring that of
H3K36me3. In this vein, we observe a decrease in H4K16ac
across the region from 3 kb upstream of the TSS to 3 kb
downstream of the TES, except for the region surrounding the
TSS (Fig. 2B and 2D). In addition, an analysis of the loci with
the levels of H3K36me3 and H4K16ac at around the TES
being diminished by at least 1.5-fold in SETD2 KO cells shows
that, among the 2042 sites with decreased levels of H4K16ac,
1624 sites (~80%) are also with reduced levels of H3K36me3
(Fig. 2E-2F and supplemental Fig. S1). Hence, the above
results demonstrate, for the first time, that the SETD2-medi-
dated H3K36me3 promotes H4K16ac in cells without expo-
sure to DNA damaging agents.
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Fic. 2. A comparison of genome-wide occupancy of H3K36me3
and H4K16ac in 293T and SETD2 KO cells by ChIP-seq revealed
a strong correlation between the two histone epigenetic marks.
A, Average distribution of H3K36me3 around the transcription start
site (TSS) and transcription end site (TES). B, Average distribution of
H4K16ac around the TSS and TES. C-D, The density of ChlP-seq
reads of H3K86me3 (C) and H4K16ac (D) around the TSS and TES in
293T cells and SETD2 KO cells. Regions are ranked according to
H3K36me3 density. E, A Venn diagram depicting the overlap of
downregulated H3K36me3 and H4K16ac sites in SETD2 KO cells.
Nearly 80% (1624/2042) of sites with diminished H4K16ac display
decreased levels of H3K36me3. F, A comparison of the density of
H3K36me3 and H4K16ac ChlP-seq reads across the indicated
genomic region in 293T and SETD2 KO cells.

RNA-seq Showed Altered Expression of Genes in Metabolic
Pathways and RNA Polymerase Il Transcription Regulation in
SETD2 KO Cells—Because of the importance of H3K36me3
and H4K16ac in transcriptional regulation, we next examined
the effects of SETD2 deficiency on transcription. RNA-seq
analyses of 293T and SETD2 KO cells show that 68 and 167
genes were significantly (g < 0.05) up- and downregulated,
respectively, in SETD2 KO cells relative to 293T cells (Fig. 3A).
We found that deletion of SETD2 results in the suppression of
multiple metabolic pathways, including creatine (involved in
energy metabolism), glycosaminoglycan (involved in kidney
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Fic. 3. A comparison of mRNA expression levels in 293T and SETD2 KO cells obtained by RNA-Seq analysis. The results showed a
positive correlation between mRNA expression levels and H3K36me3/H4K16ac levels. In SETD2 KO cells, RNA polymerase Il transcription-
related genes were upregulated and a large number of genes involved in metabolic pathways were downregulated. A, A scatter plot comparing
the log,(FPKM+1) values for RNA-seq data in 293T cells and SETD2 KO cells. A total of 580 and 651 transcripts were significantly (p < 0.05)
up- and downregulated, respectively, in SETD2 KO cells. B, Cumulative distribution of the log,(fold changes) of RNA expression in SETD2 KO
cells for genes with high H3K36me3 ratio or low H3K36me3 ratio between 293T and SETD2 KO cells. C, Gene Ontology (GO) analysis of
upregulated genes in SETD2 KO cells. (D) GO analysis of downregulated genes in SETD2 KO cells. E, The interaction network of upregulated
RNA polymerase Il transcription-related proteins in SETD2 KO cells. Lines indicate the interaction between proteins. The size and the color of
each node are proportional to its interaction protein number. F, Relative levels of creatine in 293T cells and SETD2 KO cells. ***, p < 0.001.
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agenesis, tumor progression, and fibrosis processes), fucose
(involved in carbohydrate metabolism, signaling pathway by
the Notch receptor family) metabolic processes, etc. (Fig.
3C-3D). To corroborate these findings, we measured the cre-
atine content in SETD2 KO cells, and the results show that
indeed the creatine level in SETD2 KO cells is significantly
lower than that in 293T cells (Fig. 3F and supplemental Fig.
S2). The dysregulation of metabolic pathways suggests a
profound and unexpected effect of SETD2 on cancer devel-
opment. In this context, it is worth noting that kidney cancer
is considered a metabolic disease, where alterations in sev-
eral cellular metabolic pathways involved in oxygen, iron,
energy and nutrient sensing were noted (1-3).

GO analysis of the upregulated genes reveals the pathways
associated with positive or negative regulation of transcription
from RNA polymerase Il promoter, indicating the heightened
regulation of transcription initiation by RNA polymerase I
(Fig. 3C-3D). This finding is consistent with the observation
that deletion of SETD2 results in elevated occupancy of
H3K36me3 and H4K16ac near the TSS of genes in SETD2
KO cells (Fig. 2).

A number of oncogenes are known to be involved in tran-
scriptional regulation. When over-expressed, these onco-
genes can lead to uncontrolled gene transcription and ulti-
mately result in cancer development (33). An interaction
network analysis shows that many RNA polymerase Il tran-
scription-related genes that are upregulated in SETD2 KO
cells are associated with cancer. These include JUN, PLK1,
GLI2, RCN3, IRS2, GAS1, FOXF1 and MAFA (Fig. 3E), and we
validated the altered expression of some of these genes by
real-time quantitative PCR (RT-gPCR) analysis (supplemental
Fig. S3). It is worth noting that we obtain consistent results in
gene expression alterations for another clone of SETD2 KO
cells, i.e. SETD2 KO-clone 20 (supplemental Fig. S4). Collec-
tively, these data suggest that deficiency in SETD2 results in
aberrant cell metabolism and RNA polymerase Il-mediated
transcription initiation, both of which are hallmarks of cancer
(34).

The mRNA Expression Levels Are Highly Correlated with
H3K36me3 and H4K16ac Levels in the Corresponding
Genomic Regions—Owing to their effects on chromatin struc-
ture, epigenetic modifications of histone proteins are strongly
linked with transcription (35). To elucidate whether gene tran-
scription is correlated with the occupancy of H3K36me3 and
H4K16ac, we conducted statistical analysis of the ChIP-seq
and RNA-seq data (Fig. 3B and supplemental Fig. S5). Our
results show that those genes with higher levels of H3K36me3
and H4K16ac exhibit elevated levels of mMRNA expression
(Fig. 3B). In addition, by comparing the upregulated genes
with downregulated genes, average levels of H3K36me3 and
H4K16ac occupancy between TSS and TES are positively
correlated with gene expression (supplemental Fig. S5).

Quantitative Profiling of Chromatin-binding Proteins Re-
vealed Alterations in Chromatin Remodeling and Transcription

Regulation in SETD2 KO Cells—Histone post-translational
modifications serve as docking sites for recruiting proteins to
chromatin, where the chromatin-binding proteins function in
numerous biological processes, including DNA replication,
transcription and cell cycle regulation (36). Aberrant transcrip-
tion regulation and cell cycle control are frequently accompa-
nied with cancer development. Considering the marked de-
creases of H3K36me3 and H4K16ac in SETD2 KO cells, we
reasoned that the loss of SETD2 may also result in substantial
changes in the profile of chromatin-binding proteins. Hence,
we performed a SILAC-based quantitative profiling of the
chromatin-binding proteome in 293T cells and the isogenic
SETD2 KO cells (Fig. 4A and supplemental Fig. S6-S10).

We were able to identify ~2220 proteins in the chromatin
fraction, among which 153 and 203 are decreased and in-
creased by at least 1.5-fold, respectively, in SETD2 KO cells
relative to the isogenic 293T cells. Gene Ontology (GO) analysis
shows that many proteins involved in translation elongation,
RNA splicing and RNA processing exhibit diminished chromatin
localization, indicating that the decrease in H3K36me3 affects
various aspects of mRNA-related processes (Fig. 4C and 4D).
By contrast, proteins involved in chromosome organization, cell
cycle regulation and DNA metabolic process exhibit increased
chromatin localization. These results support that deficiency in
SETD2 led to pronounced reprogramming of the chromatin-
binding proteome (Fig. 4B and 4D). We also analyzed the en-
richment of proteins involved in regulation of transcription by
RNA polymerase Il. The results show that these proteins exhibit
elevated chromatin localization in the SETD2-deficient back-
ground, which is in keeping with the increased mRNA expres-
sion of the corresponding genes (Fig. 4D).

We also conducted an interaction network analysis on
proteins in the chromatin fraction that are upregulated by at
least 2-fold in SETD2 KO cells. Our results illustrate that
several proteins encoded by cancer-related genes display
heightened chromatin occupancy in SETD2 KO cells, such
as SMARCA1/2, CDK1, CDK2, CCNB1 and KIF2C (supple-
mental Fig. S12).

Knockdown of CDK1 Rescued the Decreased Proliferation
of SETD2 KO Cells—We next performed an interaction net-
work analysis of the commonly altered targets based on RNA-
seq data and chromatin proteomic data. Protein interaction
network analysis of these targets reveals the upregulation of
the PLK1-CDK1/CCNB1 pathway in SETD2 KO cells (Fig. 5A).
In addition, we assessed whether the elevated expression and
chromatin localization of CDK1 influence the proliferation rate
of SETD2 KO cells (Fig. 5B and supplemental Fig. S13). It
turns out that the diminished proliferation of SETD2 KO cells
is fully rescued upon the siRNA-mediated knockdown of
CDKT1 (Fig. 5B and supplemental Fig. S14), underscoring the
crucial role of CDK1 in impeding cell cycle progression in
SETD2 KO cells. Knockdown of CCNB1 could suppress the
proliferation of both 293T and SETD2 KO cells. We then
investigated the expression of some oncogenes after knock-
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down of CDK1 in SETD2 KO cells (supplemental Fig. S14E).
Indeed, the expression level of JUN, GLI2, IRS2 and GAS1
were rescued by knockdown of CDK1, suggesting that they
are regulated by CDK1 (supplemental Fig. S14E). The level of
creatine was, however, not rescued by knockdown of CDK1,
indicating that the creatine level is regulated by distinct mech-
anisms (supplemental Fig. S14). In addition, suppression
of PLK1 with shRNA or with a small-molecule inhibitor
(GSK461364) could diminish significantly the proliferation of

293T and SETD2 KO cells. PLK1 could modulate CDK1 acti-
vation by regulating the phosphorylation of the latter protein
(87, 38). These results suggest that PLK1 and CCNB1 coop-
erate with CDK1 in regulating cell cycle progression (Fig. 5B
and supplemental Fig. S13).

PLK1 Modulates the Chromatin Localization and Activation
of CDK1 in SETD2 KO Cells—CDK1-CCNB1 complex is a key
player in cell cycle control, and multiple mechanisms are
associated with its activation. Along this line, CDK1 is phos-
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Fic. 5. Cell proliferation rate measurement of 293T and the
isogenic SETD2 KO cells after shRNA- or siRNA-mediated knock-
down of PLK1, CCNB1 or CDK1, or treatment with a PLK1 inhib-
itor (GSK461364). A, Interaction network of targets from RNA-seq
and quantitative proteomic analysis of chromatin-binding proteins in
PLK1-CDK1 pathway. Blue, potential tumor targets from RNA-seq;
Red, potential tumor targets based on results about chromatin-bind-
ing proteins. The size of the nodes is proportional to the interaction
numbers of each nodes. B, Proliferation of 293T and SETD2 KO cells
after knockdown of PLK1, CCNB1, CDK1 or treatment with a PLK1
inhibitor (GSK461364, GSK).

phorylated and dephosphorylated by WEE1/MYT1 and
CDC25C, respectively, during cell cycle progression (37).
Phosphorylation of CDK1 led to its inactivation and suppres-
sion of mitotic entry. PLK1 could regulate the activity of
CCNB1, WEE1 and CDC25C by direct phosphorylation and
consequently control CDK1 activation and entry into mitosis
(87, 38). To examine whether CDK1 activation is modulated by
PLK1 in SETD2-deficient background, we next assessed the
chromatin localization and phosphorylation of CDK1 by West-
ern blot analysis (Fig. 6). First, we observed heightened chro-
matin localization of CDK1 in SETD2 KO cells relative to 293T
cells, which is in line with the data obtained from SILAC-
based quantitative proteomic experiment (Fig. 6A and sup-
plemental Fig. S12). Considering the different sensitivities of
293T and SETD2 KO cells toward PLK1 inhibition, we com-
pared the chromatin localization of CDK1 in these cells after
PLK1 knockdown (Fig. 6B-6C). The results show that knock-
down of PLK1 could significantly increase the chromatin oc-
cupancy of CDK1 in SETD2 KO cells, but not in 293T cells

(Fig. 6B-6C). The same finding is made with the use of the
PLK1 inhibitor, GSK461364 (Fig. 6D-6E).

We next assessed whether the CDK1 activation was mod-
ulated by PLK1 inhibition. Our results show that treatment
with GSK461364 lead to a higher level of inactive, phosphor-
ylated form of CDK1 on chromatin in SETD2 KO cells relative
to 2983T cells (Fig. 6D-6F), indicating that PLK1 plays a more
important role in CDK1 activation in SETD2-deficient back-
ground. In addition, Western blotting results reveal height-
ened levels of WEE1, but not CDC25C, in SETD2 KO cells
relative to 293T cells (Fig. 6G-6H), suggesting that the over-
inactivation of CDK1 in SETD2 KO cells following PLK1 inhi-
bition arises from elevated level of WEE1. Taken together, our
results support the notion that the inactive, phosphorylated
CDK1 on chromatin acts as a guardian for cell cycle progres-
sion, and CDK1 can be activated by PLK1 (Fig. 6).

We next assessed whether the alteration in the PLK1-CDK1
pathway is a common feature for SETD2-deficient ccRCC
cells. To this end, we measured the PLK1 expression levels
in patient-derived UOK121 (SETD2-proficient) and UOK143
(SETD2-deficient) ccRCC cells. It turns out that PLK1 is ex-
pressed at a higher level in UOK143 than UOK121 cells (sup-
plemental Fig. S15). We also analyzed the publicly available
RNA-seq data for ccRCC patients retrieved from the TCGA
database (3). The results show that, in patients carrying a
mutated SETD2 gene, the expression level of PLK1 is also
significantly increased (supplemental Fig. S15), supporting
that PLK1 is commonly upregulated in SETD2-deficient
ccRCC patients.

In summary, our results demonstrate that SETD2 assumes
crucial roles in ccRCC through regulating multiple cellular
pathways. In SETD2-deficient cells, decreased levels of
H3K36me3 and H4K16ac lead to reduced transcription, which
results in the downregulation of numerous genes involved in
cellular metabolism. To compensate for repressed cellular
metabolism, cells over-express many genes in regulating RNA
polymerase ll-mediated transcription initiation, and these in-
clude several tumor-related genes. In SETD2-deficient cells,
potential tumor target PLK1 is upregulated, which stimulates
the chromatin localization of its downstream target CDK1,
thereby resulting in decreased proliferation (Fig. 6).

DISCUSSION

SETD2 is known to be frequently mutated in ccRCC; how-
ever, there were limited analyses about the genetic and pro-
teomic alterations elicited by deficiency in SETD2 (1, 3, 39,
40). Here we embarked on a systematic, multi-pronged ap-
proach to elucidate the perturbations in genome-wide occu-
pancies of two relevant histone epigenetic marks (H3K36me3
and H4K16ac), mRNA transcriptome and chromatin-bound
proteins evoked by SETD2 depletion. Our analysis revealed
the dark side of SETD2’s effects on ccRCC and provided
important knowledge about the cellular pathways that are
altered by deficiency in SETD2.
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The Crosstalk Between H3K36me3 and H4K16ac—Histone
post-translational modifications (PTMs) assume critical roles
in regulating gene expression by altering chromatin structure
and/or modulating the recruitment of chromatin-binding pro-
teins (41-45). SETD2-mediated H3K36me3 is an epigenetic
mark associated with transcription elongation, where it grad-
ually increases after the transcription start site and peaks at
around the transcription end site (Fig. 2A) (27, 32). H4K16ac is
another active chromatin mark, which localizes mainly at the
transcription start sites (Fig. 2B) (31, 46). In Arabidopsis,
H3K36me3 recruits MRG1/2 and HAM1/2 to acetylate histone
H4 and regulates FLOWING LOCUS T (FT) gene expression
(47). Recently, we found that H3K36me3 directly promotes
H4K16ac at DNA double strand break (DSB) sites, thereby
facilitating DNA DSB repair (11). By employing ChIP-seq anal-
ysis, we demonstrate here, for the first time, that the SETD2-
mediated H3K36me3 stimulates H4K16ac in cells without
genotoxic agent exposure (Fig. 2A-2F), and that the expres-
sion levels of genes are positively correlated with the occu-
pancy of these two histone epigenetic marks (Fig. 3B and
supplemental Fig. S5). These results suggest that these two
histone epigenetic marks may cooperate with each other to
promote active transcription.

Dysregulation of Metabolic Pathways and RNA Polymerase
ll-mediated Transcription Initiation by SETD2— Dysregulation
of cellular metabolism is a hallmark of cancer. The changes in
metabolism result in alterations in metabolites in cancer cells,

Actin W — — —

which provide the microenvironment and satisfy chemical de-
mands for cancer cell growth and metastasis (1, 2, 34). ccRCC
is a disease associated with several metabolic alterations in-
cluding energy, nutrient and oxygen sensing (1-3). VHL, a gene
frequently mutated in ccRCC (5), encodes an E3 ligase for
HIF1« and HIF2« ubiquitination, through which it regulates me-
tabolisms in oxygen and energy sensing (48). SETD?2 is another
commonly mutated gene in ccRCC (Fig. 1A) (3). In this context,
the SETD2-catalyzed H3K36me3 is required for recruiting DNA
repair machinery to damage site, thereby activating DNA DSB
repair and mismatch repair (10-12, 49). Thus, deficiency in
SETD2 increases the genomic mutation rate in cells (10). Re-
cently, it was reported that WEE1 inhibition selectively kills
H3K36me3-deficient cancer cells owing to the low dNTP con-
tent in cells, indicating metabolic alterations in SETD2-deficient
cells (50). Here we found that deficiency in SETD2 led to the
downregulation of many metabolic pathways, such as creatine,
glycosaminoglycan, and carbohydrate metabolic processes.
Moreover, our LC-MS/MS quantification results reveal a signif-
icant decline in creatine level in SETD2 KO cells (Fig. 3F). These
results together support that metabolic alterations may consti-
tute a very important mechanism in the development of ccRCC
in SETD2-deficient individuals (Fig. 3).

Aberrant regulation of gene expression is another hallmark
of cancer cells, and many oncogenes regulate the transcrip-
tion of genes involved in the proliferation, apoptosis, invasion
and metastasis of cancer cells (34). Our results reveal that
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genetic deletion of SETD2 leads to the overexpression of
many cancer-related genes, including GAS1, GLI2, FOXO1,
FOXO03, IRS2, JUN, PLK1, RCN3, SMAD1, SMAD3, TOP2A,
and VEGFA (Fig. 3, 4). Likewise, genetic ablation of SETD2
lead to heightened chromatin binding of proteins encoded by
cancer-related genes, such as SMARCA1/2, CDK1, CDK2,
CCNB1 and KIF2C (Fig. 4 and supplemental Fig. S11). Thus,
our results support a role of SETD2 in regulating cancer-
associated genes.

Cell Cycle-related PLK1-CDK1/CCNBT1 Regulatory Pathway
in SETD2 KO Cells—ccRCC is the major type of kidney cancer
that is resistant to chemotherapy and difficult to cure (1, 2).
Most therapies for ccRCC target downstream genes in VHL-
deficient ccRCC, but the responses are not optimistic, and
most patients eventually progress (51). Thus, novel therapeu-
tic targets for ccRCC are urgently needed. By analyzing tran-
scriptome and chromatin-binding proteome, we reveal the
aberrant activation of the PLK1-CDK1/CCNB1 regulatory
pathway in SETD2 KO cells (Fig. 5 and 6). CDK1 is a key
determinant of cell cycle progression, and it interacts directly
with its partner CCNB1 to fulfill their functions in regulating
entry or exit of mitosis (52, 53). We find that SETD2 KO cells
exhibit diminished proliferation, which could be rescued by
genetic depletion of CDK1 (Fig. 5). These results demonstrate
that the aberrant cell cycle progression, arising from CDK1
dysregulation, might contribute to tumor development in
SETD2-deficient cancers.

Together, our results support that SETD2 deficiency pro-
motes cancer development through at least four distinct
mechanisms: (1) repression of DNA repair and perturbation
of genome stability; (2) alteration of cellular metabolism; (3)
aberrant activation of cancer-associated genes; and (4) dys-
regulation of cell cycle progression. Hence, this study re-
veals the molecular underpinnings of SETD2’s role in tumor
suppression.
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