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Hotspot histone H3 mutations have emerged as drivers of onco-
genesis in cancers of multiple lineages. Specifically, H3 lysine 36 to
methionine (H3K36M) mutations are recurrently identified in
chondroblastomas, undifferentiated sarcomas, and head and neck
cancers. While the mutation reduces global levels of both H3K36
dimethylation (H3K36me2) and trimethylation (H3K36me3) by
dominantly inhibiting their respective specific methyltransferases,
the relative contribution of these methylation states to the
chromatin and phenotypic changes associated with H3K36M
remains unclear. Here, we specifically deplete H3K36me2 or
H3K36me3 in mesenchymal cells, using CRISPR-Cas9 to separately
knock out the corresponding methyltransferases NSD1/2 or SETD2.
By profiling and comparing the epigenomic and transcriptomic
landscapes of these cells with cells expressing the H3.3K36M onco-
histone, we find that the loss of H3K36me2 could largely recapit-
ulate H3.3K36M’s effect on redistribution of H3K27 trimethylation
(H3K27me3) and gene expression. Consistently, knockout of Nsd1/
2, but not Setd2, phenocopies the differentiation blockade and
hypersensitivity to the DNA-hypomethylating agent induced by
H3K36M. Together, our results support a functional divergence
between H3K36me2 and H3K36me3 and their nonredundant roles
in H3K36M-driven oncogenesis.
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Agroup of highly clustered missense mutations affecting his-
tone H3 genes were first identified in pediatric glioblasto-

mas and subsequently in tumors of other tissue types (1).
Specifically, recurrent histone H3 lysine 36 to methionine (H3K36M)
or isoleucine (H3K36I) mutations have been reported in cancers of
mesenchymal origin, including 95% of chondroblastomas, a con-
genital soft-tissue neoplasm and a histiocytic tumor of the skull, as
well as in head and neck squamous cell carcinomas (2–6). The
mutant histone affects the binding and inhibits the catalytic activity of
H3K36-directed methyltransferases by altering the hydrophobic
pocket responsible for methylation (5, 7, 8). As a result, although the
H3K36M/I mutation is heterozygous and only found in 1 of the 16
genes encoding canonical histone H3.1/2 or variant histone H3.3, it
exerts a dominant effect on decreasing the global abundance of
mono- (H3K36me1), di- (H3K36me2), and trimethyl (H3K36me3)
marks (9, 10).
We and others have reported that the marked loss of H3K36

methylation in H3K36M/I mutant cells results in altered gene
expression programs that are linked to cell differentiation and
cancer (9, 10). Accordingly, the H3.3K36M mutation blocks the
differentiation of mouse mesenchymal progenitor cells and
promotes the development of undifferentiated sarcomas in vivo
(10). Furthermore, tissue-specific transgenic mouse models of
H3.3K36M expression show impaired hematopoiesis and adi-
pogenesis (11, 12), pointing to a conserved and critical role of

H3K36 methylation in tissue homeostasis and tumorigenesis.
The reprogramming of the transcriptome by the H3K36M mu-
tation appears to be coupled to the redistribution of another
histone modification, H3K27 trimethylation (H3K27me3) (10,
11, 13). H3K36 methylation is known to antagonize the activity
of polycomb repressive complex 2 (PRC2)—the methyl-
transferase for H3K27me3 (14, 15). In H3K36M-mutant cells,
the reduction in H3K36 methylation causes a widespread in-
crease of H3K27me3, which is accompanied by a relocation of
the H3K27me3 “reader” polycomb repressive complex 1
(PRC1), thus leading to aberrant expression of genes that are
repressed under normal conditions (10). However, a functional
role of H3K27me3 in mediating the impact of the H3K36M
oncohistone on gene expression remains to be fully established.
SET2, the homolog of human SETD2, is responsible for all

H3K36 methylation states in yeast, where it serves a dual role of
enabling transcriptional elongation through its association with
RNA polymerase II while placing methyl marks that provide

Significance

Recurrent histone H3K36M mutations are found in multiple
cancer types yet their oncogenic mechanisms remain incom-
pletely understood. Biochemically, H3K36M oncohistone dom-
inantly inhibits several H3K36-specific methyltransferases such
as NSD1/2 and SETD2, resulting in decreases in all methylation
states of H3K36. We report here that genetic ablation of NSD1
and NSD2, methyltransferases specific for H3K36 dimethylation
(H3K36me2), is sufficient to recapitulate H3K36M’s effects on
enhancer activation, gene expression, differentiation blockade,
and drug sensitivity. Our results suggest that depletion of
H3K36me2 represents a key event downstream of the H3K36M
mutation and also exposes potential therapeutic vulnerability
of H3K36M-mutant tumor cells.

Author contributions: K.N.R., X.C., D.N.W., C.D.A., and C.L. designed research; K.N.R.,
D.N.W., and C.L. performed research; K.N.R., X.C., D.N.W., H.C., J.M., and C.L. analyzed
data; and K.N.R., X.C., D.N.W., J.M., C.D.A., and C.L. wrote the paper.

Reviewers: S.Y.R.D., The University of Texas MD Anderson Cancer Center; B.D.S., Univer-
sity of North Carolina at Chapel Hill; and J.W., Fox Chase Cancer Center.

Competing interest statement: C.D.A. and B.D.S. are coauthors on the following article:
M. J. Slaughter et al., HDAC inhibitors result in widespread alteration of the histone
acetylation landscape and BRD4 targeting to gene bodies. Cell Rep. 34, 108638 (2021).

Published under the PNAS license.
1K.N.R., X.C., and D.N.W. contributed equally to this work.
2Present address: Laboratory of Molecular Genetics, The Rockefeller University, New York,
NY 10065.

3To whom correspondence may be addressed. Email: jacek.majewski@mcgill.ca, alliscd@
rockefeller.edu, or cl3684@cumc.columbia.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2021795118/-/DCSupplemental.

Published February 22, 2021.

PNAS 2021 Vol. 118 No. 9 e2021795118 https://doi.org/10.1073/pnas.2021795118 | 1 of 8

M
ED

IC
A
L
SC

IE
N
CE

S

https://orcid.org/0000-0001-5059-8846
https://orcid.org/0000-0002-6718-3724
https://orcid.org/0000-0001-7589-713X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2021795118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:jacek.majewski@mcgill.ca
mailto:alliscd@rockefeller.edu
mailto:alliscd@rockefeller.edu
mailto:cl3684@cumc.columbia.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021795118
https://doi.org/10.1073/pnas.2021795118


transcriptional memory and prevent cryptic transcription
(16–19). In contrast, in mammalian cells, H3K36 methylation
states are subject to more complex regulation. Whereas SETD2
retains the ability to catalyze all states of H3K36 methylation, its
depletion in mouse and human cells only abolishes H3K36me3.
Additional methyltransferases, including NSD1, NSD2, and
ASH1L, have been shown to catalyze H3K36me1/2 (20, 21). In
accordance with the divergence in their “writers,” the genomic
distribution of H3K36me2 is distinct from that of H3K36me3.
Within genic regions of actively transcribed genes, H3K36me2
covers areas downstream of the transcription start site through
the first intron, followed by a marked switch to H3K36me3 after
the first splice junction. In addition, H3K36me2 also demarcates
intergenic regions where H3K36me3 is absent (17, 21). These
observations suggest that in mammalian cells, H3K36me2 may
have a distinct functional role from H3K36me3, which has been
implicated in RNA splicing, prevention of intragenic transcrip-
tion, and DNA damage repair (22, 23).
Our prior studies revealed that combined transient knock-

down of Nsd1, Nsd2, and Setd2 led to defects in chondrocyte
differentiation of the C3H10T1/2 (10T) mesenchymal stem cells
mimicking the effects of H3.3K36M mutation (10). Here, we
further dissected the specific contributions of reduction of
H3K36me2 versus H3K36me3 to the epigenomic and phenotypic
changes induced by H3K36M. Using CRISPR-Cas9–based gene
editing, we generated Setd2 knockout (KO) and Nsd1 and Nsd2
double-knockout (Nsd1/2 DKO) cells that are specifically de-
pleted of H3K36me3 and H3K36me2, respectively. We system-
atically assessed the chromatin landscape, gene expression, and
phenotypic assays including differentiation and drug response in
these cells and compared them with cells expressing H3.3K36M.
Our studies revealed a major and nonredundant role of
H3K36me2 loss in mediating the effect of H3.3K36M on epi-
genome remodeling, transcriptome, chondrogenesis, and drug
sensitivity.

Results
Generation and Epigenome Profiling of Nsd1/2 DKO and Setd2 KO
10T Cells. Using CRISPR-Cas9, we established clones of 10T cells
that had single knockout of the Setd2 or double knockout of the
Nsd1 and Nsd2 methyltransferases. Two independent clones of
each genotype were derived. Immunoblotting confirmed that Setd2
KO cells and Nsd1/2 DKO cells exhibited specific depletion of
H3K36me3 and H3K36me2, respectively, whereas expression of
the H3.3K36M mutant histone resulted in loss of both methylation
states (Fig. 1A). We performed semiquantitative chromatin
immunoprecipitation-sequencing (ChIP-seq) with reference chro-
matin spike-in (ChIP-Rx) to profile genome-wide distributions of
H3K36me2 and H3K36me3 in these cells. Compared with parental
10T cells, Setd2 KO cells showed a near-complete loss of
H3K36me3 as shown at representative genomic regions (Fig. 1B
and SI Appendix, Fig. S1A) and by genome-wide quantification
(Fig. 1C). H3K36me3 levels were largely retained in Nsd1/2 DKO
cells. Although H3K36M cells also displayed marked decreases in
H3K36me3, peaks of H3K36me3 were retained at certain gene
bodies, and the overall level was slightly but notably higher than
that of Setd2 KO cells (Fig. 1 B and C, SI Appendix, Fig. S1, and
Dataset S1). On the other hand, drastic decreases in H3K36me2,
which are particularly pronounced at intergenic regions, were ob-
served in Nsd1/2 DKO and H3K36M cells (Fig. 1 B and C and SI
Appendix, Fig. S1A). Indeed, residual H3K36me2 peaks were
mostly enriched at promoters and introns (SI Appendix, Fig. S1B),
which may be catalyzed by additional K36M-insensitive H3K36
methyltransferases such as ASH1L (9). On the other hand, Setd2
KO led to a more modest, yet significant, depletion of H3K36me2
(Fig. 1 B and C).
We recently demonstrated that H3K36me2 is required for the

localization of the DNA methyltransferase DNMT3A to sustain

levels of DNA methylation at intergenic regions (24). Therefore,
as an independent validation, we performed whole-genome bi-
sulfite sequencing (WGBS), which revealed that Nsd1/2 DKO
and H3K36M cells exhibited similar genome-wide intergenic
DNA hypomethylation compared with parental cells (Fig. 1 B
and C). Despite the partial decrease in H3K36me2, patterns of
DNA methylation in Setd2 KO are indistinguishable from those
in parental cells. Taken together, these results indicate that the
decreases in genic H3K36me3 and intergenic H3K36me2 can be
largely recapitulated by genetic ablation of Setd2 and Nsd1/2,
respectively.

Knockout of Nsd1/2 Mimics the Transcriptomic Changes Induced by
H3.3K36M. We next performed and analyzed RNA-sequencing
(RNA-seq) data from our clones to determine the relative con-
tribution of Nsd1/2 versus Setd2 to H3.3K36M-induced changes
in gene expression. Unsupervised hierarchical clustering and
principal-component analysis showed that Nsd1/2 DKO cells
clustered closely with H3K36M cells, while the transcriptome
profiles of Setd2 KO cells and parental cells were more similar
(Fig. 2A). We also derived the lists of differentially expressed
genes between knockout/mutant and parental 10T cells. Gene
Ontology enrichment analysis of differentially expressed genes
revealed that pathways related to mesenchymal cell differentia-
tion and tissue development were commonly altered in Nsd1/2
DKO and H3K36M cells, whereas Setd2 KO affected expression
of a distinct set of genes related to the Wnt signaling pathway
and prostanoid biosynthetic process (Fig. 2B). While the gene
expression profiles were relatively similar, a closer examination
revealed that MAPK and ERK1/2 signaling cascades and extra-
cellular matrix organization were among pathways that were
differentially regulated between Nsd1/2 DKO and H3K36M cells
(Dataset S2).

Knockout of Nsd1/2 Phenocopies H3.3K36M’s Effect on Differentiation
Blockade. As expression of genes involved in mesenchymal line-
age specification was dysregulated in Nsd1/2 DKO and H3K36M
cells, we determined and compared the differentiation potential
of these cells with Setd2 KO cells in an in vitro assay of chon-
drogenesis. Following differentiation induction into mature
chondrocytes using a specific mixture of growth factors (Fig. 2C),
parental 10T cells readily accumulated proteoglycans as deter-
mined by Alcian blue staining (Fig. 2 D and E). Setd2 KO cells
showed variable and modest delay in chondrocyte differentiation,
whereas both H3K36M cells and Nsd1/2 DKO cells remained in an
undifferentiated state (Fig. 2 D and E). These findings are cor-
roborated by measurement of expression levels of Col2a1, a mature
chondrocyte marker that encodes for a component of type II col-
lagen (Fig. 2F). Therefore, it appears that the effects of H3.3K36M
on the transcriptome and mesenchymal differentiation are largely
mediated through depletion of H3K36me2.

Redistribution of H3K27me3 by H3.3K36M and Loss of Nsd1/2. We
next sought to understand the mechanisms by which H3K36me2
loss reprograms transcriptomes in Nsd1/2 DKO and H3K36M
cells. H3K36me2 and DNA methylation have both been impli-
cated in opposing the activity of PRC2 and H3K27me3 (14, 15,
25). Indeed, analysis of the enrichment patterns of H3K27me3,
measured by ChIP-Rx, revealed a strong positive correlation
between Nsd1/2 DKO and H3K36M cells, which is in sharp
contrast to Setd2 KO and parental cells (Fig. 3A). This similarity
can be readily appreciated at individual genomic loci (Fig. 1B
and SI Appendix, Fig. S1), which demonstrated that the depletion
of H3K36me2 in Nsd1/2 DKO and H3K36M cells was accom-
panied by both expansion of preexisting and accumulation of
new H3K27me3 domains. We have previously suggested that
such pervasive gain of H3K27me3 results in a “titration” of
PRC1, the chromatin reader complex that binds to H3K27me3
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to silence transcription, which in turn leads to derepression of
PRC1-regulated genes in H3K36M cells (10, 26). We therefore
analyzed genes that increased their expression upon RNA in-
terference depletion of Ring1a/b in 10T cells (n = 130) (10). As
expected, we observed a similar derepression of PRC1-silenced
genes in Nsd1/2 DKO cells (Fig. 3B and SI Appendix, Fig. S2A).
To explore additional effects of the H3K27me3 increase on

gene regulation, we profiled the landscape of active enhancers by
performing ChIP-Rx of H3K27 acetylation (H3K27ac) and H3K4
monomethylation (H3K4me1). We also measured chromatin ac-
cessibility using ATAC-seq (assay for transposase-accessible chro-
matin with sequencing). We identified enhancers that are gained,
shared, or lost in Nsd1/2 DKO cells based on quantification of
nonpromoter H3K27ac peaks (Fig. 3C). Representative genomic
regions containing gained or lost enhancers are shown in SI Ap-
pendix, Fig. S2B. We found that enhancers which became inacti-
vated in Nsd1/2 DKO cells, as demonstrated by loss of H3K27ac,
H3K4me1, and ATAC-seq signals, displayed the most profound
decreases in H3K36me2 and DNA methylation and gain of
H3K27me3 (Fig. 3C and SI Appendix, Fig. S2B). Transcriptome
analysis suggested that whereas genes close to gained or shared
enhancers displayed minimal expression changes, there was a
marked decrease in expression for genes near enhancers that were
lost in Nsd1/2 DKO cells (Fig. 3D). Importantly, this H3K27me3-
associated aberrant silencing of enhancers was also found in
H3K36M cells (Fig. 3 C and D). To determine the functional role
of H3K27me3 in enhancer inactivation, we treated cells with EPZ-

6438, a compound that inhibits the activity of the PRC2 catalytic
subunit EZH2. Treatment of Nsd1/2 DKO cells with EPZ-6438 was
sufficient to restore H3K27ac levels at those lost enhancers (Fig. 3E
and SI Appendix, Fig. S2C).

Nsd1/2 DKO and H3K36M Cells Display Differential Drug Sensitivity
from Setd2 KO Cells. We reasoned that given the significant epi-
genomic, transcriptomic, and phenotypic overlap, Nsd1/2 DKO
and H3K36M cells, but not Setd2 KO cells, may display coor-
dinated sensitivity toward cancer therapeutics. Indeed, treatment
of the DNA-hypomethylating agent decitabine produced selec-
tive toxicity toward Nsd1/2 DKO and H3.3K36M cells (Fig. 4A
and SI Appendix, Table S1). In contrast, when given cytarabine, a
chemotherapeutic antimetabolite that competitively inhibits DNA
polymerase, Setd2 KO cells were more sensitive than Nsd1/2 DKO
and H3K36M cells, which displayed similar sensitivity as parental
cells (Fig. 4B and SI Appendix, Table S1) (27). Moreover, Setd2 KO
cells, but not Nsd1/2 DKO, H3K36M, or parental cells, were hy-
persensitive to the treatment of a Wee1 kinase inhibitor, which has
been reported to be synthetically lethal with loss of SETD2 (Fig. 4C
and SI Appendix, Table S1) (28).
The anticancer effects of hypomethylating agents such as

decitabine have been recently linked to the derepression of en-
dogenous retroviruses that are normally silenced by DNA
methylation, which in turn elicits an interferon response and host
immune activation against the tumor cells (29–33). As we had
established that H3K36M and Nsd1/2 DKO cells have decreased
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Fig. 1. Generation and epigenome profiling of Nsd1/2 DKO and Setd2 KO 10T cells. (A) Western blotting of H3K36me3 and H3K36me2 levels in parental,
H3K36M, Nsd1/2 DKO, and Setd2 KO 10T cells. Total H3 is used as loading control. For Nsd1/2 DKO and Setd2 KO, clone 1 is used for all epigenome profiling
analyses. (B) Integrative Genomics Viewer snapshot showing the chromatin landscape of H3K36me3, H3K36me2, H3K27me3, and DNA methylation at a
representative genomic region in parental, H3K36M, Nsd1/2 DKO, and Setd2 KO 10T cells. (C) Violin plots showing the global levels of H3K36me3, H3K36me2,
H3K27me3 (counts per million ChIP-seq reads normalized to reference chromatin spike-in control), and DNA methylation (average methylation level) in
parental, H3K36M, Nsd1/2 DKO, and Setd2 KO cells. Bin size, 10 Mb. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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levels of DNA methylation (Fig. 1B), we hypothesized that the
hypersensitivity of these cells to a DNA-hypomethylating agent
(Fig. 4A and SI Appendix, Fig. S3A and Table S2) is linked to an
enhanced activation of the interferon pathway. We examined the
expression of Irf7 and Oasl1, two interferon-stimulated genes
(ISGs) in cells that were treated with decitabine. Upon treatment
of low-dose decitabine, H3K36M and Nsd1/2 DKO cells but not
Setd2 KO cells showed augmented expression of Irf7 and Oasl1
(Fig. 4D). Furthermore, conditioned media from H3K36M but
not parental cells treated with decitabine potently induced
STAT1 phosphorylation, a marker of interferon pathway activity
(34), suggesting that high levels of interferons are released by
H3K36M cells into the media (Fig. 4E and SI Appendix, Fig.
S3B). Treatment of ruxolitinib, a JAK inhibitor, rescued the
selective toxicity of decitabine to Nsd1/2 DKO and H3K36M
cells (SI Appendix, Fig. S3C and Table S3), indicating that the
hypersensitivity of these cells to DNA hypomethylation involves
the hyperactivation of the JAK/STAT pathway downstream of
interferon stimulation.

Discussion
In this study, we sought to understand how alterations in
H3K36me2 versus H3K36me3 contribute to the epigenome,

transcriptome, and phenotype reprogramming by the H3.3K36M
oncohistone. Our results indicated that Nsd1/2 DKO cells,
compared with Setd2 KO, more closely resembled the chromatin
and gene expression landscape of H3K36M cells. In agreement,
in functional assays including chondrocytic differentiation and
drug sensitivity, Nsd1/2 DKO cells phenocopied H3K36M cells.
Taken together, our results suggest that the depletion of
H3K36me2 represents a key event downstream of the H3K36M
mutation and in the development of tumors driven by the
H3K36M oncohistone.
Notably, we previously reported that both H3K36M mutations

and NSD1 loss-of-function mutations are found in human head
and neck squamous cell carcinomas (6). Furthermore, H3K36M
and NSD1 mutations are mutually exclusive and together define
a molecular subgroup with distinct signatures of DNA methyl-
ation and gene expression. These findings, together with the fact
that H3K36M/I mutations are not found in cancer types har-
boring frequent SETD2 alterations such as renal cell carcinomas
(35), offer strong human genetic evidence in support of our
conclusion. Similarly, expression of H3K36M in preadipocytes
blocks adipogenesis in vitro, and its effect can be recapitulated by
knockdown of Nsd2 but not Setd2 (11). Despite the role of
H3K36M as a driver for oncogenesis in certain contexts, in other

A

C FE

B

Pearson’s r
0 0.2 0.4 0.6 0.8 1

●
●
●

●
Setd2 KO

Nsd1/2 DKO
H3K36M

Parental

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Parental Setd2
KO-1

H3K36M Nsd1/2
DKO-1

Parental
H3K36M
Setd2 KO-1
Setd2 KO-2
Nsd1/2 DKO-1
Nsd1/2 DKO-2

10T1/2 cells

BMP2/Insulin/ Transferrin
Selenite /Dexamethasone

Mature
Chondrocytes

D

N
sd1/2 D

K
O

N
sd1/2 D

K
O

N
sd1/2 D

K
O

H
3K

36M
H

3K
36M

H
3K

36M
S

etd2 K
O

S
etd2 K

O
S

etd2 K
O

P
arental

P
arental

P
arental

Group

Nsd1/2 DKO
Nsd1/2 DKO
Nsd1/2 DKO

H3K36M
H3K36M
H3K36M

Setd2 KO
Setd2 KO
Setd2 KO

Parental
Parental
Parental −5.0

−2.5

0.0

2.5

5.0

−5 0 5
PC1: 50% variance  

P
C

2:
 1

9%
 v

ar
ia

nc
e 

0.0

0.2

0.4

0.6

Alcian Blue Staining
A

bs
or

ba
nc

e
@

60
5

nm

0.00

0.05

0.10

0.15

0.20

0.25

1.0

Col2a1

R
el

at
iv

e
E

xp
re

ss
io

n

***

**

***

**

ns

****

****

****

****

****

Bone resorption
cGMP−mediated signaling

Cyclic nucleotide catabolic process
Ear morphogenesis

Embryonic skeletal joint development
Endocardial cushion morphogenesis

Mesenchyme morphogenesis
Mesonephric tubule development

Neuronal action potential
Positive regulation of branching involved in ureteric bud morphogenesis

Positive regulation of cardiac muscle cell differentiation
Prostanoid biosynthetic process

Pulmonary valve development
Regulation of endothelial cell chemotaxis

Regulation of non−canonical Wnt signaling pathway
Ureteric bud development

Cardiac epithelial to mesenchymal transition
Negative regulation of cartilage development

Negative regulation of chondrocyte differentiation
Positive regulation of cardiac muscle tissue growth

Pulmonary valve morphogenesis
Regulation of chondrocyte differentiation

Regulation of osteoblast proliferation

1e−4
2e−4
3e−4
4e−4

p value Odds Ratio
5
6
7
8
9

Affected pathways

Fig. 2. Depletion of H3K36me2 recapitulates transcriptomic and phenotypic changes induced by H3.3K36M. (A) Unsupervised hierarchical clustering based
on correlation and principal component (PC) analysis of transcriptome profiles of parental, H3K36M, Nsd1/2 DKO (clone 1), and Setd2 KO (clone 1) 10T cells.
n = 3. (B) Gene Ontology analysis of differentially expressed genes (fold change > 4, false discovery rate < 0.1) between parental cells and H3K36M, Nsd1/2
DKO, or Setd2 KO cells. n = 3. (C) Schematic of the 10T1/2 cell chondrocytic differentiation assay. (D) Images of 10T cells stained with Alcian blue after 11 d of
induction of chondrocytic differentiation. (E) Bar graph showing quantification of Alcian blue staining as in D measured by absorbance. Error bars represent
SD from n = 3. t test was performed to compare all samples with parental cells. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; ns, not significant. (F) Gene
expression of Col2a1 in parental, H3K36M, Nsd1/2 DKO, and Setd2 KO 10T cells after 9 d of chondrocytic differentiation induction as measured by RT-PCR.
Error bars represent SD from n = 3. t test was performed to compare all samples with parental cells. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; ns, not
significant.

4 of 8 | PNAS Rajagopalan et al.
https://doi.org/10.1073/pnas.2021795118 Depletion of H3K36me2 recapitulates epigenomic and phenotypic changes induced by the

H3.3K36M oncohistone mutation

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021795118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021795118


C

D E

Gain

Loss

Share

H3K27ac

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

H3K4me1 H3K36me2 Open-chromatinDNA methylationH3K27me3

Gain

Loss

Share

H3K27acH3K27ac

-5.
0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb
0.0

0.2

0.4

0.6

0.8 GainParental

Nsd1/2 DKO
Setd2 KO

H3K36M

Share Loss

0.00

0.05

0.10

0.15

0.20 Gain Share Loss

0.0

0.1

0.2

0.3

0.4 Gain Share Loss

0.00
0.05
0.10
0.15
0.20
0.25 Gain Share Loss

0
20
40
60
80

100 Gain Share Loss

0.0000
0.0025
0.0050
0.0075
0.0100
0.0125
0.0150

Gain Share Loss

Pare
nta

l

+ s
gC

trl

Nsd
1/2

 D
KO

+ D
MSO

H3K
36

M

+ s
gC

trl

Pare
nta

l

+ s
gE

ZH2

Nsd
1/2

 D
KO

+ E
PZ64

38

H3K
36

M

+ s
gE

ZH2

0
2
4
6
8

10 Loss

0
2
4
6
8

10 Loss

-5.
0
ce

nte
r
5.0

Kb
-5.

0
ce

nte
r
5.0

Kb

Parental 
+ sgCtrl
Nsd1/2 DKO 
+ DMSO
H3K36M 
+ sgCtrl

Parental 
+ sgEZH2
Nsd1/2 DKO 
+ EPZ6438
H3K36M 
+ sgEZH2

Pare
nta

l

Nsd
1/2

 D
KO

H3K
36

M

−2

−1

0

1

2

−2

−1

0

1

2
*** ***

***
***

ns

***
***

***

G
en

e 
ex

pr
es

si
on

 (Z
 s

co
re

)

Genes near gained enhancers

Pare
nta

l

Nsd
1/2

 D
KO

H3K
36

M

ns

G
en

e 
ex

pr
es

si
on

 (Z
 s

co
re

)

Genes near shared enhancers

G
en

e 
ex

pr
es

si
on

(Z
 s

co
re

)

Genes near lost enhancers

Pare
nta

l

Nsd
1/2

 D
KO

H3K
36

M

A B

 G
en

e 
ex

pr
es

si
on

 (Z
 s

co
re

)

PRC1−repressed genes

Pare
nta

l

Setd
2 K

O

Nsd
1/2

 D
KO

H3K
36

M

Parental

Setd2 KO

Nsd1/2 DKO

H3K36M

1.00

0.78

0.58

0.64

0.78

1.00

0.53

0.60

0.58

0.53

1.00

0.72

0.64

0.60

0.72

1.00

0.2

0.4

0.6

0.8

1.0

Pearson Correlation of H3K27me3

Pearson’s r

*** ***
***

●

●

●

●

●

●

●

−2

0

2

Pare
nta

l

Nsd
1/2

 D
KO

H3K
36

M

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●
●
●

●

●

●●
●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●●●

●

●
●

●

●

●

●●

●

●

●

●
●

●
●

●

●

●

●

●●

●

●
●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●
●●

●

●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●●
●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

−2

−1

0

1

2

Fig. 3. Depletion of H3K36me2 reprograms gene expression via redistribution of H3K27me3. (A) Unsupervised hierarchical clustering based on correlation of
the genomic distribution of H3K27me3. Bin size, 1 kb. (B) Violin plots comparing the expression levels of PRC1-repressed genes between parental, H3K36M,
and Nsd1/2 DKO cells. n = 3. ***P < 0.001. (C) Landscape of chromatin modifications H3K27ac, H3K4me1, H3K36me2, and H3K27me3, DNA methylation, and
chromatin accessibility near gained, shared, and lost enhancers in Nsd1/2 DKO cells, compared with the parental cells. ChIP-seq reads normalized to the
reference chromatin spike-in control are shown as density plots relative to the center of H3K27ac peaks that are shared between parental and Nsd1/2 DKO
cells and those that are gained/lost in Nsd1/2 DKO cells. (D) Violin plots comparing the expression levels of genes with gained, shared, and lost enhancers
between parental, H3K36M, and Nsd1/2 DKO cells. n = 3. ***P < 0.001; ns, not significant. (E) Landscape of chromatin modification H3K27ac near gained,
shared, and lost enhancers in Nsd1/2 DKO cells, with or without CRISPR-Cas9–mediated Ezh2 knockout (sgEZH2) or EZH2 inhibitor EPZ-6438. ChIP-seq reads
normalized to the reference chromatin spike-in control are shown as density plots relative to the center of H3K27ac peaks that are lost in Nsd1/2 DKO cells.
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cell types, such as a fibrosarcoma cell line, expression of
H3K36M impaired cell proliferation; depletion of NSD2, but not
SETD2, in these cells phenocopied H3K36M (36). A potential
explanation for the distinction between H3K36M and SETD2
knockout/knockdown may be the incomplete inhibition of
SETD2 activity by H3K36M. We noticed that residual levels of
H3K36me3 persisted at some gene bodies in H3K36M cells
(Fig. 1B). Similarly, a recent study found that in pancreatic
cancer cells, expression of H3.3K36M had modest effects on
H3K36me3 (37). In a histiocytic tumor of the skull where the
H3K36I mutation was identified, the tumor cells had lost
H3K36me2 while retaining H3K36me3 (4). Future studies are
required to fully understand the variable and context-dependent
inhibition of SETD2 by H3K36M, and to determine the func-
tional importance of residual H3K36me3 in maintaining tran-
scription elongation, fidelity, and alternative splicing.
Our data suggest a key role of the redistribution of H3K27me3

in connecting loss of H3K36me2 to transcriptome reprogram-
ming. It appears that in the absence of the antagonism by
H3K36me2, the pervasive increases in H3K27me3 serve to 1)
titrate the dosage of PRC1 so that it can no longer efficiently
suppress the canonical polycomb-regulated genes (10), and 2)
reduce the accessibility and activity of a subset of active en-
hancers localized in H3K36me2 domains. The latter observation
is consistent with several recent studies showing that H3K36me2
is required for maintaining active enhancers and the expression
of their nearby genes in pancreatic ductal adenocarcinoma and
multiple myeloma cells (37, 38). We further demonstrated that
enhancers that became silenced in Nsd1/2 DKO and H3K36M
cells could be reactivated by treatment with an EZH2 inhibitor
(Fig. 3E). Thus, it will be interesting to determine the impact of
PRC2 inhibition on the gene expression and growth of H3K36M-
mutant tumors.
DNA methylation in intergenic regions is regulated by depo-

sition of H3K36me2, and we found that in Nsd1/2 DKO and
H3K36M cells, global DNA methylation was reduced (24, 39).
Because prior studies have documented a vulnerability of cancer
cells to DNA-hypomethylating agents that is linked to the

activation of interferon response and tumor immunity, we rea-
soned that both of these cells would be selectively susceptible to
further hypomethylation by decitabine treatment (29–33). Con-
gruent with our hypothesis, decitabine treatment of H3K36M
cells and Nsd1/2 DKO cells led to a selective toxicity that was
accompanied by an increased expression of ISGs. These results
mirror recent findings that the loss of PRC2 and subsequent
reduction of H3K27me2/3 make malignant peripheral nerve
sheath tumor cells sensitive to decitabine due to DNA hypo-
methylation, genomic instability, and up-regulation of interferon
response (40). Similar observations have been made in
H3K27M-mutant pediatric gliomas (41). Notably, the selective
cytotoxicity of Nsd1/2 DKO and H3K36M cells to decitabine can
be reversed by a JAK inhibitor. This finding is consistent with the
critical role of the JAK/STAT pathway in interferon response.
Alternatively, the JAK/STAT pathway has been implicated in the
regulation of PRC2, either directly through EZH2 phosphory-
lation or indirectly through EZH2 transcription, which warrants
future investigation (42, 43). Taken together, our studies imply
that tumors with an imbalance between H3K27me3 and
H3K36me2 may be therapeutically exploited with the treatment
of demethylating agents, alone or in combination with immune
checkpoint inhibitors.

Materials and Methods
Cell Culture and Generation of CRISPR-Cas9 Knockout Clones. C3H10T1/2 cells
(ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invi-
trogen) with 10% fetal bovine serum (Sigma). CRISPR-Cas9 gene editing of
C3H10T1/2 cells to create knockout clones has been previously described (24).

Chondrocyte Differentiation Assays. Cells were plated on 6-well dishes in
differentiation medium that was composed of DMEM with 1% serum and
included 10 μg/mL insulin, 3 × 10−8 M sodium selenite, 10 μg/mL transferrin,
10−8 M dexamethasone, and 100 ng/mL rhBMP-2. Medium was replaced with
fresh medium every 2 to 3 d, and cells were stained with Alcian blue after
11 d and absorbance at 605 nm was measured using a spectrophotometer.
This signal was normalized to cell count. In parallel, RNA was extracted after
9 d from cells differentiated in the same manner and analyzed by RT-PCR for
a genetic marker of chondrocyte differentiation.
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ChIP-Rx and WGBS. ChIP-Rx and WGBS were performed as described previ-
ously (10, 24). Antibodies used for the protocol included anti-H3K27ac: Ac-
tive Motif (39133), lot 31814008, 10 micrograms per sample; anti-H3K4me1:
Abcam (ab8895), lot GR3206285-1, 6 micrograms per sample; anti-
H3K36me2: Cell Signaling Tech (2901), lot 5, 20 microliters per sample; and
anti-H3K27me3: Cell Signaling Tech (9733). Libraries were prepared
according to instructions from Illumina. Paired-end sequencing was per-
formed on the Illumina HiSeq 2000/4000.

Western Blot. Western blot was performed as previously described (10).
Antibodies used for the protocol included anti-H3K36me3: Active Motif
(61101); anti-H3K36me2: Cell Signaling Tech (2901); anti-H3: Abcam
(ab1791); anti–phospho-STAT1 (Tyr701): Cell Signaling Tech (9167); anti-
STAT1: Cell Signaling Tech (9172); and anti–beta-actin: Abcam (ab8224).

RNA Extraction and Quantitative RT-PCR. RNA was harvested using TRIzol
reagent. The Illumina TruSeq RNA Sample Prep Kit (FC-122-1001) was used
with 1 μg of total RNA for the construction of sequencing libraries. RNA li-
braries were prepared with ribosomal RNA depletion according to instruc-
tions from the manufacturer (NEB). Paired-end sequencing was performed
on the Illumina HiSeq 2500. Total RNA was reverse transcribed using the
SuperScript IV First Strand System (Life Technologies). Quantitative RT-PCR
was performed as described previously (10). The primer sets have been used
previously (44). IRF7: forward (F) 5′-CAGCAGCAGTCTCGGCTTGTG-3′, reverse
(R) 5′-TGACCCAGGTCCATGAGGAAGTG-3′; and Oasl1: F 5′-CCAGGAAGAAGC-
CAAGCACCATC-3′, R 5′-AGGTTACTGAGCCCAAGGTCCATC-3′.

Proliferation Assays. Cell lines were plated in triplicate on 96-well plates at low
density (∼10% confluency) for each condition. The next day, cells were
treated using the indicated small molecules solubilized in dimethyl sulfoxide
(DMSO) for 48 h with daily media changes. Following drug treatment, cells
were trypsinized, harvested, and replated at 1:10 dilution onto new 96-well
plates. Cell viability was determined 3 d later using the CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega) according to the manufacturer’s
guidelines.

Conditioned Media Assays. Parental and H3K36M-expressing C3H10T1/2 cell
lines were plated at low density (∼10% confluency) and treated the next day
with DMSO or 100 nM decitabine for 48 h with daily media changes. Fol-
lowing drug treatment, cells were grown for another 48 h in fresh media in
the absence of inhibitor. Conditioned media from both lines were harvested
and incubated for 1 h with untreated parental C3H10T1/2 cells. Both drug-
treated and conditioned media-treated cell lines were harvested for subse-
quent immunoblot analysis. See SI Appendix, Fig. S3B for a schematic.

ATAC-Seq. For each cell line, 50,000 cells were harvested, washed in
phosphate-buffered saline, and lysed in 50 μL of lysis buffer (10 mM Tris·HCl,
10 mM NaCl, 3 mMMgCl2, 0.1% [volume/volume] IGEPAL CA-630, pH 7.4) for
5 min on ice followed by centrifugation (500 × g at 4 °C for 10 min) and
removal of supernatant. Transposition and library preparation were per-
formed using the Nextera Kit (Illumina; F-121-1030) and Index Kit (Illumina;
FC-121-1011). Cells were resuspended in 50 μL transposition reaction mix (2.5

μL TDE1 Tn5 transposase and 1 μL 0.5% digitonin in 1× Tagment DNA buffer)
and incubated at 37 °C for 30 min. The reaction was quenched using 1 μL
10% sodium dodecyl sulfate and bead purification was performed using
Agencourt AmpureXP beads (Beckman Coulter; A63881) according to the
manufacturer’s instructions. Tagmented DNA was amplified using i7 and i5
indexing adapters using a five-cycle PCR program according to the manu-
facturer’s instructions, size-selected using AmpureXP beads to remove spe-
cies >600 bp, and then normalized and pooled for sequencing. ATAC-seq
libraries were sequenced using the Illumina HiSeq 2500.

ChIP-Seq Data Analysis. ChIP-seq reads of C3H10T1/2 cell samples were
mapped to mouse genome assembly mm10 using HISAT2 (v2.1.0). Peaks of
H3K27ac ChIP-seq data are called using macs (v1.4) with immunoglobulin G
input as control. The H3K27ac peaks are mapped to promoter regions by the
function “map” of bedtools (v2.27.1) and are further identified as promoters
and enhancers based on the mapping results. The distribution of ChIP-seq
signals on promoter or enhancer regions is measured and visualized by the
functions “computeMatrix” and “plotProfile” of deepTools (v3.3.2). The
genomic distribution correlations of ChIP-seq signals are calculated and vi-
sualized by the function “plotCorrelation” of deepTools (v3.3.2).

RNA-Seq Data Analysis. RNA-seq reads of C3H10T1/2 cell samples were
mapped to mouse genome assembly mm10 using HISAT2 (v2.1.0). The
mapped read count of each gene was measured by featureCounts (v1.6.1).
The differential gene expression was calculated and visualized by the R
packages DESeq2 (v1.28.0) and ggplot2 (v3.2.1). We performed hierarchical
clustering on correlation among gene expression profiles of samples using
the R package pheatmap (Pretty Heatmaps v1.0.10) with parameters clus-
tering method = average, clustering_distance_cols = euclidean, and
cutree_cols = 3. Distance (d) was assessed using d = 1 − r, where r is the
Pearson product-moment coefficient. Gene set enrichment analysis based on
Gene Ontology and MSigDB Hallmark annotation knowledgebases was
performed by BiNGO (v3.0.3), which is integrated in Cytoscape (v3.4.0) and
Enrichr (https://maayanlab.cloud/Enrichr).

Data Availability. The genomic data including RNA-seq, ChIP-seq, WGBS, and
ATAC-seq reported in this article have been deposited in the Gene Expression
Omnibus (accession nos. GSE160266 and GSE118785).
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