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ABSTRACT
Recurrent mutations at key lysine residues in the histone variant H3.3 are thought to play an etiologic role
in the development of distinct subsets of pediatric gliomas and bone and cartilage cancers. H3.3K36M is
one such mutation that was originally identified in chondroblastomas, and its expression in these tumors
contributes to oncogenic reprogramming by triggering global depletion of dimethylation and
trimethylation at H3K36 with a concomitant increase in the levels of H3K27 trimethylation. H3.3K36M
expression can also cause epigenomic changes in cell types beyond chondrocytic cells. Here we show that
expression of H3.3K36M in HT1080 fibrosarcoma cancer cells severely impairs cellular proliferation, which
contrasts its role in promoting transformation of chondrocytic cells. H3.3K36M-associated cellular toxicity
phenocopies the specific depletion of H3K36me2, but not loss of H3K36me3. We further find that the
H3K36me2-associated toxicity is largely independent of changes in H3K27me3. Together, our findings
lend support to the argument that H3K36me2 has distinct roles in cancer cells independent of H3K36me3
and H3K27me3, and highlight the use of H3.3K36M as an epigenetic tool to study H3K36 and H3K27
methylation dynamics in diverse cell types.
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Introduction

Recent studies have revealed recurrent mutations in the histone
variant H3.3 encoded by H3F3A and H3F3B, including
p.Lys36Met (K36M) and p.Gly34Trp/Leu (G34W/L) in
bone and cartilage cancers, and p.Lys27Met (K27M) and
p.Gly34Arg/Val (G34R/V) in pediatric glioblastomas [1]. Nota-
bly, these mutations occur at, or near, two key lysine residues
(K27 and K36) involved in chromatin regulation and collec-
tively, these and other histone mutations found in cancer are
referred to as “oncohistones.” [2] The K27M mutation on H3.3
induces a dramatic loss of trimethylation at Lys27
(H3K27me3) and global reprogramming of regulatory histone
modifications in pediatric brain cancers [3]. Interestingly, this
study showed that although the H3.3K27M oncohistone com-
prised only a small fraction of the total H3 in cells, it mediated
loss of global H3K27me3 in a dominant negative manner,
depleting this mark from the majority of endogenous H3.
Assays testing the interaction of the H3K27 lysine methyltrans-
ferase (KMT) complex PRC2 with H3 tail peptides carrying
K27M suggested that the catalytic SET domain is sequestered
by the mutation and thus not available to methylate wild-type
H3 protein [3-6]. A subsequent study demonstrated the use of
the H3.3K9M mutation as a tool to deplete H3K9 methylation
in Drosophila and study inhibition of H3K9 methyl-associated
heterochromatin formation in vivo [7].

The H3.3K36M oncohistone has also been shown to exert a
dominant negative effect on H3K36 methylation, depleting
both dimethyl (me2) and trimethyl (me3) modifications [3]. To
date, this mutation has been largely investigated in the context

of acting as a driver of chondroblastomas. Recent work showed
that H3.3K36M mediates oncogenesis in mesenchymal progen-
itor cells via global alteration of the repressive H3K27me3
mark, exhaustion of PRC1, and misregulated cell differentiation
pathways [8]. Another study in cultured chondrocytes attrib-
uted the oncogenic effect of the K36M mutation to redistribu-
tion of H3K36 methylation resulting in upregulation of cancer
pathways [9]. Together, these studies suggest that the high
tumor-type specificity of these oncohistones indicates distinct
functions in different cell types.

[1,8] In this regard, many studies in other cell types have
demonstrated distinct biological roles for H3K36 me2 and
me3, where upregulation of H3K36me2 is a driver of oncogene-
sis [10,11] but H3K36me3 is associated with tumor suppressive
functions [12-14]. Thus, while H3.3K36M and loss of H3K36
methylation leads to disease states in certain cell types, the
effect of this histone mutation and depletion of both H3K36
me2 and me3 simultaneously in other cell types remains to be
characterized.

Here, we show that H3.3K36M expression in a commonly
cultured cell line leads to global reduction in both H3K36me2
and H3K36me3, concomitant with gain in H3K27me3. Cells
expressing H3.3K36M show significantly impaired growth that
phenocopies loss of H3K36me2, but not H3K36me3, with
respect to cell proliferation. Using the H3.3K36M mutant as a
tool to study H3K36 methylation biology, we interrogate the
functional effect of the crosstalk between H3K36 and H3K27
methylation. We find the H3K36me2-associated growth
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impairment is largely immune to co-treatment with EZH2
inhibitor to reverse the increase in H3K27me3. Our findings
highlight the impact of the H3.3K36M mutation on
H3K36me2 levels in cells, and the need to understand at the
molecular level the distinct roles of dimethyl vs. trimethyl mod-
ifications at H3K36 in different tissue types.

Results

H3.3 K36M in non-chondrocyte cell line depletes
global H3K36 me2 and me3

To study the effects of the K36M mutation on histone H3.3 in
commonly cultured non-chondrocyte cells, we chose as our cell
system the HT1080 fibrosarcoma cell line. As shown in
Figure 1A, stable expression of FLAG-H3.3K36M in HT1080
cells resulted in a global decrease in H3K36 di- and tri-methyla-
tion compared to cells expressing the H3.3 wild-type control,
consistent with previous studies [3,8,9]. In contrast to
H3K36me2/3, significant changes in H3K36me1 levels were
not observed. In addition, no significant changes were observed
for H3K4me3, H3K9me3, or H3K79me3. However, we did
observe an increase in H3K27me3, which is consistent with
previous data [15,16] and is further elaborated on below.

Expression of H3.3K36M in HT1080 cells recapitulates
the phenotype associated with H3K36me2 depletion
with respect to cell proliferation

Dimethylation and trimethylation at H3K36 are associated with
opposing biological outcomes, as H3K36me2 is linked to

oncogenic potential [10,17] whereas H3K36me3 is associated
with tumor suppressor functions [12-14,18]. Since expression
of H3.3K36M depletes both modifications, we asked which of
the two states of methylation at H3K36 (me2 and me3) it would
phenotypically recapitulate, using cell proliferation as a readout
in which the phenotypes for depletion of each of the two
methyl states can be distinguished. First, we established
HT1080 cell lines depleted of either NSD2 (shNSD2)
(Figure 1B), which produces the bulk of dimethylation at this
residue [10], or SETD2 (shSETD2), which is responsible for all
trimethylation at H3K36 independent of the presence of
H3K36me210,19 (Figure 1C; note we have been unable to date
to find a suitable antibody to reliably detect endogenous
SETD2 and thus assayed mRNA). As shown in Figure 1D, a
decrease in H3K36me2 was found in shNSD2 cells but not
shSETD2 cells, while a decrease in H3K36me3 was observed in
shSETD2 cells but not in shNSD2 cells. As described above,
H3.3K36M expression resulted in depletion of both H3K36me2
and H3K36me3 (Figure 1, A and D).

We next investigated the role of H3K36 methylation on cellu-
lar proliferation. The shNSD2 cells showed significantly slower
proliferation (Figure 1E), consistent with previous reports that
depletion of NSD2 and H3K36me2 loss leads to impaired cell
growth, with the only cells that grow out likely being those that
have escaped NSD2 silencing [10,17,20,21]. In contrast to
H3K36me2 depletion, the loss of only H3K36me3 did not
impact cell proliferation, as the shSETD2 cells showed growth
comparable to control cells (Figure 1F). Notably, the cells
expressing H3.3K36M also showed significantly retarded prolifer-
ation compared to the corresponding H3.3WT control cells
(Figure 1G), phenocopying the effect of NSD2 depletion rather

Figure 1. Expression of H3.3K36M depletes global di- and tri- methylation at H3K36 but recapitulates loss of H3K36me2 in cell proliferation (A) Western blot analysis
lysates from HT1080 cells stably expressing H3.3 wild-type or K36M, using the indicated antibodies. Arrowhead, FLAG-H3.3 fusion construct appears as a higher molecular
weight band than endogenous H3. (B) Western blot analysis of lysates from HT1080 cells stably expressing shNSD2 or control (sh ctrl) probed with anti-NSD2 or anti-H3
as a loading control. (C) Real-time PCR of SETD2 mRNA expression from RNA extracted from HT1080 cells stably expressing shSETD2 or sh ctrl. (D) Western blot analysis of
H3K36 methylation levels in lysates from HT1080 cells stably expressing FLAG-H3.3 K36M mutant or KMT shRNA knockdown, using the indicated antibodies. Arrowhead,
as in (A). (E-G) Proliferation assays of cells from (D), showing growth of cells expressing shNSD2 compared to control shRNA in (E), shSETD2 compared to control shRNA in
(F), and H3.3K36M compared to H3.3WT control in (G). Cells were maintained in selection media and counted every two days for the duration of the assay. Error bars indi-
cate s.e.m. from three experiments. p-values were calculated using a two-tailed Student’s t test. �, p < 0.05. ��, p < 0.01. n.s., not significant.
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than SETD2 depletion. We note that levels of the FLAG-tagged
H3.3 wild-type and K36M are initially comparable (see
Figure 1A) but over time levels of H3.3K36M decrease compared
to the H3.3 wild-type control as cells are passaged in prolifera-
tion assays (see Figure 1D). In light of their slow proliferation,
we postulate that cells expressing higher levels of the H3.3K36M
mutant may be toxic to these cells. Together, these results indi-
cate that in HT1080 cells, with respect to cellular proliferation,
the expression of H3.3K36M is similar to loss of H3K36me2 due
to NSD2 depletion and not H3K36me3 due to SETD2 depletion.

Cells with loss of H3K36me2 have increased H3K27me3

Chondrocytic precursor cells expressing H3.3K36M showed
diminished H3K36 methylation and a concomitant increase in
H3K27me3 levels [8,9]. Methylation at H3K36 is known to
antagonize EZH2-mediated deposition of the silencing histone
modification H3K27me3 [15,16] and upregulation of either
mark is associated with downregulation of the other [15,17].
We next probed this crosstalk in the HT1080 cell line described
in Figure 1D. Expression of H3.3K36M and NSD2 depletion
both resulted in modest increases in H3K27me3, whereas an
increase in H3K27me3 was not observed in shSETD2 cells
(Figure 2A). This difference is likely a result of the far greater

abundance of H3K36me2 relative to H3K36me3 [10,22]. Thus,
we conclude that the two cell lines that showed depletion of
global H3K36me2 and impaired proliferation also had
increased H3K27me3 levels.

We used a similar system to test whether decrease in
H3K27me3 leads to increase in H3K36me2/me3. To accom-
plish this, we compared the global levels of these modifications
in HT1080s expressing H3.3 K36M or K27M (Figure 2B). The
H3.3K36M cells consistently showed reduction in both
H3K36me2 and me3, and a slight increase in H3K27me3, com-
pared to the WT control cells. Cells expressing H3.3K27M
showed a marked loss of H3K27me3 as well as increases in
both H3K36me2 and me3. These results indicate that using
H3.3 K36M or K27M to deplete lysine methyl modifications in
HT1080 cells faithfully reflects the antagonistic crosstalk
between H3K27 and H3K36 methylation.

H3K36me2-associated cellular proliferation
is independent of H3K27me3

We considered that the observed decrease in proliferation rate of
HT1080 cells expressing shNSD2 and H3.3K36M (see Figure 1)
could be attributed to unrestricted spreading and re-distribution of
H3K27me3 in the absence of H3K36me2, leading to aberrant gene

Figure 2. Growth impairment of H3K36me2-depleted cells is independent of antagonistic crosstalk between H3K36 and H3K27 methylation (A) Western blot analysis of
H3K27me3 levels in lysates from the HT1080 cells from Figure 1B. Arrowhead, FLAG-H3.3 fusion construct appears as a higher molecular weight band than endogenous
H3. (B) Western blot analysis of lysates from HT1080 cells stably expressing FLAG-H3.3 wild-type or mutant constructs, using the indicated antibodies. Arrowhead, as in
(A). (C) Western blot analysis of lysates from HT1080 cells from Figure 1B under EZH2i or DMSO vehicle treatment, using the indicated antibodies. EZH2i, GSK126 small
molecule inhibitor against EZH2. Arrowhead, as in (A). (D-F) Proliferation assays of the indicated cell lines treated with EZH2i or DMSO vehicle, showing growth of cells
expressing shNSD2 with control shRNA in (D), shSETD2 and control shRNA in (E), and H3.3 K36M and H3.3 WT control in (F). Cells were maintained in selection media
with drug or vehicle as indicated and counted every two days for the duration of the assay. Error bars indicate s.e.m. from three experiments. p-values were calculated
using a two-tailed Student’s t test. �, p < 0.05. n.s., not significant.
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silencing as previously reported in chondrocytic precursor cells [8].
To test this possibility, we treated H3K36me2/me3-depleted cells
with an inhibitor of the H3K27 methyltransferase EZH2 (referred
to as EZH2i) [23] to co-deplete H3K27me3 (Figure 2C). Western
blot analysis demonstrated that EZH2i treatment effectively abol-
ished generation of H3K27me3.We also note that bothH3.3K36M
and shNSD2 cells – which have reduced H3K36me2 – showed a
slight increase in H3K27me3 modification under DMSO control
treatment, consistent with our findings in Figure 2A. Reduction of
H3K36 methylation in H3.3K36M or the NSD2 and SETD2
knockdown cells was unaffected by EZH2i. While in the H3.3WT
cells, an increase in H3K36me2 and H3K36me3 was observed in
response to EZH2 inhibition, this phenotype was not robust as it
was not seen in the shRNA control cell lines (Figure 2C).

EZH2i treatment was next used to test whether the increase in
H3K27me3 is required for the proliferation defect caused by
H3.3K36M–and shNSD2–expression in HT1080 cells (Figure 2D-
F). Loss of H3K27me3 was well tolerated by shRNA control and
H3.3WT control cells, which grew comparably in response to
EZH2i and DMSO treatment. Treatment of cells with EZH2i had
little impact on proliferation of cells expressing H3.3K36M, show-
ing only a slight increase in proliferation relative to DMSO treat-
ment (Figure 2F). EZH2i treatment also largely failed to rescue
proliferation of cells expressing shNSD2 (Figure 2D). shSETD2-
expressing cells showed a modest proliferative decrease when
treated with EZH2i in comparison to DMSO treatement
(Figure 2E). Together, our data show that the EZH2i treatment
does not rescue the proliferative defect caused by H3K36me2
depletion in HT1080 cancer cells, suggesting a specific molecular
role for H3K36me2 that is independent of H3K27me3.

Discussion

Here we characterize the histone variant H3.3K36M mutant
and its effects on H3K36 methylation in HT1080 cells, a
commonly cultured, non-chondrocytic cancer cell line. We
find that expression of H3.3K36M in HT1080s depletes
both the H3K36 me2 and me3 modifications in this cell
line (Figure 1A), consistent with previous reports in other
cell types [3,8,9]. Notably, H3.3K36M expression results in
slowed proliferation of HT1080s, mimicking loss of
H3K36me2 but not H3K36me3 (Figure 1, E-G). In contrast,
studies in mesenchymal progenitor cells showed that
H3.3K36M mediates depletion of H3K36 methylation but
shows proliferation rates comparable to, or greater than,
H3.3WT [8,9]. Our results underline the difference in regu-
latory function of H3K36 methyl marks in distinct cell
types.

Previous studies of misregulated H3K36 methylation have indi-
cated changes in the crosstalk between this mark and the repressive
H3K27me3 mark as an underlying disease mechanism [8,17,24]
This same principle was applied in a proposedmechanism of onco-
genicity for H3.3K36M in chondrocyte precursor cells [8], where
depletion of H3K36 methylation resulted in increased global
H3K27 methylation and led to redistribution of repressive com-
plexes. Using the lysine-to-methionine mutation at H3K36 as an
orthogonal tool to deplete H3K36 methylation in vivo, we interro-
gated the crosstalk between H3K36 and H3K27 methylation. By
depleting H3K36me2 (shNSD2) or both H3K36 me2 and me3

(H3.3 K36M) in HT1080 cells, we observe a proliferation defect
and increased levels of H3K27me3, consistent with previous stud-
ies. However, we find that the increase in this repressive histone
modification does not account for the proliferation defect produced
by H3K36me2 depletion, as abolishment of H3K27methylation by
EZH2i treatment has only a minor effect and does not restore nor-
mal proliferation (Figure 2, D and F).

Taken together, these data argue that in HT1080 cells,
H3K36me2’s role in regulating cell proliferation is largely inde-
pendent of its function in blocking the spread of H3K27me3.
The molecular mechanisms underlying the biological readout
of this dimethyl modification remain to be elucidated. This
work demonstrates the use of the H3.3K36M mutant as a tool
to probe H3K36 methyl biology in diverse cell systems, and
highlights the importance of understanding how lysine methyl-
ation signaling and crosstalk at the molecular level differs
between cell types.

Methods

Plasmids

The wild-type human H3.3-FLAG sequence was subcloned
from pEPI-H3.3 (EpiCypher) into pMSCVpuro (Clontech) for
stable expression. Point mutations were introduced by site-
directed mutagenesis. Plasmids were propagated in Stbl3
Chemically Competent E.coli (Invitrogen).

The shRNA oligos targetting NSD2 in ORF (50 GGAAAC-
TACTCTCGATTTATG 30) or SETD2 30UTR (50 GTGCTATG
TTGATAAGATT 30) were designed using PSICOLIGOMAKER
1.5, [25] and synthesized oligos were cloned into pSicoR (Addgene,
Plasmid ID 12084) as previously described [25]. Plasmids were
propagated in Stbl3 Chemically Competent E.coli (Invitrogen).

Cell culture & proliferation assays

HEK 293T and HT1080 (ATCC CCL-121) cells were cultured
in DMEM (Life Technologies) supplemented with 10% fetal
bovine serum (Gibco/Life Technologies), penicillin-streptomy-
cin (Life Technologies), L-glutamine (Life Technologies),
sodium pyruvate (Life Technologies), and MEM non-essential
amino acids (Life Technologies). Viral particles were produced
in HEK 293T, and transductions of HT1080 were performed,
as previously described [10] to generate stable knockdown or
overexpression cell lines. Cells were selected under puromycin
(Sigma) at 2 mg/mL. 2 mM EZH2i inhibitor GSK-12623

(Sigma), or equivalent volume of DMSO vehicle (Sigma), was
added where indicated.

For proliferation assays, fully selected cells were seeded at
2 £ 105 cells/well in triplicate in 6-well plates in selection
media. Cells were trypsinized, counted, and re-seeded at a 1:5
dilution every two days for the duration of the assay. Graphs
reflect dilution-corrected cell counts.

Cell lysates

To prepare whole cell extracts, 1 £ 107 cells were collected,
washed in PBS, and lysed in a RIPA buffer (50 mM Tris-HCl
pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS,
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1 mM DTT, cOmplete protease inhibitor tablet (Roche)) for
10 min on ice followed by sonication for 10 min in a Bioruptor.
Samples were clarified by centrifugation at 21,000g for 10 min
at 4�C. For normalization, protein contentrations were mea-
sured using the DC Protein Assay kit (BioRad).

Antibodies

The antibodies used were: anti-H3K36me1 (Cell Signaling Tech-
nology, Cat.# 14111S), anti-H3K36me2 (Cell Signaling Technol-
ogy, Cat.# 2901S), anti-H3K36me3 (Cell Signaling Technology,
Cat.# 4909S), H3 (generated at Covance), anti-H3K4me3
(EpiCypher, Cat.# 13–0004), anti-H3K9me3 (Abcam, Cat.#
ab8898), anti-H3K27me3 (Cell Signaling Technology, Cat.#
9733S), anti-H3K79me3 (Cell Signaling Technology, Cat.# 4260),
and anti-NSD2 (EpiCypher).

Real-time quantitiative PCR

RNA was extracted from cells using TRIzol (Invitrogen), and
reverse transcribed using the SuperScript III First Strand Syn-
thesis kit (Invitrogen) to make cDNA. Real-time quantitative
PCR analysis was performed using Universal ProbeLibrary
probes (Roche) on a Roche LightCycler 480. SETD2 mRNA
levels (Universal ProbeLibrary probe #49) were normalized to
GAPDH mRNA levels (Universal ProbeLibrary probe #60).
qPCR primer sequences are listed below.

SETD2: 50-AACAGCCAGATAAAACAGTGGAT-30
50-TCTTTGGAATTCGATATACCTCCT-30
GAPDH: 50-AGCCACATCGCTCAGACAC-30
50-GCCCAATACGACCAAATCC-30
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