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ABSTRACT
Chondroblastoma is a cartilaginous tumor that typically arises under 25 y of age (80%). Recent studies have
identified a somatic and heterozygous mutation at the H3F3B gene in over 90% chondroblastoma cases,
leading to a lysine 36 to methionine replacement (H3.3K36M). In human cells, H3F3B gene is one of 2
genes that encode identical H3.3 proteins. It is not known how H3.3K36M mutant proteins promote
tumorigenesis. We and others have shown that, the levels of H3K36 di- and tri-methylation (H3K36me2/
me3) are reduced dramatically in chondroblastomas and chondrocytes bearing the H3.3K36M mutation.
Mechanistically, H3.3K36M mutant proteins inhibit enzymatic activity of some, but not all H3K36
methyltransferases. Chondrocytes harboring the same H3F3B mutation exhibited the cancer cell
associated phenotypes. Here, we discuss the potential effects of H3.3K36M mutation on epigenomes
including H3K36 and H3K27 methylation and cellular phenotypes. We suggest that H3.3K36M mutant
proteins alter epigenomes of specific progenitor cells, which in turn lead to cellular transformation and
tumorigenesis.

KEYWORDS
Asf1; Cancer cells;
Chondroblastoma;
Chromosomes; Epigenetic;
H3K36me3; Histone
methylation; Tumorigenesis

Introduction

In eukaryotic cells, DNA is assembled into chromatin through
the basic repeat unit called nucleosome, which contains one
histone (H3-H4)2 tetramer and 2 histone H2A-H2B dimers
wrapped around 147 bp of DNA.1,2 Histone proteins are mod-
ified extensively by post-translational modification.3,4 These
histone modifications, including ubiquitylation, phosphoryla-
tion, acetylation and methylation,5-8 are thought to play an
important role to regulate a variety of cellular processes such
as gene transcription,9,10 DNA replication,11,12 and DNA
repair.13-15 However, the approaches to address the function
of a histone modification in higher eukaryotic cells are still
limited. Unlike lower eukaryotic cells, such as budding yeast
that contains only 2 copies of different histone genes,16,17

mammalian cells contain multiple histone genes.18,19 Conse-
quently, it is almost impossible to mutate the modified residue
to probe the function of the modification in mammalian cells.
Therefore, the most common approach used in higher eukary-
otic cells is to mutate or deplete the enzyme that catalyzes the
modification. However, most histone modifying enzymes have
non-histone substrates. It is then that histone acetyltransferase
and histone methyltransferases were renamed as lysine acetyl-
transferases20-22 and lysine methyltransferases23-25 separately.
In addition, in higher eukaryotic cells, there exits multiple
enzymes that catalyze the same modification. Therefore, prob-
ing the function of a histone modification through depletion
and/or knockout the cognate enzyme, an approach that is fre-
quently used, carries caveats.

Recently, histone H3 lysine to methionine mutations have
been found in brain26-28 and bone tumors.29 Specifically, one
allele of H3F3A gene, one of 2 genes encoding histone H3 vari-
ant H3.330,31, is mutated in over 60% diffuse intrinsic pontine
gliomas (DIPG) cases, replacing lysine 27 with methionine
(H3.3K27M). In addition, one allele of H3F3B gene, the other
gene encoding histone H3.3, is mutated in over 90% chondro-
blastoma cases, leading to changes of lysine 36 to methionine
(H3.3K36M). Studies from different laboratories have shown
that expressing a histone lysine (K) to methionine (M) mutant
transgene results in dramatic loss of histone methylation of the
corresponding lysine residues on wild type and endogenous
histones.32-35 Moreover, structural and biochemical studies
using several K to M mutations indicate that the global reduc-
tion of histone methylation is due to inhibition of the corre-
sponding lysine methyltransferases.36,37 All these results
indicate that histone K to M mutation is a good tool to address
the function of specific histone methylation in cells. In the fol-
lowing sections, we will highlight the lessons we learned on the
utilization of H3.3K36M mutation to address the function of
H3K36 methylation based on our recent studies of H3.3K36M
mutation in chondroblastoma.38

In budding yeast, histone H3K36 methylation is cata-
lyzed by SET2, the only enzyme catalyzing mono-, di- and
tri-methylation.39,40 In human cells, multiple enzymes cata-
lyze H3K36 methylation. For instance, while ASH1L, NSD1,
and NSD2/MMSET/WHSC1 are the prominent methyl-
transferases that catalyze mono- and di-methylation of
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H3K36,41-43 SETD2 is the only characterized enzyme cata-
lyzing tri-methylation of H3K36.44 Genome-wide mapping
of H3K36me2 and H3K36me3 using ChIP-seq indicate that
H3K36me3 is localized predominantly at gene bodies,
whereas H3K36me2 is localized at gene bodies as well as
intergenic regions.45,46 In budding yeast, H3K36me3 at gene
body is important for recruiting histone deacetylases to
remove acetylation of new histone H3 following gene tran-
scription and thereby suppresses cryptic gene transcrip-
tion.47 In addition, H3K36me2 is regulated co-
transcriptionally and is associated with active gene tran-
scription.46 In human cells, splicing enhances H3K36 meth-
ylation through recruitment of SETD2.48 Therefore, the
localization of H3K36me2/me3 at gene body is associated
with active gene transcription. However, the function of
H3K36me2 at intergenic regions remains largely unknown.
In addition to gene transcription, H3K36 methylation is
also found to be involved in alternative splicing,49 DNA
replication,50,51 and DNA repair.52 Moreover, H3K36 meth-
ylation at gene body is also associated with DNA methyla-
tion at gene body.53-56 Therefore, H3K36 methylation likely
impacts various cellular processes, and it is not surprising
that alteration of the function/expression of histone H3K36
methyltransferases is also associated with different cancers.
For instance, overexpression of MMSET has been impli-
cated in multiple myeloma and neuroblastoma.57 Mutations
in SETD2 are found to be the causal for renal cell carci-
noma and breast cancer.58,59 The causal relationships
between these alterations in the enzymes and histone
H3K36 methylation in tumorigenesis remain to be
determined.

Overexpression of H3.3K36M mutant in 293T cells results
in splicing defects

H3K36 methylation and SETD2 play important roles in regu-
lating RNA splicing.48,60 Therefore, we analyzed whether RNA
splicing was affected in H3.3K36M knock-in chondrocytes by
RNA-seq but have not detected any splicing defects in mutant
chondrocytes cells compared with parental wild type T/C28a2
cells (Fig. 1A). To confirm this, we also overexpressed the
H3.3K36M mutant transgene in 293T cells which results in a
greater reduction of H3K36 methylation (data not shown) pos-
sibly due to higher expression of the H3.3K36M mutant trans-
gene. Surprisingly, we detected increased splicing defects by
RNA-seq (Fig. 1B). We also analyzed the RNA splicing in 2
wild type bone tissue samples and 3 H3.3K36M mutant chon-
droblastoma tissue samples. Consistent with the findings in T/
C28a2 cells, no major RNA splicing defects were detected in
the chondroblastoma tissues harbor the H3.3K36M mutation
compared to normal control tissues (Fig. 1C). We have shown
that chondrocyte cells engineered with the same genetic muta-
tion as chondroblastoma using CRISPR/CAS9 exhibited defects
in homologous recombination.38 However, the mutant chon-
drocytes do not show defects in RNA splicing and mismatch
repair.38 One possible explanation is that different cell lines
used (293T cells vs T/C28a2 cells) contribute to the difference
in RNA splicing defects. Alternatively, H3.3K36M mutant
chondrocytes, while having low levels of H3K36 methylation,

still retain considerable amounts of H3K36 methylation, which
can support the splicing process. We suggest that different lev-
els of H3K36M mutant proteins expressed (transgenes vs. engi-
neered K36M mutation) may play a bigger role.

Expression of H3.3K36M,R129E mutant results in reduced
levels of H3K36 methylation

It is known that histone chaperone HIRA complex deposits
H3.3 at the generic region,61 and Asf1a delivers H3.3 to
HIRA (possibly Daxx) for nucleosome assembly.62-64 The
structure of Asf1-H3 have been identified and several H3
residues have been identified to bind Asf1.65,66 For instance,
replacing histone H3 arginine 129 with glutamic acid
(H3R129E) destroys the Asf1a-H3 interaction65-67. There-
fore, we made H3.3R129E mutant alone or in combination
with H3.3K36M mutation and tested how the expression of
these mutants affected H3K36me2 and H3K36me3. Expres-
sion of H3.3R129E mutant had no apparent effect on
H3K36me2/me3 in 293T cells. In contrast, expression of
H3.3K36M,R129E double mutant protein resulted in dra-
matic reduction of H3K36me2 and H3K36me3 levels
(Fig. 2A). This result suggests that H3.3K36M mutant pro-
teins can exert their effects on H3K36 methylation before
they are assembled into nucleosomes. However, we could
not detect the expression of H3.3R129E and H3.3K36M,
R129E mutant proteins in whole cell extracts or on chroma-
tin by Western blot analysis, suggesting that H3.3R129E
mutant proteins are not stable.

To resolve this complication for interpreting the result, we
first started to analyze other H3 mutants that exhibit defects in
Asf1a binding including H3.3L126A (Fig. 2B), H3.3R129A
(Fig. 2C), and H3.3I130A (Fig. 2D). A combination of each
mutation with H3.3K36M affected H3K36me2 and H3K36me3
levels, whereas single mutation without H3.3K36M had no
apparent effects. Based on chromatin fractionation assays, all
these mutant proteins could be detected on chromatin, suggest-
ing that these mutant proteins were assembled into nucleo-
somes. These results indicate that these Asf1a binding deficient
mutants were assembled into nucleosomes, therefore, could not
be used to address whether the H3.3K36M mutant protein can
exert their effects on H3K36 methylation before assembled into
nucleosomes.

H3.3R129E mutant is incorporated into chromatin

Asf1 is known to bind H3-H4 before nuclear import of H3-
H4.5,66,68,69 Therefore, it is possible that H3.3R129E mutant
proteins were not stable. To test this idea, we analyzed whether
H3.3R129E mutant alone or in combination with H3.3K36M
mutant could be detected by Western blot in cells treated with
the proteasome inhibitor MG132. However, proteasome inhibi-
tion failed to detect H3.3R129E or H3.3K36M,R129E mutant
proteins in cell extracts (data not shown). It has been reported
that chaperone-mediated autophagy is involved in degradation
of soluble histone in mammalian cells.70 Therefore, in indepen-
dent experiments, we depleted HSC70 and LAMP2a, 2 proteins
controlled chaperone-mediated autophagy, but we still could
not detect H3.3R129E mutant proteins in cell extracts and
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chromatin by Western blot (data not shown). These results
indicate that the low levels of H3.3R129E are unlikely due to
degradation of the proteins by proteasome and autophagy
pathways.

After these trials, we tested whether H3.3R129E and
H3.3K36M,R129E mutants could be detected after immunopre-
cipitating these proteins from soluble extracts and from chro-
matin (Fig. 3A). In these experiments, we were able to detect
H3.3R129E and H3.3K36M,R129E mutant proteins. Further-
more, most H3.3R129E and H3.3K36M,R129E mutant proteins
were detected on the chromatin. These results indicate that
H3.3R129E mutant proteins that are known to be defective in
binding to the histone chaperone Asf1, could still be assembled
into nucleosomes. To confirm this result, we performed ChIP-
PCR experiments and observed that H3.3R129E and
H3.3K36M,R129E mutant proteins were assembled into chro-
matin (Fig. 3B). In addition, the H3K36me3 levels at the incor-
porated loci were dramatically decreased (Fig. 3C). Based on
these results, we suggest the following 3 ideas. First, the nucleo-
some assembly of H3.3R129E mutant proteins is very ineffi-
cient, and consequently, those that are not assembled into
nucleosomes are degraded, contributing to the low levels of
H3.3R129E mutant proteins. Second, very low levels of

H3.3K36M mutant proteins, such as those that cannot be
detected by Western blot in cell extracts, can lead to a dramatic
reduction of H3K36me3 in cells, suggesting that while there are
8 H3K36 methyltransferases, their expression levels may be
low. Third, these results further strengthen our conclusion that
the H3.3K36M mutant proteins likely exert their inhibitory
effect on H3K36 methylation after being incorporated into
nucleosomes.38

“Cross-talk” between H3K36me2 and H3K27me3 at
intergenic regions

It has been reported that H3K36 methylation can inhibit the activ-
ity of PCR2 complex.71,72 H3K27me3 increased at intergenic
regions in mouse mesenchymal stem cells expressing H3.3K36M
mutant transgene, most likely due to the dramatic reduction of
H3K36me2.73 We also performed H3K27me3 ChIP-seq in
H3.3K36Mmutant chondrocytes and their parental line, T/C28a2.
To determine whether H3K27me3 levels at intergenic regions are
also altered in chondrocytes with H3.3K36M mutation, we calcu-
lated the H3K27me3 ChIP-seq reads density at the intergenic
regions and observed that H3K27me3 increased dramatically at
intergenic regions with reduced H3K36me2 compared with those

Figure 1. Expression of H3.3K36M mutant protein in distinct cells leads to different effects on RNA splicing. Expression of H3.3K36M mutant protein in 293T cells (B) but
not T/C28a2 cells (A) leads to increase in splicing defects. (C) The chondroblastoma tissue samples with H3.3K36M mutation showed the similar RNA splicing pattern as
the wild type bone tissues. The annotation of the splice junction in different RNA-seq data sets was indicated in the figure. The genes from Ensembl, GENECODE, UCSC,
and RefSeq were combined and used as a reference gene model. Known: the junction is part of the gene model; complete_novel: complete new junction; partial_novel:
one of the splice junction (SJ, either 5SJ or 3SJ) is new, while the other splice junction is annotated (known).
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with H3K36me2 (Fig. 4A). In contrast, we did not detect major
changes in H3K27me3 at genic regions surrounding TSS, where
H3K37me3 was enriched when all genes were taken into consider-
ation (Fig. 4B). This observation is consistent with our Western
blot analysis of H3K27me3 in H3.3K36M mutant chondrocyte
cells.38 However, when genes were separated into 3 groups based
on their expression levels (high, middle and low) in wild type
chondrocyte cells, we observed that H3K27me3 was reduced at
promoters of low expressed genes in H3.3K36M mutant lines
compared with wild type line (compared Fig. 4C to E). These
results are consistent with the idea that loss of H3K36me2 results
in redistribution of H3K27me373 in cells expressing H3.3K36M
mutant proteins. Based on these results, we suggest that one of the
functions of H3K36me2 at intergenic regions is to inhibit PRC2
mediated H3K27 methylation at these regions.

Discussion/perspective

These results presented here likely have the following implica-
tions. It is possible that the distinct expression levels of
H3.3K36M mutant proteins will impact the H3K36 methylation
levels and thereby cellular phenotypes differently. This is not
surprising as H3.3K36M mutant proteins likely reduce H3K36
methylation through a mechanism of competitive inhibition,
one would expect that the relative amount of H3.3K36Mmutant
proteins and H3K36 methyltransferases in cells will determine

the reduced levels of H3K36 methylation. Supporting this idea,
it has been shown recently that overexpression of Clr4, which is
the H3K9 methyltransferase in S. pombe, can relieve the silenc-
ing defects of H3K9M mutant proteins.74 Therefore, the expres-
sion levels of a histone lysine to methionine mutant protein as
well as its targeted methyltransferases will have a profound
impact on histone methylation and cellular phenotypes.

We made a surprising finding that expression of
H3.3K36M,R129E mutant can still lead to the reduction of
H3K36 methylation despite the fact that the mutant pro-
teins were not detectable in whole cell extracts by Western
blot. Even more surprising is the observation that
H3.3R129E and H3.3K36M,R129E mutant proteins are still
assembled into chromatin despite the fact that they are
defective in binding to Asf1a/b. These results indicate that
H3.3R129E and H3.3K36M,R129E mutant proteins are not
stable, most likely due to the fact that they are defective in
nucleosome assembly. Therefore, most of proteins that can-
not be assembled into nucleosomes would be degraded. It’s
known that proteasome-mediated protein degradation and
the chaperone-mediated autophagy are involved in the elim-
ination of unstable protein.70 However, inhibition of these 2
pathways didn’t increase the levels of the H3.3R129E or
H3.3K36M,R129E mutant proteins. In the future, it would
be interesting to determine why the mutant proteins are
not stable.

Figure 2. Expression of double mutants containing the H3.3K36M and each Asf1 binding deficient mutant results in reduced H3K36me2/me3 levels in T/C28a2 cells.
T/C28a2 cells were infected with virus expressing FLAG-tagged wild type H3.3, or H3.3 mutants with relevant mutations indicated in the figure (A-D). Cells were collected
for chromatin fractionation assays to separate proteins into soluble and chromatin fractions. Proteins in whole cell extracts (WCE), chromatin and soluble fractions were
analyzed by Western blot.
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While the primary effects of H3.3K36M mutant proteins are
likely on H3K36 methylation, it is clear that H3K27me3 are
also altered on chromatin.73 More specifically, H3K27me3 lev-
els at intergenic regions increase in cells expressing H3.3K36M

mutant chondrocytes. Therefore, it is possible that one function
of H3K36me2 at intergenic regions is to suppress H3K27 meth-
ylation at these regions. In addition, it has been suggested that
specific patterns of histone modifications have context-

Figure 3. H3.3R129E and H3.3K36MR129E mutant proteins were enriched on chromatin. (A) Soluble histones or mononucleosomes were purified from HEK293T cells with
vector (negative control), HEK293T cells expressing FLAG-tagged WT H3.3, H3.3K36M, H3.3R129E, or H3.3K36MR129E mutant. Proteins from Input and immunoprecipi-
tated (IP) samples were analyzed by Western blotting using the indicated antibodies. (B) ChIP-qPCR results of incorporations of different mutant histone H3.3 proteins
and reduction of H3K36me3 at different loci. ChIP-qPCR is performed by using T/C28a2 cells after infection of different mutant histone H3.3 expressing virus. Data repre-
sents the average and standard deviations of 3 independent experiments. (�P < 0.05, ��P < 0.01).

Figure 4. H3K27me3 increased dramatically at intergenic regions with reduced of H3K36me2 in H3.3K36M cell compare with WT cell. (A) Normalized tag distribution pro-
files of H3K27me3 for intergenic regions with reduced H3K36me2 in 2 H3.3K36M mutant cell lines compare with WT cells. The reads are normalized to reads per kilobase
per 10 million mapped reads. (B) The normalized reads density of H3K27me3 ChIP-Seq was plotted from 10 kb upstream to 10Kb downstream from TSS sites in WT and
H3.3K36M cells. The reads are normalized to reads per kilobase per 10 million mapped reads. (C-E) The same calculation as in B, but the whole human genes were split
into equal number of 3 groups according to their expression levels. H: high expression, M: medium expression, and L: Low expression.
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dependent effects.6 Therefore, the cellular phenotypes displayed
in cells expressing H3.3K36M mutant proteins reflect changes
not only in H3K36 methylation, but also other induced
changed on histone modifications including H3K27me3. Con-
sidering the fact that the chondroblastomas typically arise
under 25 y of age (80%),75-77 we suggest that H3.3K36M
mutant proteins reprogram epigenomes of specific progenitor
cells, which in turn leads to cellular transformation and
tumorigenesis.

Methods and materials

Preparation of chromatin and soluble fractions

Cell fractions were prepared as described before.78 Cells were
incubated in fraction buffer (10 mM HEPES, pH 7.9, 10 mM
KCl, 1.5 mMMgCl2, 0.34 M sucrose, 10% glycerol, 0.1% Triton
X-100, 1 mM DTT) for 5 mins. The whole cell lysate was col-
lected by directly add Laemmli buffer to cell mix. Other frac-
tions were separated by centrifugation at 1300 g, 4 �C, 10 min.
The nuclear pellet was washed with fraction buffer and serve as
the chromatin fraction. The supernatant was treated as soluble
fraction.

Chromatin immunoprecipitation-deep sequencing
(ChIP-seq) and ChIP-qPCR

ChIP was performed as described before.38 In brief, cells were
fixed with 1% for 10 min and then quenched with 125 mM gly-
cine for 5 min at room temperature. The chromatin was pre-
pared with MNase digestion and sonication. 2 mg of rabbit
polyclonal anti-H3K36me3 antibody (Active Motif, Cat.
#61101, lot # 32412003), 1.5 mg of rabbit monoclonal anti-
H3K36me2 antibody (Cell Signaling Technology, Cat. #2901,
lot# 5), 2 mg of rabbit monoclonal anti-H3K27me3 antibody
(Cell Signaling Technology, Cat. #9733), or 2 ug of mouse
monoclonal anti-Flag antibody (Sigma, clone M2) was used to
incubate with chromatin overnight at 4�C. 30 mL protein
G-magnetic beads (Life Technologies) were then added for
incubation 3 hours. After extensively washed, the bound chro-
matin was eluted and reverse-crosslinked at 65�C overnight.
DNAs were purified using Min-Elute PCR purification kit
(Qiagen) after the incubation with RNase A and proteinase K.

Immunoprecipitation (IP)

Cells fractions were prepared as described before. The chroma-
tin fraction was digested by MNase. Different fractions were
diluted into IP buffer (50 mM Tris-HCl, pH8, 10 mM EDTA,
100 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate).
Samples were then incubated with 30 mL of prewashed anti-
FLAG M2 agarose beads (Sigma) overnight at 4�C. The beads
were extensively washed with washing buffer (50 mM HEPES-
KOH, pH 7.4, 200 mM NaCl, 0.5% Triton X-100, 10% glycerol,
10 mM EDTA). Beads were then boiled with 60 mL Laemmli
buffer and analyzed by Western blotting.

RNA-seq data analysis

RNA-seq sequence reads were aligned to the human genome
hg19 and to gene annotations from Refseq gene using TopHat
v2.0579 RSeQC80 was used to analysis the RNA splicing.

H3K27me3 ChIP-seq data analysis

Paired-end reads from H3K27me3 ChIP-seq were aligned to
the human genome (hg19) using the Bowtie2 software.81 The
consistent pair reads were only used for the further analysis.
The reads density scan around TSS and count reads in inter-
genic was performed by in-house Perl programs.

Antibodies

For Western blotting analysis, antibodies against H3K36me2
(Cat. #2901, lot 5) were purchased from Cell signaling.
H3K36me3 (Cat. #61101, lot 32412003) were purchased from
Active motif. Antibodies against a-Tubulin (Cat. #T9026) and
FLAG (Cat. #F1804) were purchased from Sigma. Antibodies
against histone H3 were described previously.38
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