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RESEARCH COMMUNICATION

The histone H3.3K27M
mutation in pediatric glioma
reprograms H3K27 methylation
and gene expression

Kui-Ming Chan,'”® Dong Fang,"® Haiyun Gan,'
Rintaro Hashizume,” Chuanhe Yu,' Mark Schroeder,
Nalin Gupta,? Sabine Mueller,> C. David James,>
Robert Jenkins,* Jann Sarkaria,®> and Zhiguo Zhang"*

'Department of Biochemistry and Molecular Biology,
2Department of Neurological Surgery, University of California
at San Francisco, San Francisco, California 94143, USA;
3Department of Radiation Oncology, “Department of Laboratory
Medicine Pathology, Mayo Clinic, Rochester, Minnesota 55905,
USA

Recent studies have identified a Lys 27-to-methionine
(K27M) mutation at one allele of H3F3A, one of the two
genes encoding histone H3 variant H3.3, in 60% of high-
grade pediatric glioma cases. The median survival of this
group of patients after diagnosis is ~1 yr. Here we show
that the levels of H3K27 di- and trimethylation (H3K27me2
and H3K27me3) are reduced globally in H3.3K27M patient
samples due to the expression of the H3.3K27M mutant
allele. Remarkably, we also observed that H3K27me3
and Ezh2 (the catalytic subunit of H3K27 methyltransfer-
ase) at chromatin are dramatically increased locally at
hundreds of gene loci in H3.3K27M patient cells. More-
over, the gain of H3K27me3 and Ezh2 at gene promoters
alters the expression of genes that are associated with
various cancer pathways. These results indicate that
H3.3K27M mutation reprograms epigenetic landscape
and gene expression, which may drive tumorigenesis.

Supplemental material is available for this article.

Received March 13, 2013; revised version accepted April 1,
2013.

Malignant gliomas, including glioblastoma multiforme
(GBM) and diffuse intrinsic pontine glioma (DIPG), are
the most aggressive primary malignant brain tumors in
adults and children (Wong et al. 1999; Buckner 2003;
Louis et al. 2007). Recent studies have identified somatic
mutation of the H3F3A gene that encodes the histone H3
variant H3.3 and results in a Lys 27-to-methionine change
in the encoded protein (H3.3K27M) (Schwartzentruber
et al. 2012; Sturm et al. 2012; Wu et al. 2012) in 60% of
DIPG. The median survival of this group of patients after
diagnosis is ~1 yr, with no cure in sight. In human cells,
unlike canonical histone H3 proteins (H3.1/H3.2) that are
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encoded by 13 distinct genes, there are two genes encoding
histone H3.3 (Henikoff and Ahmad 2005; Ransom et al.
2010; Szenker et al. 2011). H3K27 is conserved among all
histone H3 proteins—both canonical histone H3 and its
variant, H3.3. Thus, the mechanism by which mutating
one allele of the two H3.3 genes drives tumorigenesis is
largely unknown.

Histone proteins are modified post-translationally, and
these modifications include acetylation, methylation,
ubiquitylation, and phosphorylation (Strahl and Allis
2000; Zhang and Reinberg 2001; Li et al. 2007). Both
acetylation and methylation have been detected on H3K27.
H3K27 acetylation and trimethylation (H3K27ac and
H3K27me3) mark distinct chromatin regions and have
distinct functions. For instance, in yeast cells, H3K27ac,
catalyzed by both Gen5 and Rtt109 lysine acetyltrans-
ferases, is likely to occur on newly synthesized histone H3
(Burgess et al. 2010). In human cells, H3K27ac, in com-
bination with other histone marks, including H3K4mel,
marks gene enhancers (Heintzman et al. 2009). H3K27me3,
catalyzed by the Polycomb-repressive complex 2 (PRC2)
methyltransferase, is enriched at silent gene promoters in
mammalian cells (Bernstein et al. 2006; Barski et al. 2007)
as well as inactivated X chromosomes in female mam-
mals (Plath et al. 2003) and plays an important role in
regulating expression of developmentally regulated genes
(Zhang and Reinberg 2001; Simon and Kingston 2009;
Margueron and Reinberg 2011). H3K27me3 is also found
at “bivalent chromatin domains” that contain active
H3K4me3 (Bernstein et al. 2006; Barski et al. 2007). The
expression of genes with bivalent marks in general is low
and is poised for rapid changes in gene expression during
development.

Because of the critical functions of H3K27 methylation
and acetylation, we analyzed to what extent H3K27ac
and H3K27me2 (H3K27dimethylation)/me3 were altered
in cancer cells harboring H3.3K27M mutation. Surpris-
ingly, we observed a global reduction in the levels of
H3K27me2/me3, but not H3K27ac, in two DIPG cancer
lines compared with human neural stem cells (NSCs).
This reduction is most likely due to expression of H3.3K27M
mutant proteins, since expression of a H3.3K27M trans-
gene in three different cell types resulted in a global re-
duction in H3K27me2/me3 levels. In addition, we also
observed a significant gain of H3K27me3 and Ezh2 locally
at hundreds of chromatin loci. Gene expression analysis
indicates that genes with a gain of H3K27me3 exhibited
reduced expression compared with NSCs and were asso-
ciated with cancer pathways. Together, our data demon-
strate that H3.3K27M mutation dominantly reprograms
the epigenetic landscape and gene expression, which may
contribute to carcinogenesis.

Results and Discussion

Methylation and acetylation of histone H3 at Lys 27 reg-
ulate gene expression (Zhang and Reinberg 2001; Simon
and Kingston 2009; Margueron and Reinberg 2011). To
gain insight into the impact of H3.3K27M mutation,
tumor tissues containing the heterozygous mutation of
H3F3A from two H3.3K27M DIPG patients (SF7761 and
SF8628) were isolated (Supplemental Fig. 1A; Hashizume
et al. 2012), and cells were cultured in vitro. These cells
formed neural spheres and expressed the NSC marker
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Histone H3K27me2 and H3K27me3 are altered in pediatric DIPG “Histone H3.3 K27M” patient cells. (A) NSC marker NESTIN is

expressed in human NSCs and in a xenograft from Histone H3.3 K27M patient DIPG cells (SF7761) but not in cells from a human glioblastoma
line with a wild-type histone H3.3 (U251). (B) Histone H3K27 methylation is specifically altered in H3.3K27M cells. Recombinant histone
H3-H4 proteins purified from bacteria (R-H3H4) served as a control to show the specificity of antibodies against modified histone H3 variants.
Lysates from mouse embryonic fibroblasts (MEFs) infected with nontargeting (NT) control and Ezh2 shRNA knockdown viruses were used to
demonstrate the specificity of the H3K27me2 and H3K27me3 antibodies. (C) H3K27me2 and H3K27me3 are reduced in two H3.3K27M patient
lines but not in adult GBM, as indicated by immunofluorescence staining. Bar, 5 um.

Nestin (Fig. 1A; data not shown). We analyzed the histone
modifications in these two H3.3K27M tumor lines, a dif-
ferentiation state-matched NSC line (Fig. 1A), and one
adult GBM line (39RG2). H3K27me2 and H3K27me3
were dramatically reduced in the two patient lines
compared with NSCs or the adult GBM xenograft line
as detected by Western blot (Fig. 1B) and immunofluo-
rescence (Fig. 1C). In contrast, the levels of H3K27ac
and other marks on histone H3, such as H3K9me3 and
H3K4me3, were not altered to a detectable degree (Fig.
1B). Furthermore, the levels of HP1a, the H3K9me3 reader,
and Suzl2 and Ezh?2, two subunits of the PRC2 complex
(Simon and Kingston 2009; Margueron and Reinberg 2011;
Yang et al. 2012), were not altered significantly in these
cells (Fig. 1B; Supplemental Fig. 1B). Together, these results
reveal that the levels of H3K27me2/me3 are reduced in the
H3.3K27M tumor cells, and the reduction is not due to
a reduced level of Ezh2 or the PRC2 complex.

To determine whether H3.3K27M mutation is the
cause of global reduction in H3K27me2 and H3K27me3,
we established 293T cell lines expressing low levels of
H3.3K27M (less than one-tenth of endogenous of H3).
As controls, we also established stable lines expressing
H3.1K27M, H3.1/H3.3K27R, and H3.1/H3.3G34R. The
H3.3G34R mutation is frequently found in GBM, and
this G34R mutation appears to be mutually exclusive
from the K27M in GBM tumors (Sturm et al. 2012). As
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shown in Figure 2A and Supplemental Figure 1C,
H3K27me2 and H3K27me3 were dramatically reduced
in cells expressing the H3.1K27M or H3.3K27M trans-
gene but not in cells expressing H3.1/H3.3K27R or H3.1/
H3.3 G34R mutant proteins. Moreover, the dramatic
reduction in H3K27me2/me3 was also observed in hu-
man astrocytes (Fig. 2B) and mouse embryonic fibroblasts
(MEFs) expressing the H3K27M mutant proteins (Fig. 2C).
These results demonstrate that the expression of H3.1
or H3.1 K27M mutant proteins reduce the endogenous
H3K27me2/me3 in a cell type-independent manner and
explain the global reduction in H3K27me2/me3 observed
in H3.3K27M DIPG patient cells. Furthermore, we found
that the di- and trimethylation of H3K36 is reduced on
the ectopically expressed Flag-H3.3G34R but not the en-
dogenous histone H3 (Supplemental Fig. 2), suggesting
that the glycine residues at position 34 are important for
the di- and trimethylation of Lys 36.

Examination of the H3K27me2/me3 levels by im-
munofluorescence revealed that cells stably expressing
K27M mutant proteins exhibited a reduction in H3K27
methylation in the whole population (Supplemental
Figs. 3, 4). To investigate the temporal effect of H3K27M
mutant proteins on endogenous H3K27me3, we transiently
transfected the Flag-H3.1/H3.3K27M transgene into MEF
cells and monitored the H3K27me3 level using fluores-
cence microscopy (Fig. 2D). We did not observe significant
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Figure 2. Ectopic expression of Histone H3.1 and H3.3 K27M mutants alters endogenous
histone H3K27 methylation. (A) Lysates collected from individual 293T clones stably
expressing Flag-tagged wild-type (WT) human histone H3.1 and H3.3 or mutant (K27R,
K27M, or G34R) histone proteins were subjected to Western blotting. Recombinant
histone (R-H3-H4) purified from bacteria and lysates from MEFs infected with Ezh2
shRNA served as controls to show the specificity of the antibodies. (B) H3.3K27M mutant
histones alter endogenous H3K27me2 and H3K27me3 in human astrocyte cell lines. Two
individual clones were analyzed. The experiments were performed as described in A. (C)
H3.1 and H3.3 K27M mutant histones specifically alter endogenous H3K27me2 and
H3K27me3 in MEF cells. Lysates from individual stable clones were collected and
subjected to Western blotting. (D) Loss of H3K27me3 in MEF cells expressing histone
H3.1 or H3.3 K27M mutant proteins is gradual. Immunofluorescence photographs of Flag-

tagged wild-type or mutant histone H3.1 and H3.3 proteins expressed in MEF cells and
monitored over time for changes in H3K27me3. The corresponding bar chart shows the

percentage of wild-type H3 or H3 mutant-expressing cells with H3K27me3 staining.
Results were averaged from two independent experiments (n > 200). Bar, 5 pm.

changes in H3K27me3 in cells expressing H3.1/H3.3K27M
24 h after transfection. In contrast, ~40% of H3K27M-
expressing cells exhibited reduced H3K27me3 staining
48 h after transfection. The percentage of cells that retained

Effect of H3K27M mutation on H3K27 methylation

H3K27me3 continued to decrease in a time-
course experiment (70%-80% 120 h post-
transfection). These results suggest that it
takes multiple cell divisions for the
H3K27M mutant proteins to exert their
full effect on H3K27 methylation.

Next, we investigated the genomic dis-
tribution of H3K27me3, H3K4me3, and
Ezh2 in NSCs and cancer line SF7761 cells
using chromatin immunoprecipitation
(ChIP) coupled with next-generation se-
quencing (ChIP-seq) (Fig. 3A; Barski et al.
2007). Using SICER software (Zang et al.
2009), we identified a total of 17,711
peaks in N'SCs (P-value < 107¢; false discov-
ery rate [FDR] < 0.01). These H3K27me3
peaks are associated with 5718 RefSeq
genes, with 3912 located at the pro-
moters and 1806 located within the gene
body. In contrast, we identified 2684
peaks in SF7761 cells with the same
cutoff values. Compared with NSCs, the
reduction in H3K27me3 peak number in
SF7761 was observed in all gene elements
examined (promoters, exons, introns, 5’
and 3’ untranslated regions [UTRs], and
intergenic regions) (Fig. 3B), and the nor-
malized H3K27me3 tag density in the
gene body was significantly reduced (Fig.
3C). Meanwhile, we did not detect dramatic
changes in the number of H3K4me3 or Ezh2
peaks between SF7761 cells and NSCs (Fig.
3B,C). Together, these ChIP-seq results
strongly suggest that the overall chroma-
tin-associated H3K27me3 is dramatically
reduced in SF7761 cells compared with
NSCs.

H3K27me3 peaks detected in SF7761
cells spanned a larger chromatin region
than those found in NSCs (Supplemental
Fig. 5). Of the 2684 H3K27me3 peaks
detected in SF7761 cells, 63% were unique
to this cancer line in relation to NSCs.
Surprisingly, these unique peaks had sig-
nificantly more tagged density than corre-
sponding peaks found in NSCs (Fig. 3A,D).
These results indicate that the level of
H3K27me3 at these loci, such as the long
isoform of CDK6, is significantly ele-
vated compared with NSCs (Fig. 3D).
The increase in H3K27me3 at the long
isoform, but not the short isoform, of
CDKG6 was confirmed by ChIP and quanti-
tative real-time PCR in two H3.3K27M
patient samples (Fig. 3E). As a control, we
also tested the OLIG2 loci showing a sig-
nificant decrease of H3K27me3 (Fig.
3D,E). Finally, peaks unique to SF7761 cells
overlapped completely with Ezh2 peaks,
and 81% of all H3K27me3 peaks overlap-
ped with Ezh2 peaks in SF7761 cells, com-

pared with just 9% in NSCs (Supplemental Fig. 5). Since
Ezh2 is the catalytic subunit of the PRC2 complex re-
sponsible for the methylation of histone H3 at Lys 27, our
results suggest that the gained H3K27me3 peaks in SF7761
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Figure 3. Genome-wide mapping of H3K4me3, H3K27me3, and EZH2 in NSCs and
SF7761 (H3.3K27M DIPG patient). (A) The distribution of H3K4me3, H3K27me3, and
EZH?2 in the region of chromosomes 10:21,243,862-31,717,550. RefSeq genes are shown at
the bottom. (B) H3K4me3, H3K27me3, and EZH2 gene structural element associations
in NSCs (green) and SF7761 cells (red). Promoters were defined as —2 kb to +1 kb relative
to transcription start site (TSS). (C) Normalized tag distribution profiles of H3K4me3,
H3K27me3, and EZH2 peaks across gene body regions. Each gene body was normalized to
0%-100%, with 20% upstream of and 20% downstream from the gene body shown.
(D) Genome browser track examples for the occupancy profiles of two genes: OLIG2 and
CKD6. (E) ChIP-gPCR analysis to validate the H3K27me3 ChIP-seq results at the OLIG2
and CDKG6 loci. (F) Ezh2 copurifies to a greater extent with exogenously expressed H3.3
K27M than with H3.3 wild type (WT) and K27R in vivo. H3.3 mononucleosomes were
immunoprecipitated from astrocyte cells stably expressing the Flag-tagged H3.3 K27M
mutant. The same purification procedures were performed using normal astrocytes as
a negative control. Proteins in whole-cell extracts (Input) and immunoprecipitates (IP) were

analyzed by Western blotting using the indicated antibodies.

could be the consequence of the enriched occupancy of
Ezh2 at those loci.

To determine whether the gained overlap peaks of
Ezh2 and H3K27me3 detected in SF7761 cells is linked
to H3.3K27M mutation, we immunoprecipitated mono-
nucleosomes from cells exogenously expressing Flag-
tagged wild-type H3.3, H3.3K27R, and H3.3K27M and
detected Ezh2 by Western blot (Fig. 3F). A marked increase
in Ezh2 was detected on mononucleosomes copurified

988 GENES & DEVELOPMENT

RNA-seq results of OLIG2 (a group A
gene) and CDKG6 (a group C gene). Using
quantitative RT-PCR (qQRT-PCR), we val-
idated that the expression levels of OLIG2
in two cancer lines was higher than those
in NSCs. Similarly, the expression of the
long isoform of CDK6 (NM_001259) was
significantly lower in both H3.3K27M
patient lines relative to NSCs. In con-
trast, the expression of the short form of
CDK6 (NM_001145306), in which no
gain of H3K27me3 peak was detected
by ChIP-seq (Fig. 3D), was not altered in
DIPG patient cells (Fig. 4D). Kyoto En-
cyclopedia of Genes and Genomics
(KEGG) pathway enrichment analysis
indicated that group A genes were as-
sociated with various neurological processes, includ-
ing neuroactive ligand-receptor interactions (P-value =
5.9 X 10722, cell-cell signaling (P-value = 6.6 X 10717),
gated channel activity (P-value = 2.1 X 107'®), and
synaptic transmission (P-value = 6.7 X 10~'°) (Fig. 4E).
Gene ontology (GO) and KEGG pathway analyses for the
775 group C genes showed that these are involved in
pathways in cancer (P-value 9.0 X 107°), embryonic
morphogenesis (P-value = 1.7 X 107°), transcription
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Figure 4. Whole-genome changes in H3K27me3 chromatin association in H3.3K27M
DIPG affects gene expression. (A) Venn diagram showing the extent of overlap between the
genes with H3K27me3 at the promoters in NSCs versus SF6671 cells. Promoters were
defined as —2 kb to +1 kb relative to the TSS. From these results, genes were classified into
three groups according to promoter occupancy of H3K27me3 in NSC versus SF7761. Group
A genes exhibited H3K27me3 peaks only in NSCs, group B genes showed H3K27me3 peaks
in both NSCs and SF7761 cells, and group C genes showed H3K27me3 peaks only in
SF7761 cells. (B) Average expression for each of the three groups of genes. SF8628 is another
DIPG patient line containing the H3.3K27M mutation. FPKM (fragments per kilobase of
exon per million fragments mapped) was calculated by using Cufflinks software. (*) P <
0.01. (C) Genome browser track examples of OLIG2 and CKD6 from RNA-seq analysis.
CDKG6 has two isoforms (NM_001259 and NM_001145306) with the different promoters.
The gain in H3K27me3 peaks at the NM_001145306 promoter reduces the expression of
this isoform. Also see the Supplemental Material. (D) qRT-PCR analysis to validate the
RNA-seq data. OLIG2 expression is dramatically elevated in the two H3.3K27M patient
cell lines. Expression of the long isoform (NM_001259) of CDK6 was decreased in the two
H3.3K27M patient cell lines, while the short isoform (NM_001145306) was unaffected
compared with NSCs. (E) The GO pathway analysis results for group A and group C genes
are shown. KEGG pathway results in agreement with GO pathway results are indicated by
blue squares.

factor activity (P-value = 4.0 X 10~°), basal cell carcinoma
(P-value = 2 X 10_5)4 and melanogenesis associations
(P-value = 1.9 X 107%). These results reveal that alter-
ations in the H3K27me3 genomic pattern in H3.3K27M
cancer cells affect gene expression.

Effect of H3K27M mutation on H3K27 methylation

perfect control for the DIPG patient cells
despite being maintained in a neuronal
lineage-committed stem cell state (NESTIN
expression in Fig. 1A; data not shown).
For this reason, ChIP-seq analysis of neu-
ronal cells expressing tagged H3.3 wild-
type and H3.3K27M mutant histones
would greatly consolidate the data on
the recruitment/retention of Ezh2 by
H3.3K27M mutant in vivo and eliminate
the concern on the choice of proper
controls.

Our genome-wide sequencing data sug-
gest that rewiring of H3K27me2/me3 at
chromatin, including both loss and gain
of H3K27me3 by the H3.3K27M muta-
tion, is likely the primary driver for tumor
formation of pediatric DIPG. Our results
show that genes with gain of H3K27
methylation are associated with tumori-
genesis. Indeed, p16Ink4A, a known tu-
mor suppressor, is one of the group C
genes, and the expression is dramatically
reduced in the two DIPG cell lines by
RNA-seq (data not shown). It would be
interesting to determine whether re-
expression of this group of genes using
inhibitors against Ezh2 or histone
deacetylases will be beneficial to the
treatment of H3.3K27M tumor patients
(Dokmanovic et al. 2007; McCabe et al.
2012). In addition to H3.3K27M muta-
tion, H3.3 is also mutated at G34, and
mutant H3.3G34R/V is found in a sub-
group of pediatric GBM patients. Our
results show that exogenous expression
of H3.3G34R does not have an apparent
effect on endogenous H3K27/H3K36
methylation and are consistent with the
idea that H3.3G34R/V promotes tumori-
genesis through a distinct mechanism. In
the future, it would be interesting to
determine how the H3.3G34R mutation
affects the epigenetic landscape and gene
expression in DIPG tumor cells.

Materials and methods

Cell culture

SF7761 and SF8628 cell lines from patients harbor-
ing the histone H3.3 K27M mutation were obtained
from Hashizume et al. (2012). NSCs (N7800-100)
were purchased from Invitrogen and cultured and

maintained in NSC medium (A10509-01, StemPro NSC SFM, Invitrogen).
Female immortalized MEF cells have been described (Chan et al. 2011;
Chan and Zhang 2012). 293T and human astrocytes were cultured under
standard conditions.

The H3.3K27M mutation is detected frequently in
pediatric DIPG but not in adult GBM cases. The absence
of H3.3K27M mutation in adult GBM cases suggests that
H3.3K27M mutation might promote tumorigenesis in
NSCs or neural precursor cells during early brain de-
velopment. We acknowledged that the NSCs used for
the ChIP-seq and RNA-seq experiments may not be the

ChIP-seq

ChIP was performed the same way as ChIP assay, except that DNA was
recovered from the protein G complex using elution buffer (10 mM Tris at
pH 8.0, 10 mM EDTA at pH 8.0, 1% SDS, 150 mM NaCL, 5 mM DTT).
DNA was subsequently purified using Qiagen Mini Elute PCR purifica-
tion kit. The ChIP DNA libraries were prepared with the Ovation
Ultralow DR Multiplex system (NuGEN). The ChIP-seq libraries were
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analyzed by Solexa/Illumina high-throughput sequencing. Reads were
aligned to the human genome (hgl9) using the Bowtie (Langmead et al.
2009) software using the preset parameters. Only uniquely mapping reads
were used for the further analysis. The average coverage in each base
pair was computed across the genome and rendered in the Integrative
Genomics Viewer. Peak detection was done using MACS (Feng et al. 2012)
for H3K4me3 and using SICER (Zang et al. 2009) for H3K27me3 and
EZH2. For the H3K4me3 peak, we used P-value < 1 X 107°. For the
H3K27me3 and EZH2 peak, we used P-value < 1 X 10~° and FDR <0.01,
window size of 200, and gap size of 600. The genomic features used for the
annotation were the peaks obtained from University of California at Santa
Cruz Tables tools (hgl9) that only RefSeq mRNA used. The peaks were
assigned to a given genomic feature if the summit of the peaks overlapped.
KEGG pathway and GO term analyses were performed with DAVID
(Dennis et al. 2003) databases.

Other materials and methods used in this study are described in the
Supplemental Material.
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