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Abstract Mutations in H3.3-ATRX-DAXX chromatin
remodeling pathway have been reported in pediatric GBMs.
H3.3 (H3F3A) mutations may affect transcriptional regu-
lation by altered global histone-methylation. Therefore, we
analyzed yet partly understood global histone code (H3K-4/
9/27/36) trimethylation pattern in H3F3A-ATRX mutants
and wild-type. H3F3A, HIST1H3B, IDH1, ATRX, DAXX
and Tp53 mutations were identified by sequencing/immu-
nohistochemistry in 27 pediatric GBMs. Global histone-
methylation H3K-4/9/27/36me3 and Polycomb-protein
EZH2 expression were evaluated by immunohistochemis-
try. H3F3A-ATRX mutation was observed in 66.7 % (18/
27) of pediatric GBMs. K27M and G34R-H3F3A mutations
were found in 37 % (10/27) and 14.8 % (4/27) patients
respectively. G34V-H3F3A, HISTIH3B and IDH1 muta-
tions were absent. Notably, commonest global histone-
methylation mark lost was H3K27me3 (17/25, 68 %)
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followed by H3K4me3 (45.5 %, 10/22) and H3K9me3
(18.2 %, 4/22). Global H3K36me3 showed no loss. Most
significant observation was loss of one or more histone-
trimethylation mark in 80 % (20/25) pediatric GBMs.
Notably, simultaneous loss of H3K27me3 and H3K4me3
were present in 7/22 (31.8 %) of pediatric GBMs. Low
expression of EZH2 was found in 12/24 (50 %) of cases.
However no significant correlation of loss of histone-marks
or EZH?2 expression with H3F3A-ATRX mutants (loss of at
least one histone-marks in 87.5 % (14/16) cases) versus
wild-types (loss of at least one histone-marks in 75 % (6/8)
cases) was seen. The present study highlights for the first
time combinatorial loss of one or more histone-trimethy-
lation marks associated with majority of pediatric GBMs
and the finding suggests significant role of histone-code in
the molecular biology that underlies pediatric GBMs.
Hence therapies for patients with particular combinations of
histone modifications present opportunity to design inno-
vative patient-tailored treatment protocols.

Keywords H3F3A - H3K4me3/H3K27me3 - H3K9me3 -
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Introduction

Pediatric glioblastomas (pGBMs) constituting approxi-
mately 20 % of all brain tumors in children, are biologi-
cally aggressive and associated with poor outcome despite
aggressive therapeutic approaches [1]. Previous studies
including ours indicate that the molecular pathogenesis of
pGBMs is largely different from that of adults [2-6].
Recently, two recurrent mutations were identified in his-
tone H3.3 (H3F3A gene) at two critical positions within the
histone tail namely K27M and G34V/R [5]. These two
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mutations were found to be highly specific to pGBMs,
pediatric diffuse intrinsic pontine gliomas (DIPGs) and
very small proportion (3 %) of young adult GBMs [5, 7].
Additionally, in DIPGs, mutation of HISTIH3B was also
described [7, 8]. Further, H3F3A (especially G34R/V)
mutations were seen to be significantly associated with
mutations in ATRX(a thalassemia/mental retardation syn-
drome X-linked) and DAXX(death-domain—associated
protein), part of chromatin remodeling complex required
for H3.3 incorporation at pericentric heterochromatin and
telomeres [5, 9]. Differences have also been reported in the
clinical features (site, age), gene expression profile, meth-
ylation profile and prognostic outcome of H3.3 mutant
versus wild types as well as between K27M versus G34R/V
mutant types [5, 10, 11]. Therefore, the finding of recurrent
gain of function mutations for the first time in H3.3, a
regulatory histone, triggered interest in understanding how
this affects various histone post translational modifications
(PTMs) which play a significant role in regulation of gene
expression. The most widely studied histone modification
is histone lysine (H3K) methylation which can be an
activator or repressor of transcription depending on the
particular histone residue methylated. Thus, methylation of
H3K9 and H3K?27 is generally associated with silencing of
transcription, while methylation of H3K4 and H3K36 are
associated with activation of transcription [12]. There exist
also numerous methyltransferases and demethylases regu-
lating the level of methylation of histone lysine residues
[13]. One such important histone methyltransferase is
EZH2 which is the catalytic subunit of the polycomb
repressive complex 2(PRC2) and involved in repressing
gene expression through methylation of histone H3 on
lysine 27(H3K27me3) [14]. Overexpression of EZH2 has
been shown in many solid tumors including GBMs [15-
18]. A few recent studies reported significant decrease in
global H3K27me3 expression and/or temporal change in
H3K?27 trimethylation mark at a set of genes in the H3F3A-
K27M mutant pediatric GBM and DIPG group, without
significant change in H3K4me3 and H3K36me3 [19-21].
Recent lines of evidence suggest combinatorial action of
histone-methylation marks and indeed in many cancers
multiple histone methylation marks have been shown to be
altered without any known H3.1 or H3.3 histone mutation.
These alterations have also been shown to correlate with
recurrence and survival [22-30]. However, despite of
known histone mutation, no such study characterizing
histone code trimethylation is available in pediatric GBMs.
Hence, first, we studied the H3F3A/ATRX/DAXX muta-
tion status to genetically characterize pediatric GBMs.
Further, to get a comprehensive view of histone modifi-
cations, we evaluated expression of all four major histone
tri-methylation marks (H3K27me3, H3K9me3, H3K4me3,
and H3K36me3) using immunohistochemistry (IHC) in
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pGBMs and correlated these histone-methylation expres-
sion patterns with H3F3A/ATRX/DAXX mutation status
and EZH2 expression. Interestingly we observed a loss of
histone-trimethylation =~ marks, commonest  being
H3K27me3 and H3K4me3 in majority of pGBMs. Notably,
neither of global histone-trimethylation mark or EZH2
expression was exclusively associated with H3F3A-ATRX
mutants compared to H3F3A-wildtype.

Materials and methods
Patients and tissue samples

A retrospective study was conducted with the approval of
institutional ethics committee for study on human subject
samples. 27 pediatric (<18 years) cases of GBMs diag-
nosed over a period of 7 years (2006-2012) in which fresh
frozen tumor samples and paraffin blocks with adequate
tumor tissue available were included. Fresh H & E-stained
slides of these cases were reviewed for the reconfirmation
of the diagnosis between three trained neuropathologists
(CS, MCS, VS), based on the WHO classification (2007).

H3F3A (H3.3), HISTIH3B (H3.1), IDH1 and TP53
gene sequencing

Genomic DNA was extracted from freshly frozen tumor
tissue using DNeasy Blood and Tissue Kit (M/s. Qiagen)
according to the manufacturer’s protocol. Genotyping of all
three H3F3A-(K27 and G34R/V) and one HIST1H3B-
(K27) Single nucleotide variations were analyzed using
single base primer extension assay (SNaPshot multiplex
reaction mix) following the manufacturer’s protocol (ABI,
UK) on ABI Prism 3130x] Genetic Analyzer. Primers were
designed by Primer3, a web based tool (Supplementary
Table 1). IDHI in all the cases and TP53 gene sequencing
(Exon 5-8) in nine cases were performed as described
elsewhere [31].

Immunohistochemistry

Immunohistochemical analysis was performed as described
before [3]. The details of the primary antibodies and their
dilution were enlisted in Supplementary Table 2. As neg-
ative control; we used paraffin sections from the same
tissues without application of the primary antibody. Posi-
tive controls included: breast carcinoma for EZH2 (normal
brain: negative), normal brain and breast carcinoma for
H3K4me3, H3K9me3, H3K27me3, H3K36me3, ATRX
and DAXX.
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Quantification of immunohistochemistry

The labeling indices for all antibodies were calculated as a
percentage of the positively stained nuclei. Normal adja-
cent brain tissue was excluded from analysis. One thousand
tumor cells were counted in the areas with highest density
of positive nuclei (at least ten representative microscopic
fields) under x400 magnification. Care was taken to
exclude the vascular endothelial cells and hematogenous
cells in the counts. For H3K27me3, H3K4me3, H3K9me3,
H3K36me3 and EZH2, tumors containing >10 % stained
cells were considered positive [22]. For ATRX and DAXX
complete negative staining pattern was considered as evi-
dence of mutation. Nuclear accumulation of p53 protein
suggestive of possible presence of TP53 mutation (positive
cut off >10 % of positively stained nuclei) was considered
as TP53 mutants.

Statistical analysis

Analysis of data was performed using SPSS 16.0 version.
Associations were analyzed with two-sided Fisher exact
test or Chi square. A P value of <0.05 was considered
significant.

Results
H3F3A, HISTIH3B and IDH mutation analysis

Of the 27 pGBMs, 14 (52 %) tumors showed H3F3A
mutation. Most commonly H3F3A mutation was found at
K27M, (10 cases; 71.4 %) while four cases harboured
G34R mutation (28.5 %). Individually K27M and G34R
accounted for 33 % (10/27) and 14.8 (4/27 cases) respec-
tively. G34V mutation of H3F3A and HIST1H3B mutation
were absent in our series. No case of pGBM showed IDH1
mutation (Figs. 1, 2). K27M mutation occurred in 3/10
(30 %) thalamic, 3/10 (30 %) cases in cerebral hemisphere,
2/10 (20 %) cases in posterior fossa and 2/10 (20 %) spinal
region tumors. However G34R was mostly, 3/4 (75 %)
confined to cerebral hemispheric tumors (Fig. 1, Supple-
mentary Table 3).

Analysis of ATRX, DAXX and TP53 mutation

Loss of immunopositivity for ATRX which is a surrogate
marker for gene mutation was seen in 48 % (13/27) of
pGBMs. Notably, 6/10 (60 %) cases with K27M mutation
had associated ATRX loss while 3/4 (75 %) cases with
G34R mutation had ATRX loss (P > 0.05). No case
showed loss of DAXX expression. TP53 mutation was
found in 61 % (14/23) of pGBMs. However the 60 % (9/

15) patients harbouring either of K27M, G34R or ATRX
mutation showed TP53 mutation (Figs. 1, 3).

Global analysis of histone-trimethylation expression
in H3F3A mutants versus wild-type

Global H3K27me3 expression

Among pGBMs, the commonest histone mark lost was
H3K27me3 in 68 % (17/25) cases and majority of
H3K27me3 immunonegative cases were associated with
mutation. Thus, of the 17 H3K27me3 immunonegative
pediatric GBMs, interestingly significant difference was
found as 11 (65 %) had H3F3A-ATRX mutations while six
(33.3 %) had no mutation (P = 0.03). However, no sig-
nificant difference was noted in the loss of H3K27me3
expression between the K27M versus G34R mutant and
K27M versus wild type (P > 0.05) (Figs. 1, 3, 4).

H3K4me3 expression

Loss of H3K4me3 was noted in 45.5 % (10/22) of pGBMs.
Similar to H3K27me3 and its association with mutation in
chromatin remodelling genes, most of the H3K4me3 im-
mononegative cases were significantly associated with
H3F3A-ATRX mutation (70 % in mutants vs. 30 % wild-
type, P = 0.03). Akin to H3K27me3, no significant cor-
relation was noted within different types of mutation with
loss of H3K4me3 expression (P > 0.05) (Figs. 1, 3, 4).

H3K9me3 and H3K36me3 expression

Loss of H3K9me3 expression was less frequent and seen in
4/22 (18.2 %) cases. It was noted that, unlike H3K27me3
and H3K4me3, H3K9me3 immunonegativity was more
closely associated with H3F3-K27M mutation. Thus, three
among four H3K9me3 histone mark negative cases had
K27M mutations and remaining one was wild-type.
Moreover all H3K9me3 negative cases essentially had
H3K27me3 mark loss. In contrary to other histone-trime-
thylation marks, immunohistochemical analysis of
H3K36me3 showed no loss in any of the pGBM cases. In
fact all the cases showed diffusely nuclear positivity of
H3K36me3 (Figs. 1, 3, 4).

Combinatorial histone-methylation expression analysis
in pediatric GBMs

Since H3K36me3 was positive in all cases, we noted
combinatorial losses in H3-K27, —K4 and —K9me3. The
most striking and remarkable observation was that 80 %
(20/25) pGBMs had loss of one or more histone-trime-
thylation marks. Of the ten cases with only one histone-
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Fig. 1 Clinicopathological and
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trimethylation marks loss, commonest was H3K27me3 loss
(7 of 10 pGBMs). Another significantly notable feature was
loss of at least two histone-trimethylation marks in 8/22
(36.4 %) pGBMs (Fig. 1).

Among the combinatiorial histone mark losses, most
marked was simultaneous loss of H3K27me3 and H3K4me3 in
7/22 (31.8 %) pediatric cases. Further, 3/22 (13.6 %) pGBMs
showed loss of all three histone tri-methylation marks. Thus, it
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was found that 7/8 (87.5 %) pGBM with two histone mark loss
were all important H3K27me3 and H3K4me3. Again it was
seen that loss of 1, 2 or 3 histone-trimethylation marks was
frequently associated with H3F3-ATRX (14/20, 70 %) muta-
tion than without mutation (6/20, 30 %) (P = 0.005). How-
ever, there was no correlation of combinatorial histone-
trimethylation mark loss with type of mutation (K27M vs.
G34R vs. WT or ATRX only) (P > 0.05) (Figs. 1, 5).
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Correlation of H3F3A-ATRX mutation and histone-
trimethylation with EZH2

Low expression of EZH2 was found in 12/24 (50 %) of
pGBMs. Notably, 6/9 (66.6 %) H3F3A—K27M mutants
and 4/5 (80 %) of K27M+ATRX showed low expression
of EZH2. Conversely, 1/4 (25 %) H3F3A—G34R mutants
and 3/3 (100 %) of G34R+ATRX showed high expression
of EZH2. Further, there was no significant correlation
between H3K27me3 and EZH2 expression. Among 17 of
H3K27me3 immunonegative cases, 9/17 (53 %) showed
low expression of EZH2 and remaining were high
(P < 0.05). Similar to the correlation of EZH2 and
H3K27me3, low expression of EZH2 was observed in
about half of H3K4me3 and H3K9me3 immunonegative
cases. However most of the EZH2 immunonegative cases
like H3K27me3 were significantly associated with
H3F3A-ATRX mutation (P = 0.007). (Figs. 1, 4).

Discussion

The present study revealed H3F3A mutation in 52 % of
pGBMs, which was higher as compared to the findings of
Schwartzentruber et al. (32 %). K27M mutation was
commonest representing 37 %, G34R in 14.8 % cases
compared to 18.5 % of K27M and 104 % of G34R
reported earlier [5]. A sample bias in our study could be the
reason of higher frequency of histone mutation. No case
with H3F3A-G34V or HIST1H3B mutation was noted as
G34V is rare and HIST1H3B mutation is mostly found in
DIPGs. Unlike findings of Schwartzentruber et al. there
was no significant difference between the age groups of
patient with G34R (mean age = 13 year) and K27M (mean
age = 12.6) mutation. Sturm et al. reported that K27M
mutation exclusively occurs in midline and rarely in spinal
cord. However apart from midline, we also found K27M
mutation in 30 % of cerebral hemisphere and 20 % pos-
terior fossa. G34R mutation was located in 75 % of cere-
bral hemispheric region as reported before in literature
(Supplementary Table 3, 5). However, first time we found
G34R mutation in basal ganglia in a patient. Therefore our
observation further extends the knowledge of H3F3A
mutation and its location in pGBMs.

Out of the 14 cases with H3F3A mutation, 35.7 % (5/14)
had no ATRX mutation (4 of K27M and 1 of G34R). The
remaining half of the cases was associated with ATRX loss
(six of K27M and three of G34R). As a corollary, 60 % of
K27M cases and 75 % of G34R mutant cases had ATRX
loss. Schwartzentruber et al. noted that K27M mutants were
associated with ATRX mutations in about a third of cases.
However, 100 % of the G34R mutants had associated ATRX
loss, slightly different to only 75 % in our series.

H3K4me3 in general is associated with active tran-
scription and H3K27me3 with repression [32, 33]. Several
lines of evidence now indicate that alterations in global
levels of histone methylation have a role in initiation and
progression of cancer and correlate with clinical outcome
and survival (Supplementary Table 4). In several cancers,
multiple methyl-marks have been shown to change in
concert, highlighting the importance of combinatorial
modification effect on biological function [22-30]. Nota-
bly, it has been shown that combined histone methylation
marks can have different roles to the same methylation
marks appearing in isolation [24].

Very little information is available regarding histone
code in gliomas. A recent study by Venetti et al. noted that
H3KO9-trimethylation was significantly associated with
IDHI mutation in oligodendroglioma and grade II astro-
cytomas but not in grade-IIl and IV astrocytomas [34].
Lewis et al. reported that DIPGs containing H3K27M
mutation exhibited significantly lower overall H3K27me3
levels. They also found that H3K27M inhibits the enzy-
matic activity of PRC2 through interaction with the EZH2
subunit. They noted that H3K4me3 and H3K36me3 were
similar in K27M genotype arguing that global changes in
PTMs were specific to H3K27 [20]. Venneti et al. reported
absent/lowered expression of H3K27me3 in six K27M
mutants [19].

Our study is the first to look at four histone marks by
immunohistochemistry in pGBMs, with the mutation of
H3F3A-ATRX. We found that the histone code of pGBMs
is distinct and characterized by loss of one or more histone
marks. To our surprise, H3K27me3 loss in non H3F3A-
K27M was also observed in present study. For H3K27me3,
we used two different antibodies to further validate our
result in representative cases with and without K27M
mutation and found similar loss of H3K27me3 in some of
H3F3A wild-type and normal expression in some of K27M
mutants. There are other studies evaluating histone-trime-
thylation level that mechanistically support our findings
viz, H3K27me3 loss in several other cancers like breast,
pancreas, ovary etc. with no reported histone H3 mutation.
Likewise loss of H3K4me3 and H3K9me3 were also
reported not only in glioma but also in other tumors
(Supplementary Table 4).

Loss of trimethylation marks of histones H3K4, H3K9
and H3K27 (alone or in combination) were more fre-
quently associated with mutation (H3F3A alone and
H3F3A+ATRX, and/or ATRX alone) than without muta-
tions. However, no marked difference was noted in histone-
trimethylation loss of either type between K27M and G34R
variants or with wild type. No correlation was noted of loss
of histone-trimethylation with EZH2 status which is similar
to the observation of Venetti et al. [19]. Although, the
underlying pathology that lead to alteration in global
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<«Fig. 3 Immunohistochemical staining in normal brain and tumor
tissues of pediatric GBM. All the immunostaining were nuclear. a, d,
g and j are showing H3K27me3, H3K9me3, H3K4me3 and
H3K36me3 immunopositivity in normal brain. b, e and h are showing
H3K27me3, H3K9me3 and H3K4me3 immunonegativity and c, f,
i and k showed H3K27me3, H3K9me3, H3K4me3 and H3K36me3
immunopositivity in a representative case of pediatric GBM. 1 show-
ing EZH2 low expression and m with EZH2 high expression in a
representative case of pediatric GBM. n showing ATRX immuno-
negativity (Endothelial cells are positive (internal control)) and o with
ATRX Immunopositivity in a representative case of pediatric GBM.
p showing H&E of a representative case of pediatric H3F3AK27M
mutant GBM with q H3K27me3 immunnopositivity shown by
H3K27me3 specific abcam and r with Cell signaling antibody
respectively. All images are reported at a x200 magnification

75%

B H3K27me3
m EZH2
H3K36me3
B H3K4me3
B H3K9me3

66.70%

36.40%

AynpgeBsuounwiw

K27M G34R WT

Fig. 4 Histone-trimethylation mark and polycomb code loss in
pediatric GBM. Vetrical bars illustrating loss of expression of
H3K27me3, EZH2, H3K36me3, H3K4me3 and H3K9me3 in
H3F3A—-K27M, G34R and H3F3A-wild type cases

H3K4, H3K27 (in wild types) and H3K9 trimethylation
levels remained unclear. Several histone lysine methylases
and demethylases are described whose expression in brain
tumors remains largely unknown. However, recently, a
mutation in SETD2, a H3K36 trimethyltransferase was also
identified in 15 % of pediatric high grade gliomas with
substantial decrease in H3K36me3 [35]. Hence, it is pos-
sible that many other histone methylases and demethylases
are deregulated in GBMs which results in the aberrant
histone code in pGBMs.

One drawback of our study is that we have not been able
to directly establish the prognostic significance of the loss
of histone-methylation marks because of lack of follow up.
However, now it is well established from several previous
studies that G34R has greater overall survival (OS) versus
wild-types and K27M. [10, 36, 37-39]. Further, combina-
torial loss of H3K4me3 and H3K27me3 may have a
prognostic significance in pGBMs, since similar observa-
tions have been reported in medulloblastoma wherein his-
tone, H3-(K4—/K27—) marks had been shown to be
associated with poor and H3-(K4+4/K27—) mark with
better survival outcome respectively [25]. Overlaying the
known survival outcome of G34R, K27M and Wild-types

in pGBMs, interestingly we found comparable downstream
events (pattern of histone code trimethylation and poly-
comb EZH2) in these three subgroups (Supplementary
Table 6). K27M which shows poor OS than G34R patients,
also harbored more frequent loss of isolated H3-K27/4/9
trimethylation, combined loss of H3-(K4 and K27)me3,
combined loss of H3-(K4/K27/K9)me3 and EZH2 than
G34R in our study. Further, H3-(K44-/K27—)me3, asso-
ciated with better OS was also found more in G34R than
K27M. Notably, frequency of alteration in the isolated or
combined histone trimethylation and polycomb EZH2
expression in our study was positioned in between G34R
and K27M (except H3K27me3 which was almost similar to
K27M and H3K4me3 which was less than G34R). There-
fore, in the light of known report that wild-types and K27M
show a marginal difference in OS (Strum D et al.), our
findings fits well into the ambit of prognostication [10].
Hence our results mechanistically revealed the underlying
biology of variable survival outcome of different subgroup
of pediatric GBMs. Most significantly about one third of
pGBMs showed H3-(K4—/K27—) mark loss. Therefore it
is important to study the prognostic significance of H3-
(K4—/K27—) in larger series of pPGBMs to further illustrate
clinical significance of these observations.

In conclusion, our study for the first time highlights that
the combinatorial loss of histone marks are enriched with
H3F3A-ATRX mutants in pGBMs. Therefore, we further
advanced the knowledge of chromatin machinery related
genetic alteration while taking into account of both H3F3A
and ATRX mutation together and its correlation with loss
of histone-trimethylation marks so that the entire chromatin
machinery is examined. The major outcome of this study
was that (1) loss of global H3K27me3 was present in
H3F3A-ATRX mutants but also not restricted to H3F3A-
K27M mutants only, (2) global H3K4/K9me3 loss repre-
sented more than half of pediatric GBMs and (3) Combined
loss of H3K27me3-H3K4me3 and H3K4me3 positive but
H3K27me3 negative patients, probably with poor and
better survival outcome respectively offers a hope to cli-
nicians to prognosticate. Importantly histone mutation was
reported in one third of pediatric GBMs and about two
third of DIPGs. Therefore not only the pathogenesis of
pediatric GBMs lies under the chromatin remodeling
pathway but also the great promise of therapeutic option.
Thus our findings demonstrating global loss of one or more
histone trimethylation in about 80 % of pGBMs, and
combinatorial histone code loss mechanistically linked to
overall survival and specific to particular mutant subgroup
augurs a phenomenon not only restricted to H3F3A-ATRX
mutants but also beyond it. However, overall these altera-
tions suggest development of therapies for the reversal of
epigenetic changes in a customized manner for patients
with particular combinations of histone modifications.

@ Springer



496

J Neurooncol (2015) 121:489-497

Fig. 5 Combinatorial histone-
trimethylation mark in pediatric
GBM. Pie chart illustrating
combinatorial expression
pattern of H3K27me3 and
H3K4me3 in H3F3A-K27M,
G34R and H3F3A-wild type
cases
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