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Abstract

Introduction: Meningiomas comprises of a wide variety of histological entities with heterogeneous biological
behaviour and prognosis. The plethora of genetic data are yet to produce relevant biomarkers for routine use. In con-
trast, epigenetic alterations are less elucidated.

Material and methods: The expression of the key molecules involved in the two principal epigenetic systems, i.e. DNA
methylation (DNA methyltransferases [DNMT-1, - 3A and - 3B]) and histone modification (Enhancer of Zeste homolog-2
[EZH2] and trimethyl histone- 3 [H3K27me 3]) were assessed in 149 cases of meningiomas (grade | - 102, grade Il — 47)
by immunohistochemistry.

Results: Immunopositivity for EZH2 (38.3% vs. 6.0%) and negativity for H3K27me3 (10.6% vs. 1.0%) were significantly
more common in grade Il tumours. Both were associated with significantly higher proliferative activity. The majority
of the cases of both grades showed expression of all three DNMTs. However, high expression of DNMT-1 was signifi-
cantly more common in grade Il tumours (87.8% vs. 66.2%,). Expression of EZH2 and loss of H3K27me3 were associat-
ed with significantly shorter progression-free survival (hazard ratio [HR] = 4.07 and 0.24, respectively).

Conclusions: The key epigenetic regulators play important roles in the pathobiology of meningiomas. EZH2 positivity
and H3K27me3 negativity are associated with aggressive tumour-biology and poor prognosis. Both these markers
can easily be assessed by immunohistochemistry and can be incorporated in routine practice.
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Introduction adjuvant treatments [4,10]. The World Health Organ-

Meningiomas are the most frequently diagnosed
primary brain tumours [15]. The majority of menin-
giomas (approx. 80%) have benign clinical behaviour
and can be treated by surgery alone. The remaining
20% usually recur after surgical resection and need

isation (WHO) classification recognises 15 subtypes
of meningiomas sub-divided into three histological
grades. This classification system is based on the
histomorphological features and probably the best
available algorithm for risk stratification in current
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practice [9]. In addition to grade, the location of
tumour, accessibility to complete surgical resection,
and infiltration to other structures, such as dura, are
also important prognostic factors. However, the clin-
ical outcome in meningioma cases does not always
correlate with the histological features. Some of the
grade | meningiomas can have local infiltration and
higher recurrence rate while high-grade cases may
have indolent nature [4]. The basis of the morpho-
logical and behavioural discrepancies is not well
established.

During the last decade, the analysis of epigen-
etic dysregulation in cancer was at the forefront of
cancer research. DNA methylation and histone mod-
ifications are the two principal epigenetic phenome-
na [20]. Recent high throughput studies have led to
conduction of the whole genome methylation profil-
ing with the proposition of various DNA methylation
subgroups for risk stratification of meningioma cas-
es. This subgrouping provides a more precise predic-
tion of clinical outcomes as compared to the WHO
grading system and is of great help in clinical deci-
sion making [19]. DNA methyltransferases (DNMTs)
are a group of enzymes that catalyse the transfer
of a methyl moiety to the CpG dinucleotide and are
responsible for the establishment and regulation of
global patterns of DNA methylation [18]. Although
methylation profiling in meningioma is well doc-
umented, the role of DNMTs is yet to be well elu-
cidated. The other important arm of epigenetics is
histone modification. It is believed that DNA meth-
ylation and histone methylation are tied together in
a reinforcing loop where one modification depends
on the other. The level of histone methylation is reg-
ulated by the polycomb repressive complex (PRC)
to a major extent. Enhancer of Zeste homolog 2
(EZH2), the catalytic subunit of PRC2, is the most
deregulated and studied epigenetic modifier in
the context of tumour biology. It is responsible for
the trimethylation of histone 3 at its lysine residue
(H3K27), which is an important histone modification
responsible for inhibiting gene expression [1,12,22].
Although altered expression of EZH2 and H3K27me3
have been described in various solid and haemato-
logical malignancies, there is a dearth of literature
in meningiomas [2,5,13]. A recent study documented
transcriptional evidence of increased PRC2 activity in
a specific subgroup of aggressive anaplastic menin-
giomas (WHO grade Ill) [3]. On the other hand, loss
of expression of H3K27me3 was found to be associ-
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ated with a poor prognosis in grade I/Il meningiomas
[7]. Hence, there may be large-scale deregulation of
epigenetic pathways in meningiomas involving both
the DNA methylation and histone modification sys-
tem. In the present study, we intended to assess the
expression of the important key enzymes of DNA
methylation (DNMTs), histone modification system
(EZH2), and histone mark (H3K27me3) in cases of
meningioma, to ascertain their possible role in men-
ingeal tumourigenesis and in determining patient
outcome.

Material and methods

An observational study was carried out includ-
ing retrospectively diagnosed cases of meningiomas
from the archives of the Department of Pathology,
AlIMS, Bhubaneswar. Ethical approval was obtained
from the Institutional Ethical Committee. A total of
149 cases of meningiomaswereincluded (2015-2018).
The haematoxylin and eosin stained slides of all the
cases were reviewed for confirmation of the diagno-
sis and histological sub-typing as per WHO 2016.

Immunohistochemical analysis

Immunohistochemical analysis was performed in
tissue microarray (5 mm and 3 mm [UNITMA, Korea))
as well as in whole sections using primary antibod-
ies against EZH2, H3K27me3, DNMT-1, DNMT-3A,
and DNMT-3B. The details of these antibodies are
provided in Table I. The TMA was constructed using
1-3 tumour tissue cores from different areas of each
case, depending upon the morphological heterogene-
ity and invasion for adequate representation. For all
the immunohistochemical marker analysis on whole
sections was done in 10 randomly selected cases with
different level of expression. Additionally, in all nega-
tive cases of H3K27me3 analysis on whole sections
were performed. Serial 3-4 um thick sections were cut
from the representative paraffin blocks and mount-
ed on poly-L-lysine coated slides followed by fixation
on a hot plate. The slides were then deparaffinised
and rehydrated. Antigen retrieval was performed in
a 600-watt microwave oven for 30 min using 0.01
mol/| citrate buffer (pH 6.0). Peroxidase blocking was
done with 3% H,0, in methanol for 30 min. The sec-
tions were then incubated with adequately diluted
primary antibodies (Table 1) in a humidity chamber
for two hours. Sections were then washed in Tris-buf-
fer and treated with the biotin-labelled secondary
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Table 1. Details of the primary antibody used

EZH2, H3K27me3, and DNMTs expression in meningiomas

Primary antibody Company Antigen retrieval buffer Dilution Localisation Positive control
DNMT-1 Sigma Aldrich, Sweden Citrate 1:200 Nucleus Normal testis
DNMT-3A Sigma Aldrich, Sweden Citrate 1:50 Nucleus Reactive lymph node
DNMT-3B Sigma Aldrich, Sweden Citrate 1:200 Nucleus Normal testis
EZH2 Cell Signalling Citrate 1:500 Nucleus  Carcinoma breast, high grade
technology,
Danvers, MA
H3K27me3 Cell Signalling Citrate 1:500 Nucleus Reactive lymph node
technology,
Danvers, MA

antibody for 60 min at room temperature followed
by another wash. The sections were incubated with
peroxidase-conjugated streptavidin for 30 minutes at
room temperature. Then the slides were rinsed with
three changes of Tris-HCl buffer. This was followed by
diaminobenzidine staining under microscopic control.
The slides were then washed with distilled water, coun-
terstained in haematoxylin for 1 min, and mounted.
A positive control was included in all tissue microar-
rays to assess the quality of staining.

Quantification of immunohistochemistry

Scoring was performed by two experienced
pathologists (S.P., S.S.) independently blinded to the
clinicopathological information. A labelling index was
calculated in each case as a percentage of positive-
ly stained nuclei. For this, the slides were scanned
under 40 magnification to look for the distribution of
the staining and the hot spot (areas with maximum
proportion of positive cells). At least 1000 tumour
cells were counted under x400 magnification start-
ing with the hot spot. The vascular endothelial
cells and inflammatory cells were carefully exclud-
ed while counting morphologically. The percent-
age positivity and the intensity of immunostaining
were evaluated to form a semi-quantitative scoring.
The labelling index was further sub-grouped as O for
< 5% of positive cells, 1 for 5% to 25% of positive
cells, 2 for 26% to 50% of positive cells, and 3 for
> 50% of positive cells. The staining intensity was
also scored as — 0 for no staining, 1 for weak staining,
2 for moderate staining, and 3 for strong staining.
In the case of heterogeneity of staining intensity, the
intensity of the major proportion of cell were consid-
ered. The final immunostaining score was calculated
by multiplying the percentage score with the inten-
sity score. Hence, the minimum score was 0 and the
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maximum score was 9. Based on the multiplication
score, the cases were subdivided into three groups
— a score of O was regarded as negative, 1-4 as low
expression, and 5-9 as high expression. In cases of
negative staining for H3K27me3 in TMA, a repeat
immunohistochemistry was performed on the whole
sections to identify/rule out focal positivity. In cases
of loss of immune-expression, concordance of opin-
ion was achieved in all cases. A good concordance
(> 95%) was also achieved in subdividing the cas-
es into low and high expression. In discrepant cas-
es a third pathologist was consulted (S.M.), and his
opinion was taken into account.

Statistical analysis

Statistical tests were performed using SPSS ver-
sion 23.0 software (SPSS Inc., Chicago, IL, USA) and
Microsoft Excel. The relationships between the qual-
itative variables were assessed by x? and Fisher’s
exact test.

Progression-free survival was calculated from the
date of surgery to the date of recurrence (clinical/
radiological) or death due to disease. Patients who
did not show any evidence of recurrence at the last
follow-up were considered as a censored event in the
analysis. To assess clinicopathological and/or molec-
ular alteration associated with progression- free sur-
vival (PFS), survival curves were calculated according
to the Kaplan-Meier method, and the differences
between curves were assessed using the log-rank
test. In all analyses, two-sided p values < 0.05 were
considered significant.

Results

The median age at diagnosis in the present
series was 50 years (range 11-85 years). Only four
cases were in the paediatric age group (< 18 years).
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Table Il. Clinicopathological features of the menin-
gioma cases

Features Grade | [n (%)] Grade Il [n (%)]
No. of cases 102 (68.5%) 47 (31.5%)
Histological Meningothelial — 49 (48%) Atypical -
subtype Transitional — 33 (32.4%) 46 (97.9%)
Fibroblastic — 7 (6.9%) Clear cell -
Psammomatous — 7 (6.9%) 1(2.1%)
Angiomatous —3 (3%)
Microcystic —2 (2%)
Secretory —2 (2%)
Age 489 yrs 50.7 yrs
[mean (range)] (11-85 yrs) (16-75 yrs)
M:F 1:24 1:1.7
Site Convexity — 63 (61.8%) Convexity —
Skull base — 31 (30.4%) 36 (76.6%)
Spinal — 8 (7.8%) Skull base —
10 (21.3%)
Spinal—1(2.1%)
MIB-1 labelling 29+17 7.0+58
index
(mean +SD)
Estimated 222.9 weeks 161.4 weeks
mean PFS

We subdivided the cases into younger (< 40 years)
and older (> 40 years) age groups, similar to previous
studies [16,21]. The older age group constituted the
majority (78%). There was a female preponderance
(M :F=1:2.1). Out of the 149 cases included, 102
(68%) cases were WHO grade | while the remaining
47 (32%) were WHO grade II. No cases of grade Il
meningioma were included in the study. The clinico-
pathological features of grade | and Il meningiomas
are listed in Table II. Brain invasion was identified in
27 (19.4%) cases, out of which 20 cases additionally
showed cellular morphological features of grade II
meningiomas. In the remaining seven cases WHO
grade Il was assigned based solely on the brain inva-
sion. Immunopositivity for progesterone receptor
was identified in 85% cases and was more frequent
in lower grades (87.1% vs. 79.4%). The MIB-1 label-
ling index (LI) ranges from 1% to 30%. A cut-off of
4% was used to classify the cases into low (< 4%)
and high (> 4%) proliferative groups [9].

EZH2 immunohistochemistry

Immunohistochemical expression of EZH2 was
found to be significantly more common in grade ||
tumours as compared to their lower-grade counter-
parts (38.3% vs. 6.0%; p < 0.001) (Fig. 1). The majority
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of the positive cases showed a low level of expres-
sion. Strong expression of EZH2 was detected in only
two cases, both of which were of grade Il histological-
ly (Table ). The immunopositivity was accentuated
in the areas with high proliferative activity. Menin-
giomas located in the convexities more frequently
showed EZH2 expression as compared to skull-base
cases (19.5% vs. 6.3%; p = 0.1). The spinal cases
also showed a higher frequency of EZH2 expression
(22.2%), similar to the convexity meningiomas. Inter-
estingly, none of the cases of grade Il meningioma
that were diagnosed solely based on the brain inva-
sion showed EZH2 positivity, while 45% of the oth-
er grade Il cases were positive for EZH2 (p = 0.034).
The proliferative activity (MIB-1 LI) of the cases show-
ing EZH2 expression was significantly higher as com-
pared to negative cases (mean +SD — 7.9 #6.2 vs.
3.7 £3.3; p < 0.001). Approximately 81% of cases
with EZH2 expression showed a high MIB-1 labelling
index (> 4%), while it was only 33% in EZH2-nega-
tive cases. Necrosis was also found to be significantly
more common in EZH2-positive cases (29% vs. 6.2%;
p = 0.003). There was no significant association of
EZH2 expression with brain invasion within grade |I
cases. Cases with EZH2 positivity showed a lower fre-
quency of PR expression as compared to the negative
cases (72.2%vs. 87.0%; p = 0.11). No significant asso-
ciations with any other specific histological subtype
or any other clinicopathological parameters were
identified.

H3K27me3 immunohistochemistry

Different and distinct patterns of staining were
noted, including diffusely positive, admixture of
positive and negative fragments, intermixed mosa-
ic, and loss of staining. Initially, a total of 17 cases
showed immunonegativity for H3K27me3 staining
on TMA (diameter =5 mm) sections. In all these
cases internal controls (endothelial cells and/or
lymphocytes) were positive. Interestingly, when the
staining was repeated on the whole section (mini-
mum dimension 2 cm?), only six cases showed com-
plete loss of staining in the tumour cell with the
presence of internal positive control. These cases
were finally considered as true negative. In contrast
to EZH2, loss of H3K27me3 staining appeared to be
more important in the context of tumour biology
of meningiomas. Loss of staining was significant-
ly more frequent in higher grade tumours (10.6%
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Fig. 1. Photomicrographs showing immunohistochemical expression of EZH2 [negative (A), low expression (B)
and high expression (C)], H3K27me3 [negative with positivity in endothelium (arrow) (D), low/heterogenous
expression (E) and high expression (F)], DNMT-1 [negative (G) and positive/high (H)], DNMT-3B 1 [negative (1)
and positive/high (J)], and DNMT-3A 1 [negative (K) and positive/high (L)].

vs. 1.0%; p = 0.013) (Table IIl, Fig. 1). However, within
the grade Il tumours there was no significant dif-
ference between cases that were diagnosed based
on brain invasion and other cases (14.3% vs. 10%;
p = 0.57). Cases with loss of H3K27me3 were asso-
ciated with a significantly higher proliferative activ-
ity as compared to positive cases. (MIB-1 labelling
index[mean+SD—-12.2 +10.9vs.4.1+3.4; p =0.027]).

Folia Neuropathologica 2020; 58/2

All but one cases with H3K27me3 loss showed
a higher MIB-1 labelling index > 4%. None of the
young adult cases (< 40 years) showed a loss of
staining. Although meningioma cases with convex-
ity location, necrosis, brain invasion, and PR neg-
ativity more commonly showed loss of H3K27me3
staining, the differences were not statistically sig-
nificant.
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Table lIl. Expression of EZH2, H3K27me3, and DNMT proteins in different grades of meningiomas

Markers Expression WHO grade | WHO grade Il p-value

EZH2 Negative 94.0% (94/100) 61.7% (29/47) Immunopositivity in grade
Low 6.0% (6/100) 34.0% (16/47) Ivs. Il p < 0.001*
High 0 4.2% (2/47)

H3K27me3 Negative 1.0% (1/100) 10.6% (5/47) Immunonegativity in grade
Low 9.0% (9/100) 8.6% (4/47) lvs. Il p=0.013"
High 90.0% (90/100) 80.8% (38/47)

DNMT-1 Negative 4.2% (3/71) 7.3% (3/41) High expression in grade
Low 29.6% (21/71) 4.9% (2/41) lvs. Il p =0.013*
High 66.2% (47/71) 87.8% (36/41)

DNMT-3A Negative 25.0% (12/48) 28.6% (8/28) No significant difference
Low 33.3% (16/48) 25.0% (7/28) between grade | vs. |l
High 41.7% (20/48) 46.4% (13/28)

DNMT-3B Negative 11.6% (8/69) 10.0% (4/40) No significant difference

Low 24.6% (17/69)

35.0% (14/40) between grade | vs. Il

High 63.8% (44/69)

55.0% (22/40)

*For simplification, only the significant p values are provided.

Expression of DNMT-1 protein

The majority of the cases of meningioma in each
grade showed immunopositivity for DNMT-1 (96%
and 92.7%, respectively) without any significant dif-
ference in frequency. However, strong immunoex-
pression was significantly more common in grade
Il cases as compared to their lower grade counter-
parts (87.8% vs. 66.2%; p = 0.040) (Table Ill, Fig. 1).
The cases with high expression of DNMT-1 showed
a significantly higher proliferative activity as com-
pared to the cases with negative/low expression
(median £SD - 3.0 + 4.8 vs. 2.0 = 2.9; p = 0.024).
Strong expression of DNMT-1 was also found to be
associated with higher incidence of brain invasion
(26.5% vs. 13.3%; p = 0.206). No other clinicopatho-
logical parameters showed a significant correlation.

Expression of DNMT-3B protein

Expression of DNMT-3B was detected in 89.4% (high
expression — 66.7%) of grade | and 90% (high expres-
sion — 55%) of grade Il meningiomas (Table IIl, Fig. 1).
The immunohistochemical expression was not correlat-
ed with any of the clinicopathological parameters.

Expression of DNMT- 3A protein

Approximately 75% of cases of grade | and 61%
cases of grade Il meningiomas showed expression
of DNMT-3A protein, out of which 41.7% and 46.4%
showed high expression, respectively (Table Il Fig. 1).

138

The expression of DNMT-3A was not associated with
any of the clinicopathological parameters.

Correlation between expression
of EZH2, H3K27me3, and DNMTs

The expression of EZH2 showed a significant
positive correlation with DNMT-3A. All EZH2-posi-
tive cases also showed expression of DNMT-3A. Fur-
thermore, 75% of these positive cases had a strong
expression. In contrast, approximately 30% of the
EZH2-negative cases also showed negativity for
DNMT-3A, while high expression was present only in
38% cases. No significant correlation was identified
amongst other markers.

Survival analysis

Follow-up data were available in 89 cases. Eight
of the cases died within four weeks of surgery. These
cases were excluded from the survival analysis.
The follow-up period of other cases ranges from 8.9
to 258.4 weeks. Out of the 81 cases, 15 showed evi-
dence of recurrence or died. Grade Il tumour was
associated with shorter survival as compared to
their grade | counterparts (mean PFS—161.4vs.222.9
weeks; p = 0.07). The cases that underwent sub-to-
tal resection had significantly shorter PFS as com-
pared to cases with total/near total-resection (mean
PFS 213.2 vs. 56.2 weeks; p = 0.001). The skull-base
tumours showed a shorter survival as compared

Folia Neuropathologica 2020; 58/2



to convexity/spinal tumours (mean PFS — 154.0 vs.
220.4 weeks; p = 0.06). The younger patients had
a better outcome in terms of PFS as compared to the
older age group (mean PFS — 184.5 vs. 246.1 weeks;
p = 0.13). No significant association of PFS was iden-
tified with other pathological parameters. Among the
epigenetic markers, assessed EZH2 and H3K27me3
showed a significant correlation with survival in
univariate analysis. The cases with EZH2 expression
showed a significantly shorter survival as compared
to EZH2-negative cases (mean PFS 135.4 vs. 223.7
weeks; p = 0.007). Similar trends were also observed
in each grade separately; however, the value did not
reach statistical significance (grade [l-mean PFS 134.7
vs. 165.6 weeks; p = 0.07; grade |-mean PFS 95.5 vs.
225.3 weeks; p = 0.47). In contrast, cases with loss of
H3K27me3 staining had a relatively shorter survival
as compared to cases with retained expression (esti-
mated mean PFS—131.1 vs. 217.04 weeks; p = 0.03).
There was no significant association of H3K27me3
within grade Il tumours when assessed separately.
No correlation of survival with expression of DNMT-
1, 3A, and 3B was identified. On multivariate analy-
sis, extent of surgical resection and EZH2 expression
were significantly associated with significantly asso-
ciated with PFS (Table IV, Fig. 2).

Discussion

There is a plethora of data related to the vari-
ous genetic aberrations in meningeal tumours from
high-throughput genomic analysis. However, the
clinically relevant predictive and prognostic bio-
markers are limited. In contrast to genetic analysis,
the epigenetic alterations are less well elucidated

EZH2, H3K27me3, and DNMTs expression in meningiomas

in meningiomas and mostly limited to the assess-
ment of promoter methylation status of various
genes [11]. Recently, six different prognostic sub-
groups were identified based on genome-wide DNA
methylation profiles of 497 cases of meningioma
that showed distinct molecular profiles, biological
behaviour, and patient outcome [19]. This classifi-
cation system appeared to be superior to the con-
ventional WHO grading for prognostic stratification
of meningiomas. Another study also described two
molecular prognostic subgroups (favourable and
unfavourable) based on the methylation status of
89 cases of meningiomas [14]. Hence, the analysis
of DNA methylation status has evolved as a promis-
ing adjunct to the WHO classifications. In the pres-
ent study, we analysed the expression of DNMTSs,
which are the major regulators of global CpG meth-
ylation status. All three important DNMT proteins
were documented to be expressed in the majority
of the meningioma cases irrespective of histological
grades, indicating its crucial role in the pathobiolo-
gy of meningiomas. However, apart from DNMT-1,
which had significantly higher expression in grade
[l tumours, none showed any correlation with the
histological grade. Furthermore, no association of
DNMTs with survival was identified.

The otherimportant arm of the epigenetic system,
i.e. histone modification, is relatively less explored in
meningiomas as compared to the DNA methylation.
One recent study analysed the immunohistochem-
ical expression of the important histone marker
H3K27me3 in various grades of meningiomas. They
found a significantly higher frequency of immu-
nonegativity in grade Il meningiomas as compared

Table IV. Univariate and multivariate analyses of association of various parameters with PFS (Cox propor-

tional hazards regression model)

Parameters Univariate analysis Multivariate analysis
HR (95% CI) p-value HR (95% Cl) p-value

Age (young vs. old) 4.68 (0.61-35.67) 0.13 -
Site (non skull base vs. skull base) 1.42 (0.68-2.9) 0.34 -

Types of surgical resection (GTR/NTR vs. STR) 8.30 (2.41-28.56) 0.001 18.96 (4.17-86.17) <0.001
WHO grade (I vs. 1) 2.55(0.91-7.12) 0.07 1.24 (0.35-4.46) 0.73
H3K27me3 expression (negative vs. positive) 0.24 (0.07-0.87) 0.03 0.70 (0.14-3.42) 0.66
EZH2 expression (negative vs. positive) 4.07 (1.46-11.34) 0.007 5.29 (1.04-26.84) 0.04
DNMT-1 expression (negative vs. positive) = 0.68 -
DNMT-3A expression (negative vs. positive) 0.39 (0.06-2.34) 0.30 -
DNMT-3B expression (low/negative vs. high) 0.53 (0.11-2.68) 0.45 -

*No event was recorded in DNMT-1-negative cases.

Folia Neuropathologica 2020; 58/2 139



Swagatika Samal, Ashis Patnaik, Fakir Mohan Sahu, Suvendu Purkait

A 10{ p =007 B 1.0 p =034 C L0 p=017
= ! H———

0.8 0.8 0.8
wv wv w
o I & 4
> 0.61 - 0.6 > 06
2 2 2
s s =
2 044 2 041 2 041
=1 =1 =1
(W) (&) (9]

0.24 0.2 021

—Group | —Non skull base —Young adult
Group Il Skull base Older adult
0.0 0.0 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (weeks) Time (weeks) Time (weeks)

1.04 p=0.001 1.04 - iy p =0.007 1.0 —! p=0.03

0.8 0.8 0.8
L L bl
[-% u i
~ 0.6 & 06 06
2 2 2
ke k] ko
3 4 i
g 0.4 2 04 g2o4
=1 =1 =1
v o (9]

0.2 0.2 ) 0.2 )

—GTR —EZH2 Negative —H3K27me3 Negative
STR EZH2 Positive H3K27me3 Positive
0.0 0.0 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (weeks)

Time (weeks)

Time (weeks)

Fig. 2. Progression-free survival (PFS) represented by Kaplan-Meier plots for WHO grade (A), location (B),
age (C), extent of resection (D), EZH2 expression (E), and H3K27me3 loss (F).

to their lower grade counterparts (11.6% vs. 2.1%).
Loss of H3K27me3 was associated with significantly
shorter survival in grade I/Il tumours. Interestingly,
immunohistochemical expression H3K27me3 also
correlated with the methylation-based prognostic
subgroups of meningioma. The loss of trimethyla-
tion mark was significantly more prevalent in more
aggressive subgroups, including intermediate B and
malignant [7]. The present study also documented
an association of H3K27me3 loss with higher histo-
logical grade, proliferative activity, and shorter sur-
vival. Various previous studies have also document-
ed the correlation of H3K27me3 expression with
EZH2 in malignancies [2,5,13]. Furthermore, tran-
scriptional evidence of increased PRC2 activity has
recently been documented in one of the aggressive
subsets of anaplastic meningiomas [3]. Hence, in the
present study we assessed the immunohistochem-
ical expression of EZH2 for the first time in menin-
gioma. Expression of this protein appeared to be of
immense importance in the context of meningioma
biology. EZH2 immunopositivity was associated with
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higher histological grade, necrosis, and prolifera-
tive activity. Interestingly, cases of grade Il menin-
gioma that were morphologically indistinguishable
from grade | tumours, apart from invasion, were
more similar to their lower grade counterpart in
respect to EZH2 immunopositivity. More important-
ly, EZH2-positive cases were significantly associated
with patient outcome in both univariate and multi-
variate analysis. However, no significant correlation
was identified between the expression of EZH2 and
H3K27me3 in the present study. On the other hand,
EZH2 expression showed a significant positive cor-
relation with the expression of DNMT-3A, a de novo
methyltransferase, thus indicating a mechanistic
link between DNA methylation and histone modifi-
cation system. The association of DNMTs with EZH2
has already been described in other tumours and
cell lines including gliomas [6,22]. The expression of
H3K27me3 may be related to other PRC components
including EED and SUZ-12, as documented in malig-
nant peripheral nerve sheath tumour [17]. However,
these mechanistic links between the above-men-
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tioned molecules cannot be established only based
on the immunohistochemical expression data and
need to be validated in in vitro studies.

Conclusions

The present study documented epigenetic dys-
regulation in meningiomas that possibly play a cru-
cial role in determining the biological behaviour of
the tumour. The expression of the epigenetic markers
EZH2 and H3K27me3 emerged as important prog-
nostic biomarkers. Although subgrouping of menin-
giomas based on the whole genome methylome
profiling is one of the robust methods for prognostic
stratification, it is costly and requires high through-
put technologies; hence, it is not amenable to routine
practice in most laboratories throughout the world.
On the other hand, analysis of EZH2 and H3K27me3
is based on immunohistochemistry, which is pathol-
ogist-friendly and can easily be incorporated in rou-
tine practice as an adjunct to routine histopatholo-
gy-based grading. Lastly, specific inhibitors against
DNMTs and EZH2 are available and are being used
in various clinical trials. These molecules may be
important therapeutic targets in meningioma also.
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