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Abstract

Immunohistochemical quantification of H3K27me3 was reported to distinguish meningioma patients with an unfavorable
prognosis but is not yet established as a prognostic biomarker within WHO grade 3 meningiomas. We studied H3K27me3
loss in a series of biopsies from primary and secondary malignant meningioma to validate its prognostic performance and
describe if loss of H3K27me3 occurs during malignant transformation. Two observers quantified H3K27me3 status as “com-
plete loss”, <50% and > 50% stained cells in 110 tumor samples from a population-based consecutive cohort of 40 WHO
grade 3 meningioma patients. We found no difference in overall survival (OS) in patients with >50% H3K27me3 retention
compared to < 50% in the cohort of patients with WHO grade 3 meningioma (Wald test p=0.5). H3K27me3 staining showed
heterogeneity in full section tumor slides while staining of the Barr body and peri-necrotic cells complicated quantification
further. H3K27me3 expression differed without a discernible pattern between biopsies from repeated surgeries of meningioma
recurrences. In conclusion, our results were not compatible with a systematic pattern of immunohistochemical H3K27me3
loss being associated with OS or malignant transformation of meningiomas and did not support H3K27me3 loss as a useful
immunohistochemical biomarker within grade 3 meningiomas due to staining-specific challenges in quantification.
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Introduction
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Meningiomas account for approximately 37% of all primary
intracranial tumors [1]. They are classified as WHO grade
1-3 tumors according to the 2016 and 2021 WHO grading
systems based on histopathological and molecular features
[2—-4]. Most meningiomas are classified as slow-growing
and indolent WHO grade 1 tumors [1], but a subgroup of
benign meningiomas either undergo malignant transforma-
tion to WHO grade 3 meningioma (secondary malignant
meningiomas) or are diagnosed as malignant meningiomas
at first surgery (primary malignant meningiomas) and asso-
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ciated with a dismal prognosis [5]. The 2016 WHO grading
system was based on histological criteria and allocated 1-3%
of all meningiomas to grade 3, while the recent update also
includes molecular criteria and probably increases the pro-
portion of grade 3 meningiomas since genetic mutations that
lead to a molecularly defined WHO grade 3 diagnosis are
present in 5-15% of all meningiomas [6, 7]. Despite access
to molecular prognostic markers, aggressive phenotypes
cannot be reliably diagnosed [8].
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Histone methylation is a key mechanism for regulation
of gene-expression and instrumental for regulation of dif-
ferentiation and growth control. Regulation of H3K27me3
(histone H3 lysine 27 trimethylation) is a critical regula-
tory mechanism for differentiation states of normal cells
and aberrant methylation or demethylation can lead to
malignancy [9-13]. In brain tumors, H3K27 mutation is
oncogenic in pediatric gliomas and a hallmark for diffuse
midline gliomas [14, 15]. Trimethylation at lysine 27 on
histone H3 (H3K27me3) mediates gene silencing by the
histone methyltransferase Enhancer Of Zeste 2 Polycomb
Repressive Complex 2 Subunit (EZH2), a putative onco-
gene [16]. Upregulation is associated with neoplasia [16,
17]. In CNS-related tumors, loss of H3K27me3 has also
been suggested to be a diagnostic marker for malignant
peripheral nerve cell tumors [11, 18] and pediatric epend-
ymomas [19].

Subsequently, loss of H3K27me3 [9] was investigated
to fulfil the need of additional biomarkers of an aggres-
sive meningioma phenotype [20-22]. Initial studies sug-
gested a role for H3K27me3 as a robust biomarker and also
claimed refined individual prognostication among patients
with WHO grade 3 meningiomas [23]. However, findings of
H3K27me3 as a prognostic biomarker in meningiomas [21,
23, 24] were contradictory and traceability of data was lim-
ited; one study found prognostic value of semiquantitative
assessment of H3K27me3 if divided into three categories
of 0%, 0-50% and > 50% loss within WHO grade 3 [23]
while others did not [21, 25, 26]. A recent report on a lim-
ited number of WHO grade 3 patients (n =4) suggested that
loss occurred in association with tumor recurrence unless
H3K27me3 was lost as a sign of an aggressive phenotype
already in the primary meningioma [27]. A H3K27 muta-
tion in midline gliomas suggests specificity and causality,
while the inconsistent associations between phenotype and
H3K27me3 loss in meningioma could be an epiphenomenon
resulting from non-specific hypomethylation associated with
neoplasia and thereby problematic as biomarkers or clues to
pathogenesis.

There is a need to (1) analyze histological patterns of
H3K27me3 immunohistochemistry, (2) validate previous
findings of H3K27me3 loss on consecutive population-based
meningioma tissue, and (3) to investigate how methylation
status changes during malignant transformation from grade
1 and 2 to secondary grade 3 meningioma. We have gath-
ered a unique material of 40 consecutive grade 3 patients to
analyze whether: (1) H3K27me3 is readily quantifiable with
immunohistochemistry, (2) the methylation status changes
predictably during malignant transformation and recurrences
(3) there is an association between overall survival (OS) and
methylation status in a population-based cohort of grade 3
meningiomas. We also screened malignant meningiomas for
the H3K27 mutation.

Materials and methods
Cohort and clinical parameters

We recently described the TERT promoter mutational status
in the current population-based cohort of 20 primary and 20
secondary WHO grade 3 meningiomas defined per WHO
2016 criteria in patients who were operated at the Depart-
ment of Neurosurgery at Rigshospitalet between 2000-2018
[28]. Clinical data included age, sex, performance status
pre-meningioma diagnosis and extent of resection (Simp-
son grade). Linkage provided by the Danish social security
number enabled us to localize all archived formalin-fixed
paraffin embedded (FFPE) tumor specimens for each patient
in this malignant cohort (MC, n =40 patients). Each of the
forty patients underwent 1-10 operations for the original
meningioma and recurrences at the of site of the original
tumor, in total 119 operations. Full section tissue slides were
available for analysis from 110 of 122 operations (90%). Of
the 110 samples, 15 were from WHO grade 1, 15 grade 2
and 80 grade 3 meningiomas. Meningiomas histologically
defined as grade 1 or 2 from a patient, that had a later recur-
rence classified as a WHO 2016 grade 3 (n =20 patients)
were defined as “premalignant”. Adequate premalignant tis-
sue samples were only available from 17 of the 20 patients
(n=30 meningiomas). All full section tissue slides (hema-
toxylin—eosin staining) were reviewed by a senior neuro-
pathologist to fulfill the 2016 WHO classification, and none
were reclassified compared to original diagnosis.

Controls were included to evaluate immunohistochemi-
cal staining in relation to tissue age and to compare benign
meningiomas to the premalignant samples in our cohort of
malignant meningiomas. The controls comprised new FFPE
material from 33 patients with meningiomas diagnosed as
WHO grade 1 (n=21) and WHO grade 2 (n=12) graded
according to the WHO 2016 criteria and who underwent sur-
gery at the Department of Neurosurgery in 2020 (Table 1).

Immunohistochemistry
Immunohistochemistry was performed on 4-um-thick for-

malin-fixed paraffin-embedded (FFPE) tumor sections. For
H3K27me3 staining, the tumor sections were pre-treated

Table 1 Overview of cohorts and samples

Tumors and WHO grade 1 2 3 Total

Malignant cohort, MC (40 patients, gath- 15 15 80 110
ered 2000-2020)"

Controls (33 patients, gathered in 2020) 21 12 0 33

'Patients in the malignant cohort have 1—10 recurrent tumors

@ Springer



202

Brain Tumor Pathology (2022) 39:200-209

at 97 °C for 30 min and incubated with a wash buffer for
40 min (BenchMark ULTRA systems, Roche Diagnostics,
Rotkreuz, Switzerland). We subsequently incubated the
tumor sections with the primary antibody (TRIMh, Lys27
clone, CellSignaling, cat.no: 9733S, clone C36B11, Dan-
vers, MA, USA) for 20 min at a 1:200 dilution on an auto-
mated Dako Omnis stainer (Agilent, Santa Clara, USA).
Vessels were used as internal positive control and as exter-
nal positive control we used human colon, tonsil, and liver
tissue. For histone H3 mutation staining (H3K27 mutation),
we incubated the tumor sections from the MC with the pri-
mary antibody (Histon3, Abcam, cat.no. ab190631, clone
EPR18340, Cambridge, UK) for 32 min at a 1:1000 dilution
on an automated stainer (Benchmark ULTRA). All tumor
sections were counterstained with hematoxylin following
standard protocol.

Histological examination and quantification
of H3K27me3 staining

The first WHO grade 3 diagnosis was based on frank ana-
plasia in 12/40 patients (30%), more than 20 mitotic figures
per high power field in 20 patients (50%) and rhabdoid or
papillary morphology in 8 patients (20%). Of the 8 patients
with dominant rhabdoid or papillary components, 4 had con-
comitant anaplasia (2 rhabdoid and 2 papillary). Of these 4
patients without concomitant anaplasia, 2 later had grade 3
recurrences with anaplasia and elevated mitotic index. Of 80
WHO grade 3 tumors, 61 were anaplastic, 11 rhabdoid and
8 papillary. Two observers blinded to sample identity, previ-
ous diagnoses, and clinical information (ADM, PhD fellow,
and CBB, specialist registrar in pathology) independently
quantified H3K27me3 staining under light microscopy of
each sample. Staining was quantified in three categories:
1: Completely negative, 2: <50% stained cells, 3:>50%
stained cells. Each observer noted staining of vessels (yes/
no), staining of perinecrotic cells (if present, yes/no) and
intracellular staining of the inactivated X-chromosome
(Barr body) (yes/no). Following quantification, discrepan-
cies were reviewed by both observers and consensus was
reached. Selected cases were scanned with the Hamamatsu
NanoZoomer for documentation and viewed with the soft-
ware NDP.viewer (Hamamatsu Photonics, Hamamatsu City,
Japan).

Statistical analysis

For assessment of inter-rater reliability of H3K27me3
quantification between the two observers, we used (1) the
weighted Kappa for the three H3K27me3 staining categories
and (2) Cohen’s Kappa for complete loss (category 1 vs. 2
and 3).

@ Springer

Further analyses were applied to the consensus dataset.
For investigation of differences in staining between old
and new FFPE blocks, we compared H3K27me3 staining
quantification in grade 1/2 tumors from the controls (n =33
patients) versus the first premalignant grade 1/2 meningi-
omas from patients with secondary grade 3 meningiomas
(n=17 patients) using Fisher’s exact test. For differences in
anaplastic and non-anaplastic tumors’ loss of H3K27me3 we
used Fisher’s exact test (8 non-anaplastic vs. 32 anaplastic).
One WHO grade 3 meningioma per patient was investigated
(the first in cases with consecutive recurrences).

For investigation of H3K27me3 status associated to over-
all survival (OS) within grade 3 patients, we defined OS as
time from first WHO grade 3 surgery to death. We applied
Cox proportional hazards regression when investigating the
effect of > 50% H3K27me3 retention vs. < 50% retention or
completely negative staining of the first WHO grade 3 men-
ingioma on death. Age at diagnosis was included as a con-
tinuous covariate. We found valid assumptions for the Cox
regression when testing proportionality using the Schoenfeld
residuals. We depicted overall survival for the two groups
using Kaplan—Meier curves and tested the difference with
a log-rank test. Moreover, we applied a sensitivity analysis
to evaluate the potential benefit of augmented multivariate
regression analyses. Here, we assessed and compared four
separate regression models and their ability to predict death
after 3 years. In addition to H3K27me3, each of the four
models comprised (1) age, (2) secondary/primary status, (3)
Gross total resection (GTR, Simpson grade I-III) vs. subtotal
resection (STR, Simpson grade IV-V), and (4) Performance
status pre-meningioma diagnosis dichotomized as> 70 on
the Karnofsky Performance Status Scale. We used a leave-
one-out bootstrap based on 100 random subsamples each
comprising the 40 patients randomly drawn with replace-
ment. Prognostic performance of the individual models was
averaged based on the 100 subsamples and assessed using
the area under the receiver operating characteristics curve
(AUC) and the Brier score. The model performing best, was
included.

We considered P <0.05 as significant. For computing, we
used R version 4.0.2 [29].

Results

Moderate inter-observer reliability and pitfalls
in staining quantification

For H3K27me3 quantification, weighted Kappa for the two
observers was 0.58 (95% CI 0.48-0.68) and showed mod-
erate inter-observer reliability in placing samples in the
three H3K27me3 categories (completely negative, <50%
loss, > 50% loss). Cohen’s Kappa for classifying complete
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loss between the two observers was 0.65 (95% 0.46-0.84).
Figure 1 shows examples of staining quantification. Dis-
crepancy amongst the two observers was found in (1) large
full section tumor slides (2) samples with intratumoral het-
erogeneity (3) perinecrotic staining and (4) samples with
staining of inactivated X chromosome in female patients
(Fig. 2). External positive controls (colon, tonsil, and liver)
showed homogenous staining and retention of H3K27me3
in all cases.

Artefacts, diagnostically irrelevant staining,
and impact of tissue age

Artefacts were limited to occasional air bubbles which were
easily identified. Specific H3K27me3 staining of intratu-
moral vessels was detected in 135/143 (95%) of samples
(Table 2). In nine of the cases with no staining of vessels,
four cases had faint staining of tumor cells. 70 of the tumor
samples came from male patients and staining of the inac-
tivated X chromosome (staining of the Barr body) was
observed in 0% of these. In samples from female patients
(n="73), dotting of Barr bodies was observed in 44 samples
(60%). We compared loss of H3K27me3 in premalignant
samples (first MC grade 1-2, n=17) to cases from con-
trols (grade 1-2, n=33) and found no difference between

Fig. 1 Examples of staining
quantification of H3K27me3

in meningiomas a Completely
negative tumor sample with
retention of H3K27me3 in
intratumoral vessels. Scale bar
250 um, X 200 magnification.

b Tumor sample placed in

the <50% H3K27me3 posi-

tive cells category. Scale bar
250 pum, X 200 magnification. ¢
Sample with > 50% retention of
H3K27me3 in tumoral cells cat-
egory. Scale bar 100 um, X250 @
magnification

the cohorts’ distribution of staining quantification (Fisher’s
exact test, p=1).

H3K27me3 status and association to progression
free survival within WHO grade 3

Cox proportional hazards regression analysis did not show
a significant effect of H3K27me3 loss/retention status on
overall survival from the first WHO grade 3 meningioma
(Wald test p=0.3). The 30 patients with loss of H3K27me3
(completely negative=5 and < 50% H3K27me3 positive
cells=25) had a hazard ratio of 0.64 (CI 95% 0.26-1.54)
compared to the 10 patients with retention (>50%
H3K27me3 positive cells) when adjusting for age. Figure 3
shows the Kaplan Meier curves for the patients with loss and
retention of H3K27me3.

Sensitivity analysis

Inclusion of secondary/primary status, extent of resection,
and performance status apparently impaired the regression
model (Fig. 4). The plots, AUC and Brier scores strongly
indicated that the model with the best prognostic perfor-
mance was the model which included only H3K27me3 status
and age as a covariate.
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Fig.2 Features and pitfalls

in staining quantification of
H3K27me3 in meningiomas.

a Large, heterogeneous tumor
slides as this make placement
in the >/<50% H3K27me3
positive cells staining category
difficult. Scale bar 500 um, x 80
magnification. b Staining of
perinecrotic cells in a WHO
grade 3 sample. Staining of
perinecrotic cells vary in
intensity. In borderline cases
multiple necrotic areas can
make quantification difficult.
Scale bar 250 um, X 100 magni-
fication. ¢ Detail of inactivated
X-chromosome staining in

a female patient (Barr body
staining); this feature can make
staining quantification difficult
in borderline cases. Scale bar
50 pm, X 500 magnification.

d Detail of strong staining of
intratumoral vessels in an other-
wise completely negative case.
Vessels too exhibit varying
intensity of H3K27me3 stain-
ing. Scale bar 100 pum, X400
magnification. e Example of
case with loss of H3K27me3

in an area of otherwise >50%
H3K27me3 retention. Scale bar
500 pm, X 70 magnification

Table 2 Overview of staining quantification divided on malignant cohort (MC) and new cohort (NC) and WHO grades

NC1/2 MC12 MC 3 MC Anaplastic = MC Rhabdoid ~ All
N=33 N=30 N=280 N=61 and papillary N=143
N=19
H3K27me3 staining quantification (%)  Complete loss 2 (6) 2(6.7) 15(18.8) 9(14.7) 6 (31.6) 19 (13.3)
<50% 14 (42) 11 (26.7) 45(56.2) 34(55.7) 11 (57.9) 70 (49)
>50% 17(52) 17(56.7) 20(25) 18 (29.5) 2 (10.5) 54 (37.7)
Vessels stained (%) Yes 32(97) 28(93) 74 (92.5) 57 (93.4) 17 (89.5) 134 (94)
No 1(3) 2(7) 6 (7.5) 4(6.6) 2 (10.5) 9 (6)
Staining of Barr body (“dotting”) (%) Yes 1545) 4(13.3) 25(31.3) 20(32.8) 5(26.3) 44 (30.7)
No 18 (55) 26(86.7) 55(68.7) 41(67.2) 14 (73.7) 99 (69.2)
Perinecrotic cells stained (%)1 Yes 309) 3(10) 19 (23.8) 15(24.6) 4 (21.1) 25 (17.5)
No 3091) 27 (90) 61(76.2) 46 (75.4) 15 (78.9) 118 (82.5)

'All perinecrotic cells were stained, with varying intensity

@ Springer
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Fig.4 Calibration plot which describes the agreement between
observed frequency of death and predicted risk of death at 3 years for
four different multivariate models. The diagonal line indicates perfect
calibration. A higher AUC score and a lower Brier score indicates
a better model. Secondary denotes secondary or primary malignant
meningioma. Resection denotes gross total resection (Simpson grade

Loss of H3K27me3 in WHO grade 3 meningioma

Figure 5 shows patients with multiple meningiomas in the
MC (n=25), the order of the tumor recurrences and the
H3K27me3 staining category. Of the 25 patients, 9 had a
constant H3K27me3 status across recurrences (7 of these
in the < 50% category). In 11 patients, the last WHO grade
3 tumor had loss of H3K27me3 compared to previous

I-IIT) and subtotal resection (Simpson grade IV-V). KPS denotes
pre-meningioma diagnosis performance status quantified on the Kar-
nofsky Performance Scale and dichotomized to>70. The AUC (area
under the receiver operating characteristics curve) and Brier Score
indicate that the best model for predicting death at 3 years is the one
which includes only H3K27me3 status and age as a covariate

tumors and in 5 patients the last WHO grade 3 tumor
had gain of H3K27me3 expression compared to previous
tumor(s). Comparison between anaplastic and non-ana-
plastic meningiomas did not imply a difference between
staining quantification in these two groups (Fisher’s exact
p=0.44). No tumor samples among primary and second-
ary malignant or premalignant samples stained positive for
the H3K27 mutation.
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Fig.5 Temporal development in H3K27me3 status within patients
with multiple tumors in the malignant cohort. Each line repre-
sents a patient, and colored shapes are tumors with grade (shape)
and H3K27me3 status (color). Tumors not available for analy-
sis (92% were available in the entire material) are also denoted for
each patient with gray. The y axis lists patients with multiple men-

Discussion

We analyzed loss of H3K27me3 as a potential biomarker
for aggressive phenotypes and could neither confirm the
immunohistochemical marker as a robust, readily quantifi-
able marker during malignant transformation, nor find an
association between methylation status and overall survival.
Moreover, the H3K27 mutation was not detectable in our
cohort of grade 3 meningiomas.

Overall survival

We did not find an association between H3K27me3 sta-
tus and overall survival in our cohort. We did not ana-
lyze loss of H3K27me3 as a prognostic marker across
all meningioma grades to confirm previous reports [22,
24] and only analyzed loss of H3K27me3 as a marker
for phenotypes among grade 3 meningiomas. We could
not corroborate prognostic impact of loss of >50% of
H3K27me3 in our WHO grade 3 cohort as described by
Gauchotte et al. [26]. We applied the same dichotomiza-
tion between > 50% vs. < 50% stained cells and found no

@ Springer

ingiomas ordered by number of meningiomas. The x axis denotes
the chronological order of recurrences. We see loss of H3K27me3 in
11/25 patients, gain in 5/25 and unchanged status in 9/25. One patient
showed all staining categories across tumor recurrences (6th from the
top)

statistically significant difference between the two groups.
Moreover, our sensitivity analysis did not indicate an influ-
ence of performance status, extent of resection or differ-
entiation between primary and secondary tumors on our
conclusion. Unexpectedly, the hazard ratio for OS favored
loss of methylation (0.64, CI 95% 0.26—1.54) in the group
of 30 patients with loss (<50% stained cells) compared
to 10 patients in the with retention (> 50% stained cells).
Several factors can explain differences between our find-
ings and previous literature. Our findings might be due
to low statistical power and methodological differences
which include the definition of ‘loss of H3K27me3’ that
could compromise conclusions. Our cohort included rhab-
doid and papillary subtypes and thereby differed from the
selected population of anaplastic tumors studied by Gau-
chotte et al. This difference of histological subtypes is
probably not important since our material contained only
four purely rhabdoid/papillary meningiomas and four with
concomitant anaplasia. Moreover, we found no difference
in the distribution of staining categories between anaplas-
tic and non-anaplastic tumors.
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Reproducibility

There were issues that could fundamentally affect repro-
ducibility. We found extensive heterogeneity of H3K27me3
within samples, across serial samples and cellular/subcel-
lular localization of H3K27me3 staining. Technical reasons
for heterogeneity include definition, quantification, and
reproducibility of immunohistochemically defined loss of
methylation, which can comprise fundamental sources of
error. We evaluated a control cohort and found that tissue
age did not seem to affect staining patterns, while other fac-
tors could severely affect reproducibility. Previous studies
employ semi-quantitative methodologies but differ in the
definition of ‘loss’ of H3K27me3. Our study and a previous
study investigating WHO grade 3 meningioma [23] classi-
fied ‘loss’ as <50% cells stained positive for H3K27me3.
However, other studies classified loss as a tumor completely
negative for H3K27me3 positive cells [21, 22]. Meningi-
omas with <50% would be designated as ‘retained’ or with
ambiguous staining pattern as described by Katz et al. [22]
(13 cases with ambiguous patterns out of 232 assessed
cases). In our material, a large proportion of meningiomas
showed < 50% stained cells without being completely nega-
tive, and these were grouped with complete loss in the
survival analyses. Table 3 shows an overview of previous
studies investigating H3K27me3 loss in meningioma, and
interobserver agreement was consistently low across studies.
We also found insufficient inter-observer reliability between
our two observers (weighted Kappa=0.58) when classifying

cases as “complete loss”, < 50% retention and > 50% reten-
tion of H3K27me3.

Quantification was also complicated by H3K27me3 anti-
body specificity, as we observed staining of inactive X chro-
mosome in female cases [30] and staining of perinecrotic
cells in cases with necrotic areas [31]. Quantification is par-
ticularly problematic around 50% positive cells, where small
differences determine the category. Interobserver agreement
and reproducibility require homogenous staining patterns,
which were rare. A reliable method for reliable and quanti-
tative measurements of immunohistochemical H3K27me3
expression is needed. Only complete loss of trimethylation
and completely retained trimethylation could be unambigu-
ously described, while most samples showed variable pat-
terns of loss of trimethylation. External positive controls
showed technical success of the staining in all cases. In con-
trast, internal controls should be questioned. Intra-tumoral
vessels were used as internal positive controls in previous
studies [23, 26]. In four cases with positive external controls,
we found faint but true staining of the tumor cells but no
staining in endothelial cells in intra-tumoral vessels. Taken
together, reproducibility is probably too low for prognostic
applications within WHO grade 3 meningioma based on our
material. Factors such as staining of Barr bodies, staining
of intra-tumoral vessels and necroses comprised potential
sources of error that can be considered by a human observer,
but largely preclude automatic quantification.

In addition to methodological challenges concerning
reproducibility, spatial variation within samples (Fig. 2a,

Table 3 Overview of previous meningioma cohorts investigating H3K27me3 staining

Katz et al. [22] Gauchotte et al. Behling et al. [24] Nassiri et al. [21]  Jung et al. [25] Maier et al.
[23]
Meningiomas, n 232 47 1268 151 141 143
Inter-observer reli- NA K=0.64 K=0.73 K=0.88 NA K=0.65
ability
2016 WHO grade 1 49 - 1001 48 0 36
of tumours 2155 - 250 74 115 27
3 28 47 17 29 26 80
Loss of 1 2.0 - 3.1 4.2 - 11
H3K27me3 (%) 2 116 - 10.4 12.2 29.6 0
3 214 21.3! 17.7 27.6 53.8 18.8!
Ambiguous cases 13 10 NA 11 48 70
(<50% positive
cells)
Dichotomization Classified as Classified as loss  NA Classified as Classified as loss  Classified as loss
of ambiguous ‘retained’ ‘retained’ (<45%)
cases
Prognostic impact Grade 1/2 Within grade 3 Grade 1/2/3 Grade 1/2 Grade 2 No

Loss was here classified as < 50% H3K27me3 positive cells in contrast to ‘complete loss’ with no positive cells

2Loss was here classified as <45% H3K27me3 positive cells
All studies used the C36B11 antibody clone
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Fig. 2e) and temporal variation between serial samples, was
detected (Fig. 5). Spatial heterogeneity provides for varia-
tion of results depending on where biopsies and slides were
obtained, and which part of a tumor was evaluated.

Finally, our investigation of H3K27me3 loss across
serial recurrences (Fig. 5) showed temporal variability with
frequent status changes across recurrences. Most patients
(n=11, 44%) had an end-point tumor with relative loss of
H3K27me3, nine (36%) patients retained a stable status
through recurrences while five (20%) patients had a relative
gain of H3K27me3 methylation. We did thus not detect a
consistent pattern of loss, as recently claimed in a report of
four patients [31], or gain of methylation during malignant
transformation. Methylation status was variable and unpre-
dictable and could be an epiphenomenon associated with a
general tendency to aberrant methylation in more aggres-
sive tumors [13] but with limited robustness as a biomarker.
Another biological explanation could be that subclones
with or without H3K27me3 loss co-exist and that different
subclones dominated in different recurrent tumors. Taken
together, the lack of a detectable statistical association to
overall survival, invalidates immunohistochemical loss of
H3K27me3 as a prognostic biomarker for grade 3 menin-
giomas. Our findings agree with Jung et al. [19] and extend
their analyses by showing that the marker varies inconsist-
ently across recurrences.

H3K27 mutation

As none of the investigated meningiomas had the H3K27
mutation in the immunohistochemical analysis, it is highly
unlikely that the mutational status impacts trimethylation
of H3K27 in meningiomas, as it does in pediatric gliomas
[32], but sequencing analyses must be done to confirm this
in meningioma.

Conclusions

We investigated the immunohistochemical expression of
(loss of) H3K27me3 in a population-based cohort of 40
malignant meningioma patients. We did not address the
population of all meningiomas, just grade 3 meningiomas.
We could not corroborate previous claims of H3K27me3
as a robust, reproducible immunohistochemical prognos-
tic marker with an association to overall survival among
WHO grade 3 meningiomas. Our study highlights pitfalls
in H3K27me3 staining and temporal heterogeneity across
serial recurrences. The findings may not be surprising, but
it is necessary to make empirical data available in published
literature.

@ Springer

Acknowledgements The authors thank the Biomedical Laboratory Sci-
entists at the Pathology Department, Rigshospitalet, for their technical
expertise and support.

Author contributions Conceptualization, ADM, TM, DS and CBB;
methodology, ADM, CBB, DS, CM.; software, ADM.; validation,
CBB, ADM and DS; formal analysis, ADM and CM.; investigation,
ADM and CBB; resources, ADM and DS; data curation, ADM; writ-
ing—original draft preparation, ADM, TM, JB, JHV, CM, CBB, TIE,
FP and DS; writing—review and editing, ADM, TM, JB, JHV, CM,
CBB, DS, TIJE, TM, FP and DS; visualization, ADM, CBB.; supervi-
sion, TM, DS, FP, TJE; project ad-ministration, ADM; funding acquisi-
tion, ADM. All authors have read and agreed to the published version
of the manuscript.

Funding This research was funded by the Danish Cancer Society,
Grant number A16459 and the Lundbeck Foundation.

Data availability statement The data presented in this study are avail-
able on request from the corresponding author.

Declarations

Conflict of interest The authors declare no conflict of interest.

Institutional review board statement The study was conducted accord-
ing to the guidelines of the Declaration of Helsinki and approved by the
Danish Ethics Committee (number H-6-2014-010).

Informed consent statement Patient consent was waived since the
study does not involve any further health risks or cause the patients
any further harm and obtaining informed consent was estimated as
disproportionately difficult.

References

1. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barn-
holtz-Sloan JS (2018) CBTRUS statistical report: primary brain
and other central nervous system tumors diagnosed in the United
States in 2011-2015. Neuro Oncol. 20(suppl_4):iv1-iv86. https://
doi.org/10.1093/neuonc/noy131

2. Louis D, Ohgaki H, Wiestler O, Cavenee W (2016) WHO Clas-
sification of Tumours of the Central Nervous System. 4th edi-
tio. International Agency for Research on Cancer. World Health
Organization

3. WHO Classification of Tumours Editorial Board (2021) World
Health Organization Classification of Tumours of the Central
Nervous System. Sth ed.

4. Louis DN, Perry A, Wesseling P et al (2021) The 2021 WHO
classification of tumors of the central nervous system: a summary.
Neuro Oncol 23(8):1231-1251. https://doi.org/10.1093/neuonc/
noab106

5. Maier AD, Bartek J, Eriksson F et al (2019) Clinical and his-
topathological predictors of outcome in malignant meningioma.
Neurosurg Rev. https://doi.org/10.1007/s10143-019-01093-5

6. Mirian C, Duun-Henriksen AK, Juratli T et al (2020) Poor prog-
nosis associated with TERT gene alterations in meningioma is
independent of the WHO classification: an individual patient data
meta-analysis. J Neurol Neurosurg Psychiatry. https://doi.org/10.
1136/jnnp-2019-322257

7. Sievers P, Hielscher T, Schrimpf D et al (2020) CDKN2A/B
homozygous deletion is associated with early recurrence in


https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1007/s10143-019-01093-5
https://doi.org/10.1136/jnnp-2019-322257
https://doi.org/10.1136/jnnp-2019-322257

Brain Tumor Pathology (2022) 39:200-209

209

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

meningiomas. Acta Neuropathol 140(3):409—413. https://doi.org/
10.1007/s00401-020-02188-w

Rogers L, Barani I, Chamberlain M et al (2015) Meningiomas:
knowledge base, treatment outcomes, and uncertainties. a RANO
review. J Neurosurg 122(1):4-23. https://doi.org/10.3171/2014.7.
INS131644

Das P, Taube JH (2020) Regulating methylation at h3k27: a trick
or treat for cancer cell plasticity. Cancers (Basel) 12(10):1-33.
https://doi.org/10.3390/cancers12102792

Filipski K, Braun Y, Zinke J et al (2019) Lack of H3K27 tri-
methylation is associated with 1p/19q codeletion in diffuse glio-
mas. Acta Neuropathol 138(2):331-334. https://doi.org/10.1007/
s00401-019-02025-9

Schaefer IM, Fletcher CDM, Hornick JL (2016) Loss of H3K27
trimethylation distinguishes malignant peripheral nerve sheath
tumors from histologic mimics. Mod Pathol 29(1):4—-13. https://
doi.org/10.1038/modpathol.2015.134

Funato K, Major T, Lewis PW, Allis CD, Tabar V (2014) Use
of human embryonic stem cells to model pediatric gliomas with
H3.3K27M histone mutation. Science (80-) 346(6216):1529—
1533. https://doi.org/10.1126/science.1253799

Ehrlich M (2002) DNA methylation in cancer: too much, but also
too little. Oncogene 21(35):5400-5413. https://doi.org/10.1038/
sj.onc.1205651

Castel D, Philippe C, Calmon R et al (2015) Histone H3F3A
and HISTIH3B K27M mutations define two subgroups of dif-
fuse intrinsic pontine gliomas with different prognosis and phe-
notypes. Acta Neuropathol 130(6):815-827. https://doi.org/10.
1007/s00401-015-1478-0

Harutyunyan AS, Chen H, Lu T et al (2020) H3K27M in gliomas
causes a one-step decrease in H3K27 methylation and reduced
spreading within the constraints of H3K36 methylation. Cell Rep
33(7):108390. https://doi.org/10.1016/j.celrep.2020.108390
Bracken AP (2003) EZH2 is downstream of the pRB-E2F path-
way, essential for proliferation and amplified in cancer. EMBO J
22(20):5323-5335. https://doi.org/10.1093/emboj/cdg542

Wei Y, Xia W, Zhang Z et al (2008) Loss of trimethylation at
lysine 27 of histone H3 is a predictor of poor outcome in breast,
ovarian, and pancreatic cancers. Mol Carcinog 47(9):701-706.
https://doi.org/10.1002/mc.20413

Rohrich M, Koelsche C, Schrimpf D et al (2016) Methylation-
based classification of benign and malignant peripheral nerve
sheath tumors. Acta Neuropathol 131(6):877-887. https://doi.
org/10.1007/s00401-016-1540-6

Bayliss J, Mukherjee P, Lu C et al (2016) Lowered H3K27me3
and DNA hypomethylation define poorly prognostic pediatric
posterior fossa ependymomas. Sci Transl Med. https://doi.org/
10.1126/scitranslmed.aah6904

Santagata S, Ligon KL (2021) Prognostication for meningiomas:
H3K27me3 to the rescue? Neuro Oncol. https://doi.org/10.1093/
neuonc/noab083

Nassiri F, Wang JZ, Singh O et al (2021) Loss of H3K27me3
in meningiomas. Neuro Oncol. https://doi.org/10.1093/neuonc/
noab036

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Katz LM, Hielscher T, Liechty B et al (2018) Loss of histone
H3K27me3 identifies a subset of meningiomas with increased
risk of recurrence. Acta Neuropathol. https://doi.org/10.1007/
s00401-018-1844-9

Gauchotte G, Peyre M, Pouget C et al (2020) Prognostic value of
histopathological features and loss of H3K27me3 immunolabe-
ling in anaplastic meningioma: a multicenter retrospective study. J
Neuropathol Exp Neurol 79(7):754-762. https://doi.org/10.1093/
jnen/nlaa038

Behling F, Fodi C, Gepfner-Tuma I et al (2020) H3K27me3 loss
indicates an increased risk of recurrence in the Tiibingen men-
ingioma cohort. Neuro Oncol 2020:1-9. https://doi.org/10.1093/
neuonc/noaa303

Jung M, Kim SI, Lim KY et al (2021) The substantial loss of
H3K27me3 can stratify risk in grade 2, but not in grade 3 menin-
gioma. Hum Pathol 115(800):96—103. https://doi.org/10.1016/j.
humpath.2021.06.005

Katz LM, Hielscher T, Liechty B et al (2018) Loss of histone
H3K27me3 identifies a subset of meningiomas with increased risk
of recurrence. Acta Neuropathol 135(6):955-963. https://doi.org/
10.1007/s00401-018-1844-9

Ammendola S, Barresi V (2022) Timing of H3K27me3
loss in secondary anaplastic meningiomas. Brain Tumor
Pathol 3(0123456789):21-23. https://doi.org/10.1007/
$10014-021-00422-1

Maier AD, Stenman A, Svahn F et al (2021) TERT promoter
mutations in primary and secondary WHO grade III meningioma.
Brain Pathol 31(1):61-69. https://doi.org/10.1111/bpa.12892

R Core Team. R: A language and environment for statistical com-
puting. R Found Stat Comput. Published online 2020. https://
WWW.r-project.org/

Schaefer IM, Minkovsky A, Hornick JL (2016) H3K27me3
immunohistochemistry highlights the inactivated X chromosome
(Xi) and predicts sex in non-neoplastic tissues. Histopathology
69(4):702—704. https://doi.org/10.1111/his.12972

Batie M, Frost J, Frost M, Wilson JW, Schofield P, Rocha S (2019)
Hypoxia induces rapid changes to histone methylation and repro-
grams chromatin. Science (80-) 363(6432):1222-1226. https://
doi.org/10.1126/science.aau5870

Lewis PW, Miiller MM, Koletsky MS et al (2011) Inhibition of
PRC2 activity by a gain-of-function h3 mutation found in pedri-
atic glioblastoma. Science (80—) 23(1):1-7. https://doi.org/10.
1126/science.1232245 Inhibition

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00401-020-02188-w
https://doi.org/10.1007/s00401-020-02188-w
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.3390/cancers12102792
https://doi.org/10.1007/s00401-019-02025-9
https://doi.org/10.1007/s00401-019-02025-9
https://doi.org/10.1038/modpathol.2015.134
https://doi.org/10.1038/modpathol.2015.134
https://doi.org/10.1126/science.1253799
https://doi.org/10.1038/sj.onc.1205651
https://doi.org/10.1038/sj.onc.1205651
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1016/j.celrep.2020.108390
https://doi.org/10.1093/emboj/cdg542
https://doi.org/10.1002/mc.20413
https://doi.org/10.1007/s00401-016-1540-6
https://doi.org/10.1007/s00401-016-1540-6
https://doi.org/10.1126/scitranslmed.aah6904
https://doi.org/10.1126/scitranslmed.aah6904
https://doi.org/10.1093/neuonc/noab083
https://doi.org/10.1093/neuonc/noab083
https://doi.org/10.1093/neuonc/noab036
https://doi.org/10.1093/neuonc/noab036
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1093/jnen/nlaa038
https://doi.org/10.1093/jnen/nlaa038
https://doi.org/10.1093/neuonc/noaa303
https://doi.org/10.1093/neuonc/noaa303
https://doi.org/10.1016/j.humpath.2021.06.005
https://doi.org/10.1016/j.humpath.2021.06.005
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1007/s10014-021-00422-1
https://doi.org/10.1007/s10014-021-00422-1
https://doi.org/10.1111/bpa.12892
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/his.12972
https://doi.org/10.1126/science.aau5870
https://doi.org/10.1126/science.aau5870
https://doi.org/10.1126/science.1232245.Inhibition
https://doi.org/10.1126/science.1232245.Inhibition

	Loss of H3K27me3 in WHO grade 3 meningioma
	Abstract
	Introduction
	Materials and methods
	Cohort and clinical parameters
	Immunohistochemistry
	Histological examination and quantification of H3K27me3 staining
	Statistical analysis

	Results
	Moderate inter-observer reliability and pitfalls in staining quantification
	Artefacts, diagnostically irrelevant staining, and impact of tissue age
	H3K27me3 status and association to progression free survival within WHO grade 3
	Sensitivity analysis
	Loss of H3K27me3 in WHO grade 3 meningioma

	Discussion
	Overall survival
	Reproducibility
	H3K27 mutation

	Conclusions
	Acknowledgements 
	References




