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INTRODUCTION

Abstract

Meningiomas are common in adults (~35% of brain tumors) but rare in children,
where they exhibit unique clinical, pathological and molecular features compared to
adult counterparts. Thus, data generated from adult cohorts may be imperfectly
suited to guiding diagnostic, prognostic and treatment decisions for children. We
studied 50 meningioma patients <18 years with available clinical and pathological
data to address the need for data obtained in the pediatric setting. As previously
described, we noted a slight bias toward male patients and a higher proportion of
spinal tumors compared to adults. Thirty-eight of 50 specimens were further analyzed
by next generation sequencing. Loss-of-function mutations in NF2 and chromosome
22 losses were common, but pathogenic variants in other genes (SMARCBI, FUBPI,
BRAF, TERT promoter, CHEK2, SMAD and GATA3) were identified in a minority
of cases. Copy number variants outside of chromosomes 22 and 1 were infrequent.
H3K27 hypomethylation, a useful biomarker in adult tumors, was not found in our
cohort. In exploring the correlation between mitotic count and recurrence-free sur-
vival, we found a threshold of six mitoses per 10 high powered fields as the optimal
cutoff in predicting recurrence-free survival. If independently validated in larger
studies, adjusted grading thresholds could enhance the clinical management of pedi-
atric meningiomas.

and Gorlin’s syndrome (3, 31)), have increased sensitivity
to environmental risk factors (such as exposure to ionizing

Meningiomas comprise approximately 35% of all primary
intracranial neoplasms in adults (41). In contrast, they are
relatively rare in children, accounting for just 1%-2% of
primary brain tumors in persons <21 years of age (33).
Studies have shown that pediatric meningioma have unique
features compared to their adult counterparts. For instance,
they are associated with an increased frequency of higher-
grade (WHO Grades II and III) tumors, aggressive histo-
logical types (eg, papillary, clear cell, etc.), higher mitotic
and proliferation indices, more frequent brain invasion, higher
recurrence rates and a predilection for atypical sites (par-
ticularly the spinal cord) (13, 15, 17, 19, 28, 34, 38, 44).
They also lack the female sex bias seen in adult tumors
(17), are more often associated with inherited genetic syn-
dromes (eg, Neurofibromatosis type II (5, 27, 34, 43, 50)
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radiation) (18, 20, 21, 46) and show a unique mutational
profile (7). The dissimilarities in tumor characteristics and
behavior may reflect distinct molecular and cytogenetic
mechanisms in adult vs. pediatric meningiomas (44).
Though many studies have explored the molecular land-
scape and progression of meningiomas, the vast majority
have exclusively or predominantly focused on adult patients
(8-10, 23, 39, 40). In part due to their rarity, there is a
paucity of molecular data describing meningiomas in the
pediatric setting, so management strategies for pediatric
patients are largely inferred from adult cohorts. Given the
significant differences between adult and pediatric tumors,
it is not surprising that WHO grading is less predictive of
outcome in children (43). Novel strategies are needed to
optimize stratification and clinical management of children
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with meningiomas. These should, ideally, be based on data
obtained from pediatric rather than adult tumors.

METHODS

Case selection

Fifty cases were collected from a retrospective search of
patients aged <18 years in the Washington University
School of Medicine, University of California San Francisco
and Nationwide Children’s Hospital electronic medical
records between 1989 and 2017. Review of medical records
and specimen collection was approved by the Institutional
Review Boards of the individual institutions involved in
the study.

Clinical review of patient data

Patients’ charts and pathology reports were reviewed for
the following data: age at diagnosis, sex, familial syndrome(s),
WHO grade, tumor location, treatment, recurrence, death
and any additional diagnostic workup (immunohistochemistry
[IHC] or fluorescence in situ hybridization [FISH] testing).
NF?2 status was inferred based on the modified Baser criteria
(6) in instances where it was not explicitly stated in the
patient’s chart.

Pathology review of tumor specimens

Stored slides were retrieved and reviewed for 46 (of 50)
individuals included in the study cohort. Per the 2016 WHO
Classification of Tumors of the Central Nervous System
(4), tumors were designated as grade II, atypical if they
demonstrated >4 mitoses per 10 high power fields (400x,
HPF), brain invasion and/or three of the following five
“soft” criteria: (i) sheeting architecture, (ii) small cell forma-
tion, (iii) prominent or macronucleoli, (iv) hypercellularity,
(v) spontaneous necrosis. Tumors harboring >50% chordoid
or clear cell histology were also designated as grade II.
Tumors were designated as grade III (anaplastic) if they
demonstrated >50% rhabdoid or papillary histology, >20
mitoses per 10 HPF or frank anaplasia (ie, sarcoma-, car-
cinoma- or melanoma-like appearance). Detailed data on
ancillary studies (ie, progesterone receptor status, epithelial
membrane antigen staining, Ki-67 index, FISH studies and
NF2 gene testing) was reviewed and recorded where pos-
sible. In four cases lacking available slides and/or blocks,
the original grade assignment was maintained.

Next-generation sequencing

A targeted, hybridization capture assay was used to support
high-depth sequencing of genes with known relevance in can-
cer, specifically tumors of the CNS. DNA was prepared and
sequenced as previously described (14, 39). Briefly, cores were
punched from selected areas of formalin-fixed, paraffin-embed-
ded (FFPE) tumor blocks. Genomic DNA was isolated from
tissue cores using the QIAamp DNeasy Blood and Tissue
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Kit (Qiagen, Hilden, Germany). NGS libraries were prepared
using the KAPA Hyper Prep Kit (KAPA Biosystems,
Wilmington, MA) according to the manufacturer’s suggested
protocol. Five hundred nanograms of each sequencing library
was hybridized to a collection of custom designed, single-
stranded cDNA capture probes to enrich for targeted regions
(Table S1). Enriched libraries were sequenced on a NovaSeq6000
(Illumina, San Diego, CA) to generate 2 X 150 bp reads.

Base call (bcl) files from the NovaSeq6000 were demul-
tiplexed and converted to fastq format using bcl2fastq2
(Illumina). Bioinformatic analyses were carried out using
open source software implemented in bcbio-nextgen v1.0.8
(https://github.com/bcbio/bebio-nextgen) to predict variants
that fall within the coding exons of 98 genes (Table S1).
Briefly, paired-end reads were aligned to the human refer-
ence assembly (GRCh37) using bwa-mem (37) (coverage
metrics reported in Table S2). Single nucleotide variants
(SNVs) and small insertions and deletions (indels) were
predicted using VarScan2 (32), Freebayes (22) and VarDict
(35). Copy number variants were inferred from alignments
using CNVkit (49). Ten non-cancer FFPE specimens were
used to generate the normal depth profile for the assay;
control and test cases were processed according to CNVKkit’s
standard batch pipeline.

The clinical relevance of predicted variants was determined
and reported as previously described (36). Benign polymor-
phisms represented in gnomAD v2.0 (https://gnomad.broad
institute.org/) were discarded from this analysis. Exonic vari-
ants (including chromosomal syntax, protein syntax and
clinical classifications) are reported in Table S3.

Immunohistochemistry (IHC)

FFPE tissue blocks were sectioned to 5 um and mounted
on poly-L-lysine coated slides. Slides were stained using a
monoclonal rabbit antibody against human trimethylated
H3K27 (clone C36B11, 1:50 dilution, Cell Signaling
Technology, Danvers, MA) according to standard histological
technique on a Leica Bond 3 automated immunostainer
(Leica, Buffalo Grove, IL). Appropriate positive and negative
controls were used, and endothelial and inflammatory cells
were evaluated as internal positive controls. H3K27me3 status
was categorized as "0" denoting lost (<5% cells staining) vs.
retained (>5% cells staining) expression indicated as “1.”
Similarly, FFPE slides were stained using a 1:100 dilution
of a monoclonal mouse antibody against human BRAF
p.V600E (Spring Bioscience, Pleasanton, CA) with the assis-
tance of a Benchmark Ultra IHC instrument (Ventana
Medical Systems, Inc., Tucson, AZ). Again, endothelial and
inflammatory cells served as internal negative controls.

Statistical analysis

The distributions of recurrence-free survival (RFS) and
overall survival (OS) were described using the Kaplan—Meier
product-limit method and compared by logrank test. The
optimal threshold of mitotic counts was searched using
software X-Tile (12). All other analyses were performed
using SAS 9.4 (SAS Institutes, Cary, NC). The overall
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predictive ability of RFS curves for the stated mitotic count
thresholds was also summarized using Harrell’s Concordance
Statistics (C-Statistics, (24)) which ranged from 0.5 to 1.0,
with higher values indicating stronger association.

RESULTS

Clinical and histopathological characteristics

A search of medical records from three institutions yielded
50 cases of pediatric meningioma with available clinico-
pathologic data (Table S3). The 22 females and 28 males
included in this cohort ranged in age from 2 to 18 years
(average 12.76 * 4.17 years). Thirty-eight of the described
specimens were taken following the initial diagnosis while
12 represented recurrent tumors in cases where primary
tumor specimens were not available. Nine of the 12 recur-
rent tumors were taken from male patients. Excluding the
recurrent tumors, the average age at initial diagnosis was
somewhat younger for males compared to females
(11.4 £ 4.09 and 14.16 £ 3.40 years, respectively; P = 0.031
for two-tailed ¢ test with equal variance). The median time
to follow-up was 60 months (range: 2-282 months) in the
47 patients with accessible data. Seven deaths and 13 recur-
rences of the primary tumor were documented. Nineteen
patients were disease-free at the time of data collection.

Clinical data from 14 individuals (seven females, seven
males) described a diagnosis of Neurofibromatosis type 2
(NF2); a 15 patient’s was classified as positive for NF2
based on clinical imaging data using the modified Baser
criteria (6) (Table S3). All seven of the individuals in this
cohort with multiple primary tumors had a clinical NF2
diagnosis. Of the 12 specimens taken in the recurrent set-
ting, only three were from individuals with NF2.

Tumor grade

The present cohort contained 24 WHO grade I, 20 WHO
grade II and 6 WHO grade III meningiomas. Approximately
30% of the tumors in this cohort had a high mitotic index
(n = 15 with >4 mitoses per 10 HPF). Of the 20 grade II
tumors, 11 were graded on >4 mitoses per 10 HPF, five
on specific cytology (two chordoid and three clear cell) and
two on CNS parenchymal invasion; two were graded solely
on “soft” criteria (see methods). The sex ratio was balanced
for grades I and III, but a skew toward males (13 males,
7 females) was noted among the grade II tumors.

Tumor location

Information on the specific anatomical location of the tumor
was available for 47 of 50 cases. The predominant location
was convexity (n = 21), followed by skull base (n = 16),
and spine (n = 6). One tumor each localized to the ven-
tricular wall, the orbit and the subcutis of the scalp. A
skew in favor of skull base tumors was noted among NF2
patients (9 of 15 patients) and females (10 of 19 patients).
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Loss of function variants in NF2

Additional material was available to facilitate targeted NGS
on DNA isolated from 38 of the 50 tumors. Sequence
variants were identified from the coding exons of 98 genes
relevant to meningioma and other tumors of the central
nervous system (Figure 1, Table S3). NGS data were also
used to infer copy number data across the genome (Figure 2).
As expected, the majority of the pathogenic and likely
pathogenic (P/LP) variants identified in this cohort were
inactivators of NF2. Eighteen cases (47.4%) had SNVs or
indels in NF2; all of these were previously characterized
as deleterious (Figure 3). The tumor-only NGS assay
employed in this study cannot confidently discriminate ger-
mline from somatic mutations, but the NF2 variants tended
to have high variant allelic fraction compared to other
likely-somatic variants identified in this cohort (range
27.63%-75.79% and average 56.36 £ 16.20% for patients
without NF2 diagnosis compare to range 59.09%—-83.93%
and average 75.00 £ 10.34% for patients with NF2 diag-
nosis). All but one of the loss-of-function sequence variants
in NF2 were present in combination with chromosome 22
loss (Figure 1).

Eight of the 11 sequenced patients with a clinical NF2
diagnosis had pathogenic sequence variants in the NF2 gene
and another showed NGS-based evidence of chromosome
22 loss (Figure 1). Two NF2 patients had no molecular
data to corroborate their assigned status. It is possible that
their disease is driven by a large indel or another variant
that is not reliably detected using short-read NGS technol-
ogy, as these variant types are well-known in the setting
of NF2 disease (26, 42, 51).

Other pathogenic sequence variants

While a number of benign variants and variants of uncer-
tain significance were identified (Figure 1), P/LP variants
outside NF2 were rare in this cohort. Only four cases
contained P/LP point mutations outside NF2 (Figure 1,
Table 1); none of these cases had concomitant NF2 muta-
tion or clinical NF2 diagnosis. One case of rhabdoid
meningioma (Figure S1) had a p.V600E mutation in BRAF
alongside an activating mutation in the TERT promoter.
Expression of the BRAF p.V60OE variant was confirmed
via IHC (Figure 4). Another case of clear cell meningioma
(Figure S1) had a P/LP variant in SMARCBI. These vari-
ants are unusual in the context of meningioma, but they
are well-known pathogenic variants in other cancers
(16, 29). Besides NF2, the most frequently mutated genes
in this cohort were ATM (13 cases), NFI (12 cases), POLE
(11 cases) and CHEK2 (10 cases); however, almost all
these mutations were classified as likely benign or having
uncertain clinical significance.

Copy number variation (CNV)

Loss of chromosome 22 was prevalent among tumors of
all grades, occurring in 26 of 38 (68%) of sequenced
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Figure 1. Copy number and sequence variants identified in pediatric
meningiomas. Discrete copy number and non-synonymous sequence
variants are shown for the 16 Grade |, 17 Grade Il and 5 Grade Il tumors
that were sequenced for this study. Ninety-eight genes specifically
relevant to CNS tumors were interrogated (Table S1); all mutations

specimens (Figures 1 and 2). Copy number losses on chro-
mosome 1 were noted in 11 cases (29%), 9 of which also
showed loss of chromosome 22 (Figure 2). No losses were
detected on chromosome 10 or chromosomes 1p/14q.
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present in this cohort are described in Table S3; only the most frequently
mutated genes are described in the figure. Abbreviations are as follows:
neurofibromatosis type 2, NF2; benign or likely benign, B/LB; uncertain
clinical significance, VUS; pathogenic or likely pathogenic, P/LP.

H3K27me3 protein expression

The expression of trimethylated H3K27 was assessed by

immunohistochemistry in 46 tumor specimens with available
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Figure 2. Copy number variants in pediatric meningioma. Copy number
losses (blue) and gains (red) are plotted across the chromosomes 1, 9,
10, 14 and 22. The most frequent alteration noted in this cohort was the

material. Staining was successful in 45 of 46 specimens;
none of these demonstrated loss of H3K27me3 expression
(Figure 5).

Recurrence-free and overall survival

Considering all patients together, grade III tumors had a
significantly worse recurrence-free survival (RFS) and overall
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loss of 22qg. Losses on chromosome 1 were noted in 11 cases. No
recurrent variants were detected involving chromosomes 9, 10 or 14.

survival (OS) compared to grades I and II (P = 0.02 and
P = 0.001, respectively, Figure 6A,B), but there was no
difference in RFS or overall OS between grades I and II.
Tumor location did not affect RFS or OS in uni- or mul-
tivariate analyses in this cohort, nor did it specifically cor-
relate with the histological grade. Likewise, none of the
molecular features identified in this study were shown to
correlate with differences in patient outcome.
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Figure 3. Pathogenic mutations in the NF2 gene. Pathogenic, loss-of-function mutations were identified along the length of the NF2 gene, including

3 of 4 functional protein domains.

Table 1. Pathogenic mutations outside NF2.

Patient Gene Variant genomic syntax (protein syntax) Variant allelic fraction (%) Consequence
Grade 1-03 SMAD2 18:45395609C > CCTACCTGGTGTCTCAACTCTCTGATAGTGGTAAA 6.84 Splice
AAAGGGAAAAAGCCCCAATTTTT (splice region)
Grade 1-03 GATA3 10:8115779C > A (p.Cys376Ter) 3.29 Missense
Grade 2-10 CHEK2 22:29121087A > G (p.1le200Thr) 55.84 Missense
Grade 2-11 SMARCB1 22:24143269G > A (splice donor) 70.79 Nonsense
Grade 3-05 BRAF 7:140453136A > T (p.Val600Glu) 56.05 Missense
Grade 3-05 TERT 5:1295228G > A (promoter) 29.95 Promoter
Grade 3-05 FUBP1 1:78414837T > C (splice) 41.21 Splice
G Z s ’ (>4 mitoses) showed a relatively weak predictive accuracy
'- J F 0 on RFS (C-statistics = 0.63).
B g3 2 . 3 N
. 7 <
; Bes s DISCUSSION
Yoo e o A / In this study, we collected data from 50 pediatric menin-
&) o - gioma patients, including all three WHO grades, NF2-related
» ] & and sporadic tumors, and various histological subtypes. Our
5 ¥ . study confirmed many of the clinical features that have
i g - & 1) o been previously reported for pediatric meningioma. For
l £ J "“ iy 4 example, we noted a slight skew toward male patients (22
Yy Ly g s females vs. 28 males), a higher frequency of tumors in
B o - ach h' S uncommon sites (n = 7 in the spine) compared to adult
= e S P g ; populations, a higher prevalence of skull base tumors in
A o D A W& S, B ol both female patients and patients with clinical NF2 diag-
" i A . 3 ot NS noses, and an increased frequency of tumors with high

Figure 4. /mmunohistochemical staining of BRAF p.V600E. Immuno-
histochemical staining using an antibody against human BRAF p.V600OE
indicated strong staining (brown) in a specimen found to harbor the
mutation by next-generation sequencing (see specimen Grade 3-05 in
Table S3).

An exploratory analysis was performed to specifically
assess the impact of mitotic count on patient outcomes.
Grades I and II are typically separated based on a count
of >4 mitoses per 10 HPF. There was no significant dif-
ference in RFS in all patients separated based on presence/
absence of at least four mitoses per 10 HPF (Figure 7A,
P = 0.383). This was also true when considering NF2
and non-NF2 patients separately. In our cohort, a mitotic
count of 26 per 10 HPF was identified as the optimal
cutoff in predicting RFS (Figure 7B, P = 0.002,
C-statistics = 0.69). In contrast, the standard threshold
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mitotic counts.

Thirty-eight of 50 tumors were sequenced to explore their
mutational profile. The NGS-based characterization further
emphasized the distinction between adult and pediatric men-
ingioma. P/LP mutations outside NF2 were rare, but some
were found in genes that were not previously described in
adult or pediatric meningioma populations (eg, SMAD?2,
GATA3, CHEK?).

Copy number variants were less frequent in our cohort
compared to adult meningioma (39) and previous pediatric
studies (7). We did not see any loss of chromosome 10,
which is a notable feature of high-grade meningioma in
adults (39). Likewise, we did not identify any chromosome
1p and 14q codeletion events, which were reported in 28.5%
of high grade tumors in previous study (total n = 7 pedi-
atric tumors graded as II and III) (7). This discrepancy
could be due to methodological differences or due to dif-
ferences in the patient population (eg, prevalence of NF2
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Figure 5. /mmunohistochemical staining of H3K27me3. Immuno-
histochemical staining using an antibody against human trimethylated
H3K27 showed strong (A) or patchy (B) staining of tumor nuclei,
demonstrating the expression of H3K27me3. Complete loss of staining
(defined as staining of <56% of nuclei tumor, per Katz et al (30)) was not
observed in this cohort.

patients in the current study as compared to the predomi-
nance of sporadic meningiomas in the previous study).

H3K27me3 suppresses transcription of nearby genes that
are typically turned on during development; conversely,
hypomethylation can allow unchecked cell division.
Hypomethylation of H3K27, which serves as a predictor
of poor prognosis in adult meningioma (30), was not noted
in any of our patients, as trimethylation was retained in
100% of specimens (n = 45). This is notably interesting
given the study by Katz et al (30), where hypomethylation
of H3K27 was seen in 25 (10.8%) of 232 adult meningi-
omas. Of note, Katz et al reported that 26% (9 of 34) of
NF2 mutant tumors were associated with hypomethylation
compared to none of the 50 NF2 wild-type tumors (30).
If there is a causal link between NF2 mutation status and
hypomethylation of H3K27, our study argues this may be
less common in the pediatric setting.

A recent study highlighted the potential role of YAPI
fusions in pediatric meningiomas without NF2 inactivation
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Figure 6. The impact of grade on recurrence-free and overall survival in
pediatric meningioma. Kaplan—-Meier plots indicate a difference in
recurrence-free survival (A) and overall survival (B) between patients
with grade lll tumors compared to those with grade | and grade Il (log
rank test P = 0.046 and P = 0.000181, respectively).

(47). Unfortunately, the NGS assay selected for this study
does not support the identification of mutations or fusions
in this gene. This remains a limitation of our study, and
the role of gene fusions, particularly in patients without
other well-characterized pathogenic mutations, should be
assessed in future work. Other notable features, such as
methylation or other epigenetic modifications should also
be considered.

Forty percent of the specimens included in this study
were classified as grade II (n = 20). Grade II tumors are
particularly challenging in the clinical setting, as evidenced
by their increased risk for recurrence (45). A cutoff of four
mitoses per 10 high powered microscopic fields (HPF; one
HPF equal to 0.20 mm?) is typically used to distinguish
WHO grade I from WHO grade II tumors. In our cohort,
a cutoff of four mitoses per 10 HPF did not have a sig-
nificant correlation with RFS; a cutoff of six was identified
as the optimal threshold in predicting RFS. Lack of pre-
dictability in tumor behavior can hamper optimal treatment,
including over-treating tumors which will not likely recur
(1, 2, 43, 44, 48). Though delivery and dosage of radiation
therapy to intracranial neoplasms is becoming more sophis-
ticated with better targeting and newer modalities (11), there
is still concern for adverse effects, particularly to the devel-
oping brain (25). Due to limited sample size, our study
lacks adequate power to support the adjustment of clinical
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© 2020 International Society of Neuropathology



Toland et al

A <2_
- — <4 mitoses
© — >=4 mitoses
0w o
Lo
X o |
+— O
5 < +# a—
O o
GJ —f'
o o
o
< |
© I T T T T T 1
0 50 100 150 200 250 300
B Q_
-~ — <6 mitoses
© — >=6 mitoses
0 o
Lo
¥ « |
— O
o
<
© o1
[0}
o o |
o
Q|
© I T T T T T 1
0 50 100 150 200 250 300

Figure 7. The impact of mitotic count on recurrence-free survival in
pediatric meningioma. Kaplan-Meier plots indicate no difference in
recurrence-free survival in patients using a cutoff of four mitoses per 10
high powered (40x) fields (log rank test P = 0.383, C-statistics = 0.63).
However, significant differences in RFS were seen when using a cutoff
of 6 (P = 0.002, C-statistics = 0.69).

guidelines at this time. However, if larger multi-institution
studies independently validate our conclusions, revised clas-
sification criteria, specifically mitotic count threshold, may
aid in risk stratifying pediatric patients and directing thera-
peutic decisions.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Figure S1. Histopathological characterization of two cases
with unusual variant profiles. Histopathology of a rhabdoid
meningioma harboring BRAF p.V600E and TERT promoter
variants (see Grade 3-05 in Table S3) demonstrated areas of
necrosis, rhabdoid appearance of tumor cells with moderate
to abundant cytoplasm, and frequent mitoses (A, hematoxylin
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and eosin stain shown at 400X magnification) along-with
patchy epithelial membrane antigen immunoreactivity (B,
epithelial membrane antigen stain shown at 400X magnifica-
tion). The tumor was negative for glial (GFAP, OLIG2), myo-
genic (Myf4, myogenin, MyoD1), and/or melanocytic (S100,
HMBA45, melan-A), differentiation and INI-1 was retained. A
clear cell meningioma example (see Grade 2-11 in Table S3)
harboring SMARCBI mutation demonstrated clear cells with
conspicuous collagen deposition in the stroma (C, hematoxy-
lin and eosin stain shown at 400X magnification) along-with
patchy, membranous, EMA reactivity (D, epithelial membrane
antigen stain shown at 400X magnification). There was also
strong expression of vimentin, and non-reactivity for glial
(GFAP) and neuronal (SYN and NFP) markers.

Table S1. Genes enriched for seugencing and subjected to vari-
ant calling.

Table S2. Sequencing metrics for 38 specimens of pediatric
meningioma.

Table S3. All described features of 50 pediatric meningioma
specimens.
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