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Meningiomas arise from arachnoid cells in the meninges surrounding the brain and spinal cord and are
attributed to NF2 pathogenic variants in, approximately 60% of cases. Using exome sequencing, we
found heterozygous germline variants in nine potential novel meningioma genes across four families
and four sporadic cases. We then screened for germline and somatic variants in these genes and 11
known meningioma genes in 76 sporadic meningiomas blood/tumor pairs. We identified 18 germline
and 58 somatic variants in 18 of the 20 genes, including seven of our newly proposed meningioma
genes: CSMD3, EXTL3, FAT3, RAB44, RARA, RECQL4, and TNRC6A. Chromosomal abnormalities
were identified in 39 of 49 tumors that also carried germline or somatic variants, with 71.8%
encompassing NF2. This study provides potential novel genetic risk factors of meningiomas
appropriate for further exploration from the greater scientific community and pathways to consider in

the design of future therapeutic approaches.

Meningiomas are common primary intracranial tumors representing over
35% of all brain tumors'. Autopsy studies and incidental findings on brain
imaging find subclinical meningiomas in over 3% of the population®. Most
meningiomas are benign, but 20% can exhibit a malignant behavior with a
recurrence or progressive course’. Multiple meningiomas occur in less than
10% of cases and 1-5% are familial .

Variants in the neurofibromatosis type 2 gene (NF2; NM_000268) are
the most prevalent cause of meningiomas and germline NF2 pathogenic
variants are associated with multiple meningiomas®’. While more than
twenty genes have now been reported to have somatic variants in menin-
giomas, germline variants in small families and sporadic cases have only
been observed in NF2, SUFU, SMARCEI and SMARCBI*®. Recurrent
somatic variants have also been observed in AKT1, TRAF7, TERT, SMO,
KLF4, POLR2A, TP53, PTEN, which suggests that the dysregulation of
several signaling pathways can contribute to the development of
meningiomas”'"’. Cases with variants in these genes often also have chro-
mosomal abnormalities (CA), defined as large-scale insertions, deletions,
inversions, or translocations of genomic material''. The most frequent is 22/

del(22q) monosomy (NF2 locus) occurring in 50-70% of sporadic cases®'’
although, additional abnormalities, including losses, gains, or complex
karyotypes, can occur.

Here, we aimed to identify novel germline variation that segregated in
individuals with meningiomas by applying exome sequencing to four
families, in addition to four sporadic cases with recurrent or multiple
meningiomas, all of whom were negative for variants in NF2. We aimed to
replicate our novel findings by screening 76 blood/tumor pairs from indi-
viduals with sporadic meningioma for germline and somatic variants with
targeted sequencing. We also explored the landscape of CA across 144
tumors from individuals with meningiomas, including the 76 from the
blood/tumor pairs.

Results

Candidate gene discovery

We performed germline whole exome sequencing on 20 individuals (13
affected and seven unaffected) from four families presenting with menin-
giomas. Family A presented with cranial and spinal meningiomas (World
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Health Organization [WHO] grade I), while families B, C and D presented
with multiple cranial meningiomas (WHO grade I). Clinical details are
listed in Supplementary Table 1.

Variants were filtered to identify those considered rare in the general
population (minor allele frequency [MAF] <0.001; The 1000 Genomes
Project, NHLBI GO Exome Sequencing Project, Exome Aggregation
Consortium (ExAC), Genome Aggregation Database (GnomAD) v2.1.1
non-cancer, gnomAD v3.1.2 non-cancer, and an in-house database of
variation from ~5500 exomes and genomes) and those more likely to be
pathogenic based on consensus of in silico pathogenicity prediciton and
conservation tools (Supplementary Table 2). We also prioritized variants
within genes involved in meningioma or cancer pathways or with proto-
oncogenic or tumor suppressor function. We identified six genes with
heterozygous germline variants segregating in the four families (Fig.1 and
Supplementary Table 3). In family A, the four affected members (II-3, II-5,
I1I-3, and III-5) were found to carry a heterozygous missense variant
(c26 C>T: p.PIL) in retinoic acid receptor a (RARA; NM_000964.4),
which was not carried by the five unaffected family members. In family B,
the three affected members (II-1, II-3, and II-4) were found to carry both a
heterozygous missense variant (c.1255 A > G: p.K419E) in bone morpho-
genetic protein receptor 1 A (BMPRIA; NM_004329.3) and a heterozygous
missense variant (c.224 C > T: p.S75F) in fibronectin type III domain con-
taining 3B (FNDC3B; NM_022763.4). No unaffected family members were
sequenced in family B. In family C, the three affected members (II-1, I1-4,
and II-5) were found to carry a heterozygous missense variant (c.
11546 G > A, p.R3849Q) in FAT atypical cadherin 3 tumor suppressor
homolog (FAT3; NM_001367949.2). The variant was not identified in three
members not affected with meningiomas (II-7, III-1, III-3) but was iden-
tified in two members not affected with meningiomas (II-8 and III-2),
including one that presented with breast cancer (II-8). Finally, in family D,
one affected member (IV-2) was found to carry both a heterozygous mis-
sense variant (¢.31 G > A: p.D11N) in trinucleotide repeat containing 6 A
(TNRC6A; NM_014494.4) and a heterozygous missense variant
(c.1979G>A: p.R660Q) in exostosin like glycosyltransferase 3 (EXTL3;
NM_001440.4), neither of which were carried by the unaffected family
member that was sequenced.

We also performed germline whole exome sequencing on four
sporadic cases with recurrent or multiple meningiomas (WHO grade I and
IT; Supplementary Table 1). Following the variant filtration and prioritiza-
tion described above, three sporadic cases (SP1, SP2, and SP4) were found to
each carry one of three heterozygous variants: (1) a missense variant
(c.2899G > C: p.E967Q) in member RAS oncogene family (RAB44;
NM_001257357.2), (2) a frameshift variant resulting in an early truncation
(c.2980_2986del: p.N994Sfs*10) in CUB and sushi multiple domains 3
(CSMD3;NM_198123.2),and (3) a missense variant (c.C3227A: p.A1076D)
in recQ like helicase 4 (RECQL4; NM_004260.4).

All genes in which variants of interest were identified in the analyzed
families and sporadic cases have not previously been associated with
meningiomas.

Meningioma gene replication

In an effort to replicate our newly identified meningioma genes, we used
targeted sequencing to screen the nine genes described above, as well as 11
genes previously reported to carry variants in meningiomas (AKTI,
CDKN2A, KLF4, NF2, SMARCBI, SMARCEI, SMO, SUFU, TRAF7, TERT,
and TP53) in blood/tumor pairs from 76 sporadic meningioma cases. Again,
variants were filtered and prioritized to identify those considered rare in the
general population and more likely to be pathogenic based on consensus of
in silico pathogenicity prediction and conservation tools. However, fol-
lowing the assumption that sporadic meningiomas are more frequent than
familial, we applied a MAF filter of <0.005. We identified 76 variants across
18 of the 20 sequenced genes: AKT1, CDKN2A, CSMD3, EXTL3, FAT3,
KLF4, NF2, RAB44, RARA, RECQL4, SMARCBI, SMARCE1, SMO, SUFU,
TERT, TNRC6A, TP53, and TRAF7 (Supplementary Data 1). The 76 var-
iants were identified in 49 of the 76 blood/tumor pairs (64.5%). Twenty-nine

of the 76 variants (38.2%) were in seven of the nine proposed newly iden-
tified genes (CSMD3, EXTL3, FAT3, RAB44, RARA, RECQL4, and
TNRC6A). Of these, 17 variants (58.6%) were in the germline and 12
(41.4%) were somatic events. The remaining 47 variants (61.8%) were
identified in the previously reported meningioma genes in 38 of the 76 pairs
(50.0%) (Fig. 2). Of these, 1 variant (2.1%) was in the germline and 46
(97.9%) were somatic events. No variants of interest were found in 27 of the
76 blood/tumor pairs (35.5%).

Chromosomal abnormality screening

We also aimed to determine the landscape of CA in meningiomas. In
addition to the 76 blood/tumor pairs described above, we obtained 68 tumor
samples from additional meningioma cases. All 144 sporadic cases had
previously screened negative for NF2 variants using microsatellites for
monosomy of chromosome 22 and Sanger sequencing of the NF2 gene in
the blood/tumor pairs.

We used a high-density single-nucleotide polymorphism (SNP) array
(CytoScanHD, Affymetrix) and calculated a cytogenetic abnormality score
(CAS)" for each of 141 meningiomas (three sample failures). The array
identified 749 CA (Supplementary Data 2 and Supplementary Fig. 1).
Complete or segmental deletion, duplication, or loss of heterozygosity
(LOH) were observed at least once on all chromosomes and in 111 of all
tumors examined (78.7%). Of the cases with CA, 54 had a CAS of 1-3
(48.6%),22had a CAS 0f4-7 (19.8%), and 35 had a CAS > 7 (31.5%) (Fig. 3).
Within the last category, 90% of the CA detected were abnormalities in
chromosome 22 and encompassed either NF2 or SMARCBI (Supplemen-
tary Fig. 1 and Table 1), and co-occurrences of CA encompassing NF2 and
CA encompassing another gene within the same tumor were common
(Supplementary Fig. 2). NF2 was also the gene with the most sequencing
variants within our cases (26.3%) (Fig. 2). Yet, CA encompassing the
sequenced genes were more common than sequence variants in all assessed
genes except FAT3 and TRAF7 (Supplementary Fig. 3).

Of the blood/tumor pairs encompassed within the replication cohort
assessed for germline and somatic variation, 72 had usable CytoScanHD
results to identify CA. Interestingly, of the 49 blood/tumor pairs from the
replication cohort found to carry germline or somatic variants in the 20
assessed genes, 39 were found to also have at least one CA (79.6%) and 27
had CA encompassing NF2 (57.1%) (Fig. 4). Of these tumors with LOH or
loss of NF2 and SMARCBI, 48.1% also carried a germline or somatic variant
in one of the newly proposed meningioma genes and 77.8% carried a
germline or somatic variant in a known meningioma gene, with 70.4%
carrying a variant in NF2 (Supplementary Fig. 4). Greater chromosomal
instability was also oberved in the tumors that had CA encompassing NF2
and SMARCBI in addition to CA encompassing at least one of the newly
proposed meningioma genes (1 = 13), as demonstrated by 92.3% of these
tumors having CAS >5 (Supplementary Fig. 5). All tumors negative for
LOH or loss of NF2 were also negative for germline or somatic NF2 variants
in the sequencing analysis.

Discussion

Previously, only four genes have been identified as harboring germline
mutations in meningiomas: NF2, SUFU, SMARCEI and SMARCBI**".
Here, we report nine new genes with germline variants in familial and
sporadic cases of multiple or recurrent meningiomas and the replication of
germline and somatic variants in seven of these genes in a secondary cohort
of 76 blood/tumor pairs from individuals with meningiomas.

In the discovery phase of our analysis, we performed exome sequencing
followed by variant filtration and prioritization to identify possibly patho-
genic variants segregating with the phenotype in four families. Within
family A, we identified a variant in the gene RARA that segregated within all
four affected family members and was not identified in the five unaffected
family members assessed. Upon validation, two germline missense variants
of interest in RARA were found in one case from the replication cohort, who
presented with a recurrent parietal meningioma (WHO grade II). The
tumor of this patient had 8 CA, including segmental loss of 22q, as well as a
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Fig. 1 | Segregating germline variants in familial meningiomas. Pedigrees of four
families with meningiomas and variants segregating in each family. Family A: Four
affected members of a German family with spinal and cranial meningiomas were
hererozygous for missense variant p.Pro9Leu (rs762408148) in RARA. Family B:
Two heterezygous missenses variants p.Lys419Glu and p.Ser75Phe in BMPRIA and
FNDC3B, respectively, segregated in three affected members of a French family.

Family C: In a family with Ashkenazi jewish origin, three affected members with
multiple meningiomas and one unaffected member with breast cancer were het-
erozygous for the missense variant p.Arg3849Gln (rs375687974) in FAT3. Family D:
Two heterozygous variants, p.Aspl1Asn and p.Arg660GIn in TNRC6A and EXTL3,
segregated in one affected member in a Moroccan family.

somatic NF2 variant and a 17q segmental duplication where RARA is
located. RARA has been associated acute promyelocytic leukemia (APL)
through a PML-RARA fusion gene, and somatic variants of RARA were also
observed in therapy-resistant PML and breast fibroepithelial neoplasms'’. In
contrast, a variant in each of the genes BMPRIA and FNDC3B was identified
in the three affected members of family B, but there were no individuals with

meningioma identified in the replication cohort with variants of interest in
either of these genes. In recognition of the lack of replication of rare germline
or somatic variants in these two genes in individuals with meningiomas,
their implications for meningioma risk remain unclear.

FAT3 was identified as a potential new meningioma gene in Family C.
While the variant was identified in two family members who have not
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Fig. 2 | Variants of interest identified using targeted sequencing of 20 new and

known meningioma genes in 76 meningioma blood/tumor pairs. Distribution of
76 variants identified in 76 matched blood/tumor pairs. The variants were identified
by targeted sequencing with an average coverage of 805X. Variants were rare (minor

allele frequency <0.005) and predicted to be damaging or probably damaging and/or
conserved by a consensus of in silico prediction tools. Figure generated using the R
statistical software v4.1.1 ggplot2 package in RStudio v1.4.1717.

Fig. 3 | Chromosomal abnormalities scores (CAS) 30
of chromosomal abnormalities (CA) identified in
111/144 tumors. We estimated the CAS in each
tumor by considering the abnormality in each chro-
mosomal arm". Gain and loss in the same arm or
chromosome was considered as one CA. Segmental
gain or segmental loss in more than one region in the
same arm was considered as one chromosomal
abnormality. Figure generated using the R statistical
software v4.1.1 ggplot2 package in RStudio v1.4.1717.
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presented with meningiomas, no brain imaging had been performed on
these individuals to confirm that they did not have meningiomas, and it is
unknown whether they may develop meningiomas in the future. Notably,
up to 3% of the general population may have subclinical meningiomas that
are unknown™'"®. Upon replication analysis, FAT3 was the second most
frequently altered gene, after NF2, with germline (n =6 cases) or somatic
variants (n = 4 cases) in 14% of the cohort. Interestingly, all variants iden-
tified were missense, allowing for their assessment with recently developed
in silico prediction tools specific to amino acid substitutions. Of the ten
variants, three had Rare Exome Variant Ensemble Learner (REVEL) or
AlphaMissense scores suggesting potential for pathogenicity (Supplemen-
tary Data 1), and although five of the variants were observed in the Catalog
of Somatic Mutations in Cancer (COSMIC) database, none of the variants
are reported in meningiomas. All cases with FAT3 variants only had CAS of
(0-1) and were tumors of WHO Grade I. Half of the cases had variants in the

19 remaining genes sequenced. Both NF2 and FAT3 encode tumor sup-
pressors involved in the Hippo signaling pathway regulating cellular pro-
liferation and apoptosis'’, and dysregulation of this pathway is linked to
several cancer events'’, suggesting that FAT3 and NF2 pathogenic variants
could have similar mechanisms and disrupt the Hippo signaling pathway at
an early stage of tumorigenesis. FAT3 also belongs to a family of genes that
are human orthologues of the Drosophila FAT genes family, which encode
cadherin repeats, EGF-like domains, and a laminin G-like domain'®. A
missense variant within the cadherin domain of FAT2 was previously
reported in spinal meningiomas'’. Additionally, somatic variants in FAT1,
FAT?2, and FAT3 have previously been reported in various cancers (e.g.,
lung, esophageal squamous cell carcinoma, glioblastoma, breast, ovarian
cancer, endometrial cancer, and early T-cell precursor acute lymphoblastic
leukemia)** >, most commonly affecting the cadherin repeats®"**. Cadherins
are involved in cellular adhesion, and they are also upstream regulators of
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Table 1 | Summary of chromosomal abnormalities and sequencing variants identified in 20 known and newly proposed
meningioma genes in four meningiomas families, four sporadic meningioma cases, and a meningioma replication cohort

Gene Chromosome Tumors Loss Gain Germline Somatic Germline variants Meningiomas Histology
with CA replication replication identified by WES
in gene variants variants

Variants in known meningioma genes

AKT1 14932.33 23 16 7 0 6 - - -

CDKN2A 9p21.3 20 14 6 1 0 - - -

KLF4 9g31.2 11 4 7 0 3 - - -

NF2 22q12.2 71 66 5) 0 20 - - -

SMARCB1 22g11.23 69 64 5 0 1 - - =

SMARCE1 17921.2 14 2 12 0 1 - - -

SMO 7932.1 19 3 16 0 3 - - o

SUFU 10924.32 22 18 4 0 1 - - -

TERT 5p15.33 18 1 17 0 3 - - -

TP53 17p13.1 19 12 7 0 1 - - -

TRAF7 16p13.3 12 5 7 0 7 - - -

Variants in newly proposed meningioma genes

BMPR1A 10923.2 21 18 3 0 0 c.A1255G:p.K419E Multiple cranial Transitional and
meningothelial

CSMD3! 8023.3 17 8 9 4 3 €.2980_2986del: Multiple -

p.F994Sfs*10

EXTL3 8p21.1 12 7 5 0 1 ¢.1979G>A: p.R660Q Multiple cranial Meningothelial and
fibroblastic

FAT3 11914.3 12 6 6 6 4 c.G11546A:p.R3849Q Multiple cranial Meningothelial and
fibroblastic

FNDC3B 3q926.31 7 4 3 0 0 ¢.C224T:p.S75F Multiple cranial Transitional and
meningothelial

RAB44" 6p21.2 12 3 9 2 2 ¢.G2899C:p.E967Q Recurrent -

RARA 17921.2 15 12 2 0 c.C26T:p.POL Cranial and Meningothelial

spinal
RECQL4T 8924.3 16 9 7 2 0 ¢.C3227A:p.A1076D Malignant -
recurrent
TNRC6A 16p12.1 11 4 7 2 1 c.G31A:p.D11N Multiple cranial Meningothelial and

fibroblastic

CA were identified using CytoHD in samples from 144 meningioma tumors and sequencing variants were identified in blood/tumor pairs from 76 meningioma cases using a targeted sequencing panel that
included 11 genes previously associated with meningioma and nine meningioma genes discovered herein. Replication variants may have been either somatic or germline. "Variant was found in one of four
sporadic cases with recurrent or multiple meningiomas. CA chromosomal abnormalities, WES whole exome sequencing.

the Hippo pathway”’. Eight of the ten FAT3 variants we identified were
within the cadherin domains. RAB44 is another gene involved in the Hippo
pathway that was found to harbor a variant in one of the individuals with
sporadic meningiomas analyzed using exome sequencing, and it had
mutations in 3.9% (3/76) of the blood/tumor pairs. The gene is a member of
the RAB GTPase family has been associated with neurological disorders and
cancer””’. Nine cases with either FAT3 or RAB44 variants had normal to
low CAS (1-3), thus suggesting FAT3 and RAB44 variants may be early
tumorigenesis events.

Finally, rare variants of interest were identified in a single affected
individual in family D in the genes TNRC6A and EXTL3, as well as in two
individuals with sporadic meningiomas included in the discovery cohort in
the genes CSMD3 and RECQL4. Variants within these genes were all
replicated in the validation cohort, although with low variant frequency.
TRAF7 and CSMD3 were tied as the third most frequently mutated genes.
Of the replication cases, 9.2% (7/76) carried either germline or somatic
variants in CSMD3. Germline missense variants of CSMD3 were previously
reported in familial colorectal cancer and somatic missense variants in
atypical fibroxanthoma and oral squamous cell carcinoma, breast cancer,
and aggressive ovarian cancers” ~". Cases with variants in only CSMD3 had
alow CAS (1-3). However, when these CSMD3 variants were carried along
with loss of a wild-type copy of SUFU, RECQL4, or/and NF2, or with TP53

germline variants, CAS were higher (5-14). Although these variants may be
driving the chromosomal instability that is resulting in the greater CAS, it
remains possible that, in combination with these genomic events, the var-
iants in CSMD3 might be contributing to the chromosomal instability with
an oligogenic effect. TNRC6A and EXTL2 were also mutated at germline and
somatic levels in the replication cohort, but at lower frequencies, limiting our
understanding of their potential role in meningiomas. Somatic variants and
loss of expression of TNRC6A have also been observed in gastric and col-
orectal cancers™”, and its protein product’s inhibition impairs RNAi and
microRNA-induced gene silencing, two pathways previously linked to the
development of cancers’”. Additionally, RECQL4 encodes a DNA
unwinding helicase essential for DNA replication and repair” that is
thought to act as a tumor suppressor’. Deleterious RECQL4 germline
variants cause type II Rothmund-Thomson syndrome (RTS), a recessive
disorder characterised by premature aging and predisposition to cancer”,
and an RTS patient has previously been reported to have atypical menin-
giomas (WHO grade I1)*. However, it is important to note that RECQL4
variants were only identified in two replication cases, and both variants were
identified in the germline. Further, RECQL4 has a higher-than-expected
number of missense variants in population datasets, as demonstrated by its
low missense constraint metric in gnomAD v4.1.0 (Z = —6.28), limiting the
likelihood of the gene’s potential pathogenicity for meningiomas.
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Fig. 4| Chromosomal abnormalities (CA) and sequencing variants in 20 new and
known meningioma genes stratified by tumor grade. CA were identified using
CytoHD in samples from 144 meningioma tumors and sequencing variants were
identified in blood/tumor pairs from 76 meningioma cases using a targeted

sequencing panel that included 11 genes previously associated with meningioma and
nine meningioma genes discovered herein. Tumors were classified by World Health
Organization (WHO) grades of meningiomas. Figure generated using the R statis-
tical software v4.1.1 ggplot2 package in RStudio v1.4.1717.

Four of our newly identified genes, RARA, TNRC6A, BMPRIA, and
FNDC3B, were located within the same chromosomal region or are adjacent
genes of known meningioma genes, including SMARCEI and RARA in
17q21.2, TNRC6A and TRAF7 in 16p12.1-13.3, BMPRIA and SUFU in
10q23.2-10q24.32, and FNDC3B and PIK3CA in 3q26.31-26.32 (Table 1).
Previous findings about gene neighborhoods suggest the proximity of the
gene pairs may increase the likelihood of being involved in the same bio-
logical pathways®, and in many cancers, the disruption of chromosome
neighborhoods induces proto-oncogenic activation®’. Whether the proxi-
mity of these genes influences the pathological mechanisms of their
potential roles in meningiomas warrants further exploration.

We were also able to identify variants of interest in known meningioma
genes in our replication cohort using the targeted panel. Previously,
CDKN2A pathogenic mutations described in meningiomas have only been
somatic”, yet we identified a germline variant in CDKN2A. Conversely,
meningioma germline mutations have been previously described in NF2,
SMARCBI, SMARCEI, SUFU, and TP53*****'. While we did identify one
germline variant in each of SMARCBI and SUFU and four germline variants
in TP53, we also identified 36 somatic variants within these genes — 33 in
NF2, five in TP53, and one in each of SMARCBI1, SMARCE]I, and SUFU. We
also replicated the previously reported somatic meningioma genes AKT1,
KLF4, SMO, TERT, and, TRAF7"'*** with the identification of 41 somatic
variants in the genes, contributing additional evidence to their role in
tumorigenesis of meningiomas.

Although the replication cohort had been previously screened for LOH
of chromosome 22 using microsatellites and NF2 variants using Sanger
sequencing and were considered NF2 negative, abnormalities affecting the
NF2 locus were detected in 50% of our expanded replication cohort upon
CA analysis (71/141). Therefore, we propose that the frequency of CA
involving chromosome 22q may be higher than the current estimates of
50-70%; the sensitivity of the method used appears to be critical**’. Of the 71
CA involving NF2, a complete loss or LOH of 22q was seen in 71.8% (51/71)
of cases, and segmental loss or LOH in 22.1% (15/71) of cases, suggesting
that the previous microsatellite genotyping had missed many events. When
we analyzed the CA identified in the blood/tumor pairs sequenced for
somatic and germline variants, we found that of those carrying both a
germline or somatic variant in one of the sequenced genes and a LOH or loss
of NF2 and SMARCBI, 77.8% carried a variant in NF2, supporting the
previously described two-hit hypothesis of NF2 inactivation in cancer
development™. Furthermore, 48.1% (n=13) of individuals carried a
germline or somatic variant in one of our newly proposed meningioma
genes along with a LOH or loss of NF2 and SMARCBI, including eight
individuals who also carried a variant in a known meningioma gene and five
individuals that did not also have a variant in a known meningioma gene. In
combination with the high CAS observed in these individuals, representa-
tive of high chromosomal instability, the finding suggests that our newly
proposed genes may also be contributing to the development of menin-
giomas through increased genomic instability.
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While we were able to replicate many of our novel findings in a sec-
ondary cohort, we recognize the limitations of our analyses. For the dis-
covery analysis within the four families and four sporadic meningioma
cases, we only assessed germline variation using exome sequencing.
Therefore, we could not identify somatic variation that could be of interest in
meningioma cases and may have missed additional novel meningioma
candidate genes. We also did not perform microarray analysis on these
samples, preventing the identification of CA that may have been relevant to
the individuals’ phenotypes. Further, we did not observe the recurrence of
variants of interest in the same genes across the assessed families in the
discovery cohort. This remained unsurprising as the families all had dif-
fering ancestral backgrounds, including German, French, Ashkenazi Jewish,
and North African, and the individuals with meningiomas within the
families presented with distinct meningioma localization, recurrence, and
subtypes, all of which may have contributed to the lack of gene recurrence
between them. Finally, while we were able to validate the presence of variants
of interest in seven of the nine novel meningioma candidate genes in a
secondary cohort, we cannot confirm that the variants we identified are
pathogenic and have yet to fully understand how variants in these genes may
be contributing to the phenotype. Rather than suggesting that these genes
are definitively associated with meningiomas, we present them to the greater
scientific community as candidates for further replication across families
and within case-control cohorts. Additional functional analyses will be
required to elucidate the pathophysiology of the potential gene-disease
associations.

In conclusion, we identified and replicated the presence of variants in
seven newly identified potential genes for familial and sporadic meningioma
— CSMD3, EXTL3, FAT3, RAB44, RARA, RECQL4, and TNRC6A. While
the known meningioma gene, NF2, was found to have the greatest frequency
of variants in our replication cohort, our novel gene, FAT3 had the second
highest variant frequency in the sporadic meningioma cases. Within our
replication cohort, we also identified somatic or germline variants of interest
in ten additional known meningioma genes — CDKN2A, AKT1, KLF4, NF2,
SMARCBI, SMARCEI, SMO, SUFU, TRAF7, TERT, and TP53 — and
investigated the landscape of CA in meningiomas. Interestingly, we found
that ~50% of the replication cohort carried CA affecting NF2, even though
they had been pre-screened for these events, suggesting that CA detection in
meningiomas may require a more sensitive methodology than is commonly
used. In sum, our report of seven newly identified genes and replication of
previously associated genes validates and may expand the genetic landscape
of meningiomas that could be explored for the development of new
therapies.

Methods

Ethics statement

Informed consent were obtained from all individuals involved. The study
was conducted according to the ethical standards of the Declaration of
Helsinki and was approved by the Research Ethics Board of the McGill
University Health Center, Montréal, Quebec (IRB00010120).

Discovery phase specimens and exome capture

Genomic DNA was extracted from peripheral blood lymphoblasts and
saliva using standard protocols from 26 individuals; 11 affected and 11
unaffected, from 4 families (A, B, C and D) and 4 sporadic cases (Fig. 1).
3-5 ug of blood DNA from 24 individuals (A.IL1, A.IL3, AIL5, AIILIL,
AIIL3, AIIL5, AIIL7, AIILS, AIILY, B.IL1, B.IL3, BIL4, CIL1, CIL4,
CIL5, CIL7, CIL8, CIIL1, CIIL2, C.IIL3, SP1, SP2, SP3 and SP4) and
saliva DNA from two individuals (D.IV.2, D.IV.4) were used. To prepare
libraries, Agilent SureSelect® Human All Exon V4 (Agilent Technologies,
Santa Clara, CA) kits were used for eight samples (C.IL1, CIL4, CIL5,
CIL7, CIL8, CIIL1, CIIL2, and C.IIL3), Nextera® XT DNA Sample
Preparation Kit (Illumina, San Diego, CA) were used for nine samples
(AIL1,AIL3, AIL5, AIILL, AIIL3, AIIL5, AIIL.7, A.IIL.8 and A.II1.9) and
NimbleGen SeqCap EZ® Exome v3 kits (Roche, Basel, Switzerland) were

used for nine samples (B.IL1, B.IL3, B.I1.4, D.IV.2, D.IV 4, SP1, SP2, SP3
and SP4) according to the manufacturer’s instructions.

Validation phase specimens and MIPs capture

144 tumors were obtained from unrelated patients undergoing surgical
excision of meningiomas non irradiated, with 76 having blood/tumor pairs
available. They all had no Loss of Heterozygozity (LOH) of chromosome
22 (loss of the NF2 gene) using microsatellites and no known, pathogenic
NF2 mutations using Sanger Sequencing. DNA was extracted from fresh
tissues and blood using standard protocols. A total of 100 ng of DNA was
used for molecular inverted probes (MIPs) to capture the coding and
adjacent regions (+20bp) of 20 genes, with 1,439 MIPs spanning 330
exons designed using scripts developed in Dr. Jay Shendure’s laboratory
(http://krishna.gs.washington.edu/mip_pipeline). In addition to the nine
genes identified within the discovery phase of our analysis, 11 known
meningioma associated genes were assessed, including only those with
replicated evdience of an association, such as those previously reported
within COSMIC as accounting for >3% of somatic meningioma cases, and
excluding genes only associated with meningiomas through only genome
wide association analyses (GWAS). Primers are detailed in Supplementary
Data 3.

Sequencing and bioinformatics analysis

Exome DNA captures were sequenced with Illumina HiSeq 2000 platform
and MIPs captures were sequenced with Illumina HiSeq 4000, at the
“McGill University and Génome Québec Innovation Center” and Phar-
macogenomics Center, Université de Montreal. Sequence reads generated
by exome sequencing or MIPs were mapped and aligned to Human
Reference Genome GRCh37 using the Burrows-Wheeler Aligner (BWA)
(v0.7.5). GATK tools and ANNOVAR were used to call and to annotate
single nucleotide variants and indels.

Prioritization of variants

Discovery phase. The exome sequencing of all individuals with
meningioma included in the discovery phase of the analysis was first
assessed for likely pathogenic or pathogenic variants in known
meningioma-associated genes and were found to be variant negative. The
exome sequencing data were then filtered to identify nonsynonymous,
frameshift, stop gain, and splice-site variants with MAF <0.001 in The
1000 Genomes Project, NHLBI GO Exome Sequencing Project, ExAC,
GnomAD v2.1.1 non-cancer, GnomAD v3.1.2 non-cancer, and an in-
house database of variation from ~5500 exomes and genomes. Additional
filters were also used, including prediction of consequences of the var-
iants on the proteins, conservations and involvement in tumor pathways.
Details of filtering process are reported in Supplementary Table 2. We
used prediction and conservation tools, Sorting Intolerant From Tolerant
(SIFT), Likelihood Ratio Test (LTR), PolyPhen 2, MutationTaster, and
Functional Analysis through Hidden Markov Models (FATHMM) to
predict the pathogenicity, and PhyloP, Phastcons, and Genomic Evolu-
tionary Rate Profiling (GERP)++ to evaluate the conservation of the
variants. We considered variants predicted to be damaging or probably
damaging by at least three prediction tools and highly conserved by at
least two conservation tools. Finally, we used a Residual Variation
Intolerance Score (RVIS) filter to select only variants within genes
intolerant to mutations, specifically with a score below 20%. Following
variant filtration, we prioritized variants within genes involved in
meningioma or cancer pathways or connected to genes involved in
meningioma using STRING Functional Protein Association Networks
(https://string-db.org/). Variants within genes with proto-oncogenic or
tumor suppressor function were also considered, even if not involved in
the aforementioned pathways. We focused on variants co-segregating
with the disease in an autosomal dominant manner in familial and
sporadic cases. In family D, because of the consanguinity of the parents,
the autosomal recessive model was also considered.
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Sanger sequencing

To validate the variants identified and confirm co-segregation with the
disease, we performed PCR using available DNA from affected and unaf-
fected family members and nine pairs of primers detailed in (Supplementary
Table 4). PCR amplification was conducted in a total of 15 pl reaction,
containing 5 ng of genomic DNA, 1X buffer, 1.5 mM final concentration of
MgCl2, 2 pl of Q-Solution (Qiagen, Valencia, CA), 0.5 mM dNTP, 0.5 mM
of each primer, and 0.12 U Qiagen Taq DNA Polymerase (QIAGEN,
Valencia, CA). Following initial denaturation at 96 °C for 10 min, PCR was
carried out in 35 cycles of 96 °C for 30 s, 61 °C for 30 s,and 72 °C for 30s. A
final elongation was at 72 °C for 7 min. The PCR fragments were detected by
gel electrophoresis analysis and sequenced by Sanger sequencing (Applied
Biosystem’s 3730x] DNA Analyzer technology). We used Mutation sur-
veyor’s V.4.0 to confirm the variants.

Validation phase

The average coverage of the MIPs for the 20 assessed genes was 805X in the
76 blood/tumor pairs (details by sample in Supplementary Data 4). A total of
554 variants were identified. We focused on nonsynonymous, frame-shift,
stop gain, and splice-site variants with 99 genotype quality and >10% of
variant allele frequency. Variants were considered germline if identified in
both the blood and tumor. Assuming that sporadic is more frequent than
familial meningioma, we filtered for variants with MAF <0.005 in The 1000
Genomes Project, NHLBI GO Exome Sequencing Project, EXAC, GnomAD
v2.1.1 non-cancer, GnomAD v3.1.2 non-cancer, and an in-house database
of variation from ~5500 exomes and genomes. Variants were retained that
were predicted to be damaging or probably damaging by at least three of five
prediction tools (SIFT, LTR, PolyPhen 2, MutationTaster, and FATHMM)
and highly conserved by at least two of three conservation tools (PhyloP,
Phastcons and GERP++).

Chromosomal abnormality analysis

We analysed 144 meningioma tumors (including the 76 tumors analyzed by
deep sequencing) using Affymetrix CytoScanHD microarrays. Genotyping
was performed at The Center for Applied Genomics of The Hospital for Sick
Children, Toronto, according to the manufacturer’s instructions (Santa
Clara, CA, US.A). We used the Chromosome Analysis Suite (ChAS)
3.3.0 software package (Santa Clara, CA, U.S.A.) to detect CA. The threshold
of CA detection was set at >5000 kb and >200 markers. In the chromosomal
regions of the known meningioma genes and our newly identified genes, the
threshold was >1000 kb and >100 markers. We excluded all CA seen in the
Database of Genomic Variants (DGV; http://projects.tcag.ca/variation/).
Four tumors were not analyzed because of low-quality DNA and were not
processed.

Data availability

Raw data were generated at “McGill University and Génome Québec
Innovation Center”. Derived data supporting the findings of this study are
available from the corresponding author (GAR) on request. All variants
identified in the study have been deposited into the ClinVar database
(ClinVar Accession Numbers: SCV005902277-SCV005902303).
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