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Abstract 

Background:  Genomic studies of high-grade/progressive meningiomas have reported a heterogeneous mutation 
spectrum, identifying few recurrently mutated genes. Most studies have been underpowered to detect genomic sub-
classes of aggressive meningiomas due to relatively small number of available samples. Here, we present a genomic 
survey of one of the largest multi-institutional cohorts of high-grade/progressive meningiomas to date.

Methods:  850 high-grade/progressive meningiomas, including 441 WHO grade 2 and 176 WHO grade 3 meningi-
omas and 220 progressive WHO grade 1 meningiomas, were tested as part of a clinical testing program by hybridiza-
tion capture of 406 cancer-related genes to detect base substitutions, indels, amplifications, deletions, and rearrange-
ments. Information from pathology reports, histopathology review, and patient clinical data was assessed.

Results:  Genomic analyses converged to identify at least three distinct patterns of biologically-aggressive menin-
giomas. The first and most common contained NF2-mutant tumors (n = 426, 50%), was associated with male sex 
(64.4% %, p = 0.0001) and often harbored additional mutations in CDKN2A/B (24%), and the chromatin regulators 
ARID1A (9%), and KDM6A (6%). A second group (NF2-agnostic) featured TERT promoter (TERTp; n = 56) or TP53 muta-
tions (n = 25) and were either NF2-mutant or wild-type, and displayed no association with either sex (p = 0.39). The 
remaining group generally lacked NF2 mutations, and accounted for 40% of the cases—with three subgroups. One 
consistent primarily of grade 3 lesions harboring alterations in chromatin regulators BAP1 (n = 22) or PBRM1 (n = 16). 
A second subgroup contained AKT1 (n = 26), PIK3CA (n = 14) and SMO (n = 7) mutant skull-based meningiomas, and a 
third mixed subgroup included 237 meningiomas with a heterogeneous spectrum of low frequency and non-recur-
rent alterations.

Conclusions:  Our findings indicate that the patterns of genomic alterations in high-grade/progressive meningiomas 
commonly group into three different categories. The most common NF2-associated canonical group frequently 
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Introduction
Our understanding of the molecular biology of meningi-
omas has significantly improved in the last decade. This 
new era began with the publication of two landmark 
genetic sequencing studies in 2013, in which AKT1, SMO, 
TRAF7 and KLF4 were identified as frequently mutated 
genes in skull base, WHO grade 1 meningiomas [5, 6]. 
Since that time, much work has been carried out to detect 
additional recurrently mutated genes involved in the 
molecular pathogenesis of these tumors [1, 7, 37].

WHO grade 2 and 3 meningiomas have high-grade 
histologic features and represent up to 25% of all men-
ingiomas. Affected patients frequently experience disease 
progression despite treatment, with aggressive regrowth 
resulting in high morbidity and mortality. There is sub-
stantial heterogeneity in clinical presentation amongst 
these tumors, as some initially present as benign grade 
1 disease, and only manifest biologically-aggressive pro-
gression after many years (either as recurrent grade 1, or 
transformed higher-grade disease), while other tumors 
are higher grade (2 or 3) at initial presentation. Investiga-
tors have long sought effective predictors of meningioma 
recurrence and malignant transformation, to guide the 
administration of intensified treatments such as radiation 
or radical surgery, or to identify genomic subsets that are 
amenable to targeted therapies.

The genetic profiles of high-grade meningiomas are 
dominated by inactivation of the NF2 tumor suppressor 
gene. However, more data have accumulated regarding 
alterations in genes not previously implicated in men-
ingiomas that appear to delineate subsets of progres-
sive meningiomas with unfavorable clinical prognoses. 
These aberrations include promoter mutations and 
rearrangements of TERT, and inactivating mutations 
in BAP1, PBRM1, ARID1A, and SMARCE1 as well as 
focal deletions of the dystrophin gene (DMD) [2, 3, 14, 
19–21, 28, 33, 41]. Mutations in some of these genes are 
enriched in tumors with distinct histologic features such 
as SMARCE1 in clear cell meningioma, and BAP1 and 
PBRM1 in rhabdoid and papillary meningiomas, respec-
tively [33, 36, 41].

Despite this progress in identifying recurrently mutated 
genes in aggressive meningiomas, these genes are altered 

in fewer than 35% of high-grade/progressive meningi-
omas, suggesting the existence of additional aberrations 
in unidentified or underrepresented cancer genes. Nota-
bly, most genomic studies of high-grade meningiomas 
have been underpowered to detect recurrent clinically 
actionable mutations and distinct high-grade meningi-
oma molecular subclasses. Consequently, most studies 
have reported a heterogeneous spectrum of mutations 
with few recurrently mutated genes [27, 28, 32] and have 
not provided detailed information regarding how often 
these mutations co-occur with one another.

In this study, we performed comprehensive genomic 
profiling of one of the largest sets of WHO grades 2 and 
3 meningiomas analyzed to date. We also included analy-
sis of clinically-progressive grade 1 meningiomas. We 
aimed to assess clinically actionable mutations to facili-
tate identifying patients amenable to targeted treatment 
trials. In addition, we sought to improve our understand-
ing of genomic events underlying high-grade/progressive 
meningiomas.

Methods
Tumor samples and molecular genetic analysis
Samples from 850 meningiomas were analyzed as part of 
a clinical care for patients using comprehensive genomic 
profiling (CGP) in a Clinical Laboratory Improvement 
Amendments-certified, College of American Patholo-
gists-accredited laboratory (Foundation Medicine, Cam-
bridge, MA). Approval for this study, including a waiver 
of informed consent and a HIPAA waiver of authoriza-
tion, was obtained from the Western Institutional Review 
Board (Protocol No. 20152817). The pathologic diagno-
sis of each case was first made in the referring center and 
was then confirmed in our facility (Foundation Medi-
cine, Cambridge, MA) on routine hematoxylin and eosin 
stained slides. All samples that contained a minimum of 
20% tumor nuclear nuclei were forwarded for DNA and/
or RNA extraction. WHO grade was not available for a 
small subset of samples (n = 13).

Technical descriptions and validation of the genomic 
profiling assays used to analyze these samples in the 
course of clinical care have been published previously 
[12, 16]. In brief, ≥ 50 ng DNA was extracted from 40 µm 

harbored CDKN2A/B alterations, which is potentially amenable to targeted therapies. An NF2-agnostic group harbored 
frequent TERTp and TP53 mutations. The final subclass, distinct from the canonical NF2 mutant associated pathway, 
was partly characterized by BAP1/PBRM1 alterations (rhabdoid/papillary histology) or skull-base disease. Overall, these 
data increase our understanding of the pathobiology of high-grade/progressive meningiomas and can guide the 
design of clinical trials.
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scrolls from formalin-fixed, paraffin-embedded tissue 
blocks of tumor. The samples were assayed by adaptor 
ligation hybrid capture, performed for all coding exons of 
236 (v1), 315 (v2), or 405 (v3) cancer-related genes plus 
select introns from 19 (v1), 28 (v2), or 31 (v3) genes fre-
quently rearranged in cancer (Additional file 1: Table S1) 
[12, 16]. For those samples for which RNA was available, 
targeted RNA-seq. was performed for rearrangement 
analysis in 265 genes [20]. RNA sequences were analyzed 
for the presence of rearrangements only. Sequencing of 
captured libraries was performed using an Illumina tech-
nology to a mean exon coverage depth of 593  ×, and 
resultant sequences were analyzed for base substitutions, 
insertions, deletions, copy number alterations (focal 
amplifications and homozygous deletions), and select 
gene fusions, as previously described [12, 16]. Clini-
cally relevant genomic alterations (CRGA) were defined 
as alterations that are targetable by anticancer drugs 
currently available on the market or in registered clini-
cal trials. Germline variants documented in the dbSNP 
database (dbSNP142;  http://www.ncbi.nlm.nih.gov/
SNP/), with two or more counts in the ExAC database 
(http://exac.broad​insti​tute.org/), or recurrent variants of 
unknown significance that were predicted by an inter-
nally developed algorithm to be germline were removed, 
with the exception of known driver germline events 
(e.g., documented hereditary BRCA1/2 and deleterious 
TP53 mutations). Known confirmed somatic alterations 
deposited in the Catalog of Somatic Mutations in Cancer 
were highlighted as biologically significant [11]. All inac-
tivating events (i.e., truncations and deletions) in known 
tumor suppressor genes were also called as significant. 
To maximize mutation-detection accuracy (sensitivity 
and specificity) in impure clinical specimens, the test was 
previously optimized and validated to detect base substi-
tutions at a ≥ 5% mutant allele frequency (MAF), indels 
with a ≥ 10% MAF with ≥ 99% accuracy, and fusions 
occurring within baited introns/exons with > 99% sensi-
tivity [12].

Molecular assignment of subclasses
Based upon mutational phenotype in each sample, we 
assigned the tumors to at least three subclasses. The used 
molecular assignment relies on the growing body of lit-
erature of molecular patterns that have been recently 
described in meningiomas [25, 32, 42, 43].

Statistical analysis
The statistical association of detected somatic alterations 
with other factors, including age, sex, and tumor location 
were analyzed using the Fisher exact and Mann–Whit-
ney-U tests. Cases with unavailable molecular or histol-
ogy data were excluded from the final correlation analysis. 

A two-tailed p value of < 0.05 was considered to be sta-
tistically significant. Furthermore, R statistics system ver-
sion 3.6.1 (https​://www.r-proje​ct.org/) together with the 
UpSetR library [8] was used to construct the diagrams of 
set intersections used in this paper.

Results
Patient demographics
We identified 850 biologically-aggressive meningiomas 
(defined further below) with available molecular data 
that were profiled in the comprehensive genomic profil-
ing (CGP) program at Foundation Medicine between 
2013 and 2019. These tumors were resected from differ-
ent patients; 466 females and 384 males (ratio 1.2:1). The 
median patient age was 57  years (range 0–89 + years). 
While the cohort included meningiomas of all WHO 
grades (1, 2 and 3), it predominantly consisted of high-
grade meningiomas (441 WHO grade 2 and 176 WHO 
grade 3), in addition to 220 “progressive” WHO grade 1 
meningioma defined as relapsed or “under-treatment” 
progressive tumors. Tumor locations included the skull 
base (n = 243), supratentorial area (non-skull base, 
n = 430), non-CNS sites including the skin of the head 
and distant metastases (n = 32), and spine (n = 30; three 
of these spine meningiomas were clinically considered 
as likely drop metastases). The data about tumor loca-
tion was not available for 114 cases. (Additional file  1: 
Table S1).

Genomic alterations
Loss of chromosome 22q (84.1% of eligible cases) and 
loss of chromosome 1p (68.8%) were the most common 
copy number alterations in our cohort (Additional file 2: 
Figure S1). NF2 mutations represented the most frequent 
gene mutations (n = 474/850, 55.7%). While NF2 muta-
tions and 22q loss events were correlated, there were 
several cases with 22q loss without detectable NF2 muta-
tion, raising the possibility of cryptic NF2 inactivation. 
The frequency of NF2 mutations increased significantly 
with the WHO grade: 81/220 of grade 1 (36.8%), 265/441 
of grade 2 (60.1%, p = 0.0001) and 122/176 of grade 3 
(69.3%, p = 0.0001) meningiomas harbored NF2 muta-
tions. Moreover, male patients (n = 245/384, 64%) were 
significantly more affected by NF2-mutant meningiomas 
than female patients (n = 227/466, 48.7%, p = 0.0001). We 
detected frequent genomic alterations of genes encod-
ing regulators of the cyclin-dependent kinase inhibitor 
pathway, including CDKN2A/B deletions (n = 123/850, 
14.4%), CDKN2C mutations (n = 16/850, 1.9%), and 
CDK4 amplifications (17/850 cases with high level ampli-
fications ≥ 4 gene copies, 2%). Additional frequently 
altered genes included: TERT (7.1%, 56 promoter hot-
spot mutations of 789 sequenced cases), ARID1A (5.4%, 
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46 cases, including one gene structural translocation), 
PTEN (4.3%, 27 mutations, 10 focal gene deletions and 
one PTEN_TMEM38A_rearrangement), KDM6A (3.5%; 
30 cases, including focal exon deletions), SUFU (2.7%, 
17 mutations, 5 focal exon deletions and one gene rear-
rangement), TP53 (2.9%, 23 mutations, 1 focal deletion 
and 1 gene translocation), BAP1 (2.7%, 18 mutations and 
5 exon deletions) and PBRM1 (1.8%, 10 mutations and 5 
focal exon deletions). This comprehensive genomic char-
acterization suggested that high-grade/progressive men-
ingiomas could be separate into largely distinct classes; 
for further analysis, we divided the tumors into three 
overall subclasses (Figs. 1, 2). All genomic data are shown 
in Additional file 1: Table S1. 

The NF2‑associated pathway of meningiomas (the 
canonical pathway)
This group included 426 meningiomas (50.1%), and rep-
resented the largest group of tumors. The NF2 alterations 
involved 393 NF2 missense mutations (93%), 21 two copy 
deletions (4.5%) and 12 NF2 structural rearrangements 
(2.5%). The vast majority of tumors (99.7%) showed syn-
chronous chromosome 22q LOH and 76.9% showed 
a 1p chromosome loss. The median age of patients 
was 59  years (range 0–89 + years). We also observed 
an enrichment in alterations in CDKN2A/B, KDM6A, 

ARID1A, PTEN, FBXW7, and SUFU in comparison with 
NF2-wt meningiomas (Additional file 3: Figure S2).

Bi-allelic CDKN2A/B deletions occurred in 93/472 of 
all NF2-mutant (19.7%) versus 30/377 in NF2-wt menin-
giomas (8.0%) (p = 0.0001). In the canonical NF2-mutant 
group, 17.1% (n = 72/426) harbored a CDKN2A/B dele-
tion (Fig.  2). Interestingly, meningiomas harboring 
CDKN2A/B alterations were significantly more common 
in males (n = 77/123, 62.6%) than in females (p = 0.0001). 
CDKN2A/B alterations were significantly enriched in 
WHO grade 3 meningiomas (n = 75/176, 42.6%) in com-
parison to WHO grade 2 (n = 47/441, 10.6%, p = 0.0001). 
Only one WHO grade 1 meningioma had a CDKN2A/B 
alteration (n = 1/220, 0.4%, p = 0.0001).

Furthermore, were observed a significant associa-
tion of alterations in the chromatin regulator ARID1A 
in NF2-mutant meningiomas (n = 34/472, 7%) versus 
NF2-wt meningiomas (n = 12/377, 3.2%, p = 0.0138). 
ARID1A alterations were significantly more common in 
WHO grade 3 meningiomas (n = 26/176, 14.8%) than in 
WHO grade 2 (n = 18/441, 4.1%, p = 0.0001) and WHO 
grade 1 meningiomas (n = 1/220, 0.4%, p = 0.0001). 
ARID1A alterations were significantly more frequently 
seen in male patients (29/46, 63%, p = 0.0146). Moreo-
ver, a mutual co-occurrence of ARID1A mutations was 
detected in a subset of meningiomas that harbored aber-
rations of CDKN2A/B (n = 18), KDM6A (n = 16), PTEN 
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(n = 13), FBXW7 (n = 3) and SUFU (n = 7), as shown in 
Fig. 3.
PTEN mutations were identified in 28/472 of all NF2-

mutant (5.9%) and in 10/376 of NF2-wt meningiomas 
(2.6%) (p = 0.0287). Additionally, PTEN mutations were 

found to be more frequently associated with a WHO 
grade 3 (n = 15/176, 8.5%) than grade 2 (n = 17/441, 
3.8%, p = 0.025) or grade 1 (5/220, 2.3%, p = 0.0094) 
meningioma in our cohort. Notably, PTEN mutations 
occurred mutually concurrent with CDKN2A/B (n = 13), 

Fig. 2  Comparison of three distinct patterns of biologically-aggressive meningiomas. The first and most common subclass (50%) contained 
NF2-mutant tumors, was associated with male sex and harbored additional alterations in CDKN2A/B, ARID1A, PTEN, and KDM6A. A second group 
featured TERTp or TP53 mutations and were either NF2-mutant or wild-type and with no association with either sex. The remaining group which 
accounted for 40% of the cases, generally lacked NF2 mutations and harbored alterations in BAP1/PBRM1, with a further subgroup containing AKT1, 
PIK3CA and SMO mutant meningiomas and a third with a heterogeneous spectrum of low frequency and non-recurrent alterations

Fig. 3  Diagram of set intersection between the most frequently detected genomic alterations in the NF2-associated subclass in meningiomas
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KDM6A (n = 5) and SUFU aberrations (n = 2), as shown 
in Fig. 3.

Importantly, we detected KDM6A alterations in 23/472 
of all NF2-mutant (4.9%) versus 7/377 in NF2-wt men-
ingiomas (1.9%) (p = 0.0234). Similarly, KDM6A altera-
tions occurred significantly more often in WHO grade 
3 meningiomas (n = 15/176, 9%) versus 13/441 (2.9%, 
p = 0.0046) and 2/220 (0.9%, p = 0.0001) in WHO grade 2 
and 1 meningiomas, respectively.

In addition, the meningiomas of 23 patients showed 
SUFU mutations, 18 in NF2-mutant (3.7%) and 5 in NF2-
wt meningiomas (1.3%, p = 0.033). SUFU mutations were 
found more frequently in WHO grade 3 (n = 11/176, 
6.3%) than grade 2 (n = 11/441, 2.5%, p = 0.030) or grade 
1 meningiomas (2/220, 0.9%, p = 0.0036) in our cohort.
FBXW7 mutations were present in 23/472 of all NF2-

mutant (4.9%) and in 3/377 of NF2-wt meningiomas 
(0.8%) (p = 0.0004). No significant difference was iden-
tified between grades. Interestingly, we observed that 
FBXW7 mutations were mutually exclusive to PTEN or 
KDM6A mutations (Fig. 3).

Finally, in contrast to NF2, CDKN2A/B, and ARID1A 
alterations, male sex was not significantly associated with 
gene alterations in KDM6A, PTEN, FBXW7 or SUFU.

The NF2‑agnostic group of meningiomas
This group (n = 79, 9.3%) was characterized by TERTp 
and TP53 mutations. The median age of patients was 
60.1  years (range 31–86  years). TERTp mutations 
occurred in 35/441 (8.1%) of NF2-mutant meningiomas 
and in 21/348 of NF2-wt patients (5.7%, p = 0.21). WHO 
grade 3 meningiomas harbored the highest percentage 
of TERTp mutations (23/159, 14.5%), followed by WHO 

grade 2 (n = 28/421, 6.7%, p = 0.0048) and WHO grade 
1 meningiomas (n = 5/199, 2.5%, p = 0.0001, Additional 
file 3: Figure S2).

Likewise, TP53 hotspot mutations were detected in 
9/472 NF2-mutant meningiomas (1.9%), compared with 
16/373 NF2-wt meningiomas (4.2%, p = 0.063). TP53 
mutations occurred mainly in WHO grade 3 menin-
giomas (n = 12/176, 6.8%) followed by WHO grade 2 
(n = 10/441, 2.2%, p = 0.0135) and a significantly lower 
percentage in grade 1 (n = 2/220, 0.9%, p = 0.0018) men-
ingiomas. Notably, two meningiomas harbored simul-
taneous TERTp and TP53 mutations (Fig.  4). Neither 
TERTp (25 females, 31 males) nor TP53 (13 females, 
12 males) mutations were significantly associated with 
patient sex. Further frequent genomic alterations in this 
group were CDKN2A/B deletions (n = 29/79, 36.7%), 
chromosome 22q loss (91.2%) and chromosome 1p loss 
(82.5%), Fig. 2).

The NF2 exclusive group of meningiomas contains three 
subclasses
There were several mutations identified in this third 
group of high-grade/progressive meningiomas which 
we further split into three largely distinct subclasses. In 
one of these subclasses, we found frequent BAP1 (n = 22) 
and PBRM1 (n = 16) alterations—including 5 cases with 
BAP1 and PBRM1 aberrations in the same tumor (total 
n = 33 tumors, Fig.  4). In addition, 81% of BAP1 and 
87.5% PBRM1 mutant meningiomas were classified as 
WHO grades 2 and 3 meningiomas. Simultaneous NF2 
mutations were very infrequently detected (n = 4/33 
cases) in this subgroup. Likewise, only 45% and 40% of 
the meningiomas in this group harbored chromosome 

Fig. 4  Diagram of set intersection between the most frequently detected genomic alterations in the NF2-agnostic subclass in meningiomas
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22q and 1p loss, respectively. The median age of patients 
was 52  years (range 25–76  years). The hallmark of this 
subgroup is the substantial enrichment for rhabdoid and 
papillary histology and the not infrequent co-occurrence 
of these histologic features in the same tumor resec-
tion. As previously reported, 11 of 16 PBRM1 mutations 
(68.7%) occurred in meningioma with papillary histologic 
features [41].

A second subclass within this group contained AKT1 
(n = 26), PIK3CA (n = 14) and SMO (n = 6) mutant men-
ingiomas (total n = 46, Additional file  2: Figure  S1). We 
observed a marked predominance of female patients 
in this subgroup (37 females vs. 9 males). In addition, 
the majority of these NF2-wt tumors were classified as 
WHO grade 1 meningioma (n = 31, 70.4%) and were 
located almost exclusively in the skull base (Fig. 2). Not-
withstanding, this subclass also contained 14 WHO 
grade 2 meningiomas (8 AKT1, 5 PIK3CA, and 1 SMO 
case), and a subset of these higher grade cases harbored 
additional genomic alterations such as TERTp mutation 
(one AKT1-mutant meningioma), TP53 mutation (one 
PIK3CA-mutant case), PTEN alterations (2 meningiomas 
with an AKT1 mutation), and CDKN2A 2 copy loss (1 
AKT1 case; 1 PIK3CA case). This finding suggests, due 
to anatomic location, a more biological aggressive course 
can occur during progression in these meningiomas that 
are largely regarded as “benign” and that the presence of 
these mutations is not invariably indicative of a WHO 
grade 1 designation.

The last subclass in this group contained a mix of 237 
meningiomas with a heterogeneous spectrum of muta-
tions outside of the genes mutated in other subclasses 
such as NF2, TERTp, TP53, BAP1, PBRM1, AKT1, SMO 
and PIK3CA. The majority of tumors in this subgroup 
occurred in women (n = 140, 59%). Chromosome 22q 
monosomy was detected in 112 cases (47.2%). The WHO 
grading was 88, 120 and 24 of grade 1, 2 and 3, respec-
tively. This group will require further genomic characteri-
zation; some of the tumors in this class may ultimately be 
assigned to one of the other classes (for instance, 22q loss 
cases resolving to the NF2-associated canonical pathway 
above), whereas others may contain genomic or non-
genomic drivers that are not yet associated with menin-
gioma pathogenesis.

Disseminated meningiomas
Our cohort includes genomic data from 35 (4%) meta-
static meningiomas (21 females and 14 males) with 
3 occurring as metastases in the spine and 32 occur-
ring outside of the CNS. Extracranial systemic metas-
tases (e.g., in lung, kidney, liver) were reported in 17 
cases (49%), whereas the remaining cases dissemi-
nated to skin and spine. The majority of disseminated 

meningiomas were WHO grade 2 (n = 16) and grade 3 
(n = 11). Metastatic meningiomas were observed across 
all three molecular subclasses. Alterations in NF2 (n = 19, 
54.3%), CDKN2A (n = 8, 22.9%), BAP1 (n = 4, 11.4%), 
ARID1A (n = 4, 11.4%), TERTp (n = 3, 9.4%), and TP53 
(n = 2, 5.7%) were the most frequent relevant alterations 
detected in these cases. Interestingly, we did not observe 
significant association between any of these alterations 
with dissemination.

Finally, we did not detect recurrent clinically targeta-
ble gene rearrangements in our cohort (Additional file 1: 
Table S1).

Discussion
This series of 850 meningiomas represents the largest 
collection of high-grade/progressive meningiomas with 
comprehensive genomic profiles presented to date. The 
samples originating from over 35 institutions were ana-
lyzed as part of a clinical care at Foundation Medicine. 
With the advantage of broad coverage of greater than 
300 genes on our next-generation sequencing panel, 
the cohort is powered to examine clinical associations 
and gene–gene pathway interactions for a survey of the 
dominant pathways that contribute to the development 
of biologically-aggressive meningiomas. Taken together, 
we have identified at least three distinct molecular sub-
classes that define specific genomic tumor subgroups. 
Assigning meningiomas into distinct molecular sub-
classes will allow for a more detailed understanding of 
tumor-specific molecular features, for dissection of bio-
logical pathways, and for guiding approaches for diagno-
sis, treatment decisions and clinical trial design [17].

The first group, which we termed “canonical”, was the 
most commonly represented, and was associated with 
NF2-mutation and male-sex, and also harbored addi-
tional, previously described mutations in genes includ-
ing CDKN2A/B, KDM6A, ARID1A, PTEN, FBXW7, and 
SUFU [2, 4, 20, 22, 30, 40]. Notably from a clinical stand-
point, alterations of genes encoding regulators of the cyc-
lin-dependent kinase (CDK) inhibitor pathway occurred 
in ~ 20% of NF2-mutant high-grade/progressive meningi-
omas. This frequent genomic finding is relevant because 
it indicates an opportunity for testing CDK4/CDK6 
inhibitors in genomically-guided clinical trials (e.g., 
Alliance A071401 trial, NCT02523014). Furthermore, 
we found that the tumor suppressor gene and chroma-
tin regulator KDM6A, which has been identified at low 
frequency in prior studies with smaller cohorts of men-
ingioma, is more frequently altered in NF2-mutant high-
grade meningiomas than previously noted [5, 20]. Indeed, 
previous work has observed that increased H3K27me3 
levels and a hyper-methylated phenotype occupying 
the polycomb repressive complex (PRC2), is one of the 
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hallmarks of NF2-mutant high-grade meningiomas [15, 
22]. Taking into account that KDM6A, which is located 
on chromosome X and escapes X-inactivation, acts 
antagonistically to PRC2 and promotes H3K27 demeth-
ylation, our findings may partly explain the upregulated 
PRC2 activity in the NF2-mutant group of meningiomas 
after inactivation of KDM6A [10, 24, 38, 39].

The second group we identified contains both NF2 
mutant and wild-type tumors, and was not associated 
with either sex. We termed these poor prognosis meningi-
omas as “NF2-agnostic,” reflecting lack of associations with 
the presence or absence of NF2 alterations in this cohort. 
TERTp mutations or TP53 mutations typified this group, 
with recurrent mutations in the TERTp found in a substan-
tial fraction of these meningiomas. In our large cohort, we 
estimate the frequency of TERTp mutations ranging from 
2.5 to 14% in WHO grade 1 and WHO grade 3 meningi-
omas, respectively. These estimates must be tempered as the 
frequency of TERTp mutations might be underestimated 
in high-grade meningiomas due to intratumoral hetero-
geneity, the late emergence during tumor evolution, or the 
occurrence of other TERT alterations, such as gene rear-
rangements [15, 20, 21]. Some investigators have proposed 
a designation of “grade 4” meningioma for these meningi-
omas [25]. Interestingly, in our cohort, this group includes 
a relatively large subset of high-grade meningiomas that 
harbored TP53 mutations, a gene alteration that has been 
previously seldom described in meningiomas or during 
meningioma progression [18, 20, 40]. This poor prognosis 
group may prove difficult to treat with targeted agents.

The final group is essentially exclusive of NF2 muta-
tions, containing at least three subgroups. These tumors 
are less frequent than canonical pathway lesions. The first 
subgroup is characterized by mutations in BAP1 and/or 
PBRM1. Although NF2-wt cases have been less frequently 
linked with increased risk of progression, this NF2-wt sub-
set is uniquely aggressive, which is captured within the cur-
rent WHO classification that grades the majority of tumors 
in this subset as grade 3. Indeed, inactivation of the tumor 
suppressor gene BAP1 has been linked to aggressive men-
ingiomas with rhabdoid histo-morphology and was asso-
ciated with a shorter progression-free survival [33, 34]. 
In addition, we have recently reported frequent PBRM1 
mutations in meningiomas with papillary histologic fea-
tures [41]. BAP1 and PBRM1 inactivation can co-occur, 
and these tumors can have complex mixed histology pat-
terns [33, 41]. Importantly, the frequent alterations of genes 
that encode epigenetic factors, such as the SWI/SNF com-
plex genes PBRM1 and ARID1A, in addition to KDM6A, 
BAP1 and FBXW7 indicate that dysregulation of chroma-
tin remodeling is a common feature across all higher-grade 
meningiomas, regardless of the molecular subgroup [2, 20, 
24, 33, 34, 39].

An additional subgroup of the NF2-exclusive category 
consists of the previously described subset of skull base 
meningiomas with AKT1, SMO or PIK3CA mutations and 
predominantly WHO 1 grading [1, 5, 6, 31]. It is impor-
tant to note that tumors with these mutations are generally 
grade 1 but their presence in higher grade and progressive 
meningiomas suggests that they are not exclusively indica-
tors of non-aggressive behavior. This may, in part, be due to 
the confined anatomic location of these tumors.

In contrast to this subgroup, the last subgroup in the 
NF2-exclusive category included meningiomas with 
unknown drivers and with heterogeneous molecu-
lar mutations that lacked NF2, TERTp, TP53, BAP1, 
PBRM1, AKT1, SMO and PIK3CA mutations. In half of 
the cases in this subgroup, chromosome 22 monosomy 
was detected and was associated with a higher WHO 
grade. It is possible that some of these lesions may con-
tain cryptic NF2 inactivation that was not detected with 
our sequencing methods. Nevertheless, further genomic 
large-scale analyses are needed to collect more genomic 
information and accurately subdivide the latter subgroup.

Interestingly, we did not detect frequent clinically tar-
getable gene rearrangements in any of the subclasses in 
our study, indicating that progressive/high-grade menin-
giomas are seldom driven by gene rearrangements that 
are characterized in our genomic assay and are ineligible 
for targeted therapeutic agents against fusion oncogenes 
(e.g., NTRK, ALK, etc.). Moreover, none of the cases in 
our series harbored hotspot IDH1 or IDH2 mutations, 
which contrasts with recent reports [13, 29].

Finally, we identified and genotyped 35 disseminated 
meningiomas, with half of the cases with metastases out-
side of the CNS. Our study adds to the existing literature 
by providing genomic data on metastatic meningiomas 
which are quite rare (2%) [9]. We show that metastatic 
meningiomas are derived from all three subclasses in 
our study, with half of cases harboring NF2-mutations. 
Interestingly, loss of merlin, the protein encoded by 
NF2, has been linked to higher cell motility and tumor 
invasion [23, 35]. However, further functional stud-
ies are needed to explore the role of NF2 loss in tumor 
dissemination. One limitation of our study is the lack of 
treatment and survival data, which prevents compari-
son of the outcomes between the different molecular 
groups. In addition, although our NGS panel enables a 
broad survey of known cancer genes, it does not screen 
for relevant genomic alterations such as DMD deletions 
or TERT gene translocations both of which have been 
shown to be associated with a poor outcome in progres-
sive/high-grade meningiomas [20]. Therefore, further 
studies with whole exome sequencing are warranted to 
confirm and extend our findings. Future studies will addi-
tionally need to address intra-tumor heterogeneity, since 
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our sub-classification of meningiomas does not capture 
the evolving landscape of intra-tumor heterogeneity 
and evolutionary progression in high-grade/progressive 
meningiomas. In addition, comparison to newly estab-
lished DNA methylation-based classifications and to 
studies of genome-wide copy number alterations has the 
potential to provide further important insights into bio-
logically-aggressive meningiomas. Previous studies have 
developed and validated models using DNA methylation-
based arrays to provide important prognostic informa-
tion to guide therapeutic interventions in meningioma 
patients [26, 32].

In summary, our analysis identified at least three dis-
tinct genomic groupings within high-grade/progressive 
meningiomas, findings that can outline a genotype-driven 
sub-typing of these tumors. As with medulloblastomas, 
gliomas and other CNS tumors that are now defined by 
molecular parameters in addition to histology, we envi-
sion that such findings will aid in the transition towards 
a similarly integrated diagnostic approach for the molec-
ular subclassification of meningiomas. In addition, we 
anticipate that molecular subclasses of aggressive menin-
giomas will have significant implications for the design of 
therapeutic trials in this patient population.
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