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Abstract

Introduction Meningiomas are generally considered “benign,” however, these tumors can demonstrate variability in behavior
and a surprising aggressiveness with elevated rates of recurrence. The advancement of next-generation molecular technolo-
gies have led to the understanding of the genomic and epigenomic landscape of meningiomas and more recent correlations
with clinical characteristics and behavior.

Methods Based on a thorough review of recent peer-reviewed publications (PubMed) and edited texts, we provide a molecu-
lar overview of meningiomas with a focus on relevant clinical implications.

Results The identification of specific somatic driver mutations has led to the classification of several major genomic sub-
groups, which account for more than 80% of sporadic meningiomas, and can be distinguished using noninvasive clinical
variables to help guide management decisions. Other somatic genomic modifications, including non-coding alterations
and copy number variations, have also been correlated with tumor characteristics. Furthermore, epigenomic modifications
in meningiomas have recently been described, with DNA methylation being the most widely studied and potentially most
clinically relevant. Based on these molecular insights, several clinical trials are currently underway in an effort to establish
effective medical therapeutic options for meningioma.

Conclusion As we enhance our multiomic understanding of meningiomas, our ability to care for patients with these tumors
will continue to improve. Further biological insights will lead to additional progress in precision medicine for meningiomas.

Keywords Meningioma - Sporadic - Genomic subgroups - Precision medicine

Introduction

Meningiomas are the most common primary central nervous
system (CNS) tumor, accounting for ~40% of intracranial
tumors and 54% of nonmalignant tumors [1, 2]. While the
majority are slow growing, when intervention is necessary
due to size and/or symptomatology, treatment involves neu-
rosurgical resection. Radiotherapy is used more variably and
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despite significant advancements in our understanding of
meningioma biology, there remains no effective pharmaco-
logical therapies.

Typically considered “benign,” meningiomas are defined
by location and histology. Classified based on atypical fea-
tures, including mitoses and brain invasion, they are divided
into three World Health Organization (WHO) grades. Grade
I (~80% of meningiomas) demonstrate low risk of recur-
rence; grade II (atypical) and grade III (anaplastic) exhibit
higher rates of growth, with the latter being frankly “malig-
nant” and demonstrating recurrence rates > 70% after gross
total resection [3]. There are 15 histological subtypes, with
nine variants recognized in grade I tumors [4]. These tumors
do not, however, always behave according to their WHO
grading, with reports of histologically-confirmed grade I
tumors demonstrating unexpected recurrence, malignant
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transformation, and aggressive behavior [5], underscoring
their complexity and heterogeneity.

The last decade has provided insight into meningioma
biology, particularly for those arising sporadically. Several
recently identified somatic driver mutations have defined
new clinically-relevant molecular subgroups [6] and this
knowledge has shifted focus to integrated diagnosis, targeted
treatment, and novel opportunities for pharmacological
development. Importantly, the WHO grading scale has been
updated to incorporate molecular diagnostics (see below)
[7]. In this review, we discuss our current understanding of
the multiomic landscape of meningiomas, with a focus on
relevant clinical implications.

Genomic landscape of sporadic
meningiomas

Germline mutations are well-established drivers of menin-
gioma formation, especially those arising in the context of
genetic diseases such as neurofibromatosis type II (NF2),
Gorlin and Cowden syndromes [8]. Recent focus has turned
to characterization of sporadic meningiomas, which account
for the majority of these tumors and typically occur without
a clear inciting event. Importantly, meningiomas are unique
in harboring a small number of somatic mutations, and this
“cleaner” genomic architecture has allowed expeditious
insight into the pathophysiology of sporadic meningiomas.

Genomic subgroup classification based on key
driver mutations

Major genomic subgroups have been defined based on spe-
cific somatic driver mutations in~80% of sporadic menin-
giomas [9]. These include (1) Neurofibromatosis-2 (NF2)
with or without co-mutation in SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator of Chromatin, Sub-
family B, Member 1 (SMARCBI); (2) mutations in the WD40
region of TNF Receptor-Associated Factor 7 (TRAF?7),
which can occur alone or (3) with a recurrent mutation
in Kruppel-Like Factor 4 (KLF45%9%?) or (4) mutations
in PI3K (phosphoinositide 3-kinase) pathway molecules,
including PIK3CA, PIK3R1, and AKTI%7K; (5) Hedgehog
(HH) signaling molecules (i.e. SMO, SUFU, PRKARIA); (6)
recurrent mutations in RNA Polymerase 1l Subunit A (POL-
R2AQIO3K op L438_H439dely " o1 (7) SMARCEI mutations [6,
9-11]. Over half of sporadic meningiomas harbor somatic
NF2-mutations and noninvasive clinical diagnostics can dif-
ferentiate between NF2-mutated and non-mutated meningi-
omas, with important implications for patient care [6]. These
genomic subgroup classifications, important somatic driver
mutations, and their relationships are illustrated in Fig. 1.
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Fig.2 Localization of molecular subtypes to unique brain regions.
Adapted from Youngblood et al., 2019 with permission from the
Journal of Neurosurgery [6]

NF2-mutated meningiomas

The most common driver mutation is biallelic loss of
NF2, accounting for > 50% of meningiomas [12]. A tumor
suppressor, NF2 encodes a cytoskeleton scaffold protein
involved in cell proliferation and apoptosis. Aggressive
NF2-mutated meningiomas acquire chromosomal insta-
bility or co-mutation in another tumor suppressor gene,
SMARCBI [13]. Most somatic NF2 mutations are in soli-
tary, sporadic meningiomas, however, they can occur in
radiation-induced and multiple meningiomas [14].
NF2-mutated meningiomas demonstrate larger vol-
umes, fibrous or atypical histology, male predominance,
and preferentially occur along the cerebral convexities
posterior to the coronal suture (Fig. 2) [6, 15]. Along
the skull base, NF2-mutant meningiomas show lateral to
medial gradient, originating along the lateral sphenoid
wing, invading the bone [16]. These mutations are associ-
ated with preoperative seizures, predict a more aggressive
clinical course, shorter progression free survival [17], and
correlate with higher proliferation indexes [6]. They are
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enriched in recurrent tumors, especially when present with
recurrent SMARCBI mutations. SMARCBI, part of the
switch/sucrose non-fermentable (SWI/SNF) chromatin-
remodeling complex protein [18], demonstrates recurrent
p-Arg383Gln or p.Arg386His mutations [18-20]. Unlike
NF2-mutated meningiomas, SMARCBI1/NF2 co-mutations
localize anterior to the coronal suture and medially along
the falx [18].

Non-NF2 mutated meningiomas

TRAF7 is the most common somatic mutation in non-NF2
meningiomas, present in~25% of sporadic tumors [10]. As
a proapoptotic E3 ubiquitin ligase, TRAF7 activates down-
stream signaling pathways including mitogen-activated pro-
tein kinase (MAPK) and nuclear factor-kB (NF-kB), with
mutations causing unregulated NF-kB activity and cell
proliferation [10, 13]. TRAF7 tumors demonstrate menin-
gothelial histology and higher-grade characteristics [6, 18].
Mutations in the KLF4 or PI3K pathway, such as AKTI or
PIK3CA, co-occur with TRAF7. Mutations in KLF4, a zinc
finger transcription factor, affect the specific lysine resi-
due at position 409 (KLF4X#°9) [10, 21]. TRAF/KLF4%%°
mutations are found in~ 10% of meningiomas, are typically
located along the lateral skull base (Fig. 2), demonstrate
secretory histology, and cause significant peritumoral edema
[6, 10]. TRAF7 with co-mutations in PI3K/AKT path-
way represent an additional ~ 10%, and localize along the
sphenoid wing and medial anterior skull base [11]. Most
common is a recurrent AKT1E/7K mutation, resulting in
constitutive activation of PI3K/mTOR (mammalian target
of rapamycin) pathway and upregulation of growth factor-
induced cellular survival [6]. PIK3CA, PIK3R1, and AKT3
mutations similarly increase PI3K/AKT signaling and are
found in ~20% of anterior skull base or convexity meningi-
omas (Fig. 2) [6, 9]. Recent data demonstrates that sphenoid
wing meningiomas causing hyperostosis are associated with
TRAF7 variants [16].

Hedgehog (HH) is another important signaling pathway
in meningioma formation. Proteins in this pathway direct
developmental patterning and cell differentiation during
embryogenesis, and in adult tissues, regulate stem-cell
mediated cell cycle activation and tissue regeneration [10,
11]. Mutations Smoothened (SMO) and Suppressor of Fused
(SUFU) genes are the most common, are associated with
meningothelial and low grade histology [22], and occur in
the anterior skull base, typically midline along the olfac-
tory groove or planum sphenoidale; ~45% of midline men-
ingiomas demonstrate HH pathway mutations [23]. Given
HH pathway’s role in embryonic midline patterning, these
findings underscore the importance of developmental and
regulatory gene dysfunction in meningiogenesis.

Recurrent somatic mutations in POLR2A are found
in~6% of meningiomas [9]. POLR2A encodes RPB1, a
member of the polymerase II complex involved in mRNA
transcription. Mutations in this enzyme are rare and men-
ingiomas are the only pathology known to harbor these
recurrent mutations [9]. POLR2A mutations are thought to
alter expression of meningeal progenitor and differentiation
genes, including Zic family members 1 and 4 (ZIC1/ZIC4)
and Wnt family protein 6 and 10A (WNT6/WNT10A) [9].
These tumors are grade I, demonstrate female predominance,
meningothelial histology, and occur in the sella, clivus and
posterior fossa [6, 9] (Fig. 2).

Other somatic mutations

Mutations in SMARCE]I, another member of the SWI/SNF
complex, have been described in higher-grade tumors.
SMARCE]I loss is associated with clear cell meningiomas,
WHO grade II tumors with elevated recurrence [19, 24].
Additional mutations have been described, including
ARIDIA and SMARCA4, with ARIDIA mutations being
present in ~20% of grade I and II tumors, 15% of grade III
meningiomas, and associated with increased mortality [25].

Somatic, non-coding genomic alterations

As next generation sequencing techniques advance, we
are learning the importance of non-coding regions of the
genome. The best understood is telomerase reverse tran-
scriptase (TERT) promoter mutations. These mutations,
found in~6% of meningiomas, cause TERT upregulation,
which abnormally extends the telomeres of meningioma
cells, enhancing their lifespan [26]. TERT promoter muta-
tions are important in atypical transformation of Grade 1
meningiomas, and are thus found in higher grade, malignant
tumors, predicting increased recurrence risk [26].

Somatic copy-number variations

Copy number variations (CNV), including simple dupli-
cations, deletions, or complex rearrangements of genomic
regions result in altered transcriptional regulation; tumo-
rigenic CNVs cause deletion of tumor suppressor genes
or amplification of oncogenes. The most frequent CNV
in sporadic meningiomas is chromosome 22q deletion,
which contains NF2 and SMARCBI, among others [15, 27].
Abnormalities involving Chromosome 1 are also common,
with loss of the short arm (1p) being the second most com-
mon chromosomal abnormality, found in 70-80% of atypi-
cal meningiomas [28]. In grade I tumors, chromosome 1p
deletion increases the risk of recurrence [29] and 1q gain is

@ Springer



208

Journal of Neuro-Oncology (2022) 156:205-214

associated with atypical tumors and shorter progression-free
survival [28].

Other frequent CNVs include chromosome 9p deletion,
which contains tumor suppressor genes Cyclin-Dependent
Kinase Inhibitor 2A and 2B (CDKN2A/B) [15], and loss
of chromosomes 2p, 4p, 6q, 7p, 9p, 10q, 11p, 14q, 17q,
and 18q [29-37]. Chromosome 2p loss is associated with
choroid meningiomas, while anaplastic meningiomas
demonstrate chromosome 1p, 6p, 14, and 22q losses [15].
CDKNZ2A/B mutations are associated with recurrent and
aggressive tumors [38, 39], multiple copies of chromo-
some 5 are found in angiomatous meningiomas [36], gains
in chromosome 22q are more often found in skull base
regions, while losses at 1p, 8p, 14q and 22q correlate with
non-skull base locations [33, 40].

Although studies have suggested that grade II/III
lesions have more numerous and larger CN'Vs [29, 33], a
recent study demonstrated that while de novo atypical NF2
tumors have more large-scale CN'Vs, there was no differ-
ence between non-NF2 meningioma grades [20]. Chro-
mosome 14q loss showed the largest difference between
atypical and low grade NF2-mutated meningiomas [20].

Furthermore, loss of chromosomes 1, 4p, 10p, 14, and 22,
and higher numbers of cumulative CNVs are more com-
mon in recurrence [33] (Table 1).

Epigenomic modifications

The role of epigenomic changes such as aberrant DNA meth-
ylation, histone methylation, and acetylation is also being
defined [41] (Table 2), with DNA methylation being most
well-understood. Hypermethylation of DNA regulatory
regions, leading to gene silencing, correlates with tumor
aggressiveness and recurrence [20, 42]. Homeobox family
genes (HOXA) [43] are often hypermethylated in aggres-
sive tumors, and tumors with a group of five HOXA genes
(HOXA6, HOXA9, PENK, UPK3A, and IGF2BPI) hyper-
methylated together, exhibit higher recurrence rates [44].
Similarly, the genomic locus harboring hypoxia inducible
factor (HIF), which inhibits proliferation through angiogene-
sis regulation, demonstrates increased methylation [45], pos-
sibly contributing to tumor growth. Although clear relation-
ships between genomic mutations and epigenomic regulation

Table 1 CNV Associations with

T o CNV Known characteristics Refs.
meningioma characteristics
1p L High grade, increased recurrence, non-skull-base location, larger ~ [30, 33]
volume

4p L Increased recurrence [33]

4q L High grade [37]

6q L High grade, increased recurrence [32,37]
8p L Non-skull-base location [33]

9p L High grade, increased recurrence [30, 33]
10p L High grade, increased recurrence [31, 33]
10q L High grade [31]
11p L Increased recurrence [33]
14q L High grade, increased recurrence, non-skull-base location [32,79]
17q L Increased recurrence [34]
18q L High grade, increased recurrence [32,79]
22q L High grade, increased recurrence, non-skull-base location [6, 36]
X-Chr L High grade [35]
Y-Chr L High grade [35]

1q G High grade [79]

5 G Angiomatous Histology [36]

9q G High grade [79]
12q G High grade [79]
15q G High grade [79]
17q G High grade [79]
20q G High grade [79]
22p G Skull-base location [33]
22q G Skull-base location [33]
17q A High grade [30]

G gain, A amplification, L loss
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Table 2 Epigenetic changes and associated clinical characteristics in meningioma

Epigenetic alteration

Associated meningioma characteristics

Genes Refs.

Hypermethylation, promoter region Tumor recurrence

Tumor progression

Angiogenesis
Higher grade

Longer survival
Dysregulation Higher grade
Tumor recurrence
Tumor progression

Abnormal LNCRNA expression Tumor progression

Tumor recurrence
Higher grade
Abnormal miRNA expression Tumor progression

Recurrence
Higher grade

Lower grade
Histone modification Recurrence
Worse outcome

Tumor progression

Disturbed chromatin regulation in grade I

and grade 3 tumors

Disturbed chromatin regulation in grade 2 KDM6A

Abnormal SnoRNA expression Higher grade

Tumor progression

CDH13, MLH1, NDRG2, RASSF1A, CGTF,
HOXA genes

TP73, TP53, CDKN2A, CDKN2B,
CDKN2C, ADAM23, RB1, DAPK1, VHL,
ER, RUNX3, DCLI1, HIF, WNK2, NDRG2,
HOXA genes, TIMP3, FOXM!1 Inhibitors

[42, 66-68]

[42, 47, 66, 67]

HIF, THBS1 [42, 66, 67]
MAL2, RASSFI1A, IGF2BP1, PDCDI1, Aber- [42, 67-69]
rant CpG Islands, DNMT-3B, GSTP1
MGMT [42]
UPA, ALPL [42]
TMEM30B, TGFBeta—LMO4, [66]
CTNNBI1, ALPL, IGFBP3, NOTCH [66]
LINC00702, SNHG1, Downregulation [70-73]
MEG3, LINC00460
HIST1HIC [66]
LINC00702 [71]
miR-29¢-3p, miR-190a, miR-21, miR-335 [42, 67, 74]
miR-190a, Downregulation of miR-219¢c-5, [42, 74]
miR-96-5p, miRNA-224
Downregulated miR-145, miR218, miR-34a,  [42, 67]
miRNA-224
miR-107 [42]
Loss of trimethylation of lysine 27 of His- [72]
tone3
Loss of trimethylation of lysine 27 of His- [75]
tone3
NAT?2 acetyltransferase, EZH2 downregula- [69, 76]
tion
KDM5C [67,77]
[67,77]
SNORA46, SNORA48 [78]
SNORDS0A [78]

has yet to be defined [19, 41], evidence points to important
interplays. A recent study investigating the epigenomics of
clear cell meningiomas found a unique SMARCEI muta-
tion signature [19], bridging mutations in SMARCE] to the
observed epigenomic changes. Hypomethylation has also
been associated with increased aggressiveness of some
tumors [46].

DNA methylation patterns can differentiate NF2-mutant
from non-NF2 mutant tumors, with further differentiation
of non-NF2 mutant tumors into atypical versus “benign.” In
de novo formation of atypical NF2-mutant meningiomas,
hypermethylation is either associated with large-scale CNVs,
or gained due to SMARCBI co-mutations [20]. Separately,
“high” methylation levels were found in tumors from older
patients, those with increased somatic mutation burden,
higher tumor grade, convexity location, and NF2 mutations

[47]. FOXM1 expression, of which NF2 is a negative regula-
tor, is increased with FOXM1/Wnt signaling pathway activa-
tion, which likely underlies enhanced cell proliferation [47].

Histone modification and microRNAs (miRNAs) are
important in meningioma pathophysiology. Trimethylation of
lysine 27 of histone H3 (H3K27me3) predicts worse outcomes
and faster recurrence for grade I/Il meningiomas [48]. EZH2,
the catalytic subunit of the Polycomb Repressive Complex
2 (PRC2), is thought to mediate this effect by causing long-
term gene expression silencing. Using ChIP-seq, we demon-
strated H3K27me3 profiles differentiate atypical and benign
meningiomas, with increased H3K27me3 signal in atypical
tumors [20]. In a separate study, NF2 and SUFU mutations
were found enriched among tumors lacking H3K27me3 [49].
miRNA expression levels differ between tumor and normal
cells, and between atypical and anaplastic meningiomas [50].
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For example, miRNA-107 acts as a tumor suppressor and is
decreased in higher grade lesions, while miRNA-21 acts as
an anti-apoptotic factor and its expression is reported to be
increased in meningiomas [51].

Pathways to malignancy

Genetic markers of meningioma aggressiveness is an active
area of investigation, aiming to identify molecular signatures
for patients at risk of transformation. Unique mutations are
being discovered in rarer, more malignant subsets of men-
ingiomas. TERT promoter mutations are associated with
recurrence as well as progression to higher grades [52]. The
breast cancer (BRCA)I-associated protein-1 tumor suppres-
sor gene (BAPI) has been linked to a clinically aggressive
rhabdoid subtype [53] and both germline and somatic muta-
tions in BAPI predict faster recurrence [54]. As discussed
above, DNA methylation correlates with aggressiveness and
H3K27me3 loss identifies a subset of grade 2 meningiomas
with increased recurrence risk [48]. Gene co-expression
analysis is also being used to predict tumor behavior using
meta-gene markers. One recent co-expression module identi-
fied, E2F4/FOXM1, predicts increased meningioma aggres-
siveness [55], correlating with previous identification of
FOXM1 and E2F2 expression networks activated in atypical
meningiomas [20]. Further insight into genetic alterations
and gene co-expression networks will improve our ability
to predict tumor behavior.

Integrated diagnosis

The newly released WHO Classification of Tumors of the
Central Nervous System 2021 updated meningioma grading
parameters, including introducing several of these biomark-
ers. Meningiomas remain a single entity with 15 subtypes;
however, criteria defining atypical (grade II) or anaplastic
(grade III) are applied regardless of subtype. Subtypes with
higher recurrence rates, such as chordoid and clear cell, are
considered grade 2 tumors; however, note is made of the
need for improved understanding of prognostic markers for
these atypical meningiomas. Mutations in SMARCEI, BAPI,
KLF4/TRAF7, TERT promoter, and CDKN2A/B deletion,
H3K27me3 loss and methylation profiling are now officially
associated with the classification and grading of meningi-
omas [7].

Clinical & treatment implications
Guidance of patient management decisions

Management of meningiomas is typically based on loca-
tion and symptomatology. For small, asymptomatic tumors,

@ Springer

patients can be followed with imaging to monitor growth.
Larger and/or symptomatic lesions can undergo surgical
resection, with possible adjuvant radiotherapy. Prediction
of tumor behavior through genomic mutation analysis is
beginning to guide clinical decisions. Increasingly, predic-
tive scores are being developed based on integrated tran-
scriptome data [56], and grading systems are being proposed
based on epigenomic modifications and chromosomal vari-
ations [33, 57]. One DNA methylation-based classification
identified low grade, “benign” tumors, with high, rapid
recurrence risk, and conversely, higher grade tumors with
lower risk. Further, unsupervised clustering differenti-
ated meningiomas from other extra-axial tumors, and deter-
mined distinct, clinically-relevant classes predicting recur-
rence [57]. Another study using DNA methylation profiles
developed a methylome-based five-year recurrence-free sur-
vival prediction model demonstrating improved recurrence
predictions compared to clinical or pathology grading-based
systems [58]. Driver et al. developed a three-tiered integrated
grading (grades 1-3) incorporating mitotic count and loss of
chromosomes 1p, 3p, 4, 6, 10, 14q, 18, 19, or CDKN2A, and
demonstrated that this grading scheme improves the current
WHO system in predicting progression-free survival [59].
Furthermore, Patel et al. identified three groups using RNA-
sequencing and whole-exome sequencing that correlate with
recurrence [60]. Using a multi-omic approach, Nassiri et al.
defined integrative molecular groups through combined
analysis of DNA somatic copy-number aberrations, DNA
somatic point mutations, DNA methylation, and messenger
RNA abundance. They identified four molecular groups that
independently associated with recurrence-free survival and
better predicted time to recurrence than WHO grading [61].

Importantly, genomic characterization informs preop-
erative and postoperative decision-making through insights
about potential tumor behavior and recurrence risk. Our
recent work identified aggressive genomic subgroups with
mutations in NF2, TRAF7, and HH and PI3K pathways, are
associated with a~ 22 times higher two-year recurrence rate
[62]. Separately, chromosome 1p deletion and CDKN2A/B
loss are independently associated with early recurrence and
higher grade [29, 39]. Therefore, a convexity meningioma,
for instance, occuring in a low surgical risk location may be
considered for earlier resection, given they are often NF2-
mutated and demonstrate higher grade, atypical features.
Those arising in surgically challenging skull base locations
may be considered for close surveillance and debulking,
with consideration of earlier adjuvant radiation if confirmed
to be an aggressive subtype.

Management of residual and recurrent lesions remains
debated, with those demonstrating higher risk typically
undergoing radiation and/or repeat surgical resection [63].
However, limits to the number of resections and radiation
treatments patients can safely undergo necessitates more
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effective therapeutic options. Identification of unique driver
mutations and advancements in molecular profiling are
opening new avenues for targeted, pharmaceutical therapies
and allowing implementation of patient-centered treatment
protocols.

Development of targeted therapies and precision
oncological care for meningioma

Multiple clinical trials targeting genetic mutations are
underway. One promising target is the mTOR pathway,
of which NF2 is a negative regulator. Studies investigat-
ing mTOR inhibition using Everolimus (NCT01880749,
NCT01419639), Everolimus + Octreotide (NCT02333565),
or Vistusertib (AZD2014) (NCT03071874, NCT02831257),
are showing promising results in progression free survival
and tumor volume [64]. Vismodegib (SMO inhibitor) and
GSK2256098 (FAK inhibitor) are being used in menin-
giomas with HH pathway (SMO) or NF2 pathway (FAK)
mutations, respectively (NCT02523014).

A phase I study of Alpelisib and Trametinib, PI3K and
MEK inhibitors, respectively (NCT03631953), via a com-
binational approach (inclusion criteria does not include
genomic events associated with PI3K activation) in aggres-
sive and recurrent meningiomas is underway. Ribociclib,
a cyclin-dependent kinase (CDK) inhibitor, targeting chro-
mosomal abnormalities in the p53/pRB pathway, which is
increased in higher grade tumors, is being used in grade
II-IIT meningiomas (NCT02933736) [65]. In addition, clini-
cal trials are investigating the role of radiotherapy, immu-
notherapy, or a combination of these therapies as primary
and adjuvant treatment of meningiomas (see “Appendix”
for NCT numbers).

In addition to developing new pharmacological targets,
genomic characterization of meningiomas is improving our
diagnostic capabilities. Youngblood, et al. used machine
learning algorithms to predict underlying genomic events
(NF2 vs. non-NF2) based on clinical and imaging features
[6]. The ability to use non-invasive analysis to predict tumor
genetics, and therefore behavior, will provide invaluable
phenotypic meningioma profiles to guide treatment and
management decisions without invasive procedures.

Conclusions

Though meningiomas are frequently considered “benign,”
morbidity and therapeutic challenges are often encountered,
calling this classification into question. As we continue to
develop a deeper understanding of the genomic and epig-
enomic landscape of meningiomas, associated pathophysi-
ological mechanisms suggest a more heterogeneous group
than initially thought, with variable clinical behavior,

aggressiveness, and recurrence rates. Incorporating genomic
and molecular features with histopathological characteristics
is improving our diagnostic accuracy and suggesting new,
targetable pathways for pharmaceutical interventions. As our
understanding of meningioma genomics deepens, our ability
to further personalize medical and surgical management of
patients with meningiomas will continue to improve, as will
our ability to offer targeted therapies and advanced precision
oncological care.

Appendix

Radiotherapy Clinical Trials NCT01166321, NCT02978677,
NCT03180268, NCTO01795300, NCT02693990,
NCTO01117844, NCT04127760, NCT00626730,
NCT00895622, NCT02594709, NCTO04278118,
NCT03604978, NCT03267836, NCT04659811.
Iimmunotherapy Clinical Trials NCT02648997,

NCT03279692, NCT04728568, NCT04501705,
NCT03016091, NCT03604978, NCT03267836,
NCTO04659811.
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