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Meningioma is the most common intracranial tumor, and recent studies have drawn
attention to the importance of further research on malignant meningioma. According
to the World Health Organization (WHO) grading, meningioma is classified into 15
subtypes with three grades of malignancy. However, due to a lack of descriptions of
molecular subtypes, genetic mutations, or other features, there were deficiencies in the
WHO classification. The DNA methylation-based meningioma classification published
in 2017 used DNA copy number analysis, mutation profiling, and RNA sequencing
to distinguish six clinically relevant methylation classes, which contributed to a better
prediction of tumor recurrence and prognosis. Further studies indicated that gene
variation and gene mutations, such as those in neurofibromin 2 (NF2) and BRCA1, were
related to the high WHO grade, malignant invasion, and recurrence. Among the mutant
genes described above, some have been associated with differential DNA methylation.
Herein, we searched for articles published in PubMed and Web of Science from January
2000 to May 2020 by entering the keywords “meningioma,” “methylation,” and “gene
mutation,” and found a number of published studies that analyzed DNA methylation
in meningiomas. In this review, we summarize the key findings of recent studies on
methylation status and genetic mutations of meningioma and discuss the current
deficits of the WHO grading. We also propose that a methylation-based meningioma
classification could provide clues in the assessment of individual risk of meningioma
recurrence, which is associated with clinical benefits for patients.

Keywords: meningioma, methylation, classification, prognosis, gene

INTRODUCTION

Meningiomas, tumors of the meningeal coverings of the brain and spinal cord, are the most
common intracranial tumors. According to the World Health Organization (WHO) classification,
80% of meningiomas are grade I and are considered benign. The remaining 20% are grade II and
III with a malignant histological tendency (1). Although the WHO grade is considered to be the
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most reliable indicator in predicting meningioma prognosis (2,
3), there is significant variation with regards to the risk of
recurrence for individual patients (4, 5).

Recently, many studies have demonstrated that epigenetic
changes, especially DNA methylation, as well as genetic
mutations are related to tumor prognosis (4) (Table 1).
A totally new classification based on DNA copy number analysis,
mutational profiling, and RNA sequencing has been used to
distinguish six individual clinically relevant methylation classes
(6) to better predict tumor recurrence and prognosis. A series
of studies have identified methylation profiling as a marker
of malignancy or poor survival rates and genetic mutations
as an indicator of histology grade. However, there has been
no significant evidence illustrating a relationship between DNA
methylation and genetic mutation. The most recent papers
suggest that many potential genes, like NDRG2 and MAL2,
are related to DNA methylation, but whether they can predict
prognosis remains controversial.

METHODS

We reviewed the relevant literature on PubMed and Web of
Science that had been published between January 2000 and
May 2020. We identified 599 studies addressing aberrant DNA
methylation and genetic mutation in meningiomas. The words
we searched included “meningioma,” “methylation,” and “gene
mutation.” After analyzing all relevant articles, we found genes-
of-interest and searched those genes on PubMed and Web of
Science to acquire pertinent information.

THE GENETIC MUTATIONS IN WHO
GRADE

In recent years, several aberrant gene mutations have been
reported in meningiomas. The new WHO grade (2016 version)
adds this molecular feature to its criteria and tries to give a
clear description of different histological subtypes (1). Although
the WHO grade defines characteristics of each subtype, the
deficiencies of this classification have gradually been revealed.

The WHO Grade – Subtypes and
Molecular Features
To better predict the prognosis of meningiomas, the WHO
grade 2016 criteria, which emphasized mitotic activity and brain
invasion, classified meningiomas into three pathological grades
with 15 subtypes (Table 2). These included grade I tumors of nine
subtypes (meningothelial, fibrous, transitional, psammomatous,
angiomatous, microcystic, secretory, lymphoplasmacytic-rich,
and metaplastic subtypes), grade II of three histological subtypes
(chordoid, clear cell, and atypical), and grade III meningiomas
of three subtypes (papillary, rhabdoid, and anaplastic) (7). Each
grade has unique molecular features that have been reviewed
by previous studies (1, 8). Grade I meningiomas show high
mutation rates of some genes (Table 2), including neurofibromin
2 (NF2), the proto-oncogene v-Akt murine thymoma viral

oncogene homolog 1 (AKT1), the ubiquitin ligase tumor necrosis
factor receptor-associated factor 7 (TRAF7), the oncogene
phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit
alpha (PIK3CA), the pluripotency transcription factor Kruppel-
like factor 4 (KLF4), and the gene for the catalytic subunit of
RNA polymerase II (POLR2A) (9, 10). TRAF7 mutations occur
in 25% of WHO grade I and II meningiomas (11). Other genetic
mutations have also been reported, including phosphatase and
tensin homolog (PTEN), cyclin-dependent kinase inhibitor 2A
(CDKN2A), and cyclin-dependent kinase inhibitor 2B (CDKN2B)
genes which can be found in grade III meningiomas (12). High-
grade meningiomas are characterized by more mutations than
grade I meningiomas (9).

Different histological subtypes of meningiomas also harbor
various characteristics. For example, secretory meningiomas
show frequent co-mutations of the KLF4 and TRAF7 genes
(13, 14), while clear cell meningiomas show SWI/SNF-related,
matrix-associated, actin-dependent regulators of chromatin,
subfamily e, member 1 (SMARCE1) mutations (15). A subset of
rhabdoid meningiomas reveals poor outcomes by inactivating the
BAP1 gene, compared to patients with BAP1-negative rhabdoid
meningiomas (16). Therefore, adding genetic mutations into the
WHO classification system allows each subtype of meningiomas
to be more precisely characterized.

Regarding prognosis, histologic grade (the WHO grade)
and the extent of surgical resection (the Simpson grade) were
considered the two most important prognostic variables (3,
17). Heald et al. showed that gross-total resection significantly
decreases the risk of recurrence (2), suggesting the importance
of the Simpson grade in meningioma recurrence. Studies have
also demonstrated that, with the exception of other external
conditions (i.e., therapeutic regimens), a combination of the
WHO grade and the Simpson grade has better clinical value to
predict the prognosis of different grades of meningiomas. Grade
I meningiomas have a 10-year overall survival rate of 80% and
a progression-free survival rate (PFS) of approximately 74 to
96% (18–20). Grade II meningiomas have an easier tendency
for recurrence, and their 10-year overall survival (OS) and PFS
are between 53–79% and 23–78%, respectively. Comparatively,
grade III meningiomas are more aggressive and significantly
associated with brain invasion, with a 10-year OS of 14 to
34% and PFS of 0%, even for those that undergo gross-total
resection (3, 5). These results show that a higher histologic
grade is associated with a poorer survival rate, and for patients
with a WHO grade III meningiomas, subtotal resection indicates
a worse prognosis. Clinicians have utilized these methods to
predict the prognosis of patients. However, some deficits in the
WHO grading system remain.

The Deficiencies of WHO Grade
Usually, the risk of recurrence is predicted based on the WHO
grade. However, as many malignant tumors are underestimated
in clinical practice, the actual risk of recurrence is higher than
the predicted risk. Thus, a new grading system is needed. Based
on clinical experience, meningiomas of the same grade can
exhibit totally different biologic behaviors. For example, some
meningiomas that are designated as benign can recur within
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TABLE 1 | Key findings on meningiomas in the last two decades.

Year Number of meningiomas sample Key findings References

Total Grade I Grade II Grade III Comment

2004 72 / / / 58 benign, 10 atypical and 4 anaplastic meningiomas The relationship between p53 gene mutation and p14 (ARF) gene
methylation

(6)

50 20 14 16 / The methylation of p16 (INK4a) (7)

60 33 24 3 / The methylation of TP73 (8)

2005 48 / / / 16 benign, 19 atypical, and 13 anaplastic meningiomas The promoter hypermethylation is associated with atypical and
anaplastic meningiomas; the methylation of MGMT

(9)

44 15 11 8 10 meningiomas (grade I and grade II) Hypermethylation of the NDRG2 promoter (10)

2006 25 / / / Meningiomas without NF2 involvement The methylation of NF2, p14 (ARF), CDH1, BRCA1, RB1 (11)

2007 40 22 11 7 / The methylation status of p73 or RASSF1A along with 1p LOH may
result in the malignant transformation of a meningioma

(12)

2009 26 10 7 9 209 tumors from 13 other tumor types; two human
malignant meningioma cell lines: IOMM-Lee21 and
KT21-MG1

Aberrant methylation of the CpG island of WNK2 was associated
with decreased expression in primary tumors

(13)

2010 50 27 11 12 / The methylation of TIMP3 (14)

2011 65 26 27 12 / uPA Promoter Methylation (15)

2012 131 100 28 3 / The methylation of HOXA 7, 9, and 10 were associated with
histopathology and clinical aggressiveness parameters

(16)

36 16 17 3 / The methylation of MGMT, CDKN2A, GSTP1, and THBS1 (17)

50 20 16 14 / Hypermethylation of the promoter of hMLH1 is associated with the
tumor grade

(18)

2013 33 30 2 1 Discovery set The methylation of IGF2BP1 and PDCD1 (19)

12 6 5 1 Verification set

19 10 5 4 / Global DNA hypomethylation and the MAL2 gene (20)

2015 44 33 2 9 / The methylation of CDKN2B, RASSF1A, RUNX3, AND GATA6 (21)

2016 / / / / de novo tumors: 41 meningiomas and 33
hemangiopericytomas; recurrent tumors: 37 meningiomas
and 5 hemangiopericytomas

The promoter methylation of hTERT was positively correlated with
WHO grade and hTERT expression

(22)

2017 497 / / / 309 samples of other extra-axial skull tumors DNA Methylation-Based Classification (23)

89 54 34 1 Test group Robust DNA methylation signatures in meningioma were correlate
with CNAs and could stratify patients by recurrence risk

(24)

51 36 9 6 Validation group

2019 282 / / / Training cohort: 228; the first validation cohort: 54 Established a 5-year meningioma recurrence score (4)
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TABLE 2 | The WHO grade (2016 criteria) (8).

WHO grade
(2016 criteria)

Histological subtype Gene mutations

I Meningothelial TRAF7, AKT1, POLR2A, PIK3CA

Fibrous (fibroblastic) NF2

Transitional (mixed) NF2, AKT1, PIK3CA

Psammomatous NF2

Angiomatous –

Microcystic –

Secretory KLF4, TRAF7

Lymphoplasmacyte-rich –

Metaplastic –

II Chordoid –

Clear cell SMARCE1

Atypical NF2, TRAF7, AKT1

III Papillary –

Rhabdoid BAP1

Anaplastic (malignant) NF2

a short amount of time, while other meningiomas with high-
grade features may hardly ever exhibit recurrence (21, 22). It
has also been reported that some grade I meningiomas exhibit
early or frequent recurrence and metastasis to distant organs,
such as the lungs (23–26). As the prediction of outcomes
through the use of the WHO and Simpson classifications to
predict the prognosis of meningiomas has been inconsistent with
overall results, there appear to be other factors affecting the
progression of meningiomas.

Observations of Epigenetic Alteration
and Gene Methylation in Meningiomas
Indeed, there is an urgent need for a more accurate
subclassification covering histological and surgical resection
assessments that reflects the potential malignant characteristics
of meningiomas. Recently, it has become a trend to study
the molecular features of different meningioma subtypes to
find out potential biomarkers that suggest worse progression.
Chromosomal structural variation and genetic mutations
have become a research hotspot. Mawrin et al. found few
chromosomal alterations in WHO grade I tumors, but frequent
alterations of karyotype and copy number in WHO grade II
tumors. Losses of chromosomes 1p, 6q, 9p, 10, 14q, and 18q,
and gains of chromosomes 1q, 9q, 12q, 15q, 17q, and 20q
have been found across grade III meningiomas (27). Different
genes contribute to different meningiomas’ subtypes. These
genes include TRAF7, AKT1, POLR2A, PIK3CA, SMO, KLF4,
SMARCB1, BAP1, and NF2 (11, 16, 28–32). Each subtype of
meningiomas has its own molecular features, but some genetic
mutations (including NF2, TRAF7, AKT1, and PIK3CA) can be
found among several subtypes of meningiomas, which confuse
the judgment of tumor evolution.

Additionally, epigenetic alteration has become increasingly
important in tumor occurrence and evolution. These alterations
appear in meningiomas without causing the aforementioned gene
mutations (33–35). Epigenetic changes caused by complicated

mechanisms modulate heritable gene expression without altering
the primary sequence of DNA (36). These changes include
DNA methylation, microRNA interactions, histone packaging,
and chromatin restructuring. Among these, abnormal DNA
methylation is a chemical modification process mediated by
DNA methyltransferase (DNMT). It can cause gene silencing
and a decline in expression by blocking the transcriptional
machinery from accessing the DNA (37, 38). As aberrant DNA
methylation often occurs in the early stage of tumorigenesis,
it can be detected in the early stage of disease (37, 39).
The methods currently used to detect DNA methylation
include bisulfite methods [such as whole-genome bisulfite
sequencing (WGBS), reduced representation bisulfite sequencing
(RRBS)], and Illumina EPIC methylation array profiling)
and non-bisulfite methods (40). According to research data,
global detection of abnormal methylation genes can provide
biomarkers of clinical potential for the prognosis of certain
cancers, such as lung cancer and colorectal cancer (41,
42). Actually, DNA methylation is a common event in
meningiomas, as approximately 77% harbor at least one
differentially methylated gene and 25% experience alterations
of three or more genes (33). Although gene methylation can
be detected across all grades of meningiomas, the frequency
varies between benign and malignant tumors, and genes (e.g.,
TIMP3, GSTP1, MEG3, HOXA6, HOXA9, PENK, WNK2, and
UPK3A genes) have an increased frequency according to
the WHO grade (12). Several studies indicate that a large
number of genes are methylated in meningiomas (43–46) and
uncover the relationship between genes and WHO grade, which
lays a solid foundation for the methylation classification of
this tumor type.

THE METHYLATION CLASSES IN
MENINGIOMAS

For meningiomas, a large proportion of previous studies (45–
48) have focused on aberrantly methylated genes, but few have
studied classification based on methylation. The methylation
grading may not be being utilized effectively. In 2017, new
methylation classes were published and were considered a
more reliable classification system compared to the WHO’s
grading. Some newly discovered genes were not included
in this classification; subsequent supplementary experiments
are in preparation.

The Old Methylation Classes
Based on methylation profiling, one study subclassified WHO
grade I and II meningiomas into three methylation clusters
(39), and they did not include grade III meningiomas. Another
study used robust methylation signatures (283-bMMC model)
to distinguish two clinical–biological subgroups, including one
clinically favorable prognostic subgroup (MM-FAV) and another
clinically unfavorable meningioma methylation subgroup (MM-
UNFAV) (Table 3). The Kaplan–Meier survival analysis showed
that tumors in the MM-UNFAV group had significantly shorter
recurrence times compared to MM-FAV. After adjusting for
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TABLE 3 | The 283-bMMC model subgroups (2017).

Basic Methylation
Classifier (bMMC)

Subgroups CNA Patterns Median RFS (in validation groups)

283-bMMC MM-FAV +1p, −22q 16.35 years

MM-UNFAV −1p, +1q, −2p, −3p/+3, −4, +5, −6q, +9, −10, +12, +13q, −14q,
+15q, −16, −18, +20, +21q, +22q

8.27 years

relevant morphological, clinical, and molecular variables, 283-
bMMC subgroups did not show significance in predicting
recurrence, but a subset (64-MMP) proved to be a meningioma
methylation predictor (22). Both studies provide innovative
classifications of risk-related meningiomas, suggesting a proof-
of-concept that DNA methylation profiles act as an important
prognostic marker in meningiomas (33, 49).

The New Methylation Classes
Sahm et al. established a totally new classification on
meningiomas, characteristics of which included DNA copy
number analysis, mutational profiling, and RNA sequencing.
After studying 497 meningiomas and 309 samples of other extra-
axial skull tumors, they found that using DNA methylation data
clearly distinguishes meningiomas from other tumors, indicating
the specificity of DNA methylation for meningiomas. Based
on the molecular spectrum of meningiomas, 497 meningiomas
were divided into two major groups:group A and B. Tumors in
group A followed a mainly benign clinical course, while tumors
in group B showed an intermediate to malignant clinical course.
However, whether these two groups develop from distinct cells
of origin needs to be confirmed.

In additional studies, researchers found four subgroups in
group A and two subgroups in group B. The six methylation
classes were designated as MC ben-1, MC ben-2, MC ben-
3, MC int-A, MC int-B, and MC mal (Table 4). MC ben-1,
MC ben-2, and MC ben-3 were benign tumors. MC int-A and
MC int-B were intermediate tumors and had higher rates of
progression and recurrence. MC mal was distinguished as a
malignant tumor with a high possibility of progression and
recurrence. Generally, the DNA-based classification is different
from the WHO grade. However, researchers noted an enrichment
of grade I tumors in MC ben-1, MC ben-2, and MC ben-3.
When methylation subgroups were scattered among all WHO
grades, the new classification covered more molecular features,
such as DNA methylation profile. The new classification was
likely to predict meningioma prognosis better, and its predicted
Kaplan-Meier survival curves were more accurate than those

predicted by the WHO grade (6). For example, in the 497
samples collected by Sahm et al., most WHO grade II tumors
belonged to the MC int-A and MC int-B classes, while a portion
of them belonged to the MC ben-1 methylation class. The
survival time in the MC ben-1 methylation class was lower
compared to the MC int-A and MC int-B classes. Analogously,
most of the WHO grade III tumors belonged to the MC
mal methylation class. However, a subset of WHO grade III
tumors were also classified as MC int-B. For this tumor type,
data demonstrated a significant difference between the PFS
of two methylation classes, with MC mal tumors showing a
worse PFS than MC int-B tumors. This conclusion was in
accordance with that of Sievers et al., who used 28 chordoid
meningiomas to illustrate that DNA methylation classification
had higher accuracy in outcome prediction than the WHO
grading (50).

Compared to the WHO grade, applying methylation
profiling for meningioma classification may have a higher
value as it helps identify progressive tumors among low-
grade meningiomas and stable tumors among high-grade
meningiomas. It signifies a potential capability to reduce
undertreatment or overtreatment. For instance, a patient with
a WHO grade I meningioma may be treated by clinicians as a
patient with benign tumors due to histological identification,
but there is still a small chance of recurrence. This means
the traditional WHO grading cannot distinguish the potential
malicious tumors from stable tumors within the same grade.
Therefore, malignant tumors that are considered as benign
may be underrated (6). In conclusion, the new methylation
classification can help clinicians choose optimal treatment
regimens (including chemotherapy, radiotherapy, or molecular
targeted therapy) for patients with the same grade and different
methylation profiles.

Besides meningiomas, methylation classification has been
proven to be more relevant than histological grading in other
solid tumors, such as gliomas (1, 51), thus revealing the
importance of methylation profiling in tumor classification.
Although the new parameters for predicting prognosis exhibited

TABLE 4 | The methylation-based classification (2017) and associations with WHO grade.

Epigenetic groups Methylation class Subgroups WHO grade

Group A Benign MC ben-1 Fibroblastic, Transitional, Atypical

MC ben-2 Secretory, Transitional, Meningothelial

MC ben-3 Angiomatous, Transitional, Atypical

Intermediate MC int-A Fibroblastic, Transitional, Atypical

Group B MC int-B Atypical, Anaplastic

Malignant MC mal Anaplastic
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advantages over other methods, it still has some limitations. First,
the collected 497 meningiomas were retrospectively analyzed,
making the results not so convincing. It is necessary to
conduct a prospective study to put this new classification
into practice and track the results, as well as learn the
feasibility of the new classification. Second, insufficient clinical
data and technical limitations have made the result not
very reliable. In the study, only 228 samples’ clinical data
were obtained, and only 303 samples have been sequenced
to study the relationship between genetic mutations and
methylation classes. Third, as this study does not include
new genes discovered in recent years, such as PPM1D and
POLR2A, tumors exhibiting these features were not classified
into any subgroups.

Overall, the new classification system brings a new way to
stratify, classify, and treat meningiomas. Although it is better
than the previous grading system, more prospective studies that
incorporate new genes are needed to improve its use clinically.

METHYLATION CLASS AND
HISTOLOGICAL SUBTYPES

Methylation classification based on the methylation profiles
shows an improved predictive ability compared to the WHO
grade and Simpson system. When discussing the relationship
between these groups, the two independent systems overlap
in some features. The newest studies have identified a lot
of genes that could be used as biomarkers for meningiomas,
and some of them may influence the progression via DNA
methylation. Others may have distinctive mechanisms. The
genes that are methylated in meningiomas have different
functions on tumor progression. However, some of them,
such as MGMT, need more research in order to prove their
function on meningiomas.

The Relationship Between Methylation
Class and Histological Subtypes
There are two different patterns that characterize methylation
class and histological subtypes (Table 4). First, methylation
class is significantly associated with a subset of histological
subtypes. MC int-A and MC int-B classes are mainly composed
of atypical meningiomas (WHO grade II), while the remaining
(23%) of atypical meningiomas belong to the benign class
MC ben-1. Additionally, 76% of MC mal were anaplastic
meningiomas (WHO grade III), but anaplastic meningiomas also
exist in both MC int-B (47%) and MC int-A (12%). Second,
methylation class samples widely exist among all corresponding
variants, including the rhabdoid and papillary meningiomas (MC
ben-3, MC int-B, and MC int-A), transitional meningiomas
(MC int-A and MC int-B), fibroblastic meningiomas (MC
ben-1), and meningothelial meningiomas (MC ben-2) (6).
High-grade meningioma histology more frequently appears
in higher methylation classes (MC int-A is higher than
MC ben-2). The aforementioned two patterns show that the
relationship between methylation classes and histological types
is complex. Even when the features of genetic mutation

in each methylation subgroups were studied, results were
only able to roughly indicate which subgroup harbored
which kind of aberrant genes or cytogenetics. Although
Paramasivam et al. have studied mutation patterns in epigenetic
subgroups (52), we cannot infer the inner connections due
to the limited amount of studies. Hence, future studies
should analyze large-samples with integrated data in each
methylation class.

Nevertheless, this issue has remained controversial due to
a study that reported that DNA methylation of a gene is not
strongly correlated to gene expression during the malignant
transformation of meningiomas (49). Nowadays, the hypothesis
is accepted that both mechanisms can occur independently
or co-exist in one sample, while various meningiomas harbor
different situations. For example, WHO Grade I and II
meningiomas present relatively more aberrantly methylated loci
than genetically altered loci (53). As previously shown, aberrant
promoter methylation of CpG islands via IL-1b can silence the
NF2 gene, which has pivotal roles in tumorigenesis and the
development of WHO grade I meningiomas (35, 54). However,
a recent study found the NF2 promoter methylation in only
one of 49 tumors examined, and only one of 40 examined
CpG sites harbors the feature of this tumor, suggesting that
NF2 methylation did not play a major role in meningioma
development (55). Similar to the MEG3 gene, biallelic loss
and promoter methylation has been observed in high-grade
meningiomas, but only allelic loss correlated with gene silencing
(53). Therefore, it is difficult to deny that both mechanisms
are involved in this process, though it is necessary to know
which one plays a more essential role. Some alterations of genes
are affected by DNA methylation, while others are affected by
different mechanisms.

Other Aberrantly Methylated Genes
It is well known that epigenetic changes can affect both gene
expression and the function of a protein product (56). To
date, several studies have reported that the methylation of
gene promoter CpG dinucleotides (CpG islands) have been
connected to the WHO grades and prognosis in meningiomas.
They have shown that the inactivation of transcription occurs
when the promoter region of a tumor-related gene has been
methylated, leading to the silencing of gene expression (53,
57, 58). Other studies have reported that global methylation
might have an influence on tumor recurrence (22, 49).
Generally, alterations of DNA methylation in meningiomas
have two mechanisms: hypermethylation and hypomethylation.
Hypomethylation, however, is much less common compared
with hypermethylation (53). Each type of methylation has its
own target genes that cause a change in meningioma aggression.
Sometimes, these two mechanisms may co-exist in one sample.
Therefore, additional studies are needed to figure out which
mechanism is more important, even though both mechanisms
have a function on gene mutation. In addition, some studies
have shown that non-CpG island methylation plays an important
function in gene expression (59, 60). However, further studies are
warranted to establish the mechanism and function of non-CpG
island methylation.

Frontiers in Oncology | www.frontiersin.org 6 September 2020 | Volume 10 | Article 1323

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-01323 September 2, 2020 Time: 16:46 # 7

Shen et al. Methylation and Meningioma Prognosis

The Possibility of Using These Genes as
Predictors of Prognosis
Given results from previous studies, a large number of genes have
been found to have aberrant methylation, some of which have
influenced gene expression, resulting in tumorigenesis. Promoter
methylation is the most common event in meningiomas and
several genes are related to this pattern. Hence, in this section,
we divide mechanisms into two groups (hypomethylation and
hypermethylation) for further discussion (Table 5).

Hypomethylation
Global methylation
To the best of our knowledge, global methylation has not been
widely studied in meningiomas, and only a few groups have
reported it (39, 49, 61). Among them, Gao et al. were the
first to analyze whole-genome DNA methylation across three
subtypes of meningiomas. After assessing DNA methylation in
19 primary brain tumor samples (10 benign, five atypical, and
four malignant meningiomas), they found increased global DNA
hypomethylation from grade I through III meningiomas, which
was in line with gene expression results. These results were
similar to Vengoechea et al. The latter concluded that high-
grade meningioma harbored more global hypomethylation (49,
61, 62). Although global DNA hypomethylation can distinguish
malignant meningiomas from atypical and benign ones, it cannot
separate atypical and benign tumors. Thus, it may potentially
serve as diagnostic biomarkers for only malignant tumors.

Aggression: urokinase plasminogen activator (uPA) and
PAI-1
The uPA system plays an important role in vivo, such as in
wound healing, embryogenesis and tumor progression, and
metastasis (63). The expression of uPA has been linked to
methylation of the uPA promoter in breast and prostate cancers
(64, 65). PAI-1 is an inhibitor of uPA, and uPA/PAI-1 has
been reported to contribute to glioma invasion and malignant
progression (66, 67). Kandenwein et al. studied 65 tissue samples
of meningiomas from 58 patients and found that the relationship
between the expression of uPA and PAI-1 reached significance.
Both protein expressions were significantly correlated with WHO
grade. However, PAI-1 showed a highly significant correlation
with prognosis, when setting 6 ng/ml as a cut-off of PAI-1
levels. The samples below this level were not recurrent in this

TABLE 5 | Aberrant genes in meningiomas.

Gene Altered DNA
methylation

Role

uPA Hypomethylation Aggression

IGF2BP1, PDCD1 Hypermethylation Increase malignant potential

HOXA7/HOXA9/HOXA10 Co-methylation Progression and aggression

P73, RASSF1A, MAL2 Hypermethylation Malignant transformation

p53, p14ARF, MEG3 Hypermethylation Progression

CDKN2A, NDRG2, TIMP3 Hypermethylation Progression and recurrence

THBS1 Hypermethylation Angiogenesis

MGMT, WNK2 Hypermethylation Unclear

study, demonstrating PAI-1 as a possible prognostic marker for
meningiomas. Nevertheless, there was no correlation between the
clinicopathological data and uPA promoter methylation (43). In
fact, on the contrary, Arai et al. identified that uPA expression was
inversely correlated with uPA promoter methylation levels (68).

According to results from some studies, the increased
expression of uPA proteins has been shown to have a
significant negative correlation with promoter methylation and
positively correlated with WHO grade, malignant invasion,
and recurrence (43, 69). Some studies even show a radiation-
induced overexpression of uPA in meningioma cells, suggesting
an additional level of regulation (70, 71). Velpula et al. (72) and
Goetz et al. (73) pointed out that the expression of uPA has
been related to radiation-induced hypomethylation. Therefore,
patients with aberrant uPA gene methylation should carefully
consider radiotherapy.

Hypermethylation
DNA hypermethylation means a specific site, that is
unmethylated under normal conditions, has become methylated.
And it always occurs in promoter CpGs islands. In meningiomas,
several genes have an association with this epigenetic mechanism
and show various influences on its progression and recurrence.

Increased malignant potential: IGF2 mRNA binding protein
1 (IGF2BP1), programmed cell death 1 (PDCD1/PD-1),
NDRG2 and TIMP3
IGF2BP1, which belongs to the VICKZ family, is an RNA-
binding protein that is implicated in tumorigenesis by influencing
the translocation and stability of mRNA in some cancers (74).
PDCD1 is a negative regulator of immune responses and likely
plays an important role in the progression of many diseases (75),
such as rheumatoid arthritis (76). Vengoechea et al. analyzed 49
samples from three grades of meningiomas and identified nine
genes that exhibited the largest absolute difference in methylation
intensity. Among them, the expression of IGF2BP1 and PDCD1
proteins were sharply decreased, indicating that both these genes
were associated with the malignant potential of the tumor.
These results suggest the potential ability of CDKN2A as a
recurrence predictor. However, Aydemir et al. did not find any
statistically significant relationship between hypermethylation of
the CDKN2A gene and histopathologic subtype, WHO grade, and
recurrence (77). Therefore, studies encompassing a larger series
still need to evaluate whether or not CDKN2A alterations can be
used as biomarkers of recurrence in meningioma.

Regarding NDRG2, previous research has indicated potential
associations between this gene and the malignant progression of
tumors. Several studies have documented that the loss of NDRG2
expression is significantly associated with hypermethylation
of the NDRG2 promoter (78–82). Lusis et al. pointed out
that hypermethylation of the NDRG2 promoter is described
in a subset of lower-grade meningiomas, including clinically
aggressive atypical meningiomas (78). Das et al. found that
NDRG2 was marginally expressed or even undetectable in
anaplastic meningiomas (83). Skiriute et al. demonstrated that
the expression of the NDRG2 gene was significantly reduced
in primary and recurrent atypical/WHO grade II compared
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with primary benign/WHO grade I meningiomas (47). However,
Majchrzak-Celiñska et al. questioned the reliability of NDRG2 as
a diagnostic biomarker due to the fact that its methylation levels
were only slightly elevated in comparison to the common brain
tissue (84). Overall, these studies illustrate the heterogeneity of
NDRG2 methylation, and further studies are needed to determine
the function of NDRG2.

TIMP3 is located on 22q12.3 and codes for a protein that
can specifically inhibit matrix metalloproteinases (MMPs) via
covalent binding to the active site of the enzymes and reduces
the invasiveness of tumor cells (85, 86). MMPs contain several
classes of proteases and the expression of MMPs correlates with
tumor stage, increased invasion, and metastasis (87). The allelic
losses on 22q12 are associated with TIMP3 hypermethylation and
transcriptional downregulation. The promoter hypermethylation
of TIMP3 was associated with a more aggressive and higher-grade
meningioma phenotype and poor prognosis (88, 89). There is
a growing body of evidence indicating that TIMP3 methylation
could be an epigenetic marker of meningioma progression.
Pham et al. analyzed 50 meningiomas (27 Grade I patients, 11
Grade II patients, and 12 Grade III patients) and found that
hypermethylation of TIMP3 varied between anaplastic (67%),
atypical (22%), and benign (17%) meningiomas (90). Bello et al.
reported that Grade I tumors had less aberrant methylation
than Grade II or III meningiomas (33). In contrast, Liu et al.
investigated the same chromosomal region but did not find
any hypermethylation of TIMP3 in meningiomas (35). Though
there was some evidence to indicate that the methylation of
TIMP3 gene is associated with a shorter time to recurrence,
Linsler et al. pointed out that there was no correlation of
TIMP3 hypermethylation with tumor recurrence or WHO grade
(88). Due to the non-uniform approach needed to detect DNA
methylation, several studies have observed different results and
further research needs to be conducted in order to establish a
standard definition for methylation to solve the contradictions in
the TIMP3 gene.

Angiogenesis: the thrombospondin 1 (THBS1)
The THBS1 gene is thought to inhibit angiogenesis by disrupting
the motility of endothelial cells and inducing their apoptosis
(91). Transcriptional silencing of THBS1 has been shown to
be related to promoter hypermethylation (92, 93). One study
reported that the silencing of this gene via hypermethylation
can promote angiogenesis in tumor cells (94). However,
this remains controversial. Bello et al. found that 54% of
Grade III meningiomas and 30% of intracranial meningiomas
demonstrated hypermethylation of the THBS1 gene. However,
they did not find any association between hypermethylation
and WHO grade (33). Liu et al. did not find any THBS1 gene
hypermethylation (33), and the true role of the THBS1 gene in
meningiomas remains a mystery.

Unclear function: WNK lysine deficient protein kinase 2
(WNK2) and O6-methylguanine–DNA methyltransferase
(MGMT)
Many genes have been found to be methylated in meningiomas,
but whether they correlate with tumor progression remains

a mystery. This is particularly true for two genes: WNK2
and MGMT.

WNK2 is a member of the WNK subfamily of protein kinases
(95, 96), which negatively regulates EGF-induced activation
of the ERK/MAPK-pathway and the downstream cell cycle
progression (97). In recent years, studies have shown that WNK2
is a specific tumor-suppressor gene for brain tumors and its
downregulation is significantly correlated with the presence of
promoter methylation (98). Jun et al. analyzed 22 meningioma
samples, suggesting that WNK2 was aberrantly methylated in a
large proportion of grade II and III meningiomas. With further
study, they found that dense aberrant methylation was associated
with decreased WNK2 expression in these meningiomas and
that aberrant DNA methylation existed in approximately 60
CpGs in the 3′ part of the island, with very little methylation
in the 5′ region. Therefore, aberrant methylation of the 3′
region may silence WNK2 expression (99). As in infiltrative
gliomas, WNK2 has been identified to be silenced by promoter
methylation in most samples (100). These studies show WNK2 as
a candidate predictor of meningiomas but also put forward that
other mechanisms, such as signal path interference, might affect
the expression of WNK2.

Research has shown that promoter hypermethylation
of the MGMT gene can be a predictor in glioblastoma
multiform (GBM) (101). Recently, several studies have reported
hypermethylation of MGMT in meningiomas. Liu et al. reported
6% MGMT promoter hypermethylation in a group of 48
meningioma cases (35). Aydemir et al. (77) and Bello et al.
(33) showed that MGMT was methylated in 11.1 and 16%,
respectively, of their samples, though they did not find any
significant correlation between methylation and tumor grade.
However, Robles et al. had an entirely different outcome. They
showed that none of the samples harbored MGMT promoter
methylation (102), similar to Jabini et al. (103).

There are many studies that suggest opposite opinions, and
the functions of these two genes in meningiomas still need
to be uncovered. There need to be subsequent studies to
figure out the relationship and mechanisms between these genes
and meningiomas.

The Role of Methylation in Meningiomas
Studies have shown that molecular subsets of meningiomas could
be identified by their epigenetics (22, 49), and epigenetics can
uncover tumor progression. In this review, we discuss DNA
methylation in meningiomas. From previous studies, we can
conclude two major roles of methylation in meningiomas.

Prediction
The first role of methylation in meningiomas is the ability
to predict tumor recurrence. Genes like NDRG2 and TIMP3
have been proven to be associated with recurrence (47, 88).
Meningiomas with these methylated genes indicate a shorter time
to recurrence. In order to prove the role of DNA methylation
in meningiomas, Nassiri et al. used DNA methylation profiles of
clinically annotated tumor samples among multiple institutions
to develop a methylome model of 5-year recurrence-free survival
(RFS). They also combined a methylome model with established
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prognostic clinical factors to obtain a 5-year meningioma
recurrence score through a nomogram. They found that adding
the methylome predictor enhanced the discriminatory ability of
the nomogram (4). Additionally, a scoring system established
on a scale of 5–15 points that was comprised of three stages
depending on the methylation values of the five chosen genes
[HOXA6, HOXA9, PENK, UPK3A, and IGF2BP1 (39)] also
verified the value of methylation in meningiomas. The samples
in their study that had scored lower than 9 points demonstrated
significant differences in the PFS curve compared to samples
that scored more than nine points (22). Due to the non-uniform
cognition of aberrantly methylated genes, studies up to now
have been independent of each other, but both types of studies
have uncovered the potential of DNA methylation to predict the
recurrence of meningiomas.

Risk Stratification
The secondary role of DNA methylation is to stratify
meningiomas. It is hard to classify meningiomas into
three groups like benign, middle, and malignant using only
histological grading. The new methylation-based classification
has demonstrated the ability to divide tumors into different
risk groups (6). Genes like MAL2 and RASSF1A have been
connected to malignant transformation (34, 49, 84) and the
benign tumors harboring these genes have the potential ability
to become malignant. Therefore, these tumors should be taken
seriously. However, using methylation profiling alone to assess
the tumor was not precise because other factors should be taken
into consideration as well, such as Ki-67 and clinical characters.
Moreover, with a deepening of research, the importance of
methylation to stratify high-risk patients gradually emerged. For
example, the presence of three or more hypermethylated TSGs
has been shown to be a useful biomarker for risk stratification
in meningiomas (104). Hence, utilizing methylation profiling to
identify high-risk patients is possible, but more integrated and
supportive studies are needed.

HYPOTHESIS: METHYLATION PROFILES
COULD BE USED IN ADDITION TO THE
WHO GRADE AND SIMPSON GRADE TO
IDENTIFY TUMOR RECURRENCE MORE
ACCURATELY?

Nowadays, clinicians often judge the characteristics of
meningiomas by histological grade alone. While most patients
choose to undergo a pathological examination, some patients
may have gene detection after the operation. According to
NCCN clinical guidelines, subgroups of patients should receive
radiotherapy after the operation, such as those with a WHO
grade III tumor and those who have undergone partial excision of
a WHO grade II tumor. Some patients who detect the abnormal
genes could accept molecular targeting treatment, while other
therapies, such as chemotherapy and hormonotherapy, depend
on the situation. The follow-up plan depends on the WHO grade,
Simpson grade, and personal situations, but all these criteria

are very general and sometimes the decision depends largely on
the clinicians’ experience. Although the new methylation-based
classification may take a long time to be applied in regular clinical
practice, it may improve treatment decisions as the methylation-
based classification is more accurate than WHO grading (6).
Our review has highlighted certain genes that are associated with
the progression and prognosis of meningiomas through DNA
methylation. Gene expression is controlled via hypermethylation
or hypomethylation which, in turn, affects tumor evolution.
Based on previous studies, methylation signatures have been
proven to be a predictor of meningioma prognosis and the use of
methylation signatures to stratify meningiomas has yielded better
results than using WHO grade or Simpson grade (6). Hence,
methylation profiles could be used in addition to WHO grade
and Simpson grade to identify tumor recurrence more accurately.

If we combine the aforementioned scoring system with the
WHO and Simpson systems, using HOXA6, HOXA9, PENK,
UPK3A, and IGF2BP1 genes to distinguish patients with a high
probability for recurrence, these patients may receive more
aggressive treatment and more frequent follow-up plans, and
some recurrence can be detected earlier than before. However,
this scoring system has certain drawbacks in that the chosen five
genes are not typical for all grades of tumors. It is also hard to
detect the global gene methylation profile for every patient due to
economic capacity and technical conditions. Currently, there are
several techniques for global DNA methylation profiling, such as
WGBS and RRBS. For now, WGBS is the gold standard method
to investigate every CpG site in the genome (105). However,
an analysis showed more than 70% of sequenced reads did not
give useful information (106). For one sample, WGBS needs
two lanes of sequencing using the Illumina HiSeq system to
obtain a tenfold average coverage of CpG sites, which costs
∼US$6000 (107). Due to the substantial cost and large volume
of raw data, applying WGBS in clinical practice is not possible in
the short term. Other methods such as RRBS are cost-effective,
but the region is limited to the enzyme recognition sites (108).
Though new technologies are constantly being invented, these
are not the best methods for clinical application. Therefore,
it is necessary to establish a reliable system that contains the
chosen aberrantly methylated genes that are associated with the
invasiveness of meningiomas. It is important to divide these genes
into several groups according to their function on the progression
of meningiomas; benign tumors which harbor TP73/RASSF1A
hypermethylation, for example, are more likely to turn malignant
while the hypermethylation of TIMP3 marks a shorter time to
recurrence. We hypothesize that putting the same functional
genes together and choosing landmark genes for detection can
help create a special report for each patient with regards to tumor
aggressiveness and risk of recurrence. This information can help
clinicians set an optimal therapeutic regimen and follow-up plan
for each patient (Figure 1).

With further studies, an increasing number of genes are
found to be methylated during the meningioma progression.
Additionally, controversial genes such as THBS1 and MGMT can
be added to this system to help clinicians judge the situation of
each tumor. Though the correlation between methylated genes
and histological subtypes has not yet been found, the relationship
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FIGURE 1 | Patient classification based on genes.

between the WHO grade and DNA methylation class has been
explored in several studies (6). Other relationships, such as the
relevance between specific histological subtype and methylation
class, have been studied as well (50). Further studies should
continue to focus on this hotspot. Therefore, the system can be
improved to accurately correspond to each subtype and specific
abnormal genes can be detected in limited conditions. It is more
efficient for doctors to describe the features of tumors using
methylation profiles, genetic mutations, or histological subtypes.
As it takes a long time to establish criteria based on methylation,
the emphasis now should be on forming a system that contains
useful genes that can improve the existing grading. There needs to
be a uniform standard to define methylation and a large number
of samples of whole grade tumors. It may take a long time, but it
can be established step-by-step.

CONCLUSION AND PERSPECTIVES

Several genes have come to be considered as involved in the
progression of meningiomas through methylation. With the
results from the detection of gene methylation, an increasing
amount of new genes are connected to tumorigenesis. During this
research, it has been shown that different genes have different
functions. While some genes already have a clear role, other
genes (i.e., TIMP3, THBS1, and MGMT) remain controversial
and need more research. The incorporation of several genes has
been studied successfully to predict survival times and recurrence
risk in meningioma patients. A new classification system focused
on DNA methylation is able to identify meningiomas more
accurately. Though there are lots of grading systems, it seems
they are independent of each other and it is difficult to integrate
them or make a comprehensive standard for the identification of
various meningiomas. Thus, there needs to be a revised system

that can improve present grading. Based on conclusions from
other studies, we believe that combining a new system that
contains several remarkable methylated genes with current grade
systems (WHO grade and Simpson grade) can help clinicians
choose an individualized therapeutic regimen (like surgery,
radiotherapy, or chemotherapy) and follow-up plan for each
patient. We have reviewed several grading systems and a series
of methylated genes in meningiomas and concluded the ability
of methylation profiling to identify various meningiomas. This
leads us to put forward a hypothesis that methylation profiling
can serve as a supplement to clinical predictors and provide a
more accurate prediction of recurrence risk.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

AS, XW, and LC supervised the research, led the discussion, and
wrote and revised the manuscript. All authors participated in
analyzing and discussing the literature, commenting on, and read
and approved the final manuscript.

FUNDING

This work was funded by the National Natural Science
Foundation of China (81701144, 81371433, and 81870916) and
the Major Science and Technology Project in the Medical and
Health of Zhejiang Province (WKJ-ZJ-1615:2016149634).

Frontiers in Oncology | www.frontiersin.org 10 September 2020 | Volume 10 | Article 1323

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-01323 September 2, 2020 Time: 16:46 # 11

Shen et al. Methylation and Meningioma Prognosis

REFERENCES
1. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,

Cavenee WK, et al. The 2016 World Health Organization classification of
tumors of the central nervous system: a summary. Acta Neuropathol. (2016)
131:803–20. doi: 10.1007/s00401-016-1545-1

2. Heald JB, Carroll TA, Mair RJ. Simpson grade: an opportunity to reassess
the need for complete resection of meningiomas. Acta Neurochir. (2014)
156:383–8. doi: 10.1007/s00701-013-1923-6

3. Durand A, Labrousse F, Jouvet A, Bauchet L, Kalamarides M, Menei P,
et al. WHO grade II and III meningiomas: a study of prognostic factors. J
Neurooncol. (2009) 95:367–75. doi: 10.1007/s11060-009-9934-0

4. Nassiri F, Mamatjan Y, Suppiah S, Badhiwala JH, Mansouri S, Karimi S,
et al. DNA methylation profiling to predict recurrence risk in meningioma:
development and validation of a nomogram to optimize clinical management.
Neuro Oncol. (2019) 21:901–10.

5. Palma L, Celli P, Franco C, Cervoni L, Cantore G. Long-term prognosis for
atypical and malignant meningiomas: a study of 71 surgical cases. J Neurosurg.
(1997) 86:793–800. doi: 10.3171/jns.1997.86.5.0793

6. Sahm F, Schrimpf D, Stichel D, Jones DTW, Hielscher T, Schefzyk S, et al.
DNA methylation-based classification and grading system for meningioma:
a multicentre, retrospective analysis. Lancet Oncol. (2017) 18:682–94. doi:
10.1016/s1470-2045(17)30155-9

7. Willis J, Smith C, Ironside JW, Erridge S. Whittle IR, Everington D. The
accuracy of meningioma grading: a 10-year retrospective audit. Neuropathol
Appl Neurobiol. (2005) 31:141–9. doi: 10.1111/j.1365-2990.2004.00621.x

8. Preusser M, Brastianos PK, Mawrin C. Advances in meningioma genetics:
novel therapeutic opportunities. Nat Rev Neurol. (2018) 14:106–15. doi: 10.
1038/nrneurol.2017.168

9. Bi WL, Prabhu VC, Dunn IF. High-grade meningiomas: biology and
implications. Neurosurg Focus. (2018) 44:E2.

10. Venur VA, Santagata S, Galanis E, Brastianos PK. New molecular targets in
meningiomas: the present and the future. Curr Opin Neurol. (2018) 31:740–6.
doi: 10.1097/wco.0000000000000615

11. Abedalthagafi M, Bi WL, Aizer AA, Merrill PH, Brewster R, Agarwalla PK,
et al. PI3K mutations are as common as AKT1 and SMO mutations in
meningioma. Neuro Oncol. (2016) 18:649–55.

12. Galani V, Lampri E, Varouktsi A, Alexiou G, Mitselou A, Kyritsis AP. Genetic
and epigenetic alterations in meningiomas. Clin Neurol Neurosurg. (2017)
158:119–25. doi: 10.1016/j.clineuro.2017.05.002

13. Mawrin C, Sasse T, Kirches E, Kropf S, Schneider T, Grimm C, et al. Different
activation of mitogen-activated protein kinase and Akt signaling is associated
with aggressive phenotype of human meningiomas. Clin Cancer Res. (2005)
11:4074–82. doi: 10.1158/1078-0432.ccr-04-2550

14. Reuss DE, Piro RM, Jones DT, Simon M, Ketter R, Kool M, et al. Secretory
meningiomas are defined by combined KLF4 K409Q and TRAF7 mutations.
Acta Neuropathol. (2013) 125:351–8. doi: 10.1007/s00401-013-1093-x

15. Smith MJ, O’Sullivan J, Bhaskar SS, Hadfield KD, Poke G, Caird J, et al. Loss-
of-function mutations in SMARCE1 cause an inherited disorder of multiple
spinal meningiomas. Nat Genet. (2013) 45:295–8. doi: 10.1038/ng.2552

16. Shankar GM, Abedalthagafi M, Vaubel RA, Merrill PH, Nayyar N, Gill
CM, et al. Germline and somatic BAP1 mutations in high-grade rhabdoid
meningiomas. Neuro Oncol. (2017) 19:535–45.

17. Moon HS, Jung S, Jang WY, Jung TY, Moon KS, Kim IY. Intracranial
meningiomas, WHO grade II: prognostic implications of clinicopathologic
features. J Korean Neurosurg Soc. (2012) 52:14–20. doi: 10.3340/jkns.2012.52.
1.14

18. Tanzler E, Morris CG, Kirwan JM, Amdur RJ, Mendenhall WM. Outcomes of
WHO grade I meningiomas receiving definitive or postoperative radiotherapy.
Int J Radiat Oncol Biol Phys. (2011) 79:508–13. doi: 10.1016/j.ijrobp.2009.11.
032

19. van Alkemade H, de Leau M, Dieleman EMT, Kardaun JWPF, van Os R,
Vandertop WP, et al. Impaired survival and long-term neurological problems
in benign meningioma. Neuro Oncol. (2012) 14:658–66. doi: 10.1093/neuonc/
nos013

20. Rogers L, Barani I, Chamberlain M, Kaley TJ, McDermott M, Raizer J, et al.
Meningiomas: knowledge base, treatment outcomes, and uncertainties. a
RANO review. J Neurosurg. (2015) 122:4–23. doi: 10.3171/2014.7.jns131644

21. Bi WL, Mei Y, Agarwalla PK, Beroukhim R, Dunn IF. Genomic and
epigenomic landscape in meningioma. Neurosurg Clin N Am. (2016) 27:167–
79. doi: 10.1016/j.nec.2015.11.009

22. Olar A, Wani KM, Wilson CD, Zadeh G, DeMonte F, Jones DTW, et al.
Global epigenetic profiling identifies methylation subgroups associated with
recurrence-free survival in meningioma. Acta Neuropathol. (2017) 133:431–
44. doi: 10.1007/s00401-017-1678-x

23. Asioli S, Senetta R, Maldi E, D’Ambrosio E, Satolli MA, Bussolati G, et al.
“Benign” metastatic meningioma: clinico-pathological analysis of one case
metastasising to the lung and overview on the concepts of either primitive
or metastatic meningiomas of the lung. Virchows Archiv. (2007) 450:591–4.
doi: 10.1007/s00428-007-0392-9

24. Figueroa BE, Quint DJ, McKeever PE, Chandler WF. Extracranial metastatic
meningioma. Br J Radiol. (1999) 72:513–6. doi: 10.1259/bjr.72.857.10505022

25. Ramakrishnamurthy TV, Murty AVR, Purohit AK, Sundaram C. Benign
meningioma metastasizing through CSF pathways: a case report and review
of literature. Neurol India. (2002) 50:326–9.

26. Nakano M, Tanaka T, Nakamura A, Watanabe M, Kato N, Arai T,
et al. Multiple pulmonary metastases following total removal of a bilateral
parasagittal meningioma with complete occlusion of the superior sagittal
sinus: report of a case. Case Rep Neurol Med. (2012) 2012:121470.

27. Mawrin C, Perry A. Pathological classification and molecular genetics of
meningiomas. J Neuro Oncol. (2010) 99:379–91. doi: 10.1007/s11060-010-
0342-2

28. Bi WL, Greenwald NF, Abedalthagafi M, Wala J, Gibson WJ, Agarwalla PK,
et al. Genomic landscape of high-grade meningiomas. NPJ GenomMed. (2017)
2:15.

29. Brastianos PK, Horowitz PM, Santagata S, Jones RT, McKenna A, Getz G, et al.
Genomic sequencing of meningiomas identifies oncogenic SMO and AKT1
mutations. Nat Genet. (2013) 45:285–9. doi: 10.1038/ng.2526

30. Clark VE, Erson-Omay EZ, Serin A, Yin J, Cotney J, Ozduman K, et al.
Genomic analysis of non-NF2 meningiomas reveals mutations in TRAF7,
KLF4, AKT1, and SMO. Science. (2013) 339:1077–80. doi: 10.1126/science.
1233009

31. Clark VE, Harmancı AS, Bai H, Youngblood MW, Lee TI, Baranoski JF,
et al. Recurrent somatic mutations in POLR2A define a distinct subset of
meningiomas. Nat Genet. (2016) 48:1253–9. doi: 10.1038/ng.3651

32. Harmancı AS, Youngblood MW, Clark VE, Coşkun S, Henegariu O, Duran
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