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Beyond the WHO 
classification of 
meningioma: 
using molecular 
diagnostics to 
guide management
Abstract
Meningioma are the most common primary brain tumour. Classically, 
meningioma are phenotypically grouped using the World Health Organisation 
(WHO) classification system. However, it is now understood that the WHO 
approach overfits tumours into three grades, resulting in similarly graded 
tumours displaying phenotypically distinct behaviour. There is a growing body 
of research investigating the molecular biology of these tumours, including 
genomic, transcriptomic, metabolomic, proteomic, and methylomic profiling. 
Such advancements in molecular profiling of meningioma are providing greater 
accuracy in prognostication of tumours. 

Furthermore, a clearer understanding of tumour molecular biology highlights 
potential targets for pharmacotherapies. Currently, the routine application of 
in-depth tumour molecular analysis is limited, however as it becomes more 
widely available it will likely result in improved patient care. This review seeks 
to explore the important developments in meningioma molecular biology, 
discussed in the context of their clinical importance. 

Introduction 

Meningioma are the most common primary brain tumour, accounting 
for 38% of all Central Nervous System (CNS) neoplasms [1]. An 
association with increased age combined with a globally ageing 

population has resulted in an increased meningioma disease burden [2]. Other 
risk factors for meningioma development include ionising radiation, female 
sex and genetic disorders [2]. The management of symptomatic meningioma 
is surgical resection, with adjuvant fractionated radiotherapy and radiosurgery 
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implemented in specific circumstances (e.g. 
sub-totally resected tumours) [2]. Following 
surgery, extent of tumour resection can be 
classified according to the Simpson grading 
system, or more broadly into gross- or 
sub-total resection. Key prognostic factors for 
recurrence include extent of resection, World 
Health Organisation (WHO) tumour grade, and 
use of adjuvant therapies [2]. 

The WHO CNS tumour classification 
system (Figure 1) received its most recent 
update in 2021 [3]. The 2016 version primarily 
used histopathological findings to classify 
meningioma into grades 1, 2, and 3 [4, 5]. 
Grade 1 tumours are the most common and 
least aggressive, whilst grades 2 and 3 are rarer, 
more aggressive, tumours  [1,2]. Survival rates 
vary between grades, with grade 1 being the 
highest (10 year relative survival 96.8%), then 
grade 2 (90.2%), and grade 3 having the lowest 
survival rates (30.4%) [6]. Notably, the 2021 
update deviates from the previous system by the 
including a number of molecular factors. The 
presence of TERT promoter region mutations 
and CDKN2A/B homozygous deletion are now 
diagnostic of grade 3 meningioma [3,7,8]. 
Furthermore, the presence of rhabdoid and 
papillary histological sub-types are no longer 
independently diagnostic for WHO grade 3 
meningioma [3].

The changes in the 2021 WHO classification 
reflect a paradigm shift in the field of neuro-
oncology. Advancements in the genomic, 
transcriptomic, methylomic, proteomic, and 
metabolomic profiling have resulted in higher 
fidelity characterisation of CNS tumours. 
Despite the inclusion of prominent molecular 
factors, the current WHO classification does 
not fully represent the vast heterogeneity 
represented by the variable clinical behaviour 
seen in meningioma [2]. Advanced molecular 
characterisation of tumours also widens the 
potential for novel treatments by targeting the 
essential drivers of neoplastic growth. There 
are currently a number of targeted therapies 
for meningioma under investigation [9,10]. As 
our understanding of tumour biology grows, 
monitoring and treatment may be tailored 
to specific genetic aberrations, allowing 
intensification for aggressive phenotypes and 
relative sparing of benign acting tumours. 
Despite demonstrating superiority over the 
WHO classification, very few centres offer fully 
integrated molecular diagnostic approaches as 
routine clinical practice. This review highlights 
the prominent meningioma molecular 
factors being investigated and discusses their 
importance, as neuro-oncology moves ever 
closer towards a fully personalised medicine 
approach.

Neurofibromatosis 2
Loss of chromosome 22 was the first recurrent 
genetic alteration found in meningioma [11]. 
Further examination of this alteration found 
loss of heterozygosity on chromosome 22q 
(LOH22). Coding for Merlin, NF2 is considered 
the most probable meningioma-associated 
gene located in this region and is found 

in 50-60% of meningioma [11-14]. Merlin 
is  thought to link the actin cytoskeleton to 
the plasma membrane and acts as a tumour 
suppressor [15]. The exact biochemical 
mechanism by which Merlin works is not fully 
understood [16].  

NF2 can be involved in hereditary 
neurofibromatosis type 2. Meningioma 
in this circumstance are described as NF2 
associated Meningioma. Similarly, individuals 
without the condition can develop sporadic 
meningioma that contain a NF2 mutation – 
this is described as NF2 mutated meningioma. 
A substantial alteration in Merlin is needed 
to result in meningioma development, with 
mutational frequency increasing with WHO 
grade [13,14]. No NF2 hotspots have been 
located at present [13]. NF2 frequency varies 
across histopathological subtypes, for example 
it is significantly lower in meningothelial 
meningioma [14]. It has been proposed that 
separation into NF2 and non-NF2 meningioma 
could be a reasonable adjustment to the 
WHO classification. However, tissue analysis 
for NF2 is not routine in clinical practice.  
NF2 mutations are not believed to contribute 
to malignant progression [14]. NF2 is not 
an independent risk factor for recurrence, 
therefore as a prognostic marker of malignancy 
and recurrence NF2 does not appear to be 
useful. 

However, NF2 appears to be a useful focus 
for targeted therapies. When examining 
clinical implications of NF2, Brastianos et al 
have defined a NF2 specific treatment arm 
testing FAK inhibitors [17] in the ongoing 

Alliance A071401 clinical trial. FAK inhibitors 
for NF2 mutations demonstrate excellent 
tolerability and improved progression free 
survival (PFS) compared to controls that 
warrant further investigation in larger trials 
[17]. Brigatinib is a multiple tyrosine kinase 
inhibitor, which also affects FAK as one of its 
targets. Early research has demonstrated that it 
may be an effective treatment of NF2 deficient 
meningioma, however further investigation is 
required [16]. Merlin has a role in inhibition of 
mTOR tumour growth pathways. Inhibitors of 
mTOR such as vistusertib are currently under 
investigation and early results in aggressive 
subsets of meningioma show promise [18]. 
FAK and mTOR inhibitors are a promising 
advancement in targeted meningioma therapy, 
in individuals with NF2 associated or NF2 
related meningioma.  

Telomerase Reverse Transcriptase
Already incorporated into WHO classification 
of glioma, Telomerase Reverse Transcriptase 
(TERT) promoter mutations extend telomeres 
to produce immortal cancer cells [3, 7]. TERT 
mutations are found in a minority of tumours 
overall. Mutations in TERT are most common 
in high grade meningioma [19], which contain 
fewer targetable mutations when compared 
to low grade meningioma, however, such 
mutations are predicted to be neoantigens 
[20]. TERT mutations have been correlated 
to a high neoantigen load in all cancer types 
[21]. Similarly, TERT promotor mutations are 
associated with an increased risk of malignant 
histopathological progression [22].
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Figure 1. Diagram highlighting the CNS meningioma classification system. 
Box colour corresponds to year of inclusion in the classification and 
highlights criteria that are no longer considered diagnostic as of the 2021 
update [3].



The presence of TERT promotor mutations 
is linked to poor prognosis, reduced time to 
progression and increased risk of malignant 
histopathological progression in meningioma 
[7, 22]. Identification of TERT promoter 
mutations would identify those patients at 
higher risk of recurrence following treatment 
and might prompt the use of more frequent 
MRI surveillance and clinical follow-up. The 
importance of TERT mutations as a prognostic 
factor is exemplified by its inclusion as a 
signifier of grade 3 tumours in the updated WHO 
classification system [3]. 

Clinically, TERT mutations raise a number of 
questions regarding treatment and alternative 
therapies. TERT mutations are associated with 
high risk of recurrence following radiotherapy, 
which brings into question the clinical utility 
of adjuvant radiotherapy in this patient cohort 
[25]. The development of an alternative 
targeted treatment would offer clinicians a 
solution to this dilemma but this is not yet 
available. High neoantigen load in high grade 
meningioma presents the opportunity for 
immunologic therapy targeting TERT associated 
neoantigens. Similarly, TERT promotor mutation 
associated with histopathological progression 
allows for prospective targeting of low-grade 
meningioma with this mutation using aggressive 
TERT immunologic therapy.

Other Molecular Mutations
Recent studies have identified phosphoinositide 
3-kinase (PI3K), hereditary haemochromatosis 
(HH) and tumour necrosis factor receptor 
associated factor (TRAF7) mutations as 
significant markers of recurrence risk [23]. 
Kruppel like factor 4 (KLF4) mutations are 
protective against recurrence [23]. PI3K 
demonstrates the earliest recurrence rate, and 
along with HH is correlated to multiple driver 
genes [23]. Definitive identification of optimal 
driver genes in these mutations would allow 
for prognostic stratification and classification 
of affected meningioma, e.g., PI3KH1047R 
and SMOL412F respectively [23]. Similarly, it 
would allow for further development of targeted 
treatment clinical trials [17].  

Alternative molecular markers to identify 
clinically aggressive meningioma are still 
relatively unexplored. Several studies have been 
performed but there can be a discrepancy in 
the presence of mutations between studies 
due to varying cohort sizes [37-39].  DNA 
Topoisomerase II Alpha (TOP2A) labelling is 
associated with a shorter overall and progression 
free survival, whilst N-MYC downstream-
regulated gene 2 (NDRG2) is established as a 

marker of tumour aggression [24,25]. Polycomb 
Repressive Complex 2 (PCR2) activity is 
increased in more aggressive meningioma [24]. 
Larger scale studies are needed to validate 
these biomarkers before they can be considered 
clinically useful and incorporated into the WHO 
classification. 

Transcriptomics
Patel et al performed primary transcriptome 
analysis of meningioma samples [26]. They 
found meningioma samples clustered into three 
clinically significant groups: Type A, B and C 
[26]. These clusters demonstrated significant 
differences in mitotic activity (MIB1)- highest 
in Type C [26]. Transcriptomal changes in the 
form of DREAM complex loss correlate with the 
higher MIB1 in Type C meningioma [26]. DREAM 
complex bound with RB-like proteins allows a 
cell to remain quiescent [26]. However, when 
associated with MYBL2 and FOXM1 the DREAM 
complex becomes activated and subsequently 
drives cell proliferation [26]. Elevated FOXM1 
and MYBL2 is associated with more aggressive 
meningioma [26-28]. Identifying loss of 
repressive DREAM complex as a characteristic 
feature of high-grade meningioma, would 
allow clinicians to identify individuals most 
at risk of recurrence and tumour aggression. 
This information would guide follow up and 
treatment decisions. 

Meningioma sample clustering was not 
associated with WHO classification as per the 
2016 classification. Transcriptomic clustering 
samples displayed a longer PFS despite being 
classified as WHO grade 2 meningioma. 
Recurrent tumour samples were found to be of 
the same transcriptomic clustering of the original 
tumour. Identifying similarities between original 
tumour and recurrent tumour offers scientists an 
insight into the pathophysiology of meningioma 
recurrence. Similarly, identifying a common 
transcriptomic change across meningioma 
allows for treatments to be developed that could 
prevent or rapidly treat tumour recurrence (e.g. 
restricting MYBL2 or FOXM1 expression). 

Metabolomics
Metabolomics refers to the study of the 
metabolome – the biochemical profile of a cell 
or organism. Metabolomic research has been 
used in a range of different cancer types to 
identify diagnostic biomarkers, driver mutations 
and monitor disease progression. 

A metabolomic study by Masalha W et al 
identified two clusters of meningioma samples 
marked by metabolite alterations that separated 
samples by WHO grades, proliferation and 

PFS [29]. Another study demonstrated that 
meningioma metabolome provides a way of 
identifying aggressive meningioma allowing for 
personalised treatment [30]. Identification of 
metabolites within tumour samples that could 
identify more aggressive meningioma and 
those more at risk of progression could allow 
clinicians to approach such tumours with a 
more aggressive surgical approach and follow 
patients more closely than those without. 

Away from meningioma research, in 
pheochromocytoma, paraganglioma and breast 
cancer metabolomics have been used to detect 
driver mutations with indicative metabolite 
profiles [31]. The ability to detect optimal driver 
mutations within meningioma would allow for 
the development of targeted therapies and aid 
prognostic stratification [23].

Methylome Profiling
The process of methylation has a number of 
important functions in both physiology and 
pathophysiology. It helps prevent expression 
of harmful intergenetic regions of DNA, plays 
an important role in regulating gene expression 
through variable methylation of CpG sites, and 
functional knockout studies in methylation 
regulating proteins have demonstrated its 
importance in normal CNS development [32]. 
Abnormal activity of methylation regulating 
proteins, such as DNA methyltransferases 
(DMNT), are implicated in meningioma 
pathogenesis [32]. Aberrant methylation results 
in gene silencing by blocking the transcription 
of genetic material [33]. Pro-oncogenic changes 
in DNA methylation occur in the initial stages 
of tumour formation, meaning it is an early 
indication of the disease process [33].

Early research into the role of methylation as 
a prognostic classifier for meningioma did not 
provide a significant improvement over the WHO 
classification [34]. However, it did demonstrate 
the feasibility of using methylation to classify 
tumours, thereby laying the groundwork for 
future studies. In 2017, Sahm et al published a 
methylation based classification and grading 
system of meningioma, based on multi-
institutional data [35]. There are a number of 
key findings to highlight from this study. Firstly, 
using genome wide methylation signatures, 
meningioma were successfully distinguished 
from other primary brain tumours [35]. Next, 
application of hierarchal clustering broadly 
identified two cohorts of meningioma based 
on their methylation expression. Within these 
cohorts, a further six subgroups were identified 
and designated Methylation Classes (MC) ben-1, 
MC ben-2, MC ben-3, MC int-A, MC int-B, and MC 
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“
There is a growing body of research investigating the molecular biology of these tumours, including 
genomic, transcriptomic, metabolomic, proteomic, and methylomic profiling. Such advancements in 
molecular profiling of meningioma are providing greater accuracy in prognostication of tumours.
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References

mal [35]. Kaplan Meier analysis demonstrated 
a reduction in PFS from the benign (MC ben-1, 
ben-2, ben-3), to intermediate (MC int-A, int-B), 
and the malignant (MC mal) groups. Crucially, 
both the crude molecular classification and a 
combined version were shown to outperform 
the WHO classification system in predicting 
PFS [35]. This improvement reflects the ability 
of methylation to better distinguish genetically 
unstable ‘low grade’ and stable ‘high grade’ 
meningioma [2]. 

Currently, methylation analysis is not a 
widespread component of pathological 
meningioma tissue analysis, owing to limited 
access to facilities and the associated cost. 
However, as the technology improves, becoming 
cheaper and more widely available, analysis 
of meningioma methylation will provide a 
greater degree of accuracy when clinically 
stratifying risk of recurrence. Subsequently, 
patients may be better selected for adjuvant 
therapies and intensities of follow-up, leading 
to an improvement in disease management 
and patient experience. Methylomics have also 
been used to identify potential new treatments 
for meningioma. A gene enrichment study 
using methylation profiling demonstrated that 
patterns associated with tumour recurrence 
may be sensitive to Docetaxel, a chemotherapy 
agent already used in the treatment of other 
cancers [36]. Methylome profiling may prove 
useful in identifying systemic therapies for 
aggressive subsets of meningioma, beyond 
simply targeting specific driver mutations.  
Finally, multifaceted integrative molecular 
classification systems are superior to 
uni-dimensional pathological analysis, and 
methylome profiling forms a key component of 
these updated approaches [37]. 

Feasibility 
Despite the promising discoveries in 
meningioma classification there are still a 
number of challenges to integrating molecular 
diagnostics into the current WHO classification. 
The majority of which studies looked at 
molecular diagnostics have been performed 
on tumour samples from a retrospective cohort. 
This data needs prospective validation in order 
to confirm retrospective results. Similarly 
without effective pharmacotherapy (e.g. TERT 
targeted therapies), clinicians must balance the 
benefits of identifying relevant mutations with 
the risk of delayed patient time to diagnosis. 
Finally, in patients who are already diagnosed, 
it is necessary to rerun tests and gain more 
information on their tumour without being 
clear on the benefit this would have for the 
patient. 

Away from the biological issues there are 
a number of practical issues that must be 
considered when assessing the feasibility of an 
integrated molecular classification. Hospital 
infrastructures may not have the capacity or 
technology to perform complex additional 
tests on patient samples, meaning testing must 
be outsourced. Outsourcing to commercial 
companies not only incurs a large cost but 
prolongs the time for results to be returned to 
treating clinicians. Simultaneously, outsourcing 
to companies with varying capacities could 
result in some results returning prior to others 
as demonstrated in other brain tumours 
(e.g. awaiting MGMT methylation status in 
glioma samples). Subsequently, patients 
have a delayed time to final diagnosis, 
longer waiting time and potentially raised 
anxiety. Clinicians have to deal with having 
a fragmented pathological report, and make  
 

difficult decisions around formal diagnosis 
and when to invite patients to clinic. To 
develop an integrated molecular classification 
system, multiple analysis techniques are 
required, including whole-exome sequencing, 
copy number, DNA methylation, and mRNA 
sequencing [37]. Researchers have attempted 
to correlate complex integrated molecular 
classification groups to more clinically 
practical methods, such as protein expression 
on immunohistochemistry [37]. However, 
further evidence is needed to justify the validity 
of these findings. 

Conclusions
Neuro-Oncology is currently in the process of a 
molecular renaissance. Translational research 
is providing new insights into how clinicians 
can more accurately group phenotypically alike 
meningioma. This review has highlighted some 
of the key molecular factors of interest. Genomic, 
transcriptomic, metabolomic, and methylomic 
analysis is able to provide more representative 
prognostication of tumours, compared to the 
conventional WHO classification. Although the 
newly updated WHO classification reflects the 
importance of appreciating molecular factors, 
it still produces overly homogenised groups of 
behaviourally dissimilar tumours. Integrated 
molecular classifications provide even greater 
degrees of prognostic ability, at the expense 
of further reduced clinical applicability. 
Uncovering meningioma molecular biology is 
also providing powerful insights into potential 
targeted therapies, which may further improve 
patient care should they prove successful. 

NEUROSURGERY ARTICLEMore articles online at acnr.co.uk

ACNR > VOLUME 22 ISSUE 2 > 2023 > 15



14. 	 Wellenreuther R, Kraus JA, Lenartz D, Menon AG, 
Schramm J, Louis DN, Ramesh V, Gusella JF, Wiestler OD, 
von Deimling A. Analysis of the neurofibromatosis 2 
gene reveals molecular variants of meningioma. Am J 
Pathol. 1995;146, 827-832.  

15. 	 Lee S, Karas PJ, Hadley CC, Bayley VJ, Khan AB, Jalali A, 
Sweeney AD, Klisch TJ, Patel AJ. The Role of Merlin/NF2 
Loss in Meningioma Biology. Cancers (Basel). 2019;11 
https://doi.org/10.3390/cancers11111633

16. 	 Chang LS, Oblinger JL, Smith AE, Ferrer M, Angus SP, 
Hawley E, Petrilli AM, Beauchamp RL, Riecken LB, 
Erdin S, Poi M, Huang J, Bessler WK, Zhang X, Guha R, 
Thomas C, Burns SS, Gilbert TSK, Jiang L, Li X, Lu Q, 
Yuan J, He Y, Dixon SAH, Masters A, Jones DR, Yates 
CW, Haggarty SJ, La Rosa S, Welling DB, Stemmer-
Rachamimov AO, Plotkin SR, Gusella JF, Guinney J, 
Morrison H, Ramesh V, Fernandez-Valle C, Johnson 
GL, Blakeley JO, Clapp DW. Brigatinib causes tumor 
shrinkage in both NF2-deficient meningioma and 
schwannoma through inhibition of multiple tyrosine 
kinases but not ALK. PLoS One. 2021;16, e0252048

	 https://doi.org/10.1371/journal.pone.0252048

17. 	 Brastianos PK, Twohy E, Gerstner ER, Kaufmann TJ, 
Iafrate AJ, Jeyapalan SA, Piccioni DE, Lassman AB, 
Fadul CE, Schiff D, Taylor JW, Chowdhary SA, Kaley TJ, 
Morrison T, Kumthekar P, Geyer S, Cahill DP, Santagata 
S, Barker FG, Galanis E. Alliance A071401: Phase II trial 
of FAK inhibition in meningiomas with somatic NF2 
mutations. Journal of Clinical Oncology. 2020;38:2502-
2502. https://doi.org/10.1200/JCO.2020.38.15_
suppl.2502

18. 	 Mair MJ, Berghoff AS, Brastianos PK, Preusser M. 
Emerging systemic treatment options in meningioma. J 
Neurooncol. 2023;161:245-258. https://doi.org/10.1007/
s11060-022-04148-8

19. 	 Koelsche C, Sahm F, Capper D, Reuss D, Sturm D, Jones 
DT, Kool M, Northcott PA, Wiestler B, Böhmer K, Meyer 
J, Mawrin C, Hartmann C, Mittelbronn M, Platten M, 
Brokinkel B, Seiz M, Herold-Mende C, Unterberg A, 
Schittenhelm J, Weller M, Pfister S, Wick W, Korshunov A, 
von Deimling A. Distribution of TERT promoter muta-
tions in pediatric and adult tumors of the nervous 
system. Acta Neuropathol. 2013;126:907-915 https://doi.
org/10.1007/s00401-013-1195-5 

20. 	 Bi WL, Greenwald NF, Abedalthagafi M, Wala J, Gibson 
WJ, Agarwalla PK, Horowitz P, Schumacher SE, Esaulova 
E, Mei Y, Chevalier A, Ducar M, Thorner AR, van 
Hummelen P, Stemmer-Rachamimov A, Artyomov M, 
Al-Mefty O, Dunn GP, Santagata S, Dunn IF,Beroukhim R. 
Genomic landscape of high-grade meningiomas. NPJ 
Genom Med. 2017;2. https://doi.org/10.1038/s41525-
017-0023-6

21. 	 Li H, Li J, Zhang C, Zhang C, Wang, H. TERT mutations 
correlate with higher TMB value and unique tumor 
microenvironment and may be a potential biomarker 
for anti-CTLA4 treatment. Cancer Med. 2020;9. 7151-
7160 https://doi.org/10.1002/cam4.3376

22. 	 Goutagny S, Nault JC, Mallet M, Henin D, Rossi JZ, 
Kalamarides M. High incidence of activating TERT 
promoter mutations in meningiomas undergoing 
malignant progression. Brain Pathol. 2014;24:184-189 
https://doi.org/10.1111/bpa.12110

23. 	 Youngblood MW, Miyagishima DF, Jin L, Gupte T, Li 
C, Duran D, Montejo JD, Zhao A, Sheth A, Tyrtova E, 
Özduman K, Iacoangeli F, Peyre M, Boetto J, Pease 
M, Avşar T, Huttner A, Bilguvar K, Kilic T, Pamir MN, 
Amankulor N, Kalamarides M, Erson-Omay EZ, Günel 
M, Moliterno J. Associations of meningioma molecular 
subgroup and tumor recurrence. Neuro Oncol. 
2021;23:783-794. https://doi.org/10.1093/neuonc/
noaa226

24.	 Stuart JE, Lusis EA, Scheck AC, Coons SW, Lal A, Perry 
A, Gutmann DH. Identification of gene markers asso-
ciated with aggressive meningioma by filtering across 
multiple sets of gene expression arrays. J Neuropathol 
Exp Neurol. 2011;70:1-12 https://doi.org/10.1097/
NEN.0b013e3182018f1c

25. 	 Lusis EA, Watson MA, Chicoine MR, Lyman M, Roerig 
P, Reifenberger G, Gutmann DH, Perry A. Integrative 
genomic analysis identifies NDRG2 as a candidate 
tumor suppressor gene frequently inactivated in clinic-
ally aggressive meningioma. Cancer Res. 2005;65:7121-
7126. https://doi.org/10.1158/0008-5472.CAN-05-0043

26. 	 Patel AJ, Wan YW, Al-Ouran R, Revelli JP, Cardenas 
MF, Oneissi M, Xi L, Jalali A, Magnotti JF, Muzny DM, 
Doddapaneni H, Sebastian S, Heck KA, Goodman J C, 
Gopinath SP, Liu Z, Rao G, Plon SE, Yoshor D, Wheeler 
DA, Zoghbi HY, Klisch TJ. Molecular profiling predicts 
Meningioma recurrence and reveals loss of DREAM 
complex repression in aggressive tumors. Proc Natl 
Acad Sci USA. 2019;116:21715-21726 https://doi.
org/10.1073/pnas.1912858116

27. 	 Harmancı AS, Youngblood MW, Clark VE, Coşkun S, 
Henegariu O, Duran D, Erson-Omay EZ, Kaulen LD, 
Lee TI, Abraham BJ, Simon M, Krischek B, Timmer 
M, Goldbrunner R, Omay SB, Baranoski J, Baran B, 
Carrión-Grant G, Bai H, Mishra-Gorur K, Schramm J, 
Moliterno J, Vortmeyer AO, Bilgüvar K, Yasuno K, Young 
RA, Günel M. Integrated genomic analyses of de novo 
pathways underlying atypical meningiomas. Nature 
Communications. 2017;8:14433. https://doi.org/10.1038/
ncomms14433

28. 	 Vasudevan HN, Braunstein SE, Phillips JJ, Pekmezci 
M, Tomlin BA, Wu A, Reis GF, Magill ST, Zhang J, Feng 
FY, Nicholaides T, Chang SM, Sneed PK, McDermott 
MW, Berger MS, Perry A, Raleigh DR. Comprehensive 
Molecular Profiling Identifies FOXM1 as a Key 
Transcription Factor for Meningioma Proliferation. 
Cell Rep. 2018;22:3672-3683 https://doi.org/10.1016/j.
celrep.2018.03.013

29. 	 Masalha, W, Daka K, Woerner J, Pompe N, Weber S, 
Delev D, Krüger MT, Schnell O, Beck J, Heiland DH, 
Grauvogel J. Metabolic alterations in meningioma 
reflect the clinical course. BMC Cancer. 2021;21:211 
https://doi.org/10.1186/s12885-021-07887-5

30. 	 Bender L, Somme F, Ruhland E, Cicek AE, Bund 
C, Namer IJ. Metabolomic Profile of Aggressive 
Meningiomas by Using High-Resolution Magic Angle 
Spinning Nuclear Magnetic Resonance. J Proteome 
Res. 2020;19:292-299 https://doi.org/10.1021/acs.
jproteome.9b00521

31. 	 Richter S, Gieldon L, Pang Y, Peitzsch M, Huynh T, 
Leton R, Viana B, Ercolino T, Mangelis A, Rapizzi 
E, Menschikowski M, Aust D, Kroiss M, Beuschlein 
F, Gudziol V, Timmers HJ, Lenders J, Mannelli M, 
Cascon A, Pacak K, Robledo M, Eisenhofer G, Klink 
B. Metabolome-guided genomics to identify patho-
genic variants in isocitrate dehydrogenase, fumarate 
hydratase, and succinate dehydrogenase genes in 
pheochromocytoma and paraganglioma. Genet Med. 
2019;21: 705-717. https://doi.org/10.1038/s41436-018-
0106-5

32. 	 Moore LD, Le T, Fan, G. DNA Methylation and Its Basic 
Function. Neuropsychopharmacology. 2013;38:23-38. 
https://doi.org/10.1038/npp.2012.112

33. 	 Shen L, Lin D, Cheng L, Tu S, Wu H, Xu W, Pan Y, Wang 
X, Zhang J, Shao A. Is DNA Methylation a Ray of 
Sunshine in Predicting Meningioma Prognosis? 
Frontiers in Oncology. 2020;10. https://doi.org/10.3389/
fonc.2020.01323

34. 	 Olar A, Wani KM, Wilson CD, Zadeh G, DeMonte F, Jones 
DT, Pfister SM, Sulman EP, Aldape KD. (2017) Global 
epigenetic profiling identifies methylation subgroups 
associated with recurrence-free survival in menin-
gioma. Acta Neuropathol. 2017;133:431-444. https://doi.
org/10.1007/s00401-017-1678-x

35. 	 Sahm F, Schrimpf D, Stichel D, Jones DTW, Hielscher 
T, Schefzyk S, Okonechnikov K, Koelsche C, Reuss 
DE, Capper D, Sturm D, Wirsching H-G, Berghoff AS, 
Baumgarten P, Kratz A, Huang K, Wefers AK, Hovestadt 
V, Sill M, Ellis HP, Kurian KM, Okuducu AF, Jungk C, 
Drueschler K, Schick M, Bewerunge-Hudler M, Mawrin 
C, Seiz-Rosenhagen M, Ketter R, Simon M, Westphal M, 
Lamszus K, Becker A, Koch A, Schittenhelm J, Rushing 
EJ, Collins VP, Brehmer S, Chavez L, Platten M, Hänggi D, 
Unterberg A, Paulus W, Wick W, Pfister SM, Mittelbronn 
M, Preusser M, Herold-Mende C, Weller M,von Deimling 
A. DNA methylation-based classification and grading 
system for meningioma: a multicentre, retrospective 
analysis. The Lancet Oncology. 2017;18:682-694. https://
doi.org/10.1016/S1470-2045(17)30155-9

36. 	 Youngblood MW, Tran AN, Wang W, An S, Scholtens D, 
Zhang L, O’Shea K, Pokorny JL, Magill ST, Sachdev S, 
Lukas RV, Ahmed A, Unruh D, Walshon J, McCortney K, 
Wang Y, Baran A, Sahm F, Aldape K, Chandler JP, David 
James C, Heimberger AB, Horbinski, C. Docetaxel 
targets aggressive methylation profiles and serves as 
a radiosensitizer in high-risk meningiomas. Neuro-
Oncology. 2022;25:508-519. https://doi.org/10.1093/
neuonc/noac206

37. 	 Nassiri F, Liu J, Patil V, Mamatjan Y, Wang JZ, Hugh-White 
R, Macklin AM, Khan S, Singh O, Karimi S, Corona 
RI, Liu LY, Chen CY, Chakravarthy A, Wei Q, Mehani B, 
Suppiah S, Gao A, Workewych AM, Tabatabai G, Boutros 
PC, Bader GD, de Carvalho DD, Kislinger T, Aldape K, 
Zadeh G. A clinically applicable integrative molecular 
classification of meningiomas. Nature. 2021;597:119-25. 
https://doi.org/10.1038/s41586-021-03850 

NEUROSURGERY ARTICLE

16 > ACNR > VOLUME 22 ISSUE 2 > 2023


