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Abstract
Meningiomas are the most common adult primary intracranial tumor. Despite
their higher incidence, there have not—until recently—been as many advances
in understanding and managing meningiomas. Thus far, two broad classes of
meningiomas have emerged on the basis of their mutational profile: those
driven by neurofibromatosis 2 (NF2) inactivation and those with non-NF2 driver
gene alterations, such as mammalian target of rapamycin and Hedgehog,
Wingless/b-catenin, Notch, transforming growth factor-b receptor,
mitogen-activated protein kinase, and phospholipase C pathway alterations. In
addition to improvements in molecular diagnostics, advances in imaging are
being studied to better predict tumor behavior, stratify risk, and potentially
monitor for disease response. Management consists primarily of surgery and
radiation therapy and there has been limited success from medical therapies,
although novel targeted agents are now in clinical trials. Advances in imaging
and understanding of the genetic makeup of meningiomas demonstrate the
huge potential in revolutionizing the classification, diagnosis, management, and
prognosis of meningiomas..
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Introduction
Meningiomas are dural-based tumors that arise from arachnoid 
cap or meningothelial cells. They are the most common adult pri-
mary intracranial tumor. Despite their higher incidence, there have 
not—until recently—been as many advances in understanding 
and managing meningiomas. Meningiomas are usually  
slow-growing tumors; however, there are more aggressive, but  
less common, subtypes1. Some benign meningiomas (BMs)  
follow a more aggressive course with multiple recurrences,  
whereas some atypical meningiomas (AMs) and malignant  
meningiomas (MMs) can have a rather benign course with 
long progression-free survival (PFS) and overall survival (OS).  
Counterintuitively, it has been realized for some time that the 
tumor characteristics associated with high-grade histopathology 
and those associated with recurrence/progression do not always  
correlate2. Hence, much work is being performed in the clinic, 
as well as in the fields of advanced imaging and genomics, to  
discover other features or phenomena that contribute to tumor 
growth and recurrence.

Epidemiology and grading
Meningiomas account for approximately 37% of all primary  
central nervous system tumors in the US. The incidence  
increases with age and there is a notable increase after the age  
of 65. They are nearly twice as common in females than in  
males and are estimated to be three times more common in  
females within the age range of 35 to 54 years.

The World Health Organization (WHO) classification for  
meningiomas is based solely on histopathological characteriza-
tions of mitotic rate, cellular features of atypia, and local invasion.  
About 80% are WHO grade I (also referred to as BM), 17% are 
WHO grade II (AM), and 2% are WHO grade III (anaplastic  
meningioma/MM)3. The WHO classification has prognostic 
value but has limitations because of a lack of reliable molecular  
markers for aggressive and recurrence-prone tumors4,5.

Molecular genetics
The transformed classification and subsequent management  
and prognostication of several brain tumor types, such as  
glioblastoma, ependymoma, and medulloblastoma, exemplify the  
paradigm shift toward molecular taxonomy, which is now being 
applied to meningiomas with high-throughput genomic and 
epigenomic analyses. Many groups have used next-generation  
sequencing as a tool to render a genetic element to better  
define and classify meningiomas and consequently find novel  
therapeutic targets to complement surgery and radiation.

The concept of genetic contribution to the causation of menin-
giomas has been derived from associated familial syndromes. 
The first and most widely described of these syndromes is  
neurofibromatosis 2 (NF2), in which 50 to 75% of patients  
develop one or more meningiomas6. The NF2 gene is a tumor 
suppressor present on chromosome 22 and encodes for a protein  
called merlin (also known as schwannomin), which plays 
a key role in regulating meningioma cell proliferation and  
tumor formation in mouse models and in regulating multiple  
downstream pathways7. Merlin links the actin cytoskeleton 

to plasma membrane proteins and is an important inhibitor of  
contact-dependent proliferation. Loss of merlin, which occurs 
in NF2 mutations, leads to increased YAP expression and 
increases cell proliferation from loss of contact-dependent inhi-
bition8. Mutations in NF2 gene are found in 50–60% of patients 
with BM and in up to 75% of patients with AM and MM. NF2 
mutated meningiomas are more prone to tumor progression as 
the gene has been found more frequently mutated and associated 
with multiple allelic losses in the most aggressive meningiomas.  
Interestingly, many genes, including NF2, BAM22, INI1, TIMP-1, 
and DAL-1, are mutated with chromosome 22 loss9–12.

Thus far, two broad classes of meningiomas have emerged 
on the basis of their mutational profile: those driven by NF2  
inactivation and those with non-NF2 driver gene alterations, such  
as mammalian target of rapamycin (mTOR) and Hedgehog,  
Wingless (WNT)/b-catenin, Notch, transforming growth factor-b 
receptor (TGF-bR), mitogen-activated protein kinase (MAPK),  
and phospholipase C pathway alterations.

In about 20% of meningiomas, no genetic alterations are  
detected. In these meningiomas as well as those with defined  
mutations, epigenomic alterations may play an important role 
in tumor development and progression. Of the epigenomic  
alterations, methylation is the most thoroughly studied. For  
instance, RIZ1 expression negatively correlates with tumor  
grade; grade I, II, and III meningiomas express RIZ1 in 87.5%, 
38.9%, and 23.8% of cases, respectively. Comethylation of  
several homeobox (HOX) genes has been implicated in the  
tumorigenesis of high-grade meningiomas. Aberrant hypermeth-
ylation of WNK2 is associated with 83% and 71% of grade II and  
III meningiomas. Notably, a scoring system based on quanti-
fied methylation values of five genes (HOXA6, HOXA9, PENK,  
UPK3A, and IGF2bP1) was reported to provide 80 to 90% sen-
sitivity and specificity in predicting recurrence of meningiomas, 
independent of tumor grade6. Olar et al. demonstrated the 
robust ability to stratify meningiomas in 140 samples by using 
global DNA methylation signatures to accurately identify  
patients with tumors more likely to recur13. This method could 
be used in conjunction with clinical and histologic grading 
scales to risk-stratify patients who require more aggres-
sive upfront therapy with radiation13. This idea was further  
reinforced by the Heidelberg, Germany group led by Sahm  
et al., who also investigated genome-wide DNA methylation  
patterns of 497 meningiomas in a retrospective analysis and  
concluded that, compared with the current WHO classification, 
the DNA methylation-based meningioma classification is able to 
segregate meningiomas in more homogenous groups in terms of  
predicting tumor recurrence and prognosis4.

Genomic instability is one of the important differentiators  
between grade I and grade II or III meningiomas6. The Dana- 
Farber group found from their in vitro meningioma cell lines 
that loss of chromosome 22 is the most common arm-level  
alteration across all meningiomas (40–60% in grade I and 75%  
in grade II or III), along with recurrent loss of chromosomes 1p, 
6q, 10q, 14q, and 18q and gain of 1q, 9q, 12q, 15q, 17q, and 20q  
in high-grade tumors. Among these, chromosome 1p and 14q  
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loss are the most frequent cytogenetic abnormalities observed 
in meningiomas after chromosome 22, affecting half of all 
grade II and nearly all grade III meningiomas14. A higher level 
of genomic disruption was identified in the two high-grade  
meningioma cell lines, consistent with the original meningioma  
being of a high-grade nature15.

Targeting of telomerases is an exciting area of research in  
regulating cancer senescence. Telomerase activation has been  
demonstrated in 10% of grade I, 50% of grade II, and 95% of  
grade III meningiomas6. Hence, targeted telomerase inhibitors  
may have potential in treating meningiomas16.

Alternative methods of meningioma regulation have been seen 
in the impact of microRNA molecules (miRs), which are small  
nucleotide sequences involved in the suppression of mRNA  
translation. Importantly, inducing or suppressing these molecules 
has been considered among the approaches in the treatment 
of tumors. Several miRs involved in regulating meningioma  
proliferation include miR-200a17 and miR-22418. One study  
showed dysregulation of 13 miRs in BMs and 52 miRs in  
anaplastic meningioma19.

To further expand the young genetic landscape of meningioma, 
Tang et al. performed whole genome sequencing across seven 
tumor-normal pairs to identify somatic genetic alterations 
in meningioma20. The majority of copy number variants and  
single-nucleotide variants were chromatin regulators, including 
multiple histone members, histone-modifying enzymes, and  
several epigenetic regulators. Recurrent chromosomal arrange-
ments on chromosome 22q, 6p, and 1q were detected20.

Imaging
Imaging characteristics, advanced imaging technology, and  
radiomics are playing an increasingly important role in tumor 
diagnosis, prognosis, and treatment response. Diffusion-
weighted magnetic resonance imaging (MRI), diffusor tensor  
imaging, and positron emission tomography (PET) imaging have 
been studied for preoperative prediction of biological behavior  
of meningiomas; however, their clinical utility is not yet  
established. Peritumoral edema around meningiomas has been 
associated with higher proliferation index and irregular tumor 
margins which may be a marker for more aggressive pheno-
type21. Increased vascular endothelial growth factor (VEGF)  
secretion and associated angiogenesis may also be associated 
with peritumoral edema22. Comprehensive risk stratification 
models deploying imaging features such as preoperative 
apparent diffusion coefficient MRI sequences, along with 
Simpson grade of classification, have shown superiority in  
envisaging which patients will experience progression/ 
recurrence over standard histopathological grading and his-
topathological in combination with Simpson grading23. Recently,  
a retrospective analysis of a small cohort of patients showed  
that preoperative fractal analysis of MRIs, a software method  
which better describes complexity of an image, may play a role  
in identifying non-BMs1,24–26.

Since the 1990s, octreotide scintigraphy has been demon-
strated as an effective method to image meningiomas27. More  
contemporary imaging techniques such as PET imaging have  
added a new dimension in the diagnosis and grading of menin-
giomas. Gadolinium DOTA-octreotate (68Ga-DOTATATE) PET 
has been shown to be a reliable predictor of tumor growth in BM 
and AM. Moreover, tumors with fast growth rate and transos-
seous expansion have the highest binding of the radionuclide,  
which indicates the potential for DOTATATE-based therapy28.

Management
Surgery and radiation therapy (RT) have been the cornerstone 
of treatment for meningiomas of all grades. Chemotherapy thus 
far has shown limited benefit on the basis of several retrospec-
tive studies; however, with increasing understanding of molecu-
lar pathways, there may be a greater role for targeted drugs. An 
important aspect in the management of meningioma is predict-
ing the risk of recurrence. With the publishing of the Simpson 
grading scale in 1957, the extent of resection has been a central 
component of meningioma management and predictive of  
recurrence29. Tumor location has also been considered a  
predictor of recurrence30. Skull-based meningiomas, which 
are commonly benign, are an example of location negatively  
impacting recurrence-free survival/PFS because the deep loca-
tion and relation to surrounding critical neurovascular structures 
often limit the extent of resection and residual tumor increases  
the risk of recurrence31,32. Male gender, lack of calcification,  
reduced expression of chromosome 1p, VEGF expression, and 
MIB-L1 (monoclonal antibody tumor proliferation marker) are 
other factors associated with meningioma recurrence29,30.

Small, asymptomatic presumed meningiomas can be followed 
conservatively by observation and periodic imaging, and surgical 
intervention can be pursued if patients become symptomatic 
or there is significant growth33. Surgery with the goal of gross 
total resection (GTR) is the treatment of choice for symptomatic  
meningiomas. The estimated 10-year PFS rates are about  
60–80% for gross total resected WHO grade I meningiomas 
and 50% for those with subtotal resection (STR)34. Gross totally  
resected BMs can be followed with serial imaging. The risk of 
recurrence for subtotally resected BMs is about 40–50% at five 
years; thus, adjuvant radiation can be considered for tumors in  
critical areas such as the skull base and near venous sinuses35.  
Stereotactic radiosurgery (SRS) has also been used as first-line 
therapy, usually in patients whose meningioma presents signifi-
cant surgical challenges36–38. These challenges are related to tumor  
location, patient age, comorbidities, recurrence after incom-
plete resection, and risks of neurologic morbidity if resection is  
pursued39. Local control rates are best for tumors less than 10 cm3 
in volume. The five-year outcomes for BM treated with SRS  
versus surgical resection are nearly similar. Longer-term (10-year) 
follow-up of BMs after SRS has revealed a broad range of 
tumor control rates between 69 and 92% with more recent  
data36,39–41. Though non-invasive when compared with surgery, 
SRS is associated with potential toxicities, including cra-
nial neuropathies from RT-induced injury. To avoid these  
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complications in vital structures such as the optic nerve, the  
standard minimum distance between the meningioma and  
anterior optic apparatus is 5 mm; however, with modern  
radiosurgical technology and hypofractionated SRS regimens, 
the distance has been decreased to nearly zero39. Adaptive  
hybrid approaches of near total resection followed by SRS for  
meningiomas located in critical areas near important vascular  
and neural structures are increasingly being used39.

The initial management for AM (WHO grade II) is surgery  
with a goal of maximal safe resection if possible. Several  
retrospective analyses have demonstrated the importance of 
GTR for AMs: five-year PFS rates were 60–90% after GTR and  
30–70% after STR34,35,42–45. The 10-year PFS has been estimated 
at 87% for GTR but only 17% for STR46. The benefit of adjuvant  
external beam radiation after GTR for AM is debated; prior  
retrospective studies show mixed results of early adjuvant RT 
following GTR and thus the current recommendation is active  
surveillance43,47,48. Post-operative external beam radiation after  
STR is generally accepted management, and estimated five-year 
PFS ranges from 40 to 90%42. SRS after STR may have a  
tumor control similar to that of external beam radiation;  
however, SRS is more beneficial for smaller meningiomas39,49,50. 
A prospective phase II trial (ClinicalTrials.gov identifier: 
NCT00895622) that was conducted by the Radiation Therapy 
Oncology Group and that studied the effects of post-operative 
RT in intermediate-grade meningiomas (recurrent grade I 
with any extent of resection and gross totally resected grade II  
meningioma) reported a three-year PFS of 96% in patients who 
received RT23. A prospective NRG trial (ClinicalTrials.gov  
identifier: NCT03180268) is under way to study observation  
compared with radiation in patients with newly diagnosed gross 
totally resected WHO grade II meningiomas.

Management for MMs (WHO grade III) also consists of  
surgery with a goal of maximal safe resection. The five-year PFS 
rates are 28% after GTR and 0% after STR51. Based on a few  
retrospective analyses, adjuvant radiation demonstrated improved 
PFS and OS compared with surgery alone52,53. Post-operative  
external beam radiation should be performed after any extent of 
resection for WHO grade III meningiomas42.

There are limited chemotherapy options for meningiomas.  
According to National Comprehensive Cancer Network  
guidelines, alpha interferon, somatostatin receptor agonists, 
and VEGF inhibitor are the only classes of recommended drugs 
and have previously shown only modest benefit54–56. Numerous  
agents such as tyrosine kinase inhibitors, especially epidermal 
growth factor receptor (EGFR) inhibitors, hydroxyurea, tradi-
tional cytotoxic chemotherapy, and hormone receptor–targeted 
agents, have been studied and have not shown any appreciable  
impact on survival. However, much of this data is based on  
retrospective analysis or small phase II trials rather than  
controlled prospective trials57. Kaley et al. have comprehensively  
reviewed the literature for medical therapies for surgery and  
radiation-refractory meningioma which revealed significant  
heterogeneity in study design, criteria for monitoring and  

progression, and patient selection58. Future trials would greatly  
benefit from standardization of reporting prior therapies, pre- 
treatment growth rate, and PFS and OS58.

Bevacizumab, an anti-angiogenic VEGF inhibitor, is a commonly 
used agent and its use as monotherapy for recurrent meningiomas 
is being studied (ClinicalTrials.gov identifier: NCT01125046). 
Results from the CEVOREM (Combination of Everolimus  
and Octreotide LAR in Aggressive Recurrent Meningiomas) 
trial (ClinicalTrials.gov identifier: NCT02333565), which  
studied the combination of octreotide (somastatin analogue) 
and everolimus (mTOR inhibitor) in recurrent WHO I–III  
meningiomas, showed activity with acceptable and manage-
able toxicity. Six-month PFS was almost 60% and in some 
patients there was a decrease in growth rate of greater than 5059.  
Trabectedin, a DNA binding alkylating agent, is being tested 
in a phase II EORTC (European Organisation for Research and  
Treatment of Cancer) study (ClinicalTrials.gov identifier: 
NCT02234050) which is assessing the activity, toxicity, and 
quality of life in patients with AM and MM. There are two  
ongoing trials for recurrent AM and MM using Optune, a 
device worn on the scalp which uses alternating electrical fields, 
with and without bevacizumab (ClinicalTrials.gov identifiers: 
NCT01892397 and NCT02847559).

An improved understanding of meningioma biology has led 
to the study of several novel targets. There have been promis-
ing responses in preclinical studies such as with pegvisomant, a 
growth hormone receptor antagonist; valproic acid as a radiosen-
sitizer and apoptic marker upregulator; a combination of tumor  
necrosis factor–related apoptosis-inducing ligand (TRAIL, 
a cytokine that binds to death receptors) and bortezomib (a  
proteasome inhibitor); and amino levulinic acid (5-ALA) as 
a photosensitizing agent45,60–62. An Alliance consortium group 
trial (ClinicalTrials.gov identifier: NCT02523014) is currently  
investigating targeted treatments in progressive meningioma on  
the basis of mutational status (NF2, AKT, and SMO).

Conclusions
There have been numerous advances in our understanding of  
meningiomas and minor refinements in their diagnosis and man-
agement; however, we are still limited in our ability to predict 
recurrence and there are only a few medical treatment options. 
There are significant ongoing efforts to further understand 
the molecular, genetic, epigenetic basis of meningiomas 
which will undoubtedly revolutionize the classification system 
with important implications for diagnosis, prognosis, and  
therapeutics and trial design in the future.
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