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Diagnostic, Therapeutic, and Prognostic Implications of the
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The 2016 revised fourth edition of the World Health Organization (WHO) classification of central nervous system (CNS) tumors
incorporated molecular features with histologic grading, revolutionizing how oncologists conceptualize primary brain and spinal cord
tumors as well as providing new insights into their management and prognosis. The 2021 revised fifth edition of the WHO classifica-
tion further integrates molecular alterations for CNS tumor categorization, updating current understanding of the pathophysiology of
many of these disease entities. Here, the authors review changes in the new classification for the most common primary adult tumors—
gliomas (including astrocytomas, oligodendrogliomas, and ependymomas) and meningiomas—highlighting the key genomic altera-
tions for each group classification to help clinicians interpret them as they consider therapeutic options—including clinical trials and
targeted therapies—and discuss the prognosis of these tumors with their patients. The revised, updated 2021 WHO classification also
further integrates molecular alterations in the classification of pediatric CNS tumors, but those are not covered in the current review.
Cancer 2022;128:47-58. © 2027 American Cancer Society.
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INTRODUCTION
Advances in cancer genomics have greatly enhanced our understanding of the molecular alterations underlying central
nervous system (CNS) tumor biology. The multitude of genetic alterations observed in CNS tumors include base substitu-
tions, insertions and deletions, copy number alterations, and gene rearrangements. Genes commonly affected include those
encoding for receptor tyrosine kinases and their downstream signaling partners (epidermal growth factor receptor [EGFR],
platelet-derived growth factor receptor a [PDGFRA], Met tyrosine-protein kinase [MET], V-raf murine sarcoma viral
oncogene homolog B [BRAF], phosphoinositide 3-kinase [PI3K]), cell cycle regulation (p53, cyclin-dependent kinase in-
hibitors 2A and 2B [CDKN2A/B], cyclin-dependent kinase 4 [ CDK4], retinoblastoma susceptibility gene [RBI]), telomere
maintenance (telomerase reverse transcriptase [ 7ERT], a-thalassemia mental retardation X-linked [A7RX]), and chromatin
organization (isocitrate dehydrogenase [/DH], histone mutations, and epigenetic modifications). The identification of
these cancer-specific molecular alterations and the deeper understanding of their effects on tumor biology have translated
into improved diagnosis, classification, and more accurate prognosis of most CNS tumors, transforming clinical practice.
Although the classification of CNS tumors historically was based on histologic features only,' advances in our
understanding of the molecular features of CNS tumors has led to the incorporation of molecular alterations into the
diagnostic criteria.” The emergence of effective and experimental molecular therapies targeting some cancer-specific ge-
netic events provides another rationale for the inclusion of molecular alterations in disease classification. Recent successes
in targeting the BRAF V600E mutation in melanoma® and craniopharyngioma®®; EGFR mutations, K-RAS mutations,
and anaplastic lymphoma kinase (ALK) rearrangements in nonsmall cell lung cancer”®; human epidermal growth factor
receptor 2 (HER2) amplification in breast cancer’; and the breakpoint cluster region protein/tyrosine-protein kinase ABL
(BCR-ABL) translocation in chronic myeloid leukemia'® have validated the targeted approach to cancer therapy. In CNS
tumors, there are fewer but some notable successes with approvals of everolimus for subependymal giant cell astrocytoma
in patients with tuberous sclerosis,!" selumetinib for plexiform neurofibromas in patients with neurofibromatosis type
1,'* and larotrectinib for neurotrophic tyrosine receptor kinase (NTRK)-altered tumors, including CNS neoplasms.'*"
Molecular classification is also highly relevant because many patients with CNS tumors are now considered for inclusion
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in clinical trials of targeted drugs based on the genetic
profile of the underlying tumor.'®

Therefore, an accurate classification system that
takes into consideration the molecular characteristics of
CNS tumors is paramount for accurate diagnosis, progno-
sis, treatment selection, and enrollment into relevant clin-
ical trials. The 2016 World Health Organization (WHO)
classification of CNS tumors for the first time integrated
molecular characteristics and histologic features to facili-
tate a more precise classification of these tumors. This has
led to disease classes with entities that are more homoge-
neous not only in their biology but also in their response
to treatment and clinical outcomes. Despite this progress,
there is still need for further refinement, especially for rare
and poorly characterized tumor entities.

Since publication of the 2016 WHO dlassification
of CNS tumors, there has been additional progress in our
understanding of the underlying biology of many of these
tumor entities. Several of these discoveries have important
implications for tumor classification, patient care, and the
design and interpretation of clinical trials. To communi-
cate these findings in advance of the 2021 WHO classifica-
tion of CNS tumors, a group of leading neuropathologists
and neuro-oncologists formed the Consortium to Inform
Molecular and Practical Approaches to CNS Tumor
Taxonomy-Not Official WHO (CIMPACT—NO\W).17’24
Since its inception, cIMPACT-NOW has published sev-
eral recommendations for incorporation into clinical prac-
tice." " These updatesw'24 form the basis for the updated
2021 WHO dlassification of CNS tumors.'”

Here, we review key updates in the 2021 WHO
classification of CNS tumors for the most common pri-
mary adult tumors—gliomas and meningiomas”®*’—
highlighting important implications for clinical practice
and providing clinicians with a framework to help them
interpret the new classification as they consider therapeu-
tic options (clinical trials, targeted therapies) and discuss
prognosis with their patients.

GENERAL UPDATES IN THE NEW
CLASSIFICATION

The 2021 WHO classification adds several newly recognized
tumor types (see Table 1) and makes several important
changes to principles relating to nomenclature, grading,
and classification of CN'S tumors.”> Many of these changes
increase the reliance on molecular alterations for disease
classification and elevate the importance of molecular
testing. Importantly, in some cases, molecular subgrouping
has been shown to be superior to histopathologic grading for
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TABLE 1. New Entities Included in the 2021 World
Health Organization Classification of Tumors of the
Central Nervous System, Fifth Edition

Gliomas Diffuse astrocytoma, MYB or MYBL1
altered

Polymorphous low-grade neuroepithelial
tumor of the young

Diffuse low-grade glioma, MAPK pathway
altered

Diffuse hemispheric glioma, H3.3 G34
mutant

Diffuse pediatric-type high-grade glioma,
H3-wildtype and IDH-wildtype

Infant-type hemispheric glioma

High-grade astrocytoma with piloid
features

Diffuse glioneuronal tumor with
oligodendroglioma-like features and
nuclear clusters

Myxoid glioneuronal tumor

Multinodular and vacuolating neuronal
tumor

Supratentorial ependymoma, YAP1
fusion-positive

Posterior fossa ependymoma, PFA

Posterior fossa ependymoma, PFB

Spinal ependymoma, MYCN-amplified

Cribriform neuroepithelial tumor

CNS neuroblastoma, FOXR2-activated

CNS tumor with BCOR internal tandem
duplication

Desmoplastic myxoid tumor,
SMARCB1-mutant

Angiomatoid fibrous histiocytoma/intrac-
ranial myxoid mesenchymal tumor

CIC-rearranged sarcoma

Primary intracranial sarcoma,
DICER1-mutant

Pituitary blastoma

Glioneuronal tumors

Ependymomas

Embryonal tumors

Sarcomatous neoplasms

Pituitary tumors

Abbreviations: BCOR, BCL-6 corepressor; CIC, Capicua transcriptional re-
pressor; CNS, central nervous system; IDH, isocitrate dehydrogenase; MAPK,
mitogen-activated protein kinase; MYCN, N-Myc; PFA, posterior fossa group
A; PFB, posterior fossa group B; SMARCB1, switch/sucrose non-fermentable
(SWI/SNF)-related matrix-associated actin-dependent regulator of chromatin
subfamily B member 1; YAP1, yes-associated protein 1.

risk stratification (eg, diffuse astrocytomas, ependymomas),
and molecular markers now prevail over histopathology in
some of the specific cases outlined in this article.
Methylome profiling has emerged as a powerful tool
for the classification and diagnosis of CNS tumors.'***3°
The 2021 WHO classification endorses methylome clas-
sifiers for many CNS tumor types and subtypes, but un-
certainty about the optimal methodological approach
and limited diagnostic test availabilicy make it difficult to
recommend methylome profiling as a primary or routine
diagnostic test for tumor classification. In addition, most
CNS tumor types and subtypes can be reliably diagnosed
by established, widely available techniques (eg, by inte-
grating histology with signature genetic alterations). A
notable exception is high-grade astrocytoma with piloid
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TABLE 2. Important Molecular Tests to Establish the Diagnosis and Prognosis of Common Tumor Entities

Gliomas Glioblastoma

1. If initial evaluation is consistent with an IDH wild-type astrocytoma without high-grade features, perform next-generation
sequencing and copy number profile to evaluate for:

e EGFR amplification
e TERT promoter mutation

e Concurrent gain of chromosome 7, loss of chromosome 10
The presence of any of these molecular alterations establishes the diagnosis of glioblastoma, CNS WHO grade 4, despite the

absence of high-grade features on histology

2. In the presence of a diagnosis of glioblastoma, CNS WHO grade 4, evaluate for methylation of the MGMT gene promoter;
MGMT promoter methylation is associated with improved response to treatment with temozolomide and longer overall survival

IDH-mutant astrocytic gliomas

1. The diagnosis of diffuse astrocytoma, IDH-mutant can be established using ATRX and/or P53 expression as surrogate
immunohistochemical markers of the absence of 1p/19 codeletion

2. In the presence of a diagnosis of diffuse astrocytoma, IDH-mutant, evaluate for homozygous CDKN2A/B deletion using next-
generation sequencing or fluorescent in situ hybridization because the presence of this molecular alteration makes the tumor
grade 4, irrespective of the absence of high-grade features on histology

Ependymomas

1. Posterior fossa (PF) ependymomas can be classified as type A or type B based on the absence (PFA) or presence (PFB) of H3

K27me3 staining on tumor cell nuclei

2. Gain of chromosome 1q in PFA ependymomas is associated with worse prognosis

Meningiomas Anaplastic meningioma

1. Consider next-generation sequencing of a meningioma, CNS WHO grade 2, as the presence of a TERT promoter mutation
or homozygous CDKN2A/B deletion would establish the diagnosis of anaplastic meningioma, CNS WHO grade 3, even in the

absence of anaplastic features on histology

Abbreviations: ATRX, a-thalassemia mental retardation X-linked; CDKN2A/B, cyclin-dependent kinase inhibitor 2A/B; CNS, central nervous system; EGFR, epider-
mal growth factor receptor; IDH, isocitrate dehydrogenase; MGMT, O-6-methylguanine-DNA methyltransferase; TERT, telomerase reverse transcriptase; WHO,

World Health Organization.

features, a new entity that has been added in the 2021
WHO classification and requires methylome profiling for
diagnosis. However, this is a rare entity, and the use of
methylome classifiers remains most effective in selected
cases with unusual clinicopathologic presentation. A
practical list of important testing for many of the tumor
types discussed in this article is included in Table 2.
Finally, the abbreviation CNS is now included in the
designation of tumor grades in the 2021 WHO classifica-
tion of tumors of the CNS (eg, glioblastoma, CNS WHO
grade 4). This change emphasizes differences in grading
criteria of CNS tumors compared with grading criteria
of tumors in other organ systems. In addition, the 2021
WHO classification has moved from Roman numerals (I,
IT, III, IV) to Arabic numerals (1, 2, 3, 4) for denoting
tumor grades. Tumor entities are now referred to as tumor
types, whereas variants are referred to as subtypes. These
changes decrease the risk for typographical errors and align
the nomenclature of CNS tumors with the nomenclature
of tumors in other organ systems. Previous editions of
the WHO classification of tumors of the CNS assigned
1 tumor grade to each entity (eg, anaplastic astrocytoma
was grade III according to the definition and could not be
assigned grade I, II, or IV). In contrast, the 2021 WHO
classification has moved to a within-tumor-type grading
system for most tumor types. For example, astrocytoma,
IDH-mutant, can now be either grade 2, 3, or 4, and the
term anaplastic is no longer used for grade 3 tumors.
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MAJOR UPDATES BY TUMOR GROUP

Diffuse Gliomas
Diffuse gliomas are the most common primary brain
tumors, with a clinical course that remains invariably fatal.
The WHO 2016 classification of CNS tumors for the first
time integrated histopathology with molecular features,
marking an important paradigm shift in the classification of
gliomas.” For adult diffuse gliomas, it defined the following
3 main categories based on histopathology, mutational
spectrum, and copy number alterations: 1) astrocytic,
IDH-wildtype tumors, including diffuse astrocytoma
(grade II), anaplastic astrocytoma (grade III), and primary
glioblastoma (grade IV); 2) astrocytic, /DH-mutant
tumors, including diffuse astrocytoma (grade II), anaplastic
astrocytoma (grade III), and secondary glioblastoma (grade
IV); and 3) oligodendroglial, /DH-mutant tumors and
tumors with codeletion of the short arm of chromosome 1
and the long arm of chromosome 19 (1p/19q), including
diffuse oligodendroglioma (grade II) and anaplastic
oligodendroglioma (grade III).

The 2021 WHO classification incorporates addi-

23133 making several

tional insights from genomic studies,
changes regarding diagnostic principles and nomencla-
ture of diffuse gliomas, with important implications for
clinical practice and for the design and interpretation of
clinical trials. Clinically impactful changes include the
addition of molecular criteria for the diagnosis of glio-

blastoma, /DH-wildtype, or astrocytoma, /DH-mutant,
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Figure 1. The classification of diffuse gliomas is illustrated based on histologic and molecular features, including (A) a simplified
diagnostic algorithm based on the 2016 edition of the World Health Organization (WHO) classification of central nervous system
(CNS) tumors, integrating molecular characteristics and histologic features, and (B) a simplified algorithm based on the 2021 WHO
classification of CNS tumors. Dashed lines in B denote changes compared with the 2016 WHO classification. *Diffuse astrocytoma,
isocitrate dehydrogenase (/DH)-wildtype without molecular features of glioblastoma, is a rare entity. Molecular testing for gain of
chromosome (Chr) 7 and loss of Chr 10, epidermal growth factor receptor (EGFR) amplification, and telomerase reverse transcriptase
(TERT) promoter is required to exclude glioblastoma, /IDH-wildtype, grade 4. In the absence of molecular features of glioblastoma,
additional testing should be considered (eg, v-Raf murine sarcoma viral oncogene homolog B [BRAF] alterations, histone mutations,
methylome profiling). **Astrocytoma, /IDH-mutant, can be diagnosed as grade 2, 3, or 4 based on histopathologic grading criteria
and cyclin-dependent kinase inhibitor 2A/cyclin-dependent kinase inhibitor 2B (CDKN2A/B) status. ***Oligodendroglioma, /DH-
mutant with codeletion of the short arm of chromosome 1 and the long arm of chromosome (1p19q), can be diagnosed as grade 2
or 3 based on histopathologic features. ATRX indicates a-thalassemia mental retardation X-linked.

grade 4, even in the absence of histopathologic high-grade
features. The details of these changes are discussed in the
tumor type-specific sections below, and a simplified algo-
rithm for the classification of diffuse gliomas is presented
in Figure 1.

Glioblastoma
Glioblastomas, CNS WHO grade 4, are highly malignant
tumors that occur most commonly in elderly patients
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(median age at diagnosis, 65 years) and are characterized
by rapid progression and a poor prognosis (median overall
survival, 16-18 months).”” Histologically, glioblastomas
are characterized by prominent cellular and nuclear
atypia, frequent mitotic figures, areas of necrosis, and
vascular proliferation. At a molecular level, glioblastomas

of

. 4- . .
heterogenelty.3 37 Recurrent, 31gnature gCIlCUC events

demonstrate a  striking  degree intratumoral

include gain of chromosome 7 and loss of chromosome
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10 (+7/-10)°% amplification and rearrangement of
receptor tyrosine kinases, most commonly affecting
EGFR (approximately 50%)%; alterations in the p53
pathway””; mutations or deletion of phosphatase and
tensin homolog (PTEN) (approximately 40%)°%; and
aberrant telomere maintenance through 7ERT promoter
mutations (approximately 80%).4

The WHO 2016 classification conceptualized pri-
mary glioblastoma (diffuse astrocytoma, /DH-wildtype,
grade IV) as a tumor that develops rapidly de novo with-
out a known precursor lesion and thus as a disease entity
distinct from grade II diffuse astrocytoma, /DH-wildtype.
The grading of diffuse astrocytoma, /DH-wildtype as a
WHO grade IV tumor (glioblastoma) was primarily based
on the presence of histopathologic high-grade features
(necrosis and/or microvascular proliferation). However,
increasing insights into the molecular characteristics of
primary glioblastoma have challenged this view. Genomic
studies reveal that the overwhelming majority of grade II
and III diffuse astrocytomas, /DH-wildtype, share signa-
ture genomic alterations and very similar clinical outcomes
with primary glioblastoma, grade IV.** This suggests that
these tumors represent under-sampled glioblastomas.
Consistent with this notion, one study revealed that the
presence of either +7/—10, EGFR amplification, and/or
TERT promoter mutation in histopathologic grade II or
1II IDH-wildtype diffuse astrocytic gliomas carries a prog-
nosis that is the same as that of histologically diagnosed
glioblastoma.’” The 2021 WHO dlassification accounts
for these new insights by stipulating molecular criteria
that allow for a diagnosis of glioblastoma, CNS WHO
grade 4, in /DH-wildtype astrocytic gliomas, even in the
absence of high-grade histopathologic features, when at
least one of the following molecular features is present:
concurrent +7/—10, EGFR amplification, or TERT pro-
moter mutation.'”*! This change has important impli-
cations for prognosis and therapy of these tumors and
highlights the importance of molecular analysis for CNS
WHO grade 2 or 3 diffuse astrocytic, /DH-wildtype gli-
omas. Diffuse astrocytoma, /DH-wildtype, CNS WHO
grade 2 or 3, without molecular features of glioblastoma
is a rare entity and is no longer considered a tumor type in
the 2021 WHO classification.”® The absence of molecu-
lar features of glioblastoma should prompt additional mo-
lecular testing (eg, BRAF alterations, histone mutations,
methylome profiling) to arrive at a specific diagnosis.

Astrocytomas, IDH-Mutant
IDH-mutant diffuse gliomas, encompassing astrocytomas
and oligodendrogliomas, are characterized by a

Cancer January 1, 2022

class-defining and possibly tumor-initiating clonal /DH1
or (less commonly) IDH2 gene mutation.*"*> IDH
mutations confer a neomorphic enzymatic activity,*
leading to changes in cellular metabolism***” and the
accumulation of the oncometabolite 2—hydroxyglutarate.48
2-Hydroxyglutarate accumulation has been shown to
promote tumorigenesis by competitively inhibiting
a-ketoglutarate—dependent dioxygenases, which include
histone lysine demethylases and DNA demcthylases.49’50
This results in histone and DNA hypermethylation with
a CpG island methylator phenotype pattern, leading
to a change in the cellular epigenetic status and a block
of cellular differentiation.”™> /DH-mutant gliomas
originate as low-grade tumors, and their development is
characterized by the progressive accumulation of additional
genetic alterations accompanied by a progressive increase
in tumor gra<i<=,.46’56’57 In the overwhelming majority of
diffuse astrocytomas, an /DH mutation is associated with
loss-of-function mutations in tumor protein 53 (7753)
and ATRX (approximately 90%),”®>” the latter of which
is responsible for an abnormal telomere maintenance
mechanism  known as alternative lengthening of
telomeres.®” ATRX mutations are mutually exclusive with
1p/19q codeletion, the class-defining molecular alteration
of oligodendrogliomas.61 Oligodendrogliomas achieve
telomere maintenance by distinct mechanisms, most
commonly through an activating mutation of the 7ERT
gene (approximately 909%).%

The 2021 WHO classification incorporates these
distinct molecular characteristics of /DH-mutant astro-
cytoma and oligodendroglioma to allow for additional
ways for obtaining a diagnosis of diffuse astrocytoma,
IDH-mutant. The 2016 WHO classification required the
presence of an /DHI or IDH2 mutation as well as the
absence of 1p/19q codeletion to make the diagnosis of
IDH-mutant diffuse astrocytoma. According to the 2021
WHO classification, this diagnosis can now also be made
in the absence of 1p/19q testing if there is evidence of loss
of ATRX and/or TP53 mutations.*

Oligodendrogliomas have the most favorable prog-
nosis of diffuse gliomas and are responsive to chemother-
apy.32 Diffuse astrocytomas, /DH-mutant, also have a
more favorable prognosis compared with /DH-wildtype
diffuse gliomas.ﬁ’63 However, there is significant hetero-
geneity in the prognosis of this disease class that is not
fully resolved by the histopathologically defined tumor
grades of the 2016 WHO classification. Studies have
identified homozygous deletion of CDKN2A/B as a crit-
ical, independent, negative prognostic factor in /DH-

mutant alstrocytoma.3 364,65
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The 2021 WHO classification accounts for these
findings by integrating histopathologic criteria with
CDKNZ2A/B status to achieve more precise grading of
diffuse /DH-mutant astrocytomas. /DH-mutant diffuse
astrocytoma grade 2 can now only be diagnosed in the
absence of the following: anaplastic histopathologic el-
ements, significant mitotic activity, and homozygous
CDNK2A/B deletion. IDH-mutant diffuse astrocytoma
grade 3 is diagnosed if anaplastic features and significant
mitotic activity are present but CDNK2A/B deletion is
absent. A CNS WHO grade 4 diagnosis now requires
the presence of histopathologic high-grade features (mi-
crovascular proliferation/necrosis) and/or homozygous
CDKN2A/B deletion. The highest grade of an IDH-
mutant astrocytoma is astrocytoma, /DH-mutant, CNS
WHO grade 4 and differentiates this class from glioblas-
toma, CNS WHO grade 4, which carries a worse prog-
nosis. Testing for homozygous CDKN2A/B deletion is
critical for accurate diagnosis and to inform prognosis
and optimal counseling in patients with diffuse astrocy-
toma, /DH-mutant. Currently, the standard of care for
astrocytoma, /DH-mutant, CNS WHO grade 4 with
CDKNZ2A/B deletion remains unchanged from that of
other high-grade gliomals.16 Future clinical trials should
leverage molecular alterations established in the 2021
WHO classification to identify optimal therapeutic strat-
egies for molecular subgroups and allocate patients to
novel, targeted treatments. So far, targeted therapeutic
strategies in /DH-mutant gliomas have focused mainly on
targeting the mutated IDH protein®*®®
cellular physiology resulting from the mutant IDH neo-
morphic enzymatic activity.” Homozygous CDKN2A/B
deletion itself may offer an additional target for inhibitors
of the CDK4/CDKG6 axis. Several CDK4/CDKG6 inhib-
itors have been approved for the treatment of hormone

or alterations in

receptor-positive, metastatic breast cancer.”” In gliomas,
results from preclinical studies with these agents have
been encouraging,”"’* and ongoing clinical trials are in-
vestigating the CDK4/CDKG6 inhibitor palbociclib as a
possible targeted treatment in diffuse gliomas.”?

Recently, radiotherapy has been linked to a ge-
nomic deletion signature contributing to poor outcomes
in patients with gliomas.74 In /DH-mutant gliomas, ra-
diotherapy was associated with acquired CDKN2A4 dele-
tion at recurrence, which was linked to worse survival.
This is especially significant given the important role of
CDKN2A/B deletions for tumor classification and prog-
nosis in the 2021 WHO classification of CNS tumors.
Clinical trials have demonstrated a survival benefit of ra-
diation and chemotherapy in newly diagnosed, low-grade
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gliomas compared with radiotherapy alone.”” Clinical
data for initial treatment with chemotherapy alone are
more limited, but the available data support increased
survival with a combination of radiotherapy and che-
motherapy.®”’ Additional clinical trials are needed to
identify subsets of patients who can be safely treated with
single-modality treatment.

Ependymomas
Ependymomas are a heterogencous group of well
circumscribed gliomas with ependymal features. These
CNS tumorsoccur in the brain or spinal cord in both adults
and children. Since 2015, molecular subgrouping of these
tumors has been shown to be superior to histopathologic
grading for risk stratification.** This was recognized
in the 2016 WHO classification of CNS tumors but
was not fully incorporated into the diagnostic criteria,
which relied on histopathologic features.” However,
ependymomas demonstrate significant heterogeneity in
their clinical course and molecular features that is not
satisfactorily resolved by these primarily morphologically
defined groups. In addition, histopathologic tumor
grading correlates poorly with clinical prognosis in
limiting the clinical utility of this
classification  system. Finally,

ependymomas,®’
methylome profiling
and genomic studies have revealed at least 9 molecular
subgroups of ependymoma that are characterized by
distinct molecular alterations, have unique clinical
features, and correlate with the 3 main anatomic sites of
the tumor within the CNS: supratentorial brain (ST),
posterior fossa brain (PF), and spinal cord (SC).308286 e
2021 WHO cdlassification of CNS tumors incorporates
these findings to establish a new classification system for
ependymomas that is based on anatomic site (ST, PE and
SC) and molecular features. A simplified algorithm for
the classification of ependymomas based on localization,
histology, and molecular features is presented in Figure 2.
For each anatomic site, there are 3 main groups based on
the underlying epigenetic and genetic characteristics, with
1 group at each site corresponding histopathologically
to supependymoma.’® The other two ST ependymoma
molecular groups are defined by their recurrent genetic
alterations into: 1) ST ependymomas with ZFTA (zinc
formerly cllorf95
[chromosome 11 open reading frame 95]) gene fusions

finger translocation associated;
(formerly ependymoma, RELA [v-rel reticuloendotheliosis
viral oncogene homolog A] fusion-positive), and 2) ST
ependymomas with yes-associated protein 1 (YAPI) gene
fusions.””*® Because there are insufficient data to assign a
WHO grade to ST ependymoma based on the molecular
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Figure 2. The classification system for ependymomas is illustrated based on anatomic site, histology, and molecular features, with a
simplified algorithm based on the 2021 World Health Organization classification of central nervous system tumors. *Subependymoma
and myxopapillary ependymoma remain histopathologically defined tumor types. H3 K27me3 indicates trimethylation of histone
H3 at lysine 27; MYCN, N-myc proto-oncogene; PF, posterior fossa; YAP]1, yes-associated protein 1; ZFTA, zinc finger translocation

associated.

groups, the 2021 classification allows the assignment of
grade 2 or grade 3 based on the histopathologic features.

In contrast to ST ependymomas, PF ependymo-
mas lack recurrent signature genetic events®™® but are
classified based on their epigenetic features into 2 main
groups: 1) PF type A (PFA) tumors are characterized by
the absence of histone H3 K27-trimethylation, whereas 2)
PFB tumors are characterized by a high level of histone H3
K27-trimethylation.”® Most clinical studies suggest an in-
ferior prognosis for PFA tumors, especially if chromosome
1q gain is present.*”**%**° However, there are insufficient
data to assign a WHO grade to PF ependymoma molecu-
lar groups, and these tumors can be graded as WHO grade
2 or grade 3 based on the histopathologic features.

SC ependymomas are diagnosed as myxopapillary or
classical based on their morphology. The clinical outcome
of myxopapillary and classical SC ependymomas is com-
parable,”’ and, unlike the 2016 WHO classification, the
2021 classification recommends grading myxopapillary
SC ependymomas as grade 2 instead of grade 1. The 2021
WHO classification additionally recognizes a recently de-
scribed SC ependymoma characterized by MYCN ampli-
fication, early dissemination, and a poor prognosis as a
distinct new tumor type.”>”

The morphologic variants of classical ependymoma, de-
fined in the WHO 2016 classification as papillary, clear cell,
and tanycytic, are no longer recognized in the 2021 WHO
classification given the lack of clinicopathologic utility.
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The 2021 WHO classification system for ependy-
momas allows for the diagnosis of myxopapillary ependy-
moma and subependymoma based on histopathologic
features but requires molecular testing for accurate di-
agnosis of the remaining ependymoma classes. Class-
defining genetic alterations in ST ependymomas and
MYCN-amplified SC ependymomas can be reliably de-
tected by interphase fluorescence in situ hybridization.*®
PFA and PFB ependymomas can be distinguished by the
absence or presence, respectively, of H3 K27me3 stain-
ing.”” Finally, DNA methylation profiling can be a pow-
erful diagnostic tool in difficult cases when ependymoma
is included in the differential diagnosis based on anatomic

. . . 4
location and histopathologic features of the tumor.*>”

Meningiomas

Meningiomasare the most common primary CNS tumors.
These tumors are slow-growing, mostly nonmalignant
(CNS WHO grade 1) and may be cured by gross total
resection. However, approximately 20% of meningiomas
have a less favorable clinical course, with local recurrence
and/or progression to a higher tumor grade with brain
invasion, posing a significant therapeutic challenge.”” The
2016 WHO classification of CNS tumors for the first time
incorporated molecular features into the classification of
meningiomas, reflecting advances in our understanding
of meningioma biology.” Within the meningioma
category, it defined 15 distinct meningioma variants that
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differ in their histopathology and molecular features and
can be separated by tumor grade. The overwhelming
majority of meningiomas fall within WHO grade I, and
the 2016 classification included 9 different variants in this
group, with the meningothelial and fibroblastic variants
occurring most frequently. WHO grade II tumors
included 3 histopathologically distinct variants that share
morphologic characteristics of increased malignancy.
Finally, anaplastic meningiomas, or WHO grade III
meningioma, comprised 3 variants characterized by
high-grade histologic features and a poor prognosis. The
2021 WHO classification retains meningioma as a single
tumor type with 15 distinct subtypes. However, grading
of meningiomas changed to a within-tumor-type grading
system. Tumor grade is no longer defined by meningioma
subtype, but criteria for grade 2 and grade 3 meningiomas
should be applied regardless of subtype.

Although meningioma subtypes and CNS WHO
grades remain primarily based on histologic criteria, the
2021 WHO classification endorses molecular biomarkers
to support classification and grading of meningiomas. Over
the last few years, genomic and epigenomic studies have
deepened our understanding of the molecular character-
istics of meningiomas, linking recurrent driver mutations
with distinct clinicopathologic phenotypes, tumor localiza-
tion, and prognosis. Incorporation of these newly identi-
fied molecular features into the 2021 WHO classification
has the potential to improve risk assessment and prognostic
awareness, and it could offer new avenues for treatment.

Compared with other solid tumors, meningio-
mas have relatively simple genomes with few recurrent
genetic alterations.”® The most common recurrent ge-
netic event is alteration of the tumor-suppressor gene
neurofibromatosis-2 (/VF2), which is observed in most
meningiomas that occur in the setting of both neuro-
fibromatosis type 2 as well as in approximately 60% of
sporadic meningiomas. Inactivating mutation of 1 NF2
allele is generally associated with chromosome 22 loss,
affecting the second allele.”” Additional karyotypic ab-
normalities increase in frequency with meningioma grade
and include deletion of 1p, 6q, 9p, 10, 14q, and 18q.98
Recently, genomic and targeted sequencing efforts have
yielded several additional recurrent mutations, including
AKT serine/threonine kinase 1 (AK71),” smoothened
(SMO),269%:100 Kruppel-like factor 4 (KLF4),””"" tumor
necrosis factor receptor-associated factor 7 (TRAF7),2%1%0
phosphatidylinositol-4,5-bisphosphate  3-kinase cata-
lytic subunit o (PIK3CA),'* BRCA-associated protein
1 (BAPI),'® and switch/sucrose nonfermentable-related
matrix-associated actin-dependent regulator of chromatin
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(SMARC) subfamily E member 1 (SMARCEI),'*1%
and the clinicopathologic relevance of these alterations is
beginning to emerge.

In meningiomas, mutational status and clinicopath-
ologic phenotype correlate with tumor location, possibly
reflecting the different developmental origin of the me-
ninges over the convexity of the brain versus the menin-
ges along the skull base.'”>! Convexity meningiomas
are predominately of fibroblastic or transitional histology
and often harbor NF2 and SMARCBI alterations.'””'%
Grade 2 and 3 meningiomas are also more common at
the convexity compared with the skull base and are sim-
ilarly enriched in NF2 gene mutations,'” but they also
often harbor alterations affecting the 7ERT gene promoter
and CDKN2A."'"*'"? By contrast, skull base meningiomas
are enriched for meningothelial, secretory, and microcys-
tic histologies and are characterized by mutations in the
AKTI, KLF4, TRAF7, SMO, PIK3CA, and RNA poly-
merase II subunit A (POLR2A) genes. The meningothe-
lial variant is enriched for mutations in AK7I, SMO, and
POLRZA,%’IM'“6 with SMO mutations especially fre-
quent in the anterior skull base” and POLR2A mutations
especially frequent near the tuberculum sellae region.'"”
Secretory meningiomas are enriched for mutations in KLF4
and TRAF7, with KLF4 mutations exclusively occurring
in this variant.””'*" Finally, meningiomas harboring muta-
tions in the PIK3CA gene can be of either meningothelial
or transitional morphology.'”” Compared with convexity
and skull base meningiomas, spinal cord meningiomas
have a distinct molecular profile and frequently harbor
SMARCEI mutations, which are associated with a clear
cell phenotype.'” 194 Finally, BAPI mutation is a frequent
genetic alteration in the rhabdoid subtype, and BAPI ex-
pression has been shown to separate meningiomas with
rhabdoid morphologic features into aggressive and less ag-
gressive forms.'"” The 2021 WHO dlassification of CNS
tumors incorporates these findings, allowing for the diag-
nosis of meningioma if classic driver mutations of conven-
tional meningioma (NF2, TRAF7, AKT1, KLF4, SMO,
PIK3CA), clear cell meningioma (SMARCEI), or rhab-
doid meningioma (BAPI) are present alongside suggestive
histopathologic features. However, molecular biomarkers
are not required for diagnosis if definitive histopathologic
features of a meningioma subtype are present.

Mutational status correlates not only with unique
clinical phenotypes but also with prognosis. Cytogenetic
changes are more extensive in grade 2 and 3 meningio-
mas,”® and karyotypic alterations, especially loss of 1p,
have been associated with more aggressive clinical behav-
ior.””!"¥12% In addition, activating mutations in the 7ERT
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gene promoter are frequently observed in progressive/

12,11 .
3 and constitute a strong,

higher grade meningiomas
independent risk factor for meningioma progression and
poor survival.''""*! Similarly, loss of CDKN2A is com-
mon in high-grade meningiomas''" and is associated with
meningioma progression in preclinical models'** and a
shortened survival in clinical studies.'* The 2021 WHO
classification accounts for these new insights by integrat-
ing existing histopathologic criteria with 7ERT promoter
and CDKNZ2A status to achieve improved grading of me-
ningiomas. Anaplastic meningioma, CNS WHO grade 3,
is now diagnosed even in the absence of anaplastic histo-
pathologic features if 7ERT promoter mutation and/or
homozygous CDKIN2A deletion is present.

Muldiple targetable genetic alterations have been
identified in meningiomas, and targeted therapies are
being evaluated in patients who are not amenable to local
therapy or who have exhausted local therapeutic options.
The molecular biomarkers established in the 2021 WHO
classification have important implications for the design
and interpretation of clinical trials investigating new
therapeutic options in meningiomas. A phase 2 study as-
signing patients with meningioma to targeted treatments
based on molecular features (NF2, SMO, AKTI) re-
cently reported tolerability of the focal adhesion inhibitor
GSK2256098 and improved progression-free survival at
6 months in patients with recurrent or progressive, NF2-
mutated meningiomas compared with historical controls
(ClinicalTrials.gov identifier NCT02523014)."** In ad-
dition, CDKN2A/B homozygous deletion constitutes
a possible therapeutic target for CDK4/6 inhibitors in

high-grade meningiomas. 125

DISCUSSION

Since the publication of the updated fourth edition of
the WHO Classification of CNS tumors in 2016, our
understanding of the molecular underpinnings of many
of these tumors has continued to evolve at a rapid pace.
The fifth edition of the 2021 WHO classification of CNS
tumors has been revised to incorporate many of these
new insights. Several of the updates reviewed here have
important implications for clinical practice. Changes
with high clinical impact include those affecting the
grading of diffuse astrocytic gliomas, in which, for some
patients, molecular markers now allow for the diagnosis
of glioblastoma, /DH-wildtype or astrocytoma, [DH-
mutant, CNS WHO grade 4, even in the absence of
high-grade features on histology. Many of these changes

elevate the importance of molecular testing and, in some

Cancer January 1, 2022

instances, introduce new technologies into the routine
diagnosis of CNS tumors.

The adoption of the fifth edition of the WHO clas-
sification of CNS tumors into clinical practice will aid the
accurate diagnosis of CNS tumors, improve their man-
agement, and facilitate optimal patient care. The changes
in the 2021 WHO classification of CNS tumors also have
important implications for the design, implementation,
and interpretation of clinical trials. The increased reliance
on molecular features for tumor classification will change
the timelines for patient enrollment because screening
will necessitate molecular testing to ensure that appropri-
ate patients are being enrolled for the disease entity being
studied. The logistic and financial considerations caused
by these changes have the potential to limit the availabil-
ity of clinical trial sites and reduce patient enrollment.
However, improved definition of disease entities will lead
to the design of more specific therapies and prevent the
potentially confounding effects on response and outcome
when histologically similar but molecularly distinct tu-
mors were studied together in the past (eg, /DH-mutant
astrocytomas with and without CDKN2A deletions).
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