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1 |  INTRODUCTION

Low grade gliomas and glioneuronal tumors repre-
sent over 30% of pediatric CNS neoplasms, rendering 
them the most frequently encountered brain tumors 
in children, though they remain relatively rare [1– 3]. 

While pediatric low- grade gliomas and glioneuronal 
tumors (pLGG/GNTs) were understudied for years as a 
 consequence, the last two decades have witnessed revolu-
tionizing insights into their genetic drivers, largely on the 
strength of technologic advances and novel applications 
in molecular diagnostics [4].

I N V I T E D  R E V I E W

The 2021 WHO Classification of Tumors of the Central Nervous 
System: An update on pediatric low- grade gliomas and glioneuronal 
tumors

Tejus A. Bale  |    Marc K. Rosenblum

Received: 15 December 2021 | Accepted: 16 February 2022

DOI: 10.1111/bpa.13060  

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2022 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology

Department of Pathology, Memorial Sloan 
Kettering Cancer Center, New York, New 
York, USA

Correspondence
Tejus A. Bale, Department of Pathology, 
Memorial Sloan Kettering Cancer Center, 
1275 York Street, New York, NY10065, 
USA.
Email: balet@mskcc.org

Abstract

The 2021 5th edition of the WHO Classification of Tumors of the Central 

Nervous System reflects the discovery of genetic alterations underlying many 

central nervous system (CNS) neoplasms. Insights gained from technologic 

advances and novel applications in molecular diagnostics, including next- 

generation sequencing and DNA methylation- based profiling, coupled with the 

recognition of clinicopathologic correlates, have prompted substantial changes 

to CNS tumor classification; this is particularly true for pediatric low- grade 

gliomas and glioneuronal tumors (pLGG/GNTs). The 2021 WHO now classi-

fies gliomas, glioneuronal tumors and neuronal tumors into 6 families, three of 

which encompass pLGG/LGNTs: “Pediatric type diffuse low- grade gliomas,” 

“circumscribed astrocytic gliomas,” and “glioneuronal and neuronal tumors.” 

Among these are six newly recognized tumor types: “diffuse astrocytoma, 

MYB or MYBL1- altered”; “polymorphous low grade neuroepithelial tumor 

of the young (PLNTY)”; “diffuse low- grade glioma- MAPK altered”; “Diffuse 

glioneuronal tumor with oligodendroglioma- like features and nuclear clusters 

(DGONC)”; “myxoid glioneuronal tumor (MGT)”; and “multinodular and vac-

uolating neuronal tumor (MVNT).” We review these newly recognized entities 

in the context of general changes to the WHO schema, discuss implications of 

the new classification for treatment of pLGG/LGNT, and consider strategies 

for molecular testing and interpretation.
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Under the umbrella of pLGG/GNTs reside many 
tumor types and subtypes. The histologic diversity 
of these tumors was detailed over years of traditional 
microscopic examination and immunohistochemical 
study. This formed the backbone of CNS tumor clas-
sification, but, while some characteristic histologic 
features proved so readily distinguishable as to de-
fine certain tumor types, purely histologic classifica-
tion was acknowledged as fraught with difficulties. 
This was particularly true of the pLGG/GNTS, many 
of which demonstrated overlapping morphologies. 
As with all brain tumors, furthermore, limited tumor 
sampling potentially obscured an appreciation of 
 salient features.

Molecular data have surmounted these challenges to 
some extent, such that several brain tumor entities are 
now defined by specific molecular alterations. In this 
respect, the 2021 5th Edition of the WHO Classification 
of Tumors of the Central Nervous System represents an 
extension of the changes first introduced by the 2016 4th 
Edition [5]. Notable changes include the recognition of 
several new tumor types, with an accepted WHO grade. 
Furthermore, throughout the 5th edition of the WHO, 
the overarching presence of methylome profiling is 
keenly felt: the utility of this methodology is particu-
larly of interest in low grade gliomas and glioneuronal 
tumors, which have been shown to segregate primarily 
based on underlying genetic alteration (FGFR1, MYB/
MYBL1, BRAF, or IDH1/2) when subjected to hierar-
chical clustering analysis of their DNA methylation 
profiles [6]. For pLGG/GNTs, a significant body of 
data has emerged to demonstrate that alterations in the 
MAP kinase pathway are almost universal across histo-
logic entities, although these alterations may take many 
forms and are not always disease- defining. Therefore, 
the classification system introduced in the 2021 WHO 
represents a system in flux, a state well- reflected in the 
tumors considered pLGG/GNTs: a given genetic alter-
ation may be the defining feature of the tumor or tumor 
subtype; it may play a supporting role in the diagnosis; 
it may be shared across several distinct tumors; or it 
may be among a number of alterations enriched in a sin-
gle tumor type. There also remain diagnoses for which 
no alteration need be demonstrated, and those where 
the alteration is yet to be discovered. The increased 
complexity as reflected in the 2021 WHO “hybrid tax-
onomy” reflects our current understanding of the clin-
ical, histologic and molecular features of CNS tumors, 
and paves the way for further precision in tumor clas-
sification and a shift towards increased use of targeted 
therapeutics.

The WHO 2021 now classifies gliomas, glioneuro-
nal tumors and neuronal tumors in 6 different families, 
under which 3 are tumor types consistent with pLGG/
LGNT: (1) Pediatric type diffuse low- grade gliomas, (2) 
circumscribed astrocytic gliomas and (3) glioneuronal 

and neuronal tumors. (See Table 1 for a complete list 
of tumors listed in these families). Moreover, six of the 
fourteen newly recognized tumor types in the 2021 WHO 
could be considered pLGG/GNTs. Under the banner of 
“pediatric type diffuse low- grade gliomas” are three 
new tumors: “diffuse astrocytoma, MYB or MYBL1- 
altered”; “polymorphous low grade neuroepithelial 
tumor of the young (PLNTY)”; and “diffuse low- grade 
glioma- MAPK altered.” Glioneuronal and neuronal tu-
mors remain grouped together, to which three new tumor 
types have been added, the first of which is provisional: 
“Diffuse glioneuronal tumor with oligodendroglioma- 
like features and nuclear clusters (DGONC)”; “myxoid 
glioneuronal tumor (MGT)”; and “multinodular and 
vacuolating tumor (MVNT) [7].”

Here we review these newly recognized tumor types 
in further detail and in context of general changes to the 
WHO schema. We then discuss implications of the new 
classification for treatment of pLGG/LGNT and con-
sider strategies for molecular testing and interpretation.

2 |  DI FFUSE ASTROCYTOM A, 
M YB -  OR M LBL1 A LTERED

The 2016 edition of the WHO acknowledged the entity 
of angiocentric glioma, which, in addition to its histo-
pathological features (monomorphous bipolar spindled 
cells with perivascular growth pattern), is defined by 
characteristic MYB- QKI gene fusion [6, 8]. The func-
tional consequence of this fusion is loss of the tumor 
suppressor function of QKI combined with activation of 
MYB [9– 11]. MYB functions as a protooncogene, criti-
cal for proliferation and differentiation; alterations of 
MYB have been described in other human malignancies 
[12– 15]. A shared biological consequence of high ampli-
fication, or truncation of either the 3’ UTR regulatory 
site or the inhibitory C terminal domain, is the increased 
expression of MYB itself [12, 13]. Within the same MYB 
gene family of transcriptional regulators is MYBL1. 
Though much less studied, MYBL1  shares with MYB 
similar structure and functions, resulting in their being 
commonly grouped together despite non- overlapping ex-
pression and unique protein interaction profiles [12, 13, 
16].

The category of “diffuse astrocytoma, MYB or 
MYBL1- altered” encompasses a subset of pLGGs 
not bearing the characteristic histologic features of 
angiocentric glioma, but demonstrating recurrent 
amplifications and structural variants of MYB and 
MYBL1 [5, 14, 15], including fusions with various 
gene partners. Although “diffuse astrocytoma, MYB 
or MYBL1- altered” falls under the rubric of pediatric 
diffuse gliomas, there appears to be a related group 
of diffuse gliomas that occur predominately in adults, 
the so- called “isomorphic glioma.” These tumors are 
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typically well- differentiated, low to moderately cel-
lular glial neoplasms, comprised of astrocytes with 
small, rounded nuclei and regular chromatin struc-
ture, with low proliferative indices. Clinically, they are 
supratentorially located and associated with seizures 
[17– 19]. Isomorphic gliomas preferentially display al-
terations of MYBL1, rather than MYB, including gene 
fusions, some of which also commonly characterize 
pediatric MYB/MYBL1- altered gliomas [18]. Despite 
these similarities, it should be noted that analysis of 
the methylation profiles of a group of isomorphic dif-
fuse gliomas found these to form a distinct cluster, 
albeit one closely related to MYB/MYBL1- altered dif-
fuse astrocytomas occurring in children, as well as an-
giocentric gliomas [18].

The addition of “diffuse astrocytoma, MYB or 
MYBL1- altered” accomplishes the critical distinc-
tion of these indolent diffuse IDH- wild type gliomas 
from their “adult” counterparts. In the prior edition 
of the WHO, diffuse gliomas with MYB/MYBL1 al-
terations could conceivably be simply categorized as 
diffuse astrocytoma, IDH- wildtype, in the absence of 
a broad genomic characterization. Inasmuch as the 
latter category is chief ly composed of tumors that are 
molecularly high- grade gliomas (i.e. glioblastoma, 
WHO grade 4), such classification would be grossly 
erroneous; evidence indicates that MYB/MYBL1 al-
tered diffuse gliomas in both children and adults are 
generally indolent and usually behave in WHO grade 
1 fashion. [18, 20]

Pediatric- type diffuse low- grade 
gliomas

Circumscribed astrocytic 
gliomas

Glioneuronal and 
neuronal tumors

Diffuse astrocytoma, MYB-  or 
MYBL1- altered

Pilocytic astrocytoma Ganglioglioma

Angiocentric glioma Pleomorphic 
xanthoastrocytoma

Desmoplastic infantile 
ganglioglioma 
/ desmoplastic 
infantile 
astrocytoma

Polymorphous low- grade 
neuroepithelial tumor of the 
young (PLNTY)

Subependymal giant cell 
astrocytoma

Dysembryoplastic 
neuroepithelial 
tumor

Diffuse low- grade glioma, 
MAPK pathway- altered

Chordoid glioma Diffuse glioneuronal 
tumor with 
oligodendroglioma- 
like features and 
nuclear clusters

High- grade astrocytoma 
with piloida features

Papillary glioneuronal 
tumor

Astroblastoma, 
MN1- altereda

Rosette- forming 
glioneuronal tumor

Myxoid glioneuronal 
tumor

Diffuse leptomeningeal 
glioneuronal tumor

Gangliocytoma

Multinodular and 
vacuolating neuronal 
tumor

Dysplastic cerebellar 
gangliocytoma 
(Lhermitte- Duclos 
disease)

Central neurocytoma

Extraventricular 
neurocytoma

Cerebellar 
liponeurocytoma

Note: Pediatric type diffuse low- grade gliomas, circumscribed astrocytic gliomas, and glioneuronal and 
neuronal tumors. Newly defined tumors reviewed here are listed in bold.
aNewly defined under the family of “circumscribed astrocytic gliomas,” these are high- grade, aggressive 
tumors and outside the scope of this review, but highlighted here for completeness.

TA B L E  1  Tumors in three families 
in the 2021 WHO 2021 including pLGG/
LGNTs
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3 |  POLY MORPHOUS LOW- 
GRADE N EUROEPITH ELIA L 
TU MORS OF TH E YOU NG (PLNTY )

Recently described by Huse et al. in 2017, “polymorphous 
low grade neuroepithelial tumors of the young (PLNTY)” 
comprise a group of neoplasms which, while morpho-
logically variable, share histologic characteristics of in-
filtrative growth, oligodendroglioma- like components, 
frequent calcification and strong cluster of differentiation 
34 (CD34) immunohistochemical expression [21,22]. While 
prominent oligodendrocyte- like components are regularly 
encountered in PLNTY, fibrillary, spindled, and pleomor-
phic astrocytic components may also be present, as well 
as focal perivascular pseudo- rosetting [21]. Like many 
other pLGG/LGNT, PLNTYs have been shown to harbor 
molecular alterations leading to activation of the MAPK 
pathway, including FGFR gene family alterations. Among 
these was described a novel, and as yet PLNTY- specific, 
fusion transcript involving FGFR2 (including the kinase 
domain) joined with CTNNA3 (to include the entirety of 
its C- terminal dimerization domain) [22, 23]; the result-
ant fusion is thought to lead to homodimerization and 
autophosphorylation of FGFR2 and downstream MAPK/
PI3K/mTOR pathway activation [24– 26]. While FGFR2- 
CTNNA3 appears to be a relatively specific signature of 
PLNTY, the molecular landscape of PLNTY includes 
genetic abnormalities involving BRAF and, on occasion, 
FGFR3. Molecular profiling of PLNTYs has demonstrated 
that they carry a distinct DNA methylation signature [6, 
15], including a potential epigenetic subgroup defined by 
FGFR2 fusions [27].

PLNTYs mainly afflict children and young adults and 
are commonly located subcortically within the temporal 
lobe. PLNTYs share significant histologic overlap with 
previous reports of “long- term epilepsy associated tumors 
(LEATs)” and “pediatric oligodendroglioma” [6, 15, 21, 
28]. The weight of evidence points to the benign nature 
of PLNTY [22, 24, 29, 30]. Malignant transformation 
of PLNTY has been described in a case demonstrating 
FGFR3- TACC3 fusion associated with additional ge-
nomic alterations (TP53, ATRX, PTEN, TEK and RB1) 
consistent with more aggressive biology [31]. As alterations 
in BRAF and FGFR3 are not unique to PLNTY and may 
be encountered in bona fide high- grade entities, tumors 
displaying morphologic features of PLNTY should not be 
regarded as benign without considering the larger clinical, 
molecular, and histopathologic context.

4 |  DI FFUSE LOW- 
GRADE GLIOM A, M APK 
PATH WAY A LTERED

Similar to the category of diffuse glioma with MYB or 
MYBL1 alterations, the category of “diffuse low- grade gli-
oma, MAPK pathway- altered” is a generic one, comprised 

of bland glial proliferations with minimal atypia, an in-
filtrating growth pattern and astrocytic, oligodendro-
glial or mixed phenotypic features similar to other WHO 
grade II diffuse gliomas. While the precise morphologic 
features appear to be related to the underlying molecular 
alteration, mitotic activity is absent or rare, and there is no 
microvascular proliferation or necrosis [5, 32]. Like other 
pLGG/LGNTs, tumors in this category can be expected to 
present mainly in children, but occasionally affect adults, 
and are commonly associated with epilepsy [7, 20].

Genetic alterations qualifying as “MAPK pathway al-
tered” are similarly varied; commonly encountered are 
FGFR1 tyrosine kinase domain duplications, hotspot 
mutations, fusion, and BRAF p.V600E mutations. Genes 
less frequently altered, but also leading to MAPK path-
way activation, include NTRK1/2/3, MET, FGFR2, and 
MAP2K1 [33]. These alterations must be present in the ab-
sence of mutations of IDH1/2 and H3F3A, as well as homo-
zygous deletion of CDKN2A. These alterations may also 
be encountered in other tumor types defined elsewhere in 
the WHO, including, but not limited to, extraventricular 
neurocytoma, pleomorphic xanthoastrocytoma, ganglio-
glioma, pilocytic astrocytoma, dysembryoplastic neuroep-
ithelial tumor (DNET) and rosette- forming glioneuronal 
tumor [15, 34– 36]. See “Overlapping clinical, histologic, and 
molecular features in pLGG/LGNT.”

As one of the “general categories” in the 2021 WHO, 
an approach similar to that previously employed for sub-
typing of medulloblastoma, wherein an optimal integrated 
diagnosis is rendered by combining a term from a histo-
logically defined list of tumors with one from a genetically 
defined list of tumors, is recommended in this situation. 
It is expected that some combinations of histological and 
molecular abnormalities will be more commonly encoun-
tered than others [7, 20]. For example, a bland, minimally 
atypical glial proliferation, lacking eosinophilic granular 
bodies, Rosenthal fibers, or high- grade features, bearing 
a BRAF p.V600E mutation may be subtyped under this 
category as “diffuse low- grade glioma, BRAF p.V600E– 
mutant [7].” Again, as with “diffuse astrocytoma, MYB-  or 
MYBL1- altered”, the creation of this category provides an 
avenue to distinguish these indolent “pediatric- type” dif-
fuse gliomas from their aggressive “adult” IDH- wild type 
counterparts [7, 20]. DNA methylation profiling does not 
unify diffuse low- grade gliomas with MAPK pathway al-
terations into a distinct cluster, however this analysis may 
be a useful adjunct to exclude other tumor types [36].

5 |  DI FFUSE GLION EU RONA L 
TU MOR W ITH 
OLIGODEN DROGLIOM A- LI K E 
FEATU RES A N D N UCLEAR 
CLUSTERS (DGONC)

Currently a provisional entity, DGONCs were originally 
identified by genome- wide DNA methylation analysis; a 
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distinctive methylation profile segregated a group of 31 
tumors into a novel cluster, separate from the previously 
recognized methylation classes of CNS tumors included 
in the extended Heidelberg cohort [32, 37, 38]. On review, 
the tumors in this category were noted to share histologic 
features of oligodendroglioma- like perinuclear halos and 
clustered tumor cell nuclei. Immunohistochemical studies 
showed these tumors to display strong MAP2 and synapto-
physin expression, while being mostly GFAP- negative [5].

Interestingly, some cases in this category demonstrated 
mitotic activity and elevated proliferative indices [38]. 
Indeed, the original histopathologic diagnoses of tumors 
in this novel cluster were varied and included both high 
and low- grade entities: ependymoma, low grade glioma, 
DNET, primitive neuroectodermal tumor (a category re-
moved from the 2016  WHO), atypical extraventricular, 
neurocytoma, glioblastoma, anaplastic oligodendrogli-
oma, and central neurocytoma. From a diagnostic per-
spective, then, there is little to specifically define DGONC 
other than its methylation profile. Molecular and cytoge-
netic analysis has demonstrated that monosomy of chro-
mosome 14 is a highly recurrent copy number alteration 
in this setting, (present in ~97% of DGONC), yet to date 
no other defining genetic alterations have been identified. 
DGONCs, however, seem to lack oncogenic events which 
are commonly found in other glioneuronal tumors and 
shared among other pLGG/LGNT, including alterations 
of BRAF and FGFR genes [37, 39].

While DGONCs occur predominately in young chil-
dren, cases in adults and elderly patients have been re-
ported. Tumors tend to be localized to the cerebral 
hemispheres, particularly the temporal lobes. Despite 
the alarming histologic features of some cases, available 
data suggest that, in general, DGONCs carries a rela-
tively favorable prognosis: reported 5- year PFS  =  79% 
and 5- year OS = 86% [37]. The full characterization and 
acceptance of DGONC as a tumor entity awaits analy-
ses of larger cohorts falling into this methylome- defined 
CNS tumor class.

6 |  M Y XOID GLION EU RONA L 
TU MOR (MGT)

The newly recognized myxoid glioneuronal tumor is 
distinguished by (1) a characteristic location within the 
septum pellucidum or, less often, corpus callosum and 
lateral periventricular white matter; (2) recurrent muta-
tions in codon 385 of PDGFRA, specifically p. K385L/I 
[40, 41]. Histologically, MGTs closely resemble DNET 
and rosette- forming glioneuronal tumors, being com-
posed of oligodendrocyte- like tumor cells in a myxoid 
background; floating neurons and neurocytic rosettes 
have also been described. DNA methylation- based pro-
filing suggests a close relationship between MGT and 
cortically based DNET [41]. MGTs appear to encompass 
tumors of the septum pellucidum and lateral ventricle 

previously described as DNET or rosette forming gli-
oneuronal tumors [42– 46].

While alterations in PDGFRA are seen in other human 
cancers, including frequent amplification and mutations 
in high grade gliomas (glioblastoma), PDGFRA codon 
385 mutations are thought to be highly specific for MGT 
[40, 47, 48]. While the precise effects of these mutations 
are not well understood, they are believed to be onco-
genic and are typically present in a genomically quiet 
background without recurrent co- mutations [40, 47].

Clinically, examples located in the septum pellucidum 
have been associated with obstructive hydrocephalus. 
A subset of patients with MGT have been reported to 
demonstrate local recurrence, progression, and even to 
present with ventricular dissemination of disease [41, 
49]. Nonetheless, although the number of reported cases 
is small, all patients with MGT described in the litera-
ture remained alive after extensive follow- up, including 
cases followed several (10+) years after diagnosis [41, 
49]. Therefore they are thought to be indolent tumors, 
at the level of other WHO grade I entities [5, 32]. MGT 
is not strictly a pediatric entity; many affected patients 
are young, including children, but MGT has also been 
described in older adults [41, 47].

7 |  M U LTINODU LAR A N D 
VACUOLATING N EU RONA L 
TU MOR (M V NT)

Previously discussed under the category of gangliocy-
toma in the 2016 update of the WHO, multinodular and 
vacuolating neuronal tumor (MVNT) now exists as a 
distinct tumor type in the 2021  WHO [5, 32]. More so 
than any of the other tumors discussed here under the 
banner of pLGG/LGNT, MVNT is decidedly not a pedi-
atric tumor as one of the key features distinguishing this 
lesion from other epilepsy associated neoplasms is an 
older age at presentation, i.e., adult- onset seizures [50]. 
Most conventional gangliocytomas occur in young pa-
tients [50]. Radiographically, MVNTs are non- contrast 
enhancing, superficially situated (lying within the cer-
ebral cortex and adjacent white matter), often exhibit 
mulitnodularity in FLAIR and T2- weighted sequences, 
commonly involve the temporal lobe, and lack edema or 
mass effect [50].

Histologically, MVNTs consist of a combination of 
well- defined and coalescing nodules of neuronal tumor 
cells, with frequent vacuolar change of cytoplasm and 
matrix [50]. Immunohistochemical stains for the neuro-
nal markers HuC/HuD demonstrate widespread nuclear, 
and at far less intensity, cytoplasmic expression in tumor 
cells, although synaptophysin labelling is variable and 
other neuronal markers, including neurofilament and 
chromogranin, are typically not expressed [49– 51]. The 
neoplastic neurons are generally mid- sized, but may be 
small or, occasionally, ganglion cell- like. Other features 
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commonly associated with gangliocytoma and other 
glioneuronal tumors, including eosinophilic granular 
bodies, microcalcifications, and an associated inflam-
matory infiltrate, are notably absent in MVNT [52].

CD34- labeling ramified neural elements, microhamar-
tia and cortical dysplasia have been noted in the surround-
ing cortex in several cases of MVNT [52]. These findings 
initially raised the possibility that MVNT represent ted a 
developmental (dysplastic) or hamartomatous, rather than 
neoplastic, process [52– 54]. This seemed unlikely given the 
predilection for adult patients, and subsequent molecu-
lar analysis has confirmed that, similar to other pLGG/
LGNTs, MVNTs display solitary alterations leading to 
activation of the Ras- Raf- MAP kinase signaling pathway. 
Alterations include small indels and hotspot mutations in 
MAP2K1 and non- canonical BRAF mutations (i.e., other 
than BRAF p.V600E), while more common MAPK path-
way drivers were notably absent [52, 55, 56]. MVNT may 
rarely be associated with high grade glioma, particularly 
in the setting of homozygous deletion of CDKN2A/B [54].

8 |  DISCUSSION

8.1 | Overlapping clinical, histologic, and 
molecular features in pLGG/LGNT

While we have highlighted their characteristic genetic 
alterations (summarized in Table 2), as well as distin-
guishing clinico- radiographic, and histologic aspects, in 

general, LGG/LGNTs share overlapping morphologic 
features (see Figure 1). These include oligodendrocyte- 
like cells, myxoid change, dysmorphic neuronal compo-
nents, and an association with ramified CD34- expressing 
neural elements. Examples may not always display signa-
ture characteristics and cardinal features (such as nodu-
larity in MVNT) may not be readily apparent in biopsy 
material.

Many tumors described under the pLGG/LGNT ru-
bric have also been described as LEATS, and share a 
presentation in young patients, indolent behavior, and a 
tendency to occur in the neocortex with a predilection 
for the temporal lobes [57]. Also shared are a frequent 
association with cortical disorganization/dysplasia, mi-
crohamartia, and aberrant, ramified CD34- expressing 
neural elements [52– 54, 57, 58].

Many of the tumors considered pLGG/LGTs further 
share a common underlying biology in that they are pri-
marily driven by MAPK/ERK pathway (also referred to 
as RAS/RAF/MEK/ERK pathway) activation, albeit as 
a result of a variety of driver alterations. The widespread 
involvement of dysregulated MAPK signaling attests its 
importance as an overarching oncogenic mechanism, 
while the histologic diversity of pLGG/LGNTs suggests 
that the ultimate tumor phenotype may be dependent 
on the specific biological context and cell of origin. 
Inasmuch as the tumor methylome reflects (at least in 
part) cell of origin, DNA methylation- based classifica-
tion may offer particular utility in distinguishing mem-
bers of this broad family.

2021 WHO Classification of Tumors of the CNS Tumor Type
Characteristic 
genetic feature(s)

Diffuse astrocytoma, MYB-  or MYBL1- altered MYB and MYBL1 
amplifications 
or fusions

Polymorphous low- grade neuroepithelial tumor of the young 
(PLNTY)

MAPK pathway 
alterations 
(including 
FGFR2 fusions)

Diffuse low- grade glioma, MAPK pathway- altered MAPK pathway 
alterations 
(including 
BRAF p.V600E 
and FGFR1 
alterations)

Diffuse glioneuronal tumor with oligodendroglioma- like features 
and nuclear clusters (DGONC)

methylation 
profile; frequent 
monosomy 14

Myxoid glioneuronal tumor PDGFRA p. 
K385L/I

Multinodular and vacuolating neuronal tumor (MVNT) MAPK pathway 
alterations 
(commonly 
MAP2K1 and 
non- canonical 
BRAF 
mutations)

TA B L E  2  Summary of characteristic 
genetic features of six newly defined 
pLGG/GNTs in the 2021 WHO
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8.2 | First, do no harm: clinical 
implications of molecular characterization of 
pLGG/LGNT

The 2021  WHO generally avoids recommendation of 
specific assays for molecular characterization of brain 
tumors (with some exceptions). Indeed, the number of 
molecular events that potentially require query is large 
and a “gold standard” approach has not been accepted; 
instead, it is generally held that the testing strategy 
should be chosen dependent on the specific diagnosis 
in question: ancillary testing should be conducted while 
bearing in mind diagnostic and therapeutic objectives, 
tissue stewardship, and financial costs. Common test-
ing strategies for molecular profiling of pLGG/LGNT 
have been extensively reviewed elsewhere [4], and several 
tier- based approaches have been proposed [4, 59]. While 
specific practice recommendations are outside the scope 
of this review, it is to be hoped that the changes to the 
2021  WHO will further underscore the importance of 
molecular diagnostics and will encourage an era of col-
laboration and increased access to expert neuropatholo-
gists, academic medical centers and laboratories with 

the ability to provide the required testing. As in the prior 
edition of the WHO, the option to use the designation 
“not otherwise specified (NOS)” remains available for 
use in cases where diagnostic information (including 
molecular features) necessary to assign a specific WHO 
diagnosis is not available. A designation of “NOS” is in-
tended to indicate that a full molecular workup has not 
been undertaken or was not successful [5, 32]

Beyond assessment for a particular disease- defining 
alteration, broad molecular characterization excludes 
the presence of alterations associated with other tumor 
types and allows for a deeper query of underlying bi-
ology. Broad approaches yielding mutation, fusion 
and copy number data may further disclose alterations 
more typically associated with high grade tumor bi-
ology (deletions of CDKN2A/2B, amplifications of 
receptor tyrosine kinases etc.) that may portend an 
aggressive disease course [31, 60, 61]. It is important 
to bear in mind, however, that for pLGG/LGNTs with 
low cellularity, some techniques, including methylome 
profiling, may reach the limit of sensitivity of the assay. 
Negative or inconclusive results should be interpreted 
with caution [37].

F I G U R E  1  Newly defined pLGG/GNT entities in the 2021 WHO often demonstrate overlapping histologic features with other glial and 
glioneuronal tumors: Myxoid/mucinous component in a diffuse astrocytoma, MYB- altered (bearing MYB- QKI fusion, A), a diffuse low- 
grade glioma, FGFR1- mutant, (FGFR1 p.N546K mutant, B), and myxoid glioneuronal tumor (septal location, PDGFRA p.K385L mutant, 
C). Oligodendroglioma- like cells in the same diffuse low- grade glioma, FGFR1- mutant, (FGFR1 p.N546K mutant, D) and a PLNTY with 
microcalcification (bearing FGFR2- CTNNA3 fusion, E and F). A tumor showing histologic features of DGONC, but lacking monosomy 14, 
did not match to a known methylation class, and was instead found to be NTRK2- fusion positive (G). Vacuolization of cells and nodular growth 
pattern in an MVNT, (MAP2K1- mutant, H, I). Scale bars in A, C, D, E, G and H = 100 μm; Scale bars in B, F, I = 200 μm

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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The expansion of molecular criteria for classification 
of pLGG/LGNTs paves the way for more precision and 
greater confidence in therapeutic decision- making. For 
most pLGG/LGNTs, the consistent benefit of surgery, in 
particular gross total resection, has been demonstrated 
with regard to progression- free and overall survival, and 
this may prove curative [62– 66]. Because pLGG/LGNTs 
can be expected to follow an indolent course, the need 
for front- line chemotherapeutics or adjuvant therapy for 
residual or recurrent tumor can be guided by the full 
clinical context; a “wait and watch” approach may be 
considered, wherein additional intervention awaits the 
emergence of incontrovertible clinical or radiographic 
progression [67, 68]. Definitive classification of tumors 
as low- grade prevents over- treatment, with avoidance of 
toxicity and long- term side- effects being of paramount 
importance in the pediatric population, particularly for 
interventions with unclear outcome benefits [62, 63, 69, 
70].

We can now appreciate that the detection of a given 
molecular alteration may not be sufficient to precisely 
classify a particular tumor. This is particularly true of 
pLGG/LGNTs, many of which share MAPK- pathway 
activating alterations. It is worth noting that even alter-
ations which may not be disease- defining may still be 
therapy- relevant. For example, BRAF p.V600E has been 
identified across a number of glial and glioneuronal 
tumors, both low and high grade. The roster of driver 
alterations that may serve as treatment targets is likely 
to expand through the results of ongoing clinical trials. 
In turn, future trials will be shaped by the restructured 
classification system for CNS tumors and further refine-
ments to come.
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