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KEY POINTS

e Diffuse gliomas that are both IDH-mutant and 1p/19g-codeleted are classified as oligo-
dendroglioma, whereas tumors lacking codeletion of these chromosome arms are classi-
fied as astrocytoma and are further separated based on IDH-status.

o Diffuse midline glioma, H3 K27M-mutant, was added in the WHO 2016 classification as a
separate entity. These highly aggressive, diffuse infiltrative generally occur in children and
are located in the midline of the CNS (brainstem, thalamus, cerebellum, and spinal cord).

e GBMs are classified into expression subtypes characteried by activation of distinct tran-
scriptional pathways: “a mesenchymal” subtype enriched in angiogenesis and inflamma-
tory genes, a “classical” subtype enriched in stem cell and cell cycle genes, and a
“proneural” subtype enriched in neurodevelopmental genes. Recent data suggest that
the previously defined “neural” subtype is not a glioma-intrinsic subtype and may reflect
contamination from nontumor tissue.

e GBMs can also be classified by methylation subtypes: IDH (which carry IDH1 mutations,
display G-CIMP, and have a more favorable prognosis), RTK | (which frequently harbor
PDGFRA amplification), mesenchymal (methylation profiles most similar to normal brain
tissue despite substantial copy number changes and enriched for the mesenchymal
gene expression cluster), and RTK Il (characterized by high frequency of chromosome 7
gain and chromosome 10 loss).
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EVOLUTION OF THE WORLD HEALTH ORGANIZATION CLASSIFICATION OF TUMORS OF
THE CENTRAL NERVOUS SYSTEM

Gliomas are tumors of the central nervous system (CNS) whose neoplastic cells micro-
scopically resemble nontumorous glial cells. Gliomas account for most tumors origi-
nating in the brain parenchyma.’ The term “glioma” was introduced by the German
pathologist Virchow? in the 1850s (Fig. 1), and in 1925 Bailey and Cushing® introduced
the term glioblastoma multiforme (GBM) to describe a high-grade malignant glioma
showing a wide range of histologic features (hence multiforme).

Later, (neuro) pathologists Ringertz, Scherer, Broders, and Kernohan provided impor-
tant next building blocks for systematic histopathologic classification of gliomas.*™®
Especially among adults, most of these tumors are diffuse gliomas, characterized by
growth of tumor cells over long distances in the surrounding brain parenchyma (diffuse
infiltrative growth). Traditionally, these diffuse gliomas were classified according to their
microscopic similarities with (precursors of) glial cells and then designated as astrocy-
tomas, oligodendrogliomas, or mixed diffuse glioma/oligoastrocytoma. Additionally, a
malignancy grade (ranging from low-grade to high-grade) was assigned to these gli-
omas based on the presence or absence of particular histologic features.

Even after publication of the first edition of the World Health Organization (WHO)
classification of tumors of the CNS in 1979, different schemes for typing and grading
of diffuse gliomas were used in parallel.’ However, the second edition of the WHO
classification (published in 1993) was much more universally accepted as the standard
for glioma classification.'®"" For grading of astrocytomas, this latter classification
incorporated elements of the St. Anne-Mayo grading approach in which absence or
presence of mitotic activity, microvascular proliferation, and necrosis were used to
assign a malignancy grade.?

The third and fourth editions of the WHO classification of CNS tumors (published
2000 and 2007) were built on essentially the same approach of histopathology-
based diagnosis of diffuse gliomas, in some situations supported by the use of immu-
nohistochemical markers.”>"'” However, despite being the time-honored diagnostic
gold standard, it was increasingly clear that histopathologic classification of diffuse
gliomas suffers from considerable interobserver and intraobserver variability, even
among expert neuropathologists, and that the use of molecular markers had great po-
tential to substantially improve the unequivocal discrimination of clinically relevant
diffuse glioma subgroups.'®-23

In the 1990s, the discovery that gliomas with a combined deletion of chromosome
arms 1p and 199 (1p/19qg codeletion) were associated with significantly improved
survival and increased sensitivity to procarbazine-lomustine (CCNU)-vincristine
(PCV) chemotherapy paved the way for molecular neuropathology of CNS tu-
mors.24~28 Typically, 1p/19g-codeleted tumors showed oligodendroglial histology,
but the codeletion was reported to occur across different types and grades of diffuse
gliomas with its favorable prognostic and predictive impact.?® Of note, the apparent
chemosensitivity of oligodendrogliomas was previously reported in 1988, years before
a connection was made to the 1p/19q codeletion in 1998.2° The fact that 1p/19g-
codeleted tumors responded well to PCV treatment led to introduction of 1p/19g-
testing in clinical practice before this molecular marker became a part of the WHO
diagnostic criteria for a subset of diffuse gliomas.?®

Another finding with a major impact on the molecular neuropathology of diffuse gli-
omas is mutations of the isocitrate dehydrogenase 1 (IDH1) gene and the related IDH2
gene.®-%2 |DH-mutant and IDH-wildtype astrocytomas are clinically different tumors
despite overlapping histologic appearances. IDH mutations were first reported in
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Fig. 1. A timeline of events in the history of molecular neuropathology. This selection of
events is categorized into breakthrough discoveries, large cohort molecular characteriza-
tions, position papers, and different editions of the WHO classification of CNS tumors.
ISN, International Society of Neuropathology; WHO, World Health Organization.

GBM and later discovered to be much more prevalent among lower grade (WHO
grade Il and lll) gliomas.®' IDH mutations contribute to gliomagenesis by activating
alternative transcriptional programs via the genome-wide disruption of DNA methyl-
ation.®® It has been proposed that this stochastic process is subject to careful
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selection to prioritize epigenetic changes that promote tumorigenesis.®* Using mod-
ern genomic sequencing technologies, several groups independently reported that
histologically similar gliomas could be subdivided into distinct tumor entities based
on mutations in IDH and the 1p/19q codeletion, providing further fuel to the notion
that a reclassification of these tumors is needed.®>="

Although the methylation status of the DNA repair enzyme O(6)-methylguanine-DNA
methyltransferase (MGMT) does not distinguish between particular molecular sub-
types of glioma, it is an important predictive biomarker. As was first reported in
2000, epigenetic silencing of the MGMT gene by methylation of the promoter seems
to compromise conventional DNA repair mechanisms and thereby increases sensi-
tivity to conventional chemotherapy using alkylating agents, such as temozolo-
mide.>®*! Especially in elderly patients with GBM lacking MGMT promoter
methylation (ie, MGMT unmethylated), the benefit of temozolomide treatment often
does not seem to outweigh the negative side effects.*?*3

Because of increasing insights into the diagnostic potential of molecular markers in
glial and other CNS tumors, a meeting was organized in Haarlem, Netherlands, in 2014
under the sponsorship of the International Society of Neuropathology to focus on how
molecular information could be optimally incorporated into a next WHO classification.
The paper that resulted from this meeting provided the basis for the design of an in-
tegrated histomolecular classification of especially glial and embryonal CNS tumors
as represented in the 2016 revised fourth edition of the WHO classification.*+¢
Indeed, state-of-the-art diagnosis of diffuse gliomas now requires assessment of
presence or absence of IDH mutation and 1p/19q codeletion. Meanwhile, a “Not
Otherwise Specified” category was created for cases were information on these
defining molecular features is lacking (eg, because molecular testing was not avail-
able, not informative, or not performed).

GLIOMA SUBCLASSIFICATION BASED ON MOLECULAR FEATURES

With the addition of molecular features to the 2016 WHO classification scheme, IDH
mutation and 1p/19q codeletion status have become glioma subtype-defining fea-
tures. Diffuse gliomas that are both IDH-mutant and 1p/19g-codeleted are classified
as oligodendroglioma, whereas tumors lacking codeletion of these chromosome
arms are classified as astrocytoma and are further separated based on IDH-status
(Fig. 2). Because of this, the ambivalent oligoastrocytoma diagnosis is expected to
largely disappear in favor of distinct molecularly defined subtypes, barring rare cases
that contain a mixture of glioma cells carrying the codeletion with oligodendroglial
appearance and astrocytic cells with retained 1p/19g9.4” In addition to subtype-
defining molecular changes, gliomas are characterized by somatic mutations or
copy number changes in several genes from various pathways, substantiating the hy-
pothesis that the subtypes follow different gliomagenic trajectories and represent
different biologies.

On average, IDH-mutant astrocytomas and GBMs are diagnosed at a median age of
38 years and demonstrate a median survival after diagnosis of 75 months overall,
although this largely varies across WHO grades. IDH-mutant astrocytomas show
frequent loss-of-function mutations or deletions in the Tumor Protein 53 (TP53) and
Alpha Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) genes. TP53 is
well known as the “guardian of the genome” or “cellular gatekeeper” and functions
to prevent cancer growth by activating a cascade leading to cell cycle arrest, senes-
cence, and apoptosis.*®° Inactivation of the ATP-dependent helicase ATRX has
been linked to recombination-driven alternative telomere maintenance mechanisms
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Fig. 2. Groups of diffuse gliomas in adults classified according to IDH mutation and 1p/19q
codeletion status demonstrate a distinct landscape of molecular features. Involved gene
pathways (Cell Cycle, RTK/PI3K) are indicated in the second column. Genes in orange
indicate genes preferentially targeted by gain-of-function (eg, hotspot) mutational events
or amplification events. Genes marked in blue indicate genes commonly affected by loss-
of-function mutation (eg, frameshift) or deletion events. Only features with frequencies
greater than 5% are shown. Frequencies were derived from a recent publication."'® PI3K,
phosphoinositide-3 kinase; RTK, receptor tyrosine kinase; TMM, telomere maintenance
mechanism; TPM, TERT promoter mutation.

and may provide glioma cells with unlimited proliferative capacity.®'~> This molecular
information may be helpful for diagnosing astrocytomas, even when molecular testing
is not possible. For instance, a diffuse glioma that on immunohistochemical analysis
lacks staining of tumor cell nuclei for ATRX and shows extensive and strong p53 stain-
ing of these nuclei (most likely representing the presence of respectively deactivating
ATRX and TP53 mutation) is highly indicative for an IDH-mutant, 1p/19g-noncodeleted
astrocytoma. Obviously, acknowledging that about 90% of IDH-mutant diffuse gliomas
carry the IDH1 R132H mutation, immunohistochemistry for the IDH1 R132 mutant pro-
tein is a more direct way to test the IDH status of these tumors.>*

425



426

Barthel et al

With a median survival time of 116 months, IDH-mutant and 1p/19g-codeleted oli-
godendrogliomas demonstrate the highest survival rate among diffuse gliomas. With a
median age at diagnosis of 46 years, patients with these tumors are generally older
compared with those with IDH-mutant astrocytomas. IDH-mutant, 1p/199-codeleted
oligodendrogliomas commonly contain point mutations in 1p gene Capicua Transcrip-
tional Repressor (CIC) and 19 gene Far Upstream Element Binding Protein 1
(FUBPT1). Nearly 100% of gliomas in this category harbor mutations in the Telomerase
Reverse Transcriptase (TERT) promoter. The mechanism for C/IC and FUBP1 muta-
tions remains unknown, although FUBP1 mutant tumors are associated with poorer
outcomes.®”5%:56 TERT promoter mutations result in telomere maintenance and repli-
cative immortality by constitutively activating the transcription of the enzymatic
component of telomerase.>”~5°

In adults, IDH-wildtype diffuse gliomas are more frequently diagnosed in older
patients (median age at diagnosis, 59 years) and show the least favorable prog-
nosis with a median survival of 14.0 months. These IDH-wildtype tumors demon-
strate higher mutational load than both IDH-mutant tumor types. Common events
include TERT promoter mutations, loss-of-function mutations or deletions in phos-
phoinositide 3-kinase (PI3K) genes, phosphatase and tensin homolog (PTEN), and
cell cycle regulator cyclin dependent kinase Inhibitor 2A (CDKN2A), and gain-of-
function mutations and/or amplifications in receptor tyrosine kinases (RTKSs)
epidermal growth factor receptor (EGFR) and platelet-derived growth factor recep-
tor alpha (PDGFRA). Deletions or loss-of-function mutations of the tumor suppres-
sor PTEN are thought to promote tumorigenesis by antagonizing the suppression of
RTKs including EGFR and PDGFRA.5°-%2 Amplifications or gain-of-function muta-
tions of the latter genes promote tumorigenesis by stimulating cellular proliferation
through increased growth factor signaling.6®-6¢ Deletions of CDKN2A make tumor
cells insensitive to growth-inhibitory signals and allow cells to bypass cellular
senescence.®”%°

TRANSCRIPTOME PROFILING AND INTRATUMORAL HETEROGENEITY

Tumor subtyping is a field that is of interest to clinicians and scientists alike because it
has enabled the discovery of novel tumor entities that are biologically and clinically
distinct. With the advent of array-based gene expression profiling in the late 1990s,
many clinician-scientists were quick to use these methods across their in-house data-
sets. Expression subtyping was one of the earliest techniques that rapidly gained trac-
tion in the community. Microarray technologies, such as the AffyMetrix (Santa Clara,
CA) U133 genechip, were at the forefront of the field and allowed one to simulta-
neously query the expression of thousands of genes in any given sample. The forma-
tion of large scientist-run and government-supported consortia, such as the Cancer
Genome Atlas (TCGA), facilitated researchers from around the world to collaborate,
share their data, and work with large and costly datasets otherwise outside the reach
of single laboratories.

Using supervised statistical learning approaches in the early 2000s, several groups
demonstrated that gene expression microarray analysis of glioma samples can repro-
duce histologic classification at high accuracy.”®~"?> Moreover, they found that super-
vised statistical learning approaches were often better able to distinguish poor versus
favorable outcome groups compared with conventional histopathology.”®”* Studying
the origin of genes associated with distinct clinical phenotypes, it was found that pro-
gression from low-grade to high-grade was associated with upregulation of cell cycle
genes and that treatment resistance was associated with a self-renewal signature.”>"6
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Despite frequent difficulties in histologic classification, tumor samples from different
broad histologic categories may demonstrate distinct transcriptional profiles.””:"®

Building on this work researchers set out to use unsupervised learning approaches,
where instead of trying to fit the molecular data to conform to a known histologic clas-
sification, they used techniques, such as principal component analysis and hierarchi-
cal clustering, to group samples independent of prior information and instead based
on how similar they are to one another. Using these techniques, between 2006 and
2010, several groups were able to identify expression subtypes characterized by
the activation of distinct transcriptional pathways, such as a “mesenchymal” subtype
enriched in angiogenesis and inflammatory genes, a “classical” subtype enriched in
stem cell and cell cycle genes, a “proneural” subtype enriched in neurodevelopmental
genes, and a “neural” subtype enriched in adult neural markers.”®° Importantly, these
groups driven by gene expression were found to be of independent prognostic impor-
tance beyond the existing histopathologic tumor groups, in part because of enrich-
ment of the favorable outcome IDH-mutant GBM in the proneural group.

With the growing popularity of expression subtyping, tumor heterogeneity has
become an increasingly important concern. Several multisector sequencing studies
demonstrated that multiple samples from the same tumor can be classified according
to different transcriptomic subtypes.®'-82 One study took multiple samples from a set
of 10 tumors and found that in 60% of tumors multiple fragments from the same tumor
were classified into at least two different expression subtypes.t’ A second study
collected biopsies from the tumor core and tumor margin and reported that at the tu-
mor margin samples generally classified as the neural subtype, whereas core samples
were enriched in the three remaining subtypes.®?

In a recent (2017) revision to the glioma subtypes, unsupervised learning was used
to classify IDH-wildtype tumors after discarding a set of genes enriched in nontumor
tissue and the previously described neural subtype was no longer detectable, sug-
gesting this subtype was not a glioma-intrinsic subtype and reflected contamination
from nontumor tissue.®* Indeed, because of their diffuse infiltrative growth pattern,
one can expect that diffuse gliomas contain a variable amount of contamination of
nonneoplastic parenchymal cells.8>-87 In addition, data suggest that the mesenchymal
subtype is a tumor-intrinsic phenotype and is further enriched by tumor-associated
cells in the tumor microenvironment, such as immune cells and cellular components
of the tumor microvasculature, some of which also contribute mesenchymal expres-
sion traits.?* It has been shown that tumors can be highly immunogenic and recruit
various immune effectors.®¢-°° Similarly, it has been shown that tumor cells can acti-
vate angiogenic pathways and encourage vascular proliferation.°®2 These studies
underline the role of the microenvironment in gliomagenesis and its impact on deter-
mining transcriptional subtypes. Altogether, these studies highlight the importance of
tumor heterogeneity in the transcriptional profiling in gliomas, and the need to take into
account contributions from individual cell types (Fig. 3).

Transcriptomic studies from 2014 to 2017 have shown that individual cells from the
same tumor may activate different transcriptional subtypes, highlighting heterogene-
ity at a single-cell level.®>° |n a study using single-cell sequencing approaches to
study oligodendrogliomas, researchers found cancer cells of oligodendroglial line-
age, astrocytic lineage, and a limited population of neural stem cells to be present
within the same tumor.® In a follow-up study, data suggested that more aggressive
tumors can be characterized by a larger population of stem cells.®® A recent study
confirmed these findings using orthogonal approaches, identifying populations of
slow-cycling stem-like cells, rapidly-cycling progenitor cells, and a large population
of growth arrested cells in GBM xenograft models.®® These studies reveal that in a
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Fig. 3. Cell-type abundance is an important contributor to transcriptional subtypes. Tumor
cells in diffuse gliomas can have a proneural, classical, or mesenchymal transcriptional pro-
file. The now defunct neural subtype seemed to be the result of substantial admixture of
nontumor cells in especially less cellular/more peripheral parts of diffuse gliomas. Cells
from the tumor microenvironment including microvascular and immune cells contribute
to the mesenchymal subtype.

bulk diffuse glioma sample, in addition to heterogeneity driven by the infiltration of
immune and stromal cells and heterogeneity incurred from neighboring nonneoplas-
tic brain tissue, there is considerable clonal heterogeneity within the population of
cancer cells themselves with several distinct tumor clones at different stages of
differentiation.



Molecular Neuropathology of Diffuse Gliomas in Adults

METHYLATION PROFILING AND THE IDENTIFICATION OF DNA METHYLATION-BASED
SUBGROUPS

DNA methylation profiling has emerged as another method capable of distinguishing
gliomas by tumor type and provides complementary molecular information to tran-
scriptional profiles. DNA methylation refers to the covalent addition of a methyl group
to the fifth position carbon of a cytosine nucleotide resulting in 5-methylcytosine. This
epigenetic modification occurs primarily in the context of nucleotide-pairs in which
cytosine is followed by guanine (ie, CpG dinucleotides) and is a critical regulator of
gene expression.®” Importantly, altered DNA methylation is a frequent event across
cancers, including glioma.®® Early studies of DNA methylation and glioma biology in
the 1990s primarily focused on the methylation of single candidate genes, such as
MGMT.2849 In the early 2000s, studies extended the search for candidate genes
differentially methylated across histologically distinct glioma subtypes using real-
time polymerase chain reaction methods, and reported that glioma tumor types
demonstrated differential methylation patterns.®®1°° Cohort-level studies of glioma
DNA methylation were transformed in the late 2000s by the introduction of methylation
microarrays, such as the lllumina (San Diego, CA) GoldenGate cancer panel assaying
1505 CpG sites and the lllumina 27K array investigating roughly 27,000 CpGs sites. %"
These research tools enabled a more agnostic and expanded approach to studying
disrupted genome-wide DNA methylation patterns. In an early analysis of methylation
microarray data, a supervised clustering approach of 87 GBMs was the first study to
reveal extensive glioma DNA methylation heterogeneity with some tumors exhibiting
high levels of methylation, whereas others predominantly display low levels of methyl-
ation.’%? Genome-wide assessment of 272 GBMs in the TCGA dataset later identified
that a subset of GBMs harbor a distinctive Glioma CpG Island Methylator Phenotype
(G-CIMP), which reflected genome-wide patterns of hypermethylation.®® The authors
also discovered that the occurrence of G-CIMP was tightly associated with IDH7 mu-
tations and the proneural expression subtype, and that those patients with G-CIMP-
positive tumors without /IDH7 mutations had a younger age at diagnosis.' In this
same study, a small number of primary-recurrent IDH-mutant GBM pairs (n = 8) all
retained their G-CIMP classification highlighting the stability of the phenotype.’'®®
The presence of a homogeneous G-CIMP DNA methylation profile across both IDH-
mutant GBMs and lower grade gliomas was subsequently validated in a separate
cohort.’®* These seminal contributions led to mechanistic follow-up studies, eventu-
ally establishing that IDH7 mutations directly lead to genome-wide hypermethylation
via the production of the oncometabolite 2-hydroxyglutarate and its inhibitory effect
on the DNA demethylating enzyme ten-eleven translocation methylcytosine dioxyge-
nase 1 (TET7).105-108

Glioma methylation subtypes display characteristic genetic features that are indica-
tive of distinct biologic entities. In 2012, Sturm and colleagues'®® applied the more
comprehensive lllumina 450K microarray to 151 GBMs and integrated these profiles
with an expanded catalog of genetic alterations.’'® The authors then leveraged an un-
supervised statistical learning method to cluster DNA methylomes based on the most
variable methylation sites across the genome.'° The resulting adult GBM classification
revealed four methylation clusters: (1) IDH, (2) RTK I, (3) mesenchymal, and (4) RTK II.
Diffuse gliomas in children and adolescents clustered in different categories that are
enriched in mutations in the H3 Histone Family Member 3A (H3F3A) gene."'" These
methylation-based clusters were so named because of their association with the previ-
ously described GBM driver events."'? For example, tumors in the IDH cluster carried
IDH1 mutations, displayed G-CIMP, and had a more favorable prognosis; RTK | tumors
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significantly more often harbored PDGFRA ampilification; mesenchymal tumors had
methylation profiles most similar to normal brain tissue despite substantial copy number
changes and were enriched for the mesenchymal gene expression cluster; and RTK I
tumors were characterized by high frequency of chromosome 7 gain and chromosome
10 loss."'® Meanwhile, a few GBM catagories added on the basis of methyl. In 2016, the
ultimate TCGA pan-glioma analysis analyzed 932 glioma samples (516 lower grade/
WHO grade Il and Ill gliomas and 129 GBMs with methylation data) to better define bio-
logically distinct glioma subgroups.''® Using the TCGA data (lllumina microarrays), our
group selected 1300 tumor-specific methylated CpGs to define six clusters across gli-
omas, which we referred to as LGm1-6. LGm1-3 tumors were primarily IDH7 or IDH2
mutant tumors (99% of the tumors in these clusters combined) and were heavily
enriched for low-grade gliomas (93% of tumors in these clusters). This largest glioma
methylation study to date permitted the further subdivision of the IDH group identified
in Sturm and colleagues into a 1p/19q codeleted cluster with elevated methylation
(LGmMQ), a G-CIMP-high IDH-mutant noncodeleted cluster (LGm2), and a newly identi-
fied G-CIMP-low cluster with reduced methylation leading to gene expression changes
and genetic aberrations in cell-cycle genes (LGm1). Patients with G-CIMP-low tumors
demonstrated poorer overall survival when compared with the other IDH-mutant sub-
groups. The remaining DNA methylation clusters represented IDH-wildtype tumors.
For example, LGmM4 was described as “classic-like” similar to the Sturm RTK Il classi-
fication, LGmM5 was “mesenchymal-like” similar to the Sturm RTK | classification, and
LGm6 was a subtype sharing epigenomic and genomic features with pilocytic astrocy-
toma despite a histologic diagnosis of diffuse glioma. The lower grade gliomas of LGmM6
had near euploid copy number profiles and low frequency of typically observed GBM
alterations (eg, EGFR, CDKNZ2A, and PTEN). Thus, the low-grade gliomas in LGM6
were referred to as pilocytic astrocytoma-like, whereas the GBM in this group were
best described as LGmM6-GBM. Finally, the study demonstrated that DNA methylation
subtypes provided prognostic value independent of age and WHO grade that was
assigned to these tumors."'® Following this report, a retrospective central nervous sys-
tem (CNS) tumor cohort (n = 2,801, Heidelberg cohort), including adult and pediatric gli-
omas, was profiled using microarray-based DNA methylation measurements (Capper et
al. Nature 2018, PMID 29539639). The large dataset of 76 histopathological entities
enabled the authors to classify diverse CNS tumor samples based on similar DNA
methylation profiles. Their machine learning classification method revealed that a major-
ity of CNS tumors have a DNA methylation profile that maps directly to established WHO
entities, but strikingly that there also existed WHO entities that could be further subdi-
vided based on DNA methylation as well as some potentially novel CNS tumor entities.
The application of the Heidelberg classifier demonstrated a strong association with the
previously defined TCGA classes LGm1-6 when applied to that same cohort.

DNA methylation profiles of longitudinally collected samples support epigenetic
reprogramming as a driver of glioma recurrence.’'*~""® In 2015, using 450K array data
and multisector sampling, researchers demonstrated that IDH-mutant tumors tend to
have homogeneous subtypes within a given tumor."'® Yet, when examined over time
the methylation profiles showed concerted changes as hypomethylation events led to
an increase in the expression of cell cycle genes. In brain tumors where there was no
observed loss of methylation at cell cycle genes these tumors displayed genetic alter-
ations in these pathways suggesting the convergence of these disparate mechanisms
on aberrant cell cycle activation.''® It was recently estimated that between 10% and
40% of G-CIMP-high tumors recur with a G-CIMP-low phenotype, indicating that the
G-CIMP-high to -low transition may be a marker of progression.”'®""* An improvement
in sample number and genomic coverage of CpG sites was achieved in a 2017 study that
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measured 112 IDH-wildtype and 13 IDH-mutant primary-recurrent tumor pairs with
reduced representation bisulfite sequencing (RRBS).''® Use of a high coverage
sequencing approach, such as RRBS, allowed for a between three- and five-fold in-
crease in coverage for most samples under study. Similar to previous studies of
primary-recurrent glioma samples, the authors discovered that relative hypomethylation
was a striking feature at recurrence, and specifically that demethylation of Wnt signaling
gene promoters was associated with worse prognosis.’'® Gliomas have been shown to
display high levels of heterogeneity with subpopulations harboring distinct genetic and
epigenetic alterations.®®"® The authors applied the single-allele methylation resolution
of the RRBS technology to quantify the epigenetic heterogeneity of each tumor sample
and found extensive epigenetic heterogeneity across individual tumors.

SUMMARY

The integration of molecular features with neuropathologic assessment has yielded
invaluable insights into the underpinnings of diffuse gliomas. Past studies have helped
to identify glioma-initiating events, revealed potentially targetable oncogenic proteins,
defined co-occurrences of molecular alterations in specific tumor subgroups, demon-
strated that epigenetic inactivation of genes is predictive of therapeutic response, and
that there exists a dynamic molecular landscape in glioma progression. The resulting
molecular evidence has enabled the further refinement of tumor subgroups that would
have previously been indiscernible using histopathologic assessment alone.

The ability to separate tumors based on molecular alterations possesses clear clinical
relevance. The unsupervised learning approaches applied to sequencing data do not suf-
fer from the interobserver variability that can hinder adequate recognition of histologically
defined diagnostic entities. Indeed, diagnostic entities that were once histologically
ambiguous can now often be accurately classified into molecular subgroups that display
different clinical behavior. Tumor classification improvements can be made even to well-
understood diagnostic entities, such as IDH-mutant tumors. For example, combining mul-
tiple molecular data, such as mutations and DNA methylation, further parsed IDH-mutant
tumors into subgroups with unique clinical and molecular characteristics. As sequencing
costs drop and more tumors are comprehensively profiled, the sensitivity to detect new
molecular subtypes increases. In response to the rapid changes to tumor classifications
the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy
(cIMPACT-NOW) has been launched to evaluate the value of molecular markers for CNS
tumor classification with greater frequency than allowed by the current WHO timeline.""”
In parallel, efforts using DNA methylation profiling to characterize tumors, such as the on-
line platform for next-generation neuropathology (MolecularNeuropathology.org), are at
the forefront of innovation in molecular neuropathology.

Future advancement in glioma classification will require additional research to more
fully understand the contribution of diverse molecular alterations that may exist within
different regions of a tumor mass. In this regard, recent results from multisector, lon-
gitudinal, and single-cell experiments are challenging the notion that a tumor is repre-
sented by single molecular subtype. These studies have made it clear that a given
tumor often encompasses multiple molecular subtypes over space and time. Thus,
it is likely that future clinically relevant biomarkers will need to provide information
on not only the classification of the tumor as a whole, but also on the proportions of
molecularly different single tumor cell types within a glioma. Thus, additional high-
resolution modeling of (including extrachromosomal) genetic, transcriptomic, and
epigenetic intratumoral heterogeneity is needed to facilitate the development of yet
more precise biomarkers.'® The further characterization of diffuse gliomas in space
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and time will serve to improve therapeutic results in individual patients through a more
comprehensive understanding of their unique disease.
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