Richardson et al.
Acta Neuropathologica Communications (2022) 10:115
https://doi.org/10.1186/540478-022-01420-w

Acta Neuropathologica
Communications

REVIEW Open Access

Chromosomal instability in adult-type

diffuse gliomas

®

Check for
updates

Timothy E. Richardson'" ®, Jamie M. Walker'?, Kalil G. Abdullah®*, Samuel K. McBrayer>®, Mariano S. Viapiano”?,
Zarmeen M. Mussa', Nadejda M. Tsankova'?, Matija Snuderl® and Kimmo J. Hatanpaa'®

Abstract

Copy number burden, Copy number variation

Chromosomal instability (CIN) is a fundamental property of cancer and a key underlying mechanism of tumorigenesis
and malignant progression, and has been documented in a wide variety of cancers, including colorectal carcinoma
with mutations in genes such as APC. Recent reports have demonstrated that CIN, driven in part by mutations in
genes maintaining overall genomic stability, is found in subsets of adult-type diffusely infiltrating gliomas of all
histologic and molecular grades, with resulting elevated overall copy number burden, chromothripsis, and poor
clinical outcome. Still, relatively few studies have examined the effect of this process, due in part to the difficulty of
routinely measuring CIN clinically. Herein, we review the underlying mechanisms of CIN, the relationship between
chromosomal instability and malignancy, the prognostic significance and treatment potential in various cancers,
systemic disease, and more specifically, in diffusely infiltrating glioma subtypes. While still in the early stages of
discovery compared to other solid tumor types in which CIN is a known driver of malignancy, the presence of CIN as
an early factor in gliomas may in part explain the ability of these tumors to develop resistance to standard therapy,
while also providing a potential molecular target for future therapies.
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Introduction

Diffuse glioma as a distinct entity was first identified
microscopically and named in 1865 by Rudolf Virchow
who designated two categories, roughly corresponding
to “low grade” and “high grade” Harvey Cushing
and Percival Bailey first described “glioblastoma” in
1926, an entity that was subsequently refined by the
observations of Hans-Joachim Scherer who distinguished
between “primary” and “secondary” glioblastoma
[32, 110]. Further refinement in diagnostic criteria
came with electron microscope studies, followed by
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immunohistochemical (IHC) markers, and more recently
molecular characterization of both low-grade and
high-grade gliomas, although official neuropathologic
diagnosis and grading were based primarily on
histopathologic characteristics until 2016 [63, 64].
Currently, diffuse gliomas occur in approximately
16,600 individuals in the United States annually, repre-
senting 19.3% of all central nervous system (CNS) tumors
at a rate of 4.52/100,000 individuals annually. The most
malignant of these tumors, glioblastoma (WHO grade 4),
is the most common form of diffuse glioma with a yearly
incidence of approximately 12,000 cases in the United
States (3.23/100,000 individuals), representing 14.3% of
all intracranial tumors and 49.1% of all primary malig-
nant CNS neoplasms. Despite advances in our under-
standing of the underlying pathogenesis of glioma and
advances in treatment modalities, diffuse gliomas remain
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a surgically incurable disease, and the 5-year survival rate
for glioblastoma remains approximately 6.8% (although
this figure varies considerably by age group) [82], and
many studies consider survival of more than 36 months
to be “long-term survival” (LTS) in these patients [56, 93].

Beginning with the 2016 revised 4th Edition of
the WHO Classification of Tumours of the Central
Nervous System [64], diffusely infiltrating gliomas in
adults have been subdivided and graded according to
both histologic and molecular features, based on the
findings of a number of large-scale, landmark studies
17, 19, 20, 23, 29, 34, 122]. This diagnostic system
underwent further revision in 2021 [65] to more fully
integrate molecular features into the neuropathologic
definitions and terminology of these tumors (Fig. 1).
Diffusely infiltrating IDH-wildtype gliomas tend to
have the most aggressive behavior and worst clinical
outcomes, and are designated as ‘Glioblastoma, IDH-
wildtype’ if they have at least one of the following
features:  microvascular  proliferation, necrosis,
EGFR amplification, TERT promoter mutation, and/
or simultaneous gain of chromosome 7 and loss of
chromosome 10 (+7/—10) [16, 65]. There remains
evidence that a distinct category of lower-grade IDH-
wildtype diffuse gliomas exists in adults with a more
indolent clinical course, a “true” IDH-wildtype low-
grade glioma [92], an assertion supported by recent
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methylome analysis [103]. There is also evidence that
the absence of EGFR amplification, TERT promoter
mutation, and+7/—10 is associated with a better
clinical course in tumors that qualify as IDH-wildtype
glioblastoma by histologic features alone [38]. In
addition, there is debate as to the true impact of isolated
TERT promoter mutations (those occurring without the
traditional histologic features of glioblastoma, EGFR
amplification, or +7/—10), particularly in tumors with
grade 2 histology, suggesting that part of the effect of
TERT promoter mutation may be due to their frequent
co-occurrence with EGFR amplification, +7/— 10, and/
or more aggressive histologic features [8, 37, 44, 95].
Mutations in IDHI and IDH2 (most commonly the
IDH1 R132H variant) define the majority of histologi-
cally lower-grade diffuse gliomas as well as what was
previously termed “secondary glioblastoma” (i.e., tumors
with grade 4 histology and documented radiologic and/
or histopathologic evolution from lower-grade gliomas).
Tumors with mutations in IDHI or IDH2 and simulta-
neous loss of the entire chromosome arms 1p and 19q
(and wildtype ATRX and TPS53) are classified as ‘Oligo-
dendroglioma, IDH-mutant and 1p/19q-codeleted; and
frequently have alterations in CIC, FUBPI, and the pro-
moter region of TERT [50, 91, 101, 124]. These tumors
are designated as WHO grade 3 if they have significant
mitotic activity, microvascular proliferation, necrosis,
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Fig. 1 Diagnostic algorithm for integrating histologic and molecular features into a combined diffuse glioma diagnosis. Adapted from Louis et al.
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or homozygous CDKN2A deletion, and are classified as
WHO grade 2 in the absence of these findings.

Because the term “glioblastoma’ is now reserved for
adult-type, WHO grade 4 diffuse gliomas lacking IDH1/2
mutations, IDH-mutant tumors with retained 1p/19q
(frequently with ATRX and/or TP53 mutation) are des-
ignated as ‘Astrocytoma, IDH-mutant’ [15, 65]. Tumors
in this category with “significant” mitotic activity are
assigned to WHO grade 3, although an exact threshold of
mitotic figures for clinical risk stratification has not been
established [15, 81, 119, 125]. IDH-mutant astrocytomas
are WHO grade 4 in the presence of microvascular pro-
liferation, necrosis, and/or homozygous CDKN2A dele-
tion [15, 65, 90], although other molecular features have
been suggested as well [3, 15, 29, 70, 105]. IDH-mutant
astrocytomas without these histologic or molecular fea-
tures are designated as WHO grade 2. Given the lack of
strong evidence that WHO grade 3 is associated with
a significantly worse patient outcome compared with
WHO grade 2, IDH-mutant astrocytomas grades 2—3 are
now often pooled into the single category “lower-grade
IDH-mutant astrocytoma” in both clinical practice and
research.

Chromosomal instability (CIN) has been established
as an underlying driver of malignancy in many different
cancers [60, 118]. Due to recent evidence that it may be
involved in the pathogenesis of some subsets of diffusely
infiltrating gliomas it was considered by the Consortium
to Inform Molecular and Practical Approaches to CNS
Tumor Taxonomy (cIMPACT-NOW) panel in 2020 for
possible inclusion in the diagnostic and grading criteria
of IDH-mutant astrocytoma, however due to challenges
in comparing between studies and lack of consensus on
copy number variation (CNV) threshold, this feature was
not endorsed at the time [15]. In this review, we discuss
the definition, underlying mechanisms, and measure-
ment methods of CIN, the concept of CIN as a molecular
process driving tumorigenesis and malignant progression
of solid tumors and other diseases, and the presence and
consequence of this feature in a subset of diffuse gliomas
within the context of recent changes to the WHO classifi-
cation and diagnostic systems.

Defining and measuring chromosomal instability

The majority of human cancers exhibit some form
of genomic instability, which may take several forms
but ultimately results in the ongoing and progressive
accumulation  of  genetic  defects, intercellular
genomic heterogeneity, and tumor evolution. One
such process, microsatellite instability (MSI), best
characterized in colorectal cancer where it accounts
for approximately 15% of cases, is a hypermutation
phenotype resulting from inactivating mutation, deletion,
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or hypermethylation of DNA mismatch repair genes
(MLHI1, MSH2, MSH6, PMS?2), which in turn results in
rapid and unopposed accumulation of errors in DNA
during replication [13, 61]. Mismatch repair deficiency
leading to a high number of mutations in microsatellites
(MSI-H) has also been identified in numerous other
tumor types, including a recently described subtype of
IDH-mutant astrocytoma [111], and has subsequently
been found in additional glioma subgroups, in the
context of constitutional mismatch repair deficiency
syndrome, Li—Fraumeni syndrome, Cowden syndrome,
Lynch syndrome, or sporadically [53, 54].

Chromosomal instability (CIN) is the other common
form of genomic instability. The presence of numerical
or structural alterations to chromosomes as a feature
of cancer has been known for more than 100 years [14,
120], and CIN is a dynamic and progressive process
that describes an ongoing, high rate of chromosomal
abnormalities, largely through chromosomal mis-
segregation, resulting in mounting cell-to-cell variability
in chromosomal content [42, 118]. This process is
frequently due to a mutation in one of a wide array
of genes associated with structural chromosomal
maintenance and mitotic control (Table 1) and tends
to cause large-scale chromosomal damage [4, 24, 45],

Table 1 Select genes associated with maintenance of
chromosomal stability

APC FANCG NBN
ATM FANCI NBST
ATR FANCJ (BRIP1) PINX1
AURKA FANCL PLK1
AURKB FANCM POLB
BARD1 FANCN (PALB2) POLK
BLM FANCO (RAD51C) POLN
BRCAT (FANCS) FANCP (SLX4) RADS5T (FANCR)
BRCA2 (FANCD1) FANCQ (ERCC4) RAD52
BUBIB FANCR (RAD51) REV3
CCNET FANCS (BRCA1) SMC1
CDC4 (FBXW?7) FANCT (UBE2T) SNM1B
CHK1 FLJ10036 TERC
CLSPN H2AFX TERFT (PIN2)
DNA-PK (PRKDC) HUST TOPI1
EMET KIF11 TP53
FANCA KIFC1 WRN
FANCB KNTC1 XLF
FANCC LIG4 ZW10
FANCDT (BRCA2) MAD2L1

FANCD2 MPST

FANCE MRETTA

FANCF MUS81
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resulting in both numeric chromosomal changes and
large-scale structural changes within chromosomes
[46, 68]. This process can lead to the gain or loss of
fragments or whole chromosomes within a single
mitotic cycle, although it can also involve segmental
aneuploidy, mutations, and copy number changes, as well
as epigenetic structural changes [42]. In numerical CIN,
there is more rapid gain and loss of whole chromosomes,
resulting in variable aneuploidy, while in structural
CIN, there is an increased rate of intra-chromosomal
aberrations due to double stranded DNA breaks with
potential rearrangement, resulting in gains or losses of
chromosome segments, chromosomal fusion, mitotic
recombination, and chromothripsis, producing a series
of sub-clones with varying growth rates, malignant
potential, resistance to therapy, tendency to invade
and metastasize, among other phenotypes [4, 41, 45,
46, 78, 113]. Selective pressure is then applied to the
resulting heterogeneous population of tumor cells, and
more malignant and aggressive clones with a fitness
advantage in the tumor microenvironment frequently
become dominant by Darwinian mechanisms [18, 40,
80]. This mechanism may in part explain the relatively
poor prognosis of that typically accompanies subsets of
neoplasms with CIN [28, 48].

It is critical to note, however, that aneuploidy and
structural chromosomal alterations may represent a
measure of CIN, but are not synonymous with the pro-
cess of CIN [88, 118]. Aneuploidy and structural altera-
tions can result from CIN, however, aneuploidy can be
static or stable in a number of disorders, including acute
lymphoblastic leukemia [86], neuroblastoma [52], and
oligodendroglioma [47, 89], as well as congenital con-
ditions with underlying aneuploidy such as trisomy 21
[85]. In contrast, CIN as a process represents the rate
of chromosomal change between cells over successive
generations.

Chromosomal instability has perhaps best been
described in colorectal carcinoma, in which it is present
in approximately 85% of cases, which are characterized
by mutations in adenomatous polyposis coli (APC) or
B-catenin (CTNNBI) genes in both sporadic and heredi-
tary forms [74, 75, 108]. CIN appears to be an early event
in polyp formation that is followed by malignant trans-
formation with additional alterations in oncogenes and
tumor suppressor genes, some of which may result from
CIN-related mechanisms [36, 66, 121]. Since the discov-
ery of APC, more than 100 genes have been identified to
play a role in the maintenance of chromosomal stability,
with functions centered around DNA repair, cell-cycle
regulation, spindle assembly, mitotic fidelity, centrosome
function and fidelity, cytokinesis, and mitotic check-
points, among others, but due to the complexity of the
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cellular replication process, it has been hypothesized that
mutations in up to 2,300 genes related to these processes
may result in chromosomal instability [6, 109, 114, 118].
Additionally, many other tumor types have been shown
to have CIN as an initiating event or as a significant con-
tributor to tumor progression and malignancy, including
lung and oral squamous cell carcinomas [102, 126], lung
adenocarcinoma [28], breast carcinoma [112], endome-
trial carcinoma [76], and diffuse large B-cell lymphoma
(DLBCL) [5], among numerous other cancers and non-
neoplastic conditions, including Fanconi anemia, which
may predispose patients to numerous types of malignan-
cies [26]. Although there is a large set of genes in which
mutations have been demonstrated to underlie CIN ini-
tiation in these various diseases, the frequency of CIN
among such diverse cancers and the susceptibility of ger-
mline carriers to developing cancer suggests a common
mechanism of tumor initiation and malignancy.

Because CIN is an ongoing process, detection can be
difficult, particularly with CNS neoplasms, in which only
a small biopsy may be available for genomic analysis, and
so a number of direct and indirect measurement meth-
ods for detecting CIN have been proposed [42, 118].
The most direct method for identifying CIN involves the
lengthy and labor-intensive process of determining the
rate of new karyotype abnormalities in successive genera-
tions of cultured tumor cells [60, 61]. Additional direct
methods for detecting chromosomal instability include
assessment of cell-to-cell aneuploidy and chromosomal
alterations with fluorescent in situ hybridization (FISH)
analysis [28, 102, 112, 126] and newer technologies such
as single cell comparative genomic hybridization (CGH)
[42, 113] and single cell sequencing [69, 77, 84, 128] to
determine genomic variation between cells in the same
tumor at a single point in time. In patients with recur-
rent tumors or metastases, repeated assessment of whole
genome sequencing and copy number profiling can pro-
vide information on temporal genomic evolution within
the same tumor [104, 127]. Indirect methods include
histologic features such as nuclear size and micronu-
cleus formation [9, 10, 123], the presence of double min-
utes or circular extrachromosomal DNA (ecDNA) [1, 33,
100, 106], observation of anaphase segregation errors
in fixed tissue [5], as well as evaluation of sets of genes
with known functions correlated to chromosomal func-
tion during mitosis and mitotic checkpoints, genomic
integrity and DNA damage, and overall DNA structural
maintenance, or genes with otherwise altered expression
levels in tumors with known CIN [22].

Though difficult to demonstrate in a single biopsy,
identification of CIN in tumors in which it is present
is crucial. While tumors with CIN generally tend to
be more aggressive, more drug resistant, and have a
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worse clinical course than their chromosomally stable
counterparts [42, 113, 118], CIN can also serve as a target
for therapy in addition to identifying more aggressive
cases which may benefit from more intensive therapy
initially. There are already many categories of drugs
with prior FDA approval or in clinical trials for other
cancers that strategically either reduce or increase CIN
in tumor cells [4, 113, 114]. These include kinetochore
modifiers, microtubule stabilizers and destabilizers,
mitotic checkpoint modifiers, chromatin modifiers, and
centrosome modifiers to prevent multipolar spindle
formation, among others [4, 113]. In general, CIN-
reducing therapies inhibit or decrease cell division in the
presence of DNA damage or chromosomal or mitotic
abnormalities and/or lower the rate of chromosomal
mis-segregation to prevent further damage, while
CIN-inducing therapies take advantage of the natural
inclination of the tumor cell to progressively accumulate
chromosomal damage and push it past a threshold of cell
viability, ultimately leading to cell death. The viability
of this latter strategy is supported by the finding that
tumors with the highest levels of CIN and the most rapid
development of chromosomal alterations often respond
better to therapy [11]. Other authors have urged caution
with this approach as therapies which promote CIN may
fail to induce death of all tumor cells and the artificially
induced increase in CIN rate may promote a more
malignant tumor with more metastatic potential or drug
resistant properties [113].

IDH-mutant astrocytoma

The presence and effect of chromosomal instability in
adult diffuse gliomas is not as well understood as in
other neoplasms, with relatively few studies examining
the effects of CIN, chromothripsis, and mutations in
genes with primary functions related to the maintenance
of overall genomic stability, but the impact of overall
copy number burden in IDH-mutant astrocytoma has
been demonstrated in a number of different studies.
Unlike IDH-wildtype glioblastoma or IDH-mutant
and 1p/19q-codeleted oligodendroglioma, genomic
identification of significant targets in cancer (GISTIC)
algorithms highlight fewer chromosomal regions with
well-defined and consistent alterations in IDH-mutant
astrocytomas, instead showing a pattern of relatively
random distribution of copy number alterations across
the entire genome [71, 94, 96, 98]. The overall level of
CNV increases with increasing grade in IDH-mutant
astrocytoma (Fig. 2A) and oligodendroglioma as well as
with malignant behavior in IDH-wildtype glioblastoma
[30, 97, 99]. CNV has been shown to increase both over
time and with increased physical distance of infiltrating
cells in the same tumor, as subsequent resections and
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autopsy specimens tend to show increased levels of
overall CNV compared to their initial biopsies (Fig. 2B),
although it should also be noted that therapy between
tumor sampling may alter the copy number profile [67].

CNV, distributed across the entire genome, is
significantly elevated in lower-grade IDH-mutant
astrocytomas with rapid progression and short overall
patient survival intervals relative to grade-matched
IDH-mutant astrocytomas with more conventional
clinical courses, and in many cases their copy number
plots are indistinguishable from or demonstrate even
greater intra-chromosomal gains and losses than WHO
grade 4 IDH-mutant astrocytoma (Fig. 3) [94, 96, 98].
This elevated copy number burden is found in IDH-
mutant astrocytomas with poor clinical outcomes and
with additional established poor prognostic molecular
features, such as CDKN2A and CDK4, but is also found
in cases where no other features suggestive of higher
molecular grade are present [71, 96, 98]. These cases
also have more frequent chromothripsis [30, 71, 78,
96]. Overall survival is inversely correlated with overall
CNV level (Fig. 2C) and incongruously elevated CNV
is found in the initial biopsies of lower-grade IDH-
mutant astrocytomas selected exclusively for poor
clinical outcomes and poor overall survival intervals [96,
98]. IDH-mutant astrocytomas have previously been
successfully stratified exclusively by global CNV level
at initial biopsy/resection with a threshold of 10-15%
of the genome (approximately 310-470 Megabase pairs
(Mbp) with copy number change log2>0.3) [3, 72, 97,
105]. Receiver operating characteristic (ROC) curves
utilizing 222 previously-analyzed lower-grade IDH-
mutant astrocytomas demonstrate the best combined
sensitivity and specificity at overall CNV levels between
12.5 and 15% (~387-470 Mbp) (Fig. 2D). These findings
suggest that this chromosomal complexity/copy number
burden pattern occurs during the progression to higher
grade astrocytoma, may precede histologic progression,
and may in part drive this progression, as well as serve
as a useful molecular prognostic factor in otherwise
histologically and molecularly low-grade astrocytoma
cases.

Other molecular surrogates for CIN have been
developed to indirectly identify the presence of CIN
in solid tumors, including IDH-mutant astrocytoma
cohorts (Fig. 4). In 2006, Carter et al. [22] identified
25- and 70-gene mRNA signatures (CIN25 and
CIN70, respectively) that were consistently elevated
in cases with previously demonstrated CIN, then
applied that to numerous other solid tumor cohorts,
including uncategorized glioma cases. In IDH-
mutant astrocytomas, these gene panels were able
to reproducibly identify a subset of IDH-mutant
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Fig. 2 A Copy number variation (CNV) levels (expressed here as a percentage of the total genome) demonstrating a significant difference between
overall CNV in all grades of IDH-mutant astrocytoma (p <0.0001), between IDH-wildtype tumors histologically consistent with grade 2 and their
histologic grade 3 and 4 counterparts (p <0.0001), and between grade 2 and 3 oligodendroglioma (p=0.0036), B copy number burden plot
demonstrating a significant increase in the mean CNV in IDH-mutant astrocytoma (mean increase of 7.941.1% in initial biopsy/resection versus
recurrence; n=22; p=0.0012), and trend toward increased mean CNV percentage in IDH-wildtype glioblastoma (mean increase of 6.4+ 1.1% in
initial biopsy/resection versus recurrence; n=13; p=0.0795), C copy number burden plot demonstrating an inverse relationship between CNV in
initial diffuse glioma biopsy and overall patient survival (r=-0.2507, p <0.0001), and receiver operating characteristic (ROC) curves demonstrating
the relative value of CNV in predicting outcome in D IDH-mutant astrocytoma (Area Under Curve (AUC) =0.77; p <0.0001), E IDH-wildtype

glioblastoma (AUC=0.62; p=0.0135), and F oligodendroglioma (AUC=0.54; p=0.3943). All data are derived from Richardson et al. 2021 [97] and
Liu et al. 2022 [62]

astrocytomas (27.4%) with evidence of CIN, which clinical outcomes. These data indicate that methylation
corresponded to significantly elevated copy number profiling characteristics may be able to identify IDH-
burden at initial biopsy/resection (irrespective of WHO  mutant astrocytoma with CNV based on a single biopsy
grade), and significantly reduced progression-free specimen, in agreement with previous associations
survival (PFS) and overall survival (OS) intervals [97]. in other tumor types suggesting a link between DNA
Using a similar strategy, we identified 14 IDH-mutant methylation status and chromosomal instability [35]. This
astrocytomas with prior evidence of CIN by at least two  feature is particularly promising, considering that DNA
detection methods and 28 with no evidence of CIN, and  methylation profiling has been extensively validated for
performed methylation profiling to separate these cases use as a diagnostic modality for other aspects of CNS
into two distinct clusters based on the most differently = neoplasms [21, 39, 83, 87].

methylated probes [62]. When this same methylome Additionally, mutations in numerous genes with known
analysis was subsequently applied to a cohort of 245 functions related to maintaining chromosomal stability
IDH-mutant astrocytomas from The Cancer Genome in many tumor types (Table 1) [114] have been identified
Atlas (TCGA), two separate clusters were identified: one  in approximately 10% IDH-mutant astrocytomas, and
comprising 57 cases with significantly higher levels of = mutations in these genes are significantly more frequent
CNV (21.2% vs. 7.4%), other evidence of CIN in the initial  in cases with elevated CNV and poor clinical outcomes
biopsy/resection, and worse PFS (median survival of 38  [71, 96, 97]. IDH-mutant astrocytoma cohorts can also be
vs. 62 months) and OS (51 vs. 98 months) compared to  stratified into relatively good and poor survival outcomes
a cluster of 188 cases that had lower CNV and better = based on this feature alone [97]. There remains a need
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WHO Grade 2 IDH-mutant Astrocytoma

WHO Grade 2 IDH-mutant Astrocytoma (rapidly progressing)

Fig. 3 Representative copy number profiles of A a WHO grade 2 IDH-mutant astrocytoma case with late recurrence and overall patient survival
of greater than 9 years (conventional clinical course), B a WHO grade 2 IDH-mutant astrocytoma with rapid progression to WHO grade 4 and short
patient survival, Ca WHO grade 4 IDH-mutant astrocytoma, and D a WHO grade 4 IDH-wildtype glioblastoma, for comparison. “Gain”or “loss”in the
copy number profiles was defined as copy number change log2 > 0.3. All cases represent the initial biopsy/resection specimen before any radiation
or chemotherapy was given to the patient. Copy number plots for the IDH-mutant cases are reproduced from Richardson, et al. 2017 [98] (https://
www.springercom/journal/11060) and Richardson, et al. 2019 [94] (https://academic.oup.com/jnen) and are all used here with permission

for larger, comprehensive single cell sequencing studies
(Fig. 4F) in varying grades of IDH-mutant astrocytoma
to positively correlate more indirect markers of CIN and
to determine high and low levels of CIN within this dif-
fuse glioma subgroup, as well as consensus by expert
molecular neuropathologists to set usefully thresholds
for CNV level, methylation profiling characteristics, and
mRNA expression levels that can be applied in the clini-
cal setting.

IDH-wildtype glioblastoma

The vast majority of diffuse IDH-wildtype tumors in
adults have either histologic or molecular features of
glioblastoma and resultant poor clinical outcomes
[16, 65, 71]. These tumors have elevated overall CNV
relative to IDH-mutant astrocytomas when expressed
as a total percent of the genome [71, 97], however other
studies have found that IDH-wildtype glioblastomas
do not have significantly elevated CNV counts [30].
This may be due in part to differing methods of
measurement and quantification thresholds, as well
as the presence of “built-in’, discrete areas of CNV
(including definitional + 7/— 10) that many IDH-wildtype

glioblastomas have, regardless of their histologic features
(Fig. 3D). There is, however, a small subset of IDH-
wildtype diffuse gliomas that lack the histologic and
molecular features of glioblastoma [16] as well as other
high grade molecular features (including homozygous
CDKNZ2A loss) that also had incongruously low overall
CNV and relatively favorable clinical outcomes [92].
These IDH-wildtype tumors can be stratified by copy
number burden (using 10% as a threshold), although
the vast majority of both histologic and molecular
glioblastomas do not fit into this category [97], and CNV
level alone is not as useful of a measure in IDH-wildtype
compared to IDH-mutant astrocytomas (Fig. 2E).

Other studies have shown that there are different histo-
logic and genetic characteristics in primary glioblastoma
compared to recurrences as well as between primary
glioblastoma and rare metastases [2, 43, 55, 104], also
suggesting accumulation of molecular alterations over
time and in more spatially distant tumor foci. Single cell
techniques have identified significant genomic and tran-
scriptional diversity between IDH-wildtype glioblastoma
cells of the same specimen. This diversity includes differ-
ential expression at the RNA level, different mutations,
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mic.oup.com/jnen), and Panels D-E are adapted from Liu et al. 2022 [62] (https://actaneurocomms.biomedcentral.com/), and are all used here with

transcriptomic subtypes and epigenetic alterations con-
stituting significant intratumoral heterogeneity, particu-
larly within the population of glioma cancer stem cells,
which correlates with particular gene signatures that
are associated with differences in patient survival [31,
79, 84, 128]. These cell-to-cell changes may occur as the
result of similar mechanisms as other cancers, including
mutations in genes with roles in DNA repair and mitotic
checkpoints, as well as interaction with the microenvi-
ronment and post-therapy changes. One notable exam-
ple are rare gliomas with germline or somatic mutations
in DNA polymerase E or D1 (POLE and POLDI) genes,
enzymes normally involved in DNA replication and
proofreading/repair, which result in chromosomal insta-
bility and extreme hypermutated phenotypes [27, 53].
These studies demonstrate genomic heterogeneity with
resulting distinct sub-clonal populations within glioblas-
tomas, with similar implications to other tumor types.
Histologic observation has long demonstrated
increased variation in tumor nucleus size in more aggres-
sive and higher grade CNS tumors, including glioblas-
toma, and more recent studies have demonstrated a high
frequency of double minutes [33, 106] and micronucleus

formation in some subsets of glioblastoma [7, 12], a fea-
ture associated with CIN in other solid cancers [9, 10,
123]. Recurrent glioblastomas also display significantly
altered genomic profiles after treatment [51, 55], and
differing expression of targetable cellular receptors and
other molecular pathways, suggesting that this tempo-
ral heterogeneity may be affected by clinical treatment,
which may in turn have implications for future therapy
[104]. IDH-wildtype glioblastoma can also be strati-
fied based on CIN70 mRNA panels, with high-CIN70
expressing tumors demonstrating significantly higher
overall CNV at initial resection with worse PFS and
OS. Notably, the majority of IDH-wildtype cases have
high-CIN70 expression patterns (72.4%), unlike IDH-
mutant astrocytomas, which coincides with their gener-
ally higher copy number burden at initial presentation,
as expressed as a percentage of the total genome [97].
Mutations in genes with functions related to maintain-
ing chromosomal stability occur in approximately 8%
of IDH-wildtype glioblastomas as well, and while these
cases have higher levels of CNV at initial resection, no
significant difference in clinical outcome was identified
[71, 97].
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Oligodendroglioma & other CNS neoplasms
Although some studies have identified polysomy, as
defined as 2 or more signals for 1q and 19p, as a poor
prognostic factor in oligodendroglioma cohorts [25,
107], there is less evidence that chromosomal instability
plays a role in a significant number of oligodendroglioma
cases. Like IDH-wildtype glioblastoma, oligodendro-
glioma has a built-in, definitional copy number altera-
tion (whole-arm 1p/19q co-deletion, accounting for loss
of approximately 5.1% of the genome) [47, 89]. Previ-
ous studies evaluating the role of CNV in oligodendro-
glioma have shown that CNV increases significantly
from WHO grade 2 to 3 (Fig. 2A) [97, 99], however this
does not appear to be an independent prognostic fac-
tor in this tumor type, and no useful CNV threshold by
which to stratify oligodendroglioma has been established
(Fig. 2F). In addition, no significant progression-free or
overall survival differences were noted by stratifying oli-
godendroglioma by CIN70 mRNA profiling levels or by
the presence or absence of mutations in genes with func-
tions related to maintenance of chromosomal stability,
although oligodendroglioma can be successfully strati-
fied based on tumor mutation burden (TMB) [97, 99].
Furthermore, small single cell sequencing studies have
shown that while there is clonal evolution and a popula-
tion of undifferentiated cancer stem cells in some cases of
oligodendroglioma, no evidence of chromosomal insta-
bility was identified [115, 117]. Chromosomal instability
and chromothripsis have also been implicated in the initi-
ation of other CNS tumors, including medulloblastomas,
a subset of which occur as part of the Fanconi anemia
spectrum [49, 58, 73, 116], and some other embryonal
neoplasms [57]. Other types of classically aggressive CNS
neoplasms appear not to involve significant CIN but are
instead driven by distinct mutations leading to chromatin
remodeling at the epigenetic level [59].

Conclusions

Chromosomal instability and mutations in genes that
are involved in guarding against large-scale genetic
abnormalities are well known and well characterized
in many systemic tumor types. In these tumors,
research into the underlying cause of chromosomal
instability, mechanisms of chromosomal alterations,
and the contribution of chromosomal instability to
tumorigenesis and tumor progression has yielded
significant insight into cellular regulatory systems,
mechanisms of cancer formation, and potential
treatments targeting these changes. The impact
of mutations in this set of genes and the resulting
chromosomal damage are not yet well defined in
gliomas. However, new insight from studying large
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groups of glioma patients has demonstrated that overall
CNV changes and other genetic and epigenetic factors
associated with chromosomal instability correlate with
some previously known prognostic factors, including
histologic grade and newer molecular features, and
also have an effect on the clinical outcome within and
across previously established glioma subgroups and
grades, even in the absence of these other prognostic
factors. This effect is most pronounced in IDH-mutant
astrocytomas, in which it acts as an independent
prognostic factor, and in some studies has significantly
better prognostic utility than current WHO grading
schemes, especially when correlating multiple
measures of CIN. While detection of CIN remains
challenging at the clinical level, recent advances in
molecular diagnostic techniques provide opportunities
to better understand this phenomenon. In particular,
detecting CIN by CNV, DNA methylation, and/or gene
expression profiles could provide a reliable guide for
identifying gliomas driven by this molecular process, as
in other solid tumor types. CIN deserves consideration
as an underlying driver of tumor progression and
tumor aggressiveness in gliomas, and could provide a
therapeutic target for these surgically incurable tumors
in the future.
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