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Abstract 
Background.  Adult-type diffuse gliomas comprise IDH (isocitrate dehydrogenase)-mutant astrocytomas, 
IDH-mutant 1p/19q-codeleted oligodendrogliomas (ODG), and IDH-wild-type glioblastomas (GBM). GBM dis-
plays genome instability, which may result from 2 genetic events leading to massive chromosome alterations: 
Chromothripsis (CT) and whole-genome duplication (WGD). These events are scarcely described in IDH-mutant 
gliomas. The better prognosis of the latter may be related to their genome stability compared to GBM. 
Methods.  Pangenomic profiles of 297 adult diffuse gliomas were analyzed at initial diagnosis using SNP arrays, 
including 192 GBM and 105 IDH-mutant gliomas (61 astrocytomas and 44 ODG). Tumor ploidy was assessed with 
Genome Alteration Print and CT events with CTLPScanner and through manual screening. Survival data were com-
pared using the Kaplan–Meier method. 
Results.  At initial diagnosis, 37 GBM (18.7%) displayed CT versus 5 IDH-mutant gliomas (4.7%; P = .0008), the 
latter were all high-grade (grade 3 or 4) astrocytomas. WGD was detected at initial diagnosis in 18 GBM (9.3%) and 
9 IDH-mutant gliomas (5 astrocytomas and 4 oligodendrogliomas, either low- or high-grade; 8.5%). Neither CT nor 
WGD was associated with overall survival in GBM or in IDH-mutant gliomas. 
Conclusions.  CT is less frequent in IDH-mutant gliomas compared to GBM. The absence of CT in ODG and grade 
2 astrocytomas might, in part, explain their genome stability and better prognosis, while CT might underlie ag-
gressive biological behavior in some high-grade astrocytomas. WGD is a rare and early event occurring equally in 
IDH-mutant gliomas and GBM.

Key Points

• Chromothripsis is less frequent in IDH-mutant gliomas compared to glioblastomas.

• Chromothripsis may occur in grade 3 or 4 IDH-mutant astrocytomas but not in 
oligodendrogliomas.

• Whole-genome duplication is equally rare in IDH-mutant gliomas and glioblastomas.

Adult-type diffuse gliomas are the most frequent primary 
central nervous system tumors. They are classified based 
on IDH1/2 (isocitrate dehydrogenase 1/2) gene status ac-
cording to the 2021 WHO classification: IDH-mutant (IDHm) 
astrocytomas, IDHm 1p/19q-codeleted oligodendrogliomas 
(ODG), and IDH-wild-type glioblastomas (GBM).1 Most IDHm 

astrocytomas display ATRX and TP53 mutations (the latter 
mostly occurring in the context of a copy-neutral loss of heter-
ozygosity (CNLOH) of chromosome (chr) 17p), whereas all ODG 
are characterized by the combined loss of chr arms 1p and 19q 
(1p/19q codeletion).1 IDH1/2 mutation and 1p/19q codeletion 
are independently associated with a better prognosis, hence 

Chromothripsis is rare in IDH-mutant gliomas compared 
to IDH-wild-type glioblastomas whereas whole-genome 
duplication is equally frequent in both tumor types  
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the longer overall survival (OS) in ODG compared to 
astrocytomas.1–3 By contrast, GBM are aggressive WHO 
grade 4 tumors whose median OS is 15 to 18 months after 
standard of care treatment.4 GBM are characterized by nu-
merous copy-number variations (CNV), which are a hall-
mark of genome instability.1 The latter is defined by the 
accumulation of chr gains and/or losses (ie, copy-number 
alterations and resulting in aneuploidy) and chr rearrange-
ments (ie, structural alterations).5 Such chromosome insta-
bility (CIN) has been associated with rapid-onset genetic 
events leading to massive genome rearrangement (known 
as “macro-evolutive” events) and accelerating tumorigen-
esis or tumor progression.6

Among such events, whole-genome duplication (WGD) 
results in genome doubling (tetraploidy instead of dip-
loidy). WGD is the second most common genetic event 
in tumorigenesis (after TP53 inactivation), occurring in 
about 30% of carcinomas.7 WGD has been reported in 11% 
of GBM in 2 independent studies.8,9 By increasing gene 
dosage, WGD may allow tumors to survive potentially del-
eterious somatic mutations.7,10 It has been found to confer 
a selective advantage in many cancer types, leading to an 
adverse prognosis.7,11,12

Chromothripsis (CT) was first described in 2011 by 
Stephens et al. as a cataclysmic event consisting in the 
shattering of one (or a few) chr in tens to hundreds of 
pieces that are haphazardly reassembled in a derivative 
chr.13 CT causes many chr losses leading to tumor sup-
pressor gene inactivation, chr inversions or translocations 
(contributing to gene fusions), and oncogene amplifica-
tions (often as double-minute chr).9,14–18 Thus, CT results in 
a massive, spatially confined, genome remodeling. CT is 
more frequent than originally thought, detected in about 
30% of cancers and > 50% of GBM using high-throughput 
sequencing.19 In the central nervous system, CT has 
been described in medulloblastomas and supra-tentorial 
ependymomas (involving the ZFTA locus on chr 11).20,21 CT 
underlies driver events in GBM, such as EGFR, MDM2, and 
CDK4 gene amplifications.9,22

Chaos-driving genomic events such as WGD and CT re-
main scarcely described in IDHm gliomas, whereas they 
have been reported in GBM. We hypothesized that the 
better prognosis of IDHm gliomas compared to GBM might 
be related, at least in part, to the rarity of WGD and CT re-
sulting in a higher genome stability.

Material and Methods

Cohort

This retrospective cohort comprised 297 adult-type diffuse 
gliomas (61 IDHm astrocytomas, 44 IDHm 1p/19q-codeleted 
ODG, and 192 IDH-wild-type GBM). All patients were >18 
years old and were operated on at Angers University 
Hospital, between 2012 and 2022 for the IDHm gliomas 
and between 2017 and 2021 for the GBM. Only cases for 
which Single Nucleotide Polymorphism (SNP) arrays had 
previously been performed on fresh-frozen material were 
included in the study. Fresh-frozen tumor samples were 
obtained from the biobank of Angers University Hospital, 
after written informed consent was obtained from patients, 
in agreement with the requirements of our institutional 
review board (DC-2011-1467/ AC-2017-2993). Clinical, his-
topathological, and molecular data were available for all 
patients. The database was registered with the French Data 
Protection Authority (CNIL, n°ar22-0009v0). All cases had 
been diagnosed by 2 neuropathologists and were reclassi-
fied according to the 2021 WHO classification.1

IDH1/2 Status

Immunostaining for IDH1-R132H mutant protein (clone 
H09; Dianova, Switzerland) was performed on 4 μm-thick 
formalin-fixed paraffin-embedded tissue sections in the 
automated BOND-III (Leica Biosystems, Germany). For pa-
tients < 55 years old, Sanger sequencing was performed to 
detect rare IDH1/2 mutations, as described elsewhere.9

SNP Arrays

SNP arrays were performed on the 297 cases. Tumor 
DNA was extracted from fresh-frozen tissue using the 
NucleoSpin Tissue kit (Macherey-Nagel, France) according 
to the manufacturer’s instructions and quantified using the 
Qubit dsDNA BR Assay Kit (Life Technologies, USA). Tumor 
DNA was amplified, fragmented using Infinium homozy-
gous deletion (HD) Assay Ultra Protocol (Illumina, USA), 
and hybridized using Infinium CytoSNP-850K Illumina 
Beadchips (Illumina, USA) according to the manufacturer’s 

Importance of the Study

The present study focused on the detection of 2 genetic 
events linked to genome instability in adult-type diffuse 
gliomas. Chromothripsis (CT) has been seldom described 
in IDH-mutant gliomas and whole-genome duplica-
tion (WGD) has never been investigated. We compared 
their occurrence in IDH-mutant gliomas versus IDH-
wild-type glioblastomas (GBM). CT was significantly 
less frequent in IDH-mutant gliomas as a whole com-
pared to GBM, reflecting the former’s greater genome 
stability. The absence of CT in oligodendrogliomas and 

grade 2 astrocytomas might, in part, explain their better 
prognosis, while CT might contribute to more aggres-
sive biological behavior in higher-grade astrocytomas. 
We investigated for the first time WGD in IDH-mutant 
gliomas: This early event was as rare as in GBM, pre-
ceding most chromosome losses and promoting an-
euploidy. This work highlights key genomic features of 
IDH-mutant gliomas compared to GBM. Detecting CT 
events in IDH-mutant gliomas might help anticipate dis-
ease progression and adapt treatments.
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instructions. DNA bead chips were scanned on the iScan 
system (Illumina, USA). Data were analyzed using the soft-
ware GenomeStudio v2011.1 (Illumina, USA).

Ploidy and Copy-Number Analyses

The bioinformatic method Genome Alteration Print was 
used to determine the chr number and ploidy (namely 2n 
[diploidy] or 4n [tetraploidy]) for each tumor, and to de-
tect segmental copy number and allelotype (heterozygote 
or homozygote) of complex genomic profiles obtained 
through SNP arrays.23 The SNP array data were deposited 
in the public repository ArrayExpress under the accession 
number E-MTAB-13542. The occurrence of the chr losses in 
relation to WGD (before or after WGD) was estimated based 
on the allelotype of the chr segments involved. Retention 
of heterozygosity of a given segment displaying copy-
number loss in a tetraploid tumor (ie, copy number < 4) im-
plies that WGD occurred before the chr loss, whereas chr 
losses occurring prior to WGD lead to a definitive loss of 
heterozygosity, that cannot be overturned through duplica-
tion of the remaining allele during WGD.

CT Screening and Validation

CT was detected using segmented data from 
GenomeStudio SNP arrays in a two-step procedure. First, 
visual screening was performed by the same observer fol-
lowing predefined and previously published criteria, in-
cluding: (1) clustering of chr breakpoints on one (or rarely 
2) chr arm(s), (2) regularity of oscillating copy-number 
states (mostly 2 or 3 copy-number states), and (3) inter-
spersed loss and retention of heterozygosity.24 Second, 
a validation analysis was carried out for all cases using 
the algorithm-based server CTLPScanner, allowing to 
detect of CT patterns, with the following scanner param-
eters and thresholds: genome assembly = GRCh37/hg19; 
copy-number status change times ≥ 10; log10 of likelihood 
ratio ≥ 8, minimum segment size (Kb): 10; signal distance 
between adjacent segments: 0.3; signal value for ge-
nomic gains/losses ≥ or ≤ 0.15.25 The results obtained with 
both methods were compared: Only cases validated by 
CTLPScanner were retained as positive for CT; on the other 
hand, all cases positive for CT according to CTLPScanner 
that had not been visually detected were reviewed by 2 ob-
servers to confirm or dismiss the presence of CT.

Survival Data

OS data were obtained from the electronic files of the pa-
tients at Angers University Hospital and from the open-
access INSEE database (https://deces.matchid.io/search).

Statistical Analyses

Categorical variables were expressed as absolute values 
and percentages; continuous variables as median and 
mean values. Chi-square test or Fisher’s exact test was 
used to compare the distribution of categorical variables 

and Wilcoxon-Mann–Whitney test to compare the dis-
tribution of continuous variables. OS was defined as the 
time from histopathological diagnosis to death or last 
 follow-up, with patients still alive at last follow-up reported 
as a censored event. OS rates were compared according to 
the Kaplan–Meier method with the log-rank test. Statistical 
analyses were performed using Excel software (version 
2010, Microsoft), open-access website BiostaTGV (https://
biostatgv.sentiweb.fr/), and GraphPad Prism (version 9). 
P-value < .05 was considered statistically significant.

Results

Clinical and Histopathological Characteristics

At initial diagnosis, 105 IDHm gliomas and 192 GBM 
were included in the study. IDHm gliomas comprised 61 
astrocytomas (7 grade 2, 42 grade 3, and 12 grade 4) and 
44 ODG (16 grade 2 and 28 grade 3). Among them, 16 cases 
(16/105, 15.2%) were analyzed both at initial diagnosis and at 
recurrence. These paired samples comprised 11 astrocytomas 
(1 grade 2, 3 grade 3, and 7 grade 4) and 5 ODG (2 grade 2 
and 3 grade 3). In addition to the 105 IDHm gliomas, 24 IDHm 
gliomas whose pangenomic SNP array profile at initial di-
agnosis was not available were analyzed at recurrence only, 
in order to investigate the presence of CT and/or WGD. This 
group comprised 15 astrocytomas (7 grade 3 and 8 grade 4) 
and 9 ODG (all grade 3). The characteristics of the cohort are 
detailed in Supplementary Table S1.

Among the 105 IDHm gliomas at initial diagnosis, 89 
cases were immunopositive for IDH1-R132H mutant pro-
tein (84.7%). Among the 24 IDHm gliomas analyzed only at 
recurrence, 18 cases were immunopositive for IDH1-R132H 
mutant protein (75%). The remaining cases of initial and re-
current gliomas displayed IDH1/2 mutation via sequencing.

The median age at diagnosis was 43 years old for IDHm 
gliomas and 63 years old for GBM. Among the IDHm 
gliomas, median age at diagnosis was 46.5 years old for 
ODG (grade 2: 38 years old, grade 3: 51.5 years old) and 42 
years old for astrocytomas (grade 2 and grade 3: 41 years 
old, grade 4: 49 years old). The male/female ratio was 1.4 
for IDHm gliomas (1.2 for ODG and 1.7 for astrocytomas) 
and 1.3 for GBM. Median OS was 13 months for GBM. It 
was 135 months and 63 months for grades 3 and 4 IDHm 
astrocytomas, respectively. It was 261 months for grade 
3 ODG. Median OS was not reached for grade 2 IDHm 
gliomas.

Copy-Number Alterations

Pangenomic profiles of diploid tumors (ie, without WGD) at 
chr arm-level are presented in Figure 1 for IDHm gliomas 
at initial diagnosis and in Figure 2 for GBM. Pangenomic 
profiles of tetraploid tumors (ie, with WGD) at chr arm-
level in IDHm gliomas at initial diagnosis and in GBM are 
presented in Figure 3. With regard to relevant focal (gene-
level) CNV in diploid IDHm gliomas, CDKN2A/B HD was de-
tected at initial diagnosis in 3 astrocytomas (grade 4) and 
one ODG (grade 3), and at recurrence in 6 astrocytomas 
(5 of them without initial tumor available) and one ODG 

https://deces.matchid.io/search
https://biostatgv.sentiweb.fr/
https://biostatgv.sentiweb.fr/
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae059#supplementary-data
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(grade 3; no initial tumor available). In diploid GBM, 
CDKN2A/B HD was detected in 103/174 cases (59.1%) and 
PTEN HD in 18/174 cases (10.3%). CDKN2A/B and PTEN 
HD were assessed in diploid tumors, since chr losses in 
tetraploid tumors, which harbor supernumerary copies, 
give rise to intermediate copy-number levels. In all GBM 
(diploid or tetraploid), EGFR amplification was detected 

in 73/192 cases (38%), CDK4 amplification in 31/192 cases 
(16.1%), MDM2 and MDM4 amplification in 14/192 cases 
each (7.2%), PDGFRA amplification in 9/192 cases (4.6%), 
and MET amplification in 5/192 cases (2.6%). CDK4 and 
MDM2 were co-amplified  in 9/192 cases (4.6%). We de-
tected MYCN amplification in one GBM case. A detailed 
list of the gene alterations is presented in Supplementary 
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Chromothripsis

Grade 3 Grade 3 Grade 4Grade 2

Figure 1. Arm-level CNV landscape of the 96 diploid IDH-mutant gliomas (without WGD) at initial diagnosis. All ODG displayed 1p/19q codeletion 
with few additional CNV compared to astrocytomas. CNV burden was higher in grade 3 versus 2 ODG but the genome remained overall rela-
tively stable. The most common CNV in astrocytomas was CNLOH of chr 17p (46/61, 75%). CNV burden increased in astrocytomas from grade 2 
through 4. The cases displayed recurrent chr 7q gain. Three astrocytomas harbored CT at initial diagnosis. “Complex chromosome rearrange-
ment” encompasses all genomic profiles with numerous CNV which cannot be precisely classified, some of them displaying CT patterns. “Partial 
chromosome gain and loss” indicates the presence of segments with copy-number gains and losses extending > one chromosome band. Chr, 
chromosome; CNLOH, copy-neutral loss of heterozygosity; CNV, copy-number variation; CT, chromothripsis; ODG, oligodendroglioma; WGD, 
whole-genome duplication.
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Table S2. CNV detected in IDHm gliomas versus their recur-
rence (if available) are presented in Supplementary Figure 
S1. The CNV load in recurrent ODG was overall comparable 
to that in the corresponding initial tumors (even in grade 
3 ODG) whereas in astrocytomas, the CNV load increased 
with grade and in recurrent versus initial tumors.

WGD is as Frequent in IDHm Gliomas as in GBM

In IDHm gliomas, WGD was detected in 9 cases at initial 
diagnosis (9/105, 8.5%), including 5 astrocytomas (5/61, 
8.2%; 1 grade 2, 3 grade 3, and 1 grade 4) and 4 ODG (4/44, 
9.1%; 1 grade 2, 3 grade 3). In GBM, WGD was detected in 
18/192 cases (9.3%). The frequency of WGD did not signifi-
cantly differ between IDHm gliomas and GBM (8.5% versus 
9.3%, P = .8178, chi-square test). Examples of WGD in IDHm 
gliomas are shown in Figure 4A–B.

In tetraploid IDHm gliomas at initial diagnosis, the mean 
chr number per tumor was 85 (66.5 to 91.5; for a theoretical 

number of 92 [4n]) for both astrocytomas and ODG. At 
recurrence, 2 grade 4 astrocytomas harbored WGD (one 
without WGD at initial diagnosis, the other without initial 
tumor available), with a chr number of 88.5 and 87, respec-
tively. Diploid IDHm gliomas had a mean chr number of 
46.4 (42.5 to 52.5; 45.5 for ODG and 47 for astrocytomas; 
theoretical number of 46 [2n]). Tetraploid GBM displayed a 
mean chr number of 85 (62.5 to 96.5), while diploid GBM 
had a mean number of 48.7 (39.5 to 57). Hence, the mean 
chr number in WGD tumors was lower than expected, both 
in IDHm gliomas and GBM (85 chr each). Inversely, the chr 
number in tumors without WGD was closer to what was 
expected.

Overall, within the limits of the small sample size, there 
was an increased number of total CNV in WGD tumors 
compared to diploid tumors and in high-grade (grade 3 or 
4) versus lower-grade gliomas (Figures 1 and 3). The mean 
number of CNV-harboring chr arms was higher in GBM 
with WGD than without (22 vs. 17.5, respectively, P = .0002, 
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Figure 2. Arm-level CNV landscape of the 174 diploid GBM (without WGD) at initial diagnosis. The most common CNV were chr 7 gain, chr 9p 
loss, chr 10 loss, chr 19 gain, and chr 20 gain. Chr 10 loss was detected in 170/174 GBM (97.7%) and chr 7 gain in 156/174 GBM (89.6%). Thirty-three 
GBM displayed CT, mostly on chr 12q (MDM2/CK4 loci) and chr 9p (CDKN2A/B locus). “Complex chromosome rearrangement,” “partial chro-
mosome gain and loss,” and abbreviations as in Figure 1.
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Wilcoxon-Mann–Whitney test). In all WGD gliomas com-
bined, most chr segments showing copy-number losses 
were heterozygous (74% in ODG; 72% in astrocytomas; 73% 
in GBM), indicating that at least 3-quarters of chr losses oc-
curred after WGD in tetraploid gliomas (data not shown). 
Among IDHm gliomas with WGD, all 4 ODG had 2 homo-
zygous copies of chr 1p and 19q, and 6/7 astrocytomas (ini-
tial and recurrent tumors included) had 3 or 4 homozygous 
copies of chr 17p harboring TP53 gene. The recurrent ab-
sence of heterozygosity suggests that 1p/19q codeletion 
and 17p CNLOH occurred before WGD.

CT is Less Frequent in IDHm Gliomas Compared 
to GBM and Only Occurs in Grade 3 or 4 
Astrocytomas

CT occurred significantly less frequently in IDHm gliomas 
as a whole than in GBM (4.7% versus 18.7%, P = .0008, chi-
square test). There was a trend towards a lower frequency 
of CT in grade 3 or 4 IDHm astrocytomas compared to 
GBM (9.2% vs. 18.7%, P = .0982, chi-square test). CT was 
detected in 5 high-grade IDHm astrocytomas (4 grade 3, 1 
grade 4) at initial diagnosis (5/105 IDHm gliomas, 4.7%). No 

ODG or grade 2 astrocytoma displayed CT patterns. Only 
one astrocytoma (grade 3) displayed both CT and WGD; the 
retention of heterozygosity of the chr segments showing 
copy-number loss indicates WGD occurred prior to CT. CT 
was detected in 4 recurrent IDHm astrocytomas (all grade 
4; 4/17 recurrent astrocytomas, 23.5%). The initial tumor 
was available in only 1 case (with CT on chr 3q), which also 
displayed WGD solely at recurrence (with retention of het-
erozygosity indicating that WGD occurred before CT); CT 
and WGD were both absent from the initial tumor. Chr re-
gions affected by CT in IDHm astrocytomas and key gene 
alterations are presented in Table 1. CT was associated with 
CDKN2A/B HD in 3 grade 4 astrocytomas and with MYCN 
amplification in one grade 3 astrocytoma. One example of 
CT in IDHm astrocytomas is presented in Figure 4C.

Chr regions affected by CT in GBM are presented in 
Table 2. CDK4 and MDM2 amplifications were strongly 
associated with CT in GBM (P < .0001, Fisher’s exact test; 
P = .0091, chi-square test, respectively). We did not find an 
association between CT and EGFR amplification (P = .1004, 
chi-square test) or CDKN2A/B HD (P = .8546, chi-square 
test). Only 3 GBM displayed both CT and WGD (one of 
them with retention of heterozygosity indicating the occur-
rence of WGD before CT).

Grade 2

1p 1q 2p 2q 3p 3q 4p 4q 5p 5q 6p 6q 7p 7q 8p 8q 9p 9q 10p 10q 11p 11q 12p 12q 13q 14q 15q 16p 16q 17p 17q 18p 18q 19p 19q 20p 20q 21q 22q

Grade 3

Grade 2

Grade 3

Grade 4

Complete chromosome gain

Partial chromosome loss

Partial chromosome gain and loss

Undefined chromosome alteration within a minor subclone

Complete chromosome loss

Partial chromosome CNLOH

Complex chromosome rearrangement

Chromothripsis

Complete LOH

Partial chromosome gain

Complete chromosome CNLOH

Partial chromosome CNLOH and loss

Partial LOH [Number]      Copy number of the segments with chromosome loss or CNLOH

Figure 3. Arm-level CNV landscape of the 9 WGD IDH-mutant gliomas and 18 WGD GBM at initial diagnosis. Each line corresponds to a sample. 
All ODG displayed 1p/19q codeletion with complete LOH. Most astrocytomas (4/5 cases) displayed 17p loss or CNLOH. All GBM harbored chr 10 
loss (mainly with complete LOH), while most of them (14/18) harbored partial or whole chr 7 gain. CT was detected in one astrocytoma (on chr 
10) and 3 GBM (2 on chr 12q and 1 on the whole chr 12). Most tumors displayed numerous whole chr arm-level losses (shedding of excess DNA). 
Black squares indicate if the chr losses are associated with LOH (complete or partial), as heterozygosity may be retained when chr loss occurs 
after WGD. “Complex chromosome rearrangement,” “partial chromosome gain and loss,” and abbreviations as in Figure 1.



N
eu

ro-O
n

colog
y 

A
d

van
ces

7Sourty et al.: Chromothripsis is rare in IDH-mutant gliomas

BAF

A

B

C

Copy

LRR

4

2

1

0

–1

0

1

0

Copy

LRR

4

2

4

2

2 20000 40000 60000 80000

kb

100000 120000 140000

1

0

–1

0

1

0

1 3

0e+00 1e+05 2e+05 3e+05 4e+05

Probe Index along Genome

Probe Index along Genome

5e+05 6e+05 7e+05 8e+05

0e+00 1e+05 2e+05 3e+05 4e+05 5e+05 6e+05 7e+05 8e+05

2 4 6 8 10 12 14 16 18 20 22 24

2 4 6 8 10 12 14 16 18 20 22 24

5 7 9 11 13 15 17 19 21 23

BAF 1 3 5 7 9 11 13 15 17 19 21 23

Figure 4. Analysis of IDH-mutant gliomas with the GAP method and CTLPScanner. (A) Genomic profile of a WHO grade 3 ODG with WGD. 
Frames: 2 copies of homozygous allelotype (red line) of chr 1p and 19q, suggesting occurrence of 1p/19q codeletion prior to WGD. (B) Genomic 
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homozygous deletion; LOH, loss of heterozygosity.
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CT and WGD Were Not Associated With 
Prognosis in the Cohort

OS did not significantly differ in GBM with versus without 
WGD (14.5 vs. 12.5 months, respectively, P = .5663, log-
rank test) and in GBM with versus without CT (17 versus 12 
months, respectively, P = .4597, log-rank test). OS did not 
significantly differ in IDHm gliomas with versus without 
WGD (98 vs. 196 months, respectively, P = .7952, log-rank 
test) and in IDHm gliomas with versus without CT (230 
vs. 261 months, respectively, P = .4068, log-rank test). 
However, the subgroups were small and median OS was 
not reached for grade 2 IDHm gliomas. No OGD displayed 
CT patterns. Kaplan–Meier curves for GBM and IDHm 
gliomas are shown in Figure 5.

Discussion

We studied WGD and CT, both associated with genome in-
stability, in a cohort of 297 adult-type diffuse gliomas. To 
the best of our knowledge, this is the largest study on CIN 
in adult-type diffuse gliomas independent from the TCGA. 
The present work shows for the first time that WGD is as 
frequent in IDHm gliomas as in GBM, while still rare (<10%) 
in diffuse gliomas compared to other types of cancer. 
WGD was an early event occurring prior to most chr losses 
(>75%), which facilitates the occurrence of CNV. Key driver 
CNV occurred in most instances (if not always) before 
WGD, such as 1p/19q codeletion in ODG and 17p CNLOH/
loss in astrocytomas. CT was significantly less frequent in 
IDHm gliomas as a whole compared to GBM (P = .0008). 
It occurred in some high-grade (grade 3 or 4) IDHm 
astrocytomas (9.2%) but was not detected in ODG, what-
ever the grade, or in grade 2 IDHm astrocytomas. We could 
not show an association between WGD or CT occurrence 
and OS but median OS was not reached in grade 2 tumors.

In cancer, WGD and CT contribute to genome insta-
bility, on the genome-scale for the former and on the chr 
scale for the latter. Genome instability is a hallmark of 
cancer: It allows tumor cells to acquire oncogenic prop-
erties through key genetic alterations.26 CIN is a dynamic 
process giving rise to genome diversity, necessary to 
select more aggressive subclones, drivers of tumor evo-
lution, and treatment resistance. Two types of CIN were 
proposed: numerical CIN (gains and losses of whole chr) 
and structural CIN (eg, rearrangements, amplifications, 
and HD).5 WGD would lead to numerical CIN, whereas CT 
would lead to structural CIN. Those 2 types of genome 
remodeling are not mutually exclusive. They have been 
little studied in diffuse gliomas compared to other tumor 
types.

WGD is a frequent genetic event in many cancers 
(occurring in around 30% of advanced cancers), providing 
a survival advantage to tumor cells.7,27 WGD allows the 
latter to overcome deleterious gene alterations by buf-
fering DNA losses. One of our previous works showed that 
WGD occurs in about 10% of GBM, leading to numerous 
CNV.9 WGD has not been studied in IDHm gliomas before. 
The present study demonstrates that WGD also results 
in CNV in IDHm gliomas. ODG and grade 3 astrocytomas 
with WGD displayed an increased CNV load compared to 
the same tumor types without WGD. Our results concur 
with those of the TCGA which show that tumors with WGD 
are more prone to aneuploidy (mostly through chr losses) 
compared to tumors without WGD.28 Tetraploid cells shed 
excess DNA to reach an optimal genome equilibrium. WGD 
is associated with whole chr gains or losses (compared to 
chr arm-only alterations), arguing for chr missegregation in 
tumors with WGD.29 In our study, most chr losses occurred 
after WGD, suggesting that WGD confers aneuploidy tol-
erance and propagates CIN. However, in our cohort, 2 key 
CNV in IDHm gliomas (ie, 1p/19q codeletion in ODG and 
CNLOH/17p loss in astrocytomas) occurred before WGD. 
This result concurs with that of Jamal-Hanjan et al., who 

Table 1. Chromosomal Regions Affected by CT in IDH-Mutant Astrocytomas

Chr(s) Chromosomal region Size (Mb) Tumor occurrence (n°) Gene alteration 

Tumor at initial diagnosis

2 2p22.3-p25.3 35 first nMYC Amp

4 4q31.21-q35.2 45 first

9 9p21.1-24.3
9q21.12-q33.3

30
55

first CDKN2A/B HD

10 10p15.3-q25.3 115 first

11 11p14.1-p15.5 30 first

Tumor at recurrence

3 3q25.2-q29 40 second

7 7p15.3-p21.3 15 second

9 9p13.3-p23 25 fourth CDKN2A/B HD

9 9p21.1-p24.1 20 fourth CDKN2A/B HD

fifth CDKN2A/B HD

CT, chromothripsis; Amp, amplification; HD, homozygous deletion; chr, chromosome(s).
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demonstrated that WGD is an early event, albeit happening 
after the very first driver events in tumorigenesis.11 Of 
note, the sole grade 2 IDHm astrocytoma with WGD in our 
cohort already displayed TP53 inactivation through CNLOH 
on 17p. Despite their protracted course (OS may reach 15 
to 20 years), ODG harbor aneuploidy from the onset (very 
early occurrence of 1p/19q codeletion). However, those tu-
mors remained, in our cohort, genomically stable, with few 

or no additional CNV, especially in grade 2 ODG, in con-
trast to IDHm astrocytomas.

Our work shows that CT is significantly less frequent in 
IDHm gliomas as a whole compared to GBM (P = .0008). In 
the former, CT only occurred in grade 3 or 4 astrocytomas. 
We could not reliably compare grade 4 IDHm astrocytomas 
and grade 4 IDH-wild-type GBM since our cohort only com-
prised one newly diagnosed grade 4 IDHm astrocytoma. 

Table 2. Chromosomal Regions Affected by CT in GBM

Chr(s) Chromosomal region Size (Mb) Number of tumors Gene alteration 

Cases with CT on one chr

12 12q14.1-q15 15 5 CDK4 Amp (4/5)
MDM2 Amp (5/5)

12q13.2-q15 15 1 CDK4/MDM2 Amp

12q12-q14.1 20 1 CDK4 Amp

12q14.1-q21.1 20 1 CDK4/MDM2 Amp

12q24.11-q24.22 10 1

12q12-q21.31 45 1 CDK4/MDM2 Amp

12q14.3-q15 5 1 MDM2 Amp

12p11.21-p12.1
12q13.2-q22

10
40

1 KRAS Amp
CDK4/MDM2 Amp

12p11.21-p12.3 15 1 KRAS Amp

9 9p21.1-p21.3 15 3 CDKN2A/B HD (3/3)

9p21.1-p23 20 1 CDKN2A/B HD

9p21.3-p24.1 15 1 CDKN2A/B HD

9p21.2-p22.2 10 1 CDKN2A/B HD

9p13.2-24.3 35 1 CDKN2A/B HD

7 7p11.2-p22.3 55 1 EGFR Amp

7p12.1-q21.3 50 1 EGFR Amp
MET/CDK6 Amp

7p11.2-p14.1 20 1 EGFR Amp

1 1p32.3-p36.12 30 1 CDKN2C HD

1p36.22-p36.32 5 1

4 4q12-q34.1 120 1 PDGFRA Amp

10 10q11.21-q23.1 40 1

11 11p11.12-15.5 50 1

13 13q31.1-q33.3 25 1

14 14q12-q24.2 50 1

19 19q13.32-q13.43 15 1

Cases with CT on 2 chrs

10
13

10p11.21-p12.1 13q21.31-q32.2 13
35

1 RB1 HD

1
9

1p35.2-p36.33
9p21.1-p24.3

30
30

1 CDKN2A/B HD

7
10

7p12.1-p15.3
10q21.3-25.3

30
55

1

2
6

2p12-p14
6q12-q27

15
110

1

6
9

6q25.3-q27
9p21.1-p23

5
20

1 CDKN2A/B HD

CT, chromothripsis; GBM, glioblastomas; Amp, amplification; HD, homozygous deletion; chr, chromosome(s).
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CT may contribute to marked genome remodeling in some 
high-grade astrocytomas. The present study confirms that 
CT on 9p may lead to CDKN2A/B HD, which is the most im-
portant molecular prognostic factor in IDHm astrocytomas, 
warranting WHO grade 4.30–32 MYCN amplification, which 
has been found to be closely associated with OS, was de-
tected in association with CT in one grade 3 astrocytoma in 
our cohort.30 The absence of CT in grade 2 or 3 ODG in our 
study is in line with the stable genome and prolonged OS 
observed in those tumors compared to IDHm astrocytomas 
and GBM. The absence of CT in ODG may be explained, in 
part, by the absence of TP53 mutation in ODG compared 
to most IDHm astrocytomas and some GBM. TP53 plays 
a central role in maintaining genome stability. TP53 muta-
tion has been linked to CT occurrence in medulloblastoma 
in Li-Fraumeni patients and in acute myeloid leukemia.20,33 
TP53 mutation predisposes cells to CT and facilitates cell 
survival following catastrophic DNA rearrangements. 
Inversely, IDH mutation may protect tumor cells, to some 
extent, from genome instability, as reflected by the less 
frequent occurrence of CT in IDHm gliomas compared to 
GBM. IDH mutation leads to a hypermethylated pheno-
type, also known as “CpG island methylator phenotype” 
(CIMP).34 Genome hypermethylation may shield DNA from 

catastrophic genetic events, unlike hypomethylation which 
favors genome instability.35

Interestingly, in a cohort of 94 diffuse gliomas (including 
11 cases with CT), Cohen et al. showed that CT was more 
frequent in grade 4 IDHm astrocytomas compared to lower-
grade tumors and more frequent in IDHm gliomas (all 
1p/19q intact) compared to IDH-wild-type gliomas (most 
being GBM according to the 2021 WHO classification).36 
However, the authors could not conclude whether the mas-
sive intrachromosomal instability detected occurred as a 
one-time event (“true” CT) or in sequential events over time 
(severe CIN).36 Moreover, DNA was extracted from formalin-
fixed paraffin-embedded samples, and not fresh-frozen 
material (as in our study), which makes detecting fine ge-
nomic alterations such as CT difficult. The criteria used for 
CT diagnosis were not as stringent as ours and the chr re-
gions involved were not mentioned. CT prevalence varies 
from one study to another depending on the molecular bi-
ology techniques and diagnostic criteria used. In this work, 
we combined manual screening and bioinformatic analyses 
to assess CT patterns according to previously established, 
stringent criteria.24 Of note, previous work on SNP arrays 
from the TCGA found a prevalence of CT in GBM similar to 
that in our study (16% and 18.7%, respectively).8
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Figure 5. Overall survival in GBM and IDH-mutant gliomas with and without CT or WGD. (A) Kaplan–Meier survival curves in GBM according to 
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was no statistically significant association between overall survival and CT or WGD in GBM or IDH-mutant gliomas. Median overall survival was 
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We could not show an association between CT occur-
rence and OS in GBM and grade 3 or 4 IDHm astrocytomas 
(OS was not reached in grade 2 astrocytomas). CT has been 
shown to be a negative prognostic marker in some can-
cers, such as acute myeloid leukemia, medulloblastoma, 
melanoma, colorectal cancer, and recently GBM.22,37–41 
Steele et al. identified signatures of CNV in human cancer; 
one of the signatures enriched in CT events was associated 
with shorter OS in GBM but the difference was not statis-
tically significant.37 With regards to IDHm gliomas, a study 
on a larger cohort with a longer follow-up may show worse 
prognosis in CT cases. Chr shattering will break apart mul-
tiple genes and may yield multiple oncogenic alterations in 
a one-time event. CT events are enriched in known cancer 
drivers and are associated with gene amplifications, as il-
lustrated by the strong correlation with MDM2/CDK4 amp-
lifications in our GBM cases (P < .0001).14–16 HD of tumor 
suppressor genes, such as CDKN2A/B, may also occur 
within CT regions, as observed in our study.9,22 Last but not 
least, CT may generate oncogenic gene fusions that may 
drive tumor development and/or progression and may be 
treated with targeted therapies.6,31 The novel, unique gene 
junctions resulting from chr rearrangements can also pro-
mote the production and presentation of neoantigens, 
which can activate immune cells.42 Conversely, CT has been 
linked to immune evasion and resistance to immunotherapy 
in human carcinomas.43 The failure of immunotherapeutic 
approaches to improve survival in GBM might be due in part 
to the immunologically “cold” microenvironment of those 
tumors.44 Interestingly, in CT, inappropriate exposure of nu-
clear DNA (during chr shattering) to the cytosol activates 
the cGAS-STING pathway, which induces type I Interferon 
responses and tumor suppressive effects.45 This pathway is 
known to be suppressed in GBM which might, in part, ex-
plain the poor response rates to immunotherapy. Activating 
sensing of DNA damage and the cGAS/STING pathway may 
sensitize CT-rearranged GBM to immunotherapy. Of note, 
high tumor aneuploidy has been shown to correlate with 
immune evasion and reduced response to immunotherapy 
in 12 human cancer types.46 Detecting CT, and more broadly 
aneuploidy, may help identify patients most likely to re-
spond to immunotherapy.

In our series, there was no association between the oc-
currence of CT and WGD in GBM. However, such an asso-
ciation has been shown in Cortés-Ciriano et al.’s study with 
WGD occurring prior to CT (and favoring CT occurrence) 
among 38 cancer types.19 WGD is rare in IDHm gliomas and 
GBM (<10%) compared to carcinomas. Once again, a larger 
cohort may allow us to show an association between WGD 
and CT and between CT and shorter OS.

Finally, our work validates that the number of CNV in-
creases with the histological grade of IDHm gliomas, 
underlining that high-grade tumors are more genomically 
unstable than lower-grade tumors.47 Recently, large aneu-
ploidy changes have been found to portend a poor prognosis 
in grade 2 or 3 IDHm astrocytomas.48 The CNV load was al-
ready increased in those tumors with short OS, whereas 
the mutation burden (point mutations per megabase) was 
not significantly different.49 This suggests that CIN, rather 
than the mutation load, is the critical factor in the progres-
sion to more aggressive tumors.49 In IDHm astrocytomas, 
a higher CNV burden was associated with CDKN2A/B HD 

and CT occurrence.50 As previously mentioned, most IDHm 
astrocytomas display TP53 mutation, a risk factor for aneu-
ploidy and CT.49 Detecting CIN in grade 2 astrocytomas sug-
gests it occurs before tumor progression, and most likely 
contributes to it. Assessing genome instability early in the 
disease may help better evaluate prognosis and adapt treat-
ments. In the present study, ODG displayed no or few CNV 
superimposed on the early 1p/19q codeletion.

As for the limits of the study, the retrospective nature of the 
series may be a selection bias, although all interpretable SNP 
array cases involving fresh-frozen tumor tissue were included 
in this work. The prolonged survival of IDHm gliomas hin-
dered, in part, the survival analysis (OS not reached in grade 
2 tumors). SNP array data provide a lower resolution than 
whole-genome sequencing for detecting CT and only allows 
to evaluate some criteria of Korbel and Campbell.24 However, 
a combined approach with manual screening and bioinfor-
matic analysis improves the reliability of CT detection.

In summary, CT was significantly less frequent in IDHm 
gliomas as a whole compared to GBM. It was not de-
tected in ODG, whatever the grade, or in grade 2 IDHm 
astrocytomas. Leading to genome remodeling, CT might 
fuel tumor progression and aggressive behavior in adult 
diffuse gliomas. WGD arises as often in GBM as in IDHm 
gliomas, of any type or grade. In both tumor types, WGD 
is a rare and early event that contributes to aneuploidy. 
Although preventing or treating defects in chr segregation 
is beyond the reach of medicine so far, detecting CIN at an 
early stage of the disease may help anticipate tumor pro-
gression and provide the most suitable care (eg more ag-
gressive treatments in low-grade IDHm gliomas, even after 
complete resection). Prospective studies on larger cohorts 
with longer follow-ups are needed to evaluate the prog-
nostic impact of WGD and CT in glioma patients.
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