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Abstract
Hypermutation and malignant transformation are potential complications
arising from temozolomide treatment of IDH-mutant gliomas. However, the
natural history of IDH-mutant low-grade gliomas without temozolomide
treatment is actually under-studied. We retrieved retrospectively from our hos-
pitals paired tumors from 19 patients with IDH-mutant, 1p19q non-codeleted
Grade 2 astrocytomas where no interim adjuvant treatment with either temo-
zolomide or radiotherapy was given between primary resections and first
recurrences. Tissues from multiple recurrences were available from two
patients and radiotherapy but not temozolomide was given before the last
specimens were resected. We studied the natural molecular history of these
low-grade IDH-mutant astrocytomas without pressure of temozolomide with
DNA methylation profiling and copy number variation (CNV) analyses, tar-
geted DNA sequencing, TERTp sequencing, FISH for ALT and selected bio-
markers. Recurrences were mostly higher grades (15/19 patients) and
characterized by new CNVs not present in the primary tumors (17/19 cases).
Few novel mutations were identified in recurrences. Tumors from 17/19
(89.5%) patients showed either CDKN2A homozygous deletion, MYC or
PDGFRA focal and non-focal gains at recurrences. There was no case of
hypermutation. Phylogenetic trees constructed for tumors for the two patients
with multiple recurrences suggested a lack of subclone development in their
evolution when under no pressure from temozolomide. In summary, our stud-
ies demonstrated, in contrast to the phenomenon of temozolomide-induced
hypermutation, IDH-mutant, 1p19q non-codeleted Grade 2 astrocytomas
which had not been treated by temozolomide, acquired new CNVs at tumor
recurrences. These findings improve our understanding of the molecular life
history of IDH-mutant astrocytomas.
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1 | INTRODUCTION

Although the majority of IDH-mutant gliomas are gener-
ally slow growing, most of the low-grade cases eventually
undergo malignant transformation [1]. Alkylating agents
such as temozolomide have been shown to prolong the
survival of adult patients with lower-grade gliomas [2, 3].
It is also known that temozolomide treatment potentially
induces hypermutation in gliomas as first shown by John-
son et al [4] and this is associated with malignant trans-
formation of the tumors [5]. Hypermutation can occur in
different subtypes of gliomas [6] but is more common in
IDH-mutant gliomas [5]. The majority of hypermutated
IDH-mutant gliomas are high-grade [5]. A “wait-and-
see” approach or a non-temozolomide chemotherapy reg-
imen after resection is therefore acceptable post-operative
management for Grade 2 IDH-mutant, 1p19 non-
codeleted astrocytomas with both the SNO and EANO
recommendations; this is especially with regard for the
low-risk younger patients [7–9]. Adjuvant temozolomide
therapy has been shown to be of benefit to patients with
Grade 3 IDH-mutant, 1p19q non-codeleted astrocytomas
by the CATNON trial [10]. With the availability of
vorasidenib in the future for the treatment of Grade
2 IDH-mutant astrocytoma, it is possible that standard
recommendations for this group of tumors may change
in the future [11].

In fact, the natural history of low-grade IDH-
mutant astrocytomas not associated with adjuvant
treatment is not well known. Although a small number
of paired IDH-mutant low-grade astrocytomas without
interim adjuvant treatment have been embedded in
well-known series of longitudinal gliomas, their detailed
molecular pathology has not been clearly separated
from that of tumors which have been treated by adju-
vant treatment like temozolomide, and only few paired
tumor samples unassociated with adjuvant treatment in
the interim were included [12]. Touat et al [12]
described two pathways of hypermutation in IDH-
mutant gliomas, one de novo and associated with con-
stitutional defects in DNA polymerase and mismatch
repair (MMR) gene mutations and a more common
one associated with post-temozolomide treatment. How-
ever, of the IDH-mutant gliomas examined in that
study, there were few cases without adjuvant treatment.
Bai et al. studied 41 pairs of IDH-mutant gliomas and
found that activation of MYC, RTK-RAS-PI3K path-
ways, upregulation of FOXM1- and E2F2-mediated cell
cycle transitions and epigenetic silencing of developmen-
tal transcription factor genes were implicated in tumor
progression and 21 pairs were adjuvant treatment-
naïve [13]. However, these results were derived from
both temozolomide-treated and non-treated cases.
Moreover, 1p19q codeleted tumors were not clearly sep-
arated from 1p19q non-codeleted tumors in the analyses
presented. This is important as hypermutation after
alkylator treatment may be more prevalent with 1p19q

codeleted tumors [14] and 1p19q codeleted Grade 2 oli-
godendrogliomas generally have longer survival than
the IDH-mutant astrocytomas of similar grades so the
pressure for giving upfront post-operative adjuvant
treatment is less and a balance of the various clinical
factors is recommended for clinical management [8, 9].

Many of the longitudinally paired gliomas studied in
the literature have been treated by alkylator therapy
in the interim between the resections [4, 6, 13, 15, 16]. A
significant proportion of paired IDH-mutant gliomas
treated by temozolomide in the interim showed hypermu-
tation in their recurrences: 31% in Mu et al. study [16],
18% in Bai et al. study [13], 29% in Seifert et al. study [17],
and 55% in Johnson et al. study [4]. However, little spe-
cific information is available concerning the natural evo-
lution of IDH-mutant astrocytomas without the selection
pressures of temozolomide and irradiation and it is not
always possible to separate out the detailed data of those
pairs which received and those which did not receive
temozolomide as interim treatment in these papers in our
literature review [4, 6, 13, 15–17].

We believe that knowledge of the natural evolution of
IDH-mutant astrocytomas will contribute to the identifi-
cation of the best management of patients with Grade
2 IDH-mutant gliomas. In this study, we evaluated
19 patients for tissues from primary and recurrent IDH-
mutant 1p19q non-codeleted Grade 2 astrocytomas and
where no alkylating therapy or radiation was given
between primary tumors and recurrences (with 2 patients
with multiple recurrences) in this article.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

We went through the files of the Prince of Wales Hospi-
tal, Chinese University of Hong Kong and Huashan Hos-
pital, Fudan University, Shanghai and retrieved patients
where consecutive or multiple operations on IDH-mutant
gliomas were performed. We included only cases which
were known to be IDH-mutant and 1p19q non-codeleted
by our usual diagnostic methods [18] and were diagnosed
as Grade 2 in the initial tumors. We found cases from
19 patients in which no adjuvant treatment, either alkyla-
tor therapy or radiotherapy, was given between the pri-
mary and first recurrences. Histology was reviewed by
both HKN and HC. Initial tumors were all confirmed as
Grade 2 IDH-mutant 1p19q non-codeleted astrocytomas
and there was progression in grades in the recurrences as
per WHO Classification [19]. Histologic criteria for
Grade 3 IDH-mutant astrocytomas were mitotic figures,
or increased cellularity and nuclear atypia. Histologic cri-
teria for Grade 4 were presence of necrosis and/or micro-
vascular proliferation. Data on patient demographics
and treatments were retrieved from clinic visits or hospi-
tal records or obtained from close relatives by phone.
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2.2 | Illumina Infinium methylation EPIC
BeadChip array

This array was performed as previously by us [20].
Briefly, formalin-fixed, paraffin-embedded (FFPE) sec-
tions were sent to Sinotech Genomics Co., Ltd, Shang-
hai. DNA was extracted, bisulfite modified and restored
by the company. DNA was hybridized to EPIC Infinium
Human (850k) array and then washed and scanned. Sig-
nal intensities in the IDAT files were subjected to back-
ground correction and dye-bias normalization as per
Capper et al. [21]. Probes known to have common single
nucleotide polymorphisms at the CpG site were filtered
out. Sex chromosomes and cross-reactive probes were
excluded from the analysis. Tumors were then classified
into either G-CIMP-high or G-CIMP-low subtypes by a
machine learning algorithm described in previous stud-
ies [22]. IDAT files were also uploaded to the Heidelberg
Classifier (www.molecularneuropathology.org, Heidel-
berg Brain Tumor Classifier v12.8).

2.3 | Identification of MGMT methylation
with DNA methylation array

The DNA methylation status of the promoter of the gene
MGMT and the MGMT score were determined using the
MGMT-STP27 algorithm Bady et al. [23]. A cut-off of
0.358 was used to classify tumors into methylated
MGMT and unmethylated MGMT.

2.4 | Identification of copy number variations
with DNA methylation array

Copy number variations (CNVs) were determined as pre-
viously used by Capper et al. and by the authors [21, 24].
To determine copy number variations, probe-level signal
intensities from the IDAT files were subjected to back-
ground correction and dye-bias normalization according
to Capper et al [21]. Probes targeting the sex chromo-
somes, containing single-nucleotide polymorphisms, or
mapping to multiple locations in the human genome were
excluded to avoid inaccurate assessment. Two sets of
50 control samples derived from male and female donors
were used for normalization [21]. CNV analysis was per-
formed via the R package conumee in Bioconductor
(http://www.bioconductor.org/packages/release/bioc/html/
conumee.html). Log2 ratios ±0.35 and �0.415 were used
as cutoffs for gain/loss and homozygous loss of genes,
respectively, as per methodology by DKFZ and other
authors [25–28] and also as used by us previously [29, 30].

2.5 | Targeted sequencing

A custom-designed, capture-based targeted panel consist-
ing 416 cancer relevant genes was designed for this study.

This gene panel examined approximately 1.3 Mb of the
human genome and a gene list is shown in Table S1. Tar-
geted sequencing was performed on FFPE tissues. In
brief, DNA was purified with truXTRAC FFPE Kits
(Covaris) according to the manufacturer’s protocol.
Libraries were prepared using KAPA HyperPrep kit
(Roche), enriched with the hybrid capture panel (IDT)
sequenced on Illumina HiSeq platform (Illumina, San
Diego, CA, USA) at 150 bp paired-end to achieve a
mean coverage of ≥200�. Data analysis was performed
as described [31, 32].

2.6 | Fluorescence in-situ hybridization
(FISH) analysis for MYC, CDKN2A, PDGFRA
and EGFR

Fluorescence in-situ hybridization was performed on
FFPE tissues on the tumors from patients 7 and 18 as
previously used by us to confirm CNV findings concern-
ing MYC, CDKN2A, PDGFRA and EGFR obtained
from DNA methylation profiling [20]. The details of
FISH probes for MYC, EGFR, PDGFRA and CDKN2A
utilized are summarized in Table S2. Briefly, tumor-
specific region was identified on matched FFPE
unstained section and H&E-stained section. After depar-
affinization and dehydration in xylene and ethanol, sec-
tions were soaked in 1 M sodium thiocyanate for 10 min
at 80�C. Sections were subsequently digested in pepsin
solution, rinsed in Millipore water and dehydrated. Gain
(MYC, EGFR, and PDGFRA) or deletion (CDKN2A)
probes were designed to span target genes with bacterial
artificial chromosome (BAC) clones, which were pre-
pared by nick translation with Spectrum Orange deox-
yuridine triphosphate (target probe) or Spectrum Green
deoxyuridine triphosphate (reference probe). FISH
probes and sections were denatured and hybridized over-
night in a humified incubator at 37�C. Sections were
washed in 1.5 M Urea/2X saline sodium citrate (SSC) at
46�C for 10 min, stained with Vectasheid mounting
medium (Vector Laboratories), mounted with coverslips,
and visualized under a Zeiss Axioplan fluorescence
microscope. At least 100 non-overlapping nuclei and at
least 5% of nuclei population were scored and analyzed
in this study. Gene gain was assigned when >5% of the
tumor cells showed target-to-reference ratio >2 [33].
CDKN2A homozygous deletion was considered when
>20% of tumor cells showed loss of two target signals
and presence of two reference signals [34].

2.7 | Telomere specific FISH analysis

ALT (Alternative Lengthening of Telomeres) phenotype
was examined on FFPE tissues with the use of Telomere
PNA FISH kit (K532511, Dako) as previously used by
us [20, 35]. First, sections were treated with xylene and
ethanol, followed by 1 M sodium thiocyanate and pepsin
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solution. FISH probes and tissues were denatured and
hybridized to sections. Afterwards, they were washed in
Urea/SSC, stained with Vectasheid mounting medium
(Vector Laboratories), mounted with coverslips, and
visualized under a Zeiss Axioplan fluorescence micro-
scope. Samples were considered ALT positive when ≥5%
of tumor cells exhibited large and bright intranuclear foci
of telomere FISH signals [36]. Normal brain tissues were
used as negative controls. Previous positive cases from
our other studies were used as positive controls [20, 35].

2.8 | TERT promoter mutation analysis

The hotspot mutations in the TERT promoter, C228T and
C250T, were being examined in this study. DNA extracted
from FFPE sections using QIAamp® DNA FFPE
Advanced kit (Qiagen) was subjected to DNA amplifica-
tion using KAPA HiFi HotStart ReadyMix (Sigma), for-
ward primer 50- GTCCTGCCCCTTCACCTT-30 and
reverse primer 50-CAGCGCTGCCTGAAACTC-30. The
PCR products were purified and sequenced using BigDye
Terminator Cycle Sequencing kit (Life Technologies).

2.9 | Construction of phylogenetic trees

Phylogenetic trees as constructed in Bi et al’s study [37]
and also previously used by us [35] were made for tumors
from two patients where there was more than one recur-
rence (patients 7 and 18). The analysis was carried out
with PHYLIP software and molecular data of CNVs,
gene mutations, MGMT methylation and ALT were
included in the analysis [38].

2.10 | Statistical analysis

Statistical analysis was conducted using IBM SPSS soft-
ware (version 26). PFS and OS were defined as the time
between operations of the primary tumor and the first
recurrence and between the first operation and death,
respectively. Frequency distribution was calculated for
all clinical and molecular variables. Chi-square or Fish-
er’s test was used to define relationship between clinical
parameters and molecular alterations. Log–rank test was
used to compare the survival differences between groups.
All statistical tests were 2-sided. p = 0.05 was considered
as the threshold for statistical significance.

3 | RESULTS

For this cohort of 19 patients, there were 10 males and
9 females. The age was 23–56 years (mean 40.3 years
±6.7). The initial tumors of all cases were IDH-mutant,
1p19q non-codeleted Grade 2 astrocytomas. No

chemotherapy or radiotherapy was given between pri-
mary tumors and the initial recurrences. For two patients
(patients 7 and 18), there were specimens from multiple
recurrences. Radiotherapy was given before the last spec-
imens were taken but the patients did not receive any
temozolomide before any specimen was taken. Patient
7 received temozolomide treatment after the last speci-
men was resected and later the patient passed away. IDH
mutation and 1p19q status were first obtained as per our
previous work [18] and they were subsequently confirmed
by target sequencing and DNA methylation profiling as
described above. Mean and median follow-ups were
118.8 and 103.8 months, respectively. The mean and
median overall survivals (OS) were 111.4 months
and 120.7 months, respectively (range 34.7–
171.3 months). For 15 of the 19 patients, tumors pro-
gressed from Grade 2 to either Grade 3 or Grade 4 IDH-
mutant astrocytomas upon recurrences. Progression free
survival (PFS) for these fifteen patients was not different
from that of the other four patients, whose tumors
recurred later as Grade 2 (p = 0.351). However, the num-
ber for the latter was small.

Figure 1 summarizes the DNA methylation data and
prevalent CNVs and mutations found in this study.
Recurrences were characterized by copy number changes
(Figure 1). We evaluated the frequencies of CNVs in the
genomes of the primary and recurrent samples as used by
Mirchia et al. [39, 40]. The average percentage of the
genome with CNVs was significantly lower in the pri-
mary tumors compared with that of the recurrent samples
(p = 0.005; 1.64% ± 2.92 vs 7.35% ± 7.85). The percent-
ages of the genomes with CNVs in each matched primary
and recurrent tumors are shown in Figure 2. Further-
more, the average percentage of the genome with CNVs
was 2.92% ± 3.27 in Grade 2 tumors, a significantly
lower level than that of Grade 3 tumors (6.67% ± 8.58;
p = 0.030) or Grade 4 tumors (15.17% ± 6.84; p < 0.01).
No significant difference was found between MGMT
methylated cases and unmethylated cases (p = 0.267).
There was also no difference in percentage of the genome
with CNVs between ALT-positive and ALT-negative
cases (p = 0.990).

At the gene level, of the 26 CNS tumor-related genes
analyzed by the Heidelberg Classifier [41], new CNVs as
determined by the log2 status were found in the recur-
rences when compared with the initial tumors in 16/19
patients (Figure 1; Table S3), These new CNVs at the
gene level were only found in the recurrences but not
the primary samples. Segmental plots as per the Classifier
reports and FISH confirmed CNV changes of CDKN2A,
EGFR, PDGFRA, and MYC (Figures 3, 4 and S1–S4).
Both genetic and segmental gains can be seen. The results
showed that recurrences in IDH-mutant astrocytomas
exhibited increases in CNVs.

Classifier diagnosis was consistent with the diagnosis
of IDH-mutant astrocytoma in 79% of cases with confi-
dence score >0.9. G-CIMP status was determined as per
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Ceccarelli et al. [22]. The bulk of the cases, both primary
tumors and recurrences, in this cohort were assigned to
the G-CIMP-high subtype (95%) as can be expected for
IDH-mutant gliomas [22]. In two patients, G-CIMP sta-
tus changed from high to low upon recurrences. The
recurrent samples of these two patients harbored
PDGFRA gain that has been shown to be enriched in
G-CIMP-low tumors [22]. Overall, 81% of the samples
displayed MGMT methylation and similar frequency was
found in IDH-mutant astrocytomas [42]. MGMT methyl-
ation status was unchanged in most of the patients

(13/19) upon tumor recurrences. MGMT methylation at
primary tumors was unassociated with OS (p = 0.827)
and PFS (p = 0.843). MGMT methylation was also
reported to have no prognostication in IDH-mutant
astrocytomas in another study [42]. MGMT should be
unassociated with hypermutation at recurrences in this
series, since there was no case with hypermutation (see
below).

Tumors from 17 of the 19 (89.5%) patients showed
either CDKN2A homozygous deletion, MYC or
PDGFRA focal and non-focal gains at recurrences. For
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F I GURE 1 Oncoprint summary of clinical and molecular profiles of 19 pairs of IDH-mutant 1p19q non-codeleted astrocytomas.
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CDKN2A homozygous deletion, tumors from 8 of the
19 patients showed deletion, and in all eight patients,
the deletion was found in the recurrent tumors but not
the primary tumors. MYC gain was found in tumors

from 12 of the 19 patients, with 10 of the 12 being found
in recurrences. For 8 patients, MYC gain occurred in the
recurrent tumors but not the primary tumors. PDGFRA
gain was seen in tumors from 6 of the 19 patients, all

Patients (annotation as per Figure 1)

P
er

ce
n
ta

g
e 

o
f 

g
en

o
m

es
 w

it
h
 C

N
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s

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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0
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10
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20

25

30 F I GURE 2 Percentage of
copy number alterations in the
genomes of matched primary
tumors and recurrences.

H&E

MYC

Tumor 7P
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Tumor 7R Tumor 7R2 Tumor 7R3

(A) (B) (C) (D)

(E) (F) (G) (H)

Death
14 months 51 months 0.5 month

CDKN2A

(I) (J) (K) (L)

F I GURE 3 Histological and FISH findings of primary and recurrent tumors of Patient 7, a 42-year-old female with an initial diagnosis of Grade
2 astrocytoma located at the frontal lobe. The patient received no temozolomide before all samples were collected. Top to bottom: Patient history
timeline. H&E shows the histology at each tumor occurrence (all �200). FISH confirmed the results of DNA methylation profiling. MYC was not
amplified in the initial tumor. Upon the first, second and third recurrences, tumors acquiredMYC gain. FISH also confirmed CDKN2A homozygous
deletion at the third recurrence. CDKN2A was retained in the initial tumor and the first and second recurrences.
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being found in the recurrences. In five of these patients,
gain was found in the recurrent tumors but not primary
tumors. EGFR gain was found in tumors from five
patients with 4 of the 5 of the recurrent tumors showing
copy number gain. For three patients, EGFR gain was
found in the recurrent but not the primary tumors. MET
gain was found in tumors from 7 of the 19 patients, with
6 of the 7 of the recurrent tumors showing gain. For three
patients, MET gain was found in the recurrent tumors
but not the primary tumors. CDK6 gain was found in the
recurrent tumors but not primary tumors in six patients.
PDGFRA and CCND2 gains at recurrences were associ-
ated with shorter OS (p = 0.008 and p = 0.013, respec-
tively) but the numbers were small. These results showed
that CNV changes characterized the evolution of IDH-
mutant astrocytomas unassociated with adjuvant treat-
ment of IDH-mutant astrocytomas. The raw DNA meth-
ylation data is available online at https://www.surgery.
cuhk.edu.hk/BTC/HSBC/.

In contrast, gene mutation signatures were not very
different between the primary tumors and recurrences of
IDH-mutant astrocytomas in this cohort. We detected no

difference in the tumor mutation burden between pri-
mary and recurrent tumors (p = 0.836; 5.04 mutations/
Mb ± 1.39 vs 5.16 mutations/Mb ± 1.55). Overall, tumor
mutation burdens were low and no case of hypermuta-
tion, either in the initial or recurrent tumors, were found.
We concede that we have not examined the whole
genome for mutations and whole exome sequencing
(WES) should allow a more comprehensive tumor muta-
tional burden (TMB) estimation. However, a number of
clinical studies have shown that targeted sequencing of a
few hundred genes of interest can be used to estimate
TMB, and the results were comparable with those of
WES [43–45]. With the targeted panel we used, and when
recurrences were compared with the primary tumors,
there were on average only 3 new mutations in the recur-
rent samples across the 19 patients. This showed that
IDH-mutant, 1p19q non-codeleted tumors without selec-
tion pressures from temozolomide and radiotherapy
acquired few new mutations at recurrences. Three MSH6
mutations were found in two patients. However, no
mutations of the other mismatch repair (MMR) genes,
namely MLH1, MSH2, and PMS2, were found. IDH

Tumor 18P Tumor 18R Tumor 18R2 Tumor 18R3

34 months
Death

22 months 77 months 2 months

H&E

MYC

CDKN2A

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

F I GURE 4 Histological and molecular features of primary and recurrent tumors of Patient 18, a 45-year-old male with an initial diagnosis of
Grade 2 astrocytoma at the frontal lobe. This patient received no temozolomide treatment before all specimens were taken. Top to bottom: Patient
history timeline. H&E staining illustrated the histology at each tumor occurrence (all �200). FISH confirmed the results of DNA methylation
profiling. The initial tumor showed no MYC gain, but at the first, second and third recurrences, the tumors acquired MYC gain. FISH also detected
no CDKN2A homozygous deletion in the initial and first recurrent tumors. Upon the second and third recurrences, the tumors acquired CDKN2A
homozygous deletion.
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and TERTp mutations co-occurred in both primary and
recurrent tumors for the same patients in all cases.
TERTp mutations had no prognostication for PFS
(p = 0.275) and OS (p = 0.988). This was in contrast to a
previous study of a favorable prognostic significance of
TERTp in IDH-mutant astrocytomas but our numbers
and the numbers in that series (n = 31) were both
small [46]. Tumors from 13/19 patients showed ATRX
mutations and only in three patients were the mutations
absent in their primary tumors. Similarly, tumors from
16 of the 19 patients showed TP53 mutations but only in
four patients were the mutations absent in their primary
tumors. Significantly, NOTCH1 mutations were found in
tumors from five patients and they were present in the
recurrent tumors in three patients. NOTCH pathway
mutations have been identified as drivers for unfavorable
prognosis in IDH-mutant, 1p19q codeleted gliomas [47].
ALT was found in 7 of the 19 tumors and was conserved
between primary and recurrent tumors for all seven
patients.

Phylogenetic trees of molecular features of multiple
tumors from two patients with multiple recurrences were
constructed as used by Bi et al. [37] and us [35]
(Figure 5). When samples that did not immediately pre-
cede one another were the most closely related, this
would be reflecting development of subclones rather than
tumor evolving from a single dominant clone. The results
suggested samples from both patients showed lack of sub-
clone development in their evolution when under no pres-
sure from temozolomide. The limitation was that we had
only tumors from two patients available for such
analyses.

4 | DISCUSSION

Alkylating agents such as temozolomide prolong the sur-
vival of adult patients with lower grade gliomas [2, 3]. In

spite of the known association in some tumors between
IDH-mutant gliomas and hypermutation and malignant
transformation after temozolomide treatment, the molec-
ular evolution of these tumors without pressure of temo-
zolomide is relatively unknown. Partly as a result, there
is also uncertainty as to standard-of-care for IDH-mutant
Grade 2 astrocytomas, especially when the patients are
young or regarded as low-risk for recurrence. Although
there have been many high profile series of molecular
studies of longitudinal gliomas, paired IDH-mutant
astrocytomas without interim adjuvant treatment were
often embedded with tumors which were treated with
temozolomide and/or radiotherapy in the interim.
Although hypermutation at recurrences has been pro-
posed to be a potential complication of temozolomide
treatment for IDH-mutant gliomas, it is not always possi-
ble to separate out in the papers molecular features of
paired IDH-mutant astrocytomas which have not been
treated by temozolomide in our literature review. Conclu-
sions about IDH-mutant gliomas progression was often
made from findings from both temozolomide-treated and
untreated longitudinal pairs [4, 6, 12, 13, 15–17, 48, 49].

In this study, we recruited a cohort of IDH-mutant
Grade 2 astrocytomas which progressed as part of their
natural history without pressures of temozolomide or
radiotherapy, where recurrences were resected and paired
tissues obtained. It should therefore be noted that their
molecular features may not necessarily be representative
of IDH-mutant gliomas in general. We showed that
recurrences were associated with increased CNVs and
most of the recurrences were associated with tumor pro-
gression to high-grade lesions. It has been shown in non-
paired IDH-mutant astrocytomas, CNVs were associated
with higher grade tumors [50]. Similarly chromosomal
instability is associated with a poor outcome in IDH-
mutant astrocytomas [51, 52]. CDKN2A homozygous
deletion and CDK4 amplification are also associated with
a poor prognosis in IDH-mutant astrocytomas [34, 53].

Recurrence 1

Primary 

Normal

Case 18

Ubiquitous

Share

Private

Alterations

Recurrence 3

Case 7

F I GURE 5 Phylogenetic trees
of two IDH-mutant, 1p19q non-
codeleted astrocytomas with
multiple recurrences from Patients
7 and 18.
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However, paired primary and recurrent tumors have not
been studied in these studies. CDKN2A homozygous
deletion is now listed as a molecular criteria for Grade
4 designation in IDH-mutant astrocytomas [54]. Experi-
mentally, PDGFRA is activated in IDH-mutant glio-
mas [55] and MYC is associated in their malignant
transformation [13, 56]. Barthel et al. also showed glioma
recurrences were typified by acquired alterations in the
cell cycle [6]. Bai et al. identified MYC as the most fre-
quently amplified locus during progression of IDH-
mutant gliomas [13]. However, their cases contained both
temozolomide-treated and untreated patients for this
result.

Gliomas typically have a relatively low mutation
profile but are associated hypermutation with temozo-
lomide treatment by Choi et al. [14]. These authors
also showed hypermutation was more prevalent with
IDH-mutated gliomas with MGMT hypermethyla-
tion [5]. Temozlomide-induced hypermutation is associ-
ated with distant recurrences and reduced survival after
high-grade transformation of low-grade IDH-mutant
gliomas [57]. Malignant transformation is also associ-
ated with increased mutation burden in IDH-mutant
gliomas [58]. Mutations in mismatch repair (MMR)
genes are also often observed in temozolomide-treated
hypermutated recurrences [59]. Intriguingly, there
seems to be no difference in OS between hypermutators
and non-hypermutators of IDH-mutant gliomas treated
by alkylating agents [6]. Bai et al. identified NOTCH1
and NOTCH2 mutations as major drivers for malig-
nant progression, and NOTCH1 and other NOTCH
pathway gene mutations are noted to be hallmarks of
less favorable prognosis in 1p19q codeleted gliomas
[13, 47]. Bai et al. found NOTCH and FAT pathway
mutations as significant drivers for tumor progres-
sion [13]. However, in their study, results are not
clearly separable between tumors with and without
adjuvant treatment, and between 1p19q codeleted and
1p19q non-codeleted cases. Interestingly, the GLASS
studies showed an increase of KMT2C, KMT2D,
NOTCH1 mutations in recurrences of paired IDH-
mutant gliomas treated by temozolomide [6, 48, 49]. In
our cohort of paired IDH-mutant astrocytomas without
interim adjuvant treatment, we found NOTCH1 muta-
tions in tumors from five patients and they were pre-
sent in the recurrent tumors in 3 of the 5 patients.
KMT2C and KMT2D mutations were not particularly
enriched in our cohort.

Tumor mutation burdens in this cohort were gener-
ally low and relatively few new mutations were identified.
It seems that no case of hypermutation could be found.
Evolutionary trees drawn from two patients with multiple
recurrences showed absence of subclone development. It
is appreciated that the number of patients was too small
for a definitive conclusion to be drawn.

De Souza et al. reported that 9.5% of their IDH-
mutant gliomas upon recurrence changed their epigenetic

status from G-CIMP-high to G-CIMP-low and we found
that 2 of the 19 (10.5%) of our series showed this change
and the results are consistent with their study [15]. A low
level of methylation has been shown to be a poor prog-
nosticator in IDH-mutant gliomas [22, 60]. We also
showed MGMT methylation was not a prognosticator in
IDH-mutant gliomas and similar finding was reported by
the European group [42].

In summary, we showed that in a series of paired
IDH-mutant 1p19q non-codeleted astrocytomas, where
the initial tumor was Grade 2 and where there had been
no interim treatment by temozolomide or radiotherapy,
the natural molecular evolution of these tumors was
recurrence with CNVs and higher grade progression. For
the former, the more common associations were
CDKN2A homozygous deletion and gain of MYC or
PDGFRA. Hypermutation did not occur and relatively
few new mutations were identified. TERT, ATRX, and
ALT status were conserved in spite of histological
progression.
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