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Abstract

Mutations in the isocitrate dehydrogenase (IDH) gene are recognized as the key drivers in the oncogenesis of
astrocytoma and oligodendroglioma. However, the significance of IDH mutation in tumor maintenance and
malignant transformation has not been elucidated. We encountered a unique case of IDH-mutant astrocytoma
that, upon malignant transformation, presented two distinct intratumoral components: one IDH-wildtype and
one IDH-mutant. The IDH-wild-type component exhibited histological findings similar to those of small cell-type
glioblastoma with a higher Ki-67 index than the IDH-mutant component. Despite their genetic divergence, both
components exhibited similar comprehensive methylation profiles within the CpG island and were classified
into methylation class of “Astrocytoma, IDH-mutant; High Grade” by the German Cancer Center (DKFZ) classifier
v11.4. Phylogenetic analysis demonstrated that the IDH-wildtype component emerged as a subclonal component
of the primary tumor. Detailed molecular analyses revealed that the loss of the IDH mutation was induced by
the hemizygous loss of the entire arm of chromosome 2, on which IDHT gene is located. Notably, the IDH-
wild-type subclones uniquely acquired CDKN2A/B homozygous deletion and PDGFRA amplification, which is a
marker of the aggressive phenotype of astrocytoma, IDH-mutant. Because these genetic abnormalities can drive
oncogenic pathways, such as the PI3K/AKT/mTOR and RB signaling pathway, IDH-mutant gliomas that acquired
these mutations were no longer dependent on the initial driver mutation, the IDH mutation. Molecular analysis
of this unique case provides insight that in a subset of astrocytoma, IDH-mutant that acquired these genetic
abnormalities, IDH mutation may not play a pivotal role in tumor growth and acquisition of these genetic
abnormalities may contribute to the acquisition of resistance to IDH inhibitors.
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Introduction

Heterozygous mutations in the isocitrate dehydrogenase
(IDH) genes are pivotal as driver mutations in the devel-
opment of astrocytoma and oligodendroglioma [1, 2].
The mutant IDH produces the oncometabolite D-2-hy-
droxyglutarate by catalyzing o-ketoglutarate, which
competitively inhibits histone demethylases, resulting in
alterations in the genome-wide methylation profile [3].
While these methylation profile changes, induced by the
mutant IDH, have been demonstrated to contribute to
tumorigenesis, mutant IDH is suggested to be not impor-
tant for malignant transformation. Recent human clini-
cal trial revealed that IDH inhibitors inhibit the growth
of IDH-mutant gliomas, indicating that mutant IDH
plays pivotal roles even after the initial formation in IDH-
mutant gliomas [4]. However, some case reports have
described IDH-mutant gliomas losing the IDH muta-
tion at recurrence. This indicates that presence of mutant
IDH is not mandatory for recurrence [1, 5-7]. Thus, the
significance of IDH mutation in tumor maintenance and
malignant progression has not been elucidated.

In this report, we present a case of astrocytoma, IDH-
mutant that included two distinct components: one that
was more aggressive and lacking IDH mutation dur-
ing malignant transformation, coexisting with an IDH-
mutant component. Detailed genetic and epigenetic
examinations were performed on the primary tumors
and on both components of the recurrent samples to ana-
lyze the clonal evolution.

Clinical summary

A 34-year-old man with no relevant medical history pre-
sented with a seizure. An area of abnormal intensity in
the left temporal lobe was identified by magnetic reso-
nance image (MRI). The lesion exhibited high intensity
on T2 weighted-images (W1I), low intensity on T1WI, and
no enhancement with gadolinium (Gd). Positron emis-
sion tomography showed high uptake of methionine in
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the lesion. Gross total resection (GTR) of the tumor was
achieved using awake surgery, and the pathological diag-
nosis was astrocytoma, IDH-mutant grade 2, according
to the WHO 2021 classification. The patient was moni-
tored without additional treatment; however, recurrence
was observed 34 months after the first surgery. We then
performed a second surgery, achieving GTR once again.
The pathological findings were similar to those obtained
after the first resection. Despite continued observation
without additional treatment, a recurrent lesion with Gd
enhancement was found 19 months post second surgery.
GTR was also achieved during the third surgery. The
pathological diagnosis was astrocytoma, IDH-mutant
grade 4 and glioblastoma, IDH-wildtype (detailed patho-
logical findings are described below). Radiation therapy
combined with oral temozolomide was administered,
and the patient is presently under observation. A clinical
summary is presented in Fig. 1.

Materials and methods

Immunohistochemical staining

The formalin-fixed paraffin-embedded (FFPE) samples
were prepared per the standard protocol. Next, slides
were mounted with 5-pm thick tissue sections and
stained with hematoxylin and eosin. Multiple stainings
were performed on the adjacent section with antibodies
against IDH1 R132H (Dianova GmbH, H09 clone), GFAP
(Dako, 6F2 clone), p53 (Santa Cruz Biotechnology, DO-1
clone), ATRX (Sigma-Aldrich, polyclonal), and Ki-67
(Dako, Mib-1 clone). All specimens were evaluated by
two pathologists (S.M. and K.K.).

Extraction of genomic DNA

Genomic DNA (gDNA) was extracted from the buffy
coat and frozen tumor specimens using a QIAamp
DNA extraction kit (Qiagen, Hilden, Germany) or from
unstained FFPE samples using a QIAamp DNA FFPE Kit
(Qiagen, Hilden, Germany). The concentration of gDNA

19 months

Surgery RT +.TMZ

Y

Fig. 1 Summary of clinical course of the patient. MRI sequences of T2-weighted image (T2WI) and gadolinium-enhanced T1-weighted image (T1WI) are
shown. White arrows indicate abnormal lesions. RT, radiation therapy; TMZ, temozolomide
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was determined using Qubit (Thermo Fisher Scientific,
Waltham, MA, USA).

Sanger sequencing

For IDH1 sequencing, we amplified a 129-bp fragment
including codon 132. Polymerase chain reaction (PCR)
was performed as follows: denaturation with 35 cycles at
95 C for 30 seconds, annealing at 56 ‘C for 40 seconds,
and extension at 72 “C for 50 seconds, with a final exten-
sion step at 72 ‘C for 7 minutes. The forward primer
used was 5-CGGTCTTCAGAGAAGCCATT-3] and the
reverse primer was 5-GCAAAATCACATTATTGCCAA
C-3’ Sequence analysis was performed using ApE v2.0.60.

Whole exome sequencing (WES) and subsequent analysis
DNA libraries were prepared using the Agilent Surese-
lect V6 58 M according to the manufacturer’s instruc-
tions. The NovaSeq6000 platform (Illumina, San Diego,
CA, USA) was used for sequencing, and it generated
150-bp paired-end reads. FASTQ files were applied to the
GENOMON pipeline and mutation calls were performed
(https://genomon-project.github.io/GenomonPagesR/).
Called mutations were sorted by the following criteria:
Func.refGene = “exonic” or “splicing” or “exonic; splicing’,
misRate_tumor>0.05, misRate_normal<0.02, P-value
fisher_realignment>1.1, variantPairNum_tumor>3,
variantPairNum_normal<3, strandRatio_tumor#1 &
strandRatio_tumor#0. The sorted mutations are listed
in Supplementary Table 1. The copy number analyses
were performed using the Sequenza package [8]. The
optimal phylogenetic tree was estimated using maximum
parsimony and drawn using the bootstrap method in
MEGAL11 [9].

DNA methylation analysis

The Illumina Infinjum Human Methylation EPIC Bead-
Chip array (Illumina, San Diego, CA, USA) was utilized
for a comprehensive genome-wide methylation analysis.
gDNA, amounting to 600, was extracted from the FFPE
samples. The preprocessing for the analysis of the EPIC
array data and the computation of the beta score were
performed with the Minfi package using R software, ver-
sion 3.4.1 [10]. Following the application of the ChAMP
package for filtering, the remaining probes for analysis
amounted to 384,906 [11]. The beta scores were nor-
malized using the BMIQ method in the ChAMP pack-
age. The top 5000 probes exhibiting the highest median
absolute deviation on the CpG islands were selected for
further analysis. The methylation profiles were analyzed
with two-dimensional t-distributed stochastic neighbor
embedding (t-SNE) in 2 dimensions using the Rtsne pack-
age. Reference methylation data for gliomas (GSE90496)
were obtained from the Gene Expression Omnibus data-
base (http://www.ncbi.nlm.nih.gov/geo/). A molecular
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classification algorithm and copy number analysis from
the German Cancer Center (DKFZ classifier, https://
www.molecularneuropathology.org/mnp) was performed
[12]. In the copy number analysis by DKFZ classifier, a
log2 ratio+0.4 was used as the cutoff for amplification/
loss and a log2 ratio [13].

Public datasets analysis

For the analysis of public datasets, the cBioPortal for can-
cer genomics was utilized (https://www.cbioportal.org).
Primary astrocytoma, IDH-mutant with CDKN2A/B
homozygous deletion cases were collected (n=15) [1,
14, 15], and the published clinical outcomes were ana-
lyzed, and the published clinical outcomes were analyzed.
Kaplan—Meier curves were drawn using Prism (version
9.3.1), and statistical differences were verified using a log-
rank test.

Results

Pathological findings

On histopathological examination, tumor specimens
obtained after the first and second resection exhibited
diffuse infiltration of atypical astrocytic cells (the primary
brain tumor is shown in Fig. 2A). Both tumors were posi-
tive for IDH1 R132H on immunohistochemistry (IHC)
(Fig. 2A, inset) and had low mitotic activity. In the tumor
specimen obtained at the third resection, two morpho-
logically distinct brain tumor components were observed:
one with abundant pleomorphic glial cells (NGY-R2A)
and the other with abundant small round-cell tumor cells
(NGY-R2B) (Fig. 2B). Microvascular proliferation was
observed in both components. IHC revealed that NGY-
R2A was positive for IDH1 R132H, while NGY-R2B was
negative for IDH1 R132H (Fig. 2C). Both components
were strongly positive for p53 and showed loss of expres-
sion of ATRX (Supplementary Fig. 1A and B). NGY-
R2B cells showed a higher Ki-67 positivity rate (Fig. 2D)
and a lower GFAP expression level than NGY-R2A cells
(Supplementary Fig. 1C). Totally, NGY-R2B seemed to be
more aggressive phenotype.

Molecular profiling

gDNA was meticulously extracted from two distinct
areas (NGY-R2A and NGH-R2B) of the FFPE sample that
was obtained during the third operation by micro-dissec-
tion. Sanger sequencing detected IDHI R132H mutation
in the gDNA from NGY-R2A, but not from NGY-R2B
(Supplementary Fig. 2A). Using WES data, we analyzed
single nucleotide polymorphisms and copy number alter-
ations (CNA) in each of the four samples. Phylogenetic
tree analysis revealed that all samples shared the same
origin, indicating that NGY-R2B was not a de novo clone
but had transformed from a pre-existing IDH-mutant
astrocytoma (Fig. 3A). Copy number analysis showed a
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Fig. 2 Hematoxylin and eosin (HE) staining and immunohistochemistry (IHC) of the primary and the secondary recurrent tumor. (A) HE staining and IHC
staining using anti-IDH1 R132H antibody (inset) of the primary brain tumor. (B) HE staining of the second recurrent tumor. The upper area of the image
shows a small round-cell tumor component (arrow). Atypical glial cells with nuclear hyperchromasia and pleomorphism are observed in the lower area
(arrowhead). (C) IHC staining of the second recurrent tumor with anti-IDHT R132H antibody. (D) IHC staining of the second recurrent tumor using anti-
Ki-67 antibody. All scale bars represent 100 um

hemizygous loss of the entire arm of chromosome 2 con-
taining IDH1 locus (2q34), resulting in the loss of IDH1
R132H mutant (Fig. 3B). Both NGY-R2A and NGY-
R2B acquired CDKN2A/B homozygous deletions, and
NGY-R2B additionally acquired PDGFRA amplification
(Fig. 3A and supplementary Fig. 2B). These two copy
number alterations were not detected in NGY-P and
NGY-R1. Using published datasets, we found that astro-
cytoma with IDH mutation, CDKN2A/B homozygous
deletion, and PDGFRA amplification had a significantly
poorer prognosis than astrocytoma with only IDH muta-
tion and CDKN2A/B homozygous deletion (Fig. 3C).
This indicates that for IDH-mutant astrocytomas with
CDKNZ2A/B homozygous deletion, acquisition of PDG-
FRA amplification plays a pivotal role in accelerating
tumor growth. Consistent with this finding, NGY-R2B
exhibited a more malignant histological phenotype than
NGY-R2A. These findings suggest that while the mutant
IDH plays a pivotal role in tumor formation via the

induction of altered DNA methylation, additional driver
gene alterations, such as CDKN2A/B HD and PDGFRA
amplification, might play more important roles than IDH
mutation in tumor growth.

Given that mutant IDH induces alterations in the com-
prehensive DNA methylation profile, we performed a
methylation analysis for NGY-R2A and NGY-R2B. The
MGMT promoter of both NGY-R2A and NGY-R2B were
methylated (Estimated score=0.79786 [CL: 0.53427-
0.93142] and 0.9166 [CI: 0.44925-0.99329], respectively;
Fig. 3D) [16]. Using the German Cancer Center (DKFZ)
classifier v11.4, NGY-R2A was classified into methyla-
tion class of “Astrocytoma, IDH-mutant; High Grade”
with a calibrated score of 0.98. Although NGY-R2B was
not classified, it achieved the highest calibrated score in
the same category: “Astrocytoma, IDH-mutant; High
Grade” with a score of 0.61 (Supplementary Fig. 2B) [12].
The t-distributed stochastic neighbor embedding (t-SNE)
plot revealed that both NGY-R2A and NGY-R2B were
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Fig. 3 Molecular profiling of NGY-P, NGY-R1, NGY-R2A, and NGY-R2B. (A) A phylogeny tree depicts the optimal evolution pattern of primary and recurrent
samples highlighting genes that are frequently mutated in tumors. Branch lengths are proportional to the number of mutations detected. (B) This panels
shows the 3 allele frequency of chromosome 2 for each sample, where the IDH1 are located. (C) Kaplan—-Meier curves are used to represent cases with
CDKN2A homozygous deletion (HD) and PDGFR amplification (amp; n=5), as well as cases with COKN2A HD (n=9) among IDH-mutant astrocytoma. The
X-axis indicates time (months) and the Y-axis indicates probability of survival. (D) MGMT promoter methylation status of NGY-R2A and NGY-R2B. The y-axis
represents MGMT promoter methylation score, and the red dot line represents cut off value (0.3582). (E) t-distributed stochastic neighbor embedding
(t-SNE) plot is drawn from the methylation data of our cases and reference data, which includes low-grade and high-grade gliomas. A IDH, IDH-mutant
astrocytoma (n=78); A IDH HG, high-grade IDH-mutant astrocytoma (n=46); and O IDH, IDH-mutant oligodendroglioma (n=80). Reference methylation
data for gliomas (GSE90496) were obtained from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/). A molecular classification
algorithm and copy number analysis from the German Cancer Center (DKFZ classifier, https://www.molecularneuropathology.org/mnp) was performed
[12]. GBM, MES (n=56), MID (n=14), MYCN (n=16), RTK1 (n=64), RTK2 (n=143), RTK3 (n=13), and G34 (n=34) represent GBM subgroups [12]

categorized as “High grade astrocytoma, IDH mutant”  Although loss of IDH mutation at recurrence has been

(Fig. 3E). reported to occur in 6% of recurrent gliomas, this case was
particularly noteworthy because the wildtype and mutant
Discussion IDH components could be clearly distinguished histologi-

We presented our experience of a rare case of astrocytoma,  cally within the same recurrent specimen [17]. Of note, the
IDH-mutant that exhibited two distinct components his-  components with IDH-wildtype revealed a higher Ki-67
tologically, each characterized by either IDH-wildtype or  index and cellularity compared with the adjacent com-
mutant IDH in the course of the malignant transformation. ~ ponent with the mutant IDH, which seemed to be a more
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aggressive phenotype. Components with IDH-wildtype
exhibited histological findings similar to those of small cell-
type glioblastoma, a subtype of glioblastoma known for its
poor prognosis [18].

First, we hypothesized that the methylation profile
would shift to resemble that of a glioblastoma, IDH-wild-
type; however, the methylation profile of this component
was similar to that of high-grade IDH-mutant astrocy-
toma, as described in a previous report [6]. Although it
was thought that IDH mutant cells might have been con-
taminated in the NGY-R2B sample, the IDH mutation
was not called in whole exome sequencing, which could
detect at least 2% VAF of IDH mutation, using the same
DNA sample with the methylation analysis. Therefore,
DNA derived from cells with the IDH mutation was not
contaminated at least enough to affect methylation analy-
sis. The methylation profile of the CpG island formed by
the IDH mutation did not change even after loss of the
IDH mutation. Notably, the methylation profile of the
CpG island formed by the IDH mutation did not change
even after loss of the IDH mutation. Considering the effi-
cacy of the IDH inhibitor vorasidenib for grade 2 IDH-
mutant glioma in the INDIGO trial, mutant IDH appears
to play a pivotal role in the maintenance of grade 2 IDH-
mutant glioma [4]. A phase 1/2 trial involving grade 2—4
IDH-mutant glioma demonstrated that the efficiency of
the IDH inhibitor “DS-1001b” was worse for glioma with
enhancing lesions than that for glioma without enhanc-
ing lesions, suggesting that during malignant transforma-
tion, tumor growth might be less dependent on mutant
IDH [19]. In the present case, the second recurrent lesion
was enhanced with Gd. There are few reports of detailed
genetic analyses of cases with loss of IDH mutation at
recurrence. Favero et al. reported a case of glioma with
PDGFRA amplification, CDKN2A/B homozygous dele-
tion, and loss of IDH1 mutation at recurrence [7]. Acqui-
sition of CDKN2A/B homozygous deletion at relapse
occurs in 6% of recurrent gliomas, which is associated
with an increase in proliferating neoplastic cells and
active tumor growth [20, 21]. CDKN2A/B are involved
in the retinoblastoma (RB) pathway, and it has been
reported that the coexistence of CNAs that activate RB
and PDGEFR signaling pathway may critically promote
tumor progression [22]. Using public database, we dem-
onstrated that IDH-mutant glioma with CDKN2A/B
homozygous deletion that acquired PDGFRA amplifi-
cation have a worse prognosis. Because these genetic
abnormalities can drive oncogenic pathways, such as
the PI3BK/AKT/mTOR and RB signaling pathway, IDH-
mutant gliomas that acquired these mutations were
no longer dependent on the initial driver mutation, the
IDH mutation. In this case, when comparing two distinct
components with or without IDH mutation developing
from the same origin, the IDH-wildtype component with
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CDKN2A/B homozygous deletion and PDGFRA ampli-
fication exhibited a more aggressive phenotype than the
IDH-mutant component with CDKN2A4/B homozygous
deletion. This supports that once astrocytoma, IDH-
mutant acquire important genetic alterations such as
CDKN2A/B homozygous deletion and PDGFRA ampli-
fication for malignant transformation, the IDH muta-
tion might not be essential. Although further analyses of
tumor specimens obtained from recurrent cases during
IDH inhibitor treatment are needed, this may contribute
to the acquisition of resistance to IDH inhibitors.

Conclusion

We presented a case of astrocytoma, IDH-mutant, exhibit-
ing two distinct histological components, each character-
ized by either IDH-wildtype or mutant IDH, in the course
of the malignant transformation. The findings obtained in
this case are important for elucidating the mechanisms of
resistance to IDH inhibitors, especially in the high grade
astrocytoma, IDH-mutant. In malignant transformation,
IDH-mutant glioma acquires additional important genetic
alterations, such as CDKN2A/B homozygous deletion and
PDGFRA amplification, thereby allowing the growth of
malignant clones without IDH mutation.

Abbreviations

IDH isocitrate dehydrogenase
MRI magnetic resonance image
WI weighted-image

Gd gadolinium

GTR gross total resection

WHO world health organization

FFPE formalin-fixed paraffin-embedded
gDNA  genomic DNA

PCR polymerase chain reaction

WES whole exome sequence

IHC immunohistochemistry

CAN copy number alterations

RB retinoblastoma
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Supplementary Material 1: Supplementary Fig. 1. (A and B) Immunohis-
tochemical staining for p53 and ATRX at the second recurrence reveals
that both components are strongly positive for p53 and negative for ATRX.
(C) Immunohistochemical staining for GFAP at the second recurrence
shows that the component with the glial cell tumor showed higher GFAP
expression than the component with the small round cell tumor. All scale
bars represent 100 um.

Supplementary Material 2: Supplementary Fig. 2: (A) Sanger sequencing
data of IDHT R132H, which showed dual peak in NGY-R2A but single peak
in NGY-R2B (Red dotted rectangle) (B) Results of copy number analysis
and methylation classification of NGY-R2A and NGY-R2B created by DKFZ
classifier v11b4. NGY-R2A and NGY-R2B: two morphologically distinct brain
tumor components, with abundant pleomorphic glial cells and the other
with abundant small round-cell tumor cells, respectively.
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