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Abstract

One of the most serious complications of cranial radiotherapy is the development of radiation-
induced glioma, which is estimated to occur in 1%-4% of patients who have received cranial irradia-
tion and has a worse prognosis than sporadic glioblastoma. Although comprehensive genetic analysis
has recently uncovered the molecular characteristics of radiation-induced glioma, the full picture re-
mains unclear due to its rarity. A 45-year-old man presented with generalized seizures caused by mul-
tiple brain tumors involving the right frontal lobe, thalamus, and brainstem. The patient had a history
of whole-brain radiotherapy for recurrent Burkitt’s lymphoma at the age of 12. He underwent craniot-
omy, and the histological diagnosis revealed a high-grade glioma with isocitrate dehydrogenase-
wildtype, which was presumed to be a radiation-induced glioma that developed 33 years after whole-
brain irradiation. Next-generation sequencing identified a CDKN2A/B deletion, as well as coamplifica-
tion of several receptor tyrosine kinases-encoding genes, including PDGFRA, KIT, and KDR, all of
which are located at 4q12. Amplification of this region is broadly observed across cancers and is asso-
ciated with poor prognosis in sporadic glioblastoma. Nevertheless, the patient received chemoradio-
therapy with temozolomide, followed by temozolomide maintenance therapy, resulting in a complete
response of all lesions. Although radiation-induced gliomas are generally difficult to treat, our patient
unexpectedly responded well to conventional chemoradiotherapy despite the coamplification of multi-
ple receptor tyrosine kinases-encoding genes, which is typically suggestive of an aggressive phenotype.
Our case indicates that some radiation-induced gliomas may have distinct molecular characteristics
influencing the therapeutic response, which differ from those of sporadic glioblastomas.
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Introduction as prophylactic therapy for the central nervous system

(CNS) in pediatric acute lymphoblastic leukemia (ALL), but

Cranial radiotherapy (RT) plays an important role in the it also carries long-term risks. One of the most serious de-
treatment of various brain tumors and was previously used  layed risks is the development of radiation-induced glioma

Received October 28, 2024; Accepted December 27, 2024

Copyright © 2025 The Japan Neurosurgical Society
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives International License.

139



140 D. Tanikawa et al.

(RIG). According to the National Cancer Institute’s Surveil-
lance, epidemiology, and End Results program, the inci-
dence of RIG is estimated to be 1%-4% in patients who
have received cranial irradiation. RIG accounts for 2%-10%
of deaths in patients with pediatric brain tumors.” The
risk of developing RIG increases with the cumulative time
since RT was administered. A study of 371 patients who
received cranial irradiation during childhood revealed an
incidence of 1.60% at 10 years and 3.02% at 15 years.” The
primary malignancies in patients with RIG were predomi-
nantly ALL and various brain tumors, with common radia-
tion doses ranging from 21 to 30 Gy for ALL and 41 to 60
Gy for brain tumors.” The Childhood Cancer Survivor
study demonstrated that the risk of developing RIG in-
creased with radiation doses above 10 Gy, with the highest
risk observed in the 30-45 Gy range.” The median latency
period from RT development was approximately 9 years
(range: 2.5-61 years).””

The rarity of RIG makes it difficult to conduct clinical
trials, and no standard of care for RIG has been estab-
lished to date. Based on retrospective data, re-irradiation is
considered effective, albeit with dose limitations.” The
prognosis for patients with RIG is poor, with a median
survival of less than 1 year—worse than that of patients
with sporadic glioblastoma (GBM)."**” This may be due to
differences in the underlying molecular properties between
RIG and sporadic GBM, as well as dose limitations in RT
due to prior irradiation. Although recent studies have com-
prehensively characterized the molecular biology of RIG
using next-generation sequencing (NGS) and deoxyribonu-
cleic acid (DNA) methylation profiling,”™ the molecular
characteristics of RIG remain incompletely understood.

The PDGFRA, KIT, and KDR genes encoding receptor ty-
rosine kinases (RTKs) are all located on chromosome 4q12,
and amplification of this region is broadly present across
cancers, with particularly marked enrichment in sporadic
GBMs, indicating worse outcomes.”” Here, we report a
case of RIG with CDKN2A/B deletion as well as coamplifi-
cation of PDGFRA, KIT, and KDR, in which combined RT
and temozolomide (TMZ) resulted in a complete re-
sponse—an exceptional outcome in patients with sporadic
GBM.

Case Report

A 45-year-old man presented with generalized seizures.
Magnetic resonance imaging (MRI) showed multiple
gadolinium-enhancing lesions in the right frontal lobe and
non-enhancing lesions with hyperintensity on fluid-
attenuated inversion recovery (FLAIR) involving the right
thalamus and right midbrain (Fig. 1a-c). The patient had a
treatment history of Burkitt’s lymphoma of the ileal region
at the age of 10, receiving chemotherapy with vincristine,
prednisolone,  doxorubicin,  cyclophosphamide, and
methotrexate, and a CNS relapse at the age of 12, for

which he had received 24 Gy of whole-brain irradiation
and 12 Gy of whole-spine irradiation. He underwent partial
resection of the right frontal lobe tumor, and the pathol-
ogy showed diffuse infiltrative proliferation of atypical cells
with dense chromatin staining and poor cytoplasm, with
abundant capillaries, and multinucleated cells observed in
some areas. Neither necrosis nor microvascular prolifera-
tion was observed (Fig. 2a). Immunohistochemically, the
neoplasm did not express any lymphocytic markers, such
as CD20, CD79a, CD3, CD5, PAX5, and TdT. On the other
hand, the neoplastic cells were focally immunopositive for
glial fibrillary acidic protein (GFAP) (Fig. 2b), and diffusely
immunopositive for oligodendrocyte transcription factor 2
(OLIG2) and SOX10 (Fig. 2c and d). No isocitrate dehydro-
genase 1 (IDH1) R132H expression was observed (Fig. 2e),
and nuclear expression of alpha-thalassemia/mental retar-
dation syndrome X-linked (ATRX) protein was observed
(Fig. 2f). Weak p53 nuclear expression was observed in
scattered neoplastic cells (Fig. 2g). The Ki-67 labeling index
was around 70% (Fig. 2h). Those histopathological and im-
munohistochemical findings led to the diagnosis of high-
grade glioma, consistent with an RIG that developed 33
years after whole-brain irradiation based on Cahan’s crite-
ria."” Genetically, IDH1/2-wildtype was confirmed by Sanger
sequencing. The methylation-specific polymerase chain re-
action showed that the O6-methylguanine-DNA methyl-
transferase (MGMT) gene promoter was unmethylated.
NGS analysis identified CDKN2A/B deletion as well as
coamplification of several RTK-encoding genes, including
PDGFRA, KIT, KDR, MET, and EPHB4. Imnmunohistochemis-
try confirmed the NGS results. Tumor cells were diffusely
immunopositive for PDGFRA (Fig. 2i) and ¢-MET (Fig. 2j),
with lost MTAP expression (Fig. 2k). Microsatellite instabil-
ity status was assessed as stable, and tumor mutational
burden was 6 per megabase. The Heidelberg DNA-
methylation brain_classifier_v12.8 classified this case as
diffuse pediatric-type high-grade glioma, RTK1 subtype,
subclass C, with a calibrated score of 0.6029.” Copy-
number profile derived from DNA methylation array data
showed copy-number alterations (CNAs) characteristic of
RIGs, such as CDKN2A/B homozygous deletion and
PDGFRA amplification, as well as MET amplification with
marked CNAs across the genome, aligning with NGS re-
sults (Fig. 2l). Postoperatively, 11C-methionine positron
emission tomography (PET) showed strong uptake in the
residual right frontal lobe tumor (Fig. 1d). He received con-
ventional chemoradiotherapy (CRT) with TMZ. Considering
the history of whole-brain irradiation, RT was administered
with 50 Gy in 25 fractions to the right frontal lobe lesion
and 36 Gy in 18 fractions to the right thalamus and mid-
brain lesions. Maintenance chemotherapy with monthly
TMZ was started after a 4-week break following the com-
pletion of CRT, and MRI after 3 courses of TMZ showed a
complete response in all lesions (Fig. le and f). Subse-
quently, a total of 12 courses of TMZ maintenance therapy
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Fig. 1 MRI. T1-weighted gadolinium-enhanced MRI shows multiple enhancing tumors in the right frontal lobe (a) and a non-en-
hancing tumor involving the right thalamus and right midbrain (b), which appears hyperintense on FLAIR (c). "'C-methionine PET
before starting CRT shows strong uptake in the residual right frontal lobe tumor (d). MRI, three months after the completion of
CRT, shows complete response in all lesions on T1-weighted gadolinium-enhancement (e) and FLAIR (f). MRI, 12 months after
completion of CRT, shows a hyperintense lesion on FLAIR, suggesting recurrence in the left frontal lobe (white arrow) (g), with
central uptake on ''C-methionine PET (white arrowhead) (h). MRIL, 22 months after the diagnosis of RIG, shows that the primary
sites in the right frontal lobe, right thalamus, and midbrain maintain complete response on T1-weighted gadolinium-enhance-
ment (i) and FLAIR (j). ""C-methionine PET shows no significant uptake in previously treated sites (k, 1). T1-weighted gadolinium-
enhanced MRI 28 months after the diagnosis of RIG shows multiple enhancing tumor lesions in the left cerebellar peduncle (white
arrow) (m), left frontal lobe (white arrowhead) (n), and left parietal lobe (green arrowhead) (n), which are suggestive of recur-
rence.

CRT: chemoradiotherapy; FLAIR: fluid-attenuated inversion recovery; MRI: magnetic resonance imaging; PET: positron emission
tomography; RIG: radiation-induced glioma; T1: type 1
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Fig. 2 Pathological features of the right frontal lobe tumor at the initial operation. H&E staining shows diffuse infiltrative prolif-
eration of neoplastic cells with scant cytoplasm (a). The neoplasm shows immunoreactivity for GFAP (b), OLIG2 (c), and SOX10
(d). Furthermore, those neoplastic cells show no expression of IDH1 R132H (e) and preserve the nuclear expression of ATRX (f). A
few neoplastic cells exhibit weak p53 nuclear expression (g). The Ki-67 labeling index is approximately 70% (h). Tumor cells were
diffusely and strongly immunopositive for PDGFRA (i) and ¢-MET (j), with lost MTAP expression (k). The copy-number profile de-
rived from DNA methylation array data shows significant genome-wide copy-number alterations, including CDKN2A4/B homozy-
gous deletion (black arrow) and PDGFRA amplification (black arrowhead) (1), which are often observed in RIG. MET amplification
is also observed (green arrowhead).

ATRX: alpha-thalassemia/mental retardation syndrome X-linked; DNA: deoxyribonucleic acid; GFAP, glial fibrillary acidic pro-
tein; H&E: hematoxylin-eosin; IDH1: isocitrate dehydrogenase 1; OLIG2, oligodendrocyte transcription factor 2; RIG: radiation-
induced glioma
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were administered. However, MRI revealed an enlarged
FLAIR hyperintense area in the left frontal lobe (Fig. 1g),
with central uptake on 11C-methionine PET (Fig. 1h). He
underwent a second operation 15 months after the initial
surgery, and the histological diagnosis was a high-grade
glioma, which could have been a relapse of an RIG or a
new RIG development. The patient underwent a reduced-
dose RT of 36 Gy in 18 fractions postoperatively, consider-
ing the previous irradiation history. The primary sites of
the right frontal lobe, right thalamus, and midbrain main-
tained a complete response (Fig. 1li and j), and 11C-
methionine PET showed no significant uptake in previ-
ously treated sites (Fig. 1k and 1). The patient maintained
a favorable performance status (PS). However, 28 months
post-RIG diagnosis, the MRI showed multiple tumors in
the left middle cerebellar peduncle, left frontal lobe, and
left parietal lobe, suggestive of recurrence (Fig. 1m and n).
The patient received stereotactic RT: 20 Gy in 5 fractions
to the cerebellar peduncle lesion, 30 Gy in 5 fractions to
the frontal lobe lesion, and 27 Gy in 3 fractions to the pa-
rietal lobe. Additionally, he initiated bevacizumab treat-
ment. He is currently continuing bevacizumab treatment
and is alive 30 months after the diagnosis of RIG.

Discussion

Two recently published papers by Deng et al.” and De-
Sisto et al.” summarized the results of comprehensive ge-
netic analyses of more than 30 cases of RIG. These studies
consistently found that RIG usually lacks typical mutations
in the glioma-associated oncogenic driver genes coding for
histone 3 variants, IDH1/2, and BRAF, whereas PDGFRA
amplification and CDKN2A/B deletion, the representative
molecular events during the progression of sporadic
GBM," are the most common CNAs in RIG. Furthermore,
DNA methylation profiling revealed that RIG mostly clus-
tered within the pedGBM_RTKI methylation group.”
Other frequent CNAs in RIG included MET amplification
and CDK4 amplification, detected in around 20% of cases
in both cohorts studied by Deng et al.” and DeSisto et al.”
Extensive CNAs of chromosomal units, including 1p dele-
tion, 1q gain, 13q deletion, and 14q deletion, were present
in approximately half of the RIG cases in both cohorts. Ad-
ditionally, 6q deletions were found in over half of the cases
in Deng et al’s” cohort and in approximately one-third of
the cases in DeSisto et al's’ cohort, which was also ob-
served in our case. DeSisto et al.” compared RIG and spo-
radic pediatric high-grade gliomas in the same DNA meth-
ylation class, pediatric high-grade glioma RTKI1. They
found that PDGFRA amplification and BCOR deletion were
the most frequent CNAs in RIG. Moreover, total CNA was
significantly increased in RIG cases, suggesting elevated
genomic instability.” Regarding the composition of CNAs,
copy-number reductions rather than increases predomi-
nated in RIG,” aligning with the pattern of copy-number
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abnormalities in our case. DeSisto et al.” also showed that
chromothripsis was more frequently observed in RIGs than
in sporadic pediatric high-grade gliomas. Furthermore,
they identified cases in which extrachromosomal circulat-
ing DNA (eccDNA) derived from chromothripsis caused
PDGFRA and CDK4 gene amplification, suggesting a poten-
tial role for eccDNA in the development of RIG.” These
findings indicate that increased CNAs were associated with
genomic instability, resulting in the alteration of oncogenes
and tumor suppressor genes, thereby leading to RIG devel-
opment. Fusion gene formation may also contribute to RIG
development. Deng et al.” performed ribonucleic acid se-
quencing and identified fusion genes, including PTPRZI-
MET, CAPZA2-MET, FYCOI1-RAFI, and GFAPI-NTRK?2. Inter-
estingly, all cases with MFET-related fusion genes showed
MET amplification.” Regarding somatic gene mutations in
RIG, whole genome sequencing showed that 7P53 gene
mutations were the most frequently detected (approxi-
mately 20% of cases).””® Moreover, mutations in the
PDGFRA and NFI genes were frequently observed.” Fur-
thermore, mutations in the CBL, PTPN11, and BCOR genes
have been detected,” suggesting aberrant signaling in
RAS/MAPK pathways in RIG. Methylated MGMT was found
in 20-30% of RIG cases, and its correlation with prognosis
remains inconclusive.””

The present case exhibited PDGFRA amplification and
CDKN2A/B deletion, aligning most closely with the diffuse
pediatric high-grade glioma RTKI subtype according to the
DNA methylation classifier, consistent with RIG molecular
characteristics noted in previous studies. Additionally, this
case demonstrated amplification of KIT and KDR, suggest-
ing amplification of the 4ql2 region, which has not been
reported in RIG, to our knowledge. The frequency of 4q12
region amplification in sporadic GBM has been reported as
4.7%.” Amplification of PDGFRA, KIT, and KDR may serve
as oncogenic drivers, and coamplification of all 3 genes
has been linked to a poor prognosis in sporadic GBM."***"”
Moreover, the present case also showed MET amplification
and EPHB4 amplification. MET is a proto-oncogene that
encodes a protein known as HGF receptor (c-Met), an inte-
gral plasma membrane RTK. Its ligand, HGF, binds to c-
Met and activates the c-Met signaling pathway, resulting in
increased cell motility, infiltrative growth, angiogenesis,
and resistance to apoptotic signals.'” MET amplification
was found in 5% of grade 4 gliomas, but not in lower
grades, suggesting an association with an aggressive phe-
notype.” The EPHB4 gene encodes an RTK, EphB4, which
regulates various biological processes associated with the
malignant properties of cancer cells, such as proliferation
and invasion."

Table 1 summarizes representative series and case re-
ports in which survival and molecular data are available
for RIG cases.”**"” Most RIG cases had a dismal prognosis,
while some had a favorable prognosis. The Deng et al.” co-
hort included one patient with PDGFRA amplification and
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Table 1 Representative series and case reports of RIGs for which survival and molecular data are available

Authors, g, gy Number os e MOMT - CDKN-Lhcira kT kDR MET
year, Tvpe of Treatment (months)  status methylat-  24/B am amp amp  am Other
Reference P patients ion status del P P P P
Dengetal. Series 32 NA 2-18* Wild- Methyla-  65.6% 53.1% NA NA 281% CDK4
20219 typein  ted:34.6% (21/32) (17/32) (9/32) amp
all cases (9/26) 15.6%
(5/32)
DeSisto et  Series 32 RT:7 median Wild- Methyla- 343%  469% NA NA 94% CDK4
al. 20219 CMT: 2 0S:9 typein  ted:25.8% (11/32) (15/32) (3/32) amp
Resection: 2 all cases (8/31) 15.6%
Resection+RT: 1 (5/32)
Unknown: 20
Trkovaet  Series 12 TMZ+RT 45-60 Gy: 6 median OS:  Wild- NA 55.6%  444% NA NA NA CDK4
al. 2024? TMZ alone: 1 7.3 (range  typein (5/9) (4/9) amp
Bev: 1 2-108)**  all cases 11.1%
None: 2 (1/9)
Other: 2
Groganet  Case 2 Resection, 24, alive Wild-  Methyla- Yes Yes Yes NA NA NA
al. 2023 report TMZ50 mg/m*+RT60 type ted
Gy, Standard-dose
TMZ maintenance
therapy
Resection, 17, dead***  Wild- Un- Yes Low- No No No NA
RT40.05 Gy, type methylat- level
RT30 Gy, ed amp
25 Gy for spinal
recurrence
Present Case 1 Partial resection, 30, alive wild- Un- Yes Yes Yes Yes Yes [EphB-4
case report TMZ75 mg/m*+RT50 type methylat- amp
Gy, 36 Gy, ed

Standard-dose
TMZ maintenance
therapy, Re-resec-

tion and RT36 Gy for
recurrence,
SRT and Bev for 2™
recurrence

RIG, radiation-induced glioma; OS, overall survival; MGMT, O6-methylguanine-DNA methyltransferase; del, deletion; amp, amplification; NA, not
available; RT, radiotherapy; CMT, chemotherapy; TMZ, temozolomide; SRT, stereotactic radiotherapy; Bev, Bevacizumab

* Seventeen of 19 evaluable patients died.
** Two patients were alive with OS of 99, 108 months.

*** The patient died 17 months after the completion of the radiotherapy without evidence of recurrence at the primary site.

CDK4 amplification but without CDKN2A/B deletion, who
was alive at 18 months. MGMT status was unmethylated.”
Another cohort by Trkova et al.” included 2 very long-term
survivors. One patient was histologically diagnosed with
gliomatosis cerebri, treated with RT and TMZ, and sur-
vived for 108 months; no molecular data were available in
this case. The other patient survived for 99 months, was
treated with CRT, and had molecular features of
CDKN2A/B deletion and BRAFV600OE mutation. The methyl-
ation class was determined to be pleomorphic xanthoas-

trocytoma. The MGMT status was unknown for both pa-
tients.” Interestingly, Grogan et al.” recently reported 2
cases of RIG exhibiting a complete response after first-line
therapy. One showed molecular features similar to our
case, including CDKN2A/B deletion, PDGFRA amplification,
and KIT amplification. Contrastingly, the MGMT promoter
was methylated, unlike our case, which may have contrib-
uted to the complete response to CRT with TMZ. However,
in the other case with CDKN2A/B deletion and low-level
amplification of PDGFRA, MGMT was unmethylated, and a
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complete response was achieved with RT alone.” Taken
together, factors other than MGMT methylation may be as-
sociated with treatment response and prognosis in RIG.

In conclusion, the present case exhibited a DNA methyl-
ation profile typical of RIG, and, in addition, NGS analysis
showed amplification of multiple RTK-encoding genes,
which are associated with worse outcomes in sporadic
GBM, suggesting a more aggressive phenotype. Neverthe-
less, conventional CRT resulted in the resolution of multi-
ple lesions on contrast-enhanced MRI and 11C-methionine
PET, and the patient has survived for over 2 years, albeit
with recurrence. This indicates that some RIGs may have
distinct molecular characteristics influencing therapeutic
response, differing from those of sporadic GBM, thereby
underscoring the importance of accumulating clinical and
molecular data to enhance molecular understanding of
this rare entity.
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