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Abstract

Telomerase reverse transcriptase promoter (TERTp) mutations c.-124C > T (C228T) and c.-146C>T
(C250T) are the most frequent single-nucleotide variants promoting telomerase activation in
glioblastoma. Here, we describe a rare case of glioblastoma IDH-wildtype with dual TERTp mutations.
Genomic analyses of multiregional tumor samples revealed co-occurring TERT C228T and C250T
mutations across tumor regions, with variable copy number alterations of EGFR and CDKN2A. Notably,
only the TERTp C228T mutation was retained in the corresponding patient-derived xenograft,
accompanied by more extensive copy number alterations, implying a selective growth advantage for the
TERT C228T-harboring subclone during tumor propagation in this case. These findings suggest that dual
TERTp mutations may arise through subclonal evolutionary processes in glioblastoma and highlight
telomere maintenance as a dynamic, heterogeneous process rather than invariably representing a fixed
early oncogenic event.

Introduction

Glioblastoma, IDH-wildtype (GBM) remains one of the most lethal malignancies, and despite standard-of-
care treatments, the median overall survival is less than two years [1]. Large-scale genomic analyses
have demonstrated that deregulation of the RB, p53, and RTK/RAS/PI3K signaling pathways is an
essential oncogenic event, and these alterations are considered to constitute the core mechanisms
underlying GBM pathogenesis [2]. Consistently, experimental mouse models have shown that genetic
alterations in related genes, including Nf1, Egfr, Cdkn2a, Pten, and Trp53, promote tumor formation,
demonstrating that disruption of these pathways directly contributes to gliomagenesis [3, 4] In contrast,
gliomas harboring IDH mutations are characterized by distinct, recurrent alterations, such as
combinations of IDH, TP53, and ATRX mutations, or chromosomal 1p/19q co-deletion, which define a
foundational genetic background; these molecular features play a central role in the diagnosis and
prognostic stratification within the World Health Organization (WHO) 2021 classification of central
nervous system tumors.

Across both IDH-wildtype and IDH-mutant gliomas, the acquisition of telomere maintenance
mechanisms allows tumor cells harboring these driver genetic alterations to escape replicative
senescence or crisis, thereby conferring cellular immortalization and enabling long-term tumor
maintenance [5]. One such telomere maintenance mechanism is the acquisition of TERT promoter
(TERTp) mutations. TERTp mutations enhance telomerase activity and elongate telomeres, thereby
enabling cellular immortalization [6, 7]. Immortalized cells subsequently acquire additional alterations,
ultimately leading to the development of detectable tumors [7, 8]. In GBM, TERTp mutations represent
the most frequent genetic alterations, and two recurrent point mutations, c.-124C>T and c.-146C>T
(hereafter referred to as C228T and C250T, respectively), have been reported with frequencies of
approximately 70% for C228T and 30% for C250T [9, 10]. In oligodendrogliomas, TERTp mutations are
observed in over 90% of cases, and unlike in GBM, TERTp C228T and C250T mutations are present at
approximately equal frequencies [11]. TERTp mutations (C228T and C250T) are mutually exclusive,
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indicating that either mutation alone is sufficient for tumor evolution [7, 9]. As a telomere maintenance
mechanism distinct from TERTp mutations, astrocytomas, IDH-mutant predominantly rely on alternative
lengthening of telomeres (ALT), often driven by the loss of ATRX [10]. Importantly, even in TERTp-wildtype
GBM, genomic analyses have demonstrated that telomerase activation through TERT structural
alterations and ALT phenotypes segregate into distinct molecular subgroups with strong mutual
exclusivity [12]. Therefore, TERTp mutations, whether C228T or C250T, and ALT are considered to
represent mutually exclusive mechanisms of telomere maintenance in diffuse gliomas.

Here, we report the first case of co-occurring TERTp mutations (both C228T and C250T) in a single GBM.
We further characterized the molecular heterogeneity of this unique case through the use of patient-
derived xenograft (PDX) models.

Materials and Methods
Study approval

This study was conducted in accordance with the Declaration of Helsinki and was approved by the
Institutional Review Board of Yokohama City University (YCU, Yokohama, Japan; A171130006 and
B190700012). Written informed consent was obtained from the patient and her family. All animal
experiments were approved by the Animal Care and Use Committee of the YCU (approval number: FA25-
007).

Histology

Tumor tissue specimens were fixed in 10% neutral-buffered formalin and embedded in paraffin.
Hematoxylin and eosin staining was performed using standard procedures. For immunohistochemical
staining, 5-ym-thick sections were deparaffinized, treated with 0.5% H,0, in methanol, rehydrated, and
heated for 20 min to facilitate antigen retrieval. After blocking with serum, tissue sections were
incubated with the following primary antibodies: IDHT1R132H [H09, Dianova GmbH (1:100), RRID:
AB_2335716], ATRX [HPA001906, SIGMA (1:500), RRID: AB_1078249], p53 [DO7, DAKO (1:800), RRID:
AB_322635], and Ki-67 (30 - 9, Roche Diagnostics, prediluted, RRID: AB_2631262).

Quantitative PCR assay

Quantitative polymerase chain reaction (qPCR) for the detection of TERT hotspot mutations C228T and
C250T was performed as previously described [13]. Briefly, mutant-specific 5' nuclease probes combined
with PNA/LNA clamping were used, with gene-specific PCR enzymes and master mixes. Assay
sensitivity and variant allele frequency thresholds were evaluated using commercially available control
DNA and genomic DNA from tumor cell lines harboring known mutations. Each run included both
positive and negative controls. CDKN2A and EGFR copy numbers, and TERT mRNA expression were
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assessed using SYBR Green—based qPCR and quantified by the AACt method. Primer sequences and
detailed PCR conditions have been previously reported [13].

Genomic analysis

Genomic DNA was extracted from the tumor specimens using a commercially available kit (DNeasy
Blood & Tissue Kit, Qiagen, Shanghai, China) according to the manufacturer’s protocol. Multiplex ligation-
dependent probe amplification (MLPA), methylation-specific polymerase chain reaction for 06-
methylguanine methyltransferase (MGMT), and multiplex polymerase chain reaction (SNaPshot) were
performed as previously described [14].

Digital PCR

A primer/probe mix for TERTp C228T/C250T was purchased from Integrated DNA Technologies, Inc.
(Coralville, 1A, USA). Droplets were generated and transferred to a 96-well plate, and the DNA was
amplified using a thermal cycler. After PCR, the 96-well PCR plate was analyzed using a QX-200 droplet
reader (Bio-Rad, Hercules, CA, USA), and the data were analyzed using the QX Manager 1.2 standard
edition software (Bio-Rad). Mutation-specific signals were generated using a hexachlorofluorescein
channel. Primer sequences and detailed PCR conditions have been previously reported [15].

Results

Case presentation

A 74-year-old woman (YMG247) presented with memory impairment and left hemiparesis. Her Karnofsky
Performance Status (KPS) was 90. Magnetic resonance imaging (MRI) revealed a contrast-enhanced
lesion in the right temporal lobe (Fig. 1A, left panel). A subtotal resection was performed, with residual
tumor remaining in the posterior portion of the temporal lesion (Fig. 1A, middle panel). Histopathological
examination revealed atypical glial cells with microvascular proliferation (Fig. 1B). Immunohistochemical
staining showed a Ki-67 index of 18% (Fig. 1B). Therefore, the patient was diagnosed with GBM. The
patient received focal radiation therapy (40 Gy in 15 fractions) with concomitant temozolomide and was
discharged with a KPS of 90. However, local recurrence was detected 12 months postoperatively

(Fig. 1A, right panel), and bevacizumab was administered. Unfortunately, the patient died 16 months
after the initial diagnosis.

To analyze intratumoral genomic heterogeneity, we collected four distinct specimens from the contrast-
enhanced lesion (Fig. 1C). Briefly, we assessed the genomic status of IDHT and IDH2, TERTp mutations,
and CDKN2A homozygous deletions using our intraoperative integrated diagnostic system [13]. IDHT and
IDH2 mutations were not detected in any of the four multisampled specimens. Notably, concurrent
TERTp C228T and C250T mutations were detected in all samples (Fig. 1D). The copy number of CDKN2A
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showed loss in samples #1-3, while it was intact in sample #4. EGFR copy number was markedly
amplified in sample #1 and amplified in sample #3, whereas it was intact in samples #2 and #4 (Fig. 1E).
We also performed MLPA to validate copy number alterations and found amplification of PDGFRA and
EGFR and loss of CDKN2A (Fig. 1F, Supplementary Fig. 1A). Digital PCR was performed to measure the
variant allele frequency (VAF) of TERTp mutations in each sample. The results were as follows: in
sample #1, the VAFs were 8.7% for C228T and 19.5% for C250T; in sample #2, they were 15.1% and
3.5%, respectively; in sample #3, they were 18.3% and 8.4%, respectively; and in sample #4, they were
10.9% and 23.4%, respectively (Fig. 1G). No clear association was observed between these copy number
alterations and the VAFs of the respective TERTp mutations. Next-generation sequencing—based
multiplex DNA analysis (MGH SnaPshot) confirmed dual TERTp mutations C228T (VAF 20%) and C250T
(VAF 29%), EGFR Arg108Lys (VAF 62%), and TSHR Arg450His (VAF 57%), with high-level amplification of
EGFR and MDM4 (Supplementary Fig. 1B). The tumor mutation burden was 5.4/Mb. TERT expression
was comparable to that in other TERTp-mutant GBM cells (Supplementary Fig. 1C). MGMT promoter
status was unmethylated (Supplementary Fig. 1D).

Patient-derived orthotopic xenograft model

To evaluate the potential for xenograft formation and subclonal evolution associated with dual TERTp
mutations, we implanted patient tumor cells into the brains of female SCID-Beige mice. We confirmed
the engraftment of tumor cells 117 days after implantation (YMG247-PDX). The tumor showed
proliferating glial cells with atypical nuclei, which was consistent with the pathological findings of the
patient tumor (Fig. 2A). Notably, qPCR analysis revealed that the tumor harbored only the TERT C228T
mutation and lacked the C250T mutation (Fig. 2B). Digital PCR revealed that the PDX model harbored
only the TERTp C228T mutation (VAFs were 50.3% for C228T and 0% for C250T, respectively; Fig. 2C).
MLPA analysis demonstrated amplification of PDGFRA and EGFR, and loss of CDKN2A and PTEN in the
xenograft tumors (Fig. 2D, Supplementary Fig. 2). Importantly, these copy number alterations (CNAs)
were more extensive compared to the original patient tumor, indicating subclonal selection of cells
harboring the TERTp C228T mutation and multiple CNAs during in vivo tumor propagation.

Discussion

This case provides the first evidence of a GBM harboring dual TERTp mutations within a single tumor.
Because these mutations are generally regarded as mutually exclusive, their coexistence across multiple
tumor regions suggests intratumoral heterogeneity. Furthermore, the availability of a PDX model enabled
functional validation of this unique genomic profile. Notably, only the TERTp C228T mutation was
retained in the PDX tumors, indicating subclonal selection during tumor propagation.

TERTp mutations are observed in approximately 55-70% of GBMs, are generally maintained at
recurrence, and are considered to be acquired at an early stage of tumorigenesis [16, 17, 18]. However,
evolutionary dynamics analyses of paired initial and recurrent GBM samples have demonstrated that
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copy number variations in chromosomes 7, 9, and 10 occur early in tumorigenesis, whereas TERTp
mutations are subsequently acquired through subclonal evolution [7]. In the present study, both TERTp
C228T and C250T mutations were present in the same specimen, whereas only C228T was retained in
the PDX model. This suggests that TERTp C228T- and C250T-harboring cells coexist as subclones
within the same tumor specimen at the bulk-tumor level, supporting a model in which TERTp mutations
represent delayed subclonal events rather than early truncal events in the present case.

In most previous studies, TERTp mutations C228T and C250T have been collectively classified as “TERT
promoter mutations,” and potential biological or clinical differences between these two variants have not
been sufficiently investigated. In the present case, because no clear association was observed between
EGFR or CDKN2A copy number alterations and the VAFs of individual TERTp mutations at the bulk level, it
cannot be concluded that either TERT C228T or C250T mutation is more strongly involved in the
acquisition of driver alterations. Addressing this question will require single-cell-level analyses to
resolve subclonal relationships. In contrast, in the patient-derived xenograft tumor, only the TERTp C228T
mutation was retained, concomitant with more extensive copy number alterations, including EGFR
amplification and CDKN2A loss. These findings raise the possibility that TERTp C228T-mutant cells
possess a selective advantage, potentially facilitating the acquisition of additional driver alterations,
although species-specific effects cannot be excluded (Fig. 2E). In the clinical setting of GBM, the
frequencies of TERTp C228T and C250T are approximately 70% and 30%, respectively. Only C228T has
been reported to be associated with poorer clinical outcomes [18]. In papillary thyroid carcinoma, tumors
harboring the TERTp C228T mutation have been shown to exhibit a more pronounced increase in TERT
MRNA expression than those carrying the C250T mutation and are more strongly associated with
aggressive clinicopathological features and worse prognosis [19]. From a mechanistic perspective,
although both TERTp mutations generate a de novo E-twenty-six (ETS) transcription factor binding site
(CCTT) within TERTp, differences in their promoter locations may influence the efficiency of
transcriptional complex assembly and modulate crosstalk with other signaling pathways, such as NF-kB
[20, 21]. Collectively, these observations suggest that TERTp C228T and C250T mutations may not be
functionally equivalent, with C228T potentially conferring a modestly stronger telomerase-activating
effect in certain biological contexts.

In large GBM cohorts in which TERTp mutations C228T and C250T were reported separately, no cases
harboring both mutations were identified concurrently, except for a single case among 144 patients
(0.69%) reported by Nonoguchi et al. However, in that report, no further clinical or molecular details,
including IDH mutation status, were provided, limiting interpretability [10, 11, 18, 22]. In contrast, Arita et
al. reported four cases (1.4%) of concurrent TERTp C228T and C250T mutations in 279
oligodendroglioma cases [11]. Notably, in IDH-mutant gliomas, TERTp mutations are generally
associated with a favorable prognosis, suggesting that the biological role of TERT activation may differ
substantially between IDH-wildtype and IDH-mutant gliomas [11].

In summary, this report provides the first detailed molecular characterization of an IDH-wildtype GBM
harboring both TERTp C228T and C250T mutations, together with xenograft experiments demonstrating
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their subclonality and evolutionary dynamics, as evidenced by the selective retention of TERTp C228T
during patient-derived xenograft passaging. This case highlights the importance of considering telomere
maintenance as a dynamic, heterogeneous process in GBM rather than a fixed early oncogenic event.
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Figure 1

Characteristics of the primary tumor (YMG247). (A) Contrast-enhanced magnetic resonance images.
Left panel, preoperative; middle panel, postoperative; right panel, recurrent disease. (B) Hematoxylin and
eosin staining, and immunohistochemical staining for Ki-67 (scale bar = 100 ym). (C) Intraoperative
photograph showing the sampling sites. (D) Quantitative PCR (qPCR) analysis for TERT promoter
mutations C228T (left) and C250T (right). (E) gPCR analysis of copy number alterations in CDKN2A and
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EGFR. (F) Multiplex ligation-dependent probe amplification (MLPA) analysis assessing copy number
alterations in PDGFRA, EGFR, CDKN2A, PTEN, CDK4, MDM2, and TP53. Genes showing copy number
alterations are annotated. (G) Digital PCR analysis of variant allele frequencies of TERT promoter
mutations in each sample.
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Characteristics of the patient-derived orthotopic xenograft model (YMG247-PDX). (A) Hematoxylin and
eosin staining and immunohistochemical staining for Ki-67 (scale bar = 100 pm). (B) gPCR analysis for
TERTpromoter mutations C228T (left) and C250T (right). (C) Digital PCR analysis of variant allele
frequencies of TERT promoter mutations. (D) MLPA assessing copy number alterations in PDGFRA,
EGFR, CDKN2A, PTEN, CDK4, MDM?2, and TP53. Genes showing copy number alteration are annotated. (E)
Schematic representation of subclonal selection in the patient tumor and the patient-derived xenograft
(PDX) tumor.
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