Bzl SPANDIDOS
7] ,§, PUBLICATIONS

BIOMEDICAL REPORTS 23: 165, 2025

Conserved methylation signature accurately predicts
heavily irradiated CNS tumour with perplexing
histopathology: A case report
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Abstract. Diagnosing central nervous system (CNS)
tumours post-radiation therapy is often complicated by
treatment-induced histological changes. Molecular diagnos-
tics, such as methylation profiling, offer robust tools to aid in
accurate tumour classification. The present study reported a
case of a 48-year-old woman with a recurrent parasellar mass
previously treated with stereotactic radiosurgery. Despite
imaging suggestive of meningioma, histopathology and immu-
nohistochemistry yielded ambiguous findings. Low-coverage
whole genome methylation profiling using Oxford Nanopore
sequencing provided a conclusive diagnosis of meningioma,
with a classifier confidence score of 0.791, supported by
t-distributed stochastic neighbor embedding clustering and
characteristic copy number variations. The present case
illustrated the diagnostic utility of methylation profiling in
post-treatment CNS tumours with perplexing histopathology.
Integration of molecular diagnostics can enhance classification
accuracy and inform clinical decision-making.

Introduction

The diagnosis of central nervous system (CNS) tumours has
evolved significantly over the past decade, moving beyond
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traditional clinical and histopathological assessments to an
integrated, multi-dimensional approach that incorporates
molecular diagnostics (1). The 2021 WHO classification of
CNS tumours introduced a paradigm shift by emphasizing
the need for a molecularly informed diagnosis that combines
histopathological findings with specific genetic, epigenetic,
and protein expression profiles (2,3). This integrated diagnosis
framework allows for more accurate tumour classification,
as numerous CNS tumours exhibit overlapping histological
features but distinct molecular signatures that directly impact
prognosis and therapeutic decisions.

Immunohistochemistry (IHC) remains a cornerstone for
initial tumour characterization, providing insights into cellular
lineage and differentiation. However, it often falls short in cases
with ambiguous morphology or treatment-induced changes.
Next-generation sequencing (NGS) technologies, such as targeted
gene panels, whole-exome sequencing, and methylation profiling,
are increasingly essential to identify diagnostic, prognostic, and
therapeutic markers. For example, the detection of specific muta-
tions (such as IDH1/2 in gliomas, BRAF V600E in gangliogliomas
or pleomorphic xanthoastrocytomas), chromosomal alterations
(such as 1p/19q co-deletion in oligodendrogliomas), or methyla-
tion patterns [such as O%-methylguanine-DNA methyltransferase
(MGMT) promoter methylation or genome-wide methylation
classifiers] is now pivotal in classifying CNS tumours (2). This
molecular classification not only refines diagnostic accuracy but
also provides critical information on tumour behaviour, treat-
ment response, and patient outcomes, underscoring the necessity
for a comprehensive, integrated diagnostic approach in modern
neuropathology (4).

The accurate diagnosis of CNS tumours is the most chal-
lenging for cases that have been previously treated. Tumours
subjected to pre-treatment modalities such as radiation
or chemotherapy frequently undergo morphological and
molecular changes that can obscure their histopathological
features. This phenomenon, known as treatment-related
distortion, complicates subsequent diagnostic efforts,
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making it difficult to discern between tumour recurrence,
radiation-induced changes, or an entirely new entity (5). For
instance, gliomas, such as high-grade gliomas, often exhibit
post-radiation changes including nuclear and cytoplasmic
enlargement, which may also mimic pseudo-malignant
radiation-associated changes (6). Similarly, meningiomas
post-irradiation may exhibit increased cellular atypia, loss of
classic whorl patterns, and elevated Ki-67 indices reflecting
either radiation-induced proliferation or cell death (7). These
changes can mimic features of higher-grade malignancies,
leading to diagnostic uncertainty when relying solely on
histopathology and IHC.

Post-treatment CNS tumours, especially those subjected
to high-dose radiation, pose a significant diagnostic dilemma
due to treatment-related changes. Recurrent CNS tumours
exhibit histopathological features altered by prior therapies,
complicating differentiation between tumour recurrence,
treatment-induced necrosis, or secondary malignancies (8-10)
For instance, a 2023 study by Wood et al (5) highlighted that
paediatric high-grade astrocytoma post-treatment showed
increased tumour mutation burden and morphological ambi-
guity in a subset of recurrences, underscoring the prevalence of
diagnostic challenges (5). Similarly, radiation-induced changes,
such as fibrosis, vascular alterations, and cellular atypia, can
mimic aggressive tumour features, leading to misclassification
rates as high as 20% when relying solely on histopathology
and IHC (11). IHC, while valuable for initial tumour charac-
terization, often yields inconclusive or conflicting results in
these cases due to altered protein expression profiles induced
by therapy.

Recent advances in epigenomic profiling, such as whole
genome methylation profiling, have emerged as potent tools
for resolving such diagnostic dilemmas (12,13). Unlike protein
expression or histopathological features, which are highly
susceptible to treatment-induced alterations, DNA meth-
ylation patterns exhibit high stability, even in the presence of
morphological distortions. This stability arises because DNA
methylation, an epigenetic modification, is regulated by DNA
methyltransferases and remains relatively unaffected by the
cellular stress or protein turnover induced by therapies such as
radiation, whereas downstream protein expression is disrupted
by changes in transcription, translation, or protein degrada-
tion pathways (14). For example, radiation may upregulate
stress-response genes or silence tumour suppressor genes via
histone modifications, altering IHC-detectable proteins such
as p53 or mucin 1, cell surface associated (EMA), while the
underlying CpG methylation patterns at promoter regions
remain conserved (15). This phenomenon has been reported in
brain malignancies; a study on recurrent glioblastomas demon-
strated that methylation profiles of MGMT were preserved
despite chemoradiation (16). This was likely because promoter
methylation is relatively stable, and does not require active
maintenance of methylation status by DNA methyltransferases
(DNMTs) (17).

Methylation profiling leverages this conserved epigenetic
signature to provide robust molecular classification, offering
a distinct advantage over existing methodologies. Methylation
profiling can provide a rigorous molecular classification
that remains largely unaffected by histopathological distor-
tions. In the present study, a case of a patient with a heavily

irradiated CNS tumour that exhibited perplexing histological
features, making definitive diagnosis difficult, is reported.
Despite extensive immunohistochemical analysis, the tumour
remained unclassifiable. To address this diagnostic impasse,
low-coverage whole genome methylation profiling, a technique
that has shown promise in accurately predicting the molecular
subtype of various cancers, even in the presence of histological
ambiguity, was employed.

Case report

Patient information. A clinical sample was obtained from
a patient 48-year-old female who initially presented with a
parasellar mass, clinically resembling an extra-axial tumour.
An initial MRI performed in December 2022 revealed a
3.6x4.3x3.1 cm tumour in left parasellar region, raising
suspicion for meningioma or craniopharyngioma (Fig. 1A).
The patient initially declined surgical intervention and was
instead treated with Gamma Knife stereotactic radiosurgery,
receiving a dose of 14 Gy in December 2022. Subsequent MRI
follow-ups were conducted every six months. The tumour
remained stable in size for up to one year post-radiation, as
shown in MRI scans from June 2023 and December 2023
(Fig. 1B and C, respectively). After ~1 year and 3 months
post-radiation treatment, a brain MRI performed in March
2024 revealed a progressive tumour at the same location
extending to the left cerebellopontine angle and abutting
the brainstem (Fig. 1D). Surgery was offered and the patient
agreed. A subtotal resection was performed in March 2024;
however the surgeon was unable to achieve gross total
resection due to the tumour encasing the cavernous sinus.
At the follow-up 6 months after the surgery, the patient did
not exhibit any significant symptoms, and an MRI scan
performed in October 2024, revealed stable disease (Fig. 1E).
An MRI was performed again 6 months later in April 2025
and revealed a slight reduction of tumour size (Fig. 1F). Since
there was no progression of disease, no further intervention
was undertaken.

A tissue sample was obtained during craniotomy
performed in in March 2024 from the left retroclival region.
Histopathological analysis and further immunohistochemical
assessment performed in April 2024 were both inconclusive;
therefore, further molecular examination was performed.
Ethical clearance was obtained from the Ethics Committee
of the Faculty of Medicine, University of Indonesia (Jakarta,
Indonesia) in accordance with the Declaration of Helsinki,
for the collection and molecular testing of biological speci-
mens from rare and recurrent tumours at any site. Written
informed consent was obtained from the patient prior to
molecular testing, ensuring full disclosure of the purpose,
procedures and potential use of biological specimens for
research in the present study. The specimen was retrieved
from the Department of Pathology of Cipto Mangunkusumo
National General Hospital (Jakarta, Indonesia) in the form
of formalin-fixed paraffin-embedded (FFPE) tissue. DNA
extraction was performed on the FFPE tissue sample, followed
by NGS sequencing using a third generation sequencing
platform, and the methylation profile was analysed. The
DNA extraction and NGS were performed in August 2024.
The molecular information was then matched with available
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Figure 1. T1 contrast-enhanced brain magnetic resonance imaging
revealing the parasellar lesion in axial and sagittal sections (A) before SRS,
(B) 6 months post-SRS, (C) 12 months post-SRS, (D) 18 months post-SRS,
(E) 6 months post-surgery and (F) 1 year post-surgery. SRS, stereotactic
radiosurgery
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clinical, imaging, histopathology and immunohistochemcial
results.

Tissue processing and IHC. The tumour tissue sample was
initially fixed in 10% neutral buffered formalin for 24 at
4°C to preserve cellular structure and protein antigenicity,
followed by dehydration and embedding in paraffin wax.
Once embedded, the tissue was sectioned into thin slices
with a thickness of 4-5 ym using a microtome, and was
then mounted onto positively charged glass slides to ensure
optimal adherence. The slides were baked at 60°C to solidify
tissue attachment before further processing. The next step
was deparaffinization and rehydration. Tissue sections were
deparaffinized by immersing them in xylene, followed by
rehydration through a graded series of ethanol solutions of
decreasing concentrations (100, 95 and 70%) and finally in
distilled water. To expose the antigenic sites, antigen retrieval
was performed using a heat-induced epitope retrieval (HIER)
technique in an EDTA buffer (pH 9.0). This step resulted
in unmasking the target epitopes and enhancing antibody
binding.

Following antigen retrieval, non-specific binding was
minimized by incubating the slides with a blocking solution,
10% bovine serum albumin (cat. no. 37520; Thermo Fisher
Scientific, Inc.) for 30 min at room temperature. After blocking,
primary antibodies (Table I) specific to each target protein
marker were applied at their optimized dilutions following
each antibody kit manufacturer guideline. The slides were then
incubated in a humid chamber for 2 h at room temperature.
This step enabled the primary antibodies to bind specifically
to their corresponding antigens in the tissue sections. The
detection of bound primary antibodies was carried out using
an appropriate secondary antibody conjugated to a biotin
enzyme, horseradish peroxidase (HRP) (mouse anti-human
IgG4 Fc, secondary antibody, HRP; 1:1,000; cat. no. A-10654;
Thermo Fisher Scientific, Inc.) for 1 h at room temperature.
A chromogenic substrate, 3,3'-diaminobenzidine (DAB), was
used to develop a brown colour, indicating the presence of
the target antigen. Counterstaining with hematoxylin was
performed for 5 min at room temperature to provide contrast
by staining cell nuclei blue, aiding in the morphological
assessment of the tissue.

After staining, the slides underwent a series of dehydration
steps using graded alcohols, followed by clearing in xylene,
and were finally mounted with a permanent mounting medium.
The prepared slides were then examined under a light micro-
scope by a senior neuropathologist to evaluate the expression
patterns of the specific markers. The staining intensity and
proportion of positive cells were recorded for each marker.
The immunohistochemical markers examined were Vimentin,
AE1/3, EMA, p63, S100, PR, CD34, Ki-67, p40, CK7, CK8,
HMWCK, Cam5.2, CK20, ER, STAT6, TTF-1, BRAF V600E,
B-catenin, TLE-1, BCL2, CD99, and CD56.

DNA extraction. The DNA extraction of the FFPE tissue
was carried out using the QlAamp DNA FFPE Tissue Kit
(cat. no. 56404; QIAGEN) which involved several key steps.
Initially, the FFPE tissue sample was deparaffinized using
a xylene and ethanol wash to remove any residual paraffin.
Then the tissue was prepared for next process, lysis. This lysis
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Table I. Antibodies for immunohistochemical staining.

Immunohistochemical

marker Supplier Cat. no. Dilution
Vimentin Leica Biosystems PA0640 RTU
AE1/3 Leica Biosystems PA0909 RTU
EMA Leica Biosystems NCL-L-EMA 1:400
po3 Biocare Medical, LLC CM163C 1:50
S100 Biocare Medical, LLC ACR3237C 1:200
Synaptophysin Biocare Medical, LLC CM371C 1:200
Chromogranin Cell Marque; Merck KGaA 238M-96 1:500
PR Roche Diagnostics 5277990001 RTU
CD34 BioSB, Inc. BSB5230 1:100
Ki-67 Roche Diagnostics 5278384001 RTU
p40 BioSB, Inc. BSB2075 1:200
CK7 BioSB, Inc. BSB5412 1:600
CK8 BioSB, Inc. BSB6665 1:100
CK19 Biocare Medical, LLC CM242C 1:100
HMWCK BioSB, Inc. BSB5398 1:50
Cam5.2 Cell Marque; Merck KGaA 452M-96 1:100
CK20 Biocare Medical, LLC CMO062C 1:200
ER Roche Diagnostics 5278406001 RTU
STAT6 Biocare Medical, LLC ACI3244C 1:100
TTF-1 Leica Biosystems PA0364 RTU
BRAF V600E BioSB, Inc. BSB2824 1:250
Beta catenin Biocare Medical, LLC CM406C 1:200
TLE-1 Cell Marque; Merck KGaA 401M-16 1:100
BCL2 Leica Biosystems PAO117 RTU
CD99 Cell Marque; Merck KGaA 199R-16 1:100
CD56 Leica Biosystems NCL-L-CD56-504 1:100

RTU, ready-to-use.

step involved breakdown of the cross-linked proteins in the
FFPE samples. The sample underwent incubation with a lysis
buffer and proteinase K (both included in the aforementioned
kit) to digest the tissue and release the DNA into the solution.

Once lysis was completed, the sample was treated with a
heat incubation step up to 90°C to reverse formalin-induced
crosslinking, which helped to ensure optimal DNA recovery
and purity. The lysate was then mixed with ethanol and
passed through a QIAamp MinElute column, which selec-
tively bonded the DNA. Following several washes to remove
contaminants, the purified DNA was eluted in a low-salt
buffer, ready for downstream sequencing applications. The
authors adhered strictly to the manufacturer-recommended
protocol for extracting FFPE tissue. The complete and
detailed protocol was available publicly in the corresponding
kit documentation online. The extracted DNA was measured
for purity using Nanodrop Spectrophotometer and the quantity
was measured using Qubit Fluorometers (both from Thermo
Fisher Scientific, Inc.).

NGS sequencing. The extracted DNA was sequenced
using a third generation sequencer from (Oxford Nanopore

Technologies plc). A ligation-based protocol was used to
prepare the library DNA [Ligation sequencing DNA V14
(SQK-LSK114); Oxford Nanopore Technologies plc]. There
was no PCR step involved to preserve the native methylation
information within the DNA. The type of sequencing was
direct DNA sequencing with modified bases for methylation
detection. The DNA was sequenced using PromethION flow
cell (cat.no. FLO-PRO114M; Oxford Nanopore Technologies
plc) with chemistry version R 10.4.1. The library loading
concentration was 20 fmol and the software used for anal-
ysis (basecalling and alignment) was MinKNOW Version
25.02 (Oxford Nanopore Technologies plc). The detailed
library preparation and sequencing steps were carried out
according to the publicly available Nanopore protocol on
the Nanopore Community webpage. The present study
aimed to obtain low coverage whole genome sequencing,
and thus the sequencing was carried out for 3 h until the
raw data in PODS5 format reached ~50 GB. The sequencing
was then interrupted and stopped. The overview process
for molecular testing, from THC and methylation testing to
correlation with clinical and imaging data, is illustrated in
Fig. 2.
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Figure 2. Overview of the molecular testing process through correlation
with clinical and imaging data to establish a definite diagnosis. FFPE,
formalin-fixed paraffin-embedded; NGS, next-generation sequencing.

Methylation analysis. After sequencing was completed,
post-run basecalling was performed using the dna_r10.4.1_
e8.2_400bps_sup@v5.0.0 model, which included 5SmCG and
5hmCG base modification calling with Dorado (18). The
methylation analysis was then carried out using NanoDx pipe-
line, which is publicly available (12,19). Briefly, the basecalled
sequencing reads were aligned to the hgl9 human reference
genome using Minimap2 (20). Methylation information was
then extracted using Modkit version 0.4.0 (https://github.
com/nanoporetech/modkit), which provides single-base
resolution of methylation data. The methylation matrix was
then constructed representing all CpG sites. Furthermore,
dimensionality reduction using t-SNE was applied to visualise
and analyse the high-dimensional methylation data. The meth-
ylation data was classified using the public Heidelberg brain
tumour classifier vl1b4 reference set (21).

Clinical findings. The histopathology results revealed a
tumour mass that under microscopic examination, was
arranged in irregular short lines, forming sheets, lobules and a
patternless architecture (Fig. 3A). The tumour cells exhibited
round to oval nuclei with spindle shapes, mild to moderate
pleomorphism, slightly coarse chromatin, and eosinophilic
cytoplasm. The mitotic count was 6 per 10 low-power fields.
Blood vessels appeared partially congested. There was dense
infiltration of macrophages or foamy cells around the tumour.
This histopathological feature was inconclusive, with the
histology suggesting the possibility of meningioma, solitary
fibrous tumour, pituitary adenoma or carcinoma.

IHC was performed and the results obtained from all
the tested markers are summarized in Table II, Fig. 3B-H,
and Fig. S1. The Ki-67 index of up to 20% was indicative of
moderately high proliferative activity, suggesting a poten-
tially aggressive tumour. Positive BRAF V600E expression
suggested the presence of this mutation in the tumour, which
was also indicative of a more aggressive tumour and poorer
prognosis. The findings of IHC indicated partial epithelial and
mesenchymal marker expression (Vimentin, AE1/3 and EMA)
and BRAF V600E positivity, along with negative markers for
neural and neuroendocrine differentiation, suggesting that
the tumour may be a type of mixed epithelial-mesenchymal

BIOMEDICAL REPORTS 23: 165, 2025

Table II. Results of immunohistochemical analysis.

Immunohistochemical

marker Result

Vimentin Expressed in most tumour cells

AE1/3 Positive in some tumour cells

EMA Positive in some tumour cells

po3 Positive in some tumour cells

S100 Negative

Synaptophysin Negative

Chromogranin Negative

PR Negative

CD34 Only expressed in vessel walls

Ki-67 Increased, variable, up to 20%
in some areas

p40 Positive in some tumour cells

CK7 Positive in some tumour cells

CKS8 Positive in some tumour cells

CK19 Positive in some tumour cells

HMWCK Positive in some tumour cells

Cam5.2 Positive in some tumour cells

CK20 Negative

ER Negative

STAT6 Expressed in tumour cells
(cytoplasmic reactivity, rather
than nucleus)

TTF-1 Negative

BRAF V600E Positive in most tumour cells

Beta catenin Cytoplasmic and membranous

expression in some tumour cells

TLE-1 Positive in some tumour cells
with weak intensity

BCL2 Expressed in some (few) tumour
cells

CD99 Weak cytoplasmic and

membranous expression in some
tumour cells

CD56 Positive in a small number of
tumour cells

AE1/3, pan-cytokeratin antibody cocktail; EMA, mucin 1, cell
surface associated; p63, tumor protein p63; S100, calcium-binding
proteins; PR, progesterone receptor; CD34, cluster of differentiation
34; Ki-67, antigen Kiel 67; p40, ANp63 isoform of the p63 protein;
CK7, cytokeratin 7; CK19, cytokeratin 19; HMWCK, high molecular
weight cytokeratin; CamS5.2, anti-cytokeratin antibody; CK20,
cytokeratin 20; ER, estrogen receptor; STAT6, signal transducer and
activator of transcription 6; TTF-1, thyroid transcription factor-1;
BRAF V600E, B-Raf proto-oncogene, serine/threonine kinase, with
V600E mutation (Val600Glu); TLE-1, transducin-like enhancer of
split 1; BCL2, B-cell lymphoma 2; CD99, cluster of differentiation
99; CD56, cluster of differentiation 56.

tumour or a variant of glioma or meningioma with complex
differentiation. The neuropathologist concluded that this
was more likely a craniopharyngioma. The ambiguous
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Figure 3. Histopathology and immunohistochemical findings. (A) Haematoxylin and eosin staining. (B-H) Immunohistochemical staining of the following
markers: (B) Vimentin, (C) EMA, (D) AE1/3, (E) S100, (F) PR, (G) Ki-67 and (H) synaptophysin. All images were obtained at a magnification of x100. EMA,

mucin 1, cell surface associated. EMA, mucin 1, cell surface associated; AE1/3, pan-cytokeratin antibody cocktail; S100, calcium-binding proteins; PR,
progesterone receptor.
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Figure 4. Methylation classification results. (A) Methylation class and methylation class family assignements, (B) low-coverage copy number variation profile
and (C) t-SNE clustering map demonstrating clustering consistent with meningioma.

morphological findings on the histopathology and atypical
expression were likely due to prior high-dose stereotactic
radiotherapy to the tumour. Based on the histopathology and
immunohistochemical results alone, a definitive classification
could not be made; however, the most likely diagnosis was
craniopharyngioma.

Further molecular analysis was performed using NGS
to conduct direct sequencing in order to detect random
whole genome methylation from the tumour DNA. The
methylation classification analysis of the CNS tumour
sample identified the tumour as a meningioma at both the
methylation class and methylation class family levels. The
confidence score for this classification was 0.791, which
was above the commonly used threshold of 0.2, indicating
a reliable prediction. The Heidelberg classifier, validated

in large cohorts, demonstrates a sensitivity of 92-95%
and specificity of 90-93% for meningioma classifica-
tion in untreated cases (22-24), although its performance
in irradiated tumours remains less well studied. In this
context, the 0.791 score suggests reliable discrimination
despite post-treatment complexity. This results suggested
that the epigenetic profile of the tumour was most consis-
tent with meningioma when compared to the reference
profiles of CNS tumours. Additionally, the classification
was supported by the absence of strong signals for other
CNS tumour entities among the top five categories, which
included high-grade neuroepithelial tumours, atypical tera-
toid/rhabdoid tumours, and various gliomas (Fig. 4A).

The copy number variation (CNV) profile, shown in
Fig. 4B, was generated based on low-coverage whole genome
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sequencing data. Due to the low coverage, the resolution of
the CNV analysis may be limited, and fine-scale alterations
could be missed. Nonetheless, it provided an overview of
the broader chromosomal changes present in the tumour
specimen. Overall, the CNV plot revealed regions with poten-
tial copy number gains (positive log2 values represented by
red bars) and losses (negative log2 values represented by blue
bars) across multiple chromosomes. The copy number profile
showed relative stability across most chromosomes, with the
majority of regions falling within the-0.5 to 0.5 range on the
y-axis, indicating no major large-scale chromosomal gains or
losses.

Chromosome 5 and 6 exhibited large segments of
copy number loss, indicating possible deletions. A slight
gain was visible on the q arm of chromosome 1, extending
approximately from the middle to the end of the chromo-
some. The 1q gain observed in the copy number profile was
consistent with the classification of a meningioma, as gain
of 1q is a known recurrent alteration in certain meningioma
subtypes (25). Chromosome 22 had a noticeable deletion,
which was consistent with known chromosomal patterns in
meningiomas (26,27). Despite the lower resolution of this
analysis, these broad CNV changes provide valuable insights
into the overall genomic landscape of the tumour and could
serve as a preliminary indicator for further validation using
higher-coverage sequencing methods.

The dimensionality reduction plot further corroborated
this classification by visually clustering the sample close
to the meningioma reference group, distinct from other
tumour classes such as glioblastomas or embryonal tumours
(Fig. 4C). This visualization tool, while only qualitative,
reinforces the classification outcome by showing that the
methylation pattern of the sample overlaps predominantly
with meningioma profiles. Given the relatively high number
of CpG sites used in the classification (11,653 sites), the
prediction was considered robust, as it comprehensively
covered relevant loci for distinguishing CNS tumour types.
A final diagnosis was obtained following multidisciplinary
assessment of all available data, and considered this entity
to be a meningioma. Compared with IHC, which required
5-10 days and yielded inconclusive results, methylation
profiling provided a definitive diagnosis in 4-7 days (from
DNA extraction to classification), with an estimated accu-
racy of >90% based on classifier benchmarks (21,23,24).
This quantitative advantage highlights the superiority of
methylation profiling in both speed and diagnostic precision,
particularly in complex cases.

Discussion

The present case report highlights the complexities encoun-
tered in diagnosing CNS tumours post-radiation therapy. The
patient's initial clinical presentation and radiological features
were consistent with a meningioma. However, following
Gamma Knife treatment and subsequent tumour recurrence,
the histopathological and immunohistochemical profiles
suggested craniopharyngioma, a diagnosis with a vastly
different therapeutic approach. The discordance between
clinical and pathological findings was likely attributable to
radiation-induced histological alterations (28).

The immunohistochemical result of the proliferation marker
Ki-67 showed increased expression in some areas, reaching
up to 20%, indicative of a moderate proliferative index, which
suggests an intermediate to high level of tumour aggressive-
ness. The positive BRAF V600E expressed in a substantial
portion of tumour cells was extremely rare in meningioma,
even in grade 3 meningioma (29). It is commonly mutated in
certain gliomas, gangliogliomas and melanomas (30). The
presence of the BRAF V600OE mutation is associated with
more aggressive behavior in certain types of cancer (31). In this
case, the mutation was likely acquired secondararily following
radiation therapy. Based on the immunohistochemical profile,
it was unlikely to be a meningioma.

The discordance between clinical, imaging, histopathology
and immunohistochemical findings hindered appropiate
management of the patient. Such cases underscore the limita-
tions of conventional histopathology and IHC, in the context
of previously treated tumours. Radiation can induce both
morphological and molecular changes, including altered
expression of key diagnostic markers. This phenomenon poses
a significant challenge in distinguishing true recurrence from
treatment-related effects.

Methylation profiling emerged as a critical diagnostic tool
in this scenario, providing a definitive classification based on
the intrinsic epigenetic landscape of the tumour. The methyla-
tion profile has been shown to be conserved between primary
and metastatic samples (32), although the driver mutations may
differ. Evidence from ovarian cancer, which is often heavily
treated with chemotherapeutic agents and prone to recur-
rance, has shown that the methylation signature is preseerved
between primary and recurrent tumours (33).

Meningioma methylation profiles typically exhibit
hypermethylation at HOX gene clusters and hypomethyl-
ation at cell cycle regulatory genes, distinguishing them
from other CNS tumours (34,35). For comparison, glioblas-
tomas exhibit widespread hypomethylation of oncogenes
such as EGFR and hypermethylation of tumour suppressor
genes such as MGMT, patterns that correlate with aggres-
sive proliferation and resistance to therapy (16,36,37).
Craniopharyngiomas, initially suspected in this case, display
distinct WNT/p-catenin pathway activation, linked to their
epithelial differentiation and cystic growth patterns (38-40).
In this case, the absence of WNT pathway activation,
evidenced by negative [3-catenin staining, aided in ruling out
craniopharyngioma.

While meningioma methylation signatures are often corre-
lated with the risk of recurrence (such as hypermethylation at
NF2 in aggressive subtypes) (41), physiological associations
in irradiated cases remain underexplored due to limited
post-treatment data. A definitive link between the observed
methylation patterns and specific physiological traits such as
proliferation or invasiveness could not be established, as this
would require functional studies which were beyond the scope
of the present work. However, the conserved methylation
profile observed despite prior radiation, aligns with evidence
from other cancers, such as ovarian cancer, where methyla-
tion signatures remain stable between primary and recurrent
tumours despite treatment (33).

Moreover, the copy number profile did not show any
substantial deviations that would suggest chromosomal
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aberrations typical of more aggressive gliomas or embryonal
tumours, which often present with distinct copy number
alterations (36). This finding aligns with the relatively stable
genomic profile typically observed in meningiomas, especially
in non-anaplastic forms. Collectively, these findings provide a
strong molecular basis for classifying the sample as a menin-
gioma, with implications for the prognosis of the patient and
potential therapeutic strategies.

The identification of a meningioma-specific methylation
signature was pivotal in resolving the present case. With
a conclusive diagnosis of meningioma, it is now under-
stood that gross total resection should be pursued in the
event of recurrence, an approach not typically required in
cases of craniopharyngioma. This demonstrated the utility
of methylation profiling as a complementary diagnostic
approach for challenging CNS tumours. Incorporating such
advanced molecular techniques into routine diagnostics
can enhance the accuracy of CNS tumour classification,
particularly for complex cases where conventional methods
fall short (42). Adopting methylation profiling as a standard
in neuro-oncology could transform diagnostics, particularly
for recurrent CNS tumours with treatment-altered histopa-
thology. Unlike targeted gene panels, which focus on specific
mutations (such as IDH1/2) and may miss broader epigenetic
context, or RNA sequencing, which is sensitive to RNA
degradation in FFPE samples (43), methylation profiling
offers a stable, genome-wide view of tumor biology (44).
Therefore, methylation profiling can outperform gene panels
in classifying ambiguous cases and is more robust than RNA
sequencing in post-treatment settings.

Cost-effectiveness is a key consideration. While the
initial setup cost for NGS platforms such as Oxford
Nanopore exceeds IHC, the improved diagnostic accuracy
can reduce downstream costs from misdiagnosis or unnec-
essary treatments, potentially saving thousands of dollars
per patient. Barriers to implementation include limited
access to equipment, the need for specialized technical
expertise, poor DNA quality of FFPE samples for NGS, and
challenges integrating these methods into clinical work-
flows, particularly in resource-limited settings. However,
declining sequencing costs, improved NGS technology,
and scalable protocols (such as low-coverage approaches)
could mitigate these challenges. Overall, the analysis of the
present study highlighted the utility of methylation profiling
in providing a precise, molecular-based classification of
CNS tumours, particularly in cases where histopathological
evaluation may be challenging. The integration of methyla-
tion data with genomic information, as demonstrated in the
present study, is critical in the context of CNS tumours,
where the accurate classification can directly influence
clinical decision-making and patient management strate-
gies. In conclusion, methylation signatures can provide a
robust, treatment-resistant classification method, offering
clarity in diagnostically challenging cases and guiding
appropriate therapeutic strategies. Future research should
focus on expanding the CNS methylation classifier to
include post-treatment profiles, validating its utility across
diverse tumour types, and assessing long-term outcomes
of methylation-guided management. Standardizing proto-
cols and addressing cost barriers will further enhance its
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integration into routine diagnostics, improving patient
outcomes in complex neuro-oncology cases.
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