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Abstract 

Oxford Nanopore Technology (ONT)-based methylation sequencing is emerging as a po w erful approach for the rapid and accurate classification 
of brain tumors, an essential component of precision oncology. Ho w e v er, its broader clinical adoption has been limited by reliance on fresh-frozen 
(FF) tissue, whereas the vast majority of clinical specimens are f ormalin-fix ed paraffin-embedded (FFPE). In this study, we address this limitation 
b y e v aluating the effects of FFPE processing on DNA meth ylation profiles and introducing a v alidated protocol f or ONT-based classification using 
DNA extracted directly from pathology-marked regions on stained FFPE slides. This approach enables the targeted selection of tumor-rich areas 
f ollo wing histological assessment, thereb y impro ving DNA input quality and tumor content. We demonstrate that e v en small, lo w-input samples 
( ≥25 ng) can be successfully classified using this method, with high concordance to final integrated neuropathological diagnoses. Our results 
show that, despite modest methylation loss associated with formalin fixation, classification performance remains robust. Notably, we identify 
a correlation betw een meth ylation degradation and fixation time, supporting a recommendation to limit formalin exposure to ≤3–4 days when 
possible. By enabling accurate methylation-based tumor classification from routinely processed, stained FFPE tissue, our protocol integrates 
seamlessly into existing clinical w orkflo ws. T his e xpands the accessibility of ONT-based diagnostics and supports informed, timely treatment 
decisions—e v en in cases with minimal tissue a v ailability or urgent clinical need. 
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Introduction 

Accurate classification of tumor types and subtypes is cru-
cial for ensuring precise and comprehensive patient treatment
[ 1 , 2 ]. For instance, the World Health Organization (WHO)
classification of central nervous system (CNS) tumors encom-
passes over 10 major tumor classes, each comprising numer-
ous subclasses, totaling more than a hundred distinct entities
that require diverse treatments and are associated with differ-
ent prognosis and clinical courses [ 3 , 4 ]. These tumor entities
frequently exhibit resemblances in morphological, spatial, and
genetic characteristics [ 5 ], rendering their diagnosis challeng-
ing. Moreover, neuropathologists may provide varying inter-
pretations of histopathological results, adding subjectivity to
the process [ 6 , 7 ]. Epigenetics, on the other hand, and particu-
larly DNA methylation, has proven to be a robust and stable
biomarker for accurately distinguishing the vast majority of
these tumor subtypes [ 1 ]. Hence, methylation-based classifica-
tion has been incorporated into the 2021 WHO classification
of CNS tumors [ 3 ]. Consequently, the examination of tumor
methylation patterns has recently become a part of clinical di-
agnostic procedures in some centers, with methylation-based
classifiers already available for CNS tumors and sarcomas,
with other classifiers under development for different tumor
types [ 8 ]. 

Yet, the incorporation of DNA methylation into the di-
agnostic workup of brain tumors has proved challenging.
The Infinium MethylationEPIC (EPIC) array remains the gold
standard for CNS methylation-based profiling due to its ro-
bustness and genome-wide coverage [ 9 ]. However, it also
presents practical limitations, including relatively high costs,
long turnaround times, and the need to batch multiple sam-
ples. Although recent studies have demonstrated successful
application with DNA inputs as low as 100 ng [ 10 , 11 ], many
clinical workflows continue to favor higher input amounts to
reduce the risk of sample dropout and ensure consistent data
quality. In addition, the assay involves bisulfite conversion
and polymerase chain reaction (PCR) amplification, which
are known DNA to introduce systematic biases. To overcome
these challenges, recent studies have successfully employed
Oxford Nanopore Technology (ONT), which enables rapid,
direct epigenetic sequencing from native DNA, thus eliminat-
ing the need for PCR amplification or bisulfite conversion,
both of which can contribute to technical bias. Consequently,
several healthcare centers have begun incorporating ONT- 
based workflows into their diagnostic pipelines [ 12–15 ]. 

Nevertheless, the widespread adoption of ONT for tumor 
classification and other biopsy-derived DNA analyses face a 
major obstacle: the platform preferably requires concentrated,
unamplified DNA of high purity and high molecular weight—
typically obtainable only from fresh frozen (FF) biopsy sam- 
ples. In contrast, most health centers predominantly provide 
formalin-fixed paraffin-embedded (FFPE) tissue due to logis- 
tical constraints in sample transport and storage [ 7 , 16 ]. 

Additionally, the unknown tumor fraction (TF) in FF sam- 
ples introduces uncertainty, as a low proportion of tumor cells 
in the homogenized tissue can impair both classification accu- 
racy and the associated confidence score [ 17 ]. 

In FFPE samples on the other hand, histopathological stain- 
ing can be performed so that TF is not only known but can be 
selectively enriched for analysis [ 18 ]. 

In a recent study, Afflerbach et al. [ 19 ] demonstrated that 
ONT-based classification from FFPE tissues derived DNA 

closely aligns with classifications obtained via EPIC arrays.
Building on this, we present an approach for pre-extraction 

enrichment of tumor content for ONT sequencing and methy- 
lation classification. FFPE DNA is extracted after histologi- 
cal staining, enabling targeted selection of tumor-rich regions 
identified by a pathologist. This approach helps mitigate the 
effects of intratumoral heterogeneity, a well-recognized chal- 
lenge in solid tumor profiling [ 5 ], and significantly improves 
the yield and quality of tumor-derived DNA for downstream 

analysis. 
Importantly, we show that this method is effective even 

when applied to small regions yielding limited DNA quanti- 
ties. We directly compare all ONT-based classifications to the 
final integrated neuropathological diagnosis, observing high 

concordance. This included a combination of histopatholog- 
ical evaluation and supporting molecular data derived from 

molecular orthogonal methods, including Next-Generation 

Sequencing (NGS), Fluorescence in situ Hybridization (FISH),
Nanostring, and EPIC methylation arrays. This approach 

more accurately reflects real-world diagnostic workflows. 
Our protocol reduces DNA input requirements from the 

hundreds of nanograms used in prior ONT-based classifica- 
tion studies to as little as 25 ng. Additionally, we performed 

targeted analyses on matched FF and FFPE sample pairs to 
Gr aphical abstr act 
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assess fixation-related effects on ONT-derived methylation 

profiles. 
This methodology was applied across 30 cases spanning 

20 molecular subgroups, including rare and diagnostically 
challenging tumor types. By integrating pathological guidance 
with ONT sequencing and classification, our approach sup- 
ports real-world implementation of low-input, FFPE-based tu- 
mor methylation profiling. 

Materials and methods 

FFPE slide generation and TF assessment via 

standard histology 

FFPE tissue fixation, processing, and embedding were done 
using standard protocols. Briefly, tissues were stored in 4% 

buffered formalin immediately after removal by the surgeon. 
The tissues typically remained in formalin for 1–5 days before 
the tumor region was sectioned by a neuropathologist. The tis- 
sues were then processed automatically using the Tissue-Tek 

VIP 6 (Model VIP 6-E2), followed by embedding in paraf- 
fin (wax) to form blocks. Finally, the blocks were cut into 

4–5 μm unstained sections and placed on slides for staining. 
Post Hematoxylin and Eosin (H&E staining) (following stan- 
dard protocols), neuropathologists marked selected regions 
enriched for tumor content. 

DNA extraction and quantification 

DNA library preparation for Oxford Nanopore sequenc- 
ing requires high molecular weight DNA in relatively high 

amounts, concentrations, and purity—criteria that are often 

difficult to meet with FFPE-derived material. To address these 
challenges, we implemented specific modifications to the DNA 

extraction and library preparation protocols, with a particu- 
lar focus on accommodating the limitations of low-input FFPE 

samples: 
DNA was isolated using either the QIAamp DNA FFPE Tis- 

sue Kit (Qiagen, Hilden, Germany) or the RecoverAll Multi- 
Sample RNA / DNA Kit (DNA component only, Invitrogen, 
Thermo Fisher, US), with the following modifications: 

Instead of using xylene, tissue sections from 7–17 slides 
were pooled into a 1.5 ml tube containing 400 μl of diges- 
tion buffer. The tube was heated at 90 

◦C for 3 min, then cen- 
trifuged at 14 000 × g for 1 min. A brief incubation on ice 
allowed the paraffin to solidify as a ring, which was then man- 
ually removed. This optimized heat-based deparaffinization 

protocol, routinely used in our clinical molecular oncology 
lab, reduces toxicity, simplifies handling, and ensures effective 
paraffin removal without compromising DNA recovery. 

DNA from FF tumor tissue was extracted using the QI- 
Aamp DNA Micro Kit (Qiagen, Hilden, Germany) accord- 
ing to the manufacturer’s instructions. We observed reduced 

sequencing output from FFPE-derived libraries compared to 

matched FF samples, as illustrated in Supplementary Fig. S2 . 
DNA concentrations were measured using a Qubit Flex flu- 

orometer with the double-stranded DNA HS Assay Kit (Invit- 
rogen, Thermo Fisher, US). DNA purity was assessed using 
a NanoDrop spectrophotometer (Invitrogen, Thermo Fisher, 
US) by measuring absorbance at 260 / 280 nm. 

Library preparation and nanopore sequencing 

Library preparation for FFPE-derived DNA was performed 

using the Ligation Sequencing Kit V14 (SQK-LSK114, ONT, 

UK) with specific modifications to optimize performance on 

low-input and low molecular weight DNA. These optimiza- 
tions were adapted from approaches used for cfDNA sequenc- 
ing, given the similar challenges [ 6 , 20 , 21 ]. 

In the DNA repair and end-preparation step, incubation 

times were extended to 30 min at 20 

◦C followed by 30 min at 
65 

◦C. This adjustment was necessary to improve the efficiency 
of enzymatic repair in FFPE-derived DNA, which may contain 

lesions or fragmentation due to formalin-induced crosslinking 
and degradation. 

The bead-to-sample ratio was increased during purifica- 
tion steps to enhance DNA recovery and clean-up efficiency. 
Specifically, 180 μl of beads were used in the DNA repair 
and end-prep step, and 120 μl in the adapter ligation and 

clean-up step. These increases improved binding kinetics and 

DNA capture, facilitating higher overall yield and cleaner 
libraries. 

In the adapter ligation step, the ligation incubation was ex- 
tended to 40 min to improve adapter attachment efficiency. 
The final elution volume was reduced to 12 μl to concentrate 
the library, enabling sufficient input for sequencing even from 

low-yield FFPE extractions. 
This protocol was validated for FFPE blocks stored at 

−20 

◦C up to 72 months before sequencing. 

Data processing and CNS classification 

Raw POD5 files were basecalled using Guppy 
v6.4.6 (ONT, UK) with the model configuration 

dna_r10.4.1_e8.2_400bps_modbases_5mc_cg_hac_mk1c.cfg. 
Basecalled reads were aligned to the T2T-CHM13 reference 
genome using minimap2 v2.24 [ 22 ]. The resulting BAM files 
were merged, sorted, and indexed using samtools v1.16.1 

[ 23 ], and subsequently analyzed using the Sturgeon classifier 
[ 12 ] under default parameters for CNS tumor classification. 
Sturgeon-based classification results and scores form the basis 
for method validation and subsequent analyses throughout 
this study. 

In addition, we tested CNS classification using the Nan- 
oDx framework [ 15 , 24 ] which requires a distinct post- 
processing pipeline. For this analysis, POD5 files were base- 
called using Dorado v0.3.4 (ONT, UK) with the model 
dna_r10.4.1_e8.2_400bps_hac@v4.2.0, using the –modified- 
bases 5mCG_5hmCG flag to enable direct detection of cyto- 
sine modifications. Reads were aligned to the hg38 reference 
genome using minimap2 v2.24 [ 22 ], and CpG methylation 

levels were extracted using modkit v0.1.12 with the pileup 

command. The resulting data were provided as input to the 
NanoDx classifier. 

Results obtained from both classification frameworks are 
summarized in Supplementary Table S2 . 

All analyses were performed on a Linux-based system 

(Ubuntu 22.04.3) equipped with an NVIDIA GeForce RTX 

3060 GPU. 
To generate methylation scores per 4mer an in-house 

Python script was used to extract the locations of all possi- 
ble 4-mer combinations for the human genome reference in 

BED format. The resulting BED files were intersected with 

the output files from the modkit pileup to generate a loca- 
tion and score file for each sample and 4-mer (using bedtools 
V2.30.08). Methylation values were averaged for each 4-mer 
in each file, and methylation ratios were calculated for each 

observation. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
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Figure 1 Schematic representation of the typical timeline and steps of our suggested protocol—from biopsy to classification: Left: Generation of FFPE 
slides with histochemical staining typically takes 1–2 days. DNA for classification is purified only from regions marked by the pathologist. Middle: Our 
adjusted protocol for DNA purification from histological slides takes ∼4 h followed by roughly 90 min for adjusted ONT DNA library preparation and ∼120 
min of sequencing are required to gather a sufficient amount of data for classification ( ∼7 h all together). Right: “Sturgeon” classification of sequencing 
dat a t akes ∼20 min on a local computer. 

Figure 2 ( A ) Mean genome-wide CpG methylation percentages in FF (blue) and FFPE (orange) DNA across eight matched sample pairs. A paired 
t wo-t ailed t -test demonstrates a significant reduction in FFPE DNA ( P = 0.002). ( B ) Per-patient comparison of average methylation in FF (x-axis) versus 
FFPE (y-axis) DNA derived from the same tumour. Colors correspond to individual samples patients for whom matched FF and FFPE samples were 
a v ailable (see inset legend). Dashed red line represents the diagonal. ( C ) Relationship between time in formalin and methylation preservation. Each point 
represents the ratio of methylation levels in FF versus FFPE tissue samples, plotted against the number of days the FFPE sample spent in formalin prior 
embedding. 

Results 

The conceptual framework and timeline of the workflow are 
presented in Fig. 1 . As an illustrative example, we demonstrate 
how histopathological staining of a low TF sample can guide 
selective DNA extraction from regions with relatively higher 
tumor content (80%–90%). This enables focused down- 
stream analysis despite the overall low tumor burden. Suc- 
cessful classification in such a scenario highlights the potential 
utility of histology-guided sequencing in clinically challenging 
cases (see the ‘Materials and methods’ section for adjusted 

protocol for DNA extraction and sequencing from FFPE 

samples). 
To generalize this approach, we first set out to verify that the 

FFPE process does not hamper DNA methylation and hence 
the methylation-based classification. Tumor samples were col- 
lected from eight patients and processed as both FFPE and 

FF. Samples were subjected to DNA extraction and methyla- 
tion sequencing ( Supplementary Table S3 ). We observed a sig- 
nificant global reduction in methylation levels in FFPE sam- 
ples compared to their matched fresh-frozen (FF) counter- 

parts (Fig. 2 A) consistent with the lower values seen across 
individual CpG sites ( Supplementary Fig. S1 ). Across the co- 
hort, average methylation levels decreased from 71.5% in 

FF samples to 64.5% in FFPE samples ( P = 0.002, paired 

t -test). This reduction was consistent across individual pa- 
tient pairs (Fig. 2 B) and appeared to correlate with the du- 
ration of formalin fixation. This can be explained by deami- 
nation of both cytosine and 5-methylcytosine induced by for- 
malin. However, deamination rate is substantially higher for 
mC compared to C leading to preferential loss of methylated 

cytosines (Fig. 2 C; see Supplementary Information for further 
discussion of potential biochemical mechanisms and technical 
considerations). 

Although modest in magnitude, this global reduction raised 

the question of whether FFPE processing introduces sys- 
tematic biases that could affect methylation-based analyses. 
Specifically, we considered whether the observed methylation 

loss was due to random demethylation or reflected sequence- 
specific effects that might interfere with downstream applica- 
tions, such as CNS tumor classification. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
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To address this, CpG sites were categorized by their sur- 
rounding 4-mer sequence context, defined by the two nu- 
cleotides flanking each side of the CpG (e.g. A CGA, A CGC), 
resulting in 16 canonical sequence combinations. The re- 
lationship between each 4-mer context and the � value—
representing methylation loss in FFPE relative to FF samples 
( Supplementary Fig. S5 ) was then evaluated. 

Comparative modeling demonstrated that the majority of 
the � value variance is explained by baseline methylation dif- 
ferences associated with each sequence context, rather than al- 
terations introduced by FFPE processing (see Supplementary 
Information ). Consequently, FFPE processing does not intro- 
duce significant sequence-specific biases, and methylation pro- 
files from these samples remain appropriate for downstream 

analyses. In addition it should be noted that differences in 

tumor content between FFPE and FF samples may also con- 
tribute to the observed methylation differences. Importantly, 
as we demonstrate below, classification performance remained 

robust across FFPE samples, underscoring the reliability of 
nanopore-based methylation profiling even in the presence of 
modest global methylation loss. 

Next, given that many times the region identified as high 

TF is relatively small (Fig. 1 ) allowing to extract only low 

amounts of DNA, we wished to assess the lower limit of DNA 

input amount for classification. Purified DNA from three pre- 
viously classified FFPE samples were analyzed with varying in- 
put amounts of extracted DNA, ranging from 1000 to 25 ng. 
We performed methylation sequencing and classification for 
all samples and obtained correct classification even for the 
lowest input amount of 25 ng DNA ( Supplementary Table S1 ; 
see the ‘Materials and methods’ section for adjusted FFPE pro- 
tocol). In addition, correct classification was achieved even for 
cases where < 5% of the sample was marked by the patholo- 
gist or for samples retrieved by needle biopsies. This under- 
scores the reliability and precision of the methodology in clin- 
ical settings. 

To validate the clinical applicability of FFPE samples 
for methylation-based classification, we retrospectively se- 
quenced 30 DNA samples purified from FFPE CNS tumor tis- 
sues of 13 pediatric and 17 adult patients using ONT methy- 
lation sequencing. 

For classification, we used two publicly available pipelines: 
NanoDx (version: v0.6.2) [ 13 ] and Sturgeon (v0.3.4) [ 12 ]. 
The latter demonstrated better performance and achieved high 

concordance with final neuropathological evaluations sup- 
ported by molecular test results. Consequently, the results pre- 
sented here are based on the Surgeon classifier (classification 

outcomes and confidence scores for both methods are pro- 
vided in Supplementary Table S2 ). In all cases included in our 
cohort, the final integrated neuropathological diagnosis was 
established through a combination of histopathological eval- 
uation and supporting molecular tests performed by orthogo- 
nal methods. Comprehensive results, including patient infor- 
mation, sample details, and sequencing metrics, are provided 

in Supplementary Table S2 . The Sturgeon classifier uses two 

interpretation thresholds to guide diagnostic confidence. A 

calibrated score above 0.95 is considered a confident diagno- 
sis, indicating a high-probability match to a reference methy- 
lation class. Scores between 0.80 and 0.95 are interpreted as a 
likely diagnosis, where the classification is plausible but may 
benefit from additional validation, such as further sequencing. 
Scores below 0.80 are generally regarded as unreliable [ 13 ]. 

Classification performance with the Sturgeon classifier is 
summarized below: 

Thirteen cases ( ∼44%) were classified with high confidence 
scores ( ≥0.95), all of which were in full concordance with final 
integrated neuropathological diagnosis. 

Six cases (20%) were classified with confidence scores be- 
tween 0.90 and 0.95. All were concordant with final neu- 
ropathological evaluations. Notably, patient RAB.13 was clas- 
sified by methylation profiling as Glioblastoma, IDH wild- 
type, subclass RTK I , while histopathological evaluation iden- 
tified the case as a gliosarcoma . This does not represent a dis- 
crepancy but rather reflects a distinction between histology- 
based and methylation-based classification: gliosarcoma is a 
histological variant of Glioblastoma, IDH wildtype , and is 
not represented as a distinct methylation class. In the reference 
dataset [ 1 ], gliosarcoma cases are typically assigned to existing 
Glioblastoma, IDH wildtype subclasses , including RTK I. 

Seven cases (23%) were classified with confidence scores 
between 0.80 and 0.90. Of these, five were concordant with 

final neuro-pathology diagnosis. Two cases showed discor- 
dances: one (Sch.12) was classified as control tissue, which 

would not have altered patient management. Additional case 
(RAB6 sample with TF ∼60%) yielded a methylation-based 

classification of IDH glioma, subclass astrocytoma (calibrated 

score = 0.87), whereas the final integrated neuropathological 
diagnosis was oligodendroglioma, IDH-mutant and 1p / 19q- 
codeleted, WHO grade 2. This discrepancy may stem from 

the limitation of current methylation classifiers in distin- 
guishing between IDH-mutant astrocytomas and oligoden- 
drogliomas, particularly in cases where methylation profiles 
are borderline or atypical. Although the classifier robustly cap- 
tured the IDH-mutant signature, it failed to reflect the co- 
deletion of 1p / 19q, which was confirmed by NGS and FISH 

( Supplementary Table S2 ). The remaining four cases (13%) 
had confidence scores below 0.80. Three of these were con- 
cordant with integrated neuro-pathological evaluations, and 

one showed disagreement. The classifier assigned the sample 
(RAB.12) to the IDH glioma, subclass astrocytoma class with 

a sub-threshold calibrated score of 0.68. In contrast, the fi- 
nal diagnosis was glioblastoma, IDH-wildtype, CNS WHO 

grade 4 . 
These findings underscore the importance of interpreting 

classifier results in the context of confidence scores and in- 
tegrating them with histological and molecular data, partic- 
ularly in challenging or borderline cases. The overall good 

classification performance emphasizes the robustness of the 
classifier across a range of tumor types and confidence lev- 
els, supporting its integration into diagnostic workflows. No- 
tably, our study expands upon previous work [ 19 ] by captur- 
ing a broader spectrum of CNS tumors across 20 molecular 
subgroups. Rare entities such as embryonal tumor with multi- 
layered rosettes (ETMR), Schwannoma, and CNS high-grade 
neuroepithelial tumors with BCOR alteration were all cor- 
rectly classified, demonstrating the feasibility of using ONT 

methylation sequencing to detect diagnostically challenging 
subtypes and enhancing its clinical utility. 

To illustrate the real-world diagnostic value of this ap- 
proach, we present three representative pediatric cases where 
ONT-based methylation profiling significantly contributed to 

clinical decision-making: 
Case A (Patient Sch.3): A 2.2-year-old male presented 

with right hemiparesis. Magnetic resonance imaging (MRI) re- 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
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Figure 3 Patient Sch.9: ( A ) MRI shows tumor filling the spinal canal at the level of L2-S2, T2 sagittal view. Tumor showed heterogeneous enhancement 
post contrast. ( B ) CT-guided needle biopsy provided only 120 ng of DNA of poor quality. Subsequent open biopsy confirmed the ONT based diagnosis. 
( C ) H&E staining of Atypical teratoid rhabdoid tumor, WHO grade 4. ( D ) SMARCB1 (INI1) immunohistochemistry staining showing nuclear loss of 
expression in tumor cells and retained expression in endothelial cells. ( E ) BRG1 immunohistochemistry staining is retained. 

vealed a large left parietal-temporal tumor with a large metas- 
tasis in the suprasellar region behind the optic chiasm and 

suspected leptomeningeal spread ( Supplementary Fig. S4 A, 
a and b). The patient initially received upfront chemother- 
apy at another center without biopsy, but experienced clin- 
ical and radiographic deterioration. At Schneider Children’s 
Medical Center, gross total resection of the temporal lesion 

was performed. Initial histopathological analysis of an FFPE 

biopsy indicated a malignant tumor, not otherwise specified 

(NOS), with a prolonged turnaround time for the final diag- 
nosis. However, ONT-based methylation profiling rapidly and 

confidently classified the tumor as “Meningioma”. Twenty 
days later, histopathological examination confirmed an atypi- 
cal meningioma, WHO grade 2, associated with meningioan- 
giomatosis. 

The rapid turnaround was critical; 4 days postoperatively, 
the patient developed sudden blindness. The classification as 
meningioma guided treatment, as these tumors are resistant to 

chemotherapy and radiotherapy, it was avoided due to the pa- 
tient’s young age. Instead, debulking of the suprasellar tumor 
was performed to relieve chiasmal compression, followed by 
treatment with bevacizumab, resulting in tumor stabilization 

and restoration of vision. 
Case B (Patient Sch.1) : A 5.5-year-old female presented 

with vomiting and left facial nerve palsy. MRI demon- 
strated a heterogeneous mass in the left cerebellopontine an- 
gle ( Supplementary Fig. S4 B, a). Subtotal resection was per- 
formed, and initial H&E staining of biopsy suggested an atyp- 
ical teratoid / rhabdoid tumor ( Supplementary Fig. S4 B, b). 
However, INI1 (SMARCB1) immunostaining showed a mo- 
saic pattern ( Supplementary Fig. S4 B, c), precluding a defini- 

tive diagnosis. Chromosomal microarray analysis (CMA) (Cy- 
toscan HD, Thermo Fisher Scientific) revealed monoallelic loss 
of SMARCB1, and an NGS panel (Oncomine Childhood Can- 
cer Research Assay; Thermo Fisher Scientific) did not iden- 
tify pathogenic variants in SMARCB1 or SMARCA4. Nev- 
ertheless, our sequencing protocol on FFPE tissue allowed 

us to classify the tumor as A TRT, MY C subgroup, resulting 
in the initiation of appropriate chemotherapy. This diagno- 
sis was subsequently reconfirmed a few weeks later by In- 
finium Methylation EPIC array (Brain tumor classifier; Ver- 
sion: 11b4). 

Case C (Patient Sch.9) : A female preterm infant was deliv- 
ered at 33 + 4 weeks’ gestation via emergency cesarean sec- 
tion due to prenatal ultrasound findings of an enlarged blad- 
der and bilateral hydronephrosis. Postnatal MRI revealed a 
spinal cord lesion extending from L2 to S2 (Fig. 3 A). Neurob- 
lastoma was initially suspected based on clinical and imaging 
findings. A Computed Tomography (CT) guided biopsy (Fig. 
3 B), yielded only a small FFPE sample due to challenging tu- 
mor location and the infant’s low weight. 

Because of low tissue amounts (120 ng DNA) and poor 
DNA quality, both histopathology and NGS panel analyses 
were inconclusive. However, ONT-based methylation profil- 
ing classified the tumor as ATRT, subclass MYC subgroup. 
Age-adapted chemotherapy following the EuRhab protocol 
was initiated. A subsequent open biopsy confirmed the di- 
agnosis; pathology immunostaining strongly suggested ATRT 

(Fig. 3 C–E), and both CMA (Cytoscan HD, Thermo Fisher 
Scientific) and NGS panel analysis demonstrated a bi-allelic 
SMARCB1 deletion, corroborating the molecular diagnosis 
[ 25 ]. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
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Discussion 

This study demonstrates the clinical utility and technical 
feasibility of ONT-based methylation profiling for CNS tu- 
mor classification using FFPE tissue, including DNA ex- 
tracted directly from histologically stained slides. By inte- 
grating pathologist-guided selection of tumor-rich regions, we 
achieved accurate classification even in diagnostically chal- 
lenging scenarios, including cases with limited tumor material, 
needle biopsies, or ambiguous histology. In three representa- 
tive pediatric cases, ONT-based profiling directly contributed 

to timely diagnostic resolution and informed patient manage- 
ment, highlighting its potential as an early, actionable diag- 
nostic tool. Our optimized protocol enabled robust classifi- 
cation from as little as 25 ng of input DNA and supported 

additional analyses, including copy number variation (CNV) 
profiling ( Supplementary Fig. S3 ), underscoring the method’s 
flexibility and practical relevance for routine clinical imple- 
mentation. 

Previous studies [ 20 ] utilized 400 ng of input DNA, such 

amounts are often difficult to obtain from FFPE-derived CNS 
tumors due to tissue limitations. The ability to achieve high- 
confidence classification with as little as 25 ng of input DNA, 
may be decisive in determining whether a classification can 

be made at all, especially in low-yield or diagnostically am- 
biguous cases. This highlights a key practical advantage of 
our approach and further supports the integration of ONT 

methylation profiling into standard diagnostic workflows. 
Despite this success, several challenges must be addressed 

before widespread clinical adoption. These include the need 

for formal regulatory approval, multi-institutional validation, 
and standardized protocols to ensure reproducibility. Addi- 
tionally, a subset of samples yielded confidence scores below 

diagnostic thresholds, reinforcing the importance of interpret- 
ing ONT-based classifications alongside histopathological and 

molecular data. 
Our matched FF and FFPE analysis further revealed a mod- 

est but consistent reduction in global methylation in FFPE 

samples. While this did not impair classification, we observed 

a correlation with fixation time. As such, we recommend lim- 
iting formalin exposure to 3–4 days when FFPE samples are 
intended for methylation analysis. Further research is needed 

to define fixation thresholds more precisely and to elucidate 
the broader impact of FFPE processing on epigenetic integrity. 

Looking ahead, the potential of ONT-based diagnostics ex- 
tends beyond classification alone. While the MinION plat- 
form used here provided sufficient coverage for methylation 

and CNV analysis, deeper sequencing on high-throughput 
systems such as the PromethION may enable comprehen- 
sive molecular profiling—including detection of somatic mu- 
tations, structural variants, and epigenetic signatures—in 

a single assay [ 26 ]. With continued protocol refinement, 
broader clinical validation, and integration into diagnostic 
pipelines, ONT methylation profiling may offer a scalable, 
cost-effective, and rapid alternative to current gold-standard 

approaches in precision neuro-oncology. 

Ethics statement 

The study was conducted in accordance with the Declara- 
tion of Helsinki and adhered to local guidelines and regula- 
tions. Ethical approval was obtained from the Institutional 
Review Board (IRB) of Rabin Medical Center (RMC), under 
approvals IRB #0012-08-RMC and 0039-17-RMC. Written 

or electronic informed consent was obtained from all partici- 
pants or their legal representatives, including consent for pub- 
lication of study results, under approval number 920061517. 

A c kno wledg ements 

Author contributions : Galina Feinberg (Conceptualization 

[lead], Data curation [lead], Investigation [lead], Writing—
original draft [lead]), Assaf Grunwald (Conceptualization 

[lead], Data curation [lead], Software [lead], Writing—
original draft [lead]), Carlo Vermeulen (Software [support- 
ing]), Nurit Gal Mark (Conceptualization [lead]), Elena 
Shinderman-Maman (Methodology [supporting]), Adva 
Levy-Barda (Resources [supporting]), Keren Shichrur (Re- 
sources [supporting]), Michal Hameiri-Grossman (Resources 
[supporting]), Orli Michaeli (Resources [supporting]), Shira 
Amar (Resources [supporting]), Abraham Natan (Resources 
[supporting]), Tali Siegal (Resources [supporting]), Shlomit 
Yust-Katz (Resources [supporting]), Hanna Weiss (Resources 
[supporting]), Osnat Konen (Visualization [equal]), Amir Ker- 
shenovich (Resources [equal]), Andrew Kanner (Resources 
[equal]), Jeroen de Ridder (Software [supporting]), Helen 

Toledano (Resources [equal], Writing—review & editing 
[supporting]), Shai Izraeli (Conceptualization [lead], Funding 
acquisition [lead], Writing—review & editing [lead]), Yehu- 
dit Birger (Conceptualization [lead], Funding acquisition 

[lead], Writing—review & editing [lead]), Yuval Eben- 
stein (Conceptualization [lead], Funding acquisition [lead], 
Writing—review & editing [lead]). 

Supplementary data 

Supplementary data is available at NAR Cancer online. 

Conflict of interest 

None declared. 

Funding 

This work was supported by the European Research Coun- 
cil (ERC), Consolidator Grant [817811] (Y.E.); the Israel Sci- 
ence Foundation (ISF) [771 / 21; 3120 / 22] (Y.E.); the National 
Institutes of Health, National Human Genome Research In- 
stitute (NIH / NHGRI) [R01HG009190] (Y.E.); Tel Aviv Uni- 
versity and the Cancer Biology Research Center at Tel Aviv 
University (Y.E.); the Nevzlin Family Foundation; and the Is- 
rael Cancer Research Fund (ICRF) Professorship Grant and 

Fight Kids Cancer (S.I.). Additional support was provided by 
the Edmond J. Safra Center for Bioinformatics [0603523011] 
(Y.E., S.I.). 

Data availability 

The sequencing data generated in this study have been de- 
posited in the NCBI Sequence Read Archive (SRA) under the 
accession number PRJNA1146547. 

Additional data supporting the findings of this study are 
available upon reasonable request from the corresponding 
author. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcaf038#supplementary-data


8 Feinberg-Gorenshtein et al. 

References 

1. Capper D, Jones DTW, Sill M et al. DNA methylation-based 
classification of central nervous system tumours. Nature 
2018; 555 :469–74. https:// doi.org/ 10.1038/ nature26000 

2. McAlpine J, Leon-Castillo A, Bosse T. The rise of a novel 
classification system for endometrial carcinoma; integration of 
molecular subclasses. J Pathol 2018; 244 :538–49. 
https:// doi.org/ 10.1002/ path.5034 

3. Louis DN, Perry A, Wesseling P et al. The 2021 WHO 

classification of tumors of the central nervous system: a summary. 
Neuro Oncol 2021; 23 :1231–51. 
https:// doi.org/ 10.1093/ neuonc/ noab106 

4. Goldman RD, Cheng S, Cochrane DD. Improving diagnosis of 
pediatric central nervous system tumours: aiming for early 
detection. CMAJ 2017; 189 :E459–63. 
https:// doi.org/ 10.1503/ cmaj.160074 

5. Marina Danilenko SC, Clifford ECS. Inter and intra-tumoral 
heterogeneity as a platform for personalized therapies in 
medulloblastoma. Pharmacol Ther 2021; 228 :0163–7258.

6. Žemaitis L, Palepšien ̇e R, Juz ̇enas S et al. High-performance 
protocol for ultra-short DNA sequencing using Oxford Nanopore 
Technology (ONT). PLoS One 2025; 20 :e0318040.

7. Korshunov A, Ryzhova M, Hovestadt V et al. Integrated analysis 
of pediatric glioblastoma reveals a subset of biologically favorable 
tumors with associated molecular prognostic markers. Acta 
Neuropathol 2015; 129 :669–78. 
https:// doi.org/ 10.1007/ s00401- 015- 1405- 4 

8. Koelsche C, von Deimling A. Methylation classifiers: brain tumors, 
sarcomas, and what’s next. Genes Chromosomes Cancer 
2022; 61 :346–55. https:// doi.org/ 10.1002/ gcc.23041 

9. Noble AJ, Pearson JF, Boden JM et al. A validation of Illumina 
EPIC array system with bisulfite-based amplicon sequencing. PeerJ 
2021; 9 :e10762. https:// doi.org/ 10.7717/ peerj.10762 

10. Santana-Santos L, Kam KL, Dittmann D et al. Validation of whole 
genome methylation profiling classifier for central nervous system 

tumors. J Mol Diagn 2022; 24 :924–34. 
https:// doi.org/ 10.1016/ j.jmoldx.2022.04.009 

11. Wu J, Gupta R, Barreto J et al. Tumor DNA requirements for 
accurate epigenetic-based classification of CNS neoplasia. Neuro 
Oncol 2021; 23 :1798–800. 
https:// doi.org/ 10.1093/ neuonc/ noab157 

12. Vermeulen C, Pagès-Gallego M, Kester L et al. Ultra-fast 
deep-learned CNS tumour classification during surgery. Nature 
2023; 622 :842–9. https:// doi.org/ 10.1038/ s41586- 023- 06615- 2 

13. Kuschel LP, Hench J, Frank S et al. Robust methylation-based 
classification of brain tumours using nanopore sequencing. 
Neuropathology Appl Neurobio 2023; 49 :e12856. 
https:// doi.org/ 10.1111/ nan.12856 

14. Djirackor L, Halldorsson S, Niehusmann P et al. Intraoperative 
DNA methylation classification of brain tumors impacts 
neurosurgical strategy. Neuro-Oncology Adv 2021; 3 :vdab149. 
https:// doi.org/ 10.1093/ noajnl/ vdab149 

15. Patel A, Dogan H, Payne A et al. Rapid-CNS2: rapid 
comprehensive adaptive nanopore-sequencing of CNS tumors, a 
proof-of-concept study. Acta Neuropathol 2022; 143 :609–12. 
https:// doi.org/ 10.1007/ s00401- 022- 02415- 6 

16. Bass BP, Engel KB, Greytak SR et al. A review of preanalytical 
factors affecting molecular, protein, and morphological analysis of 
formalin-fixed, paraffin-embedded (FFPE) tissue: how well do you 
know your FFPE specimen? Arch Pathol Lab Med 
2014; 138 :1520–30. https:// doi.org/ 10.5858/ arpa.2013- 0691- RA 

17. Weinfurtner K, Cho J, Ackerman D et al. Variability in biopsy 
quality informs translational research applications in 
hepatocellular carcinoma. Sci Rep 2021; 11 :22763. 
https:// doi.org/ 10.1038/ s41598- 021- 02093- 6 

18. Hatakeyama K, Muramatsu K, Nagashima T et al. Tumor cell 
enrichment by tissue suspension enables detection of mutations 
with low variant allele frequency and estimation of germline 
mutations. Sci Rep 2022; 12 :2953. 
https:// doi.org/ 10.1038/ s41598- 022- 06885- 2 

19. Afflerbach AK, Albers A, Appelt A et al. Nanopore sequencing 
from formalin-fixed paraffin-embedded specimens for 
copy-number profiling and methylation-based CNS tumor 
classification. Acta Neuropathol 2024; 147 :8–11. 
https:// doi.org/ 10.1007/ s00401- 024- 02731- z 

20. Drag MH, Debes KP, Franck CS et al. Nanopore sequencing 
reveals methylation changes associated with obesity in circulating 
cell-free DNA from Göttingen Minipigs. Epigenetics 
2023; 18 :2199374. 
https:// doi.org/ 10.1080/ 15592294.2023.2199374 

21. Oxford Nanopore Technologies. Updated method for cell-free 
DNA (cfDNA) methylation profiling. Technical document. 2024. 
https:// nanoporetech.com/ document/ requirements/ cfDNA-methyl- 
profile (5 October 2025, date last accessed).

22. Li H. Minimap2: pairwise alignment for nucleotide sequences. 
Bioinformatics 2018; 34 :3094–100. 
https:// doi.org/ 10.1093/ bioinformatics/ bty191 

23. Li H, Handsaker B, Wysoker A et al. The sequence 
alignment / Map format and SAMtools. Bioinformatics 
2009; 25 :2078–9. https:// doi.org/ 10.1093/ bioinformatics/ btp352 

24. Kuschel LP, Hench J, Frank S et al. Robust methylation-based 
classification of brain tumours using nanopore sequencing. 
Neuropathology Appl Neurobio 2023; 49 :e12856. 
https:// doi.org/ 10.1111/ nan.12856 

25. Holdhof D, Johann PD, Spohn M et al. Atypical teratoid / rhabdoid 
tumors (ATRTs) with SMARCA4 mutation are molecularly 
distinct from SMARCB1-deficient cases. Acta Neuropathol 
2021; 141 :291–301. https:// doi.org/ 10.1007/ s00401- 020- 02250- 7 

26. Deacon S, Cahyani I, Holmes N et al. ROBIN: A unified 
nanopore-based assay integrating intraoperative methylome 
classification and next-day comprehensive profiling for ultra-rapid 
tumor diagnosis. Neuro Oncol 2025; 27 :2035–46. 
https:// doi.org/ 10.1093/ neuonc/ noaf103 

Received: March 19, 2025. Revised: August 26, 2025. Accepted: September 3, 2025 
© The Author(s) 2025. Published by Oxford University Press. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

https://doi.org/10.1038/nature26000
https://doi.org/10.1002/path.5034
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1503/cmaj.160074
https://doi.org/10.1007/s00401-015-1405-4
https://doi.org/10.1002/gcc.23041
https://doi.org/10.7717/peerj.10762
https://doi.org/10.1016/j.jmoldx.2022.04.009
https://doi.org/10.1093/neuonc/noab157
https://doi.org/10.1038/s41586-023-06615-2
https://doi.org/10.1111/nan.12856
https://doi.org/10.1093/noajnl/vdab149
https://doi.org/10.1007/s00401-022-02415-6
https://doi.org/10.5858/arpa.2013-0691-RA
https://doi.org/10.1038/s41598-021-02093-6
https://doi.org/10.1038/s41598-022-06885-2
https://doi.org/10.1007/s00401-024-02731-z
https://doi.org/10.1080/15592294.2023.2199374
https://nanoporetech.com/document/requirements/cfDNA-methyl-profile
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1111/nan.12856
https://doi.org/10.1007/s00401-020-02250-7
https://doi.org/10.1093/neuonc/noaf103

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

