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Introduction

Pediatric brain tumors are the second most common 
type of cancer in children, after leukemia [1]. Tumors 
of the central nervous system (CNS) make up about 
2% of all cancers, with Medulloblastoma (MB) being 
the most common, accounting for 12-25% of all CNS 
tumors [2-6]. It is a malignant tumor of the posterior fossa 
affecting children between 1-9 years of age, with surgery, 
radiation, and chemotherapy as the primary treatment 
strategies. The World Health Organization (WHO) 
classifies tumors of the CNS into distinct subtypes based 
on histological and molecular features. MB is classified 
histologically into classic, desmoplastic/nodular, MB with 
extensive nodularity, and large cell anaplastic subtypes, 
while molecularly it is subtyped into WNT, SHH, and Non-
WNT/Non-SHH groups, which are further subdivided into 
Group 3 and Group 4 tumors [7]. The recent fifth edition 
of WHO classification of tumors of the CNS published in 
year 2021 is based on 2016 fourth edition and the major 
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change includes incorporation of molecular diagnostics 
as it provides clinical and prognostic significance beyond 
that provided by histopathological examination [8,9]. 

However, in most clinical settings, MB diagnosis, risk 
stratification, and treatment solely rely on histological, 
radiological, and clinical findings. This results in 
a vague categorization of patients into risk groups, 
making it difficult to prognosticate and manage patients. 
Molecular subtyping can help in MB prognostication, risk 
stratification, and deciding treatment modalities.

Earlier studies utilized whole genome sequencing and 
gene expression profiling for molecular classification, 
but shared features among subgroups failed to clearly 
define subtypes. Currently, epigenetic markers related to 
DNA methylation are widely used to classify MB based 
on reports of mutations in epigenetic regulators [10, 11].

Although there are various platforms for methylation 
profiling of medulloblastoma (MB) for molecular 
classification, their feasibility, and applicability remain 
questionable across all clinical settings. In this study, we 
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developed an in-house method for targeted methylation 
sequencing based on Sanger sequencing, using epigenetic 
targets previously reported by Gomez et al., 2018 and 
evaluated its performance on formalin-fixed paraffin-
embedded (FFPE) and fresh tissues.

Materials and Methods

Patients and sample collection
This study utilized tissues from patients with 

confirmed Medulloblastoma diagnosis and was ethically 
approved by the Institutional Ethics Committee (IEC 
code- 2020-316-IMP-EXP-33). Two FFPE tissue blocks 
(12-16 months old) were obtained from the Department of 
Pathology and twelve fresh tumor tissues were collected 
prospectively at the time of surgery from the Department 
of Neurosurgery. Fresh tissues were collected in 500μl 
1X Tris EDTA (TE) buffer and stored at -80℃ until DNA 
extraction. Figure 1 outlines the methodology.

Primer designing 
Eleven primers were designed using UCSC Genome 

Browser and MethPrimer Plus software from the Li 
Lab (Urogene.org) against CPG islands previously 
reported by Gomez et al. [18] in the following genes 
(Illumina array IDs in brackets): LHX6 (cg25542041), 
CHTF18 (cg10333416), USP40 (cg12925355), AKAP6 
(cg18849583), KIAA1549 (cg01268345), VPS37B 
(cg13548946), RPTOR (cg09929238 and cg08129331), 
RIMS2 (cg12565585), and two Illumina Array IDs - 
cg02227036 and cg05679609 with hg19 as reference. 
The amplicon length ranged from 200-250 bp, except for 
USP40 and RPTOR with amplicon lengths of 167 and 
397 bp, respectively. 

Tissue processing and DNA extraction
PCR optimization was done on DNA extracted from 

a healthy donor’s blood using a DNeasy kit (Qiagen, 
Germany). For fresh tissue, 20-25mg tissue cut from 
the tumor area was homogenized using a hand-held 
tissue homogenizer (MT hand-held homogenizer) and 
incubated at 56℃ until complete lysis (2-3 hours) 
before DNA extraction by PureLink Genomic DNA 
mini kit (Invitrogen™). For FFPE tissue processing 
and DNA extraction, the tumor area in H&E slides of 
selected cases was assessed and hand-annotated by a 
Neuropathologist. DNA extraction was performed as per 
kit protocols of the QiAamp FFPE DNA kit (Kit1) and 
Promega Reliaprep FFPE gDNA Miniprep system (Kit 
2). 5×10μm thick sections were sliced from the FFPE 
tissue block and collected on egg albumin-coated slides. 
Contrary to mineral oil treatment for deparaffinization in 
Kit 2, Xylene as a dewaxing agent was used in the Kit 1 
protocol. Using a decreasing gradient of ethanol tissue 
was rehydrated and an area parallel to the marked area 
on H&E slides was scraped off and collected in a sterile 
1.5ml microcentrifuge tube to which 180µl tissue lysis 
buffer and 20µl Proteinase K were added and incubated 
at 56℃ until complete digestion.

Quantitative and qualitative evaluation of DNA extracted
The DNA extracted from blood, FFPE, and fresh 

medulloblastoma tissue was quantified using the Nanodrop 
spectrophotometer. For the qualitative evaluation of DNA, 
2µl of DNA from xylene-treated and mineral oil-treated 
FFPE tissues and fresh tissue was loaded on 1.5% agarose 
gel stained with ethidium bromide, to check for DNA 
integrity.

Figure 1. Sequential Study Design 
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unmethylated sequence of target regions using NCBI’s 
Global Alignment Tool - Needleman-Wunsch alignment, 
methylation status was inspected by estimating the 
presence of Cytosine or Adenine at the target site about 
the nucleotide present at the same site in the original 
unmethylated reference sequence.

Data interpretation
For Data Interpretation, epigenetic classifiers from 

a study by Gómez et al., 2018 consisting of Classifier 
1(EpiWNT-SHH) comprising six epigenetic targets, 
and Classifier 2 (EpiG3-G4) with five epigenetic targets 
were used as a reference for the analysis of methylation 
status.  While, Classifier 1 was efficient in subgrouping 
medulloblastoma cases into WNT, SHH, or Non-WNT/
Non-SHH groups, it was incapable of classifying Non-
WNT/Non-SHH groups into Group 3 and Group 4 tumors. 
For this, cases with determined Non-WNT/Non-SHH 
groups were further tested for the five epigenetic targets 
belonging to classifier 2, for their subgrouping into either 
Group 3 or Group 4. 

Correlation with histological and radiological findings
Pre-operative radiological and post-operative 

histopathological findings were collected for all recruited 
cases. Molecular pathologists remained blinded to 
clinical findings until the final analysis. Subgroups 
determined from a developed method were correlated with 
radiological features and histological type.

Results

DNA extraction and bisulfite conversion
A suitable quality and quantity of DNA was obtained 

from both blood and fresh tissues, which was markedly 
higher than FFPE tissues.  In the case of FFPE tissues, 
a notable effect of the deparaffinization agent on DNA 
yield was observed. DNA extraction by kit 1 post xylene 
treatment resulted in a relatively low DNA yield perchance 
due to DNA degradation at the deparaffinization step 
in addition to tissue fixation with formaldehyde and 
A260/280 purity ratio > 1.8 as a consequence of RNA 
contamination.

Therefore, the use of mineral oil for deparaffinization 
was implemented in the protocols of Kit 2 to prevent 
degradation that significantly increased the DNA yield 
and ideal A260/280 ratios were achieved using RNAse. In 
addition, mineral oil helped restrain the high lipid content 
in the DNA extracted, a feature of brain tissues, that might 
interfere with the column-based DNA extraction methods 
resulting in low DNA yield or reduced amplification 
during PCR. Due to the solubility of lipids in mineral oil, 
a 6-7-fold increase in DNA was obtained compared to 
DNA extraction post-xylene treatment (See Supplemental 
Table 1). 

The integrity of DNA obtained after deparaffinization 
by either xylene or mineral oil was checked on a 
1.5% agarose gel. Smearing of bands was observed in 
both cases, possibly due to fragmentation caused by 
fixation and embedding of tissues (See Supplemental 
Figure 1). Although a dramatic increase in DNA quantity 

Bisulfite conversion
As the primers designed are targeted against 

methylated DNA regions, the DNA extracted from FFPE/
Fresh tissue as well as blood was bisulfite converted using 
a commercially available kit- the Zymo EZ Methylation 
Gold and Zymo EZ Methylation Lightening kit from 
Zymo Research. A controlled DNA input of 200-500ng in 
20μl at the bisulfite conversion step was ensured to achieve 
maximum conversion efficiency and avoid incomplete 
conversion. The bisulfite-converted DNA was quantified 
again as ssRNA using a Nanodrop Spectrophotometer to 
check for DNA recovery post-conversion.

PCR optimization
Primers for the aforementioned epigenetic targets 

were optimized for their annealing temperature with 
an input of bisulfite-converted control blood DNA 
in gradient PCR using four temperatures 3℃ to 5℃ 
lower than their melting temperature. Optimized PCR 
conditions were used to amplify epigenetic markers from 
bisulfite-converted DNA from blood, FFPE, and fresh 
tissues (20-30ng). Successful amplification was verified 
by running the PCR products on 3% ethidium bromide-
stained agarose gel.

Sanger sequencing
An enzymatic cleanup using ExoSap (Applied 

BiosystemsTM) was done on PCR products before 
sequencing to remove unused dNTPs and primer dimers. 
Using the BigDye terminator cycle sequencing kit 
(Applied BiosystemsTM), reactions were set up for each 
sample using forward primer for eleven distinct targets 
followed by post-cycle sequencing cleanup by BigDye 
X terminator purification kit (Applied BiosystemsTM).

Sequencing was carried out on a 3500xl Genetic 
Analyzer from Applied Biosystems (ABI).

Data quality check
The quality of .ab1 chromatogram files from Data 

Collection 3500 software (ABI) was assessed in Seq A6 
software (ABI). The KB™ Basecaller provided a quality 
value (QV) prediction per base that represented the 
probability of base call error and mixed base calls, with 
QV>20 denoting a 1% rate of error. The sequencing reads 
were checked for their QV values and signal intensity of 
approx. or >1000 relative fluorescence units (RFU values). 
Noisy data was excluded by investigating the average 
signal-to-noise ratio for four bases per sample. The read 
length in sequencing data was determined by comparing 
the bases called by the sequencer with the amplicon length 
of the respective targets. Sequencing reads with low signal 
intensity, low signal-to-noise ratio, truncated sequencing 
reads, or failed sequencing were sequenced again.

Sequencing Alignment and Analysis
Methylation analysis of eleven epigenetic markers was 

done by aligning sequencing data with the non-bisulfite-
treated reference gene sequence for each target. .ab1 
chromatogram files were imported into Chromas 
software (Technelysium)  for trimming low-quality bases 
and exported as FASTA files. Aligned to the original 
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was observed with the change of deparaffinization agent, 
there were no noteworthy differences in the quality 
of DNA obtained. This may be due to major damage 
occurring during fixation protocols such as the extent of 
tissue autolysis, quality of fixative, duration of fixation, 
etc. which were not addressed in this study.

The DNA extracted from blood, fresh tissues, and 
FFPE tissues was bisulfite treated. FFPE tissues were 
initially treated with the Zymo EZ Methylation Gold 
kit but due to harsher bisulfite treatment and prolonged 
incubation cycle length (2.5 hours), they were also 
treated with the Zymo EZ lightning kit having a shorter 
conversion cycle length (60 mins) as treatment with 
Sodium bisulfite for a long duration largely impacted 
DNA quality. On estimating the DNA concentration post-
bisulfite conversion fresh tissues had a DNA recovery 
of 80-85% post-conversion while degraded DNA from 
FFPE resulted in incomplete bisulfite conversion and 
lower DNA recovery even with the Zymo EZ lightning kit.

PCR Optimization and Sequencing
PCR conditions, including annealing temperature and 

primer concentration, were optimized for 11 epigenetic 
targets using gradient PCR. The resulting products were 
sequenced and high-quality data was obtained from fresh 
tissues, meeting recommended signal strength and quality 
score criteria (See Supplemental Figure 2). Compared to 
fresh tissues, FFPE tissues exhibited lower signal strength 
(See Supplemental Figure 3) due to high background 
noise, represented by a signal-to-noise ratio of less than 
150, which is below the value of >150 recommended 
by Applied Biosystems (See Supplemental Table 2). To 
ensure accuracy, BigDye terminator kit control pGEM 
DNA was run alongside FFPE and fresh samples, detecting 

a total of 686 bases. Results showed good quality score 
values and sequencing quality, justifying the developed 
method (See Supplemental Figure 4). Therefore, it was 
found that the quality of DNA, along with the quantity, 
plays a major role in meeting sequencing data standards 
for accurate analysis of methylated nucleotides.

Given the low-quality sequencing data from the 
archived FFPE tissues resulting in the failed interpretation 
of methylation status at the target site, prospective cases 
of medulloblastoma were included in the study further. 
The developed methodology was applied and validated on 
surgically resected fresh tissues belonging to twelve cases. 

Sequencing results covered 78% to 90% of amplicon 
length for most epigenetic targets, with exceptions for 
USP40, VPS37B, and RPTOR at 69%, 62%, and 66% 
respectively. Despite this, the target methylation site for 
all three targets was achieved, and optimum sequencing 
results were obtained for 10 out of 12 targets in the study. 
LHX6 was the only target that did not provide results. 
Nevertheless, each case had a successful interpretation 
of a minimum of 4/6 targets in classifier 1 and 3/5 targets 
in classifier 2 providing methylation status of 7 out of 11 
targets per case.

Molecular subgrouping based on sequencing data
Chromas software (Technelysium) was used for 

trimming the low-quality reads from the sequencing 
results prior to their alignment with the reference sequence 
of each target using NCBI’s Global alignment tool.  
Figure 2  represents the chromatogram and sequence 
alignment for target cg02227036 in two cases clearly 
depicting the methylated (C to C) and unmethylated (C 
to T) status at the target methylation site. Each case was 
first tested for targets in Classifier 1 followed by Classifier 

Figure 2. Figure Representing Chromatogram and Sequence Alignment for Target cg02227036 in Two Cases. Figure 
2(a) and 2(c) highlight the peak and signal obtained at the target site for two different cases. Fig. 2(b) and 2(d) depict 
the unmethylated (C to T) and methylated (C to C) status at the target methylation site in alignment with the reference. 
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2 as per a study by Gomez et al. Based on findings in 
section 3.2, a criterion of successful data interpretation 
in 4/6 targets in Classifier 1 and 3 / 5 targets in Classifier 
2 was decided to assign a molecular subgroup to cases. 
As a result, twelve prospective cases were successfully 
categorized into molecular subgroups, where results in 
two cases were found to be in accordance with the WNT 
group and thus they were not tested for Classifier 2, while 
five cases were subgrouped into Group 3 and five in Group 
4 (see Table 1).

On correlating with Radiological and Histological 
features

Twelve patients with possible medulloblastoma 
identified by pre-operative radiology were included 
in the study. A confirmed diagnosis and histological 
classification were obtained post-operatively and 
correlated with molecular findings. The majority of cases 
(n=9) were classified as Classic histology. However, 
molecular subgrouping revealed 2 cases in the WNT 
group, 4 in Group 3, and 3 in Group 4. Two cases with 
desmoplastic histology were classified in Group 4 and one 
case with anaplastic histology was classified in Group 3 
(see Table 1). Molecular subgrouping provided insight into 
prognosis and the need for clinical application.

Discussion

Medulloblastoma is the most common malignant 

CNS tumor in children and is associated with the most 
cancer-related deaths. In the past, its classification relied 
on histological and clinical findings, that were refined 
further by incorporating Immunohistochemistry however, 
the reproducibility of this method was not appreciable 
across many centres and also presented with a limitation 
of inability to classify Non-WNT/Non-SHH groups 
further into Group 3 and Group 4 [12]. But advancements 
in molecular biology techniques now allow tumors to be 
classified molecularly into different groups. The updated 
fifth edition of the WHO classification of CNS tumors 
in 2021 recognizes and appreciates the inclusion of 
molecular diagnostics while retaining the histological 
approach to diagnosis and classification [7].

Despite the clear subgroups identified by genome and 
transcriptome profiling, their use in many clinical settings 
remains problematic. In contrast, methylation profiling 
in medulloblastoma tumors has proven to be a practical 
and highly effective method for classification following 
which numerous studies have reported methylation-based 
molecular classification [13-15].

One such study by Gomez et al. reported the 
development of a novel method for the classification of 
MB, based on identifying a novel set of epigenetic markers 
as classifiers (EpiWNT-SHH and EpiG3-G4 classifier) 
by Linear discriminant analysis (LDA method) of DNA 
methylation microarray data from MB samples and their 
validation on frozen and FFPE samples by bisulfite 
pyrosequencing and direct bisulfite sequencing [16]. 

S. No Age Radiological findings Histological 
classification

WHO 
Grade

Molecular 
subgrouping

1 7 Well-defined lobulated heterogenous signal intensity lesion in the 
fourth ventricle s/o medulloblastoma

Classic MB Grade IV WNT

2 12 Well-defined lesion located in posterior cranial fossa likely arising 
from vermis and producing mass effect over cerebellum s/o 
medulloblastoma

Anaplastic/
Large cell MB

Grade IV Group 3

3 7 A well-defined lesion located in the posterior cranial fossa likely 
arising from the vermis s/o medulloblastoma

Desmoplastic 
MB

Grade IV Group 4

4 8 A well-defined lesion in the 4th ventricular area with hetero contrast 
enhancing extending from midbrain to medulla

Classic MB Grade IV Group 3

5 4 Large single well-defined lesion of size 4*4 cm predominantly solid 
with cystic components involving the 4th ventricle and vermis

Classic MB 
with foci of 
anaplasia

Grade IV Group 3

6 9 Large, well-defined, altered signal intensity lesion seen in the 4th 
ventricle

Classic MB Grade IV Group 4

7 11 Large midline vermian mass occupying the whole of the 4th ventricle Classic MB Grade IV Group 3
8 11 Moderate-sized well-defined heterogeneously enhancing SOL in 

posterior fossa originating from the roof of the fourth ventricle and 
cerebellar vermis measuring approx. 34*30*30mm along the midline

Classic MB Grade IV WNT 

9 11 Single well-defined iso-hypo intense lesion present in the 4th ventricle 
of size 3x3cm s/o medulloblastoma

Classic MB Grade IV Group 3

10 9 A well-defined mass lesion in 4th ventricle S/O ependymoma/
medulloblastoma

Classic MB Grade IV Group 4

11 6 Large intra Ventricular altered signal intensity mass lesion measuring 
5.3 x 4 x 5 cm seen in 4th ventricle

Classic MB Grade IV Group 4

12 17 Well defined Lobulated centrally enhancing lesion 4.3*4.8*3.6 cm seen 
in the posterior fossa arising from the vermis and floor of the fourth 
ventricle

Desmoplastic 
MB

Grade IV Group 4

Table 1. Table Representing the Clinical Data of Recruited Cases and the Molecular Subgroups Interpreted for the 
Same Using Our Methodology
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In this study, we used eleven epigenetic targets from 
previously mentioned classifiers to develop a fast and 
cost-effective method for classifying medulloblastoma 
into molecular groups based on methylation status. Sanger 
sequencing was utilized as it is an effective method for 
methylation detection and quantification at a single 
nucleotide resolution [17-20]. PCR-amplified epigenetic 
targets were sequenced to determine methylated/
unmethylated status at the target methylation site. One 
target from Classifier 1 (LHX6) failed to provide sequences 
at the target region due to the proximity of the target 
methylation site to the forward primer, resulting in failed 
interpretation. Poor-quality base calls often associated 
with the initial 50-100 bp sequences in Sanger sequencing 
could be the reason. Amplicon length also affects the read 
length of sequences as depicted by USP40 (167 bp; 69% 
coverage) and RPTOR (397 bp; 66% coverage) as shorter 
or longer fragments are often associated with mobility 
issues in capillary electrophoresis. However, similar 
issues were not reported by Gomez et al. in their study 
and thus the variation in results may be due to different 
experimental designs.

In terms of the feasibility of tissue type for sanger 
sequencing, we did not find satisfactory sequencing 
quality from FFPE samples procured from our institute. 
As supported by distinct literature, the fragmentation 
of nucleic acids induced by the duration of fixation and 
fixation step itself reduces the availability of desired 
amplifiable fragment length in FFPE DNA. Moreover, 
the amplification of PCR products greater than 200 bp is 
reported to be problematic in the case of FFPE samples 
[21, 22]. Several studies show age-based evidence of a 
negative impact on the quality and length of amplifiable 
DNA from long-stored tissue blocks [23-25]. However, 
the tissue blocks we used were only 12-16 months old. 
Therefore, the difference in our result with other studies 
indicates that a greater degree of DNA degradation and 
fragmentation might have occurred at the fixation step, 
which differs from lab-to-lab protocol and processing 
not under the control of researchers. In addition, harsh 
chemical treatments in bisulfite conversion and necrosis 
associated with brain tumors may contribute to a certain 
degree of fragmentation. Accuracy-wise, sequencing of 
fresh tissue provided molecular data with optimum read 
length and quality score values compared to FFPE tissues, 
which may have altered molecular features by processing 
conditions, as reported in other studies [26]. These studies 
suggested using a frozen tissue in addition to FFPE to 
check for concordance and accuracy [27].

The radiology reports, intra-operative impressions, and 
histopathological examinations provide only a diagnosis 
and do not address the prognosis. Our results show that 
we were able to obtain molecular subgroups with different 
prognoses for all recruited cases. Additionally, cases with 
similar histology were separated into distinct molecular 
subgroups. Therefore, adding molecular classification to 
routine radiology and histopathological examinations will 
aid in prognostication and improve patient care.

Author Contribution Statement

Dr. Raghavendra Lingaiah (Corresponding author): 
Conception and Design, Supervision, Reviewing, and 
Editing. Shreya Srivastava: Methodology, Analysis, 
Interpretation of Research, Writing- Original draft 
preparation. Dr. Kamlesh Bhaisora: Conception and 
Design, Reviewing and Editing. Dr. Naveen Kumar 
Polavarapu: Methodology, Reviewing, and editing. Dr. 
Lily Pal: Reviewing and editing. Dr. Shalini Singh: 
Reviewing and editing. Neha Rai: Methodology

Acknowledgements

Funding statements
This study received funding from an intramural project 

grant at Sanjay Gandhi Postgraduate Institute of Medical 
Sciences (SGPGIMS) in Lucknow, Uttar Pradesh.

Approval by the scientific body
The study was approved by the research committee, 

SGPGIMS.

Approval by the Ethical Committee
The study was approved by the Institutional Ethics 

Committee (IEC code- 2020-316-IMP-EXP-33) of 
SGPGIMS.

Any conflict of interest
We declare no conflict of interest.

References

1. Subramanian S, Ahmad T. Childhood Brain Tumors. StatPearls 
Publishing; 2025.

2. Yeole BB. Trends in the brain cancer incidence in india. Asian 
Pac J Cancer Prev. 2008;9(2):267-70. 

3. Packer RJ, Cogen P, Vezina G, Rorke LB. Medulloblastoma: 
Clinical and biologic aspects. Neuro Oncol. 1999;1(3):232-
50. https://doi.org/10.1093/neuonc/1.3.232.

4. Northcott PA, Robinson GW, Kratz CP, Mabbott DJ, Pomeroy 
SL, Clifford SC, et al. Medulloblastoma. Nat Rev Dis 
Primers. 2019;5(1):11. https://doi.org/10.1038/s41572-
019-0063-6.

5. Rutka JT. Medulloblastoma. Clinical neurosurgery. 
1997;44:571-85.

6. Kijima N, Kanemura Y. Molecular classification of 
medul lob las toma.  Neuro l  Med Chi r  (Tokyo) . 
2016;56(11):687-97. https://doi.org/10.2176/nmc.ra.2016-
0016.

7. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, et al. The 2016 world health 
organization classification of tumors of the central nervous 
system: A summary. Acta Neuropathol. 2016;131(6):803-20. 
https://doi.org/10.1007/s00401-016-1545-1.

8. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D, et al. The 2021 who classification of tumors 
of the central nervous system: A summary. Neuro Oncol. 
2021;23(8):1231-51. https://doi.org/10.1093/neuonc/
noab106.

9. Gupta T, Sarkar C, Rajshekhar V, Chatterjee S, Shirsat N, 
Muzumdar D, et al. Indian society of neuro-oncology 
consensus guidelines for the contemporary management of 
medulloblastoma. Neurol India. 2017;65(2):315-32. https://



Asian Pacific Journal of Cancer Prevention, Vol 26 2575

DOI:10.31557/APJCP.2025.26.7.2569
Targeted Methylation Sequencing in Medulloblastoma

doi.org/10.4103/0028-3886.201841.
10. Roussel MF, Stripay JL. Epigenetic drivers in pediatric 

medulloblastoma. Cerebellum. 2018;17(1):28-36. https://
doi.org/10.1007/s12311-017-0899-9.

11. Juraschka K, Taylor MD. Medulloblastoma in the 
age of molecular subgroups: A review. J Neurosurg 
P e d i a t r .  2 0 1 9 ; 2 4 ( 4 ) : 3 5 3 - 6 3 .  h t t p s : / / d o i .
org/10.3171/2019.5.Peds18381.

12. Ellison DW, Dalton J, Kocak M, Nicholson SL, Fraga 
C, Neale G, et al. Medulloblastoma: Clinicopathological 
correlates of shh, wnt, and non-shh/wnt molecular 
subgroups. Acta Neuropathol. 2011;121(3):381-96. https://
doi.org/10.1007/s00401-011-0800-8.

13. Korshunov A, Chavez L, Northcott PA, Sharma T, Ryzhova 
M, Jones DTW, et al. DNA-methylation profiling discloses 
significant advantages over nanostring method for molecular 
classification of medulloblastoma. Acta Neuropathol. 
2017;134(6):965-7. https://doi.org/10.1007/s00401-017-
1776-9.

14. Schwalbe EC, Williamson D, Lindsey JC, Hamilton D, 
Ryan SL, Megahed H, et al. DNA methylation profiling 
of medulloblastoma allows robust subclassification 
and improved outcome prediction using formalin-fixed 
biopsies. Acta Neuropathol. 2013;125(3):359-71. https://
doi.org/10.1007/s00401-012-1077-2.

15. Plant-Fox AS, O’Halloran K, Goldman S. Pediatric brain 
tumors: The era of molecular diagnostics, targeted and 
immune-based therapeutics, and a focus on long term 
neurologic sequelae. Curr Probl Cancer. 2021;45(4):100777. 
https://doi.org/10.1016/j.currproblcancer.2021.100777.

16. Korshunov A, Sahm F, Zheludkova O, Golanov A, Stichel D, 
Schrimpf D, et al. DNA methylation profiling is a method of 
choice for molecular verification of pediatric wnt-activated 
medulloblastomas. Neuro Oncol. 2019;21(2):214-21. https://
doi.org/10.1093/neuonc/noy155.

17. Gómez S, Garrido-Garcia A, Garcia-Gerique L, Lemos 
I, Suñol M, de Torres C, et al. A novel method for rapid 
molecular subgrouping of medulloblastoma. Clin Cancer 
Res. 2018;24(6):1355-63. https://doi.org/10.1158/1078-
0432.Ccr-17-2243.

18. Jiang M, Zhang Y, Fei J, Chang X, Fan W, Qian X, et al. 
Rapid quantification of DNA methylation by measuring 
relative peak heights in direct bisulfite-pcr sequencing traces. 
Lab Invest. 2010;90(2):282-90. https://doi.org/10.1038/
labinvest.2009.132.

19. Brisotto G, di Gennaro A, Damiano V, Armellin M, Perin T, 
Maestro R, et al. An improved sequencing-based strategy 
to estimate locus-specific DNA methylation. BMC Cancer. 
2015;15:639. https://doi.org/10.1186/s12885-015-1646-6.

20. Martisova A, Holcakova J, Izadi N, Sebuyoya R, Hrstka R, 
Bartosik M. DNA methylation in solid tumors: Functions 
and methods of detection. Int J Mol Sci. 2021;22(8). https://
doi.org/10.3390/ijms22084247.

21. Parrish RR, Day JJ, Lubin FD. Direct bisulfite sequencing 
for examination of DNA methylation with gene and 
nucleotide resolution from brain tissues. Curr Protoc 
Neurosci. 2012;Chapter 7:Unit 7.24. https://doi.
org/10.1002/0471142301.ns0724s60.

22. Karlsen F, Kalantari M, Chitemerere M, Johansson B, Hagmar 
B. Modifications of human and viral deoxyribonucleic acid 
by formaldehyde fixation. Lab Invest. 1994;71(4):604-11. 

23. Dedhia P, Tarale S, Dhongde G, Khadapkar R, Das B. 
Evaluation of DNA extraction methods and real time pcr 
optimization on formalin-fixed paraffin-embedded tissues. 
Asian Pac J Cancer Prev. 2007;8(1):55-9. 

24. Turashvili G, Yang W, McKinney S, Kalloger S, Gale N, 
Ng Y, et al. Nucleic acid quantity and quality from paraffin 

blocks: Defining optimal fixation, processing and DNA/rna 
extraction techniques. Exp Mol Pathol. 2012;92(1):33-43. 
https://doi.org/10.1016/j.yexmp.2011.09.013.

25. Wang G, Maher E, Brennan C, Chin L, Leo C, Kaur M, et al. 
DNA amplification method tolerant to sample degradation. 
Genome Res. 2004;14(11):2357-66. https://doi.org/10.1101/
gr.2813404.

26. Yi QQ, Yang R, Shi JF, Zeng NY, Liang DY, Sha S, et 
al. Effect of preservation time of formalin-fixed paraffin-
embedded tissues on extractable DNA and rna quantity. J 
Int Med Res. 2020;48(6):300060520931259. https://doi.
org/10.1177/0300060520931259.

27. Bass BP, Engel KB, Greytak SR, Moore HM. 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(11):1520-30. https://doi.
org/10.5858/arpa.2013-0691-RA.

28. Greytak SR, Engel KB, Bass BP, Moore HM. Accuracy of 
molecular data generated with ffpe biospecimens: Lessons 
from the literature. Cancer Res. 2015;75(8):1541-7. https://
doi.org/10.1158/0008-5472.Can-14-2378.

This work is licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License.


