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@ Abstract

University, Shenzhen, China

Background. Medulloblastoma (MB) is the most common malignant pediatric brain
tumor, and alterations in DNA damage response (DDR) genes may influence
tumorigenesis, treatment response, and prognosis. However, the landscape of DDR
mutations in Central Asian pediatric populations remains unexplored.

Methods. We performed a retrospective analysis of 42 pediatric MB samples
collected from the “University Medical Center” Corporate Fund (Kazakhstan)
between 2015 and 2024. DNA extracted from formalin-fixed paraffin-embedded
(FFPE) tumor tissues underwent whole-exome sequencing with targeted analysis of
52 DDR pathway genes. Variants were classified per ACMG guidelines, and

correlations with clinical data were evaluated.

Astana Medical Journal, 2025, 4, 125


https://doi.org/10.54500/2790-1203-2025-4-125-amj001
https://orcid.org/0000-0002-6167-5357
https://orcid.org/0000-0002-0609-9334
https://orcid.org/0000-0002-0172-353X
https://orcid.org/0000-0002-1951-2837
https://orcid.org/0000-0002-8039-4446
https://orcid.org/0000-0001-5396-0097
https://orcid.org/0000-0002-7358-7960
https://orcid.org/0000-0001-8882-0465
https://orcid.org/0000-0002-7068-7827
https://orcid.org/0000-0001-6772-057X
https://orcid.org/0000-0002-5390-4623
mailto:bolatovaidos@gmail.com

Astana Medical Journal, 2025, 4, 125 20f17

Results. Pathogenic or likely pathogenic DDR gene mutations were identified in 71.4%
of cases, with a predominance of homologous recombination (HR) and mismatch
repair (MMR) pathway alterations. Frameshift and nonsense mutations were the
most frequent types. Commonly mutated genes included ERCC6, SLX4, FANCM,
and PMS1. Functional sensitivity analysis suggested that HR and nucleotide excision
repair (NER) pathway mutations may confer increased susceptibility to cisplatin and
etoposide. No significant associations were found between DDR status and survival
or tumor stage overall; however, the total number of DDR variants negatively
correlated with tumor stage (r = -0.436, p = 0.019), and translesion synthesis (TLS)
pathway variants correlated positively with metastasis (r = 0.346, p = 0.045).
Conclusions. This study demonstrates a high prevalence of DDR gene mutations
among pediatric MB patients, highlighting the potential clinical relevance of DDR
alterations for risk stratification and personalized therapeutic strategies. The
findings support the integration of DDR profiling into future MB research and
treatment planning.

Keywords: medulloblastoma, DNA damage response, pediatric brain tumor,

mutations, precision medicine.

1. Introduction

Medulloblastoma (MB) is the most common
malignant brain tumor in children [1]. Due to its
embryonal origin and high aggressiveness, MB tends to
progress rapidly and frequently metastasizes through the
cerebrospinal fluid pathways [2]. It accounts for
approximately 18-25% of all pediatric brain tumors, and
the five-year survival rate varies widely (from 20% to
over 90%), depending on multiple factors such as patient
age, presence of metastases, molecular subgroup, and
other cytogenetic abnormalities [3]. Effective treatment of
MB requires a multidisciplinary approach, typically
involving a combination of surgery, radiotherapy, and
chemotherapy [4]. However, treatment-related long-term
adverse effects, such as neurocognitive decline,
endocrine dysfunction, and secondary malignancies
remain a significant concern, especially for long-term
survivors.

The term medulloblastoma was formally
introduced in 1925 by neurosurgeons Cushing and
Bailey, who, upon analyzing approximately 400 cases of
gliomas, identified 29 tumors localized in the cerebellum,
predominantly in children (aged 2 to 28 years, with a

mean age of 8 years) [5]. These neoplasms exhibited

histological features distinct from those of gliomas and
neuroblastomas, which prompted the authors to classify
them as a separate entity and to propose the new term
medulloblastoma.

The marked variability in clinical presentation and
outcomes among patients with medulloblastoma, even in
the context of histologically similar tumors, led to the
hypothesis of underlying molecular heterogeneity in this
disease. In 2010, a consensus conference held in Boston
resulted in the classification of medulloblastoma into four
molecular subgroups with distinct genetic characteristics:
WNT (Wingless), SHH (Sonic Hedgehog), Group 3, and
Group 4 [6,7]. These subgroups differ not only in their
genetic profiles, but also in prognosis, treatment
responsiveness, and relapse rates. In 2016, with a
subsequent update in 2021, the World Health
Organization (WHO) introduced a molecular
classification of pediatric medulloblastoma that formally
incorporated these four subgroups. They also show
profound differences in biological behavior and clinical
outcomes. WNT-subgroup tumors are associated with
excellent prognosis (five-year survival >90%), while

Group 3 tumors often exhibit MYC amplification, early
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metastasis, and poor outcomes (five-year survival ~50%)
[8]. The SHH subgroup has an intermediate prognosis,
which worsens substantially in the presence of TP53
mutations. The 2021 WHO framework now recommends
reporting both histological and molecular classifications
to guide risk-adapted therapy [8,9].

Despite significant advances in molecular
subgrouping of medulloblastoma (MB), the role of DNA
damage response (DDR) pathways in MB pathogenesis
and therapeutic resistance remains underexplored,
particularly in pediatric cohorts. DDR mechanisms
encompassing homologous recombination (HR), non-
homologous end joining (NHE]), mismatch repair
(MMR), and base excision repair (BER) are critical for
maintaining genomic stability and for the effectiveness of
DNA-damaging therapies. Standard treatments for MB
(surgery followed by craniospinal irradiation and multi-
agent chemotherapy) exert their effects largely by
inducing DNA damage (double-strand breaks from
radiation, alkylation adducts from chemotherapy); tumor
cells rely on DDR pathways such as HR/NHE] for double-
strand break repair and BER/NER (nucleotide excision
repair) for adduct repair to survive these insults.
Consequently, defects or alterations in key DDR genes
can influence both tumor development and treatment
response. Disruption of DDR genes such as TP53, ATM,
ATR, BRCA1/2, and PARP1 contributes to oncogenesis
and has been linked to radioresistance and
chemoresistance in MB cells [10-12]. For example, TP53
(encoding the “guardian of the genome” p53) is mutated
in a subset of MB and when inactivated leads to impaired
DNA damage-induced apoptosis; TP53 mutations in MB
(particularly the SHH subgroup) are associated with
significantly worse outcomes due to defective p53-
dependent cell death after therapy. Notably, in the SHH
subgroup of MB, TP53 mutations are enriched in the
SHH-a subtype and correlate with poor prognosis [4,12].

Alterations in other DDR components also have
important therapeutic implications. Although loss-of-
function mutations in homologous recombination (HR)
repair genes such as BRCA2 or RADS51 are rare in
medulloblastoma, they may render tumor cells
particularly vulnerable to poly(ADP-ribose) polymerase

(PARP) inhibitors through the principle of synthetic

lethality. In HR-deficient tumors, the inability to
accurately repair double-strand DNA breaks shifts the
burden of repair to alternative pathways such as PARP-
mediated single-strand break repair, thereby creating a
therapeutic opportunity. This concept, supported by
findings in other cancer types, suggests that HR-deficient
tumors are significantly more sensitive to PARP
inhibition. Conversely, upregulation of DDR pathways
can promote resistance to conventional therapies. For
instance, overexpression of checkpoint kinases (e.g.,
ATR/Chk1) or enhanced non-homologous end joining
(NHE]J) activity may facilitate the rapid repair of DNA
lesions, diminishing the efficacy of DNA-damaging
agents. Inhibition of such pathways has been shown to
sensitize tumor cells to radiation and chemotherapy.
PARP1, a key sensor and medjiator of single-strand break
repair, has emerged as a notable DDR-related protein in
medulloblastoma. Elevated PARP1 expression has been
reported in various pediatric brain tumors, including MB,
and has been associated with more aggressive tumor
biology and inferior survival outcomes.

These observations have led to increased interest
in PARP1 both as a therapeutic target and as a potential
biomarker for predicting response to DNA repair-
targeted therapies. Preclinical studies have demonstrated
that pharmacological inhibition of PARP1 - such as with
Olaparib — can sensitize medulloblastoma cells to
DNA

accumulation and promoting tumor cell death when used

ionizing  radiation, enhancing damage
in combination. Furthermore, high levels of PARP1
expression in tumor tissue have been proposed as a
predictive marker of responsiveness to PARP inhibitors,
based on the premise that tumors with elevated reliance
on PARP-mediated repair are more susceptible to its
inhibition.

Current early-phase clinical trials are evaluating
PARP inhibitors in pediatric brain tumors, and there is
growing rationale for combinatorial strategies that pair
PARP inhibition with checkpoint kinase inhibitors or
cytotoxic chemotherapy to overcome resistance
mechanisms.

To date, the mutational landscape of DDR-related
medulloblastoma  remains

genes in  pediatric

insufficiently —characterized in many populations,
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especially in low- and middle-income countries. Large-
scale genomic studies of MB have predominantly focused
on North American, European, and East Asian cohorts,
leaving regions like Central Asia underrepresented in
international cancer genomics consortia. For example,
Kazakhstan has had only limited reporting of pediatric
MB genetics in the literature, and comprehensive
profiling of DDR pathways in this population is lacking.
Elucidating DDR gene alterations in understudied
groups is not only important for understanding tumor
biology but also has practical implications for patient
care. Identification of mutations in genes like TP53,
ATM/ATR, or HR pathway members in a given patient’s
tumor could enhance risk stratification and refine
prognostication (e.g. TP53-mutant SHH MB might be

Therefore, this study aimed to comprehensively
characterize the mutational landscape of DNA damage
(DDR)

medulloblastoma patients from Kazakhstan using whole-

response pathway genes in pediatric
exome sequencing of tumor samples. We further sought
to analyze the distribution and types of DDR gene

alterations, assess their potential associations with

2. Materials and Methods

Study Design and Patient Cohort

This was a retrospective cohort study including
pediatric patients diagnosed with medulloblastoma who
were hospitalized between 2015 and 2024 at the
Fund,

medulloblastoma was

“University Medical Center” Corporate
Kazakhstan. Diagnosis of
histologically confirmed in all cases according to WHO
classification criteria.

A total of 42 formalin-fixed paraffin-embedded
(FFPE) tumor samples were collected and analyzed for
the mutational landscape of DNA damage response
(DDR) pathway genes. Clinical and demographic data,
including age at diagnosis, sex, tumor stage (T0-T4),

Sample Collection and DNA Extraction

Archived FFPE tumor material was used for
molecular genetic analysis. Sample selection was
performed based on the preservation of morphological

structure and the availability of sufficient tumor tissue.

flagged as high-risk requiring intensified therapy or
novel agents) [4,12]. Likewise, recognizing a DDR
deficiency (such as a BRCA pathway defect or mismatch
repair deficiency) could support the integration of
precision oncology approaches, guiding use of targeted
treatments like PARP inhibitors or DNA damage
checkpoint inhibitors for those who are most likely to
benefit. Overall, a better characterization of the spectrum
of somatic (and potential germline) DDR gene mutations
in Kazakhstani children with medulloblastoma will fill a
critical knowledge gap and can inform future
personalized therapy. This study aims to perform such
molecular profiling using contemporary genomic
technologies, with the goal of improving outcomes by
tailoring treatments to the tumor’s DDR profile.

clinical features, and explore their predicted impact on
sensitivity to DNA-damaging chemotherapeutic agents.
By elucidating the DDR mutation profile in this cohort,
we aimed to provide insights that may inform future risk
stratification and guide the development of personalized

therapeutic approaches for medulloblastoma.

metastasis status (M0-M3), and survival status (alive or
deceased during the study period), were collected where
identified

available. Correlation analyses between

genetic alterations and clinical parameters were
performed in a subset of 34 patients due to incomplete
clinical data for the remaining eight cases.

All procedures involving human participants
were conducted in accordance with institutional ethical
standards and the Declaration of Helsinki. Informed
consent for genetic analysis and use of clinical data was

obtained from the patients’ legal guardians.

Inclusion in the study was based on a histologically
verified diagnosis. Genomic DNA was extracted from
FFPE samples using the ReliaPrep FFPE gDNA Miniprep
System manufacturer’s

(Promega) following the

instructions. The procedure included deparaffinization
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using mineral oil (300-500 uL, depending on section
thickness), incubation at 80 °C for 1 minute with mixing,
followed by lysis with proteinase K buffer (200 pL buffer
and 20 pL enzyme) at 56 °C for 1 hour and subsequently
at 80°C for 4 hours to reverse formalin-induced cross-
links. After cooling, RNA was removed by treatment
with RNase A (10 puL) at room temperature for 5 minutes.
DNA purification was performed using columns with
final elution in 30-50 uL of buffer.

The concentration and purity of the extracted
DNA assessed  using a
spectrophotometer ~ (Thermo  Fisher
calculating the optical A260/A280 ratio. DNA integrity

were NanoDrop

Scientific),

and fragmentation were further evaluated by gel
electrophoresis (1.5% agarose gel, 1xTAE buffer), with
results documented using the I-BRIGHT GelDoc imaging
(Thermo  Fisher

quantification was performed using the QuantiFluor

system Scientific). Fluorometric
dsDNA System (Promega) on a Victor Nivo Multimode
Microplate Reader (PerkinElmer), and the DNA integrity
number (DIN) was determined using the Agilent
TapeStation 4200. The DNA concentration ranged from
2.2 to 331 ng/uL, with total yields between 0.05 and 8.5
ug. The DIN values for most samples ranged from 1 to
3.2, which is typical for FFPE-derived DNA. All samples
passed quality control and were approved for subsequent
library preparation and sequencing.

Whole-Exome Sequencing (WES)

Library preparation and exome capture were
performed using the Twist Human Core Exome 2.0
(FFPE) kit (Twist

manufacturer’s standard protocol. A total of 50 ng of

Bioscience), following  the
genomic DNA was used for library construction. DNA
was enzymatically fragmented to a peak fragment size of
approximately 200 base pairs.

The resulting libraries were indexed using
TruSeq-compatible adapters, amplified, and subjected to
quality control assessment using the Agilent TapeStation
system and quantitative PCR with the KAPA Library

Identified variants were classified following the
guidelines of the American College of Medical Genetics
and Genomics (ACMG), and assigned into one of five
categories: pathogenic, likely pathogenic, variant of

uncertain significance (VUS), likely benign, or benign.

Quantification Kit. Hybridization and target region
capture were performed according to the Twist
Bioscience protocol. Sequencing was carried out on an
[lumina platform using a paired-end mode with a read
length of 2 x 151 base pairs.

Bioinformatics Analysis

Primary data processing (basecalling) was
performed using bclconvert software. Quality control of
raw reads was assessed with FastQC. Sequence reads
were aligned to the human reference genome GRCh38
(NCBI, February 2022 release) using BWA-MEM (version
0.7.17).

Duplicate reads were marked and removed
using Picard (version 3.1.1). Base quality score
recalibration and variant calling were performed using
GATK (version 4.5.0.0).
conducted with SnpEff (version 5.2), utilizing reference
databases including dbSNP v156, 1000 Genomes Phase 3,
ClinVar (July 2024 release), and ESP6500.

DNA Damage Response (DDR) Gene Panel

Selection

Variant annotation was

For targeted analysis of DNA damage response
(DDR) alterations, a curated gene panel comprising key
DDR pathway genes was utilized. The panel included 52
genes involved in various DNA repair mechanisms,
selected based on their well-established roles in genomic
stability and cancer susceptibility.

The genes were categorized into the following
DDR pathways: homologous recombination (HR), non-
homologous end joining (NHE]), mismatch repair
(MMR), base excision repair (BER), nucleotide excision
repair (NER), and translesion synthesis (TLS). Notable
genes included BRCA1, BRCA2 (FANCD1), RAD51, and
FANCA (HR); XRCC6 (ku70), XRCC5 (ku80) (NHE]);
MLH1, MSH2, PMS2 (MMR); OGG1, MUTYH (BER);
ERCC family genes (ERCC1-8) (NER); and POLH, POLK
(TLS). The full list of genes and their corresponding DDR
pathways is presented in Table 1.

Variant Classification and Interpretation

The classification integrated multiple criteria,
including  population  allele  frequency  data,
computational predictive tools, functional evidence
(when available), and data from curated databases such

as ClinVar, COSMIC, and gnomAD. For this study, only



Astana Medical Journal, 2025, 4, 125

20f17

variants classified as pathogenic or likely pathogenic
were included in further analyses, including correlation
with clinical and demographic parameters.

Genotoxic Screens

To assess the potential impact of identified DDR
gene alterations on chemotherapeutic sensitivity, we
analyzed functional sensitivity scores based on data from
The Durocher Lab Genotoxic Screens [15]. Genes were
cross-referenced with published screens to evaluate
predicted sensitivity to selected DNA-damaging agents.

Etoposide and cisplatin were chosen for this
analysis

because they are commonly used in

medulloblastoma treatment regimens. Sensitivity
profiles were visualized to highlight genes potentially
Ethics approval and consent to participate
This study was approved by the Local
Committee of Bioethics of the “University Medical
Center” Corporate Fund, Kazakhstan (Protocol number:

No8/2024/T13, date: 03.09.2024). Written informed consent

3. Results

A total of 42 pediatric patients with
medulloblastoma were included in the study. The cohort
consisted of 29 males (69.0%) and 13 females (31.0%). The
mean age at diagnosis was 8.11 years (SD = 4.13), with a

Detailed data on tumor stage and metastasis
status were available for 34 patients. Among these, 2
patients (5.9%) had T1 tumors, 11 patients (32.5%) had T2,
5 patients (14.7%) had T3a, 12 patients (35.3%) had T3b,
and 4 patients (11.8%) had T4 tumors. For metastasis
status, 26 patients (76.5%) had no metastases (MO0), 2
patients (5.9%) were classified as M2, and 6 patients
(17.6%) as M3.

A total of 42 FFPE tumor samples were included
in this retrospective analysis. On average, each sample
yielded approximately 53 million reads (ranging from 41
to 58 million). After trimming, read lengths ranged from
100 to 135 base pairs. Most samples achieved a mean
sequencing depth greater than 150x. The average
percentage of target regions covered at 210x ranged from

95% to 99.8%. The average proportion of target regions

contributing to altered responses to these agents in the
context of DDR pathway deficiencies.

Statistical Analysis

Descriptive statistics were used to summarize
clinical and demographic characteristics, as well as the
distribution of DNA damage response (DDR) pathway
mutations. Continuous variables, such as age at
diagnosis, were compared between groups using the t-
test. Associations between DDR pathway mutations and
categorical clinical variables (e.g., tumor stage, metastasis
status, survival outcome) were assessed using the chi-
square test. All statistical analyses were performed using
standard software (Jamovi, version 2.6.17), and a p-value
< 0.05 was considered statistically significant.
was obtained from all participants or their legal
guardians prior to sample collection and data analysis.
All procedures were conducted in accordance with the
ethical standards of the institutional and national

research committees, and with the Helsinki Declaration.

median age of 8 years. During the study period, 12
patients (28.6%) from this full cohort were reported

deceased.

covered at >30x was approximately 70%, varying
between 30% and 90% depending on the sample. The
average GC content across samples was around 55-60%,
and the proportion of Q30 bases (quality score >30) was
approximately 95%, indicating high overall sequencing
quality.

detection, each

Regarding variant sample

contained approximately 70,000 to 76,000 single
nucleotide polymorphisms (SNPs), with an average
transition/transversion (Ts/Tv) ratio of 2.4-2.8. The
proportion of known variants (based on dbSNP v156)
ranged from 85% to 97%. Additionally, each sample
contained approximately 9,000 to 13,000 insertions and
deletions (INDELS).

Among the 42 pediatric medulloblastoma

samples analyzed, pathogenic or likely pathogenic
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mutations in DNA damage response (DDR) genes were
detected in 30 cases (71.4%), while 12 cases (28.6%)
showed no DDR gene alterations (wild type, WT).

The most frequently altered DDR pathway was
with mutations
identified in 19 cases (45.2%). Mismatch repair (MMR)

pathway mutations were observed in 12 cases (28.6%),

homologous recombination (HR),

followed by nucleotide excision repair (NER) in 10 cases
(23.8%). Non-homologous end joining (NHE]) and
translesion synthesis (TLS) pathways were each altered
in one case (2.4%) (Figure 1B).

At the individual gene level, the most frequently

A

mutated genes included ERCC6 (n =7), SLX4, FANCM,
and PMSI1 (each n = 4), followed by PALB2, PMS2, and
MSHS6 (each n = 3). Mutations in other DDR genes, such
as BRCA1, RAD50, FANCB, MSH2, and ERCC5, were
less frequent, appearing in two cases each (Figure 1C).
Regarding mutation types, frameshift mutations
were the most common, followed by nonsense and
missense variants. Splicing mutations were less frequent
(Figure 1A). Overall, these results highlight a substantial
prevalence and diversity of DDR gene alterations,
particularly in the HR and MMR pathways, among

Kazakhstani children with medulloblastoma.

DDR pathway Gene

Pattern of DDR mutations

SLX4 11

frameshift mutation
nonsense mutation

i mutation
scplicing mutation

a

NER ERCCS | |

=W = HR

= MMR

NHEJ

= NER NHEJ = TLS

TLS POLE _

1 # of cases

< Etoposide x Cisplatin 1 x Cisplatin 2

SLX4 PMS| PMS2
ERCC6 FANCM

BRCAI1
PALB2 MSH6 RADSO

FANCB

x Cisplatin 3

MSH2 BRCA2

ERCCS BRIP1 FANCA MLH3 XRCC2

BARDI FANCE ERCC2 POLE

Figure 1 - Mutational landscape of DNA damage response (DDR) genes and genotoxic sensitivity profile in pediatric

medulloblastoma samples
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(A) Distribution and patterns of pathogenic and likely pathogenic DDR gene mutations across the cohort (n=42). Color coding indicates
mutation types: frameshift (red), nonsense (blue), missense (green), and splicing (yellow). Genes are grouped by DDR pathway: HR (homologous
recombination), MMR (mismatch repair), NER (nucleotide excision repair), NHE] (non-homologous end joining), and TLS (translesion synthesis).
(B) Pie chart showing the distribution of DDR pathway alterations among cases. WT: no DDR gene mutations detected; HR: homologous
recombination; MMR: mismatch repair; NER: nucleotide excision repair; NHE]: non-homologous end joining; TLS: translesion synthesis. (C)
Frequency of mutated DDR genes across samples. Color coding corresponds to DDR pathway assignment. (D) Sensitivity score analysis based
on The Durocher Lab Genotoxic Screens dataset. Selected agents included etoposide and cisplatin, which are used in medulloblastoma treatment
protocols. Genes associated with increased drug sensitivity are indicated with red circles, and the dashed red line represents the threshold of relative

sensitivity.
A total of 46 pathogenic and likely pathogenic variants were identified across 24 DDR genes in the analyzed
medulloblastoma samples (Table 2). The majority of variants were frameshift mutations (27/46, 58.7%), followed by

nonsense mutations (8/46, 17.4%), missense mutations (7/46, 15.2%), and splicing mutations (4/46, 8.7%).

Table 1- DNA Damage Response (DDR) Gene Panel

DDR DDR
Gene DDR Pathway Gene Pathway Gene Pathway
BARD1 HR FANCF HR PMS1 MMR
BRCA1 HR FANCG/XRCC HR PMS2 MMR
BRCA2/FANCD1 HR FANCI HR POLD1 TLS
BRIP1/FANC] HR FANCL/PHF9 HR POLE TLS
DDB1 NER FANCM HR POLB TLS
DDB2 NER FANCN/PALB2 HR POLH TLS
ERCC1 NER FANCP/SLX4 HR POLK TLS
ERCC2/XPD NER ku70/XRCC6 NHE] RAD50 HR
ERCC3/XPB NER ku80/XRCC5 NHE] RAD51 HR
ERCC4 NER MLH1 MMR RAD51C/FANCO HR
ERCC5/BIVM NER MLH3 MMR RAD51D HR
ERCC6/CSB NER MRE11 HR XPA NER
ERCCS8/CSA NER MSH2 MMR XPC NER
FANCA HR MSH3 MMR XRCC2 NHE]
FANCB HR MSH6 MMR XRCC3 NHE]
FANCC HR MUTYH BER XRCC4 NHE]
FANCD2 HR NBN HR
FANCE HR 0OGG1 BER
HR — Homologous Recombination, NHE] — Non-Homologous End Joining, MMR — Mismatch Repair, BER — Base Excision Repair, NER —
Nucleotide Excision Repair, and TLS — Translesion Synthesis
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Table 2 - Pathogenic and likely pathogenic DDR gene mutations identified in pediatric medulloblastoma samples

Gene gDNA/cDNA Amino Acid Mutation
BARD1 ¢.2208T>G p-Tyr736* nonsense mutation
BRCA1 c212+1G>A - splicing
BRCA1 c.5091T>G p-Cys1697Trp missense mutation
BRCA2 c.7826G>A p-Gly2609Asp missense mutation
BRIP1 c.585del p-Asn196Thrfs*7 frameshift deletion
ERCC2 c.2150C>G p-Ala717Gly missense mutation
ERCC5 c.2751dup p-Leu918Ilefs*12 frameshift duplication
ERCCe6 ¢.1303G>T p-Glu435* nonsense mutation
ERCCe6 c.2643del p-Trp881* nonsense mutation
ERCCe6 €.2866_2867del p-Leu956Valfs*15 frameshift deletion
ERCCe6 c.3425del p-Ser1142Leufs*10 frameshift deletion
ERCCe6 c.3642del p-Asp1214Glufs*13 frameshift deletion
ERCCeé c.3661C>T p-Argl221* nonsense mutation
ERCCeé c.4062+1G>A - splicing
FANCA c.2852G>A p-Arg951GIn missense mutation
FANCB c.767_768del p-Leu256Hisfs*18 frameshift deletion
FANCB c.2178del p-Met727Cysfs*14 frameshift deletion
FANCE ¢.537_538insCC p-Ser180Profs*117 frameshift insertion
FANCM €.2201_2202dup p-Glu735Leufs*26 frameshift duplication
FANCM €.2663dup p-Asn888Lysfs*10 frameshift duplication
FANCM ¢.5180del p-Leul727* nonsense mutation
MLH3 c.1755dup p-Glub86Argfs*3 frameshift duplication
MRE11 c.324G>A p-Trp108* nonsense mutation
MSH?2 c.2275G>A p-Gly759Arg missense mutation
MSH?2 €.2377_2378del p-GIn793Aspfs*5 frameshift deletion
MSH6 ¢.1530del p-Arg511Glyfs*60 frameshift deletion
MSH6 c.1885del p-Asp629Metfs*6 frameshift deletion
MSH6 c.3261del p-Phe1088Serfs*2 frameshift deletion
PALB2 c.256del p-Thr86Profs*91 frameshift deletion
PALB2 c.1868del p-Lys623Serfs*5 frameshift deletion
PALB2 €.2092del p-Leu698Phefs*11 frameshift deletion
PMS1 c.1258del p-His4201lefs*22 frameshift deletion
PMS1 c.1627G>T p-Glu543* nonsense mutation
PMS1 c.2654_2655del p-Ser885* frameshift deletion
PMS2 c.209A>G p-Asp70Gly missense mutation
PMS2 c.537+1G>A - splicing

POLE ¢.4337_4338del p-Val1446Glyfs*3 frameshift deletion
RAD50 c.2165del p-Lys722Argfs*14 frameshift deletion
RAD50 €.2940_2943del p-Asn981Lysfs*2 frameshift deletion
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SLX4 c.1116_1117insT p-Leu373Serfs*7 frameshift insertion
SLX4 c.1125del p-Ala376Hisfs*21 frameshift deletion
SLX4 c.1621_1627del p-Alab41Argfs*37 frameshift deletion
XRCC2 ¢.350dup p-Leul17Phefs*6 frameshift duplication
Frameshift —mutations were particularly likely pathogenic mutations, several were associated
prevalent in genes involved in homologous with increased predicted sensitivity to cisplatin and/or
recombination (e.g., PALB2, FANCB, RADS50) and etoposide. Notably, mutations in FANCA, FANCB,

mismatch repair pathways (e.g, MSH6, PMSI),
suggesting a potential impact on protein truncation and
loss of function.

Overall, this mutation spectrum highlights the
high degree of genetic heterogeneity within DDR
pathways in pediatric medulloblastoma and underscores
the prominent role of frameshift and nonsense variants in
driving DDR deficiency in this cohort.

To explore potential functional implications of
the identified DDR gene mutations on chemotherapeutic
response, we analyzed genotoxic sensitivity scores based
on The Durocher Lab Genotoxic Screens dataset. We
specifically focused on etoposide and cisplatin, as these
agents are commonly used in medulloblastoma
treatment protocols.

Among the DDR genes harboring pathogenic or

FANCE, FANCM, BRIP1, ERCC5, ERCC6, and SLX4
showed markedly negative sensitivity scores, indicating
enhanced susceptibility to these DNA-damaging agents
(Figure 1D, genes circled in red).

The overall pattern suggested that tumors with
disruptions in homologous recombination (HR) and
nucleotide excision repair (NER) pathways may exhibit
heightened sensitivity to platinum-based agents. These
findings provide a potential rationale for considering
DDR mutational profiles in future risk stratification and
treatment tailoring for pediatric medulloblastoma
patients.

We further examined the association between
DDR pathway mutational status and clinical features,
including survival outcome (death), tumor stage, and

metastasis status (Table 3).

Table 3 - Association between DDR pathway mutational status and clinical parameters in pediatric

medulloblastoma cohort

DDR Death Tumor stage Metastasis
pathway mutational
status X p x p x 13
HR 1.16 0.281 4.21 0.379 0.147 0.929
NER 0.01 0.909 3.44 0.487 5.35 0.069
MMR 1.41 0.235 3.69 0.449 1.26 0.532
Model 1 0.09 0.769 1.17 0.883 2.95 0.228

HR — Homologous Recombination, MMR — Mismatch Repair, NER — Nucleotide Excision, Model 1 - having at least one mutation
in FANCA, FANCB, FANCE, FANCM, BRIP1, ERCC5, ERCC6, or SLX4

No statistically significant associations were
found between mutations in homologous recombination
(HR), nucleotide excision repair (NER), or mismatch
repair (MMR) pathways and death (all p > 0.2), tumor
stage (all p > 0.3), or metastasis status (all p > 0.05).

We analyzed a combined subgroup (Model 1)
defined as having at least one mutation in FANCA,
FANCB, FANCE, FANCM, BRIP1, ERCC5, ERCC6, or
SLX4, which were genes associated with increased

predicted sensitivity to cisplatin and/or etoposide.
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Similar to the individual pathway analyses, no significant
associations were observed between Model 1 status and
death (p = 0.769), tumor stage (p = 0.883), or metastasis
status (p = 0.228).

In addition to the categorical analyses, we also
explored correlations between DDR variant burden and
clinical parameters. We found that the total number of

detected DDR variants was negatively correlated with

4. Discussion

In this study, we comprehensively analyzed the
mutational landscape of DNA damage response (DDR)
pathway genes in a cohort of Kazakhstani children with
medulloblastoma. We observed a high prevalence of
pathogenic and likely pathogenic DDR gene mutations,
detected in 71.4% of cases, with the most frequently
affected pathways being homologous recombination
(HR) and mismatch repair (MMR).

Frameshift and nonsense variants dominated the
mutation spectrum, suggesting a strong potential for
loss-of-function effects and impaired DNA repair
capacity. Among individual genes, ERCC6, SLX4,
FANCM, and PMSI emerged as the most frequently
mutated, highlighting possible key contributors to
genomic instability in this cohort.

Through genotoxic sensitivity analysis, we found
that several mutated genes (e.g., FANCA, FANCEB,
FANCE, FANCM, BRIP1, ERCC5, ERCC6, SLX4) were
associated with increased predicted sensitivity to
cisplatin and etoposide — agents commonly used in
medulloblastoma treatment.

Although no statistically significant associations
were observed between DDR pathway mutations and
clinical parameters such as survival, tumor stage, or
metastasis overall, we did identify notable correlations:
the total number of DDR variants was negatively
correlated with tumor stage, and the presence of
translesion synthesis (TLS) variants was positively
correlated with metastasis.

Together, these findings underscore the complex
and heterogeneous nature of DDR gene alterations in
pediatric medulloblastoma and

suggest potential

tumor stage (r =-0.436, p = 0.019), suggesting that higher
mutational burden in DDR genes may be associated with
lower tumor stage at diagnosis.

Furthermore, the presence of variants in the
translesion synthesis (TLS) pathway was positively
correlated with metastasis status (r = 0.346, p = 0.045),
indicating a potential link between TLS alterations and

metastatic behavior in pediatric medulloblastoma.

avenues for personalized therapeutic strategies in this
patient population.

DDR Gene Mutation Landscape in Pediatric
Medulloblastoma

Our study revealed a notably high prevalence of
pathogenic and likely pathogenic DDR gene mutations
(71.4%) Kazakhstani children with

medulloblastoma, with a predominance of alterations in

among

the homologous recombination (HR) and mismatch
repair (MMR) pathways. This rate is substantially higher
than reported in large international cohorts, where
germline DDR mutations have been observed in only 5-
11% of patients [16].

Specifically, germline BRCA2 mutations occur in
approximately 1% of medulloblastoma cases, often as
truncating variants, and are sometimes associated with
Fanconi anemia when biallelic [16]. Germline PALB2
mutations are even rarer (<1%), and BRCA1 alterations
are uncommon both somatically (<6% in small series) and
as germline drivers [17]. In our cohort, we identified
recurrent HR pathway mutations, including in BRCA1,
BRCA2, PALB2, FANCB, and FANCM, with a
predominance of frameshift and nonsense variants.

Interestingly, other studies have reported HR
gene mutations (such as FANCA and FANCM) only as
isolated events, each affecting around 1% of patients [18].
Our higher frequency of these alterations may reflect
regional or ethnic-specific genomic profiles or could be
related to differences in patient selection or sequencing
approaches.

For the MMR pathway, prior studies have

consistently shown that somatic and germline MMR
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mutations are exceedingly rare in medulloblastomas,
with only isolated cases linked to constitutional MMR
deficiency syndrome (CMMRD) presenting with ultra-
hypermutation [16,17]. In contrast, we observed MMR
gene alterations, including in MSH2, MSH6, and PMS],
suggesting a potentially higher burden of mismatch
repair disruption in our cohort.

Regarding the nucleotide excision repair (NER)
pathway, our data also diverged from previous reports.
For example, a targeted analysis identified only a single
ERCC2 variant (~1%) in prior studies, and ERCC6
mutations have generally not been highlighted as
prominent [17,18]. However, ERCC6 emerged as one of
the most frequently mutated genes in our series, further
emphasizing possible regional or cohort-specific
differences.

Finally, while overall DDR gene mutations are
generally not recurrent at high frequency (>5%) in
medulloblastoma outside of TP53, our findings suggest a
distinct mutational signature in Kazakhstani pediatric
patients, characterized by high DDR mutation rates and
predominance of loss-of-function alterations. These
results highlight the importance of investigating DDR
pathway alterations in diverse populations to better
understand tumor biology and to identify potential
therapeutic vulnerabilities.

Impact of DDR Gene Mutations on Prognosis
and Therapy Response

Alterations in DDR genes have significant
implications for prognosis and therapy response in
While no

significant associations between DDR mutations and

medulloblastoma  patients. statistically
survival, tumor stage, or metastasis were observed in our
cohort overall, specific patterns suggest potential clinical
relevance.

In other studies, TP53 mutations, particularly in
the SHH subgroup, are strongly linked to poor outcomes
and high chromosomal instability, defining a “very high-
risk” group with 5-year survival as low as ~20% [17,18].
Similarly, biallelic BRCA2 (Fanconi anemia) mutations
confer markedly poor prognosis due to complete
homologous recombination deficiency and high
treatment toxicity, whereas heterozygous BRCA2 or

PALB2 mutations generally do not adversely impact

survival [16]. Our data demonstrated multiple HR
pathway alterations, including BRCA1, BRCA2, and
PALB2, largely as heterozygous truncating mutations,
which may have less prognostic impact but could signal
underlying repair deficiencies and guide genetic
counseling.

Mismatch repair (MMR) mutations are rare but
clinically important, as MMR-deficient tumors are
hypermutated and respond poorly to standard therapies
while being potentially sensitive to immunotherapy [19].
Although we observed MMR gene variants in our cohort,
their exact functional consequences require further
investigation.

Importantly, germline DDR mutations have been
associated with increased treatment-related toxicity in
pediatric brain tumors, highlighting the need for close
monitoring and potential therapy modification [18].

Lastly, DDR defects have been linked to
aggressive disease features, such as metastasis at
diagnosis, as reported for ATM and BRCA1 mutations in
Taiwanese and other cohorts [17,20]. In our study, the
positive correlation between TLS pathway variants and
metastasis supports this notion, suggesting that certain
DDR alterations might contribute to a more invasive
phenotype.

Together, these findings underscore the
emerging importance of DDR gene profiling in
medulloblastoma for refining risk stratification, guiding
treatment choices, including potential use of PARP
inhibitors or immunotherapy, and improving supportive
care planning.

Study limitations

This study has several important limitations.
First, the retrospective design and single-institution
selection bias and limit

setting may introduce

generalizability to broader pediatric populations.

Second, although whole-exome sequencing was
performed, the analysis focused specifically on a
predefined DDR gene panel, potentially missing other
relevant alterations or broader genomic context (such as
copy number variations or structural rearrangements).
Third, functional validation of identified variants wasnot
conducted; therefore, the actual biological impact of some

mutations, particularly missense and splicing variants,
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remains uncertain. Additionally, incomplete clinical data
for a subset of patients restricted some correlation
analyses. Finally, while our cohort is relatively large for a
Future Perspective
Moving forward,

comprehensive  genomic

profiling, including integration of whole-genome
sequencing and methylation data, could provide deeper
insights into the molecular landscape and epigenetic
regulation of medulloblastoma in different populations.
Functional studies to clarify the pathogenicity of specific
DDR variants, particularly rare or novel mutations, will

be critical. Moreover, prospective trials incorporating

5. Conclusion

In summary, our study provides the first
comprehensive analysis of DNA damage response gene
mutations in Kazakhstani children with
medulloblastoma, revealing a high prevalence of DDR
alterations, particularly in homologous recombination
and mismatch repair pathways. The predominance of
truncating mutations underscores the potential role of
DDR deficiency in tumorigenesis and therapy response.
While no significant associations with clinical outcomes
were found overall, specific correlations, such as the link
between TLS variants and metastasis, suggest a possible
contribution to tumor aggressiveness. These findings
highlight the importance of integrating DDR profiling
into medulloblastoma research and clinical care, paving
the way for future precision medicine approaches aimed
at improving outcomes in this vulnerable population.
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Tyninaeme

Kipicrie. Meayaao6aactoma (MB) — 6aaaaapaarsl eH >Kui ke3deceTiH karepai mu iciri, >xeHe AHK saxbIMbIHa
>kayan Oepy (DDR) rengepingeri esrepicrep icikTiH gaMyblHa, eMre >Kayallka >KoHe OoJ>KaMFa acep eTyi MYMKiH.
Anaiiga, Opraabik A3uaAarsl TeAUaTpUAALIK mornyasnusaia DDR myTanusaapbHelH AaHAadTH 911 3epTTeAMeTeH.

Oaicrepi. 2015-2024 xpiagap apaasFbiHja Kasakcrangarer «University Medical Center» KopriopaTtmsTik
Kopoman aapiHran 42 Gaazaaap MB yaricine peTpocnekTusTi Taagay Xyprisiagi. PopmMaamHMmeH OekiTiareH,
napa¢dunaearer tinaepaeH (FFPE) 6eainren AHK-Fa ToABIK 9K30MABI cekBeHUpAey Kacaabil, DDR sxoaaapsiHbIg 52
TeHi MakcaTThl Typae TaadanAbl. Bapuantrap ACMG HyckayaapbiHa calikec KaacCupUKalMAAaHABI XKoHe KAMHUKAABIK,
AepeKkTepMeH OalilaHbICHI OaFalaHAbL.

Hoarixkeci. 71,4% >xaraaiiaapaa naroreHai HeMece pIKTMMaAa natoreHai DDR ren Myranmsiaapbl aHBIKTaA4bl,
keOiHece TOMOAOITHIK, pekomOmHamms1 (HR) sxoHe kate corikecTikTi Tysety (MMR) skoa4apbIHBIH e3repictepi 6Gachim
60aap1. EH >xui ke3geceTin myTanusiap — ppeitMmm@T 5sHe HoHceHC Typaepi. Kui myrarusaanran rengepre ERCC6,
SLX4, FANCM :xene PMS1 «kipai. @yHKIIMOHAAABIK ce3iMTaaAbK Taazaysl HR >koHe HyKaeOTm SKCHUBVAABIK
penapanusa (NER) >Xoa4apbIHBIH MyTal[MsAapbl IUCIIAATUH MEH DTONO3UJAKEe KOFaphl ce3iMTaaAbIK, Oepyi MyMKiH

exkeHiH kepcerTi. Kaampl aaranaa, DDR cratychl MeH Tipi Kady Hemece iCiKTiH caThIChl apacbhlHAa aiTapAbIKTall
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OartaaHbIc TabbLAMaAbL; adaiiga, DDR BapuaHTTapBIHBIH SKaAIIBl CAaHEI iCiK CaTBICEIMEH Kepi KOppeAsLns KOpceTTi (r =
-0,436, p =0,019), aa Tpancaesusanlk cunTe3 (TLS) >X0ABIHBIH BapraHTTaphl MeTacTa30eH OH KOppeAsIus KopceTTi (r =
0,346, p = 0,045).

Kopruiteiaanl. bya seprrey 6azazap MB naykacrapsiza DDR ren MyTanusaaapbIHBIH SKOFapbl SKMiAiriH
kepcertin, DDR earepicrepiniy Kayill crpatn@ukanisacel MeH KeKedeHJipiAreH eMJAik cTparermsaiapAarbl BIKTMMaA
KAVMHMKaABIK MaHBI3ABIABIFBIH artarnn oTTi. Hatiokesaep DDR npodmanu 6oaammak MB seprreyaepine >xoHe emaey
JKOCIIapAayFa eHri3y i KoA4aniasl.

Tyiin ce3aep: Meayaaobaacroma, /AHK 3akpiMbiHa Skayan Oepy, OasazapAblH MM iciri, Myraumsaap,

AEPGQCTGHAipiAreH MeAUIIHA.
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Pe3omMme

Bseagenme. Meayaaobaactroma (MB) sBasercss namboee pacHpOCTpaHEHHON 310KAYeCTBEHHON OITyXOAbIO
rO/I0BHOTO MO3Ia y AeTeil, 1 M3MeHeHNs B reHax oTseTa Ha nospexxaenne JAHK (DDR) MoryT BAMATh Ha OIyXOAE€BBIi
IIpOIIecc, 9yBCTBUTEABHOCTD K Ae4eHNIO 1 ITporHo3. Ognako aanamadt myTtanuiit DDR y gererr LlenTpaasHoit Asun 40
CHX IIOp He ObLA U3y4YeH.

MeToapl. Mbl ipoBean peTpoCIieKTUBHBIN aHaau3 42 obpasuos Mb y aereit, cobpannbix 8 KoprioparusHom
®onge «University Medical Center» (Kasaxcran) B mepmog, c 2015 o 2024 roa. AHK, BhlAeaeHHas 13 OIIyXOJ€BEHIX
TKaHell, (pUKCUpOBaHHLIX B gopmasuue u 3aauthix B napa¢un (FFPE), 6p1a mogpeprHyra ITOAHODK3OMHOMY
CEKBEeHMPOBAHUIO C IeleBbhIM aHaan3oM 52 renos mytu DDR. BapuanThl kaaccupuumpoBaanch B COOTBETCTBUM C

pykosoacrsamu ACMG, 1 mpoBoanaach OlleHKa X KOppeAsnnu C KAMHNYIeCKUMI AaHHBIMIA.
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Pesyabrarel [laTorenHsre nam BeposITHO maToreHHble MyTariuy reHoB DDR Obran sorsaaens! B 71,4% caydaes,
IIpM BTOM IIpeoDAajaiu M3MEeHeHMs! B IyTAX romoaornmuHoii pekomOmuanym (HR) m mcmpasaenmst ommOo4HOI
pemapanun (MMR). Hanboee gacTsiMu THIIaMy MyTauuil ObLAM CABUT paMKy cunThiBaHs (frameshift) nm HoHcenc-
myTtanun. Yame Bcero MyTtanuy Habaodaanch B reHax ERCC6, SLX4, FANCM n PMS]. ®yHKIIMOHAABHBIN aHAAU3
YYBCTBUTEABHOCTU TIOKa3ad, uyro MmyTanum nyrert HR m skciusmonnon pemnapanum Hykaeotugos (NER) moryt
CIIOCOOCTBOBATD ITOBBIIIIEHHON YyBCTBUTEABHOCTY K UICIIAQTUHY U 9TON031UAy. OOIINX 3HAYMMBIX aCCOLMAIIUI MEXKAY
crarycoM DDR 1 BBKIBa€MOCTBIO AV CTaAVIEN OIIyXOAU BBIBAEHO He OBL10; 0AHAKO oOlee KOANIeCTBO BapMaHTOB
DDR orpuniateAbHO KOppeAnpoBaao co cragueit onyxoan (r = -0,436, p = 0,019), a BapmaHThI IIyTH TpaHCA€3MIOHHOTO
cunTe3a (TLS) moaoxnuTeabHO KOppeanpoBaan ¢ HaaumdyueM MeTacTasos (1 = 0,346, p =0,045).

BreiBOaBI. JaHHOe 1ccAel0BaHNe AeMOHCTPUPYeT BBICOKYIO pacpOcTpaHéHHOCTh MyTauuii reHos DDR cpean
Aeteii ¢ Mb, moauépxusas MOTEHNIMAABHYIO KAVHNYIECKYIO 3HAYMMOCTD BTUX U3MEHEHUI A4 cTpaTuUKALIUM pucKa
U Ppa3dpadOTKM IIepCOHAAUBMPOBAHHBIX TepalleBTMUecKuX cTparermit. IloaydyeHHEBle JaHHBIE I1O0AA€P>KUBAIOT
HeoOXOAMMOCTH UHTerpanuu npopuanposanus DDR B OyayIue nccaeaoBanus 1 IAaHnpoBaHne Aedennst Mb.

KaroueBbie caoBa: MeayaaobaactoMa, orseT Ha mospexaenne /AHK, omyxoas roaoBHoro mosra y Aeteii,

MyTanuu, IIpenmn3MOoHHasx1 MeANIINHA.
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