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Abstract

Background/Aim: With the expansion of next-generation sequencing (NGS)-based hereditary cancer panels, this study
aimed to: (i) identify non-BRCA predisposition genes in an index case with three different primary cancers; (ii)
demonstrate the clinical utility of cascade testing via comprehensive panel NGS testing for early cancer detection in
asymptomatic relatives; (iii) discuss the potential association between a co-segregating MITF variant and a family
history of recurrent meningioma; and (iv) provide a practical management framework for Multilocus Inherited
Neoplasia Allele Syndrome (MINAS) in the context of dual ATM+MITF carriership.

Materials and Methods: Index patient and family members who have a history of cancer with a familial cancer pedigree
were evaluated using a multigene NGS approach. Targeted sequencing was performed on the MGl DNBSEQ-G400
platform using the Twist Bioscience Hereditary Cancer Panel.

Results: A germline ATM variant was identified in the index case, and ATM carrier status was confirmed in his two sons.
During cascade screening, early-stage colon cancer was detected on colonoscopy in one son, while prostate cancer
was diagnosed in the other. MITF carrier status was identified in three family members; among them, the index
patient’s sister and one nephew had a history of meningioma, and the nephew was also shown to be an ATM carrier.
A history of meningioma was also present in another family member with an MITF variant.

Conclusion: Large-panel NGS testing in cancer patients is transforming family-based risk management by enabling the
identification of homologous recombination repair (HRR) genes (including ATM) beyond BRCA1/2. Cascade testing
via comprehensive NGS provides tangible clinical benefits by detecting malignancies early in clinically silent carriers.
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Introduction

Germline genetic testing for cancer susceptibility genes is
a clinically proven method for detecting, preventing, and
managing cancer (1, 2). The indications for these tests
typically are early age of onset, specific tumor pathologies,
and extensive family history. A critical clinical indicator
highlighted by the National Comprehensive Cancer
Network (NCCN) is the presence of multiple primary
malignancies within a single individual (3).

The clinical significance of hereditary genetic
predisposition tests extends beyond risk prediction alone;
it directly influences the entire diagnostic, screening,
treatment, and family counselling processes. The detection
of germline BRCA1/2 and other homologous recombination
gene mutations enables the identification of patient groups
suitable for targeted therapies such as PARP inhibitors, while
also facilitating the implementation of predictive testing and
early screening strategies for family members. Therefore,
current guidelines recommend germline genetic testing to
be routinely included in the assessment of individuals with
metastatic, high-risk, or familial prostate cancer (3-6).

The molecular landscape of hereditary cancers
is characterized by significant genetic heterogeneity,
where mutations in diverse signaling pathways can
manifest as overlapping clinical phenotypes. For instance,
the DNA damage response pathway - encompassing
high-penetrance genes such as BRCA1/2 as well as
moderate-penetrance genes such as PALB2, ATM, and
CHEK? - illustrates how distinct molecular defects can
confer a shared predisposition to breast and pancreatic
malignancies. Similarly, the mismatch repair (MMR)
pathway and the base excision repair mechanism (e.g.,
MUTYH) represent distinct biochemical pathways that
converge to increase colorectal cancer risk. Because these
pathways are often interconnected, a mutation in a gene not
traditionally associated with a specific syndrome may still
contribute to the patient’s oncogenic profile, underscoring
the limitations of single-syndrome testing (5, 7-9).

Consequently, the shift from single-gene analysis to
comprehensive multigene panels has become a clinical

necessity. These panels offer a high-throughput, cost-
effective approach to identify pathogenic variants that
might be missed by phenotype-driven testing alone.
This is particularly vital for patients with “atypical”
presentations or those with multiple primary tumors
that do not strictly adhere to the classical criteria of a
single syndrome (1). It is also beneficial for cases that
are clinically non-recognizable for Multilocus Inherited
Neoplasia Allele Syndrome (MINAS) (10-12). By capturing
abroader spectrum of the genetic architecture, multigene
panels facilitate the detection of rare or moderate-
penetrance alleles, thereby providing a more granular
risk assessment. This holistic view of the patient’s genetic
predisposition is essential for implementing precision
surveillance and management protocols.

The ataxia-telangiectasia mutated (ATM) gene is a
key tumour suppressor that encodes a serine-threonine
kinase, which plays a central role in the detection and
repair of double-strand DNA breaks. The ATM gene,
which plays a critical role in initiating the cellular DNA
damage response (DDR), is a key regulator of cell cycle
control, homologous recombination repair, apoptosis, and
genomic stability. Germline biallelic ATM mutations cause
ataxia-telangiectasia, while heterozygous carrier status is
associated with an increased cancer risk and is relatively
common in the population. Therefore, ATM is considered
amedium-to-high penetrance cancer susceptibility gene.

Germline ATM pathogenic variants are associated with
an increased risk for many solid tumours, particularly
breast, prostate, pancreatic, and gastric cancers (3,
13). Clinically, ATM mutations are not limited to risk
determination; they also influence treatment decisions. In
tumours with ATM loss, DNA repair deficiencies, sensitivity
to platinum-based chemotherapy may increase, whereas
response to PARP inhibitors is more heterogeneous than
in BRCA1/2 mutations. Therefore, ATM is recognised as a
critical biomarker in both hereditary risk assessment and
the determination of targeted treatment strategies (5, 8,9).

MITF and cancer susceptibility. Microphthalmia-associated
transcription factor ( MITF) is a key transcription factor
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that regulates melanocyte development, differentiation,
and cellular survival. This gene, which plays a central
role in melanocyte biology, controls the expression of
numerous target genes associated with pigmentation,
cell cycle regulation, and apoptosis (14). Germline MITF
variants have been associated with increased cancer
susceptibility, particularly in relation to melanocytic
tumours (15). In this context, MITF stands out as a
unique susceptibility gene that exerts its effects through
abiological mechanism distinct from that of classical DNA
repair genes.

In particular, the MITF p.E318K variant has been
strongly associated with a moderately increased risk of
melanoma and has been repeatedly reported in familial
melanoma cases. In addition, some studies have reported
its association with renal cell carcinoma, pancreatic
and prostate cancer; thus, MITF has been considered a
gene with an expanding cancer susceptibility spectrum.
The risk posed by MITF variants mostly arises from
interactions with environmental factors (particularly
UV exposure) and other genetic variables. Therefore,
personalised screening approaches, dermatological
follow-up, and family-based genetic counselling are
important for MITF carriers. Current data indicate that
MITF, unlike classical tumour suppressor genes, possesses
the characteristics of a ‘contextual susceptibility gene’ and
acts as a lineage-specific oncogene that dictates distinct
oncogenic or suppressive outcomes, which occupies a
unique position in cancer biology (15-18).

Materials and Methods

Index case. The index case in the family is an 82-year-
old male patient initially diagnosed with gastric
adenocarcinoma. During his clinical follow-up, an
investigation initiated due to elevated prostate-specific
antigen (PSA) levels led to the subsequent diagnoses
of early-stage prostate carcinoma and incidental non-
invasive bladder carcinoma within the same calendar
year. The patient’s medical history is significant for a
heavy smoking history. His brother was diagnosed with

rectal carcinoma at the age of 71, and his mother had a
history of pancreatic carcinoma (Figure 1). These familial
occurrences, when combined with the patient’s own
history of multiple primary tumors (gastric, prostate,
and bladder), necesitated further genetic evaluation to
investigate a potential hereditary predisposition, despite
the patient’s advanced age and environmental risk factors.
A comprehensive hereditary cancer panel was performed
in line with the clinical course.

The patient’s family history was further characterized
by a cluster of central nervous system tumors, specifically
meningiomas in his first cousin and the cousin’s two
daughters. Given the high prevalence of consanguinity
within the family and the diverse spectrum of malignancies
observed across multiple generations multigene panel
testing strategy was employed to screen family members.

DNA isolation and library preparation. Peripheral blood
samples were collected in EDTA tubes, and genomic DNA
was extracted using the QIAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) and the Promega Maxwell RSC
Blood DNA Kit (Promega, Madison, W1, USA) according to
the manufacturers’ protocols. DNA quantity and purity
were assessed using NanoDrop spectrophotometry
and Qubit fluorometric quantification (Thermo Fisher
Scientific, Waltham, MA, USA).

Next-generation sequencing and bioinformatics.
Sequencing data were processed using vendor-specific
pipelines. Raw reads underwent demultiplexing and
adapter trimming. Sequences were aligned to the human
reference genome (GRCh37/hg19) using BWA-MEM
(Burrows-Wheeler Aligner-Maximal Exact Matches).
Targeted sequencing was performed using the Twist
Bioscience Hereditary Cancer Panel (Twist Bioscience,
South San Francisco, CA, USA), covering a comprehensive
set of cancer predisposition genes which includes MITE
ATM, and BRCA1/2.

Library preparation was carried out according to the
manufacturer’s protocol, followed by circularization and
generation of DNA nanoballs (DNBs). Sequencing was
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Figure 1. Pedigree of the family. Ca: Cancer.

conducted on the MGI DNBSEQ-G400 platform (MGI Tech
Co., Ltd., Shenzhen, PR. China) using pairedend reads (2
A~ 150 bp) with combinatorial Probe-Anchor Synthesis
(cPAS) chemistry. Raw data were processed through
MGI’s standard pipeline for base calling, demultiplexing,
and adapter trimming. Reads were aligned to the human
reference genome (GRCh37/hg19) using BWA-MEM.
Variant calling and downstream analysis were performed
using the GenomizeSeq clinical bioinformatics pipeline.
Single nucleotide variants (SNVs) and small insertions/
deletions (indels) were annotated and classified
according to the 2015 ACMGAMP guidelines. Copy
number variants (CNVs) were evaluated using depth-
of-coverage-based algorithms embedded within
the GenomizeSeq platform. All pathogenic (P) and
likely pathogenic (LP) variants, along with variants
of uncertain significance (VUS), were reviewed and
manually curated in a clinical context. The final report
included detailed variant annotation, zygosity, American
College of Medical Genetics and Genomics (ACMG)
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classification, associated phenotypes, and clinical
actionability, if applicable. Quality control thresholds
included minimum coverage of >100A~ and variant
allele frequency (VAF) 20.2 for heterozygous variants.

Variant annotation and classification. Variants were
annotated using the Genomize Seq Platform and
classified following the ACMG/AMP 2015 guidelines
(19). Classifications were cross-referenced with ClinVar,
gnomAD, HGMD Professional, and LOVD databases. Only
pathogenic or likely pathogenic (LP/P) variants were
included in the final analysis. VUS were excluded. Zygosity
was determined by examining VAF and sequencing reads.

This study was conducted in accordance with the
Declaration of Helsinki. Ethical approval for the study
was granted by the Gazi University Faculty of Medicine
Clinical Research Ethics Committee on 25.11.2025, with
the reference number’ ‘202-1956". Informed consent was
obtained from the participants for the inclusion of their
clinical and genetic data in this study.
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Results

The test results in the index case revealed a clinically
significant germline heterozygote variant in the ATM
gene (ATM c.4909+1G>A). This variant was considered
pathogenic according to ACMG criteria and is also
reported as pathogenic in the ClinVar database (19, 20).

A comprehensive genetic cancer panel was again
performed on the two sons of the index case, and both were
found to be heterozygous carriers of the c.4909+1G>A variant
in the ATM gene. Subsequently, a screening programme was
initiated with genetic counselling. During screening, early-
stage colon cancer was detected in one son via colonoscopy,
and early-stage prostate cancer was detected in the other
son via biopsy following a suspicion of elevated PSA. These
findings demonstrate that cascade screening can enable
early diagnosis in clinically silent carriers.

The same multi-gene panel was also applied to other
relatives (a total of 10 individuals) of the index case who
were called for screening, and the c.1273G>A p.Glu425Lys
variant in the MITF gene was detected in three additional
family members. One of the MITF carriers also carried the
ATM ¢.4909+1G>A variant. A notable feature in the clinical
history of these individuals carrying pathogenic MITF
mutations is that all three have a history of meningioma.
The index case’s sister (MITF mutant, meningioma), a niece
(MITF and ATM mutant, meningioma), and another family
member (MITF mutant, meningioma) are shown in Figure
1. To explain this pattern, tissue-based transcriptome
analysis and functional studies are planned to evaluate the
possibility of a second hit in meningioma tissue (somatic
second hit, Loss-of-Heterozygosity, copy number alteration,
etc.) and/or the effects of the MITF variant on expression/
splicing. Additionally, the family’s genetic testing and
cancer history pedigree are shown in Figure 1.

Discussion
Multigene panels enhance risk management for both index

cases and family members by detecting not only BRCA1/2
but also non-BRCA HRR/DDR genes, such as ATM, in

complex pedigrees. Narrow-panel approaches may miss
clinically meaningful variants in non-BRCA genes and limit
cascade screening opportunities, especially in families with
consanguinity and and a clustering of atypical cancers.

The significance of non-BRCA genes in prostate cancer,
particularly ATM. Germline ATM variants may be
associated with a moderately increased risk for different
cancers. Risk management for ATM carrier status in
prostate cancer should be personalised based on family
history, individual risk profile, and current guideline
recommendations. In this family, the detection of prostate
cancer in both the index case diagnosed with prostate
cancer and one of the two sons who are ATM carriers
reinforces the high pathogenicity of the mutation in the
ATM gene in this family and the importance of carrier
status in terms of clinical follow-up and early detection.

The early diagnosis outcome of cascade screening. The
greatest clinical benefit in hereditary cancer genetics is
the transmission of the germline variant detected in the
index case to eligible family members through cascade
screening, and the prevention of cancer or its detection at
an earlier, more treatable stage through early diagnosis.
In this family, the detection of early-stage colon cancer in
one son and prostate cancer in another through cascade
screening demonstrates the direct contribution of the
germline genetic testing to family health. Furthermore,
by including other ATM carrier individuals in the family in
early screening programmes, it will enable the very early
detection of potential cancers and reduce cancer-related
morbidity/mortality.

Performing cascade screening with a multigene panel
revealed another pathogenic variant in MITF present
in the family but not in the proband. This approach,
according to targeted testing, is particularly beneficial in
families where consanguineous marriages are common
and/or atypical cancer types are observed.

MITF-meningioma association: a hypothesis-generating
observation. MITF variants have been classically
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associated with melanoma and, in some studies, renal cell
carcinoma (15-17). There is no evidence in the literature
supporting an association with familial meningioma. The
occurrence of meningioma in three MITF carriers in this
family is hypothesis-generating and could strengthen the
association if supported by additional molecular studies,
such as second-hit analyses in tumour tissue. Planned
tissue-based DNA and RNA analyses may be critical for
elucidating the functional effect of the variant and its
potential relationship with tumours.

ATM + MITF dual carrier status - (MINAS)- and management
approach. Within the scope of MINAS, the co-inheritance
of two germline susceptibility genes may result in a
phenotype exhibiting the expected cancer spectrum of
each gene separately or may lead to earlier onset and a
tendency towards multiple malignancies. The practical
management approach can be summarised as addressing
each gene separately in terms of risk management, then
combining the conditions requiring the earliest initiation
and most frequent monitoring. Standard recommendations
should be applied in areas with strong evidence (e.g.,
prostate surveillance, dermatological monitoring); in
areas with weak evidence (e.g, meningioma), a measured
and individualised strategy based on family phenotype
and clinical context should be adopted. One of the most
significant ongoing challenges in MINAS management
concerns which gene should be prioritised in cancer
prevention for individuals. The fact that the target tissues
for cancer susceptibility differ between the ATM and MITF
genes may make management slightly easier in this series.
Furthermore, it is important to consider the epistatic
effects of genes in MINAS management.

Conclusion

Comprehensive-panel NGS testing in prostate cancer
facilitates identification of actionable DNA damage
response genes beyond BRCA1/2 (including ATM) and
supports precision risk stratification at the family level (8,
21-23). Cascade screening can translate genetic findings

into measurable clinical benefit by early detection of
malignancies in asymptomatic carriers (8, 23). The
presence of a history of recurrent meningioma along
with the MITF variant in this pedigree is hypothetical;
tumor-based second-hit assessment (e.g.,, LOH) and
transcript-level analyses may help clarify the biological
probability and variant effect (7, 15, 16, 24). For MINAS
(ATM+MITF), a pragmatic approach is to integrate gene-
specific surveillance recommendations, with a trend
toward earlier ages of onset and/or shorter clinical
surveillance intervals, when family history, penetrance,
or tumor spectrum suggests additional risk (3, 4, 10-12).
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