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Introduction. Cancer is a leading cause of mortality worldwide. Hereditary (germline) mutations in cancer predisposition genes significantly
contribute to oncogenesis (accounting for 3-12.6% of adult cases). Identifying carriers of pathogenic/likely pathogenic (P/LP) variants is crucial
for cancer prevention and its early detection. Large-scale data on the prevalence of such variants in the general population of the Russian
Federation, essential for healthcare resource planning, have been extremely limited until now.

Objective. To assess the prevalence and spectrum of pathogenic and likely pathogenic germline variants in genes associated with cancer
risk in a Russian population cohort.

Materials and methods. An analysis of whole-genome sequencing data from 116,794 participants (a representative sample of the adult
population from 86 federal subjects of the Russian Federation) was conducted. The search for P/LP variants in cancer-associated genes
was performed based on the ClinVar database. Variant annotation was carried out considering the level of evidence. Statistical analysis was
performed using Python (v3.9.12).

Results. P/LP variants were identified in 26 cancer-associated genes among 2643 participants (2.26%). The most frequent variant was
rs36053993 (MUTYH, 0.28%), with its frequency in the Russian Federation being lower than in global databases (ALFA, gnomAD). Level A
variants (only those with the “reviewed by expert panel” level of evidence) were carried by 0.8% of individuals collectively. Level B variants
(those with the “reviewed by expert panel” and “criteria provided, multiple submitters, no conflicts” levels of evidence) were carried by 2.08%.
The inclusion of less reliable evidence levels (C, D) increased this proportion only marginally, to 2.26%. A statistically significant decrease in
the proportion of carriers of Level A variants with age was observed (p = 0.007), while the overall proportion of P/LP variant carriers decreased
only slightly (p = 0.17). Substantial geographical variability in prevalence was identified, ranging from 865 (Bashkortostan) to 6250 (Chechnia)
variants per 100,000 population. In Moscow, the prevalence was 2340 per 100,000.

Conclusions. The study revealed a significant “hidden burden” of P/LP oncogenic germline variant carriers (2.26%) in the Russian population.
The primary burden is attributed to variants with a high level of evidence (Level B). The substantial variability in prevalence across regions of
the Russian Federation necessitates a differentiated approach to healthcare resource planning. The data obtained substantiate the need for
implementing genetic screening programs (especially for individuals with a family history) and enhanced oncological surveillance for carriers.
This represents a strategic direction for reducing cancer incidence and mortality in high genetic risk groups within the Russian Federation.
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BBepgeHune. OHkonorn4eckme sabonesanns — BegyLlas npuynHa CMEPTHOCTM B MUpe. HacneacTBeHHble (repMuHabHbIE) MyTauun B re-
Hax NpeapacronoXeHHOCTU K paky BHOCHT CyLLECTBEHHbIN BKa4 B OHKoreHes (3—12,6% cnyyaes y B3pocibix). BeigBneHne HocuTenei
naToreHHbIX / BEPOATHO NaToreHHbIx (P/LP) BaprnaHToB KPUTUHECKIN BaXKHO AN MPOMUNAKTVIKM 1 PaHHEN AMarHOCTUKM paka. KpynHomac-
LTabHble AaHHble O PACNPOCTPAHEHHOCTM TakMX BapuaHToB B 06LLeln nonynsaummn Poccuinckon ®epepaumm ons NaaHMpoBaHns PecypcoB
3[paBoOXpaHeHns paHee Oblnv KpaiHe orpaHnyYeHHbI.

Llenb. OueHnTb pacnpoCTPaHEHHOCTb U CMEKTP MNaTOreHHbIX U BEPOSITHO MaToOreHHbIX FrepMUHasbHbIX BAPUAHTOB B reHax, acCoLMmMpoBaH-
HbIX C PUCKOM PasBUTNSA OHKONOMMHECKMX 3a00NeBaHUI, B POCCUMCKOM NOMYNSLUMOHHOM KOropTe.

MaTepuanbl n metogbl. [poBeaeH aHann3 AaHHbIX MOHOFEHOMHOI0 CekBeHVpoBaHusa 116 794 y4acTHUKOB (penpe3eHTaTnBHas BbiIOOpKa
B3pPOCOro HaceneHusa 13 86 cydbektoB PD). [MNonck P/LP-BapraHTOB B OHKOACCOLUMMPOBAHHBIX FeHax BbIMOHEH HA OCHOBE 6a3bl AaHHbIX
ClinVar. AHHOTauust BapraHTOB NPOBOAMIACE C YHETOM YPOBHS AoKasdaTeNbHOCTU. CTaTUCTUHECKMI aHann3 BbIMOSIHEH C MCMOb30BaHMEM
Python (v3.9.12).

Pesynbtathl. P/LP-BapnaHTbl 06Hapy»keHbl B 26 OHKOACCOLMMPOBaHHbIX reHax y 2643 (2,26%) y4acTHVKOB. Hanbonee 4acTbii BapnaHT —
rs36053993 (MUTYH, 0,28%), 4actota B PO Hmxke MypoBbix 6a3 (ALFA, gnomAD). BapuaHTbl ypOBHS A (TOIbKO BapuaHTbl C YPOBHEM [0-
KazaTeslbHOCTY «MPOBEPEHO SKCMEPTHOW KOMUCCUEN») nMenn cymmapHo 0,8% ntofen, ypoBHs B (BapraHTbl C YPOBHSMY JoKa3aTelbHOCTY
«MPOBEPEHO IKCMEPTHON KOMUCCUEN» U «KPUTEPUN MPEAOCTaBNEHbI HECKOIbKNMIY 3aiBUTENAMM, KOHPINKTOB HeT») — 2,08%, nobasneHne
MeHee HaaexHbIx yposHen (C, D) yBenmunsano nokasarens nub fo 2,26%. Habnoganm ctatucTu4ecky 3Ha4MMOe CHYDKEHNE OOMN HOCU-
Tenen BapraHToB ypoBHS A ¢ Bo3pacToMm (p = 0,007), obulas nons Hocutenen P/LP-BapnaHToB CHkanack HeadHavuTenbHo (p = 0,17). Bbl-
siBfleHa 3Ha4MTENbHAdA reorpaduryeckas BapnabensHOCTb pacnpocTpaHeHHOCTU: OT 865 (Pecnybnnka balwkopTtocTaH) oo 6250 (HeveHckas
Pecnybnuka) BapraHtoB Ha 100 Tbic. Hacenenus. B MockBe — 2340 Ha 100 TbiC.

BbiBogpbl. ViccnenoBarvie BbISIBMIO 3HAYMMOE «CKpPbIToe 6pems» HocuTenscTea P/LP oHkorepmuHansHbIX BapuaHToB (2,26%) B pOCCUNCKOM
nonynsaummn. OcHoBHOe 6pemMst 00yCNOBAEHO BapuaHTaMu C BbICOKMM YPOBHEM [oKa3aTeNlbHOCTU (YpoBeHb B). 3HaunTenbHasa sapuabenb-
HOCTb pacnpOCTPaHEHHOCTM MO pernoHam PO TpebyeT anddhepeHLmpoBaHHOro noaxoaa K ninaHnpoBaHnio PECYPCOB 34PaBOOXPAHEHNS.
Mony4eHHble faHHble 0OOCHOBBIBAIOT HEOOXOAMMOCTE BHEAPEHNSI MPOrPaMM reHETUHECKOrO CKPUHWHIA (OCOBEHHO ANS UL, C CEMENHBIM
aHaMHe30M) U YCUNEHHOrO OHKOHABMIOAEHWS NS HOCUTENEN, YTO SBSIETCS CTpaTErMyecKnM HanpaBieHeM AN15 CHKEHWS OHKo3abone-
BaeMOCTU 1 CMEPTHOCTM B rpyrnax BbICOKOrO reHETUHECKOro pucka B PO.

KniouyeBble cnoBa: XPOHWYECKME HENHMEKUMOHHbIE 3ab0NeBaHns; OHKOMOMMYECKMe 3aboNneBaHus; repMuHaNbHbIE FEeHeTUYecKre
BapmaHTbl; NOJIHOreHOMHOEe CeEKBEHMpPOBaHWe; HacnegcTBeHHas npenpacnosioXXeHHOCTb
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INTRODUCTION 1.5-2 times) through moderate penetrance (risk increas-

es by 2-5 times) to high-penetrance predisposition as-

Cancer remains one of the most significant challenges
in global public health and a leading cause of mortal-
ity worldwide [1, 2]. Combating oncological diseases
requires a comprehensive approach, including under-
standing and accounting for their risk factors. Despite
advancements in diagnostic methods and increased
coverage of screening programs, malignant neoplasms
are currently definitively identified once they have be-
come clinically apparent. Therefore, developing technol-
ogies for the preventive detection and prediction of their
development is critically important.

Hereditary (germline) mutations significantly con-
tribute to oncogenesis, accounting for approximately
3-12.6% of adult cancer cases and 8.5-10% of childhood
cancer cases [3, 4]. The influence of heredity on cancer
risk varies from low-penetrance susceptibility (caused by
common germline variants that increase relative risk by
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sociated with rare germline variants (risk increase more
than fivefold) [5, 6]. Predispositions with moderate and
high penetrance are typically inherited in an autosomal
dominant pattern and are associated with mutations in
Cancer Predisposition Genes (CPGs), of which over 100
have been identified [7]. Screening for such variants is
particularly important in families with a significant family
history of cancer [8-10].

Clinical whole-exome (WES) and whole-genome
(WGS) sequencing have become key tools for identify-
ing hereditary cancer syndromes. WES effectively and
economically detects pathogenic variants in the cod-
ing regions of known CPGs and Cancer Driver Genes
(CDGs) [11], rendering it the primary method for clinical
practice and screening.

Whole-genome sequencing offers a unique advan-
tage through the ability to detect pathogenic variants
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across the entire genome, including non-coding regula-
tory regions and structural variants potentially involved in
hereditary predisposition [12]. However, its application is
limited by higher costs and the complexity of interpreting
findings in non-coding regions.

In 2013, the American College of Medical Genetics
and Genomics (ACMG) issued recommendations di-
recting laboratories to actively seek and report to pa-
tients the identification of pathogenic variants in a spe-
cific list of 56 genes associated with pathological but
potentially manageable conditions [13]. This list, which
includes several CPGs (e.g., BRCAT, BRCA2, TP53),
was revised in 2017 (ACMG v2.0, 59 genes) and fur-
ther in 2021 [14]. Although the original recommenda-
tions relied on a binary variant classification (“‘known
pathogenic” / “expected pathogenic”), a transition to
the modern, five-category ACMG pathogenicity system
was strongly recommended.

This approach inevitably uncovers genetic variants
unrelated to the primary indication for testing but pos-
sessing independent clinical significance. Such findings,
known as secondary findings (SF), may indicate a risk
for developing severe diseases (including some forms
of cancer) for which effective preventive measures or
early-stage treatments exist [15]. Identifying these ger-
mline mutations is critical for cancer prevention and early
diagnosis in at-risk groups.

Determining the true frequency of pathogenic/likely
pathogenic (P/LP) variant carriers in CPGs within the
general population, not just among cancer patients, is
of particular interest to healthcare systems. Knowledge
of such a “genetic burden” allows for the proactive
planning of medical interventions, such as estimating
the need for genetic counseling, genetic testing, en-
hanced screening programs, and preventive meas-
ures (e.g., mammography + breasts MRI for BRCA1/2
mutation carriers, colonoscopy for Lynch syndrome).
Such planning enables the assessment of the burden
on the healthcare system: forecasting the demand for
expensive genetic tests, specialized diagnostics, and
preventive treatments on a regional or national scale,
ultimately optimizing cancer prevention strategies for
individuals at high risk.

Conducting large-scale population studies to assess
the frequency of germline mutations presents significant
challenges. These include high costs, especially when
utilizing WGS, and the necessity of examining large co-
horts to obtain statistically significant data, particularly
for rare genetic variants and in ethnically diverse popula-
tions. A particular ongoing difficulty lies in the interpreta-
tion of the results from such studies, due to the need
for accurate variant classification according to stringent
criteria (€.g., ACMG/AMP (Association for Molecular
Pathology)) [16]. This demands substantial expert and
computational resources, especially for automation (e.g.,
using InterVar) [17] and for the analysis of non-coding

variants and structural variants. Furthermore, challenges
entail ethical and organizational aspects: obtaining in-
formed consent, ensuring data confidentiality, and or-
ganizing the collection of biomaterials.

Despite the challenges, research in this sphere is
underway. Projects such as The Cancer Genome Atlas
[17] and The Pancancer Analysis of Whole Genomes [4]
have provided data on the frequency of germline vari-
ants among cancer patients (8% and 17%, respectively).
Studies in the general population, primarily involving
cohorts of European-American and African-American
ancestry, estimate the prevalence of P/LP variants in
genes from the American College of Medical Genetics
and Genomics (ACMG) secondary findings list to range
0.8-7%. However, data derived from tumor tissues do
not reflect the frequency in the healthy population.

As far as the Russian Federation is concerned,
large-scale studies on the prevalence of germline P/LP
variants in CPGs/CDGs in the population are extremely
limited. Our previous study, which included data from
nearly 77,000 individuals, was a significant step toward
describing the genetic burden of hereditary cancer in the
Russian population [19] but required expansion.

In the present study, we aim to assess the preva-
lence and spectrum of pathogenic and likely pathogen-
ic germline variants in genes associated with the risk of
developing oncological diseases within an expanded
Russian population cohort. The results obtained are
of significant importance for understanding the hid-
den genetic burden of hereditary cancer in the Russian
Federation. This information is necessary for planning
and optimizing resources within regional healthcare
systems required for the prevention, early diagnosis,
and management of patients from high genetic risk
groups.

MATERIALS AND METHODS
Study participants and ethical considerations

This study is a continuation of a large-scale epide-
miological project initiated in 2019 by the Centre for
Strategic Planning of the FMBA of Russia to investigate
the prevalence of genetic variants associated with the
risk of chronic diseases, including oncological condi-
tions, among the adult population across 86 federal
subjects of the Russian Federation.

The study was conducted using a population-based
sample from the Genetic Database (GDB) of the Centre
for Strategic Planning of the FMBA of Russia.! The ran-
domized representative sample comprised 116,794 in-
dividuals from 86 federal subjects of the Russian
Federation. The demographic characteristics of the
participants (age and sex distribution) are presented in
Figure 1. The median age was 51 [22;73] years for men
and 51 [23;75] years for women.

' Genetic Database (GDB). FMBA of Russia. Application v1.1.3 of 17.03.2025. Database v59.1 of 03.10.2024. URL: https://gdbpop.nir.cspfmba.ru (access date

02.08.2025) (In Russ.)
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Whole-genome sequencing

DNA was extracted from whole blood samples using
the MagAttract HMW DNA Kit (Qiagen, Germany) on an
automated robotic station. Whole-genome sequencing
libraries were prepared using the lllumina DNA Prep kit
(llumina, USA) according to the manufacturer’'s in-
structions. Whole-genome sequencing was performed
on the llumina NovaSeq 6000 platform using the
S4 Reagent Kit (300 cycles) (lllumina, USA) for paired-
end reads of 2 x 150 bp.

During the demultiplexing stage, sequencing data
in BCL format were converted to FASTQ format us-
ing lllumina bcl2fastg v2.20. The sequencing run qual-
ity was controlled using lllumina Sequencing Analysis
Viewer v2.4.7, while the read quality (FASTQ.GZ format)
was assessed using the FastQC v0.11.9 bioinformatic
tool. Alignment to the reference genome (GRCh38) was
performed on the Dragen Bio-IT platform (lllumina, USA).
Quality control of alignments (BAM format) was con-
ducted using DRAGEN, FastQC v0.11.9, samtools v1.13,
and mosdepth v0.3.1. All samples passed quality con-
trol based on key metrics, including the percentage of
duplicated reads and the number of unaligned reads.
The final mean genome coverage per sample was at
least 30x. Detection of single nucleotide polymorphisms
(SNPs) and short insertions/deletions (up to 50 bp) was
performed using Strelka2 [9]; only variants passing the
PASS filter were selected.

Search for cardiac germline variants

A search for pathogenic and likely pathogenic genetic
variants associated with the development of oncologi-
cal diseases was conducted within the study sample,
based on the ClinVar database. The following levels of
evidence for the relationship between a genetic vari-
ant and the development of the corresponding phe-
notype, as provided by ClinVar (in descending order of
strength), were used for annotating the obtained list of
variants:
e “Practice guideline”
Highest level. Interpretation is based on official clini-
cal guidelines from authoritative professional socie-
ties. This information represents the most reliable
data for clinical decision making.
e “Expert panel”
Very high level. The variant has been thoroughly eval-
uated and approved by an independent expert group
(e.g., within the ClinGen consortium). This also con-
stitutes an extremely reliable basis for clinical action.
e “Multiple submitters”
High reliability. Multiple laboratories have indepen-
dently reached the same interpretation of the variant,
and no conflicting data exist. This is a reliable indica-
tor for use in practice.
e “Single submitter”
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Moderate reliability. The interpretation originates from
only one laboratory or research group. Such data re-
quire caution and verification through scientific publi-
cations or other sources.
e “No assertion provided”
Low reliability. The submitter provided information
about the variant but did not offer any clinical inter-
pretation. This information should not be used for
clinical decision making.

Statistical Data Processing

Statistical data processing and result visualization
were performed using the Python programming lan-
guage (v3.9.12). Intergroup comparison of the number
of carriers of genetic variants was conducted using the
chi-square test.

RESULTS

Annotation results of variants associated with
oncological diseases

In the analyzed sample, carriers of pathogenic and likely
pathogenic variants were identified across 26 genes
associated with various oncological diseases: APC,
BMPR1A, BRCA1, BRCA2, MEN1, MLH1, MSHZ2, MSH6,
MUTYH, NF2, PALB2, PMS2, PTEN, RB1, RET, SDHAF2,
SDHB, SDHC, SDHD, SMAD4, TMEM127, TP53, TSC1,
TSC2, VHL, WTI. At least one variant in these genes
was detected in 2643 participants (2.26%). The number
of unique variants identified was 467, with a cumulative
frequency in the entire cohort of 1.15%, corresponding
to 2307 variants per 100,000 population.

Variants in the MUTYH gene were the most fre-
quently observed in the study sample. Specifically,
the most common variant was rs36053993
(NC_000001.11:9.45331556C>T), with a frequency
of 0.28%. According to the GDB, the frequency of
this variant in the Russian population is statistically
significantly lower than in other global projects. For
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Fig. 1. Age and sex distribution of the study participants



OPUTNHAJIbHASA CTATbA | FEHETUKA

instance, its frequency in the ALFA project was 0.46%
(p-value < 0.001), compared to 0.33% in gnomAD
(p-value < 0.01).

The distribution of the identified variants by the level
of evidence is presented in Figure 2A. Notably, none of
the found variants had the “practice guideline” level of
evidence. The largest number of variants (215 out of 467)
had the “reviewed by expert panel” evidence level, fol-
lowed by variants with the “criteria provided, multiple
submitters, no conflicts” level (168 out of 467). The
aforementioned most common variant, rs36053993,
also belongs to this second group.

In total, Level A variants (only those with the “reviewed
by expert panel” evidence level) were carried by 0.8% of
individuals. Level B variants (those with “expert panel”
and “multiple submitters, no conflicts” levels of evidence)
were carried by 2.08%. Level C variants (those with “ex-
pert panel,” “multiple submitters, no conflicts,” and “sin-
gle submitter” levels of evidence) were characteristic of
2.25% of individuals. Level D included all variants and
was characteristic of 2.26% of individuals (the entire

Evidence levels
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Figure prepared by the authors based on original data

group of carriers of pathogenic and likely pathogenic
variants).

As noted above, the majority of identified variants
belonged to the former two groups. Furthermore, these
same groups accounted for the most prevalent variants.
Consequently, Level B encompassed carriers of nearly
all pathogenic and likely pathogenic variants. The inclu-
sion of additional, less substantiated variants only mar-
ginally increased the overall carrier proportion.

It is important to note that the prevalence of patho-
genic and likely pathogenic variants in a population typi-
cally exhibits an age-dependent dynamic. Carriage of
these genetic variants is presumed to negatively impact
survival and the likelihood of reaching old age. However,
in our analysis (Fig. 2C), the proportions of P/LP carriers
changed only marginally from one age group to another
from a statistical standpoint (p-value = 0.17), although
a trend suggesting a decrease in the carrier proportion
with age was observed. This trend is more pronounced
when considering only carriers of Level A variants
(p-value = 0.007).
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Fig. 2. Annotation results of the identified genetic variants: A — frequency of variants with different evidence levels in
the sample; B — proportion of carriers of variants with different evidence levels; C — proportion of carriers of all pathogenic
and likely pathogenic variants associated with oncological diseases across different age groups; D — proportion of

carriers of Level A variants across different age groups

MEOVLIHA SKCTPEMAbHBIX CUTYALIMI | 2026, TOM 28, Ne 1



ORIGINAL ARTICLE | GENETICS

Analysis of pathogenic and likely pathogenic spontaneous and often unpredictable, germline variants
variant distribution across Russian federal subjects are detectable from birth. Identification of oncogenic
germline variants is essential for estimating disease risks
The conducted analysis also enabled the creation of a  at both individual and population levels, including for a
map illustrating the prevalence of pathogenic and likely  specific region or an entire country.
pathogenic variants associated with oncological dis- Our large-scale study, bridging epidemiology and
eases across different regions of the Russian Federation  genetics, has identified pathogenic or likely patho-
(Fig. 3). The highest frequencies were observed in  genic variants of varying evidence levels in cancer-
Chechnya (6250 variants per 100,000 population), the associated genes in 2.26% of participants from a rep-
Republic of Komi (5484 per 100,000), Zabaykalsky Krai  resentative sample of over 116,000 residents of the
(4366 per 100,000), Kurgan Oblast (4219 per 100,000), Russian Federation. This sample was not enriched
and Lipetsk Oblast (3636 per 100,000). The lowest fre-  with individuals with established oncological diagno-
quencies were found in the Republics of Sakha (Yakutia)  ses, allowing us to reveal a “hidden” genetic burden
(1179 per 100,000), Dagestan (1102 per 100,000), within the ostensibly healthy population. Although all
Chuvashia (1046 per 100,000), Mari El (967 per 100,000), identified variants exhibit incomplete penetrance and
and Bashkortostan (865 per 100,000). In Moscow, the  disease manifestation depends on additional factors
prevalence of oncogenic germline variants was 2340 [21], data on the prevalence of oncogenic germline
per 100,000 population, which aligns with the overall variants in the population can be valuable for devel-

population value of 2307 mentioned earlier. oping preventive care protocols. While the identified
variants are characterized by incomplete penetrance,
DISCUSSION their carriage significantly increases the lifetime risk

of developing specific cancer syndromes [5-8]. The
When discussing the genetics of oncological diseases, observed decrease in the proportion of P/LP variant
researchers and clinicians often refer to the accumulation  carriers with age (particularly pronounced for Level A
of somatic mutations in specific cells, which stimulates  variants with the highest level of evidence, p = 0.007)
the development of malignant neoplasms. However, aligns with the concept of increased mortality or mor-
hereditary predisposition to cancer, manifested as the bidity among carriers who do not survive to older age
carriage of pathogenic and likely pathogenic variants in  groups. This indirectly confirms the clinical signifi-
cancer-associated genes, represents an equally criti-  cance of the identified variants and the importance of
cal risk factor. Moreover, while somatic mutations are  pre-symptomatic detection.
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Fig. 3. Prevalence map of oncogenic germline variants in the population of the Russian Federation
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The use of ClinVar evidence levels enabled an as-
sessment of the reliability of the identified associations.
The fact that Level B (high and moderate evidence lev-
els) accounts for 2.08% of carriers, while the addition
of less reliable variants (Levels C and D) increases this
figure only to 2.26%, holds significant practical impor-
tance. This indicates that the primary “genetic burden”
is attributable to variants with a solid evidence base and
also strengthens confidence in the results, justifying the
prioritization of these variants when planning screen-
ing programs. The absence of variants at the “practice
guideline” level underscores the need for further work on
the validation and clinical interpretation of genetic find-
ings in the Russian population.

The geographical distribution of the identified ge-
netic variants obtained in this study is of particular val-
ue. The prevalence across different regions of Russia
showed substantial variation, ranging from 865 variants
per 100,000 population in Bashkortostan to 6250 vari-
ants per 100,000 in Chechnya. This disparity may be
attributed to a multitude of factors. First, remote regions
and isolated communities, which various ethnic groups
may have constituted at different times, could be char-
acterized by a “founder effect” or other evolutionary pe-
culiarities.

Second, the demographic structure of a region can
influence the frequency of P/LP variants. As our analysis
demonstrated, the proportion of P/LP carriers decreases
when moving from younger to older age groups. This is
particularly significant for variants approved by an expert
panel, i.e., those with the highest level of evidence. The
observed trend is likely linked to the increased mortality
of P/LP carriers before reaching old age, which reduces
their numbers in the oldest age groups. Consequently,
the prevalence of cancer-associated genetic variants will
also vary depending on the demographic structure of a
particular region and the predominance of younger ver-
sus older residents.

Third, the level of healthcare development in a given
region is a significant factor. When cancer manifests in
carriers of pathogenic/likely pathogenic variants in re-
gions with advanced medical care, the chances of sur-
vival and achieving remission are significantly higher,
thereby preserving the mutation in the population’s gene
pool. It is important to consider that for some regions
with small sample sizes, the frequency estimate may be
less precise.

Nevertheless, knowledge of regional characteris-
tics is critically important for differentiated planning of
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