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Abstract

Background. TP53 rs1042522 (Arg72Pro) is a functionally significant polymorphism that alters the apoptotic activity of
the p53 protein and is potentially associated with cancer susceptibility. Its contribution to cancer risk in radiation-exposed
populations remains insufficiently explored. This study aimed to analyze the frequency of this polymorphism in women with
breast cancer residing near the former Semipalatinsk nuclear test site, considering both hereditary and environmental risk
factors.

Materials and methods. A case-control study was conducted involving 250 Kazakh women aged 40 to 79 years.
Participants were categorized into groups based on cancer diagnosis, family history, and radiation exposure. Genotyping of
the TP53 rs1042522 polymorphism was performed using real-time PCR. Statistical analysis included calculation of odds
ratios (OR) with 95% confidence intervals (Cls), with Bonferroni correction applied where necessary.

Results. The frequency of GC/CC genotypes was significantly higher among breast cancer patients with both a family
history and documented radiation exposure (OR = 6.91; 95% CI: 1.89-25.21; p = 0.0020). A meaningful association was also
observed in sporadic breast cancer cases — women with no known familial or radiation-related predisposition (OR = 4.30;
95% CI: 1.15-16.09; p = 0.0269). Genotype distribution in the control group was consistent with Hardy-Weinberg equilibrium,
supporting the validity of sampling and genotyping procedures.

Conclusion. The findings of this study suggest that the TP53 rs1042522 polymorphism may contribute to increased
susceptibility to breast cancer in women exposed to ionizing radiation. These results highlight the importance of an
integrated approach to cancer risk assessment that includes both genetic and environmental factors, and emphasize the
need for further investigation of TP53 as a potential biomarker in vulnerable populations.
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BeeneHue. TP53 rs1042522 (Arg72Pro) — yHKLMOHANBHO 3HAYWMBIA MONMMOPMU3M, U3MEHSIIOLLMIA anonTOTUYECKYHO
aKTMBHOCTbL 6enka p53 W NoTeHLManbHO acCoLMMpOBaHHbI C OHKOMOTMYECKO NPpespacnoNoXEHHOCTbLI0. BrivsiHe aaHHoro
BapMaHTa Ha pUCK pasBUTUS paka B YCrOBUSX XPOHUYECKOTO pafWaLMOHHOMO BO3[ENCTBUS OCTAETCA HEAOCTaTOYHO
U3yyeHHbIM. HacTosiliee uccrefoBaHWe HanpaBeHO Ha aHanW3 YacTOTbl JAaHHOMO MONUMOPMU3MA Y KEHLUWH C paKkoM
MOJIOYHOW Xenesbl, NPOXMBAKLLMX BONM3KM GbiBluero CemunanaTHCKOro UCMbITaTeNbHOMO MOMUIOHa, C Y4eTOM CEMENHOTO
aHamHe3a 1 UCTOpUM pagnaLMoHHOTO BO3AENCTBMS.

Matepuansi u metogbl. VccnefoBaHne CryYai-koHTPONb, BKMOYMBLLIEE 250 KEHLUMH Ka3axCKoi HaLUWMOHaNbHOCTW B
Bo3pacTe 0T 40 1o 79 neT. YuacTHuUb! Bbinu pasgeneHbl Ha rpynmbl B 3aBMCUMOCTM OT AMarHo3a, CeMEeMHOro aHaMHe3a U

29



Hayka u 3apaBooxpanenue, 2025 T.27 (4) OpuruHajbHOe HCCIeT0OBAHNE

paguaumoHHoro Bosgeicteus. eHoTunupoBanue TP53 rs1042522 nposogunock metogom [MLP B pexume peanbHOro
BpemeHn. CTaTCTUMYEeCKUiA aHanmu3 BKntoyan pacyeT oTHoleHuid waHcos (OR) ¢ 95% poseputenbHbiMu uHTepaanamu (Cl)
1 nonpasky BoHdeppoHu.

PesynbTatbl. Yactota reHotunos GC/CC 6Gbina [OCTOBEPHO BbIlUE CPEAM KEHLMH C PakOM MOMOYHON Xenesbl,
MMEIOLLMX KaK CEMEIHYI0 OTArOLLEHHOCTb, TaK 1 UCTOPUI0 pagmaLmoHHoro BosaencTsus (OR = 6,91; 95% CI: 1,89-25,21; p
= (,0020). CywecTtBeHHas accoumauus Takke Habrioganacb B rpynne Cnopaguyeckux CryyaeB — Yy nauueHTok Ges
HaCneACTBEHHOW W pagmaunoHHon npegpacnonoxeHHoctn (OR = 4,30; 95% CI: 1,15-16,09; p = 0,0269). B koHTponbHoM
rpynne pacnpefeneHne reHoTUnoB COOTBETCTBOBANO paBHOBECUIO Xapau-BanHGepra, 4To MOATBEPXOAET KOPPEKTHOCTb
BbIOOPKM 1 rEHOTUMMPOBAHUS.

BbiBoabl. PesynbTtathl MccrnegoBaHWS MO3BONAKT MPeanonoxuTb yyactue nonumopdmama TP53 rs1042522 B
MOBbILIEHUM YyBCTBUTENBHOCTW K paky MOJIOYHOM Xemnesbl Y XEHLLMH, MOABEpPriLMXCS PaguaLMoHHOMy BO3LEeNCTBUK. OTO
NOAYepKMNBaET akTyanbHOCTb KOMMIEKCHOTO MOAXOAA K OLIEHKE OHKOTEHHOTO pUCKa, BKITHOYAIOLLEro Kak reHeTuYeckue, Tak 1
9KOMOrMyeckne napameTpsbl, a TaKke HeobxoauMoCTb fanbHenwero uayyeHns TP53 kak noTeHumansHoro Guomapkepa.

Knroyeenie cnoea: TP53, Arg72Pro, pak MomoyHoU xenesbl, CemunamamuHck, nonumopgusm, paduayuoHHoe
gosdelicmeue, KasaxcmarH, e3aumodelicmaue 2eHa u cpedsbl.

[nsa yumupoeaHusi:

TaHamapos C., AmaHmaesa b., Kypmarnzanuee T., Ancanukos b. Monumopcuam rera TP53 u puck paka MOMOYHOM
KEMe3bl Y IKEHLUMH Ka3axCKOW HALMOHamnbHOCTM, MOABEPrIUMXCA paguaunoHHoMy Bo3deiicTBuio /[ Hayka u
3ppaBooxpaHeHue. 2025. Vol.27 (4), C.29-35. doi 10.34689/SH.2025.27.4.004

TyniHpgeme
TP53 FEHIHIH NOJIMMOP®U3MI XKOHE PAOUALLUATBIK
OCEPrE ¥WbIPAFAH KA3AK OSUENAEPIHAOErI
CYT BE3l OBbIPbIHbIH AAMY KAYI

Caar Tanarapos®, https://orcid.org/0000-0001-8958-8768

BbasH AtaHTaeBa’,

TonereH Kypmanranues", https://orcid.org/0000-0003-2464-7581
BakbiT6ek AncanukoB?2, https://orcid.org/0000-0001-6983-9224

1 «SApponbiKk MeauUMHa XaHe OHKonorus optanbifbi» Cemen K., KasakctaH Pecnybnukacsi;
2 «Cemeit meauumHa yHuBepcuTteTi» KeAK, Cemei K., KasakctaH Pecny6nukachbl.

Kipicne. TP53 rs1042522 (Arg72Pro) — p53 akybI3blHblH, anonTo3gblk BencenpiniriHe acep €TeTH (hyHKUMOHaNAab
MaHbI3abl MOMMMOPMU3M XoHEe OHKOMOrMANbIK, OeliMainikneH bikTuMan OainaHbICTbl reHeTUKanbik Mapkep. byn
BapWaHTTbIH, paguauusarblk, acepre ylblpafaH agampapga Katepni icik kayniHe acepi xeTkinikti sepTrenmereH. Ocbl
3epTTeyaiH, Makcatbl — BypbiHebl Cemeil SApOMbIK MOMMIOHbIHA XaKblH aiiMakTapha TypaTtbiH, cyT 6e3i 0bbipbl Gap
allenpep apacbiHaa OCbl NONMMOPCM3M KUIMifiH, COHAaR-ak onapablH 0T6achiNblK aHaMHE3i MeH paguauusinbik, acep
TapuXblH ECKEPE OTbIPbIN Tangay.

Matepuangap meH agictep. byn 3eptrey 40-79 xac apanbifbiHgasbl 250 Kasak, yNTbiHbIH, aiengepi apacbiHaa
XyprisinreH xargan—bakbinay TuniHgeri 3eptrey 6onabl. Katbicywbinap cyT 6esi 0bbipbl AnarHosbl, 0T6ackbinbIK aHaMHe3
XaHe paguaumsnblk acep gepektepi bonbiHwa TonTapFa GeniHgi. TP53 rs1042522 nonumopduaMiH reHOTUNTeY HaKTbl
yakpiTTasbl TP apicimeH xypridingi. Ctatuctukanbik Tangay 95% ceHimginik wHtepsangapbl (Cl) 6ap bikTMMangbix,
koadpduumenTTepiH (OR) ecenTeyai kamTbiabl, KaxeT bonfaH xarganaa boHbeppoHK Ty3eTyi KonaaHbINgb!.

Hatuxenep. GC/CC reHoTUnTepiHiH, xuiniri otbacbinbiK aHaMHe3i MeH paguauusnbik acepi 6ap cyT 6esi 0ObipbiMeH
ayblpfFaH anenaep apacblHaa egayip xorapsl 6ongsl (OR = 6.91; 95% CI: 1.89-25.21; p = 0.0020). MyHaai GainaHbICTbl
oT6achINbIK XaHe paanauusnbik Tayeken daktopnapbl oK, Cnopagusinbik cyT 6e3i 0bbIpbl XargannapbiHaH fa baiikayra
Bonagbl (OR = 4.30; 95% ClI: 1.15-16.09; p = 0.0269). baxpinay ToOblHAasbl reHOTUNTEPAH, Tapanybl Xapau-BaitHbepr
Tene-TeHAiriHe calikec kengi, Oyn ipikTey MeH reHoTUNTEY CEHIMEININH KepceTeai.

KopbITbiHAbL. Byn 3epTTeyain Hatwxenepi TP53 rs1042522 nonuMopuaMiHiH, paguaumsanbik acepre yliblpafaH
oilengepme cyT 6e3i obbipbiHa GeniMainikTi apTTbipybl MyMKIH €keHiH kepceTedi. bynm oHkonorusnbik Kayin-kartepai
Oaranaypa reHeTukanblK JkaHe 3komnorusnbik haktopnapabl GipikTIpETIH KeleHai TaCingiH, MaHbI3OblblFbIH - atan
kepceTeqi, coHaai-ak, TP53 rexiH 6onalwarbl 6ap G1omapkep peTiHae api Kapaii 3epTTey KAXeTTININH kepceTeai.

Tylindi ce3dep: TP53, Arg72Pro, cym 6e3i 0bbipsi, Cemell, nonumopgusm, paduayusnbik acep, KazakcmaH, aeH-
opma apekemmecmizi.
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Introduction

Breast cancer remains the most frequently diagnosed
malignancy and one of the leading causes of cancer-related
death among women globally. According to GLOBOCAN
2022, approximately 2.3 million new cases and 670,000
deaths were reported worldwide in that year [15]. The
etiology of breast cancer is multifactorial, involving both
inherited genetic predispositions and environmental

exposures [18]. These disparities may reflect differences in
screening practices, lifestyle factors, and genetic
background.

The global variation in breast cancer incidence is
illustrated in Figure 1, which presents age-standardized
rates across selected countries. The highest incidence is
observed in the United States and Germany, while rates
remain comparatively lower in China and Kazakhstan.

AGE-STANDARDIZEDBREAST CANCER INCIDENCE PER
100,000 WOMEN IN SELECTED COUNTRIES (GLOBOCAN 2022)

90,3

USA Germany Russia

Russia

&
China

China Kazakhstan

Figure 1. Global distribution of age-standardized breast cancer incidence (per 100,000 women).

In regions affected by long-term radioactive
contamination, such as the Semipalatinsk Test Site in
Kazakhstan, chronic exposure to ionizing radiation has
raised major concerns regarding transgenerational health
risks, including carcinogenesis [1,9]. lonizing radiation is a
well-established mutagen that induces DNA damage and
genomic instability, which may synergize with inherited
mutations to elevate cancer susceptibility [12].

Among the critical tumor suppressor genes involved in
genome surveillance is TP53, which encodes the p53 protein.
This protein plays a central role in regulating DNA repair, cell
cycle arrest, and apoptosis in response to genotoxic stress [11].
A widely studied polymorphism of TP53, rs1042522
(Arg72Pro), results in an amino acid substitution that affects the
apoptotic efficiency of the protein. This polymorphism has been
associated with variable cancer risk, including breast cancer
[17,19]. Although its role has been extensively evaluated in
multiple populations, the prevalence and functional significance
of this variant remain insufficiently investigated in radiation-
exposed populations.

The aim of this study was to assess the frequency of
the TP53 rs1042522 polymorphism in breast cancer
patients with or without a family history of cancer and
radiation exposure in the Semipalatinsk region. We
hypothesized that women with both a familial predisposition
and a history of radiation exposure would exhibit a
significantly higher prevalence of this polymorphism
compared to non-exposed healthy controls.

Materials and Methods

This cross-sectional case-control study included a total
of 250 women of Kazakh nationality aged 40 to 79 years,
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recruited between 2015 and 2017 from Semey Oncology
Center and local medical facilities in the East Kazakhstan
region. All participants provided written informed consent.
The study protocol was approved by the institutional ethics
committee and adhered to the principles outlined in the
Declaration of Helsinki.

Inclusion Criteria: women aged between 40 and 79 years;
Kazakh ethnicity confrmed through official documentation
(national ID and birth certificates of the participant and both
parents); histologically confirmed diagnosis of breast cancer
(for cases); no history of any malignancy (for controls);
availability of reliable data on family cancer history and
residential/radiation exposure history.

Exclusion Criteria: participants were excluded if they
were of non-Kazakh ethnicity or had at least one parent of
non-Kazakh origin, in order to minimize population
stratification and genetic heterogeneity; had other
malignancies apart from breast cancer; were older than 80
years (due to potential survivorship bias); had insufficient
DNA quality for genotyping; had incomplete clinical or
exposure data.

Participants were categorized into four analytical
subgroups based on diagnosis and exposure history:

Group A — Women with breast cancer, family history of
breast cancer, and documented radiation exposure (either
direct or parental exposure due to residence near the
Semipalatinsk Test Site).

Group B — Women with breast cancer and family history
but without radiation exposure.

Group C — Women with breast cancer without family or
radiation history.
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Control Group — Healthy women without breast cancer,
family history, or radiation exposure.

Age subgroups were created (=60 years and <60 years)
to distinguish between potentially directly irradiated
individuals and descendants.

The demographic and clinical characteristics of each
group are presented in Table 1.

Table 1.
Distribution of study participants by clinical and exposure characteristics.
Group Subgroup Description N % within group | Mean Age ( SD)
Group A .
(Breast cancer + family history | A1 D>|rectly exposed women 25 41.7% 66.2+24
+ radiation exposure) (260 years)
p
A2 Descendants of exposed 35 58 39 618426
(<60 years)

Group B
(Breast cancer + family history, | B1 Age 260 years 30 46.2% 65.1+£25
no radiation)

B2 Age <60 years 35 53.8% 623+22
Group C
(Breast cancer, no family C1 Age =60 years 35 53.8% 66.5+2.3
history, no radiation)

C2 Age <60 years 30 46.2% 63.0+24
Control Group
(No breast cancer, no family D1 Age =60 years 30 50.0% 69.3 + 2.1
history, no radiation)

D2 Age <60 years 30 50.0% 65.7+2.7
Total - - 250 100% -
Notes:

Subgrouping based on age (<60 and =60) was used to approximate directly irradiated women vs. descendants.
No statistically significant age differences were observed between the main groups (p > 0.05).
Mean ages calculated separately per subgroup to account for exposure history and age-related risk.

Sample Size and Power Calculation

A sample size of 250 participants (190 cases and 60
controls) was calculated based on a two-sided Fisher's
exact test with a significance level of a = 0.05 and power
(1-B) = 0.80. Based on prior literature [1], an estimated
difference in TP53 rs1042522 polymorphism frequency
between exposed cases and unexposed controls of at least
20% was expected. The calculated power was sufficient to
detect odds ratios >2.0 with confidence intervals of £10%.

Genotyping Procedure

Peripheral blood samples (5 mL) were collected in
EDTA-coated tubes. Genomic DNA was extracted using the
“Standard-NC” kit (DNA-Technology, Moscow, Russia)
according to the manufacturer’s protocol. DNA quality and
concentration were assessed using the NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, USA).
Samples were stored at -20°C until analysis.

Genotyping of the TP53 rs1042522 polymorphism was
performed using Real-Time PCR with TagMan Genotyping
Assays (Applied Biosystems) on a 7500 Fast Real-Time
PCR System. Each reaction included 50 ng of genomic
DNA. PCR cycling conditions were: 95°C for 10 minutes
(initial denaturation), followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. All genotyping reactions
were performed in duplicate to ensure reproducibility and
accuracy.

Statistical Analysis

Allele and genotype frequencies were compared using
Fisher's exact test. Associations were expressed as odds
ratios (ORs) with 95% confidence intervals (Cls). A p-value
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<0.05 was considered statistically significant. Correction for
multiple testing (Bonferroni method) was applied where
appropriate. All statistical analyses were performed using
SPSS  Statistics v25.0 (IBM Corp, USA). HWE was
assessed for the control group using the chi-square test.

Results

To assess the strength of association between the
TP53 rs1042522 polymorphism and breast cancer risk,
odds ratios (ORs) with 95% confidence intervals (Cls) were
calculated for each case group in comparison to the control
group.

Women with a positive family history and radiation
exposure (Group A) demonstrated the highest risk of
carrying the GC or CC genotype, with an OR of 6.91 (95%
Cl: 1.89-25.21; p = 0.0020). Group C (sporadic breast
cancer) also showed a statistically significant association:
OR = 4.30 (95% CI: 1.15-16.09; p = 0.0269). Group B
(familial history only) demonstrated a non-significant trend
(OR = 3.45; p = 0.0788).

Figure 2 illustrates the frequency of individuals carrying
the GC or CC genotypes (combined) across all study
groups, including 95% confidence intervals.

Hardy-Weinberg Equilibrium (HWE) analysis in the
control group revealed allele frequencies of G = 91.7% and
C = 8.3%. Observed genotype counts were GG = 51, GC =
8, and CC = 1; expected counts under HWE were GG =
50.4, GC = 9.2, and CC = 0.4. The chi-square test yielded
X2 =0.97, p = 0.324, indicating no significant deviation from
HWE.
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Figure 2. Frequency of TP53 rs1042522 GC/CC genotypes by group.
Error bars indicate 95% confidence intervals.

Figure 3 shows the proportional distribution of
genotypes (GG, GC, CC) in each group, highlighting
structural differences in genotype composition.

1.0r

0.8

0.6

0.4r

Genotype Proportion

0.2F

0.0

50%

52%

Corresponding genotype frequencies in absolute values
and percentages are summarized in Table 2.

Genotype
3 GG
Bl GC
E CC

55%

85%

Group A

Group B

Group C

Control

Figure 3 — Relative distribution of TP53 rs1042522 genotypes across study groups.
Each bar represents 100% of participants in the group, subdivided by genotype.

Table 2
Distribution of TP53 rs1042522 (Arg72Pro) genotypes across study groups (n and %).
Group GG (Arg/Arg) GC (Arg/Pro) CC (Pro/Pro) Total
BC + FamHist + RadHist 30 (50.0%) 22 (36.7%) 8 (13.3%) 60
BC + FamHist 34 (52.3%) 24 (36.9%) 7(10.8%) 65
BC only 36 (55.4%) 23 (35.4%) 6 (9.2%) 65
Healthy controls 51(85.0%) 8 (13.3%) 1(1.7%) 60

Taken together, the results demonstrate a significantly

higher prevalence of the TP53

rs1042522 GC/CC

genotypes among breast cancer patients with both familial

and radiation exposure histories. The genotype distribution
was consistent with Hardy-Weinberg Equilibrium in the
control group, supporting the validity of the genetic data.
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These findings suggest a potential gene-environment
interaction contributing to breast cancer susceptibility in the
Semipalatinsk-exposed population.

Discussion

This study provides new insights into the distribution of
the TP53 rs1042522 (Arg72Pro) polymorphism among
breast cancer patients residing in a historically radiation-
exposed region. The findings suggest that individuals with
both a family history of breast cancer and radiation
exposure (Group A) exhibit the highest frequency of GC/CC
genotypes, supporting the hypothesis of a gene-
environment interaction in breast cancer susceptibility.

The Arg72Pro polymorphism affects the pro-apoptotic
capacity of the p53 protein. The Pro variant has been
reported to be less efficient in inducing apoptosis,
potentially allowing survival of genetically damaged cells
and contributing to tumor development [4]. Our observation
that the GC/CC genotype was significantly more common
among women with dual risk factors is consistent with the
functional impact of this variant and the biological
plausibility of interaction with radiation-induced DNA
damage.

Several previous studies have identified the TP53
rs1042522 polymorphism as a low-penetrance genetic
factor associated with breast cancer risk, particularly in East
Asian and Slavic populations [7,20]. A meta-analysis by
Zhang et al. and other regional reviews confirmed that the
Pro allele may increase breast cancer risk modestly,
especially under recessive and dominant models [3,7,20].

Our results support the relevance of this variant in
Central Asian populations and extend observations made in
South Asian [7], Middle Eastern [5], and Latin American [14]
cohorts. For example, in a study conducted in Egypt, the
GCICC genotypes were significantly more frequent among
breast cancer patients than controls, with an OR similar to
that observed in our study [5]. Likewise, a Brazilian study
reported higher prevalence of the Pro allele among young
women with breast cancer [14]. These findings collectively
suggest that while the absolute frequencies of genotypes
may differ between populations, the risk association
remains biologically consistent.

lonizing radiation is a well-established carcinogen that
induces DNA double-strand breaks and genomic instability,
creating a permissive background for the emergence and
clonal expansion of premalignant cells [16]. In individuals
carrying the Pro variant of p53, impaired apoptosis may
hinder the elimination of such damaged cells, increasing the
likelihood of oncogenic transformation. The observed
increase in GC/CC genotypes among exposed individuals
and their descendants suggests that radiation may act not
only as a direct mutagen but also as a modifier of genotype
penetrance. These findings align with studies on atomic
bomb survivors and their offspring, which have reported
persistent epigenetic and genetic changes across
generations [6].

It is worth noting that some population studies, such as
those conducted in Turkey and Lithuania, have also
demonstrated significant associations between the Pro
allele and early-onset or aggressive breast cancer
phenotypes [2,8]. Conversely, a few European studies
report a lack of association or even suggest a protective
role for the Arg allele in certain contexts, emphasizing the
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importance of environmental modifiers and ethnic-specific
genetic backgrounds [13].

Importantly, the genotype distribution in the control
group was in Hardy—Weinberg Equilibrium, supporting the
validity of genotyping and reducing the likelihood of
population stratification or selection bias. The higher
prevalence of GC/CC genotypes in Group C (sporadic
cases) compared to controls, albeit less significant,
suggests that the TP53 polymorphism may confer risk
independently of known environmental or familial factors.
This aligns with studies showing that even low-risk variants
can contribute meaningfully in polygenic models of cancer
susceptibility [10].

Despite the novelty of our findings, the study has
several limitations. The sample size, while sufficient for
primary associations, may not provide adequate power for
detecting subtle gene—environment interactions or
differences within age subgroups. The classification of
radiation exposure relied on registry data and residential
history, which may be subject to misclassification.
Furthermore, only one polymorphism in TP53 was
analyzed, while the gene harbors numerous other functional
variants and haplotypes [13].

Conclusion and Perspectives

This study demonstrates a significant association
between the TP53 rs1042522 (Arg72Pro) polymorphism
and breast cancer risk in women from a radiation-exposed
region, particularly among those with both familial and
environmental risk factors. The findings support the
hypothesis that gene-environment interactions contribute
meaningfully to breast cancer susceptibility in historically
irradiated populations.

The increased prevalence of GC/CC genotypes among
breast cancer patients-especially those with combined risk
profiles-suggests that genetic screening for TP53 variants
may hold clinical relevance for risk stratification in exposed
populations. Moreover, the study reinforces the need to
consider environmental history, such as chronic radiation
exposure, in genetic association studies and risk models.

Future research should aim to expand the genetic
scope beyond single polymorphisms by incorporating
additional loci involved in DNA repair, apoptosis, and
hormonal pathways. Larger, multiethnic cohorts and
longitudinal designs may further clarify the temporal
dynamics and biological mechanisms underlying the
interaction between inherited susceptibility and radiation
exposure.
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