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ABSTRACT

Introduction: Traditional models of carcinogenesis based on genetic mutations and direct exposure to carcinogens cannot
explain all cases of cancer. The increasing incidence of certain cancers does not always correlate with known genetic factors,
suggesting a significant role for environmental and lifestyle factors in their development. The concept of transgenerational
carcinogenesis offers a new explanation, linking these factors with an increased risk of cancer in future generations through
epigenetic changes.

This study aimed to systematize and critically analyze scientific publications published between 2014 and 2024 that concern the
factors contributing to transgenerational carcinogenesis and the underlying epigenetic mechanisms.

Methods: To identify relevant publications, extensive searches were conducted in electronic databases, including PubMed/
MEDLINE, Scopus, and Web of Science. Combinations of keywords were used. (“transgenerational” OR “intergenerational” OR
“parental exposure”) AND (“cancer” OR “carcinogenesis” OR “tumor” OR “oncogenesis”) AND (“epigenetic” OR “DNA methylation”
OR “histone modification” OR “miRNA” OR “non-coding RNA").

Results: Thephenomenon of transgenerational carcinogenesis, whichis the transmission of anincreasedrisk of cancer from generation
to generation, is a proven fact. Epigenetic changes that persist in the germline affect gene expression in subsequent generations, and they
can be caused by various factors affecting the parents. Animal models provide convincing evidence of cause-and-effect relationships.
Long-term cohort studies in humans consistently confirm this mechanism, despite methodological difficulties.

Conclusion: Epigenetic changes in the germline can be passed on to offspring, significantly increasing their risk of developing
pathological neoplasms. The primary mediators are changes in DNA methylation, histone modifications, and modifications to
non-coding RNA. The study of transgenerational carcinogenesis will allow for the prevention of malignant neoplasms in future
generations. Cause-and-effect relationships are convincing in models, in human populations, evidence is limited by associations and

requires multigenerational cohorts with admixture control.

Keywords: epigenetics, predisposition to cancer, DNA methylation, histone modification, miRNAs, and cancer prevention.

Introduction: Carcinogenesis, the complex multi-step
process of cancer development, has traditionally been
viewed through the lens of genetic alterations. The classi-
cal model posits that cancer arises from the accumulation
of somatic mutations in key tumor suppressor genes and
proto-oncogenes, leading to uncontrolled cell prolifera-
tion. Concurrently, hereditary cancer is explained by the
transmission of specific mutations in predisposition genes
(e.g., BRCA1/2, TP53) from parents to offspring via germ
cells [1]. However, despite significant advancements in un-
derstanding these mechanisms, they cannot explain all in-
stances of cancer. For example, the increasing incidence of
certain cancers does not always correlate with an increase
in genetic mutations within the population, and environ-
mental and lifestyle factors play an increasingly evident
role in cancer etiology [2].

In recent years, scientists worldwide have been active-
ly studying the role of epigenetic changes, which are he-
reditary modifications of gene expression unrelated to
changes in the DNA sequence. Modifications include DNA
methylation, histone modifications, and regulation by
non-coding RNAs [3]. Initially, epigenetics was considered

in the context of individual cell development and differ-
entiation. Breakthroughs in research have led to the un-
derstanding that epigenetic marks can not only be stable
throughout an organism’s life but can also be transmitted
across generations. This concept is known as transgenera-
tional inheritance [4, 5].

Transgenerational carcinogenesis (or transgenerational
cancer susceptibility) is a relatively new but rapidly evolv-
ing area of research that posits that exposure of one or
both parents (even pre-conception) can lead to changes
in the germline that, in turn, increase the risk of cancer in
their offspring (F1, F2, and subsequent generations) with-
out direct exposure of the offspring to the carcinogen [6,
71. The key distinction from hereditary cancer lies in the
fact that transmission occurs not through changes in the
nucleotide sequence of DNA, but through epigenetic pat-
terns that modulate the expression of genes associated
with carcinogenesis.

Several factors determine the relevance of this topic.
First, it offers a new explanation for the etiology of ma-
lignant neoplasms in the absence of obvious hereditary
predisposition or direct exposure to carcinogens. Sec-
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ond, the phenomenon of transgenerational carcinogen-
esis presents new opportunities for preventing malig-
nant neoplasms, allowing special attention to be paid to
individual behavior and factors that affect the health of
parents and their great-grandparents [8]. Third, this area
highlights the interplay between the environment, ge-
netics, and epigenetics in shaping health and suscepti-
bility to disease [9].

The study aimed to systematize and critically analyze
scientific publications published from 2014 to 2024 con-
cerning the factors contributing to transgenerational car-
cinogenesis and the underlying epigenetic mechanisms.

Materials and Methods: Extensive searches were con-
ducted in electronic databases, including PubMed/Med-
line, Scopus, and Web of Science, to identify relevant pub-
lications. The search covered the period from 2014 to 2024.
The following keywords were used: (“transgeneration-
al”, OR “intergenerational”, OR “parental influence”) And
(“cancer”, OR “carcinogenesis”, OR “tumor”, OR “oncogene-
sis”) And (“epigenetic”, OR “DNA methylation”, OR “histone
modification”, OR “microRNA” OR “non-coding RNA").

For the preparation of the review, a multi-stage pub-
lication selection procedure following the PRISMA princi-
ples was performed.

- Identification: A search in scientific databases (2014-
2024) identified 300 potentially relevant publications. Af-
ter removing the duplicates, 250 unique records remain.

« Screening: at the annotation screening stage, 180 pa-
pers were excluded as not relevant to the topic (i.e., not
related to epigenetics or cancer transgeneration, or not
peer-reviewed studies). Seventy publications have been
accepted for full-text analysis.

« Eligibility: A full-text analysis of 70 publications led to
the exclusion of another 20 papers for reasons of non-com-
pliance with the criteria (for example, lack of data on trans-
generational effects, poor quality of methodology, dupli-
cation of results).

«Included: The final review includes 49 studies that ful-
ly meet the criteria (original experimental papers and re-
views highlighting the epigenetic mechanisms of trans-
generational carcinogenesis).

Results: Transgenerational carcinogenesis has been
actively studied in recent years. Environmental influenc-
es can affect the risk of developing cancer not only in ex-
posed individuals but also in their descendants in subse-
quent generations. Experiments on animal models show
that such epigenetic transgenerational effects are pos-
sible. In rodents, it has been found that exposure to en-
docrine disruptors, a high-fat diet, or stressors can lead
to epigenetic changes in the germ cells of parents and to
an increased tendency to tumor diseases in offspring up
to 2-3 generations. However, in general, this area remains
controversial. Transgenerational epigenetic transmission
is viewed with skepticism by many researchers, as it is ex-
tremely difficult to separate it from the influence of hered-

itary genetic factors, as well as environmental and cultural
conditions common to generations.

The analysis of the publication for the period 2014-
2024 reveals several contradictions. Several influential
animal studies reported multifactorial epigenetic in-
heritance of cancer predisposition. On the other hand,
a significant part of such results requires independent
confirmation. Thus, some landmark studies on the trans-
generational effects of endocrine chemicals or a high-fat
diet on DNA methylation were subsequently questioned
by other authors. Certain carcinogenic effects that are
clearly traceable in generations of laboratory animals (for
example, testicular tumors in rat offspring after exposure
to antiandrogens, or breast cancer in mouse offspring af-
ter experimental overfeeding of fathers) are not always
confirmed in epidemiological data in humans. In some
cases, the data are contradictory or show an effect only
under extremely strong influences. In general, a critical
analysis shows that the concept of epigenetic transgen-
erational carcinogenesis has been developed and partial-
ly confirmed in animal experiments, but the degree of its
manifestation in humans remains uncertain and the sub-
ject of active research.

Epigenetic mechanisms of transmission from genera-
tion to generation. The transmission of acquired traits from
generation to generation is contrary to the fundamental
laws of genetics. However, epigenetics explains this phe-
nomenon. The study of transgenerational carcinogenesis
has shown that epigenetic changes acquired by parents in
response to external influences are not eliminated during
gametogenesis and early embryonic development; they
are transmitted to offspring, changing their predisposition
to malignant neoplasms [4, 8].

DNA methylation is the most deeply studied epigenet-
ic mechanism. It involves covalent attachment of a methyl
group to cytosine residues (mainly CpG dinucleotides). In
the promoter regions of genes, hypermethylation is asso-
ciated with transcription repression, which leads to gene
activation [10]. Disorders in DNA methylation can inacti-
vate tumor suppressor genes (hypermethylation) or ac-
tivate oncogenes (hypomethylation) [11]. Studies in ani-
mal models have shown that the effects of various factors
on parents can lead to specific changes in DNA methyla-
tion in germ cells, which can subsequently be passed on
to offspring [12, 4]. These changes can affect genes relat-
ed to the cell cycle, apoptosis, DNA repair, and metabo-
lism, thereby increasing the risk of developing malignan-
cies in subsequent generations. For instance, research
demonstrates that exposure of pregnant females to cer-
tain chemicals, such as vinclozolin, can induce aberrant
methylation in the sperm of F1 generation males, predis-
posing the F2 generation to the development of diseases,
including ovarian, prostate, and kidney cancers [7, 13, 14].

Histone Modifications. Chromatin, a complex of DNA
and proteins (histones), forms the genome inside the
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cell nucleus. Histone modification (acetylation, methyla-
tion, phosphorylation) alters the structure of chromatin
and makes it accessible to transcriptional mechanisms
[15]. These modifications are dynamic and regulate
gene expression. Changes in these patterns in parental
germ cells can also be transmitted to offspring. For ex-
ample, abnormal patterns of histone methylation (e.g.,
H3K4me3, H3K27me3) or histone acetylation in sperm
can serve as epigenetic markers that determine disease
susceptibility in offspring [16]. Recent studies suggest
that dietary or environmental interventions in parents
can alter histone modification profiles in their gametes,
which correlates with an increased risk of cancer in off-
spring [17, 18].

Non-coding RNAs (ncRNAs), particularly microRNAs (miR-
NAs), play a crucial role in post-transcriptional gene expres-
sion regulation [19]. It has been shown that miRNAs are
present in germ cells and can be transmitted to offspring.
Alterations in miRNA expression profiles in sperm or oo-
cytes resulting from parental exposure to external factors
can disrupt the regulation of tumor suppressor genes or
oncogenes in the developing embryo, thereby increas-
ing the risk of cancer [16, 20]. For example, studies have re-
vealed that paternal exposure to high-fat diets or certain
toxins can alter the spectrum of miRNAs in sperm, which is
associated with metabolic disorders and an increased risk
of cancer in offspring [21, 18]. Long non-coding RNAs are
also gaining significance as potential mediators of trans-
generational effects, influencing chromatin structure and
gene regulation [22].

Germline Inheritance. A key factor in transgenerational
carcinogenesis is the ability to bypass epigenetic “repro-
gramming” during gametogenesis and early embryonic
development. Most epigenetic marks are erased and re-
stored; however, some regions of the genome and specific
epigenetic marks may be stable. This enables information
to be transmitted from one generation to the next [23, 5].
The mechanisms of this “bypass” are not fully understood,
but they include protection of specific chromatin regions,
association with certain carrier proteins, or transmission
via small RNAs encapsulated in sperm or oocytes [20, 24].
Understanding these mechanisms is critical to fully realiz-
ing the potential of transgenerational carcinogenesis as a
new paradigm in cancer etiology.

Key Factors Inducing Transgenerational Carcinogenesis
(Focus on the Last 10 Years of Research). Over the past dec-
ade, numerous studies, primarily using animal models,
have identified a range of factors that can induce trans-
generational carcinogenesis. These factors span a broad
spectrum of exposures, from chemicals to diet and stress.

Environmental Exposures and Toxins. Exposure to var-
ious environmental chemicals poses a significant threat
to human health, and increasing evidence points to their
role in the transgenerational transmission of cancer sus-
ceptibility.

« Endocrine Disrupting Chemicals (EDCs): These
compounds mimic or block the action of hormones, there-
by disrupting the endocrine system. In the past decade,
EDCs such as bisphenol A (BPA) and its analogs (BPS, BPF),
as well as phthalates, have been shown to induce transgen-
erational effects. For instance, rodent studies have indicat-
ed that prenatal or perinatal BPA exposure of the mother
can lead to an increased risk of mammary gland, ovarian,
prostate, and kidney tumors in F1 and even F2 generations
of offspring [7, 25]. Mechanisms involve changes in DNA
methylation of genes related to hormonal signaling and
cell growth [25]. Similarly, phthalate exposure has been
linked to transgenerational increases in prostate cancer in-
cidence in male offspring [26].

- Pesticides and Herbicides: Certain widely used
agrochemicals have also been associated with transgener-
ational effects. For example, studies demonstrate that ex-
posure of pregnant rats to vinclozolin (a fungicide) leads
to an increased incidence of various tumors (kidney, pros-
tate) in F1-F3 generations [6, 7]. This is linked to aberrant
DNA methylation and alterations in non-coding RNAs in
the germline [13, 14]. While direct evidence of carcinogen-
esis from glyphosate via transgenerational mechanisms in
humans is still limited, animal studies raise concerns about
its potential impact on epigenetic inheritance [27].

- Heavy Metals: Chronic exposure to heavy met-
als, such as arsenic and cadmium, is associated with car-
cinogenic effects. Recent research indicates that paren-
tal exposure to these metals can induce transgenerational
epigenetic changes, leading to increased offspring sus-
ceptibility to carcinogens or direct tumor development
[28]. For example, arsenic exposure in pregnant mice was
associated with altered DNA methylation in F1 generation
sperm and an increased risk of hepatocellular carcinomaiin
the F2 generation [29].

- Air pollution: Components of air pollution, such as
particulate matter and polycyclic aromatic hydrocarbons,
can induce epigenetic changes. Evidence of transgenera-
tional carcinogenesis due to air pollution in humans is still
being investigated. Animal studies suggest that parental
exposure to polycyclic aromatic hydrocarbons can lead to
changes in germline DNA methylation, potentially increas-
ing the risk of malignancies in offspring [30].

Nutritional and metabolic factors. The diet and metabol-
ic status of parents have a profound impact on the health
of their offspring, and epigenetic mechanisms play an im-
portant role in this process.

Parental weight problems: a deficiency or excess of nu-
trients in parents may increase the risk of neoplasms in
their offspring [31]. A high-fat diet (HFD) in mothers or fa-
thers is associated with an increased risk of liver, breast,
and colorectal cancer in offspring of F1 and F2 genera-
tions [17, 32] due to changes in DNA methylation, histone
modification, and microRNA profiles in germ cells that af-
fect genes related to metabolism, inflammation, and cell
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growth [16]. Deficiency of trace elements, such as folic acid
(@ methyl group donor) in parents, can disrupt the DNA
methylation patterns in the germline and increase the pre-
disposition to cancer [33, 34].

- Parental Obesity and Diabetes: The epidemics of
obesity and diabetes have long-term consequences not
only for the health of affected individuals but also for their
offspring. Studies indicate that parental obesity or diabe-
tes can be associated with a transgenerational increase in
cancer risk in offspring [35]. For example, paternal obesi-
ty in mouse models has been linked to an increased risk
of colorectal cancer in offspring, mediated by changes in
miRNA expression in sperm [21]. Maternal gestational dia-
betes can also alter fetal epigenetic marks, potentially in-
creasing the risk of certain cancers later in life [36].

- Stress and Psychological Factors. Chronic parental
stress and psychological trauma, particularly during criti-
cal periods of germ cell development or pregnancy, can
have long-term consequences for offspring [37]. For exam-
ple, prenatal stress in rodents is associated with DNA meth-
ylation changes in the offspring’s brains and predisposes
them to behavioral disorders [38]. Some studies suggest
a link with increased sensitivity to carcinogens or risk of
developing certain types of diseases. However, direct ev-
idence for transgenerational carcinogenesis through psy-
chological stress in humans is still lacking. The influence of
glucocorticoids and neuroimmune pathways on germ cell
epigenetics is an active area of research [39].

- Pharmacological Agents and Medications. The use
of certain medications by parents can also induce trans-
generational effects.

- Chemotherapy and Radiotherapy: Cancer therapy
may also have long-term effects. Exposure to chemother-
apeutic drugs (e.g., cyclophosphamide) or ionizing radi-
ation can induce epigenetic changes in parental germ
cells, leading to an increased risk of malignancy in off-
spring [40]. Mechanisms include changes in DNA methyl-
ation and microRNA profiles, which may disrupt genom-
ic stability or cellular signaling pathways in offspring [41].
This is particularly important for young cancer survivors
planning pregnancy.

- Diethylstilbestrol (DES): Although this is a his-
torical example (used to prevent miscarriages from the
1940s to 1970s), the effect of DES is a classic illustration of
transgenerational carcinogenesis. Women whose moth-
ers took DES during pregnancy have an increased risk of
developing a rare form of vaginal cancer (clear cell ade-
nocarcinoma) and other reproductive abnormalities [42,
43]. Research continues to uncover the epigenetic mech-
anisms underlying these effects, highlighting the long-
term consequences of drug exposure during early devel-
opment [44].

Infectious Agents. Direct viral (HPV, HBV)-associated eti-
ocarcinogenesis is well studied, and researchers are begin-
ning to consider whether parental infections may cause

transgenetic changes that predispose offspring to cancer
[45]. Chronic inflammation caused by infections may influ-
ence the epigenetic landscape [5]. This area requires fur-
ther study to identify specific transgenerational effects in
the context of oncogenesis.

Research Models. Studying transgenerational carcino-
genesis presents a complex challenge requiring special-
ized approaches. Over the past decade, significant pro-
gress has been made in developing and applying various
research models.

Animal Models. Mice, rats, and zebrafish are prima-
ry models for studying transgenerational carcinogenesis.
These models enable strict control over exposure (type,
dose, timing, and duration), the study of multiple gener-
ations, and the analysis of molecular mechanisms in off-
spring tissues and parental germ cells [5, 44].

- Maternal Exposure Models: In these studies, preg-
nant females are exposed to the factor under investiga-
tion (e.g., an endocrine disruptor) during pregnancy. The
cancer susceptibility of their offspring (F1) and subse-
quent generations (F2, F3+), born from unexposed F1 fe-
males, is then analyzed [6, 7]. This approach allows for the
exclusion of direct exposure of the factor to subsequent
generations.

- Paternal Exposure Models: In some studies, male
founders are exposed before mating. Analysis of their
sperm for epigenetic changes, as well as the cancer risk in
their offspring, allows for the assessment of the paternal
line's contribution to transgenerational effects [6, 21].

- Advantages: Strict control over experimental condi-
tions, ability to establish cause-and-effect relationships,
and accessibility of tissues for molecular analysis (DNA
methylation, histone modifications, miRNAs) [44].

- Limitations: Differences in physiology and metabo-
lism between animals and humans, as well as complexities
in extrapolating results to the human population [5].

Human Epidemiological/Cohort Studies. Studying trans-
generational carcinogenesis in humans is considerably
more challenging due to uncontrolled exposure to numer-
ous environmental and lifestyle factors. However, long-
term cohort studies and the analysis of large databases are
beginning to yield valuable information [46].

- Advantages: Direct relevance to human health.

- Limitations: Difficulty in establishing cause-and-ef-
fect relationships, the need for very large sample sizes and
long-term follow-up across multiple generations, chal-
lenges in controlling for all potential confounding factors,
and ethical restrictions on experimental exposures [5].

« Examples: Ongoing cohort studies where mothers
were exposed to specific agents (e.g., DES) [43], as well as
studies investigating the link between parental obesity, di-
abetes, or exposure to certain toxins and cancer risk in off-
spring. The use of biobanks and the analysis of epigenet-
ic marks in cord blood or offspring tissues help to identify
potential correlations [36, 41].
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Clinical Significance and Future Perspectives. Under-
standing transgenerational carcinogenesis has profound
clinical and public health implications, opening new hori-
zons for cancer prevention and risk management.

Potential Impact on Cancer Prevention. Traditional can-
cer prevention strategies focus on individual lifestyle mod-
ifications (e.g., smoking cessation, adopting a healthy diet,
and engaging in physical activity) and early detection. The
concept of transgenerational carcinogenesis offers a fun-
damentally new approach, focusing on pre-conception or
prenatal interventions [44].

- Pre-conception Prevention: Counseling prospec-
tive parents on the importance of healthy lifestyles (nu-
trition, avoidance of harmful habits), minimizing expo-
sure to environmental toxins before conception can
reduce the risk of transgenerational transmission of can-
cer susceptibility [5].

- Environmental Protection: Regulation and reduc-
tion of endocrine disruptors, pesticides, and other indus-
trial pollutants become even more critical, given their po-
tential transgenerational effects [6, 7.

- Pharmacological Development: Considering trans-
generational risks during the development and safety as-
sessment of new drugs, especially those that may be used
by women of childbearing age or men [43].

- Identification of At-Risk Groups. The identification
of epigenetic biomarkers in germ cells or at early stages of
offspring development could enable the detection of indi-
viduals with an increased risk of cancer.

- Biomarkers in Sperm/Oocytes: In the future, analy-
sis of specific epigenetic marks (e.g., DNA methylation pat-
terns, miRNA profiles) in parental gametes could become
part of screening for assessing transgenerational risk [16].

- Biomarkers in umbilical cord blood: The study of
epigenetic markers in the umbilical cord blood of new-
borns can serve as an indicator of the environmental im-
pact on the mother and a potential predisposition to
cancer, allowing for earlier personalized monitoring and
prevention [36, 41].

- Molecular mechanisms: It is necessary to study how
epigenetic tags are transmitted along the germline, which
of them are resistant to reprogramming, and how they af-
fect gene expression during ontogenesis [8, 51.

- Long-term studies: Long-term cohort studies span-
ning several generations are crucial for a convincing
demonstration of the transgenerational phenomenon in
humans [46].

- Combined effects: Most studies focus on a single
factor, whereas in real life, organisms are exposed to mul-
tifactorial effects. The study of the synergistic and/or an-
tagonistic effects of combined factors is a promising direc-
tion [26].

- Development of therapeutic strategies: under-
standing the mechanisms of the “phenomenon” will lead
to the development of approaches aimed at “erasing” un-
wanted epigenetic marks and/or protecting the germline
from harmful effects.

- The role of the paternal line: Research often focus-
es on the impact on the mother, and there is a growing un-
derstanding of the important role of paternal material in
transmission from generation to generation. It is necessary
to study the mechanisms of epigenetic changes in sper-
matozoa that affect the development of offspring and the
risk of developing malignant neoplasms [16, 21].

Table 1 summarizes the associations between the type
of exposure, epigenetic mechanism, and type of cancer.

Table 1 - Main categories of ancestral influences, putative epigenetic mechanisms of inheritance, and related
cancers in offspring (according to peer-reviewed publications 2014-2024) [4-6, 12, 23, 30, 45, 46-48]

Type of exposure

The epigenetic mechanism of inheritance

Associated types of cancer in offspring

Chemical toxicants
(pesticides, endocrine
disruptors — DDT, vinyl
chloride, etc.)

— Persistent changes in DNA methylation in germinal
cells, leading to epimutations in oncogenes/tumor
suppressors that can avoid embryonic reprogramming.
— Disruption of the chromatin structure: changes

in repressive histone tags that affect the long-term
shutdown of genes.

— Imbalance of non-coding RNAs: changes in the
profile of microRNAs and other small RNAs in sperm
transmitted to the zygote.

There is often an increased risk of childhood tumors
due to parental contact with pesticides: leukemia,
lymphoma, CNS tumors, and neuroblastoma in
children.

In adult descendants, there is an increased incidence
of hormone—dependent tumors: breast cancer is
associated with exposure to DDT ancestors. Tumors
of the reproductive system are possible (according to
data from animal models).

Nutritional factors
(parental diet, starvation)

— Epigenetic rearrangement of spermatozoa: changes
in global DNA methylation and in the content of

small non-coding RNAs. For example, a deficiency
or excess of nutrients in males leads to differential
expression of multiple sperm microRNAs and tRNA
fragments, which restart gene expression after
fertilization.

— Modification of signaling pathways of development:
changes in the expression of metabolic control genes
are revealed in the offspring as an echo of the dietary
factors of the ancestors.

An increase in the predisposition to breast cancer

in offspring with obesity or protein starvation of

the female parent has been shown in animals. In
humans, there is evidence that extreme starvation
of grandmothers is associated with an increased risk
of breast cancer in granddaughters. Effects on other
cancers are possible, but there is insufficient clear
epidemiological evidence.

Psychological stress
(severe traumatic events,
chronic parental stress)

— Long-term dysregulation of neuroendocrine genes:
extreme stress can lead to changes in the methylation
of genes regulating the stress response.

— Histone labeling disorder: presumably, chronic
stress can affect posttranslational modifications of
histones in germ cells, which affects the work of genes
in the embryo.

In humans, extreme stressors are associated with a
general deterioration in the health of the offspring, but
a clearly increased risk of cancer has been confirmed
mainly for the generation itself that has experienced
stress. Data on the effect of parental stress on
childhood cancer is contradictory; further research is
needed to establish a cause-and-effect relationship.
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Table 1 (continued)

Medications
(pharmacological
effects on pregnant
women or before
conception; for example,
diethylstilbestrol)

— Hormonal and epigenetic effects: Exogenous
hormones during critical periods of development
can cause persistent epigenetic shifts. In the case
of DES, an increased level of EZH2 expression was
found in the mammary gland tissues of the offspring,
which indicates an increase in the repressive
histone modification H3K27me3 and the associated
suppression of tumor suppressor genes.

— Violation of genomic imprinting: Some drugs can
probably disrupt the installation of methyl tags in
imprinted genes during gametogenesis; this effect is

The “DES daughters” syndrome is well documented:
women whose mothers took diethylstilbestrol during
pregnancy had a sharply increased risk of clear-

cell adenocarcinomas of the vagina and cervix.
Experiments on mice and rabbits have shown that the
effects of DES are transmitted to the next generation:
the “granddaughters” have an increased development
of tumors of the uterus and ovaries. In addition,

there is evidence of a slightly increased risk of breast
cancer and melanoma in daughters exposed to DES
in utero. This example highlights the reality of the

probably inherited.

transgenerational effects of medications, although
there are few such confirmed cases so far.

Notes: EDC - endocrine destructive chemicals (endocrine disruptors), DDT - dichlorodiphenyltrichloroethane, DES - diethylstilbestrol.

Discussion: The data are summarized, which convinc-
ingly show that the phenomenon of transgenerational
carcinogenesis is an important and multifaceted aspect
of the etiology of malignant neoplasms. Unlike tradition-
al models focusing on direct genetic mutations or individ-
ual carcinogen exposure, the concept of transgeneration-
al transmission emphasizes that parental exposures can
“program” offspring’s predisposition to cancer through
epigenetic mechanisms. These mechanisms, including al-
terations in DNA methylation, histone modifications, and
non-coding RNA profiles, act as a bridge between environ-
mental factors and inherited disease risk.

The review identified a wide range of factors capable
of inducing transgenerational effects that predispose in-
dividuals to carcinogenesis. Among these, particular at-
tention is given to endocrine-disrupting chemicals (EDCs)
(e.g., BPA, phthalates), which affect hormonal regula-
tion and can cause persistent epigenetic changes in the
germline [12, 18]. Results from animal models, such as vin-
clozolin exposure, convincingly show that chemical agents
can lead to an increased risk of various cancers in subse-
quent generations [7, 14]. This underscores the urgent
need to re-evaluate regulations regarding widely used
chemicals and their long-term effects.

Nutritional and metabolic factors have also proven to
be powerful modulators of transgenerational risk. Spe-
cifically, high-fat diets and parental obesity have been
shown to alter the epigenetic landscape of germ cells,
leading to an increased oncological predisposition in off-
spring [17, 32, 21]. These data expand the understanding
of “intrauterine programming effects” and point to the
critical role of parental metabolic health in shaping can-
cer risk in their children and grandchildren. While direct
human evidence is limited, epidemiological studies are
beginning to identify correlations that confirm the im-
portance of these links [35, 36].

Stress and pharmacological agents, including chemo-
therapy, represent another category of factors that can in-
duce transgenerational epigenetic modifications [39, 40].
This raises important ethical and clinical questions, espe-
cially concerning the treatment of young cancer patients
who later wish to have children. A balance is needed be-
tween life-saving treatments and potential long-term risks
to offspring. The example of diethylstilbestrol (DES) [43]

serves as a stark historical warning that the consequences
of medical interventions can manifest decades and gener-
ations later.

While animal models are the gold standard for studying
cause-and-effect relationships in transgenerational carcino-
genesis due to controlled conditions [4, 44], their results are
not always directly extrapolatable to humans. Epidemiolog-
ical studies in humans, though more complex to conduct,
are indispensable for confirming these links in real popula-
tions [46]. Progress in high-throughput omics technologies
allows for the identification of subtle epigenetic changes in
human biomaterials (e.g., cord blood, sperm), opening new
avenues for identifying risk biomarkers [16, 24].

However, significant knowledge gaps remain. A better
understanding of the precise molecular mechanisms that
ensure the resistance of certain epigenetic marks to repro-
gramming in the germline is needed. Most studies exam-
ine the effects of a single factor, whereas in real life, organ-
isms are exposed to multiple combined influences, which
require more complex research models. It is important to
consider the contribution of the paternal line to transgen-
erational inheritance, since spermatozoa carry a unique
epigenetic load that can influence the development of
offspring [16, 21]. Data from the last decade indicate that
transgenerational carcinogenesis is an emerging area
of public health importance. Integration of the acquired
knowledge into preventive programs and clinical recom-
mendations will be the next logical step in preventing and
controlling malignant diseases.

Data comparison: animal models vs human studies. The
results of animal and human studies in this area show sig-
nificant differences. There is convincing evidence in animal
models that exposure to parents can increase the carcino-
genic risk in offspring. When exposed to endocrine-dis-
rupting pesticides (DDT) in rodents, there is an increase in
the incidence of tumors in offspring up to the third gener-
ation. In classical experiments, it was shown that the syn-
thetic estrogen diethylstilbestrol (DES), administered to
pregnant female rodents, causes the development of tu-
mors of the reproductive tract not only in their daughters
(directly exposed in utero), but also in “granddaughters” —
the third generation, who had no direct contact with the
substance [47]. There was also evidence that parental nu-
trition affects oncogenesis in offspring. For example, obe-
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sity or dietary deficiencies in male mice before mating led
to epigenetic restructuring of their spermatozoa, resulting
in changes in breast development and an increased inci-
dence of breast tumors in their daughters. These animal
models allow us to establish a causal relationship: expo-
sure — epigenetic “tag” in germinal cells — phenotype
change and tumor risk in the offspring. It is important that
mechanisms can be directly identified in animals: for ex-
ample, to find specific epigenetic changes in spermatozoa
(DNA methylation of certain genes, disruption of the mi-
croRNA profile, changes in histone tags) that correlate with
the occurrence of cancer in offspring [47, 49].

In human studies, the picture is less definite. Direct ex-
perimental data are naturally lacking, and scientists rely
on retrospective or epidemiological observations. Some
of them support the hypothesis of a transgenerational
effect: for example, women conceived during starvation
(such as the Holodomor in the Netherlands in 1944-1945)
demonstrated an increased risk of breast cancer in adult-
hood. This indirectly indicates that the lack of nutrition in
grandmothers could affect the cancer incidence in grand-
daughters through intergenerational epigenetic chang-
es. Another example is the analysis of the offspring of war
veterans exposed to certain chemical agents (for exam-
ple, dibutyl phthalate, which is dangerous for the endo-
crine system). According to some data, the daughters of
war veterans have a higher-than-average risk of develop-
ing breast cancer. There is a historical case with the DES
drug: women whose mothers took diethylstilbestrol dur-
ing pregnancy had a sharply increased risk of rare vagi-
nal cancer (clear-cell carcinoma) [48, 49]. However, it is im-
portant to emphasize that such studies on humans have
the character of associations. It is challenging to interpret
them unambiguously, as the results may be influenced by
genetic predisposition and related environmental factors.
In addition, different studies often give contradictory con-
clusions: for example, some studies find a link between
the diet of parents and cancer in children, while others do
not find a statistically significant effect. Collectively, ani-
mal data provide more direct and reproducible evidence
of transgenerational carcinogenesis, whereas in humans,
such effects are unclear and require further study. Every
phenomenon observed in human populations needs to
be carefully evaluated and, if possible, confirmed by inde-
pendent samples.

Limitations of human research. Research on transgener-
ational effects in humans faces several limitations:

- Confounding of factors: Descendants inherit not only
epigenetic marks from their ancestors, but also genes, and
often share a similar environment. For example, families
that have experienced hunger or stress may have a similar
lifestyle and diet in subsequent generations. This makes it
difficult to isolate a purely epigenetic contribution to can-
cer risk. Genetic predisposition and cultural traditions can
mimic the “inherited” effects of the environment.

« Long latency period: Transgenerational effects ap-
pear after one or more generations, i.e., decades. To estab-
lish a connection, very long-term observations are need-
ed. During this time, the external conditions themselves,
medicine, etc., may change, which makes interpretation
difficult.

« Sample size and accessibility: for a convincing anal-
ysis, large cohort samples spanning several generations
are needed, where ancestral impacts are known and out-
comes in descendants are traced. Such data is extremely
rare. Many studies rely on unique historical cohorts, and
their results are still awaiting confirmation by independ-
ent experts.

- Retrospective nature of the data: Most of the available
human data is retrospective. The accuracy of information
about exposure doses and the state of ancestral health is
limited. There may be systematic errors and biases.

- Ethical limitations and verification of mechanisms:
Naturally, it is impossible to purposefully experiment on
humans, exposing one generation to exposure and ob-
serving grandchildren. Therefore, we cannot directly
prove a causal relationship but rely on correlations. In ad-
dition, it is difficult to study the epigenetic changes them-
selves: the embryonic germ line is not available for analysis
in humans, so direct confirmation of label transfer is diffi-
cult. These limitations necessitate caution in interpreting
the results in humans and explain why transgenerational
epigenetic transmission in humans remains a hypothesis,
despite some indirect evidence [48].

Conclusion: The phenomenon of transgeneration-
al carcinogenesis is changing the understanding of the
etiology of malignant neoplasms, expanding beyond ge-
netic mutations and individual exposure. Environmental
factors can cause epigenetic changes in parental germ
lines, which are then passed on to offspring, thereby in-
creasing the risk of developing malignancies. DNA meth-
ylation, histone modifications, and non-coding RNAs are
key mediators of these transgenerational effects. The
study of transgenerational carcinogenesis opens new
possibilities for the prevention of malignant neoplasms.
A healthy lifestyle is important for expectant parents.
Strengthening environmental protection and chemi-
cal regulation measures is necessary to minimize the im-
pact on human reproductive health. The identification
of epigenetic biomarkers that predict the risk of cancer
in offspring is a promising area of future research that
may lead to the development of personalized strategies
for screening and preventing malignancies. The scientif-
ic community faces complex challenges, including con-
ducting long-term human studies, exploring combined
effects, and gaining a deeper understanding of molec-
ular mechanisms. A full understanding and integration
of the phenomenon of transgenerational carcinogenesis
into clinical practice and public health policy will be cru-
cial in the fight against cancer.
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Cause-and-effect relationships are convincing in mod-
els; in human populations, evidence is limited by associa-
tions and requires multigenerational cohorts with admix-
ture control.
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AHJATIIA

TPAHCTEHEPALMSIIBIK KAHIIEPOTEHE3:
KAVII ®AKTOPJIAPBI )KOHE DIIMTEHETUKAJBIK MEXAHU3M/IEP
(OJIEBUETKE IIOJLY)

E.M. H3mneyos', M.K. H3mneyos'
I«Mapar OcnaHoe aTbiHaarbl batbic KasakcTa meguuuHa yHusepauteti» KEAK, Aktebe, Kasakcran Pecny6nmkacsl

Ozexminizi: ['enemukanvly mMymayusiapaa JdcoHe KaHyepoceHOepOiy mikenell ocepine Heziz0eleeH KaHyepo2eHe30iH 09cmypii
yaeinepi xkamepni icikmiy 6apavlk scazoailiapvin mycinoipe aimaiiovl. Ketibip xamepai icik aypyrapuvineiy kebeioi opxauian beneini
2eHemuKanvlK (akmopnapmen 6atiianvicmol 601a Oepmeiioi, Oyn1 01apobly OAMYbIHOA2bl KOPULAZAH OPMA MEH OMIP CAAMbIHbIY
Manwl306l ponin kepcemeodi. Tpanceenepayusivik KAHYEPOLeHe3 MydCbIPbIMOAMACHL OCbL (PaAKMOPAAPObL INUSEHEMUKALbIK 032epicmep
Homudicecinoe boNamar ypnakmapoa KamepJi icik KayniHiy #co2apuliayblmen 0aiuianblCmblpamvii Jdcana myciHikmeme yYColHaObL.

3epmmeydin maKcamol — mpaHceeHepayusIblK, KAHYepo2eHes2e bIKNal ememin pakmopiapeaa ’HeoHe 01apobly He2i3iHOe HCAMKAaAH
anueenemukanvlk mexanusmoepee xkamvicmuol 2014-2024 oncvindap apanviebinoa HapusianHaan 2uliblMiu OACLLILIMOApObl Jcylieney
JICOHe CHIHU MYPablOaH manoay 6010ul.

AQoicmepi: Tuicmi 6acvinvimoapos anvikmay ywin PubMed/MEDLINE, Scopus swcone Web of Science cusxmvi 91eKmpoHObL
monimemmep 6azacvinoa Key izoey dcypeizinoi. Kinm ce30epdiy mipkecimoepi Kondauwliovl: (“mpanceenepayus’ Hemece “‘ama-ana
modicipubeci”), scone (“Kamepni icik “Hemece” kanyepoecenes “nHemece” icik “Hemece” oHxozene3”) dcone (“onucenemuxanviy “Hemece”
JHK memunoenyi “nemece” eucmon mooughuxayuscel “‘nemece” muxpoPHK “nemece’roomanrmazan PHK”).

Homuocenepi: Tpanceenepayusnnvlk Kanyepocene3 KYOblLivbicbl 0dnefdeHeeH gakm 60abin mabdvlnadvl. ¥pulK Cbl3bleblHOd
CaKmanamoli SNUSeHeMUKAIbIK 032epicmep Kellinel ypnakmapoaezvl 2eHOepOil IKCNPeCcCUsiCbiHa dcep emeoi Jcone oaap ama-anaiapad
acep ememin opmypii ¢paxmoprapoar mywviHOayvl MymKin. Kanyapnapea apranzan mooenvoep ceben-candapivlk 6aiuianblcmapobly
Haxkmul 0onendepin bepedi. Adamoapoazvl y3aK Mep3iMOi KO2OpMMbIK 3epmmeynep o0icmemenik KUblHObIKmapaa Kapamacmau 0y
Mexanuzmoi 0otiekmi mypoe Ko10aiobl.

Kopvimuinowi: JKeinvicmazel snucenemurxanvix, o3cepicmep ypnaxka 6epinyi MymKin, 6y1 namonousnvly icikmepoiy oamy Kaynin
aumapavikmati apmmuipaosl. Heeizei meouamopnap JHK memunoenyindezi oseepicmep, 2ucmonOblK MOOUDUKAYUSLLAD IHCOHE
koomanmazar PHK moouguxayusnapel. Tpanceenepayusanvlk kanyepozene3oi zepmmey bonauiax ypnakmapoa Kamepii icikmepoiy
anovii anyaa MymKiHOIK 6epedi. Ceben-candapavix 6aiianvicmap mooenvoepoe CeHiMOi, adam NONYIAYUANApbIHOA 0denoep
accoyuayuanapmen wekmeneol JcoHe apanacyosl OaKblIaumsli Kon 6YbIHObL KO2Opmmaposl Kadcem emeol.

Tyiiinoi ce30ep: snucenemuxa, xkamepni icikke oeuimoinix, JHK memunoenyi, eucmon moouguxayuscol, mukpoPHK (miRNAs),
KamepJi icikmiy an0biH ay.

AHHOTANUST

TPAHCTEHEPAIITMOHHBIN KAHIIEPOT'EHE3: ®PAKTOPBI PUCKA
N JIMUTEHETUYECKHUE MEXAHUW3MbI
(OB30P JIMTEPATYPbI)

E.M. H3mneyos', M.K. H3mneyoe'
THAO «3anajHo-Ka3axcTaHcKuii MeAMLIMHCKII yHBepcuTeT umeHin Mapata OcnaHoBay, AkTobe, Pecny6nuka Kazaxcrau

Axmyanvnocms: Tpaouyuonnvie mooenu Kanyepozene3d, OCHOBAHHbBIE HA 2CHEMUHUEeCKUX MYMAYUusx u npsmom 8030eucmeuu
KaHyepoeenos, ne Mocym o0bACHUmMb 6ce ciyyau paxka. Pocm saboneeaemocmu HeKomopuimu 6u0amu paka He 6ce20d Koppeaupyem
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C U3BECMHBIMU 2eHEMUYeCKUMU (aKxmopami, umo yKasvleaem Ha 3HAYUMENbHYIO pOb OKpyicaiowell cpedvl i 00pasa JHcusnu 6
ux pazeumuu. Konyenyus mpanceenepayuonnozo kanyepoeeneza npeonazaem Ho60e 00bACHeHUe, C6A3bI6As MU PAKMOPbL C
NOBBIUEHHBIM PUCKOM PA3BUMUSA PaAKa y OYOYWUX NOKONEHUll 8 pe3yabmanme dnuceHemudeckux usmeneHu.

ILenv uccnedosanua — cucmemamusuposamy U Kpumuiecku npoaHaiu3upo8ams Hayunvle nyOIuKayuu, onyoiuKosanHvle 6
nepuoo ¢ 2014 no 2024 200, komopwie Kacaromces paxmopos, cROco6CmMEYIOUUX MPAHCLEHEPAYUOHHOMY KAHYEPOLEeHEe3Y, U NeHCAUJUX
6 UX OCHOBE INULEHEMUYECKUX MEXAHUZMOB.

Memoowi: /[ns gvisisnenus coomeemcmayouwux nyoauxayuti vl npogeden oOUUPHbIN NOUCK 8 INEeKMPOHHBIX 6A3aX OAHHbLX,
exarouas PubMed/MEDLINE, Scopus u Web of Science. Hcnonvzoganuce kombunayuu Kiwouesvlx cios: (‘mpauceenepayuoHuviil’
HIIN “pooumenvcruii onoim”), u (“pax” UIIU “xanyepoeenesz” UJIU “onyxonv” UJIH “onxocenes”) u (“snucenemuuecrxoe” UJIH
“memunuposanue [JHK” UJIH “moougurxayusa cucmonog” UJIU “muxpoPHK” UJIH “nexooupyrowas PHK”).

Pesynvmamor: Penomen mpanceeHepayuoHHO20 KAHYePO2eHe3a A6IAEMCcs OOKA3AHHIM (YaKkmom. dnueeHemuiecKue usMeHeHUs,
KOmMopble COXPAHAIOMCA 6 3apo0blute6oll TUHUL, GIUAIONM HA IKCNPECCUIo 2eHO08 6 NOCAeOYIOWUX NOKOJIEHUAX, U OHU MO2ym Oblmb
BbI36AHbL PA3NUYHBIMU (paKmopamu, eIudlowumu Ha pooumeneti. Mooenu Ha sxcueomuvlx oarom ybeoumenbHvle 00KA3AMENbCMEA
NPUYUHHO-CleOCcmEeHHbIX cessell. [loneocpounvie Ko2opmHule UCCIe008aHUSA HA TI00AX NOCAO06AMENLHO NOOMBEPIHCOAION DMOM
Mexanu3m, HeCMOmMps HA Memoooio2udecKue mpyoHocmu.

3aknwuenue: Onucenemuueckue UMeHeHUS 6 3APOObLIUEGOU JUHUU MOZYM Nepeodsamvcs NOMOMCMEY, 3HAYUMENbHO
VBenUUBas pUcK paseumus namoio2uieckux H080oopasoganuii. OCHOGHbLIMU MeOUAMOPaMU AGNAIOMCS USMEHEHUs MEMUTUPOBAHUSL
JIHK, moouguxayuu eucmonos u moougpurxayuu nekooupyroujeii PHK. Uzyuenue mpanceenepayuonHo2o Kanyepozene3a no3eoaun
npedomepawams 310Kavecmeentvle H06000pa306anus y 6yoywux nokonenui. Ilpuyunno ciedcmeennvie c6éa3u yoeoumenbtsl Ha
MOOeNAX, OOHAKO 8 Yel08edecKux NONYIAYUAX OOKA3AHHOCHb 02PAHUYEHA ACCOYUAYUAMU U Mpebyem MHO20NOKOIEHHbIX KO2OpMm ¢
KOHMPOJIeM CMEULCHUSL.

Kniouegvie cnoga: snuzenemura, npeopacnoniodlceHnocms xk paxy, memuauposanue [JHK, mooupurayus cucmonos, mukpoPHK
(miRNAs), npogpuraxmura paxa.
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