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MODERN METHODS FOR ANALYSIS OF CHANGES TO EPIGENETIC LANDSCAPE CAUSED BY EXPOSURE 
TO ENVIRONMENTAL POLLUTANTS

The diagnosis and treatment of diseases caused by the exposure of human epigenome to environmental pollutants are hampered by epigenomic plasticity, instability 

and nonlinear cumulative effects of existing transcriptional regulatory pathways. DNA methylation, histone acetylation and histone methylation are the best studied 

epigenetic modifications. There are simple methods for assessing genome-wide DNA methylation; however, it is essential to study the epigenetic landscape in detail 

in order to uncover the mechanisms underlying pollutant-associated effects on the organism. This prompts researchers to employ whole-genome sequencing and 

analyze vast arrays of sequencing data that can be compiled into extensive databases of human and animal epigenomes. Drugs developed to counter epigenetic 

disorders neutralize their symptoms and either affect epigenetic modifications across the entire genome or regulate the activity of enzymes that play a critical role in 

such disorders. Promise is held by targeted genome editing methods supported by modern technologies that are undergoing preclinical trials. This review discusses 

the potential of modern science in the diagnosis and treatment of diseases caused by environmental pollutants. 

Keywords: face transplant, microsurgery, facial flap, composite flap

Centre for Strategic Planning and Management of Biomedical Health Risks, Federal Medical Biological Agency, Moscow, Russia

Received: 23.12.2020 Accepted: 26.01.2021 Published online: 10.02.2021

DOI: 10.47183/mes.2021.003

Correspondence should be addressed: Ivan A. Zanyatkin
Shchukinskaya, 5, str. 6, k. 323, Moscow, 123182; IZanyatkin@cspmz.ru

Author contribution: Zanyatkin IA systematized literature data and wrote the manuscript; Titova AG provided additional literature for the review and edited the 
manuscript; Bayov AV edited the manuscript.
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АКТУАЛЬНЫЕ МЕТОДЫ АНАЛИЗА ИЗМЕНЕНИЙ ЭПИГЕНЕТИЧЕСКОГО ЛАНДШАФТА ОРГАНИЗМА, 
ВЫЗВАННЫХ ВОЗДЕЙСТВИЕМ ЗАГРЯЗНИТЕЛЕЙ ОКРУЖАЮЩЕЙ СРЕДЫ 

Диагностика и лечение заболеваний, вызванных воздействием поллютантов на эпигеном человека, затруднены пластичностью и нестабильностью 

эпигенома, наличием нескольких путей регуляции транскрипции с нелинейной суммацией эффектов. Наиболее исследованные пути — метилирование 

ДНК, ацетилирование и метилирование гистонов. Доступны простые способы оценки уровня глобального метилирования ДНК, однако для определения 

механизмов воздействия загрязнителя на организм необходимо изучать эпигенетический ландшафт в деталях. Это заставляет ученых применять 

методы полногеномного секвенирования и обрабатывать огромные массивы результатов, что привело к появлению нескольких баз данных эпигенома 

человека и животных. Препараты для лечения эпигенетических нарушений сосредоточены на симптоматическом лечении и действуют на глобальное 

редактирование эпигенома или на регуляцию активности ферментов, играющих критическую роль в нарушении. Более перспективны методы 

селективного эпигеномного редактирования, основанные на абсолютно новых технологиях, находящихся на стадии лабораторных исследований. 

Представлен обзор современных возможностей науки в области диагностики и лечения заболеваний, вызванных воздействием поллютантов на 

эпигеном человека.

Ключевые слова: эпигенетические сигнатуры, метилирование, ацетилирование, токсическое воздействие, поллютант, хронические заболевания, 
секвенирование, редактирование генома.
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A pollutant is a natural or synthetic chemical that causes 
environmental pollution when present in the environment at 
levels exceeding background values. The organs and systems 
that have direct contact with the pollutant sustain the most 
damage. Gases and suspended particulate matter affect the 
respiratory tract. Pollutants ingested with food or drinks are 
harmful to the gastrointestinal tract. Blood cells are affected as 
the main transport system of the body. The liver and kidneys 
can be damaged because of their leading role in the metabolism 
and excretion of toxic substances from the body.

Systemic effects of pollutants on the human body include 
irritation; disrupted mucociliary clearance, which results in the 
increased permeability of the bronchial epithelium to allergens 
and infection and promotes the risk of asthma; neurogenic 
inflammation; lipid peroxidation activation and depression of the 
ROS metabolism system; hyperactivity of neutrophil elastase, 

which causes lung tissue damage; increased production 
of inflammatory mediators, like metabolites of arachidonic 
acid, cytokines and adhesion molecules. 

Basic concepts of epigenetics

Epigenetic studies the rules and patterns of epigenetic 
inheritance, i.e. changes in gene expression and cell phenotypes 
caused by mechanisms other than changes in DNA sequences. 
When exploring environmental effects on the epigenome, the 
primary focus is placed on the regulatory mechanisms of gene 
expression. The most common mechanisms are listed in Table 1. 

DNA methylation at cytosine residues is the most prevalent 
epigenetic mark. The most abundant form of methylated 
cytosine is 5-methylcytosine (5-mС) found in GC-rich 
sequences, which are known as CpG islands. These regions 
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Table 1. Types of epigenetic markers regulating DNA transcription

Molecular signal Example Reference

Histone post-translational modifications Repressive histone H3 lysine 9 trimethylation (H3K9me3) [1]

Histone variants Histone variant macroH2A.1 [2]

Nucleosome positioning Nucleosome-free regions of gene promoters [3]

Chromatin loops Modulation of gene expression at the Kit locus by Gata1/Gata2 [4]

DNA modifications DNA methylation at cytosine position 5 [5]

Structural DNA variants R-Loop Formation [6]

RNA-mediated pathways Antisense RNA transcription [7]

are typically located in the regulatory areas of the genome. 
In the absence of external influences, the pattern of DNA 
methylation is inherited by offspring from their parent. The 
inability to maintain this pattern leads to the death of the 
organism. Methylation of cytosine residues is carried out 
by a family of DNA-(cytosine-C5)-methyltransferases 
(DNMT) [8], the enzymes that transfer methyl groups 
from a donor S-adenosyl methionine to cytosine. DNMT1 
maintains the level of methylation inherited from a parent. 
When complexed to UHRF1 (a chromatin protein), it can 
recognize methylated sites in a parental chromosome 
and reproduce a “methylation mark” at the equivalent 
locus on the new DNA. DNMT3a and DNMT3b establish 
methylation patterns de novo. DNMT3b is responsible 
for the hypermethylation of genes encoding DNA repair 
enzymes, which is believed to play the key role in malignant 
transformation in some cancer types [9]. Mutations in the 
DMNT3a gene are associated with acute myeloid leukemia 
in one-fifth of leukemia patients. Demethylation of cytosine 
bases occurs through iterative oxidation reactions of 5-mC 
to 5-formylcytosine (5-fC) and 5-carboxylcytosine (5caC), 
followed by the excision and substitution of these modified 
residues with unmodified cytosine; this process is mediated 
by thymine DNA glycosylase (TDG) and enzymes participating 
in the base excision repair (BER) mechanism [10].

Histone modifications constitute the second most 
common type of epigenetic marks. Histones are highly 
conservative proteins responsible for packaging and ordering 
DNA into nucleosomes. Histone modifications that modulate 
gene expression include lysine acetylation, which induces 
transcriptional activation, and lysine methylation, which, 
depending on the methylation site, can either act as an 
activating or repressing mechanism [11]. Lysine acetylation is 
regulated by 2 families of enzymes: histone acetyltransferases 
(HATs) and histone deacetylases (HDACs). HDACs are 
categorized into 4 classes. Class I comprises HDAC 1, 2, 3 
and 8 expressed in the nucleus; class IIA includes HDAC 4, 5, 
7 and 9, which shuttle between the cytoplasm and the nucleus; 
class IIB encompasses HDAC 6 and 10, which remain in the 
cytoplasm; class IV is constituted by HDAC 11.

Both DNA methylation and histone modifications 
(methylation and acetylation) can be affected by exogenous 
factors. For example, the activity of NAD+-dependent 
HDAC (sirtuin 1) can be modulated by a number of bioactive 
compounds, including resveratrol. HDAC inhibitors cancel 
transcriptional repression and gene silencing; this may result 
in untimely gene activation and trigger pathology. By contrast, 
HAT inhibitors restore epigenetic control, preventing unwanted 
gene transcription. 

Summing up, epigenetic mechanisms of gene regulation 
per se constitute a complex multi-tiered system that remains 
understudied to this day. Environmental factors only add to its 
complexity, creating extra challenges for the analysis.

Methods for epigenetic landscape analysis

At present, two major types of epigenetic inheritance are 
known. With direct inheritance, epigenetic modifications are 
acquired at the germinal or embryonic stages [12]. They are 
manifested in phenotypes as early as the first generation and 
persist into the second or third generation of offspring. With 
indirect inheritance, phenotypic changes reveal themselves 
in the second or third generation of offspring, long after the 
causative epimutagen has been removed from the organism. 
If an epimutation is severe and affects critical genes, its 
consequences can manifest themselves during the lifetime of 
the organism.

Currently, there are a few methods for rapid methylation 
measurement in individual genes. Peripheral blood DNA 
methylation profiles hold promise as biomarkers of multiple 
small metastases [13]. Abnormal cellular content of the certain 
protein may be associated with cancer: levels of glycolytic 
and mitochondrial proteins (alpha-enolase, glyceraldehyde-
3-phosphate dehydrogenase, ATP synthase) are substantially 
elevated in human breast cancer induced by exposure to 
benzo[a]pyrene [14]. However, information about the proteome 
has value only when it is analyzed together with transcriptome 
data. Besides, cells can change their proteome to compensate 
for the effects elicited by the pollutant. For example, MCF-7 
cells exposed to benzo[a]pyrene, dibenzo[а,i]pyrene or coal tar 
extract were shown to hyperexpress heat shock proteins HSP-
70 and HSP-27 [14]. Also, antibodies specific for the native 
protein may fail to recognize its mutant variant. An experimental 
study tested the reactivity of p53 with conformation-specific 
monoclonal antibodies PAb1620 and PAb240 in MCF-7 cells 
treated with cadmium salts. Exposure to cadmium resulted in 
the incorrect folding of the protein, disrupted its conformational 
structure and affected its recognition by antibodies [15]. 
Such analysis can be carried out using two-dimensional 
polyacrylamide gel electrophoresis.

In the simplest model, the gene would have only 3 distinct 
levels of methylation: 0 — no methylation, 50% — methylation 
of 1 allele, 100% — methylation of both alleles. In practice, this 
is not the case due to the heterogeneity of samples collected 
from real populations; most studies estimate DNA methylation 
at only 10–30%. Only quantitative methods are suitable for this 
type of analysis.

At present, there are two very alike groups of methods 
suitable for the analysis of genomes and transcriptomes (Table 2). 
The first is DNA-RNA hybridization in which short DNA molecules 
are immobilized on a microarray, the studied DNA/RNA is hybridized 
to the immobilized DNA and then used as a template for DNA 
synthesis with fluorescent tagged nucleotides. Fluorescence 
intensity measured during DNA synthesis correlates with the 
amount of the analyzed DNA/RNA. This rapid analytical method 
for measuring gene transcription is, however, not free of errors 
associated with faulty hybridization. 
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Table 2. Currently known types of epigenetic regulation of DNA transcription and methods of detecting epigenetic marks

Transcriptional regulator Detection method Advantages (+) and downsides (–) 

Recommended

DNA methylation

Bisulfite sequencing

MethylC-seq 
[17]

(+) Single-base resolution; encompasses a majority of cytosine 
bases in the genome 

(–) Expensive

RRBS [18]
(+) Single-base resolution, relatively cheap

(–) Encompasses a limited pool of cytosine bases mainly 
occurring in CpG islands

Analysis with 
methylation-sensitive restriction 

enzymes

HELP-tagging 
[19] MSCC 

[20]

(+) Relatively cheap, does not depend on CpG density
(–) Encompasses a limited pool of cytosine bases

DNA methylation

Affinity analysis
meDIP-seq 

[21]
(+) Can be genome-wide

(–) Quantitative analysis in CpG-impoverished regions

Microarrays
Infinium 

Methylation 
BeadChip [22]

(+) Cheap; targets the region responsible for the studied function 
(–) Targets a limited pool of cytosines; reliability depends on the 

nucleotide sequence 

siRNA Sequencing [23]
(+) Quantitative analysis; can be used to scan for previously unknown siRNA 

(–) Complex library preparation 

mRNA Sequencing [23]
(+) Quantitative analysis; can be used to analyze co-transcriptional 

events, e. g. alternative splicing
(–) Approaches to data analysis are still unoptimized 

Alternative

Posttranslational 
chromatin modifications 

Sequencing on microarrays [24]
(+) Whole-genome analysis 

(–) Low resolution 

Chromatin structure Sequencing with DNases [25]
(+) Identifies regulatory DNA regions outside of annotated promoters (–) 

Non-quantitative analysis

Chromatin immunoprecipitation is another common 
analytical method. It consists of a few stages: formation 
of DNA-protein complexes, DNA purification, elution and 
sequencing. It is used to determine the proportion of DNA 
fragments with the target sequences in the mixture. The main 
constraint of massively parallel sequencing (MPS) is associated 
with the length of DNA fragments subject to sequencing: 
during immunoprecipitation, DNA is normally cut into short 
100–500 bp fragments because longer fragments can give rise 
to sequencing errors. If the level of gene expression and the level 
of modification differ between the epimutated and the intact 
sites by only 10–20%, they will not be detected by chromatin 
immunoprecipitation. Interestingly, benign tumors are usually 
characterized by 10–20% difference in the levels of methylation 
at a studied locus [16]. At the same time, MPS can be employed 
to sequence both individual genes and whole genomes; the 
procedure can be sped up by using automated MPS. Unlike data 
from microarrays, MPS can be used to identify allelic variants, 
detect alternative splicing events, study DNA methylation at 
single-base resolution, and obtain information about previously 
unsequenced genomic regions, which makes MPS data only 
more valuable over time. The advantage of this method stems 
from its potential for further development: MPS is becoming 
faster and cheaper, whereas microarray-based sequencing has 
almost exhausted its potential. Besides, sequencing ensures 
higher accuracy of methylation measurements than microarrays.

Methylome sequencing is performed using the same 
approaches. However, in order to be applied to methylomes, 
sequencing techniques have been modified. Classically, 
unmodified cytosine is converted to uracil through sodium 
bisulfite-mediated covalent modification; in contrast, the 
methylated form of cytosine (5-mC) doesn’t react with sodium 
bisulfite. Differences in the obtained sequences allow identifying 
cytosine methylation sites. Novel luminometric methylation 
assays are based on DNA cleavage by methylation-sensitive 
restriction enzymes and subsequent DNA pyrosequencing 
accompanied by fluorescence detection. One of the platforms 

exploiting this technique is Pyrosequencer by Qiagen [26]. 
Pyrosequencing is a quantitative, reproducible and scalable 
method that doesn’t require any genomic DNA modification 
and is, therefore, time-saving. Besides, it works with as little as 
200–500 ng of genomic DNA and includes internal controls to 
trace errors associated with differences in the amounts of initial 
DNA. Pyrosequencing has a few downsides: only relatively 
short DNA sequences can be sequenced without errors, and the 
probability of error increases for sequences with repeated bases.

The search for possible associations between the effects 
exerted by pollutants and genetic/epigenetic marks relies on 
the analysis of genome-wide, epigenomic and transcriptomic 
data. For the purpose of systematization, epigenomic data are 
arranged into databases (Table 3), like ENCODE and Roadmap 
in Epigenomics. Challenges facing epigenomic data analysis 
pertain to the choice of the reference epigenome: even within 
one organism, the epigenome varies across tissues [27], 
changing over time and at different phases of the cell cycle 
[28]. Epigenomic databases will continue to expand as new 
data are accumulated. In the future, epigenomic databases will 
become an effective tool for uncovering the pathogenesis of 
human diseases associated with pollutants. 

Challenges facing epigenomic data analysis

The diversity of epigenetic alterations caused by a pollutant is 
a serious obstacle in the development of models simulating 
the effects of the pollutant on the organism. It is reported that 
exposure to dioxin derivatives leads to the hypermethylation 
of CpG islands located in the imprinting control region of the 
murine Igf2 gene, whereas differential histone retention sites 
located upstream of the adjacent noncoding regions of the H19 
gene are hypomethylated in comparison with the control group [29]. 

The second challenge pertains to the way epigenetic 
modifications are interpreted by the organism depending on 
tissue type, age, and the context in which the modification 
occurs. For example, histone 3 lysine 9 trimethylation (H3K9me3) 
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Table 3. Databases of epigenetic marks and related browsers

Project Websites

ENCyclopedia Of DNA Elements
(ENCODE, modENCODE)

http://www.genome.gov/10005107
http://genome.ucsc.edu/ENCODE/

http://www.modencode.org/
http://www.genome.gov/modencode/

Roadmap in Epigenomics
http://www.roadmapepigenomics.org/

http://www.epigenomebrowser.org/
http://www.ncbi.nlm.nih.gov/epigenomics

BPA The Cancer Genome Atlas (TCGA)
http://www.genome.gov/17516564

http://cancergenome.nih.gov/
http://tcga-data.nci.nih.gov/tcga

International Human Epigenome Consortium (IHEC) http://www.ihec-epigenomes.org/

NGSmethDB http://bioinfo2.ugr.es/NGSmethDB

The Smith Lab MethBase http://smithlabresearch.org/software/methbase

is recognized by the transcription system as repressive in cases 
when H3 is not only bound to heterochromatin at individual 
sites but affects chromatin packaging globally within a cell 
[30] or is located in a gene promotor. However, H3K9me3 is 
also found in the bodies of actively transcribed genes [31]. 
DNA methylation inhibits transcription when it occurs in a 
gene promoter and has the opposite effect when it occurs in 
the gene body, which is characteristic of actively transcribed 
genes [20]. Besides, patterns of nucleosome positioning [32] 
and DNA methylation detected at intron-exon boundaries 
are different [33]. So, epigenetic modifications can affect the 
choice of splicing pathways and modulate the functions of the 
synthesized protein. Thus, transcriptome analysis is essential in 
developing a model of epigenetic modifications. 

The dynamic nature of the epigenetic landscape, which 
transforms throughout the cell cycle, makes the analysis more 
complicated. At the same time, epigenomic signatures can 
be retained long after the causative factor has been removed 
[34]. This property of epigenomic signatures has given rise to 
an intrauterine growth restriction (IUGR) paradigm: a past event 
induces epigenetic changes that transform cellular memory into 
phenotypic consequences. The increased risk of morbidity and 
type 2 diabetes at older age long after the exposure to a toxic 
agent speaks in favor of this hypothesis [16, 35]. A caloric deficit 
in the uterus is presumed to evoke an adaptive response, causing 
the embryo to reorganize its metabolism in order to accumulate 
more calories; this adaptation becomes harmful once the baby 
is born and has access to a balanced diet [36].

Another problem that complicates the analysis arises from 
the existence of a non-linear interplay between several metabolic 
pathways, which get affected by a pollutant. For instance, 
bisphenol A directly interacts with S-adenosyl-methionine and 
at the same time modulates miRNA-29 expression via estrogen 
receptors [37]. This results in the decreased expression of DNA 
methyltransferases and the elevated expression of histone 
methyltransferase EZH2 implicated in repressive histone 
modification [38]. This means that the cumulative effect of all 
changes happening to the methylome is hard to predict. 

Outside the laboratory, organisms are exposed to a medley 
of pollutants, which produce an unpredictable interplay of 
effects, complicating the analysis of real populations vs. model 
objects. This problem can be solved by using data on the 
epigenetic modifications that are caused by known pollutants 
and produce known effects [39].

Biological models for genomic and epigenomic analysis

A high-quality study of the epigenome must adhere to the 
fundamental principles of toxicologic research, including proper 

dosing, injection routes and the duration of toxic exposure 
[40, 41].

Epigenetic deregulation events are traditionally considered 
to be somatic; therefore, epigenome studies should be carried 
out on cells in which genetic, epigenetic and phenotypic 
changes can be detectable and distinct. This poses a serious 
difficulty for human studies because they can only rely on small 
biopsy specimens. Besides, even within one tissue specimen 
collected from a living organism cells may be in different states 
and affect each other. 

The available biological models can be classified into three 
major groups. The first group is represented by cell cultures. 
Primary cell cultures collected during animal/human biopsies 
are very close to living organism cells in terms of their epigenome 
and transcriptome; however, primary cell cultures are fastidious 
and can undergo a limited number of passages. Besides, 
the stability of their methylome cannot be maintained without 
synthetic organoids that require a lot of time and resources to 
grow. Cancer cells are less capricious and can survive over 
200 passages [18]. However, their epigenome, transcriptome 
and sometimes genome (unstable number of chromosomes) 
significantly differ from those of in vivo healthy tissue; so, the 
possibility of extrapolating the characteristics of healthy cell 
methylomes from the methylome of cancer cells is unlikely to 
be reliable. Primary cultures immortalized by viruses [42] are a 
tradeoff: they do not differ drastically from conventional primary 
cultures in their metabolism, can undergo an infinite number of 
passages and are easy to maintain. Another solution lies in the 
use of primary cultures obtained from embryonic or inducible 
stem cells.

The second group includes animal models. Epigenetic 
modifications are known to bring about the same effects in 
model mammals and humans [43], i. e. the results of a murine 
study can be extrapolated to humans. Advantageously, animal 
models allow exploring the inherited effects of pollutants [44–
47]. Yellow agouti mice Avy are a great example of animal lines 
whose phenotype correlates directly with DNA methylation 
levels. However, sometimes these animals do not respond 
to a known epimutagen used as positive control [48, 49]. 
The zebrafish (Danio rerio) is another popular model object: it 
breeds rapidly, allowing researchers to study the inheritance 
of epigenetic marks within a short time [50]. The genome of 
Danio rerio has been fully sequenced, so its changes are easy 
to track. Mechanisms underlying epigenetic regulation in these 
fish only slightly differ from those in mammals [51]. Zebrafish 
embryos are a successful model for studying the toxic effects 
of pollutants at early developmental stages. 

The third group comprises cell cultures that are generated 
by animals throughout their lives and can be obtained without 
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killing the animal. For example, the methylome of parental 
reproductive cells can be used to assess susceptibility to 
disease in offspring [52]. 

Candidate drugs against diseases caused by pollutants

The main therapeutic strategy against epigenetic disorders 
includes the following steps: removing the detrimental factor 
and neutralizing its residual effects. Often, prescribing a 
therapeutic diet is enough. For instance, the demethylating 
effect of ВРА can be compensated for by ingesting foods 
rich in methyl donors (folic acid and vitamin В

12
). Natural and 

synthetic chemotherapeutics are being increasingly used to 
reverse epigenetic modifications associated with cancer [53]. 
They usually act as inhibitors of DNA methyltransferases and 
histone deacetylases. For example, green tea polyphenols 
(GTP) and epigallocatechin gallate (EGCG) were shown to 
inhibit DNMT activity and expression; thus, GSTP1 [54] and the 
onco-suppressor gene RARβ2 were reactivated, which led to 
the inhibition of proliferation of esophageal cancer cells [55], 
breast cancer cells [56] and lung cancer cells [57] in model cell 
cultures and mice. On the one hand, the anti-cancer effects of 
the listed compounds have been proved; on the other hand, 
genome-wide demethylation may reactivate genes whose 
activity per se may have serious side effects. 

Improved selectivity of synthetic drugs targeting the 
enzymes implicated in epigenomic regulation is an important 
research goal. N-hydroxy-N'-feniloctandiamide, which has 
been approved in the USA for treating cutaneous T-cell 
lymphoma [58] and thyroid cancer [59] and is available on the 
Russian market as Vorinostat or Zolinza, inhibits class I and 
II HDAC but ignores class III HDAC. Romidepsin, also known 
as Istodax, has a similar effect. Another promising chemical is 
DIM (3,3'-diindolylmethane), which selectively inhibits class I 
HDAC and thereby leads to the increased transcription of р21 
and р27 (genes coding for cyclin-dependent kinases) [60], the 
termination of the cell cycle at the G2/M phase, inhibition of 
papillomavirus-associated neoplastic growth [61], induction 
of apoptosis in breast cancer cells [62], and inhibition of 
prostate cancer growth [63]. DIM has the potential to prevent 
acute radiation syndrome caused by technogenic disasters 
and radiation therapy and alleviate its symptoms [64]. DIM 
precursors have therapeutic potential, too. For example, indole-
3-carbinol (I3C) can regulate methylation levels in the promoter 
region of the р16 INK4a gene in a dose-dependent manner 
[65] and terminate cell division. I3C suppresses production of 
estrogen mediators, and therefore can be used to mitigate the 
course of some autoimmune diseases [66]. On the other hand, 
the overuse of I3C poses a risk for endocrine disorders. Another 
group of drugs that are currently undergoing clinical trials is 
represented by histone methyltransferase (HMT) inhibitors. One 
of them, tazemetostat, blocks EZH2-methyl transferase [67]. 
Pinometostat is another member of this group. Pinometostat 
inhibits (DOT1L) HMT [68] and GSK3326595, which, in turn, 
inhibits arginine methyltransferase 5 (PRMT5) [69]. 

Summing up, drugs that target the methylome and have 
been already approved for use in a clinical setting modulate the 
level of DNA methylation across the entire genome [70, 71] or 
by inhibiting one particular enzyme [72] involved in methylation. 

They are intended for symptomatic treatment of progressing 
diseases but cannot correct epimutations. 

Prospects of genetic and epigenetic therapy

Development of de novo drugs that can penetrate into the cell 
nucleus, selectively bind to a specific DNA locus and recruit or 
carry enzymes regulating DNA methylation is the most promising 
area of drug research. Systems for targeted genome editing 
are thought to have the greatest potential. Initially, hopes were 
laid on endonucleases with zinc-containing DNA recognition 
domains (ZFN or TAL) [73]. Later it became clear that each 
target site requires a unique protein to be synthesized, resulting 
in increased costs. A more versatile CRISPR/Cas9 system 
is based on the immune system of bacteria that specifically 
recognizes nucleotide sequences typical of viruses. This protein 
complex can be modified to disable its endonuclease activity, 
incorporate an RNA molecule responsible for the recognition 
of the target site and thus obtain an RNA-guided DNA-binding 
protein. Using genetic engineering techniques, the modified 
complex can be equipped with an enzyme exerting an intended 
effect on the epigenetic mark. With short Cas9 molecules it 
becomes possible to package the enzymatic complex into 
adeno-associated viral particles and thus integrate it into a 
recipient’s genome. Cpf1 is another promising endonuclease: 
it is smaller than a CRISPR/Cas complex but exerts similar 
activity. However, its potential is yet to be investigated. 

Conclusion

Genetic and epigenetic changes are interrelated. Under certain 
conditions, replication/transcription enzymes recognize an 
epigenetic mark as a different nucleotide, which poses a risk 
of mutations. Epigenetic modifications can interfere with DNA 
repair by suppressing the expression of proteins involved in this 
process. In turn, genetic aberrations can disrupt the normal 
functioning of epigenome editing systems. 

The analysis of epigenetic effects of pollutants poses a more 
serious challenge than genetic analysis due to the varied nature 
of epigenetic tags, their plasticity, the context in which they 
occur and the complex interplay of transcriptional regulatory 
pathways. Applied epigenetics requires a systemic approach. 
Bioinformatic projects may be very useful in systematizing 
epigenomic data. 

Most methods of studying epigenetic marks rely on the 
analysis of the most common covalent modifications of DNA 
(methylation) and histones (methylation and acetylation); DNA 
isolation and epigenome analysis are the modifications of 
similar methods used in genomic studies and involve detection 
of modified sites.

There are a lot of limitations impeding the study of pollutant-
associated effects on human genomes and epigenomes. The 
list of model objects exploited to investigate and predict the 
detrimental effects of pollutants includes cell cultures from 
organs and tissues, embryonic stem cells, embryonic tissue 
analysis and model animals, like mice, rats and Danio rerio fish.

Most of the currently available epigenetic drugs only 
alleviate the symptoms of epigenetic disorders. Research focus 
is placed on the targeted editing of pathogenic epigenetic sites.



43

ОБЗОР    ЭПИГЕНЕТИКА

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ   1, 23, 2021   MES.FMBA.PRESS| |

References

1. Hiragami-Hamada K, et al. The molecular basis for stability of 
heterochromatin-mediated silencing in mammals. Epigenetics 
Chromatin. 2009; 2 (1): 14.

2. Bernstein E, et al. A phosphorylated subpopulation of the histone 
variant macroH2A1 is excluded from the inactive X chromosome 
and enriched during mitosis. Proc Natl Acad Sci USA. 2008 Feb 
5; 105 (5): 1533–8.

3. Hartley PD, Madhani HD. Mechanisms that Specify Promoter 
Nucleosome Location and Identity. Cell. 2009; 137 (3): 445–58.

4. Jing H, et al. Exchange of GATA Factors Mediates Transitions in 
Looped Chromatin Organization at a Developmentally Regulated 
Gene Locus. Molecular Cell. 2008; 29 (2): 232–42.

5. Klose RJ, Bird AP. Genomic DNA methylation: The mark and 
its mediators. Trends in Biochemical Sciences. 2006. DOI: 
10.1016/J.TIBS.2005.12.008.

6. Roy D, Yu K, Lieber MR. Mechanism of R-Loop Formation at 
Immunoglobulin Class Switch Sequences. Mol Cell Biol. 2008 
Jan; 28 (1): 50–60.

7. Beiter T, et al. Antisense transcription: A critical look in both 
directions. Cell Mol Life Sci. 2009 Jan; 66 (1): 94–112.

8.  Gore AC, et al. EDC-2: The Endocrine Society’s Second Scientific 
Statement on Endocrine-Disrupting Chemicals. Endocrine Reviews. 
Endocrine Society. 2015;  36 (6): 1–150.

9. Subramaniam D, et al. DNA Methyltransferases: A Novel Target 
for Prevention and Therapy. Front Oncol. 2014; 4: 80.

10. Kohli RM, Zhang Y. TET enzymes, TDG and the dynamics of DNA 
demethylation. Nature. 2013; 502 (7472): 472–79.

11. Gillette TG, Hill JA. Readers, writers, and erasers: Chromatin as 
the whiteboard of heart disease. Circulation Research. 2015; 116 
(7): 1245–53.

12. Sofronov GA, Patkin EL. Jepigeneticheskaja toksikologija: perspektivy 
razvitija. Toksikologicheskij vestnik. 2018; 0 (1): 2–7. Russian.

13. Anglim PP, et al. Identification of a panel of sensitive and specific 
DNA methylation markers for squamous cell lung cancer. Mol 
Cancer. 2008; 7: 62.

14. Hooven LA, Baird WM. Proteomic analysis of MCF-7 cells treated 
with benzo[a]pyrene, dibenzo[a,l]pyrene, coal tar extract, and 
diesel exhaust extract. Toxicology. 2008; 249 (1): 1–10.

15. Méplan C, Mann K, Hainaut P. Cadmium induces conformational 
modifications of wild-type p53 and suppresses p53 response 
to DNA damage in cultured cells. J Biol Chem. 1999; 274 (44): 
31663–70.

16. Thompson RF, et al. Experimental intrauterine growth restriction 
induces alterations in DNA methylation and gene expression in 
pancreatic islets of rats. J Biol Chem. 2010; 285 (20): 15111–8.

17. Lister R, et al. Human DNA methylomes at base resolution show 
widespread epigenomic differences. Nature. 2009; 462 (7271): 
315–22.

18. Meissner A, et al. Genome-scale DNA methylation maps of 
pluripotent and differentiated cells. Nature. 2008; 454 (7205): 
766–70.

19. Suzuki M, et al. Optimized design and data analysis of tag-based 
cytosine methylation assays. Genome Biol. 2010; 1 (4): R36.

20. Ball MP et, al. Targeted and genome-scale strategies reveal 
gene-body methylation signatures in human cells. Nat Biotechnol. 
2009; 27 (4): 361–8.

21. Down TA, et al. A Bayesian deconvolution strategy for 
immunoprecipitation-based DNA methylome analysis. Nat 
Biotechnol. 2008; 26 (7): 779–85.

22. Bibikova M, et al. High density DNA methylation array with single 
CpG site resolution. Genomics. 2011; 98 (4): 288–95.

23. Nagalakshmi U, et al. The transcriptional landscape of the yeast 
genome defined by RNA sequencing. Science. 2008; 320 (5881): 
1344–9.

24. Mikkelsen TS, et al. Genome-wide maps of chromatin state in 
pluripotent and lineage-committed cells. Nature. 2007; 448 
(7153): 553–60.

25. Song L, Crawford GE. DNase-seq: A high-resolution technique 
for mapping active gene regulatory elements across the genome 
from mammalian cells. Cold Spring Harb Protoc. 2010; 5 (2): pdb.
prot5384.

26. Fakhrai-Rad H, Pourmand N, Ronaghi M. PyrosequencingTM: An 
accurate detection platform for single nucleotide polymorphisms. 
Human Mutation. 2002; 19 (5): 479–85.

27. De Bustos C, et al. Tissue-specific variation in DNA methylation 
levels along human chromosome 1. Epigenetics Chromatin. 
2009; 2 (1): 7.

28. Christensen BC, et al. Aging and environmental exposures alter 
tissue-specific DNA methylation dependent upon CPG island 
context. PLoS Genet. 2009; 5 (8): e1000602.

29. Ma X, Chen J, Tian Y. Pregnane X receptor as the sensor and 
effector in regulating epigenome. J Cell Physiol. 2015; 230 (4): 752–7.

30. Peters AH, et al. Histone H3 lysine 9 methylation is an epigenetic 
imprint of facultative heterochromatin. Nat Genet. 2002; 30 (1): 
77–80.

31. Vakoc CR, et al. Histone H3 lysine 9 methylation and HP1γ are 
associated with transcription elongation through mammalian 
chromatin. Mol Cell. 2005; 19 (3): 381–91.

32. Tilgner H. et al. Nucleosome positioning as a determinant of exon 
recognition. Nat Struct Mol Biol. 2009; 16 (9): 996–1001.

33. Laurent L, et al. Dynamic changes in the human methylome 
during differentiation. Genome Res. 2010; 20 (3): 320–31.

34. Hou Lifang, et al. Environmental Chemical Exposures and Human 
Epigenetics.  Int J Epidemiol. 2012; 41 (1): 79–105.

35. Simmons R. Perinatal Programming of Obesity. Semin Perinatol. 
2008; 32 (5): 371–4.

36. Gluckman PD, Hanson MA. Living with the past: Evolution, 
development, and patterns of disease. Science. 2004; 305 (691): 
1733–6.

37. Derghal A, et al. An emerging role of micro-RNA in the effect of the 
endocrine disruptors. Front Neurosci. 2016; 10: 318.

38. Doherty LF, et al. In utero exposure to diethylstilbestrol (DES) or 
bisphenol-A (BPA) increases EZH2 expression in the mammary 
gland: An epigenetic mechanism linking endocrine disruptors to 
breast cancer. Horm Cancer. 2010; 1 (3): 146–55.

39. Ernst J, Kellis M. Discovery and characterization of chromatin 
states for systematic annotation of the human genome. Nat 
Biotechnol. 2010; 28 (8): 817–25.

40. LeBaron MJ, et al. Epigenetics and chemical safety assessment. 
Mutat Res. 2010; 705 (2): 83–95.

41. Jay IG, et al. What Do We Need to Know Prior to Thinking About 
Incorporating an Epigenetic Evaluation Into Safety Assessments? 
Toxicol Sci. 2010; 116 (2): 375–81.

42. Wild L, et al. In vitro transformation of mesenchymal stem cells 
induces gradual genomic hypomethylation. Carcinogenesis. 
2010; 31(10): 1854–62.

43. He Y, et al. Spatiotemporal DNA methylome dynamics of the 
developing mouse fetus: 7818. Nature. 2020; 583 (7818): 752–9.

44. Anway M, Cupp A, Uzumcu M. Epigenetic Transgenerational 
Actions of Endocrine Disruptors and Male Fertility. Science. 2005; 
308 (5727): 1466–9.

45. Anway MD, Skinner MK. Epigenetic transgenerational actions of 
endocrine disruptors. Endocrinology. 2006; 147 (6 Suppl): S43–9.

46. Crews D, et al. Transgenerational epigenetic imprints on mate 
preference. Proc Natl Acad Sci USA. 2007; 104 (14): 5942–6.

47. Guerrero-Bosagna CM, Skinner MK. Epigenetic transgenerational 
effects of endocrine disruptors on male reproduction. Semin 
Reprod Med. 2009; 27 (5): 403–8.

48. Dolinoy DC, Huang D, Jirtle RL. Maternal nutrient supplementation 
counteracts bisphenol A-induced DNA hypomethylation in early 
development. Proc Natl Acad Sci USA. 2007; 104 (32): 13056–61.

49.  Rosenfeld CS, et al. Maternal exposure to bisphenol A and 
genistein has minimal effect on A vy/a offspring coat color but 
favors birth of agouti over nonagouti mice. Proc Natl Acad Sci 
USA. 2013; 110 (2): 537–42.

50. Udvadia AJ, Linney E. Windows into development: Historic, 
current, and future perspectives on transgenic zebrafish. Dev Biol. 
2003; 256 (1): 1–17.

51. Krauss V, Reuter G. DNA Methylation in drosophila-a critical 
evaluation. Prog Mol Biol Transl Sci. 2011; 101: 177–91.

52. Se K, et al. Sperm Epimutation Biomarkers of Obesity and 
Pathologies Following DDT Induced Epigenetic Transgenerational 



44

REVIEW    EPIGENETICS

EXTREME MEDICINE   1, 23, 2021   MES.FMBA.PRESS| |

Литература

1. Hiragami-Hamada K, et al. The molecular basis for stability of 
heterochromatin-mediated silencing in mammals. Epigenetics 
Chromatin. 2009; 2 (1): 14.

2. Bernstein E, et al. A phosphorylated subpopulation of the histone 
variant macroH2A1 is excluded from the inactive X chromosome 
and enriched during mitosis. Proc Natl Acad Sci USA. 2008 Feb 
5; 105 (5): 1533–8.

3. Hartley PD, Madhani HD. Mechanisms that Specify Promoter 
Nucleosome Location and Identity. Cell. 2009; 137 (3): 445–58.

4. Jing H, et al. Exchange of GATA Factors Mediates Transitions in 
Looped Chromatin Organization at a Developmentally Regulated 
Gene Locus. Molecular Cell. 2008; 29 (2): 232–42.

5. Klose RJ, Bird AP. Genomic DNA methylation: The mark and 
its mediators. Trends in Biochemical Sciences. 2006. DOI: 
10.1016/J.TIBS.2005.12.008.

6. Roy D, Yu K, Lieber MR. Mechanism of R-Loop Formation at 
Immunoglobulin Class Switch Sequences. Mol Cell Biol. 2008 
Jan; 28 (1): 50–60.

7. Beiter T, et al. Antisense transcription: A critical look in both 
directions. Cell Mol Life Sci. 2009 Jan; 66 (1): 94–112.

8.  Gore AC, et al. EDC-2: The Endocrine Society’s Second Scientific 
Statement on Endocrine-Disrupting Chemicals. Endocrine Reviews. 
Endocrine Society. 2015;  36 (6): 1–150.

9. Subramaniam D, et al. DNA Methyltransferases: A Novel Target 
for Prevention and Therapy. Front Oncol. 2014; 4: 80.

10. Kohli RM, Zhang Y. TET enzymes, TDG and the dynamics of DNA 
demethylation. Nature. 2013; 502 (7472): 472–79.

11. Gillette TG, Hill JA. Readers, writers, and erasers: Chromatin as 
the whiteboard of heart disease. Circulation Research. 2015; 116 
(7): 1245–53.

12. Софронов Г. А., Паткин Е. Л. Эпигенетическая токсикология: 
перспективы развития. Токсикологический вестник. 2018; 0 
(1): 2–7.

13. Anglim PP, et al. Identification of a panel of sensitive and specific 
DNA methylation markers for squamous cell lung cancer. Mol 
Cancer. 2008; 7: 62.

14. Hooven LA, Baird WM. Proteomic analysis of MCF-7 cells treated 
with benzo[a]pyrene, dibenzo[a,l]pyrene, coal tar extract, and 
diesel exhaust extract. Toxicology. 2008; 249 (1): 1–10.

15. Méplan C, Mann K, Hainaut P. Cadmium induces conformational 
modifications of wild-type p53 and suppresses p53 response 
to DNA damage in cultured cells. J Biol Chem. 1999; 274 (44): 
31663–70.

16. Thompson RF, et al. Experimental intrauterine growth restriction 
induces alterations in DNA methylation and gene expression in 
pancreatic islets of rats. J Biol Chem. 2010; 285 (20): 15111–8.

17. Lister R, et al. Human DNA methylomes at base resolution show 
widespread epigenomic differences. Nature. 2009; 462 (7271): 
315–22.

18. Meissner A, et al. Genome-scale DNA methylation maps of 
pluripotent and differentiated cells. Nature. 2008; 454 (7205): 
766–70.

19. Suzuki M, et al. Optimized design and data analysis of tag-based 
cytosine methylation assays. Genome Biol. 2010; 1 (4): R36.

20. Ball MP et, al. Targeted and genome-scale strategies reveal 
gene-body methylation signatures in human cells. Nat Biotechnol. 
2009; 27 (4): 361–8.

21. Down TA, et al. A Bayesian deconvolution strategy for 
immunoprecipitation-based DNA methylome analysis. Nat 
Biotechnol. 2008; 26 (7): 779–85.

22. Bibikova M, et al. High density DNA methylation array with single 
CpG site resolution. Genomics. 2011; 98 (4): 288–95.

23. Nagalakshmi U, et al. The transcriptional landscape of the yeast 
genome defined by RNA sequencing. Science. 2008; 320 (5881): 
1344–9.

24. Mikkelsen TS, et al. Genome-wide maps of chromatin state in 
pluripotent and lineage-committed cells. Nature. 2007; 448 
(7153): 553–60.

25. Song L, Crawford GE. DNase-seq: A high-resolution technique 
for mapping active gene regulatory elements across the genome 
from mammalian cells. Cold Spring Harb Protoc. 2010; 5 (2): pdb.
prot5384.

Inheritance of Disease. Environ Epigenet. 2019; 5 (2): dvz008
53. Skrjabin NA, i dr. Metody issledovanija metilirovanija DNK: 

vozmozhnosti i perspektivy ispol'zovanija v onkologii. Sibirskij 
Onkologicheskij Zhurnal. 2013; 6. Russian.

54. Pandey M, Shukla S, Gupta S. Promoter demethylation and 
chromatin remodeling by green tea polyphenols leads to re-
expression of GSTP1 in human prostate cancer cells. Int J Cancer. 
2010; 126 (11): 2520–33.

55. Fang M, Chen D, Yang CS. Dietary Polyphenols May Affect DNA 
Methylation. J Nutr. 2007; 137 (1 Suppl): 223S–228S.

56. Won JL, Shim JY, Zhu BT. Mechanisms for the inhibition of DNA 
methyltransferases by tea catechins and bioflavonoids. Mol 
Pharmacol. 2005; 68 (4): 1018–30.

57. Gao Z, et al. Promoter demethylation of WIF-1 by epigallocatechin-
3-gallate in lung cancer cells. Anticancer Res. 2009; 29 (6): 2025–30.

58. FDA Approval Summary: Vorinostat for Treatment of Advanced 
Primary Cutaneous T-Cell Lymphoma. Oncologist. 2007; 12 (10): 
1247–52.

59. Bubna AK. Vorinostat — An Overview. Indian J Dermatol. 2015; 
60 (4): 419.

60. Beaver LM, et al. 3,3’-Diindolylmethane, but not indole-3-
carbinol, inhibits histone deacetylase activity in prostate cancer 
cells. Toxicol Appl Pharmacol. 2012; 263 (3): 345–51.

61. Goon P, Sonnex C, Jani P, et al. Recurrent respiratory 
papillomatosis: an overview of current thinking and treatment. Eur 
Arch Otorhinolaryngol. 2008; 265: 147–51.

62. Rajendran P, et al. Dietary phytochemicals, HDAC inhibition, and DNA 
damage/repair defects in cancer cells. Clin Epigenetic. 2011; 3 (1): 4.

63. Zhang WW, Feng Z, Narod SA. Multiple therapeutic and 
preventive effects of 3,3′-diindolylmethane on cancers including 
prostate cancer and high grade prostatic intraepithelial neoplasia. J 
Biomed Res. 2014; 28 (5): 339–48.

64. Fan S, et al. DIM (3,3'-diindolylmethane) confers protection 
against ionizing radiation by a unique mechanism. Proc Natl Acad 
Sci USA. 2013; 110 (46): 18650–5.

65. Lyn-Cook BD, Mohammed SI, et al. Gender differences in 
gemcitabine (Gemzar) efficacy in cancer cells: effect of indole-3-
carbinol. Anticancer Res. 2010; 30 (12): 4907–13.

66. Auborn KJ, et al. Lifespan Is Prolonged in Autoimmune-Prone 
(NZB/NZW) F1 Mice Fed a Diet Supplemented with Indole-3-
Carbinol. J Nutr Oxford Academic. 2003; 133 (11): 3610–3.

67. Italiano A, et al. Tazemetostat, an EZH2 inhibitor, in relapsed or 
refractory B-cell non-Hodgkin lymphoma and advanced solid 
tumours: a first-in-human, open-label, phase 1 study. Lancet 
Oncol. 2018; 19 (5): 649–59.

68. Campbell CT, et al. Mechanisms of Pinometostat (EPZ-5676) 
Treatment–Emergent Resistance in MLL-Rearranged Leukemia. 
Mol Cancer Ther. 2017; 16 (8): 1669–79.

69. Siu LL, Rasco DW, Vinay SP, et al. METEOR-1: a phase I study of 
GSK3326595, a first-in-class protein arginine methyltransferase 5 
(PRMT5) inhibitor, in advanced solid tumours. Ann Oncol. 2019; 
30 (Suppl 5): v159–v193.

70. Claus R, Lübbert M. Epigenetic targets in hematopoietic 
malignancies. Oncogene. 2003; 22 (42): 6489–96.

71. Pogribny IP, Tryndyak VP, Boureiko A, Melnyk S, Bagnyukova TV, 
Montgomery B, et al. Mechanisms of peroxisome proliferator-
induced DNA hypomethylation in rat liver. Mutat Res. 2008; 644 
(1–2): 17–23.

72. Niculescu MD, Zeisel SH. Diet, methyl donors and DNA 
methylation: interactions between dietary folate, methionine and 
choline. J Nutr. 2002; 132 (8 Suppl): 2333S–5S.

73. Verma S, et al. Computational approaches in epitope design using 
DNA binding proteins as vaccine candidate in Mycobacterium 
tuberculosis. Infect Genet Evol. 2020; 83: 1348–1567.



45

ОБЗОР    ЭПИГЕНЕТИКА

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ   1, 23, 2021   MES.FMBA.PRESS| |

26. Fakhrai-Rad H, Pourmand N, Ronaghi M. PyrosequencingTM: An 
accurate detection platform for single nucleotide polymorphisms. 
Human Mutation. 2002; 19 (5): 479–85.

27. De Bustos C, et al. Tissue-specific variation in DNA methylation 
levels along human chromosome 1. Epigenetics Chromatin. 
2009; 2 (1): 7.

28. Christensen BC, et al. Aging and environmental exposures alter 
tissue-specific DNA methylation dependent upon CPG island 
context. PLoS Genet. 2009; 5 (8): e1000602.

29. Ma X, Chen J, Tian Y. Pregnane X receptor as the sensor and 
effector in regulating epigenome. J Cell Physiol. 2015; 230 (4): 752–7.

30. Peters AH, et al. Histone H3 lysine 9 methylation is an epigenetic 
imprint of facultative heterochromatin. Nat Genet. 2002; 30 (1): 
77–80.

31. Vakoc CR, et al. Histone H3 lysine 9 methylation and HP1γ are 
associated with transcription elongation through mammalian 
chromatin. Mol Cell. 2005; 19 (3): 381–91.

32. Tilgner H. et al. Nucleosome positioning as a determinant of exon 
recognition. Nat Struct Mol Biol. 2009; 16 (9): 996–1001.

33. Laurent L, et al. Dynamic changes in the human methylome 
during differentiation. Genome Res. 2010; 20 (3): 320–31.

34. Hou Lifang, et al. Environmental Chemical Exposures and Human 
Epigenetics.  Int J Epidemiol. 2012; 41 (1): 79–105.

35. Simmons R. Perinatal Programming of Obesity. Semin Perinatol. 
2008; 32 (5): 371–4.

36. Gluckman PD, Hanson MA. Living with the past: Evolution, 
development, and patterns of disease. Science. 2004; 305 (691): 
1733–6.

37. Derghal A, et al. An emerging role of micro-RNA in the effect of the 
endocrine disruptors. Front Neurosci. 2016; 10: 318.

38. Doherty LF, et al. In utero exposure to diethylstilbestrol (DES) or 
bisphenol-A (BPA) increases EZH2 expression in the mammary 
gland: An epigenetic mechanism linking endocrine disruptors to 
breast cancer. Horm Cancer. 2010; 1 (3): 146–55.

39. Ernst J, Kellis M. Discovery and characterization of chromatin 
states for systematic annotation of the human genome. Nat 
Biotechnol. 2010; 28 (8): 817–25.

40. LeBaron MJ, et al. Epigenetics and chemical safety assessment. 
Mutat Res. 2010; 705 (2): 83–95.

41. Jay IG, et al. What Do We Need to Know Prior to Thinking About 
Incorporating an Epigenetic Evaluation Into Safety Assessments? 
Toxicol Sci. 2010; 116 (2): 375–81.

42. Wild L, et al. In vitro transformation of mesenchymal stem cells 
induces gradual genomic hypomethylation. Carcinogenesis. 
2010; 31(10): 1854–62.

43. He Y, et al. Spatiotemporal DNA methylome dynamics of the 
developing mouse fetus: 7818. Nature. 2020; 583 (7818): 752–9.

44. Anway M, Cupp A, Uzumcu M. Epigenetic Transgenerational 
Actions of Endocrine Disruptors and Male Fertility. Science. 2005; 
308 (5727): 1466–9.

45. Anway MD, Skinner MK. Epigenetic transgenerational actions of 
endocrine disruptors. Endocrinology. 2006; 147 (6 Suppl): S43–9.

46. Crews D, et al. Transgenerational epigenetic imprints on mate 
preference. Proc Natl Acad Sci USA. 2007; 104 (14): 5942–6.

47. Guerrero-Bosagna CM, Skinner MK. Epigenetic transgenerational 
effects of endocrine disruptors on male reproduction. Semin 
Reprod Med. 2009; 27 (5): 403–8.

48. Dolinoy DC, Huang D, Jirtle RL. Maternal nutrient supplementation 
counteracts bisphenol A-induced DNA hypomethylation in early 
development. Proc Natl Acad Sci USA. 2007; 104 (32): 13056–61.

49.  Rosenfeld CS, et al. Maternal exposure to bisphenol A and 
genistein has minimal effect on A vy/a offspring coat color but 
favors birth of agouti over nonagouti mice. Proc Natl Acad Sci 
USA. 2013; 110 (2): 537–42.

50. Udvadia AJ, Linney E. Windows into development: Historic, 
current, and future perspectives on transgenic zebrafish. Dev Biol. 
2003; 256 (1): 1–17.

51. Krauss V, Reuter G. DNA Methylation in drosophila-a critical 

evaluation. Prog Mol Biol Transl Sci. 2011; 101: 177–91.
52. Se K, et al. Sperm Epimutation Biomarkers of Obesity and 

Pathologies Following DDT Induced Epigenetic Transgenerational 
Inheritance of Disease. Environ Epigenet. 2019; 5 (2): dvz008

53. Скрябин Н. А. и др. Методы исследования метилирования 
ДНК: возможности и перспективы использования в онкологии. 
Сибирский Онкологический Журнал. 2013; 6.

54. Pandey M, Shukla S, Gupta S. Promoter demethylation and 
chromatin remodeling by green tea polyphenols leads to re-
expression of GSTP1 in human prostate cancer cells. Int J Cancer. 
2010; 126 (11): 2520–33.

55. Fang M, Chen D, Yang CS. Dietary Polyphenols May Affect DNA 
Methylation. J Nutr. 2007; 137 (1 Suppl): 223S–228S.

56. Won JL, Shim JY, Zhu BT. Mechanisms for the inhibition of DNA 
methyltransferases by tea catechins and bioflavonoids. Mol 
Pharmacol. 2005; 68 (4): 1018–30.

57. Gao Z, et al. Promoter demethylation of WIF-1 by epigallocatechin-
3-gallate in lung cancer cells. Anticancer Res. 2009; 29 (6): 2025–30.

58. FDA Approval Summary: Vorinostat for Treatment of Advanced 
Primary Cutaneous T-Cell Lymphoma. Oncologist. 2007; 12 (10): 
1247–52.

59. Bubna AK. Vorinostat — An Overview. Indian J Dermatol. 2015; 
60 (4): 419.

60. Beaver LM, et al. 3,3’-Diindolylmethane, but not indole-3-
carbinol, inhibits histone deacetylase activity in prostate cancer 
cells. Toxicol Appl Pharmacol. 2012; 263 (3): 345–51.

61. Goon P, Sonnex C, Jani P, et al. Recurrent respiratory 
papillomatosis: an overview of current thinking and treatment. Eur 
Arch Otorhinolaryngol. 2008; 265: 147–51.

62. Rajendran P, et al. Dietary phytochemicals, HDAC inhibition, 
and DNA damage/repair defects in cancer cells. Clin Epigenetic. 
2011; 3 (1): 4.

63. Zhang WW, Feng Z, Narod SA. Multiple therapeutic and 
preventive effects of 3,3′-diindolylmethane on cancers including 
prostate cancer and high grade prostatic intraepithelial neoplasia. J 
Biomed Res. 2014; 28 (5): 339–48.

64. Fan S, et al. DIM (3,3'-diindolylmethane) confers protection 
against ionizing radiation by a unique mechanism. Proc Natl Acad 
Sci USA. 2013; 110 (46): 18650–5.

65. Lyn-Cook BD, Mohammed SI, et al. Gender differences in 
gemcitabine (Gemzar) efficacy in cancer cells: effect of indole-3-
carbinol. Anticancer Res. 2010; 30 (12): 4907–13.

66. Auborn KJ, et al. Lifespan Is Prolonged in Autoimmune-Prone 
(NZB/NZW) F1 Mice Fed a Diet Supplemented with Indole-3-
Carbinol. J Nutr Oxford Academic. 2003; 133 (11): 3610–3.

67. Italiano A, et al. Tazemetostat, an EZH2 inhibitor, in relapsed or 
refractory B-cell non-Hodgkin lymphoma and advanced solid 
tumours: a first-in-human, open-label, phase 1 study. Lancet 
Oncol. 2018; 19 (5): 649–59.

68. Campbell CT, et al. Mechanisms of Pinometostat (EPZ-5676) 
Treatment–Emergent Resistance in MLL-Rearranged Leukemia. 
Mol Cancer Ther. 2017; 16 (8): 1669–79.

69. Siu LL, Rasco DW, Vinay SP, et al. METEOR-1: a phase I study of 
GSK3326595, a first-in-class protein arginine methyltransferase 5 
(PRMT5) inhibitor, in advanced solid tumours. Ann Oncol. 2019; 
30 (Suppl 5): v159–v193.

70. Claus R, Lübbert M. Epigenetic targets in hematopoietic 
malignancies. Oncogene. 2003; 22 (42): 6489–96.

71. Pogribny IP, Tryndyak VP, Boureiko A, Melnyk S, Bagnyukova TV, 
Montgomery B, et al. Mechanisms of peroxisome proliferator-
induced DNA hypomethylation in rat liver. Mutat Res. 2008; 644 
(1–2): 17–23.

72. Niculescu MD, Zeisel SH. Diet, methyl donors and DNA 
methylation: interactions between dietary folate, methionine and 
choline. J Nutr. 2002; 132 (8 Suppl): 2333S–5S.

73. Verma S, et al. Computational approaches in epitope design using 
DNA binding proteins as vaccine candidate in Mycobacterium 
tuberculosis. Infect Genet Evol. 2020; 83: 1348–1567.


