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Abstract: 
The increasing variability of phenotypic traits in agricultural animal species makes it necessary to search for reliable DNA 
markers. Due to the poor efficiency of using clustered single-nucleotide polymorphisms (SNP) and individual genomic 
elements, the hierarchy of gene regulatory networks has become a relevant research area. We summarized available information 
on different levels of epigenetic regulation, from the linear DNA sequence and its secondary and tertiary structures to the 
factors outside the cell nucleus, i.e., intercellular contacts and interactions with the extracellular matrix. We also discussed 
the features of genomic distribution and the role of topologically associated domains (TADs), and architectural protein CTCF 
in chromatin loop formation. CTCF mediates protein-protein interactions and interacts with various RNA variants. It also 
involved in epigenetic modifications of the DNA nucleotide sequence, a target of CTCF binding. Such targeted sites are located 
in transposable elements (TEs). As a result of the evolutionary conservation, they are also to be found in TAD, regardless of 
the fact that they are delivered by species-specific TEs. CTCF and its binding sites are known to affect the structure of the 
mitotic spindle. They also have a certain impact on cholesterol biosynthesis, which affects the plasma membrane and cell 
migration. CTCF indirectly participates in the variability of intercellular contacts and interactions with the extracellular matrix. 
In animals, CTCF and its binding targets are involved in all levels of gene regulatory networks that maintain or change genomic 
expression.
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EPIGENETIC VARIATIONS  
AND TRANSCRIPTOME 

Natural and artificial selection both target particu-
lar genomic elements for each specific biological object. 
Lack of information on these key genomic elements is 
a serious problem for molecular genetics, which pre-
vents effective breeding of agricultural plants and ani-
mals. Genome-wide association studies (GWAS) make it 
possible to project phenotypic trait variability onto the 
genome. As they develop, they accumulate data on the 
correlation between the genetically complex traits and 
diseases in both humans and domestic animals and the 
genomic elements in the non-coding DNA, which con-
trol epigenetic variations in relation to coding sequen- 
ces [1, 2]. Gene expression also depends on such epigene- 
tic mechanisms as the variability of histone methylation 

patterns, the DNA, and splicing, as well as movements 
and expression of mobile genetic elements (MGE) called 
transposons or transposable elements (TE) [3–8].

Epigenetic modifications in eukaryotic nuclei regu-
late gene expression programs. Such modifications occur 
at different organization levels:

– methylation of the linear DNA sequence during im-
printing [9];

– multiple two-way changes in chromatin packaging,  
e.g., formation of various chromatin loops, G4 quad- 
ruplexes, DNA triplexes, hairpin loops, and R-loops 
(DNA/RNA hybrids); and
– modifications of histones, i.e., the histone code, with 
variability in DNA accessibility for transcription [10].
A three-way organization level includes:
– autonomous chromosome areas in the interphase  
nucleus; 
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– formation of topologically associated domains within 
and between chromosomes; and

– genetic relationships and location in relation to the la- 
mina of the nuclear membrane, nucleoli, and nuclear pores.

The interphase nucleus has two compartments, A  
and B. Expression-inactive DNA is part of compartment 
B, where heterochromatin tends to segregate near the nu-
clear lamina under the nuclear membrane and the nucleoli.  
The result is specific patterns unique for each cell popu-
lations. Heterochromatization is typical of protein-inte- 
racting lamina-associated domains (LAD) enriched in  
long interspersed nuclear elements (LINE1) [11]. DNA be-
tween the LADs is expression-active and forms compart- 
ment A, which is believed to be enriched in retrotranspo- 
sons, i.e., short interspersed nuclear elements (SINEs) [11].

The compartmentalization reflects the three-dimen-
sional (3D) organization of the genome on a mega base 
scale. However, science knows about 2,000 chromatin 
domains that range in size from 100 kb to 1 Mb. These 
topologically associated domains (TADs) correspond 
to genomic regions with active self-interaction between 
different genomic elements located at different distan- 
ces in the primary DNA sequence, i.e., in close physical 
proximity. Regulatory elements and their target genes 
are often located within the same TAD. Insulators pro-

tect them from interacting with genomic elements of 
distal TADs (Fig. 1). The regions between two TADs 
are enriched in insulator proteins and ubiquitously ac-
tive housekeeping genes that are present in most tissues 
of multicellular organisms. In mammals, TAD bounda- 
ries are characterized by co-bound cohesin and archi-
tectural factor CTCF [12–14]. Accumulating evidence 
suggests that structural changes within TADs lead to 
profound variations in the expression and intergenic in-
teractions both inside the TAD and its boundaries [15].

Multicellular organisms have a special level of ge-
netic expression regulation, i.e., intercellular interac-
tions represented by the architectonics of tissues and 
organs. Intercellular interactions affect cell differentia-
tion, apoptosis, and ontogenesis. The 3D level of genetic 
organization involves many mechanisms, e.g., extrusion 
of chromatin loops by cohesin complexes, compartmen-
talization of heterochromatic domains by phase separa-
tion, direct interactions between proteins, etc. [16–17].

CHROMATIN LOOPS
The chromatin loop is an elementary unit of chroma-

tin packaging (Fig. 2). It participates in gene expression. 
Disruption of chromatin loops is associated with neuro-
logical diseases [18–20]. 

Figure 1 Three-dimensional genomic organization: (a) Compartmentalization into A (red) and B (blue) regions. DNA in 
compartment A often contacts with nuclear speckles while DNA in compartment B interacts with the nuclear lamina domain 
(LAD) and the nucleolus-associated domain (NAD). Higher resolution images show topologically associated domains (TADs). 
Chromatin loops within TADs are formed by cohesin and CTCF binding sites, which brings together regulatory elements 
(enhancers) and their targets (promoters); (b) Loop extrusion model. Cohesin extrudes chromatin through its ring-shaped structure, 
thus forming a loop. The loop grows until it reaches two converging CTCFs, which then block cohesin. This process is dynamic 
and thus can be interrupted; (c) Hi-C visualization of compartments A (red) and B (blue), loops, TADs, and sub-TADs [12].
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Loop formation usually depends on the CCCTC- 
binding transcription factor (CTCF), also known as 
architectural protein. Initially described as a negative 
regulator of c-Myc expression [21], it is now considered 
as the best studied transcription factor with C2H2-type 
zinc finger clusters [22].

A lot of publications report CTCF as a key protein 
in regulating gene expression because it can mediate 
between DNA and quite a number of epigenetic factors, 
even those with no DNA-binding domains (Fig. 3) [23]. 
Some post-translational modifications, e.g., glycosyla-
tion, are also known to affect the binding of CTCF pro-
tein to its DNA anchor [24].

While CTCF is a popular factor in chromatin loop 
formation, the process includes such independent regu- 
latory elements as mammalian-wide interspersed repeats 
(MIRs) that represent an ancient family of transposable 
elements (TEs). They are efficient regulators and share 
some characteristics with tRNA-associated insulators. 
MIRs are enriched in genes responsible for the T-cell re-
ceptor pathway and are located at T-cell-specific bounda- 
ries between repressive and active chromatin. In this 

family, the anchor sequences bind to RNA Pol III and 
some histone modifications in a way that depends on the 
chromatin [25].

Tian et al. [26] used the method of DNA methylation 
dioxygenase Tet-triple knock-out (Tet-TKO) to study the 
effect of DNA methylation on CTCF functions. In their 
research, methylation differences between rich and poor 
domains of CpG islands (CGI) decreased, as did the 
CTCF binding. As a result, the TAD structure weake- 
ned and the long-range chromatin loops depleted.

Apparently, CTCF does not bind to all of its poten-
tial targets in different cell types. Not only methylation, 
but also interactions with various non-coding RNAs 
may affect this process. Many non-coding RNAs affect 
chromatin organization and gene expression at different 
levels [27]. Long non-coding RNAs (lncRNAs) partici- 
pate in many cellular processes, e.g., regulate nearby 
and distant genes, recruit chromatin modifiers, splice, 
translate, etc., as well as form and regulate organelles 
and nuclear condensates [27–30].

Interactions between DNA and RNA yield hybrids 
with an R-loop or triplexes. The R-loop results in a 

Figure 2 CTCF protein as a gene expression regulator: (a) CTCF is a protein with three domains: N-terminal domain, C-terminal 
domain, and a central domain with 11 zinc fingers. CTCF uses the zinc finger domain to bind to DNA. RBD – RNA-binding 
domain; ZF – zinc finger; (b) CTCF mechanisms: chromatin loop, recruitment of RNA polymerase II (Pol II), interaction with 
transcription factor (TF), defining the boundary between euchromatin and heterochromatin, anchoring the DNA to lamin, 
insulation, alternative splicing, and binding with RNA [23]
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three-stranded structure that consists of a DNA-RNA 
hybrid and a displaced DNA strand. The triplex causes 
a triple-helical structure within the DNA duplex major 
groove with a marked purine pyrimidine asymmetry 
across the two strands. The purine-rich DNA strand 
is available for Hoogsteen pairing with the third RNA 
strand while the pyrimidine sequence of the RNA binds 
to the major groove of the target DNA, parallel to the 
polypurine DNA strand. Should the target DNA site be 
located in a gene regulatory region, e.g., a promoter or 
an enhancer, the triplex either modulates local confor- 
mational / topological changes or recruits regulatory 
proteins to the portion of the lncRNA that protrudes 
from the triplex [31]. 

R-loops facilitate the anchoring function of CTCF 
during binding [32]. They form associated structures 
with G-quadruplexes (G4) in the CTCF binding targets. 
Wulfridge et al. [33] found R-loops and G4 together 
with CTCF in many regions of the murine embryonic 
stem cell genome. In their study, a weaker R-loop re-
duced CTCF binding while a deleted G4-forming mo-
tif inhibited CTCF binding and altered gene expression. 
Hou et al. [34] mentioned that sites prone to G4 forma-
tion clustered on TAD boundaries and in the transcrip-
tion, factor binding sites (TFs).

lncRNA GATA6-AS1 is a triplex-forming site with 
purine-pyrimidine DNA tracks. Its clusters in TAD 
boundaries rather than in other genomic regions. Some 

GATA6-AS1 sites interact with CTCF and are also con-
centrated in CTCF-enriched genomic regions, e.g., TAD 
boundaries. GATA6-AS1 may be responsible for trans-
porting CTCF protein to particular sites. Thus, some 
lncRNAs are able to target different genomic domains 
via RNA/DNA triplex formation to transport molecules, 
e.g., CTCF. This ability may be a universal mechanism 
involved in TAD formation and dynamics in 3D geno- 
mic organization [28]. 

CTCF participates in the sex differentiation of allelic 
expression during genomic imprinting in mammals. In 
some imprinted domains, differentially methylated sites 
exhibit different allelic binding to the CTCF protein 
with subsequent differences in cohesin retention [35].

Porcine germ cells demonstrated sex differences 
in the methylation of functionally different genes: 465 
in males and 316 in females. The genes had sites that 
were homologous to retrotransposon sites. In 21%, the 
first intron demonstrated differentiation in methylation, 
which could probably affect the regulation of gene trans- 
cription [36].

The imprinting mechanism is complex and inclu- 
des not only CTCF [37], but other regulators as well [37– 
39], e.g., interactions with long non-coding RNA  
(lncRNA) [40], microRNA (miRNA) clusters [41], or 
histone modifications [42].

Imprinting disorders in agricultural animals are 
known to affect the variability of some economically 

Figure 3 Interactions between CTCF and other epigenetic proteins: histone readers (yellow), chromatin remodelers (light blue), 
polycomb proteins (dark blue), DNA demethylation proteins (pink), protein that removes histone modifications (beige), RNA-
modifying proteins (green), and histone writers (orange) [23]
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valuable traits [9]. Long non-coding RNAs (lncRNAs) 
are part of the regulome, i.e., a set of non-coding reg-
ulatory elements of the genome that are closely asso-
ciated with TEs. They regulate the dynamics of the 
interphase nucleus architecture. For instance, NEAT1_2 
lncRNA is a granule-forming paraspeckle [29]. The 
non-coding RNAs, such as lncRNAs, could act as an  
architectural scaffold in the interphase nucleus [27].

Mammalian TEs also provide binding sites for  
architectural chromatin proteins, including CTCF. 
Choudhary et al. studied genomes of humans, mice, 
dogs, and rhesus macaques, i.e., mammalian species 
that diverged 30–96 million years ago. The share of TE 
increased from mice to primates, being slightly lower in 
dogs than in mice. In all four species, however, 8–37% 
of CTCF loop anchors and TAD boundaries came from 
TEs. While CTCF at TAD boundaries originated mainly  
from TEs, the research revealed some species-specific  
patterns: SINEs in mice, LTRs and DNA in humans, 
with dogs and rhesus macaques in between [3]. 

Despite species preferences, a high conservation 
of orthologous synteny and chromatin loop organi-
zation was observed between humans and mice [43]. 
Most TE-derived loop anchors in mice were generated 
by a few young TE subfamilies, such as B3, B2_Mm2, 
B3A, and B2_Mm1t. Human TEs contributed fewer or-
thologous loops and were distributed across more TE 
subfamilies than in mice. In fact, 87% of TE-derived 
orthologous loops in mice were discordant to human 
TEs and were anchored at putative ancestral CTCF 
binding sites. In mice, syntenic ancestral CTCF motifs 
were degraded or deleted, the loops being anchored at 
CTCF sites derived from the nearby, co-opted TEs. For 
example, the orthologous loop at the 5’ end of Akap81 
(A Kinase Anchor Protein 8-Like) is maintained in 
mice by a MER20 element transposed ~ 1.5 thousand 
pairs of nucleotides upstream of the degraded ancestral 
motif, which was conserved in most mammals but not 
rodents. When the ancestral CTCF motif derived from 
the 147-million-year-old MIR3 element degraded, it 
incapacitated the CTCF binding. The younger MER20 
element, which inserted about 90 million years ago, 
harbored strong CTCF binding, thus providing an an-
chor site to maintain the conserved loop in mice. There-
fore, TEs provide redundant CTCF sites and mediate 
them in switching their binding sites. This way, they 
promote conserved genome folding events in humans 
and mice [43].

Buckley et al.  proposed a model where the density 
and distribution of genes and regulatory elements cata- 
lyzed accumulation of TEs. The conservation of syn-
teny of genomic elements and the nuclear organization 
make mammalian genomes with dissimilar TEs follow 
similar evolutionary trajectories. [44]. However, early 
human embryos demonstrated significant differences  
in the transcription of different TEs in cell popula- 
tions [45], as well as in brain cells with cell differenti-
ations – at different stages of normal and pathological 
development [8].

Phenotypic traits in agricultural animal species are  
known to be damaged by TE insertion into the exonic,  
intronic, and promoter regions of various genes [46]. 
Cattle species demonstrated a correlation between the 
enrichment of CTCF binding motifs and the major 
quantitative trait genes (QTLs) associated with gene ex-
pression variation (eQTLs) or allele-specific expression 
(aseQTLs) in the transcriptomes of leukocytes and milk 
cells of lactating cows [47].

Assessment studies of the variability of CTCF bin- 
ding motifs as a set of regulatory genomic elements can 
accelerate artificial selection of complex phenotypic 
traits [46].

The relationships between chromatin loops are com-
plex. For example, the so-called nested loops may pos-
sess and coordinate three convergent anchor sites of the 
CTCF + cohesin complex in a single TAD domain [17].  
Changes in AUTS2 and Calneuron 1 (Caln1) in humans 
provide a clear example of intra-TAD loop fusion. These  
two genes are separated by a distance of 1.5 Mb, but 
this distance changed when experimental rats and 
mice received cocaine. Cocaine-induced release of the 
Auts2-Caln1 loop increased the mRNA expression in 
Auts2 and Caln1 [48]. The process boosted DNA cyto-
sine methylation, which could cause a concomitant loss 
of CTCF binding. The transcriptional changes could be 
attributed to the increase in trimethylation of the acti-
vating mark H3K4 at the Auts2 and Caln1 sites [48, 49]. 

Therefore, variations in primary DNA sites affect 
chromatin loop formation, which is closely related to 
the variability of gene expression.

INTER-TAD RELATIONSHIPS 
The International Nucleome Consortium was initiat-

ed almost 10 years ago [50]. One of its latest meetings 
was held in Greece in September 2023 [51]. The Con-
sortium strives to assess the effect of spatial and tem-
poral genomic organization on phenotypic variability. 
However, its proceedings show that, to date, several 
important areas remain largely understudied. The list 
includes the patterns of TAD spatial interaction, predic-
tion options, and the role of cytoskeletal elements, in-
tercellular contacts, tissue architecture, etc. Apparently,  
TAD interactions are subject to too many regulatory  
factors, which may differ significantly even for two 
TADs and their loops, depending on the exact condi-
tions of gene expression change.

TADs are megabase genomic domains with in-
creased self-interaction density. Sub-TADs are smaller 
but more dynamic units within TADs. The initial defini-
tion of a TAD identifies its boundaries. TAD or subTAD 
boundaries isolate enhancers and promoters from ab-
normal contacts and facilitate their interactions across 
TADs. In addition, they locate replication origins in  
period S [52].

The human genome includes hundreds of thousands 
of CTCF binding sites (CBS). For instance, 2898 of 
human HEC-1-B cells out of total 3881 TAD bounda- 
ries contain 2–8 CBS elements. TAD boundaries are 
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evolutionarily conserved and associated with complex 
genetic traits. This feature was described by Sandoval- 
Velasco et al. [53], who studied a 52 000-year-old female  
woolly mammoth, the cells of which retained a certain 
conservation of TAD organization in Siberian permafrost.

Most interactions between enhancers and promot-
ers occur within TADs; however, a lot of genes are 
controlled by distal enhancers outside of single TADs. 
Therefore, distal enhancers can activate target promo- 
ters across TAD boundaries. Chen et al. [54] reported 
that 21% of enhancers of key developmental genes acted  
across TAD boundaries, in cases of both transcription- 
dependent and pre-formed encounters. This finding 
suggests different mechanisms of enhancer-promoter 
interactions. Such differences were described in studies  
of paralogous genes [55–57]. They are part of common 
metabolic pathways that may have common or very 
similar enhancer sites and TF binding sites. Paralogous 
genes may participate in one and the same transcription 
factories, e.g., protein speckles enriched in protein-RNA 
clusters that facilitate the phase separation of nuclear 
subcompartments.

AI programs make it possible to predict changes in the  
3D architecture of the interphase nucleus, e.g., formation  
of chromatin loops and TADs [58–60]. Keough et al. [60]  
used this method to compare human and chimpanzee 
genomes in enhancer sites that are active during the 
prenatal development of nervous system. The structural 
variants that were specific to humans but not to chim-
panzees were associated with the changes in the 3D 
packaging of the genome. The process made evolutiona- 
rily conservative enhancers interact with some new do-
mains that regulate gene expression. 

Braunger et al. [61] detected changes in intra- and in-
terchromosomal interactions in skin fibroblasts obtained 
from different age groups. They identified key transcrip-
tion regulators where target genes rearrange to change 
their expression during aging. Correction of such chan- 
ges may potentially rejuvenate cell populations.

 Interchromosomal translocations during carcino-
genesis receive a lot of scientific attention. They often 
cause intergenic fusions and chimeric proteins. Inter-
chromosomal translocations usually involve chromo-
some regions that are part of common gene expression 
programs. Their transcription depends on the mecha-
nism responsible for formation of transcription facto-
ries or on a set of regulatory elements [62]. By detecting 
such intergenic fusions at the level of nucleotide sites, 
medics may improve diagnostics and prognosing.

Light microscopy studies revealed that the frequency 
of associations between non-homologous chromosomes 
often coincides with typical oncomarker translocations 
for certain tissues. For example, interchromosomal as-
sociations between chromosomes 12 (heavy chains of 
immunoglobulins) and 15 (c-Myc oncogene) in bone 
marrow leukocytes of BALB/c mice demonstrated some 
translocations typical of murine plasmacytomas [63–65].

McStay [66] reported clustered gene superfamilies 
in different chromosomes, e.g., during nucleolus for-

mation. Human nuclei have about 300 ribosomal genes 
located on five different acrocentric chromosomes. For 
comparison, mice have six. They have to physically 
converge for the preliminary assembly of ribosomes in 
the nucleus. Monahan et al. [67] located olfactory re-
ceptor genes on several different chromosomes. They 
combined in the same nuclear space to create an olfac-
tosome and regulate their expression.

TADs that are located on different chromosomes 
can interact if assisted by housekeeping genes on TAD 
boundaries: as they get transcribed, they recruit ribonu-
cleoprotein condensates. Interactions between different  
TADs are further facilitated by the physical forces that 
arise from the interaction between transcriptional con-
densates at these boundaries and subnuclear organelles, 
especially nuclear speckles [68]. Some oncological stu- 
dies report a connection between pairwise aneuploidy  
(loss/gain) between non-homologous chromosomes. 
This connection emphasizes the complex hierarchy of 
genetic material [69]. 

Interchromosomal studies revealed spatial distan- 
ces for intrachromosomal interactions in the range of  
189 ± 95 nm; the range was greater (279 ± 163 nm) in 
non-homologous chromosomes [70].

GENETIC COMPOSITION OF TADS 
Accumulated data on TADs, interchromosomal rela- 

tionships across boundaries, and the correlations be-
tween their disturbances and various pathologies indi-
cate multi-level hierarchical relationships between the 
3D genomic organization in ontogenesis. At each level, 
disturbances affect the expression of many genes within 
and between TADs, thus leading to phenotypic conse-
quences (Fig. 4) [71].

TAD structure is complex, dynamic, and diverse. 
It also depends on the functional characteristics of its 
genes. Abnizova et al. [14] studied three germ layers 
during gastrulation in mice. The genes with the same 
expression in different layers differed from those genes 
that varied in expression in such parameters as density 
and clustering. They also had a larger number of GCs 
in promoters and belonged to housekeeping genes. The 
tissue-specific genes had TADs with a relatively smaller 
number of genes and a reduced GC content in promoters. 
Their expression was predominantly regulated by distal 
enhancers. As for the TFs of such genes, species-specific  
TFs, which the authors called innovative or pioneering,  
were more common than in housekeeping genes. The ge- 
nes transcribed in the three murine germ layers were con- 
ditionally referred to as housekeeping genes. Their TF 
binding sites were so close to promoters that they overlap- 
ped. The promoters had extensive GC content. The genes 
in TADs were so clustered that no empty space remained 
between them. Abnizova et al. [14] distinguish two groups  
of genes that form qualitatively different TADs: those 
containing developmental genes regulated by innova- 
tive TFs and cooperator genes expressed in most tissues.

Numerous studies report the differences in regu-
latory elements between the housekeeping genes and 
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the tissue-specific genes. Roller et al. [72] studied four 
groups of mammals: primates (macaques and monkeys); 
rodents (mice, rats, and rabbits); pigs, horses, cats, and 
dogs; and marsupials (opossum). They took samples 
of four tissues, i.e., liver, muscles, brain, and testes, as 
representing three somatic tissues originating from 
different germ layers. The comparative analysis cove- 
red regulatory sites, i.e., promoters and enhancers, in 
the tissue-specific genes vs. housekeeping genes. The 
analysis revealed a rather high rate of evolution of tis-
sue-specific genes, where insertions of the LINE1 retro-
transposon were quite active. LINE2 as a more ancient 
variant occurred more often in the regulatory sites of 
housekeeping genes. The analysis of evolution rate in 
tissue-specific enhancers and promoters indicated a rela- 
tively low rate of evolution of gene expression in the 
brain whereas the evolution rate in testicles and liver 
was high. In addition, the study revealed some intraspe-
cific conservation in the variability of regulatory sys-
tems with pronounced interspecific differences [72].

Other studies also confirmed important distinctions 
between TADs with genes of different functions and 
evolutionary origins. James et al. [73] reported that 
TAD boundaries frequently coincided with breaks in 
genome. Deleted boundaries depended on negative se-
lection, suggesting that TADs may facilitate genome 
rearrangements and evolution. The genes co-localized 
within TADs in a way that depended on their evolutio- 
nary age in humans and mice. As a result, TADs were 
divided into two groups with different shares of older 
and younger genes. The division was based on whether  
they arose before or during vertebrate whole-genome 
duplications (WGDs). Evolutionarily older genes were 
more frequently expressed in different cell types and 
were more often classified as essential than younger  

genes. Essential genes were found responsible for 
growth, development, and reproduction at both the cel-
lular and organism levels. The loss of these functions 
may compromise viability or adaptability. Older genes 
were more likely to become essential because old genes 
usually disappear during evolution if they are less es-
sential. However, how some young genes become es-
sential still remains unclear. To answer this question, 
James et al. [73] studied the TAD content ratios in old 
vs. young genes and essential vs. less essential young 
genes. In primates and rodents, recently duplicated 
young genes appeared to be more essential when they 
were located in TADs enriched in old genes and inte- 
racted with those genes that were last duplicated during 
WGD. Therefore, the evolutionary significance of young 
genes may increase if they are located in TADs with 
regulatory networks established by old genes [73].

Thus, the nucleus has different levels that affect the 
3D organization of the genetic material, plus the fourth, 
ontogenetic component: modifications of the linear 
DNA sequence with methylation and multiple secon- 
dary structures; intra- and inter-TAD formation, dy-
namics, and interactions of chromatin loops; evoluti- 
onary and functional features of TAD genes. All these 
phenomena obviously depend on factors outside the  
nucleus, especially intercellular interactions.

EXTRANUCLEAR STRUCTURAL ELEMENTS 
AFFECTING GENE EXPRESSION 

Actin is a key element of the cytoskeleton. It is one 
of the most conservative and widespread proteins in 
eukaryotic cells. Actin is present as G-actin in a mo-
nomeric globular form and as F-actin in polymeric fila- 
mentous forms of various length. Actin is highly con-
centrated at the periphery of the cell, in the cytoplasm.  

                             a                                                                                              b

Figure 4 Interactions between non-homologous chromosomes: (a) Allele-specific loci of paternal (yellow) and maternal (red) 
genomes relative to the nucleolus in primordial embryonic stem cells (ESC); (b, left) Maternal and paternal alleles are in physical 
proximity and intertwined while they modulate tissue-specific gene regulation in the 3D nucleus space. This interaction contributes 
to various biological processes, DNA-RNA, proteins, biophysical properties of chromatin, 3D genomic organization, and stochastic 
factors; (b, right) Structural aberrations involve deletions, translocations, etc., while numerical chromosomal aberrations are 
represented by trisomies. Both can disrupt and reorganize the complex network of interchromosomal interactions, thus changing 
transcriptional programs [71].

Translocation
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Deletion
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In low concentrations, it can be found in the nucleus, 
where it interacts with the lamina to form a network 
throughout the nuclear membrane [74]. 

Cytoplasmic actin participates in cell motility, orga- 
nelle movement, cell signaling systems, etc. The fact 
that the nucleus has much less actin than the cytoplasm 
led to discussions about its involvement in the nuclear 
matrix and interactions with the DNA. However, actin 
is now known to be part of the control of the nuclear 
architecture. Nuclear actin interacts with RNA poly-
merases I, II, and III and ribonucleoprotein transcript 
complexes. It prolongates transcription and transports 
polyribosomes. It binds to the lamins of the nuclear 
membrane either directly or through intermediary pro-
teins. Nuclear actin is involved in the formation of open 
chromatin and TADs; it repairs DNA breaks, and con-
trols nuclear morphology, e.g., its apical surface [74–80].

Mitotic structure also depends on the chromatin ar-
chitectural protein CTCF. Targeted mutations of CTCF 
use clustered regularly interspaced short palindro- 
mic repeats (CRISPR) to disorganize the mitotic spin-
dle and disrupt the anaphase chromosome segregation 
by forming tri- or tetrapolar spindles and chromosomes 
beyond the spindle pole. Therefore, CTCF is important 
for both correct metaphase organization and anaphase 
segregation [81].

The correlation between 3D chromatin organiza- 
tion and cell morphology can be ensured by the vari-
ability of the plasma membrane state. A targeted mu-
tation of architectural proteins CTCF and CTCF pLoF 
was reported to affect cell migration because this muta-
tion increased the RNA level of cholesterol biosynthesis 
enzymes. Migrasomes, which are extracellular vesicles 
on the retraction fibers of migrating cells, slowed down 

in their formation in CTCF pLoF cells. Hmgcs1 promo- 
ter, which encodes the cholesterol biosynthesis enzyme, 
did not bind with CTCF directly, However, CTCF could 
affect at least two key features, i.e., spatial organization 
and histone modification [82]. 

Intercellular interactions are another long-standing 
source of gene expression program. The epithelial-mesen- 
chymal transition (EMT) is a good example of cell plas-
ticity as it renders the epithelium its mesenchymal phe-
notypes (Fig. 5) [83].

Epithelial cells contain specialized junctional pro-
teins, exhibit apicobasal polarity, and have limited 
dissociation and migration potential. In contrast, mesen- 
chymal cells are irregular and do not form specialized 
adhesion complexes. Their end-to-end polarity and fo-
cal adhesions increase migratory capacity. During EMT, 
epithelial cells acquire mesenchymal features, which in-
clude changes in the expression of epithelial and mesen-
chymal markers [83].
α-Smooth muscle actin (α-SMA) is an actin isoform 

that predominates in vascular smooth muscle cells and 
is important for fibrogenesis. α-SMA expression is lower  
in cells during contact inhibition than in during serum 
starvation [84]. 

AIFM2 is a mitochondrion-associated apoptosis-indu- 
cing factor. It was renamed from an unidentified anti-
ferroptosis gene into ferroptosis suppressor protein 1 
(FSP1). It is known to protect against ferroptosis induced 
by deletion of glutathione peroxidase 4 (GPX4), which 
controls phospholipid oxidation [85].

Gene expression programs depend on the cellular en- 
vironment. This fact was established on classical models  
of cellular differentiation gradients, e.g., trabeculae of  
mammalian liver lobules. They consist of two layers of  

Figure 5 Key features of epithelial and mesenchymal cells
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hepatocytes that polyploidize from diploids to decaploids  
as they move toward the central venule and change the 
enzymic expression. Small intestine villi are another  
example. They grow from a stem cell; daughter cells 
move to the apical apex by asymmetric differentiation, 
upon which they die and are exfoliated into the intestinal  
lumen. Based on our own unpublished research result, 
we know that hepatectomy of one lobule in the liver 
leads to polyploidization of the rest while a CH4 poiso- 
ning causes necrosis of hepatocytes around the central 
venule and proliferation of peripheral diploid hepato-
cytes. To sum it up, each cell receives differentiated sig-
nals depending on its position in the tissue architecture.

Internal and external factors that affect the asym-
metry by the level of cellular differentiation of stem cell 
progeny in different tissues. Two daughters of one stem 
cell behave asymmetrically: one remains a stem cell 
while the other differentiates. The same happens every 
time they divide: one remains young while the other 
specializes. The process includes the state of the mitotic 
spindle. The transfer of old and young chromatids, his-
tones, and cellular organelles to daughter cells is asym-
metric. Thus, the gene expression of each cell depends 
on its position in the structure of the tissue or organ [86].

Embryonic cells can undergo neoplastic transforma-
tion in a non-embryonic environment. Tumor cells can 
spread out and acquire contact inhibition when placed 
in an embryonic environment or on a substrate that in-
creases their adhesiveness. Sarcomas could be induced 
by embedding pieces of quartz glass into murine mus-
cles. Probably, it happens because conditional mor-
phostats stop entering cells, which prevents neoplastic 
transformation [87]. Inherited oncogenic traits are en-
coded not only by gene sequences, but also by DNA 
or chromosomal structures that can be changed by 
non-mutational mechanisms, e.g., methylation, chroma-
tin packaging with architectural proteins and RNA, or 
post-translational modifications of nuclear proteins [88]. 
I. Berenblum, who authored the theory of two-stage car-
cinogenesis, reported that benign tumors develop each 
at its own rate under the same influences, going malig-
nant at their own rate as well [89]. That is, each founder 
cell has an individual response to the same impact [90].

The individual character of the 3D cellular organi-
zation follows from the long-discussed heterogeneity of 
cells in the architectonics of the interphase nucleus, as 
well as from the potential differences in genomic orga-
nization in different sexes. Severe individual heteroge-
neity at the molecular level was described, in particular, 
in the spatial positioning of alleles of the same gene [91].  
Studies in allele expression during the production of 
induced pluripotent stem cells revealed three groups 
of genes that differed in the way they coordinated their 
expression. They were classified as highly coordina- 
ted, semi-coordinated, or independent. Two alleles of 
highly coordinated genes have a similar accessibility of 
chromatin, enriched in such accessibility regulators as 
H3K4me3, H3K4me1, H3K36me3, and H3K27ac. The 

genes themselves have denser binding sites with enhan- 
cers, unlike the other two variants [92]. 

We obtained data that suggested independent segre-
gation of haploid sets of chromosomes in mammalian 
somatic cells, which could change positions relative to 
each other in bone marrow cell populations [93]. This 
finding was further confirmed by data obtained after 
nuclear transfer of unreplicated nuclei of somatic cells 
at the G0/G1 stage into the metaphase cytoplasm of 
enucleated murine oocytes [94]. A genome sequencing 
analysis revealed correct segregation of homologous 
chromosomes into the polar body, resulting in cells with 
complete haploid sets of chromosomes. This, however, 
occurred only in the nuclei of inbred mice and never in 
interstrain hybrids. This finding emphasizes the impor-
tance of sequence homology between homologs. Howe- 
ver, the same finding might indicate that haploid sets 
“remember” that they used to be one. The destruction of 
this unity in zygotes from interlinear murine crossings 
may reflect the organization of the cytoskeleton and the 
division spindle. The process is similar to chromosome 
ejection from the metaphase plates of one species when 
obtaining interspecific hybridomas. 

Thus, haploid segregation is preserved in somatic 
cells, which indicates another level of 3D genomic orga-
nization, where haploid sets of chromosomes behave as 
autonomous units.

Undifferentiated stem cells are believed to be the 
only ones responsible for the formation of all other cells 
and the cause of neoplastic transformation [95]. Howe- 
ver, tumor cells differ from the original cells by a com-
bination of expression of both highly specialized genes 
and embryonic ones, e.g., in melanomas. According to 
C. L. Markert, neoplastic transformation is a disease of 
cellular differentiation, as a result of which a tumor cell 
differs from a normal one by an “abnormal combination 
of normal components” [96]. Apparently, genetic or epi-
genetic changes leading to neoplastic transformation 
must affect the cellular mechanisms involved in the or-
ganization and change of gene expression. 

Some mammal species are resistant to cancer – from 
such large mammals as elephants and whales to such 
small rodents as naked mole rats, blind mole rats, and 
bats [97]. Naked mole rats have early two-level contact 
inhibition whereas blind mole rats have adapted to hy-
poxia and low heparanase, an endoglycosidase enzyme 
that breaks down heparan sulfate, which is involved in 
contacts between cells and their interactions with the 
extracellular matrix. Other cancer-resistant species dif-
fer in the activity of genes involved in other metabolic 
pathways but associated with the impact on intercellular 
contacts and relationships with the extracellular matrix.

CONCLUSION
The genetic code is a triplet encoding of amino  

acid sequences of proteins. It is the basic heredity com-
ponent, but it is a very small component that occupies, 
for example, ≤ 2% nucleotides of the entire mammal 
genome. It contributes to phenotypic variability by  
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different levels of internal packaging, i.e., secondary 
DNA structures, e.g., hairpins, G4 quadruplexes, tri-
plexes, packaging in nucleosomes, histone code, etc. 
The interactions between enhancers and promoters, 
DNA and proteins, DNA and RNA hybrids belong to 
genome organization level two. Level three is associa- 
ted with loops, topologically associated domains (TAD), 
non-random integration, writing of mobile genetic ele-
ments in the genome, subdivision into hetero- and eu-
chromatin compartments, autonomy of chromosome 
territories, interactions between TADs of different 
chromosomes, and a certain autonomy of haploid sets 
of chromosomes in diploid species. Level four usual-
ly implies the abovementioned characteristics in dy-
namics during ontogenesis. However, it very seldom 
includes factors outside the nucleus, e.g., cytoskeleton, 
extracellular matrix, plasma membrane, intercellu-
lar contacts, etc., which affect all other levels. CTCF 
is an element that unifies the levels. This architectural 
protein possesses evolutionary conservation; its densi-

ty is different on the loop boundaries and TADs of the  
nucleotide binding sites to this protein. CTCF is dyna- 
mic in the epigenetic variability of CTCF binding tar-
gets and post-transcriptional modifications. It is part of 
transcription and translation factories; it participates 
directly and indirectly in intercellular interactions with 
the extracellular matrix. All these features indicate that, 
apparently, its targets can create a certain framework 
for regulating gene expression. Studies in this sphere 
could contribute to a better understanding of phenoty- 
pic variability and yield approaches to manage it.
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