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Mechanisms of
enhancer-promoter
commuhnication and
chromosomal architecture In
mammals and Drosophila

Olga V. Kyrchanova, Oleg V. Bylino and Pavel G. Georgiev*

Department of the Control of Genetic Processes, Institute of Gene Biology Russian Academy of
Sciences, Moscow, Russia

The spatial organization of chromosomes is involved in regulating the majority
of intranuclear processes in higher eukaryotes, including gene expression.
Drosophila was used as a model to discover many transcription factors
whose homologs play a key role in regulation of gene expression in
mammals. According to modern views, a cohesin complex mostly
determines the architecture of mammalian chromosomes by forming
chromatin loops on anchors created by the CTCF DNA-binding architectural
protein. The role of the cohesin complex in chromosome architecture is poorly
understood in Drosophila, and CTCF is merely one of many Drosophila
architectural proteins with a proven potential to organize specific long-
range interactions between regulatory elements in the genome. The review
compares the mechanisms responsible for long-range interactions and
chromosome architecture between mammals and Drosophila.
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1 Introduction

The sets of transcription factors (TFs) assembled on regulatory genome elements,
enhancers and promoters, determine cell specialization in higher eukaryotes. Promoters
are up to 150 bp in size and contain motifs for DNA-binding TFs that open chromatin and
ensure recruitment of general TFs that determine start site and direction of transcription
(Vo Ngoc et al.,, 2019; Andersson and Sandelin, 2020). Enhancers are approximately
500 bp on average and consist of combinations of motifs recognized by DNA-binding TFs
(Cavalheiro et al., 2021; Lim and Levine, 2021; Serebreni and Stark, 2021). Dozens of
enhancers often regulate transcription of developmental genes and some of them are
hundreds of kilobases away from their target promoters (Furlong and Levine, 2018).
Special regulatory elements known as insulators maintain the specificity of
enhancer-promoter interactions (Melnikova et al, 2020). Insulators partly or
completely block the interactions between a promoter and an enhancer when located
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between them in transgenic lines. In some cases, insulators were
found to form chromatin loops to support long-range
interactions between regulatory elements. The current review
compares the mechanisms of long-range interactions between
mammals and Drosophila based on the available models and
experimental data.

2 General concepts of topologically
associated domains and mechanisms
of interaction between enhancers
and promoters

Whole-genome Hi-C studies in various organisms and cell
lines showed that chromosomes are divided into large domains
wherein contacts between distant chromatin regions occur at
similar frequencies (Dixon et al., 2012; Nora et al., 2012; Sexton
et al,, 2012; Ulianov et al., 2016). On average, half the frequency
of contacts is observed for DNA regions located on opposite sides
of the domain boundary. The domains were termed the
topologically associated domains (TADs). Complex regulatory
regions of developmental genes and genes similar in expression
pattern occur mostly within TADs (Sikorska and Sexton, 2020;
Jerkovic and Cavalli, 2021). TADs are now thought to provide a
universal structural unit of chromosome organization not only in
mammals, but, possibly as certain variants, in all eukaryotes.
Patterns of TADs differ between Drosophila and mammals. In
mammals, TAD boundaries are mostly outside genes and co-
localize with sites for the CTCF architectural protein and the
cohesin complex (Rao et al., 2014). A higher contact frequency of
relatively close internal regions is observed at TAD boundaries,
producing a dot on a 2D heat map. Dots were experimentally
attributed to CTCF and the cohesin complex, which form the
majority of mammalian TADs (Nora et al, 2017; Rao et al,
2017). However, recent single-cell Hi-C studies (Arrastia et al.,
2022) and high-resolution microscopy (Szabo et al., 2020) have
shown that in a large part of TADs, the borders do not have a
clear localization. For an illustrative example, the Fbn2 gene
TAD, which is one of the most stable TADs, was studied in
mouse embryonic stem cells (ESCs) by super-resolution
microscopy (Gabriele et al., 2022). A chromatin loop between
the TAD boundaries with CTCF sites was found to form in 6.5%
of nuclei and to live no more than 30 min on average. Thus, TAD
boundaries form as a set of preferential interactions rather than
as a stringent physical barrier that blocks any trans-interactions
between regulatory elements (Chang et al., 2020; Luppino et al.,
2020; Sikorska and Sexton, 2020; Szabo et al., 2020).

In Drosophila, TAD boundaries most often coincide with
housekeeping gene clusters and lack sites to preferentially bind a
single architectural protein, such as CTCF in mammals (Ramirez
et al, 2018; Wang et al,, 2018). A dot pattern is usually not
produced on a 2D heat map by TAD boundaries, suggesting
relatively rare interactions over extended boundary regions. This
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FIGURE 1

Variants of functional interactions between enhancers and
promoters. The model suggests that promoters and enhancers do
not independently maintain their specific long-range interactions.
A special class of tethering elements (TEs) may maintain the
long-range interactions. Cohesin complexes sustain the
interactions between TEs in mammals. (A) TEs occur in an
enhancer and a promoter and ensure a specific long-range
interaction between them. (B) TEs occur in promoters, bringing
them close together and co-activation by a single enhancer. (C)
Interactions between TEs bring groups of enhancers and
promoters close together, and the elements are simultaneously
activated with different efficiencies, which depend on the
promoter strength and the distance to an enhancer. (D) The
nearest promoters are activated by enhancers in the absence

of TEs.

is consistent with a high heterogeneity of contacts observed at
Drosophila TAD boundaries by single-cell Hi-C (Ulianov et al.,
2021) and high-resolution microscopy (Szabo et al., 2020). The
role of TAD chromosome organization in gene expression is
unknown. Gene transcription within disrupted TADs remained
virtually unchanged in Drosophila lines carrying multiple
inversions and deletions (Ghavi-Helm et al., 2019).

Tethering elements (TEs) were identified as new regulatory
elements in Drosophila by micro-C analysis, which detects long-
range contacts in the genome to high resolution. Stable
chromatin loops are formed by TEs (Batut et al., 2022; Levo
et al,, 2022). Only part of TEs coincide with TAD boundaries,
enhancers, and promoters.

Many modern studies have shown that at least some
functionally interacting enhancers and promoters do not form
stable contacts (Hafner and Boettiger, 2022). To explain, it is
assumed that promoters must be located in a certain zone of
action of enhancers. During activation, enhancers usually recruit
several complexes possessing acetyltransferase (p300/CBP) and
methyltransferase (MI1I13/Ml1l4/COMPASS) activities (Cenik and
Shilatifard, 2021) and the Mediator complex (Richter et al,
2022), which facilitates assembly of the preinitiation complex
and is involved in recruiting RNA polymerase II to the promoter.
Mediator complexes are presumably concentrated on enhancers
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FIGURE 2
Main Drosophila C2H2 architectural proteins and mammalian
proteins involved in long-range interactions. (A) Schematic
structures of the Drosophila C2H2 architectural proteins studied in
most detail: dCTCF, Su(Hw), Pita, M1BP, and ZAF1.
Unstructured regions interacting with CP190 were precisely
mapped in CTCF, Su(Hw) and Pita, but not in M1BP. (B) Schematic
structures of human CTCF and the C2H2 proteins ZNF143, MAZ,
and WIZ, which were shown to cooperate with CTCF in organizing
the chromosome architecture. A motif responsible for interactions
with the cohesin complex was mapped only in CTCF. (C) LDB1 and
YY1, which maintain specific enhancer—promoter interactions in
mammals. Homodimerization domains are indicated. (D)
Currently, there are no experimental data showing that cohesin-
mediated loop extrusion and protein-protein interactions
between transcription factors cooperatively form chromatin loops
between regulatory elements. However, a model can be proposed
according to which architectural C2H2 proteins with associated
transcription factors form regulatory elements that limit cohesin-
mediated loop extrusion through multiple interactions with
different cohesive subunits. Homodimerization between
C2H2 architectural proteins and interaction between associated
transcription factors stabilize the chromatin loop.

and, upon binding with RNA polymerase II, move to promoters
and bind with the general TFIID complex. RNA polymerase II
recruitment to enhancers by Mediator agrees with transcription
that is initiated on enhancers and yields eRNAs (Sartorelli and
Lauberth, 2020). A higher concentration of Mediator complexes
with RNA polymerase II thus occurs around enhancers,
stimulating transcription from neighbor promoters. Once
transcription is initiated on a promoter, Mediator is possibly
released from its complex with TFIID and moves to an enhancer.
An alternative model (Karr et al., 2022) suggests that the p300/
CBP complex bound to an enhancer acetylates and thus activates
TFs. A higher concentration of active TFs around the enhancer
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increases the activities of neighbor promoters. Several variants of
transcription activation are possible to assume depending on the
relative arrangement of TEs, enhancers, and promoters
(Figure 1).

3 The role of cohesin in chromosome
organization in mammals and
Drosophila

The cohesin complex is highly conserved in eukaryotes. Its
main function is to hold sister chromatids together during
mitosis and meiosis (Dorsett, 2019; Davidson and Peters,
2021). There are four core subunits in the complex: ATPases
SMC1 and SMC3, RAD21, and STAGI or STAG2. SMC1 and
SMC3 form a heterodimeric ring, interacting simultaneously
through their N- and C- termini, with the hinge domain on
one side and the ATPase domain on the other. RAD21 interacts
with the terminal domains of SMC1 and SMC3 to hold them
together in the absence of ATP. STAGs interact with
RAD21 and SMCs.

In mammals, the cohesin complex, together with CTCEF, is
involved in organizing long-range enhancer-promoter
interactions and forming the TAD boundaries in interphase
nuclei (Sikorska and Sexton, 2020; Jerkovic and Cavalli, 2021).
A characteristic feature in the structure of the CTCF protein is
the presence in the central part of a cluster consisting of
11 domains of C2H2 type zinc fingers (Figure 2). Five
C2H2 domains of CTCF specifically bind to a 15-bp muotif,
which is conserved among most animals (Hashimoto et al,
2017). A conserved YxF motif, which interacts with the
RAD21/STAG cohesin subcomplex, was found at the N
terminus of human CTCF (Li et al., 2020).

A common model suggests that the cohesin complex, after
binding to chromatin, begins DNA extrusion with the formation
of a chromatin loop. CTCF-binding sites block its progress and
fix the chromatin domain boundaries (Fudenberg et al., 2016).
When CTCF is inactivated, cohesin complexes are relocated from
CTCEF-binding sites to active gene promoters and the TAD
configuration is partly destroyed (Nora et al., 2017; Rao et al.,
2017). CTCF mutations and deletions that affect the interaction
with the cohesin complex also dramatically distort both long-
range interactions and TADs (Li et al., 2020; Pugacheva et al.,
2020).

Studies in Drosophila initially revealed the role of the cohesin
complex in regulating long-range enhancer-promoter
1999; Dorsett et al.,, 2005). The

cohesin complex is detectable in regions of regulatory

interactions (Rollins et al,

elements, primarily enhancers and promoters of active genes,
2019).
the
inactivation of the cohesin complex affects the formation of
TAD

in open chromatin (Dorsett, 2019; Pherson et al,

However, in Drosophila remains unstudied how

and long-range interactions between regulatory
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elements. Drosophila CTCF (dCTCF) lost some of its functions,
and ctcf null mutants are consequently viable (Kyrchanova et al.,
2021). dCTCEF has fewer than 1,000 binding sites that co-localize
with only a minor part of TAD boundaries (Fudenberg and Nora,
2021; Kaushal et al., 2021). The role that the cohesin complex
plays in Drosophila chromosome architecture needs further
investigation.

4 The role of cooperation between
architectural proteins in the
organization of functional regulatory
elements

Several architectural proteins similar to dCTCF in having
C2H2 domain clusters are encoded in the Drosophila genome.
Usually 4-5 C2H2 domains provide specific binding of proteins
with long 12-15 bp motifs (Maksimenko et al., 2021). Apart from
dCTCEF, Pita, Zw5, Zipic, M1BP, and Su(Hw) were best studied in
this class of architectural C2H2 proteins (Figure 2A). Their
binding sites are located predominantly in gene promoters
(Schwartz et al, 2012; Li and Gilmour, 2013; Maksimenko
et al., 2015; Zolotarev et al., 2016; Baxley et al., 2017).

The functional role of architectural proteins in insulation is
well illustrated by the regulatory region of the Bithorax complex,
which includes three homeotic genes (Kyrchanova et al., 2015;
Maeda and Karch, 2015). Insulators occur at the boundaries of
which
expression of one of the three Hox genes in only one of the

autonomous regulatory domains, each determine
Drosophila segments. Each insulator has one or two motifs for
Su(Hw), Pita, and CTCF. For example, the Mcp insulator harbors
the binding sites for Pita and dCTCF, and the Fub insulator has
one binding site for dCTCF, one for Pita, and two for Su(Hw)
(Kyrchanova et al,, 2017, 2020). In vivo editing of the Bithorax
complex showed that at least four binding sites for the same or
different architectural proteins make an active insulator. The
efficiency of dCTCF binding to a respective site depends on
whether a Pita-binding site occurs in its vicinity. Thus, the
C2H2 architectural proteins bind to chromatin and work
cooperatively and can functionally substitute each other in
forming the boundaries of the autonomous regulatory domains
in the Bithorax locus. A similar collaboration of many closely
spaced CTCF sites in organizing of robust boundaries was recently
demonstrated in transgenic mouse assay (Anania et al., 2022).
The Drosophila C2H2 architectural proteins also work
cooperatively to form active promoters. A large group of
architectural C2H2 proteins, including M1BP, CTCF, Su(Hw),
and Pita, ensures the promoter localization of the TF CP190 (Bag
etal., 2021; Kyrchanova et al., 2021; Sabirov et al., 2021). CP190 is
important for recruiting the transcription complexes to
promoters (Maksimenko et al, 2020). Transgenic lines were
constructed to express dCTCF and Pita mutants incapable of
interacting with CP190. CP190 binding to CTCF- and Pita-
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dependent promoters was not distorted, indicating that other,
still unknown C2H2 architectural protein recruited CP190
(Kyrchanova et al., 2021; Sabirov et al., 2021).

Experimental data are accumulating to demonstrate that
other DNA-binding TFs may act independently or cooperate
with CTCF to maintain long-range interactions in mammals
(Hsieh et al., 2020; Krietenstein et al., 2020; Liu et al., 2021; Taylor
et al, 2022). ZNF143, MAZ, and WIZ were identified as
C2H2 partners of CTCF and, like CTCF, are necessary for
mammalian embryo development (Figure 2B).

ZNF143 has seven C2H2 domains, which determine its
specific binding to 15-bp motifs (Bailey et al, 2015).
ZNF143 is involved in opening chromatin and recruiting
transcription-activating complexes to gene promoters (Sathyan
et al., 2019). Closely spaced motifs for CTCF and ZNF143 were
found in a large group of mouse enhancers and promoters (Zhou
et al, 2021). CTCF binding depends on the presence of a
ZNF143 site, and the two proteins cooperatively contribute to
the formation of long-range enhancer-promoter interactions
(Bailey et al., 2015; Zhou et al., 2021).

MAZ helps CTCF to organize the functional boundaries of
the Hox genes (Ortabozkoyun et al., 2022). MAZ predominantly
binds to gene promoters through cluster of the C2H2 domains.
Approximately 20% of MAZ-binding sites co-localize with CTCF
sites in mouse ESCs (Ortabozkoyun et al., 2022). MAZ facilitates
CTCEF binding to chromatin in certain genome regions (Xiao
et al, 2021), and the two proteins cooperatively regulate
transcription of several genes (Ortabozkoyun et al, 2022).
MAZ directly interacts with Rad21 through an unidentified
domain (Xiao et al., 2021).

WIZ interacts with CTCF and an unidentified subunit of the
cohesin complex (Justice et al., 2020). The cohesin complex can
be fixed at specific chromatin sites through cooperation between
CTCF, WIZ, and MAZ, which likely interact with different
regions of the cohesin subunits. Inactivation of MAZ, WIZ, or
ZNF143 only slightly distorts certain enhancer-promoter
contacts within TADs (Justice et al., 2020; Xiao et al., 2021;
Ortabozkoyun et al., 2022). Thus, the architectural proteins act
cooperatively to form the chromosome architecture and to
the
promoters or insulators, in both mammals and Drosophila.

organize functional elements, such as

regulatory

5 Role of homodimerization domains
in maintaining distant interactions
between enhancers and promoters

Studies with transgenic Drosophila lines showed that pairing of
identical insulators can maintain super-long-distance interactions
between enhancers/silencers and reporter gene promoters (Fujioka
etal., 2016; Kyrchanova and Georgiev, 2021). A model advanced to
explain the stabilization of super-long-distance interactions
suggests that insulators consist of unique combinations of
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binding sites for several architectural C2H2 proteins capable of
homodimerization (Kyrchanova and Georgiev, 2014, 2021). The
interaction efficiency of two identical insulators is therefore far
higher than that of heterologous insulators, which harbor different
combinations of motifs for architectural C2H2 proteins. A zinc
finger-associated domain (ZAD), which forms homodimers, was
found indeed at the N ends of the majority of known Drosophila
architectural C2H2 proteins. In Drosophila melanogaster,
98 C2H2 proteins with N-terminal ZAD are capable of
preferential homodimerization (Bonchuk et al, 2021, 2022).
The ZAD proteins Pita, Zipic, and Zw5 maintained specific
long-range interactions in model transgenic lines (Zolotarev
et al, 2016). Most of the ZAD C2H2 proteins probably
perform architectural functions because a small protein chosen
arbitrarily and termed ZAF1 (Figure 2A) efficiently performs the
insulator functions and maintains distance interactions in
transgenic systems (Maksimenko et al., 2020).

There are a number of experimental data that CP190, in
cooperation with BEAF, Chromator and Z4, can participate in
the organization of TADs (Ramirez et al., 2018; Wang et al., 2018;
Pal et al, 2019). These proteins interact with each other, can
homodimerize, and bind to large part of hk promoters (Gan et al.,
2011; Vogelmann et al., 2014; Cubenas-Potts et al., 2017; Dong
et al., 2020; Melnikova et al., 2021). The main function of the
proteins is the recruitment of transcription complexes and it is
assumed that they can simultaneously participate in maintaining
long-distance interactions between hk promoters.

An unstructured domain capable of forming tetramers was
mapped at the N end of Drosophila CTCF (Bonchuk et al., 2015,
2020). The domain is critical for functional activity of CTCF in
vivo (Bonchuk et al, 2015). Interestingly, almost all known
CTCFs of various animals, including human, have an
unstructured domain capable of homodimerization at their N
ends (Bonchuk et al.,, 2020). It is still unclear what is the role of
the dimerization domains in mammalian CTCF proteins.

In mammals, the LIM dimerization domain (Figure 2B) was
well studied in domain-binding factor 1 (LBD1), which possibly
organizes the long-range enhancer-promoter interactions
(Krivega and Dean, 2016). LDB1 binds to chromatin through
LIM-family DNA-binding TFs, and its N-terminal domain forms
a stable homodimer (Wang et al.,, 2020). LIM-family TFs bind
predominantly to enhancers and promoters and, according to a
model, recruit LDB1 to them, and the N-terminal domain of
LDBI maintains long-distance enhancer—promoter interactions
(Deng et al, 2012; Krivega et al, 2014). The Drosophila
LDB1 homolog Chip contributes to organizing long-range
interactions between the enhancer and promoter of cut
(Morcillo et al., 1997).

The small (414 a. a.) conserved protein Ying Yang 1 (YYI,
Figure 2B) has four zinc fingers and binds predominantly to
enhancers and promoters, consistently with its potential role in
long-distance interactions (Deng et al, 2012; Weintraub et al,
2017). YY1 inactivation appreciably decreased the interactions
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between certain enhancers and promoters in cell lines.
Hydrophobic ~ region =~ 200-226  is  responsible  for
YY1 multimerization and acts in cooperation with the

C2H2 domains (Lopez-Perrote et al., 2014; Qiao et al.,, 2022). The
C2H2 cluster determines the YY1 binding to a specific motif in
chromatin (Lépez-Perrote et al, 2014). A potential role of the
C2H2 domains of YY1 in organizing long-range interactions is of
principal importance because only a minor part of more than
700 C2H2 proteins have proven N-terminal dimerization
domains (Maksimenko et al, 2021). Interestingly, the Su(Hw)
classical architectural protein with 12 C2H2 domains lacks
N-terminal dimerization domains, but maintains long-distance
interactions in model systems. Its C2H2 domains that are not
involved in DNA binding may ensure the interaction between
Su(Hw) molecules located at different ends of a chromatin loop,
as is assumed for mammalian YY1 (Weintraub et al., 2017).

6 Conclusion

The views of chromosome architecture and long-distance
higher
substantially changed with recent development of more precise

enhancer-promoter  interactions  in eukaryotes
techniques (Jerkovic and Cavalli, 2021; Hafner and Boettiger,
2022). It becomes clear that chromatin looping cannot be a
main  mechanism  producing

independent  transcription

domains, as was demonstrated with model systems in
transgenic Drosophila lines (Savitskaya et al., 2006; Maksimenko
et al, 2008; Kyrchanova et al, 2013). To functionally interact,
enhancers and promoters can occur a certain distance apart, rather
than in a tight association assumed until recently. Data are
accumulating that other C2H2 architectural proteins act along
with CTCEF to organize long-distance interactions in mammals and
Drosophila. Tt is very likely that there are many mammalian
C2H2 architectural proteins, and most of them have not yet
studied. It be that

C2H2 proteins in cooperation with associated chromatin

been can assumed architectural
proteins can initially form chromatin loops as a result of the
restriction of DNA extrusion by cohesin and stabilize the newly
created chromatin loops using protein-protein interactions
between homodimerizing domains (Figure 2B). New study
(Dequeker et al, 2022) has shown that mini-chromosome
maintenance (MCM) complex can also function as barriers that
restrict cohesin-mediated loop extrusion during Gl phase.
Recently, more and more breakthrough results have appeared
that will soon contribute to understanding how the architecture of

interphase chromosomes is formed.

Author contributions

All authors contributed to the preparation of this review.
OVK, OVB, and PGG performed the most extensive critical

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1081088

Kyrchanova et al.

analysis of the literature. PGG, OVB, and OVK wrote the
manuscript and carried out the final editing. All authors have
read and agreed to the submitted version of the manuscript.

Funding

This work was supported by the Russian Science Foundation
Grant no. 19-74-30026.

Acknowledgments

The authors thank Tatyana I. Tkacheva for her help with the
translation of the manuscript.

References

Anania, C., Acemel, R. D., Jedamzick, J., Bolondi, A., Cova, G., Brieske, N., et al.
(2022). In vivo dissection of a clustered-CTCF domain boundary reveals
developmental principles of regulatory insulation. Nat. Genet. 54, 1026-1036.
doi:10.1038/s41588-022-01117-9

Andersson, R., and Sandelin, A. (2020). Determinants of enhancer and promoter
activities of regulatory elements. Nat. Rev. Genet. 21, 71-87. doi:10.1038/s41576-
019-0173-8

Arrastia, M. V., Jachowicz, ]. W., Ollikainen, N., Curtis, M. S., Lai, C., Quinodoz,
S. A, et al. (2022). Single-cell measurement of higher-order 3D genome
organization with scSPRITE. Nat. Biotechnol. 40, 64-73. doi:10.1038/s41587-
021-00998-1

Bag, I, Chen, S., Rosin, L. F,, Chen, Y., Liu, C.-Y,, Yu, G.-Y,, et al. (2021). M1BP
cooperates with CP190 to activate transcription at TAD borders and promote
chromatin insulator activity. Nat. Commun. 12, 4170. doi:10.1038/s41467-021-
24407-y

Bailey, S. D., Zhang, X., Desai, K., Aid, M., Corradin, O., Cowper-Sal Lari, R, et al.
(2015). ZNF143 provides sequence specificity to secure chromatin interactions at
gene promoters. Nat. Commun. 2, 6186. doi:10.1038/ncomms7186

Batut, P.J., Bing, X. Y., Sisco, Z., Raimundo, J., Levo, M., and Levine, M. S. (2022).
Genome organization controls transcriptional dynamics during development.
Science 375, 566-570. doi:10.1126/science.abi7178

Baxley, R. M., Bullard, J. D., Klein, M. W., Fell, A. G., Morales-Rosado, J. A., Duan,
T., et al. (2017). Deciphering the DNA code for the function of the Drosophila
polydactyl zinc finger protein Suppressor of Hairy-wing. Nucleic Acids Res. 45,
4463-4478. doi:10.1093/nar/gkx040

Bonchuk, A., Boyko, K., Fedotova, A., Nikolaeva, A., Lushchekina, S,
Khrustaleva, A, et al. (2021). Structural basis of diversity and
homodimerization specificity of zinc-finger-associated domains in Drosophila.
Nucleic Acids Res. 49, 2375-2389. doi:10.1093/nar/gkab061

Bonchuk, A., Kamalyan, S., Mariasina, S., Boyko, K., Popov, V., Maksimenko, O.,
et al. (2020). N-terminal domain of the architectural protein CTCF has similar
structural organization and ability to self-association in bilaterian organisms. Sci.
Rep. 10, 2677. doi:10.1038/s41598-020-59459-5

Bonchuk, A., Maksimenko, O., Kyrchanova, O., Ivlieva, T., Mogila, V.,
Deshpande, G., et al. (2015). Functional role of dimerization and
CP190 interacting domains of CTCF protein in Drosophila melanogaster. BMC
Biol. 13, 63. doi:10.1186/s12915-015-0168-7

Bonchuk, A. N., Boyko, K. M., Nikolaeva, A. Y., Burtseva, A. D., Popov, V. O., and
Georgiev, P. G. (2022). Structural insights into highly similar spatial organization of
zinc-finger associated domains with a very low sequence similarity. Structure 30,
1004-1015.e4. e4. doi:10.1016/j.5tr.2022.04.009

Cavalheiro, G. R., Pollex, T., and Furlong, E. E. (2021). To loop or not to loop:
What is the role of TADs in enhancer function and gene regulation? Curr. Opin.
Genet. Dev. 67, 119-129. doi:10.1016/j.gde.2020.12.015

Cenik, B. K., and Shilatifard, A. (2021). COMPASS and SWI/SNF complexes in
development and disease. Nat. Rev. Genet. 22, 38-58. doi:10.1038/s41576-020-0278-0

Frontiers in Genetics

10.3389/fgene.2022.1081088

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chang, L.-H., Ghosh, S., and Noordermeer, D. (2020). TADs and their borders:
Free movement or building a wall? J. Mol. Biol. 432, 643-652. doi:10.1016/j.jmb.
2019.11.025

Cubefias-Potts, C., Rowley, M. J., Lyu, X, Li, G., Lei, E. P, and Corces, V. G.
(2017). Different enhancer classes in Drosophila bind distinct architectural proteins
and mediate unique chromatin interactions and 3D architecture. Nucleic Acids Res.
45, 1714-1730. doi:10.1093/nar/gkw1114

Davidson, I. F., and Peters, J.-M. (2021). Genome folding through loop extrusion
by SMC complexes. Nat. Rev. Mol. Cell. Biol. 22, 445-464. doi:10.1038/s41580-021-
00349-7

Deng, W, Lee, J., Wang, H., Miller, J., Reik, A., Gregory, P. D,, et al. (2012).
Controlling long-range genomic interactions at a native locus by targeted tethering
of a looping factor. Cell. 149, 1233-1244. doi:10.1016/j.cell.2012.03.051

Dequeker, B.J. H., Scherr, M. ], Brandio, H. B., Gassler, J., Powell, S., Gaspar, I,
et al. (2022). MCM complexes are barriers that restrict cohesin-mediated loop
extrusion. Nature 606, 197-203. doi:10.1038/s41586-022-04730-0

Dixon, J. R, Selvaraj, S., Yue, F., Kim, A, Li, Y., Shen, Y., et al. (2012). Topological
domains in mammalian genomes identified by analysis of chromatin interactions.
Nature 485, 376-380. doi:10.1038/nature11082

Dong, Y., Avva, S. V. S. P., Maharjan, M., Jacobi, J., and Hart, C. M. (2020).
Promoter-Proximal chromatin domain insulator protein BEAF mediates local and
long-range communication with a transcription factor and directly activates a
housekeeping promoter in Drosophila. Genetics 215, 89-101. doi:10.1534/genetics.
120.303144

Dorsett, D., Eissenberg, J. C., Misulovin, Z., Martens, A., Redding, B., and McKim,
K. (2005). Effects of sister chromatid cohesion proteins on cut gene expression
during wing development in Drosophila. Development 132, 4743-4753. doi:10.
1242/dev.02064

Dorsett, D. (2019). The many roles of cohesin in Drosophila gene transcription.
Trends Genet. 35, 542-551. doi:10.1016/j.tig.2019.04.002
Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., and Mirny,

L. A. (2016). formation of chromosomal domains by loop extrusion. Cell. Rep. 15,
2038-2049. doi:10.1016/j.celrep.2016.04.085

Fudenberg, G., and Nora, E. P. (2021). Embryogenesis without CTCF in flies and
vertebrates. Nat. Struct. Mol. Biol. 28, 774-776. d0i:10.1038/s41594-021-00662-x

Fujioka, M., Mistry, H., Schedl, P., and Jaynes, J. B. (2016). Determinants of
chromosome architecture: Insulator pairing in cis and in trans. PLoS Genet. 12,
€1005889. doi:10.1371/journal.pgen.1005889

Furlong, E. E. M., and Levine, M. (2018). Developmental enhancers and
chromosome topology. Science 361, 1341-1345. doi:10.1126/science.aau0320

Gabriele, M., Brandao, H. B., Grosse-Holz, S., Jha, A., Dailey, G. M., Cattoglio, C.,
et al. (2022). Dynamics of CTCF- and cohesin-mediated chromatin looping
revealed by live-cell imaging. Science 376, 496-501. doi:10.1126/science.abn6583

Gan, M., Moebus, S., Eggert, H., and Saumweber, H. (2011). The Chriz-Z4
complex recruits JIL-1 to polytene chromosomes, a requirement for interband-

frontiersin.org


https://doi.org/10.1038/s41588-022-01117-9
https://doi.org/10.1038/s41576-019-0173-8
https://doi.org/10.1038/s41576-019-0173-8
https://doi.org/10.1038/s41587-021-00998-1
https://doi.org/10.1038/s41587-021-00998-1
https://doi.org/10.1038/s41467-021-24407-y
https://doi.org/10.1038/s41467-021-24407-y
https://doi.org/10.1038/ncomms7186
https://doi.org/10.1126/science.abi7178
https://doi.org/10.1093/nar/gkx040
https://doi.org/10.1093/nar/gkab061
https://doi.org/10.1038/s41598-020-59459-5
https://doi.org/10.1186/s12915-015-0168-7
https://doi.org/10.1016/j.str.2022.04.009
https://doi.org/10.1016/j.gde.2020.12.015
https://doi.org/10.1038/s41576-020-0278-0
https://doi.org/10.1016/j.jmb.2019.11.025
https://doi.org/10.1016/j.jmb.2019.11.025
https://doi.org/10.1093/nar/gkw1114
https://doi.org/10.1038/s41580-021-00349-7
https://doi.org/10.1038/s41580-021-00349-7
https://doi.org/10.1016/j.cell.2012.03.051
https://doi.org/10.1038/s41586-022-04730-0
https://doi.org/10.1038/nature11082
https://doi.org/10.1534/genetics.120.303144
https://doi.org/10.1534/genetics.120.303144
https://doi.org/10.1242/dev.02064
https://doi.org/10.1242/dev.02064
https://doi.org/10.1016/j.tig.2019.04.002
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1038/s41594-021-00662-x
https://doi.org/10.1371/journal.pgen.1005889
https://doi.org/10.1126/science.aau0320
https://doi.org/10.1126/science.abn6583
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1081088

Kyrchanova et al.

specific phosphorylation of H3S10. J. Biosci. 36, 425-438. doi:10.1007/s12038-011-
9089-y

Ghavi-Helm, Y., Jankowski, A., Meiers, S., Viales, R. R, Korbel, . O., and Furlong,
E. E. M. (2019). Highly rearranged chromosomes reveal uncoupling between
genome topology and gene expression. Nat. Genet. 51, 1272-1282. doi:10.1038/
541588-019-0462-3

Hafner, A., and Boettiger, A. (2022). The spatial organization of transcriptional
control. Nat. Rev. Genet. 1, 16. d0i:10.1038/s41576-022-00526-0

Hashimoto, H., Wang, D., Horton, J. R., Zhang, X., Corces, V. G., and Cheng, X.
(2017). Structural basis for the versatile and methylation-dependent binding of
CTCF to DNA. Mol. Cell. 66, 711-720. 3. doi:10.1016/j.molcel.2017.05.004

Hsieh, T.-H. S., Cattoglio, C., Slobodyanyuk, E., Hansen, A. S., Rando, O.]., Tjian,
R, et al. (2020). Resolving the 3D landscape of transcription-linked mammalian
chromatin folding. Mol. Cell. 78, 539-553. e8. doi:10.1016/j.molcel.2020.03.002

Jerkovic, I, and Cavalli, G. (2021). Understanding 3D genome organization by
multidisciplinary methods. Nat. Rev. Mol. Cell. Biol. 22, 511-528. doi:10.1038/
541580-021-00362-w

Justice, M., Carico, Z. M., Stefan, H. C., and Dowen, J. M. (2020). A WIZ/cohesin/
CTCF complex anchors DNA loops to define gene expression and cell identity. Cell.
Rep. 31, 107503. doi:10.1016/j.celrep.2020.03.067

Karr, J. P., Ferrie, J. J., Tjian, R., and Darzacq, X. (2022). The transcription factor
activity gradient (TAG) model: Contemplating a contact-independent mechanism
for enhancer-promoter communication. Genes. Dev. 36, 7-16. doi:10.1101/gad.
349160.121

Kaushal, A., Mohana, G., Dorier, J., Ozdemir, I, Omer, A., Cousin, P., et al.
(2021). CTCF loss has limited effects on global genome architecture in Drosophila
despite critical regulatory functions. Nat. Commun. 12, 1011. doi:10.1038/s41467-
021-21366-2

Krietenstein, N., Abraham, S., Venev, S. V., Abdennur, N., Gibcus, J., Hsieh, T.-H.
S., et al. (2020). Ultrastructural details of mammalian chromosome architecture.
Mol. Cell. 78, 554-565. e7. doi:lO.l016/j.m01cel2020‘03.003

Krivega, I, Dale, R. K., and Dean, A. (2014). Role of LDBI in the transition from
chromatin looping to transcription activation. Genes. Dev. 28, 1278-1290. doi:10.
1101/gad.239749.114

Krivega, I, and Dean, A. (2016). Chromatin looping as a target for altering
erythroid gene expression. Ann. N. Y. Acad. Sci. 1368, 31-39. doi:10.1111/nyas.
13012

Kyrchanova, O., and Georgiev, P. (2014). Chromatin insulators and long-distance
interactions in Drosophila. FEBS Lett. 588, 8-14. doi:10.1016/j.febslet.2013.10.039

Kyrchanova, O., and Georgiev, P. (2021). Mechanisms of enhancer-promoter
interactions in higher eukaryotes. Int. J. Mol. Sci. 22, E671. doi:10.3390/
1jms22020671

Kyrchanova, O., Klimenko, N., Postika, N., Bonchuk, A., Zolotarev, N,
Maksimenko, O., et al. (2021). Drosophila architectural protein CTCF is not
essential for fly survival and is able to function independently of CP190.
Biochim. Biophys. Acta. Gene Regul. Mech. 1864, 194733. doi:10.1016/j.bbagrm.
2021.194733

Kyrchanova, O., Maksimenko, O., Ibragimov, A., Sokolov, V., Postika, N.,
Lukyanova, M., et al. (2020). The insulator functions of the Drosophila
polydactyl C2H2 zinc finger protein CTCF: Necessity versus sufficiency. Sci.
Adv. 6, eaaz3152. doi:10.1126/sciadv.aaz3152

Kyrchanova, O., Maksimenko, O., Stakhov, V., Ivlieva, T., Parshikov, A,
Studitsky, V. M., et al. (2013). Effective blocking of the white enhancer requires
cooperation between two main mechanisms suggested for the insulator function.
PLoS Genet. 9, €1003606. doi:10.1371/journal.pgen.1003606

Kyrchanova, O., Mogila, V., Wolle, D., Magbanua, J. P., White, R., Georgiev, P.,
et al. (2015). The boundary paradox in the bithorax complex. Mech. Dev. 138,
122-132. doi:10.1016/j.m0d.2015.07.002

Kyrchanova, O., Zolotarev, N., Mogila, V., Maksimenko, O., Schedl, P., and
Georgiev, P. (2017). Architectural protein Pita cooperates with dCTCF in
organization of functional boundaries in Bithorax complex. Development 144,
2663-2672. doi:10.1242/dev.149815

Levo, M., Raimundo, J., Bing, X. Y., Sisco, Z., Batut, P. J., Ryabichko, S., et al.
(2022). Transcriptional coupling of distant regulatory genes in living embryos.
Nature 605, 754-760. doi:10.1038/s41586-022-04680-7

Li, J., and Gilmour, D. S. (2013). Distinct mechanisms of transcriptional pausing
orchestrated by GAGA factor and M1BP, a novel transcription factor. EMBO J. 32,
1829-1841. doi:10.1038/embo;j.2013.111

Li, Y., Haarhuis, J. H. L, Sedefio Cacciatore, A., Oldenkamp, R., van Ruiten, M. S.,
Willems, L., et al. (2020). The structural basis for cohesin-CTCF-anchored loops.
Nature 578, 472-476. doi:10.1038/s41586-019-1910-z

Frontiers in Genetics

10.3389/fgene.2022.1081088

Lim, B., and Levine, M. S. (2021). Enhancer-promoter communication: Hubs or
loops? Curr. Opin. Genet. Dev. 67, 5-9. doi:10.1016/j.gde.2020.10.001

Liu, N. Q., Maresca, M., van den Brand, T., Braccioli, L., Schijns, M. M. G. A,,
Teunissen, H., et al. (2021). WAPL maintains a cohesin loading cycle to preserve
cell-type-specific distal gene regulation. Nat. Genet. 53, 100-109. doi:10.1038/
541588-020-00744-4

Loépez-Perrote, A., Alatwi, H. E., Torreira, E., Ismail, A., Ayora, S., Downs, J. A,,
etal. (2014). Structure of yin Yang 1 oligomers that cooperate with RuvBL1-RuvBL2
ATPases. J. Biol. Chem. 289, 22614-22629. doi:10.1074/jbc.M114.567040

Luppino, J. M,, Park, D. S., Nguyen, S. C,, Lan, Y., Xu, Z., Yunker, R,, et al. (2020).
Cohesin promotes stochastic domain intermingling to ensure proper regulation of
boundary-proximal genes. Nat. Genet. 52, 840-848. doi:10.1038/s41588-020-
0647-9

Maeda, R. K., and Karch, F. (2015). The open for business model of the bithorax
complex in Drosophila. Chromosoma 124, 293-307. doi:10.1007/s00412-015-0522-0

Maksimenko, O., Bartkuhn, M., Stakhov, V., Herold, M., Zolotarev, N., Jox, T.,
et al. (2015). Two new insulator proteins, Pita and ZIPIC, target CP190 to
chromatin. Genome Res. 25, 89-99. doi:10.1101/gr.174169.114

Maksimenko, O. G., Fursenko, D. V., Belova, E. V., and Georgiev, P. G. (2021).
CTCF as an example of DNA-binding transcription factors containing clusters of
C2H2-type zinc ﬁngers. Acta Naturae 13, 31-46. doi:10.32607/actanaturae.11206

Maksimenko, O., Golovnin, A., and Georgiev, P. (2008). Enhancer-promoter
communication is regulated by insulator pairing in a Drosophila model bigenic
locus. Mol. Cell. Biol. 28, 5469-5477. doi:10.1128/MCB.00461-08

Maksimenko, O., Kyrchanova, O., Klimenko, N., Zolotarev, N., Elizarova, A.,
Bonchuk, A., et al. (2020). Small Drosophila zinc finger C2H2 protein with an
N-terminal zinc finger-associated domain demonstrates the architecture functions.
Biochim. Biophys. Acta. Gene Regul. Mech. 1863, 194446. doi:10.1016/j.bbagrm.
2019.194446

Melnikova, L. S., Georgiev, P. G., and Golovnin, A. K. (2020). The functions and
mechanisms of action of insulators in the genomes of higher eukaryotes. Acta
Naturae 12, 15-33. doi:10.32607/actanaturae.11144

Melnikova, L. S., Molodina, V. V., Kostyuchenko, M. V., Georgiev, P. G., and
Golovnin, A. K. (2021). The BEAF-32 protein directly interacts with Z4/putzig and
chriz/chromator proteins in Drosophila melanogaster. Dokl. Biochem. Biophys. 498,
184-189. doi:10.1134/5S1607672921030066

Morcillo, P., Rosen, C., Baylies, M. K., and Dorsett, D. (1997). Chip, a widely expressed
chromosomal protein required for segmentation and activity of a remote wing margin
enhancer in Drosophila. Genes. Dev. 11, 2729-2740. doi:10.1101/gad.11.20.2729

Nora, E. P., Goloborodko, A., Valton, A.-L., Gibcus, J. H., Uebersohn, A.,
Abdennur, N, et al. (2017). Targeted degradation of CTCF decouples local
insulation of chromosome domains from genomic compartmentalization. Cell.
169, 930-944. €22. doi:10.1016/j.cell.2017.05.004

Nora, E. P., Lajoie, B. R,, Schulz, E. G., Giorgetti, L., Okamoto, L, Servant, N., et al.
(2012). Spatial partitioning of the regulatory landscape of the X-inactivation centre.
Nature 485, 381-385. doi:10.1038/naturel 1049

Ortabozkoyun, H., Huang, P.-Y., Cho, H., Narendra, V., LeRoy, G., Gonzalez-
Buendia, E., et al. (2022). CRISPR and biochemical screens identify MAZ as a
cofactor in CTCF-mediated insulation at Hox clusters. Nat. Genet. 54, 202-212.
doi:10.1038/s41588-021-01008-5

Pal, K., Forcato, M., Jost, D., Sexton, T., Vaillant, C., Salviato, E., et al. (2019).
Global chromatin conformation differences in the Drosophila dosage compensated
chromosome X. Nat. Commun. 10, 5355. doi:10.1038/541467-019-13350-8

Pherson, M., Misulovin, Z., Gause, M., and Dorsett, D. (2019). Cohesin
occupancy and composition at enhancers and promoters are linked to DNA
replication origin proximity in Drosophila. Genome Res. 29, 602-612. doi:10.
1101/gr.243832.118

Pugacheva, E. M., Kubo, N., Loukinov, D., Tajmul, M., Kang, S., Kovalchuk, A. L.,
et al. (2020). CTCF mediates chromatin looping via N-terminal domain-dependent
cohesin retention. Proc. Natl. Acad. Sci. U. S. A. 117, 2020-2031. doi:10.1073/pnas.
1911708117

Qiao, S, Wang, W, Yi, C, Xu, Q, Wang, W, Shi, J., et al. (2022).
YY1 oligomerization is regulated by its OPB domain and competes with its
regulation of oncoproteins. Cancers (Basel) 14, 1611. doi:10.3390/cancers14071611

Ramirez, F., Bhardwaj, V., Arrigoni, L., Lam, K. C,, Griining, B. A., Villaveces, J.,
et al. (2018). High-resolution TADs reveal DNA sequences underlying genome
organization in flies. Nat. Commun. 9, 189. doi:10.1038/s41467-017-02525-w

Rao, S. S. P, Huang, S.-C,, Glenn St Hilaire, B., Engreitz, J. M., Perez, E. M.,

Kieffer-Kwon, K.-R,, et al. (2017). Cohesin loss eliminates all loop domains. Cell.
171, 305-320. e24. doi:10.1016/j.cell.2017.09.026

Rao, S. S. P, Huntley, M. H,, Durand, N. C,, Stamenova, E. K., Bochkov, L. D,,
Robinson, J. T., et al. (2014). A 3D map of the human genome at kilobase resolution

frontiersin.org


https://doi.org/10.1007/s12038-011-9089-y
https://doi.org/10.1007/s12038-011-9089-y
https://doi.org/10.1038/s41588-019-0462-3
https://doi.org/10.1038/s41588-019-0462-3
https://doi.org/10.1038/s41576-022-00526-0
https://doi.org/10.1016/j.molcel.2017.05.004
https://doi.org/10.1016/j.molcel.2020.03.002
https://doi.org/10.1038/s41580-021-00362-w
https://doi.org/10.1038/s41580-021-00362-w
https://doi.org/10.1016/j.celrep.2020.03.067
https://doi.org/10.1101/gad.349160.121
https://doi.org/10.1101/gad.349160.121
https://doi.org/10.1038/s41467-021-21366-2
https://doi.org/10.1038/s41467-021-21366-2
https://doi.org/10.1016/j.molcel.2020.03.003
https://doi.org/10.1101/gad.239749.114
https://doi.org/10.1101/gad.239749.114
https://doi.org/10.1111/nyas.13012
https://doi.org/10.1111/nyas.13012
https://doi.org/10.1016/j.febslet.2013.10.039
https://doi.org/10.3390/ijms22020671
https://doi.org/10.3390/ijms22020671
https://doi.org/10.1016/j.bbagrm.2021.194733
https://doi.org/10.1016/j.bbagrm.2021.194733
https://doi.org/10.1126/sciadv.aaz3152
https://doi.org/10.1371/journal.pgen.1003606
https://doi.org/10.1016/j.mod.2015.07.002
https://doi.org/10.1242/dev.149815
https://doi.org/10.1038/s41586-022-04680-7
https://doi.org/10.1038/emboj.2013.111
https://doi.org/10.1038/s41586-019-1910-z
https://doi.org/10.1016/j.gde.2020.10.001
https://doi.org/10.1038/s41588-020-00744-4
https://doi.org/10.1038/s41588-020-00744-4
https://doi.org/10.1074/jbc.M114.567040
https://doi.org/10.1038/s41588-020-0647-9
https://doi.org/10.1038/s41588-020-0647-9
https://doi.org/10.1007/s00412-015-0522-0
https://doi.org/10.1101/gr.174169.114
https://doi.org/10.32607/actanaturae.11206
https://doi.org/10.1128/MCB.00461-08
https://doi.org/10.1016/j.bbagrm.2019.194446
https://doi.org/10.1016/j.bbagrm.2019.194446
https://doi.org/10.32607/actanaturae.11144
https://doi.org/10.1134/S1607672921030066
https://doi.org/10.1101/gad.11.20.2729
https://doi.org/10.1016/j.cell.2017.05.004
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/s41588-021-01008-5
https://doi.org/10.1038/s41467-019-13350-8
https://doi.org/10.1101/gr.243832.118
https://doi.org/10.1101/gr.243832.118
https://doi.org/10.1073/pnas.1911708117
https://doi.org/10.1073/pnas.1911708117
https://doi.org/10.3390/cancers14071611
https://doi.org/10.1038/s41467-017-02525-w
https://doi.org/10.1016/j.cell.2017.09.026
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1081088

Kyrchanova et al.

reveals principles of chromatin looping. Cell. 159, 1665-1680. doi:10.1016/j.cell.
2014.11.021

Richter, W. F., Nayak, S., Iwasa, J., and Taatjes, D. J. (2022). The Mediator
complex as a master regulator of transcription by RNA polymerase II. Nat. Rev.
Mol. Cell. Biol. 23, 732-749. d0i:10.1038/s41580-022-00498-3

Rollins, R. A., Morcillo, P., and Dorsett, D. (1999). Nipped-B, a Drosophila
homologue of chromosomal adherins, participates in activation by remote
enhancers in the cut and Ultrabithorax genes. Genetics 152, 577-593. doi:10.
1093/genetics/152.2.577

Sabirov, M., Kyrchanova, O., Pokholkova, G. V., Bonchuk, A., Klimenko, N.,
Belova, E., et al. (2021). Mechanism and functional role of the interaction between
CP190 and the architectural protein Pita in Drosophila melanogaster. Epigenetics
Chromatin 14, 16. doi:10.1186/s13072-021-00391-x

Sartorelli, V., and Lauberth, S. M. (2020). Enhancer RNAs are an important
regulatory layer of the epigenome. Nat. Struct. Mol. Biol. 27, 521-528. doi:10.1038/
541594-020-0446-0

Sathyan, K. M., McKenna, B. D., Anderson, W. D., Duarte, F. M., Core, L., and
Guertin, M. J. (2019). An improved auxin-inducible degron system preserves native
protein levels and enables rapid and specific protein depletion. Genes. Dev. 33,
1441-1455. doi:10.1101/gad.328237.119

Savitskaya, E., Melnikova, L., Kostuchenko, M., Kravchenko, E., Pomerantseva,
E., Boikova, T., et al. (2006). Study of long-distance functional interactions between
Su(Hw) insulators that can regulate enhancer-promoter communication in
Drosophila melanogaster. Mol. Cell. Biol. 26, 754-761. doi:10.1128/MCB.26.3.
754-761.2006

Schwartz, Y. B., Linder-Basso, D., Kharchenko, P. V., Tolstorukov, M. Y., Kim,
M., Li, H. B, et al. (2012). Nature and function of insulator protein binding sites in
the Drosophila genome. Genome Res. 22, 2188-2198. doi:10.1101/gr.138156.112

Serebreni, L., and Stark, A. (2021). Insights into gene regulation: From regulatory
genomic elements to DNA-protein and protein-protein interactions. Curr. Opin.
Cell. Biol. 70, 58-66. doi:10.1016/j.ceb.2020.11.009

Sexton, T., Yaffe, E., Kenigsberg, E., Bantignies, F., Leblanc, B., Hoichman, M.,
et al. (2012). Three-dimensional folding and functional organization principles of
the Drosophila genome. Cell. 148, 458-472. doi:10.1016/j.cell.2012.01.010

Sikorska, N., and Sexton, T. (2020). Defining functionally relevant spatial
chromatin domains: It is a TAD complicated. J. Mol. Biol. 432, 653-664. doi:10.
1016/j.jmb.2019.12.006

Szabo, Q., Donjon, A., Jerkovi¢, 1., Papadopoulos, G. L., Cheutin, T., Bonev, B,,
et al. (2020). Regulation of single-cell genome organization into TADs and
chromatin nanodomains. Nat. Genet. 52, 1151-1157. doi:10.1038/s41588-020-
00716-8

Frontiers in Genetics

08

10.3389/fgene.2022.1081088

Taylor, T, Sikorska, N., Shchuka, V. M., Chahar, S., Ji, C., Macpherson, N. N,,
et al. (2022). Transcriptional regulation and chromatin architecture maintenance
are decoupled functions at the Sox2 locus. Genes. Dev. 36, 699-717. doi:10.1101/
gad.349489.122

Ulianov, S. V., Khrameeva, E. E,, Gavrilov, A. A., Flyamer, I. M., Kos, P,,
Mikhaleva, E. A., et al. (2016). Active chromatin and transcription play a key
role in chromosome partitioning into topologically associating domains. Genome
Res. 26, 70-84. doi:10.1101/gr.196006.115

Ulianov, S. V., Zakharova, V. V., Galitsyna, A. A., Kos, P. L, Polovnikov, K. E,,
Flyamer, I. M., et al. (2021). Order and stochasticity in the folding of individual
Drosophila genomes. Nat. Commun. 12, 41. doi:10.1038/s41467-020-20292-z

Vo Ngog, L., Kassavetis, G. A., and Kadonaga, J. T. (2019). The RNA polymerase
IT core promoter in Drosophila. Genetics 212, 13-24. doi:10.1534/genetics.119.
302021

Vogelmann, J., Le Gall, A., Dejardin, S., Allemand, F., Gamot, A., Labesse, G., et al.
(2014). Chromatin insulator factors involved in long-range DNA interactions and
their role in the folding of the Drosophila genome. PLoS Genet. 10, e1004544.
doi:10.1371/journal.pgen.1004544

Wang, H,, Kim, J., Wang, Z,, Yan, X.-X,, Dean, A., and Xu, W. (2020). Crystal
structure of human LDBI in complex with SSBP2. Proc. Natl. Acad. Sci. U. S. A. 117,
1042-1048. doi:10.1073/pnas.1914181117

Wang, Q., Sun, Q., Czajkowsky, D. M., and Shao, Z. (2018). Sub-kb Hi-Cin D .
melanogaster reveals conserved characteristics of TADs between insect and
mammalian cells. Nat. Commun. 9, 188. do0i:10.1038/s41467-017-02526-9

Weintraub, A. S, Li, C. H., Zamudio, A. V., Sigova, A. A, Hannett, N. M., Day, D.
S.,etal. (2017). YY1 is a structural regulator of enhancer-promoter loops. Cell. 171,
1573-1588. €28. doi:10.1016/j.cell.2017.11.008

Xiao, T., Li, X, and Felsenfeld, G. (2021). The Myc-associated zinc finger protein
(MAZ) works together with CTCF to control cohesin positioning and genome
organization. Proc. Natl. Acad. Sci. U. S. A. 118, €2023127118. doi:10.1073/pnas.
2023127118

Zhou, Q., Yu, M., Tirado-Magallanes, R., Li, B., Kong, L., Guo, M., et al. (2021).
ZNF143 mediates CTCF-bound promoter—enhancer loops required for murine
hematopoietic stem and progenitor cell function. Nat. Commun. 12, 43. doi:10.
1038/541467-020-20282-1

Zolotarev, N., Fedotova, A., Kyrchanova, O., Bonchuk, A., Penin, A. A., Lando, A.
S., et al. (2016). Architectural proteins Pita, Zw5, and ZIPIC contain
homodimerization domain and support specific long-range interactions in
Drosophila. Nucleic Acids Res. 44, 7228-7241. doi:10.1093/nar/gkw371

frontiersin.org


https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1038/s41580-022-00498-3
https://doi.org/10.1093/genetics/152.2.577
https://doi.org/10.1093/genetics/152.2.577
https://doi.org/10.1186/s13072-021-00391-x
https://doi.org/10.1038/s41594-020-0446-0
https://doi.org/10.1038/s41594-020-0446-0
https://doi.org/10.1101/gad.328237.119
https://doi.org/10.1128/MCB.26.3.754-761.2006
https://doi.org/10.1128/MCB.26.3.754-761.2006
https://doi.org/10.1101/gr.138156.112
https://doi.org/10.1016/j.ceb.2020.11.009
https://doi.org/10.1016/j.cell.2012.01.010
https://doi.org/10.1016/j.jmb.2019.12.006
https://doi.org/10.1016/j.jmb.2019.12.006
https://doi.org/10.1038/s41588-020-00716-8
https://doi.org/10.1038/s41588-020-00716-8
https://doi.org/10.1101/gad.349489.122
https://doi.org/10.1101/gad.349489.122
https://doi.org/10.1101/gr.196006.115
https://doi.org/10.1038/s41467-020-20292-z
https://doi.org/10.1534/genetics.119.302021
https://doi.org/10.1534/genetics.119.302021
https://doi.org/10.1371/journal.pgen.1004544
https://doi.org/10.1073/pnas.1914181117
https://doi.org/10.1038/s41467-017-02526-9
https://doi.org/10.1016/j.cell.2017.11.008
https://doi.org/10.1073/pnas.2023127118
https://doi.org/10.1073/pnas.2023127118
https://doi.org/10.1038/s41467-020-20282-1
https://doi.org/10.1038/s41467-020-20282-1
https://doi.org/10.1093/nar/gkw371
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1081088

	Mechanisms of enhancer-promoter communication and chromosomal architecture in mammals and Drosophila
	1 Introduction
	2 General concepts of topologically associated domains and mechanisms of interaction between enhancers and promoters
	3 The role of cohesin in chromosome organization in mammals and Drosophila
	4 The role of cooperation between architectural proteins in the organization of functional regulatory elements
	5 Role of homodimerization domains in maintaining distant interactions between enhancers and promoters
	6 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


