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Abstract: In higher eukaryotes, enhancers determine the activation of developmental gene transcrip-
tion in specific cell types and stages of embryogenesis. Enhancers transform the signals produced by
various transcription factors within a given cell, activating the transcription of the targeted genes.
Often, developmental genes can be associated with dozens of enhancers, some of which are located at
large distances from the promoters that they regulate. Currently, the mechanisms underlying specific
distance interactions between enhancers and promoters remain poorly understood. This review
briefly describes the properties of enhancers and discusses the mechanisms of distance interactions
and potential proteins involved in this process.
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1. Introduction

In higher eukaryotes, the regulation of gene expression is complicated as a conse-
quence of cell differentiation during embryonic development [1–3]. Cell specialization is
determined by differences in transcription factor (TF) repertoires, and the genes responsible
for cell differentiation and organismal development are typically regulated by multiple
independent enhancers, each of which stimulates a promoter in a limited population of
cells during a specific time interval.

Enhancers were first described nearly 40 years ago when 72-bp tandem sequences from
the SV40 virus were found to enhance gene expression when placed at large distances from
the promoter and in any orientation relative to the regulated gene [4,5]. Two years later,
the first cellular enhancer was identified [6]. Currently, the human genome is predicted to
encode 300,000 enhancers [7].

Enhancers are regions of DNA, typically 100 to 1000 bp in size, that contain TF-binding
sites that stimulate the initiation and elongation of transcription from promoters [1,8–10].
In most housekeeping genes, enhancers are located in close proximity to promoters, and dis-
tinguishing the borders between these regulatory elements can be difficult. In contrast,
developmental genes typically feature complex regulatory regions that can consist of
dozens of enhancers located at variable distances from the regulated promoter.

During transcriptional activation, enhancers are usually located in close proximity
to gene promoters [8,11]. Here, we provide a brief overview of the currently available
information in mammals and Drosophila regarding enhancers and describe in more detail
the known architectural proteins that have been shown to support distance interactions
between regulatory elements.

2. Enhancer Properties and Functions

Enhancers consist of combinations of short, degenerate sites, 6–12 bp in length, that are
recognized by DNA-binding TFs, which determine enhancer activity [1,9]. The combination
of DNA-binding TFs on a given enhancer creates a platform that attracts co-activators
and co-repressors that determine the enhancer activity in each specific group of cells.
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The ability of an enhancer to stimulate transcription depends on the combination of TF
sites that positively or negatively affect enhancer activity and the relative concentrations of
enhancer-binding TFs within the nuclei of a given group of cells.

Recently, super-enhancers have been identified, representing a special class of regula-
tory elements, characterized by large sizes, sometimes reaching tens of thousands of bp,
with a high degree of TF and co-activator enrichment [12,13]. Super-enhancers are often
located adjacent to genes known to be critical for cell differentiation [14]. A more detailed
study of super-enhancers has shown that they often consist of separate domains that can
either function together to enhance the overall activity of each domain or play independent
roles during the simultaneous activation of a large number of promoters [15–17].

During the activation of transcription (Figure 1), enhancers recruit several key com-
plexes. The p300/CBP and Mll3/Mll4/COMPASS complexes have acetyltransferase and
methyltransferase activities, respectively [18]. The proteins Mll3 and Mll4 both contain a
C-terminal SET (suppressor of variegation, enhancer of zeste, trithorax) domain, which is
responsible for the monomethylation of lysine 4 of histone H3 (H3K4me1) [19,20]. The com-
plexes formed by Mll3 and Mll4 have partially overlapping and insufficiently studied
functions in the regulation of enhancer activity. Mll3 and Mll4 are also known to be
involved in the recruitment of the p300/CBP co-activator, which is responsible for the
acetylation of histone H3 at lysine 27 (H3K27ac) [21]. H3K27ac and H3K4me1 histone
marks are distinctive features of active enhancers and are used to identify enhancers in
genomes [22–26].
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ase, which can remove the H3K27me3 generated by the PRC2 complex and associated with re-
pressed chromatin. p300/CBP, Mll3/4, and UTX are thought to regulate transcription and enhancer 
activity through the modification of currently unknown components of transcriptional complexes 
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of the tail module and the intrinsically disordered regions of TFs. 

Figure 1. Schematic representation of the transcriptional complexes involved in enhancer activity.
Various transcription factors (TFs) bind to enhancer sites and recruit complexes involved in tran-
scription stimulation. p300/CBP possesses acetyltransferase activity and is responsible for H3K27
acetylation. The Mll3/4 complexes induce H3K4 monomethylation and recruit the UTX demethylase,
which can remove the H3K27me3 generated by the PRC2 complex and associated with repressed
chromatin. p300/CBP, Mll3/4, and UTX are thought to regulate transcription and enhancer activity
through the modification of currently unknown components of transcriptional complexes on pro-
moters. The subunits of the mediator complex form three main modules: head, middle, and tail.
The mediator complex is recruited to the enhancer via multiple interactions between subunits of the
tail module and the intrinsically disordered regions of TFs.

The H3K27ac and H3K4me1 modifications of histone H3 are thought to reduce the
stability of nucleosomes [27], resulting in the formation of open chromatin and the sta-
bilization of TF binding to enhancers. The Mll3/4 and p300/CBP complexes antagonize
two Polycomb gene (PcG) complexes, Polycomb-repressive complexes 1 and 2 (PRC1 and
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PRC2, respectively), which are involved in the repression of enhancers and promoters [28].
PRC1 and PRC2 have ubiquitin transferase and methyltransferase activities, respectively,
resulting in transcriptional repression [29]. The best-known activity of the PRC2 complex
is the trimethylation of lysine 27 in histone H3 (H3K27me3), which is a characteristic
marker of transcriptionally repressed chromatin regions. The Mll3 and Mll4 complexes are
associated with UTX demethylase, which can remove the PRC2-deposited H3K27me3 [18],
allowing the lysine 27 in H3 to be acetylated by p300/CBP, preventing the trimethyla-
tion (H3K27me3) by PRC2 and stabilizing the active chromatin in the enhancer region.
Depending on their post- translational histone modifications [24,30,31], enhancers can be
subdivided into poised (marked by H3K4me1 and H3K27me3) and active (marked by
H3K4me1 and H3K27ac). During activation, poised enhancers lose the H3K27me3 mark
and acquire H3K27ac in a cell type-specific manner [30]. In addition to the acetylation of
H3K27, p300/CBP may play an important but poorly understood role in the acetylation of
transcription factors involved in the pre-initiation complex formation [32,33].

A highly conserved mediator complex, consisting of 25 subunits in yeast and 30 sub-
units in humans, plays a primary role in the enhancer-mediated activation of transcrip-
tion [34]. The subunits found in the mediator complex form three main modules: head,
middle, and tail. The head and middle modules determine the primary functions of the
complex during transcription activation, whereas the tail module is responsible for interac-
tion with the TFs bound to enhancers and gene promoters [35–39]. Together with general
transcription factors assembled on the promoter, the mediator complex facilitates the as-
sembly of a pre-initiation complex and is involved in the recruitment of RNA polymerase
II to promoters [40,41]. However, many of the processes that involve the mediator complex
during the activation of transcription remain insufficiently studied [42].

3. Properties of Enhancer-Promoter Communication

Most enhancers are located in close proximity to the promoters that they activate.
However, even in the compact Drosophila genome, approximately 20% of enhancers are
located at a distance of 50–100 kb from promoters associated with them, and often between
them there can be other genes that have their own regulatory systems [43,44]. In mammals,
the distances between enhancers and promoters are typically even larger [8]. Numerous
experimental data support the idea that regulatory information for transcriptional control
is transmitted through physical contact between enhancers and promoters [8].

Many distance interactions between various enhancers and promoters have been
shown to be stable throughout Drosophila embryogenesis [44]. Similar results were ob-
tained in mammalian cells, in which stable promoter-promoter and promoter-enhancer
interactions were also identified [45,46]. Interactions between enhancers and promoters can
form both before and during transcription activation [44,47,48]. Super-enhancers have been
shown to simultaneously interact with a large number of promoters during cell differentia-
tion [49]. Recently, the mediator complex was found not to be involved in the organization
of distance interactions between enhancers and promoters [50], which is consistent with
the finding that the mediator interacts only transiently with an enhancer [51].

Discontinuous, episodic bursts of transcriptional activity have been observed in a
variety of systems and cell types [52]. The study of β-globin gene activation by a strong locus
control region (LCR) enhancer in real time showed that enhancers activate transcription by
increasing the frequency of intermittent transcriptional bursts [53]. Improving the stability
of the interaction between the LCR and the β-globin gene promoter resulted in the increased
frequency of transcription bursts. A similar study was performed on reporter genes
in living transgenic Drosophila embryos [53], which revealed that the enhancer strength
determines the burst frequency. Moreover, one enhancer can simultaneously, and in
a coordinated manner, activate the promoters of two reporter genes but with different
activation amplitudes [54].

These results are consistent with two different but complementary models. According to
the first model, the stable interaction between an enhancer and one or more promoters
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is established by specific architectural proteins. The close proximity between enhancers
and promoters allows the TFs bound to these regulatory elements to form a platform to
which the mediator complex and other transcriptional co-activators can transiently bind
(Figure 2A). The unstructured acidic domains of TFs can interact with various subunits of
the mediator complex, most of which are located in the tail module [55,56]. The efficiency
of mediator recruitment is directly correlated with the number of TFs associated with
enhancer-promoter sequences. During the transient binding with the enhancer-promoter
complex, the mediator manages to induce only a short transcriptional pulse. The strength
of transcription is determined by the burst frequency, which is directly dependent on the
number of TFs that attract the mediator to the protein platform formed by the interaction
between the enhancer and promoter. The second model (Figure 2B) is based on the emerg-
ing view that TFs dynamically bind and dissociate from their target sites, and occupancy
is sustained by high local concentrations of TFs [57,58]. Many TFs and components of
the basal transcription machinery can form condensates by their intrinsically disordered
domains. TF condensates localized at enhancers recruit RNA polymerase II and Mediators
to form an activation hub at target promoters [8,52]. As a result, enhancers need not directly
interact with their target promoters, but merely come into relatively close proximity to
them. The aggregation of multiple transcriptional complexes and RNA polymerase II could
serve to bridge enhancers to their target promoters over such distances. This model ex-
plains well how super-enhancers can simultaneously activate a large number of promoters.
Taking into account the many investigated interactions between enhancers and promoters,
it can be assumed that the models as a whole complement each other.
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Figure 2. Models showing the remote activation of a promoter by an enhancer. (A) Classical model of enhancer-promoter
communication. The interaction between an enhancer and a promoter can be stabilized by CCCTC-binding factor (CTCF),
in cooperation with the cohesin complex and the dimerization of LOB domain-containing protein 1 (LDB1), which is recruited
to chromatin through interactions with LIM proteins. The TFs bind to the enhancer and a promoter to form a platform for
the transient recruitment of the mediator complex. The mediator complex transfers RNA polymerase II to the promoter
transcription factor IID (TFIID) complex and accelerates further transcription initiation steps to induce a short transcriptional
pulse (burst). The enhancer strength is directly correlated with the efficiency of mediator recruitment to chromatin. (B) Model
of enhancer-promoter communication through the formation of hubs. Interactions between CTCF/cohesion sites form
domains in which enhancers and promoters are located relatively close to each other. TF activation domains associated
with enhancers usually contain internally disordered regions that can efficiently interact with subunits of the Mediator
and RNA polymerase II complexes. As a result, the concentration of transcriptional complexes increases near enhancers,
and promoters can more efficiently recruit these complexes to initiate transcription.

4. Mechanisms of Distance Interaction between Enhancers and Promoters in
Mammalian Genomes

At a scale of tens to hundreds of kilobases, chromosomes fold into topologically associ-
ating domains (TADs) with preferential intradomain interactions compared to interdomain
interactions with the neighboring cis chromatin domains [56]. The presence of these do-
mains has been described in all well studied higher eukaryotes, indicating that they may
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represent a conserved feature of genome organization. TADs are architectural chromatin
units that define regulatory landscapes, and genes tend to be coregulated during cell differ-
entiation when they are located within the same TAD [59–61]. TAD boundaries are defined
based on preferred interactions, and no known physical barriers restrict trans-interactions
between regulatory elements located in neighboring TADs [59,61–63]. However, the TAD
architecture can facilitate interactions between regulatory elements located within the TAD
by reducing the physical distance between these elements.

In mammals, most TAD boundaries contain binding sites for CCCTC-binding factor
(CTCF) [64]. A characteristic feature of CTCF (Figure 3A) is the presence of a cluster,
consisting of 11 C2H2-type zinc finger domains [65]. Five C2H2 domains in CTCF specifi-
cally bind to an extended DNA motif that is conserved in most animals [66]. The N-termini
of CTCF homologs from representative bilaterian species feature unstructured domains that
are capable of homodimerization [67]. A motif that interacts with the cohesin SA2-SCC1
sub-complex was identified between the N-terminal homodimerization domain and the
C2H2 cluster (Figure 3A) [68].
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Figure 3. (A) Schematic representation of mammalian proteins involved in the formation of chromo-
some architecture. LDB1 contains LDB/Chip conserved domain (LCCD) that interacts with several
DNA binding proteins including CTCF. (B) CTCF/cohesin loop formation model. (C) Model of
LDB1-mediated enhancer-promoter interaction.

Together with the cohesin complex, CTCF defines the boundaries of most TADs [11,61,69].
The CTCF/cohesin complex is also involved in organizing interactions between enhancers
and promoters within TADs [70,71]. CTCF inactivation resulted in the re-localization of
cohesin complexes from the CTCF binding sites to the promoters of active genes, which was
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accompanied by the partial disruption of the TADs [72]. Mutations in CTCF that disrupt
the interaction with the cohesin complex also result in the loss of some distance interactions
and a decrease in the efficiency of TAD formation [68,73].

Only a small fraction of CTCF sites located in the opposite convergent orientation are
involved in TAD organization [74,75]. To explain the preferable formation of chromatin
loops between CTCF sites located in a convergent orientation, a model was proposed in
which the cohesin complex binds to the chromosome and initiates the extrusion of DNA,
resulting in the formation of a chromatin loop (Figure 3B). CTCF can block the progression
of the cohesin complex when the interaction between its N-terminal domain and the
SA2-SCC1 sub-complex [68] is oriented correctly relative to the moving cohesin complex
(Figure 3B). The dimerization between the N-terminal domains of the CTCF protein is
thought to stabilize the formation of chromatin loops [67].

Regulation of the Sonic hedgehog (Shh) gene is a example for the role TAD organized by
CTCF/cohesion complexes in increasing the probability of long-range enhancer-promoter
interactions [8]. Shh is a pleiotropic developmental gene, that is regulated by multiple
tissue specific enhancers in many organs such as the brain, lung and limbs [76]. The unique
limb enhancer is located almost a 1 MB away from the Shh promoter within the intron
of the constitutively expressed gene, Lmbr1 [77]. Both genes are located in the same TAD
formed by CTCF sites. When the TAD structure is altered by an inversion, the limb
enhancer-Shh interaction is diminished [78]. However, Shh expression was restored by
reducing the genomic distance separating the enhancer and the promoter within the
inversion chromosome. Role of TAD boundaries was directly tested by deletion of the
CTCF sites [79]. The CTCF/cohesin-mediated preformed topology of the Shh locus has been
found to maximize gene expression in vivo, but enhancer-mediated activation also persists
in TAD disruption. There are many examples demonstrating the role of TAD in facilitating
correct and preventing incorrect interactions between enhancers and promoters [80–83].
However, inactivation of TADs throughout the genome has a relatively weak effect on
global gene expression [72,84–87], suggesting that local interactions between enhancers
and promoters plays a major role in the regulation of transcription.

There is evidence that CTCF is only one of many proteins involved in the organization
of chromosome architecture. Inactivation of CTCF usually leads only to partial disruption
of chromatin loops and recruiting of cohesin complexes [72,88]. During cell senescence,
cohesion binds to chromatin independently from CTCF and form new chromatin loop
domains associated with highly active genes [89]. To date, only a few proteins have been
described that can potentially participate in the organization of chromosome architecture
in mammals [11]. Two of these proteins, zinc finger protein 143 (ZNF143) and Yin Yang1
(YY1), bind DNA using C2H2 domains.

ZNF143 shares similarity with CTCF and the central region of ZNF143 contains a
cluster that consists of seven C2H2 domains, three of which bind to a specific CCCAGCAG
motif (Figure 3A) [90]. The N-terminal domain contains three 15-aa repeats with un-
known functions, and the C-terminal domain is enriched in acidic amino acids, which is
typical of transcription activators. ZNF143 is essential for embryonic development in
mammals [91]. ZNF143 functions in the promoter region by participating in the forma-
tion of open chromatin regions and the recruitment of complexes that activate transcrip-
tion [92]. Genome-wide studies have shown that ZNF143 can participate in the formation
of chromatin loops between enhancers and promoters [93–95]. In human HEK293T cells,
ZNF143 functions together with CTCF to form chromatin loops at several genomic sites [95].
However, in contrast to CTCF, no experimental evidence has suggested that ZNF143 partic-
ipates in the localization of the cohesin complex on chromatin. Thus, how ZNF143 supports
specific distance interactions remains unknown.

The mammalian YY1 protein (Figure 3A), which consists of only 414 amino acids,
belongs to a multifunctional, evolutionarily conserved family of mammalian transcription
factors and contains 4 C2H2 domains at the C-terminus [96]. Drosophila expresses two
homologs of the YY1 protein, PHO and PHOL, which are involved in the recruitment of
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Polycomb proteins [97]. The N-terminal region of YY1 has been implicated in transcrip-
tional activation, whereas the domain between 201–226 amino acids is involved in the
recruitment of PcG proteins that are responsible for repression (Figure 3A) [98–100].

YY1 is predominantly associated with gene enhancers and promoters, which is consis-
tent with a potential role in distance interactions [101,102]. The inactivation of YY1 results
in a marked decrease in the number of distance interactions in vitro [101]. According to the
proposed model, YY1 forms homodimers, which can bring the associated gene enhancers
and promoters closer together. A cluster of C2H2 domains and an adjacent unstructured do-
main are responsible for the dimerization and oligomerization of YY1 [103,104]. Moreover,
the dimerization and subsequent oligomerization of YY1 results in non-specific binding
to DNA, especially with guanine quadruplexes (G4). Some experimental evidence has
suggested that the dimerization of YY1 and the subsequent binding to G4 structures con-
tribute to the YY1-mediated formation of long DNA loops [104]. YY1 may also participate
in the organization of distance interactions through the regulation of proteins that are
directly involved in the formation of chromatin loops. For example, YY1, together with
Oct4, participates in the recruitment of the BAF remodeling complex to promoters and
super-enhancers [105]. BAF can improve TF binding and stabilize the chromatin loops
formed by CTCF/cohesin [102]. Therefore, YY1 appears likely to regulate enhancer activity
and enhancer-promoter interactions through epigenetic mechanisms [106].

The role of the small protein LIM domain-binding factor 1 (LDB1) in the maintenance
of distance interactions between enhancers and promoters has been studied in detail [107].
Unlike C2H2 proteins (Figure 3A), LDB1 binds to enhancers and promoters through the
interaction between its C-terminal domain, named LIM interacting domain (LID), and DNA-
binding TFs that belong to the LIM family [107]. Through interactions with various LIM
partners, LDB1 plays roles in several regulatory processes during embryonic development
and cell differentiation, including erythropoiesis. Initially, the N-terminal domain of LDB1
was shown to be involved in the organization of interactions between a strong enhancer
(LCR) and the promoters of the beta-globin locus (Figure 3A) [108,109]. Structural analysis
showed that the N-terminal domain of LDB1 contains both alpha helices and beta sheets,
which form a stable homodimer [110,111]. TFs in the LIM family predominantly bind to
gene enhancers and promoters, facilitating the recruitment of LDB1 to these regulatory
elements. According to the model, specific interaction between the N-terminal domains of
LDB1 molecules associated with enhancer and promoter elements can stabilize distance
interactions between these regulatory elements (Figure 3C). Interestingly, LDB1 not only
homodimerizes but can also interact with CTCF, which can promote the organization of
contacts between enhancers and promoters associated with a large group of erythroid
genes [86]. A small domain in LDB1, located near the N-terminal dimerization domain,
interacts with an unidentified C2H2 domain in the CTCF protein. However, whether the
interaction between the LDB1 domain and the C2H2 domain in CTCF is capable of forming
a sufficiently stable and specific interaction between enhancers and promoters to regulate
gene expression remains unknown. Recently, mutations in LDB1 that disrupt dimerization
were shown to have no effect on the transcriptional activation of beta-globin genes [111],
which suggested the existence of additional mechanisms to support the interaction between
the LCR enhancer and beta-globin promoters. Therefore, LDB1 likely acts in cooperation
with other unidentified proteins to support distance interactions.

5. Specific Activation of Olfactory Receptor Genes in Mammals Is Supported by
Super-Long-Distance Interactions between Enhancers and Promoters

The most interesting models for understanding the mechanisms of distance inter-
actions are proven examples of interactions between enhancers and promoters that are
separated by megabase distances. In mammals, expression mechanisms associated with
a large family of genes encoding olfactory receptors have been well-studied [112]. In the
mouse genome, approximately 1100 genes encoding olfactory receptors (ORs) have been
identified [113,114]. These genes are located in 40 clusters that are scattered throughout
the mouse genome. Olfactory sensory neurons (OSNs) are derived from progenitor cells,
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in which all OR genes are very weakly co-expressed (Figure 4A). Constitutive heterochro-
matin is formed on inactive OR genes, which are enriched in H3K9me3 and H4K20me3
histone modifications [115]. During OSN maturation, the transcription of one OR gene
is activated randomly, while all others remain completely repressed (Figure 4B) [116].
A negative feedback loop likely exists, in which the strong expression of one OR receptor
results in the complete inactivation of all other OR genes [117–119]. However, the exact
mechanism associated with this process remains poorly understood.
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Figure 4. Model of the formation of highly specific transcription hub by OSN enhancers. (A) In
progenitor cell, all OR genes are weakly co-expressed. (B) During OSN maturation, transcription
of one OR gene is activated randomly, while all others remain completely suppressed. The OR
genes are enriched in chromatin marks (H3K9me3, H3K20me3) associated with transcriptional
repression. The transcriptionally active OR promoter, labeled H3K4me3, is associated with a hub
formed by enhancers enriched in the Edf and Lhx2 proteins and nucleosomes marked by H3K4me1
and H3K27Ac. (C) The LDB1 protein recruited by Lhx2 is involved in the organization of hub
formed by OSN enhancers located on different chromosomes. It seems likely that other unknown
architectural proteins are involved in hub formation in cooperation with LDB1.

Each cluster of OR genes has a nearby enhancer, which is involved in the selection of
one gene that will be actively transcribed in a particular OSN [120,121]. A total of 14 specific
enhancers have been identified, and the in vivo deletion of three of these enhancers has
been shown to result in the complete inability to activate any of the OR genes encoded in
the corresponding cluster [120,122–124]. A number of studies have shown that enhancers
form a single cluster in the nucleus, which regulates the activation of a single selected OR
gene (Figure 4C) [124], and all other genes form heterochromatin. Thus, active chromatin
appears to be generated by the interactions between enhancers and the promoter of a
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single OR gene that is encoded in close proximity to clusters of OR genes to organize
heterochromatin regions.

The mechanisms underlying the physical separation and stable balance between re-
gions containing both active and repressed chromatin remain poorly understood. OR gene
promoters and enhancers contain binding sites for Ebf and Lhx2, which are specific TFs
expressed in neurons [20,121,124]. According to the model [112], the formation of a clus-
ter of enhancers can increase the efficiency of Ebf and Lhx2 recruitment, resulting in the
significant enrichment of transcription activators associated with the active OR promoter
compared with the promoters associated with repressed OR genes (Monahan et al., 2017).
A high concentration of activators can also prevent the spread of heterochromatin to active
promoter associated with enhancers.

The most important aim is the identification of proteins that can support the specific
super-long-distance interactions between enhancers that form a single cluster. CTCF and
cohesin were not identified in the regulatory regions of OR genes. However, Lhx2 has
been shown to recruit LDB1 to OR enhancers, and the inactivation of LDB1 has been
shown to result in the partial disruption of OR enhancer colocalization in the nucleus [125].
These results suggest a potential role for LDB1 in the organization of super-long-distance
interactions among OR enhancers. However, the most likely scenario is that several
unknown architectural proteins are involved in the initiation and maintenance of distance
interactions and that LDB1 facilitates their functions.

6. Super-Long-Distance Interactions in the Drosophila Genome and the Role of
Architectural Proteins during This Process

In the model organism Drosophila, there are no well-described interactions between
enhancers and promoters at super-long distances. However, an efficient method for
obtaining integrations into the Drosophila genome of single copies of constructs based
on the P-transposon was created long ago [126]. This method allowed to demonstrate
super-long-distance interactions between regulatory elements located at different genomic
sites for the first time among higher eukaryotes.

The first work on this topic [127] tested the effects of an insulator found in the gypsy
retrotransposon on repression of a reporter gene induced by a Polycomb-dependent si-
lencer [Polycomb response element (PRE)]. This study used a 660-bp PRE, found in the
regulatory bxd region of the homeotic Ubx gene of the bithorax locus (bxd PRE). Typically,
pairing two PRE-containing transgenes results in the increased repression of the reporter,
which is associated with an increase in the recruitment efficiency of PcG complexes [29].
The combination of two transgenes that both contained PREs and the gypsy insulator
resulted in the significant repression of reporter genes [127], despite these genes being
separated by several megabases or even located on different chromosomes. The interaction
between gypsy insulators can facilitate functional interaction between the enhancer and the
promoter located in different transgenes inserted into the genome at distances reaching
1–2 megabases [128].

A similar study was performed with the insulators from the bithorax complex. The Mcp
boundary separates the regulatory domains of the homeotic abd-A and Abd-B genes and con-
sists of an insulator, which is flanked on both sides by Polycomb-dependent silencers [129].
Transgenes containing the Mcp were inserted in different regions of the third chromosome.
The results indicated that combinations of transgenes located at a distance of several
megabases cause an increase of marker gene repression that assume the physically in-
teraction between them. In another work, the bxd PRE, in combination with the 210-bp
core of the Mcp insulator, was able to support repression between two transgenes located
at super-long-distances [130]. The co-repression of reporters and their colocalization in
the nucleus were observed only in the presence of the Mcp insulators for both tested
transgenes [130–132].

Super-long-distance interactions can be also be maintained by the Fab-7 boundary,
which separates the domains of the Abd-B regulatory region in the bithorax complex [133].
A 3.6-kb DNA fragment of the Fab-7 boundary that included insulator and an adjacent PRE
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located on X-chromosome functionally interacted with endogenous Fab-7 [133]. The pair-
ing between the 1250-bp Fab-7 insulators was also able to support super-long-distance
interactions between transgenes in the Drosophila genome [130].

Two insulators, Neighbor of Homie (Nhomie) and Homing insulator at eve (Homie),
were identified at the 16-kb boundaries of the regulatory region of the even-skipped (eve)
gene [134–136]. Nhomie and Homie interact with each other and can also maintain super-
long-distance interactions between the transgene and the endogenous eve locus, which al-
lows endogenous enhancers to activate the reporter gene promoter in the transgene [135,136].

The interaction specificity between identical regulatory elements is also manifested
in the “homing” phenomenon, in which the P-transposon containing either an insulator,
or a promoter region, is inserted with high frequency into the genomic region where this
regulatory element is located. For example, the P-transposon that contains the promoter
region of engrailed or linotte was predominantly inserted (20–30%) into the corresponding
genes [137,138]. Similar results were obtained upon integration into the genome of the P-
transposon containing the Fub boundary, which organizes TADs that separate the regulatory
regions of the Ubx and abd-A genes in the bithorax complex [139]. The “homing” effect
occurs due to the interaction between architectural proteins, those are associated with two
identical regions in an endogenous locus and P-transposon and directs the integration of
the P transposon into the region of the corresponding gene.

In all of these examples, super-long-distance interactions are supported by a pair of
identical regulatory elements that are unique to the genome. The gypsy insulator consists of
12 Su(Hw) binding sites [140–142]. In the genome of most Drosophila lines, the gypsy retro-
transposon is found only in heterochromatin [143]. On the other hand, only a small fraction
of several thousand Su(Hw) regions contain 2–3 binding motifs for this protein [144]. Thus,
the gypsy insulator is unique due to a large number of Su(Hw) binding sites. According
to ModEncode, the homie insulator contains binding sites for the Drosophila homolog of
CTCF (dCTCF), Su(Hw), and GAF proteins [144]. The Mcp boundary contains binding
sites for dCTCF and Pita [145]. The Fub boundary contains binding sites for CTCF, Su(Hw),
and Pita [145–147]. Similar to dCTCF, Su(Hw) and Pita have clusters of C2H2 domains,
some of which facilitate the specific binding of these proteins with DNA motifs [148–150].
Finally, the Fab-7 boundary consists of three DNase 1 hypersensitivity sites (HS) [151–153].
HS2 has two Pita sites [145], whereas the central HS1 domain contain six GAF binding sites
that overlap with long, degenerate binding sites for the newly identified late boundary
complex (LBC) [154]. LBC is likely to be involved in the regulation of distance interactions
between enhancers and promoters [154,155]. In all of the above examples, several proteins
work together to organize active boundaries/insulators that are capable of supporting
super-long-distance interactions.

In transgenic model systems, the pairing between two copies of four or five binding
sites of dCTCF, Su(Hw), or Pita was able to bring the yeast GAL4-dependent activator
region and the reporter gene promoter in close proximity, resulting in the transcription
of the reporter gene [156–158]. The dCTCF N-terminus contains an unstructured domain
that can form tetrameric complexes [67,159], which can contribute to distance interac-
tions. Similarly, Pita contains an N-terminal zinc-finger-associated domain (ZAD) ca-
pable to forming homodimers [158]. ZADs have also been identified in the N-termini
of approximately one hundred Drosophila proteins containing clusters of C2H2 domains
(ZAD-C2H2) [160,161]. An important feature of ZADs is their preferentially ability to ho-
modimerize into an antiparallel dimer [161]. In addition to Pita, several other ZAD-C2H2
proteins, including ZIPIC (Zinc-finger protein interacting with CP190), Zw5 (Zeste-white
5), and ZAF1, have been shown to support distance interactions and form functional
insulators [150,162–165]. Mutational analysis, in vivo, showed that the presence of ZADs
determined the ability of these proteins to support distance interactions [158,165]. In trans-
genic lines, combinations of repeating binding sites for different ZAD-C2H2 proteins
were unable to support the distance activation of the reporter gene by the GAL4 activa-
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tor [156,158]. Thus, the homodimerization of ZADs is an important feature required to
support specific distance interactions between ZAD-C2H2 proteins.

The C2H2 proteins, including Pita, dCTCF, and Su(Hw), interact with BTB-containing pro-
teins (bric-a-brac, tramtrack, and broad complex), such as Mod(mdg4) and CP190 [150,166–168].
The CP190 protein contains a classical N-terminal BTB domain that forms homodimers
and is conserved among higher eukaryotes [169–171]. In contrast, the BTB domain of
Mod(mdg4) belongs to an insect-specific group [172,173]. The BTB domains in this group
of proteins can form both homo- and heteromultimeric complexes [171]. Previously,
both CP190 and one of the Mod(mdg4) isoforms, named Mod(mdg4)-67.2, were thought to
be capable of participating in the formation of distance interactions between regulatory ele-
ments and Su(Hw)-dependent insulators [174,175]. Both proteins are required for the func-
tional activity of the gypsy insulator [168,176–178]. However, the CP190 and Mod(mdg4)
can also interact with a large variety of DNA-binding proteins [150,159,166–168,179–181],
which is inconsistent with their key role in the organization of specific distance interactions
between gypsy insulators. Most likely, CP190 and Mod(mdg4) are involved in stabilizing
pre-formed specific distance interactions.

According available data the well described C2H2 proteins bind predominantly to
promoter and insulator/boundary elements [148–150,158,165,181]. Based on the evidences
presented above, we suggest the model [161] that all regulatory elements are formed by
different combination of binding sites for different C2H2 proteins (Figure 5). The stability of
the contact between regulatory elements depends on the presence of C2H2 proteins that can
form homodimmers. Proteins like CP190 and Mod(mdg4) can support local interactions
between regulatory elements and also could contribute for the long-distance interactions
between them.
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Figure 5. Model of interaction between regulatory elements in Drosophila. Architectural C2H2 proteins bind in different
combinations to regulatory elements (promoters, enhancers, insulators). The CP190 and Mod(mdg4) and other similar
proteins with homodimerization domains are recruited on the regulatory elements through interaction with C2H2 proteins.
(A) Super-long-distance interactions are supported by multiple interactions between 3–6 C2H2 proteins associated with the
same or structurally similar insulators. The interactions between proteins like Mod(mdg4) and CP190 can play a role in
maintaining of stable interaction. (B) Specific distance interactions (5–20 kb) can be supported by regulatory elements that
contain only partially similar combinations of C2H2 proteins. The auxiliary CP190 and Mod(mdg4) can play an important
role in maintaining remote communications in such cases. (C) Local interactions between regulatory elements can be
supported by proteins such as CP190 and Mod(mdg4), which can be recruited to completely different combinations of
C2H2 proteins.

7. Conclusions

It is now believed that the formation of chromatin architecture in mammals and
Drosophila occurs using different mechanisms. This conclusion is based on the obser-
vation that the Drosophila CTCF protein is not key in the formation of TADs and does
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not have intense colocolization with the cohesin complex on chromatin [182–184]. Also,
unlike mammals, the TADs boundaries in Drosophila are predominantly located in the
regions of housekeeping gene clusters, which are actively transcribed.

However, it has recently been shown that dCTCF is located at the TAD boundaries in
Drosophila nerve cells [185]. In Drosophila, the cohesin complex is predominantly located
in the region of active promoters and enhancers, which is consistent with its potential
role in the organization of TADs and the formation of interactions between enhancers
and promoters [186,187]. Mutations in the Nipped-B gene that regulates the binding of
the cohesin complex to chromatin affect the distance interactions between enhancer and
promoter at the cut locus [188]. The mammalian LDB1 protein has a Drosophila homolog
called Chip, which is also involved in maintaining distant enhancer—promoter interac-
tions [189,190]. A direct interaction has been shown between the Chip and C2H2 domains
of the Su(Hw) protein [191], which resembles the interaction described above between
the LDB1 and C2H2 domains of the human CTCF protein [86]. Thus, the mechanisms of
distance interactions may be much more conservative between mammals and Drosophila
than it currently seems. Probably in the near future it will be possible to create a unified
model of distance interactions in higher eukaryotes.

There is more and more experimental evidence that in mammals other C2H2 proteins
can participate in the formation of distance interactions and interact with CTCF in this
process. The identification of binding sites for currently uncharacterized human and
Drosophila C2H2 proteins will facilitate the assessment of the true contributions of this
class of proteins to the organization of the chromosomal architecture. In addition, the use
of gene editing methods, such as the CRISPR/Cas9, will make it possible to assess the
role of each identified C2H2 protein in maintaining distance interactions using model
regulatory systems.
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W.L.; et al. Formation of new chromatin domains determines pathogenicity of genomic duplications. Nature 2016, 538, 265–269.
[CrossRef] [PubMed]

http://doi.org/10.1126/science.aar2555
http://doi.org/10.1016/j.jmb.2019.12.006
http://doi.org/10.1080/19491034.2017.1389365
http://doi.org/10.1126/sciadv.aaw1668
http://www.ncbi.nlm.nih.gov/pubmed/30989119
http://doi.org/10.1016/j.jmb.2019.11.025
http://doi.org/10.1016/j.gde.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32302920
http://doi.org/10.1042/EBC20180069
http://www.ncbi.nlm.nih.gov/pubmed/30940740
http://doi.org/10.1073/pnas.1111941109
http://www.ncbi.nlm.nih.gov/pubmed/23045651
http://doi.org/10.1016/j.molcel.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28529057
http://doi.org/10.1038/s41598-020-59459-5
http://doi.org/10.1038/s41586-019-1910-z
http://doi.org/10.1016/j.celrep.2016.04.085
http://doi.org/10.1016/j.molcel.2017.08.026
http://doi.org/10.1093/nar/gkz462
http://www.ncbi.nlm.nih.gov/pubmed/31127282
http://doi.org/10.1016/j.cell.2017.05.004
http://doi.org/10.1073/pnas.1911708117
http://www.ncbi.nlm.nih.gov/pubmed/31937660
http://doi.org/10.1016/j.cell.2014.11.021
http://doi.org/10.1016/j.celrep.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25732821
http://doi.org/10.1111/dgd.12668
http://www.ncbi.nlm.nih.gov/pubmed/32343848
http://doi.org/10.1242/dev.01613
http://doi.org/10.1016/j.devcel.2016.10.015
http://doi.org/10.1073/pnas.1900672116
http://doi.org/10.1016/j.cell.2015.04.004
http://doi.org/10.1101/gad.307769.117
http://www.ncbi.nlm.nih.gov/pubmed/29273679
http://doi.org/10.1038/nature19800
http://www.ncbi.nlm.nih.gov/pubmed/27706140


Int. J. Mol. Sci. 2021, 22, 671 16 of 20

83. Narendra, V.; Rocha, P.P.; An, D.; Raviram, R.; Skok, J.A.; Mazzoni, E.O.; Reinberg, D. Transcription. CTCF establishes discrete
functional chromatin domains at the Hox clusters during differentiation. Science 2015, 347, 1017–1021. [CrossRef] [PubMed]

84. Ghavi-Helm, Y.; Jankowski, A.; Meiers, S.; Viales, R.R.; Korbel, J.O.; Furlong, E.E.M. Highly rearranged chromosomes reveal
uncoupling between genome topology and gene expression. Nat. Genet. 2019, 51, 1272–1282. [CrossRef]

85. Schwarzer, W.; Abdennur, N.; Goloborodko, A.; Pekowska, A.; Fudenberg, G.; Loe-Mie, Y.; Fonseca, N.A.; Huber, W.; Haering,
C.H.; Mirny, L.; et al. Two independent modes of chromatin organization revealed by cohesin removal. Nature 2017, 551, 51–56.
[CrossRef] [PubMed]

86. Lee, J.; Krivega, I.; Dale, R.K.; Dean, A. The LDB1 Complex Co-opts CTCF for Erythroid Lineage-Specific Long-Range Enhancer
Interactions. Cell Rep. 2017, 19, 2490–2502. [CrossRef]

87. Rao, S.S.P.; Huang, S.-C.; Glenn St Hilaire, B.; Engreitz, J.M.; Perez, E.M.; Kieffer-Kwon, K.-R.; Sanborn, A.L.; Johnstone, S.E.;
Bascom, G.D.; Bochkov, I.D.; et al. Cohesin Loss Eliminates All Loop Domains. Cell 2017, 171, 305–320. [CrossRef]

88. Wutz, G.; Várnai, C.; Nagasaka, K.; Cisneros, D.A.; Stocsits, R.R.; Tang, W.; Schoenfelder, S.; Jessberger, G.; Muhar, M.; Hossain,
M.J.; et al. Topologically associating domains and chromatin loops depend on cohesin and are regulated by CTCF, WAPL,
and PDS5 proteins. EMBO J. 2017, 36, 3573–3599. [CrossRef]

89. Olan, I.; Parry, A.J.; Schoenfelder, S.; Narita, M.; Ito, Y.; Chan, A.S.L.; Slater, G.S.C.; Bihary, D.; Bando, M.; Shirahige, K.; et al.
Transcription-dependent cohesin repositioning rewires chromatin loops in cellular senescence. Nat. Commun. 2020, 11, 6049.
[CrossRef]

90. Schuster, C.; Myslinski, E.; Krol, A.; Carbon, P. Staf, a novel zinc finger protein that activates the RNA polymerase III promoter of
the selenocysteine tRNA gene. EMBO J. 1995, 14, 3777–3787. [CrossRef]

91. Myslinski, E.; Krol, A.; Carbon, P. ZNF76 and ZNF143 Are Two Human Homologs of the Transcriptional Activator Staf.
J. Biol. Chem. 1998, 273, 21998–22006. [CrossRef] [PubMed]

92. Sathyan, K.M.; McKenna, B.D.; Anderson, W.D.; Duarte, F.M.; Core, L.; Guertin, M.J. An improved auxin-inducible degron system
preserves native protein levels and enables rapid and specific protein depletion. Genes Dev. 2019, 33, 1441–1455. [CrossRef]

93. Bailey, S.D.; Zhang, X.; Desai, K.; Aid, M.; Corradin, O.; Cowper-Sal·lari, R.; Akhtar-Zaidi, B.; Scacheri, P.C.; Haibe-Kains, B.;
Lupien, M. ZNF143 provides sequence specificity to secure chromatin interactions at gene promoters. Nat. Commun. 2015, 6, 6186.
[CrossRef] [PubMed]

94. Heidari, N.; Phanstiel, D.H.; He, C.; Grubert, F.; Jahanbani, F.; Kasowski, M.; Zhang, M.Q.; Snyder, M.P. Genome-wide map of
regulatory interactions in the human genome. Genome Res. 2014, 24, 1905–1917. [CrossRef] [PubMed]

95. Wen, Z.; Huang, Z.-T.; Zhang, R.; Peng, C. ZNF143 is a regulator of chromatin loop. Cell Biol. Toxicol. 2018, 34, 471–478. [CrossRef]
[PubMed]

96. Deng, Z.; Cao, P.; Wan, M.M.; Sui, G. Yin Yang 1. Transcription 2010, 1, 81–84. [CrossRef]
97. Kassis, J.A.; Kennison, J.A.; Tamkun, J.W. Polycomb and trithorax group genes in drosophila. Genetics 2017, 206, 1699–1725.

[CrossRef]
98. Wilkinson, F.H.; Park, K.; Atchison, M.L. Polycomb recruitment to DNA in vivo by the YY1 REPO domain. Proc. Natl. Acad.

Sci. USA 2006, 103, 19296–19301. [CrossRef]
99. Yang, W.-M.; Inouye, C.; Zeng, Y.; Bearss, D.; Seto, E. Transcriptional repression by YY1 is mediated by interaction with a

mammalian homolog of the yeast global regulator RPD3. Proc. Natl. Acad. Sci. USA 1996, 93, 12845–12850. [CrossRef]
100. Lewis, B.A.; Tullis, G.; Seto, E.; Horikoshi, N.; Weinmann, R.; Shenk, T. Adenovirus E1A proteins interact with the cellular YY1

transcription factor. J. Virol. 1995, 69, 1628–1636. [CrossRef]
101. Weintraub, A.S.; Li, C.H.; Zamudio, A.V.; Sigova, A.A.; Hannett, N.M.; Day, D.S.; Abraham, B.J.; Cohen, M.A.; Nabet, B.;

Buckley, D.L.; et al. YY1 Is a Structural Regulator of Enhancer-Promoter Loops. Cell 2017, 171, 1573–1588. [CrossRef] [PubMed]
102. Beagan, J.A.; Duong, M.T.; Titus, K.R.; Zhou, L.; Cao, Z.; Ma, J.; Lachanski, C.V.; Gillis, D.R.; Phillips-Cremins, J.E. YY1 and CTCF

orchestrate a 3D chromatin looping switch during early neural lineage commitment. Genome Res. 2017, 27, 1139–1152. [CrossRef]
[PubMed]

103. López-Perrote, A.; Alatwi, H.E.; Torreira, E.; Ismail, A.; Ayora, S.; Downs, J.A.; Llorca, O. Structure of Yin Yang 1 Oligomers That
Cooperate with RuvBL1-RuvBL2 ATPases. J. Biol. Chem. 2014, 289, 22614–22629. [CrossRef] [PubMed]

104. Li, L.; Williams, P.; Ren, W.; Wang, M.Y.; Gao, Z.; Miao, W.; Huang, M.; Song, J.; Wang, Y. YY1 interacts with guanine quadruplexes
to regulate DNA looping and gene expression. Nat. Chem. Biol. 2020. [CrossRef]

105. Wang, X.; Wang, S.; Troisi, E.C.; Howard, T.P.; Haswell, J.R.; Wolf, B.K.; Hawk, W.H.; Ramos, P.; Oberlick, E.M.; Tzvetkov, E.P.; et al.
BRD9 defines a SWI/SNF sub-complex and constitutes a specific vulnerability in malignant rhabdoid tumors. Nat. Commun.
2019, 10, 1881. [CrossRef]

106. Zhou, X.; Xian, W.; Zhang, J.; Zhu, Y.; Shao, X.; Han, Y.; Qi, Y.; Ding, X.; Wang, X. YY1 binds to the E3′ enhancer and inhibits the
expression of the immunoglobulin κ gene via epigenetic modifications. Immunology 2018, 155, 491–498. [CrossRef]

107. Krivega, I.; Dean, A. Chromatin looping as a target for altering erythroid gene expression. Ann. N. Y. Acad. Sci. 2016, 1368, 31–39.
[CrossRef]

108. Krivega, I.; Dale, R.K.; Dean, A. Role of LDB1 in the transition from chromatin looping to transcription activation. Genes Dev.
2014, 28, 1278–1290. [CrossRef]

109. Deng, W.; Lee, J.; Wang, H.; Miller, J.; Reik, A.; Gregory, P.D.; Dean, A.; Blobel, G.A. Controlling Long-Range Genomic Interactions
at a Native Locus by Targeted Tethering of a Looping Factor. Cell 2012, 149, 1233–1244. [CrossRef]

http://doi.org/10.1126/science.1262088
http://www.ncbi.nlm.nih.gov/pubmed/25722416
http://doi.org/10.1038/s41588-019-0462-3
http://doi.org/10.1038/nature24281
http://www.ncbi.nlm.nih.gov/pubmed/29094699
http://doi.org/10.1016/j.celrep.2017.05.072
http://doi.org/10.1016/j.cell.2017.09.026
http://doi.org/10.15252/embj.201798004
http://doi.org/10.1038/s41467-020-19878-4
http://doi.org/10.1002/j.1460-2075.1995.tb00047.x
http://doi.org/10.1074/jbc.273.34.21998
http://www.ncbi.nlm.nih.gov/pubmed/9705341
http://doi.org/10.1101/gad.328237.119
http://doi.org/10.1038/ncomms7186
http://www.ncbi.nlm.nih.gov/pubmed/25645053
http://doi.org/10.1101/gr.176586.114
http://www.ncbi.nlm.nih.gov/pubmed/25228660
http://doi.org/10.1007/s10565-018-9443-z
http://www.ncbi.nlm.nih.gov/pubmed/30120652
http://doi.org/10.4161/trns.1.2.12375
http://doi.org/10.1534/genetics.115.185116
http://doi.org/10.1073/pnas.0603564103
http://doi.org/10.1073/pnas.93.23.12845
http://doi.org/10.1128/JVI.69.3.1628-1636.1995
http://doi.org/10.1016/j.cell.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29224777
http://doi.org/10.1101/gr.215160.116
http://www.ncbi.nlm.nih.gov/pubmed/28536180
http://doi.org/10.1074/jbc.M114.567040
http://www.ncbi.nlm.nih.gov/pubmed/24990942
http://doi.org/10.1038/s41589-020-00695-1
http://doi.org/10.1038/s41467-019-09891-7
http://doi.org/10.1111/imm.12990
http://doi.org/10.1111/nyas.13012
http://doi.org/10.1101/gad.239749.114
http://doi.org/10.1016/j.cell.2012.03.051


Int. J. Mol. Sci. 2021, 22, 671 17 of 20

110. Renko, M.; Fiedler, M.; Rutherford, T.J.; Schaefer, J.V.; Plückthun, A.; Bienz, M. Rotational symmetry of the structured Chip/LDB-
SSDP core module of the Wnt enhanceosome. Proc. Natl. Acad. Sci. USA 2019, 116, 20977–20983. [CrossRef]

111. Wang, H.; Kim, J.; Wang, Z.; Yan, X.-X.; Dean, A.; Xu, W. Crystal structure of human LDB1 in complex with SSBP2. Proc. Natl.
Acad. Sci. USA 2020, 117, 1042–1048. [CrossRef] [PubMed]

112. Bashkirova, E.; Lomvardas, S. Olfactory receptor genes make the case for inter-chromosomal interactions. Curr. Opin. Genet. Dev.
2019, 55, 106–113. [CrossRef]

113. Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: A molecular basis for odor recognition. Cell 1991,
65, 175–187. [CrossRef]

114. Degl’Innocenti, A.; D’Errico, A. Regulatory Features for Odorant Receptor Genes in the Mouse Genome. Front. Genet. 2017, 8, 19.
[CrossRef] [PubMed]

115. Magklara, A.; Yen, A.; Colquitt, B.M.; Clowney, E.J.; Allen, W.; Markenscoff-Papadimitriou, E.; Evans, Z.A.; Kheradpour, P.;
Mountoufaris, G.; Carey, C.; et al. An Epigenetic Signature for Monoallelic Olfactory Receptor Expression. Cell 2011, 145, 555–570.
[CrossRef] [PubMed]

116. Hanchate, N.K.; Kondoh, K.; Lu, Z.; Kuang, D.; Ye, X.; Qiu, X.; Pachter, L.; Trapnell, C.; Buck, L.B. Single-cell transcriptomics
reveals receptor transformations during olfactory neurogenesis. Science 2015, 350, 1251–1255. [CrossRef] [PubMed]

117. Sokpor, G.; Abbas, E.; Rosenbusch, J.; Staiger, J.F.; Tuoc, T. Transcriptional and Epigenetic Control of Mammalian Olfactory
Epithelium Development. Mol. Neurobiol. 2018, 55, 8306–8327. [CrossRef]

118. Sharma, R.; Ishimaru, Y.; Davison, I.; Ikegami, K.; Chien, M.-S.; You, H.; Chi, Q.; Kubota, M.; Yohda, M.; Ehlers, M.; et al. Olfactory
receptor accessory proteins play crucial roles in receptor function and gene choice. Elife 2017, 6, e21895. [CrossRef]

119. Ferreira, T.; Wilson, S.R.; Choi, Y.G.; Risso, D.; Dudoit, S.; Speed, T.P.; Ngai, J. Silencing of odorant receptor genes by G Protein βγ

signaling ensures the expression of one odorant receptor per olfactory sensory neuron. Neuron 2014, 81, 847–859. [CrossRef]
120. Khan, M.; Vaes, E.; Mombaerts, P. Regulation of the Probability of Mouse Odorant Receptor Gene Choice. Cell 2011, 147, 907–921.

[CrossRef]
121. Vassalli, A.; Feinstein, P.; Mombaerts, P. Homeodomain binding motifs modulate the probability of odorant receptor gene choice

in transgenic mice. Mol. Cell. Neurosci. 2011, 46, 381–396. [CrossRef]
122. Nishizumi, H.; Kumasaka, K.; Inoue, N.; Nakashima, A.; Sakano, H. Deletion of the core-H region in mice abolishes the expression

of three proximal odorant receptor genes in cis. Proc. Natl. Acad. Sci. USA 2007, 104, 20067–20072. [CrossRef]
123. Bozza, T.; Vassalli, A.; Fuss, S.; Zhang, J.-J.; Weiland, B.; Pacifico, R.; Feinstein, P.; Mombaerts, P. Mapping of Class I and Class II

Odorant Receptors to Glomerular Domains by Two Distinct Types of Olfactory Sensory Neurons in the Mouse. Neuron 2009,
61, 220–233. [CrossRef]

124. Markenscoff-Papadimitriou, E.; Allen, W.E.; Colquitt, B.M.; Goh, T.; Murphy, K.K.; Monahan, K.; Mosley, C.P.; Ahituv, N.;
Lomvardas, S. Enhancer Interaction Networks as a Means for Singular Olfactory Receptor Expression. Cell 2014, 159, 543–557.
[CrossRef]

125. Monahan, K.; Horta, A.; Lomvardas, S. LHX2- and LDB1-mediated trans interactions regulate olfactory receptor choice. Nature
2019, 565, 448–453. [CrossRef]

126. Karess, R.E.; Rubin, G.M. Analysis of P transposable element functions in Drosophila. Cell 1984, 38, 135–146. [CrossRef]
127. Sigrist, C.J.; Pirrotta, V. Chromatin insulator elements block the silencing of a target gene by the Drosophila polycomb response

element (PRE) but allow trans interactions between PREs on different chromosomes. Genetics 1997, 147, 209–221.
128. Kravchenko, E.; Savitskaya, E.; Kravchuk, O.; Parshikov, A.; Georgiev, P.; Savitsky, M. Pairing between gypsy insulators facilitates

the enhancer action in trans throughout the Drosophila genome. Mol. Cell. Biol. 2005, 25, 9283–9291. [CrossRef]
129. Muller, M.; Hagstrom, K.; Gyurkovics, H.; Pirrotta, V.; Schedl, P. The mcp element from the Drosophila melanogaster bithorax

complex mediates long-distance regulatory interactions. Genetics 1999, 153, 1333–1356.
130. Li, H.B.; Muller, M.; Bahechar, I.A.; Kyrchanova, O.; Ohno, K.; Georgiev, P.; Pirrotta, V. Insulators, not Polycomb response

elements, are required for long-range interactions between Polycomb targets in Drosophila melanogaster. Mol. Cell. Biol. 2011,
31, 616–625. [CrossRef]

131. Vazquez, J.; Muller, M.; Pirrotta, V.; Sedat, J.W. The Mcp element mediates stable long-range chromosome-chromosome interac-
tions in Drosophila. Mol. Biol. Cell 2006, 17, 2158–2165. [CrossRef]

132. Kyrchanova, O.V.; Georgiev, P.G. Functional interaction between an insulator and a Pc-dependent silencer with the example of
the Mcp boundary of the Drosophila melanogaster Abd-B gene. Genetika 2010, 46, 593–603. [CrossRef]

133. Bantignies, F.; Grimaud, C.; Lavrov, S.; Gabut, M.; Cavalli, G. Inheritance of Polycomb-dependent chromosomal interactions in
Drosophila. Genes Dev. 2003, 17, 2406–2420. [CrossRef]

134. Fujioka, M.; Emi-Sarker, Y.; Yusibova, G.L.; Goto, T.; Jaynes, J.B. Analysis of an even-skipped rescue transgene reveals both
composite and discrete neuronal and early blastoderm enhancers, and multi-stripe positioning by gap gene repressor gradients.
Development 1999, 126, 2527–2538.

135. Fujioka, M.; Mistry, H.; Schedl, P.; Jaynes, J.B. Determinants of Chromosome Architecture: Insulator Pairing in cis and in trans.
PLoS Genet. 2016, 2, e1005889. [CrossRef]

136. Fujioka, M.; Wu, X.; Jaynes, J.B. A chromatin insulator mediates transgene homing and very long-range enhancer-promoter
communication. Development 2009, 136, 3077–3087. [CrossRef]

http://doi.org/10.1073/pnas.1912705116
http://doi.org/10.1073/pnas.1914181117
http://www.ncbi.nlm.nih.gov/pubmed/31892537
http://doi.org/10.1016/j.gde.2019.07.004
http://doi.org/10.1016/0092-8674(91)90418-X
http://doi.org/10.3389/fgene.2017.00019
http://www.ncbi.nlm.nih.gov/pubmed/28270833
http://doi.org/10.1016/j.cell.2011.03.040
http://www.ncbi.nlm.nih.gov/pubmed/21529909
http://doi.org/10.1126/science.aad2456
http://www.ncbi.nlm.nih.gov/pubmed/26541607
http://doi.org/10.1007/s12035-018-0987-y
http://doi.org/10.7554/eLife.21895
http://doi.org/10.1016/j.neuron.2014.01.001
http://doi.org/10.1016/j.cell.2011.09.049
http://doi.org/10.1016/j.mcn.2010.11.001
http://doi.org/10.1073/pnas.0706544105
http://doi.org/10.1016/j.neuron.2008.11.010
http://doi.org/10.1016/j.cell.2014.09.033
http://doi.org/10.1038/s41586-018-0845-0
http://doi.org/10.1016/0092-8674(84)90534-8
http://doi.org/10.1128/MCB.25.21.9283-9291.2005
http://doi.org/10.1128/MCB.00849-10
http://doi.org/10.1091/mbc.e06-01-0049
http://doi.org/10.1134/S1022795410050029
http://doi.org/10.1101/gad.269503
http://doi.org/10.1371/journal.pgen.1005889
http://doi.org/10.1242/dev.036467


Int. J. Mol. Sci. 2021, 22, 671 18 of 20

137. Hama, C.; Ali, Z.; Kornberg, T.B. Region-specific recombination and expression are directed by portions of the Drosophila
engrailed promoter. Genes Dev. 1990, 4, 1079–1093. [CrossRef]

138. Taillebourg, E.; Dura, J.-M. A novel mechanism for P element homing in Drosophila. Proc. Natl. Acad. Sci. USA 1999, 96, 6856–6861.
[CrossRef]

139. Bender, W.; Hudson, A.; Barges, S.; Mihaly, J.; Galloni, M.; Hagstrom, K.; Muller, M.; Shanower, G.; Schedl, P.; Gyurkovics, H.;
et al. P element homing to the Drosophila bithorax complex. Development 2000, 127, 3981–3992. [CrossRef]

140. Scott, K.C.; Taubman, A.D.; Geyer, P.K. Enhancer blocking by the Drosophila gypsy insulator depends upon insulator anatomy
and enhancer strength. Genetics 1999, 153, 787–798.

141. Holdridge, C.; Dorsett, D. Repression of hsp70 heat shock gene transcription by the suppressor of hairy-wing protein of Drosophila
melanogaster. Mol. Cell. Biol. 1991, 11, 1894–1900. [CrossRef] [PubMed]

142. Geyer, P.K.; Corces, V.G. DNA position-specific repression of transcription by a Drosophila zinc finger protein. Genes Dev. 1992,
6, 1865–1873. [CrossRef] [PubMed]

143. Modolell, J.; Bender, W.; Meselson, M. Drosophila melanogaster mutations suppressible by the suppressor of Hairy-wing are
insertions of a 7.3-kilobase mobile element. Proc. Natl. Acad. Sci. USA 1983, 80, 1678–1682. [CrossRef] [PubMed]

144. Negre, N.; Brown, C.D.; Ma, L.; Bristow, C.A.; Miller, S.W.; Wagner, U.; Kheradpour, P.; Eaton, M.L.; Loriaux, P.; Sealfon, R.; et al.
A cis-regulatory map of the Drosophila genome. Nature 2011, 471, 527–531. [CrossRef]

145. Kyrchanova, O.; Zolotarev, N.; Mogila, V.; Maksimenko, O.; Schedl, P.; Georgiev, P. Architectural protein Pita cooperates with
dCTCF in organization of functional boundaries in Bithorax complex. Development 2017, 144, 2663–2672. [CrossRef]

146. Bender, W.; Lucas, M. The border between the ultrabithorax and abdominal-A regulatory domains in the Drosophila bithorax
complex. Genetics 2013, 193, 1135–1147. [CrossRef]

147. Kyrchanova, O.; Maksimenko, O.; Ibragimov, A.; Sokolov, V.; Postika, N.; Lukyanova, M.; Schedl, P.; Georgiev, P. The insulator
functions of the Drosophila polydactyl C2H2 zinc finger protein CTCF: Necessity versus sufficiency. Sci. Adv. 2020, 6, eaaz3152.
[CrossRef]

148. Baxley, R.M.; Bullard, J.D.; Klein, M.W.; Fell, A.G.; Morales-Rosado, J.A.; Duan, T.; Geyer, P.K. Deciphering the DNA code for
the function of the Drosophila polydactyl zinc finger protein Suppressor of Hairy-wing. Nucleic Acids Res. 2017, 45, 4463–4478.
[CrossRef]

149. Schwartz, Y.B.; Linder-Basso, D.; Kharchenko, P.V.; Tolstorukov, M.Y.; Kim, M.; Li, H.B.; Gorchakov, A.A.; Minoda, A.; Shanower,
G.; Alekseyenko, A.A.; et al. Nature and function of insulator protein binding sites in the Drosophila genome. Genome Res. 2012,
22, 2188–2198. [CrossRef]

150. Maksimenko, O.; Bartkuhn, M.; Stakhov, V.; Herold, M.; Zolotarev, N.; Jox, T.; Buxa, M.K.; Kirsch, R.; Bonchuk, A.;
Fedotova, A.; et al. Two new insulator proteins, Pita and ZIPIC, target CP190 to chromatin. Genome Res. 2015, 25, 89–99.
[CrossRef]

151. Galloni, M.; Gyurkovics, H.; Schedl, P.; Karch, F. The bluetail transposon: Evidence for independent cis-regulatory domains and
domain boundaries in the bithorax complex. EMBO J. 1993, 12, 1087–1097. [CrossRef] [PubMed]

152. Hagstrom, K.; Muller, M.; Schedl, P. Fab-7 functions as a chromatin domain boundary to ensure proper segment specification by
the Drosophila bithorax complex. Genes Dev. 1996, 10, 3202–3215. [CrossRef] [PubMed]

153. Zhou, J.; Barolo, S.; Szymanski, P.; Levine, M. The Fab-7 element of the bithorax complex attenuates enhancer-promoter
interactions in the Drosophila embryo. Genes Dev. 1996, 10, 3195–3201. [CrossRef]

154. Wolle, D.; Cleard, F.; Aoki, T.; Deshpande, G.; Schedl, P.; Karch, F. Functional Requirements for Fab-7 Boundary Activity in the
Bithorax. Mol. Cell. Biol. 2015, 35, 3739–3752. [CrossRef]

155. Kyrchanova, O.; Sabirov, M.; Mogila, V.; Kurbidaeva, A.; Postika, N.; Maksimenko, O.; Schedl, P.; Georgiev, P. Complete reconsti-
tution of bypass and blocking functions in a minimal artificial Fab-7 insulator from Drosophila bithorax complex. Proc. Natl.
Acad. Sci. USA 2019, 116, 13462–13467. [CrossRef]

156. Kyrchanova, O.; Chetverina, D.; Maksimenko, O.; Kullyev, A.; Georgiev, P. Orientation-dependent interaction between Drosophila
insulators is a property of this class of regulatory elements. Nucleic Acids Res. 2008, 36, 7019–7028. [CrossRef]

157. Kyrchanova, O.; Ivlieva, T.; Toshchakov, S.; Parshikov, A.; Maksimenko, O.; Georgiev, P. Selective interactions of boundaries with
upstream region of Abd-B promoter in Drosophila bithorax complex and role of dCTCF in this process. Nucleic Acids Res. 2011,
39, 3042–3052. [CrossRef]

158. Zolotarev, N.; Fedotova, A.; Kyrchanova, O.; Bonchuk, A.; Penin, A.A.; Lando, A.S.; Eliseeva, I.A.; Kulakovskiy, I.V.; Maksimenko,
O.; Georgiev, P. Architectural proteins Pita, Zw5,and ZIPIC contain homodimerization domain and support specific long-range
interactions in Drosophila. Nucleic Acids Res. 2016, 44, 7228–7241. [CrossRef]

159. Bonchuk, A.; Maksimenko, O.; Kyrchanova, O.; Ivlieva, T.; Mogila, V.; Deshpande, G.; Wolle, D.; Schedl, P.; Georgiev, P. Functional
role of dimerization and CP190 interacting domains of CTCF protein in Drosophila melanogaster. BMC Biol. 2015, 13, 63.
[CrossRef]

160. Chung, H.R.; Schafer, U.; Jackle, H.; Bohm, S. Genomic expansion and clustering of ZAD-containing C2H2 zinc-finger genes in
Drosophila. EMBO Rep. 2002, 3, 1158–1162. [CrossRef]

161. Fedotova, A.A.; Bonchuk, A.N.; Mogila, V.A.; Georgiev, P.G. C2H2 zinc finger proteins: The largest but poorly explored family of
higher eukaryotic transcription factors. Acta Naturae 2017, 9, 47–58. [CrossRef] [PubMed]

http://doi.org/10.1101/gad.4.7.1079
http://doi.org/10.1073/pnas.96.12.6856
http://doi.org/10.1126/science.221.4605.23
http://doi.org/10.1128/MCB.11.4.1894
http://www.ncbi.nlm.nih.gov/pubmed/1900919
http://doi.org/10.1101/gad.6.10.1865
http://www.ncbi.nlm.nih.gov/pubmed/1327958
http://doi.org/10.1073/pnas.80.6.1678
http://www.ncbi.nlm.nih.gov/pubmed/6300868
http://doi.org/10.1038/nature09990
http://doi.org/10.1242/dev.149815
http://doi.org/10.1534/genetics.112.146340
http://doi.org/10.1126/sciadv.aaz3152
http://doi.org/10.1093/nar/gkx040
http://doi.org/10.1101/gr.138156.112
http://doi.org/10.1101/gr.174169.114
http://doi.org/10.1002/j.1460-2075.1993.tb05750.x
http://www.ncbi.nlm.nih.gov/pubmed/8384551
http://doi.org/10.1101/gad.10.24.3202
http://www.ncbi.nlm.nih.gov/pubmed/8985188
http://doi.org/10.1101/gad.10.24.3195
http://doi.org/10.1128/MCB.00456-15
http://doi.org/10.1073/pnas.1907190116
http://doi.org/10.1093/nar/gkn781
http://doi.org/10.1093/nar/gkq1248
http://doi.org/10.1093/nar/gkw371
http://doi.org/10.1186/s12915-015-0168-7
http://doi.org/10.1093/embo-reports/kvf243
http://doi.org/10.32607/20758251-2017-9-2-47-58
http://www.ncbi.nlm.nih.gov/pubmed/28740726


Int. J. Mol. Sci. 2021, 22, 671 19 of 20

162. Gaszner, M.; Vazquez, J.; Schedl, P. The Zw5 protein, a component of the scs chromatin domain boundary, is able to block
enhancer-promoter interaction. Genes Dev. 1999, 13, 2098–2107. [CrossRef] [PubMed]

163. Blanton, J.; Gaszner, M.; Schedl, P. Protein:protein interactions and the pairing of boundary elements in vivo. Genes Dev. 2003,
17, 664–675. [CrossRef] [PubMed]

164. Zolotarev, N.A.; Maksimenko, O.G.; Georgiev, P.G.; Bonchuk, A.N. ZAD-Domain Is Essential for Nuclear Localization of Insulator
Proteins in Drosophila melanogaster. Acta Naturae 2016, 8, 97–102. [CrossRef]

165. Maksimenko, O.; Kyrchanova, O.; Klimenko, N.; Zolotarev, N.; Elizarova, A.; Bonchuk, A.; Georgiev, P. Small Drosophila zinc
finger C2H2 protein with an N-terminal zinc finger-associated domain demonstrates the architecture functions. Biochim. Biophys.
Acta Gene Regul. Mech. 2020, 1863, 194446. [CrossRef]

166. Mohan, M.; Bartkuhn, M.; Herold, M.; Philippen, A.; Heinl, N.; Bardenhagen, I.; Leers, J.; White, R.A.; Renkawitz-Pohl, R.;
Saumweber, H.; et al. The Drosophila insulator proteins CTCF and CP190 link enhancer blocking to body patterning. EMBO J.
2007, 26, 4203–4214. [CrossRef]

167. Melnikova, L.; Kostyuchenko, M.; Molodina, V.; Parshikov, A.; Georgiev, P.; Golovnin, A. Interactions between BTB domain
of CP190 and two adjacent regions in Su(Hw) are required for the insulator complex formation. Chromosoma 2018, 127, 59–71.
[CrossRef]

168. Melnikova, L.; Kostyuchenko, M.; Molodina, V.; Parshikov, A.; Georgiev, P.; Golovnin, A. Multiple interactions are involved in
a highly specific association of the Mod(mdg4)-67.2 isoform with the Su(Hw) sites in Drosophila. Open Biol. 2017, 7, 170150.
[CrossRef]

169. Oliver, D.; Sheehan, B.; South, H.; Akbari, O.; Pai, C.Y. The chromosomal association/dissociation of the chromatin insulator
protein Cp190 of Drosophila melanogaster is mediated by the BTB/POZ domain and two acidic regions. BMC Cell Biol. 2010,
11, 101. [CrossRef]

170. Plevock, K.M.; Galletta, B.J.; Slep, K.C.; Rusan, N.M. Newly Characterized Region of CP190 Associates with Microtubules and
Mediates Proper Spindle Morphology in Drosophila Stem Cells. PLoS ONE 2015, 10, e0144174. [CrossRef]

171. Bonchuk, A.; Denisov, S.; Georgiev, P.; Maksimenko, O. Drosophila BTB/POZ domains of “ttk group” can form multimers and
selectively interact with each other. J. Mol. Biol. 2011, 412, 423–436. [CrossRef]

172. Zollman, S.; Godt, D.; Privé, G.G.; Couderc, J.L.; Laski, F.A. The BTB domain, found primarily in zinc finger proteins, defines an
evolutionarily conserved family that includes several developmentally regulated genes in Drosophila. Proc. Natl. Acad. Sci. USA
1994, 91, 10717–10721. [CrossRef] [PubMed]

173. Büchner, K.; Roth, P.; Schotta, G.; Krauss, V.; Saumweber, H.; Reuter, G.; Dorn, R. Genetic and molecular complexity of the
position effect variegation modifier mod(mdg4) in Drosophila. Genetics 2000, 155, 141–157.

174. Vogelmann, J.; Le Gall, A.; Dejardin, S.; Allemand, F.; Gamot, A.; Labesse, G.; Cuvier, O.; Negre, N.; Cohen-Gonsaud, M.;
Margeat, E.; et al. Chromatin insulator factors involved in long-range DNA interactions and their role in the folding of the
Drosophila genome. PLoS Genet 2014, 10, e1004544. [CrossRef]

175. Ghosh, D. Interactions between the Su(Hw) and Mod(mdg4) proteins required for gypsy insulator function. EMBO J. 2001,
20, 2518–2527. [CrossRef]

176. Pai, C.Y.; Lei, E.P.; Ghosh, D.; Corces, V.G. The centrosomal protein CP190 is a component of the gypsy chromatin insulator.
Mol. Cell 2004, 16, 737–748. [CrossRef]

177. Melnikova, L.; Kostyuchenko, M.; Parshikov, A.; Georgiev, P.; Golovnin, A. Role of Su(Hw) zinc finger 10 and interaction with
CP190 and Mod(mdg4) proteins in recruiting the Su(Hw) complex to chromatin sites in Drosophila. PLoS ONE 2018, 13, e0193497.
[CrossRef]

178. Golovnin, A.; Mazur, A.; Kopantseva, M.; Kurshakova, M.; Gulak, P.V.; Gilmore, B.; Whitfield, W.G.F.; Geyer, P.; Pirrotta, V.;
Georgiev, P. Integrity of the Mod(mdg4)-67.2 BTB Domain Is Critical to Insulator Function in Drosophila melanogaster. Mol. Cell.
Biol. 2007, 27, 963–974. [CrossRef]

179. Cuartero, S.; Fresan, U.; Reina, O.; Planet, E.; Espinas, M.L. Ibf1 and Ibf2 are novel CP190-interacting proteins required for
insulator function. EMBO J. 2014, 33, 637–647. [CrossRef]

180. Fedotova, A.; Clendinen, C.; Bonchuk, A.; Mogila, V.; Aoki, T.; Georgiev, P.; Schedl, P. Functional dissection of the developmentally
restricted BEN domain chromatin boundary factor Insensitive. Epigenetics Chromatin 2019, 12, 2. [CrossRef]

181. Zolotarev, N.; Maksimenko, O.; Kyrchanova, O.; Sokolinskaya, E.; Osadchiy, I.; Girardot, C.; Bonchuk, A.; Ciglar, L.; Furlong,
E.E.M.; Georgiev, P. Opbp is a new architectural/insulator protein required for ribosomal gene expression. Nucleic Acids Res.
2017, 45, 12285–12300. [CrossRef] [PubMed]

182. Sexton, T.; Yaffe, E.; Kenigsberg, E.; Bantignies, F.; Leblanc, B.; Hoichman, M.; Parrinello, H.; Tanay, A.; Cavalli, G.
Three-dimensional folding and functional organization principles of the Drosophila genome. Cell 2012, 148, 458–472. [CrossRef]
[PubMed]

183. Wang, Q.; Sun, Q.; Czajkowsky, D.M.; Shao, Z. Sub-kb Hi-C in D. melanogaster reveals conserved characteristics of TADs between
insect and mammalian cells. Nat. Commun. 2018, 9, 188. [CrossRef] [PubMed]

184. Ramírez, F.; Bhardwaj, V.; Arrigoni, L.; Lam, K.C.; Grüning, B.A.; Villaveces, J.; Habermann, B.; Akhtar, A.; Manke, T.
High-resolution TADs reveal DNA sequences underlying genome organization in flies. Nat. Commun. 2018, 9, 189. [CrossRef]

185. Chathoth, K.T.; Zabet, N.R. Chromatin architecture reorganization during neuronal cell differentiation in Drosophila genome.
Genome Res. 2019, 29, 613–625. [CrossRef]

http://doi.org/10.1101/gad.13.16.2098
http://www.ncbi.nlm.nih.gov/pubmed/10465787
http://doi.org/10.1101/gad.1052003
http://www.ncbi.nlm.nih.gov/pubmed/12629048
http://doi.org/10.32607/20758251-2016-8-3-97-102
http://doi.org/10.1016/j.bbagrm.2019.194446
http://doi.org/10.1038/sj.emboj.7601851
http://doi.org/10.1007/s00412-017-0645-6
http://doi.org/10.1098/rsob.170150
http://doi.org/10.1186/1471-2121-11-101
http://doi.org/10.1371/journal.pone.0144174
http://doi.org/10.1016/j.jmb.2011.07.052
http://doi.org/10.1073/pnas.91.22.10717
http://www.ncbi.nlm.nih.gov/pubmed/7938017
http://doi.org/10.1371/journal.pgen.1004544
http://doi.org/10.1093/emboj/20.10.2518
http://doi.org/10.1016/j.molcel.2004.11.004
http://doi.org/10.1371/journal.pone.0193497
http://doi.org/10.1128/MCB.00795-06
http://doi.org/10.1002/embj.201386001
http://doi.org/10.1186/s13072-018-0249-2
http://doi.org/10.1093/nar/gkx840
http://www.ncbi.nlm.nih.gov/pubmed/29036346
http://doi.org/10.1016/j.cell.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22265598
http://doi.org/10.1038/s41467-017-02526-9
http://www.ncbi.nlm.nih.gov/pubmed/29335463
http://doi.org/10.1038/s41467-017-02525-w
http://doi.org/10.1101/gr.246710.118


Int. J. Mol. Sci. 2021, 22, 671 20 of 20

186. Pherson, M.; Misulovin, Z.; Gause, M.; Dorsett, D. Cohesin occupancy and composition at enhancers and promoters are linked to
DNA replication origin proximity in Drosophila. Genome Res. 2019, 29, 602–612. [CrossRef]

187. Dorsett, D. The Many Roles of Cohesin in Drosophila Gene Transcription. Trends Genet. 2019, 35, 542–551. [CrossRef]
188. Rollins, R.A.; Morcillo, P.; Dorsett, D. Nipped-B, a Drosophila homologue of chromosomal adherins, participates in activation by

remote enhancers in the cut and Ultrabithorax genes. Genetics 1999, 152, 577–593.
189. Morcillo, P.; Rosen, C.; Baylies, M.K.; Dorsett, D. Chip, a widely expressed chromosomal protein required for segmentation and

activity of a remote wing margin enhancer in Drosophila. Genes Dev. 1997, 11, 2729–2740. [CrossRef]
190. Heitzler, P.; Vanolst, L.; Biryukova, I.; Ramain, P. Enhancer-promoter communication mediated by Chip during Pannier-driven

proneural patterning is regulated by Osa. Genes Dev. 2003, 17, 591–596. [CrossRef]
191. Torigoi, E.; Bennani-Baïti, I.M.; Rosen, C.; Gonzalez, K.; Morcillo, P.; Ptashne, M.; Dorsett, D. Chip interacts with diverse

homeodomain proteins and potentiates Bicoid activity in vivo. Proc. Natl. Acad. Sci. USA 2000, 97, 2686–2691. [CrossRef]
[PubMed]

http://doi.org/10.1101/gr.243832.118
http://doi.org/10.1016/j.tig.2019.04.002
http://doi.org/10.1101/gad.11.20.2729
http://doi.org/10.1101/gad.255703
http://doi.org/10.1073/pnas.050586397
http://www.ncbi.nlm.nih.gov/pubmed/10688916

	Introduction 
	Enhancer Properties and Functions 
	Properties of Enhancer-Promoter Communication 
	Mechanisms of Distance Interaction between Enhancers and Promoters in Mammalian Genomes 
	Specific Activation of Olfactory Receptor Genes in Mammals Is Supported by Super-Long-Distance Interactions between Enhancers and Promoters 
	Super-Long-Distance Interactions in the Drosophila Genome and the Role of Architectural Proteins during This Process 
	Conclusions 
	References

