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1  | INTRODUC TION

Most of the developmental and physiological processes rely on pre-
cise spatiotemporal patterning of gene expression. Enhancer DNAs 
play a central role in the control of gene activities in response to de-
velopmental timing and environmental cues. They act as a scaffold 
to recruit sequence-specific transcription factors and co-activators, 
thereby regulating the assembly of active transcriptional machinery 
at target core promoters. Previous molecular studies have shown 
that enhancers are separable from core promoter sequences, ap-
proximately 80-bp DNA segments that serve as a docking site of 
RNA polymerase II (Pol II) (reviewed in Juven-Gershon, Hsu, Theisen, 
& Kadonaga, 2008). The first enhancer was originally identified from 
the genomic DNA of simian DNA tumor virus SV40 by Banerji and 
Schaffner (Banerji, Rusconi, & Schaffner, 1981). The approximately 
200-bp DNA fragment located upstream of the gene encoding T-
antigen was shown to activate the rabbit β-globin gene from a remote 

location in an orientation-independent manner when fused. Just a 
few years later, the first eukaryotic enhancers were isolated from 
the intronic regions of mouse immunoglobulin heavy chain (IgH) and 
immunoglobulin kappa (IgK) locus (Banerji, Olson, & Schaffner, 1983; 
Gillies, Morrison, Oi, & Tonegawa, 1983; Neuberger, 1983; Picard & 
Schaffner, 1984; Queen & Baltimore, 1983; Queen & Stafford, 1984). 
Since then, molecular mapping and genome-wide studies have iden-
tified many of key regulatory elements that are critical for the spatio-
temporal control of gene activities in development (e.g., Arnold et al., 
2013; Kvon et al., 2014). Currently, it is estimated that the human ge-
nome contains approximately 400,000 enhancers (ENCODE Project 
Consortium, 2012), suggesting that a typical human gene is regulated 
by approximately 20 enhancers. Importantly, many of enhancers are 
placed distally from their target genes, yet they can specifically com-
municate with target promoters over a large distance. In some cases, 
enhancers can act over hundreds of kb or even a few Mb. For ex-
ample, expression of mouse Sonic hedgehog (Shh) in developing limb 
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Transcriptional enhancers are regulatory DNAs that instruct when and where genes 
should be transcribed in response to a variety of intrinsic and external signals. They 
contain a cluster of binding sites for sequence-specific transcription factors and co-
activators to determine the spatiotemporal specificity of gene activities during devel-
opment. Enhancers are often positioned in distal locations from their target 
promoters. In some cases, they work over a million base pairs or more. In the tradi-
tional view, enhancers have been thought to stably interact with promoters in a tar-
geted manner. However, quantitative imaging studies provide a far more dynamic 
picture of enhancer action. Moreover, recent Hi-C methods suggest that regulatory 
interactions are dynamically regulated by the higher-order chromosome topology. In 
this review, we summarize the emerging findings in the field and propose that assem-
bly of “transcription hubs” in the context of 3D genome structure plays an important 
role in transcriptional regulation.
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buds is driven by the distal ZRS enhancer located 850 kb away from 
the promoter region (Lettice et al., 2003; Sagai, Hosoya, Mizushina, 
Tamura, & Shiroishi, 2005). More strikingly, expression of Myc on-
cogene is regulated by the cluster of enhancers located 1.7 Mb 
downstream of the promoter (Shi et al., 2013). While chromosome 
conformation capture (3C) assays and imaging studies suggested that 
distal enhancers come into physical proximity of target promoters by 
looping out intervening sequences (e.g., Amano et al., 2009; Dekker, 
Rippe, Dekker, & Kleckner, 2002), the mechanism and dynamics 
behind these long-range interactions still remain as an outstanding 
mystery. Intriguingly, recent high-resolution Hi-C studies have sug-
gested that chromosome topology exerts a significant impact on 
enhancer–promoter communication and resulting gene expression. 
Moreover, quantitative imaging methods have provided evidence 
that enhancers mediate dynamic condensation of transcription fac-
tors and co-activators to drive bursts of de novo transcription, impli-
cating that formation of “transcription hub” is the critical feature of 
enhancer function. In this review, we summarize recent progress in 
the field and discuss the emerging new roles of transcriptional en-
hancers and 3D genome structures in gene regulation.

2  | THE ROLE OF CHROMOSOME 
TOPOLOGY IN TR ANSCRIPTIONAL 
REGUL ATION

Recent progress in 3C technologies and chromatin immunoprecipi-
tation (ChIP) assays has revealed the regulatory landscapes of three-
dimensional genome topology (e.g., ENCODE Project Consortium, 
2012, Lieberman-Aiden et al., 2009). Specifically, recent Hi-C stud-
ies suggested that self-associating loop domains, or topologically 

associating domains (TADs), serve as a basic structural unit that 
consists of higher-order chromosomal organization (Dixon et al., 
2012; Nora et al., 2012). The typical size of TADs is hundreds of kb 
to Mbs in humans and tens of kb to hundreds of kb in Drosophila 
(Dixon et al., 2012; Ulianov et al., 2016). Regulatory DNAs and their 
target genes are mostly located within the same topological domain, 
suggesting that TADs help to ensure the specificity of gene expres-
sion by blocking undesirable inter-TAD contacts. Supporting this 
view, much evidence has been provided that loss of TAD boundaries 
causes novel interaction between separate domains, leading to inap-
propriate inter-TAD enhancer–promoter communication and ectopic 
gene expression. For example, in human and mouse, Epha4 and Pax3 
locus are separated in two neighboring domains, and only the Epha4 
gene is transcriptionally active in limb buds of developing embryos. 
However, when the TAD boundary was disrupted by genome edit-
ing, the Epha4 enhancer starts to ectopically activate Pax3 expres-
sion, resulting in morphological shortening of the digits (Figure 1a; 
Lupiáñez et al., 2015). It has also been reported that mutations in 
boundary elements leads to the activation of proto-oncogenes 
such as TAL1, a master oncogenic transcription factor in T-cell acute 
lymphoblastic leukemia (Hnisz et al., 2016). More recently, many 
disease-associated tandem repeats were found to be located in top-
ological boundaries (Sun et al., 2018). Thus, non-coding mutations in 
boundary elements are now thought to be a major source of human 
disease. Overall, these studies support the idea that TADs limit in-
appropriate inter-TAD enhancer–promoter interactions to prevent 
promiscuous transcriptional activation.

In addition, recent studies of mouse Shh locus provided evidence 
that TAD formation also facilitates long-range enhancer–promoter 
interaction within a domain (Figure 1b). Expression of Shh in the 
zone of polarizing activity of developing limb buds relies on distal 

F IGURE  1 Roles of topologically 
associating domains (TADs) in the control 
of enhancer–promoter interaction. (a) 
Loss of TAD boundary leads to inter-
TAD enhancer–promoter interaction 
and ectopic gene expression. (b) TAD 
facilitates intra-domain interactions. (c) 
Genome inversion disrupts long-range 
enhancer–promoter interaction. (d) 
Enhancers modulate the frequency of 
transcriptional bursting (top). Insulator 
DNAs diminish bursting frequencies 
(bottom).
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ZRS enhancer positioned approximately 850 kb away from the Shh 
promoter (Lettice et al., 2003; Sagai et al., 2005), both of which are 
located within a single TAD. Interestingly, when the TAD is disrupted 
by genome inversion, the distal ZRS enhancer can no longer acti-
vate Shh expression despite a shorter genomic distance than nor-
mal (Figure 1c; Symmons et al., 2016), suggesting that the domain 
configuration is more critical than the linear distance possibly be-
cause TAD brings the distal enhancer into physical proximity of 
the Shh promoter to facilitate their interaction. Recent work using 
structured-illumination microscopy (SIM) also concluded that do-
main configuration optimizes long-range enhancer–promoter inter-
action at the Shh locus (Williamson, Lettice, Hill, & Bickmore, 2016).

3  | REGUL ATORY DYNAMIC S WITHIN 
TADS

While TAD formation seems to be mostly invariant even after differ-
entiation (Rao et al., 2014), intra-TAD interactions look variable among 
cell types (Smith, Lajoie, Jain, & Dekker, 2016), implicating that regu-
latory interactions within TADs are highly dynamic. Previous imaging 
studies revealed dynamic and stochastic nature of transcription, by 
demonstrating that transcription generally occurs in bursts in many 
species including Dictyostelium, yeast, Drosophila, and mammals (e.g., 
Bothma et al., 2014; Chubb, Trcek, Shenoy, & Singer, 2006; Larson, 
Zenklusen, Wu, Chao, & Singer, 2011; Pare et al., 2009; Raj, Peskin, 
Tranchina, Vargas, & Tyagi, 2006). More recently, it has been shown 
that enhancers regulate the level of mRNA production by modulating 
the bursting frequency in time and space during Drosophila embryo-
genesis (Figure 1d, top; Fukaya, Lim, & Levine, 2016). Single-molecule 
RNA FISH assay in mammalian β-globin locus also concluded that LCR 
enhancer changes bursting frequency during erythroid maturation 
(Bartman, Hsu, Hsiung, Raj, & Blobel, 2016). Furthermore, recent 
single-cell RNA-sequencing method provided transcriptome-wide 
evidence that enhancers modulate bursting frequency to achieve 
cell-type-specific gene expression (Larsson et al., 2019), supporting 
the idea that regulation of transcriptional bursting is a general mecha-
nism of gene control conserved across species. These findings are 
also consistent with the idea that enhancer–promoter interaction and 
resulting transcriptional bursting are dynamically regulated within 
the topological domains during development. Intriguingly, when do-
main organization was altered by placing an insulator DNA between 
enhancer and its target promoter, the bursting frequency was signifi-
cantly diminished (Figure 1d, bottom; Fukaya et al., 2016), suggesting 
that the occurrence of cell-type-specific sub-TAD structures can also 
contribute to modulation of bursting frequency.

4  | MOLECUL AR MECHANISM OF TAD 
FORMATION

It has become clear that TAD boundaries are enriched with the bind-
ing sites of a Zinc-finger DNA-binding protein CCCTF-binding factor 

(CTCF; Rao et al., 2014; Sexton et al., 2012; Nora et al., 2012; Dixon 
et al., 2012). Originally, CTCF has been reported as an insulator pro-
tein that blocks enhancer–promoter interactions when positioned 
between them (Bell, West, & Felsenfeld, 1999). Recent 3C meth-
ods suggested that the enhancer-blocking activity of CTCF relies 
on its capability of alternating genome configuration to establish 
TAD boundaries (reviewed in Ong & Corces, 2014). Whole-genome 
ChIP studies revealed that most CTCF binding sites co-localize with 
cohesin, a ring-shaped SMC protein complex (Rubio et al., 2008; 
Wendt et al., 2008), suggesting that these factors cooperatively 
regulate genome organization. Intriguingly, CTCF-binding sites have 
a sequence directionality, and those at TAD boundaries are typically 
found to be facing with each other in a convergent orientation (Rao 
et al., 2014), indicating that the relative position and orientation of 
CTCF sites are the key determinants of genome organization. The 
most plausible explanation that summarizes these observations is 
that cohesin molecules are preferentially recruited to convergent 
CTCF sites to embrace two separated genomic locations in cis, which 
results in the formation of self-associating loop domains. Supporting 
this idea, CRISPR-inversion of CTCF sites at the protocadherin and 
β-globin locus dramatically changes the domain organization and the 
profile of enhancer–promoter interaction (Guo et al., 2015). Acute 
depletion of CTCF or Rad21, a kleisin subunit of the cohesin com-
plex, eliminates essentially all TADs observed with population-based 
Hi-C methods (Nora et al., 2017; Rao et al., 2017; Wutz et al., 2017), 
highlighting the functional importance of these proteins in TAD 
formation and maintenance. It has also been reported that cohesin-
loading factor Nipbl and unloading factor Wapl play an important 
role in this process by balancing the extent to which cohesin mol-
ecules are associated with the chromatin during interphase (Gassler 
et al., 2017; Haarhuis et al., 2017; Schwarzer et al., 2017).

Then, how do CTCF and cohesin mediate TAD formation? Recent 
computational polymer simulations have suggested that cohesin 
functions as a cis-acting looping factor that progressively extrudes 
a chromatin fiber to form larger loops until it encounters convergent 
CTCF sites (Figure 2a; Sanborn et al., 2015; Fudenberg et al., 2016). 
Indeed, this loop extrusion model seems to be consistent with the 
experimental data obtained from recent Hi-C studies in CTCF- and 
cohesin-depleted cells. For example, in the absence of CTCF, cohesin 
complex can still bind chromatin to extrude loops but fails to stop at 
the CTCF sites, leading to the loss of defined TAD boundaries (Nora 
et al., 2017; Wutz et al., 2017). On the other hand, when cohesin-
unloading factor Wapl is depleted from cells, cohesin complex more 
stably associates with chromatin during loop extrusion and starts 
to form extended loops (Gassler et al., 2017; Haarhuis et al., 2017; 
Wutz et al., 2017), implicating that duration of extruding cohesin is 
dynamically regulated by Wapl. In contrast, TADs were lost when 
cohesin-loading factor Nipbl was depleted since cohesin failed to be 
recruited to the initiation sites of loop extrusion (Schwarzer et al., 
2017).

Interestingly, recent Hi-C study suggested that Nipbl-binding 
sites are often accumulated near the one of convergent CTCF sites. 
When cohesin is asymmetrically loaded, it immediately reaches one 
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of the CTCF sites and only can extrude loops to the other side. Such 
one-directional loop extrusion is implicated to facilitate a bound-
ary element to interact with entire regions within a TAD (Figure 2b; 
Vian et al., 2018). Super-enhancers, or large clusters of enhancers, 
often coincide with asymmetric Nipbl binding sites, suggesting that 
one-directional extrusion facilitates long-range enhancer–promoter 
interaction and transcriptional activation. However, the functional 
significance of TAD formation is still under debate since another 
recent study reported only minor changes in the gene expression 
profile even after Rad21-depletion in cultured cell lines (Rao et al., 
2017). It might be possible that TADs are more critical in determining 
the specificity rather than the level of gene activities in the context 
of developmental processes.

5  | THE MECHANISM OF COHESIN 
TR ANSLOC ATION

Recent single-molecule imaging studies revealed that condensin, 
a SMC protein complex that mediates mitotic chromosome as-
sembly, acts as an ATP-dependent motor that can extrude loops 
of non-chromatinized DNA when tested in vitro (Ganji et al., 2018; 
Terakawa et al., 2017). This observation suggests that cohesin, a 
related SMC protein complex, also mediates loop extrusion in an 
ATP-dependent manner. Supporting this view, recent Hi-C study 

reported that ATP depletion leads to loss of TADs in cells, implicating 
that ATP-fueled cohesin extrusion, which is presumably catalyzed 
by Smc1 and Smc3 ATPase subunits of the complex, mediates TAD 
formation during interphase (Figure 2c; Vian et al., 2018). However, 
direct experimental evidence of cohesin extrusion has not been ob-
tained yet, and thus, it is still under debate whether cohesin acts 
as an ATP-dependent translocation enzyme by itself. Importantly, 
recent single-molecule imaging study reported that RNA polymer-
ase can push over cohesin molecules along DNA until it encounters 
CTCF site in vitro (Figure 2d; Davidson et al., 2016). Consistent with 
this result, cohesin accumulates at the 3′ ends of convergently tran-
scribed genes in a transcription-dependent manner in yeast (Glynn 
et al., 2004; Lengronne et al., 2004). Also, in mammalian cells, forma-
tion of “cohesin islands” at 3′ ends of active genes was seen in CTCF/
Wapl double-knockout cells (Busslinger et al., 2017). These results 
clearly show that transcription can influence translocation of co-
hesin along chromatin. However, even after global inhibition of tran-
scription by alpha-amanitin or triptolide, TADs were still formed in 
developing Drosophila embryos (Hug, Grimaldi, Kruse, & Vaquerizas, 
2017), suggesting that the transcription-independent mechanism 
also supports TAD formation. It might be possible that multiple dif-
ferent mechanisms cooperatively mediate cohesin translocation to 
shape the interphase chromosome topology. Future biochemical/
biophysical studies and single-cell analysis will provide a concrete 
molecular explanation for cohesin translocation that underlies 3D 
genome organization.

6  | DYNAMIC S OF INTERPHA SE 
CHROMOSOME TOPOLOGY

Hi-C assays using populations of cultured cells showed that TADs 
are mostly invariant across cell types (Rao et al., 2014; Smith et al., 
2016). In contrast, recent single-cell Hi-C methods reported that ge-
nome topologies are highly variable even among the same cell types 
(Flyamer et al., 2017; Nagano et al., 2013, 2017; Stevens et al., 2017), 
suggesting that TADs seen in bulk approaches emerge as a conse-
quence of population averaging of individual unique configurations. 
Supporting this view, single-cell imaging of topological domains re-
vealed that the genome can adopt different 3D configurations by an-
choring different CTCF/cohesin sites (Bintu et al., 2018). Averaging 
of individual structures faithfully recapitulates the previously re-
ported population-based Hi-C profiles, supporting the idea that 
seemingly invariant TADs appear as an average of highly dynamic 
genome configuration. Strikingly, even when Rad21 was depleted 
by the auxin-inducible degron system (Natsume, Kiyomitsu, Saga, & 
Kanemaki, 2016), TAD-like structures were still seen at the single-
cell level (Bintu et al., 2018). These structures arise by anchoring 
random genomic locations without any site preference, resulting in 
loss of TADs in population averaged profiles. Importantly, this gives 
rise to the possibility that cohesin itself is not required for TAD for-
mation per se. Instead, it is likely that cohesin restricts non-specific 
interactions by facilitating the anchoring of specific convergent 

F IGURE  2 Proposed models for topologically associating 
domain (TAD) formation. (a) Formation of TADs via loop extrusion. 
Extruding cohesin stops at the convergent CCCTF-binding factor 
(CTCF) sites to from a self-associating loop domain. (b) Asymmetric 
loading of cohesin leads to one-directional loop extrusion. (c) 
ATP-dependent translocation model. The cohesin subunits Smc1 
and Smc3 have an ATPase activity. (d) Transcription-dependent 
translocation model. Elongating RNA polymerase can push over 
cohesin molecules along chromatin.
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CTCF sites. Indeed, this model is consistent with the recent studies 
of somatic homolog pairing in fruit flies. Physical association of ho-
mologous chromosomes is thought to be a widespread mechanism 
in the Drosophila genome that can lead to trans-homolog enhancer–
promoter communication, or transvection (reviewed in Fukaya & 
Levine, 2017). It is conceivable that cohesin molecules embrace two 
homologs as they do for cohesion of sister chromatids during inter-
phase. However, even when Rad21 was depleted from Drosophila S2 
cells, trans-homolog associations were still maintained (Senaratne, 
Joyce, Nguyen, & Wu, 2016), suggesting that cohesin-independent 
mechanism underlies interactions between homologous chro-
mosomes. Future studies should address the nature of cohesin-
independent genome interactions both in cis and trans.

7  | MECHANISM AND FUNC TION OF 
TR ANSCRIPTIONAL CONDENSATES

High-resolution 3C methods and imaging studies have suggested 
that transcriptional enhancers can often physically associate with 
each other (e.g., Allahyar et al., 2018; Beagrie et al., 2017), imply-
ing that enhancers have a “sticky” property that mediates their self-
aggregation within a nucleus. Importantly, when cohesin is depleted 
from cells, enhancer–enhancer contacts start to occur at unusually 
high frequency (Rao et al., 2017), suggesting that TADs restrict inap-
propriate aggregation of enhancers during transcriptional activation. 
Interestingly, recent studies reported that many of transcription 
factors and co-activators contain intrinsically disordered regions 
(IDRs). IDRs are a class of polypeptide segments with a high con-
tent of hydrophilic amino acids that can drive liquid–liquid phase-
separation via multivalent interaction of IDR-containing proteins. In 
recent years, it is becoming increasingly clear that phase-separation 
plays a fundamentally important role in widespread biological pro-
cesses including assembly of cytoplasmic RNA granules (Molliex 
et al., 2015), nuclear paraspeckles (Yamazaki et al., 2018), nucleoli 
(Feric et al., 2016), and heterochromatin (Larson et al., 2017; Strom 
et al., 2017). Notably, recent imaging and biochemical studies have 

provided evidence that IDRs in the transcription apparatus drive 
phase-separation or condensate formation that may serve as a “hub” 
for transcriptional activation (Boija et al., 2018; Cho et al., 2018; 
Chong et al., 2018; Sabari et al., 2018; Shin et al., 2018).

Brd4, a member of the bromodomain protein family, is a major 
transcriptional co-activator that binds to acetylated histones (e.g., 
H3K27ac) and transcription factors at enhancers (Chapuy et al., 
2013; Dey, Chitsaz, Abbasi, Misteli, & Ozato, 2003). The C-terminal 
domain of Brd4 contains a characteristic disordered region that can 
drive dynamic condensation via phase-separation in vivo (Sabari 
et al., 2018). Similarly, Med11, a key subunit of the Mediator co-
activator complex, is also capable of inducing phase-separation 
through its conserved C-terminal IDR. When cells were treated with 
1,6-hexanediol that perturbs weak hydrophobic protein interactions 
(Patel, Belmont, Sante, & Rexach, 2007), the level of Brd4 and Med11 
association at enhancers was diminished, which results in concom-
itant reduction of transcription activities of target genes (Sabari 
et al., 2018). More recently, it has been shown that the activation 
domain of well-characterized transcription factors such as mouse 
Oct4 and yeast GCN4 can drive the formation of phase-separated 
droplets that colocalize with Mediator droplets (Boija et al., 2018). 
Also, in early Drosophila embryos, clustering of key transcription fac-
tors such as Zelda, Bicoid, and Ultrabithorax has been reported so 
far (Dufourt et al., 2018; Mir et al., 2017; Tsai et al., 2017). Thus, it 
can be possible that enhancers act as a scaffold where transcription 
factors and co-activators dynamically accumulate for subsequent re-
cruitment of Pol II molecules to target genes (Figure 3a).

Consistent with this idea, recent super-resolution live imaging 
studies revealed that not only the Mediator complex but also Pol II 
forms dynamic condensates in mammalian cells (Cho et al., 2016, 
2018; Cisse et al., 2013). While most of these Pol II condensates 
are short-lived, they also form large stable clusters within a nu-
cleus in mouse ES cells. When phosphorylation of Ser2 at the C-
terminal domain (CTD) of Pol II was inhibited by 5,6-dichlorobenzi
midazone-1-B-D-ribofuranoside (DRB), stable Pol II clustering was 
lost. Since the Ser2 phosphorylation by Cdk9 is essential for Pol II 
to initiate productive transcriptional elongation (Rahl et al., 2010), 

F IGURE  3 Gene control via dynamic 
condensation of transcriptional apparatus. 
(a) Many of transcription factors and co-
activators contain intrinsically disordered 
regions (IDRs) that can induce formation 
of phase-separated droplets in cells. 
(b) Heptapeptide repeats in C-terminal 
domain (CTD) can mediate dynamic 
clustering of Pol II molecules in cells. 
Upon phosphorylation of Ser5 (catalyzed 
by Cdk7) and Ser2 (catalyzed by Cdk9), 
Pol II initiates productive transcription 
elongation.
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it is likely that the stable clusters are formed as a consequence 
of active transcription. In contrast, the short-lived Pol II clusters 
seem to be condensates of unphosphorylated complexes that may 
contribute to consecutive initiation and subsequent elongation 
during transcriptional bursting (Cho et al., 2016). Consistent with 
this model, a recent biochemical study reported that YSPTSPS 
heptapeptide repeats in the Pol II CTD induce formation of 
phase-separated droplets that can facilitate local accumulation of 
Pol II molecules both in vitro and in vivo (Boehning et al., 2018). 
Importantly, upon phosphorylation, Pol II escapes from the drop-
lets to start productive elongation (Kwon et al., 2013), suggesting 
that the dynamic assembly and disassembly processes of short-
lived clusters are regulated by the phosphorylation state of the 
Pol II CTD (Figure 3b). Intriguingly, the elongation factor p-TEFb, 
a complex of Cyclin T1 and Cdk9, is also implicated to undergo 
phase-separation to facilitate the Ser2 phosphorylation during 
transcriptional activation (Lu et al., 2018). Overall, these recent 
findings are consistent with the model in which dynamic conden-
sation of transcription factors, co-activators, elongation factors 
and Pol II complexes contributes to gene expression by producing 
a microenvironment that compartmentalizes transcription reac-
tions within the nucleus.

8  | FUNC TIONAL INTERPL AY 
BET WEEN TR ANSCRIPTION HUBS AND 
CHROMOSOME TOPOLOGY

In the traditional view, enhancers are thought to interact with pro-
moters through formation of stable loops in a targeted manner. 

According to this model, it is expected that a single enhancer can 
activate only one target promoter at a given time. However, recent 
live imaging studies revealed that a shared enhancer can co-activate 
multiple linked genes in cis (Fukaya et al., 2016). More recently, it has 
also been reported that a single enhancer can drive co-activation of 
two reporters across homologous chromosomes (Lim, Heist, Levine, 
& Fukaya, 2018). These observations appear to be consistent with 
the emerging model where enhancers activate target promoters 
through formation of “transcription hubs,” rather than mutually ex-
clusive looping interactions.

While it appears that enhancers are intrinsically capable of co-
activating multiple promoters when tested (Fukaya et al., 2016), spec-
ificity of regulatory interactions seems to be tightly regulated by the 
local genome configuration to prevent promiscuous transcriptional ac-
tivation. For example, in the Drosophila even-skipped (eve) locus, stripe 
enhancers and eve transcription unit are all embedded in a single TAD 
that is bordered by two insulators, Homie and Nhomie (Figure 4a, left; 
Fujioka, Sun, & Jaynes, 2013; Fujioka, Wu, & Jaynes, 2009; Cubenas-
Potts et al., 2017). When a synthetic enhancer-less lacZ reporter 
was placed in a remote location outside of the eve TAD, the stripe 
enhancers do not activate lacZ (Fujioka et al., 2009). However, when 
re-organization of genome structure was induced by using the pair-
ing of endogenous Homie and synthetic Homie, the stripe enhancers 
start to co-activate both the endogenous eve and synthetic lacZ si-
multaneously (Figure 4a, right; Chen et al., 2018). Similarly, in early fly 
embryos, trans-homolog co-activation occurs only when stable asso-
ciation of homologous chromosomes was induced by pairing of insu-
lators (Figure 4b; Lim et al., 2018; Fujioka, Mistry, Schedl, & Jaynes, 
2016), indicating that genome configurations significantly change 
the range that enhancers can act. Importantly, when co-activation 

F IGURE  4 Co-activation of multiple promoters by shared enhancers. (a) Organization of the endogenous eve locus in Drosophila. 
Insertion of synthetic Homie insulator-lacZ construct induces re-organization of genome configuration via Homie-Homie insulator pairing, 
leading to co-activation of eve and lacZ by endogenous stripe enhancers. (b) Pairing of insulators facilitates stable homolog association and 
co-activation of two reporters by a shared enhancer
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happens, two promoters start to compete with each other for shared 
pool of the transcription machineries (Chen et al., 2018; Lim et al., 
2018), again supporting the occurrence of transcription hubs during 
gene activation.

9  | FUTURE PERSPEC TIVES

While recent live-imaging methods have suggested that the for-
mation of transcription hub is an important feature of enhancer 
function (Chen et al., 2018; Fukaya et al., 2016; Lim et al., 2018), 
it still remains unclear how enhancers produce such a nuclear mi-
croenvironment during transcriptional activation. Since the current 
evidence of phase-separation model largely stems from the analy-
sis of super-enhancers (Boija et al., 2018; Cho et al., 2018; Sabari 
et al., 2018), it is yet to be determined whether canonical enhanc-
ers drive transcription in an IDR-dependent manner as well. It might 
be possible that phase-separation is not a prerequisite for the en-
hancer function in general, but plays an auxiliary role to help the 
efficiency of transcription by increasing the local concentration 
of effector proteins at specific genomic locations. In other words, 
phase-separation may contribute to increase the size of transcrip-
tion hub, but the hub formation itself may not entirely rely on the 
phase-separation mechanism. Cleary, future functional studies are 
needed to fully elucidate the role of IDRs and the mechanism of hub 
formation. Another major challenge in the field is to define the role 
of topological domains in the control of enhancer–promoter com-
munication. While a number of genetic studies have shown that loss 
of TAD boundaries significantly impacts regulatory interactions and 
spatial patterning of gene activities, a recent genome-wide method 
reported that expression profiles are largely unaffected even after 
Rad21-depletion in cultured cells (Rao et al., 2017). To reconcile this 
controversy, it is key to develop a new experimental framework that 
combines single-cell imaging methods and genetic approaches to 
directly visualize the role of topological domains in the context of 
animal development. The advent of quantitative live-imaging and 
genome editing methods has a strong potential to unravel the func-
tional interplay between transcriptional enhancers and chromosome 
topology, and should greatly augment our current capacity to su-
perimpose whole-genome regulatory landscapes onto the enhancer 
dynamics in gene regulation.

ACKNOWLEDG MENT

We thank Bomyi Lim, Tyler Heist, Hiroshi Sasaki, and Shiho Makino 
for insightful discussions and critical reading of the manuscript. This 
work was supported by the Leading Initiative for Excellent Young 
Researchers (to T.F.) from the Ministry of Education, Culture, Sports, 
Science and Technology in Japan, and the Grant-in-Aid for Research 
Activity Start-up (grant number JP18H06040; to T.F.) and the Grant-
in-Aid for Young Scientists B (grant number JP17K17834; to M.Y.) 
from the Japan Society for the Promotion of Science, and research 
grant for young scientists from the Molecular Biology Society 

of Japan (to T.F.), and research grant from the Mochida Memorial 
Foundation for Medical and Pharmaceutical Research (to T.F.).

ORCID

Takashi Fukaya   https://orcid.org/0000-0003-1478-6860 

R E FE R E N C E S

Allahyar, A., Vermeulen, C., Bouwman, B. A. M., Krijger, P. H. L., 
Verstegen, M. J. A. M., Geeven, G., … de Laat, W. (2018). Enhancer 
hubs and loop collisions identified from single-allele topolo-
gies. Nature Genetics, 50, 1151–1160. https://doi.org/10.1038/
s41588-018-0161-5

Amano, T., Sagai, T., Tanabe, H., Mizushina, Y., Nakazawa, H., & 
Shiroishi, T. (2009). Chromosomal dynamics at the Shh locus: Limb 
bud-specific differential regulation of competence and active tran-
scription. Developmental Cell, 16, 47–57. https://doi.org/10.1016/j.
devcel.2008.11.011

Arnold, C. D., Gerlach, D., Stelzer, C., Boryn, L. M., Rath, M., & Stark, A. 
(2013). Genome-wide quantitative enhancer activity maps identified 
by STARR-seq. Science (New York, N.Y.), 339, 1074–1077. https://doi.
org/10.1126/science.1232542

Banerji, J., Olson, L., & Schaffner, W. (1983). A lymphocyte-specific 
cellular enhancer is located downstream of the joining region in 
immunoglobulin heavy chain genes. Cell, 33, 729–740. https://doi.
org/10.1016/0092-8674(83)90015-6

Banerji, J., Rusconi, S., & Schaffner, W. (1981). Expression of a beta-globin 
gene is enhanced by remote SV40 DNA sequences. Cell, 27, 299–
308. https://doi.org/10.1016/0092-8674(81)90413-x

Bartman, C. R., Hsu, S. C., Hsiung, C. C., Raj, A., & Blobel, G. A. (2016). 
Enhancer regulation of transcriptional bursting parameters revealed 
by forced chromatin looping. Molecular Cell, 62, 237–247. https://doi.
org/10.1016/j.molcel.2016.03.007

Beagrie, R. A., Scialdone, A., Schueler, M., Kraemer, D. C., Chotalia, M., 
Xie, S. Q., … Pombo, A. (2017). Complex multi-enhancer contacts 
captured by genome architecture mapping. Nature, 543, 519–524. 
https://doi.org/10.1038/nature21411

Bell, A. C., West, A. G., & Felsenfeld, G. (1999). The protein CTCF is re-
quired for the enhancer blocking activity of vertebrate insulators. 
Cell, 98, 387–396. https://doi.org/10.1016/s0092-8674(00)81967-4

Bintu, B., Mateo, L. J., Su, J. H., Sinnott-Armstrong, N. A., Parker, M., 
Kinrot, S., … Zhuang, X. (2018). Super-resolution chromatin tracing 
reveals domains and cooperative interactions in single cells. Science 
(New York, N.Y.), 362, 1783. https://doi.org/10.1126/science.aau1783

Boehning, M., Dugast-Darzacq, C., Rankovic, M., Hansen, A. S., Yu, T., 
Marie-Nelly, H., … Zweckstetter, M. (2018). RNA polymerase II clus-
tering through carboxy-terminal domain phase separation. Nature 
Structural & Molecular Biology, 25, 833–840. https://doi.org/10.1038/
s41594-018-0112-y

Boija, A., Klein, I. A., Sabari, B. R., Dall'Agnese, A., Coffey, E. L., 
Zamudio, A. V., … Young, R. A. (2018). Transcription factors acti-
vate genes through the phase-separation capacity of their activa-
tion domains. Cell, 175(7), 1842–1855. https://doi.org/10.1016/j.
cell.2018.10.042

Bothma, J. P., Garcia, H. G., Esposito, E., Schlissel, G., Gregor, T., & 
Levine, M. (2014). Dynamic regulation of eve stripe 2 expres-
sion reveals transcriptional bursts in living Drosophila embryos. 
Proceedings of the National Academy of Sciences of the United 
States of America, 111, 10598–10603. https://doi.org/10.1073/
pnas.1410022111

Busslinger, G. A., Stocsits, R. R., van der Lelij, P., Axelsson, E., Tedeschi, 
A., Galjart, N., & Peters, J. M. (2017). Cohesin is positioned in 

https://orcid.org/0000-0003-1478-6860
https://orcid.org/0000-0003-1478-6860
https://doi.org/10.1038/s41588-018-0161-5
https://doi.org/10.1038/s41588-018-0161-5
https://doi.org/10.1016/j.devcel.2008.11.011
https://doi.org/10.1016/j.devcel.2008.11.011
https://doi.org/10.1126/science.1232542
https://doi.org/10.1126/science.1232542
https://doi.org/10.1016/0092-8674(83)90015-6
https://doi.org/10.1016/0092-8674(83)90015-6
https://doi.org/10.1016/0092-8674(81)90413-x
https://doi.org/10.1016/j.molcel.2016.03.007
https://doi.org/10.1016/j.molcel.2016.03.007
https://doi.org/10.1038/nature21411
https://doi.org/10.1016/s0092-8674(00)81967-4
https://doi.org/10.1126/science.aau1783
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1038/s41594-018-0112-y
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1073/pnas.1410022111
https://doi.org/10.1073/pnas.1410022111


350  |     YOKOSHI and FUKAYA

mammalian genomes by transcription, CTCF and Wapl. Nature, 544, 
503–507. https://doi.org/10.1038/nature22063

Chapuy, B., Mckeown, M. R., Lin, C. Y., Monti, S., Roemer, M. G., 
Qi, J., … Bradner, J. E. (2013). Discovery and characterization of 
super-enhancer-associated dependencies in diffuse large B cell 
lymphoma. Cancer Cell, 24, 777–790. https://doi.org/10.1016/j.
ccr.2013.11.003

Chen, H., Levo, M., Barinov, L., Fujioka, M., Jaynes, J. B., & Gregor, T. 
(2018). Dynamic interplay between enhancer-promoter topology 
and gene activity. Nature Genetics, 50, 1296–1303. https://doi.
org/10.1038/s41588-018-0175-z

Cho, W. K., Jayanth, N., English, B. P., Inoue, T., Andrews, J. O., Conway, 
W., … Cisse, I. I. (2016). RNA Polymerase II cluster dynamics predict 
mRNA output in living cells. eLife, 5, e13617. https://doi.org/10.7554/
elife 13617

Cho, W. K., Spille, J. H., Hecht, M., Lee, C., Li, C., Grube, V., & Cisse, 
I. I. (2018). Mediator and RNA polymerase II clusters associate in 
transcription-dependent condensates. Science (New York, N.Y.), 361, 
412–415. https://doi.org/10.1126/science.aar4199

Chong, S., Dugast-Darzacq, C., Liu, Z., Dong, P., Dailey, G. M., Cattoglio, 
C., … Tjian, R. (2018). Imaging dynamic and selective low-complexity 
domain interactions that control gene transcription. Science (New 
York, N.Y.), 361, aar2555. https://doi.org/10.1126/science.aar2555

Chubb, J. R., Trcek, T., Shenoy, S. M., & Singer, R. H. (2006). Transcriptional 
pulsing of a developmental gene. Current Biology : CB, 16, 1018–1025. 
https://doi.org/10.1016/j.cub.2006.03.092

Cisse, I. I., Izeddin, I., Causse, S. Z., Boudarene, L., Senecal, A., Muresan, 
L., … Darzacq, X. (2013). Real-time dynamics of RNA polymerase II 
clustering in live human cells. Science (New York, N.Y.), 341, 664–667. 
https://doi.org/10.1126/science.1239053

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

Davidson, I. F., Goetz, D., Zaczek, M. P., Molodtsov, M. I., Huis In ‘t-Veld, 
P. J., Weissmann, F., … Peters, J. M. (2016). Rapid movement and 
transcriptional re-localization of human cohesin on DNA. The EMBO 
Journal, 35, 2671–2685. https://doi.org/10.15252/embj.201695402

Dekker, J., Rippe, K., Dekker, M., & Kleckner, N. (2002). Capturing chro-
mosome conformation. Science (New York, N.Y.), 295, 1306–1311. 
https://doi.org/10.1126/science.1067799

Dey, A., Chitsaz, F., Abbasi, A., Misteli, T., & Ozato, K. (2003). The dou-
ble bromodomain protein Brd4 binds to acetylated chromatin during 
interphase and mitosis. Proceedings of the National Academy of 
Sciences of the United States of America, 100, 8758–8763. https://doi.
org/10.1073/pnas.1433065100

Dixon, J. R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., … Ren, B. (2012). 
Topological domains in mammalian genomes identified by analy-
sis of chromatin interactions. Nature, 485, 376–380. https://doi.
org/10.1038/nature11082

Dufourt, J., Trullo, A., Hunter, J., Fernandez, C., Lazaro, J., Dejean, 
M., … Lagha, M. (2018). Temporal control of gene expression 
by the pioneer factor Zelda through transient interactions in 
hubs. Nature Communications, 9, 5194. https://doi.org/10.1038/
s41467-018-07613-z

ENCODE Project Consortium (2012). An integrated encyclopedia of 
DNA elements in the human genome. Nature, 489, 57–74. https://doi.
org/10.1038/nature11247

Feric, M., Vaidya, N., Harmon, T. S., Mitrea, D. M., Zhu, L., Richardson, 
T. M., … Brangwynne, C. P. (2016). Coexisting liquid phases under-
lie nucleolar subcompartments. Cell, 165, 1686–1697. https://doi.
org/10.1016/j.cell.2016.04.047

Flyamer, I. M., Gassler, J., Imakaev, M., Brandão, H. B., Ulianov, S. V., 
Abdennur, N., … Tachibana-Konwalski, K. (2017). Single-nucleus Hi-C 

reveals unique chromatin reorganization at oocyte-to-zygote tran-
sition. Nature, 544, 110–114. https://doi.org/10.1038/nature21711

Fudenberg, G., Imakaev, M., Lu, C., Goloborodko, A., Abdennur, N., & 
Mirny, L. A. (2016). Formation of chromosomal domains by loop 
extrusion. Cell Reports, 15, 2038–2049. https://doi.org/10.1016/j.
celrep.2016.04.085

Fujioka, M., Mistry, H., Schedl, P., & Jaynes, J. B. (2016). Determinants 
of chromosome architecture: Insulator pairing in cis and in trans. 
PLoS Genetics, 12, e1005889. https://doi.org/10.1371/journal.
pgen.1005889

Fujioka, M., Sun, G., & Jaynes, J. B. (2013). The Drosophila eve insula-
tor Homie promotes eve expression and protects the adjacent gene 
from repression by polycomb spreading. PLoS Genetics, 9, e1003883. 
https://doi.org/10.1371/journal.pgen.1003883

Fujioka, M., Wu, X., & Jaynes, J. B. (2009). A chromatin insulator mediates 
transgene homing and very long-range enhancer-promoter commu-
nication. Development, 136, 3077–3087. https://doi.org/10.1242/
dev.036467

Fukaya, T., & Levine, M. (2017). Transvection. Current Biology  :  CB, 27, 
R1047–R1049. https://doi.org/10.1016/j.cub.2017.08.001

Fukaya, T., Lim, B., & Levine, M. (2016). Enhancer control of transcrip-
tional bursting. Cell, 166, 358–368. https://doi.org/10.1016/j.
cell.2016.05.025

Ganji, M., Shaltiel, I. A., Bisht, S., Kim, E., Kalichava, A., Haering, C. 
H., & Dekker, C. (2018). Real-time imaging of DNA loop extrusion 
by condensin. Science (New York, N.Y.), 360, 102–105. https://doi.
org/10.1126/science.aar7831

Gassler, J., Brandão, H. B., Imakaev, M., Flyamer, I. M., Ladstätter, S., 
Bickmore, W. A., … Tachibana, K. (2017). A mechanism of cohesin-
dependent loop extrusion organizes zygotic genome architecture. 
The EMBO Journal, 36, 3600–3618. https://doi.org/10.15252/
embj.201798083

Gillies, S. D., Morrison, S. L., Oi, V. T., & Tonegawa, S. (1983). A tissue-
specific transcription enhancer element is located in the major intron 
of a rearranged immunoglobulin heavy chain gene. Cell, 33, 717–728. 
https://doi.org/10.1016/0092-8674(83)90014-4

Glynn, E. F., Megee, P. C., Yu, H. G., Mistrot, C., Unal, E., Koshland, D. 
E., … Gerton, J. L. (2004). Genome-wide mapping of the cohesin 
complex in the yeast Saccharomyces cerevisiae. PLoS Biology, 2, E259. 
https://doi.org/10.1371/journal.pbio.0020259

Guo, Y., Xu, Q., Canzio, D., Shou, J., Li, J., Gorkin, D. U., … Wu, Q. 
(2015). CRISPR inversion of CTCF sites alters genome topology 
and enhancer/promoter function. Cell, 162, 900–910. https://doi.
org/10.1016/j.cell.2015.07.038

Haarhuis, J. H. I., Van Der Weide, R. H., Blomen, V. A., Yáñez-Cuna, J. 
O., Amendola, M., van Ruiten, M. S., … Rowland, B. D. (2017). The 
cohesin release factor WAPL restricts chromatin loop extension. Cell, 
169, 693–707 e614. https://doi.org/10.1016/j.cell.2017.04.013

Hnisz, D., Weintraub, A. S., Day, D. S., Valton, A. L., Bak, R. O., Li, C. H., 
… Young, R. A. (2016). Activation of proto-oncogenes by disruption 
of chromosome neighborhoods. Science (New York, N.Y.), 351, 1454–
1458. https://doi.org/10.1126/science.aad9024

Hug, C. B., Grimaldi, A. G., Kruse, K., & Vaquerizas, J. M. (2017). 
Chromatin architecture emerges during zygotic genome activation 
independent of transcription. Cell, 169, 216–228 e219.

Juven-Gershon, T., Hsu, J. Y., Theisen, J. W., & Kadonaga, J. T. (2008). 
The RNA polymerase II core promoter – the gateway to tran-
scription. Current Opinion in Cell Biology, 20, 253–259. https://doi.
org/10.1016/j.ceb.2008.03.003

Kvon, E. Z., Kazmar, T., Stampfel, G., Yáñez-Cuna, J. O., Pagani, M., 
Schernhuber, K., … Stark, A. (2014). Genome-scale functional char-
acterization of Drosophila developmental enhancers in vivo. Nature, 
512, 91–95. https://doi.org/10.1038/nature13395

Kwon, I., Kato, M., Xiang, S., Wu, L., Theodoropoulos, P., Mirzaei, H., … 
McKnight, S. L. (2013). Phosphorylation-regulated binding of RNA 

https://doi.org/10.1038/nature22063
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1038/s41588-018-0175-z
https://doi.org/10.1038/s41588-018-0175-z
https://doi.org/10.7554/elife
https://doi.org/10.7554/elife
https://doi.org/10.1126/science.aar4199
https://doi.org/10.1126/science.aar2555
https://doi.org/10.1016/j.cub.2006.03.092
https://doi.org/10.1126/science.1239053
https://doi.org/10.1093/nar/gkw1114
https://doi.org/10.1093/nar/gkw1114
https://doi.org/10.15252/embj.201695402
https://doi.org/10.1126/science.1067799
https://doi.org/10.1073/pnas.1433065100
https://doi.org/10.1073/pnas.1433065100
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/nature11082
https://doi.org/10.1038/s41467-018-07613-z
https://doi.org/10.1038/s41467-018-07613-z
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1038/nature21711
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1371/journal.pgen.1005889
https://doi.org/10.1371/journal.pgen.1005889
https://doi.org/10.1371/journal.pgen.1003883
https://doi.org/10.1242/dev.036467
https://doi.org/10.1242/dev.036467
https://doi.org/10.1016/j.cub.2017.08.001
https://doi.org/10.1016/j.cell.2016.05.025
https://doi.org/10.1016/j.cell.2016.05.025
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1126/science.aar7831
https://doi.org/10.15252/embj.201798083
https://doi.org/10.15252/embj.201798083
https://doi.org/10.1016/0092-8674(83)90014-4
https://doi.org/10.1371/journal.pbio.0020259
https://doi.org/10.1016/j.cell.2015.07.038
https://doi.org/10.1016/j.cell.2015.07.038
https://doi.org/10.1016/j.cell.2017.04.013
https://doi.org/10.1126/science.aad9024
https://doi.org/10.1016/j.ceb.2008.03.003
https://doi.org/10.1016/j.ceb.2008.03.003
https://doi.org/10.1038/nature13395


     |  351YOKOSHI and FUKAYA

polymerase II to fibrous polymers of low-complexity domains. Cell, 
155, 1049–1060. https://doi.org/10.1016/j.cell.2013.10.033

Larson, A. G., Elnatan, D., Keenen, M. M., Trnka, M. J., Johnston, J. B., 
Burlingame, A. L., … Narlikar, G. J. (2017). Liquid droplet formation by 
HP1alpha suggests a role for phase separation in heterochromatin. 
Nature, 547, 236–240. https://doi.org/10.1038/nature22822

Larson, D. R., Zenklusen, D., Wu, B., Chao, J. A., & Singer, R. H. (2011). 
Real-time observation of transcription initiation and elongation on 
an endogenous yeast gene. Science (New York, N.Y.), 332, 475–478. 
https://doi.org/10.1126/science.1202142

Larsson, A. J. M., Johnsson, P., Hagemann-Jensen, M., Hartmanis, L., 
Faridani, O. R., Reinius, B., … Sandberg, R. (2019). Genomic encoding 
of transcriptional burst kinetics. Nature, 565, 251–254. https://doi.
org/10.1038/s41586-018-0836-1

Lengronne, A., Katou, Y., Mori, S., Yokobayashi, S., Kelly, G. P., Itoh, T., … 
Uhlmann, F. (2004). Cohesin relocation from sites of chromosomal 
loading to places of convergent transcription. Nature, 430, 573–578. 
https://doi.org/10.1038/nature02742

Lettice, L. A., Heaney, S. J., Purdie, L. A., Li, L., de Beer, P., Oostra, B. A., 
… de Graaff, E. (2003). A long-range Shh enhancer regulates expres-
sion in the developing limb and fin and is associated with preaxial 
polydactyly. Human Molecular Genetics, 12, 1725–1735. https://doi.
org/10.1093/hmg/ddg180

Lieberman-Aiden, E., van Berkum, N. L., Williams, L., Imakaev, M., 
Ragoczy, T., Telling, A., … Dekker, J. (2009). Comprehensive map-
ping of long-range interactions reveals folding principles of the 
human genome. Science (New York, N.Y.), 326, 289–293. https://doi.
org/10.1126/science.1181369

Lim, B., Heist, T., Levine, M., & Fukaya, T. (2018). Visualization of trans-
vection in living Drosophila embryos. Molecular Cell, 70, 287–296.
e286. https://doi.org/10.1016/j.molcel.2018.02.029

Lu, H., Yu, D., Hansen, A. S., Ganguly, S., Liu, R., Heckert, A., … Zhou, 
Q. (2018). Phase-separation mechanism for C-terminal hyperphos-
phorylation of RNA polymerase II. Nature, 558, 318–323. https://doi.
org/10.1038/s41586-018-0174-3

Lupiáñez, D. G., Kraft, K., Heinrich, V., Krawitz, P., Brancati, F., Klopocki, 
E., … Mundlos, S. (2015). Disruptions of topological chromatin do-
mains cause pathogenic rewiring of gene-enhancer interactions. Cell, 
161, 1012–1025. https://doi.org/10.1016/j.cell.2015.04.004

Mir, M., Reimer, A., Haines, J. E., Li, X. Y., Stadler, M., Garcia, H., … 
Darzacq, X. (2017). Dense Bicoid hubs accentuate binding along the 
morphogen gradient. Genes & Development, 31, 1784–1794. https://
doi.org/10.1101/gad.305078.117

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A. P., Kim, H. J., 
… Taylor, J. P. (2015). Phase separation by low complexity domains 
promotes stress granule assembly and drives pathological fibrilliza-
tion. Cell, 163, 123–133. https://doi.org/10.1016/j.cell.2015.09.015

Nagano, T., Lubling, Y., Stevens, T. J., Schoenfelder, S., Yaffe, E., Dean, 
W., … Fraser, P. (2013). Single-cell Hi-C reveals cell-to-cell vari-
ability in chromosome structure. Nature, 502, 59–64. https://doi.
org/10.1038/nature12593

Nagano, T., Lubling, Y., Várnai, C., Dudley, C., Leung, W., Baran, Y., … 
Tanay, A. (2017). Cell-cycle dynamics of chromosomal organization 
at single-cell resolution. Nature, 547, 61–67. https://doi.org/10.1038/
nature23001

Natsume, T., Kiyomitsu, T., Saga, Y., & Kanemaki, M. T. (2016). Rapid 
protein depletion in human cells by auxin-inducible degron tagging 
with short homology donors. Cell Reports, 15, 210–218. https://doi.
org/10.1016/j.celrep.2016.03.001

Neuberger, M. S. (1983). Expression and regulation of immunoglobulin 
heavy chain gene transfected into lymphoid cells. The EMBO Journal, 
2, 1373–1378. https://doi.org/10.1002/j.1460-2075.1983.tb01594.x

Nora, E. P., Goloborodko, A., Valton, A. L., Gibcus, J. H., Uebersohn, 
A., Abdennur, N., … Bruneau, B. G. (2017). Targeted degradation of 

CTCF decouples local insulation of chromosome domains from ge-
nomic compartmentalization. Cell, 169, 930–944 e922.

Nora, E. P., Lajoie, B. R., Schulz, E. G., Giorgetti, L., Okamoto, I., Servant, 
N., … Heard, E. (2012). Spatial partitioning of the regulatory land-
scape of the X-inactivation centre. Nature, 485, 381–385. https://doi.
org/10.1038/nature11049

Ong, C. T., & Corces, V. G. (2014). CTCF: An architectural protein bridg-
ing genome topology and function. Nature Reviews Genetics, 15, 234–
246. https://doi.org/10.1038/nrg3663

Pare, A., Lemons, D., Kosman, D., Beaver, W., Freund, Y., & Mcginnis, 
W. (2009). Visualization of individual Scr mRNAs during Drosophila 
embryogenesis yields evidence for transcriptional bursting. 
Current Biology  :  CB, 19, 2037–2042. https://doi.org/10.1016/j.
cub.2009.10.028

Patel, S. S., Belmont, B. J., Sante, J. M., & Rexach, M. F. (2007). Natively 
unfolded nucleoporins gate protein diffusion across the nu-
clear pore complex. Cell, 129, 83–96. https://doi.org/10.1016/j.
cell.2007.01.044

Picard, D., & Schaffner, W. (1984). A lymphocyte-specific enhancer in the 
mouse immunoglobulin kappa gene. Nature, 307, 80–82. https://doi.
org/10.1038/307080a0

Queen, C., & Baltimore, D. (1983). Immunoglobulin gene transcription 
is activated by downstream sequence elements. Cell, 33, 741–748. 
https://doi.org/10.1016/0092-8674(83)90016-8

Queen, C., & Stafford, J. (1984). Fine mapping of an immunoglobulin gene 
activator. Molecular and Cellular Biology, 4, 1042–1049. https://doi.
org/10.1128/mcb.4.6.1042

Rahl, P. B., Lin, C. Y., Seila, A. C., Flynn, R. A., McCuine, S., Burge, C. B., 
… Young, R. A. (2010). c-Myc regulates transcriptional pause release. 
Cell, 141, 432–445. https://doi.org/10.1016/j.cell.2010.03.030

Raj, A., Peskin, C. S., Tranchina, D., Vargas, D. Y., & Tyagi, S. (2006). 
Stochastic mRNA synthesis in mammalian cells. PLoS Biology, 4, e309. 
https://doi.org/10.1371/journal.pbio.0040309

Rao, S. S. P., Huang, S. C., Glenn St Hilaire, B., Engreitz, J. M., Perez, E. 
M., Kieffer-Kwon, K. R., … Aiden, E. L. (2017). Cohesin loss eliminates 
all loop domains. Cell, 171, 305–320.e324. https://doi.org/10.1016/j.
cell.2017.09.026

Rao, S. S., Huntley, M. H., Durand, N. C., Stamenova, E. K., Bochkov, I. D., 
Robinson, J. T., … Aiden, E. L. (2014). A 3D Map of the human genome 
at kilobase resolution reveals principles of chromatin looping. Cell, 
159, 1665–1680. https://doi.org/10.1016/j.cell.2014.11.021

Rubio, E. D., Reiss, D. J., Welcsh, P. L., Disteche, C. M., Filippova, G. N., 
Baliga, N. S., … Krumm, A. (2008). CTCF physically links cohesin to 
chromatin. Proceedings of the National Academy of Sciences of the 
United States of America, 105, 8309–8314. https://doi.org/10.1073/
pnas.0801273105

Sabari, B. R., Dall'Agnese, A., Boija, A., Klein, I. A., Coffey, E. L., Shrinivas, 
K., … Young, R. A. (2018). Coactivator condensation at super-
enhancers links phase separation and gene control. Science (New 
York, N.Y.), 361, aar3958. https://doi.org/10.1126/science.aar3958

Sagai, T., Hosoya, M., Mizushina, Y., Tamura, M., & Shiroishi, T. (2005). 
Elimination of a long-range cis-regulatory module causes complete 
loss of limb-specific Shh expression and truncation of the mouse limb. 
Development, 132, 797–803. https://doi.org/10.1242/dev.01613

Sanborn, A. L., Rao, S. S., Huang, S. C., Durand, N. C., Huntley, M. H., 
Jewett, A. I., … Aiden, E. L. (2015). Chromatin extrusion explains 
key features of loop and domain formation in wild-type and engi-
neered genomes. Proceedings of the National Academy of Sciences 
of the United States of America, 112, E6456–E6465. https://doi.
org/10.1073/pnas.1518552112

Schwarzer, W., Abdennur, N., Goloborodko, A., Pekowska, A., Fudenberg, 
G., Loe-Mie, Y., … Spitz, F. (2017). Two independent modes of chro-
matin organization revealed by cohesin removal. Nature, 551, 51–56. 
https://doi.org/10.1038/nature24281

https://doi.org/10.1016/j.cell.2013.10.033
https://doi.org/10.1038/nature22822
https://doi.org/10.1126/science.1202142
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/s41586-018-0836-1
https://doi.org/10.1038/nature02742
https://doi.org/10.1093/hmg/ddg180
https://doi.org/10.1093/hmg/ddg180
https://doi.org/10.1126/science.1181369
https://doi.org/10.1126/science.1181369
https://doi.org/10.1016/j.molcel.2018.02.029
https://doi.org/10.1038/s41586-018-0174-3
https://doi.org/10.1038/s41586-018-0174-3
https://doi.org/10.1016/j.cell.2015.04.004
https://doi.org/10.1101/gad.305078.117
https://doi.org/10.1101/gad.305078.117
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1038/nature12593
https://doi.org/10.1038/nature12593
https://doi.org/10.1038/nature23001
https://doi.org/10.1038/nature23001
https://doi.org/10.1016/j.celrep.2016.03.001
https://doi.org/10.1016/j.celrep.2016.03.001
https://doi.org/10.1002/j.1460-2075.1983.tb01594.x
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/nature11049
https://doi.org/10.1038/nrg3663
https://doi.org/10.1016/j.cub.2009.10.028
https://doi.org/10.1016/j.cub.2009.10.028
https://doi.org/10.1016/j.cell.2007.01.044
https://doi.org/10.1016/j.cell.2007.01.044
https://doi.org/10.1038/307080a0
https://doi.org/10.1038/307080a0
https://doi.org/10.1016/0092-8674(83)90016-8
https://doi.org/10.1128/mcb.4.6.1042
https://doi.org/10.1128/mcb.4.6.1042
https://doi.org/10.1016/j.cell.2010.03.030
https://doi.org/10.1371/journal.pbio.0040309
https://doi.org/10.1016/j.cell.2017.09.026
https://doi.org/10.1016/j.cell.2017.09.026
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1073/pnas.0801273105
https://doi.org/10.1073/pnas.0801273105
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1242/dev.01613
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1038/nature24281


352  |     YOKOSHI and FUKAYA

Senaratne, T. N., Joyce, E. F., Nguyen, S. C., & Wu, C. T. (2016). 
Investigating the interplay between sister chromatid cohesion and 
homolog pairing in Drosophila nuclei. PLoS Genetics, 12, e1006169. 
https://doi.org/10.1371/journal.pgen.1006169

Sexton, T., Yaffe, E., Kenigsberg, E., Bantignies, F., Leblanc, B., Hoichman, 
M., … Cavalli, G. (2012). Three-dimensional folding and functional or-
ganization principles of the Drosophila genome. Cell, 148, 458–472. 
https://doi.org/10.1016/j.cell.2012.01.010

Shi, J., Whyte, W. A., Zepeda-Mendoza, C. J., Milazzo, J. P., Shen, C., Roe, 
J. S., … Vakoc, C. R. (2013). Role of SWI/SNF in acute leukemia mainte-
nance and enhancer-mediated Myc regulation. Genes & Development, 
27, 2648–2662. https://doi.org/10.1101/gad.232710.113

Shin, Y., Chang, Y. C., Lee, D. S. W., Berry, J., Sanders, D. W., Ronceray, 
P., … Brangwynne, C. P. (2018). Liquid Nuclear condensates mechan-
ically sense and restructure the genome. Cell, 175, 1481–1491 e1413. 
https://doi.org/10.1016/j.cell.2018.10.057

Smith, E. M., Lajoie, B. R., Jain, G., & Dekker, J. (2016). Invariant TAD 
boundaries constrain cell-type-specific looping interactions between 
promoters and distal elements around the CFTR Locus. American 
Journal of Human Genetics, 98, 185–201. https://doi.org/10.1016/j.
ajhg.2015.12.002

Stevens, T. J., Lando, D., Basu, S., Atkinson, L. P., Cao, Y., Lee, S. F., … Laue, 
E. D. (2017). 3D structures of individual mammalian genomes stud-
ied by single-cell Hi-C. Nature, 544, 59–64. https://doi.org/10.1038/
nature21429

Strom, A. R., Emelyanov, A. V., Mir, M., Fyodorov, D. V., Darzacq, X., & 
Karpen, G. H. (2017). Phase separation drives heterochromatin do-
main formation. Nature, 547, 241–245. https://doi.org/10.1038/
nature22989

Sun, J. H., Zhou, L., Emerson, D. J., Phyo, S. A., Titus, K. R., Gong, W., … 
Phillips-Cremins, J. E. (2018). Disease-associated short tandem re-
peats co-localize with chromatin domain boundaries. Cell, 175, 224–
238 e215. https://doi.org/10.1016/j.cell.2018.08.005

Symmons, O., Pan, L., Remeseiro, S., Aktas, T., Klein, F., Huber, W., & 
Spitz, F. (2016). The Shh topological domain facilitates the ac-
tion of remote enhancers by reducing the effects of genomic dis-
tances. Development Cell, 39, 529–543. https://doi.org/10.1016/j.
devcel.2016.10.015

Terakawa, T., Bisht, S., Eeftens, J. M., Dekker, C., Haering, C. H., & 
Greene, E. C. (2017). The condensin complex is a mechanochemi-
cal motor that translocates along DNA. Science (New York, N.Y.), 358, 
672–676. https://doi.org/10.1126/science.aan6516

Tsai, A., Muthusamy, A. K., Alves, M. R., Lavis, L. D., Singer, R. H., Stern, D. 
L., & Crocker, J. (2017). Nuclear microenvironments modulate tran-
scription from low-affinity enhancers. eLife, 6, e28975. https://doi.
org/10.7554/elife 28975

Ulianov, S. V., Khrameeva, E. E., Gavrilov, A. A., Flyamer, I. M., Kos, P., 
Mikhaleva, E. A., … Razin, S. V. (2016). Active chromatin and tran-
scription play a key role in chromosome partitioning into topologi-
cally associating domains. Genome Research, 26, 70–84. https://doi.
org/10.1101/gr.196006.115

Vian, L., Pekowska, A., Rao, S. S. P., Kieffer-Kwon, K. R., Jung, S., 
Baranello, L., … Casellas, R. (2018). The energetics and physiolog-
ical impact of cohesin extrusion. Cell, 175, 292–294. https://doi.
org/10.1016/j.cell.2018.09.002

Wendt, K. S., Yoshida, K., Itoh, T., Bando, M., Koch, B., Schirghuber, 
E., … Peters, J. M. (2008). Cohesin mediates transcriptional insula-
tion by CCCTC-binding factor. Nature, 451, 796–801. https://doi.
org/10.1038/nature06634

Williamson, I., Lettice, L. A., Hill, R. E., & Bickmore, W. A. (2016). Shh 
and ZRS enhancer colocalisation is specific to the zone of polaris-
ing activity. Development, 143, 2994–3001. https://doi.org/10.1242/
dev.139188

Wutz, G., Várnai, C., Nagasaka, K., Cisneros, D. A., Stocsits, R. R., Tang, 
W., … Peters, J. M. (2017). Topologically associating domains and 
chromatin loops depend on cohesin and are regulated by CTCF, 
WAPL, and PDS5 proteins. The EMBO Journal, 36, 3573–3599. 
https://doi.org/10.15252/embj.201798004

Yamazaki, T., Souquere, S., Chujo, T., Kobelke, S., Chong, Y. S., Fox, A. 
H., … Hirose, T. (2018). Functional domains of NEAT1 architectural 
lncRNA induce paraspeckle assembly through phase separation. 
Molecular Cell, 70, 1038–1053 e1037. https://doi.org/10.1016/j.
molcel.2018.05.019

How to cite this article: Yokoshi M, Fukaya T. Dynamics of 
transcriptional enhancers and chromosome topology in gene 
regulation. Develop Growth Differ. 2019;61:343–352. https://
doi.org/10.1111/dgd.12597

https://doi.org/10.1371/journal.pgen.1006169
https://doi.org/10.1016/j.cell.2012.01.010
https://doi.org/10.1101/gad.232710.113
https://doi.org/10.1016/j.cell.2018.10.057
https://doi.org/10.1016/j.ajhg.2015.12.002
https://doi.org/10.1016/j.ajhg.2015.12.002
https://doi.org/10.1038/nature21429
https://doi.org/10.1038/nature21429
https://doi.org/10.1038/nature22989
https://doi.org/10.1038/nature22989
https://doi.org/10.1016/j.cell.2018.08.005
https://doi.org/10.1016/j.devcel.2016.10.015
https://doi.org/10.1016/j.devcel.2016.10.015
https://doi.org/10.1126/science.aan6516
https://doi.org/10.7554/elife
https://doi.org/10.7554/elife
https://doi.org/10.1101/gr.196006.115
https://doi.org/10.1101/gr.196006.115
https://doi.org/10.1016/j.cell.2018.09.002
https://doi.org/10.1016/j.cell.2018.09.002
https://doi.org/10.1038/nature06634
https://doi.org/10.1038/nature06634
https://doi.org/10.1242/dev.139188
https://doi.org/10.1242/dev.139188
https://doi.org/10.15252/embj.201798004
https://doi.org/10.1016/j.molcel.2018.05.019
https://doi.org/10.1016/j.molcel.2018.05.019
https://doi.org/10.1111/dgd.12597
https://doi.org/10.1111/dgd.12597

