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Abstract

The packaging and organization of the genome within the eukaryotic inter-
phase nucleus directly influence how the genes are expressed. An underap-
preciated aspect of genome structure is that it is highly dynamic and that
the physical positioning of a gene can impart control over its transcriptional
status. In this review, we assess the current knowledge of how gene position-
ing at different levels of genome organization can directly influence gene
expression during interphase. The levels of organization discussed include
chromatin looping, topologically associated domains, chromosome territo-
ries, and nuclear compartments. We discuss specific studies demonstrating
that gene positioning is a dynamic and highly regulated feature of the eu-
karyotic genome that allows for the essential spatiotemporal regulation of
genes.
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INTRODUCTION

An ever-increasing number of studies are contributing to our appreciation that biological infor-
mation is not just coded in the linear DNA molecule. That DNA is packaged into a massive
DNA/RNA/protein complex—the chromosome—is now accepted as fact. However, the idea that
chromosome folding is functionally important for how biological information is read and in-
herited is still relatively new and not without its critics. For example, it has been observed that
the three-dimensional (3D) positioning of a gene can impact its expression, and the eukaryotic
genome in general is a highly dynamic structure that exhibits different levels of organization.
Indeed, gene promoters are organized in such a way that they are separated from their regulatory
DNA elements, such as enhancers, and can be brought together by chromatin loop formation
to activate transcription. These promoter-enhancer interactions further organize into physically
interacting units termed topologically associated domains (TADs). Numerous TADs accumulate
as chromosomes fold, forming chromosome territories (CT's). The nucleus can be further com-
partmentalized by spatially separating transcriptionally active and inactive parts of the genome.
Thus, the genome within the nucleus displays different orders of organization that contribute to
the spatiotemporal control over transcription. In this review, we present examples and discuss
mechanisms of how gene positioning in respect to chromatin looping, TADs, CTs, and nuclear
compartments can influence transcription.

CHROMATIN LOOPING

Gene expression requires the physical interaction between gene promoters and their distal regu-
latory elements, such as enhancers and insulators. In some instances, these genomic elements are
separated by kilobases or megabases of DNA on the linear chromosome, which may include other
genes and regulatory sequences (7, 20, 28, 52). The linear separation of promoters and enhancers
along chromosomes presents a spatial (and possibly mechanical) constraint that must be over-
come in order to allow physical interactions required for transcription initiation. Microscopy and
chromosome conformation capture (3C)-based techniques have demonstrated that the problem
is solved in part by the formation of DNA loops, which position distant DNA elements closer
in proximity to one another (41, 78). Chromatin looping enables the chromosome to fold upon
itself, bringing distal elements together in the 3D nuclear space (Figure 14). In this section,
we focus on 3D repositioning of genetic elements by chromatin looping and its effects on gene

Figure 1

Diagram of a eukaryotic nucleus depicting different levels of organization. Different chromosomes are depicted by colored lines.
Transcription is indicated by a bent black arrow. () At the submegabase level, initiation of transcription involves the physical
interaction between gene regulatory elements, such as promoters (pink boxes) and their cognate enhancers (yellow boxes). Often times,
these regions may be separated by many kilobases along the linear chromosome or even located on different chromosomes. Chromatin
looping between these elements facilitates transcription. (4)) Chromosomes are further segregated into topologically associated domains
(TADs) containing many chromatin loops. TADs are separated by architectural proteins (APs) at their borders. Although TADs are
separate domains, inter-TAD interactions also occur. The density of APs at TAD boundaries is related to the propensity of TADs to
form inter-TAD interactions. (¢) TADs are further organized at the entire chromosome level, forming chromosome territories (CT's).
CTs are nonrandomly organized in the nucleus and occupy distinct regions. (¢) The nucleus is further segmented into different
compartments. Gene position toward the periphery of the nucleus generally results in transcriptional repression. Repression is
facilitated by the association of genomic sequences [lamin-associated domains (LADs); gray boxes] with the inner nuclear lamina
through lamin binding proteins. (¢) Transcription neighborhoods (TNs) represent an additional nuclear compartment. TNs contain a
collection of transcriptional machinery, such as RINA polymerase 11, transcription factors, and splicing machinery, and provide an
environment for the initiation, hyperactivation, and maintenance of transcription. Multiple genes and regulatory elements are found
within TNs, permitting their transcription.
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expression. In doing so, we present examples of loop formation, mechanistic details, and the effects
of perturbation of normal loop formation.

Early chromatin loop structures were observed using R6K plasmid from E. coli. Mukherjee
and colleagues found that circular structures were formed from digested DNA fragments in
the presence of DNA ligase. The DNA fragments giving rise to such loops were products of a
digestion-ligation reaction between two distant DNA sequences presumed to have been brought
together in vivo by DNA binding proteins. Protein removal from either of the binding sites before
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the digestion-ligation reactions resulted in failure to form DNA loops, demonstrating that DNA
binding proteins were required for loop formation (67). Since this early observation, DNA loops
have been further explored and characterized. The introduction and development of 3C tech-
niques thatinvolve formaldehyde cross-linking of DNA sequences positioned in close proximity in
3D space, followed by restriction enzyme digestion, ligation, and high-throughput sequencing of
the ligation products, have been paramount in the confirmation and identification of DNA loops
and interactions at high resolution on a genome-wide scale. It was through 3C and microscopy
techniques that chromatin looping was implicated as an important feature of transcription.
The latest iteration of 3C, now known as Hi-C, allows for the identification of all chromatin
interactions at unprecedented resolution (59). Hi-C has unraveled many interesting properties
of enhancer sequences. For example, enhancers can regulate multiple genes and can be located
upstream or downstream of a target promoter, bringing up the notion that enhancer competition
may exist between different genes. They also rarely interact with the nearest neighboring gene;
one estimate reports that only approximately 7% of enhancers actually interact with the nearest
promoter. Interactions between enhancers and promoters mostly correspond to increased gene
activation, further demonstrating their involvement in transcription (78, 84). Reports vary on the
total number of enhancer-promoter chromatin loops that may exist in the nucleus, from thousands
to more than one million in human cells (49, 78). However, this vast range is perhaps due to dif-
ferences in annotation methods and resolution (49, 78, 84). Regardless of the discrepancy in total
number of chromatin loops that may exist, itis clear that juxtaposition of enhancers and promoters
through chromatin looping occurs and may be a means to position genes and modulate expression.
Thus, chromatin loops bridge the spatial gap between a gene and its distant regulatory elements.

The term looping is likely to conjure textbook images of long, floppy, and perfectly shaped ovals
of chromatin thatare extruded between two distant sequences coming together in space. However,
itis worth noting that in most cases in which looping occurs, there is minimal cytological evidence
that directly addresses the structure or topology of intervening sequences between interacting
promoters and enhancers. The limitation of resolution of light microscopy is a primary reason for
this problem. This is also demonstrated by the fact that DNA loop formation was first observed
using electron microscopy (41). Because sequences separating enhancer-promoter pairs often
contain other genes, these looped-out regions may also be participating in interloop interactions.
Although speculative, itis possible that chromatin compaction exerted on looped regions may yield
a myriad of topological structures while also providing necessary mechanical forces that facilitate
the juxtaposition of distant enhancers and promoters. Thus, the topology of so-called loops and
the forces that establish them have largely been ignored, as most studies have exclusively focused
on enhancer-promoter interactions and downstream events such as transcription.

Temporal regulation of the transcriptional status of a gene may be enabled by the spatial sep-
aration of promoters and enhancers, keeping the gene in the off state. These DNA regulatory
elements can function as scaffolds for assembly of DNA-binding proteins. Protein-protein inter-
actions between complexes assembled on enhancers and promoters are thought to be required
for transcription status to be in the on state. An example of this phenomenon and how long-
distance interactions are facilitated by chromosome looping is seen during erythropoiesis. During
mammalian erythropoiesis, terminal differentiation of proerythroblasts into intermediate and late
erythroblasts results in the full activation of a-globin genes. In order for a-globin genes to be fully
activated, the promoter must interact with its enhancer, located 40-60 Kb upstream. These ele-
ments are physically separated in proerythroblasts when the genes are not being expressed. During
erythropoiesis, transcription factor (TF) binding is first observed at the distal enhancer element
in uncommitted proerythroblasts, and only at much later stages of differentiation does TF bind-
ing occur at the promoter of the a-globin gene. Binding of TFs to both sites brings together the
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promoter and enhancer and enables full activation of a-globin transcription (96). Itis inferred from
these observations that the long distance along the chromosome between the regulatory elements
minimizes the likelihood that these elements would interact in 3D space because of precocious or
unregulated events. Presumably, the temporally regulated assembly of TFs on the enhancer and
then the promoter, as well as the distance on the linear chromosome between these elements, may
conspire to modulate a more precise activation of this gene.

Chromatin insulators are DNA sequences bound by proteins that are important in mediating
chromatin loops. Insulators are defined by their ability to block enhancer-promoter interactions
and/or to function to prevent the spread of heterochromatin, thereby functioning as boundaries
separating adjacent chromatin domains. Chromatin loops can be formed in part by the interactions
between two insulator sites to enable transcription by bringing promoters and enhancers into close
proximity (39). In vertebrates, the main insulator protein is CCCTC-binding factor (CTCF).
Interestingly, Hi-C analysis shows that CT'CF binds and anchors all chromatin loops in human
and mouse cells, joining a promoter and enhancer at the base of each loop (78). Cohesin complex
subunits show extensive genome-wide colocalization with CTCF in mammalian cells (73, 82,
91, 101), and cohesin-mediated looping is required for proper expression of the protocadherin
(PCDH) genes in neurons. Studies using 3C and shRNA demonstrated that binding of CT'CF and
cohesin binding to both the promoter and enhancer is required for formation of chromatin loops,
enabling interaction of the transcriptional elements and thus permitting proper transcription (44).

In addition to CT'CF and cohesin, other insulator proteins have been identified in Drosophila,
including chromosomal protein 190 (CP190), suppressor of hairy-wing [Su(Hw)], boundary
element-associated factor of 32 kD (BEAF-32), and chromator (89). The effect of insulator pro-
teins on gene expression was studied in the well-characterized Drosophila ecdysone system, where
transcription can be induced by treatment with the hormone ecdysone (80). After ecdysone treat-
ment, CP190 was recruited to the ecdysone-induced protein 75B (Eip75B) locus, where Drosophila
CTCF (dCTCF) and Su(Hw) binding also increases. Binding of these factors resulted in the for-
mation of chromatin loops between the Eip75B locus and other insulator sites, leading to increased
transcription. In contrast, a genome-wide reduction in CP190 localization to insulator sites was
observed when overall transcription was decreased after heat-shock treatment (103). This study
demonstrates the role that insulator proteins play in mediating chromatin contacts, which can
result in activation or inhibition of transcription in response to different environmental cues.

Inhibition of gene repositioning and chromatin loop formation can also modulate transcrip-
tion. In Drosophila, the Snail repressor blocks chromatin looping by binding to the distal enhancers
of target genes, inhibiting the binding of factors that promote loop formation (21). Interestingly,
the Levine lab previously observed that Snail binding blocked initiation by RNA polymerase II
(RNAPII), but not elongation of paused RNAPII, at developmental genes (10). In the scenario
of Snail-repressed genes, RNAPII is present and may require the introduction of additional reg-
ulatory elements to begin elongation. Thus, inhibition of chromatin looping, or antilooping,
may serve as a potent method to inhibit gene expression, while still maintaining the machinery
necessary for transcription to be initiated at the appropriate time.

The above studies have demonstrated that dynamic loop formation and positioning of gene
regulatory elements serve as powerful mechanisms for modulating gene expression. However,
positioning of genes in which preexisting loops are the default state has also been observed. In
human fibroblasts, which are sensitive to tumor necrosis factor alpha (TNFw) signaling, loops
were found between TNF responsive enhancers and their target promoters prior to signaling
by TNFa. Treatment with TNF« resulted in upregulation of TNFx-regulated genes but did
not noticeably alter the looping at these sites. Although dynamic looping can turn on a gene by
repositioning it, preformed loops may be just as important in regulating expression of a different
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subset of genes. Preexisting loops were also observed in additional human cell types under differ-
ent stimuli, demonstrating that these loops represent a fundamental feature of gene positioning.
Interactions between stimulus-responsive enhancers and promoters may enable a poised state that
is ready to be activated after chemokine stimulation (49). These observations also underscore the
fact that physical proximity of enhancers and promoters that results from chromatin looping is
not necessarily sufficient for transcriptional activation.

Although bringing genes and their distal regulatory elements together to drive expression may
be a primary role and result of chromatin looping, it is also important to note that chromatin loop-
ing can result in repression of transcription. An enhancer can affect multiple genes (84), raising
the possibility of competition for enhancers among neighboring genes. That is, if enhancer AB
can interact with either gene promoter A or gene promoter B, does interaction of promoter A with
enhancer AB directly affect transcription of gene B by virtue of sequestration of enhancer AB?
Indeed, enhancer competition is present during murine B-cell development. In mice, CT'CF loop-
ing enables interaction of a specific region of the immunoglobulin heavy chain (IgH) gene cluster,
termed the intergenic control region 1 (IGCR1),with its distal enhancers. Chromatin looping of
IGCRI with its enhancers effectively inhibits the transcription and rearrangement of different
gene segments within the immunoglobulin gene cluster, ensuring normal B-cell development
(43). This example illustrates the stoichiometric effect of limited enhancers and how enhancer
competition may contribute to complex transcriptional networks.

Elegant forced chromatin looping experiments were performed to test whether looping is
sufficient to initiate transcription. The Blobel lab found that zinc-finger targeting of the self-
association (SA) domain of Ldb1, a transcription cofactor, to the promoter of the B-globin gene
was sufficient for inducing looping and activation (29). Looping occurs through the interaction
of Ldb1 molecules bound at the promoter and distal enhancer. Later investigations by this group
found that forced looping through this mechanism was sufficient to reactivate developmentally
silenced embryonic and fetal B-globin genes in later-stage adult erythroblasts. Reactivation is
mediated by forced looping of the distal enhancer, known as the locus control region (LCR), to the
promoter of the embryonic globin gene by tethering of the SA domain to this site. Similar results
were seen in human erythroblasts. Induced looping of the LCR to the y-globin promoter in adult
human erythroblasts activated transcription of the gene, which is normally repressed during this
stage. Interestingly, this resulted in the reduced expression of the f-globin gene, which normally
interacts with the LCR (30). These forced looping experiments show that chromatin looping can
drive increased transcription of one gene at the expense of the other as an effect of gene position-
ing. These observations are consistent with recent studies in Drosophila in which an enhancerless
reporter gene could be activated by an enhancer on the homologous chromosome in #rans. Tran-
scriptional activity of the promoter in c¢is to the enhancer decreased when an identical promoter
in trans was activated, demonstrating that promoters can compete for finite enhancer activity (2).

Presented above is a sampling of the many examples of how gene positioning can affect gene
expression, specifically through chromatin looping. There is a clear involvement of insulator
proteins and their associated factors, in addition to TFs and their cofactors, in this process. Chro-
matin looping provides a means by which gene expression can be modulated simply by altering
the relative physical position of gene regulatory elements.

TOPOLOGICALLY ASSOCIATED DOMAINS

Chromatin loops are organized into TADs, larger submegabase-sized physical units along the
chromosome. TADs are a collection of many chromatin loops, wherein the chromatin within the
TAD interacts preferentially with other chromatin within the same TAD (Figure 15). In this
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section, we focus on how gene localization within a TAD and how TAD repositioning of a gene
can affect gene expression.

3C-based techniques such as Hi-C have enabled the identification of TADs. TADs have been
identified in Drosophila, mice, and humans (5, 23, 88). Globular TAD-like structures have also been
observed in yeast (65). TADs are characterized by their preference for intra-TAD, rather than
inter-TAD, interactions. What defines TAD borders and the relative strength of these borders is
not clearly understood; in Drosophila, TAD borders seem to be defined by sites that are enriched by
numerous architectural proteins (APs), many of which are also insulator proteins (46, 58). In mice
and humans, the average size of TADsis 1 Mb, whereas in Drosophila, TADs are found to be around
220kb (23, 32, 89). Furthermore, although intra-TAD interactions are more frequent, inter-TAD
interactions can also occur. It is thought that similar TADs may interact and segregate together in
the nucleus to form active and inactive chromatin domains (59, 88). TADs enable the establishment
and maintenance of a network of interactions between promoters and enhancers and play roles in
the positioning of genes, thus influencing gene expression. TAD organization in general is stable
and conserved among different cell types and species, indicating that TADs play an important
role in mediating nuclear architecture function (32). This is thought to reflect the fact that all cell
types must have transcription of housekeeping genes at similar levels. Although the organization
may be stable, positioning of TADs remains dynamic and may provide a means by which TADs
can influence transcription. Furthermore, those parts of the genome that are organized into cell
type—specific TADs are thought to contain physical interactions that accommodate tissue-specific
and/or inducible transcriptional units that are coordinately regulated. Here, we present examples
of how TAD organization may be regulating expression.

The spatial grouping of many chromatin loops into TADs may provide an additional layer
of control over transcription. Previously, it had been hypothesized that a function of TADs is to
separate chromatin domains with differential activity during processes such as development (68).
Highly expressed and coregulated genes cluster together into units along the linear chromosome,
as exemplified by the Hox gene family (18, 57). Also, a correlation between the expression levels of
genes and TADs was seen in murine X chromosome inactivation, with genes within the same TAD
showing coordinated expression (68). Le Dily et al. (55) observed that in response to hormone-
induced changes in gene expression, responsive genes were found to be clustered together in
specific TADs. Strikingly, genes that were differentially affected after hormone stimulation were
segregated into different TADs, suggesting functional significance behind this organization. In-
deed, a function of TADs may include the grouping and compartmentalization of genes into
functional units that are better suited to respond to certain cues.

Chromatin within TADs can also form inter-TAD interactions to mediate changes in expres-
sion. The homeotic Hoxd gene cluster forms inter-TAD contacts during mouse limb development.
Hoxd genes are transcribed colinearly in different waves, such that Hoxd1-9 are highly expressed
early in development to form the arm and forearm, and later in development, Hoxd10-13 are ex-
pressed to form digits. The switch in expression at the different phases is correlated with changes
in TAD interactions of the cluster. In the early phase of development, Hoxd9-11 genes interact
with active enhancers located in a telomeric TAD, driving their expression in early limb cells. In
the late phase, these Hoxd genes form centromeric TAD interactions in late limb cells to form the
digits. The switch in TAD interaction is thought to allow the expression of different Hoxd genes
during different parts of limb formation. Strikingly, it was found that an inversion that places
the centromeric TAD further away abrogated the normal inter-TAD regulation of the Hoxd13
gene by the centromeric TAD and resulted in ectopic interactions with the telomeric TAD. The
altered shift from centromeric to telomeric inter-TAD regulation resulted in ectopic transcription
and improper limb development (1). This study demonstrates how alterations in gene positioning
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through inter-TAD interactions can alter gene expression. Furthermore, regulation of inter-TAD
interactions provides precise control over the spatiotemporal activation of genes in processes such
as development. However, it is nevertheless important to emphasize that in most cases it is not
clear whether transcriptional activation drives inter-TAD interactions that are then required for
maintenance of transcription or whether these cell type-specific inter-TAD interactions are a
prerequisite for proper transcriptional activation.

TAD repositioning involves the interaction of insulator sequences and their associated APs.
In human and mice, TAD boundaries are demarcated by CT'CF and cohesin (32). In Drosophila,
TAD boundaries contain APs, which include dCTCF, Su(Hw), GAGA factor (GAF), BEAF-32,
zeste white 5 (Zw5), cohesins, and condensins. Interestingly, the relative occupancy of APs bound
to these sites scales with the strength of the TAD borders, with stronger borders associated with
TADs that prefer intra-TAD over inter-TAD interactions (95). AP positioning and occupancy
are dynamic. An example of this is seen during the response to heat stress in Drosophila, where
alterations in TAD border strength lead to repression of global transcription. After heatshock, APs
are redistributed from TAD borders into the body of the TAD, reorganizing TADs and resulting
in weaker borders. An effect of AP redistribution is the increase in long-range inter-TAD contacts
and a decrease in short-range intra-TAD interactions. Relocalization of APs is necessary for
mediating transcriptional repression. Newly formed contacts and APs function to recruit polycomb
to enhancers and promoters, forming polycomb bodies that mediate transcriptional repression
(58). The reorganization of TAD interactions through AP redistribution clearly demonstrates the
plasticity of genome organization. The dynamic nature of the genome allows it to respond to
environmental stressors that may require immediate changes in gene expression.

APs play essential roles in the organization of TADs, orchestration of TAD interactions,
and, ultimately, gene regulation. Deletion of insulator sequences or depletion of CTCF/cohesin
complexes was found to result in increased inter-TAD interactions at the expense of intra-TAD
interactions, leading to altered transcription (68, 94, 106). The importance of APs in TAD reg-
ulation and gene expression can be seen after depletion of the cohesin and condensin II subunits
Rad21 and Cap-H2. Specifically, depletion of Cap-H2 in Drosophila cells results in decreased TAD
boundary strength and increased long-range interactions. The opposite effects are seen in Rad21
depletion (58). Interestingly, TAD organization can be further modulated through modification
of APs. AP interaction is altered by ubiquitination, sumoylation, and poly(ADP-ribosyl)ation (16,
33,70, 104). These observations demonstrate the many aspects of TAD organization that can be
manipulated to control gene positioning and, therefore, gene expression.

It is clear that organization of genes into TADs impacts gene expression. This organization
provides a mechanism by which the landscape of enhancer-promoter interactions can be estab-
lished while maintaining an appropriate level of plasticity that allows cells to quickly respond to
environmental cues. Insulators and APs are crucial both in the establishment and maintenance
of TADs, as demonstrated by loss-of-function experiments and the resulting dramatic effects on
TAD dynamics. Furthermore, TAD interactions play pivotal roles in many processes, such as de-
velopment and stress responses, in which alterations in transcriptional profiles are required. Thus,
the positioning of genes into functional compartments such as TADs has direct consequences on
gene expression.

CHROMOSOME TERRITORIES

Each chromosome is made up of multiple TADs (Figure 1¢). One can imagine that inter-TAD
interactions can exist between TADs on the same chromosome and between TADs from different
chromosomes. One may also expect that TADs adjacent to one another on the linear chromosome
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interact more frequently by chance than TADs more distantly spaced on a chromosome. The
same logic dictates that interactions between TADs from different chromosomes would be the
least frequent interactions to be observed if chromosomes were randomly organized in 3D space.
However, we know from very early observations on chromosomes that their organization relative
to one another as well as with respect to structures such as the nuclear envelope is not random.
Specifically, in many cell types and in many eukaryotic species, each chromosome can occupy a
distinct area of the interphase nucleus; these areas are called CT's (26). First observed in the 1900s,
CT's have since been confirmed through a plethora of experiments, including whole-chromosome
FISH (fluorescence in situ hybridization) and 3C-based techniques (11, 26, 59). CT's have been
observed in yeast, Drosophila, and mammals (3, 8, 26, 85, 89). In this section, we examine the
organization of genes within a CT and also between CTs. Positioning of genes within their CT
and the positioning of CT's with respect to each other play influential roles in expression.

Gene positioning within CT's impacts expression. In humans, regions that contain transcrip-
tionally active genes tend to localize toward the periphery of their CT. In contrast, noncoding
regions reside toward the interior of their CT (35, 54, 61, 86). For example, in human female
amniotic fluid cell nuclei, the ANT?2 (adenine translocase 2) gene is expressed on the active X
chromosome (Xa) and repressed on the inactive X (Xi). FISH analysis has shown that actively
transcribed ANT?2 is localized at the periphery of Xa but is buried within the CT of Xi (31).
Localization of active genes at the CT periphery is thought to allow for mobility and positioning
of genes and regulatory regions to areas accessible to the transcriptional machinery (9, 98). It has
been observed in human and mouse cells that genomic regions with a higher density of active genes
are more likely to reposition and loop out and away from the center of their CT. Furthermore,
repositioning decreases when transcription is inhibited, implicating that active transcription may
be required to maintain the looping out of a gene (60). It should be noted that although in general
transcriptionally active genes tend to be at the edges of CTs, an exception to this generality is
observed for those chromosomes that typically reside toward the periphery of the nucleus. As
discussed below, genes apposed to the nuclear lamina tend to be transcriptionally silent; thus,
CTs found at the nuclear periphery must somehow localize their silent genes toward the lamina
while placing their active genes on the opposite face of the CT toward the interior of the nucleus.

Clearly, there exists a relationship between positioning of a gene in respect to its CT and gene
expression. Many studies have shown that active genes tend to loop away from their CT when
activated (38, 99, 102). However, it is unclear whether gene repositioning is a cause or consequence
of changes in expression. During murine thymocyte development, CD§ expression coincides with
the locus being repositioned outside of its CT. Repositioning of CD§ is accompanied by the
clustering of its cis-regulatory elements (located within 40 kb of the CD8 promoter), forming
an active chromatin hub. In cells not expressing CDS8, the gene remains within its CT and is
not clustered with the regulatory elements (53). Chambeyron and colleagues noticed that upon
Hox gene activation during human embryonic stem cell (ESC) differentiation, the Hox locus
decondenses and loops out from its CT (19). Follow-up studies found that Hox gene repositioning
to the outside of the CT also brings adjacent genes with it. Although Hox expression increases
when looped out, the expression levels of the adjacent genes do not change. This observation
argues that repositioning of a gene outside of its CT is not sufficient to alter transcription (66).
Although looping away from the CT may not be sufficient to activate expression in all contexts, it is
possible that the looping is necessary for activation. Looping may enable the locus to be accessible
to TFs that may be unable to access the interior of the CT. Along these lines, gene repositioning
may or may not be necessary for transcription initiation, but it may function to increase the
efficiency of transcription elongation and/or reinitiation. Moving the gene to a transcriptionally
conducive environment may help maintain high transcription levels regardless of the gene-specific
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requirements for transcription initiation. For example, the B-globin locus is frequently found
looped away from its CT in proerythroblasts, a stage that precedes its activation. This looped-out
position is dependent on the presence of its distal enhancer elements (LCR) (77). Similarly, the
B-globin locus in human hematopoiesis is also looped out prior to activation. Extrusion of the 8-
globin gene from its CT involves GATA-1 and GATA-1 coregulators such as FOG-1. Extrusion
from the CT mediated by these factors is necessary for activation of transcription, as depletion
of these components resulted in transcriptional repression and B-globin repositioning into its CT.
Surprisingly, RNAi depletion of FOG1 after transcriptional activation did not result in changes in
transcription or positioning of the locus back into its CT, demonstrating that after a gene is looped
out of its CT to be activated, other mechanisms may take over to maintain active transcription
(56). These findings support the idea that chromatin looped out from its CT enables a poised
state for activation. Although relocating a gene outside of a CT may not be sufficient to activate
it, relocation is still necessary for making the locus available for interaction with factors important
for transcriptional activation.

Although CTs occupy distinct regions, there is a considerable amount of intermingling that
occurs between them (12). Localization of active genes at the interface of different CT's and chro-
matin looping may enable loci from different CT's to interact, forming interchromosomal contacts
and ultimately resulting in changes in expression. In naive murine T-cells, the promoter region
of interferon gamma (IFNy), located on chromosome 10, interacts with the regulatory region of
the T-helper cell 2 cytokine locus (TH2-LCR) on chromosome 11. This interchromosomal asso-
ciation is thought to poise the I[FNy for activation upon stimulation. Naive T-cell differentiation
into TH1 and TH2 cells results in the reduction of IFNy promoter and TH2-LCR interchro-
mosomal interactions and the increase of intrachromosomal interactions between I[FNy promoter
and IFNy-specific enhancers. Furthermore, the interchromosomal contacts formed before differ-
entiation are important for downstream [FNy expression, as ablation of these contacts inhibits
transcription of IFNy (90). CT intermingling has also been observed in instances of gene repres-
sion, as exemplified in mouse olfactory neurons. In this system, the monogenic and monoallelic
expression of one of approximately 2,800 olfactory receptor (OR) genes are crucial. Silencing of
OR genes located on different chromosomes is achieved by the clustering of the genes into het-
erochromatic foci. These interchromosomal interactions are mediated by the downregulation of
lamin B receptor (LBR), as ectopic LBR expression results in the perturbation of OR aggregates.
Furthermore, disruption of the interchromosomal interactions results in misregulation of both OR
transcription and olfactory neuron specificity (25). Thus, these examples show CT intermingling
as being important for the juxtaposition of regulatory elements residing on different chromosomes,
and this intermingling of chromatin from different CT's is critical for proper expression of genes.

The requirement for intermingling and interchromosomal contacts in mediating gene
positioning and expression was assessed by experiments in which these contacts were abrogated.
In response to TNF signaling in humans, the SAMD4A, TNFAIP2, and SLC6A5 genes come
together to form multigene complexes where they are activated by the NF-«B TF. These
multigene complexes contain intra- and interchromosomal contacts of regions from different
CTs. The physical interaction of the genes is required for coexpression upon induction. Fanucchi
and colleagues assessed the requirement of chromosomal interactions by cleverly disrupting the
multigene complex through the use of transcription activator-like effector nucleases (TALENSs),
forming specific double-strand breaks (DSBs) at regions where the genes interact (34, 83). The
authors observed that breakage of chromosomes affected the participation of the genes in the
multigene complex. Interestingly, disruption of individual gene interactions also suppressed
expression of the other genes in an ordered manner, with disruption of SAMD4A having the
strongest effect, repressing both TNFAIP2 and SLC6AS transcription. In contrast, disruption
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of TNFAIP2 affected only SLC6A5, and disruption of SLC6A45 had no effect on transcription
of the other two. Thus, SAMD4A appears to function as the most important participant in this
multigene complex, leading the authors to propose that SAMD4A acts as the main scaffolding
platform that brings additional required proteins to the multigene complex to mediate expression
(34). These results demonstrate not only the requirement for the intermingling of chromosomes
but also the role of the genes in the positioning and expression of other genes.

The nonrandom organization of chromosomes into CT's provides an additional mechanism to
modulate gene positioning and gene expression. Positioning of genes at the periphery of CT's can
increase both mobility and accessibility of the genes. Increased mobility allows for increased in-
teraction with distal regulatory elements in a less confined space, while increased accessibility may
allow the binding of factors required for activation or repression of the gene. These same principles
apply to the interaction of genes in #7ans and from different CT's, and the studies mentioned above
underscore the vital role that gene positioning and CT organization play on gene expression.

NUCLEAR COMPARTMENTS

The nucleus is a highly compartmentalized area in which gene positioning in specific compart-
ments can have differential effects on expression. In this section, we focus on how radial positioning
and gene positioning in nuclear compartments, specifically at the nuclear lamina and within tran-
scription neighborhoods, can modulate gene expression. We use the term radial positioning to
describe the 3D position of a gene within the nucleus, specifically, the gene’s position in relation
to the center or the periphery (nuclear envelope) of the nucleus.

Radial positioning of a gene has been associated with its transcriptional status. In general, the
periphery of the nucleus is considered a repressive area, whereas the interior or center of the nucleus
is associated with being transcriptionally permissive. One notable exception is that genes associated
with nuclear pore complexes, also at the periphery of the nucleus, tend to be transcriptionally
active (17, 50). CTs are nonrandomly oriented in the nucleus, with gene-dense chromosomes
frequently found to be more centrally localized and gene-poor chromosomes residing nearer the
periphery (27, 86). Specifically, the gene-dense human chromosome 19 is localized more internally
as compared to the peripherally localized gene-poor chromosome 18 (92, 93). Elegant studies using
an inducible transgene in human cells showed that upon transcriptional activation, the transgene
relocalized from the periphery to the nuclear interior. This long-range movement of the transgene
was found to be necessary for expression and is dependent on actin and myosin (22). Altogether,
these studies suggest that the compartmentalization of the nucleus may play a functional role in
gene expression.

Evidence supports the idea that the nuclear periphery may function as a repressive compart-
ment (Figure 1d). This nuclear compartment consists of the inner nuclear membrane, lamina, and
resident proteins. Genes positioned at the nuclear periphery have been found to contain repressive
histone marks. These repressive histone marks include methylated histones such as H3K27me3
and H3K9me2, and are associated with inactive or repressed genes (42, 76). A Drosophila
genome-wide screen using DamlD identified 500 genes that interact with the lamina. These
genes were found to be within lamin-associated domains (LADs), are transcriptionally silent and
late replicating, and lack active histone marks. Induction of gene transcription resulted in reduced
lamin binding. Specifically, developmentally coregulated genes tend to cluster and associate with
the lamina, and are released during differentiation when the genes are activated (76). Interestingly,
the same DamID method in mouse ESCs found that the DNA-lamina (lamin B1) contacts
drastically changed during each step of differentiation and lineage commitment. Gene dissociation
from the lamina did not automatically result in gene activation. Genes that dissociated from the
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lamina during the transition from ESCs to neural progenitor cells remained dissociated and were
later activated during differentiation into astrocytes. These results suggest that release from the
lamina transitioned the genes to an intermediate state, where the gene was poised for activation in
the next stage of differentiation (75). These DamID experiments further illustrate the repressive
properties of the nuclear periphery and how gene positioning in this zone may silence them.

Isrepositioning of a gene at the nuclear periphery sufficient to silence that gene? Elegant studies
that repositioned transgenes and endogenous genes to the nuclear periphery and lamina resulted
in transcriptional repression of most genes (37, 79, 107). Interestingly, tethering of a transgene
to the lamina functioned to also silence neighboring genes, further demonstrating the repressive
nature of the nuclear periphery (37). Recruitment of lamina-associating DNA sequences (LASs)
to the lamina involves binding of the zinc-finger TF cKrox to DNA and interaction with HDACS3.
Knockdown of one of these components results in reduced DNA-lamina associations (107). More
recently, the YY1 (yin-yang 1) zinc-finger TF was found to be involved in recruitment of DNA to
the lamina and is sufficient for this process (45). Thus, positioning of a gene at the nuclear periph-
ery, or more specifically, the nuclear lamina, has profound effects on its expression. The process
is also dynamic, as association with the periphery can be reversed to allow for gene activation.

TRANSCRIPTION NEIGHBORHOODS

In addition to the nuclear periphery serving as a functional compartment, transcription has been
observed to occur predominantly within compartments termed transcription factories or transcrip-
tion neighborhoods (T'Ns) (Figure 1e). These neighborhoods harbor a collection of transcription
machinery including RNAPII, splicing machinery, TFs, and nuclear bodies. Recruitment of genes
into TN is thought to be conducive to gene expression, but exactly how such neighborhoods fa-
cilitate any part of transcription is not understood. In this section, we examine the effects of gene
positioning into transcription neighborhoods and effects on expression.

TNs have been observed mostly in the space between CTs, termed the interchromatin domain
(ICD). The ICD is believed to provide the optimal environment for transcription, lending the
space needed for the colocalization of intermingling genes with their regulatory elements along
with transcriptional machinery, while decreasing the chance of ectopic interactions with other
DNA (47). This idea is consistent with the presence of phosphorylated and active RNAPII, TF
IITH, nuclear RNAs, and intermingling chromosomes from different CT's (12, 13, 97, 105). The
formation of phosphorylated RNAPII clusters is indicative of ongoing transcription. Also, active
genes have been found to loop out of their CT's to associate with RNAPII in the ICD (24, 62,
63). RNAPII is believed to be a rate-limiting component of transcription, as the total number
of RNAPII units found in a cell is less than the total number of actively transcribed genes. This
also suggests that multiple genes may associate in a single TN (48). Thus, the accumulation of
transcription machinery into a distinct, accessible compartment may allow the activation of genes
simply by gene repositioning into these neighborhoods, and genes may be brought there by the
RNAPII itself. It is important to note that accessibility of the ICD is inferred by the lack of DNA
staining when using light microscopy and chromatin density in electron micrographs. What the
actual molecular constituents of the ICD are and how densely they are packed are unknown.

During B-cell development into plasma cells, immunoglobulin genes are highly transcribed,
producing enormous amounts of antibody molecules. Immunostaining coupled with DNA/RNA
FISH revealed that actively transcribing immunoglobulin genes (IgK, IgH, and Ig7) from three
different chromosomes colocalize at TNs, as marked by RNAPII (74). Further ChIP-3C-seq
experiments with antibodies against RNAPII demonstrated that enhancer elements act in trans
(interchromosomally) at these TN to promote both the positioning of the different genes and their
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activation. These immunoglobulin TNs were also found positioned in the ICD. It was speculated
that the existence of the TNs in this space allowed for rapid and efficient export of immunoglobulin
transcripts out of the nucleus for translation, demonstrating additional functionality of TNs in
the ICD (74).

Positioning into or out of TNs corresponds to the switch between genes being on or off (71).
Moreover, induction of the Myc proto-oncogene in mouse B lymphocytes resulted in the repo-
sitioning into a preassembled TN preoccupied by the highly transcribed Igh gene located on a
different chromosome. It has been speculated that the preassembled Igh TN contains the neces-
sary components needed for rapid and efficient activation of Myc upon repositioning of the Myc
gene into the TN (72). TNs have also been found to exist in the absence of transcription. Ac-
tive and phosphorylated RNAPII clusters were still observed after the inhibition of transcription
with drug treatment or heat shock in mammalian cells, suggesting a role for TNs independent
of transcriptional activity. Also, inhibition of transcription resulted in the disassociation of ac-
tive genes from RNAPII in TNs (64). Along these lines, Ferrai and colleagues identified two
types of TNs: poised transcription factories and active factories (36). These TNs differ in that
the poised transcription factories contain RNAPII phosphorylated on Ser5 but not Ser2 of the
C-terminal domain, whereas active factories are phosphorylated at both residues. They found that
the inducible #PA gene associates with poised factories prior to induction and is located within
a CT, and repositions out of the CT after activation and associates with active factories (36).
Therefore, one possibility is that the TNs may provide the necessary environment that anticipates
transcriptional activation and thereby ensures efficient temporal activation of genes.

Although TN ubiquitously contain RNAPII, specialized TNs have also been identified that
contain unique TFs that enable specificity. In mouse erythroid cells, specific globin genes are
regulated by KIf1 (Kruppel-like factor 1), a TF necessary for erythropoiesis (6). When active, KIf1-
regulated genes on different chromosomes were found to colocalize at KIfl-containing TN in a
KIf1-dependent manner. The authors noted that many of the genes repositioned to these TNs were
not dependent on KIf1 for expression but thatincreased and prolonged expression did require KIf1.
Strikingly, ectopic Klfl-regulated transgenes were able to be recruited to endogenous KIfl TNs
that contained endogenous Klf1-regulated genes. A function of specialized TNs may be to provide
a synergistic effect on expression by clustering specific TFs and regulatory elements, increasing
their local concentration, and perhaps driving transcription initiation by mass action (87).

Additional components of TNs include nuclear speckles, also known as splicing speckles, which
are involved in RNA splicing. Active murine globin genes from different chromosomes are found
outside of their CT's and are associated with nuclear speckles involved in RNA processing (14, 15).
Coordinately expressed genes in human erythroid cells were found to be positioned in close spatial
proximity with each other, active RNAPII, and SC35 splicing speckles after induction. Disassembly
of SC35 speckles through overexpression of the serine-arginine protein kinase Cdc2-like kinase
(CIk2) resulted in both the disassociation of the normally clustered coregulated genes and the
decrease in their transcription (81). In addition to providing an optimal compartment for gene
expression, the proteins inside TNs may serve as maintenance factors that facilitate persistent
localization of genes within specific TNs.

As evidenced by these studies, compartmentalization of the nucleus into transcription neigh-
borhoods has dramatic effects on gene positioning and expression. The grouping of transcriptional
machinery, TFs, and regulatory elements not only provides transcriptionally conducive areas in
which all the primary players are present but also functions to recruit coregulated genes. As a re-
sult, recruited genes are both activated and hyperactivated in a stimulus response—specific manner.
Thus, gene localization in respect to TNs demonstrates that gene positioning has direct effects
on gene expression.
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DIRECTED MOVEMENT OF CHROMATIN

In many of the examples discussed above, the change in physical positions of genes and even very
large regions of the genome occurs in interphase cells. Thatis to say that the relative repositioning
of genes in interphase is not necessarily a consequence of how chromosomes happened to segregate
and organize in the previous mitosis. Indeed, in many cases gene repositioning occurs in terminally
differentiated cells that have withdrawn from the cell cycle. This means that one or more force-
generating mechanisms must exist within the interphase nucleus in order to physically move
chromatin. Because the repositioning of specific genes for the purpose of activating transcription,
for example in and out of a specific TN, cannot be random, it is inferred that molecular machines
must exert directed force and perform work on the chromatin fiber. With the exception of a few
studies in which the activity of actin and myosin was demonstrated to drive such movements of
chromatin inside the nucleus (22), there are no clear candidates for what these molecular machines
might be. Although both actin and myosin are now thought to normally reside in the nucleus (40,
51, 69), filamentous actin (F-actin) is typically not found in the nucleus (4, 40, 100). Therefore,
the absence of nuclear F-actin makes it unlikely that conventional actin-myosin force-generating
filaments could explain many of the gene repositioning events that have been observed. One
possibility is that the movement of RNA polymerase molecules could provide the force to move
chromatin, but this seems an unlikely general principle for directed movement of chromatin
because clear examples exist where repositioning of a gene is not dependent on transcription and
may even precede transcription. Thus, it remains a mystery as to what the molecular machines that
drive gene movements to specific places inside the eukaryotic nucleus might be. Lastly, itis difficult
to imagine how any region of the genome can be physically moved without causing some level
of tension on adjacent chromatin sections. Although some chromatin segments may freely move
and reposition, other segments may be tethered or compacted. It is interesting to speculate that
the relative elasticity and compaction of chromatin may also be important parameters that must
be regulated during active gene repositioning (Figure 2). Such dynamic regulation of elasticity
and compaction may be required not only to permit movement of genes but may also be equally
important in retrieving genes back into their default positions.

DISCUSSION

The studies described above demonstrate the direct role that gene positioning plays in the
regulation of gene expression and how global chromosome folding impinges on local regula-
tion. Although this is only a very small selection of many studies, it is evident that different
levels of genome and nuclear organization do indeed contribute to spatiotemporal control of
transcription. The maintenance of proper gene expression is of the utmost importance for the
proper development and viability of an organism, underscoring the importance of proper gene
positioning within the organizational states. The requirement for chromatin looping to mediate
interactions between enhancers and promoters that are physically separated allows the genes to
be selectively expressed or silenced simply by directed movement. The requirement for multiple
factors to enable looping further decreases the chances of ectopic interactions and misexpression
of genes. Furthermore, the organization of chromatin loops into TADs enables the coregulation
of multiple genes. Further sequestration of chromosomes into distinct territories allows for spatial
regulation of genes. Lastly, compartmentalization of the nucleus provides a method to quickly and
efficiently repress or activate genes. Thus, gene positioning in respect to each level of organization
depicted above presents a multitude of avenues by which transcription can be modulated.

Much progress has been made toward elucidating positioning effects on expression, but many
open questions remain to be answered. Although numerous proteins involved in chromatin
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Directed chromatin movement. Speculative mechanism of directed movement of specific chromatin regions.
(@) The local compaction of chromatin, possibly by architectural proteins (APs) such as CTCF (CCCTC-
binding factor), cohesin, or condensin (orange circles), permits interaction between specific promoters

(pink rectangles) and enhancers (yellow rectangles), enabling transcription of specific genes. (b) The looping
out of specific genomic regions such as promoters to form long-range interactions with distal enhancers
requires adequate chromatin slack. This slack may be provided by the decompaction of neighboring regions.
Consequently, previously interacting enhancer/promoter loops may need to be sacrificed to permit new loop
interactions. Decompaction may be mediated by the loss of factors previously compacting the local chromatin.

looping have been identified, such as CT'CF and cohesins, additional components underlying the
mechanisms behind genome organization and directed chromatin movement remain unknown.
By identifying additional components that function in directing genome organization, a more
complete understanding of organizational effects on gene expression can be achieved. Another
interesting but unexplored aspect is the consequence of chromatin positioning for the rest of the
genome. When a region of the genome is looped out, what happens to the rest of the genome not
actively participating in this event? One possibility is that when a region is looped out to form
distal interactions, the adjacent genomic regions must provide the slack needed for this movement
(Figure 2). In addition to serving as a mechanism to promote transcription, gene looping may
inhibit other chromatin loops and transcription. This may be an additional function behind the
organization of coregulated genes into domains. One could imagine that when these coregulated
genes need to be expressed and looped out, the slack needed to loop out is afforded by regions of
the genome that are not coexpressed. In addition, an issue that requires further investigation is the
direct effect of genome organization on cellular processes. The recent advent of the CRISPR/Cas9
gene-editing technique provides a means to further investigate genome organizational effects. By
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using CRISPR/Cas9, units of genome organization such as TADs can be manipulated to test direct
effects on cellular processes that include gene expression. For example, AP binding can be manip-
ulated by way of introducing or deleting genetic motifs underlying their binding. A result of this
may be the alteration of chromatin looping and also TAD organization. Although studies that have
depleted APs have provided essential information about organizational effects on gene expression,
the weakness in these methods is that the APs may be functioning in mechanisms independent of
genome organization. Thus, gene-editing tools aimed at manipulating TAD organization would
provide less ambiguous conclusions.

Although many questions remain to be answered and many ideas remain to be explored, there
is no disputing the essential role that gene positioning plays in gene regulation. The future seems
bright, as the further development of 3C, super-high-resolution microscopy, and genome-editing
techniques will provide the necessary tools to paint a clearer picture.
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