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Abstract

TAD boundaries are genomic elements that separate biological processes in neigh-

boring domains by blocking DNA loops that are formed through Cohesin-mediated

loop extrusion. Most TAD boundaries consist of arrays of binding sites for the CTCF

protein, whose interaction with the Cohesin complex blocks loop extrusion. TAD

boundaries are not fully impermeable though and allow a limited amount of inter-TAD

loop formation. Based on the reanalysis of Nano-C data, a multicontact Chromosome

Conformation Capture assay, we propose a model whereby clustered CTCF binding

sites promote the successive stalling of Cohesin and subsequent dissociation from the

chromatin. A fraction of Cohesin nonetheless achieves boundary read-through. Due to

a constant rate of Cohesin dissociation elsewhere in the genome, the maximum length

of inter-TAD loops is restricted though.We speculate that theDNA-encoded organiza-

tion of stalling sites regulates TAD boundary permeability and discuss implications for

enhancer–promoter loop formation and other genomic processes.

KEYWORDS

3D genome organization, Cohesin, CTCF, enhancer–promoter looping, gene regulation, loop
extrusion, Topologically Associating Domains

1 INTRODUCTION

Mammalian genomes are hierarchically organized within the cell

nucleus; ranging from the smallest order of organization (i.e., chro-

matin) to sub-Megabase (Mb) Topologically Associating Domains

(TADs), A/B compartments and chromosome territories. Moreover,

promoters and enhancers can form DNA loops to transfer regulatory

information. In many cases, enhancers are located at large genomic

distances from their target genes (in some cases over a Megabase)

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
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and can bypass more proximally located genes to interact with their

targets.[1–4]

An important participant in the process of enhancer–promoter

looping (EP-looping) in mammalian cells is the CTCF (CCCTC-binding

factor) insulator protein. The binding of CTCF to its complex and non-

symmetric binding site in-between enhancers and promoters was ini-

tially reported to block EP-loop formation.[5–7] Since then, regions sur-

rounded by convergently oriented CTCF binding sites were shown to

appear as “pyramids” or “triangles” in Hi-C interaction matrices.[8–13]
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F IGURE 1 TADs appear as insulated domains that are formed by a process of Cohesin-mediated loop extrusion. (A) Schematic Hi-C interaction
map, showing the presence of three insulated Topologically Associating Domains (TADs) that appear as pyramids with enriched intradomain
interactions along the diagonal. Arrows highlight the diagonal (black line) and the presence of a corner dot at the summit of TADs. The Hi-C
interactionmatrix is a mirror-image across the diagonal; only the top-right part along the diagonal, after 45◦ tilting, will be shown in follow-up
figures. (B) Enhancer–promoter loops can be formedwithin TADs but are discouraged between TADs through the binding of the CTCF insulator
proteins at TAD boundaries. Arrowheads belowCTCF binding sites indicate the expected orientation of the sites. (C) Schematic overview of TAD
formation by loop extrusion and its blocking at sites that bind the CTCF insulator protein. In a first step, the ring-shaped Cohesin protein complex is
loaded onto the chromatin by the NIPBL loading factor. Next, a bidirectional DNA loop is extruded until correctly oriented CTCF binding sites—on
one or both sides—are encountered, resulting in blocking of the extrusion process. The process ends when the Cohesin complex is unloaded by the
WAPL release factor. Importantly, release (step 4) can occur before the Cohesin complex is blocked on one or both sides (e.g., during step 2 or 3).
(D) Preferential loading of the Cohesin complex next to a CTCF binding site promotes one-sided loop extrusion. Such sites are visible as “stripes” in
the Hi-Cmap and allow an enhancer to scan the chromatin for its target genes until a CTCF binding site on the other side is encountered.

Such regions, generally in the order of 500 kb to 1Mb in size, represent

TADs (also known as “loop-domains”) where intradomain interactions

are increased over interactions with the surroundings (Figure 1A).

Within TADs, enhancers and their promoters are grouped together,

thereby regionalizing the EP-loop landscape.[3,14,15] The CTCF binding

sites that form the separation betweenneighboring TADs are knownas

TAD boundaries or TAD borders[8,16] (Figure 1B).

Despite the prominent visibility of TADs in Hi-C maps, the chro-

matin within these domains is only moderately insulated from the

surroundings (around twofold increased intradomain contacts), raising

the question of how such limited insulation can prevent the forma-

tion of EP-loops between neighboring TADs.[16] Multiple studies have

confirmed that the disruption of TAD boundaries, consistently involv-

ing CTCF binding sites, can modify gene activity in disease settings,

including ectopic gene activation through enhancer hijacking.[17–22] In

this manuscript, with a focus on mammalian cells, we discuss recent

evidence that most TAD boundaries are built-up from arrays of CTCF

binding sites that modulate a permeable separation between neigh-

boring domains. Using examples from the literature, we speculate

how this combinatorial binding constitutes a DNA-encoded means

for the regulation of EP-loop dynamics and other genome-associated

processes.

2 TADS AND LONG-RANGE EP-LOOPS ARE
DYNAMIC STRUCTURES THAT ARE FORMED BY
LOOP EXTRUSION

TADs are formed by a dynamic and continuously ongoing process of

loop extrusion (Figure 1C).[23–30] This process starts with the loading

of the ring-shaped Cohesin protein complex onto the chromatin by the

NIPBL loading factor. Cohesin is preferentially loadedat enhancers and

promoters where paused RNA polymerase II accumulates, yet load-

ing appears to occur elsewhere in the genome as well.[31–37] Next,

the Cohesin complex starts the extrusion of chromatin, thereby cre-

ating a DNA loop that can increase in size in both directions. Within

TADs, this extrusion process is required for bringing distant enhancer

and promoter pairs in contact (approximately>100-kb distance).[38,39]
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When Cohesin encounters a correctly oriented CTCF protein on one

side, loop extrusion is blocked in that direction. This blocking at a TAD

boundary prevents the formation of loops between enhancers and pro-

moters in neighboring domains. Yet, when blocked on one side, loop

extrusion can continue in the other direction (one-directional extru-

sion) until the complex encounters a correctly oriented CTCF protein

on the other side as well.[23,24,27–30] When Cohesin is blocked on both

sides, the CTCF-bound anchors will be in spatial proximity, which cre-

ates a noticeable “corner dot” at the summit of the TAD in the Hi-C

map (Figure 1A–C). When Cohesin is preferentially loaded next to

a CTCF-bound site, it will immediately start the extrusion of a one-

directional loop, which appears as a “stripe” or “FIRE” in the Hi-C map

(Figure 1D).[31,32,40] Such a mechanism allows for the one-directional

“scanning” of the genome,which canbeexploitedby “super-enhancers”

and promoters to search for their target genes within TADs.[31,41]

Importantly, at any time after loading, the Cohesin complex can be

unloaded from the chromatin by its release factor WAPL.[42–45] Upon

release, the loop that has been extruded will resolve. Recent live-cell

imaging studies have revealed that blocking of Cohesin on both sides

of a TAD is a rare event (“fully extruded loop”), making up only around

6%–25% of the time.[46,47] Combined with the low density of intra-

TAD loops, in the order of 1–2 loops at any time within a single TAD

on one allele in a single cell, this has resulted in the notion that TADs

are statistical entities rather than insulated domains.[46–49] This has

further been supported by imaging, single-cell Hi-C and multicontact

3C studies that detected a considerable variation in both TAD struc-

ture and the positioning of TAD boundaries between cells in the same

population.[16,50–56] The strong depletion of loops that cross bound-

aries nonetheless makes TADs appear as triangles in Hi-C map, which

represent an averaged description of extruded DNA loops from thou-

sands tomillions of cells. The regionalizing functionof TADs is, thus, the

combined outcome of Cohesin-mediated loop extrusion, to promote

intra-TAD EP-loop formation, and its blocking by CTCF at TAD bound-

aries, todiscourage inter-TADEP-loop formation (Figure1B,C). Besides

regionalizing gene regulation, TADs and loop extrusion are involved in

other genomic functions as well, including DNA repair, replication, and

recombination (see Refs. [57–59] and below).

3 CTCF BINDING CREATES PERMEABLE TAD
BOUNDARIES

Whereas the importance of CTCF-mediated blocking of loop extru-

sion at certain TAD boundaries is well established, the inner workings

of this process remain less understood. The analysis of CTCF bind-

ing reveals a noticeable enrichment of clustered CTCF binding sites

within several tens of kilobases around TAD boundaries.[16,56,60–63]

Indeed, around 90% of TAD boundaries are spread out over extended

genomic intervals of up to 150 kb, where multiple CTCF binding sites

are grouped together. The remaining 10% of boundaries appear as

“sharp,” with generally a single CTCF binding site located in between

neighboring domains (manuscript submitted). Although the disrup-

tion of CTCF binding can perturb the insulation between neighboring

TADs, more detailed dissections of TAD boundaries revealed that

the removal of individual CTCF binding sites causes only a minor

increase in inter-TAD contacts. Instead, a complete fusion of neigh-

boring TADs requires the removal of all CTCF binding sites at these

complex boundaries.[18,22,64–68] Similarly, the ectopic integration of

CTCF binding sites within an existing TAD does not completely revert

the formation of an existing EP-loop.[69,70] These genetics studies,

thus, suggest redundancy among clustered CTCF binding sites at TAD

boundaries, possibly due to an additive contribution to the separation

between domains.

These observations raise the question ofwhy the clustering of CTCF

binding sites, and their potential additive contribution to TAD sep-

aration, is a feature of strong boundaries. One explanation may be

related to the residence time of CTCF to its binding sites, and the

resulting variation in occupation rate. Single-molecule imaging stud-

ies have determined the genome-wideDNA binding kinetics, reporting

that CTCF binds in vivo to the DNA (on average) for 1–2 min at a

time.[71,72] In contrast, the Cohesin complex remains associated for

15–20 min to the DNA. Cohesin may, therefore, engage in multiple

cycles of loop extrusion, stalling at CTCF binding sites and restart of

the extrusion process when CTCF dissociates from its binding site.

Combined with the finding that CTCF binding sites are bound by the

CTCF protein about 50% of the time[73] and the further influence of

binding orientation.[74,75] this suggests that blocking of loop extru-

sion is a dynamic process that incorporates a frequent read-through of

CTCF binding sites. This simplified model does not take into account

that Cohesin and CTCF binding can reciprocally stabilize their associ-

ation to the DNA (see, e.g.,[48,76–80] for in vivo and[74,81,82] for in vitro

evidence). Support for our hypothesis may nonetheless be found in a

biophysical model for loop extrusion blocking, where live-cell imaging

data could only be reproduced if a single CTCFbinding site had a block-

ing efficiency of 25%.[46] In the remainder of this manuscript, we will

refer to the function of CTCF in the blocking of the extruding Cohesin

complex as “stalling,” to highlight the temporal nature of this process.

Previously, we reported thatmost TADboundaries do not appear as

sharp boundaries in the Hi-C contact map, but instead show enriched

local signal around the boundary (Figure 2A).[16] This indicates that

the chromatin at the boundaries is locally intermingled, thereby creat-

ing a more gradual and extended separation between the neighboring

TADs over a genomic interval of 50–100 kb. Generally, multiple bind-

ing sites for CTCF can be observed within these regions (Figure 2A).

To distinguish these regions from the rare “sharp” TAD boundaries, we

coined the term “zones of transition.”[16] To determine how individ-

ual CTCF binding sites contribute to TAD separation in these zones of

transition, we developed Nano-C—a multicontact Chromosome Con-

formation Capture approach—to determine domain structure with

single-allele and single-cell precision (Figure 2B,C).[56] The resulting

multicontact hubs represent cliques of DNA fragments that were in

close spatial proximity within the same cell. The analysis of large num-

bers of hubs inmulticontact assays therebyprovides information about

the cell-to-cell variation of higher-order genome organization, either

covering the entire genome (e.g., Refs. [83–86]) or restricted to one or

few preselected genomic regions (“viewpoints”; see Refs. [53, 56, 87]).
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F IGURE 2 CTCF binding sites are permeable and additively contribute to TAD separation. (A) Chromatin at TAD boundaries is locally
intermingled, thereby creating “zones of transition” between neighboring TADs. Rather than a discrete separation between TADs, an elevated
local signal can be observed in the Hi-Cmap around the two boundaries (diagonal dashed purple lines vs solid line in the Hi-Cmap). The TAD
boundaries are indicated with the vertical purple line and the approximate extent of the zones of transition is indicatedwith blue boxes. CTCF
binding (ChIP-seq) is indicated below, which shows the overlap between the zones of transition and arrays of CTCF binding sites. Data adapted
fromChang et al.[56] (B) Outline of themulticontact Nano-C approach to determine the permeability of a TAD boundary. Nano-C identifies
multicontact hubs that represent DNA fragments that simultaneously interact within a single cell. These hubs can be used to determine domain
formation with single-allele and single-cell precision. For a defined site in the genome (viewpoint; black box), all interacting fragments (red boxes)
are plotted on a horizontal line that represents the genomic span of themulticontact hub. In the blue example, an intra-TADmulticontact hub is
formed, confirming the absence of boundary read-through. In this case, loop extrusion was initiated within the TAD on the left (approximate
loading site indicated above). In the yellow example, an inter-TADmulticontact is formed, whereby the preselected viewpoint near the boundary
forms a hubwith fragments on the other side of the boundary. In this case, loop extrusion originated in the TAD on the right (approximate loading
site above) followed by read-through of the boundary. The fraction of blue versus yellowmulticontact reads is ameasure of boundary permeability.
(C)Nano-Cmulticontact hubs for two viewpoints that are located close to a TAD boundary, but with different numbers of CTCF binding sites that
form the separation with the neighboring TAD. The TAD boundary of interest, as identified fromHi-C data (top), is highlighted with the purple
dashed line. On the bottom, a zoom-in of CTCF binding (ChIP-seq) is provided, showing the presence of four CTCF binding sites around the
boundary. Nano-C viewpoint 1 is located upstream of all four binding sites, whereas viewpoint 2 has three CTCF binding sites that separate it from
the neighboring TAD. In the Nano-C panels, several hundreds of individual multicontacts hubs (consisting of the viewpoint and two ormore
interacting fragments; each hub originating from an individual cell) are stacked on top of each other. The position of the viewpoint is represented
by the black vertical line. Red boxes indicate individual contacts. Multicontact hubs are sorted based on the shortest distance from the viewpoint.
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We applied Nano-C to address the permeability of TAD boundaries,

by determining if multicontact hubs from individual cells are strictly

intra-TADor can bridge between neighboring TADs aswell (Figure 2B).

The fraction of inter-TAD hubs, that is, those with contacts in neigh-

boring TADs, subsequently provides a measure for the permeability

of the boundary. We focussed our analysis on four TAD boundaries

where multiple CTCF binding sites are grouped together.[56] To obtain

a comprehensive view of boundary strength and the contribution of

CTCF binding sites in this process, we designed multiple viewpoints at

these boundaries, either in-between or just outside the arrays of CTCF

binding sites. By analyzing hundreds of multicontact hubs for these

viewpoints, both the permeability of the TAD boundary and the capac-

ity of individual CTCF binding sites to contribute to loop extrusion

blocking can be assessed.

As an example, we will discuss the results for two viewpoints at

a TAD boundary that consists of four nearby CTCF binding sites

(Figure 2C; bottom). For a viewpoint that is located upstream of

the boundary, the large majority of multicontacts are intra-TAD

(Figure 2C,D; bluemulticontact hubs for viewpoint 1). This enrichment

confirms that TADs are indeed of an insulated nature in a large frac-

tion of cells. Nonetheless, about 5% of hubs contain the viewpoint in

one TAD and all their contacts in the neighboring TAD (Figure 2C,D;

yellow multicontact hubs for viewpoint 1). These inter-TAD multicon-

tact hubs represent cells where loop extrusion read-through of the

boundary has occurred (Figure 2B). Despite making up a small frac-

tion of the total reads, the number of these hubs where the viewpoint

and contacts are located in different TADs is strongly enriched.[56]

These results provide a direct measurement of the permeability of the

TADboundary, thereby confirming recent live-cell imagingof boundary

behavior.[46,47]

Next, we focussed on a viewpoint that is located in-between CTCF

binding sites 1 and 2 and thus separated from the neighboring TAD

by only three sites (Figure 2C, viewpoint 2). Here, the large major-

ity of multicontact hubs remained intra-TAD, yet the fraction of hubs

that contained all contacts in the neighboring TAD had increased to

about 15% (Figure 2C,D; blue and yellow multicontact hubs for view-

point 2). When the separation from the neighboring TAD consists of

only three CTCF binding sites (instead of four), loop extrusion read-

through had increased by around threefold. Individual CTCF binding

sites within a zone of transition, thereby additively contribute to the

overall stalling of loop extrusion and separation between the neigh-

boring TADs.[16,56] A similar additive behavior was observed at the

other three TAD boundaries that we analyzed, albeit with differences

in the quantitative contribution of the individual CTCF binding sites

at each boundary. Based on these outcomes, we envision a mechanism

whereby the arrays of CTCF binding sites exert their function through

a successive stalling of the extruding Cohesin complex. When occu-

pied and correctly oriented, individual CTCF binding sites will have the

capacity to pause the complex.[10–13,71] After a certain time though,

this stallingwill not bemaintained and theCohesin complexwill restart

its extruding activity. This loss of stalling may either be caused by the

dissociation of the CTCF protein from the DNA, whose residence time

at the genome-wide scale is shorter than the association of Cohesin

with theDNA,orbyadissociationbetween theN-terminusof theCTCF

protein and the Rad21 protein within the Cohesin complex.[48,71,72,74]

Each stalling event prolongs the occupancy time of the Cohesin com-

plex on the chromatin, thereby allowing its release by the dedicated

WAPL release factor.[42,43] Potentially further aided by other (weaker)

stalling factors like (paused) RNA polymerase II,[35,36] this creates a

stop-and-go effectwhere each stalling eventwill effectively reduce the

number of loops that can read-through the boundary.Nonetheless, this

process of successive stalling is not completely efficient, with a small

fraction of extruding Cohesin complexes achieving read-through and

formation of inter-TAD loops.[56]

4 DOES STALLING OF LOOP EXTRUSION
REDUCE THE NUMBER OR LENGTH OF LOOPS
THAT READ THROUGH BOUNDARIES?

Based on our Nano-C studies, we hypothesize that successive stalling

of loop extrusion can have two nonexclusive effects on loops that

achieve boundary read-through:

1. The cumulative stalling of the loop-extruding Cohesin complex at

the boundary leads to an increased release from the chromatin. As

a result, the number of boundary-spanning loops is reduced.

2. Stalling of the Cohesin complex at boundaries over prolonged peri-

ods of time will count towards the total residence time on the

chromatin. As a result, the average length of extruded loops that

cross the boundary is reduced.

Support for both effects may be found upon the depletion of

the WAPL release factor, where population-averaged Hi-C experi-

ments revealed a strong increase in the fraction of long-range DNA

contacts.[44,45,87,88] Moreover, differential regulatory interactions

Blue horizontal lines indicate hubs where the viewpoint and all contacts obey the boundary (see panel (B); bluemodel). Yellow horizontal lines
indicate hubs where the viewpoint is on the opposite side of the boundary as all its contacts (see panel (B); yellowmodel). Gray lines indicatemixed
hubs, which are strongly depleted. Although themajority of multicontact hubs obey the boundary (blue lines), the enriched fraction of multicontact
hubs that resulted from boundary read-through (yellow lines) confirm that CTCF binding sites and TAD boundaries are permeable. Comparison of
viewpoint 2 to viewpoint 1 shows the fraction of yellow read has tripled, confirming the additive contribution of the intervening CTCF binding site
to the separation between the TADs. This is further supported by the distance distribution, indicated below each viewpoint, which shows that
intra-TADmulticontact distribution is similar for both viewpoints, whereas inter-TAD contact lengths are strongly increased for viewpoint 2. Panel
reproduced, in modified form, fromChang et al.[56] (D) Quantitation of Nano-Cmulticontact hubs for the two viewpoints in panel (C). Color-coding
of multicontact hub categories as described in the previous panel as well. Original data fromChang et al.[56]
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between CTCF, the Cohesin complex andWAPLmay result in themod-

ulation of both loop number and length as well ([74–76,78] and below).

To obtain insights into the diversity of loops that are formed after a

read-through of the boundary, we revisited our Nano-C results.[56,89]

In normal cells, multicontact hubs within the two depicted TADs can

span hundreds of kilobases (Figure 2C; a span of the individual hori-

zontal lines that link viewpoints to their contacts). In contrast, when

we performed similar experiments in cells where a functional Cohesin

complex is absent (Rad21-AID degron cells[25,88]), the large majority

of these long-range multicontact hubs were lost (see Ref. [56]). Con-

sequently, the large majority of these long-range multicontact hubs

are the outcome of the active loop extrusion process. To answer the

question if stalling of loop extrusion at a TAD boundary reduces the

length of extruded loops in the neighboring TAD, we visualized the

longest distance between the viewpoints and their interacting frag-

ments for individual Nano-C multicontact hubs (Figure 3A). Although

we cannot exclude that some of these loops may represent the cumu-

lative distance bridged between two or more loops, we previously

determined that a large fraction of multicontacts represent individ-

ually extruded loops.[56] Visualization of the longest span in normal

cells and in cells where a functional Cohesin complex is absent, con-

firms the importance of loop extrusion for bridging long distances.

Indeed, in Rad21-AID cells, a curved distribution of longest distances

can be observed, whereby short-range interactions are enriched both

upstream and downstream from the viewpoint (Figure 3A). Interest-

ingly though, such a decay in long-range interactions is not observed in

normal cells. Instead, amore gradual reduction in loop sizes is observed

for both viewpoints, with a particularly prominent change in the slope

for viewpoint 1 at the TAD boundary caused by the strong reduction

in loops that achieve the read-through of the boundary (Figure 3A). To

determine the influence of theTADboundary on loop length, combined

with corrections for differences in the number of loops up- and down-

stream of the boundary and for the size of the neighboring TADs, we

used a normalized signal in the range of 0–700 kb from the boundary

(Figure 3B). Here, we find that the size distributions of loops that are

formed after crossing the boundary are similar to those that formed

within the same TAD. Moreover, we find no difference between the

two viewpoints (Figure 3B). This analysis, therefore, supports a model

whereby stalling at TAD boundaries reduces the number of loops that

read-through the boundary, but does not influence the size of the loops

that are subsequently formed. Unexpectedly, the linear shape of these

curves suggests that dissociation of the actively extruding Cohesin

complex is not a random process, but rather that a fixed number of

molecules are removed over genomic intervals of a specific length.

Based on these observations, we propose a model for the dynam-

ics of loop extrusion and Cohesin removal, whereby TAD boundaries

primarily function to reduce the number of loops that cross the bound-

ary (Figure 3C). In contrast, boundaries do not noticeably affect the

length of the loops that are formed after read-through. In this model,

large numbers of (stalled) Cohesinmolecules are removed at the zones

of transition surrounding TAD boundaries. Yet, a smaller and constant

number of extruding Cohesin molecules is removed elsewhere in the

genome as well. As a result, the number of Cohesin molecules that

achieve boundary read-through will directly determine the number

of inter-TAD loops at a given distance from the boundary. Next, due

to the constant rate of Cohesin removal after a read-through of the

boundary, the number of remaining loops will indirectly determine the

maximumsize of extruded loops aswell.Modulation ofCohesin stalling

at TAD boundaries, for instance by changing the number or affinity of

CTCF binding sites, can thereby be used to both influence the num-

ber of and length of inter-TAD loops. In turn, both the number and

length aspects of extruded loops may be exploited for the regulation

of genome-associated functions (see next section).

The mechanistic underpinnings of our model remain to be deter-

mined. The function of TAD boundaries as sites for Cohesin release

may appear at odds with reports that CTCF competes with the

WAPL release factor for binding to Cohesin, thereby stabilizing the

DNA-association of the stalled loop extrusion machinery.[74–76,78] Yet,

similar to Cohesin and CTCF, WAPL has been found to associate with

chromatin in human interphase cells.[90] Moreover, WAPL ChIP-seq

experiments that focussed on the mouse Igh locus revealed a mostly

focal overlap with CTCF binding sites.[58] We therefore envision a

mechanism whereby competition between CTCF-mediated stabiliza-

tion andWAPL-mediated release areboth enrichedatTADboundaries.

Away from TAD boundaries, constant numbers of Cohesin molecules

will be removed by a limited pool of DNA-bound release-factors as

well (Figure 3C). Despite the stabilizing impact of CTCF on Cohesin,

the enriched presence of WAPL at TAD boundaries will result in the

accelerated dissociation as compared to elsewhere in the genome. The

validity of our model remains to be determined, including if WAPL

indeed achieves accelerated release at TAD boundaries, how the den-

sity of WAPL at TAD boundaries compares to sites elsewhere in the

genome, what is stoichiometry ofWAPL relative to CTCFmolecules at

boundaries and if release away from boundaries is similarly achieved

by WAPL. Particularly important in this respect will be to identify

the mechanisms whereby WAPL is recruited to the chromatin and

how its enrichment at CTCF binding sites is achieved, including if

this is mediated through association with CTCF, Cohesin and/or other

unknown factors. In the latter case, this could open up further possi-

bilities for site-specific fine-tuning between stabilization and release

of Cohesin and thus the regulation of the number and length of

boundary-spanning loops.

In summary, we propose a model whereby TAD boundaries have an

elevated capacity to reduce the number of boundary-spanning loops.

But due to the release of Cohesin away from TAD boundaries, at a

fixed rate over distance, the number ofmolecules that read through the

boundary directly determines the maximum length of inter-TAD loops

that can be formed as well.

5 CAN LOOP EXTRUSION STALLING BE USED
TO MODULATE EP-LOOPS AND OTHER
GENOME-ASSOCIATED FUNCTIONS?

Ourmodel, where the number of boundary-spanning loops determines

the number of inter-TAD loops that cover a certain distance and the
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F IGURE 3 The analysis of the longest span inmulticontacts reveals that loop length is not reduced after boundary read-through. (A) Distance
distribution of the longest span between the viewpoint and contacts for two viewpoints in the two neighboring TADs, either in normal cells (solid
lines) or in cells without active loop extrusion (dashed lines). Reanalyzed data from viewpoints depicted in Figure 2. The TAD boundary is indicated
with the purple dashed line, with the extent of the zone of transition highlighted by the gray bar. Position of the viewpoints is indicated with
arrowheads (top) and dashed hairlines. Binding of CTCF (ChIP-seq) is depicted below. Original data fromChang et al.[56] (B) Normalized distance
distribution from the TAD boundary for the longest span and the viewpoints from panel (A). Interactions upstream (lighter shaded lines) and
downstream (darker shaded lines) are indicated separately and limited to the first 700 kb from the boundary. The total fraction of multicontacts is
set to 1. Despite different numbers of loops that are present up- and downstream of the boundaries (see panel A), the decrease in distance is linear
for extruded loops on both sides of the boundary. The linear shape of the curve indicates a constant rate of Cohesin dissociation within genomic
intervals of equal size. (C) Hypothetical model for the release of Cohesin, relative to a fixed loading site. Extrusion in the up- and downstream
directions is visualized independently. The amount of removed and remaining Cohesin is indicated for genomic intervals of equal size and at
increasing distance from the loading site (−1 to−8 and+1 to+8). The amount ofWAPLwithin a zone of transition is abundant, resulting in a large
fraction of Cohesin being removed. Elsewhere in the genome,WAPL amounts are limited and the rate of Cohesin removal is constant. The
maximum loop length is attained when no chromatin-associated Cohesin remains.
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maximum length of those loops, can be exploited to influence biolog-

ical processes. Importantly, if Cohesin is removed at a fixed rate, this

extends to the regulation of intra-TAD loop distribution as well (see

Figure 3B).

For example, the activity of Sonic hedgehog (Shh) in the zone of

polarizing activity (ZPA) of the limb bud is regulated by a long-range

intra-TAD enhancer that is 1-Mb upstream of the Shh promoter. Activ-

ity of the Shh promoter in the ZPA is only observed in a small fraction

of cells though,[91] suggesting that the EP-loop is not formed in all cells.

Studies that combined imaging with Hi-C/5C (Carbon-Copy Chromo-

some Conformation Capture) showed that the Shh enhancer and pro-

moter were in close spatial proximity in the ZPA, which was promoted

by the surrounding TAD that was in a compacted configuration.[92]

Whereas the distance between the enhancer and promoter was only

mildly increased uponCTCF removal, a nearly complete loss of proxim-

ity was observed in the absence of a functioning Cohesin complex.[39]

These observations can be explained by ourmodelwhereby large num-

bers of short-range loops create a compacted intra-TAD organization,

yet only a few Cohesin molecules achieve extrusion of the entire 1-

Mb EP-loop. A similar distance effect was observed when the human

β-globin locus control region (LCR; a super-enhancer) was ectopically

integrated in both orientations into a gene-dense region in the mouse

genome.[93] The LCR, including a strong CTCF binding site at one side,

activated genes both in an orientation and distance-dependent man-

ner over a maximum distance of 150 kb, suggesting that fewer loops

could be formed when distance increased. Although generally weaker,

genes across the CTCF binding site could be activated as well, suggest-

ing that read-through could result in productive EP-loop formation.[93]

More recently, this mechanism was studied in a more systematic man-

ner, by integrating an enhancer at a large number of positions relative

to a fixed promoter within the same and otherwise regulatory-neutral

TAD.[94] Here, in a window of approximately 10–150 kb from the pro-

moter, a strong and mostly linear relationship was observed between

genomic distance and reporter gene activity. This study suggests as

well that progressively fewer EP-loops are formed over distance. Addi-

tion of a CTCF site in-between the promoter and enhancer caused a

strong decrease in the transcriptional output, with a further decrease

of the remaining activity over a smaller distance.[94] This result is fur-

ther in line with our model, whereby sites for loop extrusion-stalling

influence both the number and span of productive EP-loops.

Loop extrusion has been implicated in other genome-associated

processes as well. One such example is the CTCF-directed regulation

of alternative splicing.[95,96] The binding of CTCF within a gene body

creates DNA loops that promote the inclusion of introns or alterna-

tive exons. This can be explained by interference between Cohesin and

RNA polymerase II, whereby the accumulation of the loop extrusion

machinery causes pausing of the polymerase elongation rate.[95,97,98]

In this case, it can be envisioned that the modulation of loop extrusion

read-through influences the stalling of RNA polymerase II and subse-

quently the rate of alternative splicing. Support for this model may be

found in cells with CTCF haploinsufficiency, which display a consider-

able degree of alternative splicing changes.[99] Another involvement

of loop extrusion blocking and read-through is found in the repair

of DNA double-strand breaks (DSBs).[57] Upon DSB induction, the

Cohesin complex becomes fixed at both sides of the break, thereby

inducing a process of divergent one-sided loop extrusion away from

the DNA lesion. Through an association of the ATM kinase with the

extrudingCohesin complex, this allows a rapid depositionof the γH2AX
histone modification within large genomic intervals. Functionally, this

“scanning”mechanism is similar to the formation of a “stripe” by super-

enhancers (Figure 1D).[31,100] The resulting γH2AX intervals correlate

withTADsandare explainedby stalling of theDSB-anchoredone-sided

loop extrusion by CTCF at TAD boundaries.[57,101] A recent single-cell

chromatin profiling study revealed that in a subset of cells, the domains

of γH2AXcanextendacrossTADboundaries, indicating a read-through

of the boundary by the ATM-associated Cohesin complex.[102] The

subsequent span of the domain in the neighboring TADs is more vari-

able, suggesting a progressive removal of Cohesin from the chromatin

after the TAD boundary. If this read-through has a biological function,

for instance for the improvement of DNA repair outcomes, or rather

is a reflection of the permeability of TAD boundaries remains to be

determined.

6 CONCLUSIONS AND OUTLOOK

TAD boundaries can regulate EP-loop formation by stalling the extrud-

ing Cohesin complex. Here, we have discussed recent evidence that

such boundaries are permeable, and we have introduced a model

where boundaries can modulate both the number and maximum dis-

tance of inter-TAD loops (Figure 3C). Moreover, we highlighted how

permeable TAD boundaries may be used to regulate various biological

processes.

Amajor remaining question is if the permeability of TADboundaries

can be regulated, for instance for the modulation of cell type-specific

transcriptional programs. The presence of a regulatory mechanism for

loop extrusion stalling within the genome can be envisioned, whereby

individual sites of stalling can be gained or lost in a cell-type-specific

manner. An obvious candidate for such a regulatory mechanism is

DNA methylation, whose presence within the CTCF binding motif or

the surroundings prevents binding.[17,103–105] Indeed, protocadherin

promoter choice and associated CTCF binding is directly determined

by differential DNA methylation.[106] The effect of differential CTCF

binding may be supplemented with other differential sites of stalling,

including cell-type-specific accumulations of (paused)RNApolymerase

II (i.e., promoters and enhancers).[35–37,107] A similar mechanism could

be envisioned in evolution as well, where reorganization of sites for

Cohesin stalling may permit a fine-tuning of gene expression.[13,62,108]

More systematic comparisons of TAD boundary permeability in differ-

ent cell types and species will be needed to determine if modulation

of boundaries at the level of DNA sequence or DNA methylation is

commonly employed. Moreover, the potential influence of sequence-

encoded cues for the differential amounts of Cohesin loading and

release should be included as well.[34,88,90]

A second remaining question is related to the observation that the

fusion of neighboring TADs frequently requires the removal ofmultiple
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sites of CTCF binding.[64–67] Clustering of sites for the stalling of loop

extrusion creates resilience against the perturbations of individual

CTCF sites but also increases the size of the genomic intervals where

structural variation can exert its effect. Changes to chromatin looping

are commonly linked to human disease, with mutations and DNA

methylation changes frequently observed at CTCF binding sites in

cancer cells.[19,109–112] If these changes affect a single site of Cohesin

stalling, our model predicts that changes in gene expression can

be moderate. Additional studies, focussing on more minor changes

in transcription will be required to determine the importance and

prevalence of reorganized loop extrusion stalling within the zones of

transition that surround TAD boundaries.
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