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Architectural proteins mediate interactions between distant regions in the genome to bring together
different regulatory elements while establishing a specific three-dimensional organization of the genetic
material. Depletion of specific architectural proteins leads to miss regulation of gene expression and alter-
ations in nuclear organization. The specificity of interactions mediated by architectural proteins depends
on the nature, number, and orientation of their binding site at individual genomic locations. Knowledge

of the mechanisms and rules governing interactions among architectural proteins may provide a code to

predict the 3D organization of the genome.
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1. Introduction

The linear eukaryotic genome resides in the three dimensional
nucleus in an organized manner [1]. Certain genomic regions are
highly self-interactive, whereas interactions between these regions
are much less frequent, thus organizing the genome into local
chromatin interaction domains named topologically associating
domains (TADs) [2-4]. Multiple lines of evidence suggest that this
higher-order chromatin organization is linked to genome func-
tion. TADs contain genes with coordinated expression [3], they
overlap with DNA replication timing domains [2,5], evolutionar-
ily rearranged domains [6,7], and oncogenic translocation-induced
hyperacetylation domains [8], suggesting that TADs are, at least in
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part, a physical representation of the functional partitioning of the
genome.

Architectural proteins are enriched at TAD borders and at regu-
latory elements interacting with each other within TADs [2-4,9].
Binding sites for these proteins cluster at specific regions of
the genome termed architectural proteins binding sites (APBSs)
where they mediate chromatin interactions independent of their
enhancer-blocking insulator function [10]. Here we first review
the nature and genomic distribution of architectural proteins char-
acterized in Drosophila and vertebrates. We then discuss results
showing that loss of architectural protein function causes changes
in chromatin interactions and alterations in transcription. Finally,
we describe mechanistic models that aim to predict nuclear 3D
organization from the linear information specified by the number,
nature and binding site orientation of architectural proteins present
at distinct sites in the genome.
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Fig. 1. Organization of architectural proteins in different organisms. The main architectural protein in yeast is TFIIIC, which is able to recruit both cohesin and condensin.
Drosophila has a large number of DNA-binding architectural proteins that bind to specific sequences in the genome and recruit a series of accessory proteins. Some of these
DNA-binding proteins colocalize with other architectural proteins that recognize DNA sequences in close proximity, forming APBSs of varied occupancy. CTCF is the best
characterized DNA-binding architectural protein in vertebrates but several other DNA-binding proteins have been shown to colocalize with CTCF and may also play an
architectural role to either enhance or modify the ability of CTCF to establish interactions between distant sites in the genome.

2. Architectural proteins

Contrary to vertebrates, in which CCCTC-binding Factor (CTCF)
has been the main DNA-binding architectural protein studied
in detail thus far, several DNA binding architectural proteins
have been well characterized in Drosophila. These include CTCF,
Boundary Element Associated Factor 32 (BEAF-32), Suppressor of
Hairy-wing [Su(Hw)], Transcription Factor IIIC (TFIIIC), Z4 (also
called Putzig), Insulator binding factor 1 and 2 (Ibf1 and Ibf2), Pita,
and Zn-finger Protein Interacting with CP190 (ZIPIC) [10-12]. These
proteins bind to specific sites in the genome and recruit a series
of associated factors, including Centrosomal Protein 190 (CP190),
Modifier of mdg4 [Mod(mdg4)], Rad21, CAP-H2, L(3)mbt, Fs(1)h-
L, and Chromator (also called Chriz). Although each DNA binding
protein has a preference to interact with a specific subgroup of
accessory proteins, this preference is not strict, and it is possible
to find combinations of any of the architectural proteins described
above at some genomic location (Fig. 1). For example, TFIIIC, which
is the main architectural protein found in yeast, is also present
in Drosophila at tRNA genes together with Rad21 (a subunit of
the cohesin complex) and CAP-H2 (a subunit of the condensin II
complex) but it is also found at extra TFIIIC (ETC) sites with both
DNA-binding and accessory architectural proteins, including CTCF,
BEAF-32, Su(Hw), CP190, and Mod(mdg4) [10]. BEAF-32 and Z4
colocalize at many promoter-proximal sites in the genome together
with Chromator and CP190, whereas Su(Hw) colocalizes preferen-
tially with CP190 and the Mod(mdg4)2.2 isoform. These genomic
sites containing individual DNA-binding architectural proteins and
several associated factors are called APBSs. Importantly, all or
most DNA-binding and associated accessory architectural proteins

colocalize in different numbers and combinations at distinct sites
called high occupancy APBSs, which are preferentially located at the
borders between TADs [10] (Fig. 1). Additional candidate architec-
tural proteins that possess canonical insulator function, including
Early boundary activity (Elba), have been discovered in Drosophila
but their genomic localization in the context of the ones described
above has not been explored in detail [13].

CTCF and cohesin are the two main architectural proteins exten-
sively characterized in vertebrates [ 14-17]. However, several other
proteins have been shown to colocalize with CTCF at many genomic
locations in mammals and to play a role in specific aspects of CTCF
function, but their possible role in the establishment of 3D orga-
nization has not been explored in detail (Fig. 1). For example, Yin
Yang 1 (YY1) functions with CTCF during X-chromosome inacti-
vation and both proteins colocalize extensively at evolutionarily
conserved CTCF sites located preferentially at promoter-proximal
regions [18]. YY1 interacts with cohesin and condensin, and has
been shown to contribute to the 3D organization of the Igh locus
[19,20]. Furthermore, YY1 is enriched with CTCF at TAD borders
[21]. As is the case in Drosophila, TFIIIC colocalizes with CTCF,
cohesin, and the DNA-binding tumor suppressor protein Prdm5
at many locations of the mammalian genome [22-24]. The POZ-
Zn finger transcription factor Kaiso interacts with CTCF but its
genome-wide distribution or possible role in 3D organization has
not been explored in detail [25]. Additional DNA binding proteins
that colocalize extensively with CTCF include JunD, the Myc-
associated zinc finger protein MAZ, and ZNF143 [26]. Finally, the
nucleolar protein Nucleophosmin is required to recruit CTCF to the
nucleolus in order to tether CTCF-mediated chromatin loops [27]
(Fig. 1).

http://dx.doi.org/10.1016/j.semcdb.2015.11.013

Please cite this article in press as: Xu C, Corces VG. Towards a predictive model of chromatin 3D organization. Semin Cell Dev Biol (2015),



dx.doi.org/10.1016/j.semcdb.2015.11.013

G Model
YSCDB-1883; No.of Pages7

C. Xu, V.G. Corces / Seminars in Cell & Developmental Biology xxx (2015) XxX—XXX 3

It is striking that most DNA-binding architectural proteins char-
acterized so far in both Drosophila and mammals are zinc finger
proteins but it is unclear whether this conservation reflects a
requirement for specific aspects of architectural protein function.
In the case of CTCF, it has been shown that different combinations
of zinc fingers can recognize different sequence motifs, possi-
bly exposing other zinc fingers for protein-protein interaction.
This may confer greater specificity to both its DNA- and protein-
interacting capacity, while preserving the flexibility to relocate and
mediate new chromatin interactions when a cell changes its fate
[28,29]. The degenerate consensus motif sequence of CTCF shows
variable base content at many positions [30]. Indeed, three differ-
ent types of CTCF motif sequences have been shown to be present
at distinct genomic locations with respect to regulatory elements,
different epigenetic features, and frequency of TSS-distal element
interactions [31].

3. Architectural proteins mediate interactions between
distant sequences

Hi-C and Chromatin Interaction Analysis by Paired-End Tag
sequencing (ChIA-PET) experiments conducted in Drosophila and
in multiple mouse and human cell lines have shown enrichment
of CTCF and cohesin at TAD borders [2,3,9], and at anchor regions
of chromatin interaction within TADs [32,33]. Contacts between
cohesin-occupied anchor regions have significantly higher inter-
action frequency than those with cohesin at only one anchor or
not mediated by cohesin [33], suggesting that cohesin facilitates
the establishment or maintenance of contacts between the regu-
latory elements it occupies. However, multiple lines of evidence
suggest CTCF and cohesin are not the only two architectural pro-
teins involved in mediating contacts between distant sequences
in mammals. In the human B-lymphoblastoid cell line GM12878,
only 30% (2857 out of 9448) of all interactions are mediated by
CTCF sites present at each of the anchor regions, whereas 54%
(6991 out of 12,903) of all chromatin interactions have CTCF at
only one of the anchors [32]. Similarly, only 41% of 14,701 RAD21-
mediated interactions and 35% of 22,559 contacts mediated by the
Smc1la cohesin complex subunit occur between two CTCF-binding
anchors in the human leukemia cell line K562 and in mouse ESCs,
respectively [33,34]. These results suggest that many chromatin
interactions in mammals could be mediated by other architec-
tural proteins or by the combination of cohesin with one or more
of the possible candidate architectural proteins described above.
For example, Znf143 and YY1 have been shown to be enriched at
chromatin interaction anchors [21,32,33]. Although YY1 was found
to extensively co-localize with CTCF in active genomic regions
[18], TAD borders enriched with YY1 but not CTCF show higher
enrichment for border-specific epigenomic features than borders
enriched with both YY1 and CTCF [21], suggesting YY1 can func-
tion as an architectural protein independent of CTCF. Additionally,
tRNA genes and SINE elements are also enriched at TAD borders
[2], suggesting that TFIIIC, which binds to these sequences, may
also be involved in mediating long range interactions [10,35]. Fur-
thermore, tRNA-like Mammalian-wide Interspersed Repeat (MIR)
elements were recently characterized as a new group of sequences
in the human genome that possess canonical insulator activity,
are close to TAD borders, and appear to be CTCF-independent,
suggesting the existence of proteins that bind these sequences
with an architectural function [36]. These results suggest that
Znf143, YY1, and TFIIC along with its interaction partner the
condensin Il complex, may function as new architectural pro-
teins in the mammalian genome, but additional functional studies
are required to verify their involvement in organizing chromatin
contacts.

Although interactions that result in the formation of TADs
are relatively stable during cell differentiation, contacts between
architectural protein sites located within TADs are more variable
[2,37,38]. It is possible that cell-type specific interactions result
from the presence of architectural proteins in cell-type specific
genomic locations. When the CTCF binding landscape was com-
pared in 19 different cell types, 64% (50,149 out of 77,811) of
all CTCF binding sites vary in at least one cell type [39], sug-
gesting that CTCF binding is highly plastic across multiple cell
types. Interestingly, CTCF sites whose genomic location is con-
served across different cell types are enriched at TAD borders,
perhaps explaining why TADs tend to be relatively maintained
during development [10]. In addition to the existence of cell
type-specific sites, it is also possible that architectural proteins
collaborate with cell-type specific transcription factors in order
to elicit distinct interactions in specific cell lineages. For exam-
ple, the pluripotency transcription factors Oct4, Nanog, and Klif4
mediate embryonic stem cell (ESC)-specific promoter-enhancer
interactions through binding to their cognate sequences and phys-
ically interacting with cohesin in ESCs [40-42]. Depletion of these
transcription factors leads to decreased occupancy of cohesin and
Mediator [40] and disruption of promoter-enhancer interactions
[40,41]. Depletion of cohesin or Mediator was also shown to abol-
ish pluripotency-specific chromatin interactions [43,44]. These
results suggest that cell type-specific transcription factors may
confer sequence specificity to cell type-specific chromatin interac-
tions, and help recruit cohesin, which in turn, may stabilize these
interactions.

4. Depletion of architectural proteins causes ectopic
chromatin interactions and changes in transcription

The presence of CTCF and cohesin at TAD borders and at anchor
regions within TADs suggests they may be responsible for the
3D organization of the genome visualized by Hi-C experiments.
Indeed, depletion of CTCF by RNA interference (RNAi) in human
embryonic kidney 293T (HEK293T) cells leads to reduced intra-TAD
interactions and increased inter-TAD interactions, thus distorting
the physical partitioning of the genome [45]. This result suggests
that CTCF is responsible for mediating intra-TAD interactions and
establishing boundaries between TADs. The later would be con-
sistent with the classical enhancer-blocking insulator function if
binding sites for architectural proteins inserted between enhancers
and promoters of reporter genes cause the formation of a TAD bor-
der, which would hinder interactions between regulatory elements
present on each side.

Several studies have investigated the effect of reducing cohesin
levels on chromatin interactions in both Drosophila and human
cells. As is the case for CTCF, intra-TAD contacts were greatly
reduced [45-48], consistent with the role of cohesin in mediating
promoter-enhancer interactions within TADs [49]. Two of the stud-
ies showed that inter-TAD interactions were generally unchanged
[45,47], whereas the other two studies showed enhanced inter-TAD
contacts [46,48], consistent with the interdependent relationship
between CTCF and cohesin [14,15]. The discrepancy could be
related to the use of different cell types or methodology to deplete
cohesin, resulting in incomplete depletion under some conditions.
In all cases, establishment of ectopic chromatin interactions are
accompanied by changes in expression of genes whose promoter
regions are significantly enriched in CTCF/cohesin [45,47].

The causal relationship between the presence of architec-
tural proteins and establishment of borders between TADs is
supported by experiments showing that a 58-kb deletion of a CTCF-
containing border region between two TADs in the X chromosome
of mouse ESCs leads to ectopic chromatin interactions across the
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Fig. 2. The role of architectural proteins in the formation of TADs. The figure shows a cartoon representation of a Hi-C heatmap showing 3 TADs. Each TAD has a variable
number of sub-TADs indicated by darker red tones inside the TADs. Architectural proteins (shown as spheroids or tori of different colors) are present at APBSs located at
the borders of TADs and sub-TADs. Based on results obtained in Drosophila, APBSs with high architectural protein occupancy are located at strong TAD borders, whereas
lower occupancy APBSs are found at weak TAD or sub-TAD borders. Although this correlation is also found in mammals, it is not as strong as in Drosophila. In mammals the
orientation of CTCF binding sites (shown by red arrowheads) also contributes to the establishment of interactions leading to the formation of TADs and sub-TADs. Although
divergently-oriented CTCF sites are enriched at TAD borders, it is unclear whether this is also the case at sub-TADs. It is not currently understood what distinguishes TAD

and sub-TAD borders in vertebrate cells.

previous border [3], suggesting that TAD border regions contain
information, perhaps in the form of CTCF sites or other functional
elements present in the deleted region, that have the ability to
establish TADs. Several studies have used the CRISPR-Cas9 genome-
editing technique to explore the function of specific CTCF sites in
the genome. For example, deletion of a CTCF binding site located
between the active Hoxa6 and silenced Hoxa7 genes in mouse
ESC-derived motor neurons results in the establishment of new
interactions detected by 4C-seq and activation of Hoxa7 [50]. Sim-
ilarly, deletion of CTCF sites present at a TAD border results in
ectopic chromatin interactions and changes in gene expression
causing limb malformations [51]. These results suggest that archi-
tectural proteins present at TAD borders are responsible for the
formation of the two adjacent TADs. This could be the result of an
inhibitory effect on cross-border interactions or a positive direc-
tional effect that favors interactions towards the two adjacent
TADs.

5. Occupancy of genomic sites may determine architectural
protein function in the establishment of a specific 3D
organization

Although architectural proteins such as CTCF are enriched at
TAD borders, they are also present at sites inside TADs, including
sub-TAD borders, raising the question of what causes architectural
protein sites to have different functional properties. The definition
of TAD versus sub-TAD is relative and it is ultimately based on
the number of interactions present between each structure with
respect to adjacent regions (Fig. 2). TADs show frequent interac-
tions within TADs and few interactions between TADs, whereas the
number of interactions between sub-TADs is higher than between
TADs. Therefore, whether a specific region of the genome is defined
as a TAD or a sub-TAD is a consequence of the approaches and algo-
rithms used to define these structures. To avoid this somewhat
arbitrary distinction between TADs and sub-TADs, it is possible
to define an insulation index or TAD border strength as the ratio
between the number of interactions within certain window on
both sides of a TAD border and the number of interactions across
the border [46,48]. This concept can then be applied not only to
TAD borders but to any DNA fragment in the genome. Borders
between TADs will have a high insulation index or border strength
whereas sub-TADs will have a lower one. When one then compares
the border strength of any DNA fragment in the genome with the

number of architectural proteins present at sites in the same frag-
ment, there is a striking correlation between protein occupancy and
border strength in Drosophila and, to a lesser extent, in mammals
[10]. High occupancy APBSs preferentially reside at Drosophila TAD
borders, whereas medium and low occupancy APBSs are mainly
located within TADs (Fig. 2). Additionally, the occupancy level of
APBSs also correlates with the canonical enhancer-blocking activity
of architectural proteins as determined by classical reporter assays
in Drosophila [10]. Thus, high occupancy APBSs possess strong insu-
lator activity and preclude interactions between adjacent TADs,
establishing the TAD-based partitioning of the genome. Medium
and low occupancy APBSs within TADs form sub-TADs and medi-
ate interaction between intra-TAD regulatory elements without
posing a strong restriction on the formation of loops required for
proper gene expression [48]. These results underscore the impor-
tance of viewing TAD border strength as a continuous instead of
a binary variable [10,52]. Furthermore, the correlation between
APBS occupancy and border strength suggests that cells may use the
recruitment of different numbers of architectural proteins to spe-
cific genomic locations as a mechanism to achieve a rich spectrum
of biological regulatory control, explaining the gradient of changes
observed at TAD borders when cells are subject to differentiation
cues or environmental stress [38,48,52].

In addition to APBSs containing several DNA-binding architec-
tural proteins, mammals may also utilize clusters of CTCF sites for
a similar purpose. For instance, a cluster of ten CTCF motifs with
the same orientation adjacent to the 3'RR enhancer in the mouse
Igh locus has been suggested to be important to form long-range
contacts responsible for the translocations involving this locus
found in various types of cancers [53]. The existence and possi-
ble functional significance of clusters of CTCF sites in the genome
is underscored by recent studies of the distribution of the CTCF
homolog BORIS (also called CTCFL). This protein is expressed at
very low levels in most mouse and human cells but it is present
in the male germ line and in tumor tissues. Analysis of the dis-
tribution of BORIS in these cell types shows that this protein is
present at sites containing two CTCF motifs separated by 33-58 bp.
These doublets of CTCF motifs are preferentially found at promoters
and enhancers and are normally occupied by CTCF, but are co-
occupied by CTCF and BORIS in germ and tumor cells [54]. Whether
multiple adjacent CTCF sites play a different organizational role
in 3D genome architecture than single sites merits further
analyses.
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Fig. 3. Models to explain the preferential establishment of interactions between divergent CTCF sites. (A) Cohesin associates with a randomly located genomic site, and
initiates the formation of a loop. Cohesin then extrudes a progressively larger loop until it becomes halted at a boundary element, potentially formed by interactions between
cohesin and CTCFs with a particular orientation [62]. (B) CTCF binds to its recognition sequence and bends the DNA, thus initiating the formation of a loop. CTCF-bound
cohesin is then able to extrude a loop by pulling one of the DNA strands. The process stops when a CTCF-bound site in a convergent orientation interacts with the site where
the loop was initiated. This interaction is mediated by the two CTCF proteins, which cannot interact when in divergent orientation.

6. Orientation of architectural protein sites guides
directional looping in mammals

The formation of a specific 3D organization of the chromatin
fiber in the nucleus requires the establishment of a specific pattern
of genome-wide interactions between APBSs that is determined, at
least in part, by their relative occupancy level. This appears to be
the case in both Drosophila and mammals [ 10]. However, cells from
vertebrate organisms possess an additional level of control to regu-
late the nature of the interactions that can take place in the genome
that relies on the orientation of the CTCF binding site, which does
not appear to occur in Drosophila (M. H. Nichols and V. G. Corces,
unpublished observations). Indeed, the vast majority of chromatin
interactions with a unique CTCF motif at each anchor (2574 out of
2857, 90%) in GM12878 cells show the two motifs in a convergent
orientation. This preference for interactions between convergent
CTCF motifs has also been observed in several other human cell
lines [32]. Interactions between binding sites arranged in the same
orientation still occur, although less frequently, and interactions
between CTCF sites in a divergent orientation rarely take place. In
the mouse Igh locus, the intergenic control region 1 (IGCR1) located
in the Vy-to-D intergenic region regulates V(D)] recombination by
balancing proximal and distal V(H) use. IGCR1 contains two diver-
gently oriented CTCF binding sites that are required for proper
IGCR1 function by forming loops with other convergently-oriented
CTCF sites on either side of the Igh locus in mouse B cells [12].
The ability of CTCF sites to preferentially interact with sequences
located downstream from the site explains the finding that TAD
borders tend to contain two closely linked CTCF sites located in
divergent orientation. This pattern of divergent sites at TAD bor-
ders has been conserved during mammalian evolution in syntenic
regions of the mouse, dog, and macaque genomes [6]. Interestingly,
the TAD organization surrounding the clusters of Six homeobox
genes, which has been evolutionarily conserved since the Cambrian
explosion, is established by two divergent CTCF sites conserved in
the mouse, zebrafish and sea urchin genomes [7].

The role of CTCF binding site orientation in the establishment of
specific interactions by this protein has been analyzed in detail by
deleting or inverting specific CTCF sites in the genome [55-57]. At
the human protocadherin (Pcdh) gene cluster, CTCF plays an impor-
tantrole in the regulation of enhancer-promoter choice responsible
for the stochastic expression of specific Pcdh isoforms [56]. Each
Pcdh isoform is transcribed from a specific promoter containing
a binding site for CTCF oriented in the direction of transcription.
Transcription from a specific promoter requires interactions with
downstream enhancers, which contain CTCF sites arranged in a
convergent orientation with respect to those present in the pro-
moter regions. Each variable exon and enhancer has a CTCF binding
site. Using the CRISPR-Cas9 technique, inversions of key CTCF bind-
ing sites were created, switching their orientation. 4C analysis
shows that the inverted CTCF binding sites now have an inverted
interaction bias. This confirms the causal relationship between DNA
binding site orientation and the direction of looping. Furthermore,
the change in looping directionality is accompanied by changes in
transcription, indicating a functional role for the CTCF mediated
interactions in regulating gene expression [56]. De Laat and col-
laborators have performed a similar analysis in mouse embryonic
stem cells (ESCs) and neural progenitor cells (NPCs), using 4C to
map contacts mediated by 86 CTCF sites present in the genome
of these cells [55]. Interactions between CTCF sites, even over dis-
tances of 5.8 Mb, show a preference in directionality, with 65% of
loops forming between CTCF sites in convergent, 1% divergent, and
34% in the same orientation. Deletion of specific CTCF sites results
in disruption of loops between convergent sites, but inversion of a
site does not result in the formation of new loops with sites now
arranged ina convergent orientation [55]. Ruan and colleagues have
used ChIA-PET to examine the role of CTCF binding site orientation
on the establishment of loops genome-wide at a resolution of a few
hundred bp [58]. They find approximately 54,000 CTCF-mediated
loops, 99% of which also contain cohesin in one or both anchors.
Of these, 65% are formed between CTCF sites in the forward-
reverse orientation whereas 33% are between sites in tandem
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orientation. Loops formed between convergent CTCF sites are asso-
ciated with high contact frequency, suggesting that they represent
stronger interactions or interactions present in most cells. Impor-
tantly, the two types of loop appear to have different functions,
with loops between tandemly arranged CTCF sites preferen-
tially enriched in enhancer-promoter interactions in housekeeping
gens [58].

7. Extrusion models explain CTCF site directionality in the
formation of loops

An intriguing question arising from these observations is how
the two CTCF proteins encounter each other and form a loop in
the 3-D nucleus preferentially when the binding sites are arranged
in a convergent versus divergent orientation. A model of random
collision and stabilization is inconsistent with the fact that CTCF
bound to a pair of convergent motifs represents the same molecular
entity as CTCF bound to a pair of divergent motifs, since head-
to-head and tail-to-tail configurations are equivalent in the 3D
space [59]. Therefore, the preferential recognition of convergently
versus divergently oriented CTCF molecules requires constrains in
the dimensions of the interacting space. These constrains may be
imposed by the cohesin ring, which is thought to form a circle
around the two interacting chromatin 10 nm fibers. A model for
the generation of self-organized chromosome loops by proteins
that can bind to two DNA sites and translocate along the DNA
was first proposed by Nasmyth and later further elaborated by
Alipour and Marko [60,61]. This model is applicable to any DNA-
loop-extruding enzyme, such as condensin or cohesin, which would
form loops whose length can be regulated by the presence of archi-
tectural proteins [61]. The loop extrusion model has been recently
extended to explain the formation of loops in interphase chromatin
by modeling a 10 Mb region as a polymer bound by loop extruding
proteins such as cohesin, and is able to predict the consequence
of depletion of CTCF or cohesin in agreement with experimental
observations [57,62] (Fig. 3A). This model is agnostic about how
cohesin is recruited to chromatin; critical for this model is halting
of the loop extrusion process by properly oriented CTCF sites. A
second model based on the loop extrusion concept suggests that
bending of the DNA as a consequence of CTCF binding is the initial
step in the formation of the loop, which is then extruded by CTCF-
bound cohesin [59] (Fig. 3B). In either case, the constrain of two
CTCF interacting sites to a 1D space would facilitate recognition of
structural features in the CTCF protein molecule to allow interac-
tion between convergently versus divergently oriented CTCF sites.
These structural features must be determined by the topology of
the architectural protein complex. CTCF-cohesin interactions take
place between the C-terminal domain of the former and the SA2
subunit of the latter [63]. This is in agreement with results from
ChIP-seq experiments showing that the location of Rad21 is shifted
with respect to that of CTCF and towards the downstream of the
CTCF motif sequence [64]. This arrangement may be important to
halt the processivity of cohesin during loop extrusion or to initiate
the extrusion process in the proper direction [57,59,62].

8. Conclusions and perspectives

At first sight there seems to be a difference between the mech-
anisms Drosophila and mammals employ to establish interactions
between specific sites in the genome. Drosophila appears to rely
on using a variety of proteins that can colocalize at genomic
sites of different occupancy. The degree of occupancy then deter-
mines the frequency, and perhaps specificity and functionality,
of interactions between sites, with highly occupied sites forming
strong TAD borders. Mammals, on the other hand seem to rely

preferentially on the orientation of CTCF sites in the genome to
choose the interacting partner. However, mammalian cells have
a large number of potential architectural proteins that have been
shown to interact or colocalize in the genome with CTCF but
whose function in 3D organization has not been explored in detail.
Therefore, it is possible that, in addition to CTCF site orientation,
mammals also rely on APBS occupancy as an additional mecha-
nism to establish specificity of interactions. In addition, some of
these potential architectural proteins in mammals could have more
specific functions in the process of loop formation between conver-
gent CTCF sites. For example, binding of YY1 to the c-fos promoter
induces bending of the underlying DNA [65], and, therefore, YY1
could cooperate with CTCF in the initial steps of loop formation
and extrusion. It is possible that, in addition to other architectural
proteins, the presence of multiple adjacent CTCF sites plays a more
deterministic role than single sites in the establishment of specific
interactions by stopping the progression of cohesin or favoring the
formation of the initial bend during the process of loop extrusion.
The specific role of clustered versus single CTCF sites in the 3D
organization of the genome remains an important issue for future
studies. Finally, it is currently unclear whether contacts medi-
ated by architectural proteins are disrupted during the cell cycle.
The TAD organization visible by Hi-C during interphase cannot be
observed in cells during mitosis [66]. It is possible that all or most
interactions responsible for building the characteristic TAD organi-
zation during interphase are disrupted and arranged in a different
manner in order to build the highly condensed mitotic chromo-
somes. However, given the apparent energy-dependent needs to
establish orientation-specific interactions between CTCF sites, it
is likely that mitotic chromosomes are formed through additional
levels of condensation on top of the normal interphase structures.
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