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The role of the zinc finger protein CTCF in organizing the
genome within the nucleus is now well established. Wide-
ly separated sites on DNA, occupied by both CTCF and
the cohesin complex, make physical contacts that create
large loop domains. Additional contacts between loci
within those domains, often also mediated by CTCEF,
tend to be favored over contacts between loci in different
domains. A large number of studies during the past 2 years
have addressed the questions: How are these loops gener-
ated? What are the effects of disrupting them? Are there
rules governing large-scale genome organization? It now
appears that the strongest and evolutionarily most con-
served of these CTCEF interactions have specific rules for
the orientation of the paired CTCF sites, implying the ex-
istence of a nonequilibrium mechanism of generation.
Recent experiments that invert, delete, or inactivate one
of a mating CTCF pair result in major changes in patterns
of organization and gene expression in the surrounding
regions. What remain to be determined are the detailed
molecular mechanisms for re-establishing loop domains
and maintaining them after replication and mitosis. As
recently published data show, some mechanisms may
involve interactions with noncoding RNAs as well as
protein cofactors. Many CTCF sites are also involved in
other functions such as modulation of RNA splicing and
specific regulation of gene expression, and the relation-
ship between these activities and loop formation is anoth-
er unanswered question that should keep investigators
occupied for some time.

With the advent of chromosome conformation capture
(3C) and related methods to measure intranuclear con-
tacts (Dekker and Misteli 2015), it has become clear
that, within the nucleus, the genome is engaged in an in-
timate conversation with itself. Relatively short-range in-
teractions between enhancers and promoters help
regulate expression of individual genes or gene families
(Tolhuis et al. 2002). Longer-range interactions may orga-
nize the genome into topologically distinct regions. In ver-
tebrates, many of these interactions are mediated by
contacts involving CTCF. The protein CTCF was first
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cloned and characterized as a vertebrate transcription fac-
tor (Lobanenkov et al. 1990; Klenova et al. 1993). Subse-
quently, binding sites for CTCF, found at either end of
the chicken -globin locus (Chung et al. 1997; Bell et al.
1999) and later at the imprinted Igf2/H19 locus (Bell and
Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000) in
mice and humans, were shown to serve as insulating
boundary elements: They blocked interactions between
enhancer and promoter when placed between them but
not otherwise.

Insulating elements were already well known from
work in Drosophila (Udvardy et al. 1985; Geyer and Cor-
ces 1992; Kellum and Schedl 1992). Even in these early
studies, it was evident that the properties of insulator
elements might arise from an ability to form closed loops
in which pairs of elements widely separated in the ge-
nome come together at the base of the loop (Udvardy
et al. 1985; Geyer and Corces 1992; Muravyova et al.
2001). In this manner, interactions between regulatory
elements residing in different loops would be inhibited,
whereas interactions within a given loop would be fa-
vored. This model has been elaborated on theoretically
(Doyle et al. 2014) and confirmed in many laboratories;
the role of CTCF in organization of such domains has
now been explored extensively (Ong and Corces 2014; Vie-
tri Rudan and Hadjur 2015). The past year has seen major
advances in understanding the multiple roles of CTCF in
gene regulation and genome organization and especially
in how such domains are generated and organized.

These results, which are the main focus of this review,
reflect the increasing resolution of data obtained with
high-throughput 3C (Hi-C) methods, allowing Dixon
et al. (2012) to show that the genome could be subdivided
into ~2000 “topologically associated domains” (TADs),
with contacts strong within each TAD but quite weak be-
tween different TADs (Fig. 1A). They found that CTCF
in most cases demarcated the individual TAD boundaries,
consistent with an ability to block interactions across its
binding sites. In other experiments, depletion of CTCF
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CTCF roles in domain organization within the nucleus. (A) TADs in the human HOXA locus, with a CTCF insulator site be-

tween them. (Adapted by permission from Macmillan Publishers Ltd. from Dixon et al. 2012..) (B) High-resolution Hi-C analysis of a small
region of human chromosome 8 in GM 12878 cells. Contact peaks are circled. (Adapted from Rao et al. 2014 with permission from Elsev-
ier.) (C) Loop domains bordered by CTCEF sites typically associated with cohesin. Interactions between enhancers and promoters within
the same loop are favored; those between loops are blocked. At loops bordered by the strongest and most conserved CTCF sites, CTCF is
oriented as shown, with the N terminus of each protein facing into the loop (see also Fig. 5, below). (D) Contact insulation analysis showing
reduced frequency of contacts across CTCF boundary sites conserved between mice and dogs, compared with nonconserved sites. (Adapt-

ed from Vietri Rudan et al. 2015 with permission from Elsevier.)

not only reduced intradomain contacts but increased
interdomain interactions (Zuin et al. 2014). Higher (4 kb)
resolution was achieved by Phillips-Cremins and Cor-
ces (2013) using 3C carbon copy (5C) methods to analyze a
selected part of the genome in mouse embryonic stem (ES)
cells. This allowed them to resolve sub-TADs within the
TADs and show that >80% of the interactions that they
observed involved some combination of sites for CTCEF,
SMCI1 (a cohesin complex component), and the Mediator
complex component Med12. It has been known for some
time that a large proportion of bound CTCF is associated
with cohesin (Parelho et al. 2008; Rubio et al. 2008; Wendt
et al. 2008) and that Mediator recruits cohesin indepen-
dently of CTCF (Kagey et al. 2010). Loops involving either
CTCF+SMCI1 or CTCEF alone tended to be the longest (on
the order of 1 Mb), and comparison of these ES cell data
with those from neural progenitor cells showed that
such loops were also enriched among those conserved be-
tween the two cell types. This led to the proposal that
these constitutive CTCF sites mark domains critical for
chromosome architecture, while other loops would be as-
sociated with more local and specific regulatory tasks.
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More recent Hi-C studies (Rao et al. 2014) at a remarkable
map resolution (see the investigators’ definition) of 1 kb
allow an even more detailed description of genome organi-
zation. Rao et al. (2014) were able to detect a much larger
number of smaller “contact domains” with a distinct pref-
erence for interaction within the domain and exclusion of
neighbors. Using stringent criteria, they identified Hi-C
“cross-peaks” (Fig. 1B) reflecting strong contact between
distant sites, generating loops. In 38% of cases, the loop
ends correspond to the boundaries of a contact domain,
and these regions are referred to as “loop domains.”
CTCEF and cohesin subunits were found to occupy 86%
of contact peak loci, and, in 54 % of cases, a CTCF-binding
motif, with CTCF and cohesin subunits localized there,
was identified. Most important is the observation that al-
most all of the loops in this subset are anchored at a pair of
convergent sites binding CTCF as well as SMC3, RAD21,
and, presumably, the rest of the cohesin complex (Fig. 1C).
It is difficult to compare the number of loop domains iden-
tified by this procedure with earlier or later results
because quite stringent signal to noise criteria were
applied.



Convergence is critical

Other results during the past year revealed important
properties of chromatin domain structures. By comparing
syntenic regions in four vertebrates, Vietri Rudan et al.
(2015) identified conserved CTCF-binding sites, which
they showed are also the ones with the highest affinity
for CTCF. They found that such sites tend to mark the
borders of conserved large-scale Hi-C domains, in contrast
to species-specific CTCF sites, which are located within
the larger domains. An analysis of the patterns of interac-
tion across CTCF-binding sites at loop termini shows a
striking correlation between conservation and strong in-
sulation. Furthermore, these strong conserved sites have
a preferred convergent orientation with respect to one an-
other (Fig. 1D).

These discoveries of a predominant convergent orien-
tation, now confirmed in other laboratories by comple-
mentary techniques (de Wit et al. 2015), have raised
many questions and inspired several groups to examine
the consequences of deleting or altering the orientation
of one of a CTCF-binding site pair. It had been shown
(Nora et al. 2012) that deletion of a TAD boundary in
the neighborhood of the Xist locus on the X chromosome
could result in ectopic long-range contacts and overall
misregulation of expression. Recent analysis of the Six
homeodomain locus of zebrafish (Gomez-Marin et al.
2015) revealed the presence of oriented CTCF sites
(shown in that study as divergent between adjacent
TADs and therefore convergent within TADs) at TAD

~2.4Mb

CTCF: making the right connections

boundaries; deletion of one of these boundaries in
BACs leads to inappropriate interdomain enhancer—pro-
moter interactions. Similarly, CRISPR/Cas-mediated
deletion of a CTCF site within the Hox clusters in
mouse ES cells disrupts a topological boundary, resulting
in activation of previously silent Hox genes. (Narendra
et al. 2015). The importance of maintaining these bound-
aries is made clear in experiments deleting a CTCF-asso-
ciated TAD boundary near the limb enhancers normally
associated with the mouse Epha4 gene (Fig. 2A). This re-
sults in altered patterns of gene expression, leading to
limb malformation. DNA rearrangements that similarly
disrupt this boundary are shown to be associated with
pathogenic limb formation in humans (Lupianez et al.
2015). The importance of maintaining domain integrity
is also implied in the conservation of CTCF-mediated
loop domains between naive and primed ESCs (Ji et al.
2016).

Experiments in the mouse and human protocadherin
loci and the human -globin locus directly address the
significance of the orientation of paired CTCF loop
sites by reversing the direction of one site (Fig. 2B; Guo
et al. 2015). In each case, reversal of orientation results
in a new pattern of 4C (circularized 3C) contacts that
reflects the disappearance of one loop and formation
of a new one that conforms to the CTCF site orientation
rules. Similarly, inversion of CTCEF sites leads to disrup-
tion of looping even though CTCF binding is maintained
(de Wit et al. 2015), and the results of an extensive
study (Sanborn et al. 2015) of the effect of methodical
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deletion of individual CTCF sites in a group defining two
loop domains are entirely consistent with the require-
ment that loops be bounded by convergently oriented
CTCEF sites.

Mechanisms for generating convergence

It is clear that large-scale genome organization is deter-
mined by this special set of oriented CTCF sites, but
only a subset of CTCF sites is involved in these structures.
Many of the shorter-range, CTCF-mediated interactions
do not conform to this rule; Guo et al. (2015) and Tang
et al. (2015) showed that more weakly formed loop inter-
actions do not all involve convergent sites (see below;
Fig. 5, below) but nonetheless display some preferential
relative orientation. However, it has been apparent since
the discovery of the constraint on major loop CTCF site
orientation that equilibrium models might not be suffi-
cient to explain such observations. If convergent orienta-
tion at contact sites were energetically preferred, it would
overcome any of the relatively small costs of bending the
large chromatin region within the loop and there would be
no requirement that sites be oriented on the DNA se-
quence (but see the comment in legend of Fig. 5, below;
Arib et al. 2015)

It is apparent that these domains are formed by a non-
equilibrium process, and some recent studies indicate
what form it might take. In a review of Guo and colleagues
(Rao et al. 2014; Guo et al. 2015), Nichols and Corces
(2015) suggested that the ability of CTCF to bend DNA
at one end of its binding site (Arnold et al. 1996, MacPher-
son and Sadowski 2010) would create an incipient loop,
which could then enlarge until a mating CTCF was en-
countered. In earlier work, Alipour and Marko (2012)
had proposed an extrusion model to explain how conden-
sin-dependent loop domains could be formed on mitotic
chromosomes. Sanborn et al. (2015) extended this idea
to propose that, in the case of CTCF-mediated loop forma-
tion, the loop is stabilized by a pair of cohesin molecules
that first form a “handcuff,” generating a small loop.
The paired cohesins enlarge the loop as they move away,
either carrying along CTCF molecules with them until
oriented binding sites are reached or stopping when “prop-
erly” oriented bound CTCFs are encountered (Fig. 3). This
is an attractive model because its geometry gives rise to

) Sccl (Rad21)  ° con \
SA1/2 is prebound, but cohesin is deposited only when

exactly the kind of (largely) nonoverlapping pattern of
loop domains observed in vivo as well as the intraloop
folding patterns deduced from the Hi-C data (Rao et al.
2014; Fudenberg et al. 2015; Sanborn et al. 2015; Dekker
and Mirny 2016). Theory and experiment do not necessar-
ily agree in detail, possibly a reflection of the ways in
which evolution has elaborated on simple polymer phys-
ics. The experimental results do contain some apparent
examples of overlapping loops, but this could reflect the
presence of different loops in different individual cells
rather than their simultaneous presence in a single cell.
We do not have enough information at this point to prefer
amodel in which CTCF is delivered by an advancing proc-
essive cohesin complex as opposed to one in which CTCF
is already bound to its DNA sites and traps cohesin when
it arrives. This raises the separate question of CTCF site
occupancy during the cell cycle: Does CTCF remain
bound during mitosis? Chromatin immunoprecipitation
(ChIP) studies show that some well-characterized CTCF
sites do remain occupied (Burke et al. 2005), while others
apparently do not (Wendt et al. 2008). Immunofluores-
cence studies also disagree: Wendt et al. (2008) did not
detect CTCF binding in mitotic chromosomes, but Burke
et al. (2005) did, perhaps reflecting differences in fixation
and staining methods. However, further experiments
(Burke et al. 2005) using GFP-tagged CTCF fragments as
probes showed that, on mitotic chromosomes, CTCF ap-
parently binds largely to sites that engage the C-terminal
zinc fingers. The fact that such sites comprise only 15%-—
25% of all CTCF sites (see below) suggests that CTCF may
not be present at a large proportion of its normal sites dur-
ing mitosis.

The discovery during the past few years of conserved
and quite selective CTCF-mediated interaction patterns
had immediately raised the questions: How are some
CTCEF interactions selected in preference to others? Are
loop domain structures maintained during replication
and cell division or instead regenerated de novo? The
mechanism proposed by Sanborn et al. (2015) certainly
supports the latter model. New questions then arise:
How much of the large-scale structure is disrupted during
cell division? When is it disrupted, and at what stage of the
cell cycle is it regenerated? The cohesin handcuff model is
attractive, but what would be the energy source required
to propel cohesin along the loop it is in the process of
enlarging?

\ Figure 3. Proposed mechanisms (Sanborn et al.
2015) for generating loop domains terminated by
convergently oriented CTCEF sites (see Fig. 5, below).
Cohesin bound to chromatin extrudes a loop and

'smc3 continues until it reaches a properly oriented

\
®© =
O = Smcl
Or) = Helicase?

Cohesin CTCEF site on each arm of the loop. It then stops
searching; CTCF either comigrates with cohesin or

CTCFs are properly oriented. Two possible configu-
rations of cohesin are shown, corresponding to pro-
posed models of cohesin interaction with

chromatin (Nasmyth 2011). This process would require an energy source, suggested here to be an as yet unspecified helicase, shown

as orange arrows.
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Evidence from Hi-C and 5C measurements of cells ar-
rested during mitosis shows that little if any of the
large-scale loop domain structure survives, implying
that higher-order chromatin structures have to form de
novo in early Gl (Naumova et al. 2013). If a cohesin
“handcuff” (or some variant of it) is responsible for this
pattern regeneration, ATP-dependent helicases such as
RUVBLI1/RUVBL2, known to be required for decondensa-
tion of mitotic chromosomes (Magalska et al. 2014),
might be recruited to drive loop extrusion (Fig. 3). This
still leaves unsettled the question of how such structures
are maintained during DNA replication. It has been
shown, for example, that cohesin remains bound at tran-
scription factor cluster sites through replication and in
the absence of CTCF (Yan et al. 2013). It is also unclear
what structures are responsible for maintaining contacts,
once formed, between sites at the base of the loop do-
mains. Presumably, CTCF has to be present. The evidence
is strong that cohesin is also required. A number of studies
(Seitan et al. 2013; Sofueva et al. 2013; Zuin et al. 2014) in
which cohesin components were depleted have explored
in detail the role of cohesin in the maintenance of high-
er-order structure.

The nature of CTCF-binding sites

The next problem is to understand what makes the loops
such stable structures. If we assume that both CTCF and
cohesin are required, the determining factor might be
the stability of CTCF binding to DNA (since cohesin is re-
cruited to DNA by CTCF). There is considerable informa-
tion about DNA sequence motifs that bind CTCF and the
dissociation constants associated with those motifs. The
DNA-binding protein CTCEF is restricted to bilaterians
and is highly conserved across most of the animal evolu-
tionary tree (Heger et al. 2012; Vietri Rudan et al. 2015),
and the presence of multiple zinc fingers suggests that it
can engage DNA in multiple ways (Filippova et al. 1996;
Nakahashi et al. 2013). The earliest CTCF-binding site
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to be identified as part of an insulating boundary element
is located upstream of the chicken B-globin locus (Bell
etal. 1999). CTCF binds there in vitro with subnanomolar
affinity, and Renda et al. (2007) have shown that four of
the central zinc fingers, 4-8, are required for this high-af-
finity interaction. Subsequent studies have demonstrated
that this belongs to a set of nonpalindromic CTCF-bind-
ing sites with a sequence consensus referred to as M1
(Holohan et al. 2007; Kim et al. 2007; Xie et al. 2007;
Schmidt et al. 2012), which is proposed to engage zinc fin-
gers 4-7 in vivo (Nakahashi et al. 2013). This 20-base-pair
(bp) core motif is present in most of the known CTCF-
binding sites identified by ChIP (ChIP-seq [ChIP com-
bined with deep sequencing] and ChIP-exo [ChIP exonu-
clease]) (Fig. 4), and the nonspecific engagement of zinc
fingers other than 4-7 by the flanking DNA sequence is
thought to further stabilize CTCF binding.

A second 10-bp CTCF motif (Fig. 4), referred to as M2,
found upstream of M1 has been identified (Rhee and
Pugh 2011; Schmidt et al. 2012; Nakahashi et al. 2013),
and this alone engages zinc fingers 9-11 with nanomolar
affinity (Xiao et al. 2015). Genome-wide studies indicate
that motif M2 is found in conjunction with M1 in 15%-
25% of the CTCEF sites that possess M1, and it is expected
that CTCF will bind to these sites with extremely high af-
finity, although this may depend on the spacer between
these sites. The unusually high affinities (which typically
reflect slow off rates and diffusion limited binding rates)
are responsible for the long residence time on chromatin,
which is ~11 min, approximately an order of magnitude
longer than observed for most transcription factors (Naka-
hashi et al. 2013). It must be kept in mind that the method
used to make these measurements, fluorescence recovery
after photobleaching (FRAP) of GFP-tagged CTCF, might
not account for “nonexchangeable” CTCF that binds
with the highest of affinities. Interestingly, Nakahashi
et al. (2013) have also identified a 10-bp motif that,
when found downstream from M1, results in destabiliza-
tion of CTCF binding, possibly through the disengage-
ment of zinc fingers 1-2 (Fig. 4).

Figure 4. CTCF-binding motifs showing the M1/
core that specifically engages fingers 4-8 and the
M2 /upstream sequence that engages fingers 7-11,
with overlapping binding of the middle fingers to
M1 and M2 (Nakahashi et al. 2013). Fingers not en-
gaged in sequence-specific contacts may nonetheless
contribute to overall binding stability through non-
specific interactions. Note that the sequence as
shown binds CTCF with the N terminus facing down-
stream (Renda et al. 2007; Nakahashi et al. 2013). The
DNA-binding modules described by Rhee and Pugh
(2011) based on a ChIP-exo study are highlighted as
colored bars at the bottom of the motif.

GENES & DEVELOPMENT 885



Ghirlando and Felsenfeld

DNA methylation and CTCF binding

It has been known for a long time from studies of imprint-
ing at the Igf2/H19 locus that cytosine methylation at a
CpG within the CTCF motif greatly lowers binding affin-
ity (Bell and Felsenfeld 2000; Hark et al. 2000; Kanduri
et al. 2000) and that a particular site within M1 is critical
(Renda et al. 2007). Only some CTCF motifs contain a
CpG at the right place, where its presence can be used
for regulation of CTCF binding. A very recent report (Fla-
vahan et al. 2016) provided a striking example of both the
importance of CTCF-mediated domain formation for cell
function and the potential role of DNA methylation in
regulating domain architecture. The investigators showed
that a mutation in the isocitrate dehydrogenase (IDH)
gene, associated with certain classes of human gliomas,
exerts its effect by inhibiting pathways that normally
lead to demethylation of CpGs. The resulting increase
in methylation of susceptible CTCF sites and loss of
CTCEF binding disrupts a TAD boundary. The loss of insu-
lation in turn allows a previously blocked constitutive en-
hancer ~900 kb away to interact with and activate
PDGFRA, a known glioma oncogene (Fig. 2C). As the in-
vestigators point out, similar mechanisms may be at
work at other CTCF boundary elements in these cells.
Furthermore, it seems likely that other kinds of malignant
cells with aberrant methylation pathways will also suffer
disruptions in domain organization. There is good reason
to think that, in many kinds of cells, the subset of CTCF
sites marked by a CpG that interacts with zinc finger 7
(Renda et al. 2007) will be sensitive to local or global
methylation changes, with consequences that could be
varied and dramatic. However, not all such sites will nec-
essarily be methylated in vivo because CTCF binding
could protect against methylation (Stadler et al. 2011).
More generally, mutations in individual CTCF sites
(Tang et al. 2015) can lead to loss of binding and disruption
of loop formation, with important consequences for dis-
ease susceptibility. CTCF-binding sites are major hot
spots for mutations in the cancer genome (Katainen et
al. 2015), and oncogenes can be activated by mutations
that disrupt CTCF binding at the boundaries of loop do-
mains (Hnisz et al. 2016).

CTCF does not work alone

CTCEF exhibits a range of affinities for DNA, depending on
the particular sequence within the canonical binding mo-
tifs or within noncanonical motifs not yet fully character-
ized (Plasschaert et al. 2014). It has already been noted that
evolutionarily conserved CTCF sites demarcating domain
structures are usually those with high affinity (Guo et al.
2015; Vietri Rudan et al. 2015). The implicit identification
of weaker affinity sites and the possible lack of a CTCEF-
binding motif at sites occupied by both CTCF and cohesin
(Rao et al. 2014) suggests that other cofactors may be
required for at least some CTCF functions. Neighboring
binding sites for other regulatory factors may augment
or modulate CTCF function (for review, see Weth and
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Renkawitz 2011). It has also been known for many years
(Wallace and Felsenfeld 2007) that a variety of other pro-
teins is recruited to particular binding sites by CTCF
and may play important and diverse roles in its activities.
For example, Smad proteins are associated with CTCF at
the Igf2/H19 imprinted control region (Bergstrom et al.
2010) and at many sites in Drosophila (Van Bortle et al.
2014). The general transcription factor II-I (TFII-I) helps
stabilize CTCF binding at certain promoter-proximal re-
gions (Pena-Hernandez et al. 2015). The DEAD-box heli-
case p68 is associated in HeLa cells with 7% of CTCF
sites (Yao et al. 2010). At the Igf2/H19 locus, p68 helps,
in association with the long noncoding RNA SRA, to sta-
bilize cohesin binding and create an effective insulator. At
many genomic sites in ES cells, DNA-bound CTCF/cohe-
sin can recruit the core promoter factor TAF3 and mediate
its contact with promoters through TAF3-dependent loop
formation (Liu et al. 2011). In addition, CTCF undergoes
modifications such as poly(ADP) ribosylation (Guasta-
fierro et al. 2013), phosphorylation (Klenova et al. 2001),
and sumoylation (MacPherson et al. 2009) that are impor-
tant for its activity. CTCF also interacts with the enzyme
poly-ADP-ribose (PARP1) itself to help establish inter-
chromosomal contacts during the circadian cycle be-
tween active loci enriched in circadian genes and
repressed lamina-associated domains (LADs) (Zhao et al.
2015).

Recent reports also made it clear that many RNAs bind
to CTCF to modulate its regulatory functions. Of note are
studies (Saldana-Meyer et al. 2014; Kung et al. 2015) show-
ing that CTCF interacts with many endogenous RNAs.
Saldana-Meyer et al. (2014) reported that at least 17,000
genomic RNAs interact with CTCF. They identified an
RNA-binding domain within the CTCF C terminus,
which, together with CTCF zinc fingers 10 and 11, inter-
acts with Wrap53 RNA, the p53 antisense transcript; the
CTCF-RNA interaction appears to be important for regu-
lation of p53 expression. Kung et al. (2015) similarly re-
ported that a wide variety of genomic RNAs interacts
with CTCF, with binding strengths that appear in some
cases to exceed those seen for interactions with CTCF-
binding motifs on DNA. Complexes of CTCF with Tsix
and Xite RNAs target CTCF to the X inactivation center,
providing a pathway for specific deposition of CTCF at se-
lected sites. In an earlier study of mouse X chromosome
inactivation (Sun et al. 2013), this laboratory had shown
conversely that Jpx RNA, expressed from a site neighbor-
ing Xist, is able to interact with and remove bound CTCF
from DNA, resulting in up-regulation of Xist expression.
In these mechanisms, which appear to play an important
role in X chromosome pairing and X inactivation, DNA
and RNA compete for binding to CTCF. It is still not
clear under what circumstances this competition for
CTCF between particular RNA and DNA sites is won
by one or the other.

This is different from the situation reported at the p53/
Wrap53 locus (Saldana-Meyer et al. 2014), where the in-
vestigators proposed that CTCF can bind simultaneously
to DNA through its more N-terminal zinc fingers and to
RNA through its C terminus. They also showed that



addition of RNA can result in formation of CTCF multi-
mers in solution, suggesting one way in which CTCF
loop interactions might be stabilized in vivo. Other inter-
actions that could help stabilize loops were implied in the
model proposed by Sanborn et al. (2015) for cohesin bind-
ing at loop boundaries. If cohesin forms a handcuff involv-
ing a pair of cohesin molecules or simply a single closed
circle surrounding both arms of the loop, this could create
a tether for the ends of the loop (Fig. 3). That depends, of
course, on the stability of the cohesin ring structure dur-
ing interphase. We know that, during mitosis, a single
cohesin molecule forms a quite stable ring around sister
chromatids, the opening of which requires a specific set
of chemical reactions (Nasmyth 2011). Less is known
about the stability of cohesin binding to chromatin in in-
terphase cells. In mice, the protein Wapl is required for re-
lease of cohesin from chromatin during all stages of the
cell cycle (Tedeschi et al. 2013). Exchange rates for bound
cohesin, measured in rat kidney cells by inverse FRAP,
not surprisingly vary with cell cycle stage (Gerlich et al.
2006). In G2, 30% of cohesin is bound to chromatin
with a residence time of ~6 h, probably representing those
complexes involved in tethering of sister chromatids. In
contrast, during G1, 44% of cohesin complexes are bound
with a residence time of 24 min, and longer times were not
reported. Interestingly, these are of the same order of mag-
nitude as times reported for CTCF exchange. Taken at
face value, the results would suggest that cohesin hand-
cuff structures, although relatively stable, could not alone
provide long-term stability of loop structures during inter-
phase. It is important to remember, however, that perhaps
the majority of cohesin complexes is attached to chroma-
tin through Mediator, rather than CTCF, and the observed
values may reflect this population. The stability of loop
domains ultimately may depend on a mixture of the
stability of CTCF binding to DNA, the strength of its in-
teraction with cohesin, the topological constraints con-
ferred by the closed cohesin ring, and the stability of
that ring. One important step will be to obtain experimen-
tal evidence that cohesin actually forms rings around
chromatin during interphase. It is also possible that the
structures at the base of the loop are labile so that contacts
are broken and reformed but that the loop ends are
held near each other by different, shorter-range interac-
tions within the loop that function as a kind of molecular
Velcro.

Convergence is not universal

Given the variability in binding strength of CTCF motifs
and the effect of local environment and bound cofactors,
it is difficult to envisage a single mechanism for CTCF
action. Different definitions of loop domains or TADs nec-
essarily give rise to varying estimates in the number of
CTCFs known to be involved in such structures. Using
the most stringent definition of contact peaks (marking
strong contacts between distant sites) in GM12878 cells,
Rao et al. (2014) associated 54 % of a total of 12,903 con-
tact peaks with the presence of a CTCF motif. If this is

CTCF: making the right connections

taken strictly, it indicates that a considerable number of
contact peaks are not associated with CTCF, and, given
that there are (according to Encode ChIP-seq data)
>40,000 sites occupied by CTCEF in these cells, it would
also mean that many CTCF-binding sites are not involved
in contact peaks. A different method of identifying paired
sites (Guo et al. 2015) uses published ChIA-PET (chroma-
tin interaction analysis with paired-end tag sequencing)
data (Handoko et al. 2011) to count only those CTCEF sites
in K562 cells that are actually occupied by CTCEF. This
yields an estimate of a total of ~25,000 ChIA-PET interac-
tions, of which ~78% are associated with bound CTCF at
both members of the pair. Of these, ~76% involve conver-
gently oriented sites, and most of the rest are tandem (i.e.,
motifs facing in the same direction along the DNA).

A new ChIA-PET analysis (Tang et al. 2015) in
GM12878 cells gave quite similar results: 64% of sites
are convergent, and 33% are tandem. Interestingly, in
both cases, only 2% of sites are paired in the divergent ori-
entation, which provides another constraint on possible
mechanisms (Fig. 5). Tang et al. (2015) suggested that
the tandem sites interact to form a “coil” rather than
the “hairpin” generated by the interaction of convergent
sites (Fig. 5), preserving the parallel spatial orientation of
the two CTCF motifs, which could well be required if
cohesins bound to the two CTCFs had to interact. Consis-
tent with earlier results, they reported that the convergent
sites are associated with TADs, whereas the interactions
involving tandem sites are weaker and associated with
loops formed within TADs. The latter are likely to be
more transient contacts. Are these contacts generated
also by a loop extrusion mechanism? If it is assumed (San-
born et al. 2015) that a processive mechanism deposits
CTCEF preferentially (but not exclusively) when it encoun-
ters a “properly” oriented binding domain, that could re-
sult in something like the observed frequencies of
convergent, tandem, and divergent paired loop sites. The
deposition mechanism could sometimes (tandem orienta-
tion) deliver one of the two CTCFs to a site facing in the
wrong direction but would be even less likely to do it if
both sites were divergent. However, this does not explain
in itself why those contacts, once established, should dif-
fer in strength.

Still another method of evaluating data is to calculate
TAD strength, defined by the ratio of intra- versus inter-
TAD interaction frequencies, which, in principle, allows
for inclusion of the entire range of interaction strengths
(Van Bortle et al. 2014). This may be particularly useful
for categorizing weaker contacts; for example, in Droso-
phila, where, unlike the situation in vertebrates, there
are, in addition to CTCF, a number of other proteins asso-
ciated with architectural activity, and site occupancy by
these factors is correlated with TAD border strength.
Because of the multiplicity of factors involved, it is
more difficult in Drosophila to isolate the contribution
of CTCF to domain organization. Drosophila CTCF has
N-terminal and C-terminal domains quite different from
those in the vertebrate protein, although it shares with
vertebrates the same DNA-binding motifs and strong
zinc finger homologies. As a result, it recruits, to a
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considerable extent, a different set of cofactors (Van Bortle
et al. 2014). Nonetheless, there is a clear TAD organiza-
tion in Drosophila (Sexton et al. 2012; Van Bortle et al.
2014; Eagan et al. 2015; Li et al. 2015) in which CTCF
plays a major role. Furthermore, the bands seen in Droso-
phila polytene chromosomes correspond to TADs (Eagan
et al. 2015), and the same TAD organization is present in
diploid cells.

Other roles for CTCF

Many of the more local domains help regulate interac-
tions between enhancers and promoters and employ
weaker and less conserved binding sites. Some loops asso-
ciated with regulation of gene expression (for example,
those associated with TAF3) (Liu et al. 2011) involve
CTCF at only one end of the loop. Recent results implicate
other CTCF sites in various mechanisms associated with
RNA splicing. The protocadherin locus takes advantage
of CTCF interactions to bring together multiple combina-
tions of variable and constant exons, with a resulting great
diversity in the RNA and protein products (Guo et al.
2012). CTCF, in some cases, also plays a less exotic role
in the RNA splicing mechanism (Shukla et al. 2011; Par-
edes et al. 2013; Agirre et al. 2015) by slowing the progres-
sion of transcribing RNA polymerase II (Pol II), which, as
is known for some other bound factors, can result in a dif-
ferent choice of exons in the spliced product. The CTCF
site associated with this function is correlated with the
presence of HP1la and AGOI1 near regulated exons (Agirre
et al. 2015). It is not clear whether such sites are involved
in loop formation. There is evidence that this need not be
apart of the mechanism: Slowing of elongation can also be
observed in vitro with templates carrying only a single
CTCF-binding site (Shukla et al. 2011). CTCF is also
found upstream of the transcription start site in unidirec-
tionally transcribed genes, where it acts together with
cohesin as a barrier to antisense transcription (Bornelov
et al. 2015). This ability to impede Pol II is presumably
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Figure 5. Orientation of CTCF-binding sites at the
base of loops (Rao et al. 2014; Guo et al. 2015; Vietri
Rudan et al. 2015). (A) The observed preferred conver-
gent orientation for strong, conserved sites. (B) Two
equivalent tandem orientations that occur with re-
duced frequency (see the text). (C) The divergent ori-
entation, which appears to be disfavored. (D) “Coil”
arrangement proposed (Tang et al. 2015) to explain
how tandemly oriented sites might interact, assum-
ing that where CTCF/cohesins contact each other,
they have to align in parallel. (E) Although TADs
are large and the energetic costs of deforming chroma-
tin within a domain should be small, there could be
cases in which other strong interactions near the
base of a loop constrain conformations and make in-
teractions between CTCF sites either less or more en-
ergetically favored.

connected to CTCF’s slow exchange time: The polymer-
ase has to wait for the CTCF to leave before it can advance.
Interestingly, similar mechanisms were among the early
alternative proposals for how insulators might work.
CTCEF can perform other architectural functions, such
as bringing together widely separated DNA sequences
during V(DJJ (Medvedovic et al. 2013; Ebert et al. 2015;
Gerasimova et al. 2015; Lin et al. 2015; Narendra et al.
2015) and class switch (Birshtein 2012) recombination.
One class of CTCF sites that does not fit neatly into this
picture has been found in the a-satellite repeats of pericen-
tromeric regions. Unusually, these sites engage only the
C-terminal zinc fingers of CTCF (Burke et al. 2005; Xiao
et al. 2015), and CTCEF in turn recruits the centromeric
protein CENP-E (Xiao et al. 2015). It remains to be deter-
mined at this site and no doubt at other sites in the ge-
nome whether CTCF has still further ways in which to
affect genome organization. While the studies discussed
here (largely published during the last 2 years, and many
published within the past few months) provide us with as-
tonishing amounts of information about large-scale ge-
nome organization, we still have a lot to learn about the
processes that create that organization and the details of
the local molecular interactions that hold it all together.
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