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Abstract. Eukaryotic genomes have complex spatial
organization in the nucleus. The factors and the
mechanisms involved in this organization remain an
enigma. Among the many proteins implicated in such
a role, the ubiquitous Zn-finger protein CTCF stands
out. Here we summarize the evidence placing CTCF
in the enviable position of a master organizer of the

genome. CTCF can form loops in cis, and can bridge
sequences located on different chromosomes in trans.
The thousands of CTCF binding sites, identified in
recent genome-wide localization studies, and their
distribution along the genome further support a
crucial role of CTCF as a chromatin organizer.

Keywords. Genome organization, transcription, imprinting, boundary elements, X-chromosome inactivation,
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Genome organization in the eukaryotic nucleus

Nowadays, there is a clear understanding that gene
organization along the linear genomic sequences and
the spatial organization of the genome in the nucleus
are of paramount importance for gene regulation [1,
2]. Thus, housekeeping genes often cluster in gene-
dense regions [3, 4], presumably benefiting from open
chromatin domains over the cluster and collective
positioning at nuclear zones of high transcription
competence (transcription �factories�, see refs. [5, 6]).
Developmentally regulated genes are also organized
in (smaller) clusters, the best studied examples of
which are the chicken and mammalian b-globin gene
clusters. The individual genes in the cluster compete
for physical contact with a shared upstream regulatory
region, the locus control region (LCR), thus forming

chromatin loops between individual promoters and
LCR [7, 8]. These loops are developmentally regu-
lated, with the LCR changing gene partners, depend-
ing on which gene is to be expressed at a given point in
development. The contacts between the different
regions of the chromatin fiber are believed to occur
through random collisions and are then stabilized by
protein binding [2].
The transcriptional effects of the intra-chromosomal
gene organization are complemented by inter-chro-
mosomal interactions. Recent genome-wide studies
introduced modified chromosome conformation cap-
ture (3C) [9] techniques that allow unbiased discovery
of interacting chromosome regions [10 – 14]. These so-
called 4C methods (3C methods which use genome-
wide microarray or sequencing analyses of the inter-
acting regions) have recognized the existence of
thousands of interactions between each target se-
quence and many DNA fragments scattered through-
out the genome (reviewed in [15]). The majority of* Corresponding author
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interactions occur through particular DNA topologies
that are very cell-specific. Such cell-to-cell differences
in topology are expected to exist according to the
suggested self-organization model of nuclear archi-
tecture [1, 16].
Finally, it is widely believed that each interphase
chromosome (the chromatin fiber organizing the
uninterrupted linear DNA molecule in each chromo-
some) occupies its own space in the nucleus. These so-
called chromosome territories (Fig. 1) are dispersed
over the nuclear volume, with some recognizable
patterns of organization. For example, smaller and/or
gene-rich chromosomes tend to localize more cen-
trally in the nucleus, whereas larger and/or gene-poor
chromosomes prefer more peripheral positions [17,
18]. (Note that some tissue-specific preferences for
co-localization of individual chromosomes may also
exist [19].) A polarized distribution of gene-dense vs.
gene-poor chromatin has been convincingly demon-
strated within individual chromosome territories, with
the gene-dense regions located towards the nuclear
interior [20 – 22].

Despite the fact that each chromosome occupies its
own territory, chromatin fibers often �play hooky�,
looping out of the territory to interact with escapee
loops from other chromosomes. These �external� (to
the chromosome territories) loops are often gene-rich
and the frequency with which they form tends to
correlate with the transcriptional activity of the
resident genes [23]. This behavior may be needed
for the genes present in the loops to interact with
transcription or replication factories [5, 6, 24]. It must
be noted, however, that the existence of such pre-
assembled factories that attract genes for transcrip-
tion/replication is considered rather controversial [1,
15]. Indeed, such factories probably exist when the
transcriptional machinery and all other required
factors transiently gather on a transcribed gene;
however, they may assemble one factor at a time in
a stochastic collision process, rather than exist as
preassembled stable entities waiting to be visited by
genes [1].
Thus, it becomes increasingly clear that the formation
of intra-chromosomal loops in cis and of bridges
between chromatin sites in trans are dynamic proc-
esses that organize nuclear structure. In some cases,
the functional significance of these interactions has
been deciphered; however, the majority of interac-
tions still await assignment of function.
When loops or bridges form, whether by a determin-
istic process or stochastically, they need to be stabi-
lized, at least for the time of the function of the loop.
How does stabilization happen? It has long been
presumed that protein factor binding to the two DNA
helices at the base of the loop is the mechanism of
stabilization. Among the proven or presumed proteins
are components of the insoluble nuclear matrix,
Topoisomerase II, SATB1, transcription termination
factors, lamina proteins, and last but not least, the
transcription or replication factories. Marenduzzo et
al. [24] have recently introduced the term “molecular
ties” for such proteins, arguing for a major role of
transcription factories as such ties.
Is there a universal abundant protein factor that can
serve to form and/or stabilize loops and bridges? What
would be the properties required of such a factor?
How would its activities be regulated? In what follows,
we will argue that CTCF may be playing such a
universal role in topologically organizing the genome
as a whole or some specific regions. We will also
discuss the relationship of this organization to regu-
lation of gene expression, whenever such data are
available.

Figure 1. Genome organization within the eukaryotic nucleus. The
linear double stranded DNA molecules that constitute individual
interphase chromosomes occupy distinct portions of the nuclear
volume, forming chromosome territories (denoted here in three
different colors for three example chromosomes). The gradient
shading of the three chromosomal territories reflects the radial
distribution of the gene-rich vs. gene-poor regions (see text). The
chromatin fiber within each territory can form individual loop
domains, whereas domains making temporal excursions out of their
respective territories can be bridged together, presumably to be
coordinately regulated (through interactions with transcriptional
factories, for example). A significant portion of the chromatin fiber
is associated with the lamina structure in the so-called lamina-
associated domains (LADs) that are transcriptionally repressed.
Intra- and inter-chromosomal interactions also form distinct
nucleolar structures that contain both the active and inactive
copies of the tandemly-repeated ribosomal genes. A final recog-
nizable structure that may have a role in the spatial and topological
organization of the genome is the nuclear matrix, an insoluble
meshwork of various �skeletal� proteins.
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CTCF: the protein and its genome-wide distribution

CTCF is a ubiquitous, abundant nuclear protein with
very diverse functions, including enhancer-blocking,
X-chromosome inactivation, gene imprinting, and
gene activation or repression (Table 1). CTCF struc-
ture can be subdivided in three distinct domains: an N-
terminal region, a central domain containing 11 zinc-
fingers, and a C-terminal region (reviewed in ref. [53]).
The three distinct domains provide interaction plat-
forms for various proteins and contain sites for distinct
posttranslational modifications: the N-terminus is
poly(ADP-ribosyl)ated [54], whereas the C domain
contains several sites for phosphorylation by protein
kinase CK2 [55]. The protein is characterized by a
relatively uniform nuclear distribution in interphase,
with additional binding sites at the periphery of the
nucleolus. CTCF also binds to the nuclear matrix,
indicating a possible functional connection between
CTCF-dependent insulator elements and the nuclear
matrix [56].
CTCF became a major research focus when it was
realized that it is critically involved in enhancer-
blocking functions in higher eukaryotes. Felsenfeld�s
laboratory identified CTCF binding to specific sites in
the b-globin locus and in the imprinted Igf2/H19 locus
[26, 34] and proved that CTCF binding was necessary
for the enhancer-blocking functions at both loci.
Importantly, CTCF binds only when the binding site
is unmethylated, and thus differentiates between the
differentially methylated maternal and paternal al-
leles of the Igf2/H19 locus. CTCF is the only recog-
nized protein in higher eukaryotes that, by binding to
specific sites, exerts insulator functions [57 – 59].
A major step forward in our understanding of possible
CTCF functions came from genome-wide localization
studies which combined chromatin immunoprecipita-
tion (ChIP) with analysis of the precipitated DNA by
microarrays (ChIP-on-chip) [60], or by sequencing
(ChIP-seq) [61]. The ChIP analyses were comple-
mented by a computational approach [62]. A detailed
description of the genome-wide studies is presented in
Table 2, which also covers major findings from 3C and
4C approaches (see below). The results of these
fascinating studies revealed unexpected features of
CTCF localization genome-wide. First, the number of
CTCF binding sites is enormous (between 14,000 and
20,000). The sites are generally correlated with genes.
The genome-wide distribution, according to Barski et
al. [61], is 41 % in intergenic regions, 31% in tran-
scribed regions and 28 % within 2 kb of transcription
start sites (note, however, that the other two studies
found CTCF binding sites to be generally far from
promoters). Almost 14,000 genomic regions are
flanked by CTCF on both sides, forming CTCF-pair-

defined domains (CPD) of average size of 210 kb, each
containing 2.5 genes on the average [60]. Simple math
makes us realize that practically all genes in the
human genome are organized in these domains. These
“average” numbers may be hiding a more complex
reality, since the CTCF domains actually fall into three
categories: (i) average domains, (ii) very large do-
mains that contain clusters of co-regulated genes, and
(iii) domains that contain numerous CTCF sites over
relatively short distances; these occur in genes con-
taining multiple promoters and may be involved in
promoter choice.
The results from another recent genome-wide study
reveal an intriguing relationship between CTCF
presence in the human genome and domains that
bind to lamin B1 [64] (Table 2). Close to 1,400 very
large (median size ~550 kb) chromatin domains are
bound to lamin B1; these so-called lamina-associated
domains (LADs) contain few genes in a repressive
chromatin environment. In many cases CTCF binding
sites occur just outside the LAD domains, the CTCF
peak centering at 5– 10 kb outside the LAD borders.
The CTCF peak does not coincide with the peak of
promoter enrichment.
Thus, the general picture that emerges from these
studies is as follows: 40% of the genome is seques-
tered into LADs that provide a repressive environ-
ment to the few genes present. CTCF is excluded from
these domains. The rest of the genome contains
thousands of CTCF binding sites, generally correlated
with genes, probably far from promoters, and often
displaying non-random distribution (impoverished
over clusters of co-regulated genes and enriched
over multiple-promoter genes).
Earlier transfection experiments [65] reported tether-
ing of CTCF binding sites to the periphery of the
nucleolus. The nucleolar localization was attributed to
the direct interaction between CTCF and the abun-
dant nucleolar protein nucleophosmin/B23. Nucleolar
localization of CTCF was also reported in cells
overexpressing CTCF; the transfer of CTCF to the
nucleolus was dependent on poly(ADP-ribosyl)ation
and inhibited ribosomal gene transcription [66].
CTCF binding sites with insulator function in enhanc-
er-blocking assays were also identified in control
regions of rDNA loci in Xenopus [26]. Although the
detailed molecular mechanisms behind the nucleolar
function of CTCF remain to be established, it is clear
that the nucleolus presents a chromatin environment
for abundant CTCF binding.
All these data point to an important, maybe crucial,
role of CTCF in organizing the genome. The genome-
wide data, as revealing as they are, open a plethora of
questions about the functional significance of CTCF
binding. Below, we will describe in some detail the
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gene systems studied so far to illustrate the role of
CTCF in forming loops and bridges, and the functional
significance of these loops and bridges, wherever such
data are available.

CTCF in the organization of loops in cis

Despite the numerous reports of CTCF binding to
various loci, only in few cases do we know that CTCF
binding is involved in loop formation in cis. Below, we
will present a few well characterized examples.

The b-globin locus
CTCF involvement in enhancer-blocking functions
was first recognized in studies of the chicken b-globin
gene cluster [26]. Subsequently, it was reported that
this function is conserved in the mouse and human
clusters. Fig. 2 depicts the map of the mouse locus,
which is embedded in a large heterochromatic region
containing numerous olfactory receptor genes on both
sites of the four developmentally-regulated globin
genes and the locus control region [7, 27]. The locus
contains two CTCF-dependent enhancer-blocking
elements, located at DNase I hypersensitive sites at
its 5�- and 3�-borders. Two additional CTCF sites have
been identified, deep in the 5� cluster of olfactory
receptor genes. 3C analysis has detected CTCF-
dependent interactions among all four sites in both
progenitor (non-expressing) and erythroid (express-
ing) cells, with the intervening chromatin fiber looping
out. No such interactions are detected in brain cells,
where the locus adopts a seemingly linear conforma-
tion [7]. Thus, chromatin loops form following com-
mitment to erythroid differentiation, and then exist
constitutively, irrespectively of the actual expression
status of the globin genes. The contacts between the
LCR and the promoters of the individual genes to be
expressed are established later during differentiation
and depend on binding of transcription factors (TFs),
such as the erythroid Kr�ppel-like factor (EKLF) and
the globin transcription factor 1 (GATA-1) (Fig. 2A).
It should be noted that the functional significance of
these CTCF-mediated loops remains obscure, since
earlier work has demonstrated that the presence of
these sites is dispensable for high-level b-globin
transcription [27, 68].
A recent series of papers from de Laat�s group has
significantly contributed to our understanding of the
function of the LCR in loop formation. Noordermeer
et al. [69] targeted the human b-globin LCR in two
opposite orientations to a transcriptionally active
gene-dense region of the mouse genome. The locus
resided mostly at the edge of its chromosome territory
and LCR integration caused the region to occasionally

escape from its territory. Since there was a distinct
effect on transcription of individual neighboring genes
on either side of the integrated locus, and, in some
cases, this effect was orientation-dependent, it was
concluded that nuclear repositioning was not suffi-
cient to increase transcription. Rather, it was the
extent of loop formation between LCR and individual
genes that determined the transcriptional effects of
the integrated element. It was also demonstrated that
looping within the b-globin locus and the long-range
interactions in trans (bridging) persist following
inhibition of Pol II transcription by drugs [67]. These
data led to the recognition of three distinct states of
the locus (Fig. 2B). Importantly, once the locus
organization (both in terms of loops in cis and bridges
in trans) and the chromatin modification status are
established during differentiation, they are main-
tained whether or not Pol II is bound and the gene is
actively transcribed. In relevance to our topic, it is
certain that at least the constitutive loops established
in cis at the onset of differentiation are CTCF-
mediated. In view of other data (see below), we
suspect that the bridges may also be CTCF-depend-
ent.

The major histocompatibility gene cluster
Another interesting example of the role of CTCF in
forming intra-chromosomal loops in cis comes from
work on the organization and expression of two genes
in the major histocompatibility class II cluster [50, 51].
The two genes studied, HLA-DRB1 and HLA-
DQA1, are divergently transcribed in a co-regulated
manner. A region situated in the intergenic region,
XL9, is a binding site for CTCF (Fig. 3A); deletion of
this site diminishes expression of the genes. 3C
analysis demonstrated loop formation between XL9
and the proximal promoter regions of the two genes.
CTCF collaborated with two other proteins to form
the loops: RFX (a transcription factor) and CIITA (a
transcriptional coactivator), known to interact with
conserved promoter sequences YXW. Figure 3A
depicts the two possible states of the locus; transcrip-
tional activity is only observed upon loop formation.

The mouse imprinted Igf2/H19 locus
The mouse Igf2/H19 locus is the best characterized
imprinted locus, in which the mutually exclusive
transcription of the two residing genes, Igf2 and
H19, is determined by the differential DNA methyl-
ation patterns present on the maternal and the
paternal alleles (see Fig. 3B, its legend, and Table 1
for more details). The imprinting control region (ICR)
that governs the allele-specific expression of the two
genes is unmethylated on the maternal allele and
binds CTCF [34]. 3C analysis has demonstrated
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contacts between the ICR and DMR1, another differ-
entially methylated region, on the maternal allele,
with the intervening DNA looping out [37] (Fig. 3B).
This topology protects the promoter of the Igf2 gene
from interaction with the two enhancer elements, 3�
from the H19 gene. CTCF bound to ICR �glues� the
two DNA regions to stabilize the loop.

The X-chromosome inactivation center
In mammals, gene dosage compensation between XX
females and XY males occurs through a random
inactivation of one of the two X-chromosomes. A
recent important study addresses the higher-order
chromatin organization at the X-inactivation center
before, at the onset of, and post X-chromosome
inactivation [33]. The inactivation process is complex

Figure 2. The CTCF-mediated loop structure in the mouse b-globin gene locus and its relation to transcription. (A) Schematic depicts the
developmentally regulated b-globin gene cluster and its locus control region (LCR) which encompasses several DNase I hypersensitive
sites (HS). Sites HS5 and 3�HS1 flank the entire locus and function as enhancer-blocking elements. The locus is embedded in the highly
compacted chromatin structure of the silent olfactory receptor genes. CTCF binds four sites in the locus: the two enhancer-blocking
elements HS5 and 3�HS1 and two more sites further upstream in the olfactory receptor gene cluster. These sites contact each other in both
progenitor and erythroid cells [bottom schematic in (A)]. Further smaller loops between the LCR and the promoters of individual globin
genes are established with the help of transcription factors (TFs) during erythroid differentiation. These contacts are, however, also
transcription-independent, since the TFs remain bound upon transcription inhibition. Thus, additional unidentified mechanism(s) must be
involved in the actual control of transcription. (B) Schematics of the globin gene locus in a developmentally inactive state (left), a
transcriptionally active state (middle), and a transcriptionally inhibited state (right). Note the differences among the three states in
chromatin modifications, Pol II binding, and long-range interactions in trans. Figure based mainly on [7, 8, 27, 67].
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and occurs through at least three genetically separable
stages: (i) “counting” of the X-chromosome/auto-
some ratio to ensure the inactivation of only one of the
two X-chromosomes; (ii) “choice” of the chromosome
to be inactivated, and (iii) actual inactivation process,
initiated by coating of the designated inactive chro-
mosome by the non-coding Xist RNA [30, 70, 71].
CTCF has been implicated in the initial pairing of the
two X-chromosomes through their X-inactivation
centers (see below), in the “choice” decision, as well
as in the inactivation process per se.
A partial map of the X-inactivation center is present-
ed in Fig. 4A and a brief description is provided in the
figure legend. Using hypersensitive site mapping and
3C methodology, Tsai et al. [33] identified two

independent loop domains, one between Xite and
Tsix, the other one between Xist and another non-
coding gene, Jpx/Enox, not previously implicated in
X-chromosome inactivation (Fig. 4B). The interac-
tions are both developmentally- and sex-specific and
help to explain the transcriptional activities of the
different non-coding elements, and their mutual inter-
play during the process of inactivation (for more
information, see legend to Fig. 4B). The work of Tsai
et al. [33] did not explicitly address the role of CTCF in
the recognized dynamics of the conformational tran-
sitions in the domain. The authors, however, consider
CTCF as the major candidate for mediating the cis-
interactions. Indeed, they point out that in addition to
the CTCF binding sites recognized in the inactivation

Figure 3. CTCF-mediated intra-
chromosomal loops. (A) Loop
formation between two MHCII
genes, HLA-DRB1 and HLA-
DQA1, and the intergenic
CTCF-binding site XL9 [46]. In
MHCII-non-expressing cells, the
proximal gene promoters that
contain boxes YXW are bound
to several TFs, but CIITA, the
class II transactivator, is unavail-
able. This configuration keeps
the genes in a poised state.
When the genes are activated,
CIITA binds the proximal pro-
moters and interacts with CTCF
and RFX to form loops that make
transcription possible. (B) Differ-
ential loop formation in the ma-
ternal and paternal alleles of the
Igf2/H19 imprinted locus is re-
sponsible for the transcriptional
status of the two genes in the
locus. Top: map of the region,
with the Igf2 and H19 genes and
the differentially methylated
DNA regions (DMR0, 1, 2, and
the Imprinting Control Region,
ICR) involved in the regulation
of the locus. The arrows above
the blue boxes designate alterna-
tive promoters. In the maternal
allele the loop is mediated by
CTCF binding to the unmethy-
lated ICR and to another differ-
entially methylated region,
DMR1, upstream of the Igf2
gene. This conformation creates
an active insulator that precludes
the utilization of the two enhanc-
ers downstream of the H19 gene
by the Igf2 promoter: hence the
Igf2 gene is inactive. In the pater-
nal allele, ICR is methylated and
cannot bind CTCF. As a result,
the enhancer-blocking activity of
ICR is lost, and a different special
conformation is formed, now al-
lowing Igf2 expression. Figure in
(B) based on [37].
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center, there is a strong CTCF binding site in the
proximal promoter of Xist in human and mouse
(earlier identified by Pugacheva et al. [72]), exactly in
the region of contacts between Xist and Jpx. In
addition, although some of the major CTCF sites
(crossed out in the schematic) do not participate in the
loop formation, there are other sites close by that can
perform this function.

CTCF in the organization of bridges in trans

As mentioned in the previous section, CTCF has been
implicated in the initial pairing of the two X-chromo-
somes through their X-inactivation centers [28, 29].
This pairing is CTCF-dependent and may involve
additional �pairing factors�, as depicted in Fig. 5.

Interestingly, pairing also depends on transcription
through an unknown mechanism. In X-chromosome
pairing, bridging occurs between two homologous
chromosomes; however, there is no conceptual im-
pediment to CTCF-mediated bridge formation in-
volving any two chromosomes. Indeed, 3C and 4C
studies (see Table 2) demonstrate that, at least in some
cases, the inter-chromosomal interactions are CTCF-
dependent [12, 13].

Does CTCF delineate chromatin regions of distinct
epigenetic modifications?

Many studies have addressed the issue of whether
CTCF binding also creates boundaries between dis-
tinct chromatin domains that differ in their DNA

Figure 4. Loop formation at the
X-chromosome inactivation cen-
ter (Xic) controls its activity. (A)
Map of the three genes that
specify the sequence of three
non-coding transcripts, Xite,
Tsix, and Xist, known to be
involved in the function of Xic.
Following the choice of which of
the two X-chromosomes will be
inactivated, Xite activates the
antisense transcription of Tsix
on the future active chromosome.
This in turn blocks the produc-
tion of Xist transcript (see green
and red arrows). On the future
inactive X, Xite and Tsix are
down-regulated, which leads to
induction of Xist transcription
and the onset of the actual in-
activation process. This binary
switch for Xist controls the in-
activation process. The map also
shows the CTCF binding sites
occupied by the protein. (B)
Dynamic changes in the chroma-
tin fiber conformation at Xic
accompany the transitions from
pre-inactivation through onset of
inactivation to actual inactivated
states. In the pre-state, two loops
are formed, one between Xite
and Tsix, the other one between
Xist and a region containing the
Jpx gene further upstream. The
Xite/Tsix loop is in an active
conformation, whereas the Xist/
Jpx is in a poised state. At the
onset of inactivation, only one of
these loops persists, the Xite/Tsix
loop on the future active X, and
the Xist/Jpx loop on the future
inactive X. Following the estab-
lishment of X-inactivation, all
loops are lost. Figure based on
[31, 33].

1656 J. Zlatanova and P. Caiafa CTCF organizes the genome



methylation and/or posttranslational histone modifi-
cations. In some cases this seems to be the case. Thus,
for example, two CTCF sites flank the CpG methyl-
ation boundary in the promoter region of the breast
cancer 1 gene (BRCA1) [46]. The Rb gene proximal
promoter (a CpG island) is unmethylated and en-
riched in �active� histone marks, H3ac and H3K4me2;
this chromatin environment may be created by the
CTCF molecule bound at that site [47]. The four
CTCF binding sites at the c-myc insulator element
(MINE) and in the promoter of the c-myc gene also
seem to define a region of hyper-acetylation and
H3K9 hypo-methylation over the gene region [43].
The single positioned nucleosome flanked by two
CTCF binding sites in the 3�-untranslated region of the
distrophia myotonica-protein kinase gene (DMPK)
provides an interesting example of a very local
chromatin environment. This gene region contains
numerous CTG repeats (up to 100 in healthy individ-
uals) which stably position a nucleosome that contains
H3K9me2 and binds HP1g [48, 49]. Interestingly,
CTG repeat expansion in disease leads to loss of
CTCF binding and heterochromatization of the entire
region. What seems to be certain is that the presence
of bound CTCF protects its binding site from DNA
methylation, at least at imprinting control regions
[38 – 40].
A careful review of the studies of individual gene
systems failed to reveal a clear, recognizable, general
pattern of chromatin modifications. The genome-wide
study of Barski et al. [61] does, however, recognize
such a pattern: when >20,000 CTCF binding sites in
the human genome are aligned, several histone
modifications (H3K4me1/me2/me3, H3K9me1, and
H3K27me1) are all enriched over these sites, albeit to
a different degree. Of note, H3K4 methylation is
generally considered an �active� mark, whereas meth-
ylation of K9 and K27 on the same histone is linked to

gene inactivity. Why �active� and �inactive� histone
methylation marks peacefully coexist over CTCF
binding sites remains to be determined. The ge-
nome-wide study [61] has also identified a high level
of enrichment of the histone replacement variant
H2A.Z [73]. H2A.Z has been earlier identified as a
CTCF partner in affinity purification experiments
[65]. The functional significance of this partnership is,
at present, not clear. It is possible that nucleosomes
marked by H2A.Z are recognized by CTCF, as part of
a (sequence-independent) mechanism for CTCF re-
cruitment to specific chromatin regions.
Two recent papers may shed some light on how
chromatin modification patterns are established.
Miles et al. [74] studied the epigenetic profile of the
human b-globin locus in transgenic mice and found
that the chromatin status tightly correlates with the
level of intergenic transcription. An unexpectedly
large transcript (initiated at a distance of >250 kb
from the locus, in the nearby silent olfactory receptor
genes) and several smaller transcripts from within the
LCR and the regions directly flanking the active
globin genes have been identified. Thus, Miles et al.
[74] suggest that “controlling the time of intergenic
transcription may be a strategy adopted to modify
specified domains”. A very similar conclusion – that
the transcriptional status, not the ICR (the CTCF
binding site), determines the histone modification
pattern at the imprinted H19 locus – has been reached
by the Bartolomei laboratory [75]. It remains to be
seen whether the role of transcription in defining
chromatin modifications will turn to be the general
rule rather than the exception. If this would be the
case, then clearly CTCF functions in a way that does
not involve direct effects on chromatin structure.

Figure 5. CTCF-mediated X-
chromosome pairing (bridging).
Top: schematic of a portion of
Xic implicated in the homolo-
gous pairing between the two X-
chromosomes (pairing is a pre-
requisite for the binary switch in
Xist expression). Bottom left:
blow-up of a portion of the region
showing CTCF binding sites over
the Xite and Tsix regions. Bottom
right: CTCF-mediated bridge-
formation between the inactiva-
tion centers of the two homolo-
gous X-chromosomes. Figure
based predominantly on [29].
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Concluding remarks

The recent focus on CTCF, originally identified as a
negative transcription factor, comes from the realiza-
tion that the protein is involved in insulator functions
in multiple gene systems. The recently published
genome-wide localization studies revealed an unex-
pectedly large number of CTCF binding sites along
the genome. These observations suggest that CTCF
may be playing a universal role in topologically
organizing the genome as a whole, by its ability to
form intra-chromosomal loops and inter-chromoso-
mal bridges. While the topological function of CTCF
seems beyond doubt, its relationship to gene tran-
scription and chromatin epigenetic modifications is
less clear. In many cases, the CTCF-mediated loop
formation is constitutive, and does not correlate with
transcription. In other cases, however, CTCF may
directly participate in the regulation of transcription,
through mechanisms that may not involve loops or
bridges (Table 1). Stunningly, CTCF interacts directly
with RNA polymerase II (Pol II) [76]; the functional
consequences of this interaction may be profound and
need to be further investigated.
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