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Identification of evolutionarily conserved segments
of homology within DNA regulatory regions,
‘phylogenetic footprints’, provides a means for
discovering functionally relevant site-specific DNA-
binding proteins. This approach has its drawbacks,
however, because it depends on the conservation of
sequences in pivotal cis regulatory elements. In 
some instances, functionally analogous DNA regions,
such as replication origins, centromeres and gene
promoters, are similarly regulated in different
species despite high sequence divergence. For
example, although the noncoding regulatory regions
of the avian and mammalian MYC genes show 
little sequence identity, they are nevertheless
similarly regulated during cell proliferation and
differentiation. One simple solution to this puzzle
was suggested by one of us more than ten years
ago1–4. It assumed that an evolutionarily conserved
factor with the ability to recognize highly diverged
sequences might exist, giving similar functions to
dissimilar sequences.

Identification, cloning and characterization of a
nuclear protein, CTCF (for ‘CCCTC-binding factor’),
that binds to a number of different sequences in the
human, mouse and avian MYC promoters3–6, and
negatively regulates MYC in both mammals and
birds4,6,7 provided evidence for the existence of
regulatory factor(s) with multiple DNA sequence
specificities. In addition, a silencer protein (NeP1)
was discovered independently, which binds to the
chicken lysozyme silencer8,9. Purification and protein
sequencing of NeP1 showed it to be CTCF (Ref. 10)
and thus identified a new AT-rich CTCF target site 
in the lysozyme silencer that is markedly dissimilar
with GC-rich target sites in MYC. In two subsequent,
independent studies, proteins binding to the APPβ
site of the human amyloid precursor protein (APP)

gene promoter11 and to the FII site within the HS4
enhancer-blocking region of the chicken β-globin
locus12 were again purified by their ability to interact
specifically with the cognate DNA targets. Once
sequenced, they both turned out to be CTCF
(Refs 13,14). To highlight the unusual ability of this
factor to recognize multiple target sites, we suggested
the term ‘multivalent’CTCF (Refs 6,10).

In keeping with the multivalent character of
CTCF, a growing number of different target sites are
now implicated in a variety of regulatory functions,
ranging from promoter repression and activation, to
the creation of hormone-responsive silencers and
enhancer-blocking and/or boundary elements. This
article presents the first overview of CTCF structure
and function, and discusses recent results that
highlight links between CTCF, evolution, epigenetics
and disease.

The CTCF protein

The organization of the chicken and human CTCF
loci is shown in Fig. 1a,b. The exon–intron
organization is identical in mice and humans, as are
the sequences of the entire promoter regions, 5′- and
3′-untranslated regions (UTRs) and each splice
donor–acceptor site (G.N. Filipova et al.,
unpublished). Compared with the chicken CTCF
gene15, the mammalian counterparts have five
evolutionarily new introns that have a very high
density of different classes of Alu- and LINE-family
repeats. These differences do not change the CTCF
open reading frame (ORF), indicating strict
conservation for the estimated 300 million years of
evolution since birds and humans separated. Exons
E2 to E9 of the mammalian CTCF – containing
11 ZFs and one AT-rich DNA-binding motif
(KKRRGRP) – are relatively small. The 11 ZFs are
distributed in exons E2 to E8, with several individual
fingers being split between neighboring exons
(Fig. 1b). Exon 10 harbors the stop codon, and a long
3′-UTR. The latter belongs to the rare group of
‘ancient conserved untranslated sequences’ (ACUTS;
http://pbil.univ-lyon1.fr/acuts/ACUTS), strikingly
conserved in vertebrate CTCF messages possibly
reflecting that the 3′-UTR in CTCF has an essential
regulatory function in mRNA translation16. The
longer exons, E1 and E10, contain trans repressor

CTCF is an evolutionarily conserved zinc finger (ZF) phosphoprotein that binds

through combinatorial use of its 11 ZFs to ~50 bp target sites that have

remarkable sequence variation. Formation of different CTCF–DNA complexes,

some of which are methylation-sensitive, results in distinct functions,

including gene activation, repression, silencing and chromatin insulation.

Disrupting the spectrum of target specificities by ZF mutations or by abnormal

selective methylation of targets is associated with cancer. CTCF emerges,

therefore, as a central player in networks linking expression domains with
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domains. These domains are individual protein
modules that, when tested as fusion proteins with 
a heterologous DNA-binding domain, confer
transcriptional repression. Inhibition of
transcription is mediated by the central ZF domain
and by sequences both N-terminal and C-terminal 
to the ZF region6,17. Repression by the N-terminal
domain is regulated in a cell-type-specific manner17.

Between avian and mammalian CTCF proteins,
93% of amino acids are identical. However, the
identity rises to 100% for the region containing the
11 ZFs6. The first ten ZFs are typical units of
~30 residues containing a pair of cysteine residues
invariantly separated by 12 amino acids from the pair
of histidines. These four residues are coordinated
through zinc to form a compact structure with a DNA-
recognition α-helix. This type of ZF inserts into the
major groove of DNA to make specific contacts with
nucleotides by amino acid side chains at positions −1,
+2, +3 and +6, marked in Fig. 1c (reviewed in
Refs 18,19). The 11th C-terminal C2HC-type ZF is
structurally similar to the C2HC-type ZFs of the
Friend of GATA-1 (FOG) proteins that bind GATA
proteins using this type of ZF20.

Combinatorial use of CTCF zinc fingers
Sequential deletion of each of the CTCF ZFs from
either end generated a panel of mutant CTCF
proteins for band-shift experiments to assess ZF
utilization6,21,22. This approach suggested that
recognition by native CTCF of different DNA
sequences is mediated by varying contributions of
individual ZFs6,10,21–23. Thus, certain sets of ZFs
appear to be necessary for CTCF binding to one
target sequence, but are dispensable for binding 
to another (Fig. 2). However, due to the possible
interdependence of DNA-binding properties of the
individual ZFs, and/or to additional structural
features that could be added to the C2H2 ZF fold by
the inter-finger linkers (reviewed in Refs 24,25), the
‘missing finger’ experiments probably provided an
incomplete picture of the contribution to target
specificity of individual ZFs that usually act in the
context of the complete 11 ZF array. Nevertheless,
these results suggest that each CTCF ZF might be
selectively involved in binding to some targets and
dispensible for binding to others.

Co-crystal structures of several transcription
factors with multiple ZFs bound to DNA have helped
to understand the positioning and nature of amino
acids responsible for folding and stability of the
C2H2 class ZFs, as well as of amino acids establishing
DNA contacts19,26,27. Recently, extended DNA site
recognition by multiple ZFs was shown in the
co-crystal structure of the six ZFs of TFIIIA bound to
31 bp of target DNA27. Not all of the ZFs that bound to
DNA behaved alike. Some ZFs were positioned in the
major groove to contact base pairs, whereas other ZFs
traversed the DNA minor groove making few or no
contacts with the DNA backbone27.

Zn Zn

ZF7

C-terminus

N-terminus

DNA-binding domain

ZF3

Zn

Zn

Z
n

Zn

Zn

Zn

Zn

Z
n

Z
n

Zn

Zn

TRENDS in Genetics

AT
G

AT
G

N
 te

rm
in

us

Z
F

1+
Z

F
2

Z
F

1+
Z

F
2

Z
F

4+
Z

F
5

Z
F

3+
  Z

F
4

Z
F

6+
  Z

F
7

Z
F

3+
Z

F
5

P
X

X
P

-m
ot

ifs
,

AT
-h

oo
k

P
X

X
P

-m
ot

ifs
,

AT
-h

oo
k

S
TO

P
 c

od
on

S
TO

P
 c

od
on

pA
 s

ig
na

ls

pA
 s

ig
na

ls

Z
F

6+
  Z

F
7

Z
F

7+
 Z

F
S

 8
, 9

, 1
0,

 1
1

+
 N

LS
 +

 C
K

II 
si

te
s

1 2

1 2 1 2

1 2

Z
F

11
+

N
LS

,
C

K
II 

si
te

s

1 2

1 2

Z
F

7+
 Z

F
8+

   
Z

F
9 

 
1 2

1 2

Z
F

9+
 Z

F
10

+
   

Z
F

11
 

1 2
1 2

E1Exon

Promoter

Size (bp) 179 797

0.6

~10 >50 0.3 4.0 4.0 0.7 5.0 1.8 1.0 10.910.0 3′UTR

3′UTR0.8 0.8 1.9 2.5 1.1

177 259 152 480 168 1569
E2 E3 E4 E5 E6 E7 E8

E0Exon

Promoter

Size (bp) 164 116 792 171 134 121 150 161 183 136 162 1490
E0 E1 E2 E3 E4 E5 E6 E7 E8 E9 E10

new

(c) Structural features of CTCF and
     tumor-specific amino acid substitutions 
     in zinc fingers

(a) Chicken CTCF genomic locus

(b) Human CTCF genomic locus

Fig. 1. CTCF and its protein product. Genomic organization of the chicken (a) and human (b) CTCF
genes. Filled boxes, protein coding exons; open boxes, untranslated exons; arrow, transcription
start sites. Estimated sizes of introns are in kilobases. The eleven ZFs of mammalian CTCF are
distributed in exons E2 to E8, with several ZFs being split across neighboring exons15. Structure of
the avian CTCF gene is shown according to Klenova et al.15. (c) Structural features of CTCF and
tumor-specific amino acid substitutions in ZFs. The complete amino acid sequence of the wild-type
human CTCF protein shows the DNA-binding domain, which is composed of ten C2H2-class ZFs
(ZFs 1–10) and one C2HC-class ZF (C-terminal ZF11). Red, functionally significant sites for CKII
phosphorylation7 and the RGRP-type AT-hook motif 30; green, pol II-interacting domain. Major base-
contacting residues in ZF3 and ZF7 defined by studies of co-crystal structures of multi-ZF factors
bound to DNA and tumor-specific missense mutations characterized by G. Filippova and co-workers
(unpublished) are indicated on the enlargements.



TRENDS in Genetics Vol.17 No.9 September 2001

http://tig.trends.com

522 Review

The missense ZF mutations found in tumors
(G.N. Filipova et al., unpublished) (Fig. 1c), which
selectively eliminate binding to some but not to all
target sites, suggest additional flexibility for ZF
function, showing that the same ZF can behave
differently when CTCF is bound to distinct target
sequences. It is possible, therefore, that during
formation of a CTCF–DNA complex, both DNA and
CTCF polypeptide allosterically ‘customize’ their
conformation to engage different ZFs, either for
making base contacts or to make a target-specific
surface that determines interactions with other
nuclear proteins. The sensitivity of CTCF ZF domain
to proteinase attack varies upon binding to different
targets6, lending support to this hypothesis.

The ZFs of CTCF are capable of binding either DNA
or protein; for example, with several multifunctional
factors such as YB-1 (Ref. 28), YY1 and RNP-K proteins
(V. Lobanenkov, unpublished). Work is in progress to
test whether, in addition to alterations in a spectrum 
of DNA sequence specificities, any of the cancer-
associated mutations might affect interaction of

CTCF with other proteins. This bifunctional and
combinatorial use of ZFs is unlike other multi-ZF
proteins, where the ZFs bind only DNA or only protein.
These other factors engage separate groups of ZFs for
binding different DNA sequences by each ZF-group
(e.g. the MZF1 protein29) or for binding DNA by one ZF
group independently from binding protein by another
group (e.g. the OAZ protein30).

Other important motifs in CTCF
Extensive searches for sequence homologies in the
N- and C-terminal regions flanking the ZF domain,
which together account for approximately two-thirds
of the entire protein (Fig. 1c), showed no significant
similarities to any previously described protein
modules, except for three very short motifs. One of
these motifs is a perfect KRRGRP-type AT-hook that
might have a role in both DNA binding31 and
protein–protein interactions in chromatin32,33. 

Another motif is the strictly conserved
SKKEDSSDSE motif, found in the C-terminal
trans repressor region6, where the protein is
phosphorylated on the four serines in vivo and
in vitro7. Specific mutations of the C-terminal
serines abrogated phosphorylation of CTCF in vitro
and in vivo, and phosphorylation by casein kinase II
(CKII) in vitro7. Thus, kinase modifications at
CKII sites might be required in vivo for attenuation
of CTCF activities that are mediated by a
conformational change, homo-dimerization, by an
interacting protein partner(s), or by combination of
these processes. Indeed, completely preventing
phosphorylation by substitution of all serines within
this site potentiated repression of target promoters,
but did not alter CTCF nuclear localization or
in vitro DNA-binding characteristics. The growth
inhibition induced by wild-type CTCF was markedly
relieved as a consequence of these mutations7.
Regulation of CKII by the p38α mitogen-activiated
protein kinase (MAPK)34 indicates a possible
pathway that mediates both MYC regulation and
cell growth control by CTCF (Ref. 7). Because
mutation at the very similar CKII-motif in p53 also
results in the loss of growth inhibitory activity35, 
and because selective phosphorylation of this motif
is regulated in response to genotoxic shock by a
complex formed by CKII and the components of
chromatin transcriptional elongation factor FACT
(Ref. 36), the same mechanism operating through
the CTCF CKII site would provide a coordination 
of the events regulated by CTCF and p53. Our
preliminary observations with confocal microscopy
show that such events might co-localize in cell
nuclei, providing further support for possible
indirect21 or direct37 CTCF–p53 interactions.

A third motif of potential importance, located
between the AT-hook and phosphorylation sites
(Fig. 1c), contains two repeats of the PXXP-signature
characteristic of SH3-domain binding proteins38.
A search of the limited number of known nuclear
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Variant CTS-Cores Displaying Critical
CTCF-Contacting Guanines

1    2   3    4    5   6    7   8    9  10 11

CTCCGTGAGCGGGGAGGGCGCGCCGCGAGGGGGCGGCCGA
GAGGCACTCGCCCCTCCCGCGCGGCGCTCCCCCGCCGGTC

GACATGTAAATACCATAGCTATCCAGTAGAGGTCTCAATT
CTGTACATTTATGGTATCGATAGGTCATCTCCAGAGTTAA

ATTACGTCCCTCCCCCGCTAGGGGGCAGCAGCGAGCCGCC
TAATGCAGGGAGGGGGCGATCCCCCGTCGTCGCTCGGCGG

GTAGTAATTCCAGCGAGAGGCAGAGGGAGCGAGCGGGCGG
CATCATTAAGGTCGCTCTCCGTCTCCCTCGCTCGCCCGCC

GGGCCCGGCGGTGGCGGCCGCGAGCAGCACAGCTCGGGGG
CCCGGGCCGCCACCGCCGGCGCTCGTCGTGTCGAGCCCCC

CGCGATGATCTCTGCTGCCAGTAGAGGGCACACTTACT
GCGCTACTAGAGACGACGGTCATCTCCCGTGAATATGA

CTCGCCTTCTCCTTCAGGTGGCGCAAAACTTTGTGCCT
GAGCGGAAGAGGAAGTCCACCGCGTTTTGAAACACGGA

AGAGGAAGATTTAAGTAAAAGCTTCCTGGAGGAGGCGCAA
TCTCCTTCTAAATTCATTTTCGAAGGACCTCCTCCGCGTT

CTTTTCCTTCCCGCCACGTCGTGGCGGCGTAGAGACCATT
GAAAAGGAAGGGCGGTGCAGCACCGCCGCATCTCTGGTAA

GGGGAGAGGGGTGTAGCCGCGAGGGGGCGGAGCGGAGGG
CCCCTCTCCCCACATCGGCGCTCCCCCGCCTCGCCTCCC

GCAGGGCCCGCGCGCGCCTCCCCCTGGGCGCCTCTTGGGA
CGTCCCGGGCGCGCGCGGAGGGGGACCCGCGGAGAACCCT

GGAACGGAGCTACCGCGCGGTGGCAGCATACTCCTATATA
CCTTGCCTCGATGGCGCGCCACCGTCGTATGAGGATATAT

CTAAATGGACAGACGATGCCGCGTGGTGGCAGTACAATAC
GATTTACCTGTCTGCTACGGCGCACCACCGTCATGTTATG

CCTGAGTGCATTTCCCTCATGATCCAAAAGAGGGAATAAC
GGACTCACGTAAAGGGAGTACTAGGTTTTCTCCCTTATTG

TTCCCCGGCGGCGCCGCTAGGGGTCTCTCTCGGGTGCCGA
AAGGGCCCGCGCGGGCGATCCCCAGAGAGAGCCCACGGCT

Fig. 2. The wide range of dissimilar CTCF DNA target sites and their recognition by the ZF domain. The
left panel shows a series of targets and CTCF-contacting guanines determined by dG-methylation
interference within CTCF-bound DNA regions (footprints) defined by protection against DNase I
attack. CTCF footprints are usually of ~50–60 bp, and therefore not shown here in full length. The right
panel shows the ZFs, with each box representing an individual ZF, and a summary of how different
sets of ZFs interact differentially with each target site. Filled boxes show CTCF ZFs that can be deleted
from the 11 ZF domain without significantly losing binding to the given DNA. Lighter boxes indicate
incomplete loss of binding. Pairwise target comparisons clearly indicate that there is a correlation
between different patterns of spatial distribution of contact bases and ZF usage. For example,
combinations of CTCF ZF sets required to bind the DMD4 and DMD7 sites from the H19 ICR are similar
to each other, but different from the combinations required for binding to the β-globin insulator site
FII, or to the c-myc site V. FI silencer depicts the silencer element positioned in the chicken lysozyme
gene. CTCF target sites in the Polo-like kinase (PLK), PIM-1 oncogene (PIM1), the thyroid hormone
responsive element 144 and amyloid precursor protein (APP) are also depicted.
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SH3-containing proteins, found a candidate tumor
suppressor, MYC-binding protein BIN1 (Ref. 39), that
associates with CTCF through the PXXP-motif.
Preliminary results from the Lobanenkov and the
Renkawitz laboratories show that mutation of the
crucial prolines in this motif eliminate binding to
BIN1 in vitro and affect trans-repressing activity of
CTCF C-terminal region fused to a GAL4 DNA-
binding domain. Thus, CTCF–BIN1 interaction
might illustrate the functional importance of the
conserved PXXP-motifs.

CTCF is a versatile factor

As discussed above, the combinatorial use of the
11 ZFs allows CTCF to be uniquely versatile. 

CTCF is a transcription factor
CTCF was one of the first factors shown to bind
metazoan silencing elements4,5,8,9. Transcription 
of the chicken lysozyme gene8,10 and the chicken 
and human MYC genes4,6 is repressed by CTCF
interacting with promoter elements and upstream
silencer elements of the gene. In fact, analysis of the
lysozyme silencer revealed, for the first time, that a
vertebrate silencer shares many features with
enhancer elements: they function independently of
position and orientation, they comprise functional
modules that synergize in transcriptional control, and
they might act directly on a minimal promoter8.

Subsequent analysis of other CTCF target sites
identified transcriptional response elements 
involved not only in gene repression, but also in
activation4,10,13,16,17,21,40–44. Interestingly, the thyroid
hormone receptor (T3R) modulates the effects of
CTCF on transcription. In the case of the chicken
lysozyme silencer, synergistic repression of the
adjacent CTCF and T3R binding sites occurs in the
absence of thyroid hormone, and addition of hormone
leads to a synergistic activation8 (Fig. 3). In the

context of another negative thyroid hormone response
element, the thyroid hormone response is reversed
such that the CTCF target site (CTS) and thyroid
hormone synergistically repress an adjacent gene21.
T3R and CTCF also interact directly in vitro42.

The fact that CTCF contains autonomous silencing
domains that mediate transcriptional repression 
led to the identification of CTCF-interacting
co-repressors that recruit histone deacetylase
(HDAC) activity17. Functional implications for these
interactions within the context of the different
regulatory mechanisms remain to be elucidated.
Silencing in general, as tested with minimal
promoters, might act directly on the transcriptional
start site. Interference with the function of the
transcription initiation complex, or modification 
of the promoter nucleosome(s) may inhibit
transcription. The latter mechanism is suggested by
the fact that CTCF is able to recruit HDACs17.

CTCF is a chromatin insulator protein
A recent, exciting development suggests that CTCF is
a central player in many chromatin insulators. These
operate by blocking the communication between
pivotal cis regulatory elements, typically gene
promoters, and enhancers or silencers45 (Box 1).
Characteristically, insulators function only when
positioned between these distinct cis elements. Such
blocking functions are, as a rule, neutral with respect
to enhancers/silencers and promoters (i.e. insulation
takes place in the absence of direct effects on the
promoters and enhancers), suggesting that the
insulator prevents propagation of signals along the
chromatin fiber without continuously engaging
enhancer or silencer factors.

Although it is important to note that direct proof 
of CTCF involvement in chromatin insulators is 
still lacking, the accumulated data shows guilt by
association. The initial observation showed that
CTCF interacts with the core insulator sequences 
in several previously characterized vertebrate
insulators, notably the chicken β-globin FII insulator,
the Xenopus repeat organizer elements and the
BEAD-A insulator from the locus for T-cell receptor-γ
(Ref. 14). Because CTCF target sites flank the entire
β-globin gene cluster46, CTCF presumably protects
this domain from the adverse effects of adjacent
regulatory elements (Fig. 4).
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Fig. 3. Synergistic cooperation between hormone receptors and CTCF. (a) Binding of co-repressors
N-CoR, SMRT or Alien to the thyroid hormone receptor (TR) allows the interaction with Sin3A and
histone deacetylases (see Ref. 63 for more details). On positive TR responsive elements (TREs), this
occurs in the absence of ligand, whereas on negative TREs ligand is required. Direct interaction of
CTCF with Sin3A mediates binding to histone deacetylases as well17. Simultaneous contacts of TR
and CTCF to the corepressor/Sin3A complex(es) might allow cooperative binding of histone
deacetylases and thereby mediate synergistic repression. (b) Co-activators that recruit histone
acetyltransferases (HAT) bind to TR/RXR in the presence of ligand (positive TRE) or without ligand
(negative TRE)63 and might also be recruited by CTCF. (c) Single CTCF-binding sites confer weak gene
transcription only8,41.
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Another more recent example concerns the
identification of the H19 imprinting control region
(ICR) as a chromatin insulator. This is situated in
the 5′-flank of the H19 gene and 90 kb downstream
of the Igf2 gene (Box 2)47,48. This domain, which 
is maternally unmethylated and paternally
methylated, regulates the repression of the
maternal allele of the Igf2 gene49, presumably by
blocking the communication between the Igf2
promoters and downstream enhancers50. Three

reports describe different strategies to document
that CTCF target sites in the H19 ICR (Box 2) 
are necessary and sufficient for the insulator
function22,51,52. Importantly, chromatin
immunopurification analyses reveal that CTCF is
associated only with the maternal allele of the H19
ICR, strengthening the link between CTCF and
allelic control of Igf2 expression22. Interestingly, the
β-globin FII insulator and the H19 ICR insulator
differ in the use of CTCF ZFs for binding to their

debated, however, whether enhancers operate 
by DNA looping, tracking–looping or linking
modesa. In the looping model, the enhancers 
are postulated to establish communication with
target promoters directly by means of a higher-
order chromatin structure. Conversely, both the
tracking–looping and linking models assume 
that the enhancer signals progressively spread
along the chromatin fibre before encountering
promoter regions (Fig. I). Both the linking and
tracking–looping models of enhancer action 
are compatible with an insulator ‘roadblock’ 
model, which describes the physical blocking 
of spreading of enhancer signals (Fig. I). This
model, however, cannot readily explain the
blocking of enhancers that operate in the 
looping mode. 

References

a   Bulger, M. and Groudine, M. (1999) Looping versus linking:
toward a model for long-distance gene activation. Genes Dev.
13, 2465–2477

b   Bell, A.C. et al. (2001) Insulators and boundaries: versatile
regulatory elements in the eukaryotic genome. Science
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Box 1. Models for the action of insulators
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Fig. I. Enhancer and insulator modelsb. Blocking of enhancer function could be explained by a
physical obstruction (roadblock) of the propagation of a linear enhancer signal in both the linking
(a) and tracking–looping (b) models. The looping model (c) is thought to involve a higher-order
chromatin conformation that is altered when CTCF binds to its targets sites. Black line, the
chromatin fiber in the Igf2/H19 domain; small yellow circles, the enhancer facilitators; large yellow
circle, the enhancer; green, active loci; red, inactive loci.

Our understanding of the insulator mechanism is intimately linked 
with our understanding of the mode of enhancer function. It is hotly
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Fig.4. Cancer-associated CTCF mutations and epimutations of CTCF target sites. Elimination of CTCF binding to target sites in the H19 ICR because of
mutations in tumors is thought to deregulate expression of the maternal IGF2 allele. Conversely, CTCF mutations do not eliminate binding to CTCF target
sites in the β-globin locus, for example (see text for details). Wild-type CTCF is represented in blue, and the mutated CTCF is in black.
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target sites22. Whether this means that the
mechanism of insulation differs between different
CTCF target sites is open to question.

Possible alternative explanations employ CTCF-
mediated alteration of higher-order chromatin
structures as a common theme53. For example, CTCF
might translocate or prevent translocation of the
Igf2/H19 domain to different nuclear domains. This
could trigger the recruitment of a silencer function
that represses only the maternal Igf2 allele54. The
recent demonstration that the gypsy insulator 
directs regulatory elements to different nuclear
compartments55, supports this view. This scenario 
is unlikely to include allele-specific association to
nuclear matrix of the H19 ICR, as defined by
resistance to high-salt extraction56. To examine these
issues further, it might be important to establish
whether the insulator function of the H19 ICR shows
a preference for some types of enhancer and whether
the H19 ICR controls localization of regulatory
elements to different nuclear compartments in an
allele-specific manner.

CTCF, epigenetics and cancer

Methylation
The binding of CTCF to the Igf2/H19 insulator is
methylation-sensitive22,51,52. As mentioned above, this

is highlighted by the demonstration that CTCF
in vivo is associated exclusively with the
unmethylated, maternally-inherited allele of the
H19 ICR (Ref. 22). The assumption that this leads 
to a methylation-sensitive insulator was recently
confirmed in an episome-based assay57. Box 2
summarizes these observations, which indicate that
CTCF function marks the Igf2/H19 expression
domain in a parent-of-origin-dependent manner. To
examine how methylation affects CTCF binding, an
experimentally based prediction of the zinc fingers
involved will be required. This will be key in enabling
us to understand the general mechanics of the link
between CTCF and the methylation status of its
varying target sites.

The fact that the CpG-rich CTCF target sites of the
H19 ICR are protected against methylation during
early postimplantation development58 suggests that
CTCF prevents de novo methylation. However, the
fact that the four CTCF target sites comprise a mere
10% of the entire differentially methylated domain 
of the mouse H19 ICR hints at the possibility that
additional factors organize the methylation-free
domain on the maternal allele in concert with CTCF.
It will be of obvious interest to determine whether
CTCF is involved in the establishment and
maintenance of methylation-free regions during

The Igf2 and H19 genes are expressed monoallelically
from the paternal and maternal alleles,
respectivelya–d. Whereas Igf2 encodes a growth
factor, the H19 gene encodes a noncoding, polysome-
associated transcript that is implicated in the
translational control of Igf2 mRNAe.

The methylation mark works as a binary switch
of chromatin insulator function. The differential
methylation patterns are established during
gametogenesis (Fig. II). Open circles, unmethylated
CpG dinucleotides; filled circles, methylated CpGs
in the H19 ICR; cerise circles, endogenous
enhancers 3′ of the H19, arches represent
enhancer–promoter communications through the
looping, tracking–looping or linking modes
(Box 1 Fig. I).
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Box 2. A model of genomic imprinting
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germline development. Given that CTCF target sites
are often CpG rich, we do not rule out that CTCF
might have a more general function to shape the
epigenetic profile of the vertebrate genome, perhaps
involving CpG islands, for example.

Histone acetylation
CTCF interacts with SIN3A to recruit HDACs17,
indicating that CTCF has the potential to influence
chromatin organization at or around its target sites
(Fig. 3). Whether this means that any CTCF-
dependent modification in the histone acetylation
status of chromatin at target sites can be stably
propagated by division, is open to question. In
particular, it is not known whether CTCF–target
interactions are the same following DNA replication
or whether the random distribution of hypoacetylated
histones to the daughter strands facilitates
CTCF–DNA interaction once replication is
completed. The latter suggests that both methylation
and histone acetylation marks on daughter strands
might be ‘read’by CTCF after replication.

Cancer
The ability of CTCF to read epigenetic marks might
also provide a cause-and-effect link to some forms 
of neoplasia, because epigenetic disturbances are
common in human cancer (reviewed in Ref. 59). For
example, derepression of the maternal IGF2 allele is
linked with abnormal methylation of the CTCF target
sites within the H19 ICR in a wide range of cancer
types (reviewed in Refs 60–62). This could reflect the
failure of CTCF to establish the chromatin insulator
function on the maternal allele57 (Box 2). This
maternal→paternal switch in epigenotype might
result from perturbations in methylation protection
during development of the soma, or the female
germline, thereby eliminating insulator function.

Interestingly, Filippova et al. (unpublished)
identified several different tumor-specific mutations
that result in substitutions of amino acids at positions
critical either for ZF formation or DNA recognition
(Fig. 1c), and analyzed them for the effect on CTCF

binding to different targets (Fig. 2). Remarkably,
these tumor-derived mutations abrogate CTCF
binding to the Igf2/H19 ICR targets, eliminating or
reducing CTCF interaction with the promoters of
these growth-regulating genes, but have no effect on
binding to the targets of proliferation-neutral genes,
such as the β-globin FII insulator (Fig. 4) or the
silencer of the lysozyme gene. These data can be
viewed as an outcome of experiments of Nature that
reveal differential contributions of individual ZFs to
recognition of distinct CTCF binding sequences. They
also stress the possibility that CTCF mutations leave
the maternal H19 ICR allele and a subset of other
CTCF target sites unguarded, resulting in abnormal
methylation (Fig. 4). Moreover, CTCF displays major
features that characterize tumor suppressor genes.
The human gene maps within one of the smallest
regions of overlap for common loss of heterozogosity
at 16q22.1 observed in many solid tumors (reviewed
in Ref. 64), and overexpression of CTCF in a variety of
cell lines results in the block of cell cycle progression
at several different stages that is not associated with
an immediate cell death65.

Concluding remarks

The information summarized here identifies CTCF 
as a central factor, capable of assuming a multitude 
of forms to function as a transcriptional activator, a
repressor/silencer or an insulator. Perturbations of
these functions by mutation of coding sequences or
obstruction of target sites by methylation occurs in
certain cancers, including those characterized by loss
of heterozygosity at the CTCF locus. These features
provisionally define CTCF as a tumor suppressor
gene. The role of CTCF in imprinting, however,
suggests a functional richness not associated with
other tumor suppressor genes. This activity might
indicate a crucial role for CTCF in natural selection,
because it relates to induction of functional and stable
hemizygosity for expression of certain genes. Further
studies of CTCF in flies, fish, mice and humans are
required to uncover the biological crevices accessible
to the 11 zinc fingers of this unique protein.
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