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A novel sequence-specific DNA-binding protein, CTCF, which interacts with the chicken c-myc gene
promoter, has been identified and partially characterized (V. V. Lobanenkov, R. H. Nicolas, V. V. Adler, H.
Paterson, E. M. Kienova, A. V. Polotskaja, and G. H. Goodwin, Oncogene 5:1743-1753, 1990). In order to test
directly whether binding of CTCF to one specific DNA region of the c-myc promoter is important for chicken
c-myc transcription, we have determined which nucleotides within this GC-rich region are responsible for
recognition of overlapping sites by CTCF and Spl-like proteins. Using missing-contact analysis of all four
nucleotides in both DNA strands and homogeneous CTCF protein purified by sequence-specific chromatogra-
phy, we have identified three sets of nucleotides which contact either CTCF or two Spl-like proteins binding
within the same DNA region. Specific mutations of 3 of 15 purines required for CTCF binding were designed
to eliminate binding of CTCF without altering the binding of other proteins. Electrophoretic mobility shift
assay of nuclear extracts showed that the mutant DNA sequence did not bind CTCF but did bind two Spl-like
proteins. When introduced into a 3.3-kbp-long 5'-flanking noncoding c-myc sequence fused to a reporter CAT
gene, the same mutation of the CTCF binding site resulted in 10- and 3-fold reductions, respectively, of
transcription in two different (erythroid and myeloid) stably transfected chicken cell lines. Isolation and
analysis of the CTCF cDNA encoding an 82-kDa form of CTCF protein shows that DNA-binding domain of
CTCF is composed of 11 Zn fingers: 10 are of C2H2 class, and 1 is of C2HC class. CTCF was found to be
abundant and conserved in cells of vertebrate species. We detected six major nuclear forms of CTCF protein
differentially expressed in different chicken cell lines and tissues. We conclude that isoforms of 11-Zn-finger
factor CTCF which are present in chicken hematopoietic HD3 and BM2 cells can act as a positive regulator of
the chicken c-myc gene transcription. Possible functions of other CTCF forms are discussed.

The c-myc proto-oncogene encodes a nuclear phosphopro-
tein with leucine zipper and helix-loop-helix structural mo-
tifs which appears to be important in the molecular biology
of normal and abnormal cellular proliferation. Recent re-
views of myc function and regulation (45, 63) summarized
the literature supporting this conclusion. For example, myc
is implicated in the control of both differentiation and
replication (14), and recent reports link myc to apoptotic cell
death (2, 19, 49). Myc and its dimerization partner Max form
stable heterodimers through their helix-loop-helix and
leucine zipper domains and bind specifically to a core E-box
CACGTG DNA sequence (9). Max homodimers may serve
as transcriptional repressors, whereas myc-max hetero-
dimers can activate transcription (38). Therefore, at least
some of the biological functions of myc may be mediated by
transcriptional regulation of putative target genes.

Despite this progress in defining the mechanism of myc
action on downstream events, less progress has been made
in defining the proteins regulating the expression of c-myc
itself. Both transcriptional and posttranscriptional mecha-
nisms appear to play a role in regulation of c-myc gene
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expression (14, 45, 63). Maintenance of the level of the
c-myc mRNA is achieved by regulation of both transcrip-
tional initiation and elongation. Both initiation and elonga-
tion of the c-myc mRNA depend upon promoter elements
which interact specifically with particular nuclear factors
(62, 63). Data from several laboratories have provided a
general map of mouse and human c-myc transcription ele-
ments, and a number of nuclear factors binding to them have
been identified. In some cases, novel cDNAs encoding such
factors have been isolated and sequenced, including ZF87
(also called MAZ), a proline-rich six-Zn-finger protein bind-
ing to MElal and MEWa2 elements within the P2 promoter of
the murine c-myc gene (11, 53); a 37-kDa protein, MBP-1,
which appears to be a negative regulator of the human c-myc
promoter (54); and nuclease-sensitive element protein 1,
which binds to a region necessary for efficient P2 initiation
(36). In addition, an Rb binding protein, E2F, which recog-
nizes an ElA transactivation site in the human c-myc pro-
moter (68) has also been cloned recently (24).
The chicken c-myc 5'-flanking region is at least 10-fold

enriched in CpG pairs compared with those in total chicken
DNA. Therefore, it is a member of the family of CpG-rich
islands thought to be important for regulation of housekeep-
ing genes (8). Overall high GC content (-80%) of the
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5'-flanking region predicts that most of the potential regula-
tory DNA elements will be GC rich. Our previous analysis of
DNA-protein interactions within the 5'-flanking region of the
chicken c-myc gene revealed multiple GC-rich sequences
which specifically interact with nuclear proteins (44). Pro-
teins binding to one specific region within a hypersensitive
site approximately 200 bp upstream of the start of transcrip-
tion have been analyzed in detail (41, 43). Three nuclear
factors were found to bind to several overlapping sequences
within 180 to 230 bp upstream of the start of transcription.
Two proteins resemble the transcription factor Spl, and the
other is a protein which binds to a GC-rich sequence
containing three regularly spaced repeats of the core se-
quence CCCTC. This CCCTC-binding factor was termed
CTCF (41, 43).

In this report we have characterized nucleotides within the
-180 to -230 region which specifically contact CTCF,
created mutants of these contact bases which no longer bind
CTCF but continue to bind other factors recognizing over-
lapping sequences, and used these mutants to test the effects
of the absence of CTCF binding on c-myc transcription. We
have also isolated and sequenced a CTCF cDNA and ana-
lyzed the forms of CTCF RNA and protein present in
chicken cells and their conservation and intracellular local-
ization in other vertebrates. Our results show that CTCF can
function as a positive regulator of c-myc transcription in
chicken hematopoietic cells and suggest other possible roles
for different forms of CTCF protein.

MATERIALS AND METHODS

Isolation of CTCF cDNA clones. The sequence-specific
chromatography procedures were essentially as previously
described (29) and were carried out as published earlier (43).
Purified CTCF produced one polypeptide band of about 130
kDa on sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and was used for the missing-con-
tact-point analysis. To determine partial amino acid sequence
of CTCF, purified protein was cleaved with cyanogen bro-
mide, and the peptides were separated by SDS-PAGE and
blotted onto polyvinyl difluoride membrane as described in
detail elsewhere (50). The stained bands were sequenced,
and three peptide sequences were obtained. Degenerate
oligonucleotides were synthesized and used to probe North-
ern (RNA) blots containing gel-fractionated total RNA iso-
lated from several chicken cell lines. One of these degener-
ate probes gave a band of sufficient length to encode 130-kDa
protein, and this was used to screen a cDNA library pre-
pared from the chicken myeloid cell line BM2 (48) and was
kindly made available to us by U. Kruse and A. E. Sippel.
One of four positive clones (p900) when sequenced con-
tained a protein open reading frame (ORF) containing the
three CTCF peptide sequences. This partial cDNA was used
to isolate two other overlapping cDNAs (p910 and p911)
which when sequenced and combined gave a total cDNA
length of about 3.7 kbp. By screening a chicken genomic
DNA library (a kind gift of A. Begue and V. Laudet) with the
most 5'-distal fragment of the combined CTCF cDNA, a
genomic clone was isolated and its shorter fragments were
subcloned and sequenced. One such fragment overlapped
the p910 cDNA, and its sequence has been joined onto the 5'
end of the cDNA sequence shown in Fig. 4. Cloned DNAs
were sequenced as double-stranded plasmids by the dideox-
ynucleotide chain termination method, using Sequenase
(United States Biochemical). Sequence was obtained from
both strands.

Northern blot analysis. Total cellular RNA was isolated
from different chicken cell lines and from tissues by guani-
dinium thiocyanate extraction (13). Taking precautions to
avoid loss of resolution as previously described (69), 10,ug of
RNA was separated on 1.5% agarose gels containing 6%
formaldehyde, blotted to nylon membranes (Hybond N;
Amersham), and hybridized to DNA probes labelled as
described by the supplier of the random priming kit (Amer-
sham). The final blot wash was in 0.1 x SSPE (lx SSPE is
0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7]) at
600C.

Generation of antibodies, Western immunoblot, and indi-
rect immunofluorescence microscopy. Rabbit antisera against
EGEAVEAIVEES and HIAPNQADGGEV synthetic pep-
tides with C-terminal cysteines (amino acids 2 to 13 and 39 to
50 of the CTCF sequence [see Fig. 4]) were raised as
previously described (39), and corresponding polyclonal
antibodies (operationally termed Abl and Ab2, respectively)
were affinity purified by using Sulfo-SMCC (Pierce Chemical
Co., Rockford, Ill.) according to the protocol described by
the manufacturer. Specificity of Abl and Ab2 for CTCF was
verified by blocking experiments with peptides used for
immunizations. Preliminary characterization also showed
that Abl recognizes CTCF proteins in cells of different
species, whereas Ab2 is specific for chicken CTCF. Both
Abl and Ab2 had an identical reactivity towards CTCF
proteins in chicken cells and tissues. For Western immuno-
blot analysis, small-scale crude nuclear preparations from
chicken tissues or from cell cultures were dissolved in lysis
buffer containing 62.5 mM Tris-HCl (pH 6.8), 1 mM MgCl2,
and 2.3% SDS supplemented with the proteinase inhibitor
cocktail composed of 86 p,g of phenylmethylsulfonyl fluo-
ride, 2 ,ug of aprotinin per ml, 40 ,ug of bestatin per ml, 1 p,g
of leupeptin per ml, 1.5 ,ug of pepstatin per ml, 78.5 ,ug of
benzamidine per ml, and 1 p1g of DNase I per RI (at this
concentration, DNase I was found to degrade DNA in
SDS-containing buffers) to reduce viscosity of samples be-
fore mixing with equal volume of 2x reducing SDS gel-
loading buffer. Gel-fractionated proteins were transferred to
Immobilon-P membranes (Millipore, Bedford, Mass.) by
semidry blotting and probed with either Abl or Ab2 at a
1:100 dilution. CTCF protein bands were visualized by the
enhanced chemiluminescence (ECL) procedure by using an
ECL detection system (Amersham International plc) accord-
ing to manufacturer's instructions. Absence of protein deg-
radation was confirmed by reprobing immunoblots with
other antibodies (anti-tubulin or pan-anti-myc). For indirect
immunofluorescence staining, the protocol of Harlow and
Lane (23) was adapted as described elsewhere (1).

In vitro transcription and translation. To obtain the
pCITE/CTCF1 construct for efficient in vitro translation, the
CTCF Zn finger domain was fused downstream of the
cap-independent translation enhancer (CITE) of the enceph-
alomyocarditis virus. The HindIII-XbaI fragment of the p900
plasmid encoding all 11 Zn fingers (amino acids 211 to 585
[see Fig. 4]) was ligated in frame to the NcoI-XbaI ends of
the pCITE-1 vector (Novagen, Madison, Wis.) by using
NcoI-HindIII adapter. The pCITE/CTCF1 plasmid was lin-
earized at the unique XbaI site downstream of the CTCF,
transcribed with phage T7 RNA polymerase (Boehringer
Mannheim Co., Indianapolis, Ind.), and translated in a rabbit
reticulocyte lysate system (Promega Co., Madison, Wis.) as
described in the manufacturers' manuals. For electro-
phoretic mobility shift assay (EMSA) and methylation inter-
ference, 1 to 5 RI of the translation product was used.

Transient expression in COS-7 cells and dexamethasone-
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inducible expression in stable NIH 3T3 clones. The NotI-XbaI
fragment containing the full-length ORF of the CTCF form
shown in Fig. 4 was subcloned in the pcDNA I Neo vector
(Invitrogen Co., San Diego, Calif.) for high-level transient
expression in COS-7 cells as previously described (59). For
immunoblot analysis, nuclear and cytoplasmic fractions of
transfected cells were prepared essentially as previously
described (16). A second expression vector, pLK/SXneo,
was made to obtain stable clones of NIH 3T3 cells condi-
tionally expressing CTCF cDNA. In this construct, the
SmaI-XbaI fragment containing the same ORF was sub-
cloned into the pLK-neo vector (25) downstream of the new
variant of a dexamethasone-inducible mouse mammary tu-
mor virus long terminal repeat. The pLK-SXneo plasmid
was transfected into NIH 3T3 and several G418-resistant
clones, including the NIH 3T3(C14) clone used in this work,
and examined for inducible expression of the CTCF cDNA
by Western immunoblot analysis and immunofluorescence
staining with Abl and Ab2.

Missing-contact-point analysis of CTCF-DNA interaction.
To determine all DNA bases involved in DNA recognition
by purified CTCF, a modified missing-contact analysis pro-
cedure (12) was carried out by using either AccT-EcoRI or
HindIII-EcoRI DNA fragments of the FpV oligonucleotide
subcloned into the pUC12 labelled either (i) on its top
(CT-rich) strand at theAccI site by reverse transcriptase and
[a-32P]dCTP or (ii) on its bottom (G-rich) stand at the
HindIII site by T4 polynucleotide kinase. Gel-purified 32p_
labelled DNA fragments were modified by the C+T or G+A
reactions (46) as previously described (42), and a prepara-
tive-scale EMSA gel was used to separate base-modified
[32P]DNA probes bound and unbound to purified CTCF
protein. Following identification of CTCF-bound bands,
DNA from retarded and free bands was isolated and cleaved
by piperidine, and equal radioactivity from each sample was
resolved on a sequencing gel.
Agarose gel EMSA, DNase I footprinting, DNA probes, and

competitors. The agarose gel EMSA technique has been
described in detail (43). EMSA with polyacrylamide gels was
carried out essentially as previously described (52). DNase I
footprinting analysis of purified CTCF binding to the c-myc
promoter was also carried out as described earlier (44). The
chicken c-myc genomic DNA subclone pCc-myc-SA19 (44)
was used to obtain an Nsi mutation (see Fig. 3A) within the
CTCF-binding sequence by the polymerase chain reaction-
mediated site-directed mutagenesis procedure (65) resulting
in the CTCF site-mutated plasmid pC(Nsi)SA19. The DNA
sequence of the mutant plasmid was verified by both restric-
tion analysis and dideoxy DNA sequencing. These two
plasmids were used to produce wild-type and Nsi mutant
32P-labelled DNA probes for agarose gel EMSA experiments
by isolating 152-bp HindIII-ApaI DNA fragments end la-
belled with [al-32P-nucleoside triphosphates (NTPs) and Kle-
now polymerase (59). The same cold DNA fragments were
also used as the wild-type DNA and the Nsi mutant DNA
competitors.

Stable transfection of the myc-CAT constructs. A test
reporter plasmid containing wild-type 5'-flanking noncoding
sequence of the chicken c-myc gene fused to the coding
sequence of the bacterial cat gene, pPst2CAT (see Fig. 3A),
was constructed by ligating the 3.33-kbp BamHI-HindIII
DNA fragment of the pCc-mycPst2 plasmid (44) into BamHI-
HindIII ends of the pKK232-8 vector (Pharmacia). The
EclXI-ApaI fragment of the pPst2CAT was substituted for
the EclXI-ApaI fragment of pC(Nsi)SA19, resulting in the
myc-CAT construct pPst2NsiCAT (see Fig. 3A) containing

CTCF site-mutated sequence identical to that of Nsi mutant
DNA probe used for EMSA. Each of the two reporter
plasmids was cotransfected together with the pCMV/P-gal
plasmid and with the pRSV/Neo plasmid into chicken eryth-
roleukemia HD3 cells (5) and myeloid leukemia BM2 cells
(48, 66) by the lipofection method (20). The molar ratio of the
chloramphenicol acetyltransferase (CAT)-expressing plas-
mid to the 3-galactosidase (,-Gal) expressing plasmid and
the Neo-expressing plasmid was about 10:1:1, respectively.
A promoterless pKK232-8 plasmid and the pTKICAT plas-
mid were also included in these experiments as test con-
structs. Cells containing stably integrated transfected plas-
mids were selected in culture medium supplemented with
geneticin (G418; GIBCO/BRL) at 1 mg/ml and established as
separate Neo-resistant polyclonal cultures by passaging for
about 5 weeks in the presence of G418. CAT activity,
normalized to the internal control 3-Gal activity in cell
extracts prepared from equal amount of these cells, was
assayed as previously described (59) and quantitated by a
direct 14C-image analysis of the thin-layer chromatography
plates.

Nucleotide sequence accession number. The DNA sequence
shown in Fig. 4 has been submitted to the GenBank/EMBL
data base under accession number Z22605.

RESULTS

Determination of nucleotides contacting CTCF. The DNA
region protected by CTCF from cleavage generated by
orthophenanthroline-copper (OP-Cu2") is unusually long
(about 50 bp). It extends from -180 to -230 position relative
to the start of transcription (41). Within this region, three
other proteins were also shown to bind: two Spl-like factors
and a poly(dG)-binding protein (43). In order to design a
mutation that would specifically knock out binding of CTCF
without altering binding of other proteins, we had to distin-
guish nucleotides contacting CTCF from nucleotides con-
tacting these other proteins. Although we have found previ-
ously that most of those nucleotides in the noncoding
(G-rich) strand which give strong methylation interference
with CTCF binding overlie one of the two Spl binding
sequences, we hoped that a more detailed contact point
probing of all four bases in both DNA strands might reveal
more crucial CTCF-DNA contacts outside these two Spl-
binding sequences.
To facilitate contact point analysis of the CTCF-DNA

interaction, we have purified homogeneous 130-kDa CTCF
protein by sequence-specific chromatography as described
earlier (43). Purified CTCF produced only the characteristic
doublet of shifted bands during EMSA on both agarose and
acrylamide gels and gave exactly the same DNase I footprint
as it did in nuclear extracts (43, 44; data not shown).
Therefore, we used purified CTCF protein in our contact
point analysis to avoid contamination of CTCF-DNA com-
plexes by other complexes containing either an Spl-like or a
poly(dG)-binding protein(s). This approach also improved
recovery of partially depurinated or depyrimidated DNA
specifically bound by CTCF (33).
The technique of missing-contact probing (12) has been

modified to analyze all four bases contacting CTCF (43).
DNA bases which on their removal or modification reduced
binding by the affinity-purified CTCF protein resulted in
bands of decreased intensity in lanes displaying protein-
bound DNA (Fig. 1, lanes B) compared with the free DNA
lane (Fig. 1, lanes F).
There were no adenines or guanines in the coding strand
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FIG. 1. Missing-contact-point analysis of purified CTCF binding
to the footprint V region of the c-myc promoter. The DNA probe
was 3' end labelled at the top (coding) strand and modified by the
C+T-reaction (A) or 5'-end labelled at the bottom strand and
modified by the G+A-reaction (B). Lanes F, modified bases of the
free DNA probe; lanes B, modified bases of DNA molecules bound
by CTCF. Small bars at the right of panels (A and B) and above and
below the nucleotide sequence (C) indicate DNA bases involved in
recognition by purified CTCF. (C) To display the relative disposition
of bases contacting different proteins binding to the same DNA
region, data shown in panels A and B are combined with data of
missing-point analysis obtained for two Spl-like proteins (shown by
small circles), the CTCF-binding DNA region determined by DNase
I or O-phenanthroline-copper footprinting is also shown (41, 43). Six
nucleotides substituted to create a new NsiI site (see explanations in
the text) are shown by the black bar.

and no cytidines or thymidines in the noncoding strand
involved in recognition of the DNA sequence by CTCF.
Therefore, Fig. 1 presents data on the missing-contacts
analysis only for cytidines and thymidines in the top DNA
strand and for guanines and adenines in the bottom strand of
the CTCF-binding DNA region. The results display 10
pyrimidines in the top strand and 15 purines in the bottom

strand involved in specific CTCF-DNA interaction (Fig. 1C).
Although most of the important CTCF-contacting nucle-
otides required for tight binding correspond to two of the
three direct CCCTC repeats implicated earlier in DNA
sequence recognition by CTCF (43), additional nucleotides,
especially CG pairs of the CGCGGCGCG sequence with
four CpG dinucleotides between the second and the third
CCCITC repeat (i.e., between two Spl-binding sites [Fig. 1]),
also appear to be necessary.
Having identified all of the nucleotides in the CTCF-

binding site which contact CTCF, and taking into account
contact nucleotides for two Spl proteins defined previously,
we mapped the contacts for these proteins as shown sche-
matically in Fig. 1C and designed specific mutations to
eliminate binding of CTCF without altering the binding of
other proteins to the same DNA segment. Six nucleotides,
shown in Fig. 1C by a black bar within the CTCF-binding
site, were substituted to create a new NsiI restriction site.
This Nsi mutant DNA sequence has three CTCF-contacting
CG base pairs substituted for AT pairs or for the inverse GC
pair (as shown in Fig. 3A) but does not alter any of
Spl-contacting nucleotides (Fig. 1C). Therefore, it was
expected to bind the same proteins as the wild type, except
for CTCF.

Nsi mutation selectively eliminates binding of CTCF. In
order to compare proteins binding to the wild-type CTCF-
binding DNA region and to the Nsi mutant DNA, two 152-bp
HindIII-ApaI DNA fragments [derived from the pCc-myc-
SA19 and the pC(Nsi)SA19 plasmids, respectively] were end
labelled and used as DNA probes for modified EMSA in
agarose gels with nuclear extracts from HD3 cells. As shown
earlier (41), agarose gel EMSA allows resolution of multiple
DNA-protein complexes formed with the wild-type DNA
sequence, including high-molecular-weight complexes com-
posed of several proteins which do not penetrate polyacryl-
amide gels. Characteristic gel-retarded bands formed with
the wild-type DNA fragment were designated according to
their characteristic electrophoretic mobilities as previously
described (43): complexes I and II contain CTCF, complex
III contains poly(dG)-binding protein, and complex IV con-
tains Spl-like proteins.
To compare binding of these factors to wild-type and Nsi

mutant DNA fragments and to rule out the possibility that
mutation of the CTCF-binding site may fortuitously result in
generation of a new protein binding sequence(s), we rede-
fined all DNA-protein complexes detectable by agarose gel
EMSA by using both wild-type and Nsi mutant 32P-labelled
DNA probes. Figure 2 shows that agarose gel-retarded
bands I and II, III, and IV are formed in precise agreement
with the expected binding and competition properties char-
acteristic for CTCF, Spl-like factors, and poly(dG)-binding
protein (as summarized below) and that no new protein binds
to the mutant DNA probe.

(i) CTCF-containing complexes I and II. We found previ-
ously (41, 43) that tight CTCF binding requires additional
DNA sequence flanking its recognition site: it does not bind
to the 44-bp-long oligonucleotide which contains all nucle-
otides contacting CTCF (oligonucleotide FpV monomer) but
does bind to the same sequence when it is made longer by
extension with some flanking DNA (e.g., by polylinker DNA
in the subcloned FpV DNA fragment) or when it is ligated to
itself to form FpV-oligonucleotide multimers. CTCF binding
is also resistant to competition with Spl-binding oligonucle-
otide, X DNA and double-stranded poly(dG) poly(dC).
These binding properties allowed us to distinguish CTCF-
containing complexes I and II from closely migrating com-
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FIG. 2. Comparative agarose gel EMSA analysis of proteins

binding to the wild-type and to the Nsi mutant DNA sequence of the
c-myc promoter. Lane 1, DNA probes alone (no protein added)
which migrate as band F. Binding reaction mixtures contained 1 ,ul
of HD3 nuclear extract. Competitor DNAs are indicated at the top
of each lane and were added in 200-fold molar amounts (for
Spl-binding oligonucleotide, double-stranded poly(dG) poly(dC)
homopolymer, and FpV monomer oligonucleotide) or in a 100-fold
weight excess (for DNA fragments and multimerized FpV oligonu-
cleotide) over the 32P-labelled DNA probes. Specific DNA-protein
complexes are designated I to IV as described earlier (43) and
explained in the text.

plex III. Comparison of bands I and II in lanes 2 to 7 and in
lanes 13 to 17 shows that CTCF-containing complexes I and
II form with the wild-type DNA probe but do not form with
the Nsi mutant DNA. In accord with this conclusion, Nsi
mutant DNA used as a cold competitor in EMSA experiment
efficiently competes for binding of poly(G)-binding protein
and Spl-like protein to both wild-type DNA probe and Nsi
mutant probe (Fig. 2, compare lanes 9 and 19) but does not
compete for binding of CTCF to the wild-type DNA probe,
leaving bands I and II intact (Fig. 2, lane 9). In addition,
linker mutant DNA [which has EcoRI linkers inserted into
the CTCF-binding site and, therefore, does not bind CTCF
but can bind Spl and poly(G)-binding protein (43)] does not
compete for CTCF but depletes binding of other proteins
(Fig. 2, lane 8).

(ii) Poly(G)-binding protein-containing complex III.
Poly(dG)-binding protein does not efficiently compete for
Spl-binding oligonucleotides (Fig. 2, lanes 5 and 15) or for X

DNA (lanes 6 and 16), but it could be inhibited by the
poly(dG) poly(dC) homopolymer (lanes 7 and 17). It also
competes with the wild-type DNA, linker mutant DNA, or
Nsi mutant DNA (lanes 8, 9, 10, 18, and 19) because all of
these DNA fragments contain the same sequence of nine
consecutive deoxyguanosine residues. Figure 2 shows that
complex III forms with both wild-type and Nsi mutant
probes.

(iii) Complex IV containing Spl-like proteins. All DNA
molecules containing Spl-binding sites, such as FpV mono-
or multimers, Spl-binding oligonucleotide, linker mutant

DNA, Nsi mutant DNA, and wild-type DNA, competed for
binding of Spl-like protein to both wild-type and Nsi mutant
DNA probes, resulting in reduction or complete elimination
of Spl-containing complexes (Fig. 2, lanes 3 to 5, 8 to 10, 13
to 15, 18, and 19). On the other hand, all DNA molecules
without Spl-binding sites, such as A DNA and poly
(dG). poly(dC), did not deplete Spl containing complexes
(lanes 6 and 7 and 16 and 17). Figure 2 shows that complexes
IV form with both wild-type and Nsi mutant probes.

Pairwise comparisons of Fig. 2, lanes 2, 5, and 6 to lanes
12, 15, and 16, respectively, also show clearly that in
addition to elimination of CTCF binding, the mutation re-
sulted in an increase in formation of complexes with poly(G)-
binding protein (bands III) and Spl-like factors (bands IV).
This consistent result suggests a competitive interaction of
CTCF with these two factors binding to three sequences
overlapping the CTCF binding site. A similar conclusion was
reached by comparing proteins binding to the wild-type FpV
DNA sequence and to the same sequence altered by inser-
tion of several EcoRI linkers into the CTCF-binding site (43).
Taken together, the data of Fig. 2 show that (i) CTCF-

containing complexes I and II form with the wild-type DNA
probe but not with the Nsi mutant DNA; (ii) poly(G)-binding
protein binds both wild-type and Nsi mutant DNA probes,
forming complexes III; (iii) Spl-containing complexes IV
form with both wild-type and Nsi mutant probes; and (iv) the
Nsi mutation did not generate a fortuitous protein binding
site(s). We concluded that the Nsi mutation introduced in the
c-myc promoter DNA fragment results in selective elimina-
tion of CTCF binding without reducing binding of other
proteins. Therefore, when introduced into the c-myc pro-
moter, this mutation should reveal the specific contribution
of CTCF to the control of the c-myc transcription efficiency.

Mutation that selectively eliminates CTCF binding de-
creases c-myc transcription. We cotransfected into erythroid
HD3 and myeloid BM2 cells each of the two test reporter
plasmids shown schematically in Fig. 3A (pPst2CAT con-
taining wild-type c-myc sequence and pPst2NsiCAT contain-
ing the mutated CTCF-binding site) together with a pCMV/
1-gal plasmid that expresses the 3-Gal reporter gene for
normalizing transfection efficiencies and a pRSV/Neo plas-
mid that expresses the Neo resistance gene from a Rous
sarcoma virus long terminal repeat. The thymidine kinase
gene promoter fused to the CAT gene (pTKICAT plasmid)
was also used as a test plasmid in these experiments in order
to monitor relative strength of the wild-type c-myc promoter
in cells of different lineage. For each test plasmid, all
G418-resistant clones were pooled, established as cell cul-
tures growing in the presence of G418, and assayed for CAT
activity by using 13-Gal expression as an internal control.
Figure 3B demonstrates that the Nsi mutation of CTCF
binding site resulted in a 3- and 10-fold reduction of tran-
scription directed by the c-myc promoter in two different
stably transfected cell lines. These results show that in
hematopoietic cells, the CTCF-binding sequence can act as a
positive element of the chicken c-myc gene promoter and
also suggest that the extent of stimulation of the c-myc
transcription by CTCF could be cell type specific.

Isolation and characterization ofcDNA encoding the 82-kDa
form of CTCF protein. We screened a cDNA library derived
from poly(A)-containing RNAs of the chicken myeloid BM2
cell line with a degenerate oligonucleotide corresponding to
one of three CTCF peptide sequences, MEGEAVEAIVEE.
This was selected as a probe because it detected on Northern
blots an RNA that might be long enough to encode 130-kDa
CTCF protein. By screening about 7 x 105 phage from a
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FIG. 3. (A) Schematic description of control (pPst2CAT) and
mutant (pPst2NsiCAT) myc-CAT fusion plasmid constructs used in
stable transfection experiments. Crossed boxes show transcriptional
terminators. Although in these test indicator constructs the first
ATG of the c-myc coding sequence is just upstream of the CAT
coding sequence, translational read-through from this ATG was

prohibited by three stop codons shown in the figure. (B) Autorad-
iograms of CAT assay analysis of transcription of test plasmids in
stably transfected erythroid HD3 and myeloid BM2 cells. (C) Direct
quantitation of data shown in panel B by "4C-image analysis. Note
that black columns in are aligned in a row with the thin-layer
chromatography TLC dots shown above in panel B.

library representing about 1.4 x 106 recombinants (57), a

positive clone, p900, was isolated. Translated sequence of
the p900 clone gave an ORF containing all three CTCF
peptide sequences obtained from purified 130-kDa protein.
Two other overlapping cDNAs, p910 and p911, were isolated
by screening the same library with the p900 DNA probe. The
combined sequence of these three cDNAs gave a total
cDNA length of 3,779 bp. Figure 4 shows that the 3' end of
the cDNA has a poly(A) tract and a consensus polyadenyl-
ation signal. To map the 5' end of the gene, a genomic clone
was isolated, and its fragments were subcloned and se-

quenced. Preliminary Southern blot analysis of chicken
genomic DNA indicates that CTCF is a single-copy gene

locus (data not shown). One genomic fragment overlapped
the p910 cDNA, and its sequence has been joined onto the 5'

end of the cDNA sequence in Fig. 4. Primer extensions were
carried out to define the putative start of transcription by
using several primers encoded at the 5' end of the longest
cDNA clone. Using poly(A)+ RNA from BM2 or HD3 cells,
two unequally employed start sites were mapped: a minor
distal site at designated base + 1 in Fig. 4 and a major
proximal site at base 332 (data not shown). Genomic se-
quence aligned with the ORF as shown in Fig. 4 appears to
represent authentic 5'-flanking region of the gene, including
the 5' end(s) of CTCF mRNAs because (i) transcription start
sites were mapped by extending different primers from
inside of the cDNA sequence, (ii) none of the several
independently obtained cDNAs and none of the products of
the 5'-RACE procedure had longer 5' ends, and (iii) when
used to probe Northern blots, genomic DNA clones repre-
senting more than 12 kbp of sequence upstream of the distal
start site did not detect CTCF RNA (data not shown).
However, the formal possibility of an additional 5' exon
more than 12 kbp upstream is not ruled out. Although there
was no obvious TATA box upstream of either of the start
sites, multiple Spl-binding GC-rich consensus sequences
(about 40, therefore not shown in Fig. 4) and a pyrimidine-
rich initiator element (Inr) with a perfect match to the
YY1(UCRBP)-binding site (21, 61), the common features of
many TATA-less promoters of housekeeping genes (re-
viewed in reference 71), are present. In addition, a typical
E-box sequence, located between distal and proximal start
sites (Fig. 4), suggests that cooperative interaction of an
initiator-binding factor TFII-I and a helix-loop-helix activa-
tor (56a) could be involved in regulation of the CTCF
promoter.

Northern blot analysis of RNA isolated from several
chicken cell lines and from different adult chicken tissues by
using the p900 plus p911 cDNA probes (Fig. 5, and data not
shown) revealed four major CTCF mRNA species. These
included closely migrating species of about 3.7 and 4.0 kb
and a second doublet of about 6.5 and 7.0 kb. These RNA
doublets were often difficult to resolve on agarose gels.
Figure 5 shows that doublets of 4- and 7-kb CTCF RNAs are
detected in erythroid leukemia HD3 cells (5), in the DT40
B-cell leukemia line (31), in acutely v-myc-transformed
chicken embryo fibroblasts (CEF/mc29), in a v-myc-trans-
formed macrophage-like HD11 cell line (6), and in myeloid
leukemia BM2 cells (48). The ratio between smaller and
larger bands of the doublets varies in different cell type and
was regulated by phorbol myristate acetate and other stimuli
(Fig. 5, compare lanes 1 and 2) (34).
The ORF consisting of 728 amino acids is shown in Fig. 4.

The first ATG codon (at position 460) downstream of the
transcription start site is flanked by a sequence favorable for
efficient translation (37) and is preceded by two stop codons
in the same reading frame. No intron-exon junctions were
discernible in the sequences between this methionine and
these upstream stop codons. All three peptide sequences
obtained from the purified 130-kDa CTCF protein were
found at amino acid positions 1 to 19, 229 to 248, and 424 to
438. Examination of the sequence reveals 10 C2H2-type and
1 C2HC-type Zn finger motifs (for a review, see references 4,
18, and 35). On the basis of the structure of the 11-Zn-finger
domain, CTCF could not be classified as GLI-Kruppel-like
because not all Zn fingers conform to the C2H2 type and not
all of them are consecutively connected by a 6-amino-acid
conserved, reiterated H/C link, a structural feature defining
the GLI-Kruppel-like family (58). Neither the nucleotide nor
the predicted amino acid sequences outside of the Zn finger
domain showed any significant homology to genes or pro-
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GAATTCAAGGCAGCCCTATCAGCTCCTCACCCAACTCACAAAACCCAGCGATCCTTCAGCCTCCCAACCCCTCCTCGGCACTAACTCCACCCCGGCCTCATGCCACACCTTCCCCGTTCC
-210 -180 -150 +1(distal start site)

TATAGCTGAGGCGGCTTCCTGCCCCAGCGGACGCGGAACGGACGCAAAACTTCGGGCGCTGCGGATAACGCCCCGCTCCCCTCAGGGCCGGGCCCGGGCG5iGGCACAGCCTCCCCTCAGC
-90 [E-box] -60 -30

GCGe CGCGCCCCGCCCTCCCTACLACGTACGCACGCACGCACGCACGCGAAGTGACGCCGCCGCCCCAGCCCCGCGTTTGAAGTTGGCGCGCGCCCCGCGCCCCCCCTCCCCCGCCCC
NarI 60

GCCCTCCCAGCATGCCCCGCGCGCGGCCGCTTCCCCGCGCGCGCCGTCCCCTCCCCCCCTCCCCTCCCCGCTCCTGCCGGCGGTCCGCGGCAGCCGCGCTCGCGCAGGCGCACTCCGCCC
I INR I 180 (proximal start site)

CGCCCGCGCCATvTTGGTCCGAAGCGACTGTGGAGCGATTAAACCGCGAGCTGGTGCTGGGCGCTAGCCGGCCGCCGGCGGGGCGCGAGGGGAGCGGCGGCTTCGCGGGGCCCGGG
5'-end of the longest cDNA 300 Notl SmaI

CGGCTGCGGGGCGGCGTGCGGCGG;GGCCTCGGCGCTGAGAGCGAGCCCGGCGGGCGGCGGGCGCAGCAGGAAGGTGAAATGGAAGGTGAAGCAGTTGAAGCCATTGTGGAGGAATCCGAA
420 M E G E A V E A I V E E S E

ACTTTTATAAAGGGGAAAGAGCGAAAAACCTATCAGAGACGCCGCGAGGGAGGGCAGGAGGACGAGGCTTGCCATATAGCACCGAACCAGGCAGACGGAGGGGAGGTGGTGCAGGATGTC
T F I K G K E R K T Y Q R R R E G G Q E D E A C H I A P N Q A D G G E V V Q D V

540
AACAGCGGTGTCCAGATGGTGATGATGGAGCACCTGGATCCAACTCTGCTTCAAATGAAGACTGAAGTAATGGAAGGTGCCGTGCCTCAGGAAACGGAGGCTACGGTGGATGATACGCAG
N S G V Q M V M M E H L D P T L L Q K T E V M E G A V P Q E T E A T V D D TQ

660
ATCATAACGCTTCAGGTTGTTAATATGGAAGAGCAGCCTATAAACCTTGGTGAGCTTCAGCTGGTCCAAGTACCCGTTCCAGTGACTGTACCCGTTGCCACCACATCTGTGGAAGAACTT
I I T L Q V V N M E E Q P I N L G E L Q L V Q V P V P V T V P V A T T S V E E L

780
CAGGGAGCTTATGAAAATGAGGTTTCCAAAGGAGGCCTGCAGGAGGGAGAACCCATGATCTGTCACACCCTGCCTTTACCAGAAGGCTTCCAGGTCGTGAAGGTGGGTGCTAACGGTGAG
QG A Y E N E V S K G G L Q E G E P M I C H T L P L P E G F Q V V K V G A N G E

900 HindIII
GTGGAGACACTGGAACAAGGGGAACTTCAGCCACAAGAAGATCCCAATTGGCAAAAAGATCCAGACTATCAGCCACCAGCCAAAAAACAAAGAAAAACAAAAAGAGTMGt:TlCGCTAC
V E T L E Q G E L Q P Q E D P N W Q K D P D Y Q P P A X X T X X N X X S X L R Y

1020 ++ ++.+ + + + + + + ++.+ + ++. + +
ACCGAGGAGGGCAAAGACGTGGATGTCTCTGTGTATGACTTCGAGGAGGAGCAGCAGGAGGGTTTATTATCTGAGGTCAATGCAGAAAAGGTGGTGGGCAACATGAAACCACCTAAACCA
T E E G K D V D V S V Y D F E E E Q Q E G L L S E V N A E K V V G N M K P P K P

1140 - - - - - - - -.
ACAAAAATTAAAAAGAAAGGTGTAAAGAkAGACATTCCAGTGTGAACTGTGCAGTTACACTTGTCCACGCCGTTCCAACCTGGACCGCCACATGAAAAGCCACACTGATGAAAGACCACAC
T X I X X X C V X X T F Q C E L C S Y T C P R R S N L D R H M K S H T D E R P H

+ . . . . . . . . . . . . . . 1260 ZF.------------------------------------
AAGTGCCATCTCTGTGGCAGGGCTTTTCGGACAGTCACGTTACTGAGGAACCACCTCAACACTCACACAGGTACTCGCCCTCACAAGTGCCCAGACTGCGACATGGCCTTTGTGACCAGC
X C H L C G R A F R T V T L L R N H L N T H T G T R P H K C P D C D M A F V T S

-----.-ZF2-----1380----------------------- -----------------------ZF3---
GGAGAGTTGGTTCGGCATCGCCGCTACAAACACACCCATGAGAAGCCGTTCAAATGCTCAATGTGTGACTATGCCAGTGTGGAGGTTAGCAAATTGAAACGCCACATTCGTTCTCACACT
G E L V R H R R Y K H T H E K P F K C S M C D Y A S V E V S K L X R H I R S H T
------.---------------- 1500 ZF4----------------------------
GGAGAGCGTCCGTTCCAGTGCAGCTTGTGCAGCTATGCCAGCAGGGATACTTACAAACTGAAGAGGCACATGAGGACCQACTCTGGAGAGAAGCCATATGAATGTTACATCTGCCATGCT

14

54

94

134

174

214

254

294

334

374

G E R P F Q C S L C S Y A S R D T Y X L K R H M R T H S G E K P Y E C Y I C H A 414
1620.- ZF5---------- . -------- --- --- ------

CGCTTCACTCAAAGTGGTACCATGAAGATGCACATTCTGCAGAAGCACACGGAGAACGTGGCCAAATTTCACTGTCCTQACTGTGATACTGTTATAGCGAGAAAGAGTGACTTGGGTGTT
R F T Q S G T M K M H I L 0 K H T E N V A K F H C P H C D T V I A R K S D L G V 454

----------------ZF6--------------. -1740------- ZF7-----------------
CATTTGCGAAAGCAGCATTCCTACATTGAACAGGGCAAGAAGTGTCGTTACTGTGATGCTGTGTTTCATGAGCGCTATGCCCTCATACAGCATCAAAAGTCTCACAAGAACGAGAAGCGC
H L R K 0 H S Y I E 0 G K K C R Y C D A V F H E R Y A L I Q H 0 K S H K N E K R 494
----------------- 1860 ----------ZF8----------------------.--
TTCAAGTGTGACCQGTGTGATTATGCATGCAGACAGGAGCGGCACATGGTCATGCATAAACGGACCCATACTGGAGAAAAGCCTTATGCCTGTAGCCATTGTGATAAAACCTTCCGTCAG
F K C D Q C D Y A C R 0 E R H M V M H K R T H T G E K P Y A C S H C D K T F R Q 534

.----- --------ZF980SF10----------------------------------------------------ZF10----
AAACAGCTCCTTGATATGCACTTCAAACGATACCACGATCCCAACTTCGTTCCTGCTGCCTTTGTGTGTTCCAAGTGTGGTAAAACATTCACTCGCAGGAACACAATGGCCAGACQTGCT
K Q L L D M H F K R Y H D P N F V P A A F V C S K C G K T F T R R N T M A R H A 574

---------------- ---------- 2100 ---------------------------ZFll-------------------m-
GATAACTGTTCTGGCCTAGATGGTGGGGAAGGAGAGAATGGAGGAGAGACAAAGAAGGGCAAACGTGGCCGAAAGAGGAAGATGCGCTCTAAGAAAGAAGATTCCTCCGATAGTGAGGAA
D N C S G L D G G E G E N G G E T X X C X R C R X R X N R S X X E D <S> <S> D <S> E E 614
.._____ **** * ** * * ** * ****+ + + + + + + + + + + + + + + + + + + + + + ____________

AATGCTGAACCQGATTTGGATGATAATGAAGATGAGGAGGAGACAGCAGTAGAAATTGAGGCTGAACCAGAAGTTAGCGCAGAGGCTCCTGCACCACCTCCCAGTAAGAAGAGGAGAGGA
N A E P D L D D N E D E E E T A V E I E A E P E V S A E A P A P P P S X X R R G 654

-- - - - - - - - - 2340-

R P P C X A A T Q T K Q S Q P A A I I Q V E D Q N T G E I E N I I V E V K K E P
+ . . . . . . . 2460
GATGCAGAAACAGTAGAGGAAGAGGAGGAAGCTCAGCCTGCTGTAGTGGmAGCTCCAAACGGAGACCTCACTCCTGAGATGATTCTCAGCATGATGGACCGG=TGGAGGAAGACCACG
D A E T V E E E E E A Q P A V V E A P N G D L T P E M I L S M M D R *

2580
CCGGATGACTGAACTGGCCTGGGCTGTGTTTAAGCGGCTCAAATCTATTTTTCCTTTTACCTTTTTTTCTTGGCTTTGGGAAATGCATCATTTTAGACCATTTTACCAAACATACTGGGA
AATAAAACTTCAAAATGATGTTAGAATGTGATTTAACTAGAACTTGCTGTTTTATGTTAGCATTACAGGATCATGGAACATTAGGAAATGCTTCGGAGTCCATGAGGGTTTCCCGTGAGG

TCCGGACTTTGCCCTTCCAGTTCCCQGAGTCCTTGAGCCTCCTTCTCTCQGTAGTGTTTTTAACTGTAAATGCAGACTTGGGAGGGTTCTAGACTTTTTAAATGTTTTTTGCTTTCCCCC
CACTGACTAGCTCTGGTTCTCCAAGTCGGCTGCACACGGTAGTTTTGGCQTGCTCCAACTGGTTTCTGTCCTTAATATGCTTTGCTTTCTGCAAAGCATTTCTGTAATGGTCAAGCTTGT
AAATAACTTTTTTTTTTTTTACATTTTAATCTTTTTCCATTAATTAAGAGGTATGCAAAAATACAGTTGAAATAAAGCCCTGGTATTTTAATTCCTTTCGAACTAAGCGATAAAGQGGAT
CAATAGTGTAAATGTTGGGQAaGCTGTTQITAACTGATQCAGTAGAGGAGAAGTGTACCCAATGCTATTGCTTGTGGAACAGCAGAkGCCCCACGGTGGAAGCTGGTTTTGAAGCACACG
AGACCAGCATTGGaAACGTGTAAGGAACCTTCTTTTTGAGTTATAACCTCACGACTACGTTTTCTTTGCTCTATCTTGTAGTTGTATTTTGTGTTTTATGAATCCTTTGTTAAGACAGAA
GTGGTGATTTTTAAGTGGGTCACTGCAGCCCTCAQACCTGGGCCAGGAAATTTTAATAGGTCAGTAATTACACAATTTTGGQTCTCTAATAAAGACAAAAGGAATAATGTGAATACA
AATGATGCCTGTATATGAAACTGTCACATGTTAAAATATGTAAGCTTTTTATAGAGCCTCAGTCTTGCTGATTTCAAACAAATTTTTCTTCTATGTATTGCTTTTAAGAGAGCTATC GT
TTAGCTATCAGACTCTAGGTTGATGCATTTTTGTACTAGCTGTACTGTGTGATATTTTTCATTATTTTAGGAAGCCAAQATGGhAAAAATACTGTTATAAAATATGTAATGGGGTTTGA
AAGCTGGGAAGGAGAATATACTGCTGTACAGCTAATAAATAATAATGGATTAAAAAAA

694

2661
728

2781
2901
3021
3141
3261
3381
3501
3621
3741
3861
3981
4046

FIG. 4. Combined nucleotide and predicted amino acid sequences of the 82-kDa form of CTCF cDNA joined at the 5' end to the genomic
DNA sequence. Nucleotide sequence is numbered under each line (designated + 1 nucleotide is at the distal transcription start site); beginning
from nucleotide 2661, numbering goes at the right side. E-box sequence and initiator (Inr) elements are underlined. Amino acid sequence is
numbered at the right side of each line. Zn finger motifs are underlined by a double broken line and are numbered from ZF1 to ZF11. Highly
acidic and basic domains are underlined by minus and plus signs, respectively. Putative nucleotide-binding site is indicated by asterisks. Ser
residues within a potential NLS-associated phosphorylation sites are indicated in brackets. Amino acid sequences of all three sequenced
peptides derived from purified 130-kDa CTCF were found throughout the ORF at positions 1 to 19, 229 to 248, and 424 to 438. Amino acid
sequences of two synthetic peptides used to generate polyclonal antibodies Abl and Ab2 are at positions 2 to 13 and 39 to 50, respectively.
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FIG. 5. Northern blot analysis of CTCF expression. Total RNA

isolated from chicken cells listed at the top of the blot was resolved
in a 1.5% agarose gel. Hybridization was carried out simultaneously
with the CTCF cDNA probe and with the chicken glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) cDNA probe. Two probes
were used together in this experiment, because we determined
earlier that there was no CTCF RNA comigrating with the GAPDH
RNA. Positions (and size in kilobases) of CTCF RNAs and rRNAs
are shown at the left and at the right, respectively.

teins in available data bases. The 11-Zn-finger domain is
flanked on each side by two positively charged regions with
a K/R-rich amino acid sequence (indicated in Fig. 4). A
glycine-rich motif, GXGXXG, followed by a conserved
lysine, which has been identified as a common nucleotide
binding fold in many ATP- and GTP-binding proteins (60,
70), is also present in CTCF immediately C terminal to the
Zn finger domain. The presence of this putative nucleotide-
binding domain in CTCF could be of functional importance
because we have found that ATP and other ribonucleotide
triphosphates stimulate binding of CTCF to the FpV DNA
sequence and have exploited this property to facilitate
purification of the CTCF protein (41, 43). This domain is
followed by the most positively charged site in the CTCF
polypeptide with a K/R-rich amino acid sequence character-
istic of a nuclear localization signal (NLS) (reviewed in
reference 17). The region of CTCF adjacent to its eleventh
C2HC-type Zn finger thus harbors consensus sequences for
a putative ATP-binding domain, NLS, and also includes
potential target sites for phosphorylation by casein kinase II
and cyclic AMP-dependent protein kinase (Fig. 4, potential
target Ser residues of these sites are shown in brackets) (51).
The overall arrangement (including spacing) of the eleventh
C2HC-type C-terminal CTCF Zn finger situated immediately
next to the NLS followed by potential phosphorylation sites
(Fig. 4) is remarkably similar to the arrangement of the
C-terminal third C2HC-type Zn finger of SWI5 which is also
next to the NLS and Cdc2 phosphorylation sites (47).
Nuclear translocation of several transcription factors includ-
ing SWI5 is regulated by phosphorylation of the NLS-
adjacent sites (for a review, see reference (27). The similarity
of arrangement of these domains between SWI5 regulatory
region and CTCF raises a possibility that nuclear import of
CTCF is regulated by phosphorylation. The significance of
the presence of a putative ATP-binding domain within the
same region is not clear. There are also three highly acidic
domains (underlined by minus signs in Fig. 4) composed of
residues favorable for a-helix formation. A helical wheel
representation of these three regions reveals a common
pattern of negative residues arranged in a single stripe on one
side of a putative helix (data not shown), a feature of some
strong acidic transcriptional activators (22).
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FIG. 6. Methylation interference assay of in vitro-translated
11-Zn-finger domain binding to the footprint V DNA sequence. The
DNA probe was 5' end labelled at the noncoding strand and
methylated by dimethyl sulfate. Lane F, modified guanines of the
free DNA probe; lane B, methylated G's of DNA molecules bound
by the 11-Zn-finger polypeptide synthesized in vitro. Open arrow-
heads at the left side and closed arrowheads at the right side of the
DNA sequence indicate G residues recognized by in vitro-translated
Zn fingers and by endogenous CTCF (Fig. 4) (43), respectively.
Difficult reading of the sequencing gel bands is in part due to a very
uneven modification efficiency of G residues around -200 position
of the CTCF-binding sequence. Numbering of nucleotides is as in
Fig. 1.

Since guanines involved in recognition of the DNA-bind-
ing domain synthesized in vitro (Fig. 6) are exactly the same
as those previously shown to be involved in binding of
endogenous 130-kDa CTCF by both methylation interfer-
ence assay (see Fig. 4 in reference 43) and by missing-
contact analysis (Fig. 1), we concluded that the in vitro-
translated 11-Zn-finger domain binds to the c-myc promoter
DNA sequence in a manner indistinguishable from that of
endogenous 130-kDa CTCF protein. As expected for a
smaller protein, the in vitro-synthesized 11-Zn-finger domain
binding to the FpV DNA fragment produces DNA-protein
complexes which migrate during EMSA faster than do
complexes with endogenous CTCF. Nevertheless, these
complexes demonstrate competition properties listed above
as diagnostic for CTCF, including the requirement for addi-
tional DNA sequence-flanking contact nucleotides (data not
shown).

In order to obtain additional reassurance that cloned
sequence is directly related to 130-kDa CTCF, we tested
whether the Ab2 polyclonal sera against N-terminal peptide
(amino acids 39 to 50) derived from the cDNA sequence
shown in Fig. 4 would specifically cross-react with the
endogenous CTCF bound to DNA in nuclear extracts. Data
from Fig. 7 show that the Ab2 anti-peptide antibody does
ablate specifically the formation of the characteristic com-
plexes I and II containing 130-kDa endogenous CTCF.
Thus, the cDNA described has the expected properties of
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FIG. 7. Agarose gel EMSA analysis of the polyclonal anti-

peptide antibody Ab2 binding to CTCF in BM2 cell crude nuclear
extract. In addition to poly(dI-dC), both poly(dG). poly(dC) and
Spl-binding oligonucleotides were included in each binding mixture
in about a 100-fold excess over the [32P]DNA probe. Antibody Ab2
blocked by preincubation with the peptide 2 (lane 2) or Ab2 alone
(lane 3) was added to the binding reaction mixture together with 2 ,ul
of the nuclear extract 30 min prior to mixing with the DNA-probe
and loaded onto a gel after an additional 15 min of incubation.
Control binding reaction (lane 1) was assembled in the same order
but with the antibody excluded. Free DNA probe (F), nonspecific
complexes (n.s.), and CTCF-DNA complexes (I and II) are indi-
cated.

CTCF as judged by the presence of the peptide sequences,
by DNA-binding characteristics, and by specific binding of
the anti-peptide antibodies to CTCF in the crude nuclear
extracts. However, the ORF predicts a protein of 82 kDa.
CTCF protein purified from chicken erythrocytes had an
apparent molecular mass of 130 kDa. When the cDNA
depicted in Fig. 4 was transiently expressed in COS-7 cells
(Fig. 8A) or conditionally expressed in stably transfected
NIH 3T3 cells (Fig. 8B, lanes 5 and 6), it produced on SDS
gels protein migrating as a single band of 70 kDa. In Fig. 8A,
the Ab2 polyclonal antibody specific for chicken CTCF
proteins was used. In Fig. 8B, the Abl polyclonal antibody
specific for CTCF proteins from different species was used.
In NIH 3T3 (C14) cells, it detects, in addition to the
inducible chicken 70-kDa recombinant protein (which is
specifically induced at relatively low level in cells treated by
dexamethasone (Fig. 8B, lane 5) two endogenous mouse
CTCF forms of 130 and 80 kDa (lanes 5 and 6, respectively).
If antibody Ab2 (which does not recognize mouse proteins)
was used to immunostatin NIH 3T3 nuclear proteins, only
the 70-kDa chicken recombinant CTCF protein was detected
in dexamethasone-induced cells (Fig. 9; data not shown).
Thus, the cDNA depicted in Fig. 4 encodes a CTCF protein
with predicted 82-kDa and apparent 70-kDa molecular
masses. Therefore, the difference in molecular weight be-
tween CTCF purified from erythrocytes and the product of
the cDNA shown in Fig. 4 is unlikely to be due to anomalous
migration in SDS gels. It was therefore reasonable to suggest
that multiple mature CTCF mRNA species detected on
Northern blots (Fig. 5) could give rise to several cDNAs,
including one encoding a protein with electrophoretic mobil-
ity of 70 kDa.

t
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FIG. 8. Western immunoblot analyses of recombinant CTCF
expressed in COS-7 cells (A) or in stably transfected NIH 3T3(C14)
cells before (B, lane 6) and after (B, lane 5) dexamethasone
induction; (B) endogenous CTCF in nuclear preparations from
different chicken cells and tissues. Nuc, nuclear fraction; Cyt,
cytoplasmic fraction. Either Ab2-antibodies specific for chicken
CTCF proteins (A) or pan-specific Abl antibodies (B) were used.
Arrows at the right of panel indicate CTCF proteins and their
apparent molecular masses; positions of the rainbow markers are
shown at the left of both panels.

Multiple differentially expressed forms of CTCF protein.
Data from Western immunoblot analysis (Fig. 8B) demon-
strated that the CTCF gene encodes several proteins of
different size which all share an epitope recognized by
anti-CTCF polyclonal antibodies. In highly proliferating
HD3 cells, two major forms were detected, namely, two
most abundant 130- and 80-kDa forms and one minor 73-kDa
form (Fig. 8B, lane 1). The same 130- and 80-kDa forms were
the major CTCF proteins detected in mouse NIH 3T3 (C14)
cells (Fig. 8B, lanes 5 and 6). In dividing BM2 cells, three
major forms (130, 97, and 80 kDa) and two minor forms (73
and 70 kDa) are present (Fig. 8B, lane 2). In BM2 cells
induced by phorbol myristate acetate to terminally differen-
tiate into macrophages (66), the 97-kDa form is down-
regulated and the 73-kDa form is highly up-regulated (Fig.
8B, lane 3). Since no 7-kb RNA and two additional CTCF
RNA isoforms (1.5 and 2.2 kb) were detected in phorbol
myristate acetate-induced BM2-derived macrophages (42),
we believe that alteration in relative proportion of different
CTCF protein forms induced upon terminal differentiation of
BM2 cells is due to an alteration in CTCF mRNA processing
rather than to posttranslational processing. In addition to
80-, 97-, and 130-kDa forms, a 70-kDa protein accounts for
almost one quarter of all CTCF proteins detected in lympho-
cytes of mature bursal follicles (Fig. 8B, lane 4). This 70-kDa
form comigrates with the product of the chicken CTCF
cDNA conditionally expressed in stably transfected NIH
3T3 (C14) cells (Fig. 8B, lane 5) or transiently expressed in
COS-7 cells (Fig. 8A). Therefore, the cDNA clone shown in
Fig. 4 is likely to represent a minor mature mRNA encoding
in BM2 cells a minor form of CTCF protein with an apparent
molecular mass of 70 kDa.
None of the 97-, 80-, 73-, and 70-kDa forms are expressed

in muscle tissue of gizzard and heart which, nevertheless,
produced the ubiquitous 130-kDa form and a tissue-specific
55-kDa form of CTCF (Fig. 8, lanes 8 and 9, respectively).
While not formally ruled out, we believe that the smaller
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CEF [Abl] CEF [Ab2]

NIH3T3 [Abll NIH3T3 IAb2l

NIH3T3(C14)-DEX [Ab2] NIH3T3(C14)+DEX [Ab2Z
FIG. 9. Indirect immunofluorescence staining of CTCF in cells

of different species. Type of cells and of primary antibody used are

indicated above or below panels. CEF, chicken primary fibroblasts;
HFLF, human fetal lung fibroblasts; MDCK, canine kidney cell line;
NIH 3T3, mouse embryo cell line; NIH 3T3(C14), clone 14 of NIH
3T3 cells stably transfected by pLK/SXneo. Bars, 50 p.m. For
further explanation, see text.

forms of CTCF protein are unlikely to be due to in vitro
proteolysis because (i) no degradation was detected by
reprobing the same blots with other antibodies; (ii) both
presence and relative proportion of individual forms in
different cells or tissue samples were reproducible, and (iii)
preincubation of samples at 37°C in the absence of protein-
ase inhibitors resulted in band smearing rather than in
generation of additional discrete bands (data not shown).
CTCF is abundant and conserved in vertebrate species.

Northern blots containing total RNA from human and mouse
hematopoietic cell lines probed at moderate stringency with
several representative chicken CTCF cDNA probes also
revealed expression of the CTCF homolog(s) in these spe-

cies (15). In addition, competition EMSA analyses of the
CTCF DNA-binding activity in nuclear extracts prepared
from cells of a number of species, from frog to human, have
also shown conserved nature of the CTCF DNA-binding
activity (data not shown). Finally, Fig. 9 shows that CTCF
proteins are detected in nuclei of chicken embryo fibroblasts
by both Abl and Ab2 polyclonal anti-CTCF antibodies.
Figure 9 also demonstrates that, although Ab2 detects only

chicken CTCF proteins [either in chicken embryo fibroblasts
or in the mouse NIH3T3(C14) cells conditionally expressing
the chicken CTCF cDNA (also see data from Fig. 8)], Abl
detects CTCF proteins in mouse NIH 3T3 cells, in canine
kidney MDCK cells, and in human fetal lung fibroblasts.
Thus, CTCF is a conserved nuclear factor highly expressed
in a variety of vertebrate cells.

DISCUSSION

Our objectives in the experiments reported here were to
determine whether there is a functional role for CTCF
binding to one particular site within the chicken c-myc
promoter and to provide an initial characterization of the
CTCF protein by cloning and sequencing a cDNA for CTCF.
By using affinity-purified CTCF for missing-contact analysis
(Fig. 1), 25 nucleotides in both DNA strands were found to
be required for DNA sequence recognition by CTCF. The
experiments described in Fig. 1 also showed that, in addition
to three CCCTC repeats found within the region protected
by CTCF from DNase I or OP-Cu2, cleavage, a sequence of
reiterated cytosines and guanines between the second and
third CCCTC repeat is required for efficient recognition by
CTCF of the entire binding region. This result may explain
why several DNA sequences composed of simple repetitions
of 10- to 12-bp spaced CCCTC motifs were previously found
to be inefficient binding sites for CTCF (67). Results of
agarose gel EMSA (Fig. 2) showed that when three GC pairs
between two Spl binding sites were altered by site-specific
mutagenesis, the mutated sequence no longer binds CTCF
but still bound Spl-like factors and poly(G)-protein.
Assuming that the difference between proteins binding in

vitro to the wild type and to the mutated DNA sequences is
reproduced in cells stably transfected with the correspond-
ing c-myc-CAT reporter constructs, mutations which selec-
tively knock out CTCF binding in vitro should reveal the
specific role of CTCF in trans-activation of the c-myc
transcription in vivo. Data shown in Fig. 3 demonstrated that
the mutation of the CTCF binding site results in 3- and
10-fold reduction of transcription directed by the 3.3 kbp of
the 5'-noncoding c-myc sequence in stably transfected
chicken myeloid and erythroid cell lines. This analysis did
not distinguish between the contribution of CTCF to tran-
scriptional regulation on the level of initiation versus on the
level of pausing and/or attenuation. The different effect of
the same CTCF binding site mutation on transcription in two
cell lines representing two different hematopoietic lineages
may reflect variations in relative proportion of different
cell-type-specific forms of CTCF (see below) and also sug-
gests that stimulation of the c-myc transcription by CTCF
may depend on other, cell-type-specific nuclear factors.
To gain insight into how CTCF regulates the c-myc

promoter, we have attempted to clone and sequence a
full-length cDNA clone encoding it. From purified 130-kDa
CTCF protein three peptides were isolated, sequenced, and
used to isolate overlapping consecutive cDNA sequences
which, when combined, revealed ORF encoding 728 amino
acids corresponding to a polypeptide chain of 82 kDa with 11
Zn finger motifs (Fig. 4). When expressed in cells, it pro-
duced a nuclear protein with apparent molecular mass of 70
kDa as determined by SDS-gel electrophoresis (Fig. 8).
Three lines of evidence prove that it has characteristics of
CTCF: (i) it harbors amino acid sequences of all three
peptides isolated from purified 130-kDa protein; (ii) its
ll-Zn-finger domain translated in vitro specifically binds to
the CTCF-binding DNA sequence recognizing exactly the
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same nucleotides (Fig. 6); and (iii) antibodies raised against
synthetic peptides derived from the cloned sequence recog-
nize the endogenous 130-kDa nuclear protein (Fig. 8 and 9)
and specifically interfere with the binding of CTCF to its
DNA target in nuclear extracts (Fig. 7). Therefore, we
concluded that cDNA shown in Fig. 4 is likely to represent
one of several possible mature CTCF mRNA isoforms.
Indeed, Northern (RNA) blot analysis (Fig. 5) demonstrated
four major CTCF RNA species of 3.7, 4.0, 6.5, and 7.0 kb,
indicating that CTCF gene may encode multiple proteins by
generating a variety ofmRNA isoforms. Consistent with this
idea, Western (protein) blot analysis revealed at least six
major differentially expressed forms of CTCF proteins with
apparent molecular masses of 130, 97, 80, 73, 70, and 55 kDa
(Fig. 8). It is tempting to speculate that alternative mRNA
processing is involved in generating multiple isoforms of
CTCF mRNAs and, respectively, of multiple forms of pro-
teins, because among Zn finger proteins alternative mRNA
splicing appears to be a common way to generate different
isoforms of transcription regulators (7, 10, 26, 55). Alterna-
tive explanations for multiple forms of CTCF proteins would
be a highly related multigene family, multiple widely sepa-
rated transcriptional start sites, or proteolysis. Although we
have not obtained any data which support these alternative
explanations, cloning and sequencing of cDNAs correspond-
ing to the different CTCF proteins together with complete
sequencing of the genomic CTCF locus will be required in
order to fully understand the molecular mechanism by which
different cells produce different forms of CTCF.

It is conceivable that some of the forms of CTCF may be
either repressors or activators. Even though most of the
individual CTCF forms share identical DNA-binding speci-
ficity (34) and, therefore, could indeed behave as competi-
tive transcription regulators possessing distinct trans-acting
activity, the functional significance of multiple forms of
CTCF protein binding to the same DNA target will remain
unclear until we define the trans-activating and/or trans-
repressing domain(s) of each individual differentially ex-
pressed CTCF isoform. In preliminary experiments we have
found that (i) in cotransfection experiments carried out using
recipient cells which express 130- and 80-kDa isoforms of the
endogenous CTCF, expression of the recombinant 82-kDa
isoform specified by the cDNA clone shown in Fig. 4 results
in selective trans repression of an indicator gene fused to the
c-myc promoter and, (ii) at least one domain of the 82-kDa
CTCF isoform (amino acids from 115 to 210 at the N-termi-
nal side to the 11-Zn-finger domain [Fig. 4]) behaves as a
strong transcriptional repressor when fused to the GAL4
DNA-binding domain (34). These observations suggest that
the major longer (130- and 80-kDa) CTCF isoforms which
predominate in both HD3 and BM2 cells (Fig. 8) may lack
the repressor domain and/or may possess an activating
domain(s) absent in the cloned CTCF isoform, because in
these cells the CTCF-binding DNA sequence of the c-myc
promoter acts as a positive transcriptional element (Fig. 3).

Binding of the CTCF protein(s) to the FpV DNA sequence
activates transcription directed by the c-myc promoter in
stably transfected HD3 and BM2 cells more efficiently than
does binding of two Spl-like factors and poly(G)-binding
protein to the same DNA region without CTCF (Fig. 3). This
fact suggests a negative role for the two Spl-like proteins
binding to the promoter in the presence of 130- and 80-kDa
or 130-, 97-, and 80-kDa CTCF protein isoforms detected in
HD3 and BM2 cells, respectively. In our studies, these
Spl-like activities were not formally shown to be the positive
transcription factor Spl as originally defined (30). They may

represent other members of the growing family of Spl
consensus sequence (GC box) binding factors (28, 32, 64)
that may possess transcription repressor properties. It is also
worth noting that a suggested negative role for Spl-like
factors is not unique to the chicken c-myc promoter. The
interleukin-2 receptor a chain gene promoter contains a
single Spl binding site that overlaps a CArG box binding
serum response factor, SRF. In this promoter, Spl was also
shown to serve a role of repressor by mutually exclusive
binding mechanism similar to that described here (56).
Transcription factors Spl and NF-E1 (also called YY-1, 8,
and UCRBP) both belong to the Zn finger family and bind,
exclusively of each other, to the initiator element in the
cytochrome c oxidase subunit VP (COXV,B) gene promoter.
Again, binding of NF-E1 but not Spl was found to be crucial
for COXVP promoter function (3). On the other hand, since
no experiments to investigate the effects of mutations in
either Spl or poly(G)-binding protein binding sites were
carried out, these other factors may also turn out to be
important for promoter activity acting in concert with differ-
ent CTCF proteins.
Assuming that different forms of CTCF may have similar

DNA-binding but distinct trans-activating characteristics, an
intriguing mechanism of c-myc transcriptional regulation via
competitive binding of several distinct Spl-like factors and
different forms of CTCF to the same promoter element could
also be envisioned. Such a complicated but flexible mecha-
nism would match appropriately the complexities of c-myc
gene regulation during development and cell differentiation.
Direct functional comparison of trans-activating domains of
different forms of CTCF protein and Spl-like proteins will be
necessary to test these ideas. At present, the best evidence
for functional role of the multiple CTCF proteins in situ
remains the result of mutational analysis of their cognate
binding DNA sequence presented here.
Data from Fig. 8 and 9 show that CTCF proteins are

present in nuclei of cells from different species. Comparative
quantitative EMSA titration of DNA-binding activity of Spl
protein and CTCF in the same nuclear extract from dividing
HD3 cells has shown that under moderate salt conditions,
the two activities have practically identical binding constants
and very similar concentrations (33). Since it is known that
Spl is a highly abundant ubiquitous protein (40), this result
suggests that some CTCF isoforms may be as abundant as
general transcription factor Spl. Since our data showed that
chicken CTCF proteins are involved in regulation of the
chicken c-myc promoter, mammalian CTCF proteins are
likely to regulate mammalian c-myc promoters. Although the
promoters of human and mouse c-myc genes contain se-
quences which match reasonably well to the essential con-
tact nucleotides for CTCF binding, CTCF-binding sites in
cloned DNA from these genes have not been mapped
directly. It is also possible that c-myc promoters may not be
unique targets for CTCF proteins. In addition to detailed
study of the expression mechanisms of the CTCF gene itself,
isolation ofCTCF cDNA clones reported here will also allow
us to identify other target genes regulated by CTCF.
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