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CTCF is a widely expressed and highly conserved multi-Zn-finger (ZF) nuclear factor. Binding to various
CTCF target sites (CTSs) is mediated by combinatorial contributions of different ZFs. Different CTSs mediate
distinct CTCF functions in transcriptional regulation, including promoter repression or activation and hor-
mone-responsive gene silencing. In addition, the necessary and sufficient core sequences of diverse enhancer-
blocking (insulator) elements, including CpG methylation-sensitive ones, have recently been pinpointed to
CTSs. To determine whether a posttranslational modification may modulate CTCF functions, we studied CTCF
phosphorylation. We demonstrated that most of the modifications that occur at the carboxy terminus in vivo
can be reproduced in vitro with casein kinase II (CKII). Major modification sites map to four serines within
the S604KKEDS609S610DS612E motif that is highly conserved in vertebrates. Specific mutations of these serines
abrogate phosphorylation of CTCF in vivo and CKII-induced phosphorylation in vitro. In addition, we showed
that completely preventing phosphorylation by substituting all serines within this site resulted in markedly
enhanced repression of the CTS-bearing vertebrate c-myc promoters, but did not alter CTCF nuclear local-
ization or in vitro DNA-binding characteristics assayed with c-myc CTSs. Moreover, these substitutions
manifested a profound effect on negative cell growth regulation by wild-type CTCF. CKII may thus be
responsible for attenuation of CTCF activity, either acting on its own or by providing the signal for phosphor-
ylation by other kinases and for CTCF-interacting protein partners.

A search for conserved transcription factors that could sim-
ilarly regulate highly divergent promoters of avian and mam-
malian c-myc oncogenes resulted in the identification and clon-
ing of a single-copy nonredundant gene encoding CTCF, a
protein with a DNA-binding domain containing 11 Zn fingers
(ZFs) (20, 26, 30–33). The protein binds to a number of re-
markably different, ;50- to ;60-bp-long CTCF target sites
(CTSs) in the promoters of chicken and human c-myc genes
(20, 26).

The CTCF protein displays 100% identity of all 11 ZFs
between avian and human amino acid sequences (20). Among
numerous ZF factors, CTCF stands out as a unique protein
with no known family members. An extensive search for se-
quence homologies outside of the ZF domain, in the N- and
C-terminal regions, which together account for approximately
two-thirds of the entire protein, showed no significant similar-
ities to any previously described protein modules, including
those often found associated with a variety of ZF factors.

CTCF appears to act differently upon binding to functionally
distinct regulatory elements, which include (i) enhancer-block-

ing (insulator) elements in the two boundaries flanking the
b-globin locus, in the T-cell receptor a/g locus site, and in a
matrix-attachment 59 boundary of the chicken lysozyme gene
(7, 8, 49); (ii) promoter-proximal sites in chicken, mouse, and
human c-myc proto-oncogenes (20, 26); (iii) negative thyroid
response elements which require CTCF for efficient regula-
tion, as exemplified by the S-2.4 lysozyme gene transcriptional
silencer (12), the 144 genomic element (5), and human c-myc
(42); and (iv) the crucial regulatory site of the amyloid protein
precursor (APP) gene promoter (45, 62, 65).

Moreover, CTCF was recently found to be a parent of an
origin-specific and methylation-sensitive structural and func-
tional component of the chromatin insulator upstream of the
H19 gene (6, 22, 25, 57), thus suggesting a new important role
for a CpG-containing subset of CTSs in control of genomic
imprinting (25; reviewed in references 2 and 64).

Neither CpG methylation-dependent nor methylation-inde-
pendent CTS-containing insulators act as general transcrip-
tional repressors or activators, but rather they block functional
interactions between an enhancer and a promoter. However,
binding of CTCF to the CTS in the APP promoter activates
transcription (62, 65), while binding to chicken or human c-myc
major promoters represses it (20, 32). The diverse variety of
functions that CTCF can perform suggests a very complex
mode of multilevel regulation of CTCF itself.

Posttranslational modification by phosphorylation is com-
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monly found to attenuate transcription factor function (re-
viewed in reference 23). Here we show that most, if not all,
strong phosphorylation sites in CTCF map to the C-terminal
region (CTCF-C). This region, fused in frame to the GAL4
DNA-binding domain, behaved as a trans repressor when tar-
geted to a model promoter in cotransfection experiments (20).

We demonstrate here that CTCF-C is serine phosphorylated
in vitro by casein kinase II (CKII) within the acidic amino acid
motif that is strictly conserved in frog, chicken, mouse, rat, and
human proteins. The same motif is found to be similarly phos-
phorylated in vivo. Selectively replacing serines in this motif by
nonphosphorylatable amino acids completely eliminates phos-
phorylation of CTCF in vivo without affecting cellular local-
ization, DNA-binding activity, or sequence specificity of CTCF.
However, in a transcriptional activity reporter system utilizing
the very first CTS-containing promoter identified by us in ver-
tebrate c-myc oncogene 59 noncoding regions (20, 26, 30–33),
the same Ser mutations result in stronger inhibition of the
chicken and human c-myc promoter reporters than that seen
with the wild-type (wt) CTCF. Phosphorylation at the CKII
sites appears to be of great physiological significance, because
the inability to phosphorylate the mutated C terminus notice-
ably abrogates profound inhibition of cell proliferation by wt
CTCF in clonogenicity assays.

Thus, in signal transduction pathways that may require a
change in the trans-repressing activity of CTCF binding to
promoters like c-myc, reversible phosphorylation of the region
downstream of the 11-ZF DNA-binding domain appears to
play an essential regulatory role(s). In this region, CKII seems
to serve a priming role in vivo. We suggest that regulated
dephosphorylation at CKII sites and/or CKII-induced activity
of another kinase, leading to regulated phosphorylation-de-
pendent interaction with CTCF protein partners, may occur to
selectively change the activity of a subset of CTS-driven genes,
some of which are involved in cell growth control.

MATERIALS AND METHODS

Expression vectors. To obtain glutathione S-transferase (GST) fusion bacte-
rial expression constructs pGST-N, pGST-Zns and pGST-C (Fig. 1B) producing,
respectively, the amino-terminal region (CTCF-N), the 11-ZF domain (CTCF-
ZF), and the carboxy-terminal domain (CTCF-C) of the chicken CTCF protein
individually fused in frame with the GST open reading frame, three DNA
fragments from the chicken CTCF cDNA clone p900 (26), the SmaI-HindIII
fragment (positions 117 to 830), the PvuII-EcoRI fragment (positions 541 to
2037) and the MscI-EcoRI fragment (positions 1908 to 3786), were ligated in
frame into the pGEX-2TK or pGEX-3X vectors provided with the GST purifi-
cation kit (Pharmacia), and GST-fused CTCF proteins were expressed and
purified as described in the manufacturer’s manual.

Vectors for eukaryotic cell expression, based on the simian virus 40 promoter-
enhancer containing plasmid pSG5 (Stratagene), are schematically shown in
Fig. 1B. To obtain vectors pSG-tagCTCF-N, pSG-tagCTCF-ZFs, and pSG-
tagCTCF-C producing three CTCF domains tagged with six myc-epitope tags for
the 9E10 monoclonal antibody (19), each of the three DNA fragments described
above was initially fused in frame at the N-terminal open reading frame ends,
with the DNA fragment encoding six repeats of the myc-tag epitope (see Fig. 1B
for details) isolated from the plasmid p6MYC-Tags-D, which was kindly pro-
vided by M. Roth (Fred Hutchinson Cancer Research Center, Seattle, Wash.).

The CTCF cDNA expression vector p-HHc, referred to here as pCTCFwt,
contains the chicken CTCF cDNA clone described previously (27). To obtain the
pCTCF/2-mut vector, a two-step PCR-mediated procedure was used to specifi-
cally mutate two codons, for Ser-609 and Ser-610, within the CTCF-C region
(Fig. 1A). We employed the external rightward primer 1, 59-TATGCATGCAG
ACAGGAGCG-39, starting at nucleotide position 1703 of the CTCF cDNA
sequence (numbering is according to reference 26), and the external leftward
primer 4, 59-GCTGTACAGCAGTATATTCT-39, starting at nucleotide position

3753. Two internal self-complementary primers containing Ala and Gly codons
within a new NaeI site (GCC-GGC in place of the TCC-TCC of the Ser-609 and
Ser-610 codons) (the leftward primer from position 2036, 59-CTCACTATCGC
CGGCATCTTC-39, with the mutated nucleotides underlined and the new
codons indicated in italics, together with the complementary rightward primer,
starting at cDNA position 2018) were also utilized for the site-directed mutagen-
esis, as described previously (39).

The same method was also employed to produce vectors to express the CTCF/
4-mut protein in which Ser-604, -609, -610, and -612 are replaced by nonphos-
phorylatable amino acids (Fig. 1A). To generate pCTCF/4-mut (Fig. 1A), two
internal self-complementary primers carrying Ala codons to replace the Ser
codons 604, 609, and 612 and a Gly codon to replace Ser 610 were prepared. The
leftward primer starting at position 2039 had the sequence 59-TTCCTCAGCA
TCGCCGGCATCTTCTTTCTTAGCGCGCAT-39, and the rightward primer,
starting at cDNA position 2003, and the corresponding complementary primers
were used. Fragment swapping using unique restriction sites generated the myc-
tagged versions of the mutated expression vectors (Fig. 1B). Two CTCF mutants
with large internal deletions were also prepared (Fig. 1B). In the first, the
BamHI-BamHI DNA fragment encoding amino acids 67 to 570 was removed in
frame from the full-length expression vector, resulting in the construct pSG-
CTCF-DBB, leaving in place the C terminus with the potential CKII sites as
indicated in Fig. 1. In the pSG-tagCTCF-DHN construct, amino acids 54 to 610,
inclusive, were removed (Fig. 1B) by cutting and religating the plasmid in frame
at HincII-NaeI sites.

DNA-protein interaction assays. Different forms of CTCF proteins were syn-
thesized with the TnT reticulocyte lysate-coupled in vitro transcription-transla-
tion system from Promega (5, 20). In this system, CKII is known to be fully active.
Because CTCF binding to DNA requires flanking segments of any sequence in
addition to ;50 bp of a given CTS (32), 120- to 200-bp-long DNA fragments
bearing the c-myc CTSs V and A (characterized previously by DNase I foot-
printing and by methylation interference techniques) (20, 26) were 32P labeled,
gel purified, and employed as DNA probes for electrophoretic mobility shift
assays (EMSAs) with equal amounts of the in vitro-translated CTCF proteins as
previously described (5, 20). Affinity and kinetic measurements by surface plas-
mon resonance were carried out essentially as described earlier (25) using the
BIAcore CM-5 chip (BIAcore, Uppsala, Sweden). Binding parameters for the
interaction of each DNA probe with immobilized wt, CTCF/2-mut, and CTCF/
4-mut proteins were analyzed using the BIAcore software supplied by the man-
ufacturer.

Methylation interference assays with 32P-labeled gel-purified DNA probes
were performed as described in detail earlier (20, 32). For DNase I footprinting,
1 ml (1 Kunitz unit) of ultrapure DNase I (New England Biolabs) dissolved in
phosphate-buffered saline supplemented with 1 mM CaCl2 and 1 mM MgCl2 was
added to each of 10 32P-DNA-CTCF binding mixtures, with 20-ml final volumes
prepared as described for EMSA reactions, mixed at room temperature for 30 s,
and immediately loaded on EMSA gels already running at 300 cV. Gel-separated
nuclease-treated CTCF-bound and free DNA probes from 10 reactions were
isolated and analyzed on a sequencing gel as described earlier (33, 44).

Reporter constructs. pPst2myc-CAT, the reporter construct containing the wt
3.3-kb PstI-PstI fragment of the chicken c-myc 59 noncoding region, including the
first exon and intron sequences from the pCc-mycPst2 plasmid (33), and pP2myc-
CAT, containing the ApaI-PvuII fragment (from 2121 to 1352 relative to the
major P2 promoter) of the human c-myc 59 noncoding region, were previously
described (20, 26).

Cells and transfections. The HD3 cell line derived from chicken erythroblasts
was maintained as described earlier (44) in Dulbecco’s minimal essential medium
(DMEM) supplemented with 8% fetal bovine serum and 2% chicken serum at a
density of ;106 cells/ml. COS-6, Swiss 3T3, and PC3 cells were grown in DMEM
supplemented with 10% fetal calf serum and replated at low (40 to 50% conflu-
ence) density.

For chloramphenicol acetyltransferase (CAT) assays, cell lines were trans-
fected with 1 mg of the appropriate plasmid by the calcium phosphate precipi-
tation method with 23 DNA precipitation buffer (59-39, Inc., Boulder, Colo.)
according to the method in the manufacturer’s manual. Cell extracts were pre-
pared at 48 h posttransfection, and CAT activity was assayed as previously
described (51). HD3 cells were transfected with Lipofectamine (Gibco-BRL)
according to the manufacturer’s instructions.

Western and Northern blotting and indirect immunofluorescence microscopy.
Total cell lysates, prepared for loading in sodium dodecyl sulfate (SDS)-contain-
ing buffer with brief treatment with DNase I to reduce viscosity as described
previously (26), were run through SDS–10% polyacrylamide gel electrophoresis
(PAGE) gels and transferred onto Immobilon P membranes (Millipore, Bedford,
Mass.) by semidry blotting. Membranes were probed with either the monoclonal
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9E10 anti-myc-tag antibody (19) or the polyclonal affinity-purified anti-CTCF
antibodies Ab1 and Ab2 (26). The primary antibody-bound proteins were visu-
alized by the enhanced chemiluminescence (ECL) procedure using the detection
system and protocol from Amersham Life Science, Inc. For indirect immunoflu-
orescence analyses with monoclonal 9E10 anti-myc-tag antibody, the protocol
described elsewhere (56) was adapted.

For Northern blot analysis, 10 mg of total cellular RNA isolated by the gua-
nidinium thiocyanate extraction method was separated on a 1% agarose gel
containing 2.2 M formaldehyde and transferred to a nylon membrane. RNA blots
were hybridized with chicken CTCF cDNA probes that were 32P labeled as
described by the supplier of a random priming kit (Stratagene). After overnight
hybridization, blots were washed in 0.13 SSC–1% SDS (13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) at 65°C and autoradiographed.

Cell labeling and immunoprecipitation. COS-6 cells transfected with the vec-
tors expressing different CTCF forms shown in Fig. 1 were incubated for 6 h in
phosphate-free growth medium supplemented with dialyzed fetal calf serum and
then metabolically labeled with [32P]orthophosphate (Amersham International,
PLC), added to achieve a final concentration of 1 mCi/ml. Cells were incubated
for an additional 12 h. For immunoprecipitation, the radiolabeled cells were
washed twice with ice-cold phosphate-buffered saline and lysed on dishes in 500
ml of high-salt radioimmunoprecipitation assay (RIPA) buffer (0.4 M NaCl, 50
mM Tris-HCl [pH 7.5], 1% NP-40, 0.1% SDS, 0.1% sodium deoxycholate, 1 mM
EDTA) supplemented with protease inhibitors (leupeptin, 20 mg/ml; aprotinin,
25 mg/ml; phenylmethylsulfonyl fluoride, 1 mM; and benzamidine, 10 mg/ml) and
phosphatase inhibitors (NaF, 50 mM; sodium vanadate, 100 mM; and sodium
pyrophosphate, 400 mM), as described by Towatari et. al. (59). After incubation

FIG. 1. (A) Structural features of the C-terminal CTCF-C amino acid sequence with several sites matching the CKII target consensus motif
(S/T)XX(E/D) and other serines shown in a bigger font size. Amino acid numbering is according to Klenova et al. (26). The numbers of residues
not shown are indicated in brackets. The underlined 11th ZF shows the C-terminal CTCF ZF of the C2HC type. Also underlined are putative
motifs for (i) the b-sheet–(GXGXXG)–a-helix pocket matching the Rossman fold associated with many nucleotide triphosphate-binding sites (58),
(ii) the NLS (18), (iii) the PXXP type of SH3-binding motif (55), and (iv) the AT-hook consensus likely involved in AT-rich DNA binding (3)
and/or protein-protein interactions in chromatin (13, 16). The serines mutated as described in Materials and Methods are highlighted in red. (B)
Schematic representation of the full-length chicken CTCF cDNA, of the three structurally distinct domains (CTCF-N, CTCF-ZFs, and CTCF-C),
and of a number of different forms of CTCF expression vectors constructed for the study. Restriction sites used to engineer a variety of the
myc-tagged and other expression constructs are also shown. The asterisk-marked NaeI site indicates the presence of the double mutation replacing
Ser-609 and -610, while the presence of “mut” in the construct names indicates the presence of either 2 or 4 Ser mutations as depicted in panel
A.
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for 1 h at 4°C, 500 ml of the RIPA buffer without NaCl was added to cell lysates,
which were then clarified by centrifugation at 17,000 3 g for 20 min. CTCF and
the myc-epitope-tagged proteins were immunoprecipitated either by the anti-
CTCF polyclonal affinity-purified antibody Ab1 or Ab2 or by the 9E10 mono-
clonal antibody, respectively, and incubated with protein G-Sepharose-CL4B or
protein A-Sepharose-4B-Fast (Sigma). The Sepharose beads were washed five
times with 1 ml of the RIPA buffer containing 0.2 M NaCl, immobilized proteins
were resolved by SDS–10% PAGE and transferred to an Immobilon P mem-
brane, and 32P-labeled proteins were visualized by autoradiography. In some
experiments, these membranes were also analyzed with specific antibodies by the
ECL-mediated Western blot procedure as described above.

Kinase assays. To analyze in vitro protein phosphorylation by CKII, a modi-
fied procedure described by Marais et al. (35) was employed. Briefly, purified
GST-CTCF-N, GST-CTCF-Zn and GST-CTCF-C proteins were incubated with
CKII (0.5 ml of the 117-U/ml stock of the human CKII a- and b-subunits
coexpressed in insect cells [D. Neri, H. Petrul, G. Winter, Y. Light, R. Marais,
K. E. Brotton, and A. M. Greighton, submitted for publication]) in 20 ml of
kinase buffer (20 mM HEPES [pH 7.5], 20 mM Tris-HCl [pH 7.5], 10 mM MgCl2,
2 mM EDTA, 100 mM NaCl, 0.1 mM ATP, 0.1% NP-40, 1 mM dithiothreitol, 5
mg of leupeptin per ml, 5 mg of aprotinin per ml, 5 mg of pepstatin per ml, 1 mM
benzamidine, 50 mg of phenylmethylsulfonyl fluoride per ml) in the presence of
0.5 mCi of [g-32P]ATP (Amersham) for 60 min at 30°C.

Specific protein immunocomplexes attached to the Sepharose beads were
initially washed twice in buffer containing 40 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 10 mM MgCl2, and 2 mM EDTA and then once in RIPA buffer. After
adding 50 ml of the CKII buffer supplemented with 1 ml of CKII enzyme stock
solution and 1 mCi of [g-32P]ATP, the bead suspension was incubated for 60 min
at 30°C. Phosphorylation reactions were stopped by mixing with an equal volume
of the SDS-containing gel-loading buffer. The samples were boiled for 2 min and
separated by SDS–10% PAGE. Finally, gels (stained, when needed, with Coo-
massie blue) were dried and subjected to autoradiography.

Two-dimensional tryptic phosphopeptide and phosphoamino acid analyses.
These experiments were carried out as described in detail by Boyle et al. (11). In
brief, 32P-labeled protein bands cut from SDS-PAGE gels were ground in 1 ml
of 50 mM ammonium bicarbonate (pH 7.3) solution, 50 ml of 2-mercaptoethanol
and 10 ml of 10% SDS was added, and the samples were boiled for 5 min and
then incubated overnight. The suspension was intensively stirred and clarified in
a Spin-X centrifuge filter unit (Costar), and then 20 mg of a carrier protein
(RNase A) was added to the chilled eluate and peptides were precipitated with
250 ml of 100% ice-cold trichloroacetic acid. The precipitate was collected by
centrifugation, oxidized in 100 ml of ice-cold performic acid, and freeze-dried.
The oxidized protein pellet was resuspended in 50 ml of ammonium bicarbonate
(pH 8.0) and digested overnight with 10 mg of tosylsulfonyl phenylalanyl chlo-
romethyl ketone-treated trypsin (Sigma). Peptide products were lyophilized
twice from water and dissolved in buffer (pH 1.9) containing formic acid, glacial
acetic acid, and deionized water at 50:156:1,794 (vol/vol). First-dimension reso-
lution by electrophoresis was performed on cellulose thin-layer plates (Kodak) at
pH 1.9 for 30 min at 1.0 kV. For second-dimension fractionation, the plates were
subjected to chromatography in the buffer containing isobutyric acid, n-butanol,
pyridine, glacial acetic acid, and deionized water (1,250:38:96:58:558 [vol/vol]).
For phosphoamino acid analysis, labeled protein was blotted onto polyvinylidene
difluoride (Immobilon) membranes. The radioactive band was excised; the pro-
tein was hydrolyzed in 5.7 M HCl for 1 h at 110°C and then electrophoresed on
a cellulose thin-layer plate at pH 1.9 with phosphoserine and phosphothreonine
standards. The plate was dried at 65°C for 20 min, the phosphoamino acids were
detected by the ninhydrin spray reagent (Sigma), and then the plate was auto-
radiographed.

Cell clonogenicity assay. Chicken HD3 cells were cotransfected with Lipo-
fectamine (Gibco BRL) according to the manufacturer’s instructions with 1 mg
of the pSV40neo plasmid and 10 mg of either pSG5 (the empty vector control),
pCTCFwt, or pCTCF/4-mut. Approximately 107 cells from each transfection
were plated into methyl cellulose-containing medium in the presence of 3.2 mg
of G418 sulfate (Gibco BRL) per ml under established selection conditions (53).
In 20 days, the resistant colonies were counted, and several colonies from each
series were randomly picked and expanded in medium containing 1 mg of G418
per ml. Expression of exogenous CTCF was analyzed by Northern hybridization
and Western blotting.

The adherent prostate cancer cell line, PC3, and the no-myc TGR15 cell line,
expressing no MYC family genes (36), kindly provided by John Sedivy, were
transfected by standard calcium phosphate-mediated procedures and selected
for G418-resistant colonies on 9-cm-diameter tissue culture plates.

RESULTS

CTCF is phosphorylated in vivo. Employing affinity-purified
species-specific anti-CTCF polyclonal antibodies (26) for im-
munoprecipitation from chicken and mouse cell extracts pre-
pared from 32P-labeled exponentially growing cell lines, we
found that CTCF is phosphorylated in vivo (Fig. 2). The 32P-
CTCF band comigrates with in vitro-translated CTCF (refer-
ence 20 and data not shown), and a band of the same size is
detected by immunoblotting (Fig. 2B; also see Fig. 6E and F).
No protein was precipitated from the mouse fibroblast extract
by the chicken-specific antibody Ab2 (Fig. 2, lane 3) or from
the chicken HD3 cell extracts blocked with an excess of the
chicken CTCF peptide 2 (26) (Fig. 2, lane 1).

The carboxy-terminal domain of CTCF is predominantly
phosphorylated in vivo. To determine the region of CTCF
phosphorylation, the N-terminal region upstream of the 11
ZFs (CTCF-N), the 11-ZF domain (CTCF-ZF), and the C-
terminal domain (CTCF-C) were transiently expressed as myc-
epitope-tagged proteins in COS-6 cells undergoing 32P meta-
bolic labeling. Immunoblotting with the 9E10 anti-myc-tag
antibody revealed that each of the three CTCF domains was
equally well expressed (Fig. 3A). Only the CTCF-C protein
incorporated 32P at high levels in vivo (Fig. 3B, lane 2); phos-
phorylation of the CTCF-ZF domain was very low (Fig. 3B,
lane 1) and was undetectable for CTCF-N (Fig. 3B, lane 3).
Apparent molecular masses of CTCF-derived polypeptides as
seen on SDS gels differ from the predicted molecular masses
because of aberrant electrophoretic mobility, previously ana-
lyzed in detail using matrix-assisted laser desorption and ion-
ization mass spectrometry of the gel-resolved CTCF subdo-

FIG. 2. CTCF is phosphorylated in vivo. (A) Exponentially growing
chicken HD3 and mouse Swiss 3T3 cells were metabolically labeled
with [32P]orthophosphate, and CTCF-containing material was immu-
noprecipitated from cell extracts with 20 ml of protein A-Sepharose
4B-Fast and affinity-purified rabbit polyclonal antibodies (Ab2) spe-
cific for the chicken CTCF peptide 2 (lanes 1 to 3) or with pan-specific
Ab1 antibodies that recognize CTCF in all vertebrates (26) (lane 4).
The Ab2 antibody-blocking peptide 2 (26) was included as the speci-
ficity control with chicken cell extracts (lane 1). Immobilized proteins
resolved by SDS-PAGE were transferred to membranes and exposed
to an X-ray film. (B) The same membranes as in panel A were probed
with Ab1 antibodies by ECL immunoblotting assays. The two-headed
arrow indicates the position of CTCF. It migrates aberrantly in SDS
gels as the 130- to 160-kDa CTCF band (see reference 27 and Results
for more details). Lane M, 14C-labeled molecular mass markers.
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mains (27). For example, although the predicted molecular
mass for the CTCF-C domain based on amino acid number
and composition should be about 17 kDa (or 28 kDa when
fused with the six-myc-tag polypeptide), tag-CTCF-C migrates
as a band of 69 kDa (Fig. 3 and 4).

The phosphorylation pattern of the three CTCF domains
shown in Fig. 3 is most likely to mimic the distribution of
protein kinase target sequences within the full-length CTCF
protein. Therefore, these results suggest that the major in vivo
phosphorylation serine/threonine sites map within the carboxy-
terminal domain of CTCF.

CKII efficiently phosphorylates CTCF-C in vitro. CTCF-C
possesses a number of potential phosphorylation sites match-
ing the CKII phosphorylation consensus motif, (S/T)XX(E/D)
(1). To determine if CKII could account for the preferential
phosphorylation of this region in vivo, we tested if CTCF-C
would serve as a substrate for recombinant purified CKII in
vitro. The three GST fusion proteins produced in bacteria (Fig.
4A) were treated with CKII in vitro in the presence of
[g-32P]ATP. Without CKII, no 32P was incorporated into any
of the proteins (Fig. 4B, lanes 1 to 3). However, in the presence
of the enzyme, the 69-kDa carboxy-terminal domain, GST-
CTCF-C, and apparent degradation products of ;45 kDa la-
beled intensely (Fig. 4B, lane 4). Using the ZF and N-terminal
domains as CKII substrates, several labeled nonspecific pro-
tein bands (see lanes 2 and 3 of panel A and lanes 5 and 6 of
panel B) were observed. In GST-CTCF-Zn protein prepara-
tions, a 32P-labeled band corresponds to a slower migrating
contaminating protein of bacterial origin, while the ZF do-
main-GST fusion protein itself cannot serve as a substrate for

CKII, as shown by the lack of 32P labeling at the same position
of the same gel autoradiograph (panel B, lane 5). However,
some weak 32P incorporation was detected with the GST-
CTCF-N protein of the expected size and mobility (27) (panel
B, lane 6).

Thus, among three bacterially expressed distinct CTCF do-
mains, the C-terminal region was the primary target for phos-
phorylation by CKII. Identical results were obtained with
tagged CTCF domains purified from other transfected cell
lines by immunoprecipitation and then incubated with CKII in
vitro (data not shown). Thus, the C-terminal CTCF region,
which is preferentially phosphorylated in vivo (Fig. 3), also
contains major CKII target sites, detected in vitro (Fig. 4).
These results suggest that CKII, an unknown kinase(s) with
similar sequence specificity, and/or CKII plus CKII phos-
phorylation-initiated secondary modifications, result in prefer-
ential phosphorylation of the carboxy-terminal region of CTCF
in vivo.

Mapping of in vitro and in vivo phosphorylation sites within
the carboxy-terminal CTCF domain. The in vivo and in vitro
CKII-driven phosphorylation sites in CTCF-C were deter-
mined by tryptic peptide mapping utilizing in vivo-phosphory-
lated tagCTCF-C protein immunoprecipitated with the 9E10
antibody (Fig. 5A, panel 2). This was compared with the pro-
tein precipitate phosphorylated by recombinant CKII in vitro
(Fig. 5A, panel 4). Specifically labeled peptides of the same
size (Fig. 5A) were detected in the tagCTCF-C proteins phos-
phorylated by CKII in vivo or in vitro.

Second, bacterially expressed purified GST-CTCF-C protein
was treated with CKII and 32P in vitro (Fig. 5A, panel 1). The

FIG. 3. Expression versus phosphorylation levels for three CTCF
domains expressed in COS-6 cells. COS-6 cells were transfected with
the pSG5-based expression plasmids, producing three epitope-tagged
CTCF domains (tagCTCF-Zn, tagCTCF-C, and tagCTCF-N, schemat-
ically shown in Fig. 1B), and metabolically labeled with 32P. The tagged
proteins were immunoprecipitated with the 9E10 anti-tag antibody and
analyzed by Western blot probed with the 9E10 antibody (A) or au-
toradiographed (B) to reveal [32P]phosphate incorporation. Positions
of the 14C-labeled protein markers are shown on a side of each panel.
See text for a detailed explanation of an unusual aberrant electro-
phoretic migration in SDS-containing gels characteristic for the full-
length CTCF protein (Fig. 2) and for its separate domains (27).

FIG. 4. Phosphorylation of three bacterially expressed CTCF do-
mains by purified CKII in vitro. (A) Proteins were resolved by SDS-
PAGE, and gels were stained with Coomassie blue and autoradio-
graphed. (B) Three GST-fused recombinant CTCF proteins expressed
in bacteria (1 to 5 mg) were incubated in the CKII reaction buffer in the
absence (lanes 1 to 3) or presence (lanes 4 to 6) of the kinase. An
arrowhead and two asterisks in lanes 1 and 4 indicate the positions of
bacterially expressed cognate CTCF-C and degraded CTCF-C pro-
teins, respectively. Arrows at the right side of lanes 2 and 5 show
CTCF-Zn protein that did not incorporate phosphate. Several 32P-
labeled proteins that do not correspond to the GST-ZF and GST-N
bands visualized by Coomassie blue gel staining are marked by an
“x”. Therefore, these bands do not present phosphorylation of the
CTCF-ZF or CTCF-N protein domains as discussed in Results.
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labeling was compared with that of tagCTCF-C protein phos-
phorylated by CKII in vivo (Fig. 5A, panel 5) or in vitro (Fig.
5A, panel 4). The phosphorylation site(s) utilized in vivo lo-
calized to the same single peptide as it did in vitro (Fig. 5A). By
mixing equal amounts of tryptic digests labeled in vitro and in

vivo (Fig. 5A, panels 3 and 6) and analyzing the mixture in the
same experiment, we showed exact comigration of the major
phosphopeptide labeled by CKII from both GST-CTCF-C and
tagCTCF-C, as well as the peptide derived from the in vivo-
phosphorylated CTCF-C.

FIG. 5. (A) Phosphopeptide analyses of the CTCF-C domain expressed in bacteria or in COS-6 cells and phosphorylated in vivo and in vitro.
Bacterially expressed GST-C protein (panel 1) and a COS-6 cell-derived tagCTCF-C protein immunocomplex on beads (panel 4) were 32P labeled
in vitro with recombinant CKII and then electrophoresed though an SDS gel, labeled bands were identified, and 32P-proteins were eluted and
precipitated. The metabolically 32P-labeled tagCTCF-C protein expressed in COS-6 cells (panels 2 and 5) was immunoprecipitated and also
purified from an SDS gel. After trypsin digestion and lyophilization, peptides were resolved in the first dimension by electrophoresis at pH 1.9
(horizontal direction, with the anode to the right of the gels shown) and then in the second dimension by ascending chromatography. An arrow
in panels 1 and 3 and an open triangle in panels 4 and 6 indicate the position of free phosphate. An under-digested material which was unresolved
by the acid electrophoresis is indicated by the open arrowheads at the top right corners of panels 5 and 6. (B) Phosphoamino acid analyses of the
in vivo- and in vitro-phosphorylated C-terminal CTCF domain. The 32P-tagCTCF-C protein immunoprecipitated from transfected metabolically
labeled COS-6 cells (in vivo panels) and “cold” tagCTCF-C protein labeled with [g-32P]ATP and CKII (in vitro panels) were hydrolyzed and
electrophoresed at pH 1.9 with phosphoserine (S) and phosphothreonine (T) standards.
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Since our reciprocal phosphoamino acid analyses of phos-
phorylated CTCF-C demonstrated that only serines were ex-
tensively phosphorylated (Fig. 5B), we focused further analyses
only on potential CKII target sites with the SXX(D/E) con-
sensus sequence (37); serines at positions 578, 604, 610, and
724 (Fig. 1) fit this consensus. In addition, Ser-609 and Ser-612
could also serve as de novo targets for so-called cascade reac-
tions when initial modification of one serine creates a suitable
context for phosphorylation of another (43, 47).

To determine which of the C-terminal serines are phosphor-
ylated in vivo, we analyzed two deletion mutants and several
site-specific mutants of CTCF. In the pSG-CTCF-DBB expres-
sion construct, the DNA fragment encoding amino acids 67 to
570 upstream of the three potential CTCF-C CKII sites was
removed as shown in Fig. 1B. In the pSG-tagCTCF-DHN vec-
tor, two more CKII sites were removed by deleting the DNA
fragment encoding amino acids 54 to 610 (Fig. 1B). In the
pSG-tagCTCF-C/2mut and the pSG-tagCTCF/2mut expression
vectors, serines at positions 609 and 610 were simultaneously
replaced by nonphosphorylatable residues by creating a new
NaeI restriction site as described in Materials and Methods.
The N-terminal CTCF epitope recognized by chicken CTCF-
specific Ab2 antibodies was retained at the N termini of the
deleted and of the mutated tagCTCF constructs. These
constructs, together with the empty vector and the pSG-
tagCTCF-N construct (Fig. 1B) expressing the N-terminal
CTCF region, were transfected into COS-6 cells. Transfected
cells were metabolically labeled with 32P. Proteins were immu-
noprecipitated with the anti-CTCF Ab2 antibodies, resolved by
SDS-PAGE, blotted onto a membrane, and visualized by au-
toradiography. The same membranes were also probed with
the Ab2 or 9E10 antibodies by the ECL Western blot proce-
dure to compare levels of protein synthesis with efficiency of
phosphorylation. Western blot analyses (Fig. 6A and B) dem-
onstrated that all constructs produced comparable levels of
homogeneous proteins of expected sizes (27). Only proteins
which harbor the expected C-terminal CKII sites, namely the
tagCTCF-C (Fig. 6, panel C, lane 1), tagCTCF-DBB (panel D,
lane 2), and tagCTCF (panel D, lane 3) proteins were effi-
ciently labeled in vivo. The tagCTCF-N protein (Fig. 6C, lane
3) was not phosphorylated, as one would predict based on the
results shown in Fig. 3. Deletion of amino acids 54 to 610 (Fig.
1B) containing the three potential CKII Ser residues results in
a complete loss of 32P incorporation into the tagCTCF-DHN
protein (Fig. 6D, lane 1). A labeled band seen in Fig. 6D, lane
1, does not correspond to the tagCTCF-DHN protein detected
by Western blot analysis (Fig. 6B). It may represent a phos-
phoprotein that specifically coimmunoprecipitates with the
tagCTCF-DHN protein or may be entirely nonspecific. The
tagCTCF-DHN protein is clearly not phosphorylated, as seen
by comparing lanes 1 of Fig. 6B and D. Thus, CTCF Ser-724 is
not a CKII target, or structural changes resulting from deleting
amino acids 54 to 610 prevented phosphorylation.

The site-specific substitution of serines 609 and 610 in
tagCTCF/2mut (Fig. 6D, compare lanes 3 and 4) and in
tagCTCF-C/2mut (Fig. 6C, compare lanes 1 and 4) resulted in
a dramatic inhibition of phosphate incorporation, indicating
that the EDSS610DSEE sequence of the CTCF-C domain is
the major CKII target site in vivo. However, the same lanes
in Fig. 6 show some residual incorporation of 32P in tagCTCF-

FIG. 6. In vivo phosphorylation of the C-terminal CTCF domain
containing specific mutations of major CKII sites and deletions de-
picted in Fig. 1A. COS-6 cells were transfected with the expression
vectors listed at the top of panels A and B and schematically shown in
Fig. 1B. The empty pSG5 vector was also used as a negative control
(panels A and C, lanes 2). Transfected cells were metabolically labeled
with [32P]orthophosphate. The six-myc-tag-containing CTCF forms
and the N-terminal peptide 2 containing CTCF proteins were immu-
noprecipitated with either the 9E10 antibody (A and C) or anti-CTCF
antibody Ab2 (B and D), respectively, and then washed on beads,
separated by SDS-PAGE, blotted, and autoradiographed (C and D).
The same membranes were also probed by an ECL Western blot
procedure with either 9E10 antibody (A) or Ab2 (B). The 130- to
160-kDa full-length CTCF band detected by Western blotting (panel
B, lanes 3 and 4) and by phosphate incorporation (panel D, lane 3) is
shown by an arrow. Note that 32P incorporation into this band is
specifically reduced by replacing the CKII target serines in the CTCF/
2-mut protein (panel D, lane 4). (E and F) The CTCF/4-mut protein
with simultaneous mutations of Ser-604, -609, -610, and -612 shows
complete loss of phosphorylation in vivo. COS-6 cells were transfected
with two expression vectors, pSG-CTCF, producing the wt CTCF pro-
tein, and pSG-CTCF/4-mut, in which serines 604, 609, 610, and 612
were substituted with nonphosphorylatable amino acids. Transfected
cells were metabolically labeled with 32P. CTCF protein was immuno-
precipitated with anti-CTCF chicken-specific Ab2 antibodies and then
washed on protein A-Sepharose-4B-Fast, separated by SDS-PAGE,
blotted, and autoradiographed (E). The same membrane was then
probed as a Western blot with the Ab2 antibodies developed by the
ECL (F). The arrows indicate the position of the 130- to 160-kDa
full-length wt (panels E and F, lanes 1) or four-site-mutated CTCF
band (panels E and F, lanes 2).
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c/2mut in vivo, thus indicating the presence of other phosphor-
ylation sites. Similar to wt CTCF-C (Fig. 5B), phosphoamino
acid analysis of tagCTCF-C/2mut revealed only these phos-
phoamino acids (data not shown). Therefore, additional sites
have to be other serines on the same peptide.

To evaluate if sites in addition to Ser-609 and -610 in
CTCF-C may contribute to the residual Ser-specific phosphor-
ylation (Fig. 6D, lane 4), we generated multimutant CTCF-C
and full-length CTCF proteins with additional Ser-to-Ala mu-
tations at Ser-578, Ser-604, and Ser-612 (Fig. 1A). Expression
constructs with all possible combinations of these additional
mutations were assayed for phosphorylation in vivo and in vitro
(data not shown). The multimutant CTCF protein, termed
CTCF/4-mut, with alterations of the Ser-604, -609, -610, and
-612 residues, showed complete absence of CTCF phosphory-
lation in COS-6 cells (Fig. 6E, lane 2) when compared to wt
CTCF (Fig. 6E, lane 1). Similar results were obtained in Swiss
3T3 fibroblasts (data not shown). Thus, the major posttransla-
tional modification of CTCF is likely due to CKII phosphory-
lation of the strictly conserved S604KKEDS609S610DS612E se-
quence of the C terminus.

Mutating phosphorylation sites does not affect CTCF cellu-
lar localization or binding characteristics to c-myc CTSs. In-
direct immunofluorescence microscopy detected endogenous
CTCF only in the nucleus (26). Nuclear transport of proteins
as large as CTCF usually requires specific nuclear localization
signals (NLS) (18). A putative NLS sequence is located within
CTCF-C downstream of the 11th ZF and close to the CKII
phosphorylation sites (26) (schematically shown in Fig. 1A).
Close proximity of phosphorylation sites to the NLS consensus
motif suggests that nuclear transport may be regulated by
phosphorylation (reviewed in reference 23). The arrangement
of the last ZF-NLS-spacer-phosphorylation sites motif in
CTCF (Fig. 1A) is remarkably similar to that in the yeast SW15
transcription factor (24) and in several other transcription fac-
tors containing NLS regulated by phosphorylation (24). There-
fore, we tested whether nuclear translocation of CTCF was
regulated by phosphorylation.

Cellular localization of the wt tagCTCF, full-length
tagCTCF/4-mut, and tagCTCF-C proteins by indirect immu-
nofluorescence microscopy demonstrated that the mutations
had no obvious effect on CTCF cellular localization (Fig. 7).

In addition to nuclear localization, the DNA-binding char-
acteristics of many transcription factors have been shown to
depend on phosphorylation mediated by CKII (see references
1 and 10 for reviews). There is a possibility that the substitu-
tions introduced at the serine-rich motif which is outside but
close to the 11-ZF DNA-binding domain (Fig. 1A) may alter
the entire DNA-binding conformation, resulting in altered af-
finity and different patterns of DNase I footprints and/or
CTCF-contacting nucleotides. Indeed, in certain transcription
factors, an intramolecular folding of the full-length protein
may occur in a way that brings together regions outside and
inside of a DNA-binding domain to regulate interactions with
DNA (15). Phosphorylation at CKII target sites in the C-
terminal regions of ZF factors SP1 (4) and MAZ (also called
Pur-1 and ZF87) (60) regulates binding to the respective target
sites either negatively (for SP1) or positively (for MAZ).
Therefore, one could suggest that the C-terminal phosphory-

lation in CTCF might cause alterations in the overall structure
of the protein, resulting in a change in DNA binding.

To directly address these issues, we first used EMSA to
analyze the interactions of the c-myc site V DNA (CTS V) with
equal amounts of recombinant full-length wt CTCF, CTCF/2-
mut, CTCF/4-mut, and CTCF-ZF proteins. The results shown
in Fig. 8A rule out any significant influence of the Ser phos-
phorylation on CTCF interaction with this CTS. To assess
possible effects on DNA-binding kinetics and affinity not
readily revealed by EMSA, we evaluated the variant CTCF
proteins for these characteristics by surface plasmon resonance
as described for other CTCF-binding sites (25). When assayed
identically, binding of CTCF to CTS A was of lower affinity
than for CTSs in the Igf2/H19 imprinting control region (25).
Little or no formation of nondissociating complexes was de-
tected. Furthermore, pairwise comparisons of wt CTCF,
CTCF/2-mut, and CTCF/4-mut proteins showed no statistically
significant deviations from the average value of the apparent
binding affinity constant, in the range of ;1011 M21.

Next, a DMS interference assay with the human c-myc CTS
A and DNase I footprinting analysis with the chicken c-myc
CTS V revealed no differences among the DNA recognition
patterns produced by the full-length wt CTCF, CTCF/2-mut,
CTCF/4-mut, or the 11-ZF domain (Fig. 8B and C). In sum,
these results provide strong evidence that the C-terminal phos-
phorylation does not affect CTCF-DNA interactions in vitro, at
least with the target sequences tested. Phosphorylation at the
C-terminal side of the ZFs would, therefore, be unlikely to play
a direct role in modulating sequence-specific interactions of
CTCF with the c-myc promoter-proximal regions in vivo.

FIG. 7. Disabling phosphorylation at the C-terminal CKII sites
does not affect cellular localization of CTCF. Swiss 3T3 cells tran-
siently transfected with vectors expressing wt tagCTCF (A), full-length
tagCTCF/2-mut (B), tagCTCF/4-mut (C), or no CTCF (D) were ana-
lyzed by indirect immunofluorescence microscopy, and several pictures
of random groups of positive cells were taken.
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Mutating CTCF at the major phosphorylation sites results
in enhanced repression of the chicken and human c-myc pro-
moters. In some cells, a substantial proportion of total cellular
CTCF is not phosphorylated (reference 17 and data not
shown). Although mutating different combinations of CKII
target serines, resulting in only a partial loss of the C-terminal
phosphorylation, would possibly have somewhat different func-
tional significance, the identification of all possible phosphor-
ylation sites clustered within one short acidic motif (Fig. 1A)
permitted the generation of the CTCF/4-mut protein. The
latter could not be phosphorylated (Fig. 6E and F), thus al-
lowing us to study the function of nonphosphorylated CTCF.

We asked whether C-terminal phosphorylation could mod-
ulate CTS-dependent transcriptional repression of c-myc gene
promoters. These are the first targets for repression by CTCF
characterized by us (20, 32). Increasing amounts of expression
vectors for the wt CTCF and for the CTCF/4-mut proteins
were cotransfected with reporter constructs containing pro-
moters with either of two well-characterized CTSs that differ
greatly in sequence: the chicken c-myc promoter (32) and the
major P2 promoter of human c-myc (20). The Rous sarcoma
virus (RSV) 59 long terminal repeat (LTR) promoter that lacks
a CTS served as a negative control. Very similar results were
obtained with both c-myc promoters. With the chicken c-myc
construct containing CTS V upstream of the promoter, trans-
fection of 1 mg of pSG-CTCFwt resulted in only marginal
repression, while the same amount of pSG-CTCF/4-mut re-

sulted in about threefold repression (Fig. 9A). At higher inputs
of these expression vectors (2.5 mg), wt CTCF produced a
2.5-fold repression, while the CTCF/4-mut protein resulted in
stronger (10-fold) repression. With the human c-myc construct
containing CTS A immediately downstream of the major P2
promoter, repression by CTCF was more pronounced at the
lower input of the expression vectors (1.0 mg versus 2.5 mg)
(Fig. 9B), an effect noticed earlier (20). Again, mutations dis-
abling C-terminal phosphorylation of CTCF led to enhanced
transcriptional repression (Fig. 9B).

Both effects (repression of the c-myc promoter by wt CTCF
and greatly enhanced repression by the CTCF/4-mut protein)
appeared to be specific for the c-myc targets, because no re-
pression of the RSV LTR promoter lacking a CTS was ob-
served (Fig. 9C). Other promoters that lack CTSs, from the
human immunodeficiency virus and murine sarcoma virus
LTRs and the chicken b-actin gene, also showed no repression
by either wt or mutant CTCF proteins (data not shown). Thus,
enhancement of transcriptional repression by nonphosphory-
latable CTCF seems to require CTS DNA-protein interaction.
Moreover, the same effect of the mutations on repression of
c-myc promoters was observed in both chicken and human cell
lines (data not shown). Also, if expression vectors pSG-
tagCTCF and pSG-tagCTCF/4-mut were employed in place of
untagged CTCF vectors in identical cotransfection experi-
ments, we obtained the same results as those shown in Fig. 9,
indicating that the inclusion of the tag epitope does not alter

FIG. 8. Mutating of the major C-terminal CKII sites does not affect interaction of CTCF with c-myc CTSs assayed by EMSAs (A), methylation
interference (B), and DNase I footprinting (C). Lanes: 1, full-length (FL) wtCTCF; 2, CTCF/2-mut; 3, CTCF/4-mut; 4, 11ZF protein. See the text
for more details. F, free probe; B, protein-bound probe.
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the transcriptional properties of CTCF. Using chicken CTCF-
specific antibodies for the experiments in COS-6 cells, we dem-
onstrated that at equal DNA input in each transfection, the
expression vectors produced similar levels of wt and mutated
CTCF proteins (Fig. 9D). We therefore conclude that the

markedly enhanced repression of c-myc promoters by mutated
CTCF is specifically due to lack of phosphorylation.

Mutations of the phosphorylation sites result in marked but
partial relief of the profound cell growth inhibition produced
by wt CTCF. In addition to vertebrate c-myc oncogenes, dif-
ferent CTSs have been identified in the Igf2/H19 intergenic
region where CTCF discriminates imprinted alleles in vivo
(25). This interaction was shown to control enhancer-blocking
(insulator) activity that regulates Igf2 expression (reviewed in
reference 2). Also, two novel functional CTSs were recently
found in the promoters of the p19ARF gene (C.-F. Qi, S. Va-
tolin, D. I. Loukinov, E. M. Pugacheva, Z.-S. Li, T. McCarty,
W. Quitschke, A. Vostrov, V. V. Lobanenkov, and H. C. Morse
III, submitted for publication) and of the Polo-like kinase
(PLK) (unpublished data) genes. The myc, p19ARF, PLK, and
Igf2 genes are among the most studied examples of cellular
oncogenes and/or mitogenic growth factor genes that regulate
cell proliferation (see references 40, 46, 52, and 54 for more
details and references). Regulation by CTCF of several impor-
tant proliferation-controlling genes suggested that CTCF
might, in turn, regulate cell growth.

To investigate whether targeted substitutions at the phos-
phorylation sites might have any effect on growth characteris-
tics of cells ectopically expressing CTCF, we stably transfected
HD3 erythroblasts or PC3 prostate cancer cells with the pSG-
CTCF/4-mut expression plasmid and the pSG5 empty control
vector together with a neoR-expressing plasmid. Since the cells
were cotransfected at a 10:1 ratio of the CTCF expression
construct relative to the neoR construct, all neomycin-resistant
cells were expected to incorporate the CTCF-expressing vec-
tor.

Compared to neomycin-resistant cells expressing control
vector pSG5, there was practically no colony formation by cells
stably transfected with wt CTCF (Fig. 10A and B). In contrast,
cells stably transfected with the vector producing the CTCF/4-
mut protein developed a significant number of G418-resistant
colonies (Fig. 10A and B). The few colonies obtained with the
wt CTCF vector expressed levels of exogenous CTCF mRNA
too low to be detected by Northern blot hybridization. CTCF/
4-mut was expressed at higher levels in cell lines derived from
G418-resistant cell colonies. Due to the partial truncation of
the CTCF cDNA untranslated regions (UTRs) in our pSG-
based constructs (Fig. 1), we could distinguish the CTCF/4-mut
message of 3.3 kb from the abundantly expressed endogenous
CTCF mRNA of 3.8 kb by Northern blot hybridization. When
compared to one another, similarly low levels of exogenous
CTCF/4-mut mRNA were detected in each of these cell lines
(data not shown). These findings suggest that while induced
expression of the wt CTCF is almost completely nonpermissive
for colony formation, mutations at the CKII sites alleviate this
effect by about 20 to 30%.

Four randomly selected HD3 cell lines with low CTCF/4-
mut mRNA levels showed increased levels of CTCF protein in
comparison to clones with the control vector (Fig. 10C, com-
pare lanes 1 to 4 with lanes 5 and 6). Although the standard
Western blot analysis could not distinguish the wt CTCF from
the comigrating CTCF/4-mut protein (Fig. 10C), we surmise
that this finding may indicate increased stability of the CTCF/
4-mut protein.

The noticeable increase in the clonogenic capacity of CTCF/

FIG. 9. Mutating the carboxy-terminal CKII target serines converts
CTCF to a stronger repressor of the chicken and human c-myc gene
promoters bearing different target sites, CTS V (32) or CTS A (20),
respectively. Specific CTCF-binding promoter-reporter constructs, the
pPst2myc-CAT plasmid containing 3.3 kb of the 59 noncoding region of
the chicken c-myc (A) or the P2 promoter-containing pP2myc-CAT
plasmid (B), were utilized. The pRSV-CAT construct containing the
RSV LTR promoter without CTSs (data not shown) was utilized as a
control (C). The reporters were cotransfected in COS-6 cells along
with the expression vectors for the wt and mutant CTCF forms, as
indicated at each bar of each panel. The reporter activity was measured
as described in Materials and Methods. The CAT values were normal-
ized to the total cell extract protein concentration and were expressed
in relative units by taking the activity of pPst2myc-CAT cotransfected
with the empty expression vector pSG5 at an input of 1.0 mg per plate
as 1.0 U. The results shown represent the mean values with the stan-
dard deviations obtained in the cotransfection experiments repeated
two times in triplicate plates for each combination of the reporter and
effector plasmids. (D) Accumulation of the wt and mutant chicken
CTCF proteins produced in COS-6 cells from transiently transfected
expression vectors for CTCF without myc tags as described in Mate-
rials and Methods. con., control. Numbers in parentheses indicate the
amount of effector vectors (in micrograms) used for each transfection.
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4-mut relative to the wt protein (Fig. 10) indicates a significant
contribution of phosphorylation to CTCF-induced cell growth
inhibition. However, in all cell lines tested, the relief from
growth suppression obtained by mutating these sites was only
partial. Therefore, a mechanism unrelated to the C-terminal
phosphorylation also appears to contribute to the suppression
of cell proliferation induced by wt CTCF.

DISCUSSION

To determine whether there is a posttranslational modifica-
tion that could modulate any of the multiple CTS functions in
gene regulation, we asked initially if CTCF is phosphorylated
in vivo. This CTCF modification has recently been suggested to
have possible functional relevance (17), but neither the sites of
phosphorylation nor the kinase(s) involved was defined. Our
main experiments were designed to (i) identify the kinase(s),
(ii) map the phosphorylation sites, and (iii) determine if CTCF
phosphorylation plays a role in regulating gene transcription
from CTS-containing promoters and in regulating cell prolif-
eration.

We showed that the CTCF C terminus, and to a much lesser
extent, the ZF domain, were phosphorylated in vivo. Phos-
phorylation within the C2H2-type ZF arrays may regulate DNA
binding, as has been shown for WT1 (50), but this possibility
remains to be tested for CTCF. Since there are no tyrosines in
the CTCF C terminus and endogenous CTCF could not be
immunoprecipitated from several cell lines by antiphosphoty-
rosine antibodies (Brad Nelson and V. V. Lobanenkov, unpub-
lished data), it is likely that only serine/threonine phosphory-
lation events are involved in CTCF regulation.

By studying how deletions and site-specific mutations affect
CTCF phosphorylation, we demonstrated that most of the
modifications occurring at the carboxy terminus in vivo can be
reproduced in vitro with CKII kinase. Phosphopeptide and
phosphoamino acid analyses were combined with amino acid
sequence inspection to identify targets for phosphorylation.
Comparative analyses of deletions and point mutations of C-

terminal phosphorylation sites in vitro and in vivo suggested
that CKII or a kinase with similar specificity phosphorylates
CTCF within a relatively short C-terminal motif and/or it phos-
phorylates and initiates a further phosphorylation cascade in
CTCF in vivo.

Replacing Ser-609 and Ser-610 with nonphosphorylatable
amino acids in the S604KKEDS609S610DS612E sequence signif-
icantly reduced in vivo phosphorylation of full-length CTCF,
while further mutating all four serines within this site com-
pletely abolished phosphorylation (Fig. 6). Since the sequence
containing these four Ser residues has been maintained un-
changed for the estimated ;300 million years of evolution
from birds to humans, the C-terminal phosphorylation of
CTCF, which is likely to involve priming by CKII and perhaps
further phosphorylation by additional kinases, would be ex-
pected to have important functions.

Phosphorylation is commonly found to attenuate transcrip-
tion factor function by a number of different mechanisms (re-
viewed in references 10 and 23). It can regulate (i) DNA-
binding activity, and even DNA sequence specificity; (ii)
subcellular localization; (iii) trans activation or trans repressing
activity; (iv) protein stability; (v) intermolecular folding; (vi)
homo- and heterodimerization; and (vii) affinity for chromatin.
Often, alternative functions of the same protein can be mod-
ulated when different parts of the protein are phosphorylated.

The major modification target sites map outside of the
CTCF 11-ZF domain, which by itself is sufficient for specific
binding to a variety of CTSs (5, 12, 20, 25, 26). Nevertheless, we
wondered if phosphorylation of the C terminus might modu-
late DNA binding through intermolecular association between
the ZF and C-terminal CTCF domains. A mechanistically sim-
ilar example of such unusual regulation is provided by Ets-1-
mediated transcriptional repression-derepression (15).

However, using the CTS-containing DNA fragments from
the chicken and human c-myc promoters as the probes in
gel-shift assays, in DMS interference, in DNase I footprinting
experiments (Fig. 8), and in affinity measurements by the BIA-
core plasmon resonance technique, we demonstrated that

FIG. 10. Mutations at the major CKII sites result in significant, though incomplete, reversal of the profound block of the cell clonogenic
capacity caused by wt CTCF. (A, B) Following stable transfection of HD3 or PC3 cells with pCTCFwt, pCTCF/4-mut, and pSG5 control vector,
total numbers of cell colonies formed after 20 days in methyl cellulose-containing selection medium were counted. In each experiment, a 100%
value was assigned to the number of colonies formed with the pSG5 control vector. The error bars represent the standard deviation of three or
four independent transfections with each expression vector. (C) HD3 cell colonies which survive stable expression of exogenous CTCF/4-mut
detected by Northern blotting (data not shown) have increased levels of CTCF protein (lanes 1 to 4) in comparison with the colonies from cells
that stably express empty control vectors (lanes 5 and 6). The total amount of protein loaded on the gel and probed for CTCF by immunoblotting
was nearly equal in all lanes as judged by reprobing the same membranes with an anti-a-tubulin antibody (panel C, lower part).
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phosphorylation of the CTCF C terminus has very little, if any,
effect on its interaction with these two CTSs.

While these experiments provide evidence for efficient bind-
ing of the Ser-mutated forms of CTCF to the c-myc CTSs in
vitro, they do not exclude two feasible and intriguing possibil-
ities. First, phosphorylation may affect CTCF binding to other
CTSs not tested here, and second, certain forms of CTCF
differentially phosphorylated at individual CKII sites may have
different DNA-binding characteristics in vivo. We believe that
these possibilities merit further investigation to elucidate how
the same protein with multiple DNA sequence specificities can
perform mechanistically rather different roles in gene regula-
tion.

Besides binding to the c-myc CTSs, we examined whether
phosphorylation would influence CTCF subcellular localiza-
tion but found no effect (Fig. 7). This observation does not
preclude the possibility that differentially phosphorylated
forms of CTCF may differ in fine-level subnuclear compart-
mentalization.

CTCF is a candidate tumor suppressor gene at a cancer-
associated hot spot on chromosome 16q22.1 (21), with estab-
lished function as a c-myc promoter repressor (20) (Fig. 8) and
as a parent of origin-specific and methylation-sensitive func-
tional components of the chromatin insulator(s) upstream of
the H19 gene that controls the Igf2 gene (reference 25 and
references therein). As mentioned above, CTCF also regulates
promoters of PLK and p19ARF genes. These four CTCF target
genes are frequently noted to be overexpressed and/or dereg-
ulated in cancers (reviewed in references 40, 46, 52, 54, and
61), thus supporting the notion that CTCF, in turn, may be a
tumor suppressor gene (21).

In line with the suggested function of CTCF as a tumor
suppressor, we found that enforced constitutive or inducible
expression of wt CTCF resulted in nearly complete inhibition
of cell proliferation. The effect was shown to involve greatly
reduced DNA replication and cell division delay unaccompa-
nied by immediate cell death, which together manifest as a
near complete loss of cell clonogenicity (G. N. Filippova,
J. E. J. Rasko, J. León, Y.-J. Hu, P. E. Neiman, S. Collins,
V. V. Lobanenkov, Abstr. 14th Annu. Meet. Oncogenes: On-
cogenes, Tumor Suppressors, Signal Transduction Cancer
Dev., p. 15, 1998; J. E. J. Rasko, E. M. Klenova, J. León, G. N.
Filippova, D. I. Loukinov, S. Vatolin, Y.-J. Hu, J. Ulmer, M.
Ward, A. Robinson, P. E. Neiman, H. C. Morse III, S. Collins,
and V. V. Lobanenkov, submitted for publication).

Therefore, we attempted to determine whether the phos-
phorylation sites we mapped would contribute to the two phys-
iologically important, and likely tightly intertwined, functions
of CTCF: c-myc promoter repression and cell growth inhibi-
tion. We showed that when cotransfected with chicken or hu-
man c-myc promoter-reporter constructs, CTCF proteins mu-
tated at the conserved C-terminal modification target motif
induced significantly greater repression of the promoters then
vectors producing wt CTCF (Fig. 8).

The part played by CTCF in inducing growth arrest should
not be attributed solely to its role in repressing expression of
c-myc. Support for this idea comes from our experiments (data
not shown) demonstrating that the wt CTCF efficiently inhibits
colony formation in a no-myc TGR15 cell line expressing no
MYC family genes (36). Thus, recognition of target sites found

in the promoters of other genes, such as PLK and/or p19ARF,
with prominent roles in growth regulation (52, 54) are likely to
be of importance. The effects of phosphorylation or other
posttranscriptional modifications of CTCF on the regulation of
these genes are not known, but if studies of the myc promoters
provide a paradigm, they will likely be important.

CTCF is a truly multifunctional factor, because depending
on the context, distinct 50- to 60-bp-long CTSs bound through
combinatorial contributions of ZFs, mediate a variety of dis-
tinct functions. In this study, the c-myc promoter was employed
as a model of the CTCF-binding regulatory target to demon-
strate that the presence of posttranslational modifications at
the strictly conserved C-terminal serines, which we mapped for
the first time, can affect transcriptional activity of the protein.
Attempts to investigate possible effects of phosphorylation on
CTCF-driven regulation of diverse chromatin insulators (re-
viewed in references 2 and 64) and of negative nuclear recep-
tor-binding hormone-responsive elements (5, 12) are currently
underway. It is clear, however, that for better understanding of
why under-phosphorylated CTCF partially loses its ability to
inhibit cell growth, direct comparison of the whole expression
spectrum of target genes, for example by a microarray tech-
nology, will be required.

CKII is usually viewed as an absolutely essential kinase that
constitutively and efficiently phosphorylates nuclear substrates
under different cell growth conditions (1). Functional regula-
tion of proteins through CKII target sites is believed to occur
through specific dephosphorylation in a cascade of signal trans-
duction aimed at the function of a substrate. This model has
been suggested to explain the function of CKII in phosphory-
lating JUN (29), MAX (10), MYB (41), MAZ (60), and the
high-mobility group (HMG) 1 and 2 proteins (63). Thus, at
least for those CTS-containing genes which have promoters
negatively regulated by CTCF, constitutive phosphorylation by
CKII may prevent efficient CTS-specific transcriptional repres-
sion.

Also, CKII can act as a priming kinase that produces specific
substrates for other kinases. Inactivation of the Drosophila
transcription repressor Even-skipped (Eve) is regulated by a
glycogen synthase kinase 3b (GSK-3b) homologue and CKII
together, but not by either kinase alone, through phosphory-
lation-induced conformational changes in Eve that interfere
with repressive binding of this factor to the TATA box binding
protein (28).

As a first step towards a model for the function of CKII sites
in CTCF, it is tempting to speculate that specific dephosphor-
ylation and/or shielding of the conserved S604KKEDS609

S610DS612E motif by specifically binding proteins occurs in
response to stimuli which operate through repression-dere-
pression of gene promoters bearing different CTSs. For repres-
sion through some CTSs, CTCF may recruit histone deacety-
lases through direct binding to SIN3A (34). However, unless
other regions in CTCF can interact with the C terminus in a
phosphorylation-dependent manner to mask association with
other proteins, it is unlikely that dephosphorylation of the
CKII sites is involved in histone deacetylase-mediated repres-
sion of negatively controlled CTS-containing genes. This view
is supported by the observation that deacetylases appear to
interact with CTCF through ZF subsets rather than through
the C terminus (34). Experiments aimed at identifying a pro-
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tein(s) that would directly interact with the CTCF C terminus
in a phosphorylation-dependent manner are currently in
progress. An affinity chromatography method based on matrix-
immobilized purified recombinant CTCF has recently been
developed to identify CTCF-binding nuclear proteins (14).
Preliminary results of these experiments demonstrate that the
large subunit of RNA polymerase II (Pol II) is one such pro-
tein. Compared with the unphosphorylated form, CTCF mod-
ified at the CKII sites appears to bind to Pol II less efficiently,
thus explaining how repression through the negative CTSs may
be modulated. Although at present it remains unclear if the
C-terminal phosphorylation may affect CTCF functions asso-
ciated with promoters that are activated by (62, 65) rather than
repressed by CTCF, phosphorylation-regulated CTCF-Pol II
interactions are likely to be involved as well.

The participation of CTCF CKII sites in repression-dere-
pression of the dominant oncogene c-myc, which positively
regulates cell growth, and results related to CTCF-induced
inhibition of S phase and cell division encouraged us to eval-
uate the possibility that the contribution of CTCF to cell pro-
liferation control might be regulated via the same CKII sites
which affect c-myc promoter activity in vitro.

Indeed, in the present study we demonstrated by colony
assays that forms of CTCF mutated at CKII sites markedly
relieve the inhibition of cell proliferation caused by the wt
CTCF (at least 20-fold compared to the effect of the wt
CTCF). However, the inability of the dephosphorylated CTCF/
4-mut protein to completely reverse cell growth inhibition in-
dicates that mechanisms in addition to C-terminal phosphor-
ylation are involved in the regulation of cell growth. It remains
to be seen whether these mechanisms would cooperate with
phosphorylation of CKII sites.

A better understanding of CTCF regulation by CKII is com-
plicated by the fact that the function of CKII itself remains
enigmatic. CKII does not have an obvious modulator that
would point to the pathways it may control. Of the more than
100 known protein substrates phosphorylated by CKII, many
are nuclear proteins. Like CTCF, most of them are involved in
DNA replication and transcription. Examples include DNA
topoisomerases and ligases, nuclear onco-proteins MYC, N-
MYC, MYB, JUN, ERBA, E1A, and the SV40 large T antigen,
tumor suppressor proteins p53 and Rb, transcription factors
SP1, SRF, ATFI, MAX, UBF, ERF, CREM, PU.1, MAZ, and
others (for a review, see references 10 and 23). Phosphoryla-
tion at CKII sites was shown to be critically important for the
biological functions of some of these proteins. For instance,
targeting of the DNA ligase I to the replication machinery
requires cell cycle-regulated phosphorylation at the SXXE
CKII sites within the PCNA-interacting region (48). Mutation
of the CKII phosphorylation site abolished the antiprolifera-
tive activity of the wt p53 (38), while DNA damage triggers
phosphorylation at the p53 CKII site (9). This later finding
implies the existence of a common regulatory pathway that
involves phosphorylation at specific CKII sites in suppression
of cell growth by a known tumor suppressor gene, p53, and a
candidate tumor suppressor gene, CTCF.
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