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CTCF is a transcription factor and a candidate tumor
suppressor that contains a DNA-binding domain com-
posed of 11 zinc fingers. We reported previously that
CTCF is differentially regulated during differentiation
of human myeloid leukemia cells. In this study we aimed
to investigate the role of CTCF in myeloid cell differen-
tiation. A human cell line, K562, that can be chemically
induced to differentiate into various hematopoietic lin-
eages was chosen as a model system for this study. Sev-
eral K562 cell lines with constitutive and conditional
expression of CTCF have been generated. By using these
model systems we demonstrated that: (i) ectopic expres-
sion of CTCF in K562 cells led to growth retardation and
promotion of differentiation into the erythroid lineage;
(ii) CTCF knock-down significantly inhibited differenti-
ation of K562 cells into erythroid lineage; (iii) differen-
tiation of K562 into the megakaryocytic lineage was not
significantly affected; and (iv) down-regulation of MYC
has been identified as one of the mechanisms by which
CTCF promotes erythroid differentiation. Taken to-
gether our results demonstrate that CTCF is involved in
the control of myeloid cell growth and differentiation.

CTCF is a transcription factor, which contains a DNA-bind-
ing domain composed of 11 zinc fingers (1, 2). CTCF is localized
in the nucleus; it is ubiquitous and highly conserved (3). Genes
regulated by CTCF include avian and mammalian MYC genes
(3, 4), the chicken lysozyme gene (5), �-amyloid precursor pro-
tein (APP) gene (6), interleukin 1 receptor-associated kinase 2
gene (7), and others (1, 8). CTCF controls a number of insula-
tors in vertebrate genomes (9), including the �-globin gene
insulator (10), the MYC-N/TRE site, positioned 2 kb upstream

of the human MYC gene (11), another MYC insulator element,
MINE (12), and the F1/F2 silencer element in the chicken
lysozyme gene (11). CTCF is also involved in the regulation of
CTG/CAG repeats in the DM1 locus (13) and in the process of
X-chromosome inactivation (14). The DNA target sequences
recognized by CTCF are fairly long (�50 bp) and strikingly
diverse. It is believed that to achieve this kind of multiple
specificity CTCF employs different combinations of individual
zinc fingers (1, 2). CTCF protein undergoes post-translational
modifications. It can be phosphorylated by the protein kinase
CK2 (formerly known as casein kinase II) (15, 16) as well as
poly(ADP-ribosyl)ated, and this latter modification regulates
its activity as a chromatin insulator (17, 18).

Our previous studies have revealed growth suppressive fea-
tures of CTCF (19, 20). Furthermore, CTCF was found to be
localized at human chromosome 16q22; this locus is associated
with chromosomal abnormalities, loss of heterozygosity, or ab-
errant expression in different malignancies (21–23). A number
of functionally significant, tumor-specific CTCF zinc finger mu-
tations have also been identified in various cancers (24). Alto-
gether, these findings suggest a role of CTCF as a tumor
suppressor.

The importance of CTCF in the regulation of cell prolifera-
tion has been previously documented in several cellular sys-
tems (19, 20), however, much less is known about the possible
role of CTCF in the regulation of cell differentiation. Human
cell lines derived from myeloid leukemias have been widely
used as models to study the molecular control of hematopoietic
cell proliferation and differentiation. They can be induced into
erythroid, megakaryocytic, monocytic-macrophagic, or granu-
locytic lineages in response to specific differentiation inducers
(25). CTCF expression and post-translational modification of
CTCF during differentiation of several human myeloid cells,
such as K562, HL60, U937, and THP1 into different lineages
have been investigated in our previous studies (26). We found
that CTCF was differentially expressed and post-translation-
ally modified depending on the particular differentiation path-
way. These results indicated that CTCF may be important in
the regulation of growth and differentiation in human myeloid
cells. The aim of the present study was to gain further insight
into CTCF function in myeloid cell differentiation. For this
purpose, we developed cellular models with constitutive and
conditional overexpression of CTCF as well as “knock-down” of
CTCF in the multipotent cell line K562 derived from a chronic
myeloid leukemia in blast crisis. K562 can be differentiated
into the erythroid lineage with cytosine arabinoside (Ara-C)1
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(27) and into the megakaryocytic lineage with staurosporine
(28). K562 cells therefore provide a useful model where the
biological functions of CTCF can be studied during differenti-
ation into two separate hematopoietic pathways. Here we re-
port that CTCF overexpression in K562 cells leads to growth
retardation and promotes induced differentiation into the
erythroid lineage. CTCF down-regulation, on the other hand,
significantly inhibits differentiation into the erythroid lineage.
Possible molecular mechanisms involved in these processes
will be discussed.

EXPERIMENTAL PROCEDURES

Antisense Oligodeoxynucleotides to CTCF mRNA and Expression
Vectors—Phosphorothioate oligodeoxyribonucleotide (ODN) antisense
targeting of different regions of CTCF mRNA were designed and analyzed
by the S1 nuclease protection assay as described previously (29). Two of
them (AS1 and AS6) were found to show the best ability to knock-down
CTCF expression in vivo. For each antisense ODN, the complementary
sense oligonucleotides (S1 and S6) were used as control. The sequences
were as follows (5�-3�): AS1, TTCTCCGCGCCACACCCCCC; S1, GGGG-
GGTGTGGCGCCGAGAA; AS6, GTTGGGGGCATCTGTGGCAG; S6,
CTGCCACAGATGCCCCCAAC.

To generate a vector for constitutive expression of CTCF, the full-
length human CTCF cDNA was cloned into the pcDNA3 vector (Invitro-
gen) in the “sense” orientation. Constructs for inducible expression of
CTCF were based on the tetracycline (tet)-inducible (pBIG2i, “tet-on”)
or tet-repressible (pBIG2r, “tet-off”) vectors (30). Human CTCF cDNA
was cloned in each orientation into pBIG2i and pBIG2r (cloning proce-
dures and maps of these recombinant vectors are available on request).
A GFP-CTCF construct carrying the entire human CTCF cDNA with
GFP fused to the CTCF N terminus was also used.2

Cell Culture and Transfection—The K562 cell line was obtained from
the American Type Culture Collection. Cells were grown in RPMI 1640
medium (Invitrogen) supplemented with 8% fetal calf serum (Bio-
chrome) and 80 �g/ml of gentamycin at 37 °C and 5% CO2. For transient
transfection of ODN, exponentially growing K562 cells (105) were plated
in 24-well plates in 0.5 ml of serum-free Opti-MEM medium (Invitro-
gen). Antisense or sense ODN (final concentration of 5 �M) were trans-
fected with Lipofectamine (Invitrogen) following the manufacturer’s
instructions. After a 4-h incubation at 37 °C, 0.5 ml of Opti-MEM
supplemented with 20% fetal calf serum was added. For stable trans-
fections, exponentially growing K562 cells (5 � 106) were resuspended
in 0.8 ml of RPMI-8% fetal calf serum containing 30 �g of the different
plasmids and electroporated at 260 V and 1 millifarad with a Bio-Rad
electroporator. 48 h after electroporation, G418 (500 �g/ml) for
pcDNA-derived vectors or hygromycin B (100 �g/ml) for tet-inducible
vectors were added. Individual cell clones were isolated by a limiting
dilution method (31), expanded, and analyzed for CTCF expression. For
the tet-inducible systems, cells where cultured in medium containing
tet-free fetal calf serum (Clontech). Cells transfected with vectors based
on pBIG2r were grown continuously in media supplemented with 2
�g/ml doxycycline (Sigma); CTCF gene expression in these cells was
induced by removal of doxycycline. CTCF gene expression in cells trans-
fected with vectors based on pBIG2i was induced by doxycycline added
to media at 2 �g/ml.

5-Aza-2�-deoxycytidine (5-Aza-dC) Treatment—K562-derived cell
lines were treated with freshly made 5-aza-dC (1 or 5 �M; Sigma) for up
to 4 days. The RNA was extracted and tested for CTCF expression by
RT-PCR. Protein expression was analyzed by Western and immuno-
staining assays.

Assessment of Cell Growth and Differentiation—Cells were counted
using a hemocytometer and viability was assessed by the dye exclusion
test with trypan blue (Sigma) according to the manufacturer’s protocol.
The WST-1 reduction assay, which measures metabolic activity of cells
(32), was used according to the manufacturer’s instructions (Roche) to
assess cell proliferation and viability. To induce erythroid differentiation,
exponentially growing K562 cells (2 � 105 cells/ml) were treated with 1 �M

1-�-D-arabinofuranosylcytosine (Ara-C, Upjohn). The erythroid differen-
tiation was assessed by scoring the hemoglobin-containing cells after
benzidine staining and monitoring the expression of the �-globin gene as
described earlier (33). Megakaryocytic differentiation was induced with
100 nM staurosporine (Roche) and assessed by the expression of the
vimentin gene as previously described (28). Morphological differentiation

was monitored in cytospin preparations stained with May-Grünwald
Giemsa using established cytological criteria.

RNA Extraction and Northern Analysis—Total RNA was isolated
from cells using the RNeasy kit (Qiagen) following the manufacturer’s
instructions. For Northern analysis, RNA (20 �g/lane) was separated by
electrophoresis through a 1% agarose-formaldehyde gel and transferred
onto nitrocellulose membrane (Millipore). The blots were hybridized
with probes labeled with [�-32P]dCTP, using a random-primed labeling
kit (Amersham Biosciences). Filters were washed at a final stringency
of 0.5� SSC (1� SSC: 0.15 M NaCl, 0.015 M sodium citrate), 0.1% SDS
at 65 °C and autoradiographed. mRNA levels were quantified by meas-
uring the radioactivity of the signal bands using a Molecular Imager
apparatus (Bio-Rad). The probes for human �-globin and vimentin
mRNA were described in a previous report (34). The 2-kb PvuII frag-
ment from the pCi7.1 CTCF construct (3) containing the CTCF cDNA
was used to detect the human CTCF mRNA.

Semi-quantitative and Real-time RT-PCR Analysis—2 �g of total
RNA were reverse transcribed with the iScriptTM cDNA synthesis kit
(Bio-Rad) in a 20-�l reaction for 30 min at 42 °C. cDNA (2 �l) was
amplified by semiquantitative PCR (Sigma REDTaqTM PCR mixture) or
real-time PCR (Bio-Rad iQTM SYBR Green supermix). The following
primers (5�-3�) were used at the indicated annealing temperature:
CTCF sense, TTACACGTGTCCACGGCGTTC, and antisense, GCTTG-
TATGTGTCCCTGCTGGCA, at 59 °C; S14 ribosomal protein sense, TC-
CTGCGAGTGCTGTCAGAG, and antisense, TCACCGCCCTACACAT-
CAAAC, at 59 °C. Primers for the TIG-1 (tarazotene-induced gene-1)
were described previously (35), the annealing temperature used for
these primers was 65 °C. The PCR products were resolved on 2% aga-
rose gels.

Western Analysis and Immunostaining—For Western analysis, cell
pellets were lysed in a buffer containing 100 mM Tris (pH 6.8), 10%
�-mercaptoethanol, 4% SDS, and 7 M urea. Samples with 80 �g of
protein per lane were separated on a 8% SDS-PAGE gel, transferred
onto a nitrocellulose membrane (Millipore), and probed. Antibodies
used were: anti-CTCF polyclonal antibody (Abcam), anti-CTCF mono-
clonal antibody (BD Biosciences), anti-MYC polyclonal antibody (Santa
Cruz Biotechnology N262), and anti-�-tubulin rabbit polyclonal anti-
body (a gift from N. Cowan, New York University, New York). Immu-
nocomplexes were detected by a chemiluminescent method (Bio-Rad).
For immunofluorescence assays, cells were fixed with methanol for 10
min at �20 °C, and immunostaining was performed by standard pro-
cedures (36). Nuclei of the cells were visualized by staining with
4�,6-diamidino-2-phenylindole.

RESULTS

Inhibition of CTCF Expression with the Antisense ODN En-
hances Proliferation of K562 Cells—We previously demon-
strated that CTCF is differentially expressed and post-trans-
lationally modified, depending on the differentiation lineage of
human myeloid cells (26). These data suggested a potential
functional role for CTCF in leukemia cells. To address this
issue, we first decided to use the antisense ODN approach to
assess the effects of CTCF knock-down on myeloid cell prolif-
eration. We designed multiple antisense ODN and analyzed
them in the nuclease S1 protection assay to select the ODN
with highest affinity to the CTCF mRNA (see “Experimental
Procedures”). As shown in Fig. 1A, antisense ODN AS1 and
AS6 can form stable complexes with the CTCF mRNA.

We then assessed the effects of antisense ODN on CTCF
expression by Western analysis. A notable reduction of CTCF
was observed in K562 cells exposed to antisense AS1 or AS6 for
3 days, compared with the untreated cells or cells treated with
sense S1 and S6 ODN (Fig. 1B and data not shown). In this
assay, AS6 ODN had a more pronounced effect than AS1 ODN.

The consequences of CTCF inhibition on cell proliferation
were analyzed using the WST-1 assay. Cells exposed to anti-
sense AS6 for 3 days had a growth rate (measured in relation to
metabolic activity) markedly higher than the growth rate of
cells exposed to the control sense S6 oligonucleotide (Fig. 1C),
or cells not exposed to ODN (data not shown). Of note, anti-
sense AS1 enhanced cell growth to a lesser extent than AS6
(data not shown), in good agreement with its lower efficacy in
inhibiting CTCF expression (Fig. 1B). The correlation between2 L. Burke and R. Renkawitz, unpublished data.
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antisense ODN affinity for CTCF RNA and its ability to in-
crease cell growth argues that CTCF inhibition enhances the
growth rate of K562 cells.

Constitutive Expression of CTCF in K562 Cells Inhibits Cell
Proliferation and Enhances Erythroid Differentiation—The re-
sults of our transient transfection studies with ODN suggested
that CTCF down-regulation promotes myeloid cell prolifera-
tion. We then asked whether CTCF overexpression would have
an opposite effect and inhibit cell growth. For this purpose,
K562 cells were stably transfected with the constitutive
pcDNA3-CTCF expression vector. Two recombinant clones
(termed KCTCF-D11 and KCTCF-G1) were selected for their
higher CTCF mRNA expression (2–3-fold) compared with pa-
rental K562 cells or K562 transfected with the empty vector
(termed KpCDNA cells) (Fig. 2A). In agreement with CTCF
mRNA overexpression, KCTCF-D11 and KCTCF-G1 cells re-
vealed higher amounts of CTCF protein as assessed by Western
analysis (Fig. 2B). Immunostaining of KCTCF-D11 and
KCTCF-G1 cells confirmed higher levels of CTCF in the nuclei
of these cells (Fig. 2C), although CTCF expression was heter-
ogeneous in the population of transfected cells. To obtain a
more homogeneous cell population overexpressing CTCF, we
subcloned the transfectants by a limiting dilution method.

However, the individual subclones selected remained heteroge-
neous with respect to CTCF expression (data not shown). This
heterogeneity could be because of inactivation of the CTCF
gene followed by hypermethylation of its promoter that could
occur randomly among cells in the population. We decided to
explore this possibility further and asked whether CTCF levels
would be increased in the heterogeneous population of K562
cells after treatment with a DNA demethylating agent, 5-aza-
2�-deoxycytidine. In this experiment, KpcDNA, KCTCF-G1,
and KCTCF-D11 cells were treated with 1 or 5 �M 5-aza-dC for
up to 4 days, and CTCF expression was monitored. To verify
the effects from 5-aza-dC on CTCF, we analyzed expression of
the TIG-1 gene known to be sensitive to 5-aza-dC in K562 (35).
As illustrated in Fig. 2D, treatment with 5-aza-dC at 1 (data
not shown) or 5 �M did not significantly alter the levels of CTCF
mRNA in the constitutive transfectants, as assessed by semi-
quantitative RT-PCR. These results were further confirmed by
real-time RT-PCR (data not shown). No visible changes in
CTCF protein expression were observed in these experiments
as shown by Western (Fig. 2E) or immunostaining (Fig. 2F)
assays. In contrast, the expression of TIG-1 mRNA was dra-
matically induced following treatment with 5-aza-dC (Fig. 2D).

We then compared the growth rates of KCTCF-D11,
KCTCF-G1 cells, and controls (KpCDNA cells transfected with
the empty vector and non-transfected K562). As shown in Fig.
3A, KCTCF-D11 and KCTCF-G1 cells grow slower than the
control K562 and KpCDNA cells. In agreement with this result,
the metabolic activity of the cells overexpressing CTCF was
considerably reduced in comparison with the control cells (Fig.
3B). This antiproliferative effect of CTCF was not related to an
increase in programmed cell death because none of the mor-
phological features of apoptosis such as chromatin condensa-
tion, nuclear fragmentation, and cytoplasmic shrinkage were
observed in the growth-retarded cells (data not shown).

We next asked whether the growth arrest elicited by the
higher levels of CTCF expression was affecting the process of
K562 cell differentiation. For that purpose, differentiation of
control cells and constitutive clones into the erythroid lineage
were induced by treatment with Ara-C for 3 days. Using a
benzidine test, we observed a higher percentage of hemoglobin-
containing cells in KCTCF transfectants than in KpCDNA cells
following treatment with Ara-C (Fig. 3C). Cells overexpressing
CTCF (KCTCF D11 is shown as an example) showed a 30–40%
increase in the fraction of cells expressing hemoglobin com-
pared with control KpCDNA cells. This observation suggests
that CTCF overexpression has a stimulating effect on differen-
tiation into the erythroid lineage.

We then investigated whether CTCF was specifically in-
volved in erythroid differentiation or if CTCF had a more
general role in differentiation into other lineages. To answer
this question, cell differentiation along the erythroid or
megakaryocytic pathway was induced with Ara-C or stauro-
sporine treatment, respectively, and following 1, 3, or 5 days of
treatment, specific markers for each differentiation lineage
were analyzed by Northern assay. In agreement with a previ-
ous report (33), treatment with Ara-C resulted in the accumu-
lation of a specific erythroid marker, �-globin mRNA, in control
KpCDNA cells, whereas this marker was not expressed in
megakaryocytic cells after staurosporine treatment (Fig. 3D).
Notably, in CTCF overexpressing clones treated with Ara-C,
the �-globin mRNA expression was further increased in com-
parison with the induced KpCDNA cells (Fig. 3D). This obser-
vation is in agreement with the higher fraction of cells produc-
ing hemoglobin found in CTCF-expressing transfectants, as
shown in Fig. 3C. These findings further confirm that CTCF
promotes erythroid differentiation induced by Ara-C in K562.

FIG. 1. Inhibition of CTCF expression by antisense CTCF oli-
godeoxynucleotides leads to increased proliferation of K562
cells. A, analysis of antisense ODN AS1 and AS6 by SI nuclease
protection assay. Complex formation efficiency between antisense ODN
and RNA is assessed by the appearance of the protected fragments
(indicated by an arrow). This band can only be seen when the antisense
ODN were incubated in the presence of RNA. B, Western analysis of
K562 cells showing the effects of antisense ODN on CTCF expression.
K562 cells were left untreated (C, control) or treated with AS1 or AS6
as indicated, lysed, and analyzed by Western assay with the monoclonal
anti-CTCF antibody. Numbers below indicate relative levels of CTCF
expression compared with the control designated as 1. C, metabolic
activity, as determined by the WST-1 assay in K562 cells exposed to
sense or antisense ODN for 3 days. Bars indicate mean � S.E. of three
separate experiments.
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As expected, expression of the vimentin mRNA used as a
marker of K562 megakaryocytic differentiation (28) was in-
creased after staurosporine treatment in KpCDNA cells (Fig.
3D). In cells overexpressing CTCF, levels of vimentin mRNA
upon induction with staurosporine were similar to control cells.
This observation suggests a specific role for CTCF in the reg-
ulation of K562 differentiation into particular lineages. In sum-
mary, our data indicate that constitutive expression of CTCF in
K562 impairs cell growth and increases differentiation into the
erythroid, but not the megakaryocytic lineage.

Inducible Overexpression of CTCF Enhances Erythroid Dif-
ferentiation in K562 Cells—The results described above indicate
that constitutive CTCF overexpression enhances erythroid dif-
ferentiation of K562 cells. We chose to further substantiate these
data by generating clones in which CTCF could be expressed in
an inducible manner. For this purpose, K562 cells were stably
transfected with the tetracycline-inducible vectors containing the
human CTCF cDNA cloned in both orientations (“Experimental
Procedures”). For each individual clone carrying CTCF plasmids
in the sense orientation, CTCF exogenous expression was in-
duced by addition (pBIG2i-derived cells) or removal (pBIG2r-

derived cells) of doxycycline, and clones showing a substantial
CTCF ectopic expression were selected for further experiments.
A typical result of a Western analysis is shown in Fig. 4A for one
of the selected clones, in which a 2.4-fold increase of CTCF levels
was detected 24 h post-induction. This observation was also con-
firmed by immunofluorescence analysis; strong nuclear staining
of CTCF was observed 24 h post-induction in all selected clones
(Fig. 4B and data not shown). No difference in CTCF expression
was found in parental K562 cells growing in the presence or
absence of doxycycline, as assessed by Western and immuno-
staining (data not shown).

We then investigated the effects of CTCF overexpression on
cell proliferation in two selected clones induced by addition
(i-F11) or removal (r-C10) of doxycycline. As shown in Fig. 4C,
induction of CTCF expression leads to inhibition of prolifera-
tion in both cell lines, in agreement with the results obtained
with the constitutive transfectants. To investigate whether the
enhancement of erythroid differentiation observed with consti-
tutive CTCF-expressing clones could also be achieved with
conditional CTCF expression, the latter clones were induced to
overexpress CTCF protein, in the presence of Ara-C. Induction

FIG. 2. Constitutive overexpression of CTCF in stably transfected K562 cell lines; Effect of 5-aza-dC. A, expression of CTCF mRNA
is elevated in cells transfected with a vector for constitutive expression of CTCF (KCTCF-D11 and KCTCF-G1). Total RNA was prepared and
analyzed by Northern assay using the human CTCF cDNA probe. Total RNA purified from K562 cells transfected with the empty vector (KpCDNA)
and the parental K562 cells were used as control. The lower panel shows the rRNAs stained with ethidium bromide serving as loading control. B,
CTCF protein expression in the indicated cell lines after Western analysis with the monoclonal anti-CTCF antibody. The membrane was further
incubated with anti-�-tubulin antibody (�-tub) to serve as loading control. The developed films were scanned and quantified. The ratios of the intensity
of the CTCF bands over the intensity of the corresponding �-tubulin bands were determined and expressed as -fold change relative to the lowest
CTCF/�-tubulin ratio found in K562 (designated as 1). Numbers below represent these results. C, immunofluorescence analysis of the indicated cell
lines probed with an anti-CTCF polyclonal antibody. D, effect of 5-aza-dC on CTCF mRNA expression analyzed by RT-PCR. Left panels, no changes
in CTCF expression can be detected in KpCDNA cells containing the empty vector pcDNA3, untreated or treated with 1 or 5 �M 5-aza-dC for 4 days.
Expression of TIG-1 mRNA was induced in the same cells following treatment with 5-aza-dC. Caco2 cells were used as positive control for TIG-1
expression (35). Right panels, no changes in CTCF expression can be detected in KCTCF D11 and KCTCF G1 cells, untreated or treated with 5
�M 5-aza-dC for up to 4 days. The constitutive expression of the S14 ribosomal protein was used as internal control. E, treatment with 5-aza-dC
does not alter CTCF protein expression. KpCDNA and KCTCF D11 cells were treated with 5-aza-dC, and Western analysis was performed with
the monoclonal anti-CTCF antibody. The membrane was further incubated with the anti-�-tubulin antibody serving as loading control. F,
immunofluorescence analysis of KpCDNA and KCTCF D11 cells treated for 4 days with the indicated doses of 5-aza-dC, and probed with an
anti-CTCF monoclonal antibody.
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of differentiation into the erythroid lineage was analyzed by
monitoring the hemoglobin content by staining the cells with
benzidine. Parental K562 cells were subjected to the same
treatment and used as control. We found that parental cells
were differentiating with a similar efficiency, when incubated
with Ara-C for 4 days, in the presence or the absence of doxy-
cycline (Fig. 4D), thus ruling out any nonspecific effects caused
by doxycycline on differentiation. On the other hand, when
overexpression of CTCF was induced in K562 r-C10 cells fol-
lowing doxycycline removal, the number of cells containing
hemoglobin rose sharply after Ara-C treatment compared with
non-induced cells (Fig. 4D). This enhancement of erythroid
differentiation elicited by CTCF overexpression was accompa-
nied by a dramatic increase in the expression of �-globin mRNA
(a typical example is shown in Fig. 4E). Of note, the number of
spontaneously appearing benzidine-positive cells detected in
the K562 r-C10 clone, without Ara-C treatment, was found to
be significantly increased compared with control parental K562
cells, independent of CTCF induction (Fig. 4D). This may be
explained by a low level “leakage” from the promoter regulating
transcription of the CTCF transgene in non-induced cells.

We then analyzed the megakaryocytic differentiation in-

duced by staurosporine in K562 r-C10 cells. No significant
difference was observed in the expression of vimentin mRNA
after induction of CTCF compared with non-induced cells (Fig.
4F). Furthermore, ectopic expression of CTCF in these cells did
not trigger morphological features of megakaryocytic differen-
tiation (data not shown).

Similar results were obtained when we used another clone,
K562 i-F11 (Fig. 4A), in the experiments described above (data
not shown). Taken together, these results further substantiate
the important role of CTCF in promoting erythroid maturation
without affecting megakaryocytic differentiation in K562 cells.

Down-regulation of CTCF Inhibits Erythroid Differentiation
of K562 Cells—We next asked whether down-regulation of
CTCF in K562 would have the opposite effects to CTCF over-
expression on the differentiation of K562 cells. For this pur-
pose, we generated K562 cell lines in which CTCF expression
could be inhibited in an inducible manner. After transfection
with pBIG2r and pBIG2i vectors carrying CTCF cDNA in the
antisense orientation, several K562 clones were selected based
on CTCF protein expression after induction in the presence or
absence of doxycycline. As shown in Fig. 5A, inducible down-
regulation of CTCF was efficient in two representative clones,

FIG. 3. Constitutive CTCF overexpression leads to growth retardation and enhanced erythroid differentiation of K562 cells. A, cell
proliferation for parental K562, KpCDNA cells transfected with the empty vector pcDNA3 (continuous lines), and cell lines stably expressing CTCF
(dotted lines). Cells were counted daily for 4 days. Bars indicate mean � S.E. of three separate experiments. Cell viability, as determined by trypan
blue staining, remained above 90% in all cases. B, metabolic activity of the indicated cell lines, as determined by the WST-1 assay. Bars indicate
mean � S.E. of three separate experiments. C, percentage of benzidine positive cells for the indicated cell lines after no treatment (control) or
treatment with Ara-C for 3 days. In each experiment, a minimum of 200 cells were counted. A representative experiment, of three, is shown with
essentially the same results. D, Northern blot analysis of K562 cells transfected with the empty vector (control) and constitutively expressing CTCF
after induction of erythroid or megakaryocytic differentiation. Total RNAs were prepared from the indicated cell lines treated for 5 days with Ara-C
or with staurosporine (STA) to induce the erythroid or megakaryocytic pathways, respectively. Untreated K562 cells were used as control (C). The
same membrane was consecutively hybridized with the �-globin and vimentin probes. The lower panel shows the rRNAs stained with ethidium
bromide (loading control). The ratios of the intensity of the �-globin and vimentin mRNA bands over the intensity of the corresponding 28 S rRNA
bands were determined and expressed as -fold change relative to the �-globin/28 S or vimentin/28 S in the control untreated K562 cells (designated
as 1). Numbers in the figure represent these results.
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K562 iAS-G4 (tet-on) and K562 rAS-D6 (tet-off). Inhibition of
CTCF expression was confirmed by immunofluorescence stain-
ing 24 h post-induction (Fig. 5B).

We then analyzed the effects of CTCF down-regulation on
the differentiation of K562 cells. For this purpose, K562 (con-
trol) and tet-on K562 iAS-G4 cells were incubated in the pres-
ence or absence of doxycycline and treated with Ara-C for 4
days. After Ara-C treatment, the fraction of benzidine positive
cells rose to similar levels in both non-induced K562 iAS-G4
and control K562 cells (Fig. 5C). However, upon CTCF down-
regulation, the fraction of benzidine positive cells was reduced
by �60% (Fig. 5C). This result was confirmed by measuring the
expression of �-globin mRNA. As shown in Fig. 5D, the levels of
this erythroid marker in K562 iAS-G4 cells gradually increased
following treatment with Ara-C for 4 days, whereas the expres-

sion of �-globin was dramatically reduced when CTCF inhibi-
tion was induced by doxycycline (Fig. 5D). On the other hand,
down-regulation of CTCF had no significant effect on the ex-
pression of the marker of megakaryocytic differentiation, vi-
mentin mRNA, after staurosporine treatment (Fig. 5E).

Similar results were obtained when we used another clone,
K562 rAS-D6 (Fig. 5A), in the experiments described above
(data not shown). Thus, results described in this section lend
further support for a specific role for CTCF in promoting eryth-
roid differentiation in K562 cells.

CTCF Is Involved in the Regulation of MYC in K562 Cells—
CTCF has been shown to regulate several genes known to be
important for control of cell proliferation, such as MYC,
p19ARF/p14ARF, and others (see Introduction and Ref. 37). We
have previously demonstrated that MYC is down-regulated

FIG. 4. Inducible overexpression of CTCF results in growth retardation and enhanced erythroid differentiation of K562 cells. A,
Western analysis of CTCF expression in cell line K562 i-F11 (tet-on system) after induction with doxycycline for 24 h. The membrane was probed
with the monoclonal anti-CTCF antibody and then with the anti-�-tubulin antibody (loading control). Numbers below indicate relative CTCF
expression levels normalized to corresponding tubulin levels, after densitometric analysis. B, immunofluorescence analysis of cell line K562 r-C10
(tet-off system) after removal of doxycycline for 24 h. Cells were immunostained with the monoclonal anti-CTCF antibody. C, cell proliferation rates
of K562 i-F11 and K562 r-C10 growing in the presence (tet-on) or absence (tet-off) of doxycycline, as indicated. D, percentage of benzidine positive
cells for K562 and r-C10 (tet-off) cell lines, not induced or induced to overexpress CTCF, and subsequently treated or not treated (control) with
Ara-C for 3 days. In each experiment, a minimum of 200 cells were counted. A representative experiment of three with essentially the same results
is shown. E and F, Northern analyses of K562 r-C10 cells induced toward erythroid and megakaryocytic differentiation, respectively. Total RNAs
were prepared from cells growing in the presence (�) or absence (�) of doxycycline and treated for up to 4 days with Ara-C or staurosporine (STA)
as indicated. The membranes were hybridized with the �-globin or vimentin probes. Lower panels show rRNAs stained with ethidium bromide to
assess RNA loading. The ratios of the intensity of the �-globin and vimentin mRNA bands over the intensity of the corresponding 28 S rRNA bands
were determined and expressed as -fold change relative to the �-globin/28 S or vimentin/28 S in the control untreated KpCDNA r-C10 cells
(designated as 1). Numbers below represent these results.
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during erythroid differentiation (38). Moreover, enforced ex-
pression of MYC inhibits Ara-C-mediated erythroid differenti-
ation of K562 cells (33), and inhibition of MYC activity en-
hances erythroid differentiation (39). Because MYC is a known
target for transcriptional repression by CTCF (4), we asked
whether CTCF effects on proliferation and erythroid differen-
tiation in K562 could be mediated through down-regulation of
MYC. To investigate this, we analyzed MYC expression in the
inducible K562 cell models, upon activation or repression of
CTCF. As shown in Fig. 6A, in a representative experiment,
MYC protein levels were found to be decreased following CTCF
overexpression by doxycycline (middle panel). In agreement
with this result, an increase in MYC protein levels was ob-
served when CTCF expression was down-regulated in both
AS-CTCF recombinant clones (right panels). No change in MYC
expression was observed in parental K562 growing in the pres-
ence or absence of doxycycline (left panel). Thus, the induction
of MYC expression observed in the conditional K562 cell mod-
els correlates with CTCF down-regulation. Conversely, inhibi-

tion of MYC correlates with CTCF overexpression.
To further confirm these observations, we also investigated

the effect of CTCF protein on MYC expression in transient
transfection experiments using a GFP-CTCF expression vector
(see “Experimental Procedures”). As shown in Fig. 6B, immu-
nostaining of transfected cells with anti-MYC antibody re-
vealed a dramatic down-regulation of MYC following CTCF
overexpression, thus corroborating the results obtained with
the inducible systems.

DISCUSSION

Although the importance of CTCF in the regulation of cell
growth has been previously reported for several cellular sys-
tems (15, 19, 20), the role of CTCF in cell differentiation has not
been investigated. In particular, very little is known about the
possible function of CTCF in the regulation of hematopoietic
cell differentiation. Our previous work (26) demonstrated a
differential expression and post-translational modification of
CTCF that were dependent on cellular differentiation path-

FIG. 5. Inducible down-regulation of CTCF results in inhibition of erythroid differentiation of K562 cells. A, Western analysis of
CTCF protein expression with a monoclonal anti-CTCF antibody. CTCF down-regulation was induced by addition of doxycycline (�) to cell line
K562 i-AS G4 (tet-on system), and by removal of doxycycline (�) in the cell line K562 r-AS D6 (tet-off system). The membranes were subsequently
incubated with an anti-�-tubulin antibody (loading control). Numbers below indicate relative CTCF expression levels normalized to levels of
tubulin after densitometric analysis. B, immunofluorescence analysis with the monoclonal anti-CTCF antibody of the K562 i-AS G4 cells growing
in the absence or presence of doxycycline for 24 h. C, fraction of benzidine positive cells from K562 clones non-induced or induced to down-regulate
CTCF, and subsequently treated or not treated (control) with Ara-C for 3 days. In each experiment, a minimum of 200 cells were counted. A
representative experiment of three with essentially the same result is shown. D and E, Northern analyses of K562 i-AS G4 cells induced into
erythroid and megakaryocytic differentiation, respectively. Total RNAs were prepared from cells growing in the absence (�) or presence (�) of
doxycycline and treated for up to 4 days with Ara-C or staurosporine (STA) as indicated. The membranes were hybridized with the �-globin or
vimentin probes. Lower panels show rRNAs stained with ethidium bromide to assess RNA loading. The ratios of the intensity of the �-globin and
vimentin mRNA bands over the intensity of the corresponding 28 S rRNA bands were determined and expressed as -fold change relative to the
�-globin/28 S or vimentin/28 S in the control untreated K562 i-AS G4 cells (designated as 1). Numbers below represent these results.
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ways, suggesting that CTCF could be important for growth and
differentiation of myeloid cells.

The aim of the present study was to provide further evidence
that CTCF indeed has a functional role in the regulation of cell
growth and differentiation in human myeloid cells. To pursue
this investigation, we developed several approaches: 1) inhibition
of CTCF expression in K562 cells by targeting CTCF mRNA with
the antisense ODN; 2) generation of K562 recombinant cells with
constitutive overexpression of CTCF; and 3) generation of K562
recombinant cells with the regulated expression of CTCF. In
these models, CTCF up- and down-regulation was verified by
several methods (Northern, Western, and immunofluorescence
analyses). Expression of the CTCF protein in these systems was
reconfirmed with the different antibody (anti-CTCF polyclonal
antibody (Abcam) (data not shown); these results were identical
to the data obtained using the anti-CTCF monoclonal antibody
(BD Biosciences) (Figs. 1–6).

Effects of CTCF on Cell Growth—The present study indicates
that K562 cells overexpressing CTCF exhibit a reduced growth
ability in liquid medium, in agreement with the previously
reported findings (19). We also observed that enforced expres-
sion of CTCF leads to reduction in the clonogenic capacity of
K562 (data not shown). Transient inhibition of CTCF with
antisense oligodeoxynucleotides enhanced the growth of K562
cells, thus further substantiating the importance of CTCF in
the regulation of proliferation of these cells. On the other hand,
we noted that in recombinant cells expressing CTCF, both in a
stable and inducible manner, only moderate levels of ectopic
CTCF can be achieved (2–4-fold), suggesting a natural selec-
tive pressure against high CTCF levels. For example, in the
population of K562 cells constitutively expressing CTCF, the
levels of CTCF in individual cells varied significantly (Fig. 2C)
and the mixed population remained even after subcloning. This
may be explained by the fact that CTCF-positive stably trans-
fected clones are selected against during propagation. These
observations are in line with the hypothesis that significant

overexpression of CTCF may not be compatible with cell
growth (19).

A general explanation of the variegated expression of CTCF
may be a high incidence of silencing in transgenes, which is
believed to be the result of the influence of surrounding endog-
enous condensed chromatin. Such silencing involves changes in
the chromatin structure and methylation status of the trans-
gene (31, 40–42). Treatment with the DNA methylation inhib-
itor 5-aza-2�-deoxycytidine results in global DNA demethyla-
tion and in the reactivation of genes silenced by promoter
methylation (43). However, in K562 transfectants, the CTCF
mRNA or protein levels did not change upon 5-aza-dC treat-
ment. In sharp contrast, the expression of the methylation-de-
pendent TIG-1 gene (35) was dramatically induced by 5-aza-
dC. Therefore, DNA methylation does not seem to be the cause
of the low CTCF levels observed in some K562 cells expressing
ectopic CTCF. It remains to be investigated whether repressed
chromatin structure (e.g. histone hypoacetylation, histone H3-
Lys9 methylation (44)) can have inhibitory effects on the ex-
pression from the exogenous CTCF in these cells. These exper-
iments are currently being carried out in our laboratories.

CTCF may induce growth arrest through different molecular
mechanisms. In WEHI 231B cells CTCF was found to induce
growth arrest and apoptosis (20), and it was proposed that this
effect was mediated through the enhanced expression of ARF,
p53, p21, and p27, and inhibition of MYC (19, 20). In our case,
growth arrest observed in stably transfected K562 cells was not
accompanied by typical apoptosis. It is conceivable that cellular
context may account for different effects of CTCF overexpres-
sion in different cell lines. As K562 cells are known to be p53-,
ARF-, and p16INK4A-negative (45–47), our results argue
against CTCF inhibition of cell growth through ARF, p16, or
p53-dependent pathways. Although the molecular mechanism
by which CTCF induces growth arrest in K562 is not fully
resolved as yet, our observations suggest that MYC down-
regulation by CTCF could be, at least partially, responsible for
this effect.

Effects of CTCF on Cell Differentiation—Investigations of the
growth and differentiation program of erythroid progenitor
cells is of great contemporary interest because alteration of
these programs can lead to malignant leukemias. K562 cells
represent a model for immature hematopoietic precursors that
can be differentiated into the erythroid lineage or into
megakaryocytic lineage. To test whether CTCF was involved in
the maturation pathway, we analyzed erythroid markers (he-
moglobinization and expression of �-globin mRNA) in K562
cells overexpressing CTCF in a constitutive or inducible man-
ner. In both systems, we observed that ectopic expression of
CTCF increased erythroid differentiation induced by Ara-C
treatment. On the other hand, when CTCF expression was
down-regulated, a clear inhibition of both erythroid markers
was detected. No significant changes were observed regarding
the levels of the megakaryocytic marker (vimentin) in K562
cells upon CTCF overexpression, thus indicating a specific role
of CTCF in erythroid lineage differentiation. Interestingly,
erythroid differentiation of K562 cells is accompanied by the
appearance of two hyperphosphorylated forms of CTCF pro-
tein, whereas CTCF remains hypophosphorylated during
megakaryocytic differentiation (26). Taken together, these data
strongly suggest an important functional role for CTCF in
differentiation along the erythroid pathway.

The signaling mechanisms underlying erythroid differentia-
tion are not clearly understood, although altered expression of
a number of genes involved in signaling pathways has been
reported for K562 cells induced to erythroid differentiation
(Ref. 48, and references therein). Several transcription factors

FIG. 6. CTCF protein regulates MYC expression. A, Western
analysis of MYC in K562 cells that over- or underexpress CTCF. As
indicated, cells were treated with doxycycline for 24 h to induce expres-
sion of sense (i-F4) or antisense (i-ASG4) CTCF. Antisense CTCF was
induced by doxycycline removal in K562 r-AS-C6 cells. The membranes
were incubated with the polyclonal anti-MYC antibody and then with
an anti-�-tubulin antibody (loading control). Numbers below show rel-
ative MYC expression levels normalized to tubulin levels, after densi-
tometric analysis. B, MYC protein expression analyzed by immunoflu-
orescence in K562 overexpressing CTCF. K562 cells were transfected
with a GFP-CTCF construct and immunostained with anti-MYC anti-
body 24 h later. Left panels, GFP expression indicating CTCF-trans-
fected cells. Right panels, MYC expression. CTCF-transfected cells (ar-
rows) show lower MYC levels than neighboring, non-transfected cells.
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and cell cycle regulators that have a role in differentiation of
K562 cells have been described. For example, the cyclin-de-
pendent kinase inhibitor p27 promotes erythroid differentia-
tion, whereas p21 triggers megakaryocytic maturation in K562
(49). Interestingly, the conditional expression of CTCF in
WEHI231 cells enhanced the expression of p21 and p27 (20).
However, no noticeable up-regulation of either protein by
CTCF in our K562 constitutive or inducible systems has been
observed (data not shown).

Another good candidate as a mediator for CTCF effects on
erythroid differentiation in K562 is MYC. We previously re-
ported that MYC enforced expression inhibits erythroid differ-
entiation of K562 (33, 39). As MYC is a target gene repressed by
CTCF (2–4), it is conceivable that down-regulation of MYC is
one of the mechanisms by which CTCF promotes erythroid
differentiation. Our results support this hypothesis, because
MYC expression is reduced in K562 cells overexpressing CTCF
and increased in K562 cells when CTCF is down-regulated. In
agreement with our results, the conditional expression of
CTCF-sense and CTCF-antisense in a murine B cell line
(WEHI231) also induced reciprocal changes in MYC expression
(20). Of note, in both models CTCF expression results in growth
arrest, but it is accompanied by erythroid differentiation in
K562, whereas CTCF overexpression induces apoptosis in
WEHI231. Thus, the effect of CTCF on cell death or differen-
tiation seems to be cell-type dependent, regardless of the mech-
anism involved. The complex behavior of CTCF has been fur-
ther illustrated by the observation that elevated levels of CTCF
in breast cancer cells are associated with the anti-apoptotic
function of CTCF in these cells.3

Down-regulation of MYC by CTCF and subsequent growth
inhibition may be important for erythroid differentiation, how-
ever, it is not sufficient. Prior treatment of K562 cells with
Ara-C committing K562 to erythroid differentiation was re-
quired to reveal the effects of CTCF. It is likely that these
effects are a combination of both direct and indirect influences
of CTCF. For example, CTCF can directly regulate transcrip-
tion of hematopoietic/erythroid transcription factors (GATA-1,
FOG, and others) and/or have effects on erythroid-transcrip-
tion-activation complexes. It is also possible that CTCF may
directly control expression of erythroid genes (e.g. genes for
synthesis of heme and globins and many others) (50–53).

Functions other than regulation by CTCF at the transcrip-
tional level should also be considered in this context. In partic-
ular, specific protein-protein interactions regulating growth
and differentiation of myeloid cells may occur between CTCF
and its interacting partners depending on a particular localiza-
tion of CTCF in the cells. Indeed, the mitotic localization of
CTCF at centrosomes and midbodies has been previously sug-
gested as another possible mechanism by which cell growth is
controlled by CTCF (54). Such a mechanism could also be
operational in K562 cells. Interestingly, translocation of CTCF
from the nucleoplasm into nucleoli has been observed following
erythroid differentiation of K562 cells.4 The importance of this
finding is currently being investigated.

A detailed study involving expression profiling, and also
elucidation of DNA targets affected by CTCF in K562 cells
upon erythroid differentiation promoted by CTCF, are cur-
rently being carried out in our laboratories. We believe this
approach will provide further insight into molecular events
underlying the regulation of myeloid differentiation by CTCF.
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