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Abstract

CTCF is a candidate tumor suppressor gene encoding a
multifunctional transcription factor. Surprisingly for a tumor
suppressor, the levels of CTCF in breast cancer cell lines and
tumors were found elevated compared with breast cell lines
with finite life span and normal breast tissues. In this study,
we aimed to investigate the possible cause for this increase
in CTCF content and in particular to test the hypothesis that
up-regulation of CTCF may be linked to resistance of breast
cancer cells to apoptosis. For this purpose, apoptotic cell
death was monitored following alterations of CTCF levels
induced by transient transfection and conditional knock-
down of CTCF in various cell lines. We observed apoptotic
cell death in all breast cancer cell lines examined following
CTCF down-regulation. In addition, overexpression of CTCF
partially protected cells from apoptosis induced by over-
expression of Bax or treatment with sodium butyrate. To
elucidate possible mechanisms of this phenomenon, we used
a proteomics approach and observed that levels of the
proapoptotic protein, Bax, were increased following CTCF
down-regulation in MCF7 cells. Taken together, these results
suggest that in some cellular contexts CTCF shows anti-
apoptotic characteristics, most likely exerting its functions
through regulation of apoptotic genes. We hypothesize that
CTCF overexpression may have evolved as a compensatory
mechanism to protect breast cancer cells from apoptosis,
thus providing selective survival advantages to these cells.
The observations reported in this study may lead to
development of therapies based on selective reduction of
CTCF in breast cancer cells. (Cancer Res 2005; 65(12): 5112-22)

Introduction

CTCF (or CCCTC-binding factor) is a ubiquitous 11-zinc finger
protein with highly versatile functions. In addition to transcrip-
tional silencing or activation in a context-dependent fashion, it
organizes epigenetically controlled chromatin insulators that

regulate imprinted genes in soma (1–3). Our previous reports
indicate that CTCF could be a new tumor suppressor gene (TSG)
because (i) it suppresses cell growth (4); (ii) it is localized at the
16q22 chromosomal region associated with loss of heterozygosity
in breast malignancies (5); and (iii) functionally significant,
tumor-specific mutations in the CTCF gene have been identified
and characterized in various cancers including breast tumors (6).
It is generally acknowledged that the process of tumor
development is associated with step-by-step activation of
growth-promoting cellular oncogenes and inactivation of TSG,
usually resulting in overexpression of oncogenes and under-
expression of TSG (7). It was therefore surprising to find that
levels of CTCF were elevated rather than reduced in breast
cancer cell lines and breast tumors (this study) leading us to
further examine this finding. As suppression of apoptosis is one
of the critical factors supporting tumor progression (8, 9), one
possible function of increased levels of CTCF would be to
promote cell survival by protecting cancer cells from apoptosis.
The main objective of this study was to test the hypothesis that
elevated levels of CTCF in breast cancer cell lines and tumors
may indeed be a mechanism mediating resistance to apoptosis.
By using different cellular models and independent apoptotic
markers, we show that reduction of CTCF levels in breast cancer
cells leads to apoptotic cell death and that overexpression of
CTCF can partially protect breast cancer cells from induction of
apoptosis.

Materials and Methods

Breast tissues. Primary human tumor breast tissues together with

paired normal peripheral tissues were collected during surgery from

patients treated at Colchester General Hospital (Essex, United Kingdom),
with written consent taken before surgery. Normal breast tissue samples

were collected after reduction surgery. Tissue specimens were visually

examined by an experienced pathologist as fresh material, tumor tissues

were selected by conventional pathologic criteria, and the histopathology
was further confirmed by microscopic examination. The samples were

immediately frozen and stored at �80jC. Histology of the tissues is

described in Supplementary Table 1.

Cell lines. A panel of breast cell lines of different origins ranging
from immortalized to transformed human breast cells was obtained from

M. O’Hare (LICR/UCL Breast Cancer Laboratory, London, United

Kingdom) and B. Gusterson (Department of Pathology, University of

Glasgow, Glasgow, United Kingdom). It included two cell lines, HBL100
and HB4a, which originated from normal breast epithelium and were

immortalized with SV40 T antigen. HB4a was established from normal

breast luminal cells (10) and HBL100 was derived from cells obtained
from the milk of a nursing mother (11). Six estrogen receptor–positive

(ER+) cell lines originating from human breast carcinomas were T47D,

MCF7, BT474, CAMA1, ZR75-1, and ZR75-30. Nine ER-negative breast
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cancer cell lines (ER�) included HMT3522 (a cell line derived from
fibrocystic breast tissue); adherent carcinomas MDA175, MDA231,

MDA435, MDA453, MDA468, SKBR5, and SKBR7; and nonadherent

carcinoma DU4475. Finite life span human mammary epithelial cells

(HMEC; refs. 12, 13) were obtained from Cambrex (Walkersville, MD).
Cell lines from two individuals were termed HMEC1 and HMEC2. More

detailed information on these cell lines is presented in Supplementary

Table 2. All cell lines were maintained in RPMI 1640 supplemented with

HEPES, GlutaMAX, sodium bicarbonate, 20 Ag/mL gentamicin, 10% FCS
(all from Life Technologies, Gaithersburg, MD). For HB4a cells, 5 Ag/mL

of insulin (Sigma, St. Louis, MO) and 5 Ag/mL of hydrocortisone (Sigma)

were included in the medium. HMEC were grown according to the

manufacturer’s instructions.
A panel of human cell lines not derived from breast tissues included

embryonic kidney 293T, prostate carcinoma DU145, prostate adenocarci-

noma LNCaP, testicular carcinoma NTERA2, cervix carcinoma HeLa,
bladder carcinomas J82 and T24, osteosarcoma UTA6, hepatocellular

carcinoma HepG2, melanoma G361, rhabdomyosarcoma RD, and lung

carcinoma A549 (details on these cell lines and their growth conditions are

summarized in Supplementary Table 3).
Expression vectors and transient transfections. The vectors for

transient transfection were made by insertion of the full-length CTCF cDNA

(14) in both orientations into the pcDNA3 vector (Invitrogen, Carlsbad, CA).

The pSFFV-Bax construct was a kind gift from S. Korsmeyer (Dana-Farber
Cancer Institute, Harvard Medical School, Boston, MA). Transient trans-

fections were done using a calcium phosphate transfection protocol (15).

Isopropyl-L-thio-B-D-galactopyranoside-inducible antisense CTCF
system. MCF/LAP5 cells expressing an isopropyl-L-thio-B-D-galactopyrano-

side (IPTG)–dependent transactivator LAP267 were provided by L. Lau and

D. Pestov (Department of Biochemistry and Molecular Genetics, University

of Illinois, Chicago, IL; ref. 16). Construction of the IPTG-inducible episomal
vector pEpiLac3 and pEpiLacCTCF (in both orientations) was described

previously (17, 18). A schematic outline of the antisense construct,

pEpiLacCTCFanti, is shown in Fig. 4A . The antisense CTCF construct and

the empty pEpiLac3 were transfected into the MCF/LAP5 cells. The Hygro-
resistant cells were selected, cloned, and screened for IPTG-controlled

expression of CTCF. One of the clones, termed MCF/LAP5/antiCTCF, was

used in this study.

Western blotting analysis, two-dimensional gel electrophoresis, and
mass spectrometry. Lysates from different cell lines were prepared

according to Klenova et al. (19). Western blotting was done as described

previously (20). In brief, cell lysates were resolved in SDS-PAGE,

immunoblotted, and probed with anti-CTCF (Abcam, Cambridge, Cambs,
United Kingdom), anti-Bax (Cell Signaling, Beverly, MA), anti-a-tubulin

and anti-h-actin (both from Sigma) antibodies. Immunocomplexes were

detected by enhanced chemiluminescence reagent (Amersham Bioscien-

ces, Little Chalfont, Bucks, United Kingdom) according to the manufac-
turer’s instructions. For normalization of the data, membranes were

reprobed with the anti-a-tubulin or anti-h-actin antibodies to enable

cross-comparison between individual samples. Quantification of band

intensities was done by using the Bio-Rad Quantity One Quantitation
software.

Preparation of protein extracts for two-dimensional gel electrophoresis

was carried out as described earlier (21). Samples for mass spectrometry
were prepared according to Chernukhin et al. (22). The MALDI-TOF (Bruker

Daltonics Reflex 4) was used to map the mass of the tryptic digests. The

spectra were analyzed using Xtof 5.1.5 Bruker Daltonics software and the

sequence retrieval was done using MASSCOT sequence query (http://
www.matrixscience.com) on the SWISS-PROT database.

Immunofluorescence, apoptosis monitoring, apoptosis induction,
and immunohistochemistry. For indirect immunofluorescent staining,

standard protocols were used (23). For CTCF staining, an additional
modification that involved a step of microwave heating after fixation of

cells in formaldehyde was included (24). The primary anti-CTCF antibody

and the secondary FITC (green fluorescence)– or TRITC (red fluores-
cence)–conjugated swine anti-rabbit antibodies (DAKO, Carpinteria, CA)

were used at dilution of 1:25 (primary antibody) and 1:40 (secondary

antibodies). Bromodeoxyuridine (BrdUrd) incorporation by cells contain-

ing IPTG-inducible antisense CTCF mRNA was monitored at selected
times during culture by pulse labeling for 3 hours. Staining with anti-

BrdUrd antibody was done according to the manufacturer’s instructions

(Amersham Pharmacia, Piscataway, NJ). Several techniques were used to

monitor apoptotic cell death. The terminal deoxynucleotidyl transferase–
mediated nick end labeling (TUNEL) method was employed for detection

of apoptosis using the in situ cell detection kit, tetramethylrhodamine red

(TMR, red fluorescence) from Roche Applied Science (Lewes, East Sussex,

Figure 1. Western blot analysis of CTCF protein levels in human breast cell lines. Cellular extracts were prepared from 5 � 106 cells and equal amounts (40 Ag) of
total protein were loaded onto SDS-PAGE. Samples were electrophoretically separated, blotted, and probed with the anti-CTCF antibody. The membrane was reprobed
with the anti-a-tubulin antibody, which served as an internal control for protein loading. The developed films were scanned and quantified. The ratios of the intensity
of the CTCF bands over the intensity of the corresponding a-tubulin bands were determined and expressed as fold change relative to the lowest CTCF/a-tubulin ratio
found in HB4a (designated as 1.0). Columns in the histogram are the results.
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United Kingdom) according to the manufacturer’s instructions. For

detection of the characteristic chromatin condensation and nuclear

fragmentation associated with apoptosis, staining with 4V,6-diamidino-2-
phenylindole dilactate (DAPI; Sigma) at 5 Ag/mL in 1� PBS for 15

minutes was conducted (25). Apoptosis was also monitored by staining

with the M30 monoclonal antibody that is specific for an epitope of

cytokeratin 18 uncovered by caspase cleavage (Roche Molecular
Biochemicals, Lewes, East Sussex, United Kingdom). Apoptotic cell death

in MCF7 cells was induced with 5 mmol/L sodium butyrate as described

previously (26). Immunofluorescence was visualized using confocal laser
scanning microscopy (Bio-Rad, Hercules, CA).

Immunohistochemical analysis was done by staining with the Vectastain

Elite avidin-biotin complex method standard kit (Vector Laboratories,

Burlingame, CA) as suggested by the manufacturer. The dilution of the anti-

CTCF antibody applied to the sections was 1:50. Several breast cell lines,

HMEC and frozen tissues sections were tested by immunohistochemistry.

The histologic types of breast tissues analyzed in this assay included 18
invasive ductal carcinomas, three lobular carcinomas, three ductal

carcinomas in situ , four adenocarcinomas, one medullary carcinoma, one

lobular hyperplasia, and paired peripheral normal breast tissue samples, in

addition to normal breast reduction tissues. The immunologic staining was
evaluated by using the immunoreactivity score (IRS) as previously described

(27). In brief, the percentage of CTCF-positive cells was divided into four

categories (<10%, 11-50%, 51-80%, and >80%), whereas the staining intensity
was given a scale from 0 (no detectable immunostaining) to 3 (strong

immunostaining). The IRS (0-12) was then calculated by multiplying the

score values. A minimum of 400 cells was counted in several fields.

Statistical analysis was done using Student’s t test.

Figure 2. CTCF is expressed at higher
levels in breast cancer cell lines and
primary tumors than in breast cells with
finite life span and normal tissues.
A, immunohistochemical staining of CTCF
in breast cell lines showing very low
(HMEC from two individuals and HB4a),
medium (MDA231), and high (MCF7)
expression levels of CTCF (bottom ).
Background staining with hematoxylin plus
secondary antibodies only (top ).
B, Western blot analysis of HMEC1 and
HMEC2 cells compared to HB4a. Cellular
extracts were prepared from 5 � 106 cells
and equal amounts (60 Ag) of total protein
were loaded onto SDS-PAGE. Samples
were electrophoretically separated, blotted,
and probed with the anti-CTCF antibody.
The same membrane was reprobed with
the anti-h-actin antibody, which served as
an internal control for protein loading.
The developed films were scanned and
quantified. The ratios of CTCF/h-actin were
calculated and expressed as fold change
relative to HB4a (designated as 1).
Columns in the histogram are the results.
C, immunohistochemical staining of CTCF
in normal and tumour breast tissues.
Top, breast reduction tissues stained with
the anti-CTCF antibody (left). Background
staining with hematoxylin plus secondary
antibodies (right ). Two cell layers (inner
epithelial and myoepithelial ) of breast duct,
blood vessel, and stromal cell (arrows ).
Middle, examples of tumors with different
IRS immunostained with the
anti-CTCF antibody are presented.
Bottom, section of an IDC with IRS12 at
higher (�100) magnification. Right,
background staining with hematoxylin
plus secondary antibodies only.
Abbreviations: IDC , invasive ductal
carcinoma; LHP , lobular hyperplasia; ILC ,
infiltrating lobular carcinoma; LCIS , lobular
carcinoma in situ .
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Figure 3. Transient knockdown of CTCF induces apoptotic cell death in breast cancer cells. A, apoptotic cell death is induced by CTCF knockdown in breast cancer
cells with high (MCF7, T47D, and MDA453) and moderate (ZR75-1 and CAMA1) levels of CTCF but not in HMEC with low levels of CTCF. Cells were transiently
transfected with 2.5 Ag pCTCF-S, pCTCF-AS, or pcDNA3 together with 2.5 Ag pEGFP used as a transfection marker, and apoptotic cell death was assessed by TUNEL
assay and DAPI staining. The percentage of apoptotic cells among the transfected (EGFP positive) cells was calculated 24, 48, and 72 hours after transfection.
The maximum effect, shown in the graphs was achieved 72 hours after transfection. Columns, mean values of three independent experiments for all breast cell lines
except HMEC (see below); bars, SD. In each experiment, a minimum of 1,000 EGFP-positive cells were counted for all breast cancer cells and due to a lower
transfection rate (<10%), a minimum of 50 EGFP-positive cells were counted for HMEC. Experiments using HMEC cells were therefore repeated 10 times to
obtain reliable data 5, TUNEL; n, DAPI. B, top, CTCF levels are reduced in apoptotic cells. CAMA1 cells were transfected with 2.5 Ag of pCTCF-AS plasmid and
analyzed by immunofluorescence staining with the anti-CTCF antibody (FITC, green fluorescence). Apoptotic death was assessed by TUNEL staining (TMR, red
fluorescence). Cells were visualized using phase contrast microscopy. Merge, overlay of the CTCF and TUNEL staining. Transfected apoptotic cells (arrows ). Middle,
EGFP expressing cells cotransfected with pCTCF-AS are TUNEL positive. T47D cells were cotransfected with 2.5 Ag pCTCF-AS and 2.5 Ag pEGFP and analyzed for
the presence of EGFP marker (green fluorescence). Apoptotic cell death was assessed by TUNEL staining (TMR, red fluorescence). Cell nuclei were visualized with
DAPI staining (blue). Merge, overlay of EGFP fluorescence, TUNEL, and DAPI staining. Transfected apoptotic cells (arrows ). Bottom, CTCF and EGFP are
coexpressed in cells cotransfected with pCTCF-S and pEGFP. ZR75-1 cells were cotransfected with 2.5 Ag pCTCF-S and 2.5 Ag pEGFP and analyzed for the presence
of EGFP (green fluorescence) and for CTCF overexpression by immunofluorescence staining with the anti-CTCF antibody (TRITC, red fluorescence). Cell nuclei were
visualized with DAPI staining (blue). Merge, overlay of EGFP fluorescence, the CTCF and DAPI staining. C, assessment of CTCF levels in ZR75-1 cells transfected
with pcDNA3, pCTCF-S, and pCTCF-AS by Western blot analysis. Cellular extracts were prepared from 5 � 106 cells cotransfected with 2.5 or 5 Ag of the above
plasmids, together with 0.5 Ag of pEGFP. Equal amounts (40 Ag) of total protein were loaded onto SDS-PAGE, samples were electrophoretically separated, blotted, and
probed with the anti-CTCF antibody. The same membrane was reprobed with the anti-a-tubulin antibody, which served as an internal control for protein loading.
Transfection rates assessed by the EGFP marker (below each lane ).
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Results

CTCF levels are elevated in breast cancer cell lines and
breast tumors. Our preliminary experiments aimed to assess
CTCF expression in breast cell lines and tumors. We found that the
levels of CTCF mRNA were highly variable in the breast cell lines
and tumor samples, with no correlation to the ER status of the cells
or levels of c-Myc or BRCA1 mRNA.6 Western blot analysis of CTCF
protein in breast cell lines revealed that all cell lines contained the
130-kDa band characteristic for CTCF (Fig. 1). The lowest levels of
CTCF were observed in the immortalized, nontumorigenic cell
lines, HB4a and HBL100. In contrast, there was at least 2-fold
elevation of CTCF protein in >90% of breast cancer cell lines
compared with HB4a (Fig. 1; Supplementary Table 2).
Immunofluorescent staining of all the above mentioned cell lines

(Supplementary Fig. A) and immunohistochemical staining of
selected cell lines (Fig. 2A) confirmed elevated levels of CTCF in all
of the breast cancer cell lines compared with HB4a.
To lend further support to our observations, we analyzed the

levels of CTCF in breast cell lines with finite life span. The

immunohistochemical staining of HMEC, obtained from two
individuals (HMEC1 and HMEC2) and Western blot analysis with
anti-CTCF antibodies revealed that CTCF levels in these cells were
noticeably lower compared with the breast cell line HB4a (Fig. 2A
and B).
To extend our observations on breast cancer cell lines, we

determined the levels of CTCF in breast tumors. Immunostaining
of these tissues using anti-CTCF antibodies revealed significant
overexpression of CTCF (P = 0.004) in the great majority of tumors
compared with very low CTCF levels detected in normal tissues
derived from breast reductions or paired peripheral tissues to
tumor (examples are shown in Fig. 2C ; all data are summarized in
Supplementary Table 1). Of note, a predominantly nuclear
localization of CTCF in breast cancer cells was observed (see
comments to Supplementary Fig. A), whereas in HMEC, HB4a and
reduction tissues very weak staining seemed both nuclear and
cytoplasmic.
Down-regulation of CTCF in breast cancer cells with high

and moderate levels of CTCF leads to apoptotic cell death. The
high levels of the candidate tumor suppressor CTCF (4, 5) seen
in breast cancer cell lines and tumors was surprising. However,
examples of increased levels of proteins with tumor suppressive

Figure 3. Continued. D, CTCF knockdown does not induce apoptosis in non–breast cells. Cells were transiently transfected with 2.5 Ag pCTCF-S, pCTCF-AS or
pcDNA3 together with 2.5 Ag pEGFP used as a transfection marker, and apoptotic cell death was assessed by TUNEL assay and DAPI staining. The percentage
of apoptotic cells among the transfected (EGFP positive) cells was calculated 24, 48, and 72 hours after transfection. The maximum effect, shown in the graphs, was
achieved 72 hours after transfection. Columns, mean values of three independent experiments; bars, SD. In each experiment, a minimum of 1,000 EGFP positive
cells were counted. E, CTCF knockdown does not induce apoptosis, whereas CTCF overexpression induces apoptosis in HBL100 and 293T cell lines. Cells were
transiently transfected with 2.5 Ag pCTCF-S, pCTCF-AS, or pcDNA3 together with 2.5 Ag pEGFP used as a transfection marker, and apoptotic cell death was assessed
by TUNEL assay and DAPI staining. The percentage of apoptotic cells among the transfected (EGFP positive) cells was calculated 24, 48, and 72 hours after
transfection. The maximum effect, shown in the graphs, was achieved 72 hours after transfection for HBL100 cells and 24 hours after transfection for 293T cells.
Columns, mean values of three independent experiments; bars, SD. In each experiment, a minimum of 1,000 EGFP positive cells were counted.

6 A. Robinson, unpublished data.
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functions in cancer cells have been previously reported (e.g.,
BRCA1 and BRCA2; refs. 28, 29). Furthermore, the considerably
elevated levels of the retinoblastoma protein, pRB, in colorectal
carcinomas have been associated with an antiapoptotic function of
pRB (30).
We aimed to investigate whether up-regulation of endogenous

CTCF might also be linked to suppression of apoptosis. To test this
hypothesis, we chose several breast cell lines with varying levels of
CTCF: high in MCF7, MDA453, and T47D; moderate in CAMA1 and
ZR75-1; and low in HMEC1, HMEC2, and HBL100. These cell lines
were transiently transfected with plasmids carrying CTCF cDNA in
the sense (pCTCF-S) and antisense (pCTCF-AS) orientations and
also the empty vector (pcDNA3). The pEGFP plasmid served as a
transfection marker and the number of EGFP-positive cells and
their apoptotic status, using TUNEL and DAPI staining, was
determined. As shown in Fig. 3A , in all breast cancer cell lines, the
number of apoptotic cells was significantly increased following
transfection with pCTCF-AS. In comparison, a very low percentage
of apoptotic cells was detected after cells were cotransfected with
either pCTCF-S or pcDNA3. In identical experiments, no apoptosis
was observed in HMEC1 and HMEC2 expressing low levels of
CTCF, which were similarly treated (data for HMEC2 not shown as
an identical result was obtained).
These results were verified by immunofluorescence analysis of

transfected cells. We observed that following transfection with
pCTCF-AS, only TUNEL-positive apoptotic cells contained signif-
icantly lower levels of CTCF (Fig. 3B, top). It was also confirmed
that in cells cotransfected with pCTCF-AS and pEGFP, TUNEL-
positive apoptotic cells also expressed the EGFP marker (Fig. 3B,
middle). Finally, the coexpression of CTCF and EGFP was
confirmed following cotransfection with pCTCF-S and pEGFP
(Fig. 3B, bottom).
Expression from the transfected plasmids (pCTCF-S, pCTCF-AS,

and pcDNA3) was additionally assessed by Western assay. An
increase in levels of CTCF protein was observed in cells
transfected with pCTCF-S compared with pcDNA3, and a
reduction in CTCF levels was noticed following transfection with
pCTCF-AS (Fig. 3C).
To establish whether the observed effects were characteristic for

breast cancer cells, we also used 12 non–breast cancer cell lines of
different origins. The results of transfection assays using five
representative cell lines (NTERA2, UTA6, HeLa, A549, and DU145)
showed no significant response to transfected plasmids (Fig. 3D).
The other cell lines tested (LNCaP, J82, T24, HepG2, G361, and RD)
reacted similarly (data not shown).
No effect from pCTCF-AS was seen in 293T cell line; however,

increased apoptosis was observed upon overexpression of CTCF
(Fig. 3E). A similar result was obtained for the breast cell line
HBL100 (Fig. 3E). These observations will be discussed later (see
Discussion).
The presence of endogenous CTCF in all non–breast cancer cell

lines studied was verified by Western analysis (Supplementary
Fig. B). Furthermore, a reduction in CTCF levels in non–breast cells
was also observed after transient transfection with pCTCF-AS (data
not shown).
To provide further evidence that down-regulation of CTCF in

breast cancer cells can lead to apoptosis, we employed MCF7 cells,
which express high amounts of CTCF protein, to generate the cell
line producing the antisense CTCF mRNA in an inducible fashion.
We observed that massive cell death occurred in the culture at day
3 after conditional knockdown of CTCF protein following

stimulation with IPTG (Fig. 4B and C). To determine if cell death
was due to apoptosis, cells at day 2 post-induction were stained for
caspase-dependent proteolytic fragment of cytokeratin 18. As
shown in Fig. 4D , the cytokeratin 18–positive cells (b, green) were
observed in culture, whereas the number of proliferating BrdUrd-
positive cells (a, red) was reduced dramatically. These effects were
dependent on CTCF knockdown, because there were no indica-
tions of apoptosis in the MCF7/antisense cells not treated with
IPTG, or in the control MCF/LAP5 cells treated with IPTG (data
not shown).
CTCF overexpression protects breast cells from induction of

apoptotic cell death. We then asked if overexpression of CTCF in
breast cancer cells could rescue cells from induction of apoptosis.
Expression of Bax alone, without any other death stimuli, is
usually sufficient to induce apoptosis (31, 32). Thus, in this series
of experiments, a Bax-expressing plasmid, pSFFV-Bax (or pBax),
was transiently transfected alone or in combination with pCTCF-S
into several breast cell lines with varying levels of the endogenous
CTCF (high in MCF7 and T47D, moderate in CAMA1, and very
low in HMEC). As shown in Fig. 5A , ectopically overexpressed
CTCF could partially overcome apoptosis induced by exogenous
Bax in all cell lines tested. However, apoptosis was not totally
abrogated and the response to overexpression of CTCF varied in
different cell lines.
To further show that overexpression of CTCF could protect

against apoptosis, we induced apoptotic death by treatment with
sodium butyrate (NaB) in cells with either high (MCF7) or
moderate (MDA468) levels of endogenous CTCF. NaB was chosen
because it induces apoptosis in many cell lines and the molecular
mechanisms of NaB action in MCF7 cells are quite well understood
(26, 33). As shown in Fig. 5B , overexpression of CTCF in breast
cancer cells treated with NaB led to a considerable increase in
survival of the transfected cells (EGFP positive) compared with the
control plasmid (pcDNA3).
Immunofluorescent staining with the anti-CTCF antibody

confirmed that following treatment with NaB, all the surviving
(TUNEL negative) cells were overexpressing CTCF (Fig. 5C). In
contrast, cells containing very low or undetectable levels of CTCF
were undergoing apoptosis, as confirmed by positive TUNEL
staining (Fig. 5C).
It was not possible to use the HMEC in this test as they showed

resistance to NaB treatment.
Identification of proapoptotic Bax protein as a potential

target for regulation by CTCF. To identify proteins whose cellular
levels were significantly altered upon CTCF down-regulation, we
used a proteomics approach based on two-dimensional PAGE and
mass spectrometry. In this experiment, MCF7 cells were trans-
fected with either pCTCF-AS or pcDNA3 and proteins obtained
from these cell extracts were resolved on a two-dimensional gel.
Proteins showing differential expression between the two pro-
teomes were excised and subjected to the ‘‘in-gel’’ digestion and
tryptic mixture mass mapping. As shown in Fig. 6A , one protein
found to be up-regulated in MCF7 cells upon reduction of CTCF
levels was the proapoptotic protein Bax (SwissProt protein data
base accession number Q07812).
To further validate Bax as a potential CTCF target, a Western

blot analysis of ZR75-1 cells transiently transfected with pCTCF-S,
pCTCF-AS, and pcDNA3 was carried out using the anti-Bax
antibody. As shown in Fig. 6B , CTCF overexpression led to a
reduction of Bax levels, whereas CTCF down-regulation resulted in
elevated expression of the protein.
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Discussion

CTCF expression and apoptotic cell death. The aim of this
study was to investigate the levels of CTCF protein in breast cancer
cell lines and primary tumors and a possible link between CTCF
expression and resistance to apoptosis. We showed that CTCF
levels were elevated in all breast cancer cell lines compared with
very low levels of CTCF in HMEC. Our analysis also revealed that
88.2% (15 of 17 samples) of IDC tissues and all other tumors
inspected had immunoreactivity scores (IRS) of >2, indicative of
high CTCF expression. Of note, the two tumor samples (T51 and

T138) with the IRS value of 2 were of low grade (Supplementary
Table 1). This may be a significant finding because our analysis
indicates that there is a positive correlation between CTCF
expression and tumor grade.7

CTCF levels could not be attributed to differing rates of
proliferation in normal and tumor cells. Indeed, immunofluores-
cent staining of nonsynchronized breast cells (Supplementary
Fig. A) and immunohistochemical staining of tumor tissues and
breast cells (Fig. 2A and C ; data not shown) did not reveal any
significant difference in the level of CTCF in individual cells. In
addition, p53 and pRB status in breast cells lines had no correlation
with CTCF levels (Supplementary Table 2).
It has been generally accepted that cancer cells are highly

sensitized to apoptotic signals, whereas normal cells are more7 V. D’Arcy, unpublished data.

Figure 4. Conditional knockdown of CTCF
in MCF7 leads to proliferation block and
apoptotic cell death. A, schematic outline
of the functional elements of the
pEpiLacCTCFanti vector containing
CTCF cDNA in the reverse orientation
relative to the IPTG-inducible promoter
(see Materials and Methods for detail).
Abbreviations: Hyg , hygromycin B
resistance gene; tk-P, thymidine kinase
basic promoter; MMTV-P, mouse
mammary tumor virus basic promoter;
poly(A), poly(A +) signal; OriP, origin for
plasmid replication of EB virus; EBNA1, EB
virus nuclear antigen 1; Lac, lactose
operator sequences; CTCF ORF, CTCF
cDNA (open reading frame). B, inhibition of
CTCF expression by IPTG. Western blot
analysis of MCF7/LAP5/CTCFantisense
cells after induction with IPTG. 1 � 106

MCF7/LAP5/CTCFantisense cells were
plated in flasks and induced with 2 mmol/L
IPTG. Cells were collected after 2, 4, 8, 12,
24, and 36 hours. Noninduced cells were
used as control point 0. Cellular extracts
were prepared and equal amounts (40 Ag)
of total protein were loaded onto
SDS-PAGE. Samples were
electrophoretically separated, blotted, and
probed with the anti-CTCF antibody.
C, active cell death occurs in MCF7 cells
after conditional knockdown of CTCF
protein. Phase contrast images of MCF7/
LAP5/CTCFantisense cells cultured in the
presence of 2 mmol/L IPTG for the
indicated times. D, proliferation block and
apoptotic cell death occurs in MCF7 cells
after conditional knockdown of CTCF
protein. MCF7/LAP5/CTCFantisense cells
were cultured in the absence (top ) or
presence of 2 mmol/L IPTG (bottom ) for
2 days, pulsed with BrdUrd for 3 hours, and
stained with anti-BrdUrd antibodies (Texas,
red fluorescence; a). Apoptotic cell death
was assessed by staining using an
antibody directed against the
caspase-dependent proteolytic fragments
of cytokeratin 18 (FITC, green
fluorescence; b). c, merge of (a) and (b ).
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resistant to apoptotic challenges (34). We hypothesized that
elevated levels of CTCF in cancer cells may have developed to
counteract their hypersensitivity to apoptotic stimuli. Using both
a transient transfection approach and an inducible system, we
were able to manipulate the levels of endogenous CTCF. In our
experiments, a reduction in CTCF levels led to apoptotic cell
death in breast cancer cell lines. Overexpression of CTCF, on the
other hand, rescued cells from apoptosis induced by either Bax or
NaB. Interestingly, the effects of the CTCF knockdown seemed
more pronounced in cells expressing the highest levels of CTCF
such as MCF7 and T47D, than in other cells with lower CTCF
levels. No apoptotic cell death was detected in HMEC in this

assay. We also observed that ectopic CTCF conferred better
protection from NaB-induced apoptosis in cells with moderate
endogenous CTCF levels than in cells with high CTCF levels. The
results of these experiments point to a possible link between
CTCF expression and sensitivity to apoptosis; that is, higher levels
of CTCF may be necessary to protect the more sensitive cancer
cells from apoptotic stimuli. These findings may be relevant to
the potential use of CTCF as a therapeutic target in breast
cancers: reducing the levels of CTCF would then result in
apoptotic cell death of cancer cells without affecting normal
breast tissue, and the effect of CTCF down-regulation may be
more dramatic in high grade breast tumors. However, these

Figure 5. CTCF overexpression can protect breast cancer cells against apoptosis induced by Bax and NaB. A, overexpression of CTCF can overcome apoptotic
effects caused by Bax. Cells were transfected with 2 Ag of pSFFV-Bax (or pBax), 2 Ag of pCTCF-S, or 2 Ag of pcDNA3 (empty vector control); 2 Ag of pEGFP
(transfection marker) were included in each experiment. Apoptotic cell death was assessed by TUNEL assay and DAPI staining. The percentage of apoptotic cells
among the transfected (EGFP positive) cells was calculated 24, 48, and 72 hours after transfection. The maximum effect, shown in the graphs, was achieved 72 hours
after transfection. Columns, mean values of three independent experiments for MCF7, T47D, and CAMA1 breast cells lines and of 10 experiments for HMEC (see
below); bars, SD. In each experiment, a minimum of 1,000 EGFP positive cells were counted for breast cancer cells and, due to a lower transfection rate (<10%), a
minimum of 50 EGFP-positive cells were counted for HMEC. Experiments using HMEC were therefore repeated ten times to obtain reliable data. B, overexpression of
CTCF alleviates apoptotic cell death induced by NaB. Cells were transfected with 2 Ag of pCTCF-S or 2 Ag of pcDNA3 (control ) together with 2 Ag of pEGFP used as a
transfection marker; 5 mmol/L NaB were added 24 hours after transfection. The percentage of surviving and morphologically normal cells, as assessed by DAPI
staining, among transfected (EGFP positive) cells was calculated 24 hours after addition of NaB. Columns, mean values of three independent experiments; bars, SD.
A minimum of 1,000 EGFP-positive cells were counted for each experiment. C, typical image of MCF7 cells treated with NaB and rescued by CTCF overexpression.
MCF7 cells were transfected with 2.5 Ag of pCTCF-S, treated with NaB for 24 hours and analyzed by immunofluorescence staining with the anti-CTCF antibody 48 hours
post-transfection (FITC, green fluorescence). Apoptotic cell death was assessed by TUNEL staining (TMR, red fluorescence). Cell nuclei were visualized with DAPI
staining (blue). Merge, overlay of the CTCF, TUNEL, and DAPI staining.
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observations will require further study because only limited
information has been obtained from HMEC.
No significant apoptotic cell death was observed following

transfection of pCTCF-S, pCTCF-AS, or pcDNA3 (control vector)
into 12 randomly selected non–breast cancer cell lines. These cell
lines contained variable levels of endogenous CTCF, which was
anticipated as CTCF seems essential for cell functions and
its expression has been reported in all cell lines tested thus far
(1, 5, 21).8 This result rules out a trivial explanation that absence of
the effects from the pCTCF-AS plasmid could be due to lack of
CTCF in these cells and implies that antiapoptotic mechanisms

involving CTCF function may have developed specifically in breast
tumors. We also noticed that the overall levels of CTCF in non–
breast cells were lower than in breast cells lines, which may be
another factor contributing to the difference in response to CTCF
knockdown between breast and non–breast cells. It is conceivable
that CTCF in breast cells may, for example, be involved in the
regulation of a subset of genes specific for mammary gland
development and function.
We observed, however, that CTCF overexpression in the

immortalized breast cell line HBL100 and kidney cell line 293T
resulted in an increase in apoptosis. Apoptotic cell death from
CTCF overexpression was also reported by Qi et al. in WEHI 231
immature B cells (18). Although these results apparently contradict
our proposed model, many factors, such as cellular environment
and genetic background, have to be taken into consideration in
these cases. For instance, the presence of SV40 T antigen in 293T
and HBL100 may interfere with CTCF function. This possibility
deserves further investigation.
Our findings introduce CTCF into a wider debate concerning the

controversial role for tumor suppressors in apoptosis, and a close
link between proliferation and apoptosis further adds to the
complexity (8, 35). Cellular environment, cell type, genetic
background, and many other variables play important roles in
making the decision to commit to apoptosis. A combination of
these influences, which can often have conflicting effects, makes it
difficult to predict the exact functional outcome of any combina-
tion. For example, depending on appropriate cellular milieu, pRB,
p21, and WT-1 may behave either as antiapoptotic or as
proapoptotic factors (30, 36–40).
CTCF, a candidate tumor suppressor, is involved in the

regulation of genes controlling proliferation, such as c-Myc and
p14/p19 ARF (1, 2), and has documented growth suppressive
properties in various cell types (4) including breast cells.9

Although these observations seem in conflict with the proposed
function of CTCF in apoptosis, studies of c-Myc, pRB, WT-1, and
p53 have revealed their seemingly conflicting roles in the
regulation of both apoptosis and proliferation. There is experi-
mental evidence these proteins transcriptionally regulate apopto-
tic genes (34, 41–45) and their ability to trigger apoptosis may be
independent from their control of proliferation (a proposed ‘‘dual
signal’’ model; refs. 34, 41, 44, 45). We therefore suggest a similar
‘‘dual signal’’ role for CTCF.
Explanation of this complex behavior will undoubtedly require a

better understanding of regulatory networks and control mecha-
nisms associated with a particular TSG and a combination of these
influences may be unique for a given cell type. From this point of
view, the increased levels of CTCF in breast cancer cells may be one
of the factors in developing resistance from apoptosis. CTCF
functions can also be modulated by post-translational modifica-
tions (20, 46) and interactions with protein partners (22, 47, 48),
which adds yet other layers of complexity to this model.
Molecular mechanism(s) for protection of breast cancer cells

against apoptosis by CTCF. As mentioned previously, we found no
correlation between the status of p53 or pRB and CTCF expression
in breast cell lines (Supplementary Table 2). Furthermore, the
protein expression levels of p53 and pRB were unchanged upon
ectopic overexpression or down-regulation of CTCF in all breast
cancer cell lines tested (data not shown). Finally, NaB-induced

Figure 6. Expression of a proapoptotic protein, Bax, depends on the levels of
expression of CTCF. A, comparison of proteome profile sections of MCF7 cell
line transfected with empty vector and pCTCF-AS. Cells (3 � 106) were
transfected with 30 Ag pCTCF-AS or 30 Ag pcDNA3, cell lysates prepared and
resolved on a two-dimensional gel. Proteins showing differential expression were
digested by trypsin and analyzed by mass spectrometry to establish their identity.
Spots corresponding to Bax (arrows ) indicate that Bax protein is up-regulated in
cells transfected with pCTCF-AS (II ). B, Bax levels are increased following
CTCF down-regulation and decreased following CTCF up-regulation. Western
blot analysis of ZR75-1 cells transiently transfected with pCTCF-S, pCTCF-AS,
and pcDNA3. Cells (1 � 106) were transiently transfected with 2.5 Ag of
pCTCF-S, pCTCF-AS, and pcDNA3, cellular extracts prepared and equal
amount (40 Ag) of total protein loaded onto SDS-PAGE. Samples were
electrophoretically separated, blotted, and subsequently probed with the
anti-CTCF and anti-Bax antibodies. The same membrane was reprobed with the
anti-a-tubulin antibody, which was used as an internal control for protein loading.

9 S. Rai et al., in preparation.8 E. Klenova and V. Lobanenkov, unpublished data.
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apoptosis in MCF7 breast cancer cells is reported p53 independent
(26), which also implies that CTCF apoptotic rescue pathways in
MCF7 cells are p53 independent.
Using a direct proteomics approach we identified the

proapoptotic protein Bax as a potential target for regulation by
CTCF. The initial finding was further verified by Western blot
analysis showing that endogenous Bax was down-regulated
following CTCF overexpression and conversely up-regulated upon
CTCF down-regulation. Our recent data also indicated that the
Bax promoter can be regulated by CTCF in reporter assays.10 Bax
expression is reported decreased in breast tumors, although the
molecular mechanisms responsible for this phenotype are not
known (49–51). These observations and our findings suggest a
model in which CTCF directly regulates Bax through a
transcriptional mechanism. High CTCF levels may cause repres-
sion of Bax and inhibition of apoptosis. Conversely, lowering
levels of CTCF may result in activation of Bax, leading to
apoptosis. In addition, our preliminary data suggest that the
antiapoptotic protein, Bcl-2, is also regulated by CTCF, as the Bcl-
2 promoter can be activated by CTCF in a reporter assay.10 In
contrast to Bax, the levels of Bcl-2 in breast cancer cells are high
(49–51). It is conceivable that CTCF may regulate Bcl-2 through a
transcriptional mechanism, but in a positive manner. Work is
now in progress to explore this possibility.
The ability of CTCF to rescue cells from apoptotic death induced

by overexpression of Bax (Fig. 5A) can not be explained solely by
the above mechanism. This implies that regulation of apoptosis
by CTCF also involves other mechanisms, such as direct effects
on other transcriptional targets and indirect effects at the post-

transcriptional level. Further investigation is needed to clarify the
specific contributions from direct and indirect effects of CTCF to
this regulation.
Taken together, our results support the hypothesis that the

increased levels of CTCF protein can protect breast cancer cells
from apoptosis. This effect is likely to reflect direct and indirect
influences of CTCF on the function of antiapoptotic proteins
(such as Bcl-2, Bcl-XL, Mcl-1) and proapoptopic proteins (such as
Bax, Bak, Bad, Bik, Bid, and Bok). Profiling of proteins and
identification of the in vivo DNA targets of CTCF upon CTCF
overexpression and knockdown will be needed to more precisely
elucidate the molecular mechanisms by which CTCF renders breast
cancer cells resistant to apoptosis. These directions may lead to
development of breast cancer therapies based on selective
reduction of CTCF in breast cancer cells.
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