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MCF-7/VDR: A New Vitamin D Resistant Cell Line
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Abstract Several in vitro and in vivo experiments have demonstrated potent cell regulatory effects of vitamin D
compounds in cancer cells. Moreover, a promising phase I study with the vitamin D analogue Seocalcitol (EB 1089) in
patients with advanced breast and colon cancer has already been carried out and more clinical trials evaluating the
clinical effectiveness of EB 1089 in other cancer types are in progress ( Mùrk Hansen et al. [2000a]). However, only little
is known about the mechanisms underlying the actions of vitamin D or about the possible development of drug
resistance in the patients. Therefore, in an attempt to gain more insight into these aspects, we have developed the MCF-
7/VDR cell line, a stable subclone of the human MCF-7 breast cancer cell line, which is resistant to the growth inhibitory
and apoptosis inducing effects of 1a,25(OH)2D3. Despite this characteristic, receptor studies on the VDR have clearly
demonstrated that the MCF-7/VDR cells contain fully functional VDRs, although in a lower number than seen with the
parental MCF-7 cells. The regulation of the 24-hydroxylase enzyme appeared to be intact in the MCF-7/VDR cells and
no differences with regard to growth rate and morphological appearance between the MCF-7/VDR cells and the parental
MCF-7 cells were observed. Interestingly, however, the sensitivity of the MCF-7/VDR cells to the pure anti-estrogen ICI
182,780 was found to be increased. The MCF-7/VDR cell line shows characteristics different from those of previously
described vitamin D resistant breast cancer cell lines but also some similarities. Together such vitamin D resistant cell
lines therefore serve as a useful tool for studying the exact mechanism of action of vitamin D and the development of
vitamin D resistance. J. Cell. Biochem. 82: 422±436, 2001. ß 2001 Wiley-Liss, Inc.

Key words: MCF-7/VDR; MCF-7; vitamin D; resistance; breast cancer; apoptosis

The exact mechanism underlying the actions
of 1a,25(OH)2D3 is not fully elucidated, but it
is well accepted that the main effects of
1a,25(OH)2D3 are mediated through its binding
to speci®c high af®nity intracellular vitamin D
receptors (VDR), which belong to the super-
family of steroid receptors. The receptor-ligand
complex functions as a transcription factor by
interacting with the vitamin D response ele-
ments (VDRE) present in the promoter regions
of the primary responding genes, leading to
either activation or suppression of gene tran-
scription [Hannah and Norman, 1994; Carl-
berg, 1995, 1998; Freedman, 1999]. Substantial
evidence suggests that the VDR binds these

response elements either as a homodimer or as a
heterodimer with other nuclear receptors, pre-
ferentially with the retinoid X receptor (RXR).
In this way, multiple combinations and a
number of different signalling pathways are
possible, which may explain the great diversity
of vitamin D actions [Carlberg, 1995; Haussler
et al., 1998]. Recently, a number of receptor co-
activators and co-repressors have been identi-
®ed. These proteins appear to be interacting
with the nuclear receptors and are thus capable
of further modulating the transcriptional activ-
ity initiated by the receptor-ligand complex
[Jurutka et al., 1997; Masuyama et al., 1997;
BerghoÈfer-Hochheimer et al., 1998; Carlberg,
1998; Haussler et al., 1998; Aslam et al., 1999;
Castillo et al., 1999; Yang and Freedman,
1999].

To date, more than 50 genes have been
described to be sensitive to vitamin D, including
26 genes in which a natural VDRE has been
identi®ed [Hannah and Norman, 1994; Carl-
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berg, 1995; Mùrk Hansen et al., 2000a]. Among
these vitamin D responsive genes are several
genes which are known to play a key role in the
regulation of cell growth and differentiation
[Mùrk Hansen et al., 1997a, 2000a]. This
observation and the fact that VDRs have been
demonstrated in a number of different cancer
cells, make vitamin D compounds potentially
useful agents in the future treatment of cancer
[Hamada and Shinomiya, 1993; Hannah and
Norman, 1994; Haussler et al., 1998; van den
Bemd et al., 2000].

Several reports have already emerged
demonstrating potent effects of vitamin D com-
pounds on cancer cells in vitro and in vivo. In
vitro, block of cell cycle progression, induction of
apoptosis, inhibition of invasion and metasta-
sis, and stimulation of differentiation have been
observed in response to treatment of the cells
with vitamin D compounds [Welsh, 1994; Col-
ston, 1995; Mùrk Hansen et al., 1997b, 2000].
Moreover, it has been shown that the adminis-
tration of vitamin D compounds to tumor-
bearing animals prevents the development of
metastases, causes regression of tumors and
prolongs survival time in tumor-bearing ani-
mals [Honma et al., 1983; Abe et al., 1991;
Colston et al., 1992; Anzano et al., 1994; Colston
et al., 1997; Lokeshwar et al., 1999; Nickerson
and Huynh, 1999; Mùrk Hansen et al., 2000a].

In an attempt to gain more insight into the
mechanisms by which vitamin D exerts its
anticancer effects, we have developed a sub-
clone of the human MCF-7 breast cancer cell
line which is resistant to the growth inhibitory
effect of 1a,25(OH)2D3. The subclone is termed
MCF-7/VDR and has been selected by repeat-
edly passaging the cells in medium containing
increasing concentrations of 1a,25(OH)2D3. To
further characterise the MCF-7/VDR cell line,
basic properties such as growth rate, morpho-
logical appearance, expression of VDR, func-
tionality of these receptors, and regulation of
24-hydroxylase activity have been studied. In
addition, we investigated the effect of 1a,
25(OH)2D3 and one of its potent analogues,
Seocalcitol (EB 1089), on induction of apoptosis,
a process which is known to be involved in the
growth reducing effects of vitamin D com-
pounds in breast cancer cells [Peyrat et al.,
1993; Welsh et al., 1995; Simboli-Campbell
et al., 1996; Danielsson et al., 1997; Mathiasen
et al., 1999; Pirianov et al., 1999; Xie et al.,
1999]. Finally, since several investigations have

demonstrated that vitamin D compounds inter-
fere with the ER signalling pathway in MCF-7
cells [James et al., 1994; Simboli-Campbell and
Welsh, 1994; Nolan et al., 1998; Sun et al., 1998;
Stoica et al., 1999], studies on the expression
of ER as well as on the effect of two anti-
estrogens, Tamoxifen and ICI 182,780 were also
included.

MATERIALS AND METHODS

Chemicals

The vitamin D compounds were synthesised
in the Department of Chemical Research at Leo
Pharmaceutical Products (Ballerup, DK).
Tumor Necrosis Factor-a (TNFa) and Camp-
tothecin (CAM) were purchased from R&D
Systems Europe Ltd. (Abingdon, UK). All-trans
retinoic acid (all-trans RA) and Tamoxifen were
purchased from Sigma-Aldrich (MO). 9-cis
retinoic acid and ICI 182,780 were kindly
provided by, respectively, Dr. A. Wakeling,
Zeneca Pharmaceuticals (Maccles®eld, UK)
and Hoffmann-LaRoche ( Basel, Switzerland).

Cell Culture

MCF-7, an estrogen receptor (ER) positive
human breast cancer cell line derived from a
differentiated adenocarcinoma, was purchased
from Tumorbank, DKFZ, Heidelberg, Germany.
The cells were grown in phenol red free DMEM
supplemented with 5% fetal bovine serum,
2 mM glutamine, 100 IU/ml penicillin and
100 mg/ml streptomycin (Life Technologies
Ltd., Paisley, UK).

The vitamin D resistant cell line (MCF-7/
VDR) was developed by growing the parental
MCF-7 cells in the presence of increasing
concentrations of 1a,25(OH)2D3. 1a,25(OH)2D3

was used in the dose range between 0.01±10mM,
and the cells were exposed to each concen-
tration for three passages before increasing
stepwise by half an order of magnitude. After
the last three passages in the presence of 10 mM
1a,25(OH)2D3, the cells were grown in the same
medium as described above for the parental
MCF-7 cell line (without the addition of 1a,
25(OH)2D3) for up to 25 passages. During this
time period, the responsiveness of the cells to
vitamin D was tested regularly by assessment of
DNA synthesis. The cells remained resistant to
vitamin D during these 25 passages.

For both cell lines, the culture medium was
changed every 2nd or 3rd day, the cells were pas-
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saged once a week by trypsination (0.25%
trypsin-1mM EDTA in Phosphate Buffered
Saline (PBS)), and cultures were kept in a
humidi®ed atmosphere of 75% N2, 20% O2, and
5% CO2 at 378C.

Assessment of DNA Synthesis

The cells were seeded at a density of 7� 103

cells/ml in 24-well plates (Nunc, Denmark) and
the test compounds were added 2 h after
seeding. After 5 days 1 mCi/ml 3H-thymidine
(Amersham, UK) was added to the cells and the
plates were incubated for an additional of 4 h.
The cells were then washed three times with
NaCl� 25 mg/L unlabelled thymidine, solubi-
lised for 30 min in 1 ml 0.5M NaOH and
incorporated 3H-thymidine was measured with
a b-counter. Each sample was tested in quad-
ruplicate.

Cell Cycle Analysis

The cells were seeded at a density of 1� 104

cells/ml in T25 culture ¯asks (Nunc, Denmark)
and grown in the presence of the test compounds
for ®ve days. Cell samples were then prepared
using the CycleTest PLUS kit (Becton Dick-
inson, CA) and subsequently analysed on a
Becton Dickinson FACSort ¯ow cytometer. The
samples were excited with a single 488 nm
argon laser and analysed for light scatter and
orange ¯uorescence (FL2, Orange 564±606
nm). 50,000 nuclei/sample were collected and
the data were analysed with MODFit LT
software from Becton Dickinson. The results
were expressed as percent cells in G0/G1-, S-,
and G2/M-phase in relation to the total number
of cells in the sample. Three experiments
were performed and the results obtained were
similar.

Determination of Cell Growth and Cell Size

The cells were seeded at a density of 7� 103

cells/ml in T25 ¯asks (Nunc, Denmark). Prior to
counting in a Coulter Counter, the cells were
trypsinised as described above. The cell size was
determined based on distribution curves obtain-
ed with the Coulter Counter.

Gel Electrophoresis and Western Blotting

To prepare whole cell extracts, the cells were
lysed in lysis buffer containing 50 mM Tris HCl
pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% NP40 and adjusted to a
volume of 5� 106 c/ml with Laemmli's SDS

sample buffer. The extracts were boiled for 5
min, centrifuged at 10,000 rpm for 15 sec and
samples of 1.25� 105 cells were subjected to
Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis using 10% gels (SDS-PAGE)
[Laemmli, 1970]. The proteins were transferred
onto an Immobilon-PVDF Transfer Membrane
(Millipore, MA) essentially by the method of
Towbin et al. [1979] and the protein bands were
identi®ed immunochemically by the ECL-detec-
tion system (Amersham). The primary antibo-
dies used included: anti-p21WAF1/CIP1 (1:200,
clone EA10, Oncogene Research Products, MA),
anti-p27kip 1 (1:2000, Transduction Labora-
tories, KY), anti-p53 (1:500, clone DO-7, DAKO
A/S, Denmark), anti-VDR (1:750, clone 9A7g,
Chemicon International Inc., MA) and anti-ER
(1:500, clone 1D5, DAKO A/S).

Northern Blotting

Total RNA was isolated from MCF-7/VDR

and parental MCF-7 cells using the TRIzol Re-
agent (Life Technologies, MD) according to the
manufacturer's protocol, followed by poly(A)�

RNA enrichment by Dynabeads Oligo (dT)25

(Dynal, Norway). 4 mg of poly(A)�RNA from
each cell line was denatured by glyoxal/DMSO,
separated on a 1.0% agarose gel and transferred
onto a nylon membrane by Northern blotting.
The Northern blot was hybridised with 32P-
labelled human VDR cDNA probe [Laborda,
1991]. As a control for differences in poly-
(A)�RNA loading, the Northern blot was rehy-
bridised with a human 36B4 cDNA probe
[Baker et al., 1988].

ER Ligand Binding Studies

The ER ligand binding studies were per-
formed as previously described by McGuire
and DeLaGarza [1973]. Brie¯y, the MCF-7 cells
were treated with the test compounds over a
96 h period, after which the cells were washed
in PBS and sonicated in homogenisation buffer
(10 mM Tris-HCL, 15 mM EDTA, 10% glycerol,
pH 8.0, and 1 mM dithiothreitol). The ER-
containing cell cytosols were centrifuged at
25,000 rpm for 45 min at 48C. The resulting cell
extracts were then incubated with serial dilu-
tions of 2, 4, 6, 7-[3H]-estradiol (100 Ci/mmol,
Amersham) at a concentration ranging from 1
mM to 31 nM, in the presence or absence of
serially diluted DES (diethylstilbestrol), with a
concentration range of 1 mM±31 mM. After an
incubation period of 18 h at 48C, bound from free
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sterol separation was achived by using dextran
coated charcoal, and radioactivity was detected
using liquid scintillation counting.

Biochemical Assessment of
DNA Fragmentation

The cells were seeded at a density of 1.5� 104

cells/ml in 48-well plates and the test com-
pounds were added 2 h after seeding. The fra-
ction of apoptotic cells was determined using the
Cell Death Detection ELISA; kit (Boehringer
Mannheim, GmbH, Germany), which allows
quantitative in vitro determination of cytoplas-
mic histone-associated DNA fragments after
induced cell death. The optical density (OD) was
read on an Elisa Reader (BioRad model 450),
using a 415 and a 490 nm (reference) ®lter.

In order to correct for the antiproliferative
effect of the compounds, the level of histone-
associated DNA fragments obtained in the Cell
Death Detection ELISA was normalised by
counting cells that had been grown and treated
in parallel using a Coulter Counter. The ®nal
results were calculated in relation to control
cells and expressed as fold induction (OD/1000
cells�SD). Statistical analysis was carried out
using Student's t-test. At least two separate
experiments, each with four determinations/
sample, were performed, and the results were
reproducible.

Morphological Assessment of
DNA Fragmentation

The cells were seeded at a density of 1� 104

cells/ml in two chamber glass coverslips (Nunc,
DK) and grown in the presence of the test
compounds for ®ve days. The coverslips were
washed twice with binding buffer (0.1 mM
Hepes/NaOH, pH 7.4, 1.4M NaCl, 25 mM
CaCl2, 1 part to 9 parts distilled H2O). 400 ml
of binding buffer were added in each chamber.
20 ml of the primary antibody (Annexin V-FITC,
Pharmingen, CA) were added to each chamber,
and the coverslips were incubated for 60 min at
rt in the dark. 10 ml of a secondary antibody
(Alexa 488 anti-FITC, Molecular Probes, OR),
10 ml propidium iodide (PI) solution (50 mg/ml,
Pharmingen, CA) and 40 ml Hoechst 33342
solution (10 mg/ml, Molecular Probes, MO) were
added to each chamber and the coverslips were
incubated for 45 min at 48C in the dark. The
coverslips were washed twice with binding
buffer. Finally, the coverslips were mounted
with ¯uoromount G (Southern Biotechnology

Ass., AL) to which 2.5 mg/ml n-propyl galate
(Sigma-Aldrich, MO), was added, and they were
then examined using a BH-2 ¯uorescence
microscope. At least three separate experi-
ments, each with two determinations/sample,
were performed, and the results were reprodu-
cible.

Transcription Assay

The plasmids used were a gift from Dr. C.
Carlberg, Duesseldorf, Germany. Cultures of
MCF-7/VDR and parental MCF-7 cells were
transfected with a plasmid carrying a CAT
(chloramphenicol acetyl transferase) gene,
placed under the control of a VDRE fused to
the tk promoter [Carlberg et al., 1993]. The VDR
responsive element in the regulatory sequence
of the CAT gene was the VDRE (nucleotide±514
to±486 from the transcription initiation start)
from the human osteocalcin gene promoter
[Ozono et al., 1990]. This plasmid was cotrans-
fected with a control plasmid expressing a
constitutive level of b-galactosidase activity.
Both plasmids were introduced into semicon-
¯uent cell cultures by the method of lipofection.
The transfection was carried out in serum free
medium and the cells were allowed to incubate
for 4 h. Subsequently, treatment was initiated
by the addition of the test compounds added to
the medium containing charcoal stripped serum
adjusted to a ®nal concentration of 5% serum.
After a two days incubation period, the cells
were harvested and a protein stock was pre-
pared from each cell culture. These stocks were
then analysed for the presence of CAT activity
using a commercially available kit (TRK 1012,
Amersham) and for b-galactosidase activity
using spectrophotometry and the o-nitrophe-
nyl-b-D-galactopyranoside substrate. All sam-
ples were made in triplicate. The CAT activity
was normalised in proportion to the b-galacto-
sidase activity and the molar concentration
resulting in 50% stimulation (EC50) of gene
transcription compared to untreated cells was
calculated from a dose-response curve.

Assessment of 24-Hydroxylase Expression
by RT-PCR Analysis

Total RNA was isolated from 1a,25(OH)2D3-
or vehicle-treated MCF-7/VDR and parental
MCF-7 cells using TRIzol Reagent (Life Tech-
nologies), according to the manufacturer's pro-
tocol. Two microgram of total RNA was reverse
transcribed into ®rst-strand cDNA by 200 U/ml
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of SuperScript II (Life Technologies) using
oligo(dT)16 as primer. The ®rst-strand cDNA
was PCR ampli®ed using the following primers:
50-CTGCTGCAGATTC-TCTGGAA-03 and 50-
ATGATGAAGTTCACAGCTTC-30 (coding for
the 24-hydroxylase gene, GenBank accession
no. L13286), and 50-AGATTGGCTACCCAAC-
TGTTGCA-30 and 50-CTTGGCTTCAACCTT-
AGCTGGG-30 (coding for the housekeeping
gene 36B4, acidic ribosomal phosphopreotein
P0, GenBank accession no. M17885). For each
primer pairs the genes were ampli®ed using
1U/25 ml AmpliTaq Gold (PE Applied Biosys-
tems, CA) and 1.5 mM MgCl2 by the following
PCR pro®le: 958C activation of AmpliTaq Gold
for 12 min, and 28 cycles of 958C for 20 sec, 608C
for 30 sec, and 728C for 1 min. The PCR products
were subjected to agarose gel electrophoresis
and stained by SYBR Green I (BMA, ME) in a
1:10,000 dilution for 1 h. The stained gel was
scanned in a STORM 860 (Molecular Dynamics,
CA) using the blue ¯uorescence mode.

RESULTS

Characterisation of Growth and Morphology of
MCF-7/VDR Vs. Parental MCF-7 Cells

Once established the MCF-7/VDR cell line
was grown in medium without 1a,25(OH)2D3.
Under these conditions, the cells remained
resistant to the growth inhibitory effect of
1a,25(OH)2D3 for at least 25 passages. DNA
synthesis was assessed by 3H-thymidine up-
take, and as seen in Figure 1, a dose-dependent
inhibition of DNA synthesis was observed with
the parental MCF-7 cells after 5 days treatment
with 1a,25(OH)2D3. In contrast, no signi®cant
decrease of DNA synthesis was seen with the
MCF-7/VDR cells. We also tested the analogue
EB 1089, which is known to be more potent than
1a,25(OH)2D3 with respect to cell regulatory
effects. As expected, EB 1089 was found to exert
a more potent antiproliferative effect than
1a,25(OH)2D3 in the parental MCF-7 cell line,
whereas no effect was observed in the MCF-7/
VDR cell line.

The evidence of the resistance of the MCF-7/
VDR cells to the two vitamin D compounds was
further supported by counting the cells in a
Coulter Counter and by results obtained in cell
cycle analysis studies. With the parental MCF-7
cell line a time- and dose-dependent decrease in
the number of cells in S-phase as well as a
reduction of the total cell number were seen in

response to treatment of the cells with the test
compounds. However, with the MCF-7/VDR

cells, no such effects could be detected (data
not shown)

In order to see whether the development of
resistance to vitamin D in¯uenced the growth
rate and morphological appearance, these two
aspects were also investigated. The growth
rates of MCF-7/VDR and the parental MCF-7
cell line appeared to be identical with a doubling
time of �24 h when the cells were grown in the
absence of vitamin D (data not shown). More-
over,microscopicexaminationofsuchuntreated
cells, including determination of cell size and
staining of the cells with anti-b-tubulin and
anti-cytokeratin antibodies showed no major
morphological differences (data not shown).

Regulation of Cell Cycle Regulatory Proteins

Since inhibition of cell growth in response to
vitamin D compounds is known to be associated
with modulation of important cell cycle regula-
tory proteins such as p21, p27, p53, and pRb, the
expression of these proteins was next studied by
Western blot analysis. As expected, treatment
of the parental MCF-7 cells with 100 nM
1a,25(OH)2D3 for ®ve days resulted in an up-
regulation of p21 protein expression and an up-
regulation of the hypophosphorylated form of

Fig. 1. Inhibition of DNA synthesis after treatment of the cells
with increasing concentrations of the test compounds for 5 days.
The cells were seeded in 24-well plates at a concentration of
7�103 cells/ml and the inhibition of DNA synthesis after a 5
days treatment period was measured by incorporation of 3H-
thymidine. Each sample was tested in quadruplicate. ( )
parental MCF-7 cells treated with 1a,25(OH)2D3. (*) parental
MCF-7 cells treated with EB 1089. (&) MCF-7/VDR cells treated
with 1a,25(OH)2D3. (*) MCF-7/VDR cells treated with EB
1089.
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pRb (Fig. 2). The expression of the p27 protein
did not change signi®cantly, while p53 protein
expression appeared to be down-regulated. No
major differences in p21, p27, p53, and pRb
protein expression between untreated and
treated cells were seen with the MCF-7/VDR

cells. However, interestingly, all four proteins
seemed to be up-regulated in the MCF-7/VDR

cells compared to the parental MCF-7 cells.

Induction of Apoptotic Features

To see whether other known effects of vitamin
D were also abolished in the MCF-7/VDR cell
line, we investigated the induction of DNA
fragmentation as a measurement of apoptosis.
The cells were incubated with 1a,25(OH)2D3 or
EB 1089 at a concentration of 100 nM for 3, 4,
and 5 days, and the level of histone-associated
DNA fragments in the cell cytoplasm was
subsequently determined as described in Mate-
rials and Methods. Both compounds were found
to cause a signi®cant, time-dependent induction
of DNA fragmentation in the parental MCF-7
cells, with EB 1089 being the most potent
compound (Fig. 3). In contrast, only marginal

effects were seen in the MCF-7/VDR cells with
the two compounds. TNFa and CAM were
included as references, as both compounds are
known to induce apoptosis in MCF-7 cells. As
seen in the lower part of Figure 3, both cell lines
appeared to respond to the apoptotic effect of
TNFa and CAM, although the effect was more
pronounced in the parental MCF-7 cell line. The
results on DNA fragmentation correlated well
with the cell count data from cultures that had
been grown and treated in parallel (data not
shown).

To further substantiate these results the
effect of 1a,25(OH)2D3, EB 1089, and TNFa on
annexin-V staining (an early marker of apopto-
sis) was investigated. The cells were incubated
with the test compounds for ®ve days and were
subsequently stained with annexin-V (green),
PI (red), and the membrane permeable Hoechst

Fig. 2. Western blot analysis of cell extracts derived from
MCF-7 cells and MCF-7/VDR cells treated with 100 nM
1a,25(OH)2D3 (VD) or vehicle for ®ve days. Samples of
1.25�105 cells were subjected to SDS-PAGE using 10% gels,
transferred onto an Immobilon-PVDF Transfer Membrane and
the protein bands were eventually stained with mononuclear
antibodies against p21 (21 kDa), p27 (27 kDa), p53 (53 kDa),
and pRb (pRbhypophos 110 kDa, and pRbhyperphos 116 kDa).

Fig. 3. Time-course study showing the induction of DNA
fragmentation after treatment of the parental MCF-7 cells ( )
and the MCF-7/VDR cells ( ) with the two vitamin D
compounds 1a,25(OH)2D3 and EB 1089 or with the reference
compounds TNFa and CAM. The cells were seeded at a density
of 1�104 cells/ml and the test compounds were added 2 h after
seeding. The fraction of apoptotic cells was determined using
the Cell Death Detection ELISA kit. Each sample was tested
in quadruplicate. Statistical analysis was carried out using
Student's, t-test. * P<0.05.
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dye (blue). Figure 4 shows that no difference
between MCF-7/VDR cells in the control cul-
tures (Fig. 4A) and MCF-7/VDR cells treated
with EB 1089 (Fig. 4B) could be seen. Only blue
cells were detectable, representing viable cells
in which the membrane permeable Hoechst
stain has been taken up into the nucleus. No
green, annexin-V positive cells were seen,
indicating that EB 1089 does not induce
apoptosis in these cells. In contrast, several
annexin-V positive cells were detected in the EB
1089-treated parental MCF-7 cells (Fig. 4C) as
well as in MCF-7/VDR cells treated with TNFa
(Fig. 4D). In the TNFa-treated cultures a few
red cells appeared, indicative of cells in which
the plasma membrane has become leaky, allow-
ing the slow entry of PI into the cell. Similar
results were obtained with the parental MCF-7

cells after treatment with TNFa (data not
shown).

Sensitivity of MCF-7/VDR and Parental MCF-7
Cells to Anti-Estrogens

Despite the resistance developed by the MCF-
7/VDR cells to the vitamin D compounds, their
ability to undergo apoptosis is preserved. Since
the ER signalling pathway is known to be
involved in the growth-reducing effect of vita-
min D compounds seen in the ER positive MCF-
7 cells, we found it obvious to study the effect of
the two anti-estrogens, Tamoxifen and ICI
182,780 on DNA fragmentation. Tamoxifen
administrated at a concentration of up to 10
nM for 3, 4, and 5 days treatment did not induce
DNA fragmentation in either the MCF-7/VDR

cells or the parental MCF-7 cells (data not

Fig. 4. Microscopic examination of apoptotic cells. A: vehicle
treated MCF-7/VDR cells, (B) MCF-7/VDR cells treated with
100 nM EB 1089, (C) parental MCF-7 cells treated with 100 nM
EB 1089, and (D) MCF-7/VDR cells treated with 0.1 ng/ml TNFa.
The cells were seeded at a density of 1�104 cells/ml in two
chamber glass coverslips and grown in the presence of the test
compounds for ®ve days followed by staining with Annexin-V

(green), PI (red) and Hoechst (blue). The white arrow indicates
Annexin-V positive cells with intact plasma membranes. The
red arrows indicate cells with leaky plasma membranes that
allow for cellular uptake of PI. At least three separate
experiments were performed and the photos shown are
representative for the obtained results.

428 Hansen et al.



shown). However, ICI 182,780 was found to
cause a time-dependent increase of DNA frag-
mentation in both cell lines (Fig. 5A). Interest-
ingly, the MCF-7/VDR cells appeared to be
much more sensitive to ICI 182,780 than the
parental cell line. This observation was further
supported by proliferation studies in which ICI
182,780 was shown to cause a greater inhibition
of DNA synthesis in the MCF-7/VDR cells than
in the parental MCF-7 cells (Fig. 5B).

Presence of VDR and ER in MCF-7/VDR and
Parental MCF-7 Cells

The fact that most effects of vitamin D are
known to be mediated by the binding of the
compound to the VDR led us to speculate
whether these receptors had been lost in the
MCF-7/VDR cell line. Northern and Western
blot analysis demonstrated the presence of
VDRs in both cell lines. However, the amount
of receptor at both mRNA and protein level
appeared to be lower in the MCF-7/VDR cell line
than in the parental MCF-7 cell line (Fig. 6).

Also, the presence of ER and its binding
af®nity in the two cells lines were investigated.
As expected, Western blot analysis demon-
strated a down-regulation of ER expression in
response to treatment of the parental MCF-7
cells with 1a,25(OH)2D3 (Fig. 7A). However, no
differences in the amount of ER protein were

observed between the MCF-7/VDR cells and the
parental MCF-7 cells. In addition, receptor
ligand binding studies revealed no major differ-
ence in the apparent Kd value of the ER between
the MCF-7/VDR cells (Kd� 0.41�0.11 nM) and
the parental MCF-7 cells (Kd� 0.35�0.19 nM)
or in the total number of [3H]-estradiol binding
sites between the MCF-7/VDR cells (89.5�9.7
fmol/mg cytosol protein) and the parental MCF-
7 cells (80.4�5.8 fmol/mg cytosol protein)
(Fig. 7B).

Functionality of the VDRs

Upon binding to the receptor, the receptor-
ligand complex interacts with the VDRE on the
genome, which eventually elicits the biological
response. Thus, in order to test the functionality
of the VDRs, the ability of 1a,25(OH)2D3 and EB
1089 to induce VDR mediated gene transcrip-
tion from the human osteocalcin gene promoter
was studied. As seen in Table I, an increased
transcriptional activity was observed in both
cell lines in response to treatment of the cells
with the two test compounds, suggesting the
presence of intact VDRs in both the MCF-7/VDR

and the parental MCF-7 cells.

Regulation of the 24-Hydroxylase Enzyme

Finally, the regulation of 24-hydroxylase, the
major enzyme involved in the catabolism of

Fig. 5. A: Time-course study showing the induction of DNA
fragmentation after treatment of the parental MCF-7 cells ( )
and the MCF-7/VDR cells ( ) with the anti-estrogen ICI
182,780. B: Inhibition of DNA synthesis after treatment of the
parental MCF-7 cells ( ) and the MCF-7/VDR cells ( ) with
increasing concentrations of ICI 182,780 for 5 days. The cells

were seeded at a density of 1� 104 cells/ml and the test
compounds were added 2 h after seeding. The fraction of
apoptotic cells was determined using the Cell Death Detection
ELISA kit. Each sample was tested in quadruplicate. Statistical
analysis was carried out using Student's, t-test. *P<0.05.
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1a,25(OH)2D3, was investigated. Since the
amount of 1a,25(OH)2D3 available in the circu-
lation depends on the rate of production as well
as the rate of breakdown, the activity of the 24-
hydroxylase enzyme might be a determinant
factor for the effect of 1a,25(OH)2D3. The data in
Figure 8 show that the level of 24-hydroxylase
mRNA is markedly increased in both the MCF-
7/VDR and the parental MCF-7 cell line after
treatment of the cells with 1a,25(OH)2D3 (100
nM) for 24 h, suggesting an up-regulation of the
activity of the enzyme. The effect, however, was
most pronounced in the parental cells.

DISCUSSION

The human ER positive MCF-7 breast cancer
cell line was chosen as a source to develop a
vitamin D resistant cell line. A substantial
number of studies investigating the effect of
vitamin D on breast cancer cells have been
carried out using the MCF-7 cell line [Eisman
et al., 1979; Findley et al., 1980; Abe et al., 1991;
Mùrk Hansen et al., 1996; Mathiasen et al.,
1999; Mùrk Hansen et al., 2000a], and a vitamin
D resistant subclone derived from this cell
line might therefore serve as a valuable tool to
gain more insight into the mechanisms under-

lying the actions of vitamin D on breast cancer
cells.

The vitamin D resistant cell line, named
MCF-7/VDR, was established by repeatedly
passaging the cells in medium containing
increasing concentrations of 1a,25(OH)2D3.
After that, the cells were grown and treated
similarly to the parental cells, i.e., in medium
without 1a,25(OH)2D3. Initial growth studies
demonstrated that the MCF-7/VDR cells were
resistant to the well known growth-reducing
effect of 1a,25(OH)2D3 and its more potent
analogue EB 1089 [Formigli et al., 2000; Mùrk
Hansen et al., 2000a] for up to at least 25
passages. However, despite this altered char-
acteristic, the growth rate of the MCF-7/VDR

cells appeared to be identical to that of the
parental MCF-7 cells, i.e.,�24 h. Also, no major
morphological differences between the two cell
lines were observed.

Several recent investigations have shown
that 1a,25(OH)2D3 and some of its synthetic
analogues are able to regulate cell cycle pro-
gression by modulating the expression of
important cell cycle regulators [Mùrk Hansen
et al., 2000a; van den Bemd et al., 2000].
Increased expression of the cyclin-dependent
kinase inhibitors (CKIs) results in a decreased

Fig. 6. Northern and western blots showing, respectively, the
mRNA and protein levels of VDR (48 kDa) in MCF-7/VDR cells
and parental MCF-7 cells. mRNA levels (left): samples of 4 mg of
denatured poly(A)�RNA from each cell line were separated on a
1.0% agarose gel, transferred onto a nylon membrane and the
membrane was subsequently hybridised with a 32P-labelled
human VDR cDNA probe. As a control for differences in

poly(A)�RNA loading, the Northern blot was rehybridised with
a human 36B4cDNA probe. Protein levels (right): samples of
1.25�105 cells were subjected to SDS-PAGE using 10% gels,
transferred onto an Immobilon-PVDF Transfer Membrane and
the protein bands were eventually stained with a mononuclear
antibody against VDR.
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activity of the cyclin-dependent kinases (Cdks),
which are strongly implicated in the phosphor-
ylation of the retinoblastoma protein (pRb).
Under normal conditions, pRb is maintained

in an hypo-phosphorylated state through most
of G1, but undergoes hyper-phosphorylation in
late G1, subsequently resulting in release of
transcription factors and entry of the cells into
the S-phase. Consequently, an up-regulation of
CKIs such as p21 and p27 will lead to a block of
cell cycle progression [Sclafani and Schauer,
1996; Shapiro and Harper, 1999]. In accordance
with previous investigations [Fan and Yu, 1995;
Mùrk Hansen et al., 1997b; Wu et al., 1997;
Bratland et al., 2000; Verlinden et al., 2000], we
found a marked up-regulation of p21 and an
enhanced expression of hypophosphorylated
pRb, while no changes in p27 expression were
observed in the parental MCF-7 cells in res-
ponse to treatment of the cells with vitamin D.
The amount of p53 protein, another important
cell cycle regulator, appeared to be decreased
rather than increased, as has been described in
some reports on MCF-7 cells [James et al., 1996;
Colston et al., 1997]. However, our results are in
agreement with those of Narvaez and Welsh

Fig. 7. A: Western blot showing the level of ER (66 kDa) after
treatment of the MCF-7/VDR cells and the parental MCF-7 cells
and the MCF-7/VDR cells with 1a,25(OH)2D3 for ®ve days. B:
Scatchard analysis of the binding of [3H]-estradiol to cell lysates
from MCF-7/VDR cells and parental MCF-7 cells. The receptor
concentration was found to be 89.5�9.7 fmol/mg cytosol
protein for the MCF-7/VDR cells and 80.4�5.8 fmol/mg cytosol
protein for the parental MCF-7 cells. Kd values were calculated
to be 0.41�0.11 nM and 0.35�0.19 nM for the MCF-7/VDR

cells and the parental MCF-7 cells, respectively.
Fig. 8. Induction of 24-hydroxylase mRNA (24OHase) was
analysed by RT-PCR. The cells were treated with 100 nM
1a,25(OH)2D3 (VD) or vehicle for 24 h followed by RNA
extraction and RT-PCR ampli®cation of the 24-hydroxylase. The
RT-PCR ampli®cation of acidic ribosomal phosphoprotein PO
(36B4) was used as control for the differences in the amount of
RNA included in the reaction.

TABLE I. Induction of VDR-Mediated Gene
Transcription From the Human Osteocalcin
Gene (DR3�DR6 VDRE) After Incubation of

the Cells in the Presence of Increasing
Concentrations of the Test Compounds

for 48 h

Compound
MCR-7/VDR

(EC50) (nM)
MCR-7 parental

(EC50) (nM)

1a,25(OH)2D3 21 20
EB 1089 2 5

The CAT activity was normalised in proportion to b-galactosi-
dase activity and the molar concentration resulting in 50%
stimulation (EC50) of gene transcription compared to untreated
cells was calculated from a dose-response curve.
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[1997], who showed a down-regulation of p53 by
1a,25(OH)2D3 in MCF-7 cells and with results
obtained by Fan and Yu [1995] in the CAMA-IEe
breast cancer cell line. Moreover, we and others
have previously shown that vitamin D com-
pounds are capable of inducing block of cell cycle
progression in MCF-7 cells as well as in other
cancer cell lines without the involvement of p53
[Colston et al., 1997; Madsen et al., 1997; Mùrk
Hansen et al., 1997b; Matsumoto et al., 1998;
Sundaram and Gewirtz, 1999].

In contrast to the results obtained with the
parental MCF-7 cell line, no differences in p21,
p27, p53, and pRb expression between un-
treated and treated cells were seen with the
MCF-7/VDR cells, further supporting the asser-
tion that the MCF-7/VDR cells are resistant to
the growth inhibitory effect of vitamin D.
Interestingly, the basal level of p21, p27, p53,
and pRb appeared to be increased in the MCF-7/
VDR cells compared to the parental MCF-7 cells.
Since the cell extracts used for Western blot
analysis were adjusted to cell number and
not protein concentration, we ®rst speculated
whether this observation was due to a generally
increased cell size of the MCF-7/VDR cells.
However, distribution curves obtained from cell
counting experiments using a Coulter Counter
as well as microscopical examination of the cells
proved that this explanation was unlikely to
account for the phenomenon.

In some cell types, including MCF-7 cells,
induction of apoptosis has been shown to contri-
bute to the growth-reducing effect of vitamin D
compounds [Welsh et al., 1995; James et al.,
1996; Simboli-Campbell et al., 1996; Danielsson
etal.,1997;Mathiasenetal.,1999;Pirianovetal.,
1999; Xie et al., 1999]. In the present study, the
level of DNA fragmentation in the cell cytoplasm
was used as a parameter for induction of
apoptosis. As expected, treatment of the parental
MCF-7 cells with 1a,25(OH)2D3 or EB 1089 was
found to result in a signi®cant, time-dependent
induction ofDNA fragmentationaccompaniedby
an concomitant decrease in cell number. Also,
the two reference compounds, TNFa and CAM,
were shown to signi®cantly enhance the level of
DNA fragmentation in the parental MCF-7 cells.
In contrast, only marginal effects on DNA
fragmentation were observed with the two
vitamin D compounds in the MCF-7/VDR cells.
Likewise,almostno reduction incellnumberwas
observed, which supports the results obtained in
the initial growth studies. However, treatment of

the MCF-7/VDR cells with TNFa and CAM
caused an increase in DNA fragmentation,
clearly demonstrating that the MCF-7/VDR cells
have retained the ability to undergo apoptosis in
response to other apoptosis-inducing compounds
than vitamin D compounds.

Since morphological changes are generally
accepted as a more reliable proof of apoptosis
than the biological characteristics, induction of
apoptosis was also investigated using a recently
described immuno¯uorescence based micro-
scopy technique [Mùrk Hansen et al., 2000b].
Translocation of the phosphatidylserines from
the inner to the outer lea¯et of the plasma
membrane is among the earliest detectable
characteristics in the process of apoptosis
[Gorczyca, 1999; Hall, 1999; Krahling et al.,
1999]. Using a FITC-conjugated Annexin-V, a
calcium-dependent anticoagulant protein that
binds with high af®nity to phosphatidylserine,
early apoptotic cells were identi®ed by green
¯uorescence [Cotter and Martin, 1996; Gorc-
zyca, 1999; Hall, 1999]. In addition, the cells
were stained with a mixture of Hoechst dye and
PI. Since Hoechst is a membrane permeable
interactive DNA dye, the nuclei of cells with an
intact plasma membrane will ¯uoresce blue
under ultraviolet excitation. PI also binds to the
DNA, but in contrast to the Hoechst dye, this
¯uorochrome is charged and therefore excluded
from cells that have preserved their plasma
membrane integrity. Consequently, when the
plasma membrane becomes leaky, PI starts
entering the cells and slowly overwhelms the
blue nuclear stain, giving rise to brightly red
coloured cells [Cotter and Martin, 1996].

In agreement with the results obtained with
the Cell Death Detection ELISA Kit, the micro-
scopic examination of the cells clearly demon-
strated that the MCF-7/VDR cell line is
resistant to the apoptosis-inducing effect of
vitamin D, while apoptotic features could still
be induced by treatment of the cells with other
apoptosis-inducing compounds such as TNFa.

Thus, despite being resistant to the apoptosis-
inducing effect of vitamin D, the ability to
undergo apoptosis is retained by the MCF-7/
VDR cells. This was further substantiated by
experiments showing a signi®cant induction of
DNA fragmentation in parental MCF-7 cells as
well as in MCF-7/VDR in response to treatment
of the cells with the anti-estrogen ICI 182,780.
Interestingly, the MCF-7/VDR cells appeared
to be more sensitive to ICI 182,780 than the
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parental MCF-7 cells both with regard to
induction of DNA fragmentation and inhibition
of DNA replication. This fact was not due to
modulation of the ER expression or changes in
the binding af®nity of the receptors in the MCF-
7/VDR cells compared to the parental MCF-7
cells, as both cell lines were shown to contain
an equal amount of ER with similar Kd-values.
However, it is well known that vitamin D
compounds interfere with the ER signalling
pathway in breast cancer cells, including MCF-
7 cells [James et al., 1994; Simboli-Campbell
and Welsh, 1994; Love-Schimenti et al., 1996],
and VDREs have been identi®ed within both the
ER promoter and in the CYP19 gene (codes for
the aromatase P450 enzyme that catalyses the
biosynthesis of estrogens) [Sun et al., 1998;
Stoica et al., 1999]. It is therefore obvious to
assume that the increased sensitivity to ICI
182,780 of the MCF-7/VDR cells may be due to
the long-term exposure of the cells to 1a,
25(OH)2D3 during the development of the cell
line.

Tamoxifen, on the other hand, did not induce
DNA fragmentation in either the MCF-7/VDR

cells or the parental MCF-7 cells. Con¯icting
reports have emerged on the ability of Tamox-
ifen and some of its analogues to induce
apoptosis in breast cancer cells. Some showed
induction of apoptotic features, while others, in
agreement with the present results, failed to
demonstrate DNA fragmentation [Bardon et al.,
1987; Wakeling et al., 1988; Wilson et al., 1995].
This might be explained by the fact that unlike
ICI 182,780, Tamoxifen is not a pure anti-
estrogen and consequently does not provide a
complete ablation of estrogen actions [Suther-
land et al., 1983; Wakeling et al., 1991].

Detailed receptor studies on the VDR, includ-
ing Western blot analysis, Northern blot
analysis and assessment of VDRE-mediated
transcription from both an exogenous (human
osteocalcin gene) and an endogenous (human
24-hydroxylase) gene, clearly demonstrated
that the MCF-7/VDR cell line contains fully
functional VDRs. However, the amount of
receptors at both the mRNA and the protein
level appeared to be lower in the MCF-7/VDR

cell line than in the parental MCF-7 cell line.
This correlates with the slightly lower up-
regulation of 24-hydroxylase mRNA in response
to vitamin D treatment in the MCF-7/VDR cells
compared to the parental MCF-7 cells. Thus, a
decreased number of functional VDRs in the

MCF-7/VDR cells may in part account for the
reduced sensitivity of these cells to vitamin D.
However, these results also demonstrate that
the resistance of the MCF-7/VDR cells to the
growth-reducing effect of 1a,25(OH)2D3 and EB
1089 is unlikely to be due to an enhanced
stimulation of the 24-hydroxylase enzyme,
which is involved in the catabolism of 1a,
25(OH)2D3.

Most of the present results are in agreement
with those of Welsh and colleagues, who have
previously reported on a vitamin D resistant
MCF-7 cell line, the MCF-7D3Res cell line.
[Narvaez et al., 1996; Narvaez and Welsh,
1997; Nolan et al., 1998]. However, in contrast
to our MCF-7/VDR cells, the MCF-7D3Res cells
were found to have a shorter doubling time and
to express comparable or even higher levels of
both VDR and ER. In addition, the MCF-7D3Res

cells seemed to display a sensitivity to anti-
estrogens similar to that of the parental MCF-7
cell line, whereas our MCF-7/VDR cell line
appeared to be by far more sensitive to the
anti-estrogen ICI 182,780. Thus, despite shar-
ing the same overall defect, i.e., resistance to
vitamin D, the MCF-7/VDR and the MCF-7D3Res

cell lines are not fully identical, which makes
these two cell lines useful as model systems for
studying the development of vitamin D resis-
tance in more detail. The MCF-7/VDR cell line
was slowly developed by growing the parental
MCF-7 cells in the presence of increasing
concentrations of 1a,25(OH)2D3. When resis-
tance was obtained, the cells were propagated
without the addition of 1a,25(OH)2D3. The
MCF-7D3Rescell line, on the other hand, was
developed by selecting cells which were capable
of surviving a 4 days incubation with 100 nM
1a,25(OH)2D3, and the cells were subsequently
cultured in the presence of 100 nM 1a,25(OH)2

D3 for one year. It is therefore likely to assume
that the different characteristics of the two
vitamin D resistant cell lines are due to the
different methods by which these two cell lines
were developed.

Similarly, to our MCF-7/VDR cell line, the
MCF-7D3Res cells were shown to be resistant to
the antiproliferative and the apoptosis-indu-
cing effects of vitamin D compounds. Also, the
MCF-7D3Res cell line appeared to be sensitive to
the growth reducing effects of other compounds
such as anti-estrogens and phorbol esters,
which argues against a complete abrogation of
cell cycle control in vitamin D resistant cells. In
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fact, TPA was found to be able to sensitise the
MCF-7D3Res cells to the growth reducing effect
of 1a,25(OH)2D3 [Narvaez et al., 1996], indicat-
ing that even the vitamin D mediated growth
regulation in vitamin D resistant cell clones is
only partially blocked. This, together with the
fact that functional VDRs are present in both
the MCF-7/VDR and the MCF-7D3Res cell line,
suggests involvement of a defect downstream of
VDR complex formation as the main reason for
the development of vitamin D resistance. This
hypothesis is further supported by results
obtained with vitamin D resistant human HL-
60 leukemia cell variants, which showed that
the cells possessed high levels of functional
VDRs and that the initial steps in the vitamin D
signalling pathway were intact [Studzinski
et al., 1997].

In conclusion, the presently described MCF-
7/VDR cell line represents a stable subclone of
human MCF-7 breast cancer cells which is
resistant to the growth inhibitory and apoptosis
inducing effects of vitamin D in passages for up
to at least 25 passages. Despite these character-
istics, the MCF-7/VDR cells appear to contain
functional VDRs and to be able to regulate 24-
hydroxylase activity. The MCF-7/VDR cell line,
together with other vitamin D resistant cell
lines, provides a valuable tool for identifying the
basic mechanisms underlying the actions of
vitamin D. Moreover, it might be useful for
studying the development of drug resistance,
which is a well know clinical problem with most
of other available anticancer agents.

REFERENCES

Abe J, Nakano T, Nishii Y, Matsumoto T, Ogata E, Ikeda K.
1991. A novel vitamin D3 analog, 22-oxa-1,25-dihydrox-
yvitamin D3, inhibits the growth of human breast cancer
in vitro and in vivo without causing hypercalcemia.
Endocrinology 129:832±837.

Anzano MA, Smith JM, Uskokovic MR, Peer CW, Mullen
LT, Letterio JJ, Welsh MC, Shrader MW, Logsdon DL,
Driver CL, Brown CC, Roberts AB, Sporn MB. 1994. 1a
25-dihydroxy-16-ene-23-yne-26,27-hexa¯uorocholecalci-
ferol (Ro24-5531), a new deltanoid (vitamin D analogue)
for prevention of breast cancer in the rat. Cancer Res
54:1653±1656.

Aslam F, McCabe L, Frenkel B, van Wijnen AJ, Stein GS,
Lian JB, Stein JL. 1999. AP-1 and vitamin D receptor
(VDR) signaling pathways converge at the rat osteocalcin
VDR element: requirement for the internal activating
protein-1 site for vitamin D-mediated trans-activation.
Endocrinology 140:63±70.

Baker AR, McDonnell DP, Hughes M, Crisp TM, Mangels-
dorf DJ, Haussler MR, Pike JW, Shine J. 1988. Cloning

and expression of full-lenght cDNA encoding human
vitamin D receptor. Proc Natl Acad Sci USA 85:3294±
3298.

Bardon S, Vignon F, Montcourrier P, Rochefort H. 1987.
Steroid receptor-mediated cytotoxicity of an antiestrogen
and an antiprogestin in breast cancer cells. Cancer Res
47:1441±1448.

BerghoÈfer-Hochheimer Y, Zurek C, WoÈl¯ S, Hemmerich P,
Munder T. 1998. L7 protein is a coregulator of vitamin D
receptor-retinoid X receptor-mediated transactivation. J
Cell Biochem 69:1±12.

Bratland AÊ , Risberg K, Mñlandsmo GM, GuÈ tzkow KB,
Olsen é, E, Moghaddam A, Wang M-Y, Mùrk Hansen C,
Blomhoff HK, Berg JP, Fodstad é, Hansen Ree A. 2000.
Expression of a novel factor, com1, is regulated by 1,25-
dihydroxyvitamin D3 in breast cancer cells. Cancer Res
60:5578±5583.

Carlberg C. 1995. Mechanisms of nuclear signalling by
vitamin D3. Interplay with retinoid and thyroid hormone
signalling. Eur J Biochem 231:517±527.

Carlberg C. 1998. Gene regulation by vitamin D3. Crit Rev
Eu Gene Exp 8:19±42.

Carlberg C, Bendik I, Wyss A, Meier E, Sturzenbecker LJ,
Grippo JF, Hunziker W. 1993. Two nuclear signalling
pathways for vitamin D. Nature 361:657±660.

Castillo AI, Jimenez-Lara AM, Tolon RM, Aranda A. 1999.
Synergistic activation of the prolactin promoter by
vitamin D receptor and GHF-1: role of the coactivators,
CREB-binding protein and steroid hormone receptor
coactivator-1 (SRC-1). Mol Endocrinol 13:1141±1154.

Colston KW. 1995. Vitamin D and breast cancer: the
therapeutic potential of new vitamin D analogues.
Endocrin Relat Cancer 2:187±201.

Colston KW, MacKay AG, James SY, Binderup L, Chander
S, Coombes RC. 1992. EB 1089: A new vitamin D
analogue that inhibits the growth of breast cancer cells
in vivo and in vitro. Biochem Pharmacol 44:2273±2280.

Colston KW, James SY, Ofori-Kuragu EA, Binderup L,
Grant AG. 1997. Vitamin D receptors and anti-prolif-
erative effects of vitamin D derivatives in human
pancreatic carcinoma cells in vivo and in vitro. Br J
Cancer 76:1017±1020.

Cotter TG, Martin SJ. 1996. Techniques in Apoptosis. A
User's Guide. London: Portland Press Ltd. p 1±333.

Danielsson C, Mathiasen IS, James SY, Nayeri S, Bretting
C, Mùrk Hansen C, Colston KW, Carlberg C. 1997.
Sensitive induction of apoptosis in breast cancer cells by
a novel 1,25-dihydroxyvitamin D3 analogue shows rela-
tion to promoter selectivity. J Cell Biochem 66:552±562.

Eisman JA, MacIntyre I, Martin TJ, Moseley JM. 1979.
1,25-dihydroxyvitamin-D receptors in breast cancer cells.
Lancet 29:1335±1336.

Fan FS, Yu W. 1995. 1,25 dihydroxyvitamin D3 supresses
cell growth, DNA synthesis and phosphorylation of
retinoblastoma protein in a breast cancer cell line.
Cancer Invest 13:280±286.

Findley DM, Michelangeli VP, Eisman JA, Frampton RJ,
Moseley JM, MacIntyre I, Whitehead R, Martin TJ. 1980.
Calcitonin and 1,25-dihydroxyvitamin D3 receptors in
human breast cancer cell lines. Cancer Res 40:4764±
4767.

Formigli L, Papucci L, Tani A, Schiavone N, Tempestini A,
Orlandini GE, Capaccioli S, Orlandini SZ. 2000. Apone-
crosis: morphological and biochemical exploration of a

434 Hansen et al.



syncretic process of cell death sharing apoptosis and
necrosis. J Cell Physiol 182:41±49.

Freedman LP. 1999. Transcriptional targets of the vitamin
D3 receptor-mediating cell cycle arrest and differentia-
tion. J Nutr 129:581s±586s.

Gorczyca W. 1999. Cytometric analyses to distinguish
death processes. Endocrin Relat Cancer 6:17±19.

Hall PA. 1999. Assessing apoptosis: a critical survey.
Endocrin Relat Cancer 6:3±8.

Hamada K, Shinomiya H. 1993. Novel vitamin D3 analogs
and their potential for inhibiting cancer cell growth.
Drugs of the Future 18:1057±1061.

Hannah SS, Norman AW. 1994. 1a 25(OH)2vitamin D3-
regulated expression of the eukaryotic genome. Nutr Rev
52:376±382.

Haussler MR, Whit®eld GK, Haussler CA, Hsieh J-C,
Thompson PD, Selznick SH, Dominguez CE, Jurutka
PW. 1998. The nuclear vitamin D receptor: biological and
molecular regulatory properties revealed. J Bone Miner
Res 13:325±349.

Honma Y, Hozumi M, Abe E, Konno K, Fukushima M, Hata
S, Nishi Y, DeLuca HF, Suda T. 1983. 1a 25-dihydrox-
yvitamin D3 and 1a-hydroxyvitamin D3 prolong survival
time in mice inoculated with myeloid leukemia cells. Proc
Natl Acad Sci USA 80:201±204.

James SY, MacKay AG, Binderup L, Colston KW. 1994.
Effects of a new synthetic vitamin D analogue, EB 1089,
on the oestrogen-responsive growth of human breast
cancer cells. J Endocrinol 141:555±563.

James SY, MacKay AG, Colston KW. 1996. Effects of 1,25
dihydroxyvitamin D3 and its analogues on induction of
apoptosis in breast cancer cells. J Steroid Biochem Molec
Biol 58:395±401.

Jurutka PW, Hsieh J-C, Remus LS, Whit®eld GK,
Thompson PD, Haussler CA, Blanco JCG, Ozato K,
Haussler MR. 1997. Mutations in the 1,25-dihydroxyvi-
tamin D3 receptor identifying c-terminal amino acids
required for transcriptional activation that are function-
ally dissociated from hormone binding, heterodimeric
DNA binding, and interaction with basal transcription
factor IIB, in vitro. J Biol Chem 272:14592±14599.

Krahling S, Callahan MK, Williamson P, Schlegel RA.
1999. Exposure of phosphatidylserine is a general feature
in the phagocytosis of apoptotic lymphocytes by macro-
phages. Cell Death Differ 6:183±189.

Laborda J. 1991. 36B4 cDNA used as an estradiol-indepen-
dent mRNA control is the cDNA for human acidic
ribosomal phosphoprotein PO. Nucleic Acid Res 19:3998.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680±685.

Lokeshwar BL, Schwartz GG, Selzer MG, Burnstein KL,
Zhuang S-H, Block NL, Binderup L. 1999. Inhibition of
prostate cancer metastasis in vivo: a comparison of 1,25
dihydroxyvitamin D (calcitriol) and EB 1089. Cancer
Epidemiology, Biomarkers & Prevention 8:241±248.

Love-Schimenti CD, Gibson DFC, Ratnam AV, Bikle DD.
1996. Antiestrogen potentiation of antiproliferative
effects of vitamin D3 analogues in breast cancer cells.
Cancer Res 56:2789±2794.

Madsen MW, Mùrk Hansen C, Mathiasen IS, Carlberg C,
Colston K, Binderup L. 1997. Regulation of p21WAF-1/CIP-1

by 1a 25(OH)2 vitamin D3 and its analogues EB1089,
MC1288 and CB1093 in breast cancer cells in the presence

of the wild type p53 or the mutated p53. In: Norman AW,
Bouillon R, Thomasset M, editors. Vitamin D. chemistry,
biology and clinical applications of the steroid hormone.
Proceedings of the Tenth Workshop on Vitamin D,
Strasbourg, France, 1997. Riverside: University of
California. p 479±480.

Masuyama H, Brown®eld CM, St-Arnaud R, MacDonald
PN. 1997. Evidence for ligand-dependent intramolecular
folding of the AF-2 domain in vitamin D receptor-
activated transcription and coactivator interaction.
Endocrinology 11:1507±1517.

Mathiasen IS, Lademann U, JaÈaÈttelaÈ M. 1999. Apoptosis
induced by vitamin D compounds in breast cancer cells is
inhibited by Bcl-2 but does not involve known caspases or
p53. Cancer Res 59:4848±4856.

Matsumoto T, Sowa Y, Ohtani-Fujita N, Tamaki T,
Takenaka T, Kuribayashi K, Sakai T. 1998. p53-inde-
pendent induction of WAF1/Cip1 is correlated with
osteoblastic differentiation by vitamin D3. Cancer Lett
129:61±68.

McGuire WL, DeLaGarza M. 1973. Improved sensitivity in
the measurement of estrogen receptor in human breast
cancer. J Clin Endocrinol Metab 37:986±989.

Mùrk Hansen C, Danielsson C, Carlberg C. 1996. The
potent anti-proliferative effect of 20-epi analogues of 1,25
dihydroxyvitamin D3 in human breast-cancer MCF-7
cells is related to promoter selectivity. Int J Cancer
67:739±742.

Mùrk Hansen C, MaÈenpaÈaÈ PH. 1997a. EB 1089, a novel
vitamin D3 analog with strong antiproliferative and
differentiation-inducing effects on target cells. Biochem
Pharmacol 54:1173±1179.

Mùrk Hansen C, Pedersen RO, Andreasen J, Mathiasen IS,
Madsen MW, Carlberg C, Colston KW, Binderup L.
1997b. 1a 25-dihydroxyvitamin D3 and three analogues,
CB1093, EB1089 and MC1288, seem to affect the growth
of MCF-7 cells by different mechanisms of action. In:
Norman AW, Bouillon R, Thomasset M, editors. Vitamin
D. chemistry, biology and clinical applications of the
steroid hormone. Proceedings of the Tenth Workshop on
Vitamin D, Strasbourg, France, 1997. Riverside: Uni-
versity of California. p 431±432.

Mùrk Hansen C, Hamberg KJ, Binderup E, Binderup L.
2000a. Seocalcitol (EB 1089): a vitamin D analogue of
anti-cancer potential. background, design, synthesis,
pre-clinical and clinical evaluation. Curr Pharma Design
6:881±906.

Mùrk Hansen C, Hansen D, Holm PK, Larsson R, Binderup
L. 2000b. The cyanoguanidine CHS 828 induces pro-
grammed cell death with apoptotic features in human
breast cancer cells in vitro. Anticancer Res 20:4211±
4220.

Narvaez CJ, Welsh J. 1997. Differential effects of 1,25-
dihydroxyvitamin D3 and tetradecanoylphorbol ace-
tate on cell cycle and apoptosis of MCF-7 cells and a
vitamin D3-resistant variant. Endocrinology 138:4690±
4698.

Narvaez CJ, VanWeelden K, Byrne I, Welsh J. 1996.
Characterization of a vitamin D3-resistant MCF-7 cell
line. Endocrinology 137:400±409.

Nickerson T, Huynh H. 1999. Vitamin D analogue EB 1089-
induced prostate regression is associated with increased
gene expression of insulin-like growth factor binding
proteins. J Endocrinol 160:223±229.

A New Vitamin D Resistant Cell Line 435



Nolan E, Donepudi M, VanWeelden K, Flanagan L, Welsh
J. 1998. Dissociation of vitamin D3 and anti-estrogen
mediated growth regulation in MCF-7 breast cancer
cells. Mol Cell Biochem 188:13±20.

Ozono K, Liao J, Kerner SA, Scott RA, Pike JW. 1990. The
vitamin D-responsive element in the human osteocalcin
gene. J Biol Chem 265:21881±21888.

Peyrat JP, Bonneterre J, Hecquet B, Vennin P, Louchez
MM, Fournier C, Lefebvre J, Demaille A. 1993. Plasma
insulin-like growth factor-1(IGF-1) concentrations in
human breast cancer. Eur J Cancer 29A:492±497.

Pirianov G, Danielsson C, Carlberg C, James SY, Colston
KW. 1999. Potentiation by vitamin D analogs of TNFaa
and ceramide-induced apoptosis in MCF-7 breast cancer
cells is associated with activation of cytosolic phospholi-
pase A2. Cell Death Differ 6:890±901.

Sclafani RA, Schauer IE. 1996. Cell cycle control and
cancer: lessons from lung cancer. J Invest Dermatol
Symp Proc 1:123±127.

Shapiro GI, Harper JW. 1999. Anticancer drug targets: cell
cycle and checkpoint control. J Clin Invest 104:1645±
1653.

Simboli-Campbell M, Welsh J. 1994. Comparative effects of
1,25(OH)2D3 and EB 1089 on cell cycle kinetics in MCF-7
cells. In: Norman AW, Bouillon R, Thomasset M, editors.
Viatmin D: a pluripotent steroid hormone: Proceedings of
the 9th Workshop on Vitamin D. Orlando, FL, Berlin:
Walter de Gruyter 507.

Simboli-Campbell M, Narvaez CJ, Tenniswood M, Welsh J.
1996. 1,25-dihydroxyvitamin D3 induces morphological
and biochemical markers of apoptosis in MCF-7 breast
cancer cells. J Steroid Biochem Molec Biol 58:367±
376.

Stoica A, Saceda M, Fakhro A, Solomon HB, Fenster BD,
Martin MB. 1999. Regulation of estrogen receptor-a gene
expression by 1,25-dihydroxyvitamin D in MCF-7 cells. J
Cell Biochem 75:640±651.

Studzinski GP, Rathod B, Wang QM, Rao J, Zhang F. 1997.
Uncoupling of cell cycle arrest from the expression of
monocytic differentiation markers in HL60 cell variants.
Exp Cell Res 232:376±387.

Sun T, Zhao Y, Mangelsdorf DJ, Simpson ER. 1998.
Characterization of a region upstream of exon I.1 of the
human CYP19 (aromatase) gene that mediates regula-
tion by retinoids in human choriocarcinoma cells.
Endocrinology 139:1684±1691.

Sundaram S, Gewirtz DA. 1999. The vitamin D3 analog EB
1089 enhances the response of human breast tumor cells
to radiation. Radiat Res 152:479±486.

Sutherland RL, Hall RE, Taylor IW. 1983. Cell proliferation
kinetics of MCF-7 human mammary carcinoma cells in
culture and effects of tamoxifen on exponentially growing
and plateau-phase cells. Cancer Res 434:3998±4006.

Towbin H, Staehlin T, Gordon J. 1979. Electroforetic
transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some applications. Proc
Natl Acad Sci USA 76:4350±4354.

van den Bemd GJCM, Pols HAP, van Leeuwen JPTM.
2000. Anti-tumor effects of 1,25-dihydroxyvitamin D3

and vitamin D analogs. Curr Pharma Design 6:717±732.
Verlinden L, Verstuyf A, van Camp M, Marcelis S, Sabbe K,

Zhao X-Y, de Clercq P, Vandewalle M, Bouillon R. 2000.
Two novel 14-epi-analogues of 1,25-dihydroxyvitamin D3

inhibit the growth of human breast cancer cells in vitro
and in vivo. Cancer Res 60:2673±2679.

Wakeling AE, Newboult E, Peters SW. 1988. Effects of
antioestrogens on the proliferation of MCF-7 human
breast cancer cells. J Mol Endocrinol 2:225±234.

Wakeling AE, Dukes M, Bowler J. 1991. A potent speci®c
pure antiestrogen with clinical potential. Cancer Res
51:3867±3873.

Welsh J. 1994. Induction of apoptosis in breast cancer cells
in response to vitamin D and antiestrogens. Biochem Cell
Biol 72:537±545.

Welsh J, Simboli-Campbell M, Narvaez CJ, Tenniswood M.
1995. Role of apoptosis in the growth inhibitory effects of
vitamin D in MCF-7 cells. Adv Exp Med Biol 375:45±52.

Wilson JW, Wakeling AE, Morris ID, Hickman JA, Dive C.
1995. MCF-7 human mammary adenocarcinoma cell
death in vitro in response to hormone-withdrawal and
DNA damage. Int J Cancer 61:502±508.

Wu G, Fan RS, Li W, Ko TC, Brattain MG. 1997.
Modulation of cell cycle control by vitamin D3 and its
analogue, EB1089, in human breast cancer cells. Onco-
gene 15:1555±1563.

Xie SP, Pirianov G, Colston KW. 1999. Vitamin D
analogues suppress IGF-I signalling and promote apop-
tosis in breast cancer cells. Eur J Cancer 35:1717±1723.

Yang W, Freedman LP. 1999. 20-epi analogues of 1,25-
dihydroxyvitamin D3 are highly potent inducers of DRIP
coactivator complex binding to the vitamin D3 receptor. J
Biol Chem 274:16838±16845.

436 Hansen et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	TABLE I
	Fig. 8

	DISCUSSION
	REFERENCES

