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Survival factors are known to promote cell viability, and factor deprivation can be a potent apoptotic
signal. Insulin-like growth factors are potent mitogens and inhibitors of apoptosis for many normal
and neoplastic cells with insulin-like growth factor-I (IGF-I) being the most effective in many breast
cancer cell lines. 1,25-dihydroxyvitamin D3 (1,25(OH),D3) and its analogues inhibit IGF-I-stimulated
growth of MCF-7 human breast cancer cells. The aim of this study was to determine the relationship
between inhibition of IGF-I responsiveness and induction of apoptosis by vitamin D analogues in
breast cancer cells. Vitamin D analogues EB1089 and CB1093 inhibited autonomous and IGF-I-
stimulated growth of MCF-7 and T47D cells and autonomous growth of IGF-I-insensitive Hs578T
cells. In MCF-7 cells, IGF-I alone (4 nM) protected against apoptosis mediated by serum deprivation.
Co-treatment with vitamin D analogues prevented the anti-apoptotic effects of IGF-1. In T47D cells,
IGF-I treatment provided only partial protection against apoptosis induced by serum deprivation and
co-incubation of serum-deprived cells with 100 nM CB1093 and IGF-I abrogated this partial protec-
tion. In Hs578T cells, addition of IGF-I did not prevent apoptosis induced by serum deprivation.
However, treatment with CB1093 attenuated the protective effect of the serum in these cells. Our
findings suggest that vitamin D analogues inhibit IGF-I signalling pathways to promote apoptosis in
breast cancer cells. © 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
INSULIN-LIKE GROWTH factor I action has been implicated in
the pathogenesis of many different malignancies including
breast cancer. Insulin-like growth factor receptors are over-
expressed in virtually all breast cancer cell lines [1,2] and a
recent report has suggested that high circulating IGF-I con-
centrations may be associated with an increased risk of breast
cancer [3]. There is substantial experimental evidence to
suggest that the insulin-like growth factor I receptor (IGF-IR)
plays an important role in cellular transformation, mitogen-
esis and the inhibition of apoptosis [4]. IGF-I is a potent
mitogen and survival factor for many cell types including
normal breast epithelium and breast cancer cells [5]. The
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influence of IGF-I on cell survival is determined by extra-
cellular concentrations of the factor and by the levels of
several IGF-I binding proteins which influence the avail-
ability of IGF-I to interact with its specific receptor (IGF-IR).
Excessive IGF-I levels or IGF-IR activity may be tumorigenic
because apoptosis is blocked [4]. There is evidence that IGF-I
can prevent or delay apoptosis induced by a variety of stimuli
and conversely, a decrease in IGF-IR abundance or function
induces apoptosis and inhibits the tumorigenicity of meta-
static breast cancer cells [6]. The active metabolites of
vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH),D3) and its
analogues have been demonstrated to inhibit the growth of
human breast cancer cells and induce apoptosis i vitro and i
vivo [7-9]. However, the mechanism of action of these vita-
min D compounds remains to be elucidated. It has been
demonstrated that vitamin D compounds limit the res-
ponsiveness of MCF-7 human breast cancer cells to the
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mitogenic effects of IGF-I [10, 11]. In order to identify the
mechanisms involved in this anti-IGF-I activity, we have
examined the regulatory effects of 1,25(OH),D5 and its low
calcaemic analogues EB1089 and CB1093 on the expression
of IGF-IR. The relationship of reduced IGF-I responsiveness
to induction of apoptosis by the vitamin D analogues was
determined in MCF-7 cells in comparison with T47D cells
which are less responsive to the growth factor [12] and the
IGF-I-independent cell line Hs578T [13].

MATERIALS AND METHODS

Materials

Vitamin D derivatives, including 1,25(OH),D5;, EB1089
and CB1093 were received as gifts from Leo Pharmaceutical
Products (Ballerup, Denmark). All the compounds were
initially dissolved in absolute ethanol, dilutions made in full
culture medium (the final concentration of ethanol in tissue
culture medium did not exceed 0.1%). Human recombinant
IGF-I from R&D Systems Europe Ltd (Abingdon, Oxon,
U.K.) was diluted in 10mM acetic acid. Polyclonal anti-
bodies recognising o and f subunits of IGF-IR were pur-
chased from Santa Cruz Biotechnology, Inc. (Devizes, Wilts,
U.K.). Tissue culture medium and reagents were purchased
from Life Technologies (Paisley, Strathclyde, U.K.). All
other analytical grade reagents were obtained from Sigma
(Poole, Dorset, U.K.).

Cell lines and culture conditions

All human breast cancer cell lines (MCF-7, T47D and
Hs578T) were routinely maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin and 5% fetal calf serum.
For growth experiments, cells were trypsinised and 2x10%
cells were incubated in 24 well plates in the growth medium
(RPMI-1640 containing 5% fetal calf serum (FCS)). Fol-
lowing 24 h incubation a fresh medium containing 1% FCS
and test compounds was added. Control cultures were incu-
bated in medium containing appropriate vehicle.

Proliferation assay

Cell growth was determined by a crystal violet assay as
previously described [14]. Briefly, cells were fixed and stained
by 0.5% crystal violet in 25% methanol for 10 min. After
washing with water, cells were air-dried and incorporated dye
was eluted with 0.1 M sodium citrate in 50% ethanol. The
absorbance at 550nm of each sample was measured in a
microplate reader (Titertek Multiskan) and then compared
with a standard curve of known cell numbers, from which cell
growth was calculated.

Cell viability and DNA fragmentation assays

Neurral red assay. Neutral red is a vital dye which accu-
mulates in the lysosomes of living, uninjured cells [15]. To
assess the effects of serum deprivation and vitamin D ana-
logue treatment on breast cancer cell viability, cells were
seeded into 24-well plates (Nunc, Oxford, U.K.) at a density
of 2x10% cells/well in 1% FCS in RPMI-1640 medium. In
other experiments, cells were washed and switched to
serum-free RPMI-1640 (supplemented with bovine serum
albumin 0.5 mg/ml and transferrin 0.01 mg/ml) and vitamin
D analogues or IGF-I alone or in combination were added
for up to 4 days of culture. At the end of the incubation
period, medium was removed and cells were incubated with
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neutral red solution (Sigma; 40pg/ml in phenol-red and
serum-free DMEM) for 2h at 37°C. After removal of the
neutral red solution, wells were rinsed once with 1ml 4%
formal saline containing 0.5% CaCl,. Plates were inverted
on paper towels to drain and 200l of elution fluid (1%
acetic acid in 50% ethanol) was added. Following incuba-
tion at room temperature for 30 min with gentle shaking,
absorbance at 550 nm was determined using a Titertek plate
reader.

DNA fragmentation assay. Breast cancer cells were incu-
bated with [>H]-thymidine (0.5 uCi/ml) for 24 h to label the
DNA and then washed before exposure to the indicated
agents. Cells were lysed and [?H]-thymidine incorporated
into both soluble and unfragmented DNA was determined by
liquid scintillation counting using the formula: % fragmented
DNA =100(fragmented/fragmented + intact chromatin) as
previously described [16].

Immunoblotting

For the IGF-IR, cells were harvested and total protein was
extracted. Equivalent protein from each sample was fraction-
ated on a 7.5% SDS-PAGE gel and transferred onto a nitro-
cellulose membrane. This was then incubated with 0.5 pg/ml
of rabbit polyclonal antibodies recognising the a-subunit of
IGF-IR (N-20) or the B subunit of IGF-IR (C-20). All sub-
sequent steps were performed according to the protocol pro-
vided by Santa Cruz Biotechnology. The protein bands
obtained were quantified using densitometric analysis that
was performed on a MicroTek Scanmaker flat bed scanner
with NIH Image 1.52 software.

Statistical methods

Data were analysed by ANOVA using the software
programme, Statview (Abacus Concept, Inc., Berkeley, Cali-
fornia, U.S.A.). Statistical significance was calculated at
P<0.001, P<0.005 and P<0.01 levels.

RESULTS

Vitamin D analogues suppress IGF-I signalling in MCF-7 breast
cancer cells

Effects on IGF-I-stimulated cell proliferation. MCF-7 cells
were incubated for up to 10 days in the presence of 4nM
IGF-I alone or in combination with 10nM EB1089 or
CB1093. Both vitamin D analogues produced a significant
inhibition of IGF-I-stimulated growth indicating that these
compounds limit responsiveness to the growth-stimulatory
effects of the growth factor (Figure 1a). Cell proliferation was
also assessed by a crystal violet assay after 7 days treatment
with 4 nM IGF-I or vehicle in combination with increasing
concentrations of CBI093. 50% growth inhibition was
achieved with 2.4nM CB1093 in the presence of IGF-I and
0. 37nM CB1093 in the absence of the cytokine.

Downregulation of IGF-IR expression. To study whether
diminished responsiveness of MCF-7 cells to the mitogenic
effects of IGF-I with vitamin D treatment occurred via mod-
ulating the expression of IGF-IR, immunoblot analysis was
carried out. Figure 1(c) shows the effects of vitamin D ana-
logue EB1089 on IGF-IR expression in MCF-7 cells after 4,
7 and 10 days of treatment. Results revealed that expression
of both the o and B subunit was diminished with vitamin D
analogue treatment. However, downregulation of the f sub-
unit appeared to be more rapid than that of the o subunit,
being evident by 4 days of treatment.
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Figure 1. Effects of vitamin D analogues on IGF-I-stimulated growth and IGF-IR expression in MCF-7 cells. (a) Inhibition of
IGF-I-stimulated growth of MCF-7 breast cancer cells. Results are mean * SEM (n =4) and are representative of three separate
experiments. *P<0.005, compared with IGF-I alone. (b) Inhibition of autonomous and IGF-I-stimulated MCF-7 cell growth by
increasing concentrations of CB1093. 4 nM IGF-I (hatched bars) or vehicle (solid bars). Results are + SEM (standard error of the
mean) (n=4) and are representative of three separate experiments. (c, d) Effects of EB1089 on IGF-IR expression in MCF-7
cells. MCF-7 cells were treated for 4, 7 or 10 days with vehicle (lanes 1, 3, 5) or 10nM EB1089 (lanes 2, 4, 6). The « and 3-
subunits of IGF-IR were determined by Western immunoblots. Densitometric analysis of the bands is shown in (d).

Interaction of vitamin D analogues with IGF-I on induction of
apoptosis in MCF-7 breast cancer cells. We have already
demonstrated that both EB1089 and CB1093 induce apop-
tosis in MCF-7 cells [17]. Serum deprivation is a potent stim-
ulus for induction of apoptosis. MCF-7 cells were induced to
undergo apoptosis by switching cultures from medium con-
taining 1% serum to serum-free medium. MCF-7 cells incu-
bated in 1% serum-containing medium and treated with
CB1093 (100nM) for 4 days (S+ CB1093) showed induc-
tion of apoptosis similar to that obtained by serum depriva-
tion (SF) (Figure 2a,b). IGF-I (4nM) protected cells from
apoptosis due to serum deprivation as assessed by neutral red
cell viability assay (Figure 2c) and quantitation of DNA
fragmentation (Figure 2d). To determine if vitamin D ana-
logues may, in part, induce apoptosis by inhibiting respon-
siveness to this cell survival factor, we determined if
cotreatment with vitamin D analogues could attenuate the
anti-apoptotic effects of IGF-I. Our results show that co-
incubation of serum-deprived cells with 100nM CB1093 and
IGF-I for 4 days significantly decreased the effectiveness of
IGF-I to promote cell survival (Figure 2c) and to protect
against induction of DNA fragmentation (Figure 2d).

Interactions of vitamin D analogues and IGF-I in T47D cells

The (oestrogen receptor) ER-positive T47D cell line has
been shown to be growth stimulated by IGF-I but the con-
centration required to achieve half-maximal stimulation is
approximately 10-fold higher than for MCF-7 cells [12]. The
vitamin D analogues EB1089 and CB1093 inhibited both
autonomous and IGF-I-stimulated growth of T47D cells
(Figure 3). Our results also indicate that vitamin D analogues
induce apoptosis in these cells. As with MCF-7 cells, treat-
ment of T47D cells with CB1093 in medium containing 1%
FCS led to loss of cell viability and induction of DNA frag-
mentation (Figure 4a,b). Serum deprivation also induced
T47D cells to undergo apoptosis, and levels of DNA frag-
mentation seen in serum-deprived cells were similar to values
seen in cultures incubated with the vitamin D analogue in
serum-containing medium (Figure 4b). However, IGF-I
(4nM) only partially protected cells from apoptosis due to
serum deprivation as assessed by neutral red cell viability
assay (Figure 4a) and quantitation of DNA fragmentation
(Figure 4b). Co-incubation of serum-deprived cells with
100nM CB1093 and IGF-I abrogated this partial protection
(Figure 4a,b).
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Figure 2. Interaction of CB1039 with IGF-I on apoptosis in MCF-7 cells. MCF-7 cells were cultured in 1% fetal calf serum (FCS)
medium (S) or in serum-free medium (SF) and treated for 4 days with vehicle, 4nM IGF-I, 100nM CB1093 alone or together
with IGF-I. Cell viability (a, ¢) and DNA fragmentation (b, d) were assessed. Results are expressed as * SEM (standard error
of the mean) (n=4). *P<0.01, {P<0.001 compared with control (vehicle treated) cultures maintained in 1% FCS containing
medium and {P<0.01 compared cotreatment of CB1093 and IGF-I versus IGF-I alone in serum-free medium.

Effects of vitamin D analogues on IGF-I-independent Hs578T
cells

We have previously demonstrated that vitamin D ana-
logues inhibit the growth of Hs578T cells which are non-
responsive to the mitogenic effects of IGF-I [18]. Using
Western analysis, no bands corresponding to either the o or
subunit of IGF-IR could be visualised with lysates from
Hs578T cells (data not shown). To determine the effects of
serum deprivation in these cells and its relation to apoptosis,
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Figure 3. Anti-IGF-I activity of vitamin D analogues EB1089

and CB1093 in T47D breast cancer cells. T47D cells were

treated for 7 days with 4nM IGF-I alone or together with

100nM CB1093 or EB1089. Results are expressed as + SEM

(standard error of the mean) (n=4) and are representative of

three separate experiments. *P<0.001, compared with IGF-I
alone.

Hs578T cells were changed from medium containing 1%
serum to serum-free medium and loss of cell viability and
DNA fragmentation were assessed. This study revealed that
serum deprivation induces apoptosis in these cells but that
IGF-I (4nM) is not protective (Figure 5). We therefore con-
clude that IGF-I is an important cell survival factor in MCF-
7 cells but other serum factors mediate cell survival in
Hs578T cells. To determine if vitamin D analogues can
induce apoptosis in an IGF-I-independent manner, Hs578T
cells were incubated with CB1093 and cell viability and DNA
fragmentation were assessed in 1% serum-containing
medium. Results show that CB1093 induces a modest loss of
cell viability accompanied by an increase in DNA fragmen-
tation (Figure 5).

DISCUSSION

In previous studies, we and others have demonstrated that
vitamin D derivatives inhibit the mitogenic effects of IGF-I
on ER-positive MCF-7 breast cancer cells [10,11]. In this
paper, we have investigated further the effects of these com-
pounds on two other breast cancer cell lines, T47D which
display reduced responsiveness to IGF-I, and Hs578T cells
which are IGF-I non-responsive. The results show that
vitamin D analogues also inhibit IGF-I-stimulated growth in
T47D cells (Figure 3). Treatment of these cells with IGF-I in
combination with EB1089 or CBI093 produced a significant
and time-related inhibition of cell growth compared with
IGF-I alone. It has been previously demonstrated the
Hs578T cells are non-responsive to the mitogenic actions of
IGF-I [11] but are growth inhibited by EB1089 and CB1093
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Figure 4. Interaction of CB1039 with IGF-I on apoptosis in T47D breast cancer cells. Cells were cultured in 1% fetal calf serum
(FCS) medium (S) or in serum-free medium (SF) and treated for 4 days with vehicle, 4nM IGF-I, 100nM CB1093 alone or
together with IGF-I. Cell viability (a) and DNA fragmentation (b) were assessed. Results are expressed as mean* SEM (stan-
dard error of the mean) (n=4). *P<0.01. {P<0.001 compared with control (vehicle treated) cultures maintained in 1% FCS
containing medium. {P<0.01 compared co-treatment of CB1093 and IGF-I versus IGF-I alone in serum-free medium.

[18]. We were unable to identify the IGF-IR (o or B-sub-
units) in using Hs578T cell lysates by Western analysis indi-
cating that this cell line does not express a functional receptor
(or it is expressed at levels too low to detect by immunoblot-
ting) and is consistent with a previous report by De Leon and
colleagues, showing a lack of Hs578T cell proliferation in
response to IGF-I [19]. The ability of vitamin D analogues to
inhibit cell growth and promote cytotoxicity in Hs578T cells
demonstrates that these compounds can modulate respon-
siveness of breast cancer cells to different growth factors.
The growth of breast cancer depends not only on the pro-
liferation of cells but also on the rate of cell death. Apoptosis
is an important mechanism of cell death and it has already
been proposed as the major target for cancer therapy [20].
Excessive levels of IGF-I or IGF-IR activity may be tumori-
genic because apoptosis is blocked and several observations
suggest a direct role for inhibition of apoptosis by IGF-I
receptor activation [4,21].The ability of anticancer drugs to
induce apoptosis in breast cancer cells may be modulated by
the availability of survival factors and IGF-I has been shown
to be effective against apoptosis induced by diverse chemo-
therapeutic agents and tamoxifen [22]. Serum deprivation is
a potent promotor of apoptosis and our results demonstrate
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that IGF-I can prevent cell death induced by this signal in
MCF-7 cells. The effectors of IGF-IR signalling which lead
to inhibition of apoptosis are poorly understood. Stimulation
of the IGF-IR leads to activation of both the Ras/Raf/ MAP-
kinase cascade and the phosphoinositol-3-kinase (P13K) sig-
nalling pathway. PI3K has been implicated in the anti-
apoptotic pathway since inhibitors of this kinase have been
shown to prevent IGF-I-mediated cell survival in MCF-7
cells and human fibroblasts [23, 24]. Inhibition of the SAPK/
JNK cascade has also been suggested as an effector of the anti-
apoptotic actions of IGF-I [25]. Our present results clearly
demonstrate that vitamin D analogues prevent the anti-
apoptotic effects of IGF-I. Incubation of cells maintained in
serum-free medium with the vitamin analogue CB1093
inhibited the protective effect of IGF-I suggesting that IGF-I
is the most important serum factor promoting survival of
these cells and that vitamin D analogues may induce apop-
tosis via attenuation of the survival signal generated through
the IGF-IR. Mechanisms involved may include modulation
of bioavailability of IGF-I via changes in expression of inhib-
itory binding proteins, decreased expression of IGF-IR, and/
or modulation of downstream effectors in the IGF-I anti-
apoptotic signalling pathway, such as P13K and/or JNK.
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Figure 5. Effect of serum deprivation, IGF-I and CB1093 in Hs578T breast cancer cells. Cells were cultured in 1% fetal calf

serum (FCS) medium (S) or in serum-free medium (SF) and treated for 5 days with vehicle, 4nM IGF-I, 100nM CB1093 alone

or together with IGF-I. Cell viability (a) and DNA fragmentation (b) were assessed. Results are expressed as * SEM (standard

error of the mean) (n=4). *P<0.01. {P<0.001 compared with control (vehicle treated) cultures maintained in 1% FCS contain-
ing medium.
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The interaction between IGF-I and IGF-IR is modulated
by a family of related binding proteins (IGFBPs). The major
circulating form, IGFBP-3, binds IGF-I with high affinity,
and inhibits IGF-I signalling pathways by limiting interaction
with IGF-IR. Modulation of IGFBP-3 expression in MCF-7
cells by anti-oestrogens may promote apoptosis by reducing
the bioavailability of IGF-IR agonists [26]. We have pre-
viously demonstrated that inhibition of MCF-7 cell growth
by vitamin D analogues is associated with increased IGFBP-3
expression [18]. Furthermore, Rozen and colleagues reported
that vitamin D-related compounds suppress MCF-7 cell pro-
liferation by stimulation of the production of IGFBP-5 [27].

Effects of vitamin D derivatives on limiting the anti-apop-
totic effects of IGF-I in breast cancer cells may be related to
diminished expression of IGF-IR. The IGF-IR belongs to the
family of tyrosine kinase receptors. The o subunit of IGF-IR
(130kDa) is required for ligand binding with IGF-I [28].
Intracellular regions of the f subunit possesses several bind-
ing sites (ATP, insulin receptor substrate-1, 2 and 3) and a
tyrosine kinase domain, required for activation of down-
stream effectors in IGF-IR signalling [4]. Previous studies
have shown that antibodies to IGF-IR inhibit the growth of
breast cancer cells, both i vivo and i vitro [21,29]. Further-
more, these studies have shown that the specific domains in
the C-terminus of the 3 subunit required for the anti-apoptotic
function are distinct from those required for mitogenesis
[29]. Our present findings demonstrate that the vitamin D
analogue EB1089 decreases expression of both the o and B
subunits of the IGF-IR with different kinetics (Figure 1c,d).
Treatment with EB1089 decreased levels of the B subunit at
day 4, while for the o subunit the decrease in expression was
evident at day 7. Downregulation of the P subunit of the
IGF-IR by the vitamin D analogue may contribute to the
observed suppression of anti-apoptotic signals generated by
IGF-I1. Possible interactions between vitamin D and down-
stream effectors in IGF-IR signalling warrant further investi-
gation.

The ER-positive T47D cell line has been shown to be
growth stimulated by IGF-I but the concentration required to
achieve half-maximal stimulation is higher than for MCF-7.
The vitamin D analogues EB1089 and CB1093 inhibited
both autonomous and IGF-I-stimulated growth of T47D
cells (Figure 3). Our results also indicate that vitamin D
analogues induce apoptosis in these cells. T47D cells also
undergo apoptosis following serum deprivation but IGF-I
was only partially effective in promoting cell survival in these
cells indicating that other serum factors are also important for
maintaining viability of these cells (Figure 4). Nevertheless,
levels of DNA fragmentation seen in cultures maintained in
serum-containing medium and treated with the vitamin D
analogues were similar to values in serum-deprived cells
indicating that vitamin D analogues may also limit the
responsiveness of breast cancer cells to survival factors other
than IGF-1.

Our present studies confirm that vitamin D analogues
inhibit the proliferation of Hs578T cells, which are not
growth stimulated by IGF-I and lack functional IGF-IR. Our
studies also reveal that serum deprivation induces apoptosis
in these cells but that IGF-I is not protective, indicating that
other serum factors mediate cell survival in Hs578T cells.
Treatment of these cells with CB1093 attenuated the pro-
tective effect of serum indicating that vitamin D analogues
may modulate responsiveness to other serum growth factors.

S.P. Xie er al.

Our previous studies have revealed that vitamin D analogues
increase expression of IGFBP-3 in Hs578T breast cancer
cells [18]. It has been suggested that IGFBP-3 may directly
inhibit the growth of this IGF-I-independent cell line [13]. In
contrast to MCF-7 cells, IGFBP-3 does not appear to pro-
mote apoptosis directly in Hs578T cells but potentiates the
effects of C,-ceramide, a known inducer of apoptosis [30].
Our preliminary studies indicate that the vitamin D analogue
CB1093 promotes ceramide-induced apoptosis and we spec-
ulate that this could be due, in part, to increased IGFBP-3
expression. Further studies are required to determine the
nature of the serum factors which mediate cell survival in this
IGF-I-independent cell line and the mechanisms by which
vitamin D analogues and IGFBP-3 can promote apoptosis.
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