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Abstract

In estrogen receptor (ER) positive breast cancer cells such as MCF-7 cells, the anti-tumor effects of 1,25(OH)2D3 (1,25D3) may be
secondary to disruption of estrogen mediated survival signals. If so, then sensitivity to 1,25D3 mediated growth arrest could be reduced in
estrogen independent breast cancer cells. The aim of these studies was to determine the effects of 1,25D3 and EB1089 on the ER negative,
invasive human breast cancer cell line SUM-159PT. 1,25D3 and EB1089 reduced SUM-159PT cell growth subsequent to elevation of p27
and p21 levels. 1,25D3 mediated apoptosis of SUM-159PT cells was associated with an enrichment of membrane bound bax, a redistribution
of cytochomec from the mitochondria to the cytosol and PARP cleavage. 1,25D3 and EB1089 also inhibited SUM-159PT cell invasion
through an 8�M Matrigel membrane. In pre-clinical studies, EB1089 dramatically reduced the growth of SUM-159PT xenografts in
nude mice. The decreased size of tumors from EB1089 treated mice was associated with decreased proliferation and increased DNA
fragmentation. Our data support the concept that Vitamin D3 compounds trigger apoptosis by mechanisms independent of estrogen
signaling. These studies indicate that Vitamin D3 based therapeutics may be beneficial, alone or in conjunction with other agents, for the
treatment of estrogen independent breast cancer.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1,25-Dihydroxyvitamin D3 (1,25D3), the active metabo-
lite of Vitamin D3, is a potent inhibitor of breast cancer cell
growth via induction of growth arrest and apoptosis in vitro
and in vivo[1–3]. Although the mechanisms underlying the
anti-proliferative effects of 1,25D3 have yet to be defined,
some data supports the concept that the anti-tumor effects
of Vitamin D3 compounds on ER-responsive human breast
cancer cells are mediated via disruption of estrogen medi-
ated mitogenic and survival signals[4–6]. If this is the case,
then sensitivity to 1,25D3 mediated growth arrest/apoptosis
could be reduced in estrogen independent breast cancer
cells. Since late stage aggressive breast cancers with poor
outcome are primarily estrogen independent, it is clearly of
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interest to determine whether 1,25D3 can induce growth ar-
rest and/or apoptosis in estrogen independent breast cancer
cells and tumors. The Vitamin D3 receptor (VDR) is ex-
pressed in many human estrogen independent breast cancer
cell lines, and 1,25D3 has been shown to inhibit proliferation
in ER negative cell lines such as BT-20, MDA-MB-435 and
MDA-MB-231, suggesting that the growth inhibitory effects
of 1,25D3 are not solely mediated through the ER[2,7].

1,25D3 inhibits cell cycle progression and induces cell
death of many cancer cell lines both in vitro and in vivo
[8–14]. 1,25D3 induced cell cycle arrest is often accom-
panied by up-regulation of the cyclin-dependent kinase in-
hibitors p21Waf1 and p27Kip1 and accumulation of cells in
the G1 phase of the cell cycle[6,15,16]. Analysis of G1 reg-
ulatory proteins demonstrated that levels of CDK2, CDK4,
cyclin D1 and cyclin A were decreased by 1,25D3 in a time
dependent manner in MCF-7 cells[16,17]. These effects of
1,25D3 often coincide with or precede induction of apopto-
sis, which in MCF-7 cells results from mitochondrial disrup-
tion, bax redistribution, cytochromec release and production
of reactive oxygen species[18]. 1,25D3 mediated mitochon-
drial disruption is followed by downstream events includ-
ing poly(ADP-ribose) polymerase (PARP) cleavage, external
display of phosphatidylserine, and DNA fragmentation[18].
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The inhibitory effects of 1,25D3 on cancer cell growth
suggest that 1,25D3 based therapeutics may hold promise
for the treatment of human cancer. Although the calcemic
potency of 1,25D3 precludes its use as a systemic therapeu-
tic agent, synthetic analogs of 1,25D3 such as EB1089 exert
anti-tumor effects with minimal toxicity. In theN-methyl
nitrosurea-induced rat mammary tumor model, EB1089 sig-
nificantly inhibited tumor growth without increasing serum
calcium, whereas 1,25D3 had no effect on tumor growth but
caused hypercalcemia[13]. A phase 1 trial has evaluated the
calcemic effects of EB1089 in patients with advanced can-
cer. EB1089 was well tolerated and its adverse effects were
limited to dose dependent effects on calcium metabolism
[19]. EB1089 induces regression of tumor xenografts grown
in nude mice, including those derived from breast cancer
(MCF-7), colon cancer (LoVo), and most recently prostate
cancer [9,10,14]. Regression of EB1089 treated MCF-7
xenografts was accompanied by histological changes in-
cluding characteristic apoptotic morphology and a marked
reduction in the proportion of epithelial cells to stroma.
These anti-tumor effects of EB1089 were evident at doses
that had minimal effects on serum calcium levels[14].

The effects of Vitamin D3 compounds on invasion, metas-
tasis and angiogenesis of cancer cells have been less well
studied. 1,25D3 and EB1089 reduced lung metastases in
androgen insensitive metastatic prostate cancer model, and
decreased the total number of bone metastases from ER-
negative MDA-MB-231 cells[20,21]. 1,25D3 has been
shown to inhibit angiogenesis in MCF-7 tumors over-expre-
ssing VEGF and the Vitamin D3 analog 22-oxacalcitriol
suppressed the growth of MDA-MB-231 cells at least par-
tially by inhibiting neovascularization[22,23].

The consistently beneficial effects of EB1089 on pro-
liferation, apoptosis and progression of human cancer
cells prompted us to examine its efficacy against a newly
characterized ER-negative invasive breast cancer cell line,
SUM-159PT[24]. In these studies, we compare the effects
of 1,25D3 and EB1089 on SUM-159PT growth, apoptosis
and invasion in vitro and examine the anti-tumor efficacy
of EB1089 against SUM-159PT xenografts in vivo. Our
data indicate that estrogen independent, invasive cells and
tumors retain responsiveness to the anti-proliferative and
pro-apoptotic effects of 1,25D3 and EB1089. We conclude
that Vitamin D3 analogs may represent useful aternatives,
either alone or in combination with other therapeutic agents,
for the treatment of ER-negative, invasive breast cancers.

2. Materials and methods

2.1. Cell culture and growth assays

SUM-159PT human breast cancer cells, which were iso-
lated from an anaplastic primary carcinoma, were obtained
from the University of Michigan Breast Cancer Cell/Tissue
Bank. SUM-159PT cells were cultured in Ham’s F-12

medium (Life Technologies Inc., Gaithersburg, MD) con-
taining 5�g/ml insulin, 1�g/ml hydrocortisone (Sigma, St.
Louis, MO), and 5% charcoal-stripped serum (Hyclone, Lo-
gan, Utah). Cells were routinely passaged every 4–5 days.

For crystal violet growth assays, SUM-159PT cells were
plated at a density of 4×103 cells/ml in media containing 5%
charcoal stripped serum. Treatment with 1,25D3 (BIOMOL,
Plymouth Meeting, PA and LEO Pharmaceuticals, Ballerup,
Denmark) or EB1089 (LEO Pharmaceuticals) was initiated
on the day following plating. In some experiments, cells
were treated with etoposide (Calbiochem, Cambridge, MA)
2 days after plating as a positive control for apoptosis as-
says. In all cases, appropriate time-matched vehicle treated
cells were processed in parallel. For quantitation of total ad-
herent cell number, cells were fixed with 1% gluteraldehyde
(Fisher Scientific, Pittsburgh, PA) for 15 min, incubated with
0.1% crystal violet (Fisher Scientific) for 30 min, destained
with H2O, and solubilized with 0.2% Triton X-100 (Sigma).
Absorbance at 590 nm, which is proportional to total adher-
ent cell number, was determined on a microplate reader.

2.2. 1,25(OH)2D3 ligand binding assay

Cells were trypsinized, centrifuged (500×g, 5 min, 4◦C),
resuspended in wash buffer (25 mM Tris pH 7.5, 250 mM
sucrose, 2.5 mM MgCl2, 10 mM benzamidine, 10 mM NaF,
1 mM NaV04, 10�g/ml leupeptin, 10�g/ml aproptinin
and 1 mM PMSF) and pelleted. After supernatants were
discarded, pellets were re-washed and re-pelleted. The su-
pernatant was discarded, and the nuclear pellets were either
stored at−20◦C or processed immediately. For ligand
binding assay, nuclear pellets were resuspended in KTED
(10 mM Tris pH 7.5, 300 mM KCl, 1 mM EDTA, 10 mM
Na molybdate, 10�g/ml leupeptin, 10�g/ml aproptinin
and 1 mM PMSF), sonicated and centrifuged (100,000× g,
45 min, 4◦C) in a Beckman OptimaTM ultracentrifuge
(Beckman Instruments Inc., Palo Alto, CA, USA). After
protein determination by the Biorad assay, proteins were
precipitated and resuspended in Laemlli buffer. Binding
of 3H-1,25(OH)2D3 was determined by incubating nuclear
extracts (1.5�g/�l protein) overnight at 4◦C with increas-
ing concentrations of3H-1,25(OH)2D3 (Amersham Life
Science Inc., Arlington Heights, IL) in the presence or ab-
sence of excess unlabeled 1,25(OH)2D3. For each sample,
total binding was assayed in triplicate and non-specific
binding was assayed in duplicate. Bound and free steroid
were separated by incubation with dextran-coated charcoal
followed by centrifugation (1500× g, 20 min, 4◦C). Super-
natants were removed, counted in a Beckman scintillation
counter (Beckman Instruments Inc.) and data was analyzed
by Scatchard plot.

2.3. Preparation of cell lysates and subcellular fractions

For cell lysates, monolayers were washed with PBS,
scraped into 2×Laemlli buffer and sonicated prior to protein
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determination using the BCA protein assay. For subcellu-
lar fractionation, adherent and floating cells were pelleted
by centrifugation (500× g, 5 min, 4◦C), resuspended in
wash buffer (25 mM Tris pH 7.5, 250 mM sucrose, 2.5 mM
MgCl2, 10 mM benzamidine, 10 mM NaF, 1 mM NaVO4,
10�g/ml leupeptin, 10�g/ml aproptinin and 1 mM PMSF),
pelleted (500× g, 5 min, 4◦C) and resuspended in 3 vol
of buffer A (20 mM HEPES-KOH 0.5 M, pH 7.5, 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 250 mM
sucrose, 1 mM NaV04, 25�g/ml leupeptin, 25�g/ml aprop-
tinin, 2.5�g/ml pepstatin, 1 mM PMSF, 10 mM benzami-
dine and 20 mM NaF), dounce homogenized, centrifuged
(500× g, 5 min, 4◦C) and supernatants transferred to an
ultracentrifuge tube and kept on ice. The remaining pellets
(containing nuclei) were resuspended in 0.5 vol of buffer A
and re-centrifuged (500×g, 5 min, 4◦C). The resulting pel-
lets (nuclear fractions) were resuspended in 1.5 vol of buffer
A, sonicated and analyzed for total protein. The second su-
pernatant was combined with the supernatant from the first
centrifugation and centrifuged (100,000× g, 1 h, 4◦C) in a
Beckman ultracentrifuge to generate the cytosolic fraction
(supernatant) and the mitochondrial fraction (pellet). The
pellets were resuspended in 100�l buffer A, sonicated and
analyzed for total protein.

2.4. Western blot analysis

High salt nuclear extracts, cell lysates or subcellular frac-
tions were separated by SDS-PAGE, transferred to nitrocel-
lulose and immunoblotted as described[18]. The antibodies
used included a rat monoclonal antibody directed against
VDR (clone 9A7, Neomarkers, Fremont, CA), mouse mon-
oclonal antibodies directed against p27 (Santa Cruz, Santa
Cruz, CA), p21 (Santa Cruz), cytochromec (Pharmingen,
San Diego, CA), cytochrome oxidase subunit II (Molecular
Probes, Eugene, OR) or PARP (BIOMOL), or rabbit poly-
clonal antibody directed against bax (Pharmingen). Specific
antibody binding was detected by appropriate horseradish
peroxidase-conjugated secondary antibodies (Amersham
Pharmacia Biotech, Pitcataway, NJ) and enhanced chemi-
luminescence (Pierce, Rockford, IL). To confirm equal
loading of proteins all blots were subsequently stripped and
immunoblotted with a glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mouse monoclonal antibody (Biogen-
esis, Kingston, NH).

2.5. Electromobility shift assay

Cell pellets were resuspended in nuclear buffer (150 mM
NaCl, 100 nM DTT, 5 mM MgCl2, 500 nM PMSF, 1 mM
EGTA pH 8.0, and 2 mM KH2PO4 pH 6.5) and centrifuged
(800× g, 2 min, 4◦C). Supernatants were removed and pel-
lets were resuspended in nuclear buffer containing 3% Tri-
ton X-100, incubated on ice for 10 min and re-centrifuged.
This procedure was repeated until complete cell lysis was
achieved as determined microscopically. Final pellets were

resuspended in nuclear extraction buffer (40 mM HEPES pH
7.0, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 200 nM
EDTA pH 8.0, 500 nM PMSF, and 500 nM DTT). After ad-
dition of 5 M NaCl, tubes were incubated on ice for 45 min
and then centrifuged (100,000× g, 45 min, 4◦C). The re-
sulting supernatant was rapidly frozen and stored at−80◦C.

Nuclear extracts were subjected to electromobility shift
assays as previously described using a Vitamin D response
element (VDRE) sequence from the humanp21 gene[25].
Briefly, reactions consisted of 5�l of labeled oligonu-
cleotide (0.2 ng/�l), 3.5�l of 10 × gel shift buffer, 1.0�l
poly dI:dC (1�g/�l) (Amersham Pharmacia Biotech), 5�l
of nuclear extract (1�g/�l) and 20.5�l of ddH2O. In some
experiments, excess unlabeled oligonucleotide or anti-VDR
antibody (Neomarkers) was included to demonstrate com-
petition. After incubation for 30 min at room temperature,
samples were electrophoresed at 150 volts for 2–3 h on a 5%
non-denaturing polyacrylamide gel. The polyacrylamide
gel was dried at 80◦C under vacuum, exposed to X-ray film
and developed.

2.6. Matrigel invasion assay

Invasion was assessed using 8�M Matrigel invasion
chambers (Becton Dickinson, Bedford, MA). To examine
the effects of 1,25D3 and EB1089 on invasion, two ex-
perimental designs were employed. In one, SUM-159PT
cells were treated at the time of plating into the Matrigel
chambers whereas in the second, cells were treated for
96 h, trypsinized and counted, and 25,000 cells were plated
into the chambers. In both designs, the number of invasive
cells was determined 96 h later. Cells that invaded the 8�M
Matrigel membrane and attached to the bottom of the well
were trypsinized and counted.

2.7. Nude mouse xenograft model

Six-week-old ovariectomized female NCr-nu mice
(Taconic Farms, Germantown, NY), were used as hosts
for SUM-159PT xenografts. Mice were fed a low calcium
(0.1%) diet upon arrival and for the duration of the study to
minimize the calcemic effects of EB1089. Mice were inocu-
lated with SUM-159PT cells either subcutaneously or ortho-
topically into the mammary fat pad. SUM-159PT cells were
trypsinized, pelleted and resuspended in Matrigel/Ham’s
F-12 media (4:1). Mice were injected subcutaneously with
5 × 106 cells/0.3 ml on the lateral flank, or orthotopically
with 1×106 cells/0.1 ml injection directly into the mammary
fat pad under anesthesia (50 mg/kg of pentobarbital). Body
weight and tumor size was monitored weekly by caliper mea-
surements of the length, width and height, and volume was
calculated using the formula for a semi-ellipsoid (4/3πr3/2).
When tumor volume reached approximately 200 mm3 (3–4
weeks), mice were randomized to control or EB1089 treat-
ment groups. Administration of EB1089 was either by
daily subcutaneous injection (45 pmol EB1089 in propylene
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glycol/PBS, 4:1) or via implanted continuous release pellets
designed to deliver either 60 or 120 pmol EB1089 per day
(custom made by Innovative Research of America, Sarasota,
FL). Control animals received either daily vehicle injections
or placebo pellets. After 4–5 weeks of treatment, mice were
euthanized, blood was collected by cardiac puncture, and
tumors and organs were removed, examined and fixed in
4% formalin (Fisher Scientific) for histological analysis.

2.8. Histological analysis of tumors and organs

For routine morphological assessment, tumors were em-
bedded in paraffin, sectioned at 5�m and stained with hema-
toxylin (Gill’s formulation 3, Fisher Scientific) and eosin
Y (Sigma). Mitotic and apoptotic cells were identified by
immunohistochemistry for proliferating cell nuclear antigen
(PCNA) and by the TUNEL assay. For PCNA, sections were
incubated with mouse monoclonal anti-PCNA (Nova Castra
Laboratories, Newcastle Upon Tyne, UK) at a 1:50 dilution
in 1% BSA-PBS. The secondary biotin conjugated anti-
body (Vector Laboratories, Burlingame, CA) was applied
at a 1:200 dilution in 1% BSA-PBS. The ABC technique
followed by diaminobenzidine was used to localize perox-
idase, and sections were counterstained with hematoxylin
(Harris modified, Fisher). TUNEL was performed with a

Fig. 1. VDR function studies. (A) Western blot analysis of VDR expression in SUM-159PT cells and the effects of 1,25D3 on its protein expression.
Nuclear extracts prepared from SUM-159PT cells treated with ethanol vehicle, 100 nM 1,25D3 or 100 nM EB1089 for the indicated times, were separated
on 10% SDS-PAGE gels and immunoblotted with a rat monoclonal antibody directed against the human VDR. Blots are representative of three independent
experiments. (B) Scatchard analysis of the VDR in SUM-159PT cells. Nuclear extracts derived from untreated SUM-159PT cells were used for ligand
binding assays over a range of3H-1,25D3 concentrations (0.01–1 nM). Data are expressed as femtamoles of 1,25D3 specifically bound per mg nuclear
extract protein after subtraction of non-specific binding. The Bmax of the VDR in SUM-159PT cells was determined to be 8.9 fmol/mg bound protein.
The Kd value or the affinity of the VDR for 1,25D3 was determined to be 3× 10−11 M. The data is representative of two independent trials with each
data point assayed in triplicate. (C) EMSA analysis of the VDR in SUM-159PT cells using the p21 VDRE. Arrows indicate the VDR:DNA complexes
and the free probe: lane 1, labeled p21 VDRE probe; lane 2, SUM-159PT nuclear extracts plus labeled p21 VDRE probe; lane 3, SUM-159PT nuclear
extracts, labeled p21 VDRE probe plus 50× cold p21 VDRE; lane 4, SUM-159PT nuclear extracts, labeled p21 VDRE probe plus Vitamin D monoclonal
antibody. Data is representative of at least three independent experiments.

commercially available assay according to manufacturer’s
directions (Boehringer Mannheim, Indianapolis, IN).

3. Results

3.1. Vitamin D3 receptor expression and function in
SUM-159PT cells

To determine whether SUM-159PT cells had the potential
to respond to Vitamin D3 compounds, we first examined the
expression of the VDR. Western blot analysis of nuclear ex-
tracts indicated that basal expression of the VDR in control
(ethanol treated) SUM-159PT cells was barely detectable
(Fig. 1A). After treatment with 100 nM 1,25D3 or 100 nM
EB1089 for 48 or 96 h, however, characteristic homologous
up-regulation of the VDR was observed. To determine if the
VDR expressed in SUM-159PT cells was capable of bind-
ing ligand,3H-1,25D3 binding assays were performed and
analyzed by Scatchard plot (Fig. 1B). The data indicate that
nuclear extracts from SUM-159PT cells exhibited specific,
saturable 1,25D3 binding, with a Bmax of 8.9 fmol/mg pro-
tein and aKd value of 3× 10−11 M.

To test if the VDR expressed in SUM-159PT cells was
capable of binding sequence specific DNA, electromobility
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Fig. 2. Effects of 1,25D3, EB1089 or etoposide on proliferation of SUM-159PT cells. (A) On the day following plating, cells were treated with ethanol
vehicle (-), 100 nM 1,25D3 or 100 nM EB1089 for the indicated times. (B) Two days following plating, cells were treated with ethanol vehicle (-) or
10�M etoposide for the indicated times. For all treatments total cell number was determined by crystal violet staining. Data represents mean± S.E.M.

of four values per time point. Similar results were obtained from at least two other independent experiments:∗∗∗P < 0.001; ethanol control vs. treated.

shift assays were performed with an oligonucleotide se-
quence designed to mimic the Vitamin D response element
(VDRE) found in the human p21 promoter (Fig. 1C). Two
distinct retarded bands were identified when SUM-159PT
nuclear extracts were incubated with the p21 VDRE se-
quence (lane 2), whereas no bands were detected in the
absence of nuclear protein (lane 1). Similar results were
obtained with oligonucleotide sequences modeled after
VDREs from the parathyroid hormone (PTH) VDRE (data
not shown). The specificity of these interactions was demon-
strated by inclusion of excess unlabeled VDRE sequence
in the reaction, which competed away both bands (lane 3).
The presence of the VDR in these complexes was demon-
strated by inclusion of VDR antibody during the reaction,
which also competed away both bands (lane 4).

3.2. Effects of Vitamin D3 compounds on SUM-159PT
cells in vitro

Having demonstrated the presence of the VDR in
SUM-159PT cells, we next compared the effects of 1,25D3
and EB1089 on cell growth with that of etoposide, an
established chemotherapeutic drug that induces apoptosis
via inhibition of topoisomerase II. SUM-159PT cells were
treated with 100 nM 1,25D3, 100 nM EB1089 or ethanol
vehicle, and adherent cell number was assessed after 2, 4

and 6 days. As indicated inFig. 2A, treatment with either
1,25D3 or EB1089 significantly reduced SUM-159PT cell
number within 2 days, and induced a 60–70% reduction in
cell number relative to that of control after 6 days. Treat-
ment of SUM-159PT with 10�M etoposide caused a rapid
and more dramatic reduction in cell number than either
Vitamin D3 compound (50% of control within 48 h). After
96 h, cell numbers in etoposide treated cultures were only
3% of that in control cultures (Fig. 2B).

Because previous work has demonstrated that breast can-
cer cells treated with 1,25D3 exhibit cell cycle arrest[16],
we examined the expression of p21 and p27 (inhibitors of
G1 to S phase progression) and the cdc2p34 kinase (required
for M phase progression). As demonstrated inFig. 3, treat-
ment of SUM-159PT cells with 100 nM 1,25D3 or 100 nM
EB1089 increased both p27 and p21 expression relative to
time matched vehicle control cells within 48 h. In contrast,
EB1089 but not 1,25D3 down-regulated expression of the
cdc2p34 kinase after 72 h (Fig. 3).

We next assessed whether 1,25D3 or EB1089 had the
ability to induce SUM-159PT cell death in vitro. In cultures
treated with 1,25D3 or EB1089, typical apoptotic morphol-
ogy was evident (condensed, irregularly shaped nuclei, and
positive TUNEL staining) within 72 h (data not shown). To
further elucidate the apoptotic pathway in the SUM-159PT
cells we analyzed the expression and subcellular distribution
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Fig. 3. Expression of cell cycle related proteins in SUM-159PT cells
after treatment with 1,25D3 and EB1089. Cell lysates prepared from
SUM-159PT cells treated with ethanol vehicle, 100 nM 1,25D3 or 100 nM
EB1089 for 48 h were separated on 12.5% SDS-PAGE gels and im-
munoblotted with mouse monoclonal antibodies directed against p27, p21
and cdc2p34. Blots are representative of two independent experiments.

of several proteins that have been linked to 1,25D3 me-
diated apoptosis in MCF-7 cells[26]. 1,25D3 or EB1089
treatment of SUM-159PT cells induced subcellular redistri-
bution of the pro-apoptotic protein bax, similar to MCF-7
cells (data not shown), indicative of translocation that has
been functionally linked to transmission of the apoptotic
signal [27]. Translocation of bax was associated with re-
duced mitochondrial cytochromec and increased cytosolic
cytochromec after 96 h treatment with 1,25D3 or 48 h treat-
ment with etoposide (Fig. 4A). To exclude mitochondrial
contamination in the cytosol fractions, cytochrome oxidase
expression was assessed and found to be present only in the
mitochondrial fractions (data not shown).

Fig. 4. Expression of apoptosis related proteins in SUM-159PT cells af-
ter treatment with 1,25D3 and etoposide. (A) Subcellular distribution of
cytochromec after treatment with 1,25D3 and etoposide. Cytosol and
non-nuclear membrane (NNM) fractions prepared from SUM-159PT cells
treated with ethanol vehicle, 100 nM 1,25D3 for 96 h or 10�M etopo-
side for 48 h were separated on 12.5% SDS-PAGE gels and immunoblot-
ted with a mouse monoclonal antibody directed against cytochromec.
Blots are representative of two independent experiments. (B) Effects of
1,25D3 and etoposide on PARP cleavage. Nuclear fractions prepared from
SUM-159PT cells treated with ethanol vehicle, 100 nM 1,25D3 for 96 h
or 10�M etoposide for 48 h were separated on a 7.5% SDS-PAGE gel
and immunoblotted with a mouse monoclonal antibody directed against
PARP. Blot is representative of two independent experiments.

To determine whether caspase activation was involved in
apoptosis of SUM-159PT cells, we assessed the cleavage of
PARP, a substrate of caspases-3 and -7. SUM-159PT cells
treated with 100 nM 1,25D3 for 96 h or 10�M etoposide for
48 h were analyzed by immunoblotting with an antibody that
recognizes both intact PARP (116 kDa) and the apoptotic
cleavage product (85 kDa). In extracts from SUM-159PT
cells treated with 1,25D3 or etoposide, the 85 kDa PARP
cleavage fragment was detected, whereas no PARP cleavage
was detected in EtOH treated control cells (Fig. 4B).

3.3. Effect of EB1089 on growth of SUM-159PT
tumors in vivo

To determine whether the Vitamin D analog EB1089
could modulate growth and/or apoptosis of SUM-159PT
tumors in vivo, we utilized ovariectomized nude mice
bearing SUM-159PT xenografts at both subcutaneous and
orthotopic (mammary fat pad) sites. For both approaches,
mice were implanted with drug delivery pellets designed
to continuously release 60 or 120 pmol EB1089 per day.
The impact of EB1089 pellets on growth of subcutaneous
SUM-159PT tumors is presented inFig. 5A. The aver-
age tumor volume increased rapidly in control mice im-
planted with placebo pellets over the 4 week period. In
mice implanted with EB1089 pellets, average tumor vol-
ume decreased gradually over the 4 weeks of treatment.
Tumor volume after 4 weeks was significantly (P < 0.001)
lower in the EB1089 treated groups (70.3 ± 39.4 mm3 for
60 pmol EB1089 group,n = 6; 99.7 ± 61.3 mm3 for the
120 pmol EB1089 group,n = 4) than in the control group
(656.5 ± 321.05 mm3, n = 10). In addition, although not
evident from the graph (which shows mean tumor volume),
two SUM-159PT tumors completely regressed in response
to EB1089 treatment. In this same study, additional groups
of nude mice bearing SUM-159PT tumors were injected
daily with either vehicle or 45 pmol EB1089, but no differ-
ences were observed between EB1089 and vehicle treated
(data not shown). As an indication of potential calcemic side
effects of Vitamin D analog treatment, we assessed serum
calcium levels in tumor bearing mice. Serum calcium in
mice implanted with EB1089 pellets (11.48± 0.5 mg/dl for
60 pmol EB1089; 11.8 ± 0.6 mg/dl for 120 pmol EB1089)
was not significantly elevated compared to mice implanted
with placebo pellets (10.81± 0.6 mg/dl). In contrast, tumor
bearing mice treated with daily injections at the lower dose
of 45 pmol EB1089 daily exhibited elevated serum calcium
levels (13.27 ± 0.8 mg/dl) after 4 weeks of treatment de-
spite been maintained on the low calcium diet. These data
suggest that pellet delivery may alleviate or minimize the
calcemic side effects of Vitamin D3 based therapeutics.

In our second in vivo study, the growth kinetics of
SUM-159PT tumors maintained in the mammary fat pad
were measured in ovariectomized nude mice using a design
similar to the first study. The doubling time for SUM-159PT
tumors growing in the mammary fat pad was calculated to
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Fig. 5. Effects of EB1089 on the volume of SUM-159PT tumors. (A)
Ovariectomized nude mice bearing subcutaneous tumors were surgically
implanted with either a placebo pellet or continuous slow release pellets
designed to release 60 or 120 pmol EB1089 per day. Tumor volumes were
monitored weekly and calculated as described inSection 2. Each point
represents the mean± S.E.M. of 10 control mice, six 60 pmol EB1089
treated mice and four 120 pmol EB1089 treated mice:∗∗∗P < 0.001. (B)
Ovariectomized nude mice bearing tumors in the mammary fat pad were
surgically implanted with either placebo pellets or continuous slow release
pellets designed to release 120 pmol EB1089 per day. Tumor volumes
were monitored weekly and calculated as described inSection 2. Each
point represents the mean± S.E.M. of 22 control mice, and eighteen
120 pmol EB1089 treated mice:∗∗P < 0.01; ∗∗∗P < 0.001.

be 27± 7.5 days, which is comparable to that observed
in a rapidly growing human breast tumor. The growth
kinetics of the SUM-159PT tumors inoculated subcuta-
neously were similar to those grown orthotopically, al-
though a higher initial cell count per injection was required
for successful tumor development at subcutaneous sites
(seeSection 2).

The impact of EB1089 treatment on SUM-159PT tumors
growing in the mammary fat pad is depicted inFig. 5B.
In control mice, average tumor volume increased over the
5 week treatment period. In EB1089 treated mice, tumor
volumes decreased gradually over the 5 weeks of treatment.
Tumor volume after 5 weeks was significantly (P < 0.001)
lower in the EB1089 treated groups (275.8 ± 75.9 mm3,
n = 18) than in the control group (629.7 ± 227.7 mm3,
n = 22). This indicates that the effects of EB1089 on
SUM-159PT tumors grown orthotopically are similar
to those observed for SUM-159PT tumors inoculated
subcutaneously.

3.4. Effect of EB1089 on morphology, proliferation and
apoptosis of SUM-159PT tumors

Sections from SUM-159PT tumors stained with hema-
toxylin and eosin for assessment of general morphology are
presented inFig. 6A and B. SUM-159PT tumors growing in
the mammary fat pad were composed of solid sheets of ep-
ithelial tumor cells with little intervening mouse stroma and
frequent blood vessels (Fig. 6A). The majority of the ep-
ithelial cells were quiescent, although mitotic figures were
usually visible in each section. In many tumors, abnormal
cruciform mitotic figures were observed, indicating an ag-
gressive undifferentiated growth pattern (Fig. 6B).

Representative photos of SUM-159PT tumor sections
from mice treated with placebo or 120 pmol per day EB1089
for 5 weeks and stained with hematoxylin and eosin for
assessment of general morphology are presented inFig. 6C
and D. Tumors from placebo treated mice were primar-
ily composed of tightly packed epithelial cells, with small
amounts of mouse-derived stoma (Fig. 6C). In contrast,
tumors from mice treated with 120 pmol per day EB1089
displayed an increased percentage of stroma and loss of
epithelial cells (Fig. 6D). Mitotic figures were readily iden-
tified in control tumors and few cells with apoptotic mor-
phology were observed. In contrast, EB1089 tumors were
composed of quiescent epithelial cells with few mitotic
figures visible. In many areas, epithelial cells with clas-
sic apoptotic morphology (condensed cells with pyknotic
nuclei) were frequent. Treatment of mice bearing subcuta-
neous SUM-159PT tumors with EB1089 induced similar
morphology as that described for orthotopic tumors.

To determine whether the changes in SUM-159PT tumor
morphology induced by EB1089 were associated with alter-
ations in mitotic or apoptotic index, we examined expression
of PCNA (as a marker of proliferation) and DNA fragmen-
tation (as a marker of apoptosis). In control tumors, PCNA
expression was detected in the nucleus of approximately
60% of all epithelial cells, but in particular its expression
was localized at the periphery of the tumor where the cells
were most actively growing (Fig. 7A). In many tumors, es-
pecially the rapidly growing control tumors, little or no pro-
liferation was observed in the central region of the tumor. A
decrease in PCNA expression (approximately 30% expres-
sion) was detected in tumors from mice treated with EB1089
for 5 weeks (Fig. 7B). The staining pattern of PCNA was
more uniform throughout the entire EB1089-treated tumor
as compared to control tumors, due perhaps to smaller and
more slower growing tumors after EB1089 treatment.

Assessment of TUNEL positive cells was used to detect
DNA fragmentation as a marker of apoptosis in SUM-159PT
tumor sections derived from control and EB1089 treated
mice. In control tumors, TUNEL expression was detected in
the nucleus of approximately 20% of all epithelial cells, but
in particular its expression too was localized at the periphery
of the tumor where the greatest amount of epithelial cell
turnover was occurring (Fig. 7C). Sections of tumors from



188 L. Flanagan et al. / Journal of Steroid Biochemistry & Molecular Biology 84 (2003) 181–192

Fig. 6. Morphology of SUM-159PT tumors. Representative tumor sections from untreated mice were formalin fixed, paraffin embedded, sectioned, and
stained with hematoxylin and eosin (A and B). Arrow indicates (A) vascularization in SUM-159PT tumors; (B) cruciform mitotic figure. Representative
tumor sections from mice treated with placebo or 120 pmol per day EB1089 pellets for 5 weeks were stained with hematoxylin and eosin (C and D).
Arrow indicates (C) mitotic figure in control tumor; (D) apoptotic cells in EB1089 tumor. Photographed at 40× magnification.

Fig. 7. Effect of EB1089 treatment on PCNA expression and DNA fragmentation in SUM-159PT tumors. Expression of PCNA in representative tumor
sections from mice treated with (A) placebo or (B) 120 pmol per day EB1089 pellets for 5 weeks. Sections were incubated with a mouse monoclonal
antibody directed against human PCNA and visualized with DAB (brown nuclear staining indicated by arrows). Representative tumor sections from mice
treated with (C) placebo or (D) 120 pmol per day EB1089 pellets for 5 weeks were processed for TUNEL. Arrows indicate TUNEL positive cells (brown
nuclear staining). Photographed at 40× magnification.
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Fig. 8. Effects of 1,25D3 or EB1089 on SUM-159PT invasion in vitro.
SUM-159PT cells treated with EtOH (-), 100 nM 1,25D3 or 100 nM
EB1089 were analyzed in the Boyden chamber invasion assay. Cells that
invaded the 8�M Matrigel membrane and attached to the bottom of the
well were trypsinized and counted. The data represent the mean±S.E.M.

from three wells. These data are representative of two independent ex-
periments.

EB1089 treated mice showed an overall increased number
of TUNEL positive cells with approximately 60% of the
epithelial cells staining positively for TUNEL (Fig. 7D).

3.5. Effects of Vitamin D3 compounds on invasion of
SUM-159PT cells

We have previously reported that SUM-159PT cells are
capable of local invasion and metastasis in vivo and are
positive in in vitro invasion assays[24]. To test whether
1,25D3 or EB1089 could directly modulate invasion of
SUM-159PT cells, we used the Boyden chamber invasion
assay. SUM-159PT cells plated on Matrigel were treated
with vehicle, 100 nM 1,25D3 or 100 nM EB1089 for 96 h
and invasion was quantitated. As depicted inFig. 8, 1,25D3
treatment reduced the number of invasive cells by 65%
and EB1089 treatment was even more effective (80% re-
duction). Similar results were observed when SUM-159PT
cells were treated for 96 h with 1,25D3 or EB1089 prior
to plating on Matrigel membranes, thereby eliminating
the possibility that the reduction in invasive cells solely
reflected a decrease in cell number (data not shown).

4. Discussion

In these studies, we demonstrate that SUM-159PT cells,
a highly anaplastic, invasive and metastatic cell line derived
from an ER negative primary human breast tumor, expresses
the VDR and is responsive to the growth inhibitory effects
of 1,25D3 and its analog EB1089 both in vitro and in vivo.
The presence of the VDR in breast cancer cells was demon-
strated in human biopsies, and has since been found in many
breast cancer cell lines as well as normal breast[28]. Al-
though the basal expression of VDR is low in SUM-159PT
cells, both 1,25D3 and EB1089 up-regulate VDR levels. This
up-regulation has been attributed to stabilization of the re-
ceptor by ligand binding in other in vitro systems[29]. In

agreement with this concept, we propose that homologous
VDR up-regulation in SUM-159PT cells is also due to pro-
tein stabilization, as previous studies have demonstrated that
1,25(OH)2D3 did not up-regulate VDR promoter activity in
SUM-159PT cells[30].

Although a functional VDR is a prerequisite for a
growth regulatory response to 1,25D3, the presence of the
VDR is not sufficient for growth-inhibition in response to
1,25(OH)2D3. For example, MCF-7 cells selected for resis-
tance to 1,25D3 express VDR which is capable of binding
1,25D3 and specific VDREs, however, these cells do not
respond to the growth-inhibitory effects of 1,25D3 [25]. In
SUM-159PT cells, VDR expression was demonstrated by
western blot, and VDR function was established by 1,25D3
binding studies and electrophoretic gel shift assays. While
1,25D3 binding in SUM-159PT cells was less than that
previously observed in MCF-7 cells, it was comparable
to that observed in the ER-negative MDA-MB-231 cell
line (2.9 fmol/mg)[28]. Furthermore, a significant growth
inhibitory effect of 1,25D3 was observed in SUM-159PT
cells, conclusively demonstrating that the VDR pathway in
SUM-159PT cells is functional.

In ER-positive breast cancer cells, the effects of 1,25D3
are similar to those induced by anti-estrogens, and 1,25D3
transcriptionally down-regulates ER expression[31,32].
These findings have suggested that, at least in MCF-7
cells, the effects of 1,25D3 may be related to disruption of
estrogen mediated survival signals. If so, then sensitivity
to 1,25D3 mediated growth arrest and apoptosis could be
reduced in estrogen independent breast cancer cells. How-
ever, our results indicate that 1,25D3 inhibits proliferation
and induces apoptosis in the ER-independent SUM-159PT
cells, thus, while disruption of ER signaling may contribute
to the effects of 1,25D3 in estrogen dependent breast cancer
cells, these effects are not dependent upon estradiol signal-
ing. This conclusion is consistent with our finding that the
mechanism by which 1,25D3 and EB1089 reduce growth
of SUM-159PT cultures appears to be similar to that of ER
positive cells[6,16]. Both Vitamin D compounds induce
cell cycle arrest in G0/G1 in association with up-regulation
of p21 and p27 and down-regulation of cdc2p34. Further-
more, like MCF-7 cells, SUM-159PT cells undergo 1,25D3
mediated apoptosis via redistribution of bax from cytosol to
non-nuclear membranes and release of cytochromec from
the mitcohondria. In addition, activation of downstream
caspases in response to Vitamin D compounds was sug-
gested by the observation that PARP, a caspase substrate,
was cleaved in SUM-159PT treated with 1,25D3. These are
the first studies to describe intracellular signaling events
leading to apoptosis in ER-negative breast cancer cells.
SUM-159PT cells thus provide a model system for char-
acterization of the mechanism by which VDR triggers bax
redistribution, and for identification of the specific caspases
that are activated during 1,25D3 mediated apoptosis.

Another goal of our studies was to determine if Vitamin
D mediated growth inhibition was of sufficient magnitude to
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impact on the growth of invasive and metastatic ER-negative
cells in vivo. In a series of nude mice studies, we demon-
strated that EB1089 significantly reduced the growth of
established SUM-159PT tumors. Xenografts grown as sub-
cutaneous implants in ovariectomized nude mice treated
with EB1089 were approximately 85% smaller than those
of placebo treated mice. When injected orthotopically into
the mammary fat pad, SUM-159PT cells formed tumors
which were invasive and metastatic, and EB1089 inhibited
growth of these tumors by 65–70%. The number of sec-
ondary tumors was also reduced in EB1089 treated mice,
however, it is unclear whether this represents a direct effect
of EB1089 on metastatic potential, or an indirect effect due
to the smaller size of the primary tumors. An inhibitory ef-
fect of EB1089 on metastasis in vivo is consistent with our
in vitro invasion assays which demonstrated that 1,25D3
and EB1089 reduce invasion of SUM-159PT cells indepen-
dent of their anti-proliferative effects. This data comple-
ments a previous report that 1,25D3 inhibited invasion of
ER-negative MDA-MB-231 breast cancer cells[33]. Fur-
ther investigation on the molecular mechanisms by which
EB1089 prevents SUM-159PT invasion and metastasis
would clearly be of interest.

The results of our study are in agreement with previous
work that demonstrated anti-tumor effects of the Vitamin
D analog 22-oxacalcitriol when injected into tumors be-
ginning 4 days after transplantation. At the most effective
dose (1�g/kg body weight), 22-oxacalcitriol reduced final
tumor weight by 70%[8]. In a follow up study, oral ad-
ministration of 22-oxacalcitriol three times weekly also sig-
nificantly reduced the growth of MX-1 tumors. Because of
the short time between tumor transplantation and initiation
of 22-oxacalcitriol treatment however, these studies did not
discriminate effects of the Vitamin D analog on initial tumor
take from those on tumor growth kinetics[34]. In contrast,
our experimental design was specifically designed to test the
effectiveness of EB1089 against established, rapidly grow-
ing tumors, and as such represents the first report on the
effectiveness of a Vitamin D analog against established es-
trogen independent breast tumors. This data is complemen-
tary to previous studies that demonstrated effectiveness of
EB1089 in inhibiting growth of established tumors induced
in rats withN-methyl nitrosurea or established ER positive
MCF-7 xenografts[35,14].

With higher doses of EB1089 more effective tumor
regression was seen however serum calcium levels rose
[35]. In our nude mice bearing subcutaneous tumors, daily
injections of 45 pmol per day EB1089 had no effect on
tumor volume but did cause hypercalcemia. This may be
specific for this route of administration, since nude mice
were able to tolerate higher doses with pellet delivery of
EB1089 without hypercalcemia. These results suggest that
at least in this model system, administration of EB1089
by continuous release may minimize the side effects of
Vitamin D analogs and maximize the induction of tumor
regression.

This aggressive tumor biology is consistent with the ex-
pression of metastatic markers and in vitro invasiveness
in SUM-159PT cells. Metastases were observed in the
lymph nodes, muscle area surrounding the mammary fat
pad, lungs and liver, consistent with previous reports of
metastatic sites after inoculation of other breast cancer cells
into the mammary fat pad of nude mice[36]. Metastatic
spread was not observed when SUM-159PT cells were in-
oculated subcutaneously. Therefore, implantation of tumor
cells into anatomically appropriate (orthotopic) sites, rather
than subcutaneously, allowed for the metastatic potential
of SUM-159PT cells. The present work correlates with the
work of many other groups which indicate that the mam-
mary fat pad is a more favorable site than the subcutis for
the generation of metastases of mammary tumors[36,37].

Histological examination of SUM-159PT primary tumors
indicated an undifferentiated, aggressive phenotype with ab-
normal mitotic figures and high levels of vascularization.
Histological analysis indicated that the decreased size of
the tumors from EB1089-treated mice, compared with that
in control mice, was associated with a reduction in the ep-
ithelial component and an increase in the stroma. The re-
duction of tumor volume in mice treated with 120 pmol
per day EB1089 for 5 weeks could reflect a decreased rate
of cell proliferation or an increased rate of cell death or
both. Our analyses confirmed that EB1089 mediates tumor
regression by modulation of both apoptosis and prolifera-
tion of tumor epithelial cells. Tumors from EB1089 treated
mice exhibited apoptotic morphology and a high propor-
tion of TUNEL-positive cells compared with tumors from
control mice. Our data demonstrating apoptosis in EB1089
treated SUM-159PT tumors is consistent with data from
EB1089 treated MCF-7 xenografts, and also correlates with
our data that 1,25(OH)2D3 and EB1089 induce apoptosis
in SUM-159PT cells in vitro[14]. An effect of EB1089 on
tumor cell apoptosis is also supported by our observation
that some EB1089 treated tumors completely regressed. In
addition to induction of apoptosis, EB1089-treated tumors
exhibited a decrease in proliferation after 5 weeks of treat-
ment, as measured by PCNA. These data are again consis-
tent with in vitro work indicative that 1,25D3 and EB1089
increase levels of p21 and p27, thereby inducing a block in
the cell cycle, in many breast cancer cell lines.

In summary our work, combined with previously pub-
lished work, emphasizes that Vitamin D compounds and
anti-estrogens such as tamoxifen regulate growth and apop-
tosis of breast cancer cells by independent mechanisms.
Analyses of human breast cancer tumor biopsies have
demonstrated that the VDR and ER do not necessarily
co-localize within the same cell, indicating that these two
nuclear receptors are present in distinct target cells within
a mixed tumor[38]. This suggests that in cells expressing
both ER and VDR, 1,25D3 through the VDR, actively in-
duces growth arrest and facilitates apoptosis, whereas treat-
ment with anti-estrogens disrupts ER signaling, disrupting
the mitogenic effects of estrogen. In estrogen independent



L. Flanagan et al. / Journal of Steroid Biochemistry & Molecular Biology 84 (2003) 181–192 191

cells, the estrogen signaling pathway is disrupted, allowing
for the escape from estrogen dependence and resistance to
anti-estrogen mediated apoptosis. However, the presence
of the VDR in anti-estrogen resistant cells renders them
sensitive to activation of apoptosis in response to 1,25D3.
This therefore suggests that for patients with breast tumors
containing estrogen dependent and estrogen independent
cells, a distinct therapeutic advantage may be achieved
by combining therapies that activate VDR with those that
disrupt estrogen signaling. Vitamin D analogs may offer
an effective therapeutic approach for aggressive, late stage
tumors that exhibit resistance to the standard anti-estrogen
regimens. Our data are the first to show apoptotic estab-
lished tumor regression of an ER-independent breast cancer
model system by the Vitamin D analog EB1089 and are
consistent with previous reports of tumor regression and
apoptosis in the ER-dependent MCF-7 tumors[14]. Our
work also shows that sensitivity of breast tumors to the Vi-
tamin D analog EB1089 is not diminished in tumors which
have progressed to estrogen independence.

To summarize, the VDR is present in both estrogen-
dependent and estrogen-independent breast cancer cell lines
and sensitivity to Vitamin D compounds is not diminished
or lost in breast cancer cells that have progressed to estro-
gen independence. Pre-clinical animal studies demonstrate
significant effects on the growth of estrogen-independent tu-
mors, indicating that Vitamin D compounds trigger growth
arrest and apoptosis by a mechanism that is independent of
an estrogen-regulated pathway.
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