
Abstract. Osteopontin that associates with metabolism of
calcium is one of the important factors in the development and
prognosis of human breast cancer. The aim of this study was to
detect potential binding partners of osteopontin to illustrate
its functional mechanism. By screening a human breast cDNA
library with a bacterial two-hybrid system, apolipoprotein D
was isolated as a novel interacting protein of osteopontin. This
interaction was confirmed by mammalian two-hybrid assay
and co-immunoprecipitation. To elucidate the influence of
ApoD on cellular neoplastic specifications, adhesion, soft
agar, invasion and MTT growth assays were performed with
Rama37 cells. The results revealed that expression of
apolipoprotein D in Rama37 cells could significantly inhibit
the malignant phenotype in osteopontin-transformed Rama37
cells. These findings provide better knowledge of the
osteopontin signaling pathway and suggest that apolipoprotein
D could be a prospective therapeutic agent for human breast
and/or other carcinomas.

Introduction

Osteopontin (OPN) is a secreted negatively-charged, glyco-
sylated adhesive phosphoprotein of 298 amino acids with a
molecular weight of its polypeptide backbone of 32,000.
Because glycosylation and phosphorylation occur to a variable
extent, its overall molecular weight varys from approximately
32.5 kDa to 70 kDa (1,2). OPN was initially described as a
phosphorylated protein secreted by transformed cells but not
by their non-transformed counterparts (3). It is expressed in
various tissues, including bone, cartilage, kidney, placenta,

smooth muscle cells of arteries, and cells of the immune
system (4). In addition, many tumor cell types, both in vitro
(5) and in vivo (6,7), produce OPN. Several observations
have suggested that OPN expression is significantly altered in
cancer and that OPN is important for tumorigenesis and
metastasis (6-12). For example, OPN expression is substantially
increased in experimental cell lines following neoplastic
transformation by several agents (5,13-17) and is induced in
mouse epidermis with a tumor promoter (18,19). In a study
described by Tuck et al (7), OPN protein was detected in breast
cancer cells and was significantly inversely correlated with
the disease-free state and overall survival in those examined
lymph node-negative breast cancer patients. Immunopositivity
of OPN in another group of 333 breast cancer patients also
showed a negative correlation with survival (20).

In another study, OPN levels were significantly up-
regulated in sera of multiple cancers, of which breast cancer
was the highest, followed by lung and then prostate cancer (21).
However, in the first demonstration that OPN could play a
functional role in malignancy, transfection with an OPN anti-
sense RNA expression vector inhibited the tumorigenic or
metastatic properties of various malignant cell types, such as
ras-transformed NIH 3T3 cells, neoplastic transformed Rat1
fibroblasts and transformed mouse JB6 epidermal cells (22-25).
On the contrary, transfection of OPN cDNA in rat mammary
epithelial cells was found to increase their metastatic ability.
Recently, increasing evidence has indicated that OPN may
play a pivotal role in tumor progression and metastasis (26-30).
The function of OPN in human cancer is highly complex and
far from clear. Although it is known that OPN has been
implicated in cancer development and metastasis, the mechan-
ism needs further investigation. As known, protein-protein
interactions play an important role in virtually all cellular
processes. A powerful strategy to explore the mechanism of a
protein's action is to search for its interacting proteins. In this
study, a bacterial two-hybrid library screen was carried out to
detect unknown interacting proteins of OPN. Then a series of
cellular functional experiments were performed using Rama37,
a benign rat mammary epithelial cell line, to detect how the
cellular behavior was influenced by the interactions (31). 

Materials and methods

Cell lines and cell culture. The stable diploid rat mammary
epithelial cell line, Rama37, was obtained from Liverpool
University and cultured as previously described (31). The C9-
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Met-DNA cell line is a Rama37 cell line permanently trans-
fected by C9-Met-DNA (32), which can induce metastasis in
rat model cell lines and other malignant phenotypes (32). All
cells used in these experiments were routinely maintained in
DMEM supplemented with 1% L-glutamine and 10% heat-
inactivated fetal bovine serum (all from Gibco-BRL,
Gaithersburg, MD). Working cultures were maintained at 37˚C
in a humidified atmosphere of 5% CO2, 95% O2. 

Transfection. For the transient transfection assays, the cell lines
were cultured in DMEM, 10% (v/v) FCS, 100 μg/ml penicillin,
and 100 μg/ml streptomycin (Life Technologies, Inc., Glasgow,
UK), harvested, and seeded in multiwell plates at 2.5x105 cells/
3.5-cm well in 1 ml of serum-free medium. After 24 h, cells
were co-transfected using Lipofectamine and Plus reagent
(Invitrogen Ltd, Paisley, UK) following manufacturer's
instructions with specific DNA recombinants as described
below. CAT activity was normalized relative to ß-galactosidase
activity. Maximum activity was reached by 48 h. Establishment
of stable pBKCMV-OPN transformed Rama37 cell lines and
co-transfectant with pcDNA6/HisC-ApoD was performed as
previously described by adding G418 or Blasticidin as selective
antibiotics following the manufacturer's instructions (33).

Human breast plasmid cDNA library. The plasmid-based
cDNA library was bought from Stratagene Ltd. (La Jolla, USA)
with cloning sites at XhoI and EcoRI. Primary colonies are
2.46x106 colony formation unit (cfu). Estimated titer is
1.43x109 cfu/ml. Host strain genotype is XL-1Blue MRF'
Kan which is deficient in all known restriction systems,
endonuclease deficient and recombination deficient. The mcrA,
mcrCB, and mrr mutations prevent cleavage of cloned DNA
that carries cytosine and/or adenine methylation. All cDNA of
genes were cloned unidirectionally into the BacterioMatchTM

pTRG XR vector (Stratagene).

cDNA plasmid construction. All cDNAs were made according
to standard methods and verified by sequencing. The multicopy
bacterial plasmids used in the bacterial two-hybrid assays
were pBT and pTRG. In these plasmids the target fusion genes
are expressed under control of the lac-UV5 and lpp/lac-UV5
promoters, respectively. cDNA of rat OPN coding sequence
was amplified by PCR using 5'-CTC GAG TAT GAG ACT
GGC AGT GGT T-3' and 5'-CTC GAG TAA TTG ACC TCA
GAA GAT-3' as forward and reverse primers, respectively.
The cDNA of OPN was subcloned into the pBT plasmid as
a bait plasmid at XhoI. OPN was amplified by PCR again and
ligated into the Topo vector with TOPO TA Cloning kit for
sequencing (Invitrogen Life Technologies). It was then sub-
cloned into pM vector (BD Sciences Clontech, Mountain View,
USA) at the SalI site and pBKCMV vector (Stratagene) at
the XhoI site respectively. ApoD was subcloned into pVP16
and pcDNA6/HisC vectors respectively at the EcoRI-SalI site
by digestion from pTRG vector.

BacterioMatch two-hybrid assays. The human breast plasmid
cDNA library in pTRG plasmid (Stratagene) was screened for
proteins that interact with OPN using BacterioMatch Two-
Hybrid System reporter strain. The prey (cDNA library
constructs) and bait recombinant plasmids (pBT-OPN) were

co-transformed into BacterioMatch two-hybrid reporter strain
competent cells. Transformed cells were spread directly on
LB-agar plates containing chloramphenicol (34 μg/ml),
carbenicillin (500 μg/ml), kanamycin (50 μg/ml) and
tetracycline (12.5 μg/ml) (CTCK plates). To verify the
specificity of protein-protein interactions, the carbenicillin-
resistant colonies from the initial library screen were directly
patched onto X-gal indicator plates [LB-agar supplemented
with kanamycin (50 μg/ml), tetracycline (12.5 μg/ml),
chloramphenicol (34 μg/ml), X-gal (80 μg/ml) and 0.2 mM
μ-galactosidase inhibitor (phenylethyl μ-D-thiogalactoside)]
using sterile toothpicks. Library plasmids of positive isolates
were transformed into and recovered from Escherichia coli
strain Topo. These were co-transformed into BacterioMatch
two-hybrid reporter strain competent cells with isolated
target plasmids plus an additional bait plasmid (pBT-OPN).
Then the putative positive pTRG clones were analyzed by
restriction digest. Unique inserts were sequenced and
analyzed by comparison to the GenBank sequence data bank. 

Mammalian MATCHMAKER two-hybrid assay. For the
mammalian two-hybrid assay, the full-length cDNA coding
sequence of the target gene (ApoD) was cloned into pVP16
vector in the Mammalian Matchmaker two-hybrid assay
system (BD Sciences Clontech) by BamHI and SalI creating
fusions to the Gal4 DNA-binding domain. The cDNA of the
full coding sequence of OPN was inserted into pM vector.
Recombinants were confirmed by DNA sequencing. Mamm-
alian two-hybrid assays were conducted in Rama37 cells. CAT
enzyme activity was detected with a CAT enzyme assay
system (Promega Corp., Southampton, UK). Briefly, cell
extract was performed by standard reaction with reporter lysis
buffer. CAT enzyme activity was determined by the liquid
scintillation counting (LSC) method with a 1219 Rackbeta
liquid scintillation counter (LKB Wallac, Freiburg, Germany).
μ-galactosidase activity was assayed using a μ-galactosidase
enzyme assay kit (Promega) by standard spectrophotometric
analysis after cell extraction using reporter lysis buffer
following the manufacturer's instructions. 

Co-immunoprecipitation. As an in vitro protein interaction
assay approach, co-immunoprecipitation was carried out with
OPN and [35S]-Methionine-labeled ApoD proteins which
were produced by Promega TNT in vitro transcription/
translation kit. Pro-FoundTM co-immunoprecipitation kit (Pierce
Biotechnology, Inc) was used following the manufacturer's
instructions exactly. Of specific mouse monoclonal OPN
antibody (MPIIIB101) ((300 μg/μl) University of Iowa, Iowa,
USA) (34), 300 μl was used for co-immunoprecipitation,
performed using the ProFoundTM co-immunoprecipitation kit
(PIERCE Science UK Ltd, Cramlington, UK) following the
manufacturer's instructions. After reaction, 10% SDS poly-
acrylamide gel electrophoresis was performed to separate the
proteins. Radiolabeled proteins were then detected by auto-
radiography.

Adhesion assay. Cell adhesion assays were performed in 24-
well cell culture plates. Media that cells grew in prior to the
assays were collected as the conditioned media. Of conditioned
media, 800 μl was aliquoted into each well. Of cells (1x106
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cells/ml) 200 μl was added to each well and incubated at 37˚C
in a 5% CO2 atmosphere for 30 min. The media were aspirated.
Cells were washed once with 1ml of PBS. Of 0.25% Trypsin-
EDTA (Sigma-Aldrich), 100 μl was aliquoted into each well
and cells were incubated at 37˚C for 3 min. Of PBS, 400 μl was
subsequently added to each well. The total 500 μl of cells in
each well were collected into a 1.5 ml microcentrifuge tube.

Cells were homogenized by gentle pipetting and then counted
using a haemocytometer.

Soft agar assay (or anchorage-independent growth assay). Soft
agarose assays were performed as described previously
(http://www.flemingtonlab.com). Briefly, 5,000 cells suspended
in 2 ml DMEM growth medium were plated per well into
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Figure 1. BLAST result of the DNA sequence of a sample isolated from human breast plasmid-based cDNA library against GenBank sequence database of
NCBI, 98% identical to human apolipoprotein D (accession no. BC007402).
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6-well tissue culture plates containing 1.0% agarose under-
layers. Colonies were allowed to grow for 7 days. Then 50 μl
of 1 mg/ml p-iodonitrotetrazolium violet (Sigma) was added
to each well and mixed gently. The plate was placed in the
'Gene GeniusTM' bio-imaging system (Synoptics Ltd.,
Cambridge, UK) to count the separate colonies that had formed.

Invasion assay. Invasion assays were performed as previously
described by Albini et al (35). Briefly, 12 μm-pore transwell
filter chambers (Falcon, Oxford, UK) were used. The upper
side of polycarbonate membranes were coated with Matrigel,
a reconstituted basement membrane matrix (Becton Dickinson,
Bedford, MA), diluted to 1 mg/ml. Cells (1x105) were seeded
in the upper compartment of each transwell unit containing
FCS-free medium with 0.1% BSA (Sigma). The medium plus
BSA was introduced in the lower compartment with 10% FCS
and 1 μg/μl fibronectin. After incubation for 48 h at 37˚C,
media in the lower chamber of each well were removed.
Matrigel and non-invaded cells from the inner side of the filter
chambers were removed with a cotton bud. The membranes
were then fixed in methanol for 5 min. Cells which had
migrated through the Matrigel and membrane were attached
to the lower surface of the membrane. They were stained
with toludine blue and then washed by 100 μl 20% acetic
acid. Their absorbances were read at 650 nm using a Thermo
Max microplate reader (Molecular Devices, Sunnyvale, USA).

MTT growth assay. MTT growth assay was performed as
described previously (36). 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was obtained from
Sigma. In brief, 1500 cells of each cell type were seeded in

quadruplicate into 96-well microplates, which were incubated
at 37˚C in a 5% CO2 humidified atmosphere (Sanyo Corp,
Tokyo, Japan) for 24, 48, 72 and 96 h. Then 20 μl of 5 mg/ml
MTT was added to each well, followed by 50 μl of 20% SDS
(Sigma). Absorbance was measured at 570 nm with a Thermo
Max microplate reader.

Results

ApoD was isolated as an OPN-interacting protein. From the
plasmid-based Bacterio-Match two-hybrid screen in a human
breast cDNA library, 86 clones were isolated that grew on
selective CTCK plates. Plasmid molecules were isolated from
each of the colonies and re-tested for their ability to interact
with OPN. The 82 resulting positive colonies were sequenced.
The DNA sequences of the interacting clones were examined
against the GenBank database. Two apparent independent
clones were determined to be nearly identical in length and
sequence to the human apolipoprotein D cDNA (accession
no: BC007402; GI number: 33869465) (Fig. 1).

Confirmation of the OPN-ApoD interaction in mammalian
cells. To determine whether the OPN-ApoD interaction occurs
in mammalian cells, we performed triplicate mammalian
MATCHMAKER two-hybrid assay. Rama37 cells were trans-
fected with combinations of pM, pM-OPN and pVP16, or
pVP16-ApoD constructs. Co-transfection of Rama37 cells with
pM-OPN, pVP16- ApoD enhanced the CAT activity by 2.85-
fold compared with Rama37 transfected with empty pM and
pVP16 vectors, or 2.7-fold compared with cells co-transfected
with pM-OPN and pVP16 vector (p<0.001, Student's t-test)
(Fig. 2). Co-transfection of Rama37 cells with pM-53 and
pVP16-T resulted in a significantly increased CAT activity
compared to the remaining transfectants (p<0.001, Student's t-
test). These results indicate direct interaction between ApoD
and OPN in Rama37 cells. 

Co-immunoprecipation. Following the bacterial and mamm-
alian two-hybrid assays, an additional co-immunoprecipitation
binding assay was performed to confirm the specificity of
binding. pBKCMV-OPN and pcDNA6/HIS C-ApoD constructs
were expressed in vitro by TNT coupled reticulocyte lysate
system (Promega Ltd.). Co-immunoprecipitation was perfor-
med using a specific monoclonal OPN antibody (MPIIIB101).
Co-precipitated 35S-labeled ApoD protein was detected by X-
ray film (Fig. 3). 
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Figure 2. Mammalian two-hybrid assay to detect interactions between OPN
and ApoD. Rama37 cells were transiently co-transfected using pVP16-
ApoD or pVP16 plasmid with pM-OPN or pM plasmid. Co-transfection
using pM-53 and pV16-T was used as positive control. A reporter plasmid
(pG5-CAT) was included in all co-transfections. All co-transfections also
contained pSV40-ß-galactosidase vector, which worked as a ß-galactosidase
internal control reporter to normalize for transfection efficiency. Forty-eight
hours after transfection, the transfected cells were collected and CAT
enzyme assay was performed. Fold induction was performed for all the CAT
assay results. Experiments were performed in triplicate. Values are means
with S.D. from triplicate independent determinations. *p<0.001 compared
with cells co-transfected with pM and pVP16. #p>0.05 compared with cells
co-transfected with pM and pVP16 (Student's t-test).

Figure 3. Co-immunoprecipitation of 35S-labeled ApoD and OPN with mono-

clonal antibody for OPN showing interaction of ApoD with OPN. 35S-labeled
ApoD was incubated with nonradioactive OPN protein. Both ApoD and
OPN protein were produced in the reticulocyte lysates by an expression
vector. Lanes 1-3 showed that any resultant complexes were immuno-
precipitated with OPN monoclonal antibody and analyzed on a 10% SDS-
polyacrylamide gel. Lane 4 contains a negative control in which an empty
pcDNA6/HisC vector instead of ApoD expression vector was used during
incubation of in vitro transcription using TNT coupled reticulocyte system.
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Adhesion assay. To test the effect of ApoD on adhesion,
adhesion assays were performed with co-transfectants of ApoD
and OPN, transfectant of OPN and non-transfected Rama37
cells. ApoD was shown to exert an inhibitory activity on
the cell adhesive capacity of OPN-transfected Rama37 cells
(Fig. 4). Overexpression of ApoD resulted in a 40.7% decrease
compared to OPN-transformed Rama37 cells (p<0.005,
Student's t-test).

Soft agar assay (anchorage-independent growth assay).
Rama37 cells have previously been shown to have low cloning
efficiency in soft agarose. The ability of OPN transfectant,
ApoD and OPN co-transfectants and non-transfected Rama37
cells were compared. This property is considered to be
reflective of malignancy (35,37). C9-Met-DNA cells were used
as a positive control. The number of colonies of ApoD co-

transfectants decreased about 70% relative to OPN
transfectants but remained higher than non-transfected Rama37
(p<0.001, Student's t-test) (Fig. 5).

Invasion assay. A critical event in tumor invasion and
metastasis is the ability of tumor cells to invade through the
extra-cellular matrix, thus allowing tumor cells to move beyond
the confines of the primary tumor environment. OPN has been
previously confirmed to be able to significantly enhance
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Figure 5. Effect of over-expression of ApoD on anchorage-independent
growth of Rama37-OPN cells. Rama37-OPN, Rama37-OPN-ApoD and
wild-type Rama37 cells were plated in growth media into a 6-well plate over
a bottom layer of 1% agarose gel. C9-Met-DNA cells were included as a
positive control. Colonies were stained with p-iodonitrotetrazolium violet
and counted after 7 days of incubation. Experiments were carried out in
triplicate. Student's t-test was carried out to obtain p-values. Results were
expressed as the mean number of colonies of triplicate measurement. The
data bars represent the standard deviation. *p<0.001 compared with Rama37
cells. #p>0.05 compared with Rama37 cells. 

Figure 4. Adhesion potential of Rama37, Rama37-OPN and Rama37-OPN-
ApoD cell lines. Cells were allowed to attach to plastic substratum for 30 min
of incubation at 37˚C and then collected and counted. Experiments were
carried out in triplicate. Student's t-test was performed to obtain p-values.
Data are expressed as means ± S.D. *p<0.001 compared with Rama37-OPN
cells, #p<0.001 compared with Rama37 cells.

Figure 6. ApoD inhibits OPN-stimulated cell invasion in Rama37 cells.
Effect of ApoD on OPN-induced cell invasion in Rama37 cells. Rama37,
Rama37-OPN and Rama37-OPN-ApoD cells were added to upper chambers
with or without Matrigel and allowed to invade a fibronectin-containing
media in the lower chamber of each well for ~48 h under incubation at 37˚C.
Penetrated cells were stained using methylene blue and then washed with
20% acetic acid. Samples were read on a multiwell plate reader to test
absorbance at 650 nm. Absorbances of the group with Matrigel were divided
by the corresponding group without Matrigel to get the percentage of
migration. The error bar represents the standard deviation. Student's t-test
was performed to obtain p-values. *p<0.001 compared with Rama37 cells.
#p<0.001 compared with Rama37-OPN cells. Data represent means ± S.D.
in triplicate.

Figure 7. Effects of ApoD overexpression on proliferation of OPN-
transfected Rama37 cells measured by an MTT growth assay. Rama37,
Rama37-OPN and Rama37-OPN-ApoD cells were plated in 96-well plates
at an initial density of 1500 cells/well. Cells were cultured for the indicated
number of hours. Then MTT (20 μl of 5 mg/ml in PBS) was added to cells
in each well. After 6 h, 50 μl 20% SDS solution was added to each well.
After overnight incubation, the samples were read on a Thermo Max
microplate reader to test absorbance at 570 nm of wavelength and
background subtraction at 650 nm. Experiments were performed with an
interval of 24 h over a period of 96 h and in quadruplicate. Error bar
represents the standard deviation of the means. Student's t-test has been
performed to obtain p-values. *p<0.001 compared with Rama37 cells,
#p>0.05 compared with Rama37 cells.
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migration of Rama37 cells (38). After co-transfection by
ApoD, the ability of OPN-transfected cells to invade through
the filter coated with Matrigel decreased by approximately
33% compared to the OPN transfectant alone (p<0.001,
Student's t-test) (Fig. 6).

MTT growth assay. Carcinogenesis is linked to the develop-
ment of proliferative abnormalities (39). Neoplasia has been
considered to be primarily a disturbance in the regulation of
proliferation (40). In this experiment, growth rates of control
cells (Rama 37) and two experimental cell lines, Rama37-OPN-
ApoD and Rama 37-OPN, which were stably co-transfected
by ApoD and OPN expression constructs or stably transfected
by OPN expression vector alone, were compared and
statistically analyzed. These results showed that ApoD
reduced OPN-mediated cell proliferation by approximately
20% (p<0.001, Student's t-test) (Fig. 7).

Discussion

In the present study, ApoD was identified as a novel co-
repressor protein of OPN. ApoD was initially isolated by
McConathy and Alaupovic in 1973 (41). Subsequently, it was
shown that ApoD is a negative tumor marker and positive
prognostic indicator for breast cancer progression (41-49). In
contrast to most apolipoproteins, human ApoD is relatively
small: sequence studies indicate a translation product of 189
residues composed of a 20-residue leader sequence and a
mature protein of 169 amino acids, with a calculated MW of
approximately 18,500 (50). Because it is 18% glycosylated, at
either or both of two asparagines: positions 65 and 98 (51),
ApoD has an overall MW of 29,000-32,000 (50,52). Interest-
ingly, as an important component of high-density lipoprotein,
ApoD has no marked similarity to other apolipoprotein
sequences. It has a high similarity to plasma retinal-binding
protein and other members of the ·2 micro-globulin protein
superfamily of carrier proteins, which are also known as
lipocalins (51,53).

Human ApoD is distributed widely. Its mRNA has been
detected in a number of tissues including kidney, liver,
pancreas, spleen, intestine, placenta, adrenal gland, and fetal
brain tissue (54). The broad distribution of ApoD suggests that
it may play a general role in cellular metabolism. Moreover,
many of the same cell types vary dramatically in their content
of ApoD in different tissues, suggesting that the uptake or
secretion of ApoD by cells is tissue-specifically regulated (55).

As an identified progesterone/pregnenolone binding
protein, ApoD can also bind to several small hydrophobic
molecules including cholesterol, heme-related compounds,
arachidonic acid and the major pheromone found in human
axillary secretions, 3-methyl-2-hexenoic acid (56). The
biological function of ApoD has not, however, been well
established. Ligands associated with ApoD vary depending
on the conditions or on the tissue or organ (57-60). For
example, ApoD could act as an acute phase protein in nerve
regeneration bringing specific molecules to the sites of
regeneration (61). In the spleen, it could evacuate toxic heme-
related molecules generated by red blood cell destruction
(60). In other tissues, such as adrenal glands and testes, it could
be a steroid carrier (54).

Interestingly, ApoD has recently been shown to function in
cell growth regulation. Simard et al (62) studied the effects of
steroid hormones on the proliferation of cultured human
prostate cancer cells and observed a corresponding steroid-
induced secretion of apolipoprotein and the inhibition of cell
growth. They also noted a higher concentration of ApoD in
cultured cells that were well differentiated. Peitsch and
Boguski (60) found that ApoD has a hydrophobic surface
that surrounds the ligand-binding pocket of the protein. In
addition, the hydrophobic ligand pocket, formed by the
orthogonal ß-sheets of the protein, appears to bind bilirubin.
Hence they additionally speculated that ApoD might be part
of the antioxidant defense system in which the conversion of
heme to biliverdin and then to bilirubin serves to protect
cells and tissues from oxidant damage. If ApoD does carry
an antioxidant, it may also help to protect lipo-proteins from
oxidant damage (60). Analysis of the potential relationship
between ApoD levels in breast carcinomas and clinical
outcome of patients revealed that low ApoD is associated with
a shorter relapse-free survival and poorer survival in breast
carcinomas (48). It has also been reported that ApoD is an
indicator of good prognosis and is independent of a number
of other prognostic variables (48). Additionally, Sugimoto et al
found that ApoD secretion is inversely correlated to cell
proliferation and cell density in the absence as well as in the
presence of androgens in both low-passage (LP; 20-29th) and
high passage (HP; 111-117th) LNCaP human prostate cancer
cells (63). High concentration of ApoD was found to lead to a
progressive inhibition of cell proliferation towards basal
levels (62,63). Rapid tumor cell proliferation was shown to
be associated with decreases in serum lipid and lipoprotein
levels in cancer patients who suffered recurrence within 3
years after study initiation compared to cancer patients without
recurrence (64). As one of the few examples of proteins inhib-
ited by estrogens, the secretion of ApoD could be decreased
by 40-60% by exposure to estrogen (47). Therefore it appears
that stimulation of ApoD secretion is always associated with
inhibition of cell proliferation. However, the precise role of
ApoD in carcinomas remains unclear.

Using bacterial and mammalian two-hybrid assays and
subsequent co-immunoprecipitation, ApoD protein was
identified and verified to be associated directly with OPN. In
these invasion assays, ApoD significantly reduced invasiveness
of OPN-mediated malignant cells. Cell invasion is often
associated with malignant transformation and destruction of
normal surrounding tissue. The invasiveness of tumor cells
represents one of several important properties necessary for
the formation of metastases (65). Invasiveness in vitro has been
correlated with the biological behaviour in vivo (66). It has been
shown that OPN stimulates Matrigel invasion and activates the
ERK and AKT/PKB signaling pathways (67,68). It was also
thought that OPN facilitated invasion by up-regulation of the
expression of metastasis-related molecule matrix metallo-
proteinase 9 (MMP-9) by activating the NF-∫B pathway (69).

ApoD was found to block OPN-mediated cell adhesion and
proliferation. This is consistent with previous reports (44,47)
and indicates that ApoD plays an important role in breast
cancer progression and metastasis. Increased adhesion enables
cells to attach to vessel walls after extravasation and migration
to their chosen site of metastasis. In these observations, ApoD
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also significantly reversed anchorage-independent growth of
OPN-transformed cells. It has previously been shown that
ApoD overexpression in breast cancer cells could promote
cell differentiation and growth arrest, which may partly
explain its anti-malignancy effects (43,47) and its reversion on
anchorage-independent growth potential of OPN-transformed
cells. However, the underlying mechanism remains to be
identified. The functions of ApoD on OPN may be related to
Vitamin D3. A vitamin D-responsive element is located after
the interferon regulatory factor-1 (IRF-1) binding sequence on
the OPN promoter region. Vitamin D3 strongly up-regulates
ApoD mRNA levels in T-47D human breast cancer cells (44).
The potency of this regulation is much stronger than steroid
hormones such as androgens and progesterone. It is reasonable
to conclude that ApoD may regulate the expression and reg-
ulation of OPN via one of the Vitamin D3 signaling pathways.
As Matkovits reported, vitamin D3 could reduce expression of
OPN significantly. In the absence of vitamin D3, high levels of
PTH (parathyroid hormone) may induce OPN and result in
higher levels of OPN mRNA (70).

Prince and Butler also demonstrated that OPN expression
could be blocked by Actinomycin D in response to 1,25-
dihydroxyvitamin D3 (71). Epidemiological studies have also
suggested an association of 1,25-dihydroxyvitamin D3

deficiency with an increased risk of various malignancies,
including colon and breast cancers (72). A previous study has
shown that 1,25-dihydroxyvitamin D3 can suppress prolif-
eration and induce the differentiation of various cell types,
including epithelial cells (73). A possible mechanism is that
1,25-dihydroxyvitamin D3 could potentiate TNF-induced
cytotoxicity in human cancer cells (82). Vitamin D3 could also
reduce invasiveness (74) and metastasis (75) of breast cancer
cells and act as an anti-angiogenesis agent (76). ApoD
possibly functions as a downstream transcription factor of
Vitamin D3 and may also regulate the level of vitamin D3 and
its functions by other currently unknown pathways. 

It has been demonstrated that inhibition of breast cancer cell
growth in response to 1,25-dihydroxyvitamin D3 involves cell
cycle arrest and activation of apoptosis (77-79). Interestingly,
Wang et al (80) found that p53 is involved in 1,25-
dihydroxyvitamin D3-induced growth arrest and treatment
with p53 antisense oligodeoxynucleotides could reverse the
1,25-dihydroxyvitamin D3-induced G1/S block and result in
an accumulation of cells with S-phase DNA content. Up-
regulation of p53 contributes significantly to the G1/S growth
arrest induced by 1,25-dihydroxyvitamin D3 in HL60 cells (a
human promyelocytic cell line) (80). Escaleira et al (81) also
demonstrated vitamin D3 treatment displaying strong growth
inhibition and arrest in G0/G1 phase in murine HC-11
mammary cells, however, Ha-ras transformation of HC-11
cells induced down-regulation of vitamin D receptor (VDR)
expression which desensitized the cells to the growth
inhibitory effects of vitamin D3. If the HC-11 mammary cells
were treated by DIP (dexamethasone, insulin and prolactin)
(82) to induce differentiation of HC-11 cells, the VDR level
could be up-regulated. Therefore, it was concluded that
mammary VDR levels co-regulated with Ha-ras (81).

In conclusion, these results revealed a novel interaction.
Namely, that ApoD could be a potential anti-cancer factor

via its role as an OPN co-repressor. This study is the first
report concerning the inhibitory effect of ApoD on OPN-
mediated malignant transformation. Collectively, ApoD was
established as a novel co-repressor of OPN. The mechanism is
complicated and may involve interaction with multiple
signaling networks, e.g. vitamin D3, p53 and H-ras. Elucidation
of the roles for this interaction in the transcriptional regulation
of OPN may provide a novel potential gene therapeutic tool for
human carcinomas. 

References

1. Butler WT: The nature and significance of osteopontin. Connect
Tissue 23: 123-136, 1989.

2. Sorensen ES, Hojrup P and Peterson TE: Posttranslational
modifications of bovine osteopontin: identification of twenty-
eight phosphorylation and three O-glycosylation sites. Protein
Sci 4: 2040-2049, 1995.

3. Senger DR, Wirth DF and Hynes RO: Transformed mammalian
cells secrete specific proteins and phosphoproteins. Cell 16:
885-893, 1979.

4. Brown LF, Berse B, Water L Van De and Papadopoulos-Sergiou A:
Expression and distribution of osteopontin in human tissues:
widespread association with luminal epithelial surfaces. Mol
Biol Cell 3: 1169-1180, 1992.

5. Senger DR, Perruzzi CA and Papadopoulos A: Elevated expres-
sion of secreted phosphoprotein I (osteopontin, 2ar) as a
consequence of neoplastic transformation. Anticancer Res 9:
1291-1300, 1989.

6. Brown LF, Papadopoulos-Sergiou A, Berse B, Manseau EJ,
Eognazzi K, Perruzzi CA, Dvorak AM and Senger DR:
Osteopontin expression and distribution in human carcinomas.
Am J Pathol 145: 610-623, 1994.

7. Tuck AB, O'Malley FP, Singhal H, Harris JF, Tonkin KS,
Kerkvliet N, Saad Z, Doig GS and Chambers AF: Osteopontin
expression in a group of lymph node negative breast cancer
patients. Int J Cancer (Pred Oncol): 79: 502-508, 1998.

8. Oates AJ, Barraclough R and Rudland PS: The role of osteo-
pontin in tumorigenesis and metastasis. Invasion Metastasis 17:
1-15, 1997.

9. Singhal H, Bautista DS, Tonkin KS, O'Malley FP, Tuck AB,
Chambers AF and Harris JF: Elevated plasma osteopontin in
metastatic breast cancer associated with increased tumor burden
and decreased survival. Clin Cancer Res 3: 605-611, 1997.

10. Ue T, Yokozaki H, Kitadai Y, Yamamoto S, Yasui W, Ishikawa T
and Tahara E: Co-expression of osteopontin and CD44v9 in
gastric cancer. Int J Cancer 79: 127-132, 1998.

11. Shijubo N, Uede T, Kon S, Maeda M, Segawa T, Imada A,
Hirasawa M and Abe S: Vascular endothelial growth factor and
osteopontin in stage I lung adenocarcinoma. Am J Respir Crit
Care Med 160: 1269-1273, 1999.

12. Gotoh M, Sakamoto M, Kanetaka K, Chuuma M and Hirohashi S:
Overexpression of osteopontin in hepatocellular carcinoma.
Pathol Int 52: 19-24, 2002.

13. Senger DR, Wirth DF and Hynes RO: Transformation-specific
secreted phosphoproteins. Nature 286: 619-621, 1980.

14. Senger DR, Asch BB, Smith BD, Perruzzi CA and Dvorak HF:
A secreted phosphoprotein marker for neoplastic transformation
of both epithelial and fibroblastic cells. Nature 302: 714-715, 1983.

15. Carig AM, Nemir M, Mukherjee BB, Chambers AF and
Denhardt DT: Identification of the major phosphoprotein
secreted by many rodent cell lines as 2ar/osteopontin: enhanced
expression in H-ras-transfromed 3T3 cells. Biochem Biophys
Res Commun 157: 166-173, 1988.

16. Tuck AB, Wilson, SM, Khokha R and Chambers AF: Different
patterns of gene expression in ras-resistant and ras-sensitive
cells. J Natl Cancer Inst 83: 485-491, 1991.

17. Chambers AF, Behrend EI, Wilson SM and Denhardt DT:
Induction of expression of osteopontin (OPN; secreted phospho-
protein) in metastatic, ras-transformed NIH 3T3 cells. Anticancer
Res 12: 43-47, 1992.

18. Craig AM, Bowden GT, Chambers AF, Spearman MA,
Greenberg AH, Wright JA, McLeod M and Denhardt DT:
Secreted phosphoprotein mRNA is induced during multi-stage
carcinogenesis in mouse skin and correlates with the metastatic
potential of murine fibroblasts. Int J Cancer 46: 133-137, 1990.

INTERNATIONAL JOURNAL OF ONCOLOGY  29:  1591-1599,  2006 1597

1591-1599  4/11/06  18:02  Page 1597



19. Craig AM, Nemir M, Mukherjee BB, Chambers AF and
Denhardt DT: Osteopontin, a transformation associated cell
adhesion phosphoprotein, is induced by 12-O-tetradecanoyl-
phorbol 13-acetate in mouse epidermis. J Biol Chem 264:
9682-9689, 1989.

20. Rudland PS, Platt-Higgins A, El-Tanani M, De Silva Rudland S,
Barraclough R, Winstanley JH, Howitt R and West CR:
Prognostic significance of the metastasis-associated protein osteo-
pontin in human breast cancer. Cancer Res 62: 3417-3427, 2002.

21. Fedarko NS, Jain A, Karadag A, Eman MRV and Fisher LW:
Elevated serum bone sialoprotein and osteopontin in colon, breast,
prostate, and lung cancer. Clin Cancer Res 7: 4060-4066, 2001.

22. Behrend EJ, Craig AM, Wilson SM, Denhardt DT and
Chambers AF: Reduced malignancy of ras-transformed NIH
3T3 cells expressing antisense osteopontin RNA. Cancer Res
54: 832-837, 1994.

23. Gardner HA, Berse B and Senger DR: Specific reduction in
osteopontin synthesis by antisense RNA inhibits the tumori-
genicity of transformed Rat1 fibroblasts. Oncogene 9: 2321-2326,
1994.

24. Su L, Mukherjee AB and Mukherjee BB: Expression of
antisense osteopontin RNA inhibits tumor promoter-induced
neoplastic transformation of mouse JB6 epidermal cells.
Oncogene 10: 2163-2169, 1995.

25. Feng B, Rollo EE and Denhardt DT: Osteopontin (OPN) may
facilitate metastasis by protecting cells from macrophage NO-
mediated cytotoxicity: evidence from cell lines down-regulated
for OPN expression by targeted ribozyme. Oncogene 13: 453-462,
1995.

26. Hirama M, Takahashi F, Takahashi K, Akutagawa S, Shimizu K,
Soma S, Shimanuki Y and Nishio KYF: Osteopontin over-
produced by tumor cells acts as a potent angiogenic factor
contributing to tumor growth. Cancer Lett 198: 107-117, 2003.

27. Furger KA, Menon RK, Tuck AB and Bramwell VHC,
Chambers AF: The functional and clinical roles of osteopontin
in cancer and metastasis. Curr Mol Med 1: 621-632, 2001.

28. Adwan H, Bauerle T, Najajreh Y, Elazer V, Golomb G and
Berger MR: Decreased levels of osteopontin and bone
sialoprotein II are correlated with reduced proliferation, colony
formation, and migration of GFP-MDA-MB-231 cells. Int J
Oncol 24: 1235-1244, 2004.

29. Tuck AB, Hota C, Wilson SM and Chambers AF: Osteopontin-
induced migration of human mammary epithelial cells involves
activation of EGF receptor and multiple signal transduction
pathway. Oncogene 22: 1198-1205, 2003.

30. Tuck AB and Chambers AF: The role of osteopontin in breast
cancer: clinical and experimental studies. J Mammary Gland Biol
Neoplasia 6: 419-429, 2001.

31. El-Tanani M, Barraclough R, Wilkinson MC and Rudland PS:
Metastasis-inducing DNA regulates the expression of the osteo-
pontin gene by binding the transcription factor Tcf-4. Cancer Res
61: 5619-5629, 2001.

32. Oates AJ, Barraclough R and Rudland PS: The identification of
osteopontin as a metastasis-related gene product in a rodent
mammary tumor model. Oncogene 13: 97-104, 1996.

33. Bailey J, Tyson-Capper AJ, Gilmore K, Robson SC and
Europe-Finner GN: Identification of human myometrial target
genes of the cAMP pathway: the role of cAMP-response
element binding (CREB) and modulator (CREMalpha and
CREMtao2alpha) proteins. J Mol Endocrinol 34: 1-17, 2005.

34. Reckless J, Rubin EM, Verstuyft JB, Metcalfe JC and
Grainger DJ: A common phenotype associated with
atherogenesis in diverse mouse models of vascular lipid lesions.
J Vasc Res 38: 256-265, 2001.

35. Cifone MA and Fidler IJ: Correlation of patterns of anchorage-
independent growth with in vivo behavior of cells from a murine
fibrosarcoma. Proc Natl Acad Sci USA 77: 1039-1043, 1980.

36. van de Loosdrecht AA, Beelen RH, Ossenkoppele GJ,
Broekhoven MG and Langenhuijsen MM: A tetrazolium-based
colorimetric MTT assay to quantite human monocyte mediated
cytotoxicity against leukemic cells from cell lines and patients with
acute myeloid leukemia. J Immunol Methods 174: 311-320, 1994.

37. Boyd DD, Levine AE, Brattain DE, McKnight MK and
Brattain MG: Comparison of growth requirements of two
human intratumoral colon carcinoma cell lines in monolayer
and soft agarose. Cancer Res 48: 2469-2474, 1988.

38. Moye VE BR, West C and Rudland PS: Osteopontin expression
correlates with adhesive and metastatic potential in metastasis-
inducing DNA-transfected rat mammary cell lines. Br J Cancer
90: 1796-1802, 2004.

39. Eliasv JM: Cell proliferation indexes: a biomarker in solid tumors.
Biotech Histochem 72: 78-85, 1997.

40. Kikuchi Y, Dinjens WN and Bosman FT: Proliferation and
apoptosis in proliferative lesions of the colon and rectum.
Virchows Arch 431: 111-117, 1997.

41. McConathy WJ and Alaupovic P: Isolation and partial character-
ization of apolipoprotein D: a new protein moiety of the human
plasma lipoprotein system. FEBS Letter 37: 178-182, 1973.

42. Lea OA, Kvinnsland S and Thorsen T: Progesterone-binding cyst
protein in human breast tumor cytosol. Cancer Res 47: 6189: 1987.

43. Lopez-Boado YS, Tolivia J and Lopez-Otin C: Apolipoprotein
D gene induction by retinoic acid is concomitant with growth
arrest and cell differentiation in human breast cancer cells. J
Biol Chem 269: 26871-26878, 1994.

44. Lopez-Boado YS, Puente XS, Alvarez S, Tolivia J, Binderup L
and Lopez-Otin C: Growth inhibition of human breast cancer cells
by 1,25-dihydroxyvitamin D3 is accompanied by induction of
apolipoprotein D expression. Cancer Res 57: 4091-4097, 1997.

45. Lopez-Boado YS, Klaus M, Dawson MI and Lopez-Otin C:
Retinoic acid-induced expression of apolipoprotein D and
concomitant growth arrest in human breast cancer cells are
mediated through a retinoic acid receptor RARalpha-dependent
signaling pathway. J Biol Chem 271: 32105-32111, 1996.

46. Diaz CS, Vizoso F, Lamelas ML, Rodriguez JC, Gonzalez LO,
Baltasar A and Medrano J: Expression and clinical significance
of apolipoprotein D in male breast cancer and gynaecomastia.
Br J Surg 86: 1190-1197, 1999.

47. Simard J, de Launoit Y, Haagensen DE and Labrie F: Additive
stimulatory action of glucocorticoids and androgens on basal
and estrogen-repressed apolipoprotein-D messenger ribonucleic
acid levels and secretion in human breast cancer cells.
Endocrinology 130: 1115-1121, 1992.

48. Diez-Itza I, Vizoso F, M Merino A, Sanchez LM, Tolivia J,
Fernandez J, Ruibal A and Lopez-Otin C: Expression and
prognostic significance of apolipoprotein D in breast cancer.
Am J Pathol 144: 310-320, 1994.

49. Sanchez LM, Vizoso F, Diez-Itza C and Lopez-Otin C:
Identification of the major protein components in breast secretions
from women with benign and malignant breast diseases. Cancer
Res 52: 95-100, 1992.

50. Albers JJ, Cheung MC, Ewens SL and Tollefson JH:
Characterization and immunoassay of apolipoprotein D.
Atherosclerosis 39: 395-409, 1981.

51. Drayna D, Fielding C, McLean J, et al: Cloning and expression of
human apolipoprotein D cDNA. J Biol Chem 261: 16535-16539,
1986.

52. Weech PK, Camato MC and Ewens SL: Apolipoprotein D and
cross-reacting human plasma apolipoproteins identified using
monoclonal antibodies. J Biol Chem 261: 7941-7951, 1986.

53. Drayna DT: Human apolipoprotein D gene: gene sequence,
chromosome localization, and homology to the alpha 2u-
globulin superfamily. DNA 6: 199-204, 1987.

54. Rassart E, Bedirian A, Carmo SD, Guinard O, Sirois J, Terrisse L
and Milne R: Apolipoprotein D. Biochim Biophys Acta 1482:
185-198, 2000.

55. Boyles JK, Notterpek LM, Wardell MR and Rall SC:
Identification, characterization, and tissue distribution of
apolipoprotein D in the rat. J Lipid Res 31: 2243-2256, 1990.

56. Terisse L, Marcoux K, Carmo SD, Brissette L, Milne R and
Rassart E: Structure-function relationships of human apolipo-
protein D an immunochemical analysis. Life Sci 70: 629-638,
2001.

57. Cabral JHM, Atkins G, Sanchez LM, Lopez-Boado YS,
Lopez-Otin C and Sawyer L: Arachidonic acid binds to
apolipoprotein D: implications for the protein's function. FEBS
Letter 366: 53-56, 1995.

58. Lea OA: Binding properties of progesterone-binding Cyst
protein, PBCP. Steroids 52: 337-338, 1988.

59. Milne RW, Rassart E and Marcel YL: Molecular biology of
apolipoprotein D. Curr Opin Lipidol 4: 100-106, 1993.

60. Peitsch MC and Boguski MS: Is apolipoprotein D a mammalian
bilin-binding protein? The New Biologist 2: 197-206, 1990.

61. Reindl M, Knipping G, Wicher I, Dilitz E, Egg R,
Deisenhammer F and Berger T: Increased intrathecal production
of apolipoprotein D in multiple sclerosis. J Neuroimmunol 119:
327-332, 2001.

62. Simard J, Veilleux R, Launoit Y de, Haagensen DE and Labrie
F: Stimulation of Apolipoprotein D secretion by steroids
coincides with inhibition of cell proliferation in human LNCaP
prostate cancer cells. Cancer Res 51: 4336-4341, 1991.

JIN et al: ApoD IDENTIFIED AS A NOVEL OPN INHIBITOR1598

1591-1599  4/11/06  18:02  Page 1598



63. Sugimoto K, Sigmard J, Haagensen DE and Labrie F: Inverse
relationships between cell proliferation and basal or androgen-
stimulated apolipoprotein D secretion in LNCaP human
prostate cancer cells. J Steroid Biochem Mol Biol 51: 167-174,
1994.

64. Lane DM, Boatman KK and McConathy WJ: Serum lipids and
apolipoproteins in women with breast masses. Breast Cancer
Res Treat 34: 161-169, 1995.

65. Liotta LA: Tumor invasion and metastases: role of the basement
membrane. Am J Pathol 117: 339-348, 1984.

66. Albini A, Iwamoto Y, Kleinman HK, Martin GR, Aaronson SA,
Kozlowski JM and McEwan RN: A rapid in vitro assay for
quantitating the invasive potential of tumor cells. Cancer Res
47: 3239-3245, 1987.

67. Guarino V, Faviana P, Salvatore G, Castellone MD, Cirafici AM,
De Falco V, Celetti A, Giannini R, Basolo F, Melillo RM and
Santoro M: Osteopontin is overexpressed in human papillary
thyroid carcinomas and enhances thyroid carcinoma cell
invasiveness. J Clin Endocrinol Metab 90: 5270-5278, 2005.

68. Hu Z, Lin D, Yuan J, Xiao T, et al: Overexpression of osteo-
pontin is associated with more aggressive phenotypes in human
non-small cell lung cancer. Clin Cancer Res 11: 4646-4652,
2005.

69. Zhang DT, Yuan J, Yang L, et al: Osteopontin expression and
its relation to invasion and metastases in gastric cancer.
Zhonghua ZhongLiu ZaZhi 27: 167-169, 2005.

70. Matkovits T and Christakos S: Variable in vivo regulation of rat
vitamin D-dependent genes (Osteopontin, Ca, Mg-Adenosine
Triphosphatase, and 25-Hydroxyvitamin D3 24-Hydroxylase):
Implications for differing mechanisms of regulation and
involvement of multiple factors. Endocrinology 136: 3971-3982,
2005.

71. Prince CW and Butler WT: 1,25-dihydroxyvitamin D3 regulates
the biosynthesis of osteopontin, a bone-derived cell attachment
protein, in clonal osteoblast-like osteosarcoma cells. Coll Relat
Res 7: 305-313, 1987.

72. Garland C, Shekelle RB, Barrett-Connor E, Criqui MH and
Rossof AH: Dietary vitamin D and calcium and risk of
colorectal cancer: a 19-year prospective study in men. Lancet 1:
307-309, 1985.

73. Smith EL, Walworth NC and Holick MF: Effect of 1alpha-25-
dihydroxyvitamin D3 on the morphological and biochemical
differentiation of cultured human epidermal keratinocytes grown
in serum-free conditions. J Invest Dermatol 86: 709-714, 1987.

74. Rocker D, David A, Liberman UA, Garach-Jehoshua O and
Koren R: 1,25-dihydroxyvitamin D3 potentiates the cytotoxic
effect of TNF on human breast cancer cells. Mol Cell Endocrinol
106: 157-162, 1994.

75. El Abdaimi K, Dion N, Papavasiliou V, Cardinal PE, Binderup L,
Goltzman D, SteMarie LG and Kremer R: The vitamin D
analogue EB 1089 prevents skeletal metastasis and prolongs
survival time in nude mice transplanted with human breast
cancer cells. Cancer Res 60: 4412-4418, 2000.

76. Mantell DJ, Owens PE, Bundred NJ, Mawer EB and Canfield AE:
1alpha, 25-dihydroxyvitamin D3 inhibits angiogenesis in vitro and
in vivo. Circ Res 87: 214-220, 2000.

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

78. Simboli-Campbell  M, Narvaez CJ,  VanWeelden K,
Tenniswood M and Welsh JE: Comparative effects of 1,25-
(OH)2D3 and EB1089 on cell cycle kinetics and apoptosis in
MCF-7 cells. Breast Cancer Res Treat 42: 32-41, 1997.

79. Welsh JE: Induction of apoptosis in breast cancer cells in response
to vitamin D and anti-estrogens. Biochem Cell Biol 72: 537-545,
1994.

80. Wang, QM, Studzinski GP, Chen F, Coffman FD and Harrison LE:
p53/56 (lyn) antisense shifts the 1,25-dihydroxyvitamin D3-
induced G1/S block in HL60 cells to S phase. J Cell Physiol 183:
238-246, 2000.

81. Escaleira MTF and Brentani MM: Vitamin D3 receptor (VDR)
expression in HC-11 mammary cells: regulation by growth-
modulatory agents, differentiation, and Ha-ras transformation.
Breast Cancer Res Treat 54: 123-134, 1999.

82. Phillips K, Park MA, Quarrie LH, Boutinaud M, Lochrie JD,
Flint DJ, Allan GJ and Beattie J: Hormonal control of IGF-
binding protein (IGFBP)-5 and IGFBP-2 secretion during
differentiation of the HC11 mouse mammary epithelial cell line.
J Mol Endocrinol 31: 197-208, 2003.

INTERNATIONAL JOURNAL OF ONCOLOGY  29:  1591-1599,  2006 1599

1591-1599  4/11/06  18:02  Page 1599


