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Abstract Breast cancer cells preferentially metastasize to bone, leading to the formation of primarily osteolytic
lesions.Osteoprotegerin (OPG) playsmultifactorial roles in the development of osteolytic bonemetastases. An increase in
the ratio of receptor activator of nuclear factor kB ligand (RANKL) to OPG increases osteoclastogenesis within the bone
microenvironment. OPG also acts as a survival factor for cancer cells by protecting them from tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) mediated apoptosis. This study compares OPG production in vitro in a number
of breast cancer cell lines exhibiting both differences in metastatic capacity and in preferential metastasis to bone. Our
studies demonstrated thatOPGexpressionbyMDA-231,MDA-MET, andMDA-231/K cancer cellswas directly correlated
with bone specific homing and colonization potential but not withmetastasis of cancer cells to other organs; both in IL-1b
stimulated and control cells. We also demonstrated expression of other bone-related markers including type I collagen,
osteocalcin, osteopontin, and Runx2 in these cells. However, the generally lower expression of these markers in the bone
selective cell line MDA-MET suggested that increased OPG expression in the bone specific variant was not merely a
consequence of enhancedosteomimicry by these cells but that it has a significant role in themetastatic process. Co-culture
of breast cancer cells with osteoblastic cells (hFOB 1.19) led to an overall downregulation inOPGproduction, whichwas
not affected by the bone homing and colonization potential of the cell lines, suggesting thatOPG alone is not indicative of
osteolytic bone activity by breast cancer cells. J. Cell. Biochem. 103: 30–41, 2008. � 2007 Wiley-Liss, Inc.
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Breast cancer cells preferentially metastasize
to bone where they commonly cause osteolytic
metastases, a process that is at least partly
dependent upon osteoclast-mediated bone
resorption [Roodman, 2004]. Osteoclast activa-
tion occurs when receptor activator of nuclear
factor kB ligand (RANKL), expressed by osteo-
blasts and stromal cells [Anderson et al., 1997;
Wong et al., 1997; Yasuda et al., 1998] binds to
its cognate signaling receptor activator of
nuclear factor kB (RANK), which is expressed
on the surface of osteoclast precursor cells and
leads to their differentiation into active, fully
mature osteoclasts capable of resorbing bone
[Hsu et al., 1999; Li et al., 2000]. RANK–
RANKL interactions are disrupted by osteopro-
tegerin (OPG), a decoy receptor secreted by
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osteoblasts, which acts to prevent excessive
osteoclastogenesis [Simonet et al., 1997; Tsuda
et al., 1997; Kostenuik and Shalhoub, 2001].
Under normal conditions, these molecules are
tightly regulated so as to prevent excess
osteoblast or osteoclast activities. Bone meta-
static cancers alter this delicate balance, lead-
ing to increased osteoclastogenesis. The
mechanism by which these cancer cells lead to
a net increase in osteoclast activation at least
partially involves alterations in osteoclastic and
osteoblastic regulation of OPG/RANKL ratios
[Thomas et al., 1999; Chikatsu et al., 2000;
Guise, 2000].

In addition to their effects on osteoblast OPG
and RANKL levels, some breast cancer cells also
produce OPG in culture [Thomas et al., 1999].
Similarly, prostate cancer cells have been
known to produce OPG in culture [Holen et al.,
2002] and it has been demonstrated that OPG
production by these cells protects them against
tumor necrosis factor-related apoptosis-indu-
cing ligand (TRAIL) mediated apoptosis [Holen
et al., 2002].

In this study, we examined the hypothesis
that OPG production by breast cancer cells
correlates with their bone homing and coloniza-
tion potential to bone. Basal OPG levels in
breast cancer cell lines with varying bone
homing and colonization potential were exam-
ined to determine whether OPG production of a
particular cell line correlated with its bone
homing and colonization potential. A previous
report found modest (or no) changes in the
average gene expression of RANKL and OPG in
different stage breast tumor tissues [Reinholz
et al., 2002]. However, these studies were
performed on primary tumors from different
patients and therefore were genetically unre-
lated. In the study described here, OPG produc-
tion was compared in genotypically related
variants of the MDA-MB-435 (435) and MDA-
MB-231 (231) cell lines to minimize background
heterogeneity. OPG production in metastatic
435 and 231 cells was compared to expression in
BRMS1 transfected, metastasis-suppressed
counterparts. Basal OPG levels in a bone
selective variant of the 231 cell line, MDA-
MET [Bendre et al., 2002], were also quantified.
OPG production by MDA-MET cells was com-
pared to parental weakly metastatic 231/K cells
[Bendre et al., 2002]. Since it has been demon-
strated previously that breast cancer cells also
inhibit OPG production in breast cancer cell-

osteoblast/stromal cell co-cultures [Thomas
et al., 1999; Chikatsu et al., 2000; Guise,
2000], we also examined the effect of the breast
cancer cells used in this study on total OPG
release in co-cultures of breast cancer cells and a
fetal osteoblastic cell line, hFOB1.19 (hFOB), to
determine if bone homing and colonization
potential or site specific metastasis was related
to differential inhibition of total OPG in co-
cultures.

MATERIALS AND METHODS

Cell Lines, Cell Culture, and Reagents

Cell lines used in this study were as follows:
the telomerase-immortalized, normal breast
epithelial cell line HTERT-HME1 (HTERT)
[Bodnar et al., 1998] was purchased from
Clontech and was maintained in a specially
formulated media (Clontech, Lexington, KY).
Metastatic 435 and 231 cell lines obtained from
ATCC and Dr. Janet Price at the University of
Texas M.D. Anderson Cancer Center, respec-
tively, were originally derived from the pleural
effusion of a female patient with an infiltrating
ductal carcinoma [Price et al., 1990]. These cell
lines were maintained in DMEM/F-12 media
(GIBCO, Life Technologies, Inc., Rockville, MD)
supplemented with 5% FBS. 435/BRMS1 cells
and 231/BRMS1 cells are 435 and 231 cells,
respectively, expressing the metastasis sup-
pressor gene BRMS1 [Seraj et al., 2000]. We
examined two BRMS1 transfected clones each
for 435/BRMS1 and the 231/BRMS1 cell lines.
Clones 3 and 6 of the 435/BRMS1 cell line and
clones 11 and 13 of the 231/BRMS1 cell line were
used in our studies. 435/BRMS1 and 231/
BRMS1 cell lines were maintained in 435/231
cell medium supplemented with geneticin
(500 mg/ml). 231/K cells are 231 cells that were
originally obtained from ATCC. The 231 cells
from Dr. Jane Price and the 231/K cells from
ATCC used in these studies have been passaged
for extended periods of times in vitro and in
different laboratories and therefore have
diverged and very likely display instability for
multiple phenotypes. Therefore, we gave them
different designations to reflect this. 231/K cells
are the cells from which the MDA-MET were
derived by an in vivo selection process for bone
metastasis. [Bendre et al., 2002] Thus, 231 and
231/BRMS1 are genetically more similar to one
another than are MDA-MET and 231/K. Like-
wise, 231/K and MDA-MET are more similar to
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one another than 231 and MDA-MET. The bone
selective MDA-MET breast cancer cell line and
the parental cell line, 231/K were maintained in
DMEM media (GIBCO, Life Technologies, Inc.,
Rockville, MD) supplemented with 10% FBS.

MDA-MB-231 cells have been reported to be
relatively less metastatic than MDA-435 cells.
MDA-MB-435 cells preferentially metastasize
to lymph nodes and lungs and to a lesser degree
to brain, heart, adrenal glands, muscle [Price
et al., 1990], and bone [Phadke et al., 2006].
MDA-MB-231, and the variant 231/k, metasta-
sizes to adrenal gland, ovary, brain, and
bone [Yoneda et al., 2001; Bendre et al., 2002]
while 231-MET metastasize exclusively to bone
[Bendre et al., 2002].

hFOB 1.19 are human fetal osteoblastic cells
conditionally immortalized with a gene encod-
ing for a temperature sensitive mutant to A58 of
the SV40 large T antigen[Harris et al., 1995]. At
permissive temperatures (378C) the tempera-
ture sensitive gene is expressed and this cell line
proliferates rapidly while at restrictive tem-
peratures (39.58C) the gene is not expressed and
the cells proliferate less rapidly and express
increased alkaline phosphatase activity and
osteocalcin levels relative to cells cultured at
the permissive temperature. hFOB 1.19 cells
were maintained in DMEM/F-12 media supple-
mented with 10% FBS and 1% penicillin–
streptomycin as previously described [Harris
et al., 1995; Donahue et al., 2000]. hFOB cells
were cultured at 378C not in differentiation
media for all experiments and therefore are
considered premature osteoblastic cells. Metas-
tasizing breast cancer cells would come in
contact with bone lining cells. Bone lining cells
are quiescent or premature osteoblasts and
therefore immature hFOB 1.19 cells are parti-
cularly good model for bone cells with which
breast cancer cells would come in contact. All

cell lines were used after one subculture from
routine culture in standard T-75 flasks. Table I
depicts the metastatic capacity of these cell
lines.

Monocultures

Cells were plated on Day 0 at a density of 105

cells/ml (1 ml/well) in 24-well plates in DMEM/
F-12 media containing 2% FBS and incubated at
378C in a 5% CO2 incubator. Media was collected
on Day 3 and stored at �208C until assayed for
OPG. To allow normalization of data, cells were
lysed and total protein was quantified using the
Bradford method of protein estimation [Brad-
ford, 1976]. Data were expressed in pmol/mg
protein. The proliferation rates of all breast
cancer cell lines used in these studies have been
published and are similar [Samant et al., 2000;
Seraj et al., 2000; Bendre et al., 2002]. Results
were expressed as mean�SD of six assays with
five samples per assay.

Treatment of Monocultures With IL-1b

Cells were plated on Day 0 at a density of 105

cells/ml (1 ml/well) in 24-well plates in DMEM/
F-12 media containing 2% FBS and incubated at
378C in a 5% CO2 incubator. The medium was
changed on Day 2 to medium containing 1% FBS
and IL-1b was added at 20 ng/ml. Parallel
controls were run without IL-1b. Media was
collected on Day 4 and stored at �208C until
assayed for OPG. The cells were lysed and total
protein determined as before. Data were expres-
sed in pmol/mg protein. Results were expressed
as mean�SD of two assays with five samples
per assay.

Collection of Breast Cancer Cell
Conditioned Media

Breast cancer cells were plated at a density of
105 cells/ml (1 ml/well) in 24-well plates on Day

TABLE I. Properties of Breast Epithelial Cells Used in This Study

Cell line Tumorigenic Metastatic Sites of metastasis References

HTERT � � Non-metastatic [Bodnar et al., 1998]
435 þ þþþ Multiple organs [Price et al., 1990]
435/BRMS1 þ þ Multiple organs [Price et al., 1990], [Seraj et al., 2000]
231 þ þþþ Multiple organs [Price et al., 1990]
231/BRMS1 þ þ Multiple organs [Price et al., 1990], [Bendre et al., 2002;

Seraj et al., 2000]
MDA-MET þ þþþ Bone [Bendre et al., 2002]
231/K þ þ Few organs [Bendre et al., 2002]

�, Negative; þ, Positive.
435/BRMS1 cells are derived from 435 cells, 231/BRMS1 cells are derived from 231 cells and MDA-MET cells are derived from 231/K
cells.
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0 in DMEM/F-12 media containing 2% FBS and
incubated at 378C in a CO2 incubator. On Day 3,
the conditioned media was collected, filtered
through 0.22 mm filters to remove any cells and
used at a 50% concentration for the co-culture
studies. The final value was multiplied by a
factor of two to account for this dilution.

Co-culture of Osteoblasts With Breast Cancer
Cells or Breast Cancer Conditioned Media

hFOB cells were plated on Day 0 at a density
of 105 cells/ml (1 ml/well) in 24-well plates in
DMEM/F-12 media containing 5% FBS and
incubated at 378C in a 5% CO2 incubator. On
Day 3, at which time cell monolayers were
confluent, the old media was aspirated off and
either fresh media (DMEM/F-12 containing 2%
FBS) or breast cancer cells in fresh media were
added at a density of 105 cells/well in a total
volume of 1 ml/well. In other studies, 3-day-old
breast cancer cell conditioned media was added
onto hFOB cells. Cells were incubated at 378C
for three more days. Media was collected on Day
6 and stored at �208C until assayed for OPG.
Media could be stored for 2 months at �808C
without any loss of activity. Breast cancer
monocultures were plated in parallel as controls
on Day 3 and their media harvested on Day 6 for
the assay. In hFOB monoculture controls, cells
were plated on Day 0, their media was changed
on Day 3 and they were incubated until Day 6,
when their media was harvested. Since the total
number of cells in the co-culture system was
twice that of monocultures, OPG values in co-
cultures were compared to predicted OPG
values, that is, total combined OPG of both
monocultures (OPG value of 3-day-old breast
cancer cell monoculture plated on Day 3 and
collected on Day 6 plus OPG value of 6-day-old
hFOB cell monoculture). Data were expressed
in pmol/L rather than pmol/mg protein in co-
culture experiments becuase we were unable to
account for the protein contributed by the

individual cell types in co-cultures. We believe
it is more accurate and better reflective our
results to compare OPG values in terms of pmol/
L. Results were expressed as mean�SD of six
assays with five samples per assay.

OPG ELISA

The concentration of OPG present in media
was determined using a sandwich ELISA
kit (Cat # Bl-20402) from Alpco Diagnostics
(Windham, NH 03087) as per manufacturer’s
instructions. Briefly, media was added to a
96-well plate pre-coated with a monoclonal anti-
human OPG antibody. A biotinylated polyclonal
goat-anti-human OPG antibody was used as the
secondary antibody followed by detection with
streptavidin-horseradish peroxidase and a 3030-
5050-tetramethylbenzidine substrate. The reac-
tion was stopped after 20 min by addition of 2 M
sulfuric acid. Optical density was measured
at 450 nm using an ELISA plate reader. An
OPG standard curve was generated using 1.1–
30 pmol/L recombinant human OPG. The con-
centration of OPG in the supernatant was
determined by interpolation. The sensitivity of
this assay was 0.14 pmol/L. All samples were
assayed in duplicate.

Quantitative Real-Time RT-PCR Analysis for
Osteoblastic Markers

Total RNA was isolated from 3-day-old con-
fluent cells using the RNeasy kit from Qiagen
according to the kit’s instructions and was
subjected to real-time RT-PCR using a Perkin-
Elmer ABI Prism 7700 sequence detection
system as described previously [Donahue
et al., 2000]. The sequences for primers and
probes used are described in Table II. We chose
to examine type 1 collagen, osteopontin, osteo-
calcin, and Runx2 because their expression
increases as osteoblastic cells differentiate
in vitro and they are considered markers of

TABLE II. Sequences of the Primers and Probes Used for the Real-Time RT-PCR Reaction

Human genes Forward primer Reverse primer Probe
Gene bank

No.

Type I collagen CGC ACG GCC AAG AGG A ACG CAG GTG ATT GGT
GGG

CAA GTC GAG GGC CAA
GAC GAA GAC A

NM000088

Osteopontin TTG CAG CCT TCT CAG
CCA A

CAA AAG CAA ATC ACT
GCA ATT CTC

CGC GGA CCA AGG AAA
ACT CAC TAC CA

NM000582

Osteocalcin AGT TGG CTG ACC ACA
TCG G

ACC CTA GAC CGG GCC
GT

TTT CAG GAG GCC TAT
CGG CGC TTC

NM000711

Runx2 TGC TTC ATT CGC CTC
ACA AA

TGC TGT CCT CCT GGA
GAA AGT T

AAC CAC AGA ACC ACA
AGT GCG GTG C

NM009820
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differentiated osteoblastic cells [Aubin, 1998;
Aubin and Triffitt, 2002].

These primers and probes were designed
using sequence data from Gene Bank and real-
time RT-PCR probe/primer design software
Primer Express (version 1.0, Perkin-Elmer),
which optimized the sequences for use in RT-
PCR. These sequences were synthesized and
PCR conditions were optimized with respect to
concentrations of Mg2þ, probe and both primers
to maximize the signal. For real-time RT-PCR
analysis, 2.5 ml of RNA (20 ng/ml) was added to a
reverse transcription reaction mix consisting of
0.5 ml RNAse inhibitor (40 U/ml), 2.0 ml 10� Taq-
Man universal master mix buffer, 3.6 ml MgCl2
(25 mM), 2.0 ml reverse primers for the genes
(10 mM), 1.0 ml 18S reverse primer, 1.0 ml each
of ATP, CTP, GTP, and UTP (10 mM), 0.44 ml
murine leukemia virus RT (50 U/ml) and 5.5 ml
DEPC treated deionized water. This mixture
was placed in a thermocycler and the reaction
carried out under the following parameters: 1 h
at 428C, 5 min at 728C and 2 min at 258C. Eight
microliters of this mixture was then added to a
PCR reaction mix consisting of 5 ml 10� Taq-
Man universal master mix buffer, 4.0 ml MgCl2
(25 mM), 2.0 ml each forward and reverse
primers for the genes (10 mM), 1.0 ml forward
and reverse 18S primers (0.25 mM), 1.0 ml 18S
probe (1.0 mM), 1.0 ml each of ATP, CTP, GTP,
and UTP (10 mM), 0.25 ml TAQ Gold (5 U/ml) and
18.35 ml deionized water and subjected to 2 min
at 508C and 10 min at 958C, followed by 40 cycles
of 15 s at 958C and 1 min at 608C in the Perkin-
Elmer ABI Prism 7700. The fluorescent time
history was recorded and the number of ampli-
fication steps required to reach an arbitrary
intensity threshold (Ct) was counted. For
example, for OPN, the ratio of OPN mRNA
and 18S rRNA was calculated from the formula:

AOPN=A18S¼ 2Ct18S=2CtOPN¼ 2ðCt18S � CtOPNÞ

where, AOPN and A18S are the initial concentra-
tions of OPN mRNA and 18S rRNA, respec-
tively, and CtOPN and Ct18S are the number of
cycles necessary to reach threshold intensity for
OPN mRNA and 18S rRNA, respectively.
Results were expressed as mean�SD of three
assays with triplicate runs per assay.

Statistical Analysis

A one-way ANOVA test was used to detect
statistically significant differences between

data sets. This was followed by the Student–
Newman–Keuls test to calculate the level of
significance between two different values. Sta-
tistical analysis was performed using the Graph
Pad Instat program assuming a significance
level of P< 0.05.

RESULTS

Breast Cancer Cell Lines Produce
Different Amounts of OPG

ELISA analyses demonstrated that ‘normal’
HTERT breast epithelial cells do not produce
detectable levels of OPG in culture (Fig. 1). With
one notable exception, 435 cells, the breast
cancer cell lines examined produced signifi-
cantly more OPG than did HTERT cells.
Compared to one another, the highly metastatic
breast cancer cell lines used in these studies
expressed dramatically different levels of OPG.
Four hundred and thirty-five breast cancer cells
did not secrete detectable levels of OPG,
whereas the 231 breast cancer cell line produced
significant amounts of OPG in culture. OPG
production was compared next in genotypically
related phenotypic variants of the 231 cell line
to eliminate cell line related differences
(Table I). No statistical differences in the levels
of OPG released by metastasis-competent 231
cells and their metastasis-suppressed 231/
BRMS1 variants (Fig. 1) were observed. How-
ever, the bone selective MDA-MET cells demon-
strated a significant (1.5-fold) upregulation in
OPG production as compared to parental,
multiorgan metastasizing 231/K breast cancer
cells (Fig. 1).

The Bone Resorbing Cytokine IL-1b Increases
OPG Expression in Breast Cancer Cell Lines

IL-1b is a pleiotropic cytokine that is normally
secreted by activated macrophages and blood
monocytes [Treves et al., 1983; Schwamberger
et al., 1991]. Since 231 cells do not produce IL-1b
[Liu and Gudas, 2002] and IL-1b is a metastasis-
inducing cytokine [Hoosein, 1998] that has
effects on OPG in other cell systems [Penno
et al., 2002], on growth of cancer cells [Hoosein,
1998] and on metastasis to bone marrow
[Hoosein, 1998], we examined the effects of IL-
1b on OPG production by these breast cancer
cells and differences, if any, in OPG induction by
IL-1b in metastasis capable and suppressed
cells.
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ELISA demonstrated that treatment of breast
cancer cells with 20 ng/ml IL-1b for 48 h, led to a
significant increase in OPG production by all
cell lines capable of producing measurable
levels of OPG. This increase, however, reached
the greatest level of significance in the bone
selective, osteolytic MDA-MET cell line (Fig. 2).

Osteoblastic Mimicry by Both
MDA-MET and 231 Cells

We quantified expression of osteoblastic mar-
kers in ‘normal’ mammary epithelial HTERT
cells, bone selective, osteolytic MDA-MET

cells, its parental cell line 231, and the 231 cell
line’s variant 231/K. Real-time RT-PCR analy-
sis demonstrated that all these cell lines
expressed type I collagen, osteocalcin, osteo-
pontin, and Runx2 to a greater degree than did
HTERT cells (Fig. 3). However, the expression
of these bone-related markers, with the excep-
tion of osteopontin, did not show a direct
correlation with bone-related homing and colo-
nization potential. In fact, 231/K cells expressed
greater mRNA levels of these bone-related
markers, with the exception of osteopontin,
than did MDA-MET cells (Fig. 3).

Fig. 1. OPG release by cells of differingmetastatic potential as quantified by ELISA. Results aremean� SD
values of five experiments done in quadruplicate. *Significantly different from HTERT or 435 cells
(P< 0.001), #significantly different from 231/K cells, P<0.001.

Fig. 2. Effect of IL-1b (20 ng/ml) on OPG release by breast cancer cells of differing metastatic potential as
quantified by ELISA. &, Untreated cells; &, IL-1b treated cells. Results are mean� SD values of two
experiments done in quintriplicate. *Significantly different from untreated controls, P<0.05.
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Breast Cancer Cells Inhibit Total OPG Production
in Breast Cancer—hFOB Human Fetal

Osteoblastic Cell Co-Cultures

Breast cancer-hFOB co-culture resulted, both
in the case of the 435 cells and in the case of the
231 cells, in a net inhibition in OPG levels over
predicted values (Fig. 4). We were unable to
distinguish between hFOB secreted OPG and
breast cancer cell secreted OPG in our co-
culture system. This raised the question as to
whether it was hFOB secreted OPG or breast
cancer secreted OPG or both, which was
inhibited in co-cultures. To address this issue,
we examined the results of Figure 4 further.

Figure 4 depicts OPG in the 435-hFOB co-
culture system. OPG in co-cultures could be
secreted from hFOB cells, 435 cells or both,
though the contribution of 435 OPG to the total
secreted OPG would probably be quite low since
435 cells released barely detectable amounts of
OPG in monoculture. OPG secreted into med-
ium of co-cultures, most of which was probably
contributed by hFOB cells, were about 50% less

than the predicted OPG values. Since a 50%
reduction, relative to predicted values, is much
more than would occur from inhibition of
release of OPG from 435 cells alone, OPG
release from hFOB cells must have been
inhibited. This suggests that hFOB cells co-
cultured with 435 cells released less OPG than
hFOB cells in monoculture. Similar results
were observed with 435/BRMS1 cells. Total
OPG in the 231-hFOB co-culture system was
also decreased relative to predicted values.
Similar results were observed with 231/BRMS1
cells.

Interestingly, neither MDA-MET, a 231 clone
that selectively colonizes bone, nor its parental
cell line 231/K, when in co-cultured with hFOB,
had significantly different OPG levels than
breast cancer cell monocultures (Fig. 5). How-
ever, as seen with other breast cancer cell-hFOB
co-culture studies, the OPG value in these co-
cultures was still significantly lower than the
predicted OPG value (Fig. 5). Since MDA-MET
and 231/K secrete levels of OPG similar to hFOB
cells we could not determine whether the

Fig. 3. Quantitative real-time RT-PCR analysis for steady state levels of type 1 collagen, osteocalcin,
osteopontin, and Runx2 mRNA. Two hundred and thirty-one is the positive control and the ratio of type I
collagen, osteocalcin, osteopontin, and Runx2 mRNA to 18S mRNA in 231 cells has been set to 1. Bars are
means� SE. Results are representative of three assays performed in triplicate. *Significantly different from
mRNA levels in breast cancer cell lines, #significantly different from mRNA levels in 231/K, P<0.05.

36 Kapoor et al.



decrease OPG in co-culture is the result of
decreased release of OPG from hFOB or the
breast cancer cell lines.

Conditioned media from 435 cells reduced co-
culture OPG to levels similar to those induced
by 435 cells themselves suggesting that the
inhibition of total OPG production in co-
cultures was mediated by a factor released into
the media (data not shown).

DISCUSSION

Survival and proliferation at the secondary
site are required steps in the metastatic cas-
cade. Since OPG is a decoy receptor for TRAIL
[Emery et al., 1998] and cancer cells are
sensitive to TRAIL induced apoptosis [Kim

et al., 2000], OPG production by breast cancer
cells might correlate with cell survival and
metastatic capability. Accordingly we quanti-
fied basal OPG production by breast cancer cells
with different bone homing and colonization
potential. OPG was not produced by ‘normal’
breast epithelial HTERT cells. Some breast
cancer cells produced OPG in culture (231 cells)
and some did not (435 cells), making it difficult
to correlate this molecule with breast cancer
metastasis. Therefore, OPG production was
compared in genotypically related phenotypic
variants of the 231 cell line of variable bone
homing and colonization potential (i.e., 231 and
231/K) to minimize cell line related differences.

The 231 breast cancer cell line was used as a
model system in the present study for three
reasons. We had available genotypically related
phenotypic variants of this cell type with
variable bone homing and colonization poten-
tial, 231 cells produce OPG (Fig. 1) [Thomas
et al., 1999] and, more importantly, previous
studies have demonstrated that 231 cells are
sensitive to TRAIL induced apoptosis [Keane
et al., 1999]. Thus, these cells fulfill the
criteria to study the correlation of OPG with
bone homing and colonization potential. Since
one of these cell lines preferentially colonizes
bone and is osteolytic, this unique model system
also affords us the ability to study the correla-
tion of OPG with site-specific metastasis to bone
and with osteolytic capability.

The lack of differences in OPG production
by metastasis-competent 231 cells and their
metastasis-suppressed 231/BRMS1 variants

Fig. 4. Effect of co-culture with breast cancer cells on OPG release by osteoblastic hFOB cells. , hFOB
monocultures; &, breast cancer cell monocultures; , predicted values; &, hFOB-breast cancer cell co-
cultures. Bars represent mean� SD of five experiments done in quadruplicate. *Significantly different from
respective predicted values or respective monocultures, P<0.01.

Fig. 5. Comparative effects of 231/K and its bone metastatic
variant MDA-MET on OPG release by osteoblastic hFOB cells.
, hFOB monocultures; &, breast cancer monocultures; ,

predicted values, &, hFOB-breast cancer cell co-cultures.
Results are mean� SD values of two experiments done in
quintriplicate. *Significantly different from respective predicted
values or hFOB’s (P< 0.01).
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suggested initially that there were no differ-
ences in OPG production between metastasis
competent and suppressed cells. However, the
highly significant (1.5-fold) (P< 0.001) upregu-
lation of OPG production by the bone selective
MDA-MET cell line [Bendre et al., 2002],
compared to parental, multiorgan-metastasiz-
ing 231/K cells, suggests that OPG expression
by breast cancer cells may correlate with bone
homing and colonization but not overall meta-
static potential. It is important to emphasize
that the metastatic potential of MDA-MET and
231/K have been compared to one another (15)
and the lung metastatic potential of 435, 435/
BRMS1, 231 and 231/BRMS1 to one another.
However, the metatstic potential of MDA-MET,
231 and 231/K have not been compared. There-
fore, it is not appropriate to compare OPG levels
across these groups but rather only within these
groups. Within the 231 and 231/BRMS1 group
the more multitissue metastatic 231 display a
slight non-significant increase in OPG produc-
tion. Within the MDA-MET and 231/k group the
more bone metastatic MDA-MET produce sig-
nificantly more OPG than the non-bone meta-
static 231/K. Therefore, within a group of cancer
cells strongly differing in their bone homing and
colonization potential there was an increase
in OPG. Since OPG is protective against
TRAIL induced apoptotic effects in a number
of cancer cells [Holen et al., 2002; Shipman and
Croucher, 2003] this elevation of OPG produc-
tion by bone selective MDA-MET cells may lend
a survival advantage to them within the bone
microenvironment.

Our studies demonstrated a modest but
statistically significant increase in OPG produc-
tion in all 231 and 231-BRMS1 cells treated with
IL-1b. However, 231/K and MDA-MET dis-
played more significant increases in OPG
following exposure to IL-1b. Importantly, IL-
1b-stimulated OPG secretion was greater in
MDA-MET cells suggesting a role for IL-1b-
stimulated OPG in preferential metastasis of
these breast cancer cells to bone.

Breast cancer cells are osteomimetic [Barnes
et al., 2003] and partial mimicry of an osteo-
blastic phenotype is an important component of
the preferential metastasis of cancer cells to
skeletal sites [Cohen, 2001; Barnes et al., 2003].
Since OPG was elevated in bone selective MDA-
MET cells in comparison to 231/K controls, we
were interested in examining whether OPG
increases were specifically correlated with bone

metastatic potential or if elevation of OPG by
the bone metastatic variant was merely a
reflection of enhanced osteomimicry by these
cells.

All of the 231 variants displayed increased
mRNA levels of type 1 collagen, osteocalcin,
osteopontin, and Runx2, relative to non-meta-
static HTERT cells. This suggests that in
general these breast cancer cells display osteo-
mimicry. However, three of four of the bone
markers were decreased in MDA-MET relative
to 231/K and only one was increased. This
suggests that the preferential metastasis of
MDA-MET to bone, relative to 231/K, is not
related to osteomimicry. However, our results
do suggest a role of osteopontin expression in
the process of bone metastasis, as has been
suggested by previous studies [Weber, 2001;
Hotte et al., 2002; Carlinfante et al., 2003].

OPG production was detected in hFOB mono-
cultures, as has been demonstrated previously
[Hofbauer et al., 1998]. Co-culture of 435 and
231 breast cancer cell lines with hFOB cells led
to a significant inhibition of overall OPG levels.
While we could not distinguish between breast
cancer cell and hFOB cell OPG in our co-culture
system, our studies demonstrated an inhibition
of OPG release by hFOB cells in co-cultures.
Park et al. [2003] previously demonstrated that
co-culture of MDA-231 cells with osteoblastic
MC3T3-E1 cells or ST2 bone stromal cells
decreased OPG mRNA levels in the co-cultured
cells. Presumably this reflected a decrease in
OPG mRNA levels in the bone cell lines as
minimal OPG mRNA was detected in the MDA-
231 cells in monoculture. Our results are
consistent with those of Park et al. and extend
the findings to human cell lines and secreted
OPG, which is more reflective of OPG activity.
Our results are also consistent with those of
Chikatsu et al. [2000] demonstrating that
murine Balb/c-MC breast cancer cells decrease
OPG secretion by murine bone marrow stromal
cells.

The lack of differences in overall OPG inhibi-
tion by parental or BRMS1 transfected cells in
co-culture suggests that metastatic potential of
a breast cancer cell line is not related to overall
OPG inhibition. Furthermore, the lack of
differences in overall OPG inhibition by MDA-
MET and 231/K cells in co-culture also suggests
that site specific metastasis of a breast cancer
cell line does not affect inhibition of overall OPG
in co-cultures. Thus, breast cancer cells are able
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to cause an inhibition in osteoblast or overall
OPG production but this inhibition of OPG does
not correlate with either the metastatic cap-
ability (as in the case of 435/BRMS1 and 231/
BRMS1) or with the site-specific metastasis (as
in the case of MDA-MET and 231/K) of the cells.

Our studies do not explain the mechanism
by which osteoblast or breast cancer OPG is
inhibited in co-cultures. Previous studies sug-
gest the involvement of breast cancer derived
PTHrP [Thomas et al., 1999; Chikatsu et al.,
2000; Guise, 2000] and more recently the role of
osteoblastic cell apoptosis induced by breast
cancer cells both in vitro and in vivo [Mastro
et al., 2004; Phadke et al., 2006] in inhibition of
osteoblast OPG. It is likely that these and a
multitude of other factors may contribute to the
inhibition of OPG within the bone milieu
leading to a net osteoclastogenic effect.

Interestingly, while there is no difference in
the inhibition of overall OPG in breast cancer
cell-osteoblastic cell co-cultures by either MDA-
MET or 231/K cells, the MDA-MET cell line has
been previously demonstrated to be more
osteoclastogenic than 231/K cells [Bendre
et al., 2002, 2003] despite the fact that MDA-
MET cells produce higher levels of OPG in vitro.
This finding initially seems confusing since
OPG producing tumor cells normally form
osteosclerotic rather than osteolytic lesions at
the bone interface [Brown et al., 2001; Penno
et al., 2002]. Thus, one would expect the MDA-
MET cells, which produce greater amounts of
OPG than 231/K cells in vitro, to be less
osteoclastogenic than 231/K cells. However,
OPG alone is not an absolute indicator of the
osteolytic potential of a cell line. RANKL to OPG
ratios are important predictors of osteoclasto-
genic activity [Fazzalari et al., 2001]. Our
previous studies [Bendre et al., 2003] have
shown that MDA-MET cells produce high levels
of the alpha chemokine interleukin 8 (IL-8),
which has the capacity to both directly (inde-
pendent of RANKL) and indirectly (upregula-
tion of RANKL on osteoblasts) stimulate
osteoclast formation and bone resorption
[Bendre et al., 2002, 2003]. This suggests that
while OPG is elevated in the bone selective
MDA-MET cells, the level of IL-8 as well as the
RANKL to OPG ratio in the bone milieu is high
enough to support the dramatic elevation of
osteolysis indicative of MDA-MET cells [Bendre
et al., 2003]. Moreover, these results suggest
that differences in the osteoclastogenic poten-

tial of breast cancer cells may rely on differences
in the elaboration of osteoclastogenic factors,
such as IL-8, as well as osteoblast RANKL
upregulation, rather than merely the down-
regulation of absolute OPG expression.

In summary, our data suggest a correlation
between OPG secretion, either basal or IL-1b
induced, with preferential metastasis of MDA-
MET breast cancer cells to bone. However,
inhibition of OPG levels in human breast
cancer-human osteoblast co-cultures is not
correlated with metastatic potential or site-
specific metastasis of breast cancer cell lines.
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