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Progress Report: A New In Vitro Model of Breast Cancer Metastasis to Bone
Andrea M. Mastro, Carol V. Gay and Erwin A. Vogler
INTRODUCTION:

Breast cancer frequently metastasizes to the bone where it disrupts the balance
between osteoblasts and osteoclasts and leads to osteolytic degradation (Bussard et al.
2008). The objective of this study was to test the hypothesis that osteolytic bone
metastases results partly from the affect of the cancer cells on the osteoblasts, i.e. the
cancer cells prevent osteoblasts from accreting mineralized tissue ultimately leading to
accelerated skeletal degradation. In order to test this idea, we proposed to develop an
existing three-dimensional culture system into an in vitro test system for studying the
interactions between osteoblasts and metastatic breast cancer cells. The objectives
were to characterize the morphology and physiology of osteoblasts (MC3T3-E1)
cultured as a 3D osteoid in a bioreactor and to determine how they reacted to the
presence of human metastatic breast cancer cells (MDA-MB-231). In addition we
proposed to determine how this interaction was affected by changing the oxidative state
of the microenvironment with selenium spupplementation. We also used this system to
determine how the currently used drugs, zoledronic acid and doxetaxel, affected
osteoblasts and cancer cells in the 3D model.

BODY:

Task 1. To determine the effects of metastatic breast cancer cells on the
physiology of osteoblasts cultured in along term culture system that
fosters growth in three-dimensions. (months 1-6)

a. Establish cultures of MC3T3-EL1 cells in bioreactors and add metastatic breast
cancer cells at various times after the establishment of culture (4,7,15,30
days). Periodically sample the secreted materials in the growth chamber that
will indicate osteoblast function. ELISA or RIA will be carried out for OCN, IL-
6, MIP-2, MCP-1. Alkaline phosphatase will be assayed by a biochemical
assay. Culture medium from cells grown in standard tissue culture will be
compared. For control cells in selected assays, a human immortalized non-
tumorgenic cell line, such as h-TERT-HMEL1 will be used.

b. Establish cultures of MC3T3-EL1 cells in bioreactors and add metastatic breast
cancer cells at various times after the establishment of culture bioreactors as
in task 1-a. Terminate the cultures periodically to assay the cells for cell
associated alkaline phosphatase, Type | collagen, mineralization (alizarin red,
von Kossa) and for apoptosis (TUNEL).

Task 2. To determine the effects of metastatic breast cancer cells on osteoblast
morphology in along term bioreactor culture system that fosters growth in
3-dimensions. (months 7-13)



a. Co —cultures of osteoblasts and breast cancer cells will be prepared as in task
1. The stage of differentiation of the osteoblasts and the time of the addition
of the cancer cells will be decided based on the results of task 1. Co-cultures
from the bioreactor and conventional cultures will be fixed to preserve
morphological detail.

b. Part of each culture will be fixed with paraformaldehyde following a protocol to
preserve GFP. These cultures will be imaged with confocal fluorescence
microscopy to detect the metastatic breast cancer cell migration.

c. Part of each culture will be prepared for detection of apoptosis (TUNEL). The
GFP tag of the cancer cells will allow us to distinguish apoptotic cancer cells
from apoptotic osteoblasts.

d. Part of each culture will be prepared for scanning electron microscopic
observation. We anticipate that we will be able to distinguish cancer cells
from osteoblasts in these preparations based on size and shape.

e. Part of each culture will be prepared for the transmission electron microscopy.
We will view the cells with an eye to fine structural detail.

Task 3. To test known stimulators and/or protectors of osteoblast function in the
presence and absence of breast cancer cells in order to develop a means of
blocking the destructive effects of breast cancer cells have on bone forming
osteoblasts. (months 14-34)

Summary of the results at the end of the third year of investigation

Parts of tasks 1 and 2 were pursued in parallel to maximize efficiency in achieving aims
of proposed work and to provide internal consistency in the work by using living
cells/biological materials in a conserved timeframe. Much of aims 1 and 2 were reported
last year and are now published.

Tasks 1 and 2: Characterization of the osteoblasts in the bioreactor

Main finding: Osteoblast lines and as well as primary osteoblasts grew into bone
osteoid-like tissue in the bioreactor. They express characteristic differentiation genes
and osteoblast-secreted molecules and cytokines. Most of these findings were
presented in last year’s report and are now published [see appendix (Dhurjati, Liu et al.
2006; Liu, Lim et al. 2007; Dhurjati, Krishnan et al. 2008; Kinder, Chislock et al. 2008)].
In addition we allowed some cultures to grow for about 10 months. We made two major
observations: the osteoblasts developed into cells that were characteristically



osteocytes; bone deposition occurred. This information is included in the appended

manuscript (Krishnan et al) and is summarized here.
Differentiation of osteoblasts into osteocytes

We had found that growing osteoblast for about 2 months was optimal for studying the
interaction of the osteoblastic tissue with breast cancer cells. However, we allowed a
few of the cultures to grow for approximately 10 months. We followed the morphology
of the MC3T3-EL1 cells over this time. We found that MC3T3E-1, developed into 3D
tissue about 22 um thick within 15 days (Figure 1, Panels A, B), comprised of 6-8 layers
(Panel C, D) of actively-mineralizing (positive for alkaline phosphatase activity and for
mineralization by von Kossa stain), differentiated osteoblasts. Transmission electron
microscopy (TEM) showed that this tissue was densely packed with close cell contacts
(Panels C, D). Continuous culture reproducibly resulted in transformation of spindle-
shaped pre-osteoblasts into cobble-stone shaped osteoblasts that secreted and
mineralized an extensive, collagenous extracellular matrix that completely enveloped

the cells.

Figure 1:
MC3T3E-1 pre-
osteoblasts
grown for 15 days
within the
bioreactor.
Panels A, B:
SEM images of a
dense 3D tissue
about 22 /m
thick. Panels C,
D: Cross-
sectional TEM
images showing
6-8 layers of
actively-
mineralizing and
densely packed
cells with close
cell contacts (Nu
= nucleus, rER =
rouah
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Months of MC3T3-E1 Osteoid Bioreactor Culture

Figure 2: Phenotypic maturation of MC3T3E-1 within the bioreactor over 10 months
continuous culture. An exponential-like decrease in the number of cell layers with
time (left-hand axis) translated into a linear-like decrease in cell-layer/tissue-
thickness ratio (right-hand axis). This finding was consistent with the process of
bone maturation that resulted in transformation of proliferating pre-osteoblasts into
non-dividing osteoblasts that become engulfed in mineralized matrix and mature into

osteocytes.

Figure 3: Progression in cell morphology
monitored by confocal microscopy of Alexa
Fluor 568 phalloidin stained MC3T3E-1
within the bioreactor over 10 months of
culture (compare with Fig. 2). Panel A:
“cobble-stone” shaped osteoblast-like cells
matured from fibroblastic pre-osteoblasts
within 3 weeks. Panel B: elongated cells
appeared with development of many cellular
processes within 1.2 months. Panel C:
density of cells enmeshed in a dense
collagenous matrix (appears black,)
decreased over 2 months. Panel D: 1-2
layers of stellate cells with many intercellular
contacts after 2-10 months of continuous
culture. Scale bar represents 50um.




We carried out scanning electron microscopy (SEM) a bioreactor after 10 months of
continuous culture (Figure 4A,B) and saw that the tissue was about 50 um thick.
Furthermore, it was comprised of stellate cells interconnected with many processes with
different lengths ranging from about one cell diameter (“short”) to many cell lengths
(“long”). Examination of many TEM images (e.g. Figure 4D) revealed that intercellular
connections terminated in over-lapping protrusions (see arrows). From these images
and molecular biology (Table 1), we concluded that the entire tissue was comprised of
osteocytic cells.

Table 1: Temporal gene expression of differentiation markersin
MC3T3-E1 cultured in the bioreactor
Markers Monthsin Culture

0.7 1 2 10
Osteocalcin 0.54% 0.14 0.55 0.015
Osteonectin 0.53 0.53 0.34 0.19
Osteopontin 0.21 0.054 0.51 0.11
Type | Collagen 1.49 1.36 121 0.76
MMP13 0.11 0.23 1.46 na
E-11 1.15 0.93 101 0.78
DMP-1 0.09 0.04 0.63 0.06
Sclerostin nd nd * *
Yield of RNA 1100 ng/uL 160 ng/uL 180 ng/uL 12 ng/uL

We counted the cells to determine how the numbers compared with human bone. We
found 36 osteocytes in a 4 pm? confocal-images field (Figure 4C), suggesting that there
were about 9X10* osteocytes/cm?. This value further translated into 2 million
osteocytes/bioreactor; assuming that the 27 um tissue shown was uniform across the
entire 25 cm? growth space (see Figure 5, panel D). We further estimated that there
were about 3.4X10* osteocytes/mm?®. This number compared favorably with 1.3X10*
osteocytes/mm? measurements on human bone.



Figure 4: Osteocyte-like
cells mature within the
bioreactor over 10 months
continuous culture. Panels
A, B: SEM image of ~23 um
thick tissue showing closely
packed stellate cells
interconnected with many
cellular processes. Panel C:
confocal image of Alexa
Fluor 568 phalloidin stained
osteocytes showing 1- 2 cell
layers with many intercellular
processes. Panel D: high-
magnification TEM image of
overlapping cell protrusions
(arrows) typical of
osteocytes.

As osteoblasts differentiate from pre-osteoblasts to mature osteoblasts to osteocytes,
characteristic genes are expressed. We determined gene expression by PCR. The
phenotypic progression suggested by cell morphology also was reflected in the
characteristic expression of genes such as Type | collagen, osteonectin, osteocalcin
and osteopontin (Table 1). Up-regulation of matrix-metallo proteinase (MMP)-13
(indicative of extracellular matrix remodeling) and the proteins E11, DMP-1, and
sclerostin, indicative of osteocytic transformation, (Franz-Odendaal, Hall et al. 2006)
occurred in more mature cultures. In spite of the fact that there were numerous viable
cells within the bioreactor after 10 months, RNA recovery was lower than that of
younger bioreactors (Table 1), consistent with fewer cells.

After about 2 months of continuous culture, bioreactors occasionally exhibited
contiguous, cm?®-scale macroscopic mineral deposits on the growth-chamber side of the
dialysis membrane. Dialysis membranes from bioreactors without visually-apparent
mineral were found by FTIR spectroscopy to produce weak signals consistent with
hydroxyapatite, suggesting that osteoblasts may have passed too quickly through the
mineral-deposition phase to produce visually-apparent aggregates. Too few bioreactors
have been studied to date to discover the exact conditions that led to bioreactor
ossification, but there was no doubt that unknown experimental factors (e.g. inoculum
concentration, precise timing of media replacement, etc.) occasionally led to deposition
of macroscopic bone-like mineral. This material did not appear in bioreactors kept with
differentiation medium alone in the absence of cells. X-ray diffraction of a mineral “chip”
(Figure 5A) also was consistent with bovine bone (see inset of Figure 5A). SEM of the
chip revealed that the deposit was comprised of many nodules (Figure 5B), consistent
with a nucleation-and-growth deposition phenomenon. Comparison of FTIR spectra of



chips recovered from 5 and 10 month bioreactors suggested an evolution of chemical
composition with deposition time (Figure 5C).

Figure 5: Macroscopic mineral deposits on the growth-chamber side of the
bioreactor dialysis membrane. Mineral chip taken from a 10 month bioreactor
dialysis membrane were prepared for X-ray diffraction or FTIR spectral
analyses as described in the method. Panle A: The X-ray diffraction pattern
was similar to bovine bone (inset). Panel B: Reveals that the chip was
comprised of close-packed spherical nodules. Panel C compares FTIR spectra
of chips recovered from 5 and 10 month bioreactors showing changes in
chemical composition with deposition time.

In summary, the use of the bioreactor makes it possible to grow osteocytes in culture.
Currently is it only possible to use a cell line or to isolate the cells usually from calavaria
from neonatal mice or rats. Further manipulation of the bioreactor may allow the time
frame to be shortened. We have not seen osteocytes at 5 months but we have seen
them at 8 months.

Task 3. To test known stimulators and/or protectors of osteoblast function in the
presence and absence of breast cancer cells in order to develop a means of
blocking the destructive effects of breast cancer cells have on bone forming
osteoblasts. (months 14-34)

Establish cultures of osteoblasts at various stages of differentiation in the
presence and absence of metastatic breast cancer cells as determined in task 1.



Main findings

The bisphosphonate, zeledronic acid (ZOL), when added to a bioreactor in the presence
of cancer cells, had an obvious impact on the cancer cells in the co-culture system. The
cancer cells formed smaller colonies and did not form projections or penetrate the
matrix as seen with cultures without ZOL. The gene expression of the cancer cells and
osteoblasts is currently underway. Further analyses are in progress.

Selenium supplementation appeared to affect the osteoblasts more than the cancer
cells. The osteoblast appeared to have long cell extensions. The cancer cells colonized
the osteoblast tissue of the Se deficient and supplemented cultures but with different
patterns.

1. Selenium will be increased or reduced (by used of selenium depleted serum)
and the cultures will be followed as described in task 1.

Selenium supplementation

Based on our findings in taskl and a series of cell culture studies we grew MC3T3-E1
cells in the bioreactor under low Se conditions or supplemented with 2 pm
methylseleninic acid (MeSa). Selenium was reduced to < 20 nM by using 5% serum.
We based this choice of a selenium supplement and concentration on reports in the
literature and on experiments carried out in our laboratory with MC3T3-E1 in standard
culture dishes ((Chen, Y-C, see appended Ms). This concentraton of MeSa was not
toxic to either the MC3T3-E1 or to the MDA-MB-231 cells. Under both conditions the
osteoblasts grew and differentiated; i.e. alkaline phosphatase production and von Kossa
staining, in standard cell culture.

We added MDA-MB-231°" cells to bioreactors of MC3T3-E1 that were approximately
2.5 months old. The osteoblasts were first labeled with Cell Tracker Orange in order to
visualize them with the confocal microscope (Figure 6). We noticed that the Se
supplemented cells did not take up the dye as well as those grown in under conditions
of low Se. We monitored the cultures by confocal microscopy for a week. We saw that
cancer cells attached and grew under both conditions. Unlike our previous observations
(Dhurjati et al. 2008) with Se adequate medium, the cancer cells failed to align
themselves into single file and the osteoblasts did not change from cuboidal to spindle
shape. Rather the Se supplemented osteoblasts formed long processes (Figure 6E).
They also did not appear as well-defined microscopically (cf Figure 6 A with D, G). The
cancer cells in the Se deficient medium formed colonies (Figure 6 C), as previously
seen. In the presence of MSA, they grew more randomly and covered the osteoblast
tissue (Figure 6 F). This pattern of growth was reminiscent of that seen with cancer cells
and osteoblasts that were relatively undifferentiated after 15 days of culture in the
bioreactor. It is possible that the MSA supplementation affected osteoblast
differentiation in the bioreactor in spite of the fact that in standard culture plates, the
osteoblasts with MSA produce alkaline phosphatase. The RNA and cell culture
supernatants from the bioreactors have been collected. RT-PCR will be carried out to
measure gene expression patterns of the osteoblasts and cancer cells under both



growth conditions. The supernatants will be assayed by ELISA for inflammatory
cytokines.

2. Bisphosphonates

We also are in the process of testing compounds currently being used to treat patients
with bone metastatic breast cancer.

Bisphosphonates are synthetic analogues of inorganic pyrophosphates, normal
regulators of bone mineralization (Rogers, Gordon et al. 2000). Bisphosphonates are
widely used to treat metastatic breast cancer as well as prostate cancer and other
cancers that metastasize to the skeleton. They also are prescribed in much lower
doses for individuals with osteoporosis or osteopenia (Green 2003). Zoledronic acid
(Zoledronate) is one of the most aggressive in targeting bone metastasis. Itis a
nitrogen containing analogue of inorganic pyrophosphate. Bisphosphonates bind
strongly to bone mineral particularly where there is bone turnover. In the process of
bone resporption, osteoclasts internalize the molecule which then inhibits certain critical
enzymes. The nitrogen containing bisphosphonates such as ZOL act on the mevalonate
pathway and inhibit geranylgeranylation and farnesylation. These molecules are
required for post-translational prenylation (transfer of long chain isoprenoid lipids) of
proteins. Among the proteins affected are the GTP-binding proteins such as Ras, Rho,
Rac and Rab which leads to apoptosis in osteoclasts. Although these drugs are
effective against osteoclasts, they may affect cancers cells and OBs since prenylation is



not limited to osteoclasts. The extent of these other-cell effects and mechanisms are
not known.

The theory is that once bone degradation is inhibited, growth factors released in the
process of bone resporption will no longer be available to stimulate cancer cell growth.
The “vicious cycle” of bone metastasis will be stopped (Mundy 2002). There is
evidence to suggest that in bone, bisphosphonates might also inhibit tumor growth
directly, although this does not seem to be the case for metastases to soft tissues.
What effect does this class of molecule have on osteoblasts?

Studies have been carried out in vitro with cell lines in standard tissue culture or in vivo
in a mouse model. The in vitro studies may not impart a complete representation of how
OBs or cancer cells react in the bone microenvironment. In vivo it is very difficult to
separate the effects that numerous cell types have upon others. There are numerous
studies of the effects of bisphosphonates on OBs (Reinholz, Getz et al. 2000; Chaplet,
Detry et al. 2004; Pan, Farrugia et al. 2004). The results vary, possibly due to the type
and age of OBs used. Several studies lead to the conclusion that ZOL enhances OB
anabolism and causes increased bone formation. Some report that human primary OBs
increased in differentiation in culture in the presence of ZOL. There was increased
expression of osteocalcin, bone morphogenic protein 2 and mineralization. They found
no increase in the message for RANKL or OPG but there was an increase in OPG
secretion and a decrease in transmembrane RANK-L expression possibly due to the
effects of prenylation and expression of a metalloprotease (TACE). In contrast report no
effect of CLOD, PAM or ZOL on differentiation of human mesenchynal derived OB but
did see a drop in OB calcium deposition.

From these few examples, it is clear that ZOL and other bisphosphonates affect OBs.
Do they affect tumor cells? It has been found that bisphosphonates have cytostatic and
pro-apoptotic effects on myeloma, prostate and breast cancer cells. Other steps in the
metastatic process, i.e. tumor cell adhesion and invasion, were inhibited by
bisphosphonates. Some of these effects are believed due to metalloproteinase (MMP)
activity. The blockage of cytokine secretions by OBs, stromal cells and monocytes may
also be relevant to tumor cell growth.

In summary, there are numerous studies in vivo and in vitro with N-bisphosphonates,
especially ZOL, to indicate that these drugs inhibit osteoclastic activity. The effects on
OBs and other cells including tumor cells are not as clear. In vitro studies have yielded
conflicting results with regard to OB differentiation is increased but some find a
decrease. Tumor cells may be directly affected but there may indirect effects related to
bone-tumor microenvironment.

We plan to study the effects of these molecules in the bioreactor. We first conducted a
series of cell culture studies to determine the concentrations to use. In vivo, the ZOL
binds to the bone matrix so there is an initial blood level and then a concentrated
amount in the bone. These studies were carried out by a honors student in bioengeering
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student as part of her McNair fellowship research program. The work is ongoing.
Appended is the paper that she wrote at the end of the summer 2008, program.

We tested ZOL on osteoblast proliferation (Figure 1 below from Miller) both in a pulse
experiment (24 hr exposes) or continuous exposure. We tested 0.05, 0.5 and 5.0 uM
over 96 hours. Cells were released with pronase and counted using a hemacytometer.
Trypan blue staining was used to detect dead cells. We found that 5 pM was cytotoxic
in both protocols. 0.5 pM was less toxic in the pulse protocol.

Based on the assumption that the concentrations of ZOL in 2 month cultures of
osteoblasts in the bioreactor might be different than those found in cells grown under
standard tissue culture conditions, we added either 0.05 uM or 0.5 uM to the cell
chambers. As the ZOL diffused into the upper reservoir, over time the final
concentrations reached 7 nM and 70 nM. We followed the cutures by confocal
microscopy for several days and noted several paratmeters (Table 1).

The results are summarized in Table 1. The figures are included in the appended
material as a power point presentation.

* Inthe presence of ZOL, fewer colonies of breast cancer cells formed.

The colonies that formed with ZOL were more rounded and showed fewer

elongated processes.

* The cultures treated with ZOL showed less cancer cell alignment.

* We saw what appeared to be lysed or broken cancer cells in the cultures treated
with ZOL.

* The osteoblasts in the culture with ZOL did not show the modified spindle shape
that they normally acquire in the presence of cancer cells.

* The cancer cells in the presence of ZOL did not appear to penentrate through the
osteoblast multilayer as they did without the ZOL..

11



Table 1. The effects of zoledronic acid on the interaction of breast cancer
cells with osteoblasts in a 3D culture system.

Culture/Treatment
Experimental Parameter
OB OB+BC |OB+BC+ | OB+BC+
0.05uM ZOL| 0.5uM ZOL
BC Colony Formation n/a +++ + ++
BC Processes n/a +++ + +
Rounded BC Morphology n/a + +++ ++
BC Alignment n/a +++ + ++
Ruptured BC Cells n/a - ++ ++
Spindle-shaped OB
Morphology 4+ + +
Tissue Penetration n/a +++ + ++

The RNA from these co-cultures has been isolated. We are currently preparing to carry
out RT-PCR to determine the effects of ZOL on the osteoblast differentiation proteins.
Because both the human cancer cells and the murine osteoblasts contributed to the
RNA, we must design primers to distinguish murine from human RNA. We will use a
housekeeping gene to normalize the RNA to account for differences in cell numbers.
This work is in progress.

In summary, ZOL affected the interaction of breast cancer cells and osteoblasts in the
absence of osteoclasts. The next step is to examine the effect of doxetaxel on two
month cultures of OB grown in the bioreactor. We would expect doxetaxel to block |
proliferation of dividing cells. However, the two month cutures will be non-dividing and
well differentiated. Thus we expect there to be little effect on the osteoblasts. In
contrast, the cancer cells in the cultures continue to divide. We anticipate that the
cancer cells will be affected. There are reports that cancer cells in co-culture with normal
cells are protected from cytoxic agents. We will first test a range of concentrations of
doxetaxel for cytotoxicity of cancer cells grown alone or co-cultured with differentiated
cultures of osteoblasts in standard culture. Based on the results, we will choose a
concentration to test in the bioreactor culture. We anticipate that we will be able to
selectively affect the cancer cells. The final step will be to combine treatments with ZOl
and dxetaxel.

12



Future Goals

As we have presented this work at meetin

gs and conferences it has become clear that a

culture that included osteoclasts as well as osteoblasts would be very valuable. These
together would comprise a “ bone remodeling unit.” To that end, a graduate student has

been learning to differentiate both human

and mouse osteoclasts in culture. We are

currently writing proposals to obtain funding for this work.

He has successfully cultured human osteoclasts (Lonza) in the bioreactor and shown
them to be functional osteoclasts (Figure 7). They developed into multinucleated cells
that stained with acridine orange, indicative of an acid cytolplasm (Figure 7 A). They
stained with TRAP and also formed actin rings, indicative of mature osteoclasts (Figure
7, B,C). When cultured on a bone slice, these cells degraded the bone as evidenced by

formation of “resorption pits.”

Figure 7. Micrographs of Human pre-osteoclasts
cultured for 7 days in Bioreactor (A, B) and 96 well
tissue culture dishes (C, D)- (A) Acid compartments
(orange) of mature multi-nucleated (green) osteoclasts
visualized using acridine orange staining. Inset shows
staining for actin ring on cells that were also stained
for acridine orange. (B) TRACP positive mature
osteoclasts that were stained for acridine orange and
actin ring. (C) Phalloidin stained multi-nucleated (blue)
osteoclast depicting actin-ring (red) formation. (D)
Phase image of osteoclast-made resorption pit on
bovine cortical bone slice.

KEY RESEARCH ACCOMPLISHMENTS

* Primary osteoblasts and the MC3T3-E
periods in the bioreactor.

1 osteoblast line can be grown for extended

» The osteoblasts appeared to differentiate and undergo an osteogenesis program

from pre-osteoblasts to mature osteob
morphology indicated this progression
» MDA-MB-231 metastatic breast cance

lasts to osteocytes. Gene expression and

. Cells resemble in vivo calvaria osteocytes.

r cells when co-cultured with the osteoblasts,

caused a change in morphology of the osteoblasts. The cancer cells aligned
themselves in a manner reminiscent of “Indian Filing.”

* With both the primary osteoblasts and

the MC3T3-E1 cell line, the cancer cells

inhibited osteoblast differentiation genes. On the other hand they stimulated

expression of inflammatory cytokines.
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* The currently used drug, zoledronic acid, when added to co-cultures, prevented the
cancer cells from forming large colonies and from pentrating the osteoid.

» Selenium supplementation of the cultures affected osteoblasts and cancer cells.

» Osteoclasts can be cultured in the bioreactor.
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Research Society — American Association for Cancer Research Conference on
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Applications for Funding based on this work

Miller, Genevieve. 2009 The effect of combination bisphonates and taxane therapy on
breast cancer cell colonization of osteoblast tissue. Undergraduate Summer Discovery

Grant from Penn State University. Awarded.
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Based on our results thus far, the following proposals were submitted. However, none
were funded. We are in the process of writing more!

Agency: NASA

Project title: Gravitational Effects on the Osteoblastic Inflammatory Response
Principal Investigator: Erwin Vogler

Co-Investigator: A. Mastro

Agency: NIH

Project title: Growing Osteocytes in vitro
Principal Investigator: Erwin Vogler
Co-Investigators: A. Mastro

Agency: NIH

Project title: An in vitro model of Cancer in Bone
Principle Investigator: E. Vogler
Co-Investigators: A. Mastro

CONCLUSIONS

A specialized bioreactor has allowed us to grow osteoblasts into a 3D osteoid tissue.
Short term growth, up to several months led to multilayers of osteoblasts and an
extracellular matrix. Longer term growth, up to 10 months, led to the differentiation of
osteocytes. Challenge of the 3-D culture with breast cancer cells created a system that
simulated metastatic breast cancer colonization of bone. Within hours the osteoblasts
respond with an inflammatory stress response. They also show reduced expression of
osteoblast differentiation genes. The cancer cells adhere to the osteoid- like tissue and
penetrate the cell layer. The also cause loss of extracellular matrix. Both osteoblasts
and cancer cells change to more spindle-shaped cells. The cancer cells line up in a
pattern described as “Indian filing.” Attempts to “cure” the cancer containing cultures
with the bisphosphonate, zoledronic acid, showed that the addition of this drug after the
cancer cells were present for three days, led to smaller cancer colonies and less
penetration of the extracellular matrix. Selenium supplementation appeared to affect
osteoblast morphology. It did not inhibit cancer cell growth in the bioreactor but the
cells did not form colonies.
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Abstract

Murine calvariae pre-osteoblasts (MC3T3-E1), grown in a novel bioreactor, proliferate into a
mineralizing three-dimensional (3D) osteoblastic tissue that undergoes progressive phenotypic
maturation into osteocyte-like cells. This process recapitulates stages of bone development
observed in vivo in that: (i) both tissue structure and composition undergo continuous maturation
with tissue thickness and cell-to-extra-cellular-matrix (ECM) volume ratio decreasing with
decreasing cell number; (ii) cell morphology concomitantly evolves from spindle-shaped pre-
osteoblasts through cobble-stone shaped osteoblasts to stellate-shaped osteocyte-like cells
interconnected by many intercellular processes spanning a range of lengths from short to long
and (iii) gene-expression profiles parallel cell morphological changes, up-to-and-including
increased expression of osteocyte associated-genes such as E11, DMP1 and sclerostin. X-ray
scattering and infrared spectroscopy of contiguous, cm>-scale macroscopic mineral deposits are
consistent with bone hydroxyapatite, showing that bioreactor conditions can lead to ossification
reminiscent of bone formation. Thus, extended-term osteoblast culture (=10 months) in a
bioreactor based on the concept of simultaneous-growth-and-dialysis, captures the full
continuum of bone development otherwise inaccessible with conventional cell culture, resulting
in an in vitro model of osteogenesis and a source of terminally-differentiated osteocytes that does

not require demineralization of fully-formed bone.
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Introduction

Diseases of bone such as osteoarthritis, osteomalacia, and osteoporosis negatively affect
the quality of life for millions and cause commensurate socioeconomic burden [1,2]. Likewise,
cancers in bone are pernicious diseases with characteristically high levels of morbidity and
mortality [3-5]. Resolution of these healthcare issues, as well as development of therapeutic
approaches to bone restoration [1] depends, in part, on a firm understanding of the cellular-and-
molecular basis of osteogenesis.

Osteoblasts, cells of mesenchymal origin, are responsible for bone accretion [6] through
a tightly regulated, spatiotemporal sequence [7] that includes proliferation of pre-osteoblasts,
differentiation into functional osteoblasts capable of depositing collagenous matrix, and
progressive mineralization of that matrix. In the final stage of bone development, mature
osteoblasts either undergo apoptosis or terminally differentiate into osteocytes that inhabit
lacunar spaces within hard bone [8]. Throughout this sequence, cells maintain extensive
intercellular networks through gap junctions (osteoblasts) or intercellular processes (osteocytes)
[9]. Thus bone tissue is a functional syncytium that transduces mechanochemical stimuli
through dynamic cell-cell contacts [10]. This syncytium is disrupted by bone diseases [11],
including metastases of cancers in bone [3], emphasizing the importance of three-dimensional
(3D) tissue organization in osteopathologies.

Conventional cell culture has proven to be a valuable tool for studying the physiology of
bone-forming cells. In particular, enzymatic isolation of osteoblasts has yielded reproducible
and widely-applied methods for studying osteoblast biology in vitro [12]. However, osteoblasts
grown by conventional-culture methods are limited to a 2D monolayer and do not emulate the

3D network that characterizes bone tissue. Also, conventional culture is not generally suitable
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for maintaining cells over the long period required for completion of all stages of bone
development. Importantly, the pericellular microenvironment, perturbed by the periodic
replacement of the medium, prevents development of chemical gradients (cytokines and other
factors) thought to mediate phenotypic development [13]. As a consequence, differentiation of
osteoblasts into osteocytes has not been reproduced under in vitro conditions conducive to
probing with modern genomic and proteomic tools.

We have developed a novel bioreactor [14,15] based on the principle of simultaneous-
growth-and-dialysis [16] that permits extended-term, uninterrupted growth of a 3D mineralizing
osteoblastic tissue [14]. This system permits phenotypic maturation of pre-osteoblasts into
terminally-differentiated osteocytes. Bioreactors have occasionally exhibited mineralization
yielding contiguous, cm?-scale mineral deposits, that prove to be consistent with bone
hydroxyapatite. Simultaneous-growth-and-dialysis culture has thus provided unprecedented

access to osteocyte biology.

Materials and Methods

Bioreactor: Bioreactors based on the principle of simultaneous-growth and-dialysis [16] were
implemented as described previously [3,14,15] (see also S.Figure 1). Briefly, the cell-growth
compartment (5 mL) was separated from a 30 mL medium-reservoir by a dialysis membrane.
Cells were inoculated into the growth chamber in complete medium including serum. The
reservoir was filled with basal medium without serum. Serum constituents or macromolecules
synthesized by cells with molecular weights in excess of the dialysis membrane cutoff (6-8 kDa)

were retained and concentrated within the growth compartment.



Krishnan et al Osteogenesis In Vitro: From Pre-Osteoblasts to Osteocytes page 5

Cells and Cell Culture: Murine calvarial pre-osteoblasts (MC3T3-E1), a gift from

Dr. Norman Karin, Pacific Northwest National Laboratories, were inoculated into the growth
chamber (10* cells/cm?) and cultured with growth medium [alpha minimum-essential medium
(a-MEM) (Mediatech, Herdon, VA), 10% neonatal FBS (Cansera, Roxdale, Ontario), 100 U/ml
penicillin 100 ug/ml streptomycin (Sigma Aldrich, St. Louis, MO)]. The reservoir contained the
same medium but without serum. Once the cells reached confluence, usually 4-5 days, the
medium in the growth chamber was replaced with differentiation medium containing 50 ug/mL
ascorbic acid and 10 mM B-glycerophosphate (Sigma Aldrich). Every 30 days the basal medium
within the medium reservoir was refreshed. This medium change prevented the build up of

metabolic wastes. Bioreactors were maintained at 37°C in a humidified, 5% CO, incubator.

Reverse Transcriptase Polymerase Chain Reaction: After indicated times, MC3T3-E1 were
harvested and RNA isolated (RNeasy, Qiagen, Valencia, CA). All RNA samples had a A260/280
ratio >1.8. CDNA was generated from 0.5 ug RNA using the SuperScript® VILO™ kit
(Invitrogen, Carlsbad, CA). PCR was carried out with a thermo cycler (DeltaCycler 1™ System,
Ericomp San Diego, CA) as described previously [3]. The sequences of the primer pairs are
available in supplementary table 1. Expression levels for each gene were normalized by

determining the ratio of the band volume to that of B-actin.

Confocal Microscopy: The cells were fixed with 2.5% gluteraldehyde in cacodylate buffer and
stained with Alexa Fluor 568 phalloidin according to the manufacturer’s instructions (Molecular
Probes, Invitrogen). In situ laser-scanning was performed using an Olympus FV-300 laser

scanning microscope (Olympus America Inc., Center Valley, PA) [3].
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Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Analyses: A bone chip from
the bioreactor or from bovine bone, was placed in a stainless steel vial along with a large ball
bearing, and then put in a Wig-L-Bug vibrating mill. The bone was ground for 30 seconds. A
small amount of oven dried KBr powder (International Crystal Laboratories, Garfield, NJ) was
added, the ball bearing removed, and the materials mixed for 30 seconds. A translucent 7mm
pellet was pressed (Quick-Press) and analyzed in transmission mode using a FTIR spectrometer
(Bruker IFS 66/s, Bruker Optics, Billerica, MA). Other bone chips were dried with
hexamethyldisilazane (HDMS)and ground in a ball mill into a powder. The X-ray diffraction
pattern of the powder was collected using a Phillips MPD theta-2-theta powder diffractometer

(PANalytical Inc., Westborough, MA), and compared to that of authentic bone.

Scanning (SEM) and Transmission Electron Microscopy (TEM): Tissue from the bioreactor
was fixed overnight with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer at 4°C and
processed for TEM as described previously [4]. For SEM the tissues were further incubated with

1% osmium tetroxide in cacodylate [4].

Results

Osteoblastic Tissue Growth and Maturation Under Continuous Long-term Culture:
MC3T3E-1, developed into 3D tissue about 22 um thick within 15 days (Figure 1, Panels A, B),
comprised of 6-8 layers (Panel C, D) of actively-mineralizing (positive for alkaline phosphatase
activity and for mineralization by von Kossa stain), differentiated osteoblasts [3,14]. TEM
showed that this tissue was densely packed with close cell contacts (Panels C, D). Continuous

culture reproducibly resulted in transformation of spindle-shaped pre-osteoblasts into cobble-
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stone shaped osteoblasts that secreted and mineralized an extensive, collagenous extracellular
matrix that completely enveloped the cells [3,14].

Quantitative evaluation of ~30-50 histological and ultra-structural sections taken from
bioreactor cultures at different times (Figure 2) revealed continuous transformation of tissue.
Initially the cells were closely packed (high cell/matrix ratio) but transformed into a more mature
phenotype (low cell/matrix) after about 5 months. Confocal microscopy (Figures 3A-D) further
revealed that this transformation was associated with a progression in cell morphology from
cuboidal to stellate with many intercellular contacts (indicated by arrows).

SEM images of a bioreactor after 10 months of continuous culture (Figure 4A,B) showed
that tissue was about 50 um thick and was comprised of stellate cells interconnected with many
processes with different lengths ranging from about one cell diameter (“short™) to many cell
lengths (“long”). Examination of many TEM images (e.g. Figure 4D) revealed that intercellular
connections terminated in over-lapping protrusions (see arrows). From these images and
molecular biology (Table 1), we concluded that the entire tissue was comprised of osteocytic
cells. We counted 36 osteocytes in a 4 pm? confocal-images field (Figure 4C), suggesting that
there were about 9X10* osteocytes/cm?. This value further translated into 2 million
osteocytes/bioreactor; assuming that the 27 um tissue shown was uniform across the entire 25
cm? growth space (see Figure 5, panel D). We further estimated that there were about 3.4X10*
osteocytes/mm?, which compared favorably with 1.3X10* osteocytes/mm? measurements on

human bone [17,18].

Gene expression. The phenotypic progression suggested by cell morphology was reflected in

the characteristic expression of genes such as Type | collagen, osteonectin, osteocalcin and
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osteopontin (Table 1) [7]. Up-regulation of matrix-metallo proteinase (MMP)-13 (indicative of
extracellular matrix remodeling) and the proteins E11, DMP-1, and sclerostin, indicative of
osteocytic transformation, [19] occurred in more mature cultures. In spite of the fact that there
were numerous Viable cells within the bioreactor after 10 months, RNA recovery was lower than
that of younger bioreactors (Table 1), consistent with fewer cells and perhaps related to the

relatively low metabolic activity attributed to osteocytes (see Discussion).

Formation of Macroscopic Bone: After about 2 months of continuous culture, bioreactors
occasionally exhibited contiguous, cm?-scale macroscopic mineral deposits on the growth-
chamber side of the dialysis membrane (see S.Figure 1). Dialysis membranes from bioreactors
without visually-apparent mineral were found by FTIR spectroscopy to produce weak signals
consistent with hydroxyapatite (data not shown), suggesting that osteoblasts may have passed too
quickly through the mineral-deposition phase to produce visually-apparent aggregates. Too few
bioreactors have been studied to date to discover the exact conditions that led to bioreactor
ossification, but there was no doubt that unknown experimental factors (e.g. inoculum
concentration, precise timing of media replacement, etc.) occasionally led to deposition of
macroscopic bone-like mineral. This material did not appear in bioreactors kept with
differentiation medium alone in the absence of cells. X-ray diffraction of a mineral “chip”
(Figure 5A) also was consistent with bovine bone (see inset of Figure 5A). SEM of the chip
revealed that the deposit was comprised of many nodules (Figure 5B), consistent with a
nucleation-and-growth deposition phenomenon. Comparison of FTIR spectra of chips recovered
from 5 and 10 month bioreactors suggested an evolution of chemical composition with

deposition time (Figure 5C).
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Discussion

Osteoblastic Tissue Growth and Phenotypic Maturation Under Continuous Long-term
Culture: Cell and tissue morphological evidence (Figures 1-4) combined with gene expression
data (Table 1) has led us to conclude that growth and maturation of MC3T3-E1 derived
osteoblastic tissue over 10 months of continuous culture in the bioreactor recapitulated the
normal sequence of bone deposition characterized by stages of proliferation, matrix maturation,
mineralization, and terminal differentiation into osteocytes [7]. In particular, the tissue
progressed through these stages (Figure 2) showing no apparent signs of necrosis. In fact,
microscopy revealed that tissue recovered from 10 month bioreactors was quite similar to 5
month tissue (not shown), suggesting that viability through the phenotypic-transition stage
(Figure 2) was nearly constant. We therefore speculate that osteoblastic tissue can be sustained
indefinitely within the bioreactor with only occasional refreshment of basal media in the
reservoir, but we have not yet experimentally examined cultures longer than 10 months. Gene
expression was likewise consistent with phenotypic maturation into osteocytes indicated by the
expression E-11, DMP-1 and sclerostin.

Osteocytes developed to densities similar to that seen in calvarial bone [18]. If this
osteocytic tissue has an architecture similar to authentic bone, (Figure 4A) then at least calvarial
osteocytes are quite closely packed in bone in a way that is different from osteocytes in shafts of
long bone where they are separated by several cell diameters interconnected by long processes
[20]. Textbook images convey the idea that osteocytes are rather sparse in bone. Neither our
data nor measurements of osteocyte density in authentic bone [17,18] support such a perspective
for calvaria-derived bone. Since carrying out this work, we became aware of a paper by Murshid

et al [21] comparing primary chicken osteoblasts to MC3T3-E1 grown in a 3D matrigel matrix.
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The cells that grew in both cultures were similar but not identical. This group did not assay for
osteocyte proteins, i.e. sclerostin, DMP-1 or E-11, so we cannot compare our work directly with

theirs.

Formation of Macroscopic Bone: Deposition of contiguous, cm?-scale macroscopic mineral is,
to our knowledge, unprecedented in the culture of bone cells in vitro. Failure to routinely
reproduce bioreactor ossification suggests uncontrolled variable(s) in the culture, that once
discovered, may help understand critical variables involved in bone restoration after trauma or
disease. We were struck by the observation that this cell-mediated mineral deposition formed on
the cell side of the dialysis membrane (see S. Figure 1). Osteoblasts exocytose vesicles
containing enzymes responsible for mineral formation [22] which were observed in TEM
sections of osteoblastic tissues (e.g. Figure 1C). Presumably, these secreted enzymes caused
nucleation of mineral nodules on the dialysis membrane that aggregated into a contiguous layer
with time. This mineral deposit had the X-ray and FITR characteristics of bone and did not
appear to be due to the microcrystalline apatite deposition described by Cisar et al. [23]. Clearly,
more research is required to fully trace steps involved in formation of macroscopic mineral

deposits by osteoblasts in the environment of the bioreactor.

Implications for Osteobiology: We suggest that the ability to monitor and control the
maturation of osteoblastic tissue in vitro is useful to the study of osteogenesis and
osteopathologies. Foremost is the ability to create readily-accessible osteocytes that are
otherwise accessible only by extraction from bone using rigorous extraction protocols [12].

Growth of osteocytes from isolated pre-osteoblasts offers the distinct advantage that
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demineralization is not required. Furthermore in the bioreactor, cells can be directly observed by
microscopy. Moreover, the conditions of culture can be controlled and modified to better
understand the process of osteogenesis. We have already used the bone model to study the affect
of metastatic breast cancer known to invade skeleton on osteoblastic tissue [19]. We directly
observed cancer cell adhesion, penetration, colony formation, and osteoblast reorganization
heretofore only inferred in 2D culture models. This result encourages use of 3D tissue models in
the study of other pathologies, such as osteoarthritis, osteomalacia, and osteoporosis.

The bioreactor employed in this work is probably only one of many that can produce
bone tissue with varying phenotype ranging from pre-osetoblast to terminally-differentiated
osteocytes. However, a critical attribute of this method is creation of a pericellular
microenvironment that mimics growing bone. The simultaneous-growth-and-dialysis method is

crucial in this regard because it allows concentration gradients to form that guide cell maturation.
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Table 1: Temporal gene expression of differentiation markers in
MC3T3-E1 cultured in the bioreactor
Markers Months in Culture

0.7 1 2 10
Osteocalcin 0.54° 0.14 0.55 0.015
Osteonectin 0.53 0.53 0.34 0.19
Osteopontin 0.21 0.054 0.51 0.11
Type | Collagen 1.49 1.36 1.21 0.76
MMP13 0.11 0.23 1.46 na
E-11 1.15 0.93 1.01 0.78
DMP-1 0.09 0.04 0.63 0.06
Sclerostin nd nd * *
Yield of RNA 1100 ng/uL 160 ng/uL 180 ng/uL 12 ng/uL

page

MC3T3-E1 cells were cultured in the bioreactor for various intervals (22, 30, 60 days, 10

months). Cells were harvested and RNA isolated (RNeasy, Qiagen, Valencia, CA) as described

in the methods section. PCR was carried out on a thermocycler (DeltaCycler 1™ System.

Ericomp San Diego, CA). PCR reactions were run on a 2% agarose gel, stained with ethidium

bromide and imaged under UV illumination. Gel documentation was performed on the Kodak

14

Gel Logic 100 Imaging System (Eastman Kodak, Rochester, NY) and band volume quantitation

was done by ImageQuant software (Molecular Dynamics, Sunnyvale, CA). - Shown are

expression levels of each gene normalized by determining the ratio of the band volume for each

message relative to the band volume for B-actin for the same cDNA. nd- Not Detected, n=2, na-

Not Assayed, *- Detected at faint levels that could not be quantified.
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List of Figure Legends

Figure 1: MC3T3E-1 pre-osteoblasts grown for 15 days within the bioreactor. Panels A, B:
SEM images of a dense 3D tissue about 22 um thick. Panels C, D: Cross-sectional TEM images
showing 6-8 layers of actively-mineralizing and densely packed cells with close cell contacts

(Nu = nucleus, rER = rough endoplasmic reticulum).

Figure 2: Phenotypic maturation of MC3T3E-1 within the bioreactor over 10 months
continuous culture. An exponential-like decrease in the number of cell layers with time (left-
hand axis) translated into a linear-like decrease in cell-layer/tissue-thickness ratio (right-hand
axis). This finding was consistent with the process of bone maturation that resulted in
transformation of proliferating pre-osteoblasts into non-dividing osteoblasts that become
engulfed in mineralized matrix and mature into osteocytes [20]. Data within grey box was

previously reported in [3].

Figure 3: Progression in cell morphology monitored by confocal microscopy of Alexa Fluor
568 phalloidin stained MC3T3E-1 within the bioreactor over 10 months of culture (compare with
Fig. 2). Panel A: “cobble-stone” shaped osteoblast-like cells matured from fibroblastic pre-
osteoblasts within 3 weeks. Panel B: elongated cells appeared with development of many
cellular processes within 1.2 months. Panel C: density of cells enmeshed in a dense collagenous
matrix (appears black, and see Figures 4 and 8 in [14]) decreased over 2 months. Panel D: 1-2
layers of stellate cells with many intercellular contacts after 2-10 months of continuous culture.

Scale bar represents 50um.
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Figure 4: Osteocyte-like cells mature within the bioreactor over 10 months continuous culture.
Panels A, B: SEM image of ~23 um thick tissue showing closely packed stellate cells
interconnected with many cellular processes. Panel C: confocal image of Alexa Fluor 568
phalloidin stained osteocytes showing 1- 2 cell layers with many intercellular processes. Panel

D: high-magnification TEM image of overlapping cell protrusions (arrows) typical of osteocytes.

Figure 5: Macroscopic mineral deposits on the growth-chamber side of the bioreactor dialysis
membrane. Mineral chip taken from a 10 month bioreactor dialysis membrane were prepared for
X-ray diffraction or FTIR spectral analyses as described in the method. Panle A: The X-ray
diffraction pattern was similar to bovine bone (inset). Panel B: Reveals that the chip was
comprised of close-packed spherical nodules. Panel C compares FTIR spectra of chips
recovered from 5 and 10 month bioreactors showing changes in chemical composition with

deposition time.

Supplementary Figure 1: Compartmentalized bioreactor design. Panel (a) is a cross-section
diagram showing separation of the cell-growth space (A) from the basal-medium reservoir (B)
by a dialysis membrane (C). Cells are grown on gas-permeable but liquid-impermeable film (E).
The device is ventilated through film (D), which is the same material as (E). The whole device is
brought together in a liquid-tight fashion using screws Panel (b) and Panel (c), which is an
exploded-view identifying separate components. Liquid-access is through leur-taper ports (J, K),

which mate to standard pipettes. Reproduced from [14] with permission.
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Abstract

A specialized bioreactor based on the principle of simultaneous-growth-and-dialysis permits
growth of three-dimensional (3D), multiple-cell-layer osteogenic tissue from isolated osteoblasts
over long, continuous-culture intervals (tested up to 10 months with no sign of necrosis). The
resulting tissue recapitulates the stages of bone development observed in vivo, including
phenotypic maturation of cobble-stone-shaped osteoblasts into stellate-shaped osteocytes
interconnected by many intercellular processes. Gene-expression profiles parallel cell-
morphological changes with time, ultimately leading to increased expression of osteocyte-
associated molecules such as E11, DMP1 and sclerostin. Contiguous, cm?-scale macroscopic
mineral deposits that form within the bioreactor are consistent with bone hydroxyapatite. The
simple-to-use bioreactor system provides an in vitro model that permits the study and
manipulation of cancer-cell interactions with bone tissue in real time. Metastatic human-breast-
cancer cells, MDA-MB-231° introduced into the model grow and colonize osteoblastic tissue
in a manner reflecting various characteristics of pathological tissue observed in the clinic.
Specifically, MDA-MB-231 cells are observed to penetrate the thick extracellular matrix in which
osteoblasts are embedded and to form chains reminiscent of “Indian files” described for
infiltrating lobular or metaplastic breast carcinomas. Osteoblasts appear to be marshaled into a
parallel alignment with cancer cells followed by erosion of extracellular matrix structural integrity.
Tissue degradation appears to be accompanied by increased expression of osteoblast

inflammatory cytokines.



The skeleton is a favored site for the metastatic spread of breast, prostate, lung, and multiple
myeloma cancers (1). Metastasis to the bone often progresses with significant morbidity related
to substantial bone loss (osteolytic cancers) or gain (blastic cancers), bone pain, hypercalcemia,
pathological fractures, and spinal cord compression (2). Bone metastasis is particularly
pernicious because early-stage detection is obscured by the refractory nature of bone; once
bone colonization occurs, the cure rate drops precipitously (1-3). Inaccessibility also hampers a
full understanding of the cellular-and-molecular mechanisms underlying cancer colonization of
bone, thereby slowing drug development. Whole-animal models are thus too complex for
detailed mechanistic studies and, although excised tissue faithfully captures end stages of bone
metastasis associated with fully-developed tumors, the critical initial stages of disease remain
substantially obscured in this surrogate (4, 5). Standard monolayer cell culture sharply reduces
complexity and permits direct access to bone cells but, in so doing, loses biological relevance of
a fully-developed tissue architecture. For these reasons, as well as for reducing the use of
animals for research, three-dimensional (3D) tissue models have become a focus of recent

investigation (6, 7) and a challenging target for tissue engineering (8).

Effective in vitro bone models must strike a difficult balance between experimental efficiency
and retention of biological complexity. For example, the metaphysis region of long bone, where
cancer cells are known to traffic early in the metastasis process (9), is chiefly comprised of
cancellous bone in the form of thin trabeculae intertwined with blood vessels, connective tissue,
and hematopoietic cells of the bone marrow. Trabeculae, in turn, are comprised of a calcified
collagenous matrix populated and lined by osteoblasts that are responsible for bone accretion,
interacting with osteoclasts that are responsible for bone resorption. A minimal model of bone
accretion consisting of only osteoblasts must simulate the microenvironment wherein spatially-
and-temporally sequenced secretion of growth factors and cytokines associated with bone

development can occur (10) over long periods measured in months. Generally speaking,



neither conventional cell culture nor advanced-bioreactor systems that rely on scheduled-or-
continuous culture refeeding can reproduce this microenvironment because removal of spent

growth medium also eliminates, or significantly perturbs, pericellular-concentration gradients.

We have adapted a specific type of bioreactor (11) based on the principle of simultaneous-
growth-and-dialysis first pioneered by G. G. Rose (12) for the purpose of developing an in vitro
model of bone with systematically-increasing biological complexity (6, 13). The core idea
behind this compartmentalized bioreactor is to continuously feed cells with low-molecular-weight
nutrients by dialysis through a cellulose membrane that also retains cell-secreted
macromolecules within a cell-growth compartment bounded by this membrane. In this way,
metabolic-waste products such as lactic acid continuously dialyze out of the cell-growth
compartment and into a basal-medium compartment for eventual removal and replacement with
fresh growth medium. Growth-and-feeding functions are thus separated (compartmentalized)
and the pericellular space is not perturbed by wholesale growth-medium removal. The result is

an extraordinarily-stable culture environment wherein concentration gradients can develop.

Using this method of culture, we have grown multiple-cell-layer osteogenic tissue from two lines
of osteoblasts; human fetal hFOB1.19 (ATCC CRL-11372) and mouse calvaria MC3T3-E1
(ATCC CRL-2593) (13). Focusing on MC3T3E-1 derived tissue, we have observed in vitro the
progression of osteoblast development as it occurs in natural bone; i.e. from proliferation and
differentiation to engulfment of osteoblasts in a thick cell-secreted mineralized matrix, followed
by subsequent phenotypic maturation into a network of osteocytes with distinctive stellate shape
(Figure 1, panels A, B). In some cultures, contiguous, cm?-scale macroscopic mineral deposits
were formed that proved consistent with bone hydroxyapatite by X-ray scattering and infrared
spectroscopy. In addition, the gene expression profiles of characteristic osteoblast proteins

such as Type 1 collagen, alkaline phosphatase, osteonectin, osteopontin and osteocalcin,



mirrored that observed in vivo. After several months the cultures also expressed molecules
indicative of osteocytes, i.e. E11, DMP1, and sclerostin. RNA recovery from these mature
cultures was low compared to less-mature bioreactors, consistent with decreased cell density
(due to apoptosis) and the reduced metabolic activity attributed to osteocytes. To our
knowledge, these are the first in vitro observations of massive osteoblast-mediated ossification
and phenotypic transformation into osteocytes reported in the literature. The
compartmentalized bioreactor thus presents itself as an in vitro model for studies of bone

biology and pathology.

The bioreactor is amenable to real-time live-cell analysis by fluorescence confocal microscopy.
We have labeled osteoblasts with Cell Tracker Orange ™, for example, and followed cell
morphology over time. At the end of the culture period, the tissue can be fixed and the cells
stained for alkaline phosphatase or with phalloidin and/or labeled with other fluorescent
molecule probes (Figure 1). Tissue can be further processed using conventional histological
methods including conventional light-and-electron microscopies (13). We have combined
fluorescence with TEM by using fluorescent, electron-dense Quantum Dots ™ (In Vitrogen-
Molecular Probes). Following protocol similar to that discussed below, we introduced MDA-MB-
231 metastatic cancer cells which had internalized Q Tracker 655 dots (10nm nominal diameter
with cadmium cores) into osteoblast cultures and followed cancer-cell/osteoblast interactions by
confocal microscopy before processing the tissue for TEM. The electron-dense dots were
observed to collect within perinuclear vacuoles only in the cancer cells and did not transfer to
the osteoblasts. In this way we were able to distinguish cancer cells from osteoblasts and
study cell-cell interactions at the TEM level. Finally, all-or-part of the culture can be released
from the membrane for RNA isolation suitable for gene expression by PCR or lysed for protein

expression by western blotting.



Introduction of MDA-MB-231°" human metastatic breast cancer cells (genetically engineered
to produce green-fluorescent protein, GFP, and known to invade the murine skeleton (14)) onto
MC3T3-E1 osteoblastic tissue grown in the compartmentalized bioreactor to various stages of
phenotypic maturity allowed us to follow early stages of cancer-cell colonization in real time by
confocal microscopy (Figure 1, panels C-E). In this way, we observed cancer cell/osteoblast-
tissue adhesion, cancer-cell proliferation, tissue penetration, formation of non-vascularized
micro-tumors, and ultimate degradation of osteoblast-derived extracellular matrix (ECM).
Cancer cells proliferated and formed into columns of cells that penetrated the collagenous
tissue matrix, organizing into rows similar to the “Indian files” described for infiltrating lobular or
metaplastic breast carcinomas (Figure 1, panels E,F) (15). Migration of cancer cells along
tracks of remodeled ECM produced by preceding invading cell(s) apparently results in
characteristic cell-alignment patterns (16). Invasion by chains of tumor cells linked together by
cell-cell contacts is considered to be an effective penetration mechanism (17), conferring high
metastatic capacity and commensurately poor prognosis (15, 16). Observation of filing in the
osteoblastic-tissue model suggests a considerable degree of physiological relevance. Indian

filing is common in soft tissue but also found in bone metastasis (Figure 1, panels G,H,I).

We also observed an increased expression of inflammatory cytokines such as IL-6 in the
presence of the breast cancer cells, as well as a decrease in secretion of soluble (newly formed)
collagen and osteocalcin (a marker of osteoblast maturity) (6). A strong osteoblastic stress
response and decrease in collagen production correlated with loss of ECM integrity seen after
seven days of co-culture with MDA-MB-231°". These results parallel previous studies in

1°FP conditioned

conventional culture showing that exposure of osteoblasts to MDA-MB-23
medium produced an osteoblastic inflammatory stress response with sharply increased
expression of the inflammatory cytokines, IL-6, IL-8 and MCP-1 (18). These cytokines are

known to attract and activate osteoclasts, and are likely to contribute to the tumor-host



microenvironment in vivo. In particular, IL-6 a pleiotropic cytokine, has been implicated in the
pathogenesis of osteolysis associated with Paget’s disease, Gorham-Stout syndrome, and
multiple myeloma. IL-6 levels in breast-cancer patients have been found to correlate to the
clinical stage of the disease as well to the rate of recurrence. High IL-6 serum levels in breast-
cancer patients have been found to be an unfavorable prognosis indicator (see ref. (6) and
citations therein). IL-8, and the murine-related molecules KC and MIP-2, have also been found
to correlate with increase bone metastasis in vivo and with stimulation of osteoclast
differentiation followed by bone resorption. Interestingly, MCP-1, a principal chemokine
involved in normal bone remodeling, is produced primarily by osteoblasts and not the metastatic
MDA-MB-231°F cells upon interaction. Thus, the osteoblastic response to the cancer cells,
even in the absence of osteoclasts, changes the tumor microenvironment to favor osteolysis in

this particular cancer-cell model (6).

Interestingly, we found that that the above-described pattern of cancer colonization was
dependent on osteoblastic tissue maturity (Figure 1, Panel B table portion). MDA-MB-231°
cells failed to penetrate immature osteoblast tissue (less than 30 days in culture); instead
forming colonies substantially on, not in, tissue. Significant penetration, remodeling, and
characteristic cancer-cell-alignment patterns were observed only in relatively-mature
osteoblastic tissue. Cancer cell induced changes in osteoblast shape and in the production of
inflammatory cytokines were seen after as few as three days of co-culture. We speculate that
cancer-cell penetration was slowed by close contacts among osteoblasts comprising immature

tissue and becomes more efficient as the cell/ECM ratio decreases, creating a more permeable

tissue.

Comparison of results obtained with tissue grown in the bioreactor to cells grown using

conventional tissue culture clearly showed that 3D tissue was superior in modeling details of



cancer-cell colonization. In the first place, osteoblasts do not grow into more than 1-2 cell layers
in conventional cell culture. Furthermore, these cultures usually did not remain healthy for more
than about a one month of before showing signs of necrosis or sharply-increased apoptosis (13).
These substantially 2D cultures never achieved the phenotypic maturity observed in the
bioreactor and, in particular, there was no evidence of an osteoblast-to-osteocyte transition. In
the second place, although the MDA-MB-231°" proliferated in contact with 2D osteoblast
monolayers and formed colonies, these cancer cells did not penetrate the osteoblast

monolayers and did not form cell files. It is thus apparent that the 3D osteoblastic tissue model

is a better tool for discovery of therapeutic interventions to cancer colonization of bone.

In summary, we have found that the easy-to-use bioreactor design based on the principle of
simultaneous-growth-and-dialysis permitted in vitro culture of 3D, multiple-cell-layer osteoblastic
tissue from isolated cells and their maintenance for much longer periods than in conventional
culture (demonstrated up to 10 months with no indication of tissue necrosis). This osteoblastic
tissue exhibited important hallmarks of osteoblast-to-osteocyte phenotypic transition and
deposition of macroscopic bone. We conclude that the resulting tissue is a relevant in vitro
model of osteoblasts within regions of growing bone such as the metaphysial areas of long bone
that are otherwise difficult to access in vivo. Challenge with breast cancer cells known to invade
skeleton permitted, for the first time, direct and real-time observation of cancer-cell colonization
of the osteoblast tissue. Important pathological events such as cancer-cell filing and colony
(microtumor) formation observed clinically were reproduced in vitro. These studies have
revealed that breast-cancer cell colonization strongly depends on osteoblastic-tissue maturity,
and point to a potentially important point of therapeutic intervention for cancer metastases in
bone. Comparison of breast-cancer cell interactions with osteoblasts in conventional culture to
interactions with osteoblastic tissue in the bioreactor strongly suggested that monolayer cell

culture is not the optimal model for studying the cancer-cell colonization of bone.



In the future, we plan to use primary osteoblasts (especially human) as source cells for growth
of osteogenic tissue. In addition we plan to increase the biological complexity of the system by
adding other cell types including osteoclasts. We have already successfully cultured primary
osteoblasts isolated from mouse calvaria in the bioreactor. After three months, these cells
formed a multilayer complex that expressed characteristic osteoblast-differentiation proteins, in
a manner similar to that obtained with the pure MC3T-E1 osteoblast cell line. Once we have a
human-derived 3D osteogenic-tissue model in hand, we plan to study interactions with other
bone-metastatic cancers (e.g. blastic prostate cancer cells or osteolytic multiple myeloma cells)
to determine if human cancer colonization of human osteoblastic tissue parallels pathogenesis
in vivo. We intend to explore development of an in vitro bone-remodeling unit by co-culture of
primary osteoclasts with osteogenic tissue. Challenging such a mimic with cancer cells should
permit close examination of how cancer cells influence osteoblast/osteoclast interactions and
upset normal bone remodeling. Toward ultimate biological complexity in an in vitro bone model,
we aim to recreate the hematopoietic/cancer cell niche by culturing osteoblastic tissue in the
presence of mesenchymal stromal cell from bone-marrow cells. There is strong evidence in the
literature that osteoblasts provide the endosteal niche for hematopoietic stem cells (19) and that
this niche both receives and harbors metastatic cancer cells early in the colonization process.
Finally, while this bioreactor system is not an appropriate tool for rapid drug screening, it can
serve as an efficient system to test therapeutics at a level above 2D cell culture but below costly
and slow animal testing. While the described compartmentalized device is not commercially
available, engineering plans have been published (11) and the bioreactor is straightforward to

make in a standard engineering shop.
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Figure legend

Figure 1: Osteogenic tissue maturation in the bioreactor recapitulates development of native
bone by systematic and reproducible phenotypic maturation of pre-osteoblasts through
mineralizing osteoblasts to terminally-differentiated osteocytes (Panel A). MC3T3-E1 produce
and mineralize a thick, engulfing extracellular matrix (ECM) that slowly decreases in thickness
and number of cell layers through progressive apoptosis to a final stable state exhibiting no sign
of tissue necrosis over 10 months of continuous culture (Panel B graph). Interaction of MDA-
MB-231°"" human cancer cells (green, GFP) with osteogenic tissue (red = osteoblasts, black =
ECM) depends on tissue maturity (Panel B table) and exhibits stages of cancer-cell adhesion
(C), penetration (D), and alignment of cancer-cell into files (E) that are reminiscent of events
observed in pathological tissue. Filing is especially evident in corresponding 3D confocal
reconstructions (F). For comparison, Indian Filing is shown in a section from bone with

metastatic breast cancer (G,H,l). Scale bar Panel A, C, D = 50 um, Panel F = 100 um, Panel G

= 200 pm; H,I = 50 pm.
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Abstract The skeleton is a common destination for many
cancer metastases including breast and prostate cancer.
There are many characteristics of bone that make it an ideal
environment for cancer cell migration and colonization.
Metaphyseal bone, found at the ends of long bone, in ribs,
and in vertebrae, is comprised of trabecular bone inter-
spersed with marrow and rich vasculature. The specialized
microvasculature is adapted for the easy passage of cells in
and out of the bone marrow. Moreover, the metasphyseal
regions of bone are constantly undergoing remodeling, a
process that releases growth factors from the matrix. Bone
turnover also involves the production of numerous cyto-
kines and chemokines that provide a means of communica-
tion between osteoblasts and osteoclasts, but co-incidentally
can also attract and support metastatic cells. Once in the
marrow, cancer cells can interact directly and indirectly with
osteoblasts and osteclasts, as well as hematopoietic and
stromal cells. Cancer cells secrete factors that affect the
network of cells in the bone microenvironment as well as
interact with other cytokines. Additionally, transient cells of
the immune system may join the local mileau to ultimately
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support cancer cell growth. However, most metastasized
cells that enter the bone marrow are transient; a few may
remain in a dormant state for many years. Advances in
understanding the bone cell-tumor cell interactions are key to
controlling, if not preventing metastasis to bone.

Keywords Bone metastasis - Osteoblasts - Osteoclasts -
Cytokines - Chemokines

1 Tumor cell metastasis

The skeleton is a favored site of metastasis for a number of
common tumors. Bone metastases are by far more prevalent
than primary tumors of the bone. Based on post-mortem
examination, approximately 70% of patients who die from
breast or prostate cancer have bone metastases [1]. The
incidences from thyroid, kidney, and lung cancer also are
high (about 40%). In contrast, it has been noted that bone
metastases from cancers of the gastrointestinal tract are
uncommon. In many cases, cancer cell metastases are
diagnosed in patients before diagnosis of the primary
disease. A better understanding of the specificity and the
pathogenesis of metastasis will allow for better therapeutic
treatments and quality of life for patients.

The metastasis of a primary tumor to distant organs
requires a series of coordinated steps. Proliferation of the
primary tumor is supported by tumor autocrine factors or
local growth factors, such as vascular endothelial growth
factor (VEGF), tumor growth factor-beta (TGF-f3), and
interleukin-6 (IL-6). For a tumor to reach a clinically
detectable size, localized neovascularization or angiogenesis
must occur. The development of new blood vessels provide
an endless supply of nutrients as well as a route for tumor
cell migration to secondary sites. Subsequently, local

@ Springer



)

Cancer Metastasis Rev (2008) 27:41-55

invasion takes place, which is accomplished by the destruc-
tion of the extracellular matrix, including the basement
membrane and connective tissue. The process of invasion
through a basement membrane is a hallmark characteristic of
a metastatic cell. Additionally, tumor cells experience
increased motility and reduced adherence allowing them to
migrate into lymph or blood vessels. Intravasation into blood
vessels at the primary site may occur as a result of excess
force or response to a soluble chemotactic factor gradient.
After circulating through the vasculature, tumor cells may
adhere to vessel endothelium of the target organ and
extravasate into the tissue. This movement is facilitated by
cancer cell secretion of matrix metalloproteinases (MMPs)
and cathepsin-K that destroy surrounding tissue. Finally,
tumor cells thrive at the secondary site, a defining
characteristic of metastatic tumor cells, only if there is an
appropriate environment of paracrine or autocrine factors
that aid in growth and vascularization [2—4]. The distribution
pattern of cancer cells to the bone is believed to be due to the
venous flow from breast and prostate towards the vena cava
and into the vertebral venous plexus [5]. Once in the
circulation, entry of the cancer cells into the venous
circulation of the bone marrow may be facilitated by the
slow blood flow and particular anatomy of the venous
sinusoids. Nonetheless these steps alone do not explain
survival and growth of the cancer cells in the bone.

2 Bone structure

In order to understand the bone-tumor microenvironment,
one must consider bone structure and function. Bone is a
specialized type of connective tissue, which provides
structural support, protective functions, and plays a major
role in the regulation of calcium levels in the body [6].
Type 1 collagen accounts for 95% of the organic bone
matrix [7]. The remaining 5% includes proteoglycans and
a variety of other non-collagenous proteins [6]. This
largely collagenous matrix is hardened through the
mineralization process, in which hydroxyapatite (3Ca
[PO4],[OH],) crystals are deposited in the organic matrix
[8]. Mineralization increases bone resistance to compres-
sion [9], and also contains numerous growth factors,
including TGF-f, which are released upon bone resorption
[10].

The bones of the body are classified as long bones (e.g.
the tibia, femur, and humerus) and flat bones (e.g. the skull,
ileum, and mandible). Both types contain cortical and
trabecular bone, albeit in different concentrations. Cortical
bone, the compact, dense outer protective layer of bone, is
made up of tightly packed collagen fibrils [6]. This form of
bone is vital for supporting the weight load of the body. On
the other hand, trabecular bone, also known as cancellous
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bone, has a loosely organized, porous matrix and is located
in the interior of bone, near the ends. Trabecular bone is
metabolically active. All bone matrix undergoes remodeling,
but trabecular bone has a greater turnover rate than cortical
bone [6].

Long bones are divided into the diaphysis, metaphysis,
and epiphysis in a growing individual [11] (Fig. 1). The
long bone ends, or epiphyses, are located above the growth
plate, where bone elongation occurs. The diaphysis, which
is the long, narrow shaft of the bone, is primarily
composed of cortical bone. The metaphysis, located near
the ends of bones just below the growth plate, is
predominantly composed of trabecular bone and is
surrounded by hematopoietic marrow, fatty marrow, and
blood vessels [11].

3 Cells in the bone microenvironment

Bone is a dynamic structure that undergoes constant
remodeling in order to respond to mechanical strain and
maintain calcium homeostasis. Bone resorption and depo-
sition occur in a tightly regulated fashion that is orches-
trated by three cell types: osteoblasts, osteocytes, and
osteoclasts. Osteoblasts are derived from mesenchymal
stem cells located in the bone marrow stroma. They
synthesize osteoid (i.e. new bone matrix), comprised
primarily of collagen and non-collagenous proteins, and
also aid in mineralization of the bone matrix. Upon
stimulation by bone morphogenetic proteins and local
growth factors, the mesenchymal stem cells proliferate
and form pre-osteoblasts, which subsequently differentiate
into mature osteoblasts [12]. After synthesizing new bone

Epiphysis
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Fig. 1 Diagram of a long bone indicating the major regions and the
major structures within the metaphysis, i.e. trabecular bone and the
sinusoidal endothelium
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matrix, the osteoblast either undergoes apoptosis or
becomes embedded in the bone as an osteocyte [13]. These
cells have long processes that allow them to remain in
contact with other osteocytes and with osteoblasts that line
the bone surface. The processes connect the entire matrix
through a series of canaliculi [14, 15].

Osteoclasts, responsible for bone resorption, are derived
from monocytes in the bone marrow [16]. Monocytes are
activated to form osteoclasts through osteoblasts. Osteo-
blasts express the receptor-activator for NF-kB ligand
(RANK-L) on their external surfaces; RANK-L binds to
the receptor RANK found on the surface of monocytes. In
the presence of macrophage colony stimulating factor
(M-CSF), RANK-L promotes cellular fusion of several
monocytes to form a multinucleated osteoclast [16].
Activated osteoclasts bind to the bone matrix through
o, B3, oBs, 0Py integrins located on the membrane
surface and also secrete acid and lysosomal enzymes which
degrade bone [13, 16].

Other cell types located within the bone microenviron-
ment may also contribute to the bone metastatic niche.
These cells can generally be grouped into two categories:
stromal and transient. Mesenchymal stem cells in the bone
marrow give rise to stromal cells which can differentiate
into adipocytes, fibroblasts, chrondrocytes, or osteoblasts.
Stromal cells have been found to support the differentiation,
proliferation, and survival of both hematopoetic and cancer
cells. In particular, it has been found that stromal cells express
vascular cell adhesion molecule (VCAM-1). Michigami and
colleagues discovered that the presence of VCAM-1 on
stromal cells increased the production of bone-resorbing
cytokines by myeloma cells. Neutralizing antibody to
VCAM-1 or to oyf3; integrin reduced osteolysis [17]. The
adipocyte has been found to secrete tumor necrosis factor-
alpha (TNF-«), IL-6, and leptin, which stimulate bone
resorption and inhibit osteoblast proliferation [18, 19].
Factors secreted by adipocytes have also been implicated in
breast cancer proliferation, invasiveness, survival, and
angiogenesis [19]. Another type of mesenchymal cell, the
fibroblast, has been shown to affect breast cancer cell
invasion and contribute to metastatic bone disease. Fibro-
blast-secreted syndecan-1 was found to increase breast cancer
cell proliferation in vivo [20]. In addition, fibroblasts secrete
inactive MMP-2, which can be activated by breast cancer
cells to subsequently increase their invasiveness and migra-
tion [21]. Fibroblasts have also been found to stimulate
osteoclasts, and thus bone resorption, in a RANK-L
dependent manner [22].

Vascular endothelial cells contribute to the formation of
a favorable cancer cell microenvironment. New blood
vessels, which arise from endothelial cells, are essential
for the survival of cancer cells. Investigators have shown
that the bone marrow, which has a high microvessel

density, is associated with increased bone-tumor metastasis
and survival of tumor cells [23]. It has also been found that
many tumor-cell secreted factors stimulate endothelial cell
proliferation, differentiation, and angiogenesis [23], thus
producing a feedback loop that facilitates tumor cell
survival in a secondary location.

Transient cells also contribute to the metastatic bone
microenvironment. These cells include erythrocytes, T
cells, and platelets, all derived from hematopoietic stem
cells. In one study it was shown that platelets were directed
by MDA-MB-231, a metastatic breast cancer cell line, to
secrete LPA (Lysophosphatidic acid ([1-acyl-sn-glycero-3-
phosphate]), a phospholipid with diverse biological activ-
ities [24]. Overexpression of this molecule and its receptor
has been shown to increase tumor growth and metastasis
[25]. Platelets may also adhere to cancer cells in the blood
stream, allowing them to evade natural killer immune cell
surveillance [26]. In addition, platelets may aid in cancer
cell attachment to vascular endothelial cell walls [26]. T
lymphocytes have been found to express RANKL, also
known as TRANCE, and aid in osteoclast formation and
activation [16, 27]. Peripheral T cells also secrete TNF-cx,
which is involved in osteoclastogenesis, inhibits osteoblast
cell differentiation, and is a pro-apoptotic factor for
osteoblasts [27, 28]. Besides enhancing osteoclastic bone
resorption, T cells may be affected by bone metastatic
cancer cells as well. As bone resorption is enhanced,
TGF-f is released from the bone. This factor can inhibit
both T cell proliferation and activity, and natural killer cell
function [29]. Thus the immune response is suppressed and
tumor cells may escape surveillance. In addition, tumor
cell-secreted parathyroid hormone related peptide (PTHrP)
and IL-8 may activate T cells, thus enhancing bone
resorption and suppressing T cell function [29]. Plasma
cells, or antibody-producing B cells, upregulate the receptor
CXCR4 upon completion of differentiation [27]. Breast
cancer cells, as well as stromal cells, express the ligand to
this receptor CXCL12 [Stromal-derived factor-1 (SDF-1)]
[27]. This ligand-receptor interaction may facilitate cancer
cell migration into and within the bone microenvironment.

Tumor-associated macrophages (TAMs) are an important
component of the inflammatory response in tissues [30].
These cells are derived from monocytes and are recruited
by monocyte chemotactic peptide (MCP) chemokines [30].
Although activated TAMs kill many cancerous cells
through secretion of IL-2, interferon, and IL-12, they also
secrete a variety of potent angiogenic and lymphangiogenic
growth factors, cytokines, and proteases [31, 32], all of
which are involved in the promotion of tumor cell growth
and survival. TAMs, as well as tumor cells, produce IL-10
which suppresses the anti-tumor response of cytotoxic T
cells [33]. TAMs also induce the expression of VCAM-1 on
mesothelial cells, which can aid in tumor cell invasion [34].
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4 Bone remodeling

Mineralized bone has an abundance of growth factors,
calcium ions, cell adhesion molecules, cytokines, and
chemokines that, when released into the microenvironment
during bone remodeling, make the skeleton an attractive
site for metastatic cancer cells. This observation was first
described in 1889 by Stephen Paget, who recognized the
nonrandom movement of cancer cells within the body that
was unexplained by blood flow. Paget stated “When a plant
goes to seed, its seeds are carried in all directions; but they
can only grow if they fall on congenial soil” [35]. This
‘seed and soil” hypothesis helps to explain the preferential
metastasis of certain types of cancers to the bone
microenvironment, which provides a fertile soil where
cancer cells can grow. Osteoclasts further contribute to this
environment by acting as plows to break up the ‘soil” and
release its ‘nutrients’ for cancer cell growth and mainte-
nance. Studies have shown that there is a close relationship
between bone resorption and tumor cell growth [36].

The relative activities of osteoblasts and osteoclasts are
normally tightly coupled in order to maintain a balance
between bone formation and degradation. Bone remodeling
is regulated both by systemic hormones and locally produced
cytokines [37]. Cells in the bone marrow, especially stromal
and immune cells, produce cytokines and growth factors that
influence the activities of osteoblasts and osteoclasts [38].
However, this balance between bone synthesis and resorption
is disturbed in several pathological conditions, including
osteoporosis, rheumatoid arthritis, and skeletal metastases,
resulting in osteoclast activity in excess of bone deposition
by osteoblasts with net bone loss [38].

Osteoclasts likely prime the bone microenvironment for
tumor cell growth through bone resorption. Although there
is no definitive evidence linking increased bone resorption
to increased tumor cell mass, a variety of studies have been
carried out with bisphosphonates to investigate this rela-
tionship. Bisphosphonates are inorganic pyrophosphates
with powerful inhibitory effects on bone resorption. One of
their main targets is the osteoclast. Powles et al. showed
that the administration of a bisphosphonate, clodronate, was
associated with both decreased bone metastasis and death
rate in patients with breast cancer [39]. Risedronate was
found to reduce tumor burden in addition to osteolytic bone
lesions in a nude mouse model [40]. Furthermore, nude
mice treated with neutralizing antibodies to PTHrP (key
factor involved in the ‘vicious cycle’ of bone metastasis),
also experienced a decrease in tumor burden compared to
controls [41, 42]. Even though inhibitors to bone resorption
seem to reduce tumor burden in bone, the same does not
hold true for soft tissues [39]. In the study carried out by
Powles et al., the idea that inhibitors of osteolysis slowed
tumor growth in soft tissue was refuted [39]. In addition,
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there are pre-clinical data suggesting that bisphosphonates
have no effect on tumor burden in soft tissues if the drugs
are administered after the metastases are already formed
[3]. Taken together, these studies illustrate the importance
of osteoclasts and the uniqueness of the bone microenvi-
ronment for tumor cell growth.

In patients with bone metastatic cancer, usually one of
two types of lesions predominate: osteolytic or osteoblastic,
although mixed lesions may occur especially early on [36].
During osteolytic metastases, typical for breast cancer
metastases, osteoclastogenesis and osteoclast activation
results from direct and indirect actions by metastatic cancer
cells. Increased bone resorption results. Mastro and
colleagues additionally found that bone metastatic breast
cancer cells suppress osteoblast function, which includes
decreased matrix deposition, decreased proliferation, altered
adhesion, and loss of osteoblast differentiation [43—45].
These phenomanae together favor a microenvironment of
increased bone turnover with decreased bone deposition
similar to that seen in osteoporosis.

On the other hand, cancers such as prostate cancer tend
to be predominantly osteoblastic in nature. Excess bone
deposition occurs but not necessarily in an ordered fashion.
While little is known about the exact mechanisms,
endothelin-1 has been implicated in osteoblastic breast
cancer metastases [46, 47]. Endothelin-1 has been found to
stimulate the formation of new bone through osteoblast
proliferation [48], and serum endothelin-1 levels were
found to be increased in patients with osteoblastic prostate
cancer metastases [49]. In addition to endothelin-1, platelet
derived growth factor-BB (PDGF-BB) may also be a
mediator for osteoblastic metastases. In a study done by
Yi et al., increased expression of PDGF-BB by human
metastatic breast cancer cells was correlated with increased
bone formation [50]. The exact mechanism has yet to be
determined. Regardless of the lesion type, these observa-
tions underscore the importance of crosstalk between
cancer cells and the bone microenvironment which facili-
tates bone metastases.

Clinically, patients with breast cancer and other osteolytic
metastases but also with osteoblastic prostate bone metastases
are treated with bisphosphonate drugs that block osteoclast
activity. However, therapies utilizing bisphosphonates, such
as ibandronate (Boniva™), are not curative [51]. Lesion
progression is slowed, but the pre-existing lesions do not
heal [52-55]. Severe bone pain, fractures, hypercalcemia,
and spinal cord compression may still occur [3, 10, 56, 57].
The inability of bone to regenerate following bisphosphonate
treatment supports the in vitro finding that breast cancer cells
alter osteoblast function in addition to stimulating osteoclast
activity.

Not all bones of the skeleton are equally favored for
metastases. The spinal vertebrate, ribs, and the ends of long
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bones are preferred destinations of metastases. In general,
well vascularized areas and areas of the skeleton containing
red marrow are the sites of metastatic colonization. In
osteoblastic metastases, bone deposition is usually made on
trabecular bone surfaces without prior removal of old bone,
but it may also be at sites of prior resorption. In myeloma, a
malignancy of B cells, the plasma cells accumulate in the
bone marrow and lead to osteolysis. Activation of osteo-
clasts and bone resorption far exceed bone deposition in
this disease. Whether the lesions are overall lytic or blastic,
the outcome is bone pain, pathological fracture, nerve
compression syndromes and hypercalcemia [58].

5 The metaphyseal region of the bone has unique
properties that distinguish it from the diaphysis

Scintigrams of humans with advanced disease clearly
indicate that highly vascularized metaphyseal bone is a
preferred site for secondary metastasis [1]. A trafficking
study with a nude mouse model of metastatic breast cancer
revealed that within 2 h of an inoculation of a bolus of
metastatic breast cancer cells into the left ventricle of the
heart, cancer cells were detected throughout the femur.
However, by 24 h they had been cleared from the shaft
(diaphysis) but remained at the metaphysis where they grew
into large tumor masses [59]. The unique properties of the
bone metaphysis make it an attractive site for metastatic
cancer cells.

6 Metaphyseal bone: structure and vascularity

Metaphyseal bone is a highly vascularized structure found
near the ends of long bone, in ribs and in vertebrate. It is
composed of a network of thin bone spicules, sometimes
referred to as “spongy bone.” In long bones, these spicules
appear as mineralized fingers interspersed with red marrow
and are in close proximity to the blood supply. The marrow
contains hematopoietic, mesenchymal, and stromal cells.
The vascular supply is sinusoidal in nature rather than a bed
of capillaries. Lining the trabecular bone surfaces are
osteoblasts and bone lining cells which share many
properties [60]. Bone lining cells are believed to differen-
tiate into osteoblasts when necessary for bone remodeling.
The osteoblasts, as well as the marrow cells, provide an
environment rich in growth factors, cytokines and chemo-
tactic factors. These factors, and the vascular structure of
the trabecular bone, are crucial for metastatic cancer cell
colonization and growth.

The interactions of metastatic breast cancer cells with the
vasculature has recently been well documented by Glinsky
[61] and is only briefly summarized here. Metastatic foci

are often seen where the sinusoid microvasculature is
abundant [62]. This phenomenon is likely related to the
unique anatomic, hemodynamic, and epithelial properties of
the metaphyseal vascular bed. For one, the vasculature does
not end in capillaries of small diameter as in most tissues.
Instead it consists of voluminous sinusoids with lumens
many times the diameter of cancer cells [63]. The sinusoids
are within a few microns of the trabecular bone [64]. This
unique structure leads to a sluggish flow of blood compared
to that seen in the capillary networks of most other tissues
[63]. For example, Mazo et al. found the blood flow in
venous sinusoids of mouse calvaria to be 30 fold lower than
the arterial rate. In another animal model, blood flow rates
in canine long bone were assessed with microspheres [65].
It was found that metaphyseal and marrow cavity flow rates
in sinusoids were 7-14 ml/min/g tissue, much slower than
more rapidly metastasizing tissue such as the post-prandial
intestine [66]. Thus cells entering the sinusoids are more
“in a lake than in a stream.” In addition, sinusoids are
specialized to allow easy movement of hematopoietic cells
in and out of the marrow. The walls of the sinusoids are
trilaminar and their structure helps explain why tumor cells
can easily enter and leave [63]. Stromal endothelial cells
line the sinusoidal lumen. These cells do not have tight
junctions but may overlap or interdigitate. They rest on a
basement membrane, the middle layer, which is irregular
and discontinuous. The third layer, facing the bone marrow,
is composed of adventitial cells, a type of phagocytic cell,
which also do not form a tight layer. Thus the nature of the
sinusoidal walls allows for easy two-way movement of
hematopoietic and lymphoid cells. This structure is used
advantageously by cancer cells [67].

Nevertheless, cellular entry into the sinusoids and
migration into the marrow are not sufficient to insure
colonization by the cancer cells. In a mouse study, it was
observed that many more cancer cells entered the marrow
cavity of the femur than remained to colonize it [59].
Presumably, many metastatic cancer cells in the blood can
circulate through the bone, but few remain. Cancer cells,
similar to leukocytes, migrate through the vasculature using
a process of attachment-detachment through cell-adhesion
molecules. The endothelial cells of the bone sinusoids
constitutively and simultaneously express an array of
tethering and adhesive proteins including P-selectin,
E-selectin, intercellular adhesion molecule (ICAM-1) and
VCAM-1. The vasculature of other tissues only express
these molecules when stimulated by inflammatory cyto-
kines [63]. Moreover, vasculature in one part of the bone
may be different than other parts. Indeed Makuch et al. [68]
found expression of P-selectin, E-selectin, ICAM and
VCAM by vascular endothelial cells isolated from trabec-
ular bone and from diaphyseal bone. However the
endothelial cells from the trabecular bone but not diaphy-
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seal bone showed a significantly increased expression in E-
selectin when exposed to conditioned medium from immature
osteoblasts. These data can be interpreted to suggest that
osteoblasts of immature, metabolically active bone enhance E-
selectin expression by nearby endothelial cells. This increase
in cell attachment molecules would in turn enhance cancer cell
extravasation into the bone marrow. Furthermore as discussed
further on, inflammatory cytokines produced by osteoblasts in
the presence of breast cancer cells may cause an even greater
increase in cancer cell migration. In complementary
approaches, others found that prostate cancer cells showed
increased adherence to bone marrow microvasculature endo-
thelium than from endothelium of other anatomical sites [69,
70]. Similar findings were reported for breast cancer [71,
72].

7 Adhesion molecules of the vascular endothelium

There has been an ongoing discussion of the roles of
adhesion vs. entrapment in the movement of cancer cells
into organs. The “leaky” vasculature suggests that entrap-
ment is not the limiting event in bone metastasis. To the
contrary, adhesion of metastatic cancer cells to the
endothelium appears to play a specific and critical role.
Evidence for the role of adhesion molecules has been
found, both with prostate and breast cancer cells, which
may explain their predilection to the bone [61]. For tumor
cells to reach the bone marrow there must be a selective
adhesion of the circulatory tumor cells to the endothelium
of the bone marrow sinusoids. Therefore the adhesion
molecules of the endothelium are of utmost importance.
The movement of cancer cells across the endothelium in
the bone marrow has been likened to the movement of
leukocytes across the endothelium. While the general
patterns are likely the same, the actual molecules involved
may differ [73—75]. The reported roles of various adhesion
molecules may relate to the particular system, i.e. primary
or secondary tumors and the specific organ. For example,
selectin-mediated binding of colon cancer cells has been
demonstrated to be important for their adhesion to the
hepatic microvasculature [76]. This association may not
hold for other metastatic tumors [61]. Makuch et al. [68]
reported that active osteoblasts influenced E-selectin (but
not P or S-selectin) expression on metaphyseal endothelium.
The expression of E-selectin depended both on the stage of
differentiation of the osteoblasts and the source of the
microvasculature endothelium within the bone marrow.
Galactin-3 is another molecule that participates in tumor
cell, bone microvasculature associations. Galactin-3 and its
ligand Thomsen—Friedenreich (TF) antigen are found both
on many cancer cells and on microvasculature endothelium.
Their interaction appears to be important for the primary
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arrest of the tumor cells [71, 77]. Another well studied
molecule is CD44, the principle cell surface receptor for
hyaluronic acid (HA). It is frequently over-expressed on
malignant cells. In model systems, its expression correlates
with the rate and strength of cancer cell interaction with bone
marrow endothelium. CD44 expression on the surface of
bone marrow endothelial cells likely acts to bind HA. Cancer
cells and bone marrow endothelial cells both appear to
express CD44 and HA, and the interaction of the two leads
to tethering of the cancer cells to the bone marrow. In
addition, there are associated data to suggest that activation
of CD44 by HA or by osteopontin is important in
downstream signaling through CD44 in bone.

8 Adhesion molecules within the bone marrow cavity

Coordinated bone remodeling involves extensive cell—cell
and cell-matrix interactions among osteoblasts, osteoclasts,
and bone marrow resident stromal and hematopoietic cells.
The sinusoidal endothelium of the bone marrow is a two-
way gate, allowing movement in both directions of newly
formed and recirculating lymphocytes, hematopoietic stem
cells as well as neoplastic cells. The trafficking patterns are
organized by adhesion molecules on the circulating cells as
well as on the bone marrow reticulocytes. VCAM-1, a
member of the immunoglobulin family of cell adhesion
molecules, was shown by a radiolabeling technique to be
constitutively expressed by bone marrow reticular cells as
well as the entire endothelium of the bone marrow sinusoids
[78]. Its counter receptor, VLA-4 (x4f3), and ICAM-1,
which belongs to a similar family and binds o, [3; integrins,
are found on many cancer cells. Thus adhesion molecules
which serve normal bone metabolism can be used to the
advantage of metastatic tumor cells.

Another integrin member, 33 is associated both with
breast cancer [79] and osteoblast function [80, 81].
Interestingly, it is over-expressed in metastatic breast cancer
cells once they enter the bone [82]. It is the predominant
integrin on osteoclasts and appears to be important for
syncytia formation and attaching to the bone matrix [83].
Peptomimetic inhibitors of «,(3; were found to significantly
reduce metastatic cancer formation when injected prior to
tumor cells in a mouse model. However, there was less of an
effect when administered after tumor inoculation [84]. The
expression of adhesion molecules by osteoclasts has been
fairly well determined [85]. Three integrins, «, 33, ®,[31, and
a1, and CD44 are present on osteoclasts.

The survival of cancer cells in the bone depends on their
interactions with other cells. Interactions may be physical,
with cell adhesion molecules, or through secreted mole-
cules, such cytokines, chemokines, and other growth
factors. Adhesion to various cells in the metastatic site
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controls anti-apoptotic and proliferative signals (see [84]).
Thus the bone marrow displays numerous adhesion
molecules that offer opportunities for interactions between
cancer cells and normal cells. Some of these interactions do
not occur until the cancer cells are in the bone marrow
environment after they express new adhesion molecules.

9 Bone remodeling and inflammation

Rodan [86] in an overview of skeletal development and
function, points out the similarities between bone remodel-
ing and inflammation. Many of the same cytokines
produced by the immune cells as part of an inflammatory
response are also produced by osteoblasts. Some of these,
IL-1, IL-11, IL-6, PGE and PTHrP, are also osteoclasto-
genic. Furthermore, both osteoblasts and osteoclasts ex-
press toll-like-receptors [87] and respond to trauma,
bacterial infection, and metastases with the production of
these same molecules [88—90]. In particular, a set of
inflammatory stress molecules (IL-6, IL-8, MCP-1, COX-
2) appears in normal bone remodeling as well as under
these pathogenic conditions [88]. These factors are made by
osteoblasts but can also be produced by macrophages. They
attract and activate osteoclasts. Osteoclasts degrade bone
matrix, leading to the release of many growth factors. This
combination of factors creates a very hospitable environ-
ment for cancer cells.

10 Cytokines and chemokines

Once established in the bone microenvironment, a ‘vicious
cycle’ is created among metastatic tumor cells, osteoblasts,
and osteoclasts that facilitates increased bone turnover and
metastatic cell survival. Guise et al. developed a model of
breast cancer metastasis to the bone, based on breast cancer
cell overproduction of PTHrP [3, 91] that activates osteo-
blasts to produce RANK-L. Osteoblast-secreted RANK-L
binds the RANK receptor on osteoclasts, inducing osteo-
clast differentiation and bone matrix degradation. In turn,
TGF-f3, released from the bone matrix, stimulates the
cancer cells to produce more PTHrP [43], thus establishing
a positive feedback loop. There is additional evidence that
breast cancer-derived IL-8 acts prior to PTHrP to stimulate
osteoclastogenesis via both RANK-L dependent and inde-
pendent mechanisms [92-94]. As a result of constituitive
osteoclast activation and an inability of osteoblasts to lay
down bone matrix, sustained bone degradation occurs [45,
54]. This feedback establishes a vicious cycle, resulting in
continued activation of osteoclasts and breast cancer cells.
Ultimately, osteolytic lesions are formed at sites of
metastases [10, 57].

It should be noted that the presence of PTHrP is not
sufficient for cancer cell metastases to the bone. In a study
in which 526 patients with operable breast cancer were
examined, it was found that those with PTHrP-positive
primary tumors had improved survival and were less likely
to develop bone metastases [95]. In those patients with
bone metastases, PTHrP presence was found not to be
significantly associated with tumor size, vascular invasion,
or tumor grade [95]. Thus, it is likely that bone metastases
are influenced by other factors in the bone microenviron-
ment besides PTHrP.

In addition to the PTHrP, Bendre et al. found an
important role for IL-8. IL-8, the human homolog to
murine MIP-2, belongs to the family of CXC chemokines
and is naturally constitutively produced by osteoblasts [93,
96, 97]. IL-8 is overexpressed in a bone-homing derivative
of MDA-MB-231 human metastatic breast cancer cells
suggesting an important role in bone metastasis [94].
IL-8 can stimulate osteoclastogenesis by increasing
RANK-L or stimulate the formation of osteoclasts in the
absence of RANK-L [92]. It is believed that IL-8 is
involved in the early stages of breast cancer metastasis by
initiating the bone resorption process [93]. IL-8 also has
been shown to increase angiogenesis and suppress osteoblast
activity [98, 99]. In addition, IL-8 increases cell motility,
invasion, and metastatic potential in breast cancer [93]. If
overexpressed in breast cancer cells, IL-8 will lead to increased
bone metastasis and osteolytic activity [94]. IL-8 stimulates
osteoclast activity independently of RANK-L [92]. Bendre
et al. suggested that the vicious cycle with PTHrP is first
initiated by breast cancer cells secreting IL-8, thereby
stimulating bone resorption by osteoclasts. The release of
TGF-3 from the bone matrix then stimulates cancer cells to
produce more PTHrP, thus continuing the vicious cycle [93].

COX-2 and PGE, also have been found to contribute to
osteoclast activitation and facilitate the creation of a
microenvironment favorable for cancer cell metastasis.
COX-2 levels and activity correlate with cancer cell
metastasis both in vitro and in vivo [100-102]. COX-2
expression also has been implicated in the growth, invasion,
apoptosis, and angiogenesis of breast cancer [103—105].
COX-2 expression in patients with cancer has shown to be
a negative prognostic factor [106]. Singh et al. recently
conducted a study investigating the involvement of COX-2
in breast cancer metastases to the bone [107]. Interestingly,
overexpression of COX-2 correlated with increased pro-
duction of IL-8 [108], which has also been linked to
increased metastatic occurrence [94]. Singh et al. found that
COX-2 induced both the formation of PGE, and IL-
8 specifically in bone metastatic breast cancer cells. Since
PGE, and IL-8 are mediators of osteoclast activation [109]
(through direct or indirect mechanisms of stimulation of
RANKL [92]), a system in which there is overexpression of
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COX-2 would favor osteolytic cancer metastases. In
addition, Hiraga et al. discovered that bone-derived TGF-
3 stimulated COX-2 expression, thus enhancing bone
metastases in breast cancer [110]. TGF-f3, released from
the bone during bone resorption, stimulates COX-2
expression and subsequently PGE, expression in breast
cancer cells. PGE, upregulates RANKL expression on
osteoblasts, leading to osteoclast activation and increased
bone turnover [110]. Finally, Hall et al. investigated the
involvement of Wnts, a family of glycoproteins [111], in
the promotion of osteoblastic bone metastases in prostate
cancer [112]. They found that promotion of Wnt activity
(by blocking the Wnt antagonist DKK-1), led to enhanced
osteoblastic bone metastases in typically osteolytic PC-3
prostate cancer cells [112]. These results suggest that the
involvement of DKK-1 dictates whether bone metastases
are osteoblastic or osteolytic, and once again emphasize the
importance of the bone microenvironment.

Cancer cell secreted IL-1, IL-6, and IL-11 have also been
found to increase osteoclast activation. IL-6 is a pleiotropic
cytokine that is naturally expressed by osteoblasts in low
quantities. IL-6 receptors are found on osteoclasts and when
stimulated, cause osteoclast differentiation and bone re-
sorption [113]. There is a correlation of poor prognosis with
increased IL-6 expression and metastatic breast cancer. IL-6
additionally has been implicated with increased breast
cancer cell migration [114-116]. IL-1 is also a potent
stimulator of osteoclast activation. To explore the notion
that increased bone turnover attracts metastatic cancer cells,
Sasaki et al. increased bone resorption by injecting
recombinant IL-1[3 locally over the calvaria of nude mice
[117]. Four weeks after cancer cell inoculation, osteolytic
metastatic cancer cells were found in the calvariae of IL-1
treated mice. None were seen in the control. IL-11 is an
additional key player in osteoclast activation. It has been
reported that IL-11 mediates the actions of IL-1 on
osteoclast development [118]; however, IL-11 has indepen-
dent effects on osteoclast activity [119]. IL-11, IL-1, and
IL-6 have all been found to be involved in an interacting
cascade of cytokines which play a large part in osteoclast
development and activity. Increased osteoclast activity
subsequently creates a bone microenvironment that favors
cancer cell metastasis, growth, and development. IL-1
contributes to the production of IL-11 and IL-6 [118]. IL-6
and IL-11 production are also regulated by IL-1, growth
factors such as PDGF, IGF-1, and TGF-3, vitamin D,
PTHrP, and PTH [119, 120].

11 Bone matrix is fertile soil for metastatic cancer cells

During bone deposition, osteoblasts secrete a variety of
growth factors, such as IGF, TGF-f3, FGF, and BMPs, that
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become incorporated into the bone matrix [121]. As bone
resorption occurs, these factors are released into the bone
microenvironment, making it an attractive place for cancer
cells to metastasize and grow [122]. TGF-[3 released from
the bone, in particular, has been found to stimulate the
expression of CTGF, IL-11, and PTHrP by cancer cells [42,
123]. These factors are involved in tumor metastasis to
bone and subsequently promote additional bone resorption,
leading to the release of more growth factors and further
preferential tumor metastasis to bone. Growth factors
released during bone remodeling and present in the bone
microenvironment may be chemoattractive molecules for
the cancer cells. Orr et al. and Mundy et al. using a Boyden
Chamber assay both demonstrated that the release of
growth factors during bone resorption stimulated the
chemotaxis of cancer cells [124, 125]. Additionally,
cytokines have been implicated in cancer cell chemotaxis
to bone. The SDF-1/CXCR4 axis is a ubiquitous chemo-
taxis mechanism in normal biology and is used for directed
migration of a variety of immune and hematopoetic cells
[126-129]. Jung et al. found that SDF-1 is secreted by
osteoblasts, and that certain factors, namely IL-1(3, PDGF-
BB, VEGF, tumor necrosis factor-alpha (TNF-«), and PTH,
act on osteoblasts to increase SDF-1 production [130].
Consequently, many of these cytokines play a role in
increasing osteoclast activity during bone resorption [119,
120]. Furthermore, the results of this study suggested that
osteoblast secretion of SDF-1 may be a chemotactic
mechanism for stem cell homing. It goes without saying
that the SDF-1/CXCR4 axis may be involved in cancer cell
chemoattraction as well. In fact, Muller et al., among others
[131, 132], explored the idea that metastatic breast cancer
cells were responsive to gradients of chemokines [133].
CXCR4 was found to be highly expressed on metastatic
breast cancer cells, and its ligand, SDF-1 was found to be
highly expressed in organs to which cancer cells preferen-
tially metastasizes (such as bone) [133]. Treatment with a
neutralizing antibody to CXCR4 suppressed bone meta-
static breast cancer [133]. Sun et al. conducted a similar
study using prostate cancer as a model and found
comparable results [134]. Once in bone, cancer cells
become tethered by integrins and cell adhesion molecules
as previously described [135, 136].

Current models suggest that chemokines and cytokines
produced by breast cancer cells are key to breast cancer cell
metastasis [92-94, 137]. Elevated levels of IL-8 production
by human breast cancer cells have been correlated with
increased bone metastasis in vivo and with stimulation of
osteoclast differentiation and bone resorption [92, 94].
Tumor-derived IL-1, IL-6, and IL-11, insulin-growth
factor-II, TNF-«, and a variety of other factors can also
contribute to osteoclast activation and bone destruction [98,
138].
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While breast cancer cells undoubtedly play an important
role in breast cancer metastasis to the bone, data have
shown that osteoblasts can be directed by the breast cancer
cells to produce several inflammatory cytokines that have
been implicated in osteoclast activation as well as breast
cancer cell migration and survival [93, 139-143]. (Table 1
gives a brief summary of some relevant cytokines and their
sources in the bone.) Kinder et al. demonstrated that
osteoblasts undergo an inflammatory stress response in the
presence of human metastatic breast cancer cells and
produce elevated levels of IL-6, human IL-8 (murine KC,
MIP-2), and MCP-1 [144]. These cytokines are known to
attract, differentiate, and activate osteoclasts; thus co-opting
osteoblasts into creating a bone microenvironment that
exacerbates bone loss [144]. Similar findings were seen
with murine osteoblasts and primary calvarial osteoblasts
[144]. These results support the idea that cancer metastases
create a unique niche in the bone microenvironment by co-
opting normal cells of the bone to favor tumor growth and
development.

Furthermore, Mastro and colleagues have preliminary in
vivo evidence that osteoblasts themselves in the bone
naturally produce cytokines that may be chemoattractants
for metastatic breast cancer cells. In particular, they showed
that metaphyses of bone cleared of bone marrow produced
chemokines and cytokines that were different from those in
the diaphysis (shaft). Prominent among these were KC
(present only in the metaphyses), MIP-2 (murine homolog
to human IL-8), and MCP-1 (Fig. 2) (Bussard and Mastro,
2007, unpublished data).

These cytokines were strongly observed in cultures of
the bone metaphysis alone and not found in cultures of
bone marrow from the metaphysis (Bussard and Mastro,
2007, unpublished data). This observation suggests that the
cytokines were specifically produced by the cells of the
bone (i.e. osteoblasts) and not the stromal cells. Murine IL-6,
KC, and MIP-2 located in femur metaphyses were also
found to be increased in the presence of human metastatic
breast cancer cells compared with femur metaphyses from
control mice (Bussard and Mastro, 2007, unpublished data).

Finally, a novel experiment was conducted to monitor and
quantify the initial stages (arrival, localization, and initial
colonization) of breast cancer cell trafficking in the bone
[59]. The DNA from femurs of mice inoculated with MDA-
MB-435%" cells via intracardiac injection were isolated at
various times, purified, and subjected to quantitative PCR for
a human gene, HERV-1, and the number of breast cancer
cells calculated. Femurs were separated into metaphyses and
diaphyses. Results indicated that breast cancer cells prefer-
entially migrated within days directly to the distal then
proximal metaphyses. Few were found in the diaphyses [59].
These results additionally support the idea that metastatic
breast cancer cells may follow a gradient of chemoattractant
cytokines as well as suggests the importance of the local
bone microenvironment.

In addition to IL-6 and IL-8, KC and MCP-1 are
osteoblast-derived cytokines that greatly increase in re-
sponse to metastatic breast cancer cells (Bussard and
Mastro, 2007, unpublished data). MCP-1, a member of
the CC chemokine family, is naturally produced by
osteoblasts [96]. It regulates bone resorption by stimulating
the migration of common monocyte-osteoclast progenitor
cells from the blood or the bone marrow to the bone. MCP-1
concentrations are increased in metastatic cell lines, and it is
associated with angiogenesis and increased cancer cell
survival [145-147]. KC is another member of the CXC
chemokine family with homology to IL-8 [148]. KC
stimulates angiogenesis and is involved in neutrophil
chemotaxis and activation [148, 149]. KC is also expressed
by osteoblasts [149].

In addition to directing osteoblasts to secrete cytokines
which alter the bone microenvironment, cancer cells affect
the bone building cells in other ways as well. Mercer et al.
demonstrated that culturing mouse osteoblasts with the
conditioned medium from a human metastatic breast cancer
cell line inhibited expression of osteoblast differentiation
and blocked osteoblast ability to mineralize bone matrix
[45]. This in vitro observation was confirmed in a mouse
study [59]. Since osteoblasts do not differentiate properly in
the presence of breast cancer cells, it is possible that the

Table 1 Source of several important chemokines and cytokines in the bone microenvironment in the presence of metastatic breast cancer cells

Osteoblasts ~ Bone Breast cancer Other cells in the bone microenvironment
matrix cells
IL-6 [153, 154] - [138, 155] Bone Marrow Stromal Cells [156], Monocytes, Macrophages [157], and Osteoclasts
[158]
IL-8 [155, 159] - [94, 155,160]  Osteoclasts [155, 161], Bone Marrow Stromal Cells [159], Macrophages [162],
Endothelial Cells [162]
PTHP - - [91, 94, 155] -
TGFB [121, 155] [155, 163] [155] Bone Marrow Stromal Cells [164], Endothelial Cells [165]

Many cells in the metastatic bone environment produce cytokines and chemokines. The cell sources of several important ones are indicated. The dash
indicates that we were unable to find evidence from the literature or in our laboratory that the molecule was produced in the indicated cell type.
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Il Control Mouse
Kl Tumor-Bearing Mouse

Cytokine Concentration (ng/ml)

MCP-1 x10 IL-6 x10

Cytokine

MIP-2 KC

Fig. 2 Cytokine expression of murine femur metaphyses ex-vivo
following intracardiac inoculation. MDA-MB-231"F cells (3x10°
cells) were inoculated into the left cardiac ventricle of 4-6 week old
athymic, female mice. Control mice were untreated. Mice were
euthanized at 4 weeks and femurs harvested. The bone marrow was
removed and the femur metaphyses were fractionated. Isolated
metasphyseal bone pieces were crushed and cultured. Media were
collected and tested after 24 h. Murine MCP-1 cytokine production
was quantified using ELISAs. Murine IL-6, MIP-2, and KC were
quantified using a Bio-Rad Bio-Plex™ murine cytokine quantification
assay. Shown is a representative experiment. MCP-1 and IL-6
concentrations were multiplied by 10 in order to be shown on the
same graph as MIP-2 and KC

cancer cells may alter the overall protein secretion profile of
osteoblasts. This alteration may involve preventing osteo-
blasts from producing the differentiation proteins necessary
for developing into mature, bone-depositing cells, as well
as inducing osteoblast production of cytokines that could
contribute to progression of bone metastasis, increase
activation of osteoclasts, and contribute to the formation
of osteolytic lesions.

12 Conclusions

Clearly, the organ microenvironment is extremely influential
in cancer cell metastasis to a specific location. Crosstalk
between the cancer cell “seed” and the target organ
microenvironment “soil” will determine if the cancer cell
metastasizes to a specific site and if that microenvironment
supports growth and proliferation of the metastatic cancer
cell. Only then will the metastatic cancer cell population
flourish. Bone provides an especially attractive site for a
variety of reasons. Metabolically active areas of bone are
well-vascularized with a system that allows various cells to
casily enter and exit. The normal remodeling process
provides chemotactic and growth factors that attract cancer
cells and support them once in place. The bone matrix
contains a rich storehouse of growth factors such as TGF-f3
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that are released during bone turnover. Resident cancer cells
thrive in the rich cocktail of released cytokines. Finally, both
osteoblast and octeoclast activities can be modulated by
cancer cells to their advantage. The release of characteristic
sets of cytokines by the bone matrix of an osteolytic lesion or
osteoblastic lesion (e.g. MCP-1, IL-6, IL-8) will facilitate the
chemoattraction and survival of metastatic cancer cells.
Understanding the mechanisms behind these events will aid
in the development of therapeutics to combat specific
metastases and manipulate their target organ microenviron-
ments. While the origin of metastatic variants remains
unclear, is it certain that the target organ microenvironment
contributes greatly to their metastasis.

13 Unanswered questions

Many unanswered questions remain. One of the most critical
is to determine a ‘metastatic signature’ for the primary tumor
which would indicate the possibility of metastasis. However,
not all tumor cells that arrive in the bone, even from the
same primary tumor, will remain or grow there. Dormant
metastases in the bone remain a mystery. It is known that
individual cells or micrometastases can be found in patients
with no evidence of metastasis [150]. These individuals may
never exhibit bone metastasis. On the other hand, bone
micrometastases can remain dormant for years in spite of the
rich microenvironment. What event triggers that cell to begin
to grow?

14 Future studies

It is difficult to study bone metastases and the tumor
microenvironment for many reasons. (1) The marrow space
is relatively inaccessible. (2) It is also a complex space
containing not only bone cells, osteoblasts and osteoclasts,
but also hematopoietic cells and transient immune cells.
Cell lines, particularly osteoblasts, have been developed that
recapitulate in culture the stages of osteoblast differentiation.
However, these lines have limitations when compared to
intact bone.

We have recently developed a specialized bioreactor that
allows extended-term culture of osteoblasts. The cells have
been grown uninterrupted for up to 10 months. They
proliferate and form a multilayer (>6 cell layers) of mature
osteoblasts that begin to mineralize and form macroscopic
bone chips [151]. By 10 months the morphology of the
cells resembles osteocytes. We have inoculated human
metastatic breast cancer cells, MDA-MB-231°"F into these
chambers and have seen by microscopy that the cells
adhere, grow, and move through the cell layers, mimicking
in vivo migration and invasion [152]. We have evidence
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that the osteoblasts likewise undergo a stress response and
produce increased amounts of IL-6, for example. While the
bioreactor has been used to study osteoblast-cancer cell
interactions, it will allow introduction of other cell types,
e.g. macrophages, lymphocytes. Thus, the bioreactor
promises to be a useful 3-D culture system to study and
to manipulate the bone-tumor microenvironment.
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Abstract Metastatic breast cancer cells (BCs) colonize a
mineralized three-dimensional (3D) osteoblastic tissue (OT)
grown from isolated pre-osteoblasts for up to 5 months in a
specialized bioreactor. Sequential stages of BC interaction
with OT include BC adhesion, penetration, colony formation,
and OT reorganization into “Indian files” paralleling BC
colonies, heretofore observed only in authentic pathological
cancer tissue. BCs permeabilize OT by degrading the extra-
cellular collagenous matrix (ECM) in which the osteoblasts are
embedded. OT maturity (characterized by culture age and cell
phenotype) profoundly affects the patterns of BC colonization.
BCs rapidly form colonies on immature OT (higher cellECM
ratio, osteoblastic phenotype) but fail to completely penetrate
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OT. By contrast, BCs efficiently penetrate mature OT
(lower cell/ECM ratio, osteocytic phenotype) and reorganize
OT. BC colonization provokes a strong osteoblast inflamma-
tory response marked by increased expression of the pro-
inflammatory cytokine IL-6. Furthermore, BCs inhibit osteo-
blastic bone formation by down-regulating synthesis of
collagen and osteocalcin. Results strongly suggest that breast
cancer disrupts the process of osteoblastic bone formation, in
addition to upregulating osteoclastic bone resorption as widely
reported. These observations may help explain why adminis-
tration of bisphosphonates to humans with osteolytic
metastases slows lesion progression by inhibiting osteoclasts
but does not bring about osteoblast-mediated healing.

Keywords Bone metastases - Breast cancer -
Colonization - Inflammation - Invasion - Osteoblast -
Three-dimensional cell culture model

Introduction

Skeleton is a favored site for the metastatic spread of breast,
prostrate, lung, and multiple myeloma cancers [1]. Metastatic
cancer in bone is particularly pernicious because, once bone
colonization occurs, the cure rate is almost zero [ 1-3]. Cancers
in bone progress with significant morbidity related to bone loss
(Iytic cancer) or gain (blastic cancer), hypercalcemia, patho-
logical fractures, and spinal compression [3]. Specific aspects
of cancer cell growth in bone such as dormancy [4, 5] con-
tribute to a protracted disease progression with intervals of
remission that can sometimes last up to decades [6]. Metastatic
colonization of bone is the culmination of a sequence of steps
beginning with migration of cancer cells to bone, survival and
adaptation to the bone environment, proliferation to form
micrometastases, and finally development of vascularized
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tumors [7]. Successful progression through these different
stages requires reciprocal interactions between cancer cells
and the bone microenvironment [8]. Of the cancer cells that
reach bone, only a small percentage of cells develop into
clinically detectable tumors; the remaining either die, persist as
solitary dormant cells, or develop into pre-angiogenic
micrometastases that fail to develop into overt tumors [7, 9].

The specific cellular and molecular mechanisms
responsible for the variable fate of cancer cells in bone are
incompletely understood [7]. Investigations of metastasis
suppressor genes [10] and cell trafficking studies using
intravital videomicroscopy [11, 12] have revealed that early
stage, pre-angiogenic interactions between the cancer cells
and the bone environment are crucial regulators of cancer
cell growth and disease progression. Evidence from these
two independent lines of investigation suggest that early
stages of metastatic colonization constitute a rate-limiting
step in disease progression that can be an effective target for
therapeutic intervention [13]. Consequently, a full
appreciation of the mechanistic basis of metastatic coloni-
zation can greatly enhance discovery of drugs aimed at the
arrest of cancer cell growth that will limit disease pro-
gression to a minimal residual, asymptomatic stage [14].

One difficulty encountered in drug development is that
early stage detection of cancer cell colonization is difficult,
both in the clinic and laboratory, because of the refractory
nature of whole bone and lack of relevant in vitro models,
respectively. Excised tissue [ 15] faithfully captures end stages
of cancer in bone associated with fully-developed tumors,
but the critical initial stages of disease remain largely inac-
cessible in this surrogate. Effective in vitro bone models must
strike a balance between experimental efficiency and retention
of biological complexity. In particular, the model must reca-
pitulate the in vivo bone microenvironment to the greatest
extent possible. Three-dimensional (3D) tissue models have
become a focus of recent investigation for this reason [16].
Herein, we report use of a multiple-cell layer (3D) mineral-
izing osteoblastic tissue (OT) grown from isolated osteoblasts
in a specialized bioreactor as an effective surrogate for
studies of cancer colonization of bone. By challenging OT
with metastatic breast cancer cells (BCs) known to invade the
skeleton, important hallmarks of the metastatic process
including cancer cell/tissue adhesion, tissue penetration, and
ultimate degradation of the osteoblast-derived extracellular
matrix were directly observed in vitro.

Materials and methods
Bioreactor design and implementation

Bioreactors based on the principle of simultaneous-growth-
and-dialysis [17, 18] were implemented using a two-
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compartment bioreactor design described previously [19,
20]. One of the compartments was a cell growth chamber
(5 ml total volume) that was separated from a 30-ml
medium reservoir compartment by a dialysis-membrane
(6-8 KDa cutoff). Cells were inoculated into the growth
chamber in complete medium including serum. The res-
ervoir was filled with basal medium consisting of nutrients
such as glucose and amino acids but no proteins. The entire
vessel was ventilated through transparent, gas-permeable
but liquid-impermeable films that offered optimum cell
adhesion and delivered requisite oxygen tension to the
cells. The bioreactor was specifically designed to enable
non-invasive, live-cell analysis with an inverted (phase-
contrast, fluorescence, or confocal) microscope. Com-
pletely assembled units used in this work had a cell growth
space of 25 cm? total area emulating a standard T25 flask.
Bioreactors were sterilized by gamma radiation at the
Breazeale Nuclear Reactor on the campus of The Penn-
sylvania State University.

During culture, cells were bathed in pH-equilibrated and
oxygenated medium that continuously dialyzed from the
medium reservoir. At the same time, metabolic waste
products such as lactic acid dialyzed out of the growth
compartment, maintaining low pericellular concentrations.
The medium reservoir was periodically replenished to
provide additional nutrients and remove accumulated waste
products without disturbing the cell growth chamber.
Serum constituents or macromolecules synthesized by cells
with molecular weights in excess of the dialysis membrane
cutoff (8—10 kDa) were retained and concentrated within
the growth compartment. This simple-to-use bioreactor
design was integrated into conventional tissue culture
protocols. The system conferred an extraordinarily stable
pericellular environment that improved cell recovery from
“culture shock” [21], and resulted in development of OT
with a normal phenotype over extended, uninterrupted
culture intervals tested for as long as 10 months with no
sign of necrosis [19, 20]. In the course of defining the
experimental bioreactor system, we have cultured MC3T3-
El for various times from 1 week to 10 months. Cocultures
with BCs were carried out at three ratios of cancer cells to
osteoblasts (1:10, 1:100, and 1:1,000). Tissue with up to
5 months maturity was utilized in this work. Data from
other times of culture is shown as indicated for individual
experiments.

Cells and cell culture

Murine calvarial pre-osteoblasts (MC3T3-El) were a gift
from Dr. Norman Karin at the Pacific Northwest National
Laboratories (ATCC CRL-2593 presumptive equivalent).
MC3T3-El were inoculated into the growth chamber of the
bioreactors at a sub-confluent density (10* cells/cm?) and
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cultured in alpha minimum-essential medium (x-MEM)
(Mediatech, Herdon, VA) supplemented with 10% neonatal
FBS (Cansera, Roxdale, Ontario) and 100 U/ml penicillin
and 100 pg/ml streptomycin (Sigma Aldrich, St. Louis,
MO). The medium reservoir of the bioreactor was filled
with o-MEM supplemented with 100 U/ml penicillin and
100 pg/ml streptomycin but no serum. Once the cells
reached confluence, usually 4-5 days, the medium in the
growth chamber was replaced with differentiation medium
containing the additional ingredients of 50 pg/ml ascorbic
acid and 10 mM pf-glycerophosphate (Sigma Aldrich, St.
Louis, MO). This change to differentiation medium was the
only time during the course of the experiment that medium
in the cell chamber was replaced. Subsequent medium
changes involved only the basal medium within the med-
ium reservoir that was refreshed every 30 days. Bioreactors
were maintained in a water-jacketed 5% CO, incubator
(Model 3110, Thermo Fisher Scientific, Waltham, MA)
held at 37°C. In this way, MC3T3-El cultures have been
maintained continuously in the bioreactor without sub-
culture for extended intervals up to 10 months, generating
a multiple-cell layer tissue with controllable age (maturity),
herein referred to as OT.

Human metastatic BCs (MDA-MB-231, ATCC-HTB 26
presumptive equivalent) genetically engineered to produce
green fluorescent protein (GFP), were a gift from Dr.
Danny Welch, University of Alabama at Birmingham, and
herein referred to as BCs. Derived from a pleural effusion
[22], MDA-MB-2319"" cells are known to invade the
murine skeleton [23].

MDA-MB-231°FF cells were cultured in standard tissue
culture dishes in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Mediatech, Herdon, VA) containing 5% neo-
natal bovine serum and 100 U/ml penicillin and 100 pg/ml

Table 1 Primer sequences and experimental conditions for RT-PCR

streptomycin for 3—4 days before coculture with bioreac-
tor-derived OT.

Reverse transcription polymerase chain reaction

Relative quantitative PCR was performed on RNA isolated
from MC3T3-E1 cells cultured in the bioreactor for various
intervals (7, 22, 30 or 60 days) to determine expression
levels of osteopontin, osteonectin, type I collagen, osteo-
calcin, MMP-13, E11, and f-actin. Total RNA was isolated
from the cells using the RNeasy kit (Qiagen, Valencia, CA)
with on-column DNase treatment. Five hundred nanograms
of total RNA was reverse transcribed from an oligo dT
primer using the RETROscript kit (Ambion, Austin, TX).
Two microliters of the cDNA were used in PCR reactions
that had been previously optimized by varying the cycle
number to determine the linear range of amplification. PCR
reactions for each of the proteins of interest were per-
formed using the primer pairs, annealing temperatures and
cycle numbers listed in Table 1. PCR products were sep-
arated by electrophoresis on a 2% agarose gel in Tris-
borate EDTA buffer and stained with ethidium bromide.
Gel documentation was performed on the Kodak Gel Logic
100 Imaging System (Eastman Kodak, Rochester, NY) and
band volume quantitation was done by ImageQuant soft-
ware (Molecular Dynamics, Sunnyvale, CA). Expression
levels were normalized by determining the ratio of the band
volume for each message relative to the band volume for -
actin for the same cDNA.

Bioreactor cocultures

BCs were inoculated into bioreactor cell growth chambers
containing OT at maturities between 15 and 145 days of

Gene Primers (F = Forward; R = Reverse) Annealing temperature (°C) Cycles Amplicon size (bp)

Osteocalcin F: 5-CAA GTC CCA CAC AGC AGC TT-3' 55 23 370
R: 5-AAA GCC GAG CTG CCA GAG TT-3'

Osteonectin F: 5'-CTG CCT GCC TGT GCC GAG AGT TCC-3’ 55 17 653
R: 5-CCA GCC TCC AGG CGC TTC TCA TTC-3'

Type I collagen F: 5-TCT CCA CTC TTC TAG TTC CT-3' 55 16 269
R: 5-TTG GGT CAT TTC CAC ATG-3'

MMP-13 F: 5-GAT GAC CTG TCT GAG GAA G-3' 58 21 357
R: 5-ATC AGA CCA GAC CTT GAA G-3’

Ell F: 5-TCCAACGAGACCAAGATGTG-3’ 60 24 539
R: 5-AGCTCTTTAGGGCGAGAACCT-3’

Osteopontin F: 5-ACA CTT TCA CTC CAA TCG TCC-3' 58 16 240
R: 5-TGC CCT TTC CGT TGT TGT CC-3’

p-Actin F: 5-CGT GGG CCG CCC TAG GCA-3' 62 20 242
R: 5-TTG GCC TTA GGG TTC AGG-3’
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culture at an estimated 1:10, 1:100, or 1:1,000 breast
cancer-to-osteoblast cell ratio; corresponding to 10°, 10%,
or 10° BCs/bioreactor, respectively. BC challenged biore-
actors were monitored microscopically for 7 days. On day
7, bioreactors were dismantled and substratum film with
adherent tissue was carefully cut into pieces for various
assays, avoiding loss of OT that was conspicuously
degraded by BC challenge. Medium from the cell growth
space of the bioreactor was collected and used for various
analyses. Tissue was fixed in 2.5% glutaraldehyde (in
cacodylate buffer) and stained for actin filaments with
Alexa Fluor 568 phalloidin stain (Invitrogen, Carlsbad,
CA). Osteoblasts were optionally stained with Cell Tracker
OrangeTM (Invitrogen, Carlsbad, CA) for live in situ con-
focal imaging to monitor cell growth dynamics, prior to
staining with actin stain.

Conditioned media experiments

BCs were grown to 90% confluency in standard tissue
culture plates and growth medium was removed. Adherent
BCs were rinsed with PBS and the original growth medium
replaced with fresh «-MEM (20 ml in a T-150 flask,
~1.3 x 10° cells/cm?). Cultures were incubated for an
additional 24 h, the medium collected and centrifuged
(300x g for 10 min) to remove cellular debris resulting in
“BC-conditioned medium”. At desired OT maturity,
medium in the growth chamber of the bioreactor was
completely replaced with a mixture of 50% breast cancer
conditioned medium and 50% differentiation medium as
previously described [24]. Osteoblast tissue in the biore-
actor was exposed to BC-conditioned medium for 2 weeks.

Confocal microscopy

In situ laser-scanning confocal microscopy of cocultures in
the bioreactor was performed using Olympus FV-300 laser-
scanning microscope (Olympus America Inc., Center
Valley, PA). Sections were observed with a 40X Olympus
UPlanF1 objective with an 0.85 numerical aperture. Cell
Tracker Orange ™ was excited using a 543 nm line from a
helium-neon laser and collected through a 565 nm long-
pass filter. GFP was excited using a 488-nm argon laser and
collected through 510 nm long-pass and 530 nm short-pass
filters. A 570 nm dichroic long-pass filter was used to split
the emission. Serial optical sections were taken at 1 pm
intervals throughout the tissue. Confocal images were
processed using image processing software (Fluoview 300,
Version 4.3b, Olympus, Center Valley, PA). 3D optical
reconstructions of 2D serial sections were obtained using
AutoQuant, AutoDeblur and AutoVisualize software
(Version 9.3, Media Cybernetics, Bethesda, MD). Number
of cell layers within the tissue was determined visually by
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counting and by following the sub-volumes of cells in the
3D-reconstructed Z-stack images.

Biochemical and immunochemical assays

Soluble collagen (indicative of collagen synthesis) was
quantified using Sircol Assay (Biocolor, Carrickfergus,
UK). Prior to running the assay following manufacturer’s
protocol, the collagen was extracted/precipitated from cell
culture supernatants by addition of 4 M NaCl. Supernatants
were centrifuged and the resulting collagen pellet was re-
suspended in 0.5 M acetic acid. Levels of osteocalcin and
IL-6 secreted into the medium were quantified using mul-
tiplex ELISA kit (LINCOplex™ Mouse Bone Panel 2B,
Millipore, Billerica, MA). Alkaline phosphatase activity
was quantitated using the QuantiChrom™ Alkaline Phos-
phatase Assay Kit (DALP-250), BioAssay Systems,
Hayward, CA according to manufacturers protocol. Briefly,
cells were lysed in a solution of 100 mM glycine, 0.1%
Triton-X 100, 1 mM MgCl,, pH 10, and the lysate was
added to 96-well plates coated with tartrazine standard
working solution containing the pNPP substrate. The 96-
well plate was gently tapped to mix all components, and
immediately read at 405 nm. The plate was read again after
4 minutes at 405 nm and the optical densities from the two
readings were used to calculate the alkaline phosphatase
enzyme activity. Each sample was tested three times.

Results
Osteoblast tissue model

Murine MC3T3E-1 pre-osteoblasts maintained in the bio-
reactor developed into a 3D osteoblast tissue (OT, Panel A
of Fig. 1) comprised of 6-8 layers of differentiated cells
(Panels B, top layer; Panel C, bottom layer) that stained
positive for alkaline phosphatase activity and for mineral-
ization by von Kossa (not shown). Continuous culture in
the bioreactor resulted in transformation of spindle shaped
pre-osteoblasts (Fig. 2, Panel A) to cuboidal osteoblasts
(Panel B) that secreted and mineralized an extensive, col-
lagenous extracellular matrix (Panel C) that completely
enveloped the cells (Panel D). Examination of numerous
histological and ultra-structural (not shown), and confocal
sections of tissue from bioreactor cultures at different times
revealed reproducible and continuous transformation of
tissue in which cells were initially closely packed (high
cell/ECM ratio; Fig. 2 Panel A) to a more mature pheno-
type characterized by lower cell density (low cel/ECM
ratio; Fig. 2 Panels C, D) with intercellular contacts
maintained by a network of cellular processes [20]. Growth
and maturation of OT in the bioreactor thus recapitulated
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Fig. 1 Phalloidin-stained
MC3T3-El osteoblast-derived
tissue (OT) after 22 days of
continuous culture in the
bioreactor. MC3T3-E1 pre-
osteoblasts grow into a 3D OT
comprised of 6-8 cell layers
enmeshed in a collagenous
matrix (see also Figs. 2, 5).
Panel A is a 3D reconstruction
of serial confocal optical
sections (magnification = 40x,
scale bar = 100 pm). A
morphological gradient in the
tissue was evident wherein top
layer of cells (Panel B) were
conspicuously more cuboidal
than bottom layer of cells (Panel
C) which exhibited filamentous
inter-cell connections
reminiscent of osteocyte
morphology

the normal sequence of bone development characterized by
stages of proliferation, matrix maturation, and mineraliza-
tion. This phenotypic progression was also reflected in the
characteristic expression of genes such as Type I collagen,
osteonectin, osteocalcin and osteopontin (Fig. 2, Panel E)
[25]. Up-regulation of matrix-metallo protease (MMP)-13
(indicative of extracellular matrix remodeling) and the
protein E11 (indicative of osteocytic transformation)
occurred in mature cultures (Fig. 2, Panel E).

Breast cancer cell challenge to osteoblast tissue

Interaction of cancer cells with OT were followed by
fluorescence microscopy after injecting MDA-MB-231°FF
human BCs directly onto 5-month OT stained with Cell
Tracker Orange™ to clearly differentiate osteoblasts from
cancer cells. BCs adhered to OT (Fig. 3 Panel A) in the
first 24 h. By the second day, the BC cells penetrated tissue
(Panel B), apparently through the agency of cellular pro-
cesses extended by BCs (see Fig. 3). Within 3 days of
coculture, BCs proliferated and organized into lines of cells
(Panels C). Close inspection of 2D optical sections (Fig. 4,
Panel A, Day 3) and 3D reconstructions (Fig. 4, Panel D)
revealed concomitant re-organization of OT. Before cancer

cell challenge, osteoblasts exhibited a cuboidal morphol-
ogy. Over 3 days of BC coculture, osteoblasts took on a
definitively elongated appearance and aligned with cancer
cells which also became spindle shaped. In particular,
osteoblasts paralleled the BC cells, as though marshaled
into an order that seemed to permeabilize OT structure.
The BC alignment in the bioreactor was reminiscent of the
classical “Indian filing” pattern that is one of the defining
characteristics of breast cancer invasion [26—28].

Breast cancer cell conditioned medium effects
on osteoblast tissue

Prior work determined that exposure of MC3T3-E1 cells to
conditioned medium (CM) from MDA-MB-231 cells
caused a change in osteoblast morphology and adherence
to the substrate under standard tissue culture conditions
[29]. In order to determine if this effect occurred with 3D
OT, 16 day OT in the bioreactor was maintained in CM for
2 weeks (see Materials and methods). Exposure of OT to
BC-conditioned medium induced significant cytoskeletal
reorganization in response to factors secreted by BCs, as
revealed by actin stress-fiber reorganization (Fig. 3, com-
pare control Panel D to test Panel E). Control OT were
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Fig. 2 Maturation of MC3T3-E1 derived OT within the bioreactor
(see also Figs. 1, 5). Panels (A-D) are confocal images of actin-
stained cells over several months of continuous culture (scale
bar = 50 um, annotations give culture age). Spindle shaped pre-
osteoblasts (Panel A) progressively transformed into cuboidal oste-
oblasts (Panel B) that became enmeshed in a collagenous matrix
(Panel C appearing black) that eventually buried cells exhibiting an
osteocytic-like morphology (Panel D). Relative quantitative PCR was
performed on RNA isolated from MC3T3-El cells cultured in the
bioreactor for various intervals (7, 22, 30 or 60 days) to determine
expression levels of osteopontin, osteonectin, type I collagen,
osteocalcin, MMP-13, E11 and f-actin (Panel E). Insets show
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ethidium bromide stained bands for the genes indicated for 22, 30 and
60 days. The gene expression for the 7 day cultures was very faint,
and is not shown. Samples from replicate bioreactors at days 22 and
30 were also tested with similar results. Expression levels were
normalized by determining the ratio of the band volume for each
message relative to the band volume for f-actin for the same cDNA.
The data are expressed as percent of maximum expression following
the work of Lian et al. [25]. Changes in gene expression were
consistent with progression of the osteoblast phenotype through the
stages of proliferation, matrix maturation and mineralization as
indicated by the shaded vertical bars in Panel E. Two bioreactors were
tested but data from only one of each age are shown
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Fig. 3 MDA-MB-231°"F
breast cancer cell invasion of
MC3T3-El derived OT grown
for 5 months within the
bioreactor. OT (stained with
Cell Tracker OrangeTM) was
cocultured with MDA-MB-231
breast cancer cells (BCs)
genetically engineered to
produce GFP. Confocal images
(scale bar = 50 pm,
magnification = 40x) were
collected over 3 days (Panels
A-C). These representative
images are interpreted as stages
of BC adhesion (Panel A, day
one), penetration (Panel B, day
two), and replication/
organization into characteristic
filing patterns (Panel C, day
three), respectively (see also
Fig. 4). Phalloidin-stained OT
grown for 16 days in the
bioreactor (Panel D) was
compared to similar tissue
exposed to MDA-MB-231
conditioned medium for

2 weeks (Panel E, scale

bar = 50 pum,

magnification = 40x). Note
that exposure to conditioned
media disrupted actin fiber
organization in OT. Draq5
(Biostatus, Shepshed, UK)
stained nuclei (blue) reveal
concomitant nuclear shrinkage.
Breast cancer conditioned
medium was prepared as
reported previously [24]

characterized by smooth, long actin stress fibers (Panel D),
whereas, F-actin stress fibers were clumped and punctate in
OT exposed to conditioned medium (Panel E). These
cytoskeletal changes correlated with the observation that
OT from coculture experiments was consistently more
fragile than OT not exposed to cancer cells. In fact, very
careful processing was required to prevent wholesale cell
sloughing during the wash steps involved in preparation of
specimens for histology and electron microscopy. It was
plainly evident from these latter observations that OT
structure and adhesion to the bioreactor substratum film
was significantly eroded by BC exposure. Details of BC
interaction with OT were followed using the confocal

microscopy study outlined in the legend to Fig. 4 and as
detailed in the section Discussion.

Effect of osteoblast tissue maturity on breast cancer cell
interactions

The interaction of BC cells with OT depended on the stage
of OT maturity. As the OT matured, there was decrease in
the number of cell layers with increasing culture time
(Fig. 5, left-hand axis of graphic portion) that translated
into a linear-like decrease in cell layer/tissue-thickness ratio
(Fig. 5, right-hand axis). Qualitative aspects of BC inter-
actions were correlated with OT characteristics (Fig. 5,
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Fig. 4 MDA-MB-231 breast cancer cell (BC) invasion of MC3T3-E1
derived OT grown for 5 months the bioreactor (see also Figs. 1, 3).
BCs were added to a 5 month OT culture as described as in the legend
to Fig. 3. Optical sections (40x, scale bar = 50 pm) at various
depths within OT at successive days in culture were collected by laser
scanning confocal microscopy. It appeared that BCs fully penetrated

table portion), suggesting that declining rates of BC colo-
nization and increasing efficiency of tissue penetration,
filing, and colony formation were related to OT maturity.
The effect of BCs on OT was further assessed by measuring
the changes in levels of secreted factors representing primary
osteoblast functions of extracellular matrix production
(secreted collagen) and mineralization (osteocalcin). Intro-
duction of BCs led to reduced production of new collagen
(Fig. 6, Panel A) and to less secretion of osteocalcin (Fig. 6,
Panel B) at all tested OT maturities. Alkaline phosphatase
activity deceased as the cultures aged (Fig. 6, Panel C). This
effect has been reported previously [30]. Nevertheless, at each
time tested, the alkaline phosphatase in the presence of the
cancer cells was less than in the OT alone. Furthermore, BCs
stimulated increased production of IL-6, indicative of an
inflammatory stress response (Fig. 6, Panel D) [24].
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OT only in a few locations within day 1 of coculture. Penetration
increased over days 2 and 3. Linear-like organization of breast cancer
cells and osteoblasts within the tissue was evident beginning at day 2
but more obvious at day 3. Optical reconstructions of serial sections
over 3 days (Panels B-D respectively, 40x) revealed significant re-
organization and permeablization of OT

Discussion
Osteoblastic tissue model

A relatively simple bioreactor was used to grow a 3D OT
from murine MC3T3E-1 pre-osteoblasts for culture periods
up to 5 months. This extended culture interval allowed
maturation of OT through successive stages of phenotypic
development, up-to-and-including osteocyte-like cells. A
morphologically stratified tissue developed within the first
month of culture (Fig. 1; compare top layer Panel B to
bottom layer Panel C). Over successive months of culture,
cuboidal osteoblastic cells underwent continued morpho-
logical changes (Fig.2) accompanied by characteristic
expression of genes such as Type I collagen, osteonectin,
osteocalcin and osteopontin; as well as up-regulation of
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Fig. 5 Qualitative aspects of MDA-MB-231 metastatic breast cancer
cell (BC) interaction correlate with MC3T3-E1 derived OT maturity.
An exponential-like decrease in the number of cell layers with time
(left-hand axis, graph) translated into a linear-like decrease in cell
layer/tissue-thickness ratio (right-hand axis, graph). This observation
was consistent with the process of bone-tissue maturation that resulted
in transformation of proliferating pre-osteoblasts into non-dividing
osteoblasts that become engulfed in mineralized matrix and mature
into osteocytes through a process of phenotypic transformation
marked by increased osteoblast apoptosis [31]. The data presented in
the summary table suggested that declining rates of BC colonization
and increasing efficiency of tissue penetration, cell organization into
chains, and colony formation were related to OT maturity

MMP-13 (suggestive of active matrix turnover) and protein
E11 (indicative of osteocytic transformation). The number
of cell layers comprising OT and tissue-thickness
decreased with culture time (Fig. 5) in a manner consistent
with the increased osteoblast apoptosis observed in the
formation of natural bone [31]. These observations were
collectively interpreted to mean that continuous culture of
MC3T3-El cells in the bioreactor recapitulated growth and
phenotypic development of native bone-tissue in vivo,
excluding osteoclast-mediated remodeling. Osteoclasts
were purposely excluded from the bioreactor-based model
so that osteoblast biology could be clearly observed.

Breast cancer cell challenge to osteoblast tissue
Confocal microscopy indicated that MDA-MB-231 human

BCs adhered to and penetrated OT (Figs. 3, 4). BCs pen-
etrated OT by extending long cellular protrusions that were

enriched in filamentous actin and formed chains of cells
similar to “Indian files” described for infiltrating lobular or
metaplastic breast carcinomas [26, 27]. Migration of cancer
cells along tracks of remodeled ECM produced by pre-
ceding invading cell(s) results in characteristic cell
alignment patterns [28]. Invasion by chains of tumor cells
linked together by cell—cell contacts is considered to be an
effective penetration mechanism conferring high metastatic
capacity and commensurately poor prognosis [26, 28].
Observation of BC invasion “Indian files” in the OT model
suggests a considerable degree of physiological relevance.

BC attachment and penetration varied significantly with
OT maturity (Fig. 5). BCs failed to penetrate immature OT
(less than 30 days in culture); instead forming colonies
substantially on, not in, OT. Significant penetration,
remodeling, and characteristic cancer cell alignment pat-
terns were observed only in relatively mature OT. We
speculate that BC penetration is inhibited by close contacts
among osteoblasts comprising immature OT and becomes
more efficient as the cel/ECM ratio decreases, creating a
more permeable tissue. The first penetrating BC remodels
the extracellular matrix in a way that creates a path for
other BCs [32], leading to the chains of cells as discussed
above. This progressive process marshals OT into a pattern
that paralleled the lines of breast cancer cells.

Unlike conventional cell culture wherein continuous or
scheduled medium exchanges lead to loss of cell secreted
growth factors and cytokines, the compartmentalized bio-
reactor retains all factors secreted into the cell growth
compartment that have molecular weight greater than
6-8 KDa dialysis-membrane cutoff (see Materials and
methods). We believe this attribute is critical to simulating
the bone microenvironment because osteoblasts are known
to secrete a number of growth factors and cytokines in a
spatially and temporally ordered sequence that is closely
aligned with the specific stages in osteoblast development
[25]. Likewise, BC coculture introduces growth factors and
cytokines that would presumably concentrate in the
microenvironment in physiological conditions. For these
reasons, we maintain that the OT model is a relevant model
for cancer colonization of bone.

Osteoblast inflammatory response

Inflammation is linked closely with the progression of
many cancers [33]. Osteoblasts are able to mount an
inflammatory response independent of immune cells [34].
Inflammation appears to play a critical role in bone loss in
osteomyelitis due to bacterial infection in the bone [34] and
in debris-mediated bone loss associated with titanium
implants [35]. Previous studies in conventional culture
have shown that exposure to BC-conditioned medium
produced a profound osteoblastic inflammatory stress
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Fig. 6 Osteoblasts cocultured with MDA-MB-231 metastatic breast
cancer cells (BC) showed a reduction in the production of osteoblast
maturation proteins and an increase in IL-6. MC3T3-E1 derived
osteoblast tissue (OT) were grown in the bioreactor for 0.7, 1.2, and
2.2 months before breast cancer cells (BC) were injected onto OT at a
1:10 BC-to-osteoblast cell ratio and cocultured for 7 days. OT with no
added BC served as controls. Levels of soluble collagen secreted by
osteoblasts into the medium in the presence and absence of breast
cancer cells were quantified using Sircol™ Assay (Biocolor) (n > 2)
(Panel A). Levels of osteocalcin (OCN) secreted into the medium in

response that included increased expression of the inflam-
matory cytokines, IL-6, IL-8 and MCP-1 [36]. These
cytokines are known to attract and activate osteoclasts, and
are likely to contribute to the tumor-host microenvironment
in vivo. In particular, IL-6 a pleiotropic cytokine [37], has
been implicated in pathogenesis of osteolysis associated
with Paget’s disease [38], Gorham-Stout syndrome [39],
and multiple myeloma [40]. IL-6 levels in breast cancer
patients have been found to correlate to the clinical stage of
the disease [41, 42] as well to the rate of recurrence [43].
High IL-6 serum levels in breast cancer patients were
found to be an unfavorable prognosis indicator [44-46].
We thus interpret pronounced IL-6 production by OT in
coculture experiments (Fig. 6, Panel D) as a strong osteo-
blast inflammatory provoked by the presence of BCs. The
concomitant decrease in collagen and osteocalcin secreted
by OT cocultured with BCs confirms that BC suppress
osteoblast function in a manner consistent with inflamma-
tion-induced bone loss observed in bone pathologies.

Breast cancer induced bone loss

Cancer-related bone loss appears to occur through multiple
pathways. Evidence for osteoclast-mediated resorption is

@ Springer

the presence and absence of breast cancer cells were quantified using
multiplex ELISA assay (LINCOplex™ Mouse Bone Panel 2B,
Millipore). Shown are averages of duplicate sample determination.
(Panel B). Alkaline phosphatase activity was quantitated using the
QuantiChrom™ Alkaline Phosphatase Assay Kit (DALP-250), Bio-
Assay Systems, Hayward, CA as indicated in the methods section.
Each sample was tested three times (Panel C). Levels of murine IL-6
released into the culture media were determined with a multiplex
ELISA assay (LINCOplex™ Mouse Bone Panel 2B, Millipore).
Shown are averages of duplicate sample determinations (Panel D)

indeed very strong [47]. In addition, destruction of devi-
talized bone directly by cancer cells has also been reported
[48], especially late in metastasis when bone-degradation
rate is highest and osteoclast cell numbers are in decline
[49]. These lines of evidence support the idea that osteo-
clasts are not solely responsible for excessive bone-
degradation and that cancer cells may directly contribute to
bone loss. Degradation of the osteoblast tissue by coculture
with BCs observed in the bioreactor model (that purposely
excludes osteoclasts) strongly suggests that yet another
mechanism of bone loss is related to disruption of the bone-
accretion process by destruction of osteoblastic tissue.
There is clinical and experimental literature to support this
concept. For example, quantitative histomorphometric
analyses of bone biopsies from patients with hypercalcemia
due to bone metastasis indicated a dramatic decrease in
osteoblast activity [50]. Histomorphometric analysis of
rodents inoculated with lytic human BCs (MDA-MB-231)
indicated that, even though administration of risedronate (a
bisphosphonate) reduced the number of osteoclasts, slowed
bone lysis, and significantly reduced tumor burden, there
was no evidence of new bone deposition or repair [51].
Similarly, administration of bisphosphonates to humans
with osteolytic metastasis slowed lesion progression but
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did not bring about healing [52]. Our previous work in vivo
and in vitro also indicate that metastatic BCs suppress
osteoblast adhesion and differentiation and increase
osteoblast apoptosis [29, 49, 53]. All taken together, these
observations strongly suggest that normal osteoblast func-
tion (i.e., deposition and mineralization of matrix) is not
only impaired in the presence of BCs but, in fact, OT is
degraded by breast cancer invasion, possibly by enlisting a
cooperative inflammatory response by osteoblasts them-
selves. Further understanding of the cellular and molecular
basis for breast cancer colonization of bone and discovery
of therapeutic interventions will be greatly expedited by the
use of 3D tissue models such as the one demonstrated in
this study.
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ABSTRACT

Breast cancer is the second most commonly diagnosed cancer in women in the United
States. Advanced stages of breast cancer frequently metastasize to bone, where it is difficult
to diagnose and treat. Current cancer-in-bone therapeutics focus on bisphosphonates to
inhibit osteolysis (bone dissolution by osteoclasts) and taxanes to impede cancer cell
growth. Effects of these drugs on osteoblasts (bone forming cells) have not been well
studied. The purpose of this study is to observe and quantify the effect of a bisphosphonate
(zoledronic acid) and a taxane (docetaxel) on osteoblast proliferation and differentiation.
Results of this research serve as preliminary data that will guide studies in an advanced
three-dimensional bone tissue model.

INTRODUCTION

Breast Cancer in Bone

Breast cancer is among the most commonly diagnosed cancers in the United States. This year
alone, approximately 182,460 women in the United States will develop invasive breast cancer,
and 40,480 women are expected to die from the disease. The risk of a woman in the United
States developing breast cancer in their lifetime is now 1 in 8'. Worldwide, breast cancer has
reached epidemic proportions’.

Metastatic breast cancer is the most advanced stage of breast cancer, and the most frequent site
of breast cancer metastases is bone. Of the cases of breast cancer diagnosed each year,
approximately 25% of those cancers metastasize, with the first site of metastasis located in bone
in 46% of cases and in 70% of cases with first relapse. Once cancerous breast cells colonize
bone, the cure rate is almost zero".

The normal bone environment is in a dynamic equilibrium — the bone undergoes constant
remodeling in which osteoclasts resorb bone, whereas osteoblasts deposit bone. When breast



cancer metastasizes to bone, this balance is shifted to abnormally high osteoclastic resorption.
Interactions between osteoclasts and breast-cancer cells establish a vicious cycle in which
osteolysis and tumor activity both increase. Activation of osteoclasts results in pain, bone
fracture, and hypercalcemia*®.

An In Vitro Model of Bone

Modeling the bone environment to study cancer colonization of bone is difficult because few cell
culture methods simultaneously provide biological relevance and simplicity required for
experimental control. The previous lack of a sophisticated model not only has hindered breast
cancer metastasis research, but also has hindered the development of therapeutics for bone
metastases. Dhurjati et al. recently developed a compartmentalized culture device, hereafter
referred to as the bioreactor, that operates on the principle of continuous growth and dialysis’.
The bioreactor consists of a cell growth chamber separated from a larger medium reservoir by a
dialysis membrane. Waste from the growth compartment and nutrients from the medium
reservoir are capable of passing through the dialysis membrane, while macromolecules
synthesized by the cells as they develop are maintained in the growth chamber. The bioreactor
design creates an extremely stable cellular environment that allows for the growth of three-
dimensional tissue for an extended period of time. This cell-culture system allowed development
of a three-dimensional multiple-cell layer of osteoblastic tissue over 10 months of continuous
culture. Krishnan et al. showed that this three-dimensional tissue was a useful surrogate for
studies of cancer in bone®.

Cancer in Bone Therapy

This research extends the bioreactor model by introducing therapeutic drugs to the system. Two
drug families are currently used in the treatment of bone metastases — bisphosphonates to
regulate osteoclast activity and taxanes to attack cancer cells. The effects of these drugs on
bisphosphonates have not been well studied.

Bisphosphonates are synthetic analogues of inorganic pyrophosphate, in which the oxygen atom
connecting the two phosphates is replaced by a carbon atom. This stabilizes the molecule from
biological degradation. Nitrogen-containing bisphosphonates have recently proven to be the
most aggressive in targeting bone metastases. Bisphosphonates bind strongly to bone mineral,
particularly in areas of increased bone activity. As bone resorption occurs, osteoclasts
internalize bisphosphonates. Once internalized, the bisphosphonates inhibit an enzyme that
contributes to osteoclast function and survival. Recent studies have suggested that
bisphosphonates may also have antitumor effects. During bone resorption, growth factors are
released that stimulate cancer cell activity; therefore decreased osteoclast activity would have
negative effects on cancer cells as well. Bisphosphonates decrease cancer cell proliferation and

. . 01
induce apoptosis’ .

Taxanes are widely used chemotherapeutic agents. Taxanes are microtubule interfering agents
that bind to B tubulin, causing abnormal assembly of microtubules and preventing disassembly.
This arrests the cell cycle in the GoM phase and induces apoptosis. Taxanes also cause
programmed cell death by inducing phosphorylation of Bcl-2, an anti-apoptotic protein'*">.



Recent work has suggested that the most effective therapy for metastatic breast cancer to bone is
combinatorial therapy with a bisphosphonate and a taxane. Bisphosphonates have been shown to
enhance the antitumor effects of taxanes in vitro on cancer cell invasion, adhesion, and
apoptosisl6'17.

The purpose of this research was to assess the effects of a bisphosphonate (zoledronic acid) and
taxane (docetaxel) on osteoblast proliferation and differentiation. The goal was to determine an
appropriate concentration for use in the bioreactor model. Low concentrations (0.05-0.50 uM)
of zoledronic acid enhanced both osteoblast proliferation and differentiation, while high
concentrations of docetaxel (10.0 uM) had positive effects on osteoblast differentiation.

MATERIALS AND METHODS
Cells and Cell Culture
Osteoblast Proliferation

Murine calvaria pre-osteoblast (MC3T3-E1) cells were plated at 1x10* cells/cm? in a 24-
well plate and grown in alpha minimum essential medium (a-MEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin, hereafter
referred to as growth medium. Cultures were incubated at 37°C. After 24 hours,
zoledronic acid was added to the growth medium in 0.05, 0.5 and 5 UM concentrations.
Medium was changed after 24 hours to allow for acute exposure (pulse dose) and chronic
exposure (chronic dose).

Osteoblast Differentiation

MC3T3-El cells were plated at 1x10* cells/cm? in a 24-well plate and grown in o-MEM
supplemented with 10% heat-inactivated FBS, 1% penicillin-streptomycin, 10mM B-
glycerophosphate and 50 pg/mL ascorbic acid, hereafter referred to as differentiation
medium. Cells were allowed to differentiate for 17 days prior to the addition of
zoledronic acid in 0.05, 0.5 and 5.0 uM concentrations or docetaxel in 0.1, 1.0 and 10.0
UM concentrations. After 24 hours, the supernatant was collected for cytokine assays and
a media change was performed to allow for acute and chronic dosing. Medium was
collected and replenished again after three days.

Zoledronic Acid and Docetaxel

A 5 uM stock solution of zoledronic acid was prepared in 0.1N sodium hydroxide. The stock
solution was diluted with growth medium and differentiation medium for measures of cell

proliferation and differentiation, respectively. A 10 uM stock solution of docetaxel was prepared
in 100% ethanol and diluted with differentiation medium.

Assessment of Cell Proliferation



Four day osteoblasts grown in varying concentrations of zoledronic acid were rinsed twice with
phosphate buffered saline (PBS) and detached with three rinses of 0.002% pronase in PBS.
Upon detachment, the pronase was neutralized with growth medium. The cell suspension was
diluted with 0.4% trypan blue dye and both viable and apoptotic cells were counted with a
hemocytometer.

Differentiated osteoblasts grown in varying concentrations of zoledronic acid and docetaxel were
also counted with a hemocytometer and trypan blue stain. Cells were initially rinsed twice with
PBS and detached with three rinses of 0.002% pronase in PBS. The differentiated cells detached
as an aggregate accumulated in the collagen matrix. In an attempt to further detach the
osteoblasts from the collagen matrix, the pronase solution was neutralized with growth medium
and then placed in a centrifuge. The solution was removed and replaced with accutase.

Assessment of Cell Differentiation — Alkaline Phosphatase

Differentiated osteoblasts were stained for alkaline phosphatase (ALP) activity. Cells were
rinsed once with PBS and then fixed for 10 minutes with 10% formaldehyde. Cells were then
rinsed three times for five minutes each with PBS. The cells were stained with an ALP stain
consisting of pre-warmed dH,O, 0.2M Tris, napthol and Fast Blue RR Salt and incubated at
37°C for 30 minutes. They were then rinsed three times for five minutes each with dH,O and the
dish was set to dry. The cell culture dish was then scanned into a computer. The stain intensity
was quantified using ImageQuant software.

MCP-1 and IL-6 Expression

MCP-1 and IL-6 were quantified using a sandwich ELISA. Flat-bottom 96-well plates were
coated with antibody at 0.4 pg/ml for MCP-1 and 2 pg/ml for IL-6. Plates were incubated
overnight at 4°C. The plates were washed four times with PBS with 0.05% Tween 20 and
blocked for 2 hours with PBS and 1% BSA. After three washes, samples and standards were
added and incubated overnight at 4°C. The plates were then washed four times and incubated
with detection antibody for 2 hours at room temperature. The plates were washed 6 times and
incubated with NeutrAvidin horseradish peroxidase conjugate for 30 minutes at room
temperature. The plates were washed 8 times and then incubated with ABTS peroxidase
substrate at room temperature for 90 minutes. Plates were read at 405 nm in an ELISA reader.

RESULTS

Osteoblast Proliferation

Drug effects on osteoblast proliferation was assessed by means of cell counting and a trypan blue
stain. Low concentration zoledronic acid (0.05 pM) enhanced osteoblast growth. As zoledronic
acid concentration increased, cell growth declined. Results were the same for both acute and
chronic exposures (Fig. 1).
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FIGURE 1. Effect of zoledronic acid (ZA) on osteoblast proliferation. Osteoblasts were plated at 1x10* cells/cm” and ZA was added in
concentrations of 0.00, 0.05, 0.50 and 5.00 uM. After 24 hours, medium was removed and replaced according to a dosing regimen. Wells

designated for acute exposure (A) were replenished with osteoblast growth medium, while those for chronic exposure (B) received another drug
dose. Proliferation was assessed with a trypan blue stain. Lines are guides to the eye.
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FIGURE 2. Drug effects on alkaline phosphatase production. Osteoblasts were plated at 1x10* cells/cm® and grown in differentiation
medium for two weeks. Cells were treated with either zoledronic acid (ZA) or docetaxel (DOC). ZA (A) or DOC (B) was added in low,
medium, and high concentrations (ZA — 0.00, 0.05, 0.50 and 5.00 uM; DOC - 0.00, 0.10, 1.00 and 10.00 pM). After 24 hours, medium was
removed and replaced according to a dosing regimen. Wells designated for acute exposure were replenished with osteoblast differentiation
medium, while drug doses were added to wells for chronic exposure. Cells were stained for alkaline phosphatase. The intensity of the stain was

quantified using ImageQuant software, and intensity was normalized to viable cell number (cell counts obtained using trypan blue stain). Lines
are guides to the eye.

Osteoblast Differentiation

Drug effects on osteoblast differentiation were assessed by measuring alkaline phosphatase
production. Alkaline phosphatase (ALP) production increased with low and medium (0.05 and
0.50 uM, respectively) zoledronic acid concentrations, while ALP production declined at the
higher concentration. Chronic exposure to zoledronic acid caused a more dramatic rise in ALP
than the acute exposure. Docetaxel treated cells showed different responses to pulse and chronic



dosing. Acute exposure to docetaxel resulted in a sharp increase in ALP production for low
concentration docetaxel (0.1 uM), followed by a rapid decrease to the medium concentration (1.0
uUM) and a slight increase with the higher concentration. Chronic exposure to docetaxel
produced an immediate decline in ALP production followed by a slight increase with
concentration (Fig. 2).

Osteoblast Inflammatory Response

Drugs effects on MCP-1 and IL-6 expression were analyzed to determine whether either drug
elicited an inflammatory response from the osteoblasts. Acute exposure of zoledronic acid
decreased expression of MCP-1 as a function of concentration. Chronic exposure, however,
increased MCP-1 expression through low and medium concentrations of zoledronic acid (0.05
and 0.50 puM, respectively), followed by a decline in MCP-1 expression (Fig. 3). Most
zoledronic acid treated cells produced IL-6 below the level of detection, therefore the data were
inconclusive (Table 1).

Both pulse and chronic doses of docetaxel elicited similar osteoblast responses. Low
concentration docetaxel (0.1 uM) increased MCP-1 expression, followed by a decline through
medium and high concentrations of the drug (Fig. 3). IL-6 concentrations were below the level
of detection in both dosing methods. After 24 hours exposure to docetaxel, IL-6 expression was
detectable, with IL-6 concentrations decreasing with increasing docetaxel concentration (Table
2).
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FIGURE 3. Drug effects on MCP-1 expression. Osteoblasts were plated at 1x10* cells/cm? and grown in differentiation medium for two
weeks. Cells were treated with either zoledronic acid (ZA) or docetaxel (DOC). ZA (A) or DOC (B) was added in low, medium, and high
concentrations (ZA — 0.00, 0.05, 0.50 and 5.00 uM; DOC - 0.00, 0.10, 1.00 and 10.00 uM). After 24 hours, medium was removed and replaced
according to a dosing regimen. Supernatant was collected after an additional 3 days of culture. Supernatant was assayed for MCP-1 using a
sandwich ELISA. MCP-1 concentration was normalized to viable cell number (cell counts obtained using trypan blue stain). Lines are guides to
the eye.



TABLE 1. Effects of zoledronic acid (ZA) on IL-6 expression.

TABLE 2. Effects of docetaxel (DOC) on IL-6 expression.

IL-6 Concentration (pg/ml) IL-6 Concentration (pg/ml)
ZA DOC
Concentration 24 Hours Pulse Dose Chronic Dose Concentration 24 Hours | Pulse Dose | Chronic Dose
Control - 0 54.0 * * Control - 0 139.0 * *
Low - 0.05 * * 22.0 Low - 0.1 47.0 * *
Medium - 0.5 * * * Medium - 1.0 84.0 #* *
High - 5.0 26.0 18.0 * High - 10.0 91.0 * *

Osteoblasts were plated at 1x10* cells'cm® and grown in
differentiation medium for two weeks. Cells were treated with ZA
in control, low, medium and high concentrations (0.00, 0.05, 0.50
and 5.00 puM, respectively).
collected and replaced according to a dosing regimen. Supernatant

After 24 hours, supernatant was

Osteoblasts were plated at 1x10* cells/cm® and grown in
Cells were treated with
DOC in control, low, medium and high concentrations (0.00, 0.10,

differentiation medium for two weeks.

1.00 and 10.00 uM, respectively). After 24 hours, supernatant was
collected and replaced according to a dosing regimen. Supernatant

was collected after an additional 3 days of culture. Supernatant was
assayed for IL-6 using a sandwich ELISA.

was collected after an additional 3 days of culture. Supernatant
was assayed for IL-6 using a sandwich ELISA.

DISCUSSION AND FUTURE WORK

The bisphosphonate zoledronic acid and the taxane docetaxel have pronounced effects on
osteoblast proliferation and differentiation. Low concentrations of zoledronic acid enhanced
both osteoblast proliferation and differentiation. However, low concentrations also elicit the
most pronounced inflammatory response. High concentrations of docetaxel incur the lowest
inflammatory response and have the most positive effects on osteoblast differentiation. From
these observations, zoledronic acid at 0.05 uM and docetaxel at 10 uM are candidates for use in
the bioreactor model. Choice of ideal concentrations will depend on the effect on breast-cancer
cells from future work. Future experiments include assessing the effects of these drugs on
breast-cancer cells and evaluating combinatorial therapy in standard tissue culture.
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The Effect of Zoledronic Acid on Breast
Cancer Colonization of Osteoblast Tissue
In Vitro
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Background on Bisphosphonates

Bisphosphonates...
- bind avidly to bone mineral
- are internalized by osteoclasts during resorption
- interfere with functions vital to osteoclast survival

- reduce release of factors that stimulate tumor growth

Recently, bisphosphonates have been established as standard
treatment for bone metastases.

New research has suggested that combination treatment of
bisphosphonates with chemotherapeutic agents may better treat
bone metastases.




Hypothesis and Specific Aims

Hypothesis: Combination therapy of a bisphosphonate (zoledronic
acid) and a taxane (docetaxel) will inhibit breast cancer colonization of
osteoblast tissue to a greater degree than a bisphosphonate alone.

—_— Specific Aim 1: To characterize the effect of zoledronic acid on
breast cancer colonization of osteoblast tissue.

Specific Aim 2: To characterize the effect of docetaxel on
breast cancer colonization of osteoblast tissue.

Specific Aim 3: To characterize the effect of a combination
treatment of zoledronic acid and docetaxel on breast cancer
colonization of osteoblast tissue.




The bioreactor is a compartmentalized cell-culture device
that allows for long-term growth of three-dimensional
tissue.




Experimental Protocol

Osteoblasts (MC3T3-E1) were allowed to mature for 3 months in the
bioreactor.

Breast-cancer cells (MDA-MB-2315?) were added to the cultures and
allowed to colonize the osteoblasts for 3 days.

Cultures were treated with 0.05 uM and 0.5 uM concentrations of
zoledronic acid.

Osteoblasts were stained with either CTO or Phalloidin (RED) and cancer
cells expressed GFP (Green). Images of the cultures were taken using
confocal microscopy.

OB + BC OB + BC + OB + BC +
(control) 0.05 uM ZOL 0.5 uM ZOL




The effect of ZOL was evaluated using confocal microscopy
with considerations to the following parameters:

Culture/Treatment

Experimental Parameter
OB + BC OB +BC + OB + BC +

0.05uM Z0L | 0.5pM Z0L

BC Colony Formation + ++

BC Processes + +

Rounded BC Morphology ++

BC Alignment ++

Ruptured BC Cells ++

Spindle-shaped OB Morphology +

Tissue Penetration ++




Treatment with ZOL inhibited the formation of breast-
cancer cell colonies.

Culture/Treatment

Experimental Parameter

BC Colony Formation _
Bcprocesses | oa |
Rounded BC Morphology _

OB + BC OB +BC +0.05uM| OB + BC + 0.5uM
Z0L Z0L

OB + BC OB +BC + OB + BC +
*24 hr. ZOL exposure 0.05 uM ZOL 0.5 uM ZOL




Treatment with ZOL inhibited the formation of breast-
cancer cell colonies.

*24 hr. ZOL exposure




Treatment with ZOL inhibited the formation of breast-
cancer cell colonies.

OB + BC +
*24 hr. ZOL exposure 0.05 uM Z0L




Treatment with ZOL inhibited the formation of breast-
cancer cell colonies.

OB + BC +
*24 hr. ZOL exposure 0.5 uM Z0L




Cultures treated with ZOL showed more rounded breast-
cancer cell morphology and fewer processes.

Culture/Treatment
Experimental Parameter
OB + BC OB +BC +0.05uM| OB + BC + 0.5uM
Z0L Z0L
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*48 hr. ZOL exposure 0.05 uM ZOL 0.5 uM ZOL




Cultures treated with ZOL showed more rounded breast-
cancer cell morphology and fewer processes.




Cultures treated with ZOL showed more rounded breast-
cancer cell morphology and fewer processes.




Cultures treated with ZOL showed more rounded breast-
cancer cell morphology and fewer processes.

OB + BC +
0.05 uM ZOL




Cultures treated with ZOL showed more rounded breast-
cancer cell morphology and fewer processes.

OB + BC +
0.5 uM ZOL




Treatment with ZOL showed disruption in breast-cancer
cell alignment.

Culture/Treatment

Experimental Parameter

BC Colony Formation _
Bcprocesses | oa |
Rounded BC Morphology _

OB + BC OB +BC +0.05uM| OB + BC + 0.5uM
Z0L Z0L

OB + BC OB +BC + OB + BC +
*48 hr. ZOL exposure 0.05 uM ZOL 0.5 uM ZOL




Treatment with ZOL showed disruption in breast-cancer
cell alignment.




Treatment with ZOL showed disruption in breast-cancer
cell alignment.

OB + BC +
0.05 uM ZOL




Treatment with ZOL showed disruption in breast-cancer
cell alignment.

OB + BC +
0.5 uM ZOL




Ruptured breast-cancer cells existed in ZOL treated co-
cultures.

Culture/Treatment

Experimental Parameter

BC Colony Formation _
Bcprocesses | oa |
Rounded BC Morphology _

OB + BC OB +BC +0.05uM| OB + BC + 0.5uM
Z0L Z0L

*48 hr. ZOL *48 hr. ZOL *72 hr. ZOL

OB + BC + OB + BC + OB + BC +
0.05 uM ZOL 0.5 uM ZOL 0.5 uM ZOL




Ruptured breast-cancer cells existed in ZOL treated co-
cultures.

OB + BC +
0.05 uM ZOL




Ruptured breast-cancer cells existed in ZOL treated co-
cultures.

OB + BC +
0.5 uM ZOL




Ruptured breast-cancer cells existed in ZOL treated co-
cultures.

OB + BC +
0.5 uM ZOL




Osteoblasts developed a more spindle-shaped morphology
in the untreated co-culture.

Culture/Treatment

Experimental Parameter

BC Colony Formation _
Bcprocesses | oa |
Rounded BC Morphology _

OB + BC OB +BC +0.05uM| OB + BC + 0.5uM
Z0L Z0L

(0]:] OB + BC OB +BC +
Bottom layer 0.05 uMm ZOL

*Phalloidin stained images




Osteoblasts developed a more spindle-shaped morphology
in the untreated co-culture.




Osteoblasts developed a more spindle-shaped morphology
in the untreated co-culture.

OB + BC
Bottom layer




Osteoblasts developed a more spindle-shaped morphology
in the untreated co-culture.

OB + BC +
0.05 uM ZOL




Breast-cancer cells penetrated further into the untreated
co-culture than into ZOL treated cultures.

Culture/Treatment
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Breast-cancer cells penetrated further into the untreated
co-culture than into ZOL treated cultures.




Breast-cancer cells penetrated further into the untreated
co-culture than into ZOL treated cultures.
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OB + BC +
0.05 uM ZOL




Breast-cancer cells penetrated further into the untreated
co-culture than into ZOL treated cultures.

OB + BC +
0.5 uM ZOL




Conclusions

Low dose (0.05 uM) Zoledronic acid has the most profound
effect on breast-cancer cells co-cultured with osteoblast
tissue.

ZOL initially disrupts BC colony formation and inhibits
normal BC progression.

Culture/Treatment
Experimental Parameter
OB + BC OB +BC +0.05uM| OB + BC + 0.5pM
Z0L Z0L

Spindleshaped OB Morphology |~
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Future Work

* Gene expression (Osteocalcin, Type | Collagen, etc.)
e ELISAs (MCP-1 and IL-6)

e Specific Aims 2 and 3

Hypothesis: Combination therapy of a bisphosphonate (zoledronic acid) and a
taxane (docetaxel) will inhibit breast cancer colonization of osteoblast tissue to a
greater degree than a bisphosphonate alone.

Specific Aim 1: To characterize the effect of zoledronic acid on breast
cancer colonization of osteoblast tissue.

é Specific Aim 2: To characterize the effect of docetaxel on breast cancer
colonization of osteoblast tissue.

é Specific Aim 3: To characterize the effect of a combination treatment of
zoledronic acid and docetaxel on breast cancer colonization of
osteoblast tissue.
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Abstract

Breast cancer frequently metastasizes to the skeleton where it results in bone degradation
due to osteoclast activation. The metastases also downregulate differentiation and the
bone rebuilding function of osteoblasts. Moreover, breast cancer cells trigger an
inflammatory stress response in osteoblasts. Pro-inflammatory mediators such as IL-6,
MCP-1, COX-2, and iNOS, expressed by osteoblasts (MC3T3-E1) stimulated with
human breast cancer cell (MDA-MB-231) conditioned medium, are pivotal to osteoclast
activation and metastasis progression. Given that all these genes are regulated by NF-«B,
a redox- sensitive transcription factor, we hypothesized that selenium could abrogate the
inflammatory stress response of osteoblasts to metastatic breast cancer cells by
modulating NF-xB. Caffeic acid phenethylether and parthenolide inhibited NF-kB
activation, as seen by gel-shift assays and immunoblotting for p65 in nuclear fractions, as
well as production of IL-6 and MCP-1. Supplementation of MC3T3-E1 osteoblasts with
methylseleninic acid (500 nM to 4 uM) reduced the activation of NF-«xB further leading
to a decrease in the expression of IL-6, MCP-1, COX-2 and iNOS, in response to the
MDA-MB-231 conditioned medium. In summary, our data indicate that the osteoblast
response to metastatic breast cancer cells is regulated by NF-«xB activation, which can be
effectively suppressed by selenium. Thus, selenium supplementation may prevent the
osteoblast inflammatory stress-response pathway or dampen the viscous cycle established

when breast cancer cells, osteoblasts, and osteoclasts interact.



Introduction

The skeleton is a preferred site for breast cancer metastasis. In spite of many rounds of
chemotherapy and an often long latency period, metastases in this sanctuary grow and in
the process, bring about osteolytic lesions. Bone loss is not a direct function of the cancer
cells, but is largely due to activated osteoclasts. According to the “vicious cycle”
paradigm, cancer cells activate osteoblasts, which in turn attract, differentiate and activate
osteoclasts to resorb bone. Upon degradation, the matrix releases many stored growth

factors including TGF which can feed back upon the cancer cells[1].

There is no cure for bone metastasis, but bisphosphonates such as Aledronate™ are used
to inhibit osteoclasts. While this therapy slows lesion progression, the bone does not
heal[2]. One possible reason is that in the presence of the cancer cells, the function of
osteoblasts, the bone forming cells is impaired[3,4]. We tested this possibility using an in
vitro where human metastatic breast cancer cells or their medium were co-cultured with
osteoblast lines. We found that breast cancer cells or their conditioned media (BCCM)
increase the prevalence of osteoblast apoptosis[5], prevent differentiation and
mineralization, and cause a change in osteoblast morphology[6]. Furthermore, in an in
vivo study, we confirmed that osteoblasts no longer differentiated and were lost over time

following arrival of the cancer cells into the femur[7]

Both direct and indirect contact (i.e., conditioned medium) of breast cancer cells with
osteoblasts, result in the down-regulation of the expression of osteoblast differentiation

proteins such as osteocalcin, osteonectin, alkaline phosphatase, and bone sialoprotein[8].



However, we also found that osteoblasts in the presence of BCCM greatly increased
expression of several pro-inflammatory molecules, interleukin-6 (IL-6), interleukin-8 (IL-
8) and monocyte chemoattractant protein-1 (MCP-1). These cytokines, normally
produced in low levels by osteoblasts, play a role in the activation of osteoclasts[9], and
have been implicated in metastasis[10]. Together, these molecules provide a potent
stimulus for bone osteolysis. Their production by osteoblasts also suggests that it is not
necessary to invoke cancer cells or immune cells such as macrophages or lymphocytes as
the sources of inflammatory molecules, although they undoubtedly play a role in vivo.
Interestingly, IL-6, IL-8, and MCP-1 also are expressed as part of the immediate early
inflammatory stress response in osteoblasts in the presence of prosthesis debris in bone
implants in humans [11]. This chronic inflammatory process also leads to bone

resorption.

It has long been suspected from both experimental and epidemiological studies that
inflammation is strongly linked to cancer[10,12]. A key regulatory molecule in the
inflammatory process is the redox-sensitive transcription factor NF-kB, which, upon
activation, initiates the expression of a cascade of cytokines, including IL-6, IL-8, and
MCP-1. The NF-kB recognition motifs are found in the 5’ regulatory regions of these
cytokines. NF-«xB represents a ubiquitously expressed family of transcription factors that
participate in the regulation of diverse biological processes, including immune,
inflammatory, and apoptotic responses[13]. For the purposes of this study, we
concentrated on NF-kB regulation of the inflammatory cytokines IL-6, and MCP-1[13].

Control of NF-kB activation could potentially interfere with the production of pro-



inflammatory mediators as well as the osteoblast stress response and the activation of
osteoclasts.

Recently, we have shown that cellular Se status, via the incorporation of Se into proteins
(selenoproteins), can modulate the activation of the NF-kB pathway in macrophages
[14]. Of the thirty- some selenoproteins, two major selenoenzymes that play a pivotal role
in the maintenance of cellular redox balance are glutathione peroxidase (GPx) and
thioredoxin reductases (TrxrR)[14,15]. GPx 1-4 exhibits high peroxidase activity towards
certain reactive oxygen species, including H,O, and fatty acid hydroperoxides [16,17].
Thus, Se is an essential micronutrient required for normal physiological function. Early
epidemiological studies have suggested that there is a unique relationship between Se
levels and cancer[18]. More recent studies have provided evidence that Se is protective;
and that administration of supra-nutritional levels has demonstrated chemopreventive
activity. Literature indicates that Se acts both at the steps of tumor initiation and
progression. A reduction in the levels of the selenoprotein, GPx, is inversely related to
cancer progression and disease stage[19]. Moreover, reduced GPx activity and Se levels
have been found in the blood of cancer patients with metastases[20]. Nonetheless, the
mechanisms are not clear. It is known that Se is required for the syntheses of anti-oxidant
selenoenzymes important for maintaining oxidative balance. Because oxidative stress can
lead to mutations and cancer, these anti-oxidative enzymes may be critical in blocking
tumor formation. Roebuck et al.[21] related oxidative stress to increased NF- kB activity
in the osteoblast inflammatory response to titanium particles. However, the regulation of
the osteoblast inflammatory response during metastasis via Se-dependent control of NF-

kB has not been investigated.



The objective of this study was to determine if modification of the Se status of
osteoblasts affected their inflammatory response to BCCM. We examined the
relationships among NF-«xB activation, selenium status, and proinflammatory protein
production by osteoblasts exposed to conditioned medium from a human metastatic
breast cancer cell line, MDA-MB-231. We found that IL-6, MCP-1 and additionally
cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS) production were
diminished in the presence of methylseleninic acid (MSA). MSA supplementation also

effectively inhibited NF-«xB activation.

Materials and Methods

Cells

MC3T3-E1, an osteoblast line derived from murine calvaria that differentiates in
culture[22], was a gift from Dr. Norman Karin, Pacific Northwest National Laboratory.
The cells were maintained in growth medium, a-MEM plus 10% fetal bovine serum
(FBS, Cansera, Roxdale, Ontario), penicillin 100 U/ml/streptomycin 100 pg/ml. They
were passaged every 3 to 4 days with 0.002% pronase and not used beyond passage 20.
For experiments, the cells were transferred to differentiation medium, i.e. growth medium
plus 50pg/ml ascorbic acid and 10 mM [-glycerophosphate. The cells were usually used

after about 2 weeks in differentiation medium as indicated for individual experiments.

MDA-MB-231, a human metastatic breast cancer line originally derived from a pleural

effusion[23], forms bone metastasis in immunodeficient mice following injection into the



left ventricle of the heart. These cells were a gift from Dr. Danny Welch, University of

Alabama at Birmingham. They were maintained in DMEM containing 5% FBS.

MDA-MB-231 BCCM preparation

MDA-MB-231 cells were cultured until they reached about 90% confluency. The culture
medium was replaced with serum-free « MEM for 24 hours to allow accumulation of
secretory molecules. The medium was collected and centrifuged at 300 x g for 10 min to
remove cell debris. The supernatant (BCCM) was aliquoted and stored at -20°C. For
comparison, we tested the same medium, vehicle control medium (VM) that was not

exposed to breast cancer cells.

Selenium levels

Osteoblast Se levels were manipulated by the Se content of the serum and by addition of
Se. The Se concentration of the lot of FBS (Cansera) used for most experiments was
determined to be 363 nM by atomic absorption spectrometry. To obtain selenium-
deficient cells, MC3T3-E1 and MDA-MB-231, were plated in 5% FBS for a Se
concentration of 18.2 nM. Under these conditions, normal cell growth and osteoblast
differentiation (production of alkaline phosphatase and positive staining for von Kossa ,
data not shown) were seen. Cells were cultured for at least four passages in the selenium-
deficient medium and their Se status was measured by GPx1 expression and activity
assays. In some experiments, osteoblast cultures were supplemented with 500 nM to 4

uM of methylseleninic acid (MSA, Sigma, St. Louis, MO) for 7 days before the



experiment. MSA was preferred over sodium selenite given the possible toxicity

associated with the latter compound [24,25].

Reagents and cell treatments

NF-«B inhibitors, caffeic acid phenethyl ester (CAPE) [26] and parthenolide[27]
purchased from CalBiochem (San Diego, CA) and were dissolved in DMSO. For all
inhibitor treatments, osteoblasts were incubated with inhibitors for 1or 2 hrs before the
addition of BCCM. DMSO (0.2 % v/v) was added to control cultures at the same time as
the other compounds. Osteoblasts were washed with PBS and treated with 50% BCCM or

VM for the indicated time.

INOS expression by RT-PCR

After incubation with BCCM or VM for 4 hrs, cells were washed one time with PBS;
RNA was extracted using the RNeasy kit (QIAGEN, Valencia, CA) and quantified on the
basis of Aysp. The RNA samples were treated with RNase-free DNase to eliminate
genomic DNA contamination. Equal amounts of RNA (1 pg) from each sample were
used in RT-PCR with iNOS-specific sense (5°-
AATGGCAACATCAGGTCGGCCATCACT-3’) and antisense (5°-
GCTGTGTGTCACAGAAGTCTC-3’) primers. B—Actin was used as the control as

described previously[28] .



Total cell lysate preparation and western blot analysis

After treatment, cells were lysed with a buffer containing 0.5M Tris-HCI, pH 6.8, 19%
(v/v) glycerol and 10% (w/v) SDS. Protease and phosphatase inhibitors, 2 ng/ml
aprotinin, 1 pg/ml pepstatin, 7.5mM NaF, ImM NaVOs3, and ImM DMSF, were also
added to the lysis buffer. Total proteins (40 pg) from each sample were used to carry out
the western blot. Samples of cells treated for 4 hrs were used for COX-2 expression.
COX-2 antibody was purchased from Cayman Chemical (Ann Arbor, Michigan) and
actin antibody was from Cell Signaling (Dover, MA). SDS-PAGE followed by western
blot analysis was performed as described earlier [29]. B-actin or GAPDH were used as

loading controls.

Nuclear extract preparation and electrophoretic mobility shift assay (EMSA)

After 1 hr of treatment, cells were washed and collected for nuclear extraction following
a modification of the procedure of NE-PER" Nuclear and Cytoplasmic Extraction (Pierce
Biotechnology, Rockford, IL) as described from our laboratory[29]. Nuclear extracts (50
ng) were used in the western blot assay. Antibody to p65 was purchased from Santa
Cruz ( CA). Actin was also used as a loading control.

For EMSA, the sense strand of the NF«B oligonucleotide, 5°-
GATCCAGTTGAGGGGACTTTCCCAGGC-3’ (Qiagen), was annealed with its
complementary strand and 10 pul (4pmol/ul) of the resultant double-stranded

oligonucleotide was labeled with [y->*P]-ATP (3000Ci/mol at 10mCi/ml) using T4-

polynucleotide kinase (New England Biolabs, Ipswich, MA), with an incubation at 37 °C

for 30 min followed by gel filtration chromatography in Biogel P6 spin columns (Bio-



Rad, Hercules, CA) to remove the unincorporated 32P. For the binding reaction, 10pug of
nuclear extracts were incubated for 10 min at room temperature with 5x gel-shift binding
buffer (SmM MgCl2, 2.5mM DTT, 2.5mM EDTA, 250mM NacCl, 50mM Tris-HCI pH
7.5), 50ug/ml poly (dI-dC) and sufficient ddH2O to bring samples to 15pul. **P-labeled
NF«B oligonucleotide (40000 CPM) was added to the reaction, and incubated for 15 min
at room temperature. The samples were loaded on pre-cast 4% acrylamide gels (Biorad,)

for electrophoresis at 120V for 45-50 min in TBE buffer. The gel was dried, exposed to

X-ray film overnight at -80°C and subsequently developed. The NFkB bands were

confirmed by competition using a >100-fold excess of unlabeled oligonucleotide.

Cytokine detection

After 4 hr incubations with the cells, the culture media were collected to measure the
expression of murine IL-6 and MCP-1 by ELISA. All antibodies and standards were
purchased from R & D Systems (Minneapolis, MN); 96-well plates with MaxiSorp' ™

surfaces (Greiner Bio One, Montroe, NC) were coated with antibody to IL-6 at 2 pg/ml

or antibody to MCP-1 at 0.4 ug/ml and incubated at 4°C overnight. After being washed

with PBS, the plates were blocked with 1% BSA for 2 hrs. Samples and standards were

added and incubated at 4°C overnight. After another wash, detection antibody was added

at 25 ng/ml for IL-6 antibody or 100 ng/ml for MCP-1 antibody and incubated at room
temperature for 2hrs. Samples were washed, and NeutrAvidin™ horseradish peroxidase
conjugate (Pierce) was added and the incubation continued at room temperature for

30min. Samples were washed again and incubated with ABTS (Sigma) peroxidase



substrate at room temperature. The absorbance was detected at 405nm. All ELISAs were

performed twice, each time with duplicate samples.

GPx activity assays

Osteoblasts were cultured in various Se-containing medium for at least 2 passages. The
cells were harvested, lysed with M-PER (Pierce) containing protease inhibitor cocktail
and 1mM PMSF and centrifuged (14000 x g ) for 10 min. Total protein was measured in
the resulting supernatant using the BCA reagent (Pierce). The samples were assayed
immediately for GPx activity, according to a published method using H,O, as a
substrate[30]. The GPx activity was expressed as nmoles of NADPH oxidized per minute

per milligram of protein.

Results

NF-xB was activated during stimulation with BCCM and was critical for cytokine
induction

To confirm that NF-kB was activated, we tested for p65 translocation into the nucleus
following osteoblast stimulation by BCCM. Nuclei were isolated from cells 1 hr after
treatment with BCCM. Pilot experiments indicated this time was optimal for NF-xB
activation (data not shown). The presence of activated NF-«B in the nucleus was
evaluated both by western blotting for p65 and by NF-kB EMSA (Figure 1, A-C). We
observed an increase in p65 translocation to the nucleus at 1 hr post BCCM treatment.
We also found an increase in DNA-bound NF-kB. Taken together, these data suggested

that NF-xB was activated by BCCM. It was also reasonable to expect a rapid activation
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of NF-kB considering its function as an upstream transcription factor. NF-kB is one of
many transcription factors associated with the regulation of cytokines. Some common
transcription factors, such as AP-1 and CRE, have also been reported to be
involved[31,32]. In order to demonstrate the importance of NF-kB in the osteoblast
response, we treated MC 3T3-E1 cells with NF-kB inhibitors, CAPE and parthenolide in
separate experiments, to determine if blocking NF-kB would result in the reduction of the
cytokine response (Figure 1, D and E). Both IL-6 and MCP-1 production by BCCM were
reduced by the NF-«B inhibitors in a dose-dependent manner. Control samples with the
addition of 0.2% DMSO showed no response. Both inhibitors blocked NF-xB
translocation into the nucleus (Figure 1C). Thus both NF-kB translocation and DNA
binding activity were clearly abrogated by both CAPE and parthenolide. To verify that
the reduction of cytokines was not due to cell death, viability was tested by trypan-blue
staining. After 5 hrs of incubation with parthenolide or 6 hrs with CAPE and 0.2%
DMSO, cell viability remained nearly 100% even in the highest concentration of inhibitor
(data not shown). Together, the data indicated that NF-xB was a common regulator for

IL-6 and MCP-1, and was critical for their induction in osteoblasts by BCCM.

Breast cancer CM stimulates NF-xB-regulated COX-2 and iNOS expression

Cytokine expression is only one part of the inflammatory response. In addition to testing
for IL-6 and MCP-1, we evaluated COX-2 and iNOS expression in MC3T3-E1 after
treatment with BCCM, because these two proteins are usually induced during
inflammation, and are downstream targets of NF-kB[14,15]. After 4 hr treatment of

MC3T3-E1 with BCCM, COX-2 protein and iNOS mRNA were both increased by
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BCCM treatment compared to those treated with VM (Figure 2. A and B). These data as
well as the induction of IL-6, MC-P-1, and IL-8 that we reported earlier[33], suggests
that NF-kB controls a wide-range of proinflammatory reactions in osteoblasts in response

to breast cancer stimulation.

Osteoblast response to methylseleninic acid

There are many reports that Se can decrease NF-kB activation under different situations.
However, the responses towards Se are cell-type and Se compound-specific[34,35]. For
examples, Li et al. demonstrated that inorganic Se, selenite, and organic Se, MSA,
activated different apoptotic pathways in the same cell type [36]. Therefore, we tested a
less toxic form, MSA, in our studies. Osteoblasts were cultured in Se-deficient
differentiation medium for 7 days before addition of MSA for another 7 days. At this
time, osteoblasts were treated with BCCM for 4 hours, and IL-6 and MCP-1
concentrations were measured in the culture media (Figure 3, A and B). With MSA
supplementation, both IL-6 and MCP-1 declined in a dose-dependent manner. These
results suggested that MSA was able to downregulate the proinflammatory response. To
ensure that the reduction in cytokines was not due to a loss of cell viability, the cells were
staine with trypan blue after 7 days of MSA supplementation. Nearly 100% of the cells
were viable (data not shown). These data indicated that MSA was a biologically effective

Se compound capable of reducing the cytokine response of osteoblasts towards BCCM.

To determine if MSA could affect expression of iNOS and COX-2, we tested for the

expression of these molecules after 4 hrs treatment with BCCM (Figure 3 C and D).
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MSA supplementation inhibited both iNOS expression and COX-2 induction by BCCM.
Taken together, these data suggested that a wide-range inflammatory response could be
regulated by MSA. Interestingly, a comparison of the dose responses of iNOS, COX-2

and IL-6 indicated that more than 1 p M MSA was required in each case.

GPx activity may be a marker of adequate Se status but might not reflect the
inflammatory status.

Selenium is required for the maintenance of intracellular redox status. It is critical to both
biosynthesis and function of reactive oxygen species (ROS)-scavenging enzymes, e.g.
glutathione peroxidase (GPx). The Se-dependent GPx would not be functional in the
absence of Se, leading to intracellular ROS accumulation and eventually cause oxidative
stress. Our data so far indicated that MSA-supplemented osteoblasts gave a reduced
inflammatory response to BCCM. Thus we tested if the effect was related to the level of

GPx activity which affects intracellular oxidative stress.

Osteoblasts were cultured in MSA-containing medium for two passages in order to reach
a steady state level of Se. Total cell lysates were then used to measure GPx activity
(Figure 4). In the absence of added Se, osteoblasts showed no detectable GPx activity, as
expected following depletion of Se. With the gradual increase of MSA supplementation,
the activity of GPx was restored. We detected an obvious increase of GPx activity with as
low as 50 nM MSA supplementation, which implied that osteoblasts could absorb and
use MSA efficiently. However, when we further evaluated the correlation between the

GPx activity and the reduction of inflammatory responses (Figure 3), we did not see the
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same dose response. GPx activity appeared to be almost saturated when osteoblasts were
supplemented with 1uM MSA; higher concentrations of MSA, caused no additional
increase in GPx activity (data not shown). On the other hand, we found that MSA
supplementation of 1uM had little or no effect on IL-6 and MCP-1 production. Taken
together, we suggest that while the level and activity of GPx was sensitive to Se
supplementation and could be used as an indicator, GPx may not be the main
selenoprotein or Se-containing intermediate involved in the regulation of IL-6 and MCP-

1 production.

MSA supplementation blocked the activation of NF-xB by BCCM in osteoblasts

To determine whether MSA regulated IL-6 and MCP-1 expression through the NF-kB
pathway, we examined the activation of NF-kB after MSA treatment. Osteoblasts were
supplemented with MSA (100 nM to 4 uM) and treated with VM or BCCM for 1 hr. The
translocation of p65 into the nuclear fraction was detected by western blot (Figure 5A).
Without added Se, p65 accumulation in the nuclear fraction was apparent. With MSA
supplementation as low as 1 uM, there was less p65 present in the nucleus. With 4 uM
MSA supplementation, no nuclear p65 was detectable. The EMSA findings also
supported this result (Fig, 5B). There was more DNA-bound NF-xB when osteoblasts
were supplemented with no or low MSA and treated with BCCM. However, when
osteoblasts were supplemented with 4 uM MSA, BCCM treatment did not efficiently
trigger the activation of NF-kB. Therefore, less NF-kB translocated to the nucleus and
bound to the DNA. These data suggested that MSA supplementation inhibited the

activation of NF-kB and consequently, reduced the expression of its target genes.
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Discussion

In the present study, we investigated the role of NF-kB on the regulation of the
inflammatory response of osteoblasts to conditioned medium from MDA-MB-231,
metastatic breast cancer cells. We found not only the increased production of IL-6, and
MCP-1, but other inflammatory molecules, COX-2 and iNOS, were significantly
enhanced with BCCM. These findings indicated that a wide range of inflammatory
responses was triggered in the osteoblasts upon interaction with the BCCM. The data also
supported the hypothesis that NF-kB was activated by BCCM and was critical to IL-6

and MCP-1 expression.

NF-«B is a member of ubiquitously expressed family of transcription factors which
regulates more than 200 genes including COX-2[14] and iNOS[15]. The data strongly
indicated that NF-«xB played an important role in the inflammatory responses of
osteoblasts to BCCM. Therefore, the regulation of activation of NF-«xB activation is a
possible approach to reduce cytokines and other inflammatory molecules. For example,
by supplemention of osteoblasts with MSA, which increased cellular selenoproteins,

abrogated BCCM-induced cytokine production by the osteoblasts.

Selenium, an essential element in the mammalian diet, provides protection from
oxidative damage [37]. Severe Se deficiency observed primarily in certain areas in China
is associated with an endemic disease called Kashin-Beck disease. It is an osteoarticular
disease with symptoms of the necrosis of articular and growth plate chondrocytes,

resulting in degenerative and necrotic lesions[37]. Several reports indicate that bone
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tissues in man are affected by Se deficiency[38,39]. For example, in healthy infants,
there is a correlation between the Se level in the urine and bone resorption[39]. This
literature suggests a link between Se and bone turnover. However, the importance and

detailed mechanism of Se in this case remain unclear.

Selenium is also known to prevent several degenerative diseases, such as atherosclerosis,
arthritis, central nervous system pathologies, altered immunological function, and
cancers[ 18]. Many epidemiological studies describe an inverse correlation between Se
levels and cancers, such as stomach, pancreas, lung and breast[18]. In the Nutritional
Prevention of Cancer Trial (NPC Trial)[40], researchers tested the effect of Se
supplementation on a large population and measured the cancer incidence. The results of
the trial indicated an impressive preventative effect of Se supplementation, especially in
lung, colorectal and prostate cancers[41]. However, a concern to be addressed from the
NPC trail is that only very few of the subject’s (6/1,312) plasma level were below 80
ng/ml Se[42], which is the minimum requirement of plasma Se to produce maximum
selenoproteins. This finding may indicate that the preventive effect of Se does not work
through selenoproteins, at least those such as GPx, but through other selenoproteins or
active metabolites. In a more recent study, the SELECT trial, Se-Met or vitamin E
supplementation did not prevent the occurrence of new cases of prostate cancer in a
relatively healthy population [43]. While there may always be design questions with this
trial [44], for our purposes, this study did not deal with metastasis, specifically

mestastasis to bone, a common site for prostate cancer.
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Selenium compounds can generally be separated into two groups: organic and inorganic.
Organic Se is present in foods in the form of Se-Met, Se-Cys, and methylselenocysteine,
while inorganic Se is usually in the forms of selenate or selenite in the soil[45]. After
ingestion, these Se compounds follow different metabolic pathways in the body but
enventually form a common intermediate, selenide (Se*") which is then incorporated into
proteins[46]. Inorganic Se compounds convert into selenide with the help of GSH, while
organic Se compounds more likely form the methylselenol (CH3SeH) first. It is known
that when cells generate too much selenide, it reacts with oxygen to produce superoxide
radicals (O;"), which are toxic to cells[46]. On the other hand, it is a well-accepted
concept that methylselenol is involved in the anti-cancer effects of Se [46]. Taken
together, different forms of Se compounds may enter the metabolic pathway at different
points and may have different effects on different types of cells[34,35]. In this regard,
MSA has been demonstrated not to cause oxidative stress, unlike selenite, and is,

therefore, less toxic [24]. Therefore, we restricted our investigation to MSA.

The bone remodeling process shares some similarities with inflammation[47]. Many
inflammatory molecules that are secreted by immune cells are produced by osteoblasts.
Some, such as IL-1, IL-6, IL-8, MCP-1, PGE,; and COX-2, are also osteoclastogenic [48].
They attract and activate osteoclasts, which results in bone matrix degradation followed
by the release of many growth factors from the matrix including TGF-B[1]. The
abundance of growth factors makes the bone microenvironment more affable to breast

cancer cells.

17



Interleukin-6 receptors are expressed by osteoclasts and when stimulated, initiate
osteoclast differentiation and thus, the bone resorption process[9]. Some reports indicate
that increased plasma IL-6 is a negative indicator of metastasis [49]. IL-6 is also
associated with increased breast cancer cell migration[48]. MCP-1(a CC chemokine)
regulates bone resorption by stimulating the migration of monocyte-osteoclast progenitor
cells to the bone[9,33]. MCP-1 is also associated with angiogenesis and cancer cell
survival[48]. COX-2 contributes to the activation of osteoclasts and the creation of a
favorable niche for cancer cells[48]. COX-2 expression is associated with growth,
invasion, apoptosis and angiogenesis in breast cancer [48]. Taken together, their
increased expression by osteoblasts may affect the equilibrium in the bone
microenvironment and promote breast cancer osteolytic bone metastasis. By controlling
their common regulator, NF-xB, it may be possible to reduce the damage caused by
breast cancer bone metastasis. Currently there is no way to restore existing osteolytic
lesions; however, limiting the effect of bone metastasis may significantly improve the

quality of life of individuals with breast cancer bone metastasis.

In the clinic, it is not unusual to observe metastasis after surgery or chemotherapy.
Metastatic lesions originate from a group of tumor cells which disseminate from the
primary tumor mass and may undergo a period of dormancy in the target tissue [50].
Some reports showed that in breast cancer, tumor cell dissemination may occur in the
early stages from non-invasive tumors[51]. Dormant cells can rest in the secondary
metastatic site or in the lymph node for years before they grow to a detectable tumor [52].

All together, it may be very difficult to totally prevent metastasis since it is difficult to
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define the time or the critical stage of this event. However, reducing the damage from the
metastasis is still a useful approach. By supplementing Se in the diet, we can increase
intracellular Se levels sufficient to produce useful intermediates. By the time dormant
micro-metastases of breast cancer in bone begin to proliferate, the higher Se levels in
osteoblasts may prevent or reduce their responses to breast cancer cells, which in turn
may slow the metastatic growth and break the vicious cycle. There are many reports that
Se functions in both cancer initiation and progression. Our results offer the possibility

that Se can also affect the metastasis process.

Animal models are commonly conducted to establish the link between dietary Se and
cancers. However, the majority of those animal studies focus on the chemoprevention
effect of Se[18]; only few reports demonstrate the relationship between Se and
metastasis. In a recent study, mice fed a Se-supplemented diet showed not only fewer
mammary tumors, but tumor cells with Se supplementation also showed an inhibition of
migration in vitro[53]. We plan to test a mouse breast cancer model to evaluate the effect

of Se on metastasis in vivo.

In summary, we found that Se supplementation reduced the inflammatory response of
osteoblasts to metastatic breast cancer cells by regulating the activation of NF-xB. The
expression of NF-kB —dependent genes, which a play an important role in metastasis,
were down-regulated implying that Se supplementation may negatively impact the

metastasis process.
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Figure Legends

Figure 1. NF-kB activation in osteoblasts exposed to BCCM. MC3T3-E1 were
cultured and differentiated for 2 weeks before stimulation with 50% BCCM for different
times. (A) p65 translocation was detected by western blot using nuclear extracts prepared
from MC3T3-E1 one hr after treatment with BCCM. (B) NF-kB gel mobility shift
analysis (EMSA) of samples prepared as in A. CC: cold oligonucleotide competitor. NS:
non-specific binding. (C) Inhibition of NF-kB binding. Osteoblasts were pre-treated with
inhibitors CAPE for 2 hrs or with parthenolide for 1hr before addition of BCCM for 1 hr.
NF-kB DNA binding activity was detected by EMSA. (D) IL-6, and (E) MCP-1
production by osteoblasts treated with NF-kB inhibitors CAPE for 2 hrs or with
parthenolide for 1hr before incubation with BCCM for 4 hrs. DMSO (0.2% ) treatment
was used as control. Cytokines in the culture media were detected by ELISA. All
experiments were performed twice and each sample was assayed in duplicate. Cell
viability remained nearly 100% after inhibitor treatment as confirmed by trypan-blue

staining (data not shown).
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Figure 2. COX-2 (A) and iINOS (B) induction by MC3T3-E1 osteoblasts in response
to human MDA-MB-231 breast cancer cells. MC3T3-E1 were cultured and
differentiated for 2 weeks before they treated with 50% MDA-MB-231 BCCM for 4
hours. (A) COX-2 expression was detected by western blot using total cell lysate. (B)
iNOS expression was detected by RT-PCR. Actin expression was used as a loading
control in both assays. All experiments were performed at least in duplicate and each
experiment was performed at least twice. Pilot experiments were carried out to determine

the optimal treatment period.

Figure 3. Response of osteoblasts to MSA supplementation. Osteoblasts were
cultured and differentiated in a selenium-deficient culture medium (18.2 nM Se) for 7
days before supplementation with methylseleninic acid (MSA) for another 7 days for
selenium to reach a steady state within the cells. After 2 weeks of culture, osteoblasts
were treated with 50% BCCM for 4 hrs. (A) IL-6, (B) MCP-1, and (C) COX-2 and (D)
INOS expression were used as indicators of the effects of selentum compounds.
Cytokines were measured by ELISA; COX-2 expression was detected by western blot;
iINOS expression was evaluated by RT-PCR. Actin was used as a loading control in
COX-2 and iINOS detection. Cell viability was not affected by 7days of MSA
supplementation as seen by trypan blue staining (data not shown). Indicated are the

concentrations of MSA added to the cultures.

Figure 4. Intracellular GPx activity in MSA supplemented osteoblasts. Osteoblasts

were cultured in the presence of MSA for 2 passages at the concentration indicated. Cells
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lysates were used to measure GPx activity with hydrogen peroxide as substrates as
described in the methods section. The activity is presented as nmoles of NADPH

oxidized per minute per milligram of protein.

Figure. 5 NF-kB inhibition by MSA supplementation.

Osteoblasts were cultured in Se-deficient medium (18.2 nM) for 7 days before adding
MSA to the culture system for another 7 days. On day 14, osteoblasts were treated with
BCCM for 1 hr and nuclear extracts were prepared. NF-kB activation was measured by
(A) p65 translocation and (B) NF-kB EMSA. Actin was used as a loading control. CC:

cold oligonucleotide competitor. NS: non-specific binding.
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Figure 1. COX-2 (A) and INOS (B) induction by MC3T3-E1
osteoblasts in response to human MDA-MB-231 breast cancer
cells. MC3T3-E1 were cultured and differentiated for 2 weeks before
they treated with 50% MDA-MB-231 BCCM for 4 hours. (A) COX-2
expression was detected by western blot using total cell lysate. (B)
INOS expression was detected by RT-PCR. Actin expression was
used as a loading control in both assays. All experiments were
performed at least in duplicate and each experiment was performed at
least twice. Preliminary experiments were performed to determine the
optimal treatment period.
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Figure 2. NF-xB activation in osteoblasts exposed to BCCM. MC3T3-E1
were cultured and differentiated for 2 weeks before stimulating with 50%
BCCM for different times. (A) p65 translocation. Osteoblasts were treated
with BCCM for 1h. p65 translocation was detected by western blot using
nuclear extracts. Actin was used as a control. (B) NF-«xB gel mobility shift
analysis (EMSA). Samples were prepared as in A. CC: cold oligonucleotide
competitor. NS: non-specific binding. (C) IL-6, (D) MCP-1 reduction by NF-
kB inhibitors. Osteoblasts were treated with CAPE for 2 hrs or with
parthenolide for 1hr before incubating with 50% BCCM for 4 hrs. DMSO
0.2% treatment was used as control. Cytokines production was detected by
ELISA using culture medium after treatment. All experiments were
performed in duplicate and each sample was assayed in duplicate. Cell
viability remained nearly 100% after inhibitors treatment confirmed by
trypan-blue staining (data not shown). (E) Inhibition of NF-xB binding.
Samples were pre-treated with inhibitors as in (C), (D) and treated with 50%
BCCM for 1 hr. NF-xB DNA binding activity was detected by EMSA using
nuclear extracts.
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Figure 3. Responses of osteoblasts to different selenium compounds.
Osteoblasts were cultured and differentiated in a selenium-deficient culture system
(18.2 nM) for 7 days before supplemented with two selenium compounds ( sodium
selenite, methylseleninic acid [MSA]) for another 7 days to reach a selenium
balance within cells. After 2 weeks of culture, osteoblasts were treated with
50%BCCM for 4 hrs. (A) IL-6, (B) MCP-1, and (C) COX-2 expression was used as
indicators to evaluate the effects of selenium compounds. Cytokine production was
measured by ELISA; COX-2 expression was detected by western blot. Cell viability
remained nearly 100% after 7days of MSA supplementation confirmed by trypan
blue staining (data not shown).
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Figure 4. Intracellular GPX activity in MeSA-supplemented osteoblasts.
Osteoblasts were cultured in the presence of MSA for 2 passages at the
concentration indicated to reach a selenium balance. Cells lysates were
used to measure GPX activity with hydrogen peroxide as substrates. The
activity was described as nmoles of NADPH oxidized per minute per
milligram of protein.
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Figure. 5 NF-kB inhibition by MSA supplementation.

Osteoblasts were cultured in Se-deficient medium (18.2 nM) for 7 days
before adding MSA to the culture system for another 7 days. On day 14,
osteoblasts were treated with BCCM for 1 hr and nuclear extracts were
prepared. NF-xB activation was measured by (A) p65 translocation and
(B) NF-xB EMSA. Actin was used as a loading control. CC: cold
oligonucleotide competitor. NS: non-specific binding.
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