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Prostate cancer (PCa) metastasizes to bone, where the bone marrow microenvironment controls disease
progression. However, the cellular interactions that result in active bone marrow metastases are poorly
understood. A better understanding of these interactions is critical to success in the pursuit of effective
treatments for this life ending disease. Anecdotally, we observe that after intracardiac injection of PCa
cells, one of the greatest tools to investigate the mechanisms of bone-metastatic disease, animals fre-
quently present with mandible metastasis before hind limb metastasis. Therefore, in this study, we inves-

Keywords: tigated whether the bone cells derived from the mouse mandible influence PCa progression differently
Prostate cancer . . . .
Osteoblasts than those from the hind limb. Interestingly, we found that osteoblasts harvested from mouse mandibles

grew faster, expressed more vascular endothelial growth factor (VEGF), increased vascularity and formed
more bone, and stimulated faster growth of PCa cells when cultured together than osteoblasts harvested
from mouse hind limbs. Additionally, these findings were confirmed in vivo when mouse mandible osteo-
blasts were co-implanted into mice with PCa cells. Importantly, the enhancement of PCa growth medi-
ated by mandible osteoblasts was not shown to be due to their differentiation or proliferation
activities, but may be partly due to increased vascularization and expression of VEGF.
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1. Introduction

Prostate cancer (PCa) is deadly when it metastasizes to bone,
often years after a patient is cured of the primary disease. These
metastases are believed to originate from disseminated tumor cells
(DTCs) shed from the primary tumor that made their way to the
bone marrow and became dormant. Once in the bone marrow, pro-
gression of dormant DTCs in the bone is directed by influences
from the bone marrow microenvironment. Still, a full understand-
ing of the more complex interactions that result in active bone
marrow metastases remains elusive. Our group recently discov-
ered that early in the metastatic process, PCa cells target and com-
mandeer the hematopoietic stem cell (HSC) specific marrow
microenvironment, or HSC niche, using mechanisms similar to
those involved in HSC homing to bone [1]. Osteoblasts are a major
component of the HSC niche and have been shown to participate in
the regulation of HSC homing and quiescence (or dormancy) [2-5].
Interestingly, DTCs also utilize osteoblasts to establish early colo-
nization within the marrow [1,6]. Thereafter, the DTCs lie dormant
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within the osteoblastic niche until they begin to proliferate again,
controlled by mechanisms still poorly understood, and eventually
develop into full-blown metastases [7].

A tool frequently used to investigate the mechanisms of metas-
tasis is the intracardiac injection mouse model. After a small vol-
ume of cancer cells is inoculated into the left ventricle of the
mouse heart, the circulatory system becomes flooded with cancer
cells that eventually colonize organs of preference, such as bone.
As expected, this model consistently results in long bone metas-
tases, including lesions in the femur and tibia. However, mandible
metastases are also frequently observed in this model [8]. This
appears to be a phenomenon unique to this model, as metastasis
to the human mandible is uncommon for solid tumors known to
metastasize to the bone, such as PCa [9]. Anecdotally, using this
model we have found that sometimes the only site of metastasis
is the mandible, and that in animals with multiple bone metastatic
lesions, many demonstrate faster growth in the mandible than
those in the hind limbs of the same animal (unpublished observa-
tions). These findings raise the question whether the bone marrow
microenvironment of the mandible stimulates the growth of DTCs
more than that of the hind limbs. One difference between bone
cells derived from mandible and long bones that has been docu-
mented is their proliferative and differentiation potential. Indeed,
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osteoblasts derived from rat mandible bone marrow grew faster
and formed more bone in vivo than those differentiated from long
bone marrow [10]. The same effects were seen in human tissue
cultures of mandible and iliac marrow derived osteoblasts [11].
Interestingly, it has recently been revealed that different subpopu-
lations of osteoblasts contribute differently to bone metastatic pro-
gression [12]. Therefore, we hypothesized that osteoblasts
harvested from mouse mandible bones would enhance the growth
of PCa cells when they interact with each other, more than those
harvested from hind limb bones.

In this study, we found that osteoblasts harvested from mouse
mandible bones grew faster than those harvested from hind limb
bones, similar to the reports of osteoblasts derived from rat and
human tissues. Additionally, osteoblasts harvested from mouse
mandibles expressed higher levels of vascular endothelial growth
factor (VEGF). Moreover, when these osteoblasts were co-
cultured with PCa cells, osteoblasts harvested from mouse mand-
ibles significantly increased the growth of PCa cells compared to
osteoblasts harvested from hind limbs. Most importantly, these
findings were confirmed in vivo, and immunofluorescent staining
of pathological specimens revealed that vascularity of mandible
osteoblast implants was greater than hind limb osteoblast
implants.

2. Materials and methods
2.1. Cell culture

Human PCa cell line PC-3 [American Type Culture Collection
(ATCC), Manassas, VA, Cat #: CRL-1435] and DU145 cells (ATCC,
Cat #: HTB-81) were transformed to stably express green fluores-
cent protein (GFP) and firefly luciferase (PC3-GFP-luc, and
DU145-GFP-luc) by transduction with a lentivirus (Lenti-GF1-
CMV-VSVG) generated by the University of Michigan Vector Core.
The transduced cells were sorted for GFP positive cells at the Wake
Forest Baptist Comprehensive Cancer Center Flow Cytometry
Shared Resource using an Astrios EQ (Beckman Coulter, Pasadena,
CA), expanded and frozen at low passage (<10). The growth media
for PC-3 and DU145 was RPMI 1640 (Gibco, Gaithersburg, MD, Cat
#: 11875093) supplemented with 10% FBS (Sigma-Aldrich, St.
Louis, MO, Cat #: F2442), 1% Penicillin-Streptomycin (Gibco, Cat
#:15140122), and 1% L-Glutamine (Gibco, Cat #: 25030081). Mur-
ine calvarial pre-osteoblast cell line MC3T3-E1 Subclone 4 (ATCC,
Cat #: CRL-2593) were cultured with MEMa, without nucleosides
(Gibco, Cat #: 12561056) supplemented with 10% FBS, 1%
Penicillin-Streptomycin, and 1% L-Glutamine. Before supplementa-
tion, this formulation of MEMa already contains 50 mg/L Ascorbic
Acid, and therefore no additional Ascorbic Acid was required. Cells
were incubated at 37°C, 5% CO,, and 100% humidity and were rou-
tinely passaged when no more than 80% confluent.

2.2. Animal care and use certification

All animal studies were approved by the Institutional Animal
Care and Use Committee (Protocol A18-036) at Wake Forest
University Health Sciences.

2.3. Intracardiac PCa inoculation and imaging of tumor growth

DU145-GFP-Luc (1 x 10° cells/100 pL of PBS) cells were injected
into immunocompromised Athymic Nude mice (Charles River Lab-
oratories, Wilmington, MA, Cat #: 490) by left ventricular intracar-
diac injection, as previously described [13]. To monitor cancer
growth, luciferase signal was followed at least once a week for
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10 weeks using the IVIS Lumina Series IIl system and Living Image
software (Xenogen, Alameda, CA).

2.4. Primary murine osteoblast culture

Hind limbs and mandibles were dissected from 5-week old
male C57BL6/] mice (The Jackson Laboratory, Bar Harbor, ME, Cat
#: 000664). Epiphyses from the femurs and tibias were cut and
the marrow was removed by centrifugation, as previously
described [14]. Briefly, an 18g hole was bored into the bottom of
a 0.6 mL microcentrifuge tube with a needle, and then the tube
was placed in a 1.7 mL microcentrifuge tube. The diaphyses of
the bones were placed in the smaller tube, and the apparatus
was then centrifuged at max speed for 30 sec. Afterward, the bone
fragments remained in the upper 0.6 mL tube, and the marrow was
pelleted in the bottom 1.7 mL tube. The empty diaphyses were
placed into a 10 cm dish in HBSS, no calcium, no magnesium, no
phenol red (Gibco, Cat #: 14175095) supplemented with 1%
Penicillin-Streptomycin and minced into smaller pieces using a
scalpel. The molars, incisors and dental pulp of the mandibles were
removed and the remaining pieces (ascending ramus containing
the coronoid, condylar and angular processes) were placed into a
10 cm dish in HBSS supplemented with 1% Penicillin-
Streptomycin and minced into smaller pieces using a scalpel. After
forceful washing to remove all marrow, a 10 min Trypsin-EDTA
digestion was performed on the bone and mandible pieces at
37°C. Complete MEMa [MEMa without nucleosides supplemented
with 10% FBS, 1% Penicillin-Streptomycin, 1% L-Glutamine, and
10nM dexamethasone (Sigma-Aldrich, Cat #: D4902) [15]] was
then added to the explant cultures and the mature bone cells were
allowed to migrate out of the bone and mandible pieces and
expand for two weeks. In some cases, the cells were grown in bone
mineralization medium (BMM) to induce further osteoblastic dif-
ferentiation and mineral deposition: this media is complete MEMo
supplemented with 0.5mM L-Ascorbic acid (Sigma, Cat #: A5960),
2mM B-Glycerophosphate disodium salt hydrate (Sigma-Aldrich,
Cat #: G9422), and 10mM HEPES (Thermo Fisher Scientific, Hamp-
ton, NH, Cat #: BP299). The control media for BMM is complete
MEMa supplemented with 10mM HEPES (vehicle).

2.5. MTT assay

Cells were seeded at a density of 4 x 10> cells/100 uL complete
MEMua into each well of a 96-well plate and incubated for 1, 3, and
5 days. To measure relative cell numbers, 500 pg/mL MTT (Tocris
Bioscience, Minneapolis, MN, Cat #: 5224) was added to each well
and incubated for 4 h. The reaction was halted, and the formazan
precipitate was dissolved by the addition of an equal volume of
10% SDS in 0.01 M HCI (10 g/100 mL). The plate was incubated at
37°C, 5% C0O2, and 100% humidity overnight and read on a plate
reader at 560 nm with a background measurement at 650 nm.

2.6. In vitro mineralization assay

Cells were seeded at a density of 1 x 10° cells/250 uL complete
MEMa into each well of a 24-well plate and incubated for 24 h. The
complete MEMa was then replaced with 500 pL fresh complete
MEMo and the plate was incubated for 48 h. The media was
replaced with vehicle or BMM and incubated for 72 h. This process
was continued every other day for a total of 14 days from first
treatment. Half of the wells were harvested for mRNA. The remain-
ing wells were stained with Alizarin Red S (ARS) to quantify total
mineralization. Briefly, cells were fixed with 10% neutral buffered
formalin for 5 min at room temperature and then stained with
2% ARS (Sigma-Aldrich, Cat #: A5533-25G) at pH 4.1 in water (2
g/100 mL) for 30 min at room temperature. Excess stain was
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washed out in running tap water until the water ran clear. Repre-
sentative images were captured on an EVOS inverted microscope
(Thermo Fisher Scientific). Stain from each wells was quantified
after lysing entire contents as described elsewhere using an acetic
acid extraction method and plate reader absorbance at
405 nm [16].

2.7. Real Time qPCR

Confluent and multilayered osteoblastic cells were lysed, and
RNA was harvested using the RNeasy Plus Mini Kit (Qiagen, Ger-
mantown, MD, Cat#: 74134). The RNA concentrations were deter-
mined and subsequently normalized between samples prior to
cDNA generation using Invitrogen SuperScript I Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA, Cat#: 18064022). Real time qPCR
was performed using TagMan Gene Expression Master Mix
(Applied Biosystems, Foster City, CA Cat#: 4369016) and Tagman
Gene Expression Assays [Applied Biosystems, Cat#: 4331182,
Assay IDs: MmO03413826_mH (Bglap: Osteocalcin, OCN),
MmO00436767_m1 (Sppl: Osteopontin, OPN), Mm00437306_m1
(Vegfa: vascular  endothelial  growth  factor,  VEGF),
MmO00441906_m1 (Tnfsf11: RANKL), Mm00435454_m1 (Tnfrsf11b:
Osteoprotegrin, OPG), Hs00921372_m1 (TNFRSF1: RANK),
Hs02786624_g1 (GAPDH), and Mm99999915_¢g1 (Gapdh)] on the
Bio-Rad CFX Connect instrument (Hercules, CA). Data is presented
as relative gene expression using the delta-delta Ct method, with
Gapdh used as the reference gene.

2.8. Co-culture assay

Primary cells, or MC3T3-E1 cells, were seeded at a density of 2 x
10* cells/100 pL complete MEMa. into each well of a 96-well plate
and incubated for 24 h. In some cases, cells were growth arrested
for 2.5 h with 10 pg/mL mitomycin-C (Sigma-Aldrich, Cat #:
10107409001). Thereafter, cancer cells were seeded on top of the
bone cells or by themselves in new 96-well plates, at a density of
2 x 10° cells/100 pL complete MEMa. Plates were incubated for
48 h and the media replaced with vehicle or BMM, and incubated
for 1, 3, and 5 days, with media replacement at each time point. To
monitor cancer growth in real time, luciferase signal was checked
before each media replacement using the IVIS system, after addi-
tion of 200ug/mL D-Luciferin (PerkinElmer, Waltham, MA, Cat
#:122799) and 10 min incubation at 37°C.

2.9. Ossicle implantation

1 x 10° DU145-GFP-luc and/or 1 x 10° primary cells [mandible
osteoblasts (MaOBs) or hind limb osteoblasts (HLOBs)] were sus-
pended in 10 pL BMM in individual microcentrifuge tubes (inocu-
lum tube) and stored on ice until implantation. Under sterile
conditions, absorbable gelatin sponges (Ethicon, Somerville, NJ,
Cat #: 1973) were cut into small cubes (~5 mm?) and placed in a
petri dish containing BMM on ice until implantation. Mice were
anesthetized, backs shaved if necessary, and the surgical site was
prepared using betadine. Blunt tipped scissors were used to create
a small incision (~1cm) in the dorsal skin parallel to the spine, and
the scissors were used to create subcutaneous pouches on both
sides of the incision. Using fine tipped forceps, a sponge piece
was removed from the petri dish, excess liquid was blotted using
sterile gauze, and then seeded by placing it in the bottom of an
inoculum tube and allowing it to absorb the entire inoculum. The
seeded sponge was then implanted into one of the subcutaneous
pouches. Each animal received an implant seeded with HLOBs in
one pouch and an implant with MaOBs in the opposite pouch.
The incision was closed with surgical staples, which were removed
after 7 days. Animals implanted with tumor seeded cells were
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athymic nude mice and animals implanted with only primary cells
were C57BL6/] (male, 5 weeks old). In order to monitor cancer
growth in co-culture seeded ossicles in vivo, luciferase signal was
followed at least once a week for 20 weeks using the IVIS system,
whereas primary cell only seeded ossicles were grown for 7 weeks
in vivo.

2.10. Tissue processing

After euthanasia, the implants were dissected and placed in 10%
neutral buffered formalin for 24 h at 4°C under agitation. They
were then radiographed using the MultiFocus 10x15 Digital Radio-
graphy System (Faxitron Bioptics, Tucson, AZ). Radiographs were
analyzed using Image] software (NIH, Bethesda, MD) for densitom-
etry. Briefly, tissue was outlined using the freehand tool and Max
Gray values were determined for each implant. Next, the implants
were placed in cassettes and decalcified for 14 days in 10%
ethylenediaminetetraacetic acid (EDTA), with fresh solutions
replaced on day 7. The tissues were then cryopreserved in 30%
sucrose for 48 h. They were halved with a razor blade and one half
of each tissue was arranged in plastic molds containing optimal
cutting temperature (OCT) media and frozen on dry ice. Using a
cryostat, 10 and 20 pm sections were made and stored at -80°C.
The other tissue halves were processed for paraffin embedding
and sectioned on a microtome at 5 um sections. Hematoxylin
and Eosin (H&E) staining was performed on sections, as well as
immunohistochemistry (IHC) for Ki67 (Abcam, Cambridge, MA,
Cat#: ab16667), and immunofluorescence (IF) for Osteocalcin
(Takara Bio USA, Mountain View, CA, Cat#: M173), Pan-
cytokeratin (Novus Biologicals, Centennial, CO, Cat #: NB600-
579SS), Endomucin (Santa Cruz Biotechnology, Dallas, TX, Cat#:
sc-65496), VEGF (Santa Cruz Biotechnology, Cat#: sc-7269), and
CD31 (R&D Systems, Minneapolis, MN, Cat #: AF3628) as previ-
ously described [17]. Antigen retrieval was performed using Bio-
genex DeCal Retrieval Solution (Biogenex, San Ramon, CA, Cat#:
HK089-5K) before incubating with the primary antibody at a con-
centration of 1:500 overnight at 4°C. Sections were then labeled
with secondary rabbit antibody (Biogenex, Cat#: HK336-5R), Vec-
tastain Elite ABC HRP kit (Vector, Burlingame, CA, Cat#: PK-6100)
and DAB Peroxidase (HRP) Substrate Kit (Vector, Cat#: SK-4100).
Slides were mounted in permanent mounting media and scanned
on a NanoZoomer slide scanner (Hamamatsu, Japan) at 40x magni-
fication. Quantitative analysis was performed using Visiopharm
software (Westminster, CO) and an APP designed to automatically
count DAB and hematoxylin alone positive nuclei, as well as deter-
mine tissue section area on the entire slide.

2.11. Statistical analysis

Metastatic tumor growth was measured by bioluminescent
imaging (BLI), and radiance values were log transformed in order
to satisfy the conditional normality assumption. The mean and
standard error of the mean (SEM) of log transformed radiance val-
ues were calculated by time and location of metastatic lesions
(mandible vs. hind limb). For exploratory purposes, comparisons
of log transformed radiance values between locations at each time
point were performed using the paired Student’s t-tests. Mean dif-
ferences in log transformed radiance between locations were also
estimated using the mixed effects model with time, location, and
interaction between time and location included in the model.
The advantage of using this model was that all data were analyzed
simultaneously, resulting in more efficient estimates. The hypoth-
esis test for location effect at each time point was performed using
a contrast. The nested (location within each mouse) random inter-
cepts were used to take into account the correlated structure (e.g.,
repeated measures over time; measures at different locations in
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the same mouse). Sub-analysis of the same data was performed to
compare metastasis-free survivals, as measured with a 75% signal
cut off. Event time was defined as the time from the beginning of
the study to the initial endpoint (> the 75 percentile of log trans-
formed radiance) and censoring time as the time from the begin-
ning of the study to the last assessment or death. The Kaplan-
Meier survival curves for the initial endpoint by location were plot-
ted. The comparison between the two survival curves were per-
formed using the Cox proportional hazards model with robust
sandwich estimates to take into account the correlated structure
(e.g., different locations in the same mouse). The same statistical
approaches were applied to analyses of tumors co-cultured with
primary cells (MaOBs or HLOBs).

The distributions for the other outcome measures such as gene
expression and OD were confirmed to be normal. The means and
SEM of the outcome measures were calculated by tissue origin
(mandible vs. hind limb) and by treatment (vehicle vs. BMM),
and comparisons of the outcome measures were performed using
the unpaired Student’s t-test. The means and standard errors of
the tissue section areas and of MaOB or HLOB ossicles were calcu-
lated and compared using the paired Student’s t-test.

The comparison of log transformed average radiance between
the combination of primary cells (MaOBs vs. HLOBs) and treatment
(vehicle vs. BMM) at each time point was performed using the
analysis of variance (ANOVA) for exploratory purpose. Mean differ-
ences in log transformed radiance between primary cells and treat-
ments at each time point were also estimated using the mixed
effects model with time, location, treatment, and two-way and
three-way interactions included in the model. If higher order inter-
actions were not statistically significant, they were removed from
the model. For PC3 co-culture analyses, the interaction between
primary cells and time as well as the interaction between treat-
ment and time were included in the model. For DU145 co-
culture analyses, only the interaction between primary cells and
time was included in the model. The random intercept was used
to handle repeated measurements over time. The hypothesis tests
for primary cell effect and BMM effect at each time point were per-
formed using contrasts. All the analyses were performed using the
GraphPad Prism statistical program (GraphPad Software, San
Diego, CA) and the SAS software (SAS Inc, Cary, NC) with signifi-
cance at P < 0.05.

3. Results

3.1. Intracardiac injection results in lesions in the mandibles before the
hind limbs.

Since we have anecdotally found that mandible metastases
occur faster than hind limb metastases in mice following intracar-
diac injection of PCa cells, we sought to examine more detailed
metastatic patterns and tumor growth capacities of PCa cells in
the intracardiac model. To do so, human PCa cell line DU145-
GFP-luc cells were inoculated intracardially into immunocompro-
mised athymic nude mice. When the bioluminescent imaging
(BLI) signals of nude mice inoculated with DU145-GFP-luc were
followed, detectable tumors in the mandibles were significantly
brighter, and therefore larger in size than those in the hindlimbs
at day 29, but over time signals at both sites became similar
(Fig. 1A&B). Curiously, the BLI signals of the mandibles actually
begin to decrease after day 29, which might be explained by tumor
necrosis or hypoxic environments associated with fast-growing
tumors [18]. Sub-analysis of the same data was performed to com-
pare metastasis-free survivals, as measured with a 75% signal cut
off, and the onset of metastasis in the mandible appeared to occur
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sooner than the hindlimb, although not statistically significant
(Fig. 1C).

3.2. Cells derived from mandible and hind limb bone explants have
osteoblastic characteristics.

To dissect out the differences between cells in the mandibles
and hind limbs, we decided to compare the functions of osteoblasts
from these two areas, since proliferation of PCa is known to be reg-
ulated in part by osteoblasts [19-21]. After cleared of soft tissue
and bone marrow, bone pieces obtained from the mandibles and
hind limbs (femurs and tibias) of adult C57BL6/] mice were minced
(Fig. 2A) and cultured in media containing dexamethasone
(10nM) to differentiate any remaining cells into osteoblasts [15].
After two weeks of culture, cells derived from the bone explants
were assessed of their osteoblastic characteristics. Both cultures
expressed relatively high levels of the osteoblastic markers Osteo-
calcin and Osteopontin (Fig. 2B&C). Basal expression of Osteocal-
cin and Osteopontin were both lower in the mandible cell cultures
than the hind limb cultures, but the presence of both markers in
vehicle-treated cells revealed that the cultured bone explant cells
are mostly differentiated even without the use of differentiation
supplements, unlike traditional bone marrow stromal cell culture
preps (Fig. 2B&C). After treatment with known osteoblastic differ-
entiation supplements L-Ascorbic acid and B-Glycerophosphate,
the levels of these markers were significantly increased in both
explant cultures, however cultures of mandible cells responded
to L-Ascorbic acid and B-Glycerophosphate to a greater degree than
cultures of hind limb cells (Fig. 2B&C). As vascular endothelial
growth factor (VEGF) derived from osteoblasts, encoded by the
mouse gene Vegfa, has been shown to be involved in osteoblast dif-
ferentiation and mineralization [22], and VEGF is implicated in PCa
migration to bone and growth through induction of angiogenesis
[23], we tested whether Vegfa expression was increased in mand-
ible cultures. Basal expression of Vegfa was higher in cultures of
mandible cells than those of hind limb cells and was not signifi-
cantly changed in response to L-Ascorbic acid and B-
Glycerophosphate supplementation in either mandible or hind
limb cultures (Fig. 2D). To further test osteoblastic functional
capabilities, the mineralization potentials of these cells were eval-
uated using Alizarin Red S (ARS) staining. Both cells derived from
mandible and hind limb explants were able to mineralize, as evi-
denced by ARS staining (Fig. 3A&B). Interestingly, cells from
mandible explants showed more mineralization than cells from
hind limb explants, regardless of L-Ascorbic acid and -
Glycerophosphate supplementation (Fig. 3B). We attribute this
observation to the previous finding that differentiation supple-
ments were not required for osteoblast marker expression in our
bone explant cultures (Fig. 2B&C), and therefore, not required
for mineralization either. Altogether, this suggests that the cells
derived from mandible and hind limb bone explants have
osteoblastic characteristics. Therefore, from here on, the cells
derived from mandible and hind limb bone explants will be
referred to as mandible osteoblasts (MaOBs) and hind limb osteo-
blasts (HLOBs), respectively.

3.3. Mandible osteoblasts form more bone than hind limb osteoblasts
in vivo

To further confirm the osteoblastic characteristics of MaOBs and
HLOBs, these cells were implanted together with gelatin scaffolds
(ossicles) subcutaneously into C57BL6/] mice, and the ossicles were
allowed to grow in vivo for 7 weeks. Radiographs of the resulting
ossicles revealed that the MaOB seeded ossicles had more mineral-
ization than HLOB seeded ossicles (Fig. 4A&B). The ossicles were
decalcified and cryosectioned in order to perform immunofluores-
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Fig. 1. Metastasis to mandible occurs first after intracardiac injection of PCa cells. Five-week old male nude mice were injected intracardially with 1 x 106 DU145-GFP-luc
cells (n=8) and observed with bioluminescent imaging (BLI) for 10 weeks. (A) Representative image of a mouse at day 29 demonstrating brighter signal in the mandible than
the hindlimbs. (B) All collected longitudinal BLI data after log transformation. Results displayed as Mean + SEM. Mixed effects model. “p < 0.01. (C) A 75% cut-off was
employed to examine metastasis-free survival (mandible vs. hind limb). Cox proportional hazards model with robust sandwich estimates.

cence for Osteocalcin, hematoxylin and eosin (H&E) staining, and
immunohistochemistry for Ki67 (Fig.  4C-E). In order to test
whether the cells contained in the ossicles were still osteoblasts,
immunofluorescence was performed on the cryosections for Osteo-
calcin. It is clear that the cells located near and on bone nodules in
the ossicles remained Osteocalcin positive, and substantial Osteo-
calcin appeared to be deposited within the bone itself (Fig. 4C).
H&E staining confirmed what was seen by radiograph, as evi-
denced by increased frequency of woven bone nodules in the
MaOB seeded ossicles (Fig. 4D). Visiopharm software was used
to automatically quantify tissue section area, and Ki67 positive
and negative nuclei. MaOB seeded ossicles were no larger in area
than HLOB ossicles (Fig. 4F), but contained a significantly greater
number of total and proliferating cells, as evidenced by Ki67
nuclear positivity (Fig. 4G&H).

A possible explanation for the increased proliferation of MaOB
cells in vivo could be increased vascularity of the MaOB ossicles
due to higher levels of VEGF. Interestingly, we did observe greater
immunostaining for the endothelial cell markers Endomucin and
CD31 in the tissue surrounding and within the implants seeded
with MaOBs, when compared to those seeded with HLOBs (Fig.
5A). Still, vascularity of all the implants appeared somewhat scarce
and could explain why relative levels of bone formation in the
implants appeared lower than other models which use bone mar-
row stromal cells as the inoculum for ossicle models of bone for-
mation [15]. We also performed immunofluorescence for VEGF
using ossicle cryosections as we found differential expression of
Vegfa in our cell cultures in vitro (Fig. 2D). Strangely, we did not
see VEGF staining in Osteocalcin positive MaOBs within the
implants. However, we did detect VEGF near Osteocalcin positive
MaOBs (Fig. 5B), but not HLOBs (data not shown). These results
suggest that MaOBs seeded in ossicles may secrete VEGF to the tis-
sues surrounding the implant.

3.4. Mandible osteoblasts support prostate cancer growth more than
hind limb osteoblasts in vitro and in vivo

Our next attempt was then to determine whether there are dif-
ferential effects between MaOBs and HLOBs on PCa growth. To
address this question, human PCa cell lines PC3-GFP-luc and
DU145-GFP-luc cells were seeded on top of MaOB or HLOB cells.
After 3-5 days of co-culture, more PCa cells were observed on

MaOBs than HLOBs using BLI (Fig. 6A&B). However, L-Ascorbic
acid and B-Glycerophosphate supplement failed to induce further
tumor proliferation (Fig. 6A&B), suggesting that osteoblastic min-
eralization was not the major cause of greater PCa proliferation
mediated by MaOBs. Then, the changes in the relative amounts
of viable cells during in vitro culture between MaOBs and HLOBs
were compared. As previously reported in rat and human bones
[10,11], the cultures containing MaOBs had more viable cells com-
pared to those containing HLOBs (Fig. 6C), suggesting that MaOBs
grew significantly faster than HLOBs. However, when mitomycin-C
growth arrested MC3T3-E1 cells were cocultured using the same
methods, PCa cells actually grew faster on top of growth arrested
osteoblasts (Fig. 6D&E). These data suggest that the differences
between PCa growth in culture with MaOBs vs. HLOBs are not
likely due to baseline differences in mineralization or proliferation.

Next, DU145-GFP-luc cells were co-implanted with either
MaOB or HLOB ossicles subcutaneously into athymic nude mice.
Similar to what was seen in vitro, the growth of DU145-GFP-luc
cells co-implanted with MaOB ossicles, as evidenced by signifi-
cantly brighter BLI signals on the last five measurements, appeared
to be greater than those co-implanted with HLOB ossicles (Fig.
7A&B). These results were significantly different despite the fact
that one mouse had a much smaller MaOB co-implant tumor than
the other four mice (Fig. 8A). With such a limited group size, this
tumor cannot be considered an outlier, but it is the reason why the
differences observed in the longitudinal data also seem limited
(Fig. 7A&B). Sub-analysis of the same data was performed to com-
pare incidence-free survivals, as measured with a 75% signal cut
off, and tumors in the MaOB ossicles occurred significantly sooner
than in the HLOB ossicles (Fig. 7C). These differences were consis-
tent with ex vivo BLI analyses performed on the dissected tumors
which again showed significantly brighter signal in the MaOB ossi-
cles (Fig. 7D). As before, radiographs revealed that the MaOB
seeded ossicles had more calcification than HLOB seeded ossicles
(Fig. 8A&B). In order to test the composition of the cells contained
in the co-implanted ossicles, immunofluorescence for pan-
cytokeratin was performed on the cryosections of decalcified ossi-
cles. Clearly, the implants with both MaOBs and HLOBs at 20 weeks
contained PCa tumor cells (Fig. 8C). H&E staining and immunohis-
tochemistry for Ki67 were also performed on the co-implanted
ossicles to further determine their morphology and cell prolifera-
tion statues (Fig. 8D&E). Visiopharm software was used to auto-
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Fig. 2. Cells harvested from mandible and hind limb bones express osteoblast markers. Five-week old male C57BL6/] mice were euthanized, and mandibles and hind limbs
were harvested. Mandible and hind limb cells were cultured with bone mineralization medium (BMM) (0.5mM L-Ascorbic acid, 2mM B-Glycerophosphate disodium salt
hydrate, and 10mM HEPES) or vehicle (10mM HEPES) for 10 days. (A) Schematic of bone culture preparation: molars, incisors and dental pulp of the mandibles were removed
and discarded; epiphyses from the femurs and tibias were cut and the marrow was removed by centrifugation; remaining pieces of the mandibles and femurs/tibias were
minced into smaller pieces, digested with trypsin, and cultured and expanded for two weeks before experiments. (B) Relative gene expression of Osteocalcin (Bglap),
normalized to vehicle treated mandible cell cultures. (C) Relative gene expression of Osteopontin (Spp1), normalized to vehicle treated mandible cell cultures. (D) Relative
gene expression of vascular endothelial growth factor (VEGF), normalized to vehicle treated mandible cell cultures. Gapdh was used as reference gene. Delta-delta Ct method.
Results displayed as Mean + SEM. Unpaired Student’s t-test. *p < 0.05, "p < 0.01, "'p < 0.001, "'p < 0.0001.

matically quantify tissue section area, and Ki67 positive and nega- 4. Discussion

tive nuclei. MaOB seeded ossicles appeared larger in area than

HLOB ossicles, although not quite significant (Fig. 8F), but con- In this study, we first demonstrated that in the intracardiac
tained a significantly greater number of total and proliferating model of metastatic PCa, mandible bone lesions often occur before
cells, as evidenced by Ki67 nuclear positivity (Fig. 8G&H). hind limb bone lesions, which is anecdotally well-recognized. We
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(0.5mM L-Ascorbic acid, 2mM B-Glycerophosphate disodium salt hydrate, and 10mM HEPES) or vehicle (10mM HEPES) for 14 days. Cells were stained with 2% Alizarin Red S.
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reader. Results displayed as Mean + SEM. Unpaired Student’s t-test. " p < 0.001, ~"'p < 0.0001.

showed that cells derived from both the mandible and hind limb
bones of mice have osteoblastic properties, and that MaOBs have
a higher potential for osteoblastic differentiation than HLOBs both
in vitro and in vivo. Interestingly, when PCa cells were co-cultured
with these osteoblasts, PCa cells grew significantly faster in co-
culture with MaOBs compared to HLOBs. Consistently, PCa cells
co-implanted with MaOBs into animals grew faster and larger
tumors than those co-implanted with HLOBs. Altogether, the data
suggest that these differences may not be due to differences in
mineralization status, as L-Ascorbic acid and B-Glycerophosphate
supplementation failed to increase PCa growth in vitro, nor differ-

ences in osteoblast proliferation, as mitomycin-C growth arrest of
osteoblasts actually increased PCa growth in vitro. However, the
observations that MaOBs vascularize more in vivo and express sig-
nificantly higher levels of Vegfa in vitro may be clues to a possible
mechanism, although careful mechanistic studies must be per-
formed in order to investigate this further.

The idea that there are different subpopulations of osteoblasts
that exhibit different functions in the bone microenvironment
has been discussed. For example, while mature osteoblasts form
mineral deposits by differentiating osteocytes in healthy bone dur-
ing homeostasis [24]|, immature osteoblasts are involved in the
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Fig. 4. Cells harvested from mandibles are more proliferative and form more bone than from hind limbs. 1 x 10° primary cells (MaOBs or HLOBs) were seeded onto
absorbable gelatin sponges and implanted into subcutaneous pouches of 5-week old male C57BL6/] mice (n=5) and grown for 7 weeks in vivo. (A) After euthanasia, implants
were dissected, fixed, and radiographed. (B) Densitometry quantification using Image]J of (A). (C) Representative osteocalcin immunofluorescence and H&E image of (A). DAPI
was used for nuclear staining. Magnification 20x. Bar = 100 um. (D) Representative H&E image of (A). Bar = 100 um. (E) Representative Ki67 immunohistochemical image of
(A). Bar = 100 um. (F-H) Automated quantification using Visiopharm software of (F) tissue section area, (G) total cells per tissue section, and (H) Ki67 nuclear positive cells per
tissue section. Results displayed as Mean + SEM. Paired Student’s t-test. *p < 0.05, "p < 0.01.

process of bone resorption by activating osteoclasts through the
production of receptor activator of NF-xB ligand (RANKL) [25,26].
In fact, when we tested relative gene expression of RANKL, we
found that MaOBs express higher levels than HLOBs (1.00 + 0.023
vs 0.097 = 0.021), although they also expressed higher levels of
osteoprotegerin (1.00 £ 0.12 vs 0.29 * 0.014). Osteoprotegerin is
a molecule that binds RANKL, inhibiting its ability to activate its
receptor RANK on osteoclasts [27]. Similarly, intercellular adhesion
molecule (ICAM)-1 positive osteoblasts, which are in GO/G1 phase
of the cell cycle arrest, contributed more to osteoclastogenesis than

bone formation, by interacting with monocytes [28]. This phe-
nomenon is also known in the process of hematopoiesis. It has
been demonstrated that the activated leukocyte cell adhesion
molecule (ALCAM) positive/Sca-1 negative immature osteoblasts
are responsible for maintenance of long-term reconstitution activ-
ity of HSCs [29]. On the other hand, it has been suggested that the
major function of mature osteoblasts is to control the maintenance
of lymphoid progenitors, but not hematopoietic stem cells or
myeloerythroid progenitors [30]. Moreover, it has been recently
revealed that specific subpopulations of osteoblasts influence bone
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growth factor (VEGF) and Osteocalcin immunofluorescence, and H&E image. DAPI was used for nuclear staining. Magnification 20x. Bar = 100 um.

metastatic progression in the tumor microenvironment. Osteoblast
progenitors, but not differentiated or mature osteoblasts, were
shown to promote breast cancer cell migration through the release
of hepatocyte growth factor (HGF), suggesting that the immature
osteoblasts are involved in the early steps of the bone seeding pro-
cess [31]. When osteoblasts interact with breast cancer cells, they
are transformed into OPN positive/interleukin (IL)-6 negative/o-
smooth muscle actin (SMA) negative osteoblasts [12]. When these
cancer-associated osteoblasts were co-cultured with breast cancer

cells, the growth of breast cancer cells was significantly suppressed
and the expression of the cell cycle arrest marker p21 was acti-
vated [12].

To investigate the specific effect of osteoblasts on bone meta-
static growth of PCa, we took a simplified approach, by focusing
solely on the osteoblast component of the bone-metastatic tumor
microenvironment. This is an obvious limitation of this study, as
there are many cell types other than osteoblasts that exist in the
marrow, and these cells are also known to contribute to tumor
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“p < 0.0001.

growth, homeostasis, or dormancy [32]. Although further study is
clearly needed, this may be part of the reason why osteoblasts
failed to express VEGF during differentiation within the ossicles.
Additionally, osteoblasts are not the only cells responsible for gen-
eral bone health. We believe this is a major reason that we did not
observe as robust bone formation as others have reported in their
ossicle models of bone marrow stromal cell or mesenchymal stem
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cell implantation [10,11]. We believe that in the absence of other
stromal cells, the VEGF and other growth factors such as RANKL
released by osteoblasts are less effective at promoting angiogenesis
and general bone health in an implant model. For instance,
osteoblast-derived VEGF has been shown to promote bone forma-
tion in a paracrine fashion (which might explain why MaOB ossi-
cles formed more bone than HLOB ossicles in this study), but was
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Fig. 7. PCa cells grow faster in vivo co-implanted with mandible bone cells. 1 x 10° primary cells (MaOBs or HLOBs) were seeded onto absorbable gelatin sponges and co-
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dissected and ex vivo BLI performed. Results displayed as Mean + SEM. Paired Student’s t-test. p < 0.05, "p < 0.01.

also shown to recruit endothelial cells, macrophages, and promote
osteoclastogenesis [22]. Further studies to reveal the effects of not
only osteoblasts, but also the stroma, endothelium, nerves, osteo-
cytes, osteoclasts, immune cells, and hematopoietic and mes-
enchymal stem cells on bone and tumor physiology are clearly
warranted. The strength of our study is in the in vivo co-implant
model, which demonstrated that MaOBs contributed to faster
tumor cell proliferation than HLOBs. Although the mechanisms
behind these differences remain uncertain, the observation that
MaOBs promoted greater vascularization in vivo could serve as a
foundation for further studies. Another finding deserving of future
studies was the increased gene expression of RANKL and OPG in
MaOBs, as we were also able to detect RANK gene expression in
DU145 cells (32.2 £ 1.2 mean cycle threshold; and GAPDH: 26.3
+ 1.1 mean cycle threshold). This finding may help to inform future
investigations into mouse mandible tumor frequency, as the ques-
tion regarding possible differences in tissue seeding and tumor cell
anchorage following intracardiac injection remains, and RANKL has
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previously been implicated in the bone-metastatic process [33].
Altogether, we believe that these culture methods will be valuable
tools in further investigating the mechanisms of tumor cell prolif-
eration in the bone and discovering new interventions to manipu-
late osteoblast proliferation, activity, or growth factor signaling,
which may improve the susceptibility of PCa cells to existing cyto-
toxic treatments, including chemotherapies.

The findings of this study can be interpreted through the lens of
existing treatments used to treat bone metastatic PCa. Current
established treatments for bone metastases mainly target bone
remodeling, specifically resorption, but these have only had mod-
est success so far, namely denosumab (a human monoclonal anti-
body against RANKL) and bisphosphonates, which suppress
osteoclast activity. Osteoclasts promote bone resorption, creating
sufficient space for osteolytic bone tumors to expand and grow
[34]. Denosumab and bisphosphonates antagonize bone resorption
and as such were hypothesized to slow tumor growth. However,
both treatments ultimately fail to improve overall survival
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[35,36]. On the other hand, radium-223 (Ra??3), which forms com-
plexes with hydroxyapatite in bone [37-39], can extend overall
survival in PCa patients with bone metastases [40], but only by a
few months (mean = 3 months). A variety of combinations of ther-
apies [e.g. docetaxel, second generation androgen depravation
therapies (ADTs) such as abiraterone, enzalutamide, or others]
have been shown to extend overall survival of metastatic PCa
patients [41]. However, when choosing an effective combination
strategy for PCa bone metastases, it may be best to avoid ADTs
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since they are known to negatively affect bone health [42,43].
Indeed, a recent trial of the combination of abiraterone and Ra??
in patients with bone-metastatic PCa not only failed to improve
skeletal event-free survival, but it also increased the frequency of
bone fractures compared with placebo [44]. Alternatively, the idea
of inducing bone formation by enhancing osteoblastic activity as a
treatment for bone metastatic disease has recently been appreci-
ated [45,46], as inactive/immature osteoblasts can reduce PCa sus-
ceptibility to chemotherapy [47,48]. However, the results of this
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study suggest that inducing osteoblastic differentiation may not be
the best strategy for treating progressive bone metastatic tumors,
as BMM treatments failed to increase PCa growth in co-culture
models. A popular strategy to treat many cancers has been to use
drugs that inhibit angiogenesis, but this strategy has been some-
what unsuccessful in the treatment of bone-metastatic PCa
[49,50]. This may be in part because these inhibitors mainly target
the receptor for VEGF, but not VEGF itself. Here, we see that high
Vegfa expressing, fast growing, and bone forming MaOBs induced
more tumor growth in vivo than HLOBs, which expressed less Vegfa
in vitro, are slower growing, and form less bone in vivo. More stud-
ies are clearly necessary to elucidate whether osteoblast-derived
VEGF, or other angiogenic factors, is required for the faster tumor
growth observed in the mandibles of intracardially-injected mice,
whether osteoblast-derived VEGF can be targeted to treat bone
metastatic disease, and ultimately whether these findings corre-
spond with bone metastatic PCa in humans. We believe that the
models described here are valuable tools to aid in this research.
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