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ABSTRACT

It has been suggested that metastasis-initiating cells gain a foothold in bone by homing to a metastastatic microenvironment (or
“niche”). Whereas the precise nature of this niche remains to be established, it is likely to contain bone cell populations including
osteoblasts and osteoclasts. In the mouse tibia, the distribution of osteoblasts on endocortical bone surfaces is non-uniform, and we
hypothesize that studying co-localization of individual tumor cells with resident cell populations will reveal the identity of critical
cellular components of the niche. In this study, we have mapped the distribution of three human prostate cancer cell lines (PC3-NW1,
LN-CaP, and C4 2B4) colonizing the tibiae of athymic mice following intracardiac injection and evaluated their interaction with
potential metastatic niches. Prostate cancer cells labeled with the fluorescent cell membrane dye (Vybrant DiD) were found by two-
photon microscopy to be engrafted in the tibiae in close proximity (~40 wm) to bone surfaces and 70% more cancer cells were
detected in the lateral compared to the medial endocortical bone regions. This was associated with a 5-fold higher number of
osteoblasts and 7-fold higher bone formation rate on the lateral endocortical bone surface compared to the medial side. By disrupting
cellular interactions mediated by the chemokine (C-X-C motif) receptor 4 (CXCR4)/chemokine ligand 12 (CXCL12) axis with the CXCR4
inhibitor AMD3100, the preferential homing pattern of prostate cancer cells to osteoblast-rich bone surfaces was disrupted. In this
study, we map the location of prostate cancer cells that home to endocortical regions in bone and our data demonstrate that homing
of prostate cancer cells is associated with the presence and activity of osteoblast lineage cells, and suggest that therapies targeting
osteoblast niches should be considered to prevent development of incurable prostate cancer bone metastases. © 2014 American
Society for Bone and Mineral Research.
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Introduction

Prostate cancer is the second most commonly diagnosed
cancer in men and the sixth leading cause of cancer death
globally.™ In economically developed countries, prostate cancer
is second only to lung cancer as the most frequent cancer and
has the third highest mortality rate.” Although patients with
prostate cancer have a relatively slowly growing primary tumor,
which can be eradicated by current treatments, it is the presence
of metastases that results in significant disease morbidity and
mortality. Around 90% patients with metastases have incurable
bone metastases,'”” which are often associated with intractable
bone pain, pathological fractures, and decreased quality of life.
Our understanding of the specific mechanism responsible for

development of prostate cancer bone metastasis remains
incomplete. As the preferred metastatic site, bone provides a
supportive a microenvironment or “niche” where prostate cancer
cells can reside, survive, and eventually grow in accordance with
Paget’s century old “seed and soil” hypothesis.** Recent studies
using murine models and xenografted human prostate cancer
cell lines have shown that prostate cancer cells target
haemopoietic stem cell (HSC) niches and compete with HSCs
to facilitate the establishment of bone metastases.”® The
mobilization and proliferation of HSCs is suggested to
be supported by the vascular niche, while the endosteal niche
(including osteoblasts) maintains HSCs as a quiescent or reserve
population.®"® Osteoblasts are suggested to fulfill this task via
interacting with HSCs through sets of surface molecules,
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including Tie2/Angiopoietin-1 (Ang-1), Jagged1/Notch1, N-
Cadherin, and CXCR4/CXCL12.°°7") In the case of the latter,
CXCR4 is expressed by prostate cancer cells and CXCL12 by
osteoblasts. This CXCR4/CXCL12 axis is considered to be a key
component in the homing, adhesion, and survival of prostate
cancer cells in bone.>'62"

Given that the distribution of the osteoblast lineage cells is not
uniform within the bone, it is likely that HSC niches are not
uniformly located across the bone marrow. In the mouse tibia,
this topographical variation is more obvious on the endocortical
surfaces than in the trabecular regions. This is because of skeletal
response to mechanical loading and the consequent nature of
bone resorption and formation required for bone modeling, in
which osteoblastic bone formation predominantly occurs on
lateral endocortical bone surfaces whereas osteoclastic resorp-
tion is found predominantly on medial endocortical bone
surfaces.*? In this study, we hypothesized that the prostate
cancer cells homing to the bone marrow should have a similar
spatial distribution pattern as the HSC osteoblast niches. We
performed a series of experiments to test this hypothesis by
mapping the early homing of human prostate cancer cells into
the mouse tibia in a xenograph model, using a unique
combination of two-photon microscopy and bone histomorph-
ometry. We also tested whether the distribution pattern of
prostate cancer cells in bone could be altered by disrupting the
CXCR4/CXCL12 axis involved in cancer cell homing. These studies
provide the first direct evidence that during the very early stages
of bone metastasis, cancer cells locate to the areas of bone
with the highest number of osteoblast lineage cells and that
these cells play a significant role in establishing a foothold for
prostate cancer cells metastases in bone, possibly via CXCR4/
CXCL12 axis.

Materials and Methods

Mice

Six-week-old male BALB/cAnNCrl immunocompromised (athy-
mic nude) mice (Charles River, Kent, UK) were used as a model to
examine prostate cancer cells distribution in bone. Transgenic
mice engineered to express GFP under the control of type 1
collagen promoter (pOBCol2.3GFPemd)*® kindly provided by
Prof. David Rowe, University of Connecticut, Storrs, CT, USA) were
backcrossed so that the transgene was congenic on a BALB/
cAnNCrl Foxn1™/™ background thus generating immunocom-
promised mice expressing GFPemd in cells of osteoblast lineage
(C.BALB/cAnNCrl-Tg(Col1a1-GFP)Row Foxn1™/™. These mice
were hereafter referred to as Col-GFP nude mice and were
used as a model to investigate the link between disseminated
cancer cells and resident osteoblasts. Mice were housed in a
controlled environment in Optimice cages (Animal Care Systems,
Centennial, CO, USA) with a 12 hr light/dark cycle at 22°C with
ad libitum 2018 Teklad Global 18% protein rodent diet containing
1.01% calcium (Harlan Laboratories, Derby, UK) and water. All
procedures complied with the UK Animals (Scientific Procedures)
Act 1986 and were reviewed and approved by the local Research
Ethics Committees of the University of Sheffield under Home
Office project license 40/3462 (Sheffield, UK).

Cell lines

PC3-NW1 is a substrain of the commonly used human prostate
cancer cell line PC3 (ATCC, Middlesex, UK), which was stably
transfected with a firefly luciferase gene luc2 (pGL4.51 [luc2/

CMV/Neo] vector, Promega, Southampton, UK) using a Gene
Pulser electroporator (Bio-Rad Laboratories Ltd, Hemel Hemp-
stead, UK). Two other human prostate cancer cell lines, C4 2B4
and LN-CaP were also purchased from ATCC. All cell lines were
maintained in Dulbecco’s modified Eagle medium (DMEM) with
4.5 g/L glucose and sodium pyruvate (Gibco, Life Technologies,
Paisley, UK), supplemented with 100 Units/ml penicillin and
100 wg/ml streptomycin (Gibco) and 10% fetal calf serum (FCS)
(Sigma Aldrich Co Ltd, Poole, UK).

Intracardiac inoculation of prostate cancer cells

Prostate cancer cells were initially labeled with 5 wM lipophilic
carbocyanine dye Vybrant DiD (Life Technologies, Paisley, UK)
according to the manufacturer’s manual. A single-cell suspension
of 1 x 10° DiD labeled cancer cells/100 pL PBS was injected into
the left cardiac ventricle (i.c injection) of 6-week-old male Balb/c
nude mice. Cohorts of animals (minimum six in each group) were
euthanized at different time points (1 day, 7 days, 3 and 6 weeks
post tumor cell injection) and the presence of DiD labeled cancer
cells were mapped in the tibiae by two-photon microscopy. Bone
histomorphometry was used to determine the topography of
resident cell populations within the tibiae.

Two-photon microscopy

Dissected tibiae were embedded in Cryo-M-Bed embedding
compound (Bright Instrument Co. Ltd, Huntingdon, UK) after
being snap-frozen in liquid nitrogen and were trimmed
longitudinally to expose the bone marrow using a Bright OTF
Cryostat with a 3020 microtome (Bright Instrument). A Zeiss
LSM510 NLO upright two-photon microscope (Carl Zeiss
Microscopy Ltd, Cambridge, UK) was then used to image a stack
area of 2104 um x 2525 pum below the growth plate, 100 um in
depth. The image was then reconstructed with the LSM software
4.2 (Carl Zeiss Microscopy). A 633 nm HeNe laser was used to
detect DiD labeled cells, while bone and GFP expressing
osteoblasts were detected using the 900nm Chameleon
multiphoton laser (Coherent, Santa Clara, CA, USA).

In the dynamic bone histomorphometry studies, alizarin
complexone labels were detected using a 543 nm laser while
bone and calcein labels were detected using the 900 nm two-
photon laser. Within 300 wm of endocortical bone surfaces (one
third of the cross-sectional diameter of bone marrow cavity in
tibial metaphysis region), the number of cancer cells, the
intensity of DiD labeling of cancer cells, and minimal distance
from centroid of these cells to the lateral and medial endocortical
bone surfaces, were then analyzed using the Volocity 3D Image
Analysis software 6.01 (PerkinElmer, Cambridge, UK).

Bone histomorphometry

The tibiae were dissected and fixed in 10% buffered formalde-
hyde, decalcified in 14.3% EDTA, and then embedded in paraffin
wax so that a complete longitudinal section could be cut.
Sections were cut longitudinally at 3 wm thickness and tartrate-
resistant acid phosphatase (TRAP) stained as described previ-
ously.?” The number of osteoblasts (N.Ob/B.Pm), osteoblast
surface (Ob.Pm/B.Pm), the number of osteoclasts (N.Oc/B.Pm),
and the osteoclast surface (Oc.Pm/B.Pm) were determined on a
1.5 mm length of lateral and medial endocortical surfaces, using
a DMRB microscope (Leica Microsystems, Wetzlar, Germany). All
histomorphometric parameters were based on the report of the
ASBMR Histomorphometry Nomenclature Committtee®®” and
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were obtained using the Osteomeasure bone histomorphometry
software (OsteoMetrics, Inc., Decatur, GA, USA).

Dynamic bone histomorphometry

To determine the different bone remodeling activities on lateral
and medial endocortical bone surfaces, mice were injected
intraperitoneally with Alizarin complexone (20 mg/kg, Sigma-
Aldrich) on day 0 and calcein (30 mg/kg, Sigma-Aldrich) on day 6,
post cancer cell injection. The mice were euthanized 7 days post
tumor injection and the tibiae were then dissected and fixed in
70% ethanol, followed by embedding into LR White resin (Taab
Laboratory Equipment Ltd, Reading, Berkshire, UK). Sections
were cut at 10 wm using a Leica Microsystems Microtome.
Mineral apposition rates (MAR), mineralizing surface (MS), and
the bone formation rates (BFR/BS) were obtained using a
BioQuant Osteo image analysis system (BIOQUANT, Nashville, TN,
USA).

Mobilization of bone homing cancer cells by a CXCR4
inhibitor

Six-week-old male Balb/c nude mice were injected (i.c.) with
1 x 10° DiD labeled PC3-NW1 cells. Seven days after cancer cell
injection, animals were subject to 5 days of treatment with the
CXCR4 inhibitor AMD3100 (marketed as Plerixafor) (5 mg/kg,
daily intraperitoneal injection in 100 wL PBS) (Sigma Aldrich) or
PBS control. Animals were then euthanized and the distributions
of DiD labeled PC3 NW1 cells were examined in the tibiae by two-
photon microscopy ex vivo and analyzed with the Volocity 3D
Image analysis software.

Statistical analysis

All data are expressed as mean + SEM. Statistical significance was
tested for two-tailed paired or unpaired t test as appropriate with
Prism 5 software (GraphPad, La Jolla, CA, USA): p < 0.05 was
considered to be significant (*p < 0.05, **p < 0.01, ***p < 0.001,
¥ p < 0.0001).

Results

Spatial distribution of PC3-NW1 prostate cancer cells
homing to mouse tibiae

Seven days after injection of DiD labeled PC3-NW1 cells, mice
were euthanized, and tibiae were collected and processed for
two-photon microscopy. The DiD labeled PC3-NW1 cells were
observed in close proximity to bone, including both lateral and
medial endocortical bone surfaces within the bone marrow
(Fig. 1A). Initial evaluation of microscope images from 11
separate mice showed a higher frequency of DiD signals
detected in close proximity to lateral endocortical surfaces
(Fig. 1B, C). DiD labeled PC3-NW1 cancer cells were found to be
located within 300 um from endocortical surface. Significantly
higher numbers of cancer cells per mm bone surface were
observed on the lateral compared to the medial endocortical
surfaces (11.7443.68 versus 4.65+098 mm~', p=0.033)
(Fig. 1C). There was no significant difference in the minimum
distance of tumor cells to the nearest bone surfaces between the
lateral and medial endocortical bone surfaces (35.31+3.70
versus 28.26 +6.85 um, p=0.173) (Fig. 1D). The preferential
location of prostate cancer cells to lateral over medial
endocortical surfaces was maintained at later time points
including at 3 weeks (6.50+1.75 versus 2.18£0.56 mm ',
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Fig. 1. Preferential homing of prostate cancer cells to lateral endocortical
bone surfaces in the tibia. (A) Vybrant DiD labeled PC3-NW1 cells were
injected i.c. into 6-week-old BALB/c nude male mice and visualized in
tibiae 7 days postinjection using two-photon microscopy (MP). LS =
lateral side, MS = medial side. (B) Cartoon generated by superimposing
scans from 11 mice showed higher frequency of DiD signals in close
proximity to lateral endocortical surfaces. DiD labeled PC3-NW1 cells
detected within 300 wm from endocortical surface were quantified using
the Volocity 3D Image analysis software. (C) The number of cancer cells
homing to the lateral side bone surfaces and (D) the distance from these
cancer cells to bone surfaces were compared with those homing to the
medial surfaces, n=11, *p <0.05, paired t test. (E) Detection of DiD
positive tumor cells in bone and (F) the intensity of DiD fluorescence after
1 day and 7 days, 3 and 6 weeks postinjection, n > 6, *p < 0.05, paired and
unpaired t test, respectively.

p=0.029) and at 6 weeks (3.80 £+ 1.18 versus 0.56 + 0.19 mm~’,
p =0.017) after cancer cell injection. However, at 24 hours there
was no difference in tumor cell numbers between the two
surfaces (7.08+1.48 versus 4.46+0.68 mm~', p=0.098)
(Fig. 1E). The intensity of DiD staining of prostate cancer cells
reach a peak value on day 7 and then started to slowly decline
(Fig. 1F), indicating the homed cancer cells did not start growth
within the first 7 days after injection. These data suggest that
there is a particular distribution pattern of prostate cancer cells
localized in bone, including close proximity to bone surfaces and
preferential homing to the lateral endocortical compared to
medial surfaces.

B 2690 WANG ET AL

Journal of Bone and Mineral Research



The preferential homing of other prostate cancer cell
lines to lateral endocortical surfaces

In order to investigate whether the homing pattern observed
was independent of prostate cancer cell type, DiD labeled C4 2B4
and LN-CaP prostate cancer cells were also injected i.c. into 6-
week-old Balb/C nude male mice. DiD labeled cells were found in
tibiae of mice in both experiments and the distribution of these
cancer cells in tibial endocortical bone regions were determined
7 days postinjection using a two-photon microscope (Fig. 2A, D).
These analyses (Volocity 3D Image analysis software) showed
that there was a 73% increase in number of C4 2B4 cells homing
to the lateral endocortical surface compared to the medial side
(11.62 £ 2.24 versus 6.73+ 1.46 mm~', p=0.024) (Fig. 2B), but
no significant difference in the minimum distance from cancer
cells to the lateral or medial surfaces were seen (42.15 +6.43
versus 49.96 +12.13 um, p =0.529) (Fig. 2C). LN-CaP prostate
cancer cells also showed a similar trend with 114% more cells
homing to the lateral compared to medial side (7.17 £1.50
versus 3.354+0.72 mm~', p=0.013) (Fig. 2E). There was no

v e

statistically significant difference in the minimum distance from
cancer cells to the nearest bone surfaces (lateral 35.53 +5.65
versus medial 59.04 +9.98 um, p=0.090) (Fig. 2F). Taken
together, these data support that the lateral versus medial
pattern of cancer cell distribution in bone is not a unique
phenomenon for PC3-NW1 cells, but also applies to other
prostate cancer cell lines including LN-CaP and C4 2B4.

Bone formation differs between lateral and medial
endocortical bone surfaces

To examine the different bone formation activities on lateral and
medial endocortical bone surfaces, mice were injected with
Alizarin Complexone on day 0 and calcein on day 6 after cancer
cell injection. Two distinctive alizarin and calcein labels on the
proximal endocortical surfaces of tibiae were visualized using
two-photon microscopy (Fig. 3A). The double labels were imaged
and quantified using the BioQuant Osteo image analysis system
to calculate the bone formation related parameters including MS,
MAR, and the BFR/BS (Fig. 3B). All these parameters showed
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Fig. 2. Homing of C4 2B4 and LN-CaP prostate cancer cells to bone. Vybrant DiD labeled C4 2B4 and LN-CaP prostate cancer cells were injected i.c. into 6-
week-old BALB/c nude male mice. (A, D) The location of cancer cells (yellow arrows) was visualized in tibiae 7 days postinjection using two-photon
microscopy. (B, E) The number of cancer cells homing to the lateral side bone surfaces and (C, F) the distance from these cancer cells to bone surfaces
compared with those homing to the medial surfaces, n=28, *p < 0.05, paired t test.
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BALB/c nude male mice. Alizarin Complexone and calcein were injected intraperitoneally on day 0 and day 6, respectively, to examine the bone formation
activities. (A) Double labeling (alizarin in yellow and calcein in green) of mouse tibia with DiD labeled PC3-NW1 cells (pink arrows) homing to endocortical
bone surface (bone in blue) were visualized using two-photon microscopy, 7 days after tumor cell injection. (B) The double labeling visualizing newly
formed bone were then imaged and scored using the BioQuant Imaging system. (C) The mineralized surface (MS), (D) mineral apposition rate (MAR), and
(E) bone formation rate (BFR/BS) were scored and compared between the lateral and medial endocortical bone.n =6, *p < 0.05, **p < 0.01, paired t test.

significantly higher values on the lateral compared to the medial
endocortical surfaces, including 48% higher MS (90.86 + 5.06
versus 61.47 +9.20%, p = 0.023), 475% higher MAR (11.99 + 2.06
versus 2.09+0.10, p=0.004), and 739% higher BFR/BS
(10.83 £ 1.80 versus 1.29 + 0.21, p = 0.002) (Fig. 3C-E). Therefore,
the areas of bone where prostate cancer cells preferentially
home also undergo higher rates of bone formation, indicating a
role for the osteoblast.

Differential bone cells distribution between lateral
and medial endocortical surfaces

To study the spatial relationship between osteoblast and
prostate cancer cells, immunocompromised mice expressing
GFPemd in cells of osteoblast lineage were used. DiD labeled
PC3-NW?1 cells were injected via the intracardiac route and the
presence of tumor cells in the tibiae were analyzed 7 days later.
Two-photon imaging showed that higher number of cancer cells
had homed to the GFP expressing, osteoblast-rich, lateral
endocortical compared to medial regions and some cancer cells
was found in direct contact with osteoblasts (Fig. 4A). The tibiae
were sectioned and TRAP stained to facilitate imaging and
scoring of bone cells on endocortical bone surfaces (Fig. 4B).

Histomorphometric analysis of the cellular compartment of
different bone regions showed that there was a 5-fold increase in
number of osteoblasts on the lateral compared to the medial
surface (N. Ob/B.Pm, 56.14+6.46 versus 9.84+3.72 mm ',
p < 0.001) (Fig. 4C), with osteoblasts covering 4-fold more bone
surface (Ob.Pm/B.Pm, 0.73 +0.08 versus 0.15 4 0.05, p < 0.001)
(Fig. 4D). The osteoclasts’ parameters showed an opposite trend,
with the lateral endocortical bone surface having fewer
osteoclasts (N.Oc/B.Pm 0.2340.15 versus 1424052 mm ',
p=0.072) (Fig. 4E) and fewer osteoclast-covered bone surfaces
(Oc.Pm/B.Pm 0.005+0.003 versus 0.049+0.018, p=0.056)
(Fig. 4F).

Effects of disruption of the CXCR4/CXCL12 axis on cancer
cell distribution

Disruption of the CXCR4/CXCL12 axis with CXCR4 inhibitor
(AMD3100) has been shown to mobilize prostate cancer cells that
had homed to the bone microenvironment in a xenograft
model.*) To determine whether disruption of the CXCR4/CXCL12
axis would change the spatial distribution of cancer cells in bone
in our models, animals received five daily injections of AMD3100,
starting 7 days after cancer cell injection (Fig. 5A). Two-photon
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Fig. 4. The distribution of bone cells on endocortical bone surfaces. The
Vybrant DiD labeled PC3-NW1 cells were injected i.c. into male 6-week-
old pOBCol2.3GFPemdBALB/c nude (Col-GFP) mice. (A) Seven days
postinjection, two-photon imaging was used to establish the distribution
pattern of DiD labeled PC3-NW1 cells (yellow arrows) homing to the
metaphysis. Osteoblasts express GFP are in green (white arrows) and
bone is visualized in blue. (B) Bright field microscope images of a
representative TRAP-stained longitudinal tibia section showed abundant
osteoblasts (black arrows) on the lateral endocortical bone surface.
Osteomeasure quantification confirmed the lateral surface had (C) more
osteoblasts (N.Ob/B.Pm) and (D) higher osteoblast coverage (Ob.Pm/B.
Pm), while the medial surface had (E) more osteoclasts (N.Oc/B.Pm) and
(F) higher osteoclast coverage (Oc.Pm/B.Pm), n=7, compared to the
medial surface ***p < 0.001, ****p < 0.0001, paired t test.

microscope imaging showed the presence of DiD labeled PC3-
NW?1 cells in both the AMD3100 treated and the vehicle group
(Fig. 5B). AMD3100 treatment significantly increased the mini-
mum distance from cancer cells to both lateral (47.49 4+ 3.69
versus 35.94 4+ 3.52 um, p=0.047, unpaired t test) and medial
(67.43 + 8.33 versus 39.04 4 8.02 um, p =0.033, unpaired t test)
bone surfaces (Fig. 5C). The AMD3100 treatment also led to
changes in the distribution of homed cancer cells. There was no
longer a significant difference in the number of cancer cells that
were located at the lateral endocortical surface compared to the
medial side (27.72 + 4.57 versus 26.13 £ 479 mm ™', p=0.722).In
contrast, in the vehicle group, there was still 51% more DiD
labeled cancer cells detected at the lateral side compared to the
medial side (31.1842.74 versus 21.29+2.73 mm™ ', p=0.008)
(Fig. 5D). These data suggested that the spatial distribution of
prostate cancer cells in bone could be altered as a result of
disruption of CXCR4/CXCL12 axis.
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Fig. 5. Distribution of cancer cells after disruption of CXCR4/CXCL12 axis.
(A) Schematic outline of the procedure used to evaluate the effects of the
CXCR4 inhibitor AMD3100 on the distribution of PC3-NW1 cells in vivo. (B)
Two-photon microscope analysis showed there were DiD labeled PC3-
NW1 cells (yellow arrows) present in bone marrow after 5 days of
treatment with AMD3100. Volocity 3D Image analysis showed (C) the
alteration of minimum distance from cancer cells to different
endocortical bone surfaces and (D) the changes of DiD labeled PC3-
NW1 cells preferentially homing to lateral endocortical bone surfaces in
AMD3100 treated group compared to vehicle group. n=7, *p <0.05,
**p < 0.01, paired t test; °p < 0.05, unpaired t test.

Discussion

Prostate cancer cells have been shown to home to the endosteal
niche of the metaphysis region of the long bones prior to the
development of bone metastases.”® Because the distribution of
osteoblast lineage cells is not uniform within the metaphysis
regions, we hypothesized that the spatial distribution of prostate
cancer cells homed to bone should follow a pattern that
correlates with the distribution of niches, and that the location of
cancer cells would be altered if the linkage to their bone niches
were disrupted.

In this study, we used three prostate cancer cell lines as
metastatic models to investigate the bone homing process
after i.c. inoculation into immunocompromised mice. Using
the fluorescent dye DiD as a marker to monitor the proliferation
of prostate cancer cells in vivo,?® cancer cells were shown
to maintain DiD fluorescence at a high level up to 7 days
after injection, suggesting that no significant proliferation
had started by this time point. This result demonstrated
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that inoculated cancer cells were still involved in the process
of homing rather than growth within this period, which
is consistent with previous studies using different models.?”-%®
Our results indicated that prostate cancer cells preferentially
home to the osteoblast-rich lateral endocortical bone surface of
the tibiae where bone formation rates are higher, rather
than to the medial side with fewer osteoblasts and lower
bone formation rates. These observations provided further
evidence for interactions between cells of osteoblast lineage
and prostate cancer cells that are homing to the bone
marrow.

Two-photon microscopy and Volocity 3D image analysis were
used to map the specific location of cancer cells that had homed
to bone marrow. For all three prostate cell lines used in this study,
individual cancer cells were detected in close proximity to bone
surfaces 7 days postinjection, especially on the lateral side where
the distance from a cancer cell to the closest bone surface was
<40 pm. This finding suggests that prostate cancer cells home to
regions where they have close access to the bone matrix and/or
bone surface cells. The mineralized bone matrix is a main
reservoir for growth factors that can affect the behaviors of
cancer cells such as tumor growth factor-g (TGF-B) and bone
morphogenic protein 7 (BMP-7).?°=" These growth factors
are released in areas of high bone turnover and could be one of
the possible reasons why prostate cancer cells are attracted to
home closely to bone surfaces, but it is a strong possibility that
the presence of cells of the osteoblast lineages is the attraction
for tumor cells. As the diameter of a typical osteoblast is between
15 and 30 um,®? cancer cells were located less than 40 wm away
from the closest bone surface, suggesting that they are around
one to two cell diameters away from the bone. It is likely that the
cells between the bone surface and the cancer cell are of
osteoblast lineage, as has been shown in a previous study.”
Indeed, further investigation of the spatial distribution of
prostate cancer cells within bone marrow showed that there
was at least 70% higher frequency of cancer cells present on the
lateral endocortical bone surface, where there are more resident
osteoblasts and higher bone formation rates, compared to those
on the medial endocortical surface. These findings indicate that
the homing of cancer cells is correlated with the distribution of
osteoblast-rich niches. Using the Col-GFP mice as model, our
data further confirmed these findings and showed higher
numbers of prostate cancer cells located near GFP-rich lateral
endocortical regions and in some cases in direct contact with
GFP expressing osteoblasts. While these studies support that
osteoblast lineage cells interact with tumor cells, the exact state
of differentiation of these cells remains to be defined. The Col-
GFP mouse model marks osteoblasts with GFP expression
throughout the stages of differentiation, and it is therefore not
possible to define at which stage osteoblasts are interacting with
tumor cells. All stages are likely to be increased in areas where
mature osteoblasts are abundant.

To test the hypothesis that osteoblast lineage cells are
directly involved in the distribution pattern of homed prostate
cancer cells, AMD3100 was used to disrupt the binding of
CXCL12 on osteoblasts to its receptor CXCR4 expressed by
prostate cancer cells and to mobilize these cancer cells from
their homing niches. This is consistent with a previous study."
After 5 days of treatment with AMD3100, the pattern of
predominant homing of prostate cancer cells to lateral bone
surfaces had disappeared. At the same time, tumor cell
mobilization from the niche was suggested by an increase in
the distance to the nearest bone surface following treatment

with  AMD3100 compared to control. As osteoblasts are
proposed to be a major source of CXCL12 in the bone marrow
and serve as docking sites for HSCs and prostate cancer
cells, 193334 this finding is at least partially supported in our
study, which suggests that the spatial distribution of prostate
cancer cells in bone marrow correlates with the location of the
osteoblastic niche.

Our data suggested that AMD3100 treatment did not
significantly decrease the number of prostate cancer cells in
bone, but it altered the distribution of cancer cells such that they
were further away from bone surfaces (>50 pwm). This observa-
tion differs from a previous study, in which Shiozawa et al.”’
reported that the same AMD3100 treatment regimen mobilized
prostate cancer cells from bone niches back into circulation 24
hours after treatment. This discrepancy could be due to either
the fact that we captured the transition toward the vasculature of
mobilized prostate cancer cells or their re-entering the niche in
our study, or CXCR4/CXCL12 not being the single interaction
responsible for homing of prostate cancer cells. Therefore,
disruption of this single interaction may only lead to partial
mobilization of homed prostate cancer cells. For example, it was
reported that CXCR7 is also expressed by prostate cancer cells as
an alternative receptor for CXCL12,*"® while AMD3100 can also
bind to CXCR7 as an allosteric agonist, opposite to its
antagonistic nature to CXCR4.%® In addition, other CXCL12-
independent mechanisms have also been suggested to be
involved in prostate cancer cells and HSCs homing niche
competition process, such as annexin Il (Anxa2), c-kit, and
vascular cell adhesion molecule-1 (VCAM-1)/integrins a4B1 (also
known as the very late antigen-4, VLA-4).57%? Although it is
likely that the location of tumor cells to specific niches is
mediated by direct interactions between cells/matrices, it is also
possible that soluble growth factors expressed by osteoblasts,
such as vascular endothelial growth factor (VEGF), BMPs, and
insulin-like growth factors (IGFs),“***”) play important roles in the
homing process. Such factors could induce tumor-associated
angiogenesis, differentiation/growth arrest, but most important-
ly allow migration/survival of cancer cells in osteoblast-rich
environments. All these mechanisms may help the prostate
cancer cells stay in close proximity to bone marrow microenvi-
ronment, even after mobilized by CXCR4 inhibitors.

Vascular and/or perivascular niches may also contribute to this
spatial distribution of homed cancer cells. Metastatic foci have
often been observed in regions with abundant sinusoids, which
are a main form of vascular supply in bone marrow rather than
capillary beds.*® Cancer cells have been shown to be rapidly
engrafted into the perivascular regions around the bone marrow
sinusoidal network.“9=>" This is thought to be to the result of the
high expression of adhesive proteins including E-selection, P-
selection, intercellular adhesion molecule (ICAM-1), and VCAM-1
by the endothelial cells of the bone sinusoids.*®*% Indeed, our
data underline these findings and showed that there was no
difference in tumor cell numbers between lateral and medial
regions within 24 hours after the injection of prostate cancer
cells, which suggested at earlier time points that the cancer cells
are most likely still associated with blood vessels. However, there
is still limited knowledge of the anatomical distribution of
sinusoids in murine bone marrow. Whether or not the sinusoids
are located predominately in the lateral endocortical surface is
still unknown. Therefore, further investigations to quantify the
anatomical distribution of sinusoids in bone marrow are needed
to elucidate whether the vascular niche also correlated with the
distribution of homed prostate cancer cells in later stage of
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colonization. This will in turn provide evidence for whether
osteoblast and vascular niche coordinates the control of the
homing of prostate cancer cells in bone.

Taken together, this is the first study to provide direct evidence
identifying the locations of osteoblast-rich niches to which the
prostate cancer cells home in the early stage of bone metastasis.
In patients, metastatic hotspots include sites with high bone
turnover such as vertebral bodies and metaphysis regions of long
bone.®? Indeed, this has been highlighted by several successful
clinical trials applying bone-homing radiopharmaceuticals (stron-
tium-89, samarium, and rhenium) to sites of increased osteoblast
activity.®® While these trials are focused on targeting osteo-
sclerotic cancer-induced bone diseases where metastatic growth
is advanced, our study suggests that early targeting of areas of
high bone turnover could inhibit cancer cell homing. Interest-
ingly, early use of bisphosphonate inhibits the initiation of bone
metastasis in both clinical trials and xenograft models, possibly
via disruption of the interactions between osteoblasts and cancer
cells.**>> Targeting the osteoblast abundant regions, where a
higher frequency of prostate cancer cells could be expected, may
be a useful strategy for preventing bone metastases. In addition,
our study also underlined the therapeutic potential to use HSC
niche mobilization agents (such as AMD3100) in conjunction with
conventional chemotherapy to both eliminate the chemotherapy
resistant dormant prostate cancer cells and target the growing
metastasis at the same time."®
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