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Human prostate cancer metastases
target the hematopoietic stem cell niche
to establish footholds in mouse bone marrow
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HSC homing, quiescence, and self-renewal depend on the bone marrow HSC niche. A large proportion of
solid tumor metastases are bone metastases, known to usurp HSC homing pathways to establish footholds
in the bone marrow. However, it is not clear whether tumors target the HSC niche during metastasis. Here
we have shown in a mouse model of metastasis that human prostate cancer (PCa) cells directly compete with
HSCs for occupancy of the mouse HSC niche. Importantly, increasing the niche size promoted metastasis,
whereas decreasing the niche size compromised dissemination. Furthermore, disseminated PCa cells could
be mobilized out of the niche and back into the circulation using HSC mobilization protocols. Finally, once
in the niche, tumor cells reduced HSC numbers by driving their terminal differentiation. These data provide
what we believe to be the first evidence that the HSC niche serves as a direct target for PCa during dissemina-
tion and plays a central role in bone metastases. Our work may lead to better understanding of the molecular

events involved in bone metastases and new therapeutic avenues for an incurable disease.

Introduction
Metastases represent the most common malignant tumors involv-
ing the skeleton: nearly 70% of patients with breast cancer or pros-
tate cancer (PCa) — and approximately 15%-30% of patients with
carcinomas of the lung, colon, stomach, bladder, uterus, rectum,
thyroid, or kidney — have bone lesions (1). Several mechanisms are
thought to account for the organ-specific nature of bone metas-
tases, including direct tumor extensions, retrograde venous flow,
and tumor embolization. It is also clear, however, that anatomy
alone does not explain the organ-specific pattern of metastasis.

One hypothesis that has gained favor is that the metastatic pro-
cess is functionally similar to the homing behavior of HSCs to the
BM (2, 3). HSC homing, quiescence, and self-renewal in the BM are
now known to depend on a region termed the HSC niche (4, 5).
Recent studies identified cells of the osteoblastic and endothelial
lineages as key components of the niche (6-11). Molecules that play
critical roles in HSC niche selection are now thought to be used by
metastases to establish footholds in the BM (2, 3), including che-
moattractants (CXCL12; also referred to as stromal-derived fac-
tor-1; refs. 3, 12), attachment factors (annexin II [Anxa2|; ref. 13),
regulators of cell growth, and vascular recruitment (IL-6 and VEGF;
ref. 14). Once in the BM, tumor cells parasitize the bone microenvi-
ronment to regulate long-term survival/dormancy and, ultimately,
metastatic growth. However, it is not known whether metastatic
cells specifically target the HSC niche during dissemination.

In the present work, we used a PCa model to demonstrate that
tumors directly compete with HSCs for occupancy of the endoste-
al HSC niche during BM transplantation (BMT). Critically, HSCs
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colocalized with PCa cells to the endosteal bone surfaces in vivo
and in vitro, suggestive of niche competition. Additional evidence
suggesting that PCa cells target the HSC niche during metastases
was obtained when the osteoblastic niche was ablated using con-
ditional osteoblast knockout tissues (Col2.3A-TK; ref. 15) in meta-
static assays. Our results showed that fewer metastatic cells homed
to the BM when the HSC niche was compromised. Conversely,
increasing the number of HSC niches with parathyroid hormone
(PTH) promoted metastasis. Once in the niche, metastatic cells
like HSCs could be mobilized back into the peripheral blood using
agents that mobilize HSCs. Importantly, disseminated PCa cells
reduced the number of HSCs in the BM by driving HSCs into pro-
genitor pools and peripheral blood. These findings demonstrated
that PCa cells and HSCs compete for the endosteal HSC niche and
use the same mechanisms to access and egress the niche. These
data provide direct evidence that the endosteal HSC niche plays a
central role in bone metastases.

Results
PCa cells target the HSC niche during metastasis. To directly test wheth-
er metastatic cells compete with HSCs for the niche, disseminated
PCa cells were evaluated for their ability to prevent HSC engraft-
ment. We used a micrometastasis model to determine whether
PCa cells target the HSC niche during metastasis to bone (Supple-
mental Methods; supplemental material available online with this
article; d0i:10.1172/JCI43414DS1). In this model, disseminated
tumor cells shed from s.c. implanted tumors, which can be tracked
by quantitative real-time PCR (QPCR), have the capacity to gener-
ate metastatic lesions over time in the BM (16). For these studies,
to establish disseminated PCa cells in the niche, NOD/SCID mice
(CD45.1) were implanted s.c. with PCa tumors or with nonmeta-
Number 4

Volume 121 April 2011



research article

A sc PCa B —— Surgical Control
r?lrMPE 15 NMPE
S CD45.2 BMT - —e— PC3
Sham Surgery Tumor Removal ) C4-2B
or Flow Cytometry 0
Sham Surgery for CD45.2 Q10+
5
£
=
» ] » £ 54
» g _> E’
w
3 weeks 5 days 4,8,12, 16 weeks 2 e ‘
NOD/SCID Non-P ditioned 0 # #
CD45.1 on-rrecondione | | | |
(o]
¢\ ‘;
</
E F rpB
€ H 8Mm P<0001  _ | E
£ 0.003 5 & 0.025 & 0.00006
b N.S. g £ 0.00005
g o 0.024 - 2 0. -
£ 00024 g % i % 0.00004
5 - W 0.0154 w
0 < < 0.00003
2 0.014 4
5 0.0014 % £ 0.00002
P % 0.005 % 0.00001
o 0 - > 0 > 0-
5 3] o
S Before 3 Weeks 16 Weeks NMPE PC3 C4-2B NMPE PC3 C4-2B
1] Implantation  After After
© Implantation Removal
Figure 1

PCa cells compete for the HSC niche and prevent HSC engraftment. (A) Experimental model of BMT in the presence or absence of disseminated
PCa cells. (B) Fewer donor HSCs (CD45.2) were able to engraft into NOD/SCID mice (CD45.1) when disseminated tumor cells (PC3 or C4-2B
PCa cells) were present in BM. *P < 0.05, #P < 0.01 versus NMPE, Student’s t test (n = 10 per group). (C) At 4, 8, 12, and 16 weeks after trans-
plantation, the establishment of metastases was followed by bioluminescent imaging. Data are representative of bioluminescent imaging of mice
that had developed metastases at approximately 40 weeks. Dashed circles denote where the primary s.c. tumors were implanted and removed.
Arrows show metastatic PCa. (D) Representative images of BM histology of mice that developed micrometastases at 16 weeks. Original mag-
nification, x60. Scale bars: 50 um. (E) Osteoblast numbers were determined in the long bones. (F and G) mRNA levels of (F) CXCR4 and (G)
CXCRY in PCa cells at peripheral blood (PB) and BM. Significance of differences was determined by Kruskal-Wallis test.

static transformed prostate epithelial (NMPE) cell lines as controls ~ were not used, and engraftment was analyzed by FACS. In all cases,
(Figure 1A and Supplemental Methods). Later, the tumors were  greater HSC engraftment was observed in control groups (NMPE
removed, and BMT was performed using BM cells derived from  or no tumor implanted) than in the tumor-bearing animals (Fig-
CD45.2 animals (Figure 1A). To preserve the integrity of the niche,  ure 1B), which suggests that the cells shed from a primary tumor
preparative transplant regimens (e.g., radiation and chemotherapy)  prevent HSC engraftment by occupying the HSC niche.
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Figure 2

Direct competition for the HSC niche between HSCs and PCa cells. (A) Competitive BMT experimental model. BMT was performed in the pres-
ence or absence of PC3 or C4-2B PCa cells or NMPE control cells. TBI, total body irradiation. (B) To avoid PCa cell proliferation in vivo, NMPE
control cells or PCa cells were irradiated with 8 Gy (2x 4 Gy), and the effects of irradiation on the ability of 5,000 PCa cells to form colonies of
50 cells or greater were analyzed. Nonirradiated cells served as positive controls. Irradiation inhibited the colony-forming abilities of NMPE cells
and PCa cells. (C) Kaplan-Meier survival plots after BMT in the presence or absence of PC3 or C4-2B PCa cells or NMPE control cells. Survival
was monitored up to 60 days. P = 0.038, PC3 versus NMPE; P = 0.041, C4-2B versus NMPE, log-rank test (n = 10 per group). (D) Representative
BM histology after competitive BMT of animals in C. Original magnification, x40. Scale bars: 50 um. (E) Engraftment of human BM CD34+ cells
into NOD/SCID lI2rg~- mice in the presence or absence of PC3 or C4-2B PCa cells or NMPE control cells. *P < 0.05, #P < 0.01 versus NMPE
(n =10 per group, Student’s t test). Human PCa cells prevented human HSC engraftment.

To verify that the reduced HSC engraftment was in fact caused by
the disseminated PCa cells, we used bioluminescent imaging and
observed that tumors developed from the metastatic cells in these
animals (4 weeks, 0 of 10; 8 weeks, 0 of 10; 12 weeks, 2 of 10; 16 weeks,
3 of 10; Figure 1C). Additionally, disseminated PCa cells in the BM
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were identified by immunohistochemistry; few or no disseminated
cells were observed in either of the controls (Figure 1D and Supple-
mental Figure 1A). Furthermore, these results were not likely attrib-
utable to changes in the number or size of the niche (e.g., osteoblast
number; Figure 1E) resulting from the primary tumor alone.
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Figure 3

HSCs and PCa cells colocalize to BM niches through Runx2. (A) To determine whether metastatic cells and HSC colocalize to the same niche,
a confocal microscope was used to track prelabeled LSK HSCs (red) and prelabeled PCa cells (green) 24 hours after transplantation. Nuclei
were stained with DAPI (blue). DIC, differential image contrast. (B—D) SCID mice were implanted with PCa cells. After 3 weeks, the long bones
were collected. Representative elements of the BM were triple-stained with (B) anti-HLA antibodies, anti-Runx2 antibodies, and DAPI; (C) anti-
CD150 antibodies, anti-lineage antibody cocktail, and anti-Runx2 antibodies; and (D) anti-CD150 antibodies, anti-lineage antibody cocktail, and
anti-HLA antibodies. Arrows denote colocalization of HSCs and PCa cells (A and D), osteoblasts and PCa cells (B), or osteoblasts and HSCs

(C). Original magnification, x60. Scale bars: 10 um.

CXCL12 and its receptors, CXCR4 and CXCR?7, are known to play
major roles in HSC homing to the BM (17, 18) and in establishing
PCa metastases in bone (3, 12, 19-21). To determine whether a simi-
lar mechanism regulates PCa cell targeting to the HSC niche, mRNA
levels of CXCR4 and CXCR7 expressed by PCa cells in the niche were
compared with those of circulating PCa cells in the blood. Com-
pared with PCa cells in culture (Supplemental Figure 1, B and C)
or in peripheral blood, CXCR4 expression was dramatically reduced
in PCa cells isolated from the HSC niche, whereas no remarkable
changes were observed in CXCR7 levels (Figure 1, F and G). Further-
more, time course studies tracking PCa cell dissemination into the
niche along with CXCL12 BM levels (Supplemental Figure 2, A-E,
and Supplemental Methods) — in conjunction with our previous
work showing that CXCR4 and CXCR?7 regulate metastasis (3, 12,
19-21) — further support the concept that CXCL12 plays an impor-
tant mechanism whereby PCa cells target the HSC niche.
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To directly test whether disseminated tumor cells compete with
HSCs for the niche, we used a competitive engraftment assay.
Lethally irradiated animals were transplanted with BM cells alone
or with PCa cells or NMPE control cells, and survival was evaluated
as a measure of HSC engraftment (Figure 2A). To ensure that only
occupancy of the niche occurred, rather than tumor growth, PCa
and NMPE cells were irradiated to prevent proliferation (Figure 2B).
Significantly more of the PCa cell-injected animals failed to
engraft and subsequently required euthanasia than the control
animals (Figure 2C), yet this effect was dependent on the num-
ber of PCa cells (data not shown), which suggests that PCa cells
are not as efficient as HSCs in targeting the niche. BM histology
demonstrated significant delays in engraftment of the animals
injected with tumor cells along with their transplants (Figure 2D
and Supplemental Figure 3), demonstrating competition between
HSCs and PCa cells for the niche.
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HSCs and PCa cells colocalize to BM niches, and alteration of niche size regulates tumor dissemination. (A and B) To determine whether meta-
static cells and HSCs colocalize to the same niche, multiphoton imaging was used to track prelabeled LSK HSCs (red) and (A) prelabeled PCa
cells (green) or (B) NMPE control cells 24 hours after transplantation. Nuclei were stained with DAPI (blue). Original magnification, x200. (C)
Statistical analyses of A. (D) SLAM HSCs and PC3 or C4-2B PCa cells colocalized to a single osteoblast in vitro, as imaged by confocal micros-
copy. (E) Statistical analyses of in vitro adhesion assays to Anxa2++ versus Anxa2-- osteoblasts (see D). (F) SLAM HSCs, but not NMPE cells, in
vitro localized to a single osteoblast. NMPE cells were unable to bind to Anxa2++ or Anxa2-- osteoblasts. (G) To expand the osteoblast numbers,
animals were pretreated with vehicle or PTH prior to establishing primary tumors, and the number of metastatic PC3 cells was determined at
3 weeks (n = 8 per group). *P < 0.05, #P < 0.01 versus vehicle. (H) Homing of PC3 cells to Col2.3A-TK versus control vossicles with or without
ganciclovir (n = 8 per group). The number of disseminated PCa cells homed to vehicle-treated control vossicles was set as 100%. Significance
of differences was determined by Student’s ¢ test (C and E) or Kruskal-Wallis test (G and H). Scale bars: 10 um (A and B); 50 um (D and F).
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The osteoblastic niche is critical for PCa cell growth in bone. Luciferase-labeled PC3 cells were placed directly into Col2.3A-TK or control vossicles,
which were subsequently implanted into the immunodeficient mice. Mice were treated with either ganciclovir or vehicle for 3 weeks to ablate the
osteoblast niche. (A) Bioluminescent imaging of vossicles was performed over time, demonstrating no tumor growth in Col2.3A-TK vossicles in
the presence of ganciclovir (n = 10 per group). (B) Cytokeratin-immunostained vossicles. Arrowheads denote cytokeratin-positive cells. (C) H&E
examination of vossicles. Arrowheads denote endosteal osteoblasts. (D) Osteoblast number was quantified with H&E staining. (E) Representative
TUNEL-stained vossicles. Original magnification, x60. (F) To determine whether luciferase-labeled PC3 cells in the vossicles had undergone apop-
tosis, vossicles were recovered and triturated, and cells were filtered through a 40-um cell strainer to obtain single-cell suspensions. The resulting
cells were incubated first with a FITC-conjugated HLA-ABC antibody, where greater than 99% of the luciferase-labeled PC3 cells were positively
stained (not shown). Thereafter, percent apoptosis of luciferase-labeled PC3 cells in the vossicles was analyzed using PE-conjugated annexin V/
7-ADD by gating on HLA-ABC (n = 4 per group). Significance of differences was determined by Student’s t test. Scale bars: 50 um (B, C, and E).

Thus far, our findings demonstrated that human PCa cells com-
pete with murine HSCs for occupancy of the niche. To determine
whether human PCa cells and HSCs compete for the niche in vivo,
direct completion assays were performed using human CD34* BM
cells and human PCa cells in sublethally irradiated mice. Under these
conditions, engraftment of the human cells was low, as expected. Sig-

The Journal of Clinical Investigation

http://www.jci.org

nificantly fewer human CD34* cells engrafted into PCa cell-injected
animals (Figure 2E). These data suggest that disseminated tumor
cells directly compete with HSCs for occupancy of the niche.

PCa cells and HSCs colocalize to the endosteal niche. At present,
the precise cellular composition and location of the HSC niche
remains controversial (5, 22). Recent reports have demonstrated
Volume 121 1303
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Figure 6

PCa cells target the HSC niche, and disseminated PCa cells can be
mobilized from the BM niche via the CXCR4/CXCL12 axis. (A) Experi-
mental model of HSC mobilization out of the niche via AMD3100 treat-
ment to open the HSC niche. (B) PCa cell number in BM after i.c. injec-
tion of 1 x 108 cells after AMD3100 mobilization of HSCs. *P < 0.05,
#P < 0.01 versus vehicle. (C) Experimental model to determine whether
AMD3100 mobilizes disseminated PCa cells from BM (n = 8 per group).
(D) Peripheral blood levels of PC3 cells mobilized with AMD3100 or
vehicle, evaluated by QPCR. (E) SLAM HSC numbers in the BM after
AMD3100 treatment were enumerated by FACS. (F and G) mRNA
levels of (F) CXCR4 and (G) CXCR7 in HSCs at peripheral blood and
BM with or without AMD3100 treatment. (H) Peripheral blood levels
of PC3 cells mobilized with G-CSF or vehicle, evaluated by QPCR.
(I) Number of HSCs in BM after G-CSF treatment, enumerated by
FACS. (J) BM mRNA levels of MMP2 and MMP9 after G-CSF treat-
ment, determined by QPCR. *P < 0.05, #*P < 0.01 versus vehicle. (K)
CXCL12-immunostained BM. Original magnification, x60. Scale bars:
50 um. Significance of differences was determined by Kruskal-Wallis
test (B, D, F-H, and J) or Student’s t test (E and ).

that endosteal cells of the osteoblastic lineage contribute to the
development of the HSC niche (6-10). To determine whether dis-
seminated PCa cells and HSCs colocalize to the endosteal niche,
prelabeled HSCs (Lin-Sca-1*c-Kit", referred to herein as LSK HSCs)
and prelabeled PCa cells were injected into animals simultane-
ously. After 24 hours, the long bones were recovered, and confocal
microscopy was used to track PCa cells and HSCs after transplan-
tation. Both cell types colocalized within a few microns of each
other in the BM of recipient animals (Figure 3A).

To further characterize the interactions between PCa cells
and HSCs, the long bones recovered at 3 weeks from animals
implanted s.c. with human tumors and tissue sections were
stained for human PCa cells using anti-human HLA antibodies,
HSCs (CD1507"CD41°CD48 Lin"), and osteoblastic niche cells
expressing the osteoblast-specific transcription factor Runx2.
Despite the rarity of both disseminated populations, both PCa
cells and HSCs colocalized with Runx2-expressing cells (Figure 3,
B and C). Similarly, disseminated PCa cells and HSCs localized
close to one another (Figure 3D).

To further validate that the disseminated PCa cells and HSCs
colocalize to the same endosteal niche, multiphoton imaging was
used to track PCa cell and HSC homing to the BM after transplan-
tation. After transplantation, both cell types colocalized within 5
cell distances of each other, whereas NMPE control cells did not
colocalize with HSCs (Figure 4, A-C).

In vitro studies were performed to further characterize the
molecular mechanisms used by PCa cells to localize to the HSC
niche. HSCs were isolated using the SLAM family of receptors
(Lin"CD150*CD48-CD41 Sca-1*c-Kit*, referred to herein as SLAM
HSCs; refs. 11, 23). In short-term adhesion assays, PCa cells were
able to colocalize to a single osteoblast (Figure 4B and Supplemen-
tal Figure 4, A and B), which suggests that HSCs and PCa cells may
localize extremely close to one another in the BM (but not NMPE
control cells; Figure 4F). We have previously noted that Anxa2
expression by osteoblasts plays a central role in niche selection of
both HSCs and PCa cells (Supplemental Methods and refs. 13, 24).
Here, we noted that both HSCs and PCa cells bound significantly
better to Anxa2-expressing osteoblasts (i.e., from Anxa2"”* animals)
than to those isolated from Anxa2~/~ animals (Figure 4, D and E).
However, NMPE control cells did not bind to either Anxa2** or
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Anxa2”/ osteoblasts (Figure 4F). Together, these findings, along
with the competitive engraftment data, demonstrated that PCa
cells and HSCs compete for the HSC niche in BM.

Alterations of the endosteal HSC niche regulate PCa metastasis. Changes
in osteoblast numbers have been demonstrated to alter the num-
ber of HSC niches (7, 15). To determine whether changing the
number of osteoblastic niche cells influences metastasis, mice were
pretreated with PTH (50-80 ug/kg for 3 weeks), which has been
shown to increase endosteal osteoblastic niches and subsequently
HSC numbers in BM (Figure 4G; Supplemental Figure 4, C and D;
and ref. 7). To ensure no direct effect of PTH on the tumor cells
themselves, the animals were rested prior to establishing s.c. pri-
mary tumors. After 3 weeks, the number of PCa cells disseminated
from the primary tumors into the BM was determined. The data
demonstrated that increasing the number of osteoblastic lineage
cells also increased the number of metastatic PCa cells in the BM
(Figure 4G and Supplemental Figure 4E).

If increasing the number of HSC niches in BM leads to increased
number of metastatic PCa cells in BM, then it would be predict-
ed that decreasing the number of niches in BM would decrease
the number of metastatic cells in BM. To test the possibility that
decreasing the number of osteoblasts (e.g., by decreasing niche
size) reduces metastasis, s.c. metastasis assays were performed
in which vertebral bodies (vossicles) derived from wild-type mice
or mice expressing the Col2.3A-TK transgene (Figure 4H) served
as the metastatic target. Activation of the osteoblast-specific
Col2.3A-TK transgene results in loss of osteoblasts in the presence
of ganciclovir (Supplemental Methods and ref. 15). There were no
changes in PCa cells derived from the primary tumor in wild-type
or Col2.3A-TK vossicles without osteoblastic niche cell ablation
(stimulated with 3-8 mg/kg ganciclovir for 3 weeks; Figure 4H and
Supplemental Figure 4F). There were also no changes in dissemi-
nated PCa cells in wild-type vossicles treated with ganciclovir or
vehicle alone (Figure 4H and Supplemental Figure 4F). Important-
ly, fewer disseminated metastatic PCa cells were recovered from the
Col2.3A-TKvossicles in animals treated with ganciclovir (Figure 4H
and Supplemental Figure 4F). While the possibility remains that
ganciclovir treatment of Col2.3A-TK vossicles affects other cells
of the BM microenvironment, these data suggest that metastasis
depends on the number of osteoblastic niche in bone.

To determine whether tumor growth in BM is dependent on
the osteoblastic HSC niches, tumor cells were directly injected
into vossicles prior to implantation (13). Without ganciclovir, the
tumors grew at similar rates in wild-type and Col2.3A-TK vossicles.
In contrast, tumors did not grow in ganciclovir-treated Col2.3A-TK
vossicles, while having no negative effects on primary tumor growth
(Figure 5, A and B, and Supplemental Figure 5). Ganciclovir treat-
ment ablated osteoblastic lineage cells in Col2.3A-TK tissues, but
had no effect on the number of osteoblastic lineage cells in vehi-
cle-treated Col2.3A-TK or wild-type vossicles (Figure 5, C and D).
Importantly, ganciclovir alone had no effect on PCa cell growth in
wild-type vossicles, but decreased PCa cell growth in Col2.3A-TK
vossicles by inducing apoptosis (Figure 5, E and F), which suggests
that osteoblastic niche cells are critical for PCa cell growth in bone.
Together, these data suggest that PCa metastasis and tumor growth
in bone is dependent upon the endosteal osteoblastic niche.

Removing HSCs from the niche increases metastasis. In steady-state
conditions, HSCs and hematopoietic progenitor cell (HPCs) cir-
culate in the blood at low frequency, but increase in response to
myelosuppressive chemotherapy or growth factors (e.g., G-CSF;
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Figure 7

Mechanisms regulating niche competition between PCa cells and HSCs: competition for binding to osteoblasts. (A) Competition binding assays
to murine osteoblasts between 104 LSK HSCs and 0—105 PCa cells or NMPE control cells. (B) A fixed number of labeled NMPE control cells and
PCa cells (104 cells) and 0-105 HSCs were layered onto murine osteoblasts. The binding ability of NMPE control cells and PCa cells to osteo-
blasts in the presence of HSCs was evaluated using a fluorescent plate reader. (C) A fixed number of fluorescently labeled HSCs (10* cells) was
layered onto murine osteoblasts. At the same time, cultures were treated with 0—1 pg/ul of medium alone or conditioned medium (CM) derived
from NMPE control cells and PCa cells. The binding ability of HSCs was measured by fluorescent plate reader. (D) Competition binding assays
between 10* HSCs and 10% CD133+CD44+ or CD133-CD44- PCa cells. Data are from 3 independent experiments. (E-H) mRNA levels of (E)
CXCR4, (F) CXCR7, (G) CCND1, and (H) CCNA1 in CD133+CD44+ or CD133-CD44- PCa cells. Significance of differences was determined by
Student’s t test (A-D) or Kruskal-Wallis test (E-H).
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Table 1
Frequency of CD133+CD44+ and CD133-CD44- PCa cells

research article

MMP9) that degrade CXCL12 (25). To deter-
mine whether loss of CXCL12 could be respon-
sible for the mobilization of PCa cells into

Source PC3 C4-2B the peripheral blood once in the HSC niche,
CD133-CD44* CD133-CD44-  CD133CDA4  CD133-cpag-  \evels of MMP2, MMP9, and CXCL12 were

, examined after G-CSF treatment. As expected,

In vitro 0.86+052 3823064 147074 2424275 G.CSF induced inet o he extression of
Invivo BM recovered ~ 29.14 + 3.59 6.17 +1.37 37.3+4.48 772172 uced mcreases ¢ expression o

PCa cells recovered from culture were evaluated for CD133 and CD44 expression. Thereafter,
1 x 108 PCa cells were injected i.c. into SCID mice to establish disseminated cells in the BM.
After 24 hours, BM was recovered from the long bones, and hematopoietic lineage cells were
depleted using magnetic beads. CD133 and CD44 frequency in disseminated PCa cells (shown
as percentages) was evaluated with FACS by gating on HLA-ABC (>99% PCa positive).

ref. 25) and when CXCR4/CXCL12 signaling is interrupted (18).
If PCa cells and HSCs compete for the niche, then it should be
possible to increase the number of metastatic cells in the niche by
vacating HSCs from the niche. To explore this possibility, mecha-
nistic studies were designed to explore whether disseminated PCa
cells use the CXCR4/CXCL12 pathway to gain entrance and egress
of the HSC niche (18). Here, experimental animals were pretreated
for 5 days with 5 mg/kg AMD3100, an antagonist of CXCR4 that
mobilizes HSCs into the peripheral blood to “open” the HSC niche
(18). Subsequently, PCa cells were inoculated into the animals by
intracardiac (i.c.) injection to establish disseminated tumor cells
(Figure 6A). More PCa cells had homed to the BM 24 hours later in
the bones of the AMD3100-pretreated animals than in the vehicle-
treated animals (Figure 6B and Supplemental Figure 6A). These
data suggest that HSC occupancy of the niche limits metastasis.

PCa cells can be mobilized out of the HSC niche and into the blood using
HSC mobilizing agents. If PCa cells target the HSC niche, then it
should also be possible to induce PCa cells to reenter the periph-
eral circulation by interfering with CXCR4/CXCL12 signaling, as
has been shown for HSCs. To explore this possibility, disseminated
PCa cells were first established in bone after tumor implantation
(Figure 6C). After removal of the primary tumors, the animals were
rested and then treated with AMD3100 or vehicle. Blood was col-
lected 24 hours after the last AMD3100 injection, and the number
of circulating PCa cells determined (Figure 6C). More circulating
PCa cells were found in blood after treatment with AMD3100 ver-
sus vehicle (Figure 6D and Supplemental Figure 6B). AMD3100
mobilized the HSCs from the BM by inhibiting mRNA expression
of both CXCR4 and CXCR?7 in the HSCs (Figure 6, E-G). These data
suggest that disseminated PCa cells target the HSC niche through
the CXCR4/CXCL12 pathway.

G-CSF is another agent that is used clinically to mobilize HSCs
out of the niche and into the peripheral blood to improve stem cell
collection prior to BMT (25). Here, the mobilization studies were
repeated using recombinant G-CSF. G-CSF mobilized PCa cells from
the HSC niche and into the peripheral blood with higher frequency
than invehicle-treated control animals (Figure 6H and Supplemental
Figure 6C). To exclude a direct effect of G-CSF on PCa cells, we also
confirmed that PCa cells did not express G-CSF receptors, nor did
G-CSF induce PCa cell proliferation (Supplemental Figure 6, D-G).
As expected, G-CSF mobilized the HSCs from the BM (Figure 6I),
which suggests that PCa cells use the same mechanisms as HSCs
and HPC:s to enter the peripheral circulation.

Mobilization of HSCs and HPCs by G-CSF is thought to occur
through the induction of 2 pathways. The first is through the pro-
duction of enzymes (e.g., CD26, cathepsin G, elastase, MMP2, and
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MMP2 and MMP9 in the BM of G-CSF-treated
tumor-bearing mice and resulted in a substan-
tial decrease in the levels of CXCL12 (Figure 6,
J and K). A second major pathway believed
to regulate HSC mobilization is through the
induction of osteoclastic bone resorption (26).
Therefore, we next explored the role of osteo-
clasts in mobilization of PCa cells from the niche. Interestingly,
G-CSF induced osteoclastogenesis in the presence of disseminated
PCa cells (Supplemental Figure 6, H and I). Conversely, AMD3100 —
which does not mobilize HSCs by activating osteoclastogenesis,
but rather by interfering directly with CXCR4/CXCL12 binding —
did not active osteoclasts to mobilize PCa cells, as predicted (Sup-
plemental Figure 6, ] and K; and ref. 27). Together, these data sug-
gest that disseminated PCa cells compete with HSCs for the niche
using the same molecular mechanisms as do HSCs to gain access
and egress of the niche (e.g., CXCR4/CXCL12).

Direct cell-to-cell competition for niche binding favors PCa cells. A sec-
ond molecular mechanism for the competition between HSCs and
PCa cells for the niche may be that disseminated PCa cells can dis-
place or outcompete HSCs for adhesion of niche-binding elements.
Accordingly, we performed competitive binding assays between
HSCs and PCa cells. PCa cells blocked HSC binding to osteoblasts,
whereas NMPE control cells were less able to prevent HSC binding
to osteoblasts (Figure 7A). Recently, we demonstrated that Anxa2
expressed by osteoblasts is a critical molecule used by both HSCs
and PCa cells for binding to osteoblasts (13, 24). The competitive
binding assays were therefore repeated using Anxa2 as the bind-
ing target. As expected, PCa cells blocked the binding of HSCs to
Anxa2 better than did the NMPE control cells (Supplemental Fig-
ure 7A). Conversely, HSCs more efficiently prevented the binding
of NMPE cells to osteoblasts and Anxa2 than they blocked PCa
cell binding (Figure 7B and Supplemental Figure 7B). These effects
required direct cell-to-cell interactions, as soluble factors present
in the conditioned medium of PCa cells alone were unable to alter
HSC binding to osteoblasts (Figure 7C).

When PCa cells expressing a putative PCa stem cell phenotype
(CD133*CD44") were isolated from culture and used in competitive
adhesion assays with HSCs, they were better able to block HSC bind-
ing to osteoblasts compared with CD133-CD44- cells (Figure 7D).
These CD133*CD44" cells expressed higher levels of CXCR4, but
lower CXCR7 (Figure 7,E and F), and progressed through the cell cycle
slower than did PCa cells expressing a CD133-CD44- phenotype,
based on expression of CCNAI and CCND1 (encoding cyclin Al and
cyclin D1, respectively; Figure 7, G and H). Intriguingly, although
the CD133"CD44" cells represented a very small fraction of the
total cells found in culture (0.86% + 0.52% of PC3 and 1.47% + 0.74%
of C4-2B in vitro), the frequency of this population was significant-
ly enriched in BM 24 hours after i.c. injection (Table 1).

PCa cell occupation of the HSC niche alters the phenotype of HSCs and
displaces HSCs from the niche. A third mechanism that may assist PCa
cells in the competition for the HSC niche may be that tumor cells
themselves have direct and indirect effects on HSCs. PCa cells may
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Figure 8

Mechanisms regulating niche competition between PCa cells and HSCs: PCa cells drive HSCs out from the HSC niche. (A-G) SCID mice
were implanted either NMPE cells or PCa cells (PC3 or C4-2B) (n = 5 per group). After 3 weeks, the BM cells were collected. (A) Expression of

stem cell survival and cell-to-cell adhesion genes in SLAM HSCs was

evaluated by quantitative real-time RT-PCR (n = 5 per group). *P < 0.05,

#P < 0.01 versus NMPE. (B) SLAM HSC numbers in BM were counted by FACS, and (C) HPC numbers were determined using colony-forming
assays. (D and E) mRNA levels of (D) CCND1 and (E) CCNA2 in HSCs. (F) Cell cycle (Ki-67—positive cells) and (G) apoptotic state (PE-conju-
gated annexin V/7-ADD) of HPCs were analyzed by gating on Lin-Sca-1+ populations. (H) Peripheral blood was collected from subjects with local
PCa disease (n = 18, 61.6 + 9.2 years of age) and disseminated PCa disease (n = 39, 68.1 + 11.1 years of age). The number of hematopoietic
colonies was compared with that in healthy controls (young age, n = 13, 34.3 + 5.6 years; age-matched, n = 11, 62.4 + 7.1 years). Significance
of differences was determined by Kruskal-Wallis test (A, D, and E) or Student’s t test (B, C, and F-H); P values in B—F are versus NMPE.

be able to drive HSCs to maturity and into HPC populations so
that they eventually vacate the niche. To explore this possibility,
mice were implanted with metastatic PCa cells or NMPE control
cells to establish disseminated tumors in the BM. HSCs isolated
from animals with disseminated PCa cells expressed lower levels
of the niche adhesion molecules (NOTCH1, ref. 7; TIE2, ref. 9) and
transcription factors known to regulate HSC self-renewal and
proliferation (BMI1 and INK4A; Figure 8A and refs. 28, 29). These
1308
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results suggest that disseminated PCa cells reduce HSC numbers
by altering HSC self-renewal. Consistent with these observations,
fewer HSCs were found in the tumor-bearing animals (Figure 8B).
One mechanism to explain this reduction is that HSCs are driven
into HPCs pools. Indeed, more HPCs were recovered from the BM
of tumor-bearing animals than from that of controls (Figure 8C).
As expected, HSCs and HPCs derived from tumor-bearing animals
were induced into a cell-cycling state (Figure 8, D-F), while there
Number 4
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Figure 9

Competition between disseminated PCa cells and HSCs for the endos-
teal niche facilitates metastasis. The endosteal (or osteoblast) niche is
thought to maintain HSCs quiescence and regulate differentiation. It is
also appreciated that many solid tumors metastasize to the bone. Our
hypothesis is that metastatic cells shed from a primary tumor compete
with HSCs to engage the endosteal niche, which suggests that solid
tumors use the HSC niche as metastatic niche. Once in the niche, dis-
seminated cells may remain in a quiescent /dormant state for extended
periods of time. Eventually, however, metastatic growth exceeds the
niche’s regulatory capacity, and clinically relevant disease occurs.

was no effect of PCa cells on HPC apoptosis (Figure 8G). Although
it is not presently clear what molecules are responsible for these
activities, HSCs were chemotactic toward PCa cells themselves, but
PCa cells did not have similar effects on HSCs, and HSCs were able
to enhance the growth of PCa cells (Supplemental Figure 8, A-C).

If PCa cells compete for the niche with HSCs and HPCs and drive
these cells into the circulation, then it would be expected that more
HSCs or HPCs would be present in the circulation of men with met-
astatic bone disease than in age-matched controls. Therefore, HPC
assays were performed on peripheral blood collected from subjects
with disseminated PCa bone disease. As expected, more circulating
HPCs were found in subjects with disseminated disease compared
with local disease (defined as PCa with no imaging evidence of metas-
tases and PSA <15 ng/ml) and age-matched controls (Figure 8H).
Although other explanations are possible (e.g., inflammatory
cytokines or cachexia), these data are consistent with the hypothesis
that disseminated tumor cells target the HSC niche and displace
HPCs into the peripheral blood. Together, these data strongly sug-
gest that PCa cells target the HSC niche during metastasis.

Discussion

Our data suggest that the HSC niche serves as a specific site where dis-
seminated cells from PCa gain footholds in the BM (Figure 9). These
studies showed, for the first time to our knowledge, that disseminat-
ed cells from solid tumors are able to compete with HSCs for occu-
pancy of the HSC niche and colocalize with HSCs in the BM. In fact,
by mobilizing HSCs out of the niche, or by altering the size and/or
number of the endosteal HSC niches, we were able to alter the num-
ber of metastatic cells present in the BM. We observed at least 3
molecular mechanisms that may be operative during metastasis and
facilitate disseminated tumor cells’ ability to gain footholds in the
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HSC niche. First, PCa cells use the CXCR4/CXCL12 pathway to gain
access and egress from the HSC niche area, as do HSCs themselves.
In fact, we previously demonstrated that blocking this pathway, or
blocking the alternative CXCL12 receptor CXCR7, prevents metas-
tasis and PCa growth in bone (12, 19, 20). A second mechanism
that may provide PCa cells an advantage over HSCs in establishing
themselves in the niche is a superior ability to bind to and/or engage
receptors that HSCs use to localize to the niche. Indeed, we recently
demonstrated that both HSCs and PCa cells both bind to Anxa2
and that blocking the receptor for Anxa2 prevents homing to the
BM (13, 24). Finally, we demonstrated that HSCs themselves were
targets of metastatic cells, as they were driven into progenitor pools,
into the peripheral blood, or both, and may be able to support the
growth of the cancer within the niche. Together, these data suggest
that metastatic PCa cells, and perhaps cells from other tumors, serve
as molecular parasites of the HSC niche.

Little is known about the postdissemination and niche engage-
ment events activated by PCa cells to coopt the HSC niche. Based
on the average length of time for relapse to occur after primary
therapy (surgery or radiation; refs. 30, 31), it is possible that the
HSC niche is able to regulate dormancy of tumor cells for extend-
ed periods. In fact, clinically relevant metastases are relatively rare
compared with the number of disseminated tumor cells (32).
Because the endosteal HSC niche plays a crucial role in maintain-
ing stemness, the ability of tumor cells to engage the endosteal
HSC niche may facilitate the ability of tumor cells to establish
metastatic foci in bone while remaining dormant over long time
periods (33, 34). Moreover, it has been appreciated that preosteo-
blasts are critical compartment of the HSC niche rather than
mature osteoblasts (35, 36). However, further studies are needed to
determine whether preosteoblasts serve as the solid tumor niche.

Similarly, what leads to the loss of tumor dormancy is unknown.
One prospect worth considering is that there are substantial niche
reserves in the BM for HSCs. However, a recent study demonstrated
that HSC replacement of the niche constantly occurs under nor-
mal physiological condition (37). Perhaps as disseminated tumor
cells proliferate slowly over time, the capacity of the niche is over-
whelmed, leading to clinically relevant disease. In fact, peripheral
blood changes — including infection, anemia, and thrombocytope-
nia, indicative of HSC failure — are late-stage events, but are com-
monly observed at death in individuals with metastatic disease (38).
Other possibilities are that the tumor cells themselves become resis-
tant to the dormancy signals provided by the niche over time (38).

In 1889, Paget proposed a “seed and soil” metaphor to explain
the marked affinity of cancer cells for different tissues (39). It has
previously been reported that VEGFR1-expressing BM cells par-
ticipate in the process by establishing premetastatic niches (14).
Although inflammatory cytokines released by tumors might affect
HSCs directly, our data suggest that there may be other biologic
targets that tumors use to establish disseminated metastases in
bone. Our work has the potential to facilitate better understand-
ing of the molecular events involved in bone metastases and to
lead to new therapeutic avenues for an incurable disease.

Methods
Further information can be found in Supplemental Methods.

Cell culture. The PC3 (CRL-1435) PCa cell line was obtained from the
American Type Culture Collection. The metastatic subline LNCaP C4-2B
was originally isolated from a lymph node of a patient with disseminated
bony and lymph node involvement (40). Normal human NMPE control
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cell lines were obtained from patients undergoing prostatectomy in accor-
dance with the Investigation Review Board of University of Michigan. The
tissue was collected from a distal location from the tumor (within the pros-
tate). This cell line is morphologically and pathologically distinct from the
tumor. PCa cell lines and NMPE cell lines were cultured in RPMI 1640
(Invitrogen) and DMEM (Invitrogen), respectively. All cultures were sup-
plemented with 10% (v/v) FBS (Invitrogen) and 1% (v/v) penicillin-strepto-
mycin (Invitrogen) and maintained at 37°C, 5% CO,, and 100% humidity.

In vivo PCa metastasis assays. Male 5- to 7-week-old CB.17 SCID mice were
implanted with 2 x 10° cells (PCa) within sterile collagen scaffolds (3 x 3
x 3 mm?; Gelfoam; Pharmacia and Upjohn) in the mid-dorsal region of
each mouse. In some cases, NMPE cells (2 x 10° cells) were used. When the
animals were sacrificed, tissue samples from the animals’ left organ/tissue
(original scaffold, calvaria, mandible, humeri, femur, tibia, pelvis, spine,
and peripheral blood) were dissected and stored at -80°C until genomic
DNA extraction. The number of disseminated cells was assessed by QPCR
(16). Further normalization was performed for differences in mouse tissue
density using murine f-actin primers.

BMT. NOD/SCID mice (CD45.1) were implanted s.c. with 2 x 105 PCa
cells or control cells. At 3 weeks, s.c. tumors were removed. After 5 days,
the NOD/SCID mice were injected with 2 x 105 mononuclear BM donor
cells (CD45.2 CS7BL/6 mice) into the left retro-orbital sinus without irra-
diation. At 4, 8,12, and 16 weeks after BMT, the percentage of blood cells
bearing the CD45.2 and CD45.1 phenotypes was determined in peripheral
blood obtained from the tail veins of individual recipient mice stained
together with Mac1 (macrophage), Gr-1 (granulocyte), B220 (B cell), and
CD3e (T cell) lineage markers. Samples were analyzed by FACS Vantage
dual laser flow cytometry (Becton Dickinson).

Survival assays. SCID mice were lethally irradiated with 700 cGy (2x 350 cGy)
and injected with either 100 ul of 0.9% saline (negative control) or mono-
nuclear BM donor cells (4 x 10° cells/100 ul) into the left retro-orbital
sinus. In some cases, animals were injected i.c. with 4 x 10° irradiated
(8 Gy; 2x 4 Gy) PC3 or C4-2B PCa cells or with irradiated (8 Gy; 2x 4 Gy)
NMPE control cells. Moribund animals were humanely killed as required.
Survival observations were maintained for 60 days.

In vivo competitive engraftment assays. NOD/SCID II2rg/~ mice were sub-
lethally irradiated with 300 cGy (2x 150 cGy) and injected with either
100 ul of 0.9% saline (negative control) or human BM CD34" cells
(2 x 105 cells/100 ul) into the left retro-orbital sinus. In some cases, animals
received 2 x 10° irradiated (8 Gy; 2x 4 Gy) PC3 or C4-2B PCa cells or irradi-
ated (8 Gy; 2x 4 Gy) NMPE control cells, injected i.c. to avoid their being
trapped in the lungs. At 4, 8, 12, and 16 weeks after transplantation, the
percentage of human CD34* cell engraftment was determined in periph-
eral blood obtained from the tail veins of individual recipient mice stained
with human CD45. Samples were analyzed by FACS Vantage dual laser
flow cytometry (Becton Dickinson).

Isolation of HSCs. HSCs were isolated as previously described (23). The BM
cells were flushed from the femurs and tibias. Cells were incubated first
with a biotinylated anti-Lin (CDS, CD45R [B220], CD11b, Gr-1 [Ly- 6G/C],
and Ter-119) antibody cocktail (Miltenyi Biotec) for 10 minutes at 4°C,
then rinsed and stained with an antibody cocktail of allophycocyanin-con-
jugated anti-Sca-1 (clone D7; eBioscience), PE/Cy7-conjugated anti-c-Kit
(clone 2B8; BioLegend), PE-conjugated anti-CD150 (clone TC15-12F12.2;
BioLegend), FITC-conjugated anti-CD41 (clone MWReg30; BD Bioscienc-
es), FITC-conjugated anti-CD48 (clone BCM-1; BD Biosciences) and FITC-
conjugated anti-biotin antibodies (Miltenyi Biotec) for another 20 minutes
at 4°C. HSCs were sorted on a FACS Vantage dual laser flow cytometer by
gating on SLAM HSCs (i.e., Lin"CD150°*CD41-CD48"Sca-1*c-Kit"). In some
cases, murine LSK HSCs were obtained using first a Lineage Cell Deple-
tion Kit magnetic labeling system with biotinylated (CDS, CD45R [B220],
1310
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CD11b, Gr-1 [Ly-6G/C], and Ter-119) and anti-biotin MicroBeads (Milt-
enyi Biotec). Positive immunoselection was performed with PE-conjugated
anti-Sca-1 and FITC-conjugated anti-c-Kit (BD Biosciences — Pharmingen)
and sorted on a FACS Vantage dual laser flow cytometer.

Murine osteoblasts. Calvariae of mice (1-4 days old) were dissected, isolat-
ed from periosteum, and subjected to sequential digestions of 20, 40, and
90 minutes in collagenase A (2 mg/ml; Roche Molecular Biochemicals)
with 0.25% trypsin (Invitrogen), as previously described (13, 41). Cells from
the third digestion were plated in a-MEM (Invitrogen) with 10% (v/v) FBS
and 1% (v/v) penicillin and streptomycin.

Vossicle transplant. Lumbar vertebrae were isolated from 4- to 7-day-old
mice. The vertebrae were sectioned into single vertebral bodies (i.e., vossi-
cles). SCID mice were used as transplant recipients. 2 vossicles per mouse
were implanted into s.c. pouches as previously described (13, 16).

In vitro colocalization assays. Murine osteoblasts labeled with CellTracker
Blue CMAC (Invitrogen) were cultured in Lab-Tek II 4-chamber slides
(Nalge Nunc International) at 1 x 10* cells/chamber. After 24 hours, SLAM
HSCs labeled with CellTracker Red CMTPX (Invitrogen) and PC3 and
C4-2B PCa cells labeled with CellTracker Green CMFDA (Invitrogen) were
added to this culture system (200 cells/chamber). Thereafter, the cul-
tures were incubated in an atmosphere of 5% CO; and 95% O at 37°C for
2 hours. Fluorescence was observed under a FV500 confocal laser-scanning
microscope (Olympus).

In vivo colocalization assays. Vossicles were implanted into SCID mice.
After 3 weeks, a total of 1 x 10° PC3 cells expressing green fluorescent pro-
tein were injected i.c. After 24 hours, animals received i.v. injection of LSK
HSCs (1 x 10° cells) into the left retro-orbital sinus labeled with Qtracker
655-nm nontargeted quantum dots (Quantum Dot Corp.). Vossicles were
subsequently harvested and imaged by multiphoton microscopy or confo-
cal microscopy, as previously described (16).

PTH treatment. Animals were administered human PTH (hPTH;_34;
Bachem) or vehicle (0.9% saline) by i.p. injection at 50-80 ug/kg (100 ul)
per day for 3 weeks (41).

Ganciclovir treatment. Vossicle-implanted animals were administered
ganciclovir (Cytovene-IV; Roche) or vehicle (0.9% saline) by i.p. injection at
3-8 mg/kg (100 ul) per day for 3 weeks.

AMD3100 treatment. AMD3100 (Sigma-Aldrich) or vehicle (0.9% saline)
was administered by i.p. injection at 5§ mg/kg (100 ul) per day for 5 days. In
some cases, animals were injected with 1 x 10° PC3 and C4-2B PCa cellsi.c.
24 hours after the last AMD3100 injections. After 24 hours, animals were
sacrificed, and PCa cells in the BM were assessed by QPCR.

G-CSF treatment. Animals were administered G-CSF (Neupogen; Amgen)
or vehicle (0.9% saline) i.p. at 250-300 ug/kg (100 ul) per day for S days.

Immunobistochemistry. Vossicles and murine long bones were stained with
anti-cytokeratin antibody (diluted 1:250, rabbit polyclonal; Abcam) and
hematoxylin and eosin as previously described (41).

Bioluminescent imaging. Bioluminescent imaging was performed as previ-
ously described through the University of Michigan Small Animal Imaging
Resource facility (13).

Methylcellulose cultures. BM cells were collected from control or experimen-
tally treated SCID mice (n = 5). Peripheral blood was collected from sub-
jects with disseminated bone PCa disease, subjects with local PCa disease,
and healthy volunteers. Peripheral blood mononuclear cells were isolated
from whole blood by density gradient centrifugation using Ficoll-Paque
PLUS (StemCell Technologies). Approval was obtained from the University
of Michigan’s Investigation Review Board, and written informed consent
was obtained from participating subjects.

BM or blood cells (2 x 10° cells) were plated onto 35-mm tissue culture
dishes in methylcellulose with recombinant cytokines for colony assays of
murine cells (Methocult GF M3434; StemCell Technologies) or human
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cells (Methocult GF H4434; StemCell Technologies). The total number of
colonies was counted at day 14 after plating.

Transwell chemotaxis assays. Cell invasion assays were performed in dual-
chambered Transwell plates (Costar Corp). PC3 and C4-2B PCa cells or
NMPE control cells (2.5 x 105 cells) were seeded onto the top well of an 8-um
dual chamber, and LSK HSCs (2.5 x 105 cells) were placed in the bottom well
of the chamber as chemotaxis targets. In some cases, LSK HSCs (2.5 x 10°
cells) were seeded onto the top well of 5-um dual chambers, and PC3 or C4-2B
PCa cells or NMPE control cells (2.5 x 10° cells) were placed in the bottom
well. Cells seeded on the top well were labeled with 2.5 mg/ml of the lipophil-
ic dye carboxyfluorescein diacetate (Invitrogen) prior to assays. Spontaneous
invasion was compared with invasion supported by cells at bottom wells. The
plates were incubated at 37°C in 95% humidity and 5% CO,. At the termina-
tion of the assay (4 hours), chambers were removed, and fluorescence was
quantified by fluorescent plate reader (Molecular Devices).

Proliferation assays. Proliferation assays were performed as previously
described (13). Luciferase-labeled PCa cells (5,000 cells/well) were plated
onto 96-well plates in growth medium with 0.1% FBS. The next day, LSK
HSCs (0-5,000 cells/well) were added to the wells. Thereafter, cultures were
incubated for 3 days. Proliferation was determined using a CCD IVIS sys-
tem with a 50-mm lens (Xenogen Corp.), and the results were analyzed
using LivingImage software (Xenogen Corp.).

In vitro binding assays. Cell-to-cell binding assays were performed as
previously described (24). Murine calvarial osteoblasts were plated onto
96-well plates at a concentration of 1 x 104 cells/well (100 ul/well) in
growth medium, and the cultures were incubated for 2 days. A fixed
number of LSK HSCs (10* cells) labeled with fluorescent dyes (CFDA;
Invitrogen) and increasing numbers of PCa cells (0-10° cells) or NMPE
control cells (0-10° cells) were layered onto murine osteoblasts. Bind-
ing assays were performed in PBS containing Ca?'/Mg?*, where the cells
were added to a final reaction volume of 100 ul at 4°C. After washing,
remaining fluorescence was quantified as a measure of HSC binding by
fluorescent plate reader (Molecular Devices). In some cases, PCa cells
were first sorted into CD133*CD44* and CD133-CD44- fractions, and
binding assays were performed.
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Statistics. All numerical data are expressed as mean + SEM. Statistical
analysis was performed by ANOVA or unpaired 2-tailed Student’s ¢ test
using GraphPad Instat (GraphPad). For QPCR assays, Kruskal-Wallis test
and Dunn multiple-comparisons test was used. For survival assays, Kaplan-
Meier survival analysis was used, and log-rank test was performed using
GraphPad Prism (GraphPad) to determine differences between survival
curves. For all analyses, a P value less than 0.05 was considered significant.
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