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Bone metastasis involves dynamic interplay between tumor cells and
the local stromal environment. In bones, local hypoxia and activation
of the hypoxia-inducible factor (HIF)-1a in osteoblasts are essential
to maintain skeletal homeostasis. However, the role of osteoblast-
specific HIF signaling in cancer metastasis is unknown. Here, we
show that osteoprogenitor cells (OPCs) are located in hypoxic niches
in the bone marrow and that activation of HIF signaling in these cells
increases bone mass and favors breast cancer metastasis to bone
locally. Remarkably, HIF signaling in osteoblast-lineage cells also pro-
motes breast cancer growth and dissemination remotely, in the
lungs and in other tissues distant from bones. Mechanistically, we
found that activation of HIF signaling in OPCs increases blood levels
of the chemokine C-X-C motif ligand 12 (CXCL12), which leads to a
systemic increase of breast cancer cell proliferation and dissemina-
tion through direct activation of the CXCR4 receptor. Hence, our data
reveal a previously unrecognized role of the hypoxic osteogenic
niche in promoting tumorigenesis beyond the local bone microenvi-
ronment. They also support the concept that the skeleton is an im-
portant regulator of the systemic tumor environment.

breast cancer | bone | metastasis | hypoxia | HIF

one is an active tissue in which osteoblasts synthesize and os-
teoclasts degrade a collagen-rich extracellular matrix, ensuring
continuous bone remodeling throughout life. Bone metastasis is a
complex process involving crosstalk between disseminated tumor
cells and the bone microenvironment, where osteoblasts play a
crucial role in promoting breast cancer cell seeding and growth (1-
4). Osteoblasts act either indirectly by stimulating bone resorption
through osteoclasts (2, 3), which releases growth factors embedded
in the bone matrix, or more directly by secreting chemoattractant
factors (1) or establishing cellcell contacts through adherent
junctions with breast cancer cells (4). However, our understanding
of the complex cellular and molecular mechanisms underlying the
tumorigenic effect mediated by the osteoblasts remains incomplete.
Osteoblast-lineage cells comprise cells of different degrees of
differentiation that are associated with distinct gene-expression
profiles, cell morphologies, and locations in bones (5). These cells
derive from osteoprogenitor cells (OPCs), which highly express
osterix (OSX) (6, 7) and C-X-C motif chemokine ligand 12
(CXCL12, also called “stromal cell-derived factor 17) (8). OPCs
are found in restricted areas of high bone anabolic activity, pre-
dominantly close to the growth plate cartilage and along the
metaphyseal cortical bone (6, 7). OPCs differentiate into post-
mitotic osteoblasts that express type I collagen and that are evenly
distributed within the bone tissue. Osteoblasts finally become
terminally differentiated osteocytes. It is unclear whether all
osteoblast-lineage cells or only a subset of them could promote
bone metastasis locally. Importantly, it is also unknown whether
osteoblasts could directly stimulate tumor progression beyond the
bone microenvironment. Notably, studies in mice have shown that
osteoblasts regulate multiple systemic physiologic processes, such
as insulin secretion in the pancreas (9), testosterone synthesis in
the testes (10), and brain development (11), in addition to pro-
ducing bone. This raises the possibility that the osteoblast lineage
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could be also involved in the pathogenesis of various organs or
tissues. Interestingly, osteoblast-lineage cells express high levels of
CXCLI12 and receptor activator of nuclear factor x-B ligand
(RANKL) (8, 12), two cytokines circulating in blood and known to
stimulate mammary tumor growth and dissemination by binding to
their respective receptors, C-X-C chemokine receptor type 4
(CXCR4) and RANK, which are often overexpressed in breast
cancers (13, 14). It is therefore conceivable that osteoblast-lineage
cells could promote tumor progression beyond bone. Hence, we
wondered if altering the signaling pathways essential in bone bi-
ology would affect breast cancer growth and dissemination to the
bone and beyond.

In bones, tissue hypoxia stabilizes and activates the hypoxia-
inducible factor (HIF)la, which is essential to maintain bone
homeostasis (15-17). Gene inactivation of Hifla in osteo-
blasts decreases bone mass and osteoblast numbers. Conversely,
osteoblast-specific ablation of the ubiquitin ligase VHL encoded
by the tumor-suppressor gene von Hippel Lindau (Vhih), which
targets HIF1la and HIF2a to the proteasome for degradation
(18), leads to overactivation of HIF signaling in the osteo-
blast lineage and increases bone mass (15-17). HIF2a is also
expressed in osteoblasts and is stabilized upon ablation of VHL
(15). However, in contrast to HIFla, mice lacking HIF2a in
osteoblasts present only a modest decrease in trabecular bone
volume (16).

Hypoxia and HIF signaling constitute important components
of the tumor microenvironment (19), promoting primary breast
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tumor dissemination to several tissues, including to bones (20,
21). However, whether local hypoxia in bones and the activation
of HIF signaling in osteoblast-lineage cells influence breast
cancer cells is unknown. Because hypoxia supports osteoblasto-
genesis (15-17), and osteoblasts promote bone metastasis (1-4),
we hypothesized that activation of HIF signaling in osteoblasts
would promote breast cancer cell metastasis to bones and would
promote distant mammary tumor growth and dissemination
beyond bones.

Results

Breast Cancer Cells Disseminate near Hypoxic Osteoprogenitors. To
better characterize the cellular and molecular mechanisms that
could favor metastasis of breast cancer cells to bone, we first
evaluated where the earliest colonization process takes place
in the bone marrow. We reasoned that if only a subset of
osteoblast-lineage cells promoted bone metastasis, tumor cells
would disseminate preferentially near this cell population in
bones. Previous reports showed that bone metastases are ob-
served in areas of high bone turnover (3), enriched in osteoblasts
(2, 4), and located near the cortical bone or within the trabecular
bone next to the growth plate cartilage. Interestingly, this is also
where the majority of OPCs are observed (Fig. 14) (6, 7), sug-
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gesting a potential interaction of these cells with breast cancer
cells in the early dissemination process. We tested this possibility
by intracardiac (i.c.) injections of a breast cancer cell line [gen-
erated from a breast carcinoma induced by expression of the
polyoma virus middle T (PyMT) oncoprotein (22)] expressing
GFP and luciferase (BCC-GFP::LUC) into syngeneic immuno-
competent recipient mice (Fig. S1). We analyzed early tumor
dissemination only 5 d after injection to assess the initial location
of disseminated cells. We found early metastases in areas within
trabecular bones below the growth plate cartilage that were
significantly enriched in OPCs (Fig. 1 A and B). Disseminated
cells were never found in areas further down the metaphyseal
bone (toward the epiphysis) that have fewer or no OPC (Fig.
1B). Thus, breast cancer cells preferentially disseminate near
OPCs. Importantly, we found that OSX*™ OPCs are highly hyp-
oxic (Fig. 1 C and D) and express HIFla and, to a lesser extent,
HIF2a (Fig. 1 E and F). Together, these data raise the possibility
that activation of HIF signaling in OPCs favors early dissemi-
nation of breast cancer cells to bone.

HIF Signaling in Osteoblast Lineage Increases Bone Mass and Bone
Metastasis Locally. To test the possibility that HIF signaling in
OPC:s or in descending osteoblast-lineage cells might contribute
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Fig. 1. Breast cancer cells disseminate near hypoxic osteoprogenitor cells. (A) Immunohistochemistry showing GFP-expressing breast cancer cells (BCC-GFP::
LUC) in green and OPCs, detected by anti-OSX immunostaining in red, in a wild-type mouse hind limb 5 d after i.c. injection. Dashed lines indicate the limit
between the cartilage growth plate (above the dashed line) and the bone (below the dashed line). (B) Quantification of OSX™ cells and distribution of bone
metastases in three areas (A, B, and C) below the growth plate cartilage; n = 8 independent bone metastases obtained from three mice 5 d after i.c. injections.
(C) Immunohistochemistry showing that OSX expression (in green) colocalizes with hypoxia (Hypoxyprobe, in red) in hind limb sections of a wild-type mouse.
(D) Quantification of OSX™ cells costained with Hypoxyprobe, showing that a majority of OPCs are hypoxic; n = 3 mice. (E) Immunohistochemistry showing
that GFP expression driven by the Osx promoter (Osx-GFP, which marks OPCs, in green) colocalizes with HIF1« (in red; E, Upper Row) and HIF2a (in red; E,
Lower Row) in the hind limbs of Osx-Cre::GFP transgenic mice. (F) Quantification of OSX* cells expressing HIF1a or HIF2a; n = 3 mice with two sections per
mouse. (Scale bars: 200 pm in A; 100 um in C and E.) Values indicate the mean + SEM, *P < 0.05, **P < 0.01, ****P < 0.0001, two-tailed Student’s t test.
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to bone metastasis, we conditionally inactivated Hifla in OPCs
by crossing mice expressing Cre fused to GFP under the Osterix
promoter (Osx-Cre::GFPg (23) to Hifla floxed (Hifla"™) (24)
mice, generating AHif1a®>* mice. Osx-Cre is a well-characterized
transgene that targets OPCs. We verified that Osx-Cre::GFP
drives the expression of CRE::GFP and efficiently recombines
floxed alleles in skeletal tissue but not in the mammary gland or in
other organs commonly colonized by breast cancer cells (lungs,
liver, and others) or in hematopoietic cells (Fig. 1E and F)% S2).

As previously reported (15), we observed that AHifIa®5X mice
have reduced bone mass (Fig. 2 4 and B). We tested the role of
osteoblast-specific HIF signaling in bone metastasis by in-
oculating AHif1a®%* mice with syngeneic BCC-GFP::LUC cells
by i.c. injection and assessing their ability to colonize bones. We
observed that AHifla®* mice developed bone metastases less
frequently than control animals (Fig. 2C). To recapitulate the
entire metastatic process, we also transplanted BCC-GFP::LUC
cells orthotopically into mammary fat pads (i.f.p.) and evaluated
whether tumor cells disseminate from primary mammary tumors
to the bones. AHifIa®** mice developed spontaneous bone
metastases less frequently than control animals (Fig. 2D). Hence,
ablating HIF signaling in osteoblast-lineage cells suppresses
metastasis to the bones.

To assess the effect of activating HIF signaling in osteoblast-
lineage cells on bone metastasis, we conditionally inactivated Vhlh
in OPCs by crossing Osx-Cre::GFP to Vhih floxed (Vhlh™™) mice
(25), generating AVAIR®S* mice. As previously reported (15), we
observed that AVAIh®S* mice have dramatically increased bone
volume (Fig. 2 A and B). AVhIh®S* mice developed bone metas-
tases more frequently and more rapidly than control animals after
i.c. injections (Fig. 2E) and orthotopic transplantations (Fig. 2D).
Notably, similar results were obtained after i.c. injections of
NT2.5 breast cancer cells derived from Neu/HER2 transgenic mice
(Fig. S3 A and B) (26). Taken together, these results demonstrate
that activation of HIF signaling in osteoblast-lineage cells promotes
breast cancer cell colonization of the bones.
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HIF Signaling in Osteoblast Lineage Promotes Systemic Breast Cancer
Growth and Dissemination. We next examined the systemic influ-
ence of the bone microenvironment on tumor growth in the
breast and assessed metastatic colonization of distant organs,
other than bones. Strikingly, AHifla”* mice developed signifi-
cantly smaller primary tumors after orthotopic transplantation
(Fig. 3 A and B). Conversely, AVAIh?SX mice developed much
larger primary tumors (Fig. 3 C and D). Similar results were
obtained using NT2.5 breast cancer cells (Fig. S3 C and D).
Mammary tumors collected from mutant mice after orthotopic
transplantation were histologically similar to those obtained
from control animals but had decreased cell proliferation in
AHifla®* mice and increased cell proliferation in AVAILOSY
mice (Fig. 3 E and F). These results demonstrate that the bone
affects breast cancer remotely in the mammary gland. In-
terestingly, relatively soon after orthotopic transplantations, we
detected disseminated BCC-GFP::LUC cells that could corre-
spond to metastases in mandibular bones or in salivary glands in
the jaw area of AVAIR“SY mice (Fig. 3C) but never in control
mice, even after controlling for primary tumor size. This indi-
cates that AVAILYSX mice present increased tumor dissemination
that is not solely due to accelerated primary tumor growth.

To assess metastasis in other organs, we analyzed lung colo-
nization after iv. injections of BCC-GFP::LUC cells. Similar to
our observations in bones, AHifla®X mice developed lung me-
tastases less frequently, and AVAIR®SY mice developed lung
metastases more frequently and rapidly than controls after i.v.
injections (Fig. 3 G-J). Moreover, i.c. injections revealed that, in
addition to bones and lungs, numerous other organs commonly
targeted by disseminated breast cancer cells were rapidly colo-
nized in AVAIR®SY mice (Fig. 3 M and N). Conversely, AHif-
122X mice showed fewer disseminated tumors after i.c. injection
(Fig. 3 K and L). Given that the frequency, and not just the size,
of metastases was affected, these data indicate that altering HIF
signaling in bones alters the capacity of breast cancer cells to
invade and colonize other organs.
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HIF signaling in osteoblast-lineage cells increases bone mass and bone metastasis. (A) Representative micro-CT images of sagittal (Upper) and

transversal (Lower) views of distal femurs of control (CTL), AHif1a°*%, and AVAIh®*X mice. (B) Histomorphometric analyses of trabecular bone volume over
tissue volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) in control (n = 9), AHif1a%%% (n = 5), and
AVhIR® (n = 3) femurs. (C) Kaplan-Meier analyses of bioluminescence-based detection of bone metastases after i.c. injections of BCC-GFP:LUC in control
(n = 42) and AHif1a°% (n = 27) mice. (D) Histological detection of bone metastases 30 d after i.f.p. transplantation of BCC-GFP::LUC in control (n = 12),
AHif1a%% (n = 6), and AVhIh®* (n = 6) mice. (E) Kaplan-Meier analyses of bioluminescence-based detection of bone metastases after i.c. injections of BCC-
GFP::LUC in control (n = 34) and AVhIh®X (n = 23) mice. (Scale bars: 500 um.) Values indicate the mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, two-tailed Student’s t test (B) or log-rank (Mantel-Cox) test (C and E).
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Fig. 3. HIF signaling in osteoblast-lineage cells promotes systemic breast cancer growth and dissemination. (A and B) Representative bioluminescent images and
mammary tumor photographs (A) and quantification of tumor volumes (B) 32 d after i.f.p. transplantation of 10° BCC-GFP::LUC cells in control (n = 17) and
AHif1a°*% (n = 12) mice. (C and D) Representative bioluminescent images of mammary tumors and disseminated tumor cells and photographs of mammary
tumors (C) and quantification of tumor volumes (D) 28 d after i.f.p. transplantation of 10* BCC-GFP::LUC cells in control (n = 15) and AVhIh®*X (n = 10) mice. (€ and
F) Representative images of phospho-histone H3 immunostaining showing mitotic cells in mammary tumors harvested 12 d post i.f.p. transplantation (£) and
quantification of positive cells per tissue area (F), normalized to control (control: n = 7; AHif1a°%%: n = 4; and AVAIh®%; n = 6). (G and /) Representative bio-
luminescent images obtained after i.v. injections of BCC-GFP::LUC cells. (H and J) Kaplan-Meier analyses of lung metastasis after i.v. injections of BCC-GFP:LUC cells
in control (H: n = 13; J: n = 37) and AHif1a°*% (H, n = 11) or AVhIh®** mice (J, n = 10). (K-N) Representative bioluminescent images (K and M) and quantification of
the total bioluminescent signal per mouse [in relative light units, (RLU) or radiance] and of the number of metastases detected by bioluminescence (L: n =8; N: n =
3) for each group after i.c. injections of BCC-GFP::LUC cells. (Scale bars: 1 cm in A and C; 200 pm in E.) Values indicate the mean + SEM, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001, two-tailed Student'’s t test (B, D, and F), log-rank (Mantel-Cox) test (H and J), or two-way ANOVA (L and N).
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Because Vhih deletion leads to stabilization of both HIFla
and HIF2a, we assessed the role of HIF2« in the systemic pro-
tumorigenic effect observed in AVAIL?SX mice. The genetic in-
validation of Hif2a in osteoblast-lineage cells did not significantly
alter the bone phenotype evaluated by micro-computed tomog-
raphy (micro-CT) in 8-wk-old mice (Fig. S44), which is consis-
tent with a previous report (16). AHif2a?>* mice presented no
significant difference in bone metastasis after i.c. injections or in
primary mammary tumor growth after orthotopic transplantation
(Fig. S4 B-E). In addition, inactivation of Hifla in AVAIhR?SX
mice, which partially reduced increased bone mass (Fig. S4F),
reverted the effect on increased tumorigenesis (Fig. S4 G-J).
Collectively, our results demonstrate that activation of HIF sig-
naling in osteoblast-lineage cells exerts a systemic control of
mammary tumor growth and metastasis beyond the bone mi-
croenvironment and suggest that this effect depends primarily on
HIFla rather than on HIF2a. These results are consistent with
the fact that OSX* OPCs preferentially express HIFla, not
HIF2a (Fig. 1 E and F).

Osteoclasts Do Not Mediate Systemic Breast Cancer Growth and
Dissemination in AVhIh®* Mice. To explain our finding, we hy-
pothesized that OPC-induced alterations in the bone microen-
vironment lead to the release of molecules stimulating tumor
growth and dissemination in the bloodstream. We assumed that
these molecular cues were quantitatively altered in mutant mice.
We therefore thoroughly analyzed the bone phenotype of these
mice to identify local changes that could explain the systemic
effect on tumor growth.

The decreased bone mass observed in AHifla mice was
associated with a significant decrease in osteoblast numbers (Fig.
44). Conversely, AVARIESY mice with high bone mass had in-
creased osteoblast numbers (Fig. 4B). Osteoblasts stimulate os-
teoclast differentiation by secreting RANKL to ensure bone
homeostasis (27). Accordingly, we observed that increased os-
teoblast numbers led to increased osteoclast numbers in
AVRIE®SY mice (Fig. 4D) and increased serum levels of deoxy-
pyridinoline, a marker of bone resorption (Fig. 4C). However,
the ratios of osteoclasts to bone surface area in AVAIR?S* and
AHifla”* mice were comparable to those in controls (Fig. 4D).
Moreover, we observed unresorbed cartilage remnants in the
primary spongiosa of AVhIh®S® bones, which could result from
steric hindrance by osteoid deposition (Fig. 4E) or altered os-
teoclast function in these mice (Fig. 4F). Together, these data
suggested that osteoclast activity might not mediate the systemic
tumorigenic effect of the skeleton in mutant mice. Nonetheless,
we tested the possibility that activation of HIF in OPCs could
indirectly stimulate tumor growth in bones and bgyond through
osteoclasts in AVAIR?SX mice. To this end, AVAILZSX mice were
treated with alendronate (ALN), a bisphosphonate commonly
used to suppress osteoclast function and bone metastasis (28).
The treatment started 2 d before BCC-GFP::LUC inoculation
and was maintained until mice were killed. ALN treatment in-
creased bone mass (Fig. S5E) and significantly reduced bone
metastasis in control mice after i.c. injections (Fig. S5 4 and B),
These results are consistent with the ALN-mediated inhibition of
bone resorption and bone metastasis previously reported (28).
However, ALN treatment did not affect bone metastasis after i.c.
injections or primagy tumor growth after orthotopic trans-
plantation in AVAIh*Y mice (Fig. S5 A-D). These results argue
against the possibility that osteoclasts play a major role in me-
diating the systemic tumorigenic effects observed in these mice.

OSX

Bone-Derived VEGF Does Not Mediate Systemic Breast Cancer Growth
and Dissemination in AVhIh®* Mice. Previous work showed that
HIF signaling induces VEGF expression in osteoblast-lineage
cells (15). Accordingly, activation of HIF signaling in OPCs was
associated with significantly increased angiogenesis in AVhIh5¥

E996 | www.pnas.org/cgi/doi/10.1073/pnas.1718009115

bones, while angiogenesis was decreased in AHifl1a®5X bones
(Fig. S6A). Although VEGF and increased angiogenesis could
support bone metastasis locally in AVAIL?SX mice, it was not
clear whether VEGF would be released systemically to increase
angiogenesis and promote tumor growth and dissemination away
from bones. We found no significant changes in VEGF levels in
the plasma of AVAIR?S® and AHifla®5* mice (Fig. S6B). More-
over, we observed a slight but significant decrease in vascular
invasion in mammary tumors obtained from AVAIAR?S¥ mice and
no change in those obtained from AHifla®5X mice (Fig. S6 C and
D). Together, our data strongly suggest that systemic tumor
growth and dissemination induced by the skeleton in mutant
mice are not mediated by VEGF-induced angiogenesis outside
the skeleton.

CXCL12 Mediates Systemic Breast Cancer Growth and Dissemination
Induced by the Skeleton. We noticed that 8-wk-old AVAIRZSX mice
have large amounts of unmineralized bone matrix called “oste-
oid” (Fig. 4FE), which likely reflects the expansion of un-
differentiated bone marrow stromal cells observed in these mice
(Fig. 4F) rather than a defect in bone mineralization. Consistent
with this observation, we observed a dramatic accumulation of
OSX* OPCs in these mice (Fig. 4 G and H). Conversely, the
number of OSX* OPCs was decreased in AHifla”SX mice (Fig. 4
G and H). To test whether skeletal progenitors could directly
influence breast cancer cell growth and dissemination, we per-
formed cocultures of primary mesenchymal stem/progenitor cells
(MSPCs) and breast cancer cells in which each cell type was
physically separated by a microporous membrane. MSPCs were
able to significantly stimulate breast cancer cell migration and
proliferation (Fig. 41). This effect was reduced with MSPCs de-
rived from AHifla”* mice and was increased with MSPCs de-
rived from AVAIROSY mice (Fig. 4I).

CXCL12 is highly expressed in OSX* OPCs, rather than in
mature osteoblasts (8), and its expression is induced by hypoxia
through HIF 1« in several cell types (29-32). Interestingly, Cxcl12
mRNA expression in bone was significantly higher than that of
the cells in bone marrow or in mammary tumors (Fig. 54), in-
dicating that bones might constitute an important source of
CXCL12. MSPCs expressed higher CXCL12 levels than cultured
bone marrow cells, MC3T3 osteoblasts, MLO-Y4 osteocytes, or
primary chondrocytes (Fig. SB). We also observed that hypoxia
exposure of bone explants depleted of hematopoietic cells up-
regulated CXCL12 expression to the same extent as phospho-
glycerate kinase 1 (PGK1), a bona fide target gene of HIFla
(Fig. 5C). This effect was significantly reduced in bone explants
derived from AHif1a®SX mice, demonstrating that HIFla up-
regulates CXCL12 expression in osteoblast-lineage cells ex-
posed to hypoxia. Importantly, we observed a significant increase
in the number of CXCL12* OPCs in the bones of AVAL?** mice
(Fig. 5 D and E), consistent with the dramatic increase in OSX™*
cells in these mice. Conversely, decreased OSX™ cell numbers in
the bones of AHifla®5X mice were associated with fewer
CXCLI12" OPCs (Fig. 5 D and E). Notably, we found that
AVRIL®SX mice displayed a nearly 50% increase in plasma levels
of CXCL12 (Fig. 5F). The increased circulating CXCL12 levels
in AVAIR®SX mice did not come from lungs, mammary glands, or
mammary tumors (Fig. 5G) and was remarkable, given the few
cells initially targeted by our conditional knockout. Despite the
decreased number of CXCL12* OPCs in the bones of AHifla”*
mice (Fig. 5 D and E), we could not detect a decrease in
CXCLI12 concentrations in the plasma of these mice (Fig. 5F),
presumably due to low basal levels in the control mice and the
limit of sensitivity of the assay that failed to measure lower
concentrations of CXCL12.

These alterations of CXCL12* OPC numbers and circulating
levels of CXCL12 were interesting, since CXCL12 can promote
mammary tumor cell growth and dissemination (13) (Fig. S7C).
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Therefore, CXCL12 produced by hypoxic OPCs might serve as
the link between the skeleton and systemic tumor growth and
metastasis. Consistent with this idea, knocking down CXCL12
with siRNAs (siCxcl/12) in MSPCs significantly reduced breast
cancer cell migration and proliferation (Fig. 5 H and I). Hence,
CXCLI12 derived from skeletal progenitors can directly stimulate
breast cancer cell migration and proliferation in vitro, further
suggesting that CXCL12 could directly stimulates tumor cell
growth and dissemination in AVAIR“S® mice.

CXCR4 and CXCR?7, the receptors of CXCL12, are highly
expressed in several types of cancer, including breast cancers (13,
33). We observed that our breast cancer cells highly expressed
CXCR4 compared with CXCR7 (Fig. S7A4), raising the possi-
bility that increased circulating levels of CXCLI12 in AVAIh?SX
mice might directly stimulate tumor cell proliferation and dis-
semination through CXCRA4. To test this, we treated control and
VHL-mutant mice with the well-characterized inhibitor of
CXCR4, AMD3100 (plerixafor) (34), and assessed tumor growth
and dissemination. Because AMD3100 has been reported to
activate CXCR7 (35), in addition to inhibiting CXCR4, we
verified that AMD3100 inhibits the signal-transduction path-
ways activated downstream of CXCR4 in tumor cells. AMD3100
treatment of BCC-GFP::LUC cells in vitro abolished CXCL12-
induced activation of the MAPK-pathway ERK downstream of
CXCR4 (Fig. S7B). AMD3100 also abolished breast cancer cell
migration and proliferation induced by exogenous CXCL12

Devignes et al.

(Fig. S7C). Hence, AMD3100 inhibits CXCL12-induced acti-
vation of CXCR4 in breast cancer cells. Interestingly, AMD3100
treatment also blunted breast cancer cell migration and pro-
liferation induced by MSPCs in vitro (Fig. 64). Strikingly,
AMD?3100 treatment abolished the increased frequency of
bone metastases in AVAIL”SY mice in vivo (Fig. 6B). Moreover,
AVhIW®SX mice treated with AMD3100 developed mammary
tumors comparable in size to those of control mice after
orthotopic transplantations gFig. 6 C and D). The i.c. injections
also revealed that AVhIA?S* mice treated with AMD3100
showed limited tumor growth globally and, in some cases, tu-
mor regression in numerous organs/tissues usually colonized
by breast cancer cells (Fig. 6 E and F). Together, these data
demonstrate that CXCL12-CXCR4 signaling mediates the
systemic increase of breast cancer growth and dissemination
observed in AVAIR?SX mice and suggest that CXCL12 produced
by OPCs acts directly through binding to CXCR4 in breast
cancer cells.

We tested whether CXCL12 directly stimulates tumor growth
and dissemination in vivo by knocking down (KD) CXCR4 in
BCC-GFP::LUC cells using shRNAs. This strategy reduced
CXCR4 expression in BCC-CXCR4XP cells by ~80% compared
with controls (BCC-CTL) (Fig. 6G). We observed that cell
proliferation and survival were unaffected in BCC-CXCR4*P
cells (Fig. S7D). AVhIh®S* mice inoculated with BCC-CXCR4*P
cells had decreased tumor burden compared with controls after
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both i.c. injections and orthotopic transplantations (Fig. 6 H-K).
Notably, wild-type control animals also displayed reduced tumor
burden when inoculated with BCC-CXCR4*P cells (Fig. 6 H and
I), indicating that physiological levels of CXCL12 produced by
hypoxic osteoblast-lineage cells in the skeleton contribute to
tumor growth. Together, these results support the notion that
CXCL12 produced upon the activation of HIF signaling in
osteoblast-lineage cells directly promotes systemic tumor growth
and dissemination.

Discussion

Numerous studies have focused on identifying the cellular and
molecular mechanisms within primary mammary tumors that are
responsible for tumor growth and dissemination. On the other
hand, systemic regulators that affect cancer progression are still
poorly understood. Far from being inert, the skeleton has been
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shown to regulate essential physiological functions in mice such
as insulin secretion, reproduction, and brain development (36).
In this context, it is not surprising that bones, through the action
of the osteoblast lineage, could influence pathological processes
such as cancer. Here, we show that activation of HIF signaling in
osteoblast-lineage cells not only promotes bone metastasis lo-
cally but also stimulates breast cancer growth and dissemination
distantly, beyond the skeleton, at least in part through increased
production of CXCL12.

Bone-resorbing osteoclasts are often incriminated in pro-
moting bone metastasis locally by releasing growth factors em-
bedded into the bone matrix (3). However, our results strongly
argue against osteoclasts having an important role in the distant
systemic control of breast cancer (Fig. S5). Interestingly, pre-
treating mice with ALN to inhibit osteoclast activity increased
bone mass but not tumor growth and dissemination (Fig. S5F).
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mice treated with saline (n = 14) or AMD3100 (n = 16). (C and D) Representative bioluminescent images and tumor photographs obtained after i.f.p. transplantation of BCC-
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total bioluminescence per mouse (K) after i.c. injections of BCC-CTL or BCC-CXCR4*® in control or AVhIh® mice (n > 3 for each group). (Scale bars: 1 cm.) Values indicate the
mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; two-tailed Student's t test (A and G), log-rank (Mantel-Cox) test (B), or two-way ANOVA (D, F, I, and K).
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Thus, increased bone mass alone is not sufficient to increase
tumorigenesis. Conversely, in AVAIL?SX mice increased bone
mass due to increased bone anabolism results in increased tu-
morigenesis. This supports the concept that increased bone
anabolism through increased number and/or biological activity of
the osteoblast-lineage cells mediates the tumorigenic effect of
the skeleton.

Among all osteoblast-lineage cells, it is still unclear whether
immature and differentiated osteoblasts play equal roles in
promoting breast cancer growth and metastasis. A recent study
indicates that senescent osteoblasts that are terminally differ-
entiated favor bone metastasis (2). However, several arguments
support OPCs having a unique role in creating a potent tumor-
igenic environment. First, we observed that breast cancer cells
colonize specific areas particularly enriched in OPCs, while no
bone metastases were observed in areas deprived in OPC. Sec-
ond, genetically targeting OPCs or skeletal mesenchymal pro-
genitor cells in mice is sufficient to induce leukemia or neoplasia
of mesenchyme-derived soft tissues locally (37, 38), while these
effects are not observed when mature osteoblasts are targeted
(17, 38). Third, OPCs, but not mature osteoblasts, express high
levels of CXCL12 (8), which increase tumor growth and dis-
semination (13).

Our work underscores the importance of the HIF signaling
activated in osteoblast-lineage cells in breast cancer progression.
Interestingly, activation of HIF signaling in mesenchymal pro-
genitor cells upon Prx1-Cre—driven ablation of Vhlh results in
mesenchymal tumors surrounding synovial joints (37). HIFla,
but not HIF2aq, triggers this tumorigenic effect in skeletal tissues.
Consistent with this observation, we found that deletion of Hifl «,
but not Hif2a, in osteoblast-lineage cells severely impaired breast
cancer %rowth and dissemination. The result obtained with
AHifla®* mice is important, since it demonstrates that physio-
logical levels of HIF1 activity promote systemic tumorigenesis.
Moreover, this suggests that targeting HIF1 signaling in the bone
microenvironment could reduce or prevent tumor growth and
dissemination in breast cancer.

Cells of the osteoblast lineage secrete several growth factors
and cytokines that may influence breast cancer. We identified
CXCLI12 as a key secreted factor in the systemic control of breast
cancer mediated by the skeleton. However, additional factors
secreted by osteoblast-lineage cells may play a role. It has been
reported that the levels of erythropoietin (EPO) and the number
of erythrocytes are increased in AVAIR®S® mice and that this
effect is dependent on HIF2a but not on HIFla (15). Therefore
it is conceivable that increased EPO production could increase
tumor growth in AVAIL®SX mice. However, we observed a de-
creased tumor burden in AHif1a%5* mice with expected normal
EPO levels but not in AHif-2a5* mice with expected low EPO
levels. This excludes the possibility that physiological levels of
bone-derived EPO mediate the systemic breast cancer growth
and dissemination induced by the skeleton in our model. Future
investigations will likely identify additional bone-derived factors
that can generate a systemic tumorigenic environment.

Our results demonstrate that CXCL12 directly stimulates breast
cancer cell migration and proliferation, although this does not
exclude additional indirect effects. As CXCLI12 is a critical regu-
lator of hematopoiesis (39), it may regulate the immune system to
influence breast cancer. Interestingly, a recent study indicates that
osteoblasts support immune-suppressive myeloid-derived cells,
suggesting that osteoblast-lineage cells could indirectly support
tumor progression by inhibiting the immune system (40). On the
other hand, several publications demonstrate that osteoblasts
support the differentiation of several immune cells involved in the
antitumoral immune response (41). Further investigation is re-
quired to evaluate whether immune responses against tumors are
modulated by hypoxic osteoprogenitors.
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The clinical relevance of our finding that osteoblast-lineage
cells instigate systemic changes promoting tumor growth and
dissemination is supported by several clinical studies, which have
linked alterations in bone homeostasis with the risk of breast
cancer (42-52). High bone mineral density (BMD) has long been
associated with increased risk of breast carcinogenesis and in-
creased risk of metastasis in breast cancer patients (42, 44-48,
52). Conversely, low bone mass has been correlated with lower
risk of breast cancer and decreased tumor recurrence (43, 49—
51). Although BMD was initially thought to reflect a cumulative
exposure to estrogens, recent clinical trials demonstrate that high
bone mass correlates with elevated breast cancer incidence
irrespective of reproductive correlates or endogenous and ex-
ogenous exposure to estrogens (44, 46, 47). However, the bi-
ological mechanism linking bone mass and the risk of breast
cancer is unknown. Although further work is required to evalu-
ate what triggers increased BMD in these patients, our data in-
dicate that increased bone anabolism rather than decreased bone
resorption might be responsible. Our data suggest that elevated
levels of CXCL12 in bones and plasma could be associated with
more advanced breast cancers. Clinical studies report differing
results: High CXCL12 plasma levels have been correlated with
high-grade tumors of breast cancer patients (53), which supports
our observation in mice; on the other hand, low plasma levels in
patients have been correlated with increased tumor dissemina-
tion (54). Combined measurements of BMD, circulating levels of
CXCL12, and clinical signs of cancer progression might help
clarify the role of the skeleton and circulating CXCL12 in breast
cancer patients.

Collectively, our results indicate that deregulation of bone
homeostasis mediated by the osteoblast lineage can significantly
affect breast cancer progression and metastasis and underscore
the importance of the skeleton as a regulatory organ of the
systemic tumor environment. This concept is important clinically,
since it suggests that bone anabolic treatments could increase the
risk of breast cancer. Future work aimed at identifying molecular
targets in the bone may yield novel therapeutic strategies to
prevent and treat metastatic disease.

Methods

Mice. All animal protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of the University of California, San Francisco
and the French National Animal Ethics Committee, CEEA9. Floxed Vhlh,
floxed Hifla, floxed Hif2a, and Osx-Cre::GFP mice and genotyping protocols
have been previously described (23-25, 55). All mice were backcrossed into
FVB/n wild-type mice for at least 10 generations. Littermate mice carrying
either one copy of the Osx-Cre::GFP transgene without the floxed allele or
negative for Osx-Cre::GFP transgene were used equally as control animals.
They were phenotypically indistinguishable and gave identical results in
our study.

Breast Cancer Model. Our breast cancer cell (BCC) line was generated from late
mammary carcinomas obtained from mouse mammary tumor virus (MMTV)-
PyMT transgenic mice (22) that express the PyMT oncoprotein under the
control of mouse mammary tumor virus LTR on the pure FVB/n background.
This cell line is negative for estrogen receptor (ER) and progesterone re-
ceptor (PR) and produces osteolytic bone metastases (Fig. S1). The reporter
genes encoding luciferase (pMSCVpuro-Luc) and GFP (pMIG-GFP) were
inserted in breast cancer cells to create the BCC-GFP::LUC cell line. Breast
cancer cells were inoculated in syngeneic 8-wk-old control and mutant FVB/n
mice. Methods for i.c. injection, i.v. (tail vein) injection, and orthotopic i.f.p.
transplantation are described elsewhere (56, 57).

Statistics. For all graphics, data are presented as mean + SEM. The indicated
sample size (n) represents the number of mice used for in vivo experiments
and the number of independent cell preparations for in vitro experiments.
Kaplan-Meier survival curves were compared using the log-rank (Mantel-
Cox) test. When comparing the effect of a treatment or different breast
cancer cell lines on control and mutant mice, two-way ANOVA was used with
Bonferroni posttests. In all other panels, statistical analysis was performed
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using an unpaired two-sided Student’s t test. P values are represented as

follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All statistical

analyses were performed using GraphPad Prism software (version 5.0f).
Additional details can be found in S/ Methods.
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