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Abstract
Purpose of Review This review provides an overview of the mechanisms induced by hypoxia that take place within primary
tumors and within the bone microenvironment, and that promote bone metastasis.
Recent Findings In primary tumors, hypoxia stimulates metastasis by promoting vascularization, epithelial-mesenchymal tran-
sition, immunosuppression, and by inducing pre-metastatic lesions in distant tissues. In bones, local hypoxia maintains bone
homeostasis and has been recently shown to promote tumor colonization, to reactivate dormant tumor cells, and strikingly, to
promote systemic cancer growth and dissemination beyond the skeleton.
Summary Hypoxia is recognized as a critical component of the tumor microenvironment that strongly affects tumor growth and
metastasis. However, our knowledge of the mechanisms induced locally by hypoxia in the skeleton that promotes tumor
dissemination in bones and beyond is only emerging. Recent studies identified LIFR and CXCL12 as important factors down-
stream of hypoxia signaling in the bone, but other molecules and mechanisms will be likely discovered in the future.
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Introduction

Metastasis is the main cause of cancer-related deaths. Bone
metastasis occurs frequently in several types of cancer. It is
not curable, and causes intractable pain. Metastasis is a com-
plex process (reviewed in [1•]) that starts with the acquisition of
an invasive behavior by cancer cells in the primary tumors.
Cancer cells that enter the blood or the lymph circulation are
called circulating tumor cells (CTCs). Most CTCs do not sur-
vive but a small fraction succeeds to colonize organs distant
from primary tumors. In bones, disseminated tumor cells
(DTCs) can become quiescent and remain dormant for several
years. Eventually, cancer cells start proliferating again to gen-
erate osteolytic (associated with bone destruction) or osteoblas-
tic (associated with bone formation) bone metastases. At each

step of the dissemination process, cancer cells interact closely
with their microenvironment. The tumor stroma is composed of
several cell types (immune cells, cancer-associated fibroblasts,
endothelial and mesenchymal cells, adipocytes, etc.) but also
the extra cellular matrix (ECM), and plays essential functions in
tumor progression [2•]. Solid tumors inherently present regions
of low oxygen tensions (hypoxia), and hypoxia is also an im-
portant component of the tumor microenvironment that influ-
ences primary tumor growth and metastasis. While the role of
hypoxia in tumor growth and metastasis has been relatively
well described at the primary tumor site, the role of tissue
hypoxia present within the bone microenvironment that influ-
ences bone metastasis has been much less studied. This review
highlights recent advances in our understanding of the mecha-
nisms induced by hypoxia that promote bone metastasis, in
primary tumors located outside the skeleton, and locally in
the bone microenvironment.

Hypoxia Is an Important Component of Solid
Tumors

The hypoxic tumor microenvironment is a common feature of
solid tumors that results in part from increased oxygen
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consumption by a large number of highly proliferating tumor
cells, and a compromised oxygen supply due to leaky and
abnormal blood vessels commonly found in tumors [3, 4].
The cellular response to hypoxia is mediated by a family of
three transcription factors called hypoxia-inducible factors
(HIF1, 2, and 3), first identified as regulator of erythropoietin
(Epo) gene expression, almost 30 years ago [5, 6].

HIFs are composed of a stable beta subunit (HIF1beta),
associated with one of the three labile alpha subunits
(HIF1alpha, HIF2alpha or HIF3alpha). The amounts of alpha
subunits present in cells are regulated by the partial pressure of
oxygen at a post-translational level [7, 8]. In presence of ox-
ygen, prolyl-hydroxylase domain proteins (PHDs) hydroxyl-
ate HIF-alpha subunits. This leads to their recognition by von
Hippel-Lindau (VHL), which forms with Elongin B, C and
Cullin 2 a complex carrying an E3 ubiquitin ligase activity.
Polyubiquitination of HIF-alpha results in its degradation by
the proteasome. Notably, O2-independent regulations of HIF
signaling also exist in cancer cells. Hydroxylation of
HIF-alpha by PHDs requires alpha-ketoglutarate (a key inter-
mediate in the Tricarboxylic Acid (TCA) or Krebs cycle), in
addition to oxygen. In tumor cells, dysfunctions of the cell
metabolism that lead to TCA cycle intermediates accumula-
tion, or intracellular cysteine depletion, have been reported to
inhibit PHD activity [9, 10]. HIF signaling can also be stimu-
lated independently of O2 levels by several pathways activated
in cancer cells. The transcription and translation of HIF-alpha
subunits are increased by the mammalian target of rapamycin
(mTOR) downstream of phosphoinositide 3-kinase (PI3K)–
protein kinase B (PKB/AKT) signaling [11], which can occur
independently of oxygen in cancers [12]. In triple negative
breast cancer cells, the breast tumor kinase (BRK) has been
reported to phosphorylate HIF1alpha, enhancing its stability
in presence of oxygen [13]. Lastly, recent work has identified
the ubiquitin C-terminal hydrolase-L1 (UCHL1) that is able to
deubiquitinate HIF1alpha, thus preventing its degradation by
the proteasome [14]. When stabilized, HIF transcription fac-
tors bind to a specific DNA sequence called hypoxia response
element (HRE), located in regulatory regions of HIF target
genes. This binding leads to the recruitment of the transcrip-
tional co-activators p300/CBP (CREB binding protein), in-
ducing gene transcription. The association of HIF with its
cofactors is regulated by O2-dependent hydroxylation mediat-
ed by the factor inhibiting HIF (FIH) [7]. Although most bona
fide target genes of HIFs are transactivated, HIFs can also
inhibit gene expression, presumably through the induction of
non-coding RNA or repressors.

HIF signaling is essential for the cellular adaptation to hyp-
oxia, in tumors like in normal tissues. HIF is required in hyp-
oxic cells to generate energy (adenosine triphosphate-ATP)
and to limit the production of reactive oxygen species, and
in hypoxic tissues to increase blood supply by promoting an-
giogenesis and erythropoiesis (reviewed in [15]). It is

therefore not surprising that several studies using various ex-
perimental models demonstrated that HIF signaling promotes
tumor development and progression (reviewed in [16]). In
mouse models of hypopharyngeal cancer, lung cancer and
breast cancer, tumor growth and metastasis are promoted by
overexpression of HIF [17, 18], and reduced by the inhibition
of HIF using dominant-negative HIF1alpha, or silencing
RNA, or pharmacological inhibitors [17, 19–21].

Many genes regulated by hypoxia are directly involved in
cancer progression, by promoting various mechanisms such
as anaerobic glycolysis, angiogenesis, dormancy, cell surviv-
al, cell stemness, and metastasis [8]. The deleterious role of
the HIF target genes encoding vascular endothelial growth
factor (VEGF), angiopoietin, and platelet-derived growth fac-
tor (PDGF) that induce angiogenesis in tumors, and thus sup-
ply nutrients and survival cues to promote tumor progression
has been particularly well described [22]. Another important
adaptation of the tumor cells to hypoxia is the stimulation of
the anaerobic metabolism to increase the production of ATP in
absence of oxygen (reviewed in [23]). Interestingly, hypoxia
also induces histone lysine demethylase 3A (KDM3A) ex-
pression, which could increase genome instability and favor
the acquisition of metastatic properties by cancer cells [24].

Moreover, several studies indicate that hypoxia inhibits the
immune response against tumors. For examples, reduced tumor
hypoxia obtained by respiratory hyperoxia in preclinical
models increased tumor infiltration by cytotoxic lymphocytes,
and decreased infiltration by regulatory T cell, resulting in a
better anti-tumoral immune response [25]. Other studies report-
ed that activation of HIF signaling in tumor cells induces a
resistance to immune surveillance by cytotoxic T lymphocyte
and natural killer (NK) cells (reviewed in [26]).
Immunosuppression is achieved through the recruitment of reg-
ulatory T cells, marrow-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs) at the tumor site, a pro-
cess that is promoted by hypoxia and HIF via the induction of
transforming growth factor beta (TGFbeta), VEGF and several
cytokines such as C-C motif chemokine 5 (CCL5) and C-X-C
motif chemokine 12 (CXCL12, also called SDF1) [26–32].
MDSCs and TAMs promote immunosuppression but also pro-
duce inflammatory cytokines that are favorable to tumor pro-
gression [2, 33]. Activation of HIF signaling in tumor cells also
induces the recruitment of mesenchymal stem cells (MSCs),
which leads to a bidirectional signaling cascade between breast
cancer cells and MSCs that promotes metastasis [34].

Consistent with these pre-clinical data, hypoxia and activa-
tion of HIF signaling in primary tumors have been clinically
associated with a poor prognosis in patients with various types
of cancers [35–37]. Several clinical studies also associate
HIF1alpha expression with increased dissemination in lymph
nodes [38, 39], and in visceral organs [18]. The expression of
HIF2alpha in tumors has also been associated with metastasis
in the lungs, in breast cancer patients [40, 41].

70 Curr Mol Bio Rep (2018) 4:69–79



It has been proposed that hypoxia may induce dormancy in
primary tumors by upregulating the expression of genes con-
trolling cell dormancy, such as those coding for NR2F1, DEC2,
and p27 (reviewed in [42]). Interestingly, hypoxia-induced dor-
mancy is persistent, even after withdrawing tumor cells from
hypoxia. This could explain the presence of Bpost-hypoxic^
dormant DTCs in colonized tissues, which could be responsible
for chemotherapy resistance and relapse [43••]. This, along
with other mechanisms, could explain why HIF signaling has
been reported to promote chemoresistance [44]).

Altogether these clinical and experimental results showed
that activation of HIF signaling in the tumor of origin pro-
motes tumor growth and metastasis. The next paragraph fo-
cuses on some of the mechanisms induced by HIF signaling in
primary tumors that are responsible for cancer cell
dissemination.

Hypoxia in Primary Tumors Promotes
Metastasis, Including to Bones

At the earliest stage of metastasis, cancer cells acquire inva-
sive and migratory properties. Several studies showed that
these properties are associated with epithelial-mesenchymal
transition (EMT), a change in cell morphology and junctions
with the neighboring cells and with the ECM. Hypoxia and
HIF signaling induce EMT and invasive behavior in several
cancer models, via direct transcriptional activation of key
EMT inducers like TWIST (twist basic helix-loop-helix tran-
scription factor 1), ZEB1 (zinc finger E-box binding homeo-
box 1) or Snail (snail family transcriptional repressor 1) [18,
45]. In vitro studies showed that hypoxia exposure was suffi-
cient to activate RhoA (Ras homolog gene family, member
A)/FAK (Focal adhesion kinase) signaling to induce cancer
cell motility [46]. Several genes involved in ECM synthesis
and remodeling, which is essential for cancer cell invasion, are
regulated by hypoxia: vimentin, fibronectin, matrix metallo-
proteinase 2 (MMP2), cathepsin D, urokinase plasminogen
activator receptor (PLAUR), procollagen-lysine,
2-oxoglutarate 5-dioxygenase 2 (PLOD2) and lysyl oxidase
(LOX) [47, 48]. As mentioned previously, hypoxia also pro-
motes vascularization allowing tumor cells to disseminate,
and favor immune system evasion that is crucial for tumor cell
survival in the blood and in colonized tissues.

To enter and then exit the bloodstream, cancer cells must
interact with endothelial cells. Interestingly, recent studies
showed that extravasation of breast cancer cells is improved
after their exposure to hypoxia, through induction of L1 cell
adhesion molecule (L1CAM) expression that enhances their
interaction with endothelial cells [49]. During this process,
hypoxic tumor cells also express angiopoietin-like 4
(ANGPTL4) that inhibits cell-cell interactions between

endothelial cells, allowing the tumor cells to migrate through
the blood vessel wall [50].

Through systemic signals, primary tumors remotely insti-
gate modifications in tissues targeted by CTCs prior to their
arrival, establishing pre-metastatic niches. This process was
first identified with the recruitment of bone marrow-derived
hematopoietic progenitors expressing VEGF receptor 1 to the
site of metastasis, before the arrival of cancer cells [51].
Interestingly, hypoxic breast cancer cells secrete LOX that is
a critical mediator of the pre-metastatic niche [52•]. LOX pro-
duced by primary breast tumors accumulates in distant sites
such as in the lungs, liver and bones. In the lungs, it has been
shown that LOX and type IV collagens cross-linking occurs,
allowing the recruitment of bone marrow-derived cells
(BMDCs) that produce MMP2. In turn, MMP2 production
favors the infiltration of more BMDCs, and the colonization
of the tumor cells [53]. In the bones, LOX produced by hyp-
oxic tumors induces pre-metastatic lesions that favor bone
colonization by stimulating bone resorption mediated by os-
teoclasts [54••]. A recent study similarly highlights the role of
LOX in colorectal cancer metastasis to bone. In this case,
LOX produced by primary tumors induces bone lesions
through interleukin 6 (IL6) induction, which promotes
osteoclast-mediated bone resorption [55••].

A growing literature focuses on tumor cell-derived
microvesicles or exosomes that are thought to precondition
the metastatic niche by carrying lipids, proteins, mRNA and
miRNA [56, 57]. These microvesicles are also involved in the
tropism of certain breast cancer cell lines toward the lungs or
the bones [58•]. Specific patterns of integrins expression in
exosomes determine organ specificity, but other mechanisms
may exist. Interestingly, hypoxia promotes the formation of
microvesicles in a HIF dependent manner [59], and exposure
of non-hypoxic breast cancer cells with microvesicles derived
from hypoxic cells promotes their invasive and metastatic be-
havior [60]. This could result from microvesicles carrying
microRNA that enhance HIF signaling activity [61], or carry-
ing HIF1alpha itself [62]. Thus, microvesicles could be criti-
cal mediators in hypoxia-induced metastasis. Whether
hypoxia-induced microvesicles influence bonemetastasis spe-
cifically remains unknown.

Since Paget’s seed and soil hypothesis described more than
a century ago, we know that the tropism of tumor cells for a
specific tissue is not random. The interaction between the
receptor CXCR4 (C-X-C chemokine receptor type 4)
expressed by tumor cells and its ligand CXCL12 present in
colonized tissues illustrates this notion. CXCR4 belongs to a
molecular signature associated with breast cancer metastasis
to bone, and its overexpression in breast cancer cells promotes
bone metastasis [63]. Bone is an environment particularly rich
in CXCL12. It has been shown that cancer-associated fibro-
blasts produce CXCL12 that primes cancer cells for metastasis
to the bone [64]. Interestingly, hypoxia and HIF1alpha induce
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the expression of both CXCL12 and CXCR4 in a variety of
cell types [29, 65], indicating that the CXCL12/CXCR4 path-
way may be important downstream of HIF signaling in pro-
moting bone metastasis. The role of this pathway may not be
specific to bone metastasis though, since other organs such as
the lungs express high levels of CXCL12. Accordingly,
inhibiting CXCR4 expression or blocking its function has
been shown to inhibit lung metastasis in orthotopic cancer
models [66, 67]. Another gene expressed by tumor cells that
is associated with poor prognosis and bone metastases in can-
cer patients is osteopontin (OPN) [68, 69], which promotes
tumor growth and metastasis in mouse models [70, 71]. OPN
is involved at the primary site in tumor vascularization [72],
the recruitment of BMDCs [73], and the transformation of
normal fibroblasts into cancer-associated fibroblasts [74], thus
promoting cancer progression. Interestingly, OPN expression
is induced by hypoxia [72]. It would be therefore interesting to
evaluate the possibility that OPN produced in primary tumors
could mediate bone metastasis downstream of HIF.

Hypoxia in cancer cells at the primary tumor site has been
reported to generally promote metastasis [16], including to
bones [17, 19]. It is still unclear, however, whether some of
the mechanisms mediated by HIF could induce specifically
metastasis to the bone, but not to other tissues. At the opposite
end of the metastatic process, the bone microenvironment also
presents hypoxic regions. Although it has been proposed that
combined treatments of mice with inhibitor of HIF1alpha and
TGFbeta reduce bone metastasis through a dual action on
tumor cells and on the bone microenvironment [19], the role
of bone-specific hypoxia in bone metastasis has been ad-
dressed directly only recently and is presented below.

Role of the Hypoxic Bone Microenvironment
in Bone Metastasis: Homing to the Bone

While the role of HIF signaling in tumor cells and in the tumor
microenvironment at the primary tumor site has been relative-
ly well described, the role of hypoxia that is restricted to the
bone microenvironment and its influence in bone metastasis
has been investigated only recently, and much is still un-
known. Important gradients of hypoxia have been observed
in the bone [75]. Although further studies are required to reli-
ably measure oxygen tensions in long bones, available data
indicate a range of 6 to 1% of O2, depending on the areas
considered (reviewed in [76]). The specific organization of
the vasculature of the long bones may be responsible for these
important oxygen gradients.

The bone microenvironment comprises many different cell
types (osteoblasts, osteoclasts, endothelial cells, adipocytes,
MSCs, hematopoietic stem cell (HSCs) and other hematopoi-
etic cells, etc.) that could affect individually or collectively
bone metastasis. In fact, several crosstalks have been reported

between osteoblasts, osteoclasts, endothelial and hematopoi-
etic cells, and thus, affecting one cell type most likely affects
indirectly the others. The endosteal surface below the growth
plate presents low oxygenation levels. Endosteal arterioles
found in this region are closely associated with skeletal pro-
genitor cells, and invalidation of HIF1alpha in endothelial
cells impairs bone formation [77]. Several studies have also
demonstrated that HIF signaling in osteoblasts promotes si-
multaneously bone formation and bone angiogenesis [78–80].
Therefore, these data indicate that local hypoxia in the bone is
responsible for the coupling of angiogenesis and osteogenesis,
a process that could be mediated by osteoblast-derived VEGF
[81]. Other genes activated by HIF signaling such as Cxcl12
and Cxcr4 could be involved in this coupling, since
CXCL12-CXCR4 signaling in osteoblasts promotes bone for-
mation [82] and this pathway has been reported to stimulate
angiogenesis in other tissues. However, local hypoxia could
also promote bone formation directly, independently of
pro-angiogenic functions. Low oxygen tensions likely main-
tain the stemness and survival of MSCs and osteoblast pro-
genitors (osteoprogenitors) [83], a mechanism that could ex-
plain why HIF signaling is required for bone formation.
Consistent with these data, we observed that activation or
suppression of HIF signaling in osterix-expressing cells in-
creases or decreases the number of osteoprogenitors, respec-
tively [84••].

Since tumor cells colonize tissues via blood vessels, one
could assume that increasing bone mass and angiogenesis
would increase bone metastasis. Consistent with this idea, a
recent study showed that genetic inactivation of the beta-2
adrenergic receptor in osteoblasts leads to reduced VEGF pro-
duction and to decreased bone colonization by breast cancer
cells [85]. Our results also support this idea, since we showed
that activation of HIF signaling in osteoprogenitor cells,
which increases locally bone mass and angiogenesis, pro-
motes bone metastasis [84••]. But the level of vascularization
cannot alone explain everything, since some cancers do not
disseminate to bones in spite of a high vascularization, and
since other highly vascularized organs are less frequently col-
onized compared to bones. Hence, other factors independent
of blood vessel numbers influence locally bone metastasis.

The ability of specific cancers to disseminate to specific
tissues may depend on the relative levels of receptors and
ligands expressed by the tumor cells and the targeted tissues,
respectively. For instance, tumor cells from breast and prostate
cancers but also melanoma present a high tropism for bone.
These cells have in common that they highly express the re-
ceptors CXCR4 [86] and receptor activator of NF-kappaB
(RANK) [87]. On the other hand, CXCL12 and RANK
Ligand (RANKL), their respective ligands, are highly
expressed in bones, and several publications suggested that
these ligands act as chemoattractant of these tumor cells
[88–90]. Of note, although robust data demonstrate that
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RANKL and CXCL12 act as chemoattractant in vitro, visual-
izing chemoattraction in a mouse skeleton is difficult, and our
interpretation of the mechanisms of action of these cytokines
in vivo is complicated due to their pleiotropic roles. In any
event, it is interesting that the expression of both CXCL12 and
RANKL is induced by hypoxia in various cell types [65, 87,
91–95]. In bones, we found that osteoprogenitor cells are
highly hypoxic and express very high levels of CXCL12, in
a HIF1alpha-dependent fashion [84••]. More importantly, we
demonstrated that increased colonization of the bones by
breast cancer cells, observed upon activation of HIF signaling
in osteoprogenitors, involves CXCL12-CXCR4 signaling.
Whether the hypoxic bonemicroenvironment favors boneme-
tastasis through increased production of RANKL in osteoblast
lineage cells remains unknown. Similarly, since hypoxia and
HIF signaling promote the expression of key bone metastasis
inducers such as LOX [54••], PLOD2 [47], RANKL [87, 88],
OPN [72] and CXCL12 [29] in cancer cells, it would be in-
teresting to assess whether the same factors could be also
induced in the cells of the bone microenvironment.

Activation of HIF signaling in osteoblast lineage cells
could also influence more directly the homing of tumor
cells to the bone. Several publications showed that DTCs
interact with osteoblasts. In prostate cancer, DTCs have
been shown to home in the osteoblast niche and compete
with local HSCs for the support provided by osteoblast
lineage cells [90, 96]. In breast cancer, DTCs have been
shown to disseminate near osteoblasts rather than near os-
teoclasts, and to form adherent junctions with them [97•].
When osteoblast-derived N-cadherin interacts with
cancer-derived E-cadherin, this activates the mTOR path-
way in cancer cells, promoting metastasis progression
[97•]. We observed that breast cancer cells preferentially
colonize regions in the bones enriched in osterix-positive
osteoprogenitors that are highly hypoxic, and that express
high levels of CXCL12 [84••]. While CXCL12 alone
might explain this specific tropism for the hypoxic
osteoprogenitors, it is possible that breast cancers cells in-
teract more directly with hypoxic osteoprogenitors, inde-
pendently of CXCL12. Since mTOR activates HIF signal-
ing in tumor cells [12], these cellular interactions could
lead to a particularly robust activation of HIF signaling in
tumor cells induced concomitantly by hypoxia and mTOR,
leading to a particularly aggressive metastatic progression.

Role of the Hypoxic Bone Microenvironment
in Bone Metastasis: Metastatic Outgrowth
and Dormancy

HIF signaling could also affect bone metastasis by mod-
ulating bone resorption. Bone resorption is the process by
which osteoclasts degrade the bone matrix. In osteolytic

bone metastasis, bone resorption promotes locally the
growth of bone metastases by releasing, in the bone mar-
row, growth factors present in the bone matrix [98].
Hypoxia could stimulate bone resorption directly by stim-
ulating osteoclast activity [99], or indirectly by increasing
the pool of osteoblasts secreting osteoclastogenic factors
such as IL6 and RANKL. Indeed, both IL6 and RANKL
expression can be induced by HIF signaling [26, 69, 88]
and are known to promote bone metastasis though activa-
tion of osteoclastogenesis that stimulates tumor cell
growth locally [98, 100•]. On the other end, activation
of HIF signaling in osteoblasts also strongly activates os-
teoprotegerin expression, the decoy receptor for RANKL
that inhibits osteoclastogenesis [80]. More work is there-
fore needed to evaluate the impact of bone resorption
downstream of HIF signaling in bone metastasis.

In contrast to osteolytic metastasis, in osteoblastic metasta-
sis, tumor cells promote osteoblast differentiation and activity,
which produce growth factors for cancer cells. Tumor cells
synthetize factors like BMPs, Wnt, Endothelin 1 or PDGF,
to promote osteoblast differentiation and the accumulation of
newly formed bone [101–103]. In turn, osteoblast lineage
cells produce TGFbeta, IGF and FGF that favor tumor cell
survival and growth. Hypoxia could be involved in this pro-
cess, as some of these factors have been reported to be induced
by hypoxia and/or HIF signaling, such as BMP [104],
Endothelin 1 [105], or PDGF [106].

Although much less studied than the mechanisms in-
volved in the homing and the growth of DTCs in bones,
the control of dormancy of tumors cells present in the
bone marrow is essential, since it is for a large part re-
sponsible for metastatic relapse that can occur years after
cancer therapy [42]. A recent publication unraveled the
role of hypoxia in regulating breast cancer cell dormancy
in the bone marrow [107••]. Leukemia inhibitory factor
(LIF, an IL6 family member) is produced by osteoblast
lineage cells and induces the dormancy and quiescence
of DTCs upon binding to its receptor LIFR. Hypoxia ex-
posure downregulates the signaling pathway downstream
of LIFR, which relieves breast cancer cells from dorman-
cy and induces their proliferation in bones [107••]. This
study is concordant with the observation that HIF-induced
urokinase-type plasminogen activator receptor (uPAR
encoded by Plaur) inhibits dormancy [108, 109]. Hence,
as opposed to the role of hypoxia at the primary tumor
site that could favor dormancy, these studies propose that
dormant DTCs in the bone could be reactivated by local
hypoxia exposure. Interestingly, dormant breast cancer
cells have been localized in proximity to cells expressing
high levels of CXCL12 in the bone marrow [110]. Hence,
HIF-induced CXCL12 expression in osteoprogenitor cells
could also participate to the control of tumor cell dorman-
cy in the skeleton.
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Role of the Hypoxic Bone Microenvironment
Beyond Bone Metastasis

A large part of the bone microenvironment is made of hema-
topoietic cells, and important crosstalks exist between these
cells and that of the osteoblast lineage. Notably, osteoblasts
control various aspects of hematopoiesis [111]. In particular,
they have been shown to support the HSC niche [112].
Interestingly, hypoxia is detected in HSC niches [113, 114]
and is important for HSC maintenance [115]. Moreover, acti-
vation of HIF2alpha signaling in the osteoblast lineage pro-
motes red blood cells formation through increased production
of erythropoietin (EPO) [78]. Consequently, hypoxia could
locally affect bone metastasis by altering the anti-tumoral im-
mune response, and/or tumor oxygenation and thus tumor
growth, by altering the number of erythrocytes. Since hema-
topoietic cells are mobilized in the bloodstream, these effects
mediated by HIF signaling in osteoblast lineage cells could
also affect tumor progression outside the skeleton. Recent
publications report that osteoblasts can promote the activation
and the recruitment of immune-suppressive cells in mammary
and lung adenocarcinomas, which leads to increased tumor
growth [116••, 117••]. Importantly, we recently discovered
that activation of HIF signaling in osteoprogenitors strikingly
promotes breast cancer growth and dissemination outside the
skeleton [84••]. We identified that this systemic effect is me-
diated at least in part by a direct communication between
osteoblasts and breast cancer cells through CXCL12/
CXCR4 signaling. However, additional mechanisms involved

in the systemic control mediated by the activation of HIF
signaling in osteoblast lineage cells may exist. It would be
interesting for instance, to investigate whether local hypoxia
in the bone marrow affects the immune response against tu-
mors, in a systemic fashion.

Conclusions

It is generally admitted that the large majority of solid tumors
are hypoxic, and that activation of HIF signaling promotes
their growth and dissemination. However, the published data
supporting this notion were obtained with a limited number of
models, focused essentially on breast cancer, and on prostate
cancer to a lesser extent. Whether the findings reported are
valid in all types of cancers is unknown. Moreover, the ma-
jority of the conclusions drawn on metastasis are based on
studies focused on lung metastasis. Only a few studies ad-
dressed the impact of HIF signaling specifically on tumor
dissemination to bones, using intracardiac and orthotopic in-
jections of tumor cell lines where HIF signaling was
over-activated or suppressed. While these studies provided
valuable information on tumor colonization of the bones,
these experiments did not address the question of whether
HIF signaling in primary tumors controls spontaneous metas-
tasis to bones, in a spontaneous cancer model. Our lack of data
on spontaneous bone metastasis results for a large part from
the very limited number of spontaneous cancer models, and

Fig. 1 HIF signaling controls bone metastasis in primary tumors and in
the bone microenvironment. In breast cancer, HIF signaling instigates bi-
directional signals between the breast and the skeleton that promote
systemic tumor growth and dissemination. In mammary tumors, HIF
induces the secretion of LOX, priming the bone microenvironment for
tumor cell invasion. In bones, activation of HIF signaling in
osteoprogenitors induces CXCL12 secretion that promotes mammary

tumor growth and metastasis to bones and to other tissues. Tissue
hypoxia in bones also alleviates tumor dormancy through repression of
LIFR signaling. See text for more details. (Credit: this figure is original
but the breast, blood vessel and bone diagrams were adapted from Servier
Medical Art illustrations licensed under Creative Commons Attribution
3.0 Unported License)
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by the fact that in mice, unlike in humans, spontaneous bone
metastasis seems a rare event that is particularly hard to detect.

The role of HIF signaling in the bone marrow in bone
metastasis remained elusive until recently. The recent discov-
eries that HIF can reactivate dormant metastatic breast cancer
cells that reside in bones, and that hypoxic osteoprogenitors
promote the colonization of the skeleton by breast cancer cells
and their metastatic outgrowth, emphasize the critical impor-
tance of tissue hypoxia in one of the organ most frequently
colonized in cancer patients. But we also learned that the im-
portance of tissue hypoxia in bones extends beyond the skel-
eton. These discoveries are important since they indicate that
targeting HIF signaling specifically in bones might be a good
strategy to treat cancer patients with or without bone
metastases.

In spite of this recent significant progress in our under-
standing of the role of HIF signaling in bonemetastasis, sev-
eral questions remain.We still do not knowwhether hypoxia
affects tumor dissemination to bones particularly, compared
to o the r o rgans . We a l so do no t know whe the r
HIF-independentmechanisms activated by hypoxia contrib-
ute to bonemetastasis. The relative importance ofHIF2alpha
versus HIF1alpha in this process is also not totally clear.
Opposi te roles have been often reported between
HIF1alpha and HIF2alpha in cancer biology (reviewed in
[118]), with HIF1alpha often identified as the important
pro-tumorigenic factor. We observed that activation of
HIF1alpha, but not HIF2alpha, in osteoprogenitor cells pro-
motes systemic breast cancer growth and dissemination
[84••]. However, this does not exclude a specific role of
HIF2alpha in the control of bone metastasis, which may af-
fect mechanisms and/or cell types that are different than
those influenced by HIF1alpha.

Most of our knowledge of the role of HIF signaling in
bone metastasis comes from animal models, and the clinical
relevance of the majority of the experimental findings pre-
sented here still needs to be evaluated. Several clinical stud-
ies show that hypoxia and HIF expression in primary tumors
are associated with metastasis and poor prognosis [8, 18].
Interestingly, HIF1alpha expression in primary breast tu-
mors was associated with the presence of micrometastases
in the bone marrow of patients [119]. However, whether
activation of HIF signaling in primary tumors of cancer
patients specifically influences bone metastasis remains un-
clear, due the limited clinical data available. Similarly, the
clinical relevance of the role of the hypoxic bone microen-
vironment in bone metastasis observed in mice is unknown,
due at least in part to the difficulty to measure accurately
oxygen tension in bones in vivo.

Even in animals models, the role of the tumor microenvi-
ronment is particularly complex to study at the primary tumor
sites and in bones, since it involves many different cellular,
molecular and structural components, but also because its

spatial and temporal organization evolves continuously. In
the bone microenvironment, like in primary tumors located
outside the skeleton, the role of HIF signaling has been eval-
uated in a very limited number of cell types comprised in the
tumor stroma. While some of the factors and cellular mecha-
nisms triggered by hypoxia have emerged (Fig. 1), further
studies are necessary and will very likely contribute to im-
prove our understanding of bone metastasis, and may lead to
new therapeutic strategies to limit tumor spread in patients.
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