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Abstract

Hypoxia is a common feature in tumors, driving pathways that promote epithelial-to-mesenchymal
transition, invasion, and metastasis. Clinically, high levels of hypoxia-inducible factor (HIF)
expression and stabilization at the primary site in many cancer types is associated with poor
patient outcomes. Experimental evidence suggests that HIF signaling in the primary tumor
promotes their dissemination to the bone, as well as the release of factors such as LOX that act
distantly on the bone to stimulate osteolysis and form a pre-metastatic niche. Additionally, the
bone itself is a generally hypoxic organ, fueling the activation of HIF signaling in bone resident
cells, promoting tumor cell homing to the bone as well as osteoclastogenesis. The hypoxic
microenvironment of the bone also stimulates the vicious cycle of tumor-induced bone destruction,
further fueling tumor cell growth and osteolysis. Furthermore, hypoxia appears to regulate key
tumor dormancy factors. Thus, hypoxia acts both on the tumor cells as well as the metastatic site
itself to promote tumor cell metastasis.
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1. Introduction

Hypoxia (low oxygen tensions) is a common feature in solid tumors, since the existing
vasculature cannot support the high nutrient and oxygen demands of the dense mass of
rapidly proliferating malignant cells. This acts as a stimulus to trigger angiogenesis and
other cellular changes to help the tumor cells adapt to survive in this hostile environment.
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However, tumors will often still have regions of hypoxia even after the establishment of new
blood vessels, since these new blood vessels are poorly organized and structurally abnormal,
causing them to be leaky and leading to inefficient perfusion of the tumor [1]. For example,
the median oxygen tension in breast tumors has been measured at approximately 28 mmHg
(3.7%), whereas normal healthy breast tissue’s oxygen levels were around 65 mmHg (8.6%)
[2]. Similarly, squamous cell carcinoma of the uterine cervix had a median pO, of 9 mmHg
(1.2%) while normal cervical tissue was around 42 mmHg (5.5%).

Cells sense and respond to hypoxia through the hypoxia-inducible factor (HIF) signaling
pathway. The functional HIF transcription factor heterodimer forms when an oxygen-
sensitive a subunit (HIF1a or HIF2a) binds to the constitutively expressed p subunit
(HIF1p, encoded by the ARNT gene) [3-6]. While a third a subunit variant, HIF3a, has
been identified, many splice variants of HIF3a are not oxygen sensitive, cannot dimerize
with HIF1p, and do not have transcriptional regulatory functions [7-10]. Furthermore, the
most common isoform of HIF3a shares only 74% identity with HIF1a and 52-58% identity
with HIF2a [11, 12]. Therefore, HIF3a will not be discussed further in the context of this
review, since HIF1a and HIF2a are the main drivers of hypoxia responsive pathways.

Under normoxia, a subunits are hydroxylated on certain prolyl residues by prolyl
hydroxylase domain-containing enzymes (PHD1-4). These hydroxylations allow the von
Hippel Lindau (VHL) E3 ubiquitin ligase to bind the a subunits and polyubiquitinate them,
marking them for degradation by the proteasome [13-15]. PHD enzymes require molecular
oxygen, a-ketoglutarate, ascorbate, and iron in order to be functional [16, 17]. Thus, under
hypoxic conditions the PHD enzymes are non-functional and the a subunits are not
hydroxylated and degraded. This allows the dimerization and nuclear translocation of the a
and B subunit complex, which functions as a transcription factor for target genes by binding
to hypoxia response elements (HRES) in the promoter region [18-20] (Figure 1). HIF
signaling regulates the expression of many genes involved in angiogenesis and metabolism,
allowing cells to survive in low oxygen while they recruit new blood vessels to restore ideal
oxygen tensions [21-23]. One of the key genes that is upregulated in response to HIF
signaling is vascular endothelial growth factor (VEGF), which stimulates angiogenesis by
binding to VEGF receptor (VEGFR) on the surface of endothelial cells and causing them to
migrate and assemble into new blood vessels [24, 25]. Increased microvessel density
improves the delivery of oxygen and nutrients to the hypoxic cells, supporting further cell
proliferation. HIF signaling also increases glycolysis by stimulating the expression of
glucose transporters, like GLUT1, and glycolytic enzymes, like lactate dehydrogenase A
[26-29]. These transcriptional changes allow cells to take up more glucose from their
environment and derive sufficient energy from glycolysis alone during the time that the
oxygen dependent electron transport chain is inactive, thus enabling cells to survive in
0Xygen-poor microenvironments.

In the context of tumor cells, HIF signaling also regulates genes involved in epithelial-to-
mesenchymal transition, invasion, and the regulation of matrix composition, which promotes
the metastasis of malignant cells [30-32]. This is supported by clinical data from breast
cancer patients, which found that more intense HIF1a staining in the primary tumor was
associated with poor outcomes such as reduced overall survival, therapy resistance, and early
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relapse [33-36]. HIF1a overexpression was also found to be associated with shorter overall
patient survival as and recurrence-free survival in lung cancer [37], and increased
intratumoral HIF1a staining predicts poor outcome and response to therapy in many tumor
types, including oropharyngeal cancer [38], oral squamous cell carcinoma [39],
oligodendroglioma [40], epithelial ovarian cancer [41], and cervical cancer [42]. A meta-
analysis of HIF2a as a prognostic marker similarly showed that high HIF2a expression was
associated with decreased overall survival, disease-specific survival, disease-free survival,
metastasis-free survival, and progression-free survival in patients suffering from various
types of solid tumors [43]. While hypoxia has classically been considered a feature of solid
tumors rather than hematological malignancies, the increased hypoxia in myelomatous and
leukemic bone marrow is now well-established [44-47]. Furthermore, in acute myeloid
leukemia, hypoxia promotes chemoresistance [48] and increased HIF1a expression is
associated with decreased overall survival and event-free survival [49].

Hypoxia and HIF signaling also play critical roles in skeletal development and osteogenesis.
For example, HIF1a and VHL expression in osteoblast-lineage cells, defined by Osterix
(OSX) expression, impacts bone mass in mouse models, with Hifla deletion resulting in
reduced bone mass and V/i/ deletion resulting in dramatically increased bone volume [50].
Similarly, combined deletion of PHD1, PHDZ, and PHDS3, which stabilizes HIF, in OSX-
lineage cells causes excessive trabecular bone growth due to overly active HIF signaling
[51]. While the actions of HIF signaling in endochondral ossification and growth plate
development, for example, are well described in the literature [52], this review will focus on
the role of hypoxia in metastasis, tumor growth in the bone, and osteolysis.

2. Blood flow and hypoxia in bone

The bone marrow is the site of hematopoiesis and thus houses a vast array of cell types
including hematopoietic stem cells, various progenitor cells, mature immune cells,
megakaryocytes, as well as osteoblasts and osteoclasts that control bone turnover and
homeostasis. Thus, the bone marrow is highly vascularized to support the metabolic needs of
all of these cells. The vascular structure of the bone was first described in the 1950s and
1960s, where it was found to possess a similar hierarchical organization of blood flow as
many other organs [53-56]. The bone has large arterial vessels that feed into a dense
capillary network before eventually draining into a large central vein, which in the case of
long bones runs along the center of the diaphysis, the main shaft that contains the marrow
[55, 57, 58]. As very dense cortical bone encases the bone marrow, blood vessels can only
enter and exit the bone at specific points. High-resolution microscopy of murine long bones
has revealed that they are supplied by approximately 16 nutrient arteries that feed into the
endosteal capillary network [59]. These arterial capillaries eventually connect to the venous
tree, where blood drains into the large central sinus and then exits the bone through one of
two exit sites. In addition, hundreds of transcortical capillaries were discovered that traverse
perpendicularly through the cortical bone along the entire bone shaft, forming a direct
connection between the endosteal and periosteal circulations. Surprisingly, these
transcortical capillaries are responsible for roughly 80% of arterial, and 59% of venous
blood flow, indicating that these small vessels are responsible for the majority of blood
supply to the bone rather than the larger nutrient arteries.
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Another challenge that is presented by the dense cortical bone is that it has been extremely
challenging to measure the oxygen tensions within the bone marrow. Mathematical models
have attempted to estimate the oxygen levels in bone marrow, but the complicated cellular
composition and structural intricacies of the bone limit the accuracy of the estimates
[60-62]. For example, the various bone marrow resident cell types have different oxygen
consumption rates, the distribution of different cell types throughout bone marrow niches is
not uniform or well defined, and the structure of the trabecular bone and capillaries beds are
extremely complex. These models estimate that the oxygen tensions at the inner layer of
trabecular bone range from 2.5 to 35.2 mmHg (0.33-4.63% pO,), depending on the
thickness of the trabeculum and the distance from a capillary [62].

While the oxygen levels in long bones have not yet been measured, two-photon
phosphorescence lifetime microscopy has allowed for the direct measurement of calvarial
bone marrow oxygen tensions in live mice [63]. This revealed that while the bone marrow is
a highly vascularized tissue, the bone is a generally hypoxic organ that contains niches of
severe hypoxia. Using two-photon /n7 vivo imaging, Spencer et al. followed individual blood
vessels as they ran deeper into the bone marrow. From this longitudinal analysis, they
observed rapid oxygen depletion as the blood traveled from the cortical bone, a region of
low cellularity, to the bone marrow, a densely cellular tissue. Endosteal regions were found
to be better oxygenated, with a mean intravascular pO, of 21.9 mmHg (2.9%) and
extravascular pO, of 13.5 mmHg (1.8%), compared to deeper sinusoidal regions that had a
mean intravascular pO, of 17.7 mmHg (2.4%) and extravascular pO, of 9.9 mmHg (1.3%).
These measurements also show that in addition to oxygen tensions decreasing along the
length of the blood vessel, they drop sharply between intravascular and extravascular
readings. Thus, even bone marrow that is close to blood vessels experience low oxygen
levels, with extravascular oxygen tension measurements ranging from 4.8 to 21.1 mmHg
(0.6-2.8%). This rapid oxygen depletion, both longitudinally and laterally, is likely due to
the high metabolic demands of the bone marrow, in accordance with its highly cellular
nature and actively dividing cell populations. It is important to note that these measurements
are from the calvaria of mice, which is structurally distinct from other bones such as long
bones or vertebrae that are also common anatomical sites of metastasis. However, bone
marrow in these other sites would likely be subject to oxygen tensions as low as what was
measured here, or possibly even lower. As will be discussed below, the hypoxic conditions
that bone metastatic cells and bone resident cells experience have important implications for
tumor growth in the bone and osteolysis.

3. Hypoxia in Bone Metastasis

While hypoxia and active HIF signaling in primary tumors is predicted to drive distant
metastasis, a direct relationship between tumor hypoxia and bone metastasis has been
difficult to establish. Clinical evidence supports this theory, as increased HIF1a expression,
as well as decreased VHL expression, has been observed in primary breast tumor samples
from patients with bone marrow metastasis compared to those with no tumor cells detectable
in their bone marrow [64].
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Lu et al. attempted to address this question of whether HIF signaling in the primary tumor
drives bone metastasis. They found that MDA-MB-231 variant cells expressing DN-HIFla
formed significantly fewer bone metastases than control cells, following mammary fat pad
injection [65]. Liao et al. performed a similar study using a genetically modified mouse
model that had mammary specific deletion of Hifla and expression of the polyoma middle
T antigen (PyMT) that drives spontaneous mammary tumorigenesis [66]. These mice had
decreased pulmonary metastasis compared to control mice, but tumor dissemination to bone
was not evaluated in this study. Similarly, a recent study found that a HIF2a.-driven long
non-coding RNA, RAB11B-AS1, increases dissemination to, and colonization of, the lung
and liver following orthotopic injection of human breast cancer MDA-MB-231 cells [67].
This study found that RAB11B-AS1 overexpression in MDA-MB-231 cells increased their
migration and invasion and upregulated the expression of angiogenesis genes like VEGFA
and ANGPTLA4, thereby promoting distant metastasis. While these studies establish that
active HIF signaling in the primary tumor is capable of driving dissemination to distant sites,
only the study by Lu et al. evaluated dissemination to the bone. No studies using a
spontaneous tumor model have yet validated that HIF signaling factors drive bone
metastasis.

Whether dissemination from the primary site to the bone is HIF dependent remains unclear,
but the role of HIF signaling in tumor growth and osteolysis once tumor cells reach the bone
marrow has been investigated more directly. Hiraga et al. generated MDA-MB-231 cells that
expressed a dominant negative (DN) form of HIF1a or a constitutively active (CA) HIF1a
and compared tibial tumor volume following intracardiac inoculation [68]. The mice
injected with DN-HIF1a cells had significantly reduced tumor burden in the tibia compared
to empty vector control cells, while CA-HIF1a cells grew more aggressively in the tibia and
induced greater osteolysis. CA-HIF1a cells expressed significantly higher levels of VEGF /in
vitro, and hypoxia inhibited the differentiation of mesenchymal cells (C3H10T1/2) to
alkaline phosphatase-positive osteoblast-like cells in response to BMP2 stimulation.
Hypoxia also increased TRAP-positive osteoclast-like cell formation from spleen cell
cultures treated with soluble RANKL and M-CSF. Taken together, this indicates that
hypoxia causes tumor cells to recruit additional vasculature to support their outgrowth in the
bone, while simultaneously shifting the activity of bone resident cells to promote osteolysis.
In a separate study, HIF1a knockdown in MDA-MB-231 cells decreased bone colonization
and increased survival in nude mice inoculated with the tumor cells via intracardiac injection
[69]. HIF1a knockdown also decreased the microvessel density within the bone metastatic
lesions they observed /in vivo, and culturing MDA-MB-231 cells in 1% O caused the cells
to upregulate VEGF and CXCR4 transcription in a HIFla-dependent manner.

When discussing bone metastasis, it is important to recognize that the immune system also
impacts primary tumor growth, metastasis, and growth of disseminated cells [70]. Tumor
associated macrophages have been recognized for their importance in driving angiogenesis,
tumor growth, invasion, and metastasis [71-73]. In the primary tumor, the presence of
regulatory T cells (Tregs) has been associated with poor prognosis [74], and Tregs are
increased in the bone marrow of prostate cancer patients with bone marrow metastases [75].
In addition, Tregs have been found to produce RANKL [76], suggesting they may contribute
to the cycle of bone destruction. Cytotoxic T cells are one of the main cell types responsible
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for the destruction of tumor cells, but their activity can be inhibited by TGF-f released from
osteoclastic resorption of bone [77, 78]. Along with cytotoxic T cells, natural killer (NK)
cells are important in tumor cell destruction and are often responsible for killing metastatic
cells while they are in circulation, preventing metastatic seeding [79]. Furthermore,
depletion of NK cells and cytotoxic T cells has been shown to drive metastasis to bone in a
4T1 cell model of breast cancer [80].

It is important to note that many of the studies investigating the role of hypoxia in bone
metastasis and tumor growth in bone have used MDA-MB-231 human breast cancer cells to
model tumor growth in mice. While MDA-MB-231 cells grow aggressively and reliably
colonize the bone without the need for exogenous estradiol supplementation, allowing
researchers to study mechanisms involved in dissemination and osteolysis with
phenotypically normal bone, they require the use of immunocompromised mice. Athymic
nude mice are most frequently used, meaning the impact of T cells on the processes under
investigation cannot be modeled [81]. Studies employing NSG mice would be further
limited in their ability to model physiological disease processes, as they lack functional T
and B cells, NK cells, macrophages, and dendritic cells (REF). Hypoxia is known to
modulate the function of various immune cell populations, and could thus affect the
frequency of metastasis from the primary tumor, or the ability of tumor cells to colonize the
bone marrow. Culturing T-cells in 1% O, was found to induce the expression of FOXP3, a
key regulator of Treg cell differentiation, in a HIF1a dependent manner [82]. Thus,
extremely hypoxic regions of the bone microenvironment may increase Treg cell
differentiation and promote bone metastasis or osteolysis [74-76]. Additionally, HIF1a, but
not HIF2a, was shown to drive the expression of programmed death ligand 1 (PD-L1), an
immune checkpoint regulator, by binding to an HRE in the PD-L1 proximal promoter [83].
Hypoxia was found to drive PD-L1 expression in myeloid derived suppressor cells,
macrophages, dendritic cells, as well tumor cells (B16-F10, LLC, CT26, 4T1). Increased
interactions of PD-L1 and PD-1 on T cells leads to the inactivation of T cells, creating a
permissive environment for tumor cell growth. This could occur in the primary tumor or in
metastatic lesions. Furthermore, microenvironmental acidification, a common feature among
hypoxic solid tumors, can cause T cells to become anergic [84], similarly leading to a
growth permissive microenvironment. Taken together, hypoxia drives the generation of a
microenvironment in which T cell functions are inhibited, or are skewed toward an
immunosuppressive phenotype. Interestingly, HIF signaling also plays a role in macrophage
polarization, where HIFla is induced by Th1 cytokine during M1 polarization, while HIF2a
is induced in response to Th2 cytokines during M2 polarization [85]. HIF1a then drives the
expression of pro-inflammatory M1 macrophage effector genes like nitric oxide synthase
(NOS), whereas HIF2a regulates effectors in the anti-inflammatory, pro-repair, or tumor-
associated M2 macrophages like arginase | (Arg-1). /n vitro studies have shown that
intermittent hypoxia promotes M1 polarization [86, 87]. Since primary tumors often have
fluctuating oxygen levels due to inefficient and disorganized vasculature [88], these
conditions could promote pro-inflammatory M1 polarization. However, with the other
immune dampening effect of hypoxia, it is difficult to predict whether these M1
macrophages could still exert their typical anti-tumor effects. As a whole, hypoxia appears to

Cancer Lett. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Todd and Johnson

Page 7

dampen the anti-tumor immune response, thereby further tipping the scale in favor of tumor
growth and metastasis.

In addition to hypoxia playing a role in tumor growth and metastasis to the bone, hypoxia
also promotes the proliferation of osteosarcoma cells, a primary malignant bone tumor.
Zhang et al. [89] showed that osteosarcomas are often hypoxic and that hypoxia is capable
of upregulating platelet-derived growth factor (PDGF) and platelet-derived growth factor
receptor (PDGFR) in osteosarcoma cell in vitro, which has previously been shown to be
associated with poor patient outcomes [90-93]. Specifically, they showed that hypoxia
increases PDGF-BB and PDGFR-, and that this expression was HIF1a dependent. PDGF-
BB was found to promote osteosarcoma cell proliferation and migration by activating AKT,
ERK1/2, and STAT3 signaling.

As discussed above, due to the shifting metabolic needs of tumors and the abnormal
vasculature that is formed, hypoxia within tumors is highly variable, heterogeneous, and
transient. Thus, not all tumor cells within a tumor experience hypoxia. Harrison et al.
modeled this heterogeneity by creating an inducible HIF1a construct [94]. They fused a
mutant form of HIFla that is stable under normoxia to a destabilization domain, creating an
inducible HIF1a that is only stable in the presence of the inducer molecule trimethoprim.
MCEF7 cells expressing this construct were co-cultured with wild type MCF7 cells, creating
a mixture of cells mimicking normoxic and hypoxic cell signaling. Increased hypoxia
response gene expression was observed in wild type MCF7 cells following co-culture, as
indicated by elevated VEGF, erythropoietin (EPO), and carbonic anhydrase IX (CAIX)
mRNA. This suggests that cells with active HIF signaling are capable of inducing a hypoxic-
like state in neighboring cells, even when these neighboring cells do not have direct
hypoxia-triggered HIF activation. While the mechanism by which this occurs is unclear,
these findings suggest that tumoral hypoxia in one region of the tumor could promote the
invasive and metastatic capabilities of neighboring tumor cells, contributing to tumor
invasion, metastasis, and poor patient outcomes.

Supporting this idea, tumor cells experiencing hypoxia have also been shown to exert effects
on surrounding tumor cells in their microenvironment that promote tumor cell survival,
invasion, and metastasis. Hypoxia was found to increase extracellular vesicle release from
prostate cancer cell lines (MiaPaCa and AsPC-1) in a HIF1a dependent manner, and change
the size distribution of the extracellular vesicles that were released, favoring smaller vesicles
[95]. Furthermore, treating these prostate cancer cells with the small extracellular vesicles
released from hypoxic cells conferred a growth advantage under hypoxic conditions,
compared to treatment by small extracellular vesicles collected from normoxic cells. This
suggests that hypoxia not only alters the number and size of the extracellular vesicles, but
also the composition of the extracellular vesicles to increase tumor cell survival in these
growth-limiting conditions. Another study showed that the expression of RAB22A, a small
GTPase that localizes at the plasma membrane with budding microvesicles, has been shown
to be hypoxia dependent [96]. Culturing breast cancer cells (MDA-MB-231, MDA-MB-453,
or MCF7) in hypoxia increased the number of microvesicles formed as well as RAB22A
MRNA levels, and incubating breast cancer cells with these microvesicles induces focal
adhesion formation and invasion, /n vitro. Furthermore, RAB22A knockdown in MDA-
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MB-231 cells reduced pulmonary metastasis following orthotopic implantation. Clinically,
RAB22A mRNA overexpression in primary tumors was found to be associated with
decreased overall survival and metastasis-free survival. The implications of RAB22A
induced tumor microvesicles on bone metastasis, however, was not investigated. It is unclear
whether these microvesicles could localize to the bone marrow and contribute to the
establishment of a pre-metastatic niche by altering the bone marrow to make an environment
that is more permissive to the survival and outgrowth of metastatic cells. Other studies have
shown that tumor-derived exosomes, another type of extracellular vesicle, are capable of
localizing to the bone marrow after intravenous injection, supporting the possibility that
hypoxia stimulated extracellular vesicles may similarly be able to home to the bone [97].
Furthermore, tumor-derived extracellular vesicles have been shown to alter the activity of
bone-resident cells in multiple tumor types [98]. For example, amphiregulin-containing
exosomes released from non-small cell lung cancer cells have been found to induce EGFR
signaling in preosteoclasts and promote osteoclastogenesis /n vitro[99], and multiple
myeloma exosomes simultaneously enhanced osteoclast activity and inhibited osteoblast
differentiation and activity [100]. Additionally, exosome-mediated transfer of pyruvate
kinase M2 (PKM2) from primary prostate cancer cells to bone marrow stromal cells was
shown to increase CXCL12 expression in the bone marrow stromal cells in a HIFla-
dependent manner, enhancing seeding and growth of metastatic cells in the bone marrow
[101]. These examples illustrate how hypoxic tumor cell-derived extracellular vesicles may
be capable of altering the bone metastatic niche, an already fertile soil for tumor cells, and
make it even more amenable to metastatic seeding and outgrowth. The establishment of such
pre-metastatic niches has mainly been reported in the lungs, where primary breast tumor
secreted factors and extracellular vesicles have been shown to induce vascular leakiness,
alter the behavior of stromal cells, remodel the extracellular matrix (ECM), trigger the
recruitment of bone marrow derived cells (BMDCs) to the lungs [102-105]. These BMDCs
then secrete inflammatory cytokines, growth factors, proangiogenic factors, and ECM
altering factors such as matrix metalloproteinase 2 (MMP2), preparing the site for the arrival
of metastatic cells [102, 103]. Tumor derived factors have also been shown to modulate the
behavior of perivascular cells, inducing a phenotypic switch to a less differentiated state,
marked by expression of the pluripotency gene KLF4 [106]. These perivascular cells have
enhanced ECM deposition, which in turn supports metastasis. Importantly, recent research
supports the notion that pre-metastatic niches can form in the bone marrow as well [101].
This new paradigm may further deepen our understanding of why certain cancer types
preferentially metastasize to the bone, or why certain patients develop bone metastases while
other do not.

Apart from the role of HIF signaling in the tumor cells, active HIF signaling in bone resident
cells also controls metastasis to the bone. Devignes et al. established that HIF1a and VHL
expression in osteoblast-lineage cells could influence the ability of injected tumor cells to
colonize the bone [107]. When mice lacking Hifla expression specifically in osteoblast-
lineage cells (AHif1a®SX mice) were inoculated with a PyMT-derived cell line via
intracardiac or orthotopic injection, AHif1a®S* mice developed bone metastases less
frequently than control mice. Interestingly, the primary tumors that grew after orthotopic
injection were also significantly smaller in AHif1a®SX mice. Conversely, A VAPSX mice
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developed bone metastases more frequently and more rapidly than control mice after
intracardiac or orthotopic injection, and grew larger, more proliferative primary tumors. This
indicates that signals from bone resident cells are capable of controlling distant tumor
proliferation. This bone-imposed control of tumor growth was found to be CXCL12
mediated, where AHif1a®S% mice had decreased numbers of CXCL12* osteoprogenitor
cells, whereas A VAPSX mice had significantly more CXCL12* osteoprogenitor cells and
also had higher circulating plasma CXCL12 levels. CXCL12 expression can be induced by
hypoxia [108-111] and is known to promote mammary tumor cell growth and dissemination
by signaling through CXCR4 on breast cancer cells [112]. These findings underscore the
fact that the effects of hypoxia and HIF signaling do not only have local effects, but can
exert control on distant seemingly unrelated organs to impact tumor growth.

4. Hypoxia’s Role in Tumor-Induced Osteolysis

Hypoxic signaling in the bone can exert distant effects on tumor cells to influence their
growth and metastasis, but HIF signaling in tumor cells can also have distant effects on the
bone to promote osteolysis and prepare the bone for colonization (Figure 2). One such
hypoxia-induced tumor-secreted factor is lysyl oxidase (LOX). The LOX family of secreted
copper-dependent amine oxidases covalently crosslink collagen and elastin to increase ECM,
which has been shown to increase tumor cell invasion in breast and colorectal cancer
[113-115]. LOX expression can be HIF1a induced, and increased expression of some LOX
family members has been reported in colorectal, breast, prostate, lung, and bladder cancer
[113, 114, 116-118]. Reynaud et al. identified that tumor-secreted LOX in colorectal cancer
generates osteolytic lesions in mice following intra-arterial inoculation of LOX
overexpression Hct116 human colorectal cancer cells [119]. LOX overexpression led to
greater total bone lysis area, increased bone tumor burden, and increased numbers of
osteoclasts in the bone. Furthermore, treating LOX overexpressing Hct116 tumor bearing
mice with a LOX inhibitor prolonged metastasis-free survival to control levels, confirming
that LOX is capable of driving this increased metastasis and osteolysis. Similar findings are
reported from Cox et al. in the context of breast cancer showing that LOX drives
osteoclastogenesis [120]. They found that injecting mice with 4T1 mouse mammary
carcinoma cells (expressing high levels of LOX) resulted in osteolytic lesion formation,
which could be mitigated by genetic silencing or antibody-based inhibition of LOX.
Additionally, they found that LOX acts as a potent activator of osteoclastogenesis by
triggering the nuclear translocation of NFATc1, the master regulator of osteoclastogenesis.
Pre-conditioning mice with conditioned media from 4T1 cells increased tumor burden
following intracardiac injection of 4T1 cells, suggesting that LOX secreted by tumors
induces osteoclastogenesis to create a pre-metastatic niche that is more favorable for tumor
growth.

These osteolytic lesions often result from a process called the vicious cycle of bone
destruction [121], which is observed in several cancer types but has been mainly
characterized in breast cancer. In this cycle, tumor cells growing in the bone marrow
produce parathyroid hormone related protein (PTHrP) [122-127], which functions in a
similar manner to parathyroid hormone (PTH), which stimulates calcium release from bone
[128]. PTHrP binds to the parathyroid hormone 1 receptor (PTH1R) on the surface of
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osteoblasts [129-131], which will in turn stimulate the production of receptor activator of
nuclear factor kappa-B ligand (RANKL) and inhibit osteoprotegrin (OPG) production from
osteoblasts [132]. RANKL can then bind RANK on the surface of osteoclast precursors to
stimulate their maturation [133-135]. OPG is a soluble decoy receptor for RANKL [136], so
an increase in RANKL and a decrease in OPG will collectively increase osteoclastogenesis
and bone resorption, causing the release of growth factors such as transforming growth
factor B (TGF-B), platelet-derived growth factor (PDGF) and insulin-like growth factors
(IGFs) that are stored in the bone matrix [137-141]. These growth factors will then stimulate
the growth of the tumor cells to drive the cycle forward and cause further osteoclastogenesis
and osteolysis [121, 142]. HIF signaling is known to partially drive this process, as HIF2a,
but not HIF1a, stimulates the expression of PTHrP [143]. Thus, the hypoxic conditions that
metastatic tumor cells experience in the bone, a generally hypoxic organ, could promote
PTHTrP production from tumor cells. Recent studies have also shown that PTHrP expression
is hypoxia inducible in chondrocytes, confirming that this regulation is not specific to breast
cancer cells alone [144, 145]. PTHrP transcription in chondrocytes is responsive to both
HIFla and HIF2a, though, indicating that the exact mechanism of regulation may be subtly
different between cell types [145]. Hypoxia has also been shown to drive RANK and
RANKL expression in breast cancer cells [146], potentially driving osteolysis through a
more direct tumor-osteoclast interaction.

Hypoxia can also cause other cell types in the bone to produce osteoclastogenic factors.
Hypoxia causes osteoblastic cells to upregulate VEGF [147, 148] production, bone marrow
stromal cells to increase IGF2 production [149], and osteocytes to upregulate the production
of growth differentiation factor 15 (GDF15) [150], all of which promotes osteoclastic
differentiation. Interestingly, HIF-signaling in osteoblasts has also been shown to drive OPG
production, thus inhibiting osteoclastogenesis [51, 151]. There are some conflicting reports,
however, on whether the regulation of RANKL, a key osteoclast stimulatory factor, is HIF
dependent. Lee et al. recently reported that genetic deletion of HIF2a in osteoblasts (using
Collal-Cre) resulted in mice with increased bone mass, and that RANKL is regulated in a
HIF2a-dependent manner [152]. Wu et al. had previously reported that increased HIF
signaling resulting from genetic deletion of PHD2 and PHD3 in osteoprogenitor cells (using
Osx-Cre) caused increased bone mass through the induction of OPG, but did not alter
RANKL production of osteoblasts [51]. Additionally, Wu et al. created variants of the
PHD2/3 knockout mice expressing constitutively active forms of HIF1a or HIF2a in their
osteoblasts and confirmed that RANKL expression was not significantly increased in either
case. These findings are consistent with a report by Shao et al. in which they found that /n
vitro deletion of VHL in primary calvarial osteoblasts, and thus upregulation of HIF1la
(HIF2a was not evaluated), increased OPG expression but not RANKL expression [151].
Furthermore, these results are supported by earlier reports that VHL deletion in osteoblasts
causes high bone density [153]. The reason for the differing results pertaining to the role of
HIF2a in RANKL induction is unclear, but could be due to differences in the mouse strains
or genetic markers used for osteoblast-specific deletion of targets of interest. Taken together,
it is clear that HIF signaling is capable of modulating the activity of many bone resident
cells and plays a critical role in the regulation of bone turnover and the development of
osteolytic lesions.
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Hypoxia has also been shown to stimulate osteoclastogenesis more directly. Arnett et al.
found that culturing mouse marrow cells with M-CSF and RANKL on dentine in 2% oxygen
in vitro increased resorption area by 9.5-fold and osteoclast number by 3.5-fold over a 13
day period, compared to atmospheric oxygen tensions [154]. Interestingly, culturing mature
rat osteoclasts on dentine in low oxygen tensions reduced the number of osteoclasts and the
resorption area, suggesting that the hypoxic stimulation of osteolysis is likely acting on
preosteoclasts. These experiments were performed in sealed flasks that were filled with gas
mixtures containing specific percentages of oxygen, and re-gassed daily. This means that the
exact oxygen tension in the flask would fluctuate as the oxygen is depleted and then
replenished, causing the cells to undergo cycles of reoxygenation. A later study using a
gloved hypoxia chamber confirmed that short-term hypoxia (24 hours) stimulates osteoclast
activity but also initiates osteoclast apoptosis [155]. Furthermore, this study confirmed that
reoxygenation following short-term hypoxia is able to rescue osteoclasts from apoptosis,
indicating that short-term hypoxia may promote osteoclastogenesis, while osteoclasts are
unable to survive in extended periods of hypoxia. A recent study confirmed that constant
hypoxia inhibits osteoclast differentiation, and thus bone resorption, and found that this was
mediated by decreasing the phosphorylation of c-Jun N-terminal kinase (JNK) and nuclear
factor xBa (IxBa.) [156]. This study also found that hypoxia abrogated NFATc1
transcriptional upregulation in response to M-CSF and soluble RANKL treatment in
RAW264.7 macrophage cells or bone marrow derived monocytes. Several studies also show
that HIF1a induction inhibits osteoclastogenesis [157-159], but some of the findings
indicate that osteoclast differentiation in hypoxia enhances the resorptive capabilities of the
cells once they mature [158]. Thus, the regulation of osteoclastogenesis and osteoclast
activity appears to be very sensitive to the severity and duration of hypoxia, as well as the
timing of when the differentiating cells experience hypoxia.

A recent study proposed a promising new hypoxia modulating therapeutic avenue to treat
bone metastases and decrease osteolytic bone destructions [160]. Transcutaneous CO»
administration increases the CO, concentration in the treated tissues, causing increased
oxygen unloading from hemoglobin in red blood cells. Following intratibial inoculation of
mice with MDA-MB-231 cells, transcutaneous CO, administration decreased tumor growth
by 2-fold, inhibited osteolysis, and significantly decreased HIF1a stabilization. The number
of osteoclasts was also significantly decreased and RANKL expression in the bone was
similarly inhibited. Notably, transcutaneous CO» treatment was initiated 4 weeks post tumor
cell inoculation, and was only performed for 10 minutes, twice a week, for 2 weeks. The
ability of this minimally invasive treatment to stall the growth of established tumors makes it
a clinically attractive avenue that warrants further investigation.

Since high intratumoral HIF1a and HIF2a levels are known to correlate with poor patient
outcomes in many cancer types, as discussed previously, several HIF1a and HIF2a targeting
agents have been tested clinically. PX-478, a selective HIF1a inhibitor (NCT00522652),
EZN-2968, an antisense oligonucleotide inhibitor of HIF1a (NCT00466583 and
NCT01120288), and RO7070179, a HIF1a mRNA antagonist (NCT02564614), have all
completed phase 1 clinical trials for patient with advanced solid tumors. One of the
EZN-2968 trials (NCT01120288) exhibited some preliminary evidence that this agent was
capable of decreasing HIF1a mRNA and proteins levels in solid tumors, but had to be
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closed prematurely when further development was suspended [161]. Several trials
investigating HIF2a inhibitors are also currently underway, most of which focus on clear
cell renal cell carcinoma: PT2977 (Phase 1 NCT02974738 and Phase 2 NCT03634540),
MK-6482 (Phase 3 NCT04195750), PT2385 (Phase 1 NCT02293980 and Phase 2
NCT03108066, NCT03216499). An RNA interference therapeutic (ARO-HIF2) is also
currently under investigation in a phase 1 trial (NCT04169711). In addition to these drugs
that directly target HIF subunits, some drugs are being developed that are only activated in
hypoxia in hopes of improving tumor-specific drug activity. For example, TH-302, a
hypoxia-activated prodrug has completed phase 1 testing for use in treating patients with
advanced kidney cancer or liver cancer that cannot be removed by surgery (NCT01497444).
Thus, while hypoxia targeting therapies are not currently in routine clinical use, this
therapeutic direction is actively under investigation.

5. Hypoxia’s Role in Tumor Dormancy

Upon tumor dissemination to bone, the cells may begin to grow and form clinically
detectable macrometastatic lesions that degrade the bone and cause severe bone pain,
fractures, and hypercalcemia [162, 163]. Alternatively, tumor cells may enter a dormant state
after arrival in the bone, where they can remain for a prolonged period before eventually
growing into a macrometastatic lesion. The theory of tumor dormancy is supported by
clinical observations that some cancer patients relapse many years after initial treatment and
declaration of “cancer free” status. In breast cancer, estrogen receptor (ER) positive disease
is particularly notable for its long window between initial treatment and relapse [164].
Additionally, the bone is the most common site of metastasis for breast cancer [165]; thus
tumor dormancy in bone is frequently studied in the context of this disease.

Tumor dormancy remains a poorly defined process, and multiple types of dormancy have
been described and hypothesized [164]. The most commonly accepted definition of
dormancy is a non-proliferative quiescent tumor cell that is arrested in Gy-G; phase of the
cell cycle, as indicated by negative staining for Ki-67 and/or PCNA [166, 167]. In this
“cellular dormancy” model, some reactivation stimulus would cause this dormant
disseminated tumor cell to reenter the cell cycle, proliferate, and grow into a detectable
metastasis. In the “micrometastatic dormancy” model, the disseminated tumor cell exists in
the context of a cluster of cells as a clinically undetectable micrometastasis. These
micrometastases are hypothesized to have balanced rates of proliferation and cell death,
leading to a stable micrometastasis. Another mechanism that has been proposed in the
micrometastatic dormancy paradigm is the possibility that micrometastases may be
composed of slow cycling cells that take an extended period to grow into a lesion that is
large enough to be clinically detected. In either case, this model posits that the disseminated
tumor burden remains static until the tumor cells are reactivated by exogenous stimuli. It is
important to note that these models are not mutually exclusive. Individual quiescent cells
may exist in the context of a micrometastasis, and a cell could first escape cellular
dormancy, grow into a micrometastasis, where it again stalls for a period, before eventually
developing into an overt metastasis.
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Hypoxia and angiogenesis are proposed to play key roles in dormancy by limiting the
availability of nutrients that tumor cells need in order to proliferate. This “angiogenic
dormancy” model proposes that the inability of the disseminated tumor cells to induce
angiogenesis is what keeps them what growing past approximately 1-2 mm in diameter
[168]. High expression of anti-angiogenic factors such as thrombospondin 1 (TSP1 or
THBS1) in the microenvironment [169] or low expression of angiogenic signals such as
VEGF and basic fibroblast growth factor (b0FGF) in the tumor cells may cause the
micrometastasis to remain static in size [168].

Hypoxia also alters the expression of genes in the tumor cells that are involved in dormancy
maintenance, such as leukemia inhibitory factor receptor (LIFR), which acts as a breast
cancer tumor suppressor in MCF7 (ER-positive human breast cancer) cells [170, 171] and
confers a dormant phenotype in bone-disseminated MCF7 breast cancer cells [172].
Hypoxia decreases the expression of LIFR in both MCF7 and SUM159 (ER-negative human
breast cancer) cells /n vitro and is negatively correlated with LIFR mRNA levels in patient
samples [172]. LIFR regulation was, however, found to be HIF-independent, suggesting that
HIF is not required for hypoxia to influence dormancy in the bone marrow. LIFR
downregulation was observed when breast cancer cells were cultured at 0.5% pO»,
suggesting that regions of extreme hypoxia in the bone marrow may promote tumor cell exit
from dormancy. Furthermore, as tumors grow in the bone marrow they will become
increasingly hypoxic, which may lead to prolonged repression of LIFR. Additionally, PTHrP
has been shown to negatively regulate the expression of LIFR [172] and other dormancy
genes in MCF7 breast cancer cells in vitro [173]. Since PTHrP is hypoxia responsive [143],
this demonstrates another mechanism by which hypoxia may push tumor cells out of
dormancy.

There is also evidence that suggests hypoxia may promote dormancy. The dormancy
markers NR2F1 (Nuclear Receptor Subfamily 2 Group F Member 1) [174, 175] and DEC2
(Differentially Expressed In Chondrocytes 2, also known as SHARP1) [176] have been
reported to be co-expressed with HIF1a and GLUT1, hypoxia markers, in MDA-MB-231
cells in primary tumors following mammary fat pad injection [177]. Analysis of human head
and neck squamous cell carcinoma (HNSCC) patient samples similarly showed that hypoxic
GLUT1-high portions of tumors frequently had upregulated NR2F1. Additionally, growing
HEp3 HNSCC cells using the chick chorioallantoic membrane (CAM) model, non-cycling
cells were shown to exhibit more intense pimonidozole staining, which is a marker of
hypoxia. Similarly, treating CAM-implanted tumors with desferrioxamine (DFOM, a
hypoxia mimicking drug that causes the accumulation of HIF1a) showed that DFOM treated
tumors had significantly more quiescent cells. Collectively, these findings suggest that
hypoxia may also promote quiescence in the primary tumor.

Interestingly, NR2F1 appears to function differently as a dormancy regulator depending on
the site of tumor growth. Following subcutaneous implantation, growth, and resection of
HEp3 cells in mice, NR2F1 was knocked down using a tetracycline-inducible method in
order to study the effect of NR2F1 expression on the growth of disseminated tumor cells
(DTCs) in the lung and bone marrow [174]. While NR2F1 knockdown allowed the
disseminated HNSCC cells in the lung to grow more aggressively, NR2F1 knockdown had

Cancer Lett. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Todd and Johnson

Page 14

the opposite effect on bone-disseminated cells, suggesting that NR2F1 expression promotes
tumor cell growth or survival in bone. Thus, some dormancy maintenance factors may act in
a tumor-type or tissue-type specific manner. It is also important to note that NR2F1 has not
been shown to be directly induced by HIF.

These seemingly opposing findings for the role of hypoxia in dormancy maintenance or
escape may be explained by the degree of hypoxia that the cells experience or the size and
location of the bone metastatic lesion. A better understanding of the cellular and molecular
makeup of heterogeneous lesions in the bone metastatic niche is needed to understand the
impact of hypoxia on tumor dormancy in bone. Pro-dormancy effects of hypoxia have also
not been observed in the context of the bone, suggesting that other signals from the
microenvironment may alter how cells respond to hypoxia.

Another avenue by which hypoxia may influence dormancy or the survival of DTCs, is
through promoting the stem-like status of cancer cells. It has been proposed that
disseminated tumors cells may adopt a cancer stem cell phenotype, thereby allowing the cell
to survive in circulation and grow from a single disseminated tumor cell into a metastasis in
the secondary site [178]. Indeed, dormant DTCs and pluripotent stem cells share some
prominent characteristics, such as self-renewal and differentiation, quiescence, and
chemotherapeutic resistance [178]. It is therefore theorized that the DTCs that survive,
escape dormancy, and grow into clinically detectable metastases may be cancer stem cells
(CSCs). Hypoxia has been shown in multiple cancer types to promote a CSC phenotype. In
breast cancer, hypoxia-induced HIF1a expression was found to increase expression of
adenosine receptor 2B (A2BR) in multiple breast cancer cell lines, driving CSC enrichment
in vitro and lung metastasis /n vivo[179]. CSC enrichment was measured by mammosphere
formation and aldehyde dehydrogenase expression in vitro, and A2BR signaling was found
to drive this enrichment through activation of protein kinase C-& (PKC8). PKCS in turn
activated STAT3, driving the expression of interleukin 6 and NANOG, which are two key
mediators of the CSC phenotype. In glioblastoma, chemotherapy-induced HIF1la and
HIF2a was found to mediate the dedifferentiation of non-stem glioblastoma cells to CSCs,
as marked by the expression of CD133, CD15, or SOX2 [180]. In bladder cancer, HIF1a has
been shown to drive CD24 expression, which is a CSC marker, by binding to a functional
HRE in the CD24 promoter [181]. These examples illustrate how hypoxia can drive CSC
enrichment, thus potentially increasing the number of DTCs that metastasize and survive at
distant sites, eventually growing into clinically significant lesions.

5. Conclusion

Hypoxia is a common pathological feature in tumors and a physiological feature of the bone.
HIF signaling causes a host of adaptive changes in the primary tumor that drive invasion and
metastasis to distant organs, including the bone. Hypoxia in the primary tumor can also
induce the expression of factors like LOX that act distantly on the bone to induce osteolysis
and prepare the bone for tumor cell seeding. Reciprocally, hypoxia in the bone can alter the
cytokine expression profile of osteoprogenitor cells to fuel primary tumor growth,
proliferation, and metastasis. Hypoxia in the bone itself is also an important factor
controlling osteoclastogenesis, which is a key part of the vicious cycle of bone destruction.
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This could play an increasingly important role as patients age, since bone vascularization
decreases with age [182, 183]. While the understanding of tumor dormancy is still evolving,

it

is clear that hypoxia plays an important role in this process that has significant

implications for the long-term care of cancer survivors.
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Figure 1. Hypoxia-inducible factor signaling pathway.
Under normoxic conditions, prolyl hydroxylase domain containing enzymes (PHDs)

hydroxylate the hypoxia inducible factor alpha subunits (HIF1a and HIF2a). These
hydroxylations allow the E3 ubituitin ligase von Hippen Lindau (VHL) to ubiquitinate
HIFla and HIF2a, leading to their proteasomal degradation. Under hypoxic conditions, the
PHD enzymes are inactive, allowing HIF1la and HIF2a to accumulate in the cytoplasm. The
alpha subunits will then dimerize with HIF1p, enter the nucleus, and bind to hypoxia
response elements (HRES) in the DNA to act as transcription factors and drive the
expression of hypoxia responsive genes.
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Figure 2. Hypoxia driven factors in the primary tumor and bone metastatic site.
Intratumoral hypoxia in the tumor drives hypoxia inducible factor (HIF) signaling within

tumor cells, which drives pro-survival and pro-metastatic processes such as glycolysis,
angiogenesis, epithelial-to-mesenchymal transition (EMT), invasion, and tumor cell
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proliferation. HIF signaling also causes tumor cells to secrete factors such as lysyl oxidase
(LOX) and to alter extracellular vesicle production, promoting osteolysis. Once tumor cells
reach the bone, a physiologically hypoxic microenvironment, hypoxic tumor cells can be
maintained in a dormant state, marked by increased expression of nuclear receptor subfamily
2 group F member 1 (NR2F1) and differentially expressed in chondrocytes 2 (DEC2). On
the other hand, hypoxia may drive tumor cells out of dormancy by inducing parathyroid
hormone related protein (PTHrP) expression and down regulating leukemia inhibitory factor
receptor (LIFR), promoting the establishment of clinically significant metastatic lesions.

Hypoxia also promotes the expression of PTHrP, driving the vicious cycle of bone
destruction. Hypoxia in the bone also promotes osteolysis by direct stimulation of
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osteoclastogenic factors by osteoblasts, bone marrow stromal cells, and osteocytes.
Intermittent hypoxia also stimulates osteoclastogenesis and osteoclast function.
Additionally, hypoxia stimulates CXCL12 expression on osteoblast progenitors and
increases circulating CXCL12 levels, which can stimulate the growth and metastasis of
primary breast cancer cells through CXCR4, indicating that hypoxia in the bone can exert
effects on the primary tumor site as well. Additional abbreviations: TGFp = transforming
growth factor receptor beta; PDGF = platelet derived growth factor; IGF = insulin-like
growth factor.
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