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Abstract

Hypoxia is a potent microenvironmental factor that promotes tumor metastasis. Recent studies
have revealed mechanisms by which hypoxia and activation of hypoxia inducible factor (HIF)
dependent signaling promotes metastasis through the regulation of metabolic reprogramming, the
stem cell phenotype, invasion, angiogenesis, immune suppression, the premetastatic niche,
intravasation/extravasation, and resistance to apoptosis. These discoveries suggest novel paradigms
in tumor metastasis and identify new opportunities for therapeutic intervention in the prevention
and treatment of metastatic disease. Here we review the impact of hypoxia and hypoxic signaling
pathways in tumor and stromal cells on each step of the metastatic cascade.

Hypoxic Signaling in the Primary Tumor Microenvironment

Metastasis is a complex and dynamic process that involves the ability of malignant cells to
grow and survive within the primary tumor microenvironment, migrate and invade into the
surrounding tissue stroma, intravasate and extravasate blood and lymphatic vessels, and
colonize target organs [1]. In addition to the genetic and epigenetic events that occur during
malignant tumor progression, the tumor microenviroment (TME) impacts tumor progression
and metastasis. Stromal cells within the TME promote tumor progression and metastasis
through a variety of mechanisms [2]. In addition hypoxia, or low oxygen tensions, is
emerging as a key molecular feature of the TME that governs the metastatic potential of
tumor and stromal cells.

Hypoxia is a prominent feature of the tumor microenvironment that develops from an
imbalance between oxygen delivery and consumption. Oxygen delivery is impaired in solid
tumors due to the abnormal vasculature that develops as a result of an imbalance between
pro- and antiangiogenic signals. Additionally, oxygen consumption rates are high in
proliferating tumor and infiltrating immune cells leading to hypoxic regions within the TME
[3]. At the molecular level, hypoxia results in the stabilization of the hypoxia inducible
transcription factors (HIF-1 and HIF-2) that help cells adapt to hypoxic stress by activating
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gene expression programs that control angiogenesis, glycolytic metabolism, invasion,
migration, and erythropoiesis [4]. Clinically, HIF-1 and HIF-2 are associated with metastasis
and poor patient survival in a variety of solid tumor types [5-9]. Moreover, HIF signaling is
both necessary and sufficient to promote the metastatic potential of tumor cells, suggesting
that HIF and its downstream targets may play an important role in metastatic progression
[10-15]. Here we will review the current literature that highlight the diverse mechanisms by
which hypoxic signaling promotes metastatic progression (Fig.1).

Immune Evasion

Primary and metastatic tumors survive if they can evade immune attack. Recent clinical
studies have highlighted the critical role of immune suppression in tumor control [16, 17].
However, these studies also reveal that tumor cells use a complex set of mechanisms that
prevent the immune system from mounting an effective response, limiting the efficacy of
single agent immunotherapies. Therefore, understanding the mechanisms that coordinate
immunosuppression in the TME is an active area of investigation.

Hypoxia has been recently implicated as an important factor driving the immunosuppressive
TME. In melanoma patients, the hypoxic gene signature is associated with innate tumor
resistance to anti-PD-1 therapy [18]. In preclinical studies, exposure to respiratory hyperoxia
(60% O5) leads to decreased intratumoral hypoxia, tumor regression, decreased metastasis,
and prolonged survival. The antitumor effects of hyperoxia required the activities of
endogenous T and NK cells suggesting an important role for the hypoxia in suppressing
antitumor immune responses [19].

There are multiple mechanisms by which the hypoxic TME inhibits antitumor immune
responses. Hypoxia promotes resistance to cytotoxic CD8+ T cell (CTL) mediated killing.
After antigen recognition, CTLs release cytotoxic granules containing granzymes and
perforin to induce apoptosis of target cancer cells [20]. HIF signaling in cancer cells
promotes resistance to lysis by activating anti-apoptotic responses and triggering autophagy
[21-24]. Additionally, hypoxic tumor cells upregulate the expression of programmed death —
ligand 1 (PD-L1) on cancer cells to increase apoptosis in CTLs [25]. Activation of HIF
signaling also inhibits CTL function through the upregulation of CD39/CD73 enzymes by
tumor cells that promote the accumulation of extracellular adenosine, a potent inhibitor of
lymphocyte cytolytic function [26, 27]. Similar to CTLs, natural killer (NK) cell mediated
lysis is inhibited by hypoxic tumor cells through the induction of autophagy [28, 29].
Moreover, hypoxic tumor cells evade macrophage phagocytosis through the upregulation of
CD47, a cell surface protein that interacts with signal regulatory protein alpha (SRPa.) on
the surface of macrophages to block phagocytosis [30]. In addition to directly inhibiting T
cell and macrophage antitumor responses, hypoxic cancer cells also secrete chemokines and
cytokines to recruit immunosuppressive regulatory T cells (Tregs) and myeloid derived
suppressor cells (MDSCs) to the tumor microenvironment [31].
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One of the first steps in the metastatic cascade is the local invasion of tumor cells from the
primary tumor into the adjacent tissue parenchyma. Tumor cells utilize a variety of
mechanisms to promote local invasion. They alter the expression of cell-cell and cell-
extracellular matrix (ECM) adhesion molecules to enhance cell motility [32]. Tumor cells
also upregulate the expression and secretion of extracellular proteases that breakdown the
extracellular matrix and release growth factors that promote tumor invasion and growth.
Additionally, invasive tumor cells recruit macrophages, fibroblasts, and mesenchymal stem
cells (MSCs) to produce pro-migratory factors or deposit collagen networks for invasion [1].

Hypoxic signaling activates promigratory and invasive phenotypes of tumor cells through
multiple mechanisms. HIF signaling can induce epithelial plasticity and a migratory
phenotype through the direct and indirect regulation of the epithelial to mesenchymal (EMT)
transcription factors Snail, Slug, Twist and Zeb1 [33]. Invasion of the surrounding
extracellular matrix (ECM) can also be enhanced by HIF signaling through the upregulation
and secretion of proteolytic enzymes such as matrix metalloproteinases (MMPs), cathepsins,
lysyl oxidases, and prolyl-4-hydroxylses (P4H) to support the initial stages of metastasis by
remodeling the ECM [34-36]. Recently, hypoxia has been shown to increase the secretion of
tumor derived procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD?2), a HIF target that
hydroxylates lysine residues on collagen to promote the formation of mature collagen
crosslinks, and facilitate metastasis in multiple tumor models [37, 38]. In addition to the
direct affects on tumor cell invasion and migration, HIF signaling in tumor cells induces the
expression of chemokines and cytokines that recruit macrophages and mesenchymal stem
cells (MSCs) into the TME to support tumor cell invasion, migration, and metastasis [39,
40].

Cancer Stem Cell Phenotype

The tumor cell population within the primary tumor is heterogeneous. Only a small fraction
of tumor cells, cancer stem cells (CSCs), have enhanced tumor-initiating potential, the
ability to self-renew, and differentiate into multiple cell types [41]. It has been hypothesized
that metastases are derived from primary CSCs that regain their regenerative potential at
metastatic sites [42]. In support of this hypothesis, the expression of adult stem cell markers
in patient primary tumors is associated with poor prognosis and metastasis [42]. Moreover,
stem cell markers can be utilized to select for tumor cells with metastatic potential from
cancer patient blood and primary tumor samples [42]. Recent studies have begun to define
the niches and signaling pathways that select for and maintain the cancer stem cell
phenotype.

Accumulating evidence suggests that hypoxia is an important microenvironmental factor that
selects for the CSC phenotype. Hypoxia supports the generation and maintenance of the
CSCs through the HIF-dependent activation of genes that drive self-renewal including
OCT4, SOX2, NANOG, KLF4 and c-MYC [43, 44]. Additionally, activation of notch
signaling by hypoxia induces stemness by promoting an dedifferentiated state in tumor cells
[45]. In murine models of glioblastoma, HIF-1 and HIF-2 are required for glioma stem cell
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growth and survival in vivo [46]. Similarly, in the MMTV-PyMT murine model of breast
cancer HIF-1 is an important factor driving the breast cancer stem cell phenotype, metastasis
and survival [47].

Intravasation and Extravasation

HIF regulates tumor cell intravasation and extravasation from the vasculature. HIF activity in
tumor cells results in the release of factors that modulate endothelial-endothelial cell and
endothelial-tumor cell interactions. The upregulation of angiopoietin-like 4 (ANGPTLA4) by
HIF disrupts endothelial-endothelial cell interactions and allows for easy passage of tumor
cells through blood vessels [13]. Simultaneously, HIF strengthens tumor cell-endothelial cell
interactions through the activation of L1 cell adhesion molecule (LLCAM) [13]. Another
mechanism by which HIF promotes tumor cell intravasation and extravasation is through the
activation of genes, which control vascular permeability. Hypoxic induction of VEGF,
angiopoietin 2, MMPs and UPAR cooperatively act to destabilize the vascular wall and
allow for tumor cell entry [33].

In the endothelium, HIF signaling increases cell adhesion, coagulation, and endothelial
permeability [48]. Recent studies demonstrated that lymphatic endothelial cells within
premetastatic niches are conditioned by triple negative breast cancer cells to promote
extravasation by recruiting tumor cells to these sites through CCL5 dependent mechanisms
and by activating the expression of proangiogenic factors such as VEGF [49]. While the role
of HIF-1 within lymphatic vessels remains to be determined, these studies suggest that
HIF-1 may at least in part contribute to metastatic spread by modulating lymphatics.

Colonization of Target Organs

Liver

The “seed and soil” hypothesis was first proposed by Paget in 1889 [50], who documented
that the distribution of distant metastases is not random and cannot be completely explained
by relative blood supply. Rather, Paget proposed that certain organs are predisposed for
metastatic colonization [50]. There is now a large body of clinical evidence demonstrating
that, in fact, the distribution of tumor metastases is not random. For example, prostate cancer
often metastasizes to the bones, colon cancer has propensity to metastasize to the liver, and
the primary site for ovarian metastasis is the peritoneal cavity [1]. Experimental evidence
also supports this concept. Minn and colleagues were among the first to experimentally
demonstrate that there are particular requirements for circulating tumor cells to colonize
specific organs. They observed that individual cells from the pleural effusion of a breast
cancer patient metastasized to specific organs, such as the bone, lung, or adrenal medulla
[51]. Recent studies have identified hypoxia and HIF signaling as important factors
governing tissue-specific metastasis.

The liver is a common site for metastasis of gastrointestinal tumor cells that travel through
the portal circulation. Additionally, liver metastases are commonly found in patients with
breast, lung, and ocular melanoma cancers. The hepatic vasculature is highly permeable
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suggesting that cellular adaptation to the liver microenvironment is a key barrier to the
successful colonization of disseminated tumor cells in the liver [1][52].

Recent studies implicated hypoxia and metabolic stress as a barrier to successful metastatic
colonization in the liver. The liver microenvironment contains areas of hypoxia that
demarcate metabolic zones. For example, metabolically active hepatocytes are located in the
periportal region of the liver where they display high rates of oxygen consumption. In
contrast, perivenous hepatocytes are located within hypoxic regions of the liver and generate
ATP through glycolysis [53, 54]. Using HIF-1 transcriptional luciferase reporter mice, Loo
et al. showed that colon cancer cells experience hypoxia early after metastatic dissemination.
Moreover, they discovered that hypoxic colon cancer cells in the liver were dependent upon
creatine kinase brain (CKB), an enzyme that catalyzes the phosphorylation of creatine using
extracellular ATP as a phosphate source [55][56]. These observations suggest that colon
cancer cells upregulate CKB to adapt to metabolic stress induced by acute hypoxia during
the early stages of dissemination in the liver [55]. Similarly, disseminated breast cancer cells
metabolically adapt to the liver microenvironment through HIF-1-dependent mechanisms.
Dupuy et al. reported that breast cancer cells that metastasize to the liver have a glycolytic
phenotype in contrast to cells that metastasize to the lung or bone and that exhibit a
phenotype of oxidative phosphorylation [57]. In these breast-to-liver tumor cells, HIF-1 is
hyperactivated and contributes to glycolytic reprogramming through its downstream target
pyruvate dehydrogenase kinase 1 (PDK1) [57]. Together, these findings suggest that the liver
microenvironment selects for disseminated tumor cells that have the ability to metabolically
adapt to hypoxic stress (Fig. 2).

Pulmonary metastases are frequently observed in patients with sarcoma, breast, melanoma,
gastrointestinal, and kidney cancers. Because cardiac output from the pulmonary artery
circulates through the lungs, a high incidence of pulmonary metastases in cancer patients
can be expected on the basis of blood flow alone. However, in contrast to the liver and bone,
lung capillaries are lined with endothelial cells and are surrounded by a basement membrane
and adjacent alveolar cells [58]. Therefore, extravasation and survival within the lung
parenchyma are thought to be significant barriers to lung colonization.

Hypoxia and HIF signaling play a central role in breast-to-lung metastasis. Breast cancer
patients at high risk of developing lung metastasis can be identified using a hypoxia
response signature set of 45 genes [59]. Preclinical studies using human breast cancer cells
(MDA-MB-231) as well as genetic mouse models of breast cancer (mouse mammary tumor
virus (MMTYV) polyoma middle T (PyMT) demonstrated that HIF-1 and HIF -2 drive the
metastatic potential of breast cancer cells to the lung in vivo[13, 14, 59, 60]. There are
multiple mechanisms by which this occurs. HIF signaling in primary breast cancer cells
stimulates the secretion of proteins including lysyl oxidase (LOX) and LOX like proteins
(LOXL2 and LOXLA4) to prime the lung microenvironment for colonization [12, 61]. LOX,
LOXL2, and LOXL4 remodel extracellular matrix proteins, such as collagen, to recruit bone
marrow derived cells (BMDCSs) into the lung [12, 62]. Once in the lung, BMDCs produce
chemokines that recruit disseminated tumor cells and promote tumor extravasation [63, 64].
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HIF signaling also directly facilitates tumor extravasation to the lung through the
upregulation of factors that promote tumor-endothelial cell adhesions or decrease endothelial
cell-cell adhesion [13]. These studies suggest that inhibition of HIF and/or key target genes
may be important in the clinical management of lung metastasis (Fig. 3).

Bone metastases are commonly found in patients with breast, prostate, lung, thyroid,
melanoma and kidney cancers. In fact, in breast and prostate cancers, the bone is often the
first site of distant metastasis [65]. Bone metastases are classified as either osteoblastic
(bone forming) or osteolytic (destructive to bone) based on the type of radiographic lesions
that they induce. They uncouple the homeostatic balance between bone formation and bone
destruction to support bone colonization [66].

Hypoxia and HIF signaling are implicated in the regulation of bone metastasis. The hypoxic
gene signature is associated with bone metastasis over lymphatic, lung, or liver metastasis in
breast cancer patients [67, 68]. Preclinical studies demonstrated that HIF-1 is both necessary
and sufficient for MDA-MB-231 cells to metastasize to the bone [11, 59, 69]. There are
multiple mechanisms by which HIF signaling may promote osteotropism. HIF activation
promotes the secretion of parathyroid hormone related protein (PTHrP) and LOX that
precondition the bone marrow microenvironment for breast cancer colonization [68, 70].
Breast tumor derived PTHrP promotes bone resorption and tumor growth within the bone
microenvironment [71]. Similarly, tumor-derived LOX promotes the formation of osteolytic
lesions and enhances circulating tumor cell colonization [68]. HIF-mediated upregulation of
the chemokine receptor C-X-C motif receptor-4 (CXCR4) in breast tumor cells may also
promote homing of breast tumor cells to the bone marrow, where the CXCR4 ligand
stromal-derived factor-1 (SDF-1) is highly expressed [72-74]. Together these data suggest
that targeting HIF-1 directly or key downstream HIF targets, such as PTHrP or LOX, may be
efficacious in the clinical management of metastatic bone disease (Fig.4).

Concluding Remarks

Hypoxia is an important microenvironmental factor that contributes to metastatic tumor
progression at the primary and distant tissue sites. Modulation of the HIF signaling pathway
in tumor cells has began to illuminate the diverse mechanisms by which HIF signaling
promotes metastatic progression. However, important questions still remain in the field
(Outstanding Questions Box).

Tumor cells communicate with a variety of stromal cells including fibroblasts, bone marrow
derived cells, immune, vascular, and epithelial cells to facilitate metastasis [32]. The
majority of work in the field has focused on the role of hypoxic signaling in tumor cells and
its impact on tumor stromal crosstalk during metastatic progression. Recent studies indicate
that HIF signaling can also be activated within tumor stromal cells through a variety of
mechanisms including hypoxia and secreted factors produced by tumor cells [40, 75].
However, the role of HIF signaling within tumor stromal cell populations remains largely
unexplored. Studies with macrophage specific inactivation of HIF-1 or HIF-2 have revealed
an important role for HIF signaling in mediating the protumorigenic properties of
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macrophages within multiple tumor models [76] [77]. Recent studies also have demonstrated
that HIF signaling mediates bidirectional signaling between breast cancer cells and MSCs to
promote metastasis [40]. In contrast, fibroblast specific inactivation of HIF-1 accelerated
tumor growth in a murine model of breast cancer [78]. Further knowledge regarding of the
role of HIF signaling within individual stromal cell populations is needed to understand how
to best target this pathway for cancer therapy.

One of the rate limiting steps in metastasis is the transition from distant tissue infiltration to
overt colonization. This process requires tumor cells to adapt to tissue specific barriers to
colonization and exploit tissue specific survival signals [1]. Disseminated tumor cells
frequently infiltrate tissues with hypoxic niches such as the liver and bone [1, 54, 79].
Although the role of hypoxia and HIF signaling in tumor dormancy has not been directly
explored, recent studies have demonstrated that hypoxia is a key barrier to the successful
metastatic colonization of breast and colon cancer cells in the liver [55, 57]. Moreover,
hematopoietic stem cells reside within hypoxic niches in the bone marrow and utilize HIF
signaling to maintain a quiescent state [80-83]. Disseminated tumor cells localize to HSC
niches in the bone marrow [84]. Therefore, it is tempting to speculate that hypoxia may also
influence the tumor dormancy in the bone marrow microenvironment.

Another critical step in metastasis is the ability of tumor cells to evade immune attack. There
is growing interest in elucidating the molecular mechanisms by which tumor cells couple
metastasis with immune evasion [85, 86]. Hypoxic tumor cells upregulate the expression of
the EMT transcription factors including Zeb1 and Snail [33]. Interestingly, clinical studies
have shown a correlation between the expression of EMT transcription factors and the
expression of immunosuppressive checkpoint inhibitor and infiltrating regulatory T cells
[87-89]. Moreover, preclinical studies showed that Snail-induced EMT accelerates
metastasis not only through enhanced invasion but also by promoting immunosuppression
through induction of Tregs [90]. Zeb1 also promotes metastasis and immunosuppression by
inhibiting CD8+ T cell activity through the regulation of PD-L1 expression in tumors [88].
These findings raise the intriguing possibility that HIF signaling may couple metastasis and
immunoresistance through the regulation of Snail and Zeb1.

Hypoxia and HIF signaling promotes multiple steps within the metastatic cascade.
Therefore, there are a variety of HIF inhibitors and other agents that target the hypoxic
signaling pathway are in preclinical and clinical development for the treatment of cancer
[91]. Given that HIF signaling impacts the behavior of tumor and stromal cells in the TME,
it will be important to evaluate the efficacy of these agents in immune competent preclinical
models and in clinical studies to understand the impact of HIF inhibition of on the TME and
tumor progression. Additionally, the evaluation of HIF inhibitors in combination with
antiangiogenic or immunotherapies that target other components of the TME may help to
overcome resistance to targeted therapy.
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Trends Box

Tumor metastasis relies on interactions between tumor cells and
microenvironmental factors present within the primary tumor, vasculature,
and distant tissue.

Hypoxia is a key microenvironmental factor that influences the behavior of
tumor and stromal cells to support metastasis.

Clinically, hypoxia and the hypoxia inducible transcription factors (HIF-1
and HIF-2) are associated with metastasis and poor patient survival.

Hypoxic signaling promotes the early stages of metastasis associated with
tumor cell invasion, migration, and intravasation as well as the late stages of
metastasis where immune evasion, extravasation, metabolic adaptation, and
tumor-stromal interactions at the distant tissue serve as barriers to successful
metastatic colonization.

Hypoxic signaling promotes the formation of a premetastatic niche that is
essential for tumor colonization at the distant site.
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Outstanding Questions Box

1. What is the role of hypoxia and HIF signaling in tumor dormancy?

2. Are there HIF independent effects of hypoxia on metastasis?

3. How does hypoxia-mediated immune suppression affect the premetastatic
niche?

4, How does HIF signaling couple metastasis with immune suppression?

5. What is the role of stromal HIF signaling in metastatic progression?
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Figure 1. Hypoxia in the primary tumor promotes metastasis
Hypoxia within the tumor microenvironment stabilizes the hypoxia inducible factors (HIF-1

and HIF-2) in tumor and stromal cells leading to the activation of target gene programs that
facilitate metastasis.
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Figure 2. Mechanisms by which hypoxic signaling promotes metastasis to the liver
Hypoxia is a significant barrier for metastatic colonization in the liver. Disseminated colon

cancer cells are dependent upon the expression of creatine kinase B (CKB) to adapt to
metabolic stress associated with acute hypoxia. CKB catalyzes the phosphorylation of
creatine using extracellular ATP. This allows tumor cells to generate ATP from extracellular
sources of phospho-creatine during metabolic stress. Disseminated breast cancer cells also
metabolically adapt to the hypoxic liver microenvironment through HIF-1 dependent
upregulation of pyruvate dehydrogenase kinase 1 (PDK1). PDK1 expression promotes the
generation of ATP through glycolysis by antagonizing the function of pyruvate
dehydrogenase, a rate-limiting enzyme for pyruvate conversion to acetyl-coenzyme A and
entry into the tricarboxylic acid cycle (TCA).
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Endothelial cell

Figure 3. Mechanisms by which hypoxic signaling promotes metastasis to the lung
Hypoxic signaling promotes extravasation in the lung by upregulating the expression and

secretion of proteins including lysyl oxidase (LOX), LOX like proteins (LOXL2 and
LOXL4), and vascular endothelial growth factor (VEGF). LOX, LOXL2, and LOXL4
remodel extracellular matrix proteins, such as collagen, to recruit bone marrow derived cells
(BMDC:s) into the lung. BMDCs prime the lung microenvironment for metastatic
colonization by producing chemokines such as stromal derived factor-1 (SDF-1) that recruit
CXCR4 expressing tumor cells to the lung. HIF signaling also directly promotes tumor
extravasation in the lung through the upregulation of factors that promote tumor-endothelial
cell adhesions (L1 cell adhesion molecule, LICAM) and decrease endothelial cell — cell
adhesion (angiopoietin-like 4, ANGPTLA4).
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Figure 4. Mechanisms by which hypoxic signaling promotes metastasis to the bone
Tumor cells secrete factors such as lysyl oxidase (LOX) and parathyroid related protein

(PTHrP) into the circulation where they precondition the bone marrow microenvironment
for metastatic colonization. PTHrP and LOX modulate the activities of osteoblasts and
osteoclasts to promote bone resorption and tumor growth. Additionally, HIF mediated
upregulation of the chemokine receptor C-X-C motif receptor -4 (CXCR4) may promote
breast tumor cell homing to the bone marrow microenvironment where the expression of its
ligand, stromal derived factor-1 (SDF-1) is highly expressed by osteoblasts and other cells
within the bone marrow microenvironment.
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