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Abstract

Intratumoral hypoxia is a common finding in breast cancer and is associated with a significantly
increased risk of metastasis and patient mortality. Hypoxia-inducible factors activate the
transcription of a large battery of genes encoding proteins that promote primary tumor
vascularization and growth, stromal cell recruitment, extracellular matrix remodeling,
premetastatic niche formation, cell motility, local tissue invasion, extravasation at sites of
metastasis, and maintenance of the cancer stem cell phenotype that is required to generate
secondary tumors. Recent preclinical studies suggest that the combination of cytotoxic
chemotherapy with drugs that inhibit hypoxia-inducible factors may improve outcome for women
with triple-negative breast cancer.
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1. Introduction

1.1. The tumor microenvironment has a major impact on cancer progression

Three general processes have major effects on cancer initiation and progression. First,
discrete somatic mutations lead to tumor suppressor loss-of-function and oncoprotein gain-
of-function [1]; second, epigenetic alterations change patterns of gene expression [2]; and
third, alterations in the tumor microenvironment also lead to broad changes in gene
expression [3]. Considerable attention has been paid to somatic mutations and epigenetic
alterations, which are easily interrogated by high-throughput molecular techniques [4]. In
contrast, changes in the tumor microenvironment are less easily assayed but have profound
effects on cancer progression.
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The tumor microenvironment can be subdivided into: the chemical microenvironment,
which encompasses pH, PO, and the concentration of other small molecules (e.g. NO) and
metabolites (e.g. glucose, glutamine, lactate); and the cellular microenvironment, which
includes tumor cells, stromal cells, and the extracellular matrix (ECM) produced by these
cells. Among the stromal cell types are vascular endothelial cells (ECs) and pericytes,
lymphatic ECs, fibroblasts, myofibroblasts, and various bone marrow-derived cells such as
macrophages, neutrophils, mast cells, myeloid-derived suppressor cells (MDSCs), and
mesenchymal stem cells (MSCs). Many of the stromal cells recruited to the primary tumor
promote primary tumor growth or metastasis [5].

Metastases are found in only 6% of women with breast cancer at the time of initial
presentation, yet 30% of women with early stage disease at diagnosis will eventually
progress to metastatic disease, which is responsible for 40,000 deaths annually [6]. This
review will focus on recent advances in understanding the pathogenesis of breast cancer that
demonstrate how one critical aspect of the chemical microenvironment, reduced O,
availability (hypoxia), exerts major effects on the cellular microenvironment with profound
consequences for cancer progression, i.e. acquisition of the invasive and metastatic
properties that lead to patient mortality. Indeed, intratumoral hypoxia is a pathological
stimulus that drives changes in gene expression, leading to alterations in cell signaling that
in many cancers are comparable to those caused by somatic mutations or epigenetic
changes.

1.2. Intratumoral hypoxia is commonly observed in breast and other cancers

Groundbreaking clinical studies, in which PO, measurements of breast cancers were
obtained in situ by use of Eppendorf microelectrodes, revealed a median of 65 mmHg (with
all measurements > 10 mmHg) in normal breast tissue; in contrast, a meta-analysis of 10
studies involving over 200 patients revealed that the median PO, in breast cancers prior to
therapy was 10 mmHg [7]. Remarkably similar results were obtained in meta-analyses of
studies involving over 700 patients with cervical cancer and over 500 patients with head and
neck cancer; in these cancers, multiple studies demonstrated an association between
intratumoral PO, < 10 mmHg and decreased disease-free survival [7]. The severe
intratumoral hypoxia detected in these studies is a result of diffusion-limited O, delivery, in
which rapid cancer cell proliferation leads to cells that are too far away from a blood vessel,
and perfusion-limited O, delivery, in which structurally and functionally abnormal tumor
vessels do not maintain constant blood flow, so that cancer cells even immediately adjacent
to a blood vessel may be hypoxic [8]. Regions of necrosis, which are commonly observed in
advanced solid tumors, reflect the consequences of prolonged periods at O, levels that are
insufficient to maintain cell viability [9].

1.3. Expression and activity of hypoxia-inducible factors are increased in breast cancer

Cells respond to reduced O, availability through changes in gene expression that are
mediated by hypoxia-inducible factors, which are composed of an O,-regulated HIF-a
subunit (HIF-1a, HIF-2a, or HIF-3a) and a constitutively expressed HIF-1 subunit [10,
11]. The HIF-a subunits are subjected to O,-dependent prolyl hydroxylation, ubiquitination,
and proteasomal degradation, which are inhibited under hypoxic conditions [12], leading to
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stabilization and rapid accumulation of the proteins and transcriptional activity. Over 1500
HIF target genes have been identified thus far, although in any given cell, transcription of
several hundred of these will increase significantly in response to hypoxia [13].

Immunohistochemical studies of tumor biopsies have linked increased HIF-1a protein levels
with increased risk of metastasis [14] and mortality in lymph node-positive [15], lymph
node-negative [16], HER2-positive [17], estrogen receptor-positive [18], and unselected [14,
19] breast cancer patients. Increased expression in primary breast cancers of a panel of 99
[20] or 16 [21] mRNAs encoded by HIF target genes is also associated with increased
patient mortality.

2. Consequences of HIF activity in mouse models of breast cancer

2.1. HIF-1a promotes primary breast tumor growth and vascularization

Studies in many cancer cell types have established that HIF-1a promotes tumor xenograft
growth and vascularization [22—24], which was also observed in an autochthonous model of
breast cancer driven by expression of polyoma middle T antigen (PyMT) from the mouse
mammary tumor virus (MMTYV) promoter [25]. HIF-1 activates transcription of the VEGF
gene encoding vascular endothelial growth factor [26] and HIF-1a levels in breast cancers
are associated with VEGF expression and with microvessel density, even in ductal
carcinoma in situ, the pre-invasive stage of breast cancer pathogenesis [27]. HIF mediates
expression by cancer cells of angiogenic factors, such as VEGF, stromal-derived factor 1
(also known as CXCL12), and stem cell factor (also known as kit ligand), which induce the
mobilization into the circulation of bone marrow-derived angiogenic cells that express the
cognate receptors (VEGFR2, CXCR4, and CKIT, respectively) and home to the tumor
where they promote vascularization [28].

2.2. HIF-1a promotes metastasis of breast cancer to axillary lymph nodes

In breast cancer, the most important clinical finding that predicts distant metastasis is the
degree of axillary lymph node involvement; conversely, most women with distant
metastases have lymph node involvement and it is likely that, at least in some cases, breast
cancers access the peripheral circulation via the lymphatic system [29]. In an orthotopic
mouse model, in which human MDA-MB-231 [30] breast cancer cells (BCCs) were
implanted into the mammary fat pad of immunodeficient mice, expression of short hairpin
RNA (shRNA) to inhibit HIF-1a, HIF-2a, or both led to decreased lymphatic vessel density
in the primary tumor and decreased metastasis to the ipsilateral axillary lymph node [31].
Conditioned medium, which was collected from BCCs cultured under hypoxic conditions,
increased the migration and proliferation of lymphatic ECs, whereas the effects of hypoxia
were lost when HIF-1a and HIF-2a shRNA was expressed [31].

HIF-dependent expression of platelet-derived growth factor B (PDGF-B) was required for,
and PDGF-B knockdown eliminated, the effects of hypoxia on lymphatic EC migration and
proliferation in vitro; PDGF-B knockdown also decreased lymphatic vessel density and
lymph node metastasis in vivo [31]. Hypoxia induced the binding of HIF-1 to a hypoxia
response element located within intron 3 of the PDGFB gene. Remarkably,
immunohistochemistry revealed that there was no association between HIF-1a and PDGF-B
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levels in biopsies from grade 1 breast cancers but an association was observed in grade 2
and grade 3 cancers, suggesting that HIF-1a was necessary but not sufficient for PDGFB
gene expression during breast cancer progression [31].

2.3. HIF-1a promotes bone colonization by breast cancer cells

Injection of MDA-MB-231 cells into the left ventricle of immunodeficient mice results in
the formation of osteolytic bone metastases. Compared to an empty vector subclone,
expression of a constitutively active or dominant negative form of HIF-1a increased or
decreased, respectively, the tumor area and blood vessel density in long bone sections [32].
HIF-1a knockdown by shRNA also reduced the radiographic area of osteolytic lesions,
decreased vessel density in bone metastases, and increased survival time after injection of
BCCs [33]. The bone metastases that formed after injection of MDA-MB-231 cells
contained hypoxic regions and exposure of spleen cells to hypoxia in vitro inhibited
osteoblast differentiation and stimulated osteoclast differentiation [32]. Because BCCs were
injected directly into the circulation, these studies do not provide compelling evidence that
HIF-1 is required for spontaneous metastasis from breast to bone as opposed to a more
limited requirement for bone colonization by circulating tumor cells.

2.4. HIF-1a is required for metastasis of breast cancer to the lungs

Exposing cancer cells to hypoxia ex vivo is known to increase lung colonization after
intravenous injection [34]. Conditional knockout of HIF-1a in mammary epithelial cells
increased survival of MMTV-PyMT mice and decreased the number of spontaneous lung
metastases by ~50% [25]. Knockdown of HIF-1a, HIF-2a, or both in human MDA-MB-231
BCCs significantly decreased the number of spontaneous lung metastases and total lung
metastatic burden in immunodeficient mice after mammary fat pad injection [35]. In this
orthotopic transplantation model, a large battery of HIF target genes that mediate specific
steps in the metastatic process have been delineated, as described in the following section,
providing a detailed molecular basis for the effect of intratumoral hypoxia on breast cancer
metastasis.

3. Deconvoluting the multistep process of lung metastasis

3.1. Breast cancer cells recruit stromal cells to the primary tumor that promote metastasis

The molecular mechanisms by which stromal cells are recruited to, and communicate with,
BCCs have not been well characterized. The production of colony stimulating factor 1
(CSF-1; also known as macrophage colony stimulating factor) by BCCs, has been reported
to stimulate the recruitment of macrophages to primary breast tumors, leading to the
secretion by tumor-associated macrophages (TAMs) of epidermal growth factor, which
binds to its cognate receptor on BCCs to stimulate invasion and metastasis [36—38].
However, the mechanisms responsible for CSF-1 expression were not determined.

After subcutaneous co-injection of BCCs and MSCs, BCCs were reported to induce MSCs
to secrete the chemokine CCLJ5, which bound to its cognate receptor CCR5 on BCCs to
stimulate metastasis [39]. Remarkably, co-culture of human MDA-MB-231 BCCs with
human bone marrow-derived MSCs for 48 hours prior to mammary fat pad injection
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significantly increased metastasis to axillary lymph nodes and lungs without having any
effect on primary tumor growth [40].

Hypoxia induces the HIF-dependent expression of placental growth factor (PGF) by BCCs,
which binds to VEGF receptor 1 on MSCs and promotes their recruitment to primary breast
tumors [40]. MSCs express the chemokine CXCL10, which binds to its cognate receptor
CXCR3 on BCCs, and BCCs produce the chemokine CXCL16, which binds to its cognate
receptor CXCR6 on MSCs and promotes their recruitment to the primary tumor [41].
Expression of PGF, CXCR3, and CXCL16 by BCCs is induced by hypoxia in a HIF-
dependent manner [40, 41]. In addition, CXCL10psc — CXCR3gcc signaling stimulates
CXCL16gcc — CXCR6)\sc signaling and vice versa [41], providing a molecular basis for
the stimulatory effect of co-culture. Thus, hypoxia induces a powerful feed-forward loop
that amplifies signals for MSC homing (Fig. 1). In addition, CXCL10 was shown to enhance
BCC migration and invasion [40]. The stimulatory effect of MSC co-culture on breast
cancer metastasis was lost when HIF-1a/HIF-2a, CXCR3, or CXCL16 expression was
knocked down by shRNA in BCCs [40, 41].

The co-culture of BCCs with MSCs prior to mammary fat pad injection increased the
recruitment of CSF1R* F4/80* TAMs and CD11b* Ly6C* MDSCs to the primary tumor in
a HIF-dependent manner [41]. MSCs produce CCL5, which binds to its cognate receptor
CCRS5 on BCCs, and stimulates the production of CSF-1, which binds to its cognate receptor
CSF-1R on MSCs, as well as on TAMs, thereby facilitating recruitment of TAMs to the
tumor [38]. Hypoxia induces the HIF-dependent expression by BCCs of CCR5 and CSF-1,
due to the direct binding of HIF-1 to two sites in the 5’-flanking region of the CSF1 gene
and sites in the 5’-flanking region and exon 3 of the CCR5 gene [41]. CCL5ysc —
CCR5pc signaling stimulates CSF-1gcc — CSF-1Rpsc signaling and vice versa,
representing another feed-forward loop. Knockdown of HIF-1a/HIF-2a, CCR5, or CSF-1
expression in BCCs significantly impaired recruitment of TAMs and MDSCs to the primary
tumor, and BCC metastasis to lymph nodes and lungs, without affecting primary tumor
growth [41]. Thus, the recruitment of MSCs facilitates the subsequent recruitment of
MDSCs and TAMs, with hypoxia stimulating homing of MSCs as well as MDSCs and
TAMs to the primary tumor, leading to increased metastasis (Fig. 1).

All of the experiments described above were performed using human MDA-MB-231 BCCs
implanted into immunodeficient mice. To interrogate these pathways in the context of an
intact immune system, 4T1 mouse mammary carcinoma cells were implanted into syngeneic
(and immunocompetent) Balb/c mice. HIF-1a/HIF-2a double knockdown in 4T1 cells
inhibited the recruitment of TAMs and MDSCs to primary tumors and the metastasis of
BCCs to lymph nodes and lungs after mammary fat pad injection [41].

The invitro and in vivo data described above indicated that CXCL10psc — CXCR3gcc
signaling induces CXCL16gcc — CXCR6psc signaling and vice versa and that both
CXCR3 and CXCL16 gene expression is induced by hypoxia in BCCs. Analysis of gene
expression data from over 500 primary human breast cancers revealed that CXCR3 and
CXCL16 mRNA levels were very highly correlated (P = 10713, Pearson’s test) in the clinical
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specimens [41], suggesting that the hypoxia-induced signaling pathways delineated in BCC
lines and mice are clinically relevant.

3.2. Hypoxia induces collagen hydroxylation that stiffens the extracellular matrix

There is an extensive body of experimental data indicating that remodeling of the ECM
promotes cancer invasion and metastasis [42, 43]. The histopathological detection of
fibrosis, or increased fibrillar collagen content, in a primary breast tumor is associated with
increased risk of cancer recurrence and patient mortality [44]. Type I collagen, which is the
major constituent of ECM and the most abundant protein in the human body, forms when
three procollagen polypeptides [two COL1(al) subunits and one COL1(c2) subunit]
assemble into a triple helix, as originally proposed by Pauling and Corey [45].

Type | collagen contains 338 X-Y-Gly triplets, with proline most commonly in the X
position and hydroxyproline in the Y position preceding glycine [46]. The post-translational
modification of proline residues in procollagen polypeptide chains to hydroxyproline is
catalyzed by prolyl-4-hydroxylase (P4H) enzymes, which are a3, tetramers. In humans,
there are three P4Ha isoforms and a single P4Hp isoform, which are encoded by the PAHAL,
P4HA2, PAHA3, and P4HB genes. Prolyl-4-hydroxylation is required for triple helix
formation and extracellular deposition (Fig. 2). Expression of P4HAL and PAHA2 was
induced by hypoxia in several cell types [47].

X-Lys-Gly sequences in helical domains and X-Lys-Ala/Ser sequences in the telopeptides of
procollagens are also subject to lysine hydroxylation by procollagen-lysine, 2-oxoglutarate
5-dioxgenase (PLOD) enzymes, which are encoded by the PLOD1, PLOD2, and PLOD3
genes (Fig. 2). PLODL1 primarily hydroxylates lysine residues in helical domains and
PLOD2 madifies the telopeptides, whereas PLOD3 hydroxylates type 1V and V, but not type
I, collagen [48]. Like prolyl hydroxylation, lysyl hydroxylation occurs prior to collagen
deposition but, unlike prolyl hydroxylation, it is not required for extracellular deposition of
collagen; however, it is required for collagen fibril assembly. Expression of PLOD1 and
PLOD?2 is induced by hypoxia [47].

After secretion, lysyl and hydroxylysy| residues are oxidatively deaminated by lysine
oxidase (LOX) and LOX-like proteins (LOXL1, LOXL2, LOXL3, LOXL4), which is a
modification that initiates the formation of intra-molecular as well as inter-molecular
crosslinks, which may involve other amino acids, including histidinyl residues (Fig. 2).
Collagen crosslinking is a major mechanism by which ECM stiffness increases during
cancer progression [49, 50]. Expression of LOX, LOXL2, and LOXL4 was induced by
hypoxia in several cell types [51-53].

Increased expression of PAHAL and PAHA2 mRNA and protein was induced by exposure of
MDA-MB-231 cells to 1% O, and knockdown of HIF-1a, HIF-2a, or both significantly
impaired the induction [54]. In breast tumors that arose after MDA-MB-231 cells were
implanted into the mammary fat pad of immunodeficient mice, PAHA1 and PAHA2 co-
localized with HIF-1a in perinecrotic (i.e. hypoxic) regions. Knockdown of P4HAL or
P4HAZ2 expression significantly impaired primary tumor growth and lymph node metastasis
as well as completely eliminating lung metastasis. The reduction in hematogenous
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metastasis was associated with impaired tissue invasion and intravasation (invasion into
blood vessels), as measured by the number of circulating tumor cells [54]. In contrast, the
number of lung foci that developed after intravenous injection of PAHAL- or PAHA2-
knockdown cells was not significantly decreased, indicating that the pro-metastatic effect of
P4HAL and P4AHAZ2 reflects their roles in tissue invasion and intravasation.

Collagen deposition and fiber formation, hydroxyproline content, and stiffness were
decreased in primary tumors derived from mammary fat pad implantation of PAHA1- or
P4HA2-knockdown cells. Although cancer-associated fibroblasts are generally considered to
be the major source of stromal collagen, these results suggest that BCCs are also major
contributors to ECM remodeling [54]. Treatment of tumor-bearing mice with ethyl-3,4-
dihydroxybenzoate, a P4H inhibitor, modestly decreased primary tumor growth but
dramatically reduced collagen content in the primary tumor and metastatic burden in the
lungs. Finally, analysis of data from The Cancer Genome Atlas (TCGA) revealed that
human breast cancers with expression of PAHA1 or PAHA2 mRNA greater than the mean
were associated with significantly decreased patient survival [54], suggesting that the
preclinical studies described above have clinical relevance.

Expression of PLOD1 and PLOD2 mRNA and protein were induced by hypoxia in MDA-
MB-231 cells and induction was lost in cells with HIF-1a knockdown, whereas HIF-2a
knockdown had no significant effect [55]. Analysis of TCGA data revealed that increased
expression of PLOD2, but not PLOD1, in primary breast cancers was associated with
decreased patient survival. PLOD2 knockdown had no effect on the growth or total collagen
content of primary tumors, but decreased fibrillar (crosslinked) collagen content and
stiffness of primary tumors, and dramatically reduced local tissue invasion as well as
metastasis to lymph nodes and lungs [55].

Analysis of LOX and LOXL1-4 expression in breast cancer cell lines revealed that hypoxia
induced LOX and LOXL4 expression in MDA-MB-231 cells, whereas LOXL2 was induced
in MDAMB-435 BCCs [56], and expression of LOX/LOXL proteins was not detected in
non-metastatic MCF-7 BCCs [53]. The hypoxic induction of LOX, LOXL2, and LOXL4
was HIF-dependent. Analysis of primary breast cancers revealed a heterogeneous pattern of
expression with different tumors overexpressing LOX only; LOX and LOXL2; LOXL2 and
LOXL4; or LOX, LOXL2, and LOXLA4 [53].

LOX family members are secreted proteins and conditioned medium from hypoxic BCCs
stimulated collagen crosslinking, which was lost when HIF-1a and HIF-2a expression was
knocked down [53]. Similar effects were observed when LOX or LOXL4 was knocked
down in MDA-MB-231 cells or LOXL2 was knocked down in MDA-MB-435 cells [53].
Knockdown of LOX or LOXL4 in MDA-MB-231 cells or LOXL2 in MDA-MB-435 cells
inhibited lung metastasis [51, 53]. While the effect of LOX or LOXL knockdown on
metastasis is due in part to ECM remodeling of the primary tumor, it is also due to remote
ECM remodeling in the lungs, as described below.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Semenza

Page 8

3.3. The pre-metastatic niche is established by signals from the primary tumor

Sites of metastatic colonization in the lung are preconditioned for the arrival of BCCs
through modifications of the ECM and recruitment of bone marrow-derived cells, a process
known as pre-metastatic niche formation [57]. Formation of the pre-metastatic niche is
stimulated by factors that are secreted by the primary tumor, including VEGF, PGF, tumor
necrosis factor-a, transforming growth factor-p (TGF-), granulocyte colony stimulating
factor, versican and LOX family members, which stimulate pulmonary production of
fibronectin and proinflammatory proteins (S100A8 and S100A9) and recruitment
macrophages, mast cells, and neutrophils [58].

As described above, LOX and LOXL proteins deaminate the s-amino groups of lysine
residues in collagen polypeptides, resulting in their intramolecular and intermolecular
crosslinking (Fig. 2). Since this process occurs after extracellular deposition of collagens,
LOX and LOXLs are secreted proteins. In addition to modifying collagen in the primary
tumor, LOX produced in the primary tumor modifies collagen in the lungs, which facilitates
the recruitment of bone marrow-derived cells, which in turn facilitates the recruitment of
metastatic BCCs [59]. In mice implanted with MDA-MB-435 BCCs in the mammary fat
pad, increased collagen cross-linking was observed in the lungs on day 8, whereas increased
CD11b* bone marrow-derived cells were first detected in the lungs on day 16, and BCCs
were first detected in the lungs on day 24, demonstrating the sequential process of pre-
metastatic niche formation [53].

Knockdown of LOX or LOXL4 in MDA-MB-231 or LOXL2 in MDA-MB-435 cells
inhibited pre-metastatic niche formation [53, 59]. Whereas anti-LOX antibodies or chemical
inhibitors of LOX (such as p-aminoproprionitrile) do not block the activity of all LOXL
proteins, the HIF inhibitors digoxin and acriflavine blocked hypoxia-induced expression of
all LOX and LOXL proteins, inhibited pre-metastatic niche formation, and significantly
reduced lung metastasis [60].

Taken together, these studies demonstrate that intratumoral hypoxia is an important driving
force for ECM remodeling that promotes BCC invasion and metastasis through the
HIFdependent activation of genes encoding collagen prolyl hydroxylase, lysyl hydroxylase,
and lysyl oxidase family members. MSCs were reported to stimulate the production of LOX
by BCCs [40, 61], providing another example of crosstalk between these cell types that
stimulates metastasis. Finally, although we have focused on the role of LOX family
members, it should be noted that expression of other tumor-derived secreted factors that
have been implicated in pre-metastatic niche formation (e.g. PGF, VEGF, TGF-) are also
induced by hypoxia in a HIF-dependent manner.

3.4. Activation of RhoA/ROCK1 signaling increases breast cancer cell motility

Whereas cancer progression is associated with remodeling that stiffens the ECM, the
cytoskeleton undergoes remodeling that transforms rigid, immobile, and polarized epithelial
cells with strong cell-to-cell adhesive contacts into motile and invasive cancer cells with
decreased cell-to-cell contacts and increased mesenchymal properties, a process that is
known as the epithelial-mesenchymal transition [62]. Members of the Rho family of small
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GTPases play a major role in this process by mediating the polymerization of actin (F-actin
formation) to create stress fibers and the phosphorylation of myosin to trigger contractility
that is the molecular basis for cell movement. Active (GTP-bound) Rho interacts with, and
activates, Rho-associated coiled-coil-forming kinase (ROCK), which mediates the
phosphorylation of myosin light chain (MLC), either directly or indirectly by inactivating
myosin phosphatase, leading to actin-myosin contraction [63, 64]. The force that is
generated by actin-myosin contraction is used to pull on the ECM at focal adhesions, leading
to the activation of focal adhesion kinase (FAK), with a positive auto-regulatory loop
between RhoA and FAK signaling [65]. RHOA and ROCK1 gene expression is coordinately
induced within the invasive cancer cells of a breast tumor [66] and increased levels of RhoA
and ROCKU1 protein in biopsy specimens are associated with breast cancer progression [67,
68]. Somatic mutations are not the cause of RhoA or ROCK1 expression in most breast
cancers, leaving the underlying molecular mechanism undefined.

Many studies have demonstrated the effect of hypoxia on cell movement and invasion in
Boyden chambers [69, 70], which have many limitations including the confounding effects
of gravity and pore size and the inability to perform dynamic or single cell analysis. Other
studies have used video microscopy to study breast cancer cells that were exposed to
hypoxia, then replated and analyzed for only short periods of time [71]. More recent studies
have utilized microfluidic approaches to image cell motility in three dimensional cell culture
[72].

MDA-MB-231 subclones, which were stably transfected with empty vector (ShEV) or
expression vectors encoding shRNAs targeting HIF-1a and HIF-2a (sh1/2a), were plated on
collagen-coated surfaces, exposed to 20% or 1% O, and random matility of single cells was
dynamically monitored over 22 hours. Mean velocity and total displacement of sh1/2a, but
not shEV, cells increased significantly in response to hypoxia [73]. Hypoxia induced stress
fiber formation in shEV cells, which was markedly impaired in sh1/2a cells. Molecular
analyses revealed that RHOA and ROCK1 mRNA expression was increased in metastatic
(MDA-MB-231 and MDA-MB-435) as compared to non-metastatic (MCF7 and T47D)
BCC lines; hypoxia induced RHOA and ROCK1 mRNA and protein expression in all BCC
lines analyzed. Hypoxia also induced phosphorylation of MLC and FAK in the metastatic
cell lines, which was blocked by treatment with the ROCK inhibitor Y-27632 [73]. Focal
adhesion formation was induced by hypoxia in shEV, but not sh1/2a, cells. The hypoxia-
induced increase in cell matility was lost in MDA-MB-231 cells with knockdown of HIF-1a
and HIF-2a or FAK [73]. Thus, hypoxia is sufficient to activate RhoA — ROCK1 — MLC
— FAK signaling, which is the basis for BCC matility. Remarkably, the effect of hypoxia
on motility was lost when cells were plated on a soft substratum [73], thereby providing a
direct connection to the ECM remodeling (described in sections 3.2 and 3.3 above), which is
also induced by hypoxia (Fig. 3).

Hepatocyte growth factor (HGF) stimulates cell migration by binding to its cognate receptor
MET, which is encoded by a HIF target gene [74]. Protein tyrosine kinase 6 (PTK®) is a
downstream effector of MET that is also encoded by a HIF target gene and promotes breast
cancer metastasis [75]. It would be interesting to determine whether there is crosstalk
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between the HGF — MET — PTK6 and RhoA — ROCK1 — MLC — FAK signaling
pathways in hypoxic BCCs.

3.5. Hypoxia promotes margination and extravasation of circulating tumor cells

Once BCCs have intravasated into a blood vessel, they are carried through the bloodstream
until their circulation is arrested by interaction with the luminal surface of a vascular EC, a
process that is known as margination. Exposure of MDA-MB-231 cells to 1% O for 48
hours increased their adherence to vascular ECs, due to the HIF-dependent activation of L1
cell adhesion molecule (LLCAM) expression [35]. Knockdown of LICAM markedly
impaired adherence of BCCs to vascular ECs ex vivo, reduced lung colonization after
intravenous injection, and decreased the number of spontaneous lung metastases after
mammary fat pad implantation [35].

BCC margination is followed by extravasation, which is the process of moving from inside
to outside of the blood vessel. In order for BCCs to migrate between adjacent ECs, they
secrete angiopoietin-like 4 (ANGPTL4), which binds to receptors on ECs and inhibits EC-
EC interactions [35, 76]. ANGPTL4 expression is induced by hypoxia in a HIF-dependent
manner [35]. Knockdown of ANGPTL4 expression in MDA-MB-231 cells had no effect on
primary tumor growth but dramatically impaired hypoxia-induced extravasation after
intravenous injection and lung metastasis after mammary fat pad implantation [35, 76].

3.6. Hypoxia induces the breast cancer stem cell phenotype

Once cells have invaded, intravasated, circulated, marginated, extravasated, and homed to a
metastatic niche, they must be capable of initiating a secondary tumor. Only a small
percentage of cancer cells within a primary tumor, designated tumor-initiating cells or
cancer stem cells (CSCs), have the capacity to undergo asymmetric divisions in which a
CSC divides, yielding one CSC and one cell that has the ability to undergo a limited number
of cell divisions that will contribute to the exponential growth of the bulk tumor. CSC self-
renewal ensures that there will always be a source of cancer cells with proliferative
potential. Hypoxia was first shown to induce the CSC phenotype in glioma [77] and,
subsequently, in breast cancer [78, 79], in a HIF-dependent manner.

As for any cell type, the CSC phenotype is determined by patterns of gene expression that
are controlled by transcription factors. In the case of breast CSCs, the co-activator TAZ
(transcriptional activator with PDZ-binding motif) has been shown to promote breast CSC
self-renewal and tumor-initiation capacity [80]. TAZ is an essential component of the Hippo
pathway that regulates organ mass in both invertebrates and vertebrates [81].
Phosphorylation by LATS1 or LATS2 kinase maintains TAZ in the cytosol and prevents it
from interacting with DNA-binding proteins of the TEAD family to activate transcription.
TAZ expression is increased in 80% of high-grade breast cancers, which is associated with
amplification of the WWTR1 locus encoding TAZ in approximately 10% of breast cancers
[80], but the molecular basis for increased TAZ expression and activity in the majority of
TAZ-overexpressing breast cancers was not known.
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Analysis of TAZ mRNA and protein expression revealed that that basal expression was
increased in the metastatic BCC lines MDA-MB-231 and MDA-MB-435 as compared to
non-metastatic BCCs, but TAZ expression was induced by hypoxia in a HIF-1a-dependent
and HIF-2a-independent manner in all BCC lines [82]. Chromatin immunoprecipitation
(ChlIP) assays demonstrated hypoxia-induced binding of HIF-1a and HIF-1p, but not
HIF-2a, to a site in Intron 2 of the WWTRL gene located 26 kb 3’ to the transcription start
site. A 50-bp sequence containing the HIF-1 binding site functioned as a hypoxia response
element in luciferase reporter assays, demonstrating that WWTR1 is a direct HIF-1 target
gene and implicating intratumoral hypoxia as a mechanism for increased TAZ expression in
high-grade breast cancers. Hypoxia increased the expression of connective tissue growth
factor (CTGF) mRNA and increased the binding of TAZ to a region of the CTGF gene
promoter containing multiple TAZ/TEAD-binding sites (but no HIF-1 sites) in a HIF-1a-
dependent (and HIF-2a-independent) manner, indicating that HIF-1 amplifies TAZ target
gene transcriptional activation in hypoxic BCCs by increasing TAZ expression [82].

Analysis of TAZ by immunofluorescence or subcellular fractionation revealed that hypoxia
induced the nuclear localization of TAZ in MDA-MB-231 subclones expressing a control
shRNA or an shRNA targeting HIF-2a, but not in cells expressing an ShRNA targeting
HIF-1a [82]. Immunoblot assays revealed constitutive, low-level expression of LATSL,
whereas LATS2 was abundantly expressed in non-hypoxic BCCs [82]. Hypoxia induced the
proteasomal degradation of LATS2 through the HIF-1a-dependent expression of the
ubiquitin protein ligase SIAH1, which was shown to be a direct HIF-1 target gene (Fig. 4).
Remarkably, another study reported that the activity of YAP (Yes-associated protein), which
is a homolog of TAZ, was induced by HIF-1a-dependent expression of SIAH2, which is a
homolog of SIAH1, leading to LATS2 degradation [83].

Breast CSCs are enriched among BCCs that express aldehyde dehydrogenase (ALDH™*) and
among BCCs that form mammospheres when cultured on ultra-low adherence plates [84,
85]. Hypoxia increased the number of ALDH* and mammosphere-forming CSCs, which
was inhibited by shRNA knockdown of HIF-1a or SIAH1, but not HIF-2a, whereas TAZ
knockdown reduced breast CSCs under both hypoxic and non-hypoxic conditions [82].

To analyze the effect of HIF or TAZ loss-of-function on tumor-initiating cells, 1000 cells of
each MDA-MB-231 subclone were injected into the mammary fat pad of immunodeficient
female mice, which were scored for the presence of mammary tumors 6 weeks later.
Whereas 7 out of 7 mice injected with BCCs expressing the non-targeting control ShRNA
developed tumors, tumors formed in only 3/7, 2/7, and 0/7 mice injected with cells
expressing shRNA targeting TAZ, HIF-2a, or HIF-1a, respectively. These results are
consistent with the role of TAZ and HIF-1 in promoting the breast CSC phenotype, whereas
HIF-2 may play either a role in CSCs that is not reflected in the ALDH and mammosphere
assays or a non-CSC-related role that is required for early tumor formation, such as
promoting vascularization.

Analysis of gene expression and survival data from over 1,000 breast cancer patients
revealed that patients with expression of both HIF and TAZ target genes in their primary
tumor that was greater than the median had significantly reduced survival compared to
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patients with low expression of HIF and/or TAZ target genes [82]. These clinical results are
consistent with a role for HIF-1 in amplifying TAZ target gene expression as well as the
other (TAZ-independent) molecular mechanisms described in previous sections by which
HIF-1 promotes breast cancer metastasis. Finally, in addition to the role of HIF-1 in
mediating increased TAZ activity, TAZ interacts with HIF-1a and serves as a co-activator
for HIF-1-dependent gene transcription in hypoxic BCCs [86], indicating that TAZ and HIF
amplify the activity of each other.

3.7. Microvesicles transfer the hypoxic phenotype to non-hypoxic cells and stimulate their
invasive and metastatic properties

Sections 3.1 to 3.6 have delineated molecular mechanisms by which hypoxia induces the
expression of genes that promote the invasive and metastatic properties of BCCs.
Extracellular vesicles are a novel cell-derived component of the tumor microenvironment
and recent studies suggest that hypoxic BCCs are able to transfer their phenotype to non-
hypoxic cells through the production of microvesicles and exosomes, which are extracellular
vesicles that contain proteins, MRNAs, and microRNAs. Microvesicles are particles of 0.1-
to 1-um diameter that form by outward budding and fission of the plasma membrane, which
is mediated by contraction of the actin cytoskeleton, whereas exosomes are 50- to 200-nm
diameter particles that form from inward budding of the limiting membrane of
multivesicular bodies and are released from the cell by fusion with the plasma membrane
[87-89]. In different cancers, extracellular vesicles have been reported to promote
angiogenesis, cancer stem cells, epithelial-mesenchymal transition, or metastasis by effects
on a variety of cell types in the tumor microenvironment [90].

The small GTPases RAB27A and RAB27B have been implicated in exosome biogenesis in
melanoma and HeLa cells [91, 92], but the molecular mechanisms regulating extracellular
vesicle formation have not been delineated. Hypoxia stimulates the release of extracellular
vesicles that promote angiogenesis [93-97] and increased exosome formation by hypoxic
cancer cells requires HIF activity [96, 98], but the relevant HIF target genes have not been
identified.

Analysis of peripheral blood from breast cancer patients revealed increased numbers of
microvesicles compared to controls [99]. Microvesicle formation was increased in metastatic
MDA-MB-231 and MDA-MB-435 cells as compared to non-metastatic MCF-7 BCCs,
whereas hypoxia induced microvesicle formation by two-fold in all three BCC lines, but this
effect was lost in subclones expressing shRNAs targeting HIF-1a and HIF-2a [100].
Expression of RAB22A was correlated with the expression of HIF target genes in primary
breast cancers and RAB22A expression greater than the median was associated with
increased overall survival and distant metastasis-free survival. ChIP assays revealed
hypoxia-induced binding of HIF-1 to a site in the 5’-untranslated sequence within exon 1 of
the RAB22A gene in BCCs [100].

Immunocytochemistry suggested that RAB22A was a component of the microvesicles that
formed in hypoxic cells and expression of sShRNA targeting RAB22A eliminated hypoxia-
induced microvesicle formation as well as hypoxia-induced invasion of BCCs through
Matrigel [100]. Microvesicles collected from hypoxic BCCs and incubated with non-
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hypoxic cells induced focal adhesion formation and invasion in vitro, as well as lung
colonization after intravenous injection, and this effect was lost in cells expressing ShRNA
that targeted RAB22A. Knockdown of RAB22A expression in MDA-MB-231 cells had no
effect on primary tumor growth after mammary fat pad injection but significantly reduced
the number of metastases from breast to lungs [100].

Previous studies implicated hypoxia-induced extracellular vesicle formation as a means by
which cancer cells influence the phenotype of vascular and other stromal cells [93-96],
whereas HIF- and RAB22A-dependent microvesicle formation increases the invasive and
metastatic properties of a primary breast tumor by transferring the phenotype of hypoxic
BCCs to non-hypoxic BCCs [100]. Many questions remain to be answered about the role of
extracellular vesicles in cancer progression. Are tumor-derived factors, such as LOX family
members, that act to promote pre-metastatic niche formation delivered to the lungs in
extracellular vesicles? It would be interesting to test whether RAB22A loss-of-function in
BCCs affects collagen crosslinking in the lungs of tumor-bearing mice. What are the
molecular mechanisms by which hypoxia-induced microvesicles affect focal adhesion
formation, invasion, and metastasis? One appealing mechanism is that the microvesicle
cargo may include inducers of HIF-1 activity, such as microRNAs targeting negative
regulators [97], or even HIF-1 itself [101].

3.8. Summary

HIFs function as master regulators of breast cancer metastasis by activating the transcription
of genes encoding proteins that participate in multiple steps of the metastatic process, only a
subset of which have been reviewed here (Fig. 5). In addition to HIF target genes encoding
proteins that directly participate in metastasis, HIF-1 encodes transcriptional regulatory
proteins such as IMJD2C, which is required for breast cancer metastasis and encodes a
histone demethylase that is recruited by HIF-1 to target genes to further amplify their
expression [102].

4. Implications for cancer therapy

Breast cancers are stratified into three major groups for therapy. Cancers that express the
estrogen receptor (ER) or progesterone receptor (PR) or both are treated with an ER
antagonist, such as tamoxifen, or an aromatase inhibitor, such as letrozole. Cancers that
overexpress human EGF receptor 2 (HER2) are treated with an anti-HER2 antibody, such as
trastuzumab, or a tyrosine kinase inhibitor, such as lapatinib. Cancers that lack expression of
ER, PR, or HER2, which constitute approximately 15% of all breast cancers (30% among
African-American women), are designated “triple negative” and, in the absence of any
targeted therapy, are treated with cytotoxic chemotherapy, with greatly increased rates of
relapse, metastasis, and death compared to the other breast cancer types [103]. Many of the
studies described in this review were performed with the MDA-MB-231 cell line, which was
derived from a metastatic triple-negative breast cancer [30].

There are now several drugs (acriflavine, digoxin, and ganetespib) that have been shown to
inhibit HIF-1 and shown to block breast cancer primary tumor growth, angiogenesis, pre-
metastatic niche formation, and local invasion as well as metastasis to lymph nodes and
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lungs in orthotopic mouse models [31, 35, 60, 104]. Recent studies in mice indicate that
combining digoxin with cytotoxic chemotherapy (paclitaxel or gemcitabine) leads to tumor
regression by blocking HIF-dependent transcriptional responses that promote the resistance
of breast CSCs to chemotherapy [21]. HIF inhibitors may also induce immunogenic cell
death [105].

Analysis of hundreds of triple-negative breast cancers revealed a wide diversity of somatic
mutations none of which were found at high frequency [4]. Given the remarkable
overexpression of HIF target genes in triple-negative breast cancer [4, 21], the master
regulatory role of HIFs in metastasis (Fig. 5), and their involvement in chemotherapy
resistance, HIF inhibitors may represent a targeted therapy for these breast cancers.
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Fig. 1.

Signaling between breast cancer cells (BCCs), mesenchymal stem cells (MSCs), myeloid-
derived suppressor cells (MDSCs), and tumor associated macrophages (TAMSs) stimulates
metastasis. Large colored arrows indicate intercellular signaling through interaction of
ligand with its cognate receptor. Thin black arrows indicate intracellular signaling activated
by ligand-receptor interaction. Hypoxia-inducible factors directly activate transcription of
the genes encoding the three ligands (CXCL16, PGF, CSF1) and two receptors (CCR5,

CXCR3) in hypoxic BCCs.
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Triple helix assembly
and collagen deposition

Collagen fibril
assembly

Collagen fiber
crosslinking

Collagen biogenesis. The formation of mature collagen fibers involves three different types
of post-translational modification that are mediated by prolyl hydroxylase, lysyl
hydroxylase, and lysyl oxidase family members. All of the enzymes shown are products of
genes that are transactivated by hypoxia-inducible factors in hypoxic breast cancer cells.
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Fig. 3.
Hypoxia induces collagen deposition and fiber formation that stiffen the extracellular matrix

(ECM). Hypoxia also induces RhoA/ROCK1-mediated myosin light chain (MLC)
phosphorylation and focal adhesion kinase (FAK) activity that are required for actin-myosin
contractility and cell motility on stiff ECM. Blue oval, protein encoded by a HIF target gene;
purple oval, protein that is regulated by HIF-dependent RhoA/ROCK1 signaling.
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Stem Cell
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Fig. 4.
HIF-1 induces transcription of the WWTR1 and SIAH1 genes to increase TAZ expression

and activity in hypoxic breast cancer cells. WWTRL1 encodes TAZ, whereas SAH1 encodes a
ubiquitin protein ligase that targets LATS?2 for proteasomal degradation, thereby eliminating
a negative regulator of TAZ nuclear localization and transcriptional activity.
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Fig. 5.
HIF-1 activates the transcription of genes that control multiple steps in the metastatic

process. Blue, red, yellow, and orange ovals denote bulk cancer cells, cancer stem cells,
bone marrow-derived cells (mesenchymal stem cells, myeloid-derived suppressor cells and
tumor associated macrophages), and extracellular vesicles (exosomes and microvesicles)
respectively. Cancer stem cells give rise to both stem cells and non-stem cells and can
initiate secondary (metastatic) tumors.
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