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CHAPTER I

INTRODUCTION

This chapter is adapted from “Hypoxia in bone metastasis and osteolysis” published in Cancer
Letters and has been reproduced in line with publisher policies.

Todd VM, Johnson RW. Hypoxia in bone metastasis and osteolysis. Cancer Lett. 2020 Oct
1;489:144-154. doi: 10.1016/j.canlet.2020.06.004. Epub 2020 Jun 16. PMID: 32561416;
PMCID: PMC7429356.

Overview
Breast cancer is the most common cancer diagnosis among women in the United States, with
over 275,000 women estimated to be diagnosed in 2020 [1]. Public awareness, early detection
screening strategies, and advances in therapy have improved outcomes and lengthened survival
of many breast cancer patients. Despite these developments, breast cancer survivors are still at
risk of distant recurrence many years after initial diagnosis and treatment due to the ability of
metastatic tumor cells to remain dormant for extended periods of time. Additionally, it is
becoming increasingly appreciated that breast cancer cells are capable of metastasizing to distant
tissue at early stages of disease [2, 3]. This leaves many patients, even those who were diagnosed
at early disease stages, at risk of developing incurable bone lesions and related complications
such as severe bone pain, hypercalcemia, and increased risk of fracture [4, 5]. Thus, metastatic
dissemination to bone can significantly decrease life expectancy and quality of life [6].
Furthermore, the bone is the most common site of metastasis across different breast cancer
subtypes [7], with approximately 70% of breast cancer patients presenting with bone metastases
upon autopsy [8]. Thus, deepening our understanding of the events that regulate bone metastasis
and how breast cancer cells behave once they reach the bone are crucial if we are to improve
prevention and treatment of bone metastases.

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. 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 [9]. 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%) [10]. Similarly, squamous
cell carcinoma of the uterine cervix had a median pO2 of 9 mmHg (1.2%) while normal cervical
tissue was around 42 mmHg (5.5%). The bone microenvironment is also generally hypoxic, with
oxygen tensions estimated to range from 4.8 to 21.9 mmHg (0.6-2.9%) depending on the area of
the bone marrow [11]. Thus, disseminated tumor cells that reside in the bone may experience
severe hypoxia.

The cellular adaptations and responses of tumor cells to hypoxia have been linked to
increased metastatic capability, bone destruction, and the decision of tumor cells to maintain
dormancy or re-enter a proliferative state. Thus, investigating the mechanisms by which hypoxia
alters tumor cell behavior is a key aspect of deepening the current understanding of tumor cell
dissemination to, and dormancy within, the bone. While hypoxia clearly plays a role within both
the primary tumor and the bone, this dissertation will primarily focus on hypoxia signaling

within the primary tumor and its impact on tumor progression and dissemination.

Hypoxia signaling in tumor cells
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 o
subunit (HIF1a or HIF2a) binds to the constitutively expressed 3 subunit (HIF1[3, encoded by
the ARNT gene) [12-15]. While a third a subunit variant, HIF3a, has been identified, many
splice variants of HIF3a are not oxygen sensitive, cannot dimerize with HIF13, and do not have
transcriptional regulatory functions [16-19]. Furthermore, the most common isoform of HIF3a
shares only 74% identity with HIF1a and 52-58% identity with HIF2a [20, 21]. Therefore,
HIF3a will not be discussed further in this dissertation, since HIF1a and HIF2a are the main
drivers of hypoxia responsive pathways.

Under normoxia, HIF1a and HIF2a are hydroxylated on conserved prolyl residues by
prolyl hydroxylase domain-containing enzymes (PHD1-3). These hydroxylations allow the von

Hippel-Lindau (VHL) E3 ubiquitin ligase to bind the a subunits and polyubiquitinate them,
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marking them for degradation by the proteasome [22-24]. VHL is made up of two domains,
termed a and 3, where the f domain binds the hydroxylated HIF 1o or HIF2a peptides [23, 25,
26]. VHL functions in a larger complex with the transcription elongation factors B and C; this
complex is called the VCB complex [27-29]. PHD enzymes require molecular oxygen, o-
ketoglutarate, ascorbate, and iron in order to be functional [26, 30-33]. Thus, under hypoxic
conditions the PHD enzymes are non-functional and the o subunits cannot be bound by VHL and
thus are not hydroxylated and degraded. This allows the dimerization and nuclear translocation
of the o and B subunit complex, which functions as a transcription factor for target genes by
binding to hypoxia response elements (HREs) in the promoter region [34-36] (Fig. 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 [37-39]. 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 [40, 41]. 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
glucose transporter type 1 (GLUTT1), and glycolytic enzymes, like lactate dehydrogenase A
(LDHA) [42-45]. 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 oxygen-poor
microenvironments.

While the primary function of VHL is to act as the negative regulator of HIF-signaling,
VHL also possesses HIF-independent functions such as regulation of extracellular matrix (ECM)
assembly, microtubule stabilization, transcription, apoptosis, and senescence [46]. VHL also
functions as a tumor suppressor and germ-line VHL mutations can cause von Hippel-Lindau
syndrome. People with VHL syndrome are predisposed to developing hemangiomas of the
cerebellum and retina. Cysts can also develop in the kidneys and pancreas VHL syndrome
confers an elevated risk of clear cell renal cell carcinoma and pancreatic neuroendocrine tumors
[47]. It is important to note that current evidence indicates VHL syndrome or loss of functional

VHL is not involved in breast cancer development [48].



Normoxia Hypoxia

Figure 1. Hypoxia-inducible factor signaling pathway. Under normoxic conditions, prolyl
hydroxylase domain containing enzymes (PHDs) hydroxylate the hypoxia inducible factor alpha
subunits (HIF 1o and HIF2a). These hydroxylations allow the E3 ubituitin ligase von Hippen
Lindau (VHL) to ubiquitinate HIF 1o and HIF2a, leading to their proteasomal degradation. Under
hypoxic conditions, the PHD enzymes are inactive, allowing HIF1a 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.



In the context of tumor cells, HIF signaling regulates genes involved in epithelial-to-
mesenchymal transition, invasion, and the regulation of matrix composition and degradation,
which promotes the metastasis of malignant cells [49-51]. The role for hypoxia in stimulating
cancer cell invasion is documented in many cancer types including breast [52, 53], colon [54],
and renal cancer [49]. Increased matrix metalloproteinase (MMP) expression and activity also
drive invasion in hypoxic. HIF1a stimulates the expression of MMP9 in human breast cancer
cells [53], and hypoxic regions in human breast tumor samples strongly correlate with MMP-2
activation [52]. Treating MDA-MB-231 and MDA-MB-435 human breast cancer cells with
antibodies or short interfering RNAs (siRNAs) against membrane-type-1 MMP (MT1-MMP) or
MMP2 reduced hypoxia-induced invasion in MDA-MB-231 and MDA-MB-435 human breast
cancer cells [52]. Hypoxia not only promotes degradation of the ECM to promote invasion but
can also change the composition and structure of the ECM. HIF1a, but not HIF2a, stimulates the
expression of collagen prolyl 4-hydroxylase subunit alpha 1 and 2 (C-P4HA1, C-P4HA?2) [55],
which bind prolyl 4-hydroxylase subunit beta (P4HB) to form collagen prolyl 4-hydroxylase 1 or
2 (C-P4H1, C-P4H2), respectively. Note that these prolyl hydroxylase domain-containing
proteins are distinct from the PHDs that regulate HIF 1o and HIF2a subunit stability. C-P4H1
and C-P4H2 hydroxylate proline residues in collagen, maintaining thermal stability of the
collagen triple helix [56]. Knocking down C-P4HAT1 or C-P4HAZ2 in breast cancer cells
decreases lung and lymph node metastases in vivo, highlighting the importance of ECM
composition in cell adhesion, motility, and invasion [57-59]. HIF1a also stimulates the
expression of procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 and 2 (PLOD1 and PLOD2),
which regulate collagen crosslinking and ECM stiffness [60, 61]. Matrix stiffness promotes
tumor invasion and metastasis [62], and inhibiting PLOD1/2 decreases tumor stiffness and
decreases invasion, lung metastasis, and the number of circulating tumor cells [57]. Taken
together, inhibition of HIF signaling may decrease metastasis by targeting the physical
interactions of the tumor cells with the surrounding ECM.

HIF’s pro-metastatic functions are supported by clinical data from breast cancer patients,
which found that more intense HIF 1 a staining in the primary tumor was associated with poor
outcomes such as reduced overall survival, therapy resistance, and early relapse [63-66]. HIF1a
overexpression was also found to be associated with shorter overall patient survival and

recurrence-free survival in lung cancer [67], and increased intratumoral HIF1a staining predicts



poor outcome and response to therapy in many tumor types, including oropharyngeal cancer
[68], oral squamous cell carcinoma [69], oligodendroglioma [70], epithelial ovarian
cancer [71], and cervical cancer [72]. 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 [73]. 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 [74-77].
Furthermore, in acute myeloid leukemia, hypoxia promotes chemoresistance [78] and increased
HIF1a expression is associated with decreased overall survival and event-free survival [79].
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 VAl deletion resulting in dramatically increased bone volume [80].
Similarly, combined deletion of PHD 1, PHD?2, and PHD3, which stabilizes HIF, in OSX-lineage
cells causes excessive trabecular bone growth due to overly active HIF signaling [81]. While the
actions of HIF signaling in endochondral ossification and growth plate development, for
example, are well described in the literature [8], I will focus on the role of hypoxia in metastasis,

tumor growth in the bone, and osteolysis.

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 [82-85]. 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 [84, 86, 87]. 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 [88]. 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.

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 [89-
91]. 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 (0.3-4.6% p0O3), depending on the thickness of the
trabeculum and the distance from a capillary [91].

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 [11]. 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 in 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 pO2 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.

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 [92].

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 a
dominant negative (DN) form of HIF1a (DN-HIF1a) formed significantly fewer bone metastases
than control cells, following mammary fat pad injection [93]. 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 [94]. 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 [95]. 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 ef al. generated MDA-MB-231 cells
that expressed DN-HIF1a or a constitutively active (CA) HIF1a and compared tibial tumor
volume following intracardiac inoculation [96]. 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 bone morphogenetic protein 2 (BMP2) stimulation. Hypoxia also
increased Tartrate-resistant acid phosphatase (TRAP)-positive osteoclast-like cell formation from
spleen cell cultures treated with soluble receptor activator of nuclear factor kappa-B ligand
(RANKL) and macrophage colony stimulating factor (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 [97].
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 HIF1a-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 [98]. Tumor
associated macrophages have been recognized for their importance in driving angiogenesis,
tumor growth, invasion, and metastasis [99-101]. In the primary tumor, the presence of
regulatory T cells (Tregs) has been associated with poor prognosis [102], and Tregs are increased
in the bone marrow of prostate cancer patients with bone marrow metastases [103]. In addition,

Tregs have been found to produce RANKL [104], suggesting they may contribute to the cycle of



bone destruction. Cytotoxic T cells are one of the main cell types responsible for the destruction
of tumor cells, but their activity can be inhibited by TGF-3 released from osteoclastic resorption
of bone [105, 106]. 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 [107]. 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 [108].

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 [109].
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 [110]. 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% O2 was found to induce the expression of
FOXP3, a key regulator of Treg cell differentiation, in a HIF1a dependent manner [111]. Thus,
extremely hypoxic regions of the bone microenvironment may increase Treg cell differentiation
and promote bone metastasis or osteolysis [102-104]. 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 [112]. Hypoxia was found to
drive PD-L1 expression in myeloid derived suppressor cells, macrophages, dendritic cells, as
well as 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 [113], similarly leading to a growth permissive microenvironment.
Taken together, hypoxia drives the generation of a microenvironment in which T cell functions

are inhibited or skewed toward an immunosuppressive phenotype.
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Interestingly, HIF signaling also plays a role in macrophage polarization, where HIF1a is
induced by Th1 cytokines during M1 polarization (classically activated macrophages), while
HIF2a is induced in response to Th2 cytokines during M2 polarization (alternatively activated
macrophages) [114]. 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 I (Arg-I). In vitro
studies have shown that intermittent hypoxia promotes M1 polarization [115, 116]. Since
primary tumors often have fluctuating oxygen levels due to inefficient and disorganized
vasculature [117], 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
dampen the anti-tumor immune response, thereby further tipping the scale in favor of tumor
growth and metastasis.

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 ef al. modeled
this heterogeneity by creating an inducible HIF 1a construct [118]. They fused a mutant form of
HIF1a 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. MCF7 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
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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 [119].
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 [120].
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, in vitro.
Furthermore, RAB22A knockdown in MDA-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 [121]. Furthermore, tumor-derived extracellular vesicles have been shown to alter the
activity of bone-resident cells in multiple tumor types [122]. For example, amphiregulin-
containing exosomes released from non-small cell lung cancer cells have been found to induce
EGFR signaling in pre-osteoclasts and promote osteoclastogenesis in vitro [123], and multiple
myeloma exosomes simultaneously enhanced osteoclast activity and inhibited osteoblast
differentiation and activity [124]. 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 HIF1a-dependent manner,

enhancing seeding and growth of metastatic cells in the bone marrow [125]. These examples
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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
ECM, trigger the recruitment of bone marrow derived cells (BMDCs) to the lungs [126-129].
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 [126, 127]. 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 Kruppel like factor 4 (KLF4) [130]. 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 [125]. 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 ef al. established that HIF1a and
VHL expression in osteoblast-lineage cells could influence the ability of injected tumor cells to
colonize the bone [131]. When mice lacking Hifla expression specifically in osteoblast-lineage
cells (AHif1a°%% mice) were inoculated with a PyMT-derived cell line via intracardiac or

OSX

orthotopic injection, AHif10”>* mice developed bone metastases less frequently than control

mice. Interestingly, the primary tumors that grew after orthotopic injection were also

08X mice. Conversely, AVAI°SX mice developed bone metastases

significantly smaller in AHifla
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 AHif10a°5X mice had decreased numbers of
CXCL12" osteoprogenitor cells, whereas AVAI?SX mice had significantly more CXCL12*
osteoprogenitor cells and also had higher circulating plasma CXCL12 levels. CXCL12

expression can be induced by hypoxia [132-135] and is known to promote mammary tumor cell
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growth and dissemination by signaling through CXCR4 on breast cancer cells [136]. 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.

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 (Fig. 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 stiffness, which has
been shown to increase tumor cell invasion in breast and colorectal cancer [62, 137, 138]. 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 [137-141]. Reynaud et al.
identified that tumor-secreted LOX in colorectal cancer generates osteolytic lesions in mice
following intra-arterial inoculation of LOX overexpression Hctl16 human colorectal cancer cells
[142]. 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 Hctl116
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 ef al. in the context of breast cancer showing that LOX drives
osteoclastogenesis [143]. 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 nuclear factor of activated T cells 1 (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.
LOX is, of course, not the only driver of osteolytic lesion development. Parathyroid
hormone related protein (PTHrP) expressed by bone resident tumor cells disrupts the balance

between bone formation and degradation and drives a process called the vicious cycle of bone
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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 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 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: TGF} =
transforming growth factor receptor beta; PDGF = platelet derived growth factor; IGF = insulin-
like growth factor.
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destruction [144]. This vicious cycle 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
PTHrP [145-150], which functions in a similar manner to parathyroid hormone (PTH). PTH
stimulates calcium release from bone as a homeostatic mechanism to maintain proper calcium
levels in the blood [151]. PTHrP binds to the parathyroid hormone 1 receptor (PTHIR) on the
surface of osteoblasts [152-154], which will in turn stimulate the production of RANKL and
inhibit osteoprotegrin (OPG) production from osteoblasts [155]. RANKL can then bind RANK
on the surface of osteoclast precursors to stimulate their maturation [156-158]. OPG is a soluble
decoy receptor for RANKL [159], 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  (TGF-), platelet-derived growth factor (PDGF)
and insulin-like growth factors (IGFs) that are stored in the bone matrix [160-164]. These growth
factors will then stimulate the growth of the tumor cells to drive the cycle forward and cause
further osteoclastogenesis and osteolysis [144, 165, 166]. HIF signaling is known to partially
drive this process, as HIF2a, but not HIF1a., stimulates the expression of PTHrP [167]. Thus, the
hypoxic conditions that metastatic tumor cells experience in the bone, a generally hypoxic organ,
could promote PTHrP 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 [168, 169]. PTHrP transcription in chondrocytes is responsive to both
HIF1a and HIF2a, though, indicating that the exact mechanism of regulation may be subtly
different between cell types [169]. Hypoxia has also been shown to drive RANK and RANKL
expression in breast cancer cells [170], 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 [171, 172] production, bone marrow
stromal cells to increase insulin-like growth factor 2 (IGF2) production [173], and osteocytes to
upregulate the production of growth differentiation factor 15 (GDF15) [174], all of which
promotes osteoclastic differentiation. Interestingly, HIF-signaling in osteoblasts has also been
shown to drive OPG production, thus inhibiting osteoclastogenesis [81, 175]. 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
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osteoblasts (using Collal-Cre) resulted in mice with increased bone mass, and that RANKL is
regulated in a HIF2a-dependent manner [176]. Wu ef 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 [81]. Additionally, Wu ef 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 in vitro deletion of VHL in
primary calvarial osteoblasts, and thus upregulation of HIF1a (HIF2a was not evaluated),
increased OPG expression but not RANKL expression [175]. Furthermore, these results are
supported by earlier reports that VHL deletion in osteoblasts causes high bone density [177]. 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.

Hypoxia has also been shown to stimulate osteoclastogenesis more directly. Arnett ef 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 [178]. 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 pre-
osteoclasts. 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 [179]. 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
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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 kappa-B inhibitor a (IxBa)
[180]. 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 [181-183], but some of the findings indicate that osteoclast differentiation in
hypoxia enhances the resorptive capabilities of the cells once they mature [182]. 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 [184]. 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 HIF 1 a 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 HIF 1o 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 HIF1ao (NCT00466583
and NCT01120288), and RO7070179, a HIF1oo mRNA antagonist (NCT02564614), have all
completed phase 1 clinical trials for patient with advanced solid tumors. One of the EZN-2968
trials (NCTO01120288) exhibited some preliminary evidence that this agent was capable of
decreasing HIF1ao mRNA and proteins levels in solid tumors but had to be closed prematurely
when further development was suspended [185]. Several trials investigating HIF2a inhibitors are

also currently underway, most of which focus on clear cell renal cell carcinoma: PT2977 (Phase
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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.

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 [186, 187]. 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 [188]. Additionally, the bone is the most common
site of metastasis for breast cancer [7]; 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 [188]. The most commonly accepted definition of dormancy is
a non-proliferative quiescent tumor cell that is arrested in Go-G1 phase of the cell cycle, as
indicated by negative staining for Ki-67 and/or proliferating cell nuclear antigen (PCNA) [189,
190]. 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
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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.

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 [191]. High expression of anti-
angiogenic factors such as thrombospondin 1 (TSP1 or THBS1) in the microenvironment [192]
or low expression of angiogenic signals such as VEGF and basic fibroblast growth factor (bFGF)
in the tumor cells may cause the micrometastasis to remain static in size [191].

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 [193, 194] and
confers a dormant phenotype in bone-disseminated MCF7 breast cancer cells [195]. Hypoxia
decreases the expression of LIFR in both MCF7 and SUM159 (ER-negative human breast
cancer) cells in vitro and is negatively correlated with LIFR mRNA levels in patient samples
[195]. LIFR regulation was, however, found to be HIF-independent, suggesting that HIF
signaling 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 [196]. Since PTHrP is hypoxia responsive [167], 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) [197, 198] and DEC2
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(Differentially Expressed In Chondrocytes 2, also known as SHARP1) [199] 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 [200]. 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 [197]. While NR2F1 knockdown allowed the disseminated HNSCC cells
in the lung to grow more aggressively, NR2F1 knockdown had 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
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circulation and grow from a single disseminated tumor cell into a metastasis in the secondary site
[201]. Indeed, dormant DTCs and pluripotent stem cells share some prominent characteristics,
such as self-renewal and differentiation, quiescence, and chemotherapeutic resistance [201]. 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 HIF 1o 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 in vivo [202]. 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-9
(PKC9). PKC9 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
HIF1a 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 [203]. 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 [204]. 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.

Study design and aims
While HIF signaling and the cellular responses it triggers are well characterized, questions
remain as to the exact role of HIF signaling in tumor cell dissemination to bone and dormancy
within the bone. Since tumoral hypoxia is a common feature of breast tumors and bone-
disseminated tumor cells often experience hypoxia, further characterization of the contributions
that HIF signaling plays both in the primary and distant site are essential. This dissertation will
present findings that will address some of the current gaps in knowledge pertaining to HIF
signaling, dormancy, and metastasis, with particular focus on HIF signaling in the primary
tumor.

First, Chapter II will discuss currently available experimental models of breast cancer

metastasis to bone, as well as the advantages and drawbacks of each, in order to highlight the
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challenges of accurately modeling and studying bone metastasis and dormancy. Chapter I1I will
detail the research methods used.

While LIFR expression is known to promote dormancy in bone-disseminated breast
cancer cells and its expression is down-regulated in hypoxia, the details of the cellular response
to LIFR expression or down-regulation are not well characterized. Chapter IV will discuss the
characterization of LIFR-regulated pathways and genes in an attempt to identify novel dormancy
regulators.

HIF gene expression in breast cancer cells has been shown to drive tumor cell
localization to bone and osteolysis in injection-based mouse models, but the effect that the HIF
gene (HIF1a, HIF2a, and VHL) expression in primary breast tumors has on organotropic
dissemination patterns has not been investigated in a physiologically relevant spontaneous model
of breast cancer. Chapter V will present our findings from the study of Hifla, Hif2a, and Vhl
knockout spontaneous mammary carcinoma mouse strains in order to investigate their
contributions to bone dissemination. Finally, Chapter VI will discuss implication of future

directions of this work.
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CHAPTER II

MOUSE MODELS OF BONE METASTASIS

Overview

Metastasis is a complex, multistep, multi-organ process, making it challenging to study, and
necessitating the use of animal models in many instances. The intricate mix of diverse cell types
and niches present in the bone in particular, along with the unique architecture of trabecular
bone, make it extremely challenging to model in vitro. Invasion into underlying tissues in the
breast and intravasation, the earliest steps in the metastatic cascade, are best studied with the use
of genetically engineered mouse models or orthotopic injection models. Later events, like
extravasation following tumor cell circulation survival in the blood, and eventual colonization of
the bone marrow, can be modeled with a wider range of models such as injection-based models
in which the tumor cells are introduced directly into the bloodstream. Direct interactions between
tumor cells and cells of the intact bone microenvironment are best modeled by intratibial or
intrafemoral injections. Thus, the stage of the metastatic cascade being investigated will
determine the most suitable model for the proposed studies.

Another aspect of the bone that makes it difficult of model in vitro is that it is constantly
undergoing dynamic cycles of bone turnover. Bone-forming osteoblasts and bone-resorbing
osteoclasts live on the surface of the bone, where their activity is tightly coupled and balanced to
remove old or damaged bone and replace it with new bone matrix through the bone remodeling
process [205]. This cycle of bone turnover is also deeply intertwined with the process of bone
colonization by tumor cells, where the presence of breast cancer cells can disrupt physiological
bone remodeling signals to promote bone destruction [144].

There are ways to model parts of this bone turnover process in vitro. Osteoclasts can be
differentiated from precursor cells in culture using macrophage colony-stimulating factor (M-
CSF) and RANKL [206], which can then be co-cultured on mineralized substrates like dentin
(elephant ivory) and the extent of substrate resorption can be quantified [207]. While these
resorption assays are helpful in investigating some relationships between cancer cells and bone
resident cells, the mineralized matrix does not closely resemble the intricate structure of

trabecular bone. Since bone architecture parameters like curvature and pore size have been
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shown to affect how tumor cells and bone-resident cells behave [208, 209], these assays may not
completely capture how tumor cells behave in vivo. To better model the bone microenvironment
in vitro, several groups have developed bone-mimicking 3D scaffolds that recapitulate the bone
microarchitecture and mineral composition [210-212]. These scaffolds can even be cultured in
bioreactors that allow for perfusion flow and mechanical loading to better simulate a
physiological bone microenvironment [213-217]. Mesenchymal stem cells, which have the
ability to differentiate into osteoblasts, and monocytes, which can differentiate into osteoclasts,
have successfully been cultured on 3D scaffolds [210, 218].

Other tissue-engineered bone environments have also been developed, such as humanized
ossicles, which more fully capture the human bone marrow microenvironment. Ossicles are
small extraskeletal bone compartments that are grown subcutaneously in mice through the
injection of a mix of extracellular matrix factors and bone marrow-derived MSCs [219, 220].
Human hematopoietic cells can then be injected directly into the ossicle or delivered
intravenously to generate a humanized bone marrow space within the ossicle. The use of ossicle
models is still limited, likely owing to the technically challenging process involved in the
successful generation of the ossicles. Over time, however, ossicle-based models may become
more common in the breast cancer field and become a powerful tool to study both bone
colonization and metastatic homing to bone, since they can be easily manipulated and imaged.

While these models are powerful tools and will become increasingly sophisticated over
time (e.g. prolonged co-culture of multiple cell lineages in the bioreactor models), an in vivo
system is still needed to fully capture the complex series of events that lead to the homing,

establishment, and growth of disseminated tumor cells in the bone.

Bone metastasis in genetically engineered spontaneous tumor models

Genetically engineered mouse models (GEMMs) have been adapted for breast tumor studies by
employing promoter-specific transgene expression to drive tumor formation. These models, in
which mice spontaneously develop multifocal mammary tumors, are particularly relevant to the
study of tumor formation, progression, and lung metastasis [221], but have not been readily
adapted for bone metastasis. This is mainly due to the lack of robust bone metastasis formation
in these models. While disseminated tumor cells are detectable in bone, the mice rarely form

overt bone metastases [2, 222]. This may be in part due to the etiology of the model, but
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typically mice succumb to lung metastases or the tumors grow to a size that requires ethical
euthanasia before robust bone metastases are able to form. Thus, this model is useful for the
study of early dissemination and mechanisms of outgrowth in bone, but not in the treatment of
established bone metastases. A secondary issue is the ability to reliably detect disseminated
tumor cells in the bone, owing to the lack of overt bone metastases. While crosses with reporter
mice have been established [223], the breeding required for these mice is somewhat laborious
since genes that drive tumor formation may also interfere with lactation [224], meaning that
female breeders cannot carry the transgene. This breeding becomes even more complicated if
additional genetic manipulations are desired, such as conditional knockout of a secondary gene.

In the absence of a reporter, highly sensitive tumor detection techniques are required. To
detect disseminated tumor cells in the bone marrow, positive- or negative-selection strategies are
often used to enrich for disseminated tumor cells. Negative-selection strategies commonly
employ a CD45-based depletion technique to remove most bone marrow cells and thus enrich the
proportion of tumor cells in the remaining population. This strategy, however, carries the risk of
accidentally removing some tumor cells during the depletion step [225]. Positive-selection
strategies, on the other hand, use ferromagnetically-conjugated antibodies against a tumor-
specific marker, often epithelial cell adhesion molecule (EpCAM), to specifically collect tumor
cells out of the bone marrow mix. A major limitation of this approach is that some tumor cells
downregulate markers like EpCAM during the process of epithelial-to-mesenchymal transition
(EMT) [226]. Thus, positive-selection likely leaves behind many tumor cells that do not express
the selection marker. The recovery of tumor cells can be improved, however, by the use of a
second selection marker. While selection-free methods do not have the advantage of enriching
tumor cells from the bone marrow sample, they also minimize the risk of losing tumor cells
during the selection process. Selection-free flow cytometry or bone marrow smear strategies are
commonly used to identify disseminated tumor cells based on tumor markers like EpCAM or
cytokeratin and have been used to detect early metastatic cells in PyMT transgenic mice [2]. In
these strategies, tumor cells are often detected by staining with an antibody against a tumor-
specific marker in addition to DAPI (to identify nuclei) and CD45 (to identify white blood cells).
Technical advancements in recent years have allowed automated detection of candidate tumor
cells (tumor-marker+/DAPI+/CD45-), which can then be reviewed, validated, and quantified
[225].
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One of the most commonly used spontaneous mammary carcinoma models is the
MMTV-PyMT model [224, 227]. This mouse strain contains the polyoma middle T (PyMT)
antigen, which drives tumor formation by interacting with a number of Src family members
[228-232], as well as phosphatidylinositol-4,5-bisphosphate 3-kinase (PI13K) [233, 234]. The
expression of the PyMT transgene is restricted to the mammary epithelial cells, as it is driven in
response to the mouse mammary tumor virus long terminal repeats (MMTV-LTR). The MMTV-
LTR promoter is induced in response to progesterone and dihydrotestosterone [235], and is
mainly activated in mammary epithelial cells, but can also be active in some off-target tissues
such as the salivary glands and lung [224]. Since the PyMT transgene is expressed in all
mammary epithelial cells, this transgene will drive tumor formation in any or all of the 10
mammary glands. Thus, MMTV-PyMT mice vary in the number and size of tumors that are
formed. Tumors are first palpable around 7-13 weeks of age depending on the background strain
of the mouse [227]. MMTV-PyMT mouse are now available on the FVB/N or C57Bl/6
backgrounds, where the C57Bl1/6 mice display a longer latent phase before tumors are palpable
and an extended disease course [227]. While the timeline of tumor development and progression
is obviously condensed in the MMTV-PyMT mice compared to human disease, the different
stages of tumor development, from premalignant to malignant, are well captured and comparable
to the stages of disease progression in human patients [236]. One of the limitations of this model
is that while MMTV-PyMT mice exhibit metastatic dissemination to the lung [224], they do not
form overt bone metastases. However, MMTV-PyMT have been instrumental in refining our
understanding of metastasis and how tumor cells can disseminate to distant sites at much earlier
time points than previously assumed. MMTV-PyMT mice had cytokeratin-positive (CK+) tumor
cells detected in the bone marrow starting at 4-6 weeks of age, when only atypical ductal
hyperplasia (ADH) or ductal carcinoma in situ (DCIS) was found in the mammary gland [2].

Another closely related model of spontaneous mammary carcinoma is the MMTV-Neu
model [237, 238]. Neu is the name for the rodent homolog of human epidermal growth factor
receptor 2 (HER2 or ERBB2) and drives carcinogenesis through activation of the PI3K/Akt
pathway [239]. Like the MMTV-PyMT model, the expression of Neu is mostly restricted to the
mammary epithelial cells since it is driven from the MMTV-LTR promoter. MMTV-Neu tumors
are also known to faithfully recapitulate the course of human disease [240]. One of the

advantages of the MMTV-Neu model is that the transgene driving carcinogenesis is the same
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gene that is amplified in many human patients. Similar to the MMTV-PyMT model, MMTV-
Neu mice have been used to study early dissemination and showed that CK+ and HER2+ bone-
disseminated tumor cells were detectable in mice as young as 4-9 weeks old when only ADH
was detectable in the mammary gland [2].

While these models have not been commonly used to study bone metastasis due to the
low levels of bone dissemination, these studies demonstrate that sensitive detection modalities
can be leveraged to distinguish tumor cells from bone marrow cells. Thus, the adoption of
sensitive tumor cell detection techniques will allow researchers to leverage the benefits of these
spontaneous tumor models. One of the advantages of spontaneous genetic models is that tumors
grow in a more physiologically relevant manner compared to injection-based models where a
mouse is inoculated with a bolus of tumor cells. Thus, these genetic models may be useful in
studying the impact of specific genes on metastasis, and especially in studying what factors
influence the timeline of metastasis. Spontaneous models, however, also have limitations and are
not the most appropriate model in many studies. For example, spontaneous models are likely not
the ideal choice for studies that require surgical removal of the primary tumors to allow
metastatic cells to be tracked over extended time periods. The multifocal primary tumor
formation makes it ethically challenging to perform tumor removal survival surgeries and could
lead to extensive surgical intervention and inflammation, which could confound the data. Thus,
the advantages and disadvantages of each model must be thoughtfully considered to ensure

selection of the optimal model.

Injection models of bone metastasis

While genetically engineered spontaneous tumor models can model each step of the metastatic
cascade, they also present several challenges. First, the age at tumor onset and the rate of tumor
growth can be quite variable, even within the same genotype, introducing potential age-related
variables into bone architecture and tumor dissemination parameters. Second, final tumor mass
and volume can also vary widely, which can complicate downstream analysis of metastatic
tumor burden. Third, due to the inherent variability in the model, some studies may require
relatively large samples sizes, which can be costly, particularly if complex crosses are involved.

This also introduces the possibility of genetic drift between the first and last individuals of each
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group to be collected, as their birth (and collection) dates could be very far apart from one
another.

To address some of these technical challenges, selecting a tumor cell injection-based
model may be more appropriate in many settings. While most of these models do not capture the
full metastatic cascade, especially early tumor development, they have the advantage of being
able to specifically focus on certain steps of the cascade (Fig. 3) and minimize some variables.
For example, injection-based models allow you to inject the same number of tumor cells into
each mouse, standardize collection time, and eliminate possible off-target effects of genetic

manipulation.

Orthotopic injection. Orthotopic injections, or mammary fat pad injections in the case of breast
cancer, model all the steps in the metastatic cascade, and are therefore particularly useful when
studying how tumor cells disseminate from the primary tumor site to the bone marrow. There are
multiple ways in which orthotopic injections can be performed. The simplest method involves
injecting cells into the mammary fat pad using visual landmarks such as the nipple and injecting
through the skin without creating an incision [241]. This method produces the least amount of
inflammation, but it can be challenging to confirm whether the tumor cells were properly
injected into the mammary gland, or if the injection location was too shallow or too deep. The
second method involves making a surgical incision to expose the mammary gland, although the
size of the incision may vary [242, 243]. The mammary gland is identified and stabilized with
forceps and the cells are injected directly into the fat pad before the incision is sealed with
staples or tissue glue. This method ensures that the tumor cells are injected directly into the
mammary fat pad, rather than surrounding tissues; however, this approach produces significantly
more inflammation and is considered a surgical procedure. The potential impact of surgical
inflammation may profoundly impact tumor cell growth, given that it was recently reported that
inflammation due to surgery leads to tumor recurrence in mice [244]. Whichever protocol is
selected, mice will need to be placed under anesthesia for the duration of the injection procedure.
Another variable for this injection model is whether the cells are suspended in PBS or a
compound such as Matrigel, which polymerizes in the fat pad and prevents tumor cells leakage
following injection [241, 242]. Matrigel may not be suitable in all situations, however, as many

Matrigel preparations contain growth factors that may influence experimental outcomes. Growth
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Figure 3. Genetically engineered mouse models (GEMM) model all stages of the metastatic
cascade, as well as early steps of mammary cell transformation into cancerous cells. Orthotopic
injections also model all stages of the metastatic cascade starting with invasion into surrounding
tissues. Intracardiac, tail vein, caudal artery, and intra-iliac artery injections model later stages of
metastasis, as tumor cells are injected directly into the circulation. Intratibial injections that place
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tumor cells directly in the bone marrow will model only the final colonization step.
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factor-depleted preparations are also available, however, and may be preferable option for some
application. Additionally, since it forms an extracellular matrix-like environment, Matrigel can
activate integrin signaling in tumor cells. Matrigel has been shown to enhance tumor growth and
metastatic potential [242, 245, 246] and may thus be beneficial in achieving more robust

dissemination when using low-metastatic potential cell lines.

Intracardiac injection. Intracardiac injection in one of the most commonly employed models to
study bone metastasis and involves the direct inoculation of tumor cells into the left ventricle of
the heart, which bypasses the lungs and introduces the cells directly into the systemic circulation.
Thus, this method cannot capture the early stages of metastasis (e.g. invasion and intravasation),
but appropriately models hematogenous spread throughout the body and later extravasation and
colonization of the bone. Since the tumor cells are injected into the bloodstream in this model, it
is possible that metastatic lesions will arise in tissues other than the bone, such as the lungs or
brain [247, 248]; however, this can be mitigated through the use of the bone-metastatic clones
discussed above, which also ensures a minimal number of cells are inoculated. The density of
cells that are injected must be kept relatively low to avoid clumping and embolism.

To inject cells directly into the left cardiac ventricle, the heart is located in reference to
positional markers on the sternum. The needle is then inserted in the intercostal space (between
two ribs) while holding the needle in a steady vertical position. To confirm proper placement, the
syringe is closely inspected to determine whether the pulse from the heart is detectable in the cell
suspension liquid. The cells are then slowly injected into the ventricle, and the syringe removed.
Immediately following injection, pressure is applied on the injection site to prevent cells or blood
leaking out of the heart, which may result in the formation of chest tumors that can be mistaken
as lung metastases [249]. Of note, it is virtually impossible to distinguish a leaky intracardiac
injection from lung metastases, and thus any tumor identified in the lung following this
procedure should be analyzed with caution, since the tumors are most likely the result of a leaked
injection. Intracardiac injections are a relatively quick and minor procedure given that it is a
simple injection; however, given the delicacy of the injection, approximately 10% of the mice
will not recover from the procedure. Mice must be carefully monitored post-injection to ensure

they recover from the procedure and anesthesia.
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Tail-vein and caudal artery injections. Like intracardiac injections, tail-vein injections model
hematogenous spread and later steps of the metastatic cascade, since tumor cells are injected
directly into the bloodstream through one of the lateral tail-veins [250]. Tail-vein injections are
commonly used to model pulmonary metastasis, since the inoculated tumor cells will reach the
lungs when the venous blood is pumped from the heart to be reoxygenated. While this injection
type is rarely used to model metastasis to the bone, a relatively small number of tumor cells will
disseminate to the bone marrow following tail-vein injection [247].

Caudal artery injections are similar to lateral tail-vein injections in that they are directly
inoculated into one of the blood vessels in the tail. Injection into the caudal artery, however,
delivers tumor cells to the hindlimb bone marrow far more efficiently than tail-vein or even
intracardiac injection [251]. Caudal artery injections are also less technically challenging to
perform than intracardiac injections and rarely cause acute post-injection mouse mortality.
Furthermore, larger cell numbers can be injected using the caudal artery model without risking
increased mouse mortality, meaning that higher cell numbers can be injected to achieve more
substantial tumor burden in the bone.

Both tail-vein and caudal artery injections have the benefit of being minimally invasive
and the mice do not need to be placed under anesthesia. The injection procedure can still be
stressful for the mice, however, as they must be placed in a restraining device so that the tail can

immobilized to safely perform the injection.

Intra-iliac artery injection. Though more invasive than some other injection techniques, the
intra-iliac artery injection method also has some distinct advantages such as efficient delivery of
tumor cells to the hindlimb bone marrow [252]. To inject cells directly into the intra-iliac artery a
small incision (about 1cm in length) is made between the 4™ and 5™ mammary glands to expose
the iliac vessels and nerves. The vessels are then carefully isolated with forceps from the nerves
and surrounding connective tissue. A silk suture is then threaded underneath these vessels to
keep them separated from the surrounding structures. Tumor cells are then inserted into the
artery. After removing the forceps and suture from the area, a cotton swab is pressed down on
the injection site to stop bleeding prior to closure of the incision site with tissue glue.

This injection route can be particularly useful in combination with less aggressive cell

lines that would not result in readily detectable tumor burden in the bone using any of the
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previously discussed models. Indeed, this method was originally published using the MCF7
model, in which it was shown that MCF7 cells seeded into the bone marrow more efficiently
following intra-iliac inoculation compared to intracardiac inoculation [253]. The disadvantage of
this procedure is that it is one of the most technically challenging types of injections, since
surgery must be performed to expose the artery, with the mice being under anesthesia for a
substantial amount of time following inoculation. This requires extensive training to perform
properly so as not to nick the artery and cause hemorrhage.

Intra-iliac artery injections have been used to deliver breast cancer cells to the bone to
study microenvironmental niche factors that promote bone marrow colonization, such as
interactions between tumor cells and osteogenic niche resident cells that are mediated by
heterotypic adherens junctions [253]. Other functions of the osteogenic niche, such as its ability
to help cancer cells increase intracellular calcium and thus promote cancer cell proliferation
[254], and epigenetically reprogram metastatic tumor cells to reduce ER expression and activity
to promote therapeutic resistance [255], have also been determined by studies employing the

intra-iliac artery model.

Intratibial injection. The intratibial model differs significantly from the other models that are
presented in this review, since intratibial injections are not used to model or study metastasis.
Since tumor cells are injected directly into the tibial marrow space, this technique is useful in
studying the colonization and proliferation capabilities of cells separately from their ability to
disseminate to the bone. For example, an intratibial injection model was used to study the ability
of a novel Gli inhibitor (GANT-58) to inhibit breast cancer cell colonization of the bone marrow
[256]. Intratibial injections were also employed to study the effect that bone stromal cell-derived
hyaluronan has on bone metastatic breast cancer cells and found that hyaluronan-rich
microenvironments stimulated tumor cell growth and osteolysis [257]. Thus, there are times in
which it is appropriate to use the intratibial model, depending on the research question being
asked, but it should be considered a post-metastasis model.

Intratibial injections are performed by inoculating tumor cells into the marrow space
through the growth plate at the proximal end of the tibia [249]. The mouse’s leg is held such that
the knee 1s in a bent position, with the joint exposed. The needle is then inserted under the

patella, through the patellar ligament. Firm pressure and a slight drilling motion of the needle
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will help to achieve full penetration into the marrow space. A similar technique can be used to
perform intrafemoral injections if desired, with the main difference being that the needle is
inserted into the distal end of the femur rather than the proximal tibia [258]. While this is not a
surgical procedure, the mice must be placed under anesthesia to safely perform the injection.
Additionally, since the needle directly punctures the bone, damage to the bone and inflammation
can occur at the injection site, which may interfere with later analysis [259].

Intratibial injections can also be useful for studies where the exact location of tumor cells
within the bone must be known. Intratibial injections may be ideal for studies comparing
imaging modalities, or for longitudinal tumor growth studies, where the same tumor lesion is
imaged repeatedly. For example, one study investigated the utility of in vivo micro computed
tomography (microCT) in tracking tumor-induced bone destruction over time [260]. Mice were
inoculated via intratibial injection with MDA-MB-231 cells expressing GFP and subjected to in
vivo microCT and fluorescent imaging over the course of 4 weeks to monitor bone destruction.
This study established the utility of in vivo microCT in longitudinal bone lesion monitoring and

found that the microCT imaging itself did not interfere with tumor cell growth.

Cell lines commonly used for injection models of bone metastasis

The second general category of mouse models that are used to study breast cancer metastasis to
bone are injection-based models. Many cell lines are used for these models, and these can
generally be grouped into those with “low bone metastatic potential” and “high bone metastatic
potential” (Table 1). Cells with low bone metastatic potential do not aggressively metastasize to
bone and either do not form overt metastases or take a longer time for metastatic lesions to
become established [195]. These cells model a slower progression of bone metastasis, where
tumor cells have disseminated, but have not yet induced osteolytic bone destruction, and some of
these cell lines may also model dormancy or a latent tumor phase in bone. The utility of these
cell lines has previously been limited due to the technical challenge of detecting low level bone
tumor burden. Recent advancements in sensitive flow cytometry and quantitative PCR (qPCR)
based detection methods that complement classical immunostaining and histology-based
detection methods have increased the utility of these cell lines [261], without introducing

fluorescent reporters that have the potential to elicit an immune response in vivo [262-266].
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Table 1. Bone metastatic capability and hormone receptor status of commonly used breast

cancer cell lines.

Bone

Cell Line Species metasta.\tic SItE;zs PR Status Am;:lliliiiezltion References
potential

MCF7 Human low + + - [267, 268]
T47D Human low + + - [268]

SUM159 Human low - - - [269, 270]
D2.0R Mouse low + ? + [271]

MDA-MB-231 Human high - - - [267, 268]
4T1 Mouse high - - - [272]

EQ771 Mouse high +/- +/- +/- [273, 274]
SSM2/SSM3 Mouse high + + - [275]
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Human ER+ cell lines. MCF7 [267, 276-279] and T47D [280] cells are estrogen receptor
positive (ER+) human breast cancer cells that are used widely in breast cancer research both in
vitro and in vivo. MCF7 cells in particular have been reported to be non-proliferative in bone and
do not robustly induce osteolysis [195, 281, 282]. MCF7 cells have been shown to be Ki-67-
negative in the majority of metastatic bone lesions [195], and MCF7 cells grown in a 3D
environment in vitro are reported to frequently express nuclear p27 [281], suggesting these cells
enter a state of quiescence in vivo. Since some proportion of the cells maintain proliferative
markers like Ki-67 or low levels of p27, these studies seem to also support the tumor mass
dormancy model, in which micrometastases are maintained in a dormant state due to the balance
of proliferation and apoptosis. T47D cells have been shown to enter a non-proliferative (EdU-
negative) state when grown in 3D bone-mimetic hydrogels and persist as viable cells for up to 40
days [283], suggesting the cells interacting with bone-like extracellular components triggers a
reversible quiescent state. It is important to remember that since these are human cell lines that
must be injected into immune-deficient mice, the immune system’s role in inhibiting metastatic
outgrowth and maintaining tumor mass dormancy cannot be studied in vivo using these lines. It
is important to note, however, that the behavior of the MCF7 cells in vivo can be highly variable
and have been reported to extensively colonize the bone in vivo on some occasions [284].

Because these cell lines are ER+, they require exogenous estradiol supplementation in
order to grow in the orthotopic site (mammary fat pad) or the bone [285-288]. Estradiol
supplementation dramatically increases bone volume, substantially altering the normal
architecture of the bone and disrupting the marrow space [261, 289, 290]. Thus, while the use of
estradiol supplementation supports tumor growth and metastasis in the MCF7 and T47D models,
the information that can be gathered about how the tumor cells interact with other bone-resident
cell types is limited. Of note, estradiol supplementation is not required for tumor cells to
disseminate to bone; MCF7 cells are detectable in bone following intracardiac inoculation
independent of estradiol implantation [253, 261, 284], but tumor burden is increased with
estradiol [261].

Importantly, the development of sensitive detection methods has now made it more
feasible to use these cells without estradiol supplementation. CD298 is a human specific cell
marker that can be used to sensitively differentiate human cells from mouse host cells that do not

express CD298 [291]. Flow cytometric analysis of bone marrow from mice inoculated with
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MCEF7 cells by intracardiac injection detected CD298+ cells in 8 of the 10 mice tested [261].
Since MCF7 cells are human cells, human-specific house-keeping genes can also be used to
quantify tumor burden using qPCR. Human beta-2-microglobulin (B2M) was detectable in whole
bone homogenates in 5 out of 10 mice that were MCF7-inoculated without estradiol
supplementation, and human hypoxanthine phosphoribosyltransferase 1 (HPRT1) was detectable
in 4 out of 10 mice [261]. Notably tumor cells were not identifiable in the bones of these mice
based on histological analyses performed by a certified veterinary pathologist [261],
demonstrating the utility of these sensitive flow cytometry and qPCR techniques. These new
tumor cell detection techniques were similarly effective in detecting bone metastatic SUM159
cells, an ER-negative human breast cell lines with low metastatic potential [194, 292, 293].
Though SUM159 cells are used less commonly that MCF7 or T47D cells, they are an important
tool to be able to model the behavior of a wider range of breast cancer subtypes. Collectively,
since the ER+ human breast cancer cell lines do not robustly colonize the bone, these models are
suitable for the study of the early phases of tumor dissemination to bone, which precedes
osteolytic bone destruction. It is important to highlight this when using these models, since the
typical outcomes of osteolysis are not always the best readout for tumor presence or activity in
the bone in these models.

Our lab established a novel bone metastatic variant of MCF7 cells, termed MCF7b cells
[294]. These cells were isolated from a mouse that developed spontaneous overt bone metastases
approximately 6 months after orthotopic injection of MCF7 cells. MCF7 and MCF7b cells are
equally proliferative in vitro, have the same epithelial cell morphology, and similar base line
expression of AKT, ERK, STAT3, and ERa measured by western blot or reverse phase protein
array (RPPA) analysis. While MCF7b cells do not grow as robustly in the orthotopic site, they
are more invasive and metastasize more robustly to the bone. These cells are thus a powerful tool

to help us understand drivers of bone metastasis.

Mouse ER+ cell lines. While MCF7, T47D, and SUM159 cells have the advantage of modeling
how human cells behave in vivo, they require the use of immune compromised mice, often
athymic nude mice, to prevent host rejection of the inoculated cells [295]. Mouse cell lines, in
contrast, may be injected into immune competent mice, but it may also be more challenging to

identify disseminated tumor cells in these models since they lack the specificity of human-

37



specific markers. Thus, the use of mouse mammary carcinoma lines allows researchers to study
the interaction of tumor cells with the full array of immune cells and to study how a fully
functioning immune system affects metastasis and the growth of tumor cells in the bone. While
the use of less aggressive mouse lines has been limited by the technical difficulty of
differentiating between mouse tumor cells and host bone marrow cells, more sensitive detection
strategies gave increased the utility of these cell lines. One example is the D2.0R line, an ER+
mouse mammary carcinoma cell line with low metastatic potential, meaning lung or bone
disseminated cells tend to lie dormant and not develop into proliferative lesions [281, 296]. Non-
proliferative D2.0R cells express high levels of p16 and p27 when grown in 3D [281], suggesting
that these cells likely enter a similar state of cellular quiescence in vivo. Since these tumor cells
cannot be distinguished from host bone marrow using human- or mouse-specific markers, the
tumor cells must be identified based on epithelial markers that they express, since these markers
are not expressed by bone marrow cells. While fluorescence reporters are generally a viable
option, tagging the cells with exogenously expressed fluorescent reporters may elicit a host
immune response against the reporter protein [262-266], thus eliminating the tumor cells.
Cytokeratin 18 (Krt18) has been identified as a marker of D2.0R tumor cells and gPCR
amplification of Kr¢18 has detected tumor burden in bone that was not detectable using standard
histological analysis [261]. D2.0R cells have proved to be a useful tool in studying tumor
dormancy [281, 297, 298], and may become more commonly used in animal models of bone
metastasis with the adoption of sensitive detection techniques such as these.

In recent years, two new ER+, progesterone receptor- positive (PR+) mouse mammary
carcinoma cell lines, SSM2 and SSM3 [299], were developed that overcome many of the
challenges that researchers have encountered when trying to model hormone receptor positive
disease. SSM2 and SSM3 are both derived from spontaneous mammary tumors that arose in
STATI1” 129S6/SvEv-strain female mice [275]. Roughly 65% of STAT1”- mice are reported to
develop mammary tumors, but the late median onset (23 months) [275] makes this strain non-
ideal for use as a model of spontaneous breast cancer. The SSM2 and SSM3 cells derived from
this model, however, develop bone metastases in the tibia, spine, and ribs after intracardiac
injection detectable by x-ray, in vivo CT, and histology, and proliferate in the bone following
intratibial injection [299]. A notable advantage of the SSM2 and SSM3 cells is that they do not

require estradiol supplementation to grow in the primary site or the bone, unlike MCF7 or T47D

38



cells, bypassing estradiol-mediated effects on the bone. While they do not require exogenous
estradiol, their growth in the primary site is still dependent upon circulating estrogen, since
SSM2 and SSM3 cells do not grow in ovariectomized mice following orthotopic inoculation
[275]. Surprisingly, SSM2 cells, but not SSM3 cells, are able to grow independently of estrogen
in the bone while maintaining ER/PR expression, as they were found to grow in ovariectomized
mice after intratibial injection [299], making these cells a suitable model to study the role of the
bone microenvironment in hormone-independent growth of tumor cells. This observation also
indicates that some tumor cells may have differing levels of estrogen dependence depending on
the anatomical site and surrounding microenvironment. Furthermore, these cell lines represent a
clinically relevant ER+/PR+ mammary tumor model, since patients with ER+ disease commonly
have low STAT]1 levels in their tumors [275]. STAT1 expression, however, has been linked to
both favorable and poor outcomes in patients [300-303] and thus its role in breast cancer remains

unclear.

Human ER- cell lines. In contrast to the less aggressive cell lines that are highly variable in their
frequency and extent of bone dissemination, there are a number of aggressive cell lines
commonly used in breast cancer research due to their ability to consistently metastasize to the
bone in a short timeframe. These highly metastatic lines robustly induce osteolysis that can be
easily detected with radiographic imaging to provide a readout of tumor-induced osteolysis
[249]. The most common human breast cancer cell line in this category is the ER-negative
MDA-MB-231 cell line [267, 304]. MDA-MB-231 cells form overt bone lesions that are
detectable by radiography in roughly 30% of mice 10-12 weeks after intracardiac inoculation
with 100,000 cells [305].

The robust bone metastatic phenotype of MDA-MB-231 cells has spurred the
development of many different sub-clones with differential bone metastatic capabilities. Dr. Joan
Massagué’s group, for example, has developed distinct sub-clones of MDA-MB-231 cells
through in vitro single-cell cloning of individual parental MDA-MB-231 cells [305]. These sub-
clones are denoted SCPs (single cell progenies) and have a variety of metastatic tropisms [306].
Some clones, like SCP46, aggressively colonize the bone following intracardiac injection but do
not readily colonize the lung after tail-vein inoculation, while other clones, such as SCP3, exhibit

moderate bone metastatic capabilities but colonize the lung and adrenal glands more
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aggressively. Another common method that is used to generate highly bone metastatic sub-
clones is to perform in vivo selection, where mice are inoculated via intracardiac injection with
parental MDA-MB-231 cells and resulting bone lesions are expanded in vitro after flushing the
bone marrow from hind limbs. This process can be repeated multiple times by inoculating mice
with the cells generated from the previous round of selection to generate increasingly bone-tropic
cells. Several groups have developed bone-tropic MDA-MB-231 sub-clones using this technique.
The Massagué group has developed sub-clones denoted 1833 and 2287, which were generated
through one cycle of in vivo selection [305]. These sub-clones form large osteolytic lesions in
roughly 90% of inoculated mice within 5-7 weeks after intracardiac injection. The bone
metastatic sub-clones developed by the Clézardin group are denoted MDA-MB-231/B02 and are
the result of six successive in vivo passages through bone [307]. Yoneda et al. developed the
MDA-231BO sub-clone through 11 in vivo passages to achieve a cell line that exclusively
metastasizes to the bone following intracardiac injection [308]. In addition to these sub-clones,
many labs have established their own bone metastatic lines. Comparison of weakly and highly
bone metastatic sub-clones of MDA-MB-231 cells, or comparison of sub-clones with different
organ-specific tropisms, has proven effective in defining transcriptomic signatures associated

with the formation of osteolytic bone metastases [305, 306].

Mouse ER- cell lines. In addition to human cell lines, there are several mouse mammary
carcinoma lines that similarly metastasize to the bone in a relatively short timeframe. Two
commonly used ER-negative mouse lines are the 4T1 [309] and E0771 cells [251, 273, 274,
310]. Bone metastatic clones of both of these lines have been developed [311, 312], aiding in the
identification of genetic or transcriptomic factors that may regulate bone metastasis. 4T1 cells in
particular are very widely used and have facilitated many pivotal discoveries. In recent years,
parathyroid hormone (PTH) administration has been shown to prevent metastasis of
orthotopically injected 4T1 cells [313], oncostatin M (OSM) was found to be necessary for bone
metastasis of orthotopically injected 4T1.2 cells (a single cell-derived subclone of 4T1 cells
[311]) [314], and a bone-metastatic clone of 4T1 cells was used to study systemic and bone-
marrow compartment specific immune changes that accompany bone metastasis [312]. A bone-
metastatic clone of EO771 cells (E0771/Bone) that exhibits breast cancer stem-like cell surface

markers CD247/CD44" was recently established by sequential in vivo selection, suggesting that
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stem-like cells may be integral in tumor colonization and the establishment of bone metastases

[315].

Conclusions

Since the bone is the most common site of metastasis for breast cancer cells, various models
have been developed to mimic the complex process that cells must undergo to disseminate to,
and colonize, the bone. Each of these models has its own advantages and drawbacks, and the
combined use of these models across the field continues to shed light on the molecular mediators
of bone metastasis.

One notable issue that is shared by most of the models discussed in this review is that
they are primarily designed to study metastasis to the long bones, and the hindlimbs in particular.
While metastatic lesions in the long bones such as the femur or humorous are somewhat
common in human patients, lesions commonly develop in the pelvis, vertebrae, ribs, and other
sites. Due to the difficulty in accessing these sites for analysis, their more complicated
anatomical structure, and lack of a large marrow space, techniques to analyze these sites in
mouse models of bone metastasis are less developed. Further improvements and widespread
adoption of new techniques that will allow for better modeling and analysis of additional axial
and appendicular skeletal sites will continue to push the bone metastasis field forward.

Additionally, the cell lines and detection techniques that are currently available to study
ER+ disease remain underdeveloped. The requirement for exogenous estrogen supplementation
to achieve robust bone metastasis using human ER+ cell lines poses a significant obstacle in the
study of this common breast cancer subtype. Development of novel cell lines or variants of

existing cells lines such as MCF7 and T47D cells may propel new discoveries in the field.
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CHAPTER III

MATERIALS AND METHODS

Cell culture and reagents

Cells. Human MCF7 and MDA-MB-231 breast cancer cells and 4T1 mouse mammary
carcinoma cells were obtained from ATCC. Human SUM159 breast cancer cells were a gift from
the Rutgers Cancer Institute of New Jersey and were cultured in Ham’s F12 medium
supplemented with 5% FBS, Sug/ml insulin and 1pg/ml hydrocortisone. Mouse mammary
carcinoma cell lines D2A1 and D2.0R were a gift from J. Green at the National Cancer Institute.
PyMT-derived tumor cells were established in R. Anderson’s laboratory. Human MDA-MB-
231b bone metastatic cells were established from the original bone clone made by the Mundy
laboratory, and passaged in bone periodically to maintain bone metastatic phenotype [316, 317].
4T1BM2 bone metastatic mouse mammary carcinoma cells [318] were a gift from N. Pouliot at
the Peter MacCallum Cancer Centre. All cell lines, except SUM159 human breast cancer cells,
were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). No cell lines used in this study were found in the database of
commonly misidentified cell lines that is maintained by ICLAC and NCBI Biosample. All cells

were regularly tested for mycoplasma contamination.

shRNA. Parental MCF7 cells transduced with a non-silencing control (NSC) shRNA and LIFR
shRNA#3 were previously generated [195]. Additional LIFR and COL14A1 knockdown lines
were generated by transfection of GIPZ lentiviral vectors (Dharmacon, shLIFR#6:

V3LHS 347496, shLIFR#8: V3LHS 347498, shCOL14A1#1: V2LHS 15868, shCOL14A1#2:
V2LHS 15870, shCOL14A1#3: V3LHS 370361, shCOL14A1#4: V3LHS 370362) into 293T
cells to produce lentivirus followed by transduction of MCF7 cells with virus and 5 pg/ml
polybrene. All lentiviral transduced cells were selected with 1 pg/ml puromycin. All microscope
images of cells were collected on an Olympus BX41 Microscope equipped with an Olympus

DP71 camera using the 20X and 40X objectives.
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RNA sequencing

RNA samples of MCF7 NSC and MCF7 shLIFR#3 cells (n = 3 independent replicates per group)
were submitted to the Stanford Functional Genomics Facility. RNA samples were analyzed for
RNA integrity using a Bioanalyzer (Eukaryote Total RNA Nano, Agilent) to ensure all samples
had an RNA integrity number of between 8.3—10 (10 is highest quality possible) prior to
sequencing on an [llumina NextSeq with coverage of approximately 40 million reads per sample.
Vanderbilt Technologies for Advanced Genomics Analysis and Research Design (VANGARD)
core at Vanderbilt University Medical Center performed sequence alignment and RNAseq
bioinformatics analysis. The shLIFR RNAseq data has been deposited in the GEO database
(accession number GSE174592). Gene network maps were generated using the STRING
database (https://string-db.org).

Western blotting

Cells grown in a monolayer were rinsed with 1xPBS and harvested for protein in RIPA buffer
supplemented with protease and phosphatase inhibitors (Roche). For cells grown in a collagen |
matrix, 24,000 cells were suspended in a 3:1 mixture of complete growth media:collagen I
(Corning), and plated in triplicate on a 24-well plate (200 pl/well). Plates were incubated for 30
min at room temperature to allow collagen to polymerize before incubation at 37 °C for 4 hours.
1 ml of complete growth media was then added and plates were incubated at 37 °C for 2 weeks,
changing media every other day. To harvest cell, 1 ml collagenase type II (1 mg/ml,
Worthington) was added to each well and plates were incubated at 37 °C for 10 min. Collagen in
each well was then mechanically digested by pipetting up and down a few times and then
incubated at 37 °C for an additional 10 min. Technical replicate wells were then pooled and
diluted with 10 ml media. Cells were collected by centrifugation and washed with PBS. Cell
pellet was then resuspended in 50 ul RIPA buffer supplemented with protease and phosphatase
inhibitors (Roche) and incubated at 4 °C while mixing using a rotator. For both 2D and 3D
growth conditions, RIPA cell lysates were further mechanically digested by expulsion through an
insulin syringe. Protein concentration was determined by BCA assay (ThermoFisher) and 20 pg
protein was loaded onto an SDS-PAGE gel in reducing conditions using standard techniques.
Nitrocellulose membranes were probed with antibodies against LIFR (Santa Cruz

Biotechnology, C-19, catalogue number sc-659, 1:1,000), pERK1/2 Thr202/Tyr204 (Cell
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Signaling, catalogue number 9101, 1:1,000), ERK1/2 (Cell Signaling, catalogue number
9102,1:1,000), pAKT Serd73 (Cell Signaling, catalogue number 9271, 1:1,000), AKT (Cell
Signaling, catalogue number 92728, 1:1,000), pSTAT3 Tyr705 (Cell Signaling, catalogue
number 9131, 1:1,000), STAT3 (Cell Signaling, catalogue number 9139, 1:1,000), vinculin
(Millipore, catalogue number AB6039, 1:10,000), and calnexin (Abcam, catalogue number
ab22595, 1:900). All western blots were quantified for relative density using ImagelJ. In brief,
blot images were converted to a histogram rendering for each lane and peaks were converted to
the relative percentage for each blot. Proteins of interest were then normalized to the relative
percentage of the loading control for the respective lane. Phosphorylated forms of proteins were

first compared to the total protein level before normalizing to the loading control.

Real-time PCR
Cells were harvested in TRIzol (Life Technologies) and mouse samples (tumors, right lung
lobes, brains, and intact right femora) were homogenized in 1 mL TRIzol, phenol-chloroform
extracted, DNase digested (TURBO DNA-free Kit, Life Technologies), and cDNA synthesized
(lug RNA, iScript cDNA Synthesis Kit, Bio-Rad) per the manufacturer’s instructions. Real-time
PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) on a QuantStudio 5
(Thermo Fisher) with the following conditions: 2 min at 50 °C, 10 min at 95 °C, (15 s at 95 °C, 1
min at 60 °C) x 40 cycles followed by dissociation curve (15 s at 95 °C, 1 min at 60 °C, 15 s at
95 °C). For each biological replicate, three technical replicates were performed for each gene
analyzed. Non-template controls were included as a negative control for each gene analyzed.
Analysis was performed by normalizing the expression of the target gene to the average B2m or
Hmbs expression within the same sample to determine ACt. The ACt was transformed (272¢!) and
the average of the three technical replicates was calculated. The average 272" is presented as
target gene “(LIFR, etc.): (B2m or Hmbs) mRNA” in the figures. Figures noted as “Relative
(LIFR, etc.): B2m mRNA” or “Relative mRNA abundance” are normalized against the mRNA
abundance in the NSC column.

Human primers for B2M, LIFR, NOTCH1, and TGFB2 were previously published [195].
Mouse primers for Pymt [319] and Hmbs [320] were previously published. Primer sequences for
Pthlh were kindly provided by Drs. Natalie Sims and T. John Martin at St. Vincent’s Institute of
Medical Research. Mouse primers for B2m, Vegfa, Hifl « exon 2, Hif2 ot exon 2, and VAl exon 1
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were designed using PrimerBlast (NCBI) against the mouse genome (Mus musculus) and
validated by dissociation. Other primer sequences were obtained from the Massachusetts General
Hospital (MGH) Primer Bank and validated by dissociation. Real-time PCR primer sequences
are compiled in Tables 2 and 3.

The expression of a panel of metastasis-associated genes was quantified using the tumor
metastasis (SAB Target List, M384) qPCR array plate (Bio-Rad). Each gene in the array was run

f and Hifla”" tumor homogenate RNA samples were

in duplicate. Three representative Hifla
selected base on their Hifla expression. Analysis was performed by normalizing the expression
of the target gene to the average B2m expression within the same sample to determine ACt. The
ACt was transformed (27¢Y) and the average of the two technical replicates was calculated. ACt
values for each Hiflo”- sample was then normalized against the average of the three Hiflo"

samples to determine enrichment.

TCGA analysis

For COL14A1 analysis, The Cancer Genome Atlas (TCGA) [321] Breast Invasive Carcinoma
dataset (Firehose Legacy dataset; http://www.cbioportal.org/study/summary?id=brca tcga) was
accessed on October 27, 2017. Patient survival data was downloaded and survival was analyzed
using Graphpad Prism software based on mRNA downregulation.

For hypoxia signature analysis, TCGA Breast Invasive Carcinoma dataset was accessed
on 16 November 2020, 17 November 2020, and 15 April 2021 to determine whether the hypoxia
gene signature [322] from n=1,100 patients correlated with bone [305] and lung metastasis
signatures [323]. Genes from the hypoxia, bone metastasis, and lung metastasis gene signatures
were entered into the query gene field for cBioPortal separately. The mRNA expression (RNA
Seq V2 RSEM) for each gene across all 1,100 patients was downloaded and saved in Excel
format. For each gene in the three gene signatures, the gene expression provided by RNAseq was
normalized to the median expression of that gene across all patients as previously published
[324]. We next averaged the expression score for all of the genes in that signature for each
individual patient. For the bone and lung metastasis signatures, an average gene signature score
was calculated separately for the genes that were up or down in the gene signature. A log

conversion was applied to the normalized, averaged gene signature expression scores. These

45



Table 2. Real-time PCR primer sequences for human genes.

Gene Name | Forward Primer Sequence Reverse Primer Sequence

B2M GAGTATGCCTGCCGTGTGAA TGCGGCATCTTCAAACCTCC
CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
CDH2 TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG
COL3A1 GCCAAATATGTGTCTGTGACTCA | GGGCGAGTAGGAGCAGTTG
COL4A5 TGGACAGGATGGATTGCCAG GGGGACCTCTTTCACCCTTAAAA
COL4A6 GGCTCTACTGGTTTATCGGGA CCTTGAGTTCCATTACAGCCATC
COLB6A1 ACACCGACTGCGCTATCAAG CGGTCACCACAATCAGGTACTT
COLBA6 TCTATGGCCGATGTTGTGTTC CTTCCCAGTTCGGGGAGAA
COL14A1 ATGCCAGACCAGAATTACACAG ACCATCGACCAGGATTACAATGT
COL23A1 TCCATCCGAATGTGTCTGCC GTAGCCATCTCGTCCTGATTG
CTNNB1 AAAGCGGCTGTTAGTCACTGG CGAGTCATTGCATACTGTCCAT
DMD TCAACAGGATTTTGTGACCAGC GCAACTTCACCCAACTGTCTTG
EGFR AGGCACGAGTAACAAGCTCAC ATGAGGACATAACCAGCCACC
ERBB3 GGTGATGGGGAACCTTGAGAT CTGTCACTTCTCGAATCCACTG
F11R ATGGGGACAAAGGCGCAAG CAATGCCAGGGAGCACAACA
FBN2 TGGATTTTGTTCCCGTCCTAAC CAACGTCCACCATTCTGACAT
ITGB8 ACCAGGAGAAGTGTCTATCCAG | CCAAGACGAAAGTCACGGGA
LAMA2 TTTTGGAACGCTCTCTTGATGAT | CGTTAGGCACTCCGTGTCTG
LAMA4 TCTGCCTTTTGATGCCGTACT CTCTCCGTGTGCAGTATCCC
LAMBH1 TGACTTTCAAGACATTCCGTCC AGGCGAAGTATCTATACACACCC
LEPREL2 TCAGGGTGCTAAGCTGCTTC TAGTCCCGATAGGTGTAGGCT
LIFR GCGTACCGACTGACTGCATTG CCAGAGGGTGCTTTCCAAGAA
LUM GGATTGGTAAACCTGACCTTCAT | GATAAACGCAGATACTGCAATGC
MFAP2 CGCCGTGTGTACGTCATTAAC CCATCACGCCACATTTGGA
MMP9 TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
NODAL CAGTACAACGCCTATCGCTGT TGCATGGTTGGTCGGATGAAA
NOTCH1 AGCCTCAACGGGTACAAGTG CACACGTAGCCACTGGTCAT
SNAI1 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
SNAI2 CGAACTGGACACACATACAGTG | CTGAGGATCTCTGGTTGTGGT
SNAI3 ACTGCGACAAGGAGTACACC GAGTGCGTTTGCAGATGGG
TGFB1 GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC
TGFB2 CAGCTTGTGCTCCAGACAGT GCTCAATCCGTTGTTCAGGC
TWIST1 GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT
VIM GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
ZEB1 GATGATGAATGCGAGTCAGATGC | ACAGCAGTGTCTTGTTGTTGT
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Table 3. Real-time PCR primer sequences for mouse genes.

Gene Name | Forward Primer Sequence Reverse Primer Sequence

Atg7 TCTGGGAAGCCATAAAGTCAGG | GCGAAGGTCAGGAGCAGAA
B2m TTCACCCCCACTGAGACTGAT GTCTTGGGCTCGGCCATA

Becn1 ATGGAGGGGTCTAAGGCGTC TCCTCTCCTGAGTTAGCCTCT
Cdh1 CAGGTCTCCTCATGGCTTTGC CTTCCGAAAAGAAGGCTGTCC
Cdh2 AGCGCAGTCTTACCGAAGG TCGCTGCTTTCATACTGAACTTT
Cxcr4 GAGGCCAAGGAAACTGCTG GCGGTCACAGATGTACCTGTC
Egfr ATGAAAACACCTATGCCTTAGCC | TAAGTTCCGCATGGGCAGTTC
Glut1 CAGTTCGGCTATAACACTGGTG GCCCCCGACAGAGAAGATG
Hif1a exon 2 | TCGGCGAAGCAAAGAGTCTG GCTCACATTGTGGGGAAGTG
Hif2a exon 2 | TGAGGAAGGAGAAATCCCGTG GGGCAACTCATGAGCCAACT
Hmbs TCATGTCCGGTAACGGCG CACTCGAATCACCCTCATCTTTG
Map1ic3a GACCGCTGTAAGGAGGTGC CTTGACCAACTCGCTCATGTTA
Map1lc3b TTATAGAGCGATACAAGGGGGAG | CGCCGTCTGATTATCTTGATGAG
Notch1 GATGGCCTCAATGGGTACAAG TCGTTGTTGTTGATGTCACAGT
Pdgfb CATCCGCTCCTTTGATGATCTT GTGCTCGGGTCATGTTCAAGT
Pgk1 TGGTGGGTGTGAATCTGCC ACTTTAGCGCCTCCCAAGATA
Pthih ACATTGCTATGGGAGCCAC TAGGAATCAGCGCCTCTAAC
Pymt CTGCTACTGCACCCAGACAA GCAGGTAAGAGGCATTCTGC
Snai1 CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT
Snai2 CATCCTTGGGGCGTGTAAGTC GCCCAGAGAACGTAGAATAGGTC
Snai3 GGTCCCCAACTACGGGAAAC CTGTAGGGGGTCACTGGGATT
Sgstm1 GAACTCGCTATAAGTGCAGTGT AGAGAAGCTATCAGAGAGGTGG
Tek CTGGAGGTTACTCAAGATGTGAC | TCCGTATCCTTATAGCCTGTCC
Twist1 GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG
Ulk1 AAGTTCGAGTTCTCTCGCAAG CGATGTTTTCGTGCTTTAGTTCC
Vegfa GGAGATCCTTCGAGGAGCACTT | GGCGATTTAGCAGCAGATATAAGAA
Vhi exon 1 GACCCGTTCCAATAATGCCC CGTCGAAGTTGAGCCACAAA
Zeb1 ACTGCAAGAAACGGTTTTCCC GGCGAGGAACACTGAGATGT
Zeb2 ATTGCACATCAGACTTTGAGGAA | ATAATGGCCGTGTCGCTTCG
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signature scores were plotted against each other as a correlation graph in Prism software

(Graphpad) with a linear regression curve.

Proliferation assay

MCF7 NSC and MCF7 shCOL14A1 #1-4 cells were plated at a density of 100,000 cells/well in a
6-well dish. Each day, cells in one set of wells were lifted from the well, mixed with 0.4% trypan
blue solution, and viable cells were counted using a TC-20 automated cell counter (Bio-Rad).
Each day over the 4-day course, media from all remaining wells was aspirated and replaced with

fresh media.

Adhesion assay

Wells of a 96-well plate were coated with fibronectin at 5 or 10 pg/ml, incubated for one hour at
room temperature and then rinsed twice with PBS. 50,000 MCF7 NSC or MCF7 shCOL14A1
#1-4 cells in serum-free media were then added and allowed to adhere for 30 min or 1 hour at 37
°C. Media was then removed and well was gently washed with PBS. After adding methanol to
wells and incubating for 10 min, methanol was removed and 0.5% crystal violet solution was
added to stain adherent cells. After 10 min, crystal violet was removed by gently submerging the
plate in water and rocking several times. Washes were repeated until all excess crystal violet was
removed. Plates were allowed to dry and then images were collected on an Olympus BX41
Microscope equipped with an Olympus DP71 camera using the 10X objective. For absorbance
quantification, 30% acetic acid in PBS was added to each well and incubated while rocking for

10 min. Absorbance was read at 600nm on a plate reader.

Animals
All experiments were performed following the relevant guidelines and regulations of the Animal
Welfare Act and the Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University.

Mammary epithelial tumor cell-specific knock-out of Hifla was achieved by breeding
together 3 transgenic mouse strains. First, transgenic mice with loxP sites flanking both alleles of
the Hifla exon 2 (Jackson Laboratory Stock No. 007561, C57/B6 background) [325] were bred

with transgenic mice expressing Cre recombinase downstream of mammary tumor virus long
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terminal repeats (MMTV-LTR) (Jackson Laboratory Stock No. 003553, C57/B6 background)
[326]. The progeny from this cross were then bred with transgenic mice expressing the polyoma
middle T (PyMT) oncoprotein under the MMTV-LTR (Jackson Laboratory Stock No. 022974,
C57/B6-FVB mixed background) [227]. Virgin female mice with Hifla wild-type mammary fat
pad tumors (Hifla”" PyMT* = Hifla!, MMTV-Cre negative, MMTV-PyMT positive) or Hifla-
null mammary fat pad tumors (Hifla”- PyMT* = Hifla"”", MMTV-Cre positive, MMTV-PyMT
positive) were used in these studies. Non-tumor bearing (PyMT-) controls of both Hifla’" and
Hiflo”" mice were also used.

Mammary epithelial tumor cell-specific knock-out of Hif2a was achieved using the same
breeding strategy as above, but using a transgenic mouse line with loxP sites flanking both
alleles of the Hif2a exon 2 (Jackson Laboratory Stock No. 008407, C57/B6 background) [327]:
Hif2a"f PyMT* = Hif20", MMTV-Cre negative, MMTV-PyMT positive; Hif2a”- PyMT" =
Hifla”!, MMTV-Cre positive, MMTV-PyMT positive.

Similarly, mammary epithelial tumor cell-specific knock-out of VA/ was achieved by
incorporating a transgenic mouse line with loxP sites flanking both alleles of the Vhl exon 1
(Jackson Laboratory Stock No. 012933, C57/B6 background) [328]: VhI?f PyMT* = Vhi"f,
MMTV-Cre negative, MMTV-PyMT positive; Vhl”- PyMT" = Vhl”f, MMTV-Cre positive,
MMTV-PyMT positive.

Once weaned, mice were palpated twice per week and tumors were measured in three
dimensions with digital calipers. Mice were collected when any tumor had grown to a size of 1
cm in diameter in any dimension, around 4 to 5 months of age. Littermate and cousin control
mice were collected for each study. 45 min prior to collection, mice were inoculated with
Hypoxyprobe (Hypoxyprobe-1 Omni Kit, Hypoxyprobe, Inc, catalog number HP3-1000Kit) via

intraperitoneal injection at a dosage of 60 mg/kg body weight.

PCR

At weaning, tail snips were collected from each mouse. Genomic DNA was extracted from the
tail snip and genotyping was performed by PCR amplification of Hifl/a (F:
GGAGCTATCTCTCTAGACC, R: GCAGTTAAGAGCACTAGTTG) [329], Hif2a (F:
CTTCTTCCATCATCTGGGATCTGGGAC, R:
CAGGCAGTATGCCTGGCTAATTCCAGTT) [327], or Vhl (F:
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CTAGGCACCGAGCTTAGAGGTTGCG, R: CTGACTTCCACTGATGCTTGTCACAG)
[329], as well as Pymt (F: GGAAGCAAGTACTTCACAAGGG, R:
GGAAAGTCACTAGGAGCAGGQG), and Cre (F: GCGGTCTGGCAGTAAAAACTATC, R:
GTGAAACAGCATTGCTGTCACTT). The Pymt genotyping reaction also included an internal
positive control reaction (F: CAAATGTTGCTTGTCTGGTG, R:
GTCAGTCGAGTGCACAGTTT). Primer sequences for Pymt and Cre genotyping were
obtained from Jackson Laboratories.

Recombination and loss of the Hif/a exon 2 was confirmed by PCR amplification using a
three-primer system split between two separate reactions. The forward primer (Fwd:
CAGTGCACAGAGCCTCCTC) binds to Hifla exon 1, the first reverse primer (Rev1:
GCTCACATTGTGGGGAAGTG) binds to exon 2, and the second reverse primer (Rev2:
ATGTAAACCATGTCGCCGTC) binds to exon 3. The first reaction (Fwd and Rev1 primers)
will not amplify a band if recombination has occurred, while the second reaction (Fwd and Rev2)
will amplify a lower molecular weight band in the case of recombination. PCR reactions were set
up using the HotStarTaq system (Qiagen) using 200 ng of cDNA generated from RNA extracted
from tumor homogenates as the template. PCR reactions were carried out in a T100 Thermal
Cycler (Bio-Rad) with the following conditions: 15 min at 95 °C, (1 min at 94 °C, 1.5 min at 59
°C, 1 min at 72 °C) x 38 cycles, followed by 10 min at 72 °C. The B2m locus was also amplified
as a loading control, using the same primers as used for real-time PCR above, using the
following conditions: 15 min at 95 °C, (1 min at 94 °C, 1.5 min at 53 °C, 1 min at 72 °C) x 35
cycles, followed by 10 min at 72 °C. Recombination of VAl exon 1 was confirmed by PCR

amplification using a one-reaction three-primer system as previously described [330].

Histology

All tissues collected were fixed in 10% formalin for 24 hours. Hind limb bones were then
decalcified in EDTA (20% pH 7.4) solution for 72 hr prior to embedding. Tissues analyzed via
histology and immunohistochemistry were embedded in paraffin and 5 uM thick sections were
prepared for staining. Hematoxylin and eosin (H&E) staining was performed as previously
described [316]. H&E stained slides of left lung, liver, and tibia sections were analyzed for the
presence of metastatic mammary tumors under masked conditions by a board-certified veterinary

anatomic pathologist. All tumors were imaged on an Olympus BX43 microscope equipped with
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a SPOT Flex camera (Diagnostic Instruments Inc, Sterling Heights MI). Tumor areas were
measured in SPOT software (Diagnostic Instruments Inc) and total tumor area per animal was

calculated.

Immunostaining

Pimonidazole. Sections were deparaffinized and rehydrated by soaking the slides in Xylene
Substitute (Thermo Fisher), 100%, 95%, 90%, and then 70% ethanol, and finally deionized
water. Peroxidase activity was then quenched by incubating the slides in 3% hydrogen peroxide
for 15 min. After slowly displacing the hydrogen peroxide solution with deionized water, slides
were rinsed three times with PBS. The deparaffinized sections were blocked in serum-free
protein blocking agent (Dako) for 5 min and incubated with primary antibody (Hypoxyprobe-1
Omni Kit, Hypoxyprobe, Inc, catalog number HP3-1000Kit, 1:100) in Dako protein block
overnight at 4 °C. Negative control sections were incubated with Dako alone. The sections were
then washed three times with PBS and incubated with biotinylated secondary antibody (goat-
anti-rabbit IgG, Vector, catalog number BA-1000, 1:200) in Dako protein block for 30 min at 37
°C, followed by streptavidin-conjugated HRP (Millipore, OR03L, 1:200) in PBS for 30 min at 37
°C, and developed using the DAB ImmPACT kit (Vector, catalog number SK-4105) for
approximately 1 minute. Chromogen development was then quenched by rinsing twice in
deionized water. Sections were counterstained with hematoxylin and dehydrated by soaking
them in 70%, 90%, 95%, and 100% ethanol, followed by Xylene Substitute. The coverslips were

mounted using Permount (Fisher Scientific).

Ki-67. Staining was performed by the Vanderbilt University Medical Center Translational
Pathology Shared Resource (TPSR, Nashville, TN) as follows: Slides were placed on the Leica
Bond Max IHC stainer. All steps besides dehydration, clearing and coverslipping are performed
on the Bond Max. Slides are deparaftinized. Heat induced antigen retrieval was performed on the
Bond Max using their Epitope Retrieval 2 solution for 20 minutes. Slides were placed in a
Protein Block (Ref# x0909, DAKO, Carpinteria, CA) for 10 minutes. The sections were
incubated with anti-Ki67 (Catalog #12202S, Cell Signaling Technology, Danvers, MA) diluted
1:250 for one hour. The Bond Refine Polymer detection system was used for visualization.

Slides were the dehydrated, cleared and coverslipped.
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For pimonidazole and Ki-67 stains, all images were collected on an Olympus BX41
Microscope equipped with an Olympus DP71 camera using the 4X, 20X, and 40X objectives.
Ki-67 or pimonidazole stained area of lung lesions was quantified using ImageJ software with
manual tumor area contouring and automatic color thresholding. Pimonidazole-positive tumor
area was quantified based on visual inspection of multiple micrographs with 4x objective based
on a scale of 0 to 3: 0 = no nuclear staining, 1 = <10% positive nuclear staining, 2 = 10-50%
positive nuclear staining, 3 = >50% positive nuclear staining. Each field was assigned a score
and an average score for the tumor was calculated based on all fields. The number of fields

inspected varied from 1 to 4, depending on the size of the tumor.

CD4/CD8. Slides were stained using the Opal 7-Color Manual IHC Kit (PerkinElmer). In brief,
slides were deparaffinized and rehydrated in a series of xylene and ethanol washes, microwaved
in Rodent Decloaker (Biocare Medical) and then cooled. Slides were washed with water and then
TBST (TBS + 0.05% Tween-20) followed by blocking with BLOXALL Blocking Solution
(Vector Laboratories). The following antibodies were used: CD4 (Invitrogen, clone 4SM95;
1:100), CD8 (Invitrogen, clone 4SM16; 1:100), ImmPRESS HRP Goat anti-rat [gG (Vector
Laboratories; 1:4). Staining with primary and secondary antibodies and OPAL fluorophores were
performed per the manufacturer's instructions. All images were collected on a Zeiss
880/Airyscan Microscope using the 20X and 40X objectives. For quantitation, the 20X images
were used to manually count the number of CD4" and CD8" cells and calculate nuclear area

using color thresholding in Imagel.

Microcomputed tomography (microCT)

Ex vivo microCT was performed on the proximal tibia using the Scanco pCT 50. Scans were
initiated from the proximal end of the metaphyseal growth plate and progressed 250 slices distal.
Tibiae were scanned at 7 um voxel resolution, 55-kV voltage, and 200 pA current. Scans were
reconstructed and analyzed using the Scanco Medical Imaging Software to determine the bone
volume/total volume (BV/TV), trabecular number, thickness, and separation. The most distal
slice of the growth plate was used as a reference slice and analysis was set to begin 20 slices

distal from this point. A 150 slice region of interest was selected for analysis. An automated
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contouring procedure was applied to separate the trabecular bone from the cortical bone and

visually verified for each sample.

Flow cytometry

The epiphyses of the femur and tibia from one hindlimb were cut and the bones were flushed
using centrifugation to obtain the bone marrow. The bone marrow was filtered through a 40 pym
cell strainer to separate the cells from bone debris. Cells were suspended in red blood cell lysis
buffer for 5 minutes on ice, spun down, and washed twice with PBS. Bone marrow (2 x 10° cells)
was stained in 100ul of 1% BSA in PBS with 100ng EpCAM antibody (BD Pharmingen, catalog
number 563478) for 1 hour at 4 °C in the dark. Cells were washed with PBS and resuspended in
PBS and 0.5 ng DAPI for 15 min on ice. Flow cytometry experiments were analyzed in the
VUMC Flow Cytometry Shared Resource using the 3-laser or 5-laser BD LSRII. Datasets were
analyzed using FlowJo software (FlowJo, LLC). Cells were gated based on forward scatter and
side scatter to identify single cells and then live cells (DAPI-) were gated based on EpCAM
positivity using non-tumor bearing bone marrow as a negative control. Mammary fat pad tumors
were mechanically digested and filtered through a 40 um cell strainer to obtain a single cell

suspension. These tumor cells were stained as described above and used as a positive control.

Statistical methods

For all studies, n per group is as indicated in the figure or figure legend and the scatter dot plots
indicate the mean of each group and the standard error of the mean. All graphs and statistical
analyses were generated using Prism software (Graphpad). All in vitro and in vivo assays were
analyzed for statistical significance using two-tailed t test, Mann-Whitney test, log-rank test,
one- or two-way ANOVA with multiple comparisons, or Fisher’s exact test, as denoted in figure
legends. Pearson and Spearman correlation coefficients were calculated for gene signature
correlation analyses. P < 0.05 was statistically significant, and *P < 0.05, **P <0.01, ***P <

0.001, ****p <0.0001.
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CHAPTER IV

TUMOR DORMANCY REGULATOR LIFR REGULATES
EXTRACELLULAR MATRIX-RELATED GENES INCLUDING COL14A1

Summary

The bone is the most common site of metastasis across in breast cancer and patients remain at
risk of delayed recurrence due to bone disseminated tumor cells existing dormancy. Leukemia
inhibitory factor receptor (LIFR) expression in breast cancer cells is known to maintain cells in a
dormant state, but the downstream effectors of LIFR signaling are not well defined. We found
that a cluster of extracellular matrix (ECM) related genes were differentially expressed in MCF7
human breast cancer cells in response to LIFR knockdown. We further investigated the potential
dormancy-related functions of one of these gene, collagen type XIV alpha 1 chain (COL14Al),
which was downregulated in response to LIFR knockdown. We found that COL14A1
knockdown in MCF7 cells decreased proliferation in vitro. COL14A1 knockdown did not alter
cell adhesion, expression of epithelial-to-mesenchymal transition (EMT) markers, or activity of
major proliferation-related pathways known to be activated downstream of LIFR. While the
mechanistic tie between COL14A1 and dormancy remains unclear, further study is warranted to
more fully understand how LIFR signaling is influencing breast cancer cell ECM and how this

relates to dormancy maintenance or escape.

Introduction
Following dissemination from the primary tumor to a distant site, breast cancer cells can remain
dormant, rather than immediately colonizing the tissue to form metastatic lesions. Eventual exit
from dormancy can therefore result in delayed metastatic recurrence. The bone is the most
common site of metastasis across different breast cancer subtypes [7], and metastatic recurrence
in the bone can significantly decrease life expectancy and quality of life, due to severe bone pain,
hypercalcemia, and increased risk of fracture [6].

The mechanisms underlying tumor dormancy and how disseminated tumor cells exit
dormancy remain under active investigation [331]. Leukemia inhibitory factor (LIF) receptor

(LIFR), a member of the glycoprotein 130 (GP130) cytokine family and subunit of a
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heterodimeric cytokine receptor expressed in the breast epithelium [332], was previously shown
to promote breast dormancy in bone metastatic breast cancer cells [195]. LIFR is also known to
act as a breast tumor suppressor [193] and inhibit breast cancer metastasis to the lung and bone
[194, 195]. There are multiple cytokines that signal through LIFR, including LIF, oncostatin M
(OSM), and ciliary neurotrophic factor (CNTF) which typically results in activation of STAT3,
ERK, and AKT pathways across multiple cell types [332]. In breast cancer, the tumor
suppressive functions of LIFR were shown to be mediated by downstream YAP/TAZ signaling
[194], and the bone metastasis suppressor functions were proposed to be mediated through
STAT3 signaling [195]. However, other genes and transcriptional networks that are regulated
downstream of LIFR have not been characterized and remain largely unclear. The goal of this
study was to identify potential LIFR downstream targets that may promote breast tumor
suppression and inhibit metastasis, using short hairpin RNA (shRNA) induced knockdown of

LIFR as a screening tool to identify differentially expressed genes.

Results

LIFR alters the expression of genes that regulate the extracellular matrix. In order to identify
potential downstream targets of LIFR signaling that contribute to tumor dormancy in breast
cancer cells, we performed RNAseq to compare the transcriptional profiles of MCF7 cells with
short hairpin RNA (shRNA) knockdown of LIFR (MCF7 shLIFR cells) to MCF7 cells
expressing a non-silencing control shRNA (MCF7 NSC cells). We chose this model since MCF7
cells typically lay dormant in the bone marrow following intracardiac inoculation [195, 281,
282], and knockdown of LIFR using a similar lentiviral knockdown strategy leads to MCF7 exit
from dormancy and osteolytic bone destruction [195]. Genes identified in the MCF7 shLIFR
samples with a minimum log2 fold change of +/- 1 compared to MCF7 NSC samples, with a p-
value less than 0.05, were considered in further analyses (Fig. 4A). Of the 642 genes that
matched this criteria, 399 genes were able to be mapped using the STRING database to
investigate functional protein-protein interactions (Fig. 4B). To identify pathways or clusters of
functionally related genes that may be regulated by LIFR, we removed gene nodes from the map
that were not connected to any other nodes or were only connected to one or two other nodes.
The remaining highly interconnected 17-gene network (Fig. 4C) was enriched for genes involved

in several extracellular matrix (ECM) related pathways and some KEGG pathways related to
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Figure 4. LIFR expression significantly alters the expression of ECM-related genes. (A)
Schematic of RNAseq analysis strategy. MCF7 NSC and MCF7 shLIFR cells were analyzed by
RNAseq to identify differentially expressed genes. Three independent biological replicates were
analyzed for each group of cells. Significance thresholds were set to include genes that had a
minimum Log?2 fold change of +/- 1 and a p-value less than 0.05. Genes that met these criteria
were then mapped using the STRING database to visualize protein-protein interactions. (B)
STRING map generated from inputting all differentially expressed genes from RNAseq analysis
that fit significance threshold criteria. (C) Highly interconnected gene network that resulted from
removing all genes from the map that were connected to 2 or less other gene nodes. Colors of
nodes correspond to the reactome pathways listed in Table 4.
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cancer (Table 4). These findings indicate that LIFR expression significantly alters the expression
of genes that regulate the ECM and suggests that ECM dysregulation may impact tumor

dormancy.

COL14Al is downregulated in LIFR knockdown cells. After confirmation of LIFR knockdown
by western blot (Fig. 5A-B) and real-time PCR (Fig. 5C), expression of the 17 selected
candidates from STRING analysis were measured in the MCF7 shLIFR cells to validate the
RNAseq results. One gene (DCN) was not able to be validated since no amplification was
detected from real-time PCR. Of the remaining 16 candidates, none had significant up- or down-
regulation compared to the NSC cells across all three shLIFR clones that matched the
directionality of the RNAseq results (Table 2). Five of the 16 candidates had up- or down-
regulation that was consistent across the three shLIFR clones and matched the directionality of
the RNAseq data, though the mRNA abundance between one or more of the shLIFR clones and
the NSC cells did not reach the threshold of statistical significance (COL6A6, COL14A1,
LAMA2, LAMA4, LAMBI).

Collagen type XIV alpha 1 chain (COL14A1) was selected for further analysis, as several
previous studies indicate it has cancer- or quiescence-related functions [333-336]. COL14A1
expression was slightly reduced in two of the three shLIFR clones and significantly
downregulated in one shLIFR clone (#8; Table 5 and Fig. 5D), and data from The Cancer
Genome Atlas (TCGA) breast cancer dataset indicates that patients with COL14A1 mRNA
downregulation have significantly shorter overall survival compared to patients with wildtype
COL14A1 (Fig. 5E). This is consistent with previously reported data demonstrating a reduction
in survival in patients with lower LIFR signaling in the primary tumor [195]. Taken together,

these findings support a pro-dormancy role for COL14A1 in breast cancer.

COL14A1 knockdown decreases cell proliferation. Since MCF7 cells have the highest
COL14A1 expression of the common breast cancer cell lines tested (Fig. 6A), MCF7 cells were
used to generate COL14A1 knockdown cells to investigate the role of COL14A1 in breast cancer
cell behavior. Four COL14A1 targeting shRNA clones were tested, and all four clones achieved
significant knockdown of COL14A1 mRNA (Fig. 6B). We attempted to validate COL14A1
knockdown at the protein level but were unable to detect any COL14A1 protein by western blot
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Table 4. Enriched pathways in STRING map. Top five most enriched reactome pathways
from the STRING map in Figure 2B, as well as 3 of the 5 most enriched KEGG pathways are
listed. KEGG pathway terms that were not cancer-related are not shown. The reactome pathways
are color coded to match the nodes in Figure 4B.

Pathway Description FDR
Reactome Pathways
HSA-1474244 Extracellular matrix organization 3.00x10°
HSA-3000178 ECM proteoglycans 7.48x108
HSA-8948216 Collagen chain trimerization 6.64x10%
HSA-1650814 Collagen biosynthesis and modifying enzymes | 6.64x10
HSA-1474228 Degradation of the extracellular matrix 7.17x10®
KEGG Pathways

hsa04151 PI3K-Akt signaling pathway 5.23x10
hsa05200 Pathways in cancer 1.04x10°
hsa04512 ECM-receptor interaction 1.04x10°°
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Figure 5. COL14A1 is downregulated in LIFR knockdown cells. (A, B) Western blot
validation of LIFR knockdown in 3 separate LIFR targeting shRNA sequences. Representative
images of three independent biological replicates are shown. Blots were quantified by
densitometry. One-way ANOVA with multiple comparisons, n = 3 independent replicates. (C)
Real-time PCR validation of LIFR knockdown. One-way ANOV A with multiple comparisons, n
= 3 independent replicates. (D) Real-time PCR validation of RN Aseq results, which indicated
COL14A1 downregulation in MCF7 shLIFR cells. One-way ANOVA with multiple
comparisons, n = 3 independent replicates. (E) Survival analysis of patient data from TCGA
Breast Invasive Carcinoma dataset (TCGA Firehose Legacy, previously known as TCGA
Provisional dataset) comparing overall survival of patients with wildtype COL14A1 to those
with mRNA downregulation of COL14A1. n=6 COLI44A1 mRNA downregulation, n =217
COL14A41 WT. Log-rank test. *P < 0.05, **P <0.01, ***P < 0.001
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Table 5. Real-time PCR validation of selected targets from STRING map cluster in MCF7
shLIFR cells. “RNAseq” column indicates the abundance of each gene transcript in the MCF7
shLIFR cells compared to the MCF7 NSC cells, represented as a Log2 foldchange. A positive
number indicates that the gene was upregulated in shLIFR cells, while a negative value indicates
downregulation. The values in the “Real-time PCR” columns represent the abundance of the
gene transcript in each MCF7 shLIFR clone compared to the MCF7 NSC cells. Green shading in
cells indicates that the directionality of expression change (upregulation or downregulation)
compared to NSC was consistent with the directionality from RNAseq. One-way ANOVA with
multiple comparison against NSC. *P < 0.05, **P <0.01

Real-time PCR (Relative to NSC)
Gene RNAseq
Name (Log2 FC) MCF7 MCF7 MCF7
shLIFR#3 shLIFR#6 shLIFR#8
COL3A1 -2.27 1.19 0.60 0.72
COL4A5 -1.40 1.25 1.47 1.47
COL4A6 -1.58 1.74 1.89 1.20
COLG6A1 -1.19 1.34 0.84 1.05
COL6A6 1.62 1.33* 1.42 1.50 **
COL14A1 -2.73 0.76 0.88 0.33 **
COL23A1 -1.26 1.10 0.66 0.51*
DMD -2.36 1.29 0.72* 0.85
FBN2 -1.84 1.12 1.72 0.39
ITGB8 -1.07 1.31 1.09 0.50 **
LAMA2 -2.11 0.78 0* 0.96
LAMA4 -4.21 0.65 0.70 0.40
LAMB1 1.77 2.68 * 18.65 * 19.45
LEPREL2 -1.81 0.76 4.24 ** 3.35
LUM 2.41 0.39 1.15 1.23
MFAP2 -1.01 1.07 0.76 0.55
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at the appropriate molecular weight (data not shown). Collectively, knockdown of COL14A1
significantly decreased proliferation compared to the NSC cells (Fig. 6C). Only shCOL14A1 #1
cells reached statistical significance when analyzed as an individual cell line compared to the
NSC cells (Fig. 6C). Since altering COL14A1 would likely alter the tumor cell ECM, a
fibronectin adhesion assay was performed, but no differences in adhesion were detected in any of

the COL14A1 knockdown clones (Fig. 6D-E).

COL14A1 knockdown does not alter epithelial phenotype. Since changes in the ECM can alter
the epithelial or mesenchymal state of tumor cells, we next investigated the epithelial phenotype
of the MCF7 COL14A1 knockdown cells to determine whether COL14A1 knockdown triggers
epithelial-to-mesenchymal transition (EMT). No morphological changes were noted in any of the
shCOL14AT1 clones compared to NSC controls when grown on 2D tissue culture plastic or in a
3D collagen I matrix (Fig. 7A). Next, the expression of a panel of EMT markers was examined
by real-time PCR to determine whether any transcriptional changes had occurred that could
explain the change in proliferation. While B-catenin (CTNNB1) expression was significantly
elevated in one of the shCOL14A1 clones, no other significant changes in EMT marker
expression were detectable (Fig. 7B). EMT marker expression changes were not statistically
significant whether individual knockdown clones were compared to the NSC cells or whether all
the knockdown clones were grouped together and compared to the NSC group. These data

indicate that COL14A1 does not regulate an EMT transcriptional program in breast cancer cells.

Major cell proliferation pathway activity is unaltered in response to COL14A1 knockdown.
Since our data demonstrate that COL14A1 is reduced in LIFR knockdown cells (Table 5, Fig.
5D), we can conclude that COL14A1 is regulated downstream of LIFR. However, these findings
do not provide information on how LIFR signaling may regulate COL14A1 expression, or
whether COL14A1 is upstream or downstream of signaling pathways known to be activated by
LIFR, such as the MAPK, AKT, and STAT3 pathways [332]. To better determine the position of
COL14A1 in the cascade of LIFR signaling downstream events, we probed for proteins involved
in major signaling pathways activated by LIFR signaling in COL14A1 knockdown cells. No
changes in phosphorylated ERK1/2 (pERK1/2), total ERK1/2, phosphorylated AKT, total AKT,
phosphorylated STATS3, or total STAT3 levels were observed when MCF7 shCOL14A1 cells
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(C) Proliferation curves of MCF7 NSC and MCF7 shCOL14A1 clones across 4 days. Significant
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Figure 7. COL14A1 knockdown does not alter epithelial phenotype. (A) Images of MCF7
NSC and MCF7 shCOL14A1 cells depicting cell morphology. Images shown were taken with
20x or 40x objective. Cells were plated on cell culture plastic (2D) or in a type I collagen matrix
(3D), as indicated. Cells grown in 2D were imaged 48 hours after plating. Cells grown in 3D
were imaged 7 days after plating. (B) Real-time PCR amplification of a panel of EMT markers.
Order of bars are MCF7 NSC, MCF7 shCOL14A1 #1, MCF7 shCOL14A1 #2, MCF7
shCOL14A1 #3, MCF7 shCOL14A1 #4 (from left to right). For each gene, one-way ANOVA
with multiple comparisons against NSC, n = 3 independent replicates. *P < 0.05.
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were grown on standard tissue culture plastic (Fig. 8A-D). There was a slight trend toward an
increase in STAT3 signaling, but this did not reach statistical significance. Since COL14Al1 is an
extracellular matrix component, we next investigated whether signaling pathway activity would
be altered when cells were grown on type I collagen coated plates. Type I collagen is the major
collagen isoform in bone [337-339], and thus growing cells on a collagen matrix would better
model the substrate that breast cancer cells would encounter when growing in the bone. Similar
to the cells grown on tissue culture plastic, no significant changes in signaling proteins were
observed when cells were grown on type I collagen coated plates (Fig. 8E-H). Taken together, it
appears that the reduced proliferation observed in the MCF7 shCOL14A1 cells is not the result

of reduced signaling activity through any of these major pathways we probed.

Discussion

Collagen type X1V is a fibril-associated collagen secreted into the ECM, where it is involved in
the integration of collagen fibrils into larger fibers [340]. Type XIV collagen has been reported
to induce quiescence in fibroblasts and reduce DNA synthesis [333], while other studies show
that type XIV collagen is highly expressed in metastatic tissues [334]. COL14A1 was found to
have increased promoter methylation levels in luminal breast tumors when compared to basal
and HER2+ subtypes [335], suggesting that COL14A1 levels could contribute to some of the
differences that are observed between different breast cancer subtypes. Additionally, the
COL14A1 promoter is frequently methylated in renal cell carcinoma (RCC), which is associated
with poor patient prognosis [336].

In this study, we found that COL14A1 is significantly downregulated in response to LIFR
knockdown. LIFR knockdown has been shown to promote exit from dormancy and tumor
outgrowth in the bone marrow [195], and thus we originally hypothesized that COL14A1 would
have pro-dormancy functions since it was down-regulated in these “post-dormant” cells. Instead,
COL14A1 knockdown modestly reduced the proliferation of MCF7 human breast cancer cells,
indicating that COL14A1 has pro-proliferation functions. These seemingly contradictory results
could indicate that the “post-dormant” phenotype observed in LIFR knockdown cells is due to
other LIFR downstream effectors, and COL14A 1-specific downregulation achieves a different
phenotype. The mechanism behind this decreased proliferation in response to COL14A1

knockdown remains unclear at this time, but we have confirmed that it is not due to changes in
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Figure 8. Major signaling pathways are unaltered in COL14A1 knockdown cells. (A-D)
Western blot analysis of ERK, AKT, and STAT3 phosphorylation in MCF7 NSC and MCF7
shCOL14AT1 cells plated on cell culture plastic. Blots are quantified using densitometry and the
phosphorylated isoform levels are compared to the total levels of the target protein. One-way
ANOVA with multiple comparisons against NSC, n = 3 independent replicates expect for MCF7
shCOL14A1 #4 where n = 2. (E-H) Western blot analysis of ERK, AKT, and STAT3
phosphorylation in MCF7 NSC and MCF7 shCOL14A1 cells plated on type I collagen coated
plates. Blots are quantified using densitometry and the phosphorylated isoform levels are
compared to the total levels of the target protein. One-way ANOV A with multiple comparisons
against NSC, n = 3 independent replicates.
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STAT3, AKT, or ERK signaling, which regulate cell proliferation [332, 341-343]. Furthermore,
we detected no changes in adhesion, EMT marker expression, or the epithelial or mesenchymal
morphology of the cells when grown in 2D or 3D conditions. Thus, the mechanism by which
COL14A1 knockdown slows proliferation is still unclear.

One limitation of our study design is that our analysis does not provide information on
whether ECM-related genes, including COL14A1, identified from RNAseq are direct
downstream targets of LIFR signaling. The mechanistic connection between LIFR signaling and
COL14A1 regulation is not yet clear, and due to COL14A1’s role in modulating ECM, its
function is difficult to study in vitro. However, our in vitro data suggest that loss of COL14A1
may slow tumor progression. Additionally, since LIFR expression is known to be downregulated
in response to hypoxia [195], it would be of worth to determine whether the expression of
COL14A1, or any of the other LIFR-regulated ECM factors, is altered in response to hypoxia as
well. These findings could shed light on the mechanism of dormancy-escape by breast cancer
cells in hypoxia.

Another major finding from this work that warrants further investigation is the fact that
LIFR signaling appears to regulate many ECM-related genes. ECM composition and matrix
stiffness can alter the behavior of breast cancer cells and are known to promote tumor invasion
and metastasis [62] as well as osteolytic gene expression [344]. In addition, breast cancer cells
grown in 3D culture have been observed to undergo cytoskeletal reorganization, form actin stress
fibers, and begin interacting with the ECM more tightly as they transition from a quiescent to
proliferative state [281, 345]. Current evidence suggests a lack of integrin-mediated adhesion
between a tumor cell and the ECM can cause the tumor cell to enter a dormant state [345]. Thus,
if LIFR downregulation alters ECM composition or tumor cell adhesion to the ECM, this could
contribute to tumor cell escape from dormancy. Taken together, more in-depth in vitro and in
vivo studies are warranted to determine the role for COL14A1 and other LIFR-regulated ECM

genes in tumor progression, metastasis, and dormancy.
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CHAPTER V

HYPOXIA INDUCIBLE FACTOR SIGNALING IN BREAST TUMORS CONTROLS
SPONTANEOUS TUMOR DISSEMINATION IN A SITE-SPECIFIC MANNER

Summary

Hypoxia is a common feature in tumors and induces signaling that promotes tumor cell survival,
invasion, and metastasis. To better understand the contributions of hypoxia inducible factor 1
alpha (HIF1a), HIF2a, and general HIF pathway activation in metastasis to lung and bone, we
employed a PyMT-driven spontaneous murine mammary carcinoma model with mammary
specific deletion of Hifla, Hif2a, or von Hippel-Lindau factor (VA/) using the Cre-lox system.
We found that Hiflo or Hif2o deletion in the primary tumor decreased metastatic tumor burden
in the bone marrow, while VAl deletion increased bone tumor burden, as hypothesized.
Unexpectedly, Hifla deletion increased metastatic tumor burden in the lung, while deletion of
Hif2o or Vhil did not affect pulmonary metastasis. Mice with Hiflo deleted tumors also exhibited
reduced bone volume as measured by micro computed tomography, suggesting that disruption of
the osteogenic niche may be involved in the preference for lung dissemination observed in this
group. In contrast, known metastasis regulators such as CXCR4 and parathyroid hormone related
protein (PTHrP) appear to regulate bone dissemination in response to VHL or HIF2a expression
in the primary tumor. Thus, we reveal that HIF signaling in breast tumors controls tumor

dissemination in a site-specific manner.

Introduction

Tumor cells frequently experience hypoxic conditions as the metabolic demands of the
proliferating cells exceed the supply of oxygen and nutrients from the existing blood vessels.
Cells must adapt to these stressful conditions by altering their metabolism and recruiting new
blood vessels to increase oxygen supply [346]. The activation of hypoxia inducible factor (HIF)
signaling triggers these transcriptomic adaptations in response to low oxygen levels. Under
normoxic conditions, hypoxia inducible factor 1 alpha (HIF1a) and HIF2a are hydroxylated by
prolyl hydroxylation domain containing enzymes (PHDs) [12-15], which allows Von Hippel-
Lindau factor (VHL) [46], an E3 ubiquitin ligase, to bind to and ubiquitinate HIF1a and HIF2a.,
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marking them for proteasomal degradation [22-24]. In hypoxic conditions, PHD enzymes are
inactive, leading to the stabilization of the alpha subunits, which can then dimerize with HIF13
and translocate to the nucleus [31, 32]. Once in the nucleus, the HIF1 and HIF2 complexes bind
to hypoxia response elements (HREs) in the promoters of hypoxia responsive genes and act as
transcription factors [34-36]. HIF1a drives the expression of genes such as vascular endothelial
growth factor (VEGF) to stimulate angiogenesis [40, 41], as well as glucose transporters,
glycolytic enzymes, and lactose dehydrogenase A (LDHA) to shift the main energy source of the
cell to glycolysis [42-45, 347]. HIF signaling also promotes tumor cell metastasis by driving the
expression of genes that control epithelial-to-mesenchymal transition (EMT), invasion, and
extracellular matrix composition [49-51]. Furthermore, clinical evidence from breast cancer
patients shows that high HIF1a levels in primary tumors correlate with poor patient outcomes
[63-66], and a hypoxic transcriptomic signature in tumor cells is associated with bone metastasis
[92, 143]. As such, HIF inhibitors are an attractive therapeutic avenue and are currently in
development and undergoing clinical trials [348].

High breast cancer patient morbidity and mortality arises from metastatic dissemination
of tumor cells from the primary site, which occurs early in tumor progression [2, 3].
Approximately 70% of breast cancer patients present with lung or bone metastases upon autopsy
[8, 349]. Thus, there is an urgent need to identify the molecular factors that drive tumor
dissemination to distant metastatic sites. Previous studies suggest that HIF 1o expression in
breast cancer cells promotes lung dissemination in genetic models [94] and bone colonization
and osteolysis following intracardiac or orthotopic inoculation of MDA-MB-231 human breast
cancer cells [93, 96, 97]. However, the comparative contributions of Hifla and Hif2a on
spontaneous bone dissemination are not well understood. Furthermore, dissemination patterns to
bone and lung, the two leading sites of metastasis for breast cancer, have not been
simultaneously evaluated in a spontaneous metastasis model. We therefore generated three
transgenic mouse models of spontaneous mouse mammary carcinoma with tumor specific
deletion of Hifl a, Hif2 e, and Vhl and evaluated the effects of HIF modulation on tumor
dissemination to multiple distant sites using highly sensitive detection techniques that have been

optimized to detect low levels of disseminated tumor burden [261].
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Results

Deletion of Hifla increases total tumor burden while slowing primary tumor growth. To
assess the impact of primary tumor HIF1a expression on breast tumor cell dissemination to the
bone, we generated an immune-competent spontaneous murine mammary carcinoma model with
mammary specific deletion of Hifla using the Cre-lox system. In this model, mammary tumors
grow spontaneously, driven by the polyoma middle T antigen (PyMT) expressed under the
mouse mammary tumor virus long terminal repeats (MMTV-LTR), which restricts the oncogene
expression to the mammary epithelium. In this study we compared female Hiflo”- PyMT* mice
(Hif1a"f, Cre-positive, PyMT-positive) to control Hifla”f PyMT* mice (Hifla", Cre-negative,
PyMT-positive) (Fig. 9A). In this spontaneous model, mammary tumors were first palpable
around 8 weeks of age and reached endpoint (any tumor reaching 1 cm in diameter) around 20
weeks of age for the Hifla”f PyMT" mice, while the Hifla”- PyMT" mice took significantly
longer (average of 23 weeks of age) to reach end point (Fig. 9B, C). This is consistent with
previous reports using this model [94]. Interestingly, the total tumor weight was greater on
average in Hifla”- PyMT" mice upon sacrifice (Fig. 9D), while the number of tumors per mouse
was not significantly increased (Fig. 9E).

We confirmed through real-time quantitative PCR analysis of tumor homogenate RNA
that Hifla”" tumors had significant deletion of Hifla (Fig. 9F), while transcript levels of Hif2a,
the other major HIF pathway signaling factor, were unaffected (Fig. 9G). Recombination and
deletion of Hifla was further confirmed by PCR amplification of the Hifla locus (Fig. 10A, B).
Hifla and Hif2a transcript levels were unaffected in the lung, suggesting that we did not have
off-target editing in other soft tissue sites (Fig. 10C, D). Furthermore, the expression of Vegfa, a
downstream target of Hiflo, was significantly lower in Hifla”~ tumors (Fig. 9H), while the
staining intensity of pimonidazole, a hypoxia marker, was comparable in Hiflaff and Hifla™”
tumors (Fig. 91, J). This confirms that Hiflo”- tumors have a dampened hypoxia response despite

experiencing similar levels of hypoxia as Hifla!f tumors.

Deletion of Hifla in the mammary fat pad reduces trabecular bone volume. Since bone
disseminated breast tumor cells can cause the formation of osteolytic lesions, we first assessed
trabecular bone volume of tibiae from Hifla”f PyMT" and Hifla’- PyMT* mice by micro

computed tomography (microCT) as a readout of tumor-induced bone destruction. To ensure that

70



A NS o * B . c *kk
\\\’(‘o \x«‘ \\\‘A 0\‘5“ _ 100: E 200+
c S [ ] © oo
Hifla 322833& o fw 2 ] T 180 000 ©
PyMT genotype: - + + :E, 3 @
Internal Positive Control «n ] ;‘:" 160 o PO
t 504 =
Cre s 73 Wi ® i
. Q E © ~
Floxed Hif1a = 1 — Hifta" »
WT Hifla “- & ] a./ ® 120
= :
- |l 1 T 1 < 100-
0 50 100 150 200 o —y
if1a if1a
Age:(ays) n=19  n=21
D E F
—_— = * kK
CM L 2.5-
: £ 3
- o0 z 2.0+
'% ¢ o § o0 % -
s <) = 6 eeeeen 8 @ Mouse 1 8 Mouse 20
S 41 [ k) cese 5 °>’ ® Mouse 2 Mouse 21
g 0 g 4 oscos Qs ® Mouse 3 :Anouse gg
= U % S Mouse 4 ouse
24 [ %/ g & ® Mouse 5 Mouse 24
s S & / T~ ® Mouse 6 Mouse 25
A = / % © Mouse 7 © Mouse 26
= o 0- . Mouse 8 Mouse 27
Hifte"  Hifla™ Hifte"  Hifla” Hifle”  Hifla”  ® Mouses @ Mouse 28
n=19 n=21 n=19 n=21 =19 n=21 ® Mouse 10 © Mouse 29
® Mouse 11 Mouse 30
© Mouse 12 Mouse 31
@ Mouse 13 @ Mouse 32
G H I @ Mouse 14 @ Mouse 33
37 39 d 49 ® Mouse 15 © Mouse 34
§ . 2 @ Mouse 16 mousegg
* | 2 @ Mouse 17 ouse
4 "E: % g G 37 SN o ® Mouse 18 @ Mouse 37
Eg 2 24 a ° £ . o®  © Mouse1s Q Mousess
5? 5‘;’ °° ° S 2- oe oe omgﬂiﬁm
Qg Qg e £ -
© g 1] S g 11 o
Se -3 o1 |7
T > 2 I
¥ o ¢ gy ]
Hifte"  Hifl" Hif1 Hiflg ™"
n=19 n=21 n=19 n=21 n=16 n=21
J Hif1aff Hif1a™
Pimonidazole Negative control Pimonidazole Negative control
oy X W % v

71




Figure 9. Deletion of Hifla increases total tumor burden while slowing primary tumor
growth. (A) Example genotyping gel of Cre, floxed Hifla, and PyMT from Hifla/f PyMT",
Hifla- PyMT", and Hifla”¥ PyMT- mice. (B) Survival analysis of Hifla.”f PyMT" and Hifla™”
PyMT" mice where endpoint represents sacrifice due to tumor size reaching collection threshold.
Log-rank test. (C-E) Comparison of the age at sacrifice, total burden at sacrifice, and number of
tumors collected per mouse. Two-tailed Mann-Whitney test. (F-H) Quantitative PCR analysis of
Hifl a, Hif2 ¢, and Vegfa expression compared to B2m from whole tumor homogenate RNA.
Expression is normalized to the mean of the f/f control group. Two-tailed Mann-Whitney test. (I)
The average pimonidazole staining intensity for each mouse across multiple images from a
single tumor. Two-tailed Mann-Whitney test. (J) Representative images of pimonidazole
staining, taken with 10x and 40x objectives. The 40x field is denoted with a dashed box in the
10x view. Scale bars represent 500 um in 10x fields, and 200 um in 40x fields. Negative controls
lacked the primary antibody incubation step. Graphs represent mean per group and error bars
represent s.e.m. *P < (.05, **P <0.01, ***P <(.001, ****P <(0.0001.
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Figure 10. Validation of mammary fat pad-specific Hifla recombination. (A) Schematic of
PCR-based validation of Hifla locus recombination using two separate PCR reactions. cDNA
was used as the input material for these reactions. Thus, no introns are included in the diagram.
The loxP sites shown are for reference to indicate which exon is excised upon recombination. No
loxP sequence is present in the mRNA/cDNA. (B) DNA electrophoresis gels of the PCR
products from the reactions depicted in A. The lower intensity of the bands in the Hifla~~ tumors
from the “Fwd + Rev1” reaction, and the lower molecular weight of the band resulting from the
“Fwd + Rev2” reaction indicate successful recombination. The residual band in the Hiflo™
tumors from the “Fwd + Rev1” reaction is likely from non-recombined stromal cells present in
the tumor. B2m was also amplified to control against differences in cDNA concentration. (C, D)
Quantitative PCR analysis of Hifla or Hif2a transcript, respectively, compared to B2m from
right lung homogenate RNA. Two-tailed Mann-Whitney test. Graphs represent mean per group
and error bars represent s.e.m.
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Hifla deletion in the mammary fat pad did not alter baseline bone microarchitecture, we also
scanned tibiae from non-tumor bearing controls (PyMT") of each genotype. Bone volume and
trabecular number were significantly decreased in Hiflo”" PyMT* mice, with an accompanying
increase in trabecular spacing (Fig. 11A-D), but bone volume was unaltered with Hif/a deletion
in PyMT- mice, suggesting that the reduction in bone volume observed in Hiflo”" PyMT* mice
was due to tumor-induced osteolysis. Hiflo- PyMT- mice did exhibit a significant increase in
trabecular thickness (Fig. 11E), but this may not be biologically significant given the absence of
changes in any other structural parameters for bone. Surprisingly, we found no discernible tumor
burden present in the bone marrow of Hiflo”* PyMT" mice upon histological inspection by a
certified veterinary pathologist, save in one mouse (Fig. 11F, G). Thus, Hifla deletion in the
primary tumor decreases trabecular bone volume but does not drive the development of

macroscopic or osteolytic lesions in the bone.

Deletion of Hifla decreases bone dissemination while increasing lung metastasis. Given the
lack of macroscopic tumor lesions in the bone and the fact that the main site of metastasis for the
PyMT-driven mammary carcinoma model is the lung rather than the bone marrow [224, 350], we
employed several sensitive strategies to determine whether there were differences in tumor
dissemination to bone. First, tumor cells were detected by flow cytometry of bone marrow from
the tibiae and femora from Hiflo” PyMT* and Hiflo”- PyMT" mice based on EpCAM
(epithelial cell adhesion molecule) positivity. While some background EpCAM staining was
detected in non-tumor bearing (PyMT") bone marrow (Fig. 12), a significant decrease in the
number of EpCAM™ cells was detected in the bone marrow from Hiflo" PyMT" mice compared
to Hifla”"PyMT* mice when normalized to total tumor weight at endpoint (Fig. 13A, Fig. 14A).
Second, the tumor-specific Pymt transcript was quantified from femur and spine homogenate
RNA as a marker of tumor burden (Fig. 13B, C, Fig. 14B, C). No significant difference in tumor
burden was detected in the femur and spine of Hifla”- PyMT" mice using this method. Taken
together, these results suggest that Hiflo in the primary tumor promotes tumor cell dissemination
to the bone.

In addition to quantifying tumor burden in bone sites, we quantified tumor burden in the
lung by histological inspection in order to confirm that Hifla”- PyMT" mice had decreased

tumor burden, as reported previously [94]. Surprisingly, Hifla”- PyMT" mice had a significant
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Figure 11. Deletion of Hifla in the mammary fat pad reduces trabecular bone volume. (A)
Representative 3D renderings of microCT scans of the proximal metaphysis of the right tibia. (B-
E) Quantification of bone volume as a percentage of total volume, trabecular number, trabecular
spacing, and trabecular thickness. Two-tailed Mann-Whitney test against corresponding f/f
control. (F) Representative H&E stained images of the proximal metaphysis of the tibia taken
with 4x and 20x objectives. The 20x field is denoted with a dashed box in the 4x view. (G) H&E
stained images of the one histologically detectable bone metastatic lesion, identified in the distal
region of the tibia from Mouse 27. Lower magnification images taken with 4x (i), 20x (ii)
objectives, while highest magnification image (iii) is taken at 600X magnification. Area of
higher magnification is indicated in lower magnification images with a dashed box. Tumor area
labeled T and indicated by dashed circle. Atypical cells denoted with arrowheads. Graphs
represent mean per group and error bars represent s.e.m. *P < (.05, **P <(.01.
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Figure 12. Flow cytometry gating strategy. (A) Gating of PyMT" (non-tumor bearing) bone
marrow that acts as a negative control. (B) Gating of mechanically digested primary tumor cells
that act as a positive control. (C) Gating of unstained PyMT" bone marrow. (D) Gating of
unstained primary tumor cells. In each case, cells were first gated based on forward and side
scatter to gate out very small events that are likely debris. These events are next gated on side
and forward scatter geometry to identify single cells. These single cell events are next gated on
DAPI intensity as a live-dead stain. DAPI" cells are then gated based on APC (EpCAM) intensity
to detect tumor cells.
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Figure 13. Deletion of Hifla decreases bone dissemination while increasing lung metastasis.
(A) The percentage of EpCAM" cells, out of the total number of live cells, detected by flow
cytometry analysis of left hindlimb bone marrow. Numbers are normalized to the total tumor
weight of each mouse. Two-tailed Mann-Whitney test. (B, C) Quantitative PCR analysis of Pymt
transcript compared to Hmbs from right femur or spinal midsection, respectively. Pym¢
expression was then normalized to the total tumor weight of each mouse. Two-tailed Mann-
Whitney test. (D, E) Metastatic lesion number or area detected by histological analysis of H&E
stained sections from the left lung. Numbers are normalized to the total tumor weight of each
mouse. Two-tailed Mann-Whitney test. (F) Comparison of the proportion of mice from each
group that had any detectable pulmonary lesions. Fisher’s exact test. (G) Representative images
of H&E stained lung sections. Scale bar in sub-gross photomicrographs is 500 um. Scale bar in
high-power micrographs is 100 um. The high-power image field is denoted with a dashed box in
the sub-gross view. Tumor area is denoted with a dashed oval in the high-power images (labeled
T). Additional metastatic lesions in the sub-gross view are denoted with arrows. Graphs
represent mean per group and error bars represent s.e.m. *P < 0.05.
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Figure 14. Alternate normalization of tumor burden in bone and soft tissue sites from
Hifla knockout mice. (A) The percentage of EpCAM" cells, out of the total number of live
cells, detected by flow cytometry analysis of left hindlimb bone marrow. Two-tailed Mann-
Whitney test. (B, C) Quantitative PCR analysis of Pymt transcript compared to Hmbs from right
femur or spinal midsection, respectively. Two-tailed Mann-Whitney test. (D-G) Total metastatic
lesion number or area detected by histological analysis of H&E stained sections from the left
lung. Numbers are normalized to the mouse’s age at sacrifice (D, F) or left un-normalized (E, G).
Two-tailed Mann-Whitney test. (H) Comparison of individual lesion areas detected from
histological inspection of left lung sections. Two-tailed Mann-Whitney test. (I-L) Quantitative
PCR analysis of Pymt transcript compared to B2m from right lung or brain. Numbers are
normalized to total tumor weight (I, K) or left un-normalized (J, L). Two-tailed Mann-Whitney
test. (M) Representative H&E stained images of the liver taken with 4x and 40x objectives. The
40x field is denoted with a dashed box in the 4x view. Graphs represents mean per group and
error bars represent s.e.m. *P <0.05, **P <0.01.
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increase in the number of metastatic lesions in the lung (Fig. 13D, Fig. 14D, E) and total
metastatic lesion area (Fig. 13E, Fig. 14F, G), regardless of whether the data were normalized to
total tumor weight at endpoint, the mouse age at sacrifice, or left un-normalized. Individual
lesion size was not significantly different between the two groups (Fig. 14H), indicating that the
increase in total tumor area is driven by the greater number of lesions. Hifla”- PyMT" mice also
had significantly greater incidence of pulmonary lesions compared to Hifla’® PyMT" mice (Fig.
13F). A non-significant trend in increased tumor burden was observed in the contralateral lung of
Hiflo” PyMT" mice by Pymt transcript levels (Fig. 141, J). To determine whether the increased
tumor burden in the lung was indicative of a global metastatic increase in soft tissue sites, tumor
burden was also measured in the brain and liver. There was a non-significant trend toward a
reduction in tumor burden in the brain by Pymt transcript levels in Hiflo" PyMT* mice (Fig.
14K, L), and no liver lesions were detected by histological analysis by a certified veterinary
pathologist (Fig. 14M). Thus, Hif1a deletion in the primary tumor reduces bone dissemination,
but also specifically promotes lung metastasis.

There was no difference in expression of general breast cancer metastasis-associated
genes (Fig. 15A), nor in EMT markers (Fig. 15B), between primary tumors from the Hiflo""
PyMT" and Hifla”- PyMT" mice. This is consistent with site-specific differences in tumor
burden, rather than a global increase or decrease in dissemination to all the distant sites
measured. We also measured the expression of a panel of autophagy markers, since previous
reports have shown that hypoxia-induced autophagy can affect pulmonary tumor burden.
Inhibition of autophagy in hypoxic breast cancer cells has been shown to promote pulmonary
metastasis [351], while autophagy has also been shown to promote the survival of dormant breast
cancer cells and promote metastatic tumor recurrence [352]. However, we saw no differences
between Hiflaf and Hiflo”~ tumors in any of the autophagy markers tested (Fig. 15C).

We therefore examined gene expression data from The Cancer Genome Atlas (TCGA)
Invasive Breast Carcinoma patient dataset to determine whether hypoxia differentially induced
gene expression profiles associated with site-specific metastasis to bone or lung. We found that a
42-gene hypoxia signature identified by Ye ef al. [322] significantly and positively correlated
with the bone metastasis signature established by Kang et al. [305] (Fig. 15D). Thus, hypoxia
appears to drive a large transcriptomic program that promotes bone dissemination. However, a

similar trend was observed for the lung metastasis signature from Minn et al. [323] (Fig. 15E).
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Figure 15. Hypoxia correlates with pro-metastatic transcription signatures. (A) Heatmap
depiction of the expression of a panel of metastasis-associated gene from three Hifla”~ tumors
compared to the average expression of three Hif 1o tumors. The difference in expression of each
gene between the three Hif1o"" and three Hiflo”- tumors was compared using the Mann-Whitney
test. (B) Expression of a panel of EMT-related genes (Cdhl, Cdh2, Egfr, Notchl, Snail, Snai2,
Snai3, Twistl, Zebl, Zeb2) compared to B2m, measured by qPCR. Two-tailed Mann-Whitney
test against corresponding f/f control. (C) Expression of a panel of autophagy-related genes
(Atg7, Becnl, Maplic3a, Mapllc3b, Sqstml, Ulkl) compared to B2m, measured by qPCR. Two-
tailed Mann-Whitney test against corresponding f/f control. (D, E) Correlation of Ye ef al.
hypoxia gene signature [322] with mRNA levels of genes in the Kang et al. bone metastasis
signature [305] or the Minn ef al. lung metastasis signature [323], respectively, in TCGA
Invasive Breast Carcinoma patient dataset. Pearson and Spearman correlation. (F) Quantification
of Ki-67" area as a percentage of the lesion area. Two-tailed Mann-Whitney test. (G)
Representative images of Ki-67 stained lung metastatic lesions, taken with 20x objective. Scale
bars represent 200 um. (H) Quantification of the average number of CD4" and CD8" cells
normalized to the total nuclear area for the image. Data points in red denote mice that had
detectable lung tumor burden. Two-tailed Mann-Whitney test against corresponding f/f control.
(I) Representative images of immunofluorescent staining of CD4 and CDS, taken with 20x
objective. (J) Quantitative PCR analysis of Lox transcript compared to B2m from primary tumor
homogenate RNA. Two-tailed Mann-Whitney test. Graph represents mean per group and error
bars represent s.e.m.
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Taken together, it appears that hypoxia upregulates tumor dissemination in general at the
transcriptomic level, suggesting that the increase in lung tumor burden may be due to altered
Hiflo”~ tumor cell response to signals from the lung microenvironment.

* lesions. To

Proliferation and immune markers are unaltered in lung metastatic Hiflo
reconcile the divergent role of Hif/a in tumor cell dissemination to bone and lung, we therefore
sought to identify factors that may specifically be driving outgrowth of tumor cells in the lung.
Since there is evidence that hypoxia promotes tumor dormancy specifically in the lung [353], we
investigated whether the increased lung tumor burden in Hifla”- PyMT" mice was due to
dormancy escape by the lung-disseminated tumor cells. First, we confirmed that there was no
significant difference in pimonidazole-positive lung lesion area, indicating Hiflo""and Hifla™"-
tumor cells experience similar levels of hypoxia in the lung (Fig. 16A, B). There was, however,
no difference in Ki-67" lung lesion area between the groups, indicating that Hif1o expression
does not alter the proliferative capacity of the disseminated cells once they exit dormancy (Fig.
15F, G). We next measured the abundance of CD4" and CD8" cells in the lungs, since altered
immune cell numbers in the lung tissue may indicate differences in immune-mediated tumor cell
clearance. However, there was no difference in CD4" or CD8" T cell infiltration in the lungs of
Hifla”f PyMT" and Hiflo”- PyMT" mice (Fig. 15H, I). Immune cell numbers were not
significantly different between tumor bearing lungs of Hifla’f PyMT* and Hiflo”- PyMT" mice,
either (red points, Fig. 15H). To investigate whether pre-metastatic niche development could be
driving the outgrowth of lung-disseminated tumor cells, we measured the expression of lysyl
oxidase (LOX), a hypoxia-dependent tumor secreted factor known to drive pre-metastatic niche

fif

development [126]. However, there was no change in Lox expression between Hifla"' and

Hifla’~ tumors (Fig. 15J).

Deletion of Hif2a decreases tumor dissemination to bone but not lung. While Hifla and Hif2a
have some redundant functions, they have unique and sometimes opposing effects [354]. To
determine whether the dissemination patterns observed in the Hifla”- PyMT* mice were due to a
general decrease in HIF signaling activity, or due to Hifla-specific effects, we generated Hif2o
PyMT" and Hif2a”- PyMT" mice using the same breeding strategy as the Hifla”’- PyMT" mice.
We observed no difference between the Hif2a”f PyMT" and Hif20”" PyMT" mice in the time it
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Figure 16. Hifla deletion does not alter hypoxia of lung metastatic foci. (A) Representative
images of pimonidazole staining, taken with 4x and 40x objectives. The 40x field is denoted with
a dashed box in the 10x view. Scale bars represent 2 mm in 4x fields, and 200 um in 40x fields.
Negative controls lacked the primary antibody incubation step. (B) Quantification of
pimonidazole-positive area as a percentage of the lesion area. Two-tailed Mann-Whitney test.
Graphs represent mean per group and error bars represent s.e.m.
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took tumors to reach collection size (Fig. 17A, B), the total tumor weight upon sacrifice (Fig.
17C), or the number of tumors (Fig. 17D). We confirmed a significant reduction in Hif2o
transcript levels from whole tumor homogenate RNA of Hif2a”- PyMT" mice (Fig. 17E) and no
difference in Hifla transcript levels (Fig. 17F). Hif2a deletion did not significantly reduce Vegfa
expression in the primary tumor (Fig. 17G).

While microCT analysis of Hif20”- PyMT" mice did not reveal any differences in
trabecular bone parameters (Fig. 17H-L), flow cytometry analysis of hindlimb bone marrow
from Hif20”- PyMT" mice revealed a significant reduction in the percentage of EpCAM* tumor
cells (Fig. 18A). However, there was no significant difference in the Pym¢ transcript abundance
in the femur or spine (Fig. 18B, C). Unlike the Hiflo” PyMT" mice, lung metastatic tumor
burden in Hif2a”- PyMT* mice was not significantly different than Hif2a"" PyMT" mice, as
measured by lesion number, total lesion area, individual lesion area, or incidence of lung
metastases (Fig. 18D-G). Similarly, there was no significant difference in Pym¢ transcript
abundance in the lungs or brains of Hif2a”- PyMT" mice (Fig. 18H, I). Metastatic tumor burden
data for Hif20" PyMT" mice were un-normalized since there was no significant difference in
tumor weight or age at sacrifice. Taken together, these results suggest that Hif2a in the primary
tumor drives tumor cell dissemination to the bone but is dispensable for dissemination to the

lung.

Deletion of Vhl increases tumor dissemination to bone but not lung. To determine the effect of
Hifla and Hif2a activation, rather than deletion, we generated a third transgenic mouse strain in
which we could model constitutive HIF signaling activation through deletion of Vhl, a negative
regulator of HIF signaling. Vh1"" PyMT" and Vhl”- PyMT* mice were generated using the same
strategy as the other transgenic strains. Vhl”- tumors took a significantly longer time to reach
collection size compared to Vh1"® controls (Fig. 19A, B), but had a significant reduction in total
tumor weight upon sacrifice (Fig. 19C). The average number of tumors was not significantly
different between VhI”f PyMT" and Vhl”- PyMT" mice (Fig. 19D). While we were unable to
detect a decrease in VA/ transcript in whole tumor RNA from Vhl”- PyMT* mice (Fig. 19E), we
confirmed recombination of the VAl locus at the genomic level (Fig. 19F) and observed a
significant increase in expression of vascular endothelial growth factor A (Vegfa),

phosphoglycerate kinase 1 (Pgkl), glucose transporter type 1 (Glutl), TEK receptor tyrosine
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Figure 17. Deletion of Hif2a does not alter total tumor burden, tumor growth Kinetics, or
trabecular bone parameters. (A) Survival analysis of Hif2o"f PyMT* and Hif2a”- PyMT" mice
where endpoint represents sacrifice due to tumor size reaching collection threshold. Log-rank
test. (B-D) Comparison of the age at sacrifice, total burden at sacrifice, and number of tumors
collected per mouse. Two-tailed Mann-Whitney test. (E-G) Quantitative PCR analysis of Hif2 «,
Hifl o, and Vegfa expression compared to B2m from whole tumor homogenate RNA. Expression
1s normalized to the mean of the f/f control group. Two-tailed Mann-Whitney test. (H)
Representative 3D renderings of microCT scans of the proximal metaphysis of the right tibia. (I-
L) Quantification of bone volume as a percentage of total volume, trabecular number, trabecular
spacing, and trabecular thickness. Two-tailed Mann-Whitney test against corresponding f/f
control. Graphs represent mean per group and error bars represent s.e.m. **P <0.01.
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Figure 18. Deletion of Hif2a decreases tumor dissemination to bone but not lung. (A) The
percentage of EpCAM™ cells, out of the total number of live cells, detected by flow cytometry
analysis of left hindlimb bone marrow. Two-tailed Mann-Whitney test. (B, C) Quantitative PCR
analysis of Pymt transcript compared to Hmbs from right femur or spinal midsection,
respectively. Two-tailed Mann-Whitney test. (D, E) Metastatic lesion number or area detected by
histological analysis of H&E stained sections from the left lung. Two-tailed Mann-Whitney test.
(F) Comparison of individual lesion areas detected from histological inspection of left lung
sections. Two-tailed Mann-Whitney test. (G) Comparison of the proportion of mice from each
group that had any detectable pulmonary lesions. Fisher’s exact test. (H, I) Quantitative PCR
analysis of Pymt transcript compared to B2m from right lung or brain, respectively. Two-tailed
Mann-Whitney test. Graphs represent mean per group and error bars represent s.e.m. **P < 0.01.
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Figure 19. Deletion of VAl slows primary tumor growth and decreases total tumor burden
but does not alter trabecular bone parameters. (A) Survival analysis of Vhl”f and Vhl"
PyMT" mice where endpoint represents sacrifice due to tumor size reaching collection threshold.
Log-rank test. (B-D) Comparison of the age at sacrifice, total burden at sacrifice, and number of
tumors collected per mouse. Two-tailed Mann-Whitney test. (E) Quantitative PCR analysis of
Vhil expression compared to B2m from whole tumor homogenate RNA. Expression is normalized
to the mean of the f/f control group. Two-tailed Mann-Whitney test. (F) Schematic of PCR-based
validation of VAl locus recombination using a three-primer PCR reaction. Genomic DNA was
used as the input material. DNA electrophoresis gel represents the PCR products from the
reactions depicted in the schematic diagram. The lower molecular weight of the band in the Vh1”
lanes indicate successful recombination. The residual band in the Vhl” lanes are likely from non-
recombined stromal cells present in the tumor. (G-K) Quantitative PCR analysis of HIF target
genes (Vegfa, Pgkl, Glutl, Tek, Pdgfb) compared to B2m from whole tumor homogenate RNA.
Two-tailed Mann-Whitney test. Graphs represent mean per group and error bars represent s.e.m.
*P <0.05, ¥*P <0.01, ***P <0.001, ****P <0.0001.
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kinase (Tek, also known as Tie2), and platelet derived growth factor subunit B (Pdgfb) (Fig.
19G-K), indicating that HIF downstream signaling is elevated with VA/ deletion. Despite
unaltered trabecular bone parameters (Fig. 20A, B, Fig. 21A-C), VAl deletion increased the
number of tumor cells detected in the bone marrow by flow cytometry when normalized to tumor
weight (Fig. 20C, Fig. 21D). No significant differences were observed in the Pym¢ transcript
abundance in the femur or spine (Fig. 20D, E, Fig. 21E, F). From histological analysis of the
lung, no significant differences were observed in total metastatic lesion number or area between
VhI?f PyMT* and Vhl”- PyMT" mice, regardless of normalization to total primary tumor weight
(Fig. 20F, G, Fig. 21G, H). In addition, the incidence of lung metastases was no different
between the two groups (Fig. 20H). There was a slight increase in the average individual lung
lesion size in the VhI”- PyMT* mice (Fig. 211), but this difference was not sufficient to drive an
increase in the overall lung tumor burden. Additionally, there were no significant differences in
Pymt transcript abundance in the lungs or brains of Vhl”- PyMT" mice (Fig. 201, J, Fig. 21J, K).

While Hifla deletion was not found to alter the expression of genes involved in specific
metastasis-related signaling pathways (Fig. 15), VAl deletion was found to increase, although not
significantly, the expression of Pthlh in the primary tumor (Fig. 22A). PTHLH and its gene
product PTHrP are known to promote breast tumor progression and metastasis [355] and are key
drivers of tumor induced bone disease [165, 356, 357]. Additionally, PTHLH 1is a direct target of
HIF2a [167]. Accordingly, we observed that Hif2a, but not Hif1a., deletion drove a noticeable
decrease in Pthlh expression (Fig. 22B, C). Vhl deletion also modestly increased the expression
of Cxcr4 (Fig. 22D), a gene known to drive breast cancer cell metastasis to bone [136, 358].
Hifla deletion did not result in a reciprocal decrease in Cxcr4 expression, but Hif2o deletion
yielded a non-significant decrease in Cxcr4 (Fig. 22E, F). Taken together, these results suggest
that active HIF-signaling in the primary tumor drives tumor cell dissemination to the bone

through HIF-induced expression of key metastasis-associated genes (Fig. 22G).

Discussion
While our main analysis was focused on dissemination patterns and quantifying tumor burden in
various distant sites, we observed surprising patterns in primary tumor growth. The slower tumor

progression we observed in the Hifla”~ tumors has been reported previously in this mode [94],
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Figure 20. Deletion of VAl increases tumor dissemination to bone but not lung. (A)
Representative 3D renderings of microCT scans of the proximal metaphysis of the right tibia. (B)
Quantification of bone volume from microCT analysis as a percentage of total volume. Two-
tailed Mann-Whitney test against corresponding f/f control. (C) The percentage of EpCAM™*
cells, out of the total number of live cells, detected by flow cytometry analysis of left hindlimb
bone marrow. Values have been normalized to the total tumor burden at end point of each
mouse. Two-tailed Mann-Whitney test. (D, E) Quantitative PCR analysis of Pym¢ transcript
compared to Hmbs from right femur or spinal midsection, respectively. Values have been
normalized to the total tumor burden at end point of each mouse. Two-tailed Mann-Whitney test.
(F, G) Metastatic lesion number or area detected by histological analysis of H&E stained
sections from the left lung. Values have been normalized to the total tumor burden at end point
of each mouse. Two-tailed Mann-Whitney test. (H) Comparison of the proportion of mice from
each group that had any detectable pulmonary lesions. Fisher’s exact test. (I, J) Quantitative
PCR analysis of Pymt transcript compared to B2m from right lung or brain, respectively. Values
have been normalized to the total tumor burden at end point of each mouse. Two-tailed Mann-
Whitney test. Graphs represent mean per group and error bars represent s.e.m. **P < 0.01.
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Figure 21. Un-normalized tumor burden in bone and soft tissue sites from Vil knockout
mice. (A-C) Quantification of trabecular number, trabecular spacing, and trabecular thickness
from microCT analysis of proximal tibia. Two-tailed Mann-Whitney test against corresponding
f/f control. (D) The percentage of EpCAM™ cells, out of the total number of live cells, detected
by flow cytometry analysis of left hindlimb bone marrow. Two-tailed Mann-Whitney test. (E, F)
Quantitative PCR analysis of Pym¢ transcript compared to Hmbs from right femur or spinal
midsection, respectively. Two-tailed Mann-Whitney test. (G, H) Total metastatic lesion number
or area detected by histological analysis of H&E stained sections from the left lung. Two-tailed
Mann-Whitney test. (I) Comparison of individual lesion areas detected from histological
inspection of left lung sections. Two-tailed Mann-Whitney test. (J, K) Quantitative PCR analysis
of Pymt transcript compared to B2m from right lung or brain, respectively. Two-tailed Mann-
Whitney test. Graphs represent mean per group and error bars represent s.e.m.
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and has been attributed to delayed microvessel growth in the mammary fat pad due to
insufficient HIF-signaling. Interestingly, while tumor progression is delayed, total tumor weight
was higher on average in Hifla”- PyMT* mice than Hifla”f PyMT" mice. However, in the
previous study using this model [94], no significant difference in tumor weight at end point was
noted. In contrast to Hifla, our data indicate that Hif2a deletion does not significantly alter
tumor progression, suggesting that HIF 1o and HIF2a target distinct pathways that regulate tumor
growth. Interestingly, while we expected VAl deletion to yield the opposite tumor growth pattern
from Hifla deletion and cause tumors to grow more rapidly, VAl deleted tumors in fact
progressed more slowly. VHL deletion has been reported to increase immune infiltration in
mammary tumors [359], which may contribute to increased tumor cell clearance and the slower
tumor growth and decreased total tumor weight observed in the Vhl”- PyMT* mice.

Our finding that bone metastasis was significantly lower with Hifla or Hif2a deletion are
highly consistent with previous studies demonstrating that hypoxic signaling promotes tumor cell
dissemination to the bone. HIF la expression in breast cancer cells promotes bone colonization
and osteolysis following intracardiac or orthotopic inoculation of MDA-MB-231 human breast
cancer cells [93, 96, 97], and hypoxic transcriptomic signatures in breast cancer cells has been
associated with bone metastasis [92, 143].

It is important to note that our lung metastasis findings, which indicate Hifla inhibits
lung metastasis while Hif2a has no effect, contradicts a large body of work that demonstrates
both Hifla and Hif2a promote lung metastasis. A prior study using the genetic MMTV-PyMT
mouse model with mammary-specific deletion of Hifla indicated that Hifla expression
promoted lung metastasis [94]. The reason for the differences in our findings from previous
studies are likely multifaceted. We used similar methodology, and we had a board-certified,
blinded veterinary pathologist perform the lung tumor analysis. It is possible that the differences
may be due to differences in genetic strain, since the combination of these mice is on a mixed
genetic background. Our colony is therefore genetically distinct from the previous study.
Significant differences have also been noted in microbiome composition of genetically
engineered mice with the same genotype housed at different facilities [360]. The commensal
microbiota can significantly impact both local (gut) and systemic immunity [361, 362] and thus

could also influence the clearance or growth of disseminated tumor cells. Minor variations in
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Figure 22. VHL and HIF signaling drives Cxcr4 and Pthlh in the primary tumor. (A-C)
Quantitative PCR analysis of Cxcr4 transcript compared to B2m in primary tumor with deletion
of Vhl, Hifla, or Hif2a, respectively. Two-tailed Mann-Whitney test. (D-F) Quantitative PCR
analysis of Pthlh transcript compared to B2m in primary tumor with deletion of Vkl, Hifla, or
Hif2a, respectively. Two-tailed Mann-Whitney test. (G) Summary of findings. VHL and HIF1a
expression in the primary tumor drive tumor growth, and VHL expressing tumors are larger,
while HIF1a expressing tumors are smaller on average. VHL in the primary tumor inhibits
CXCR4 expression, inhibiting bone metastasis. HIF2a drives the expression of PTHrP, which
promotes tumor dissemination to bone. HIF 1a expression in the primary tumor also disrupts
bone homeostasis, leading to decreased bone volume. This disruption of the bone inhibits tumor
cell dissemination to bone, while likely promoting tumor cells dissemination and outgrowth in
the lung. Dashed arrows represent proposed or potential mechanisms. Graphs represent mean per
group and error bars represent s.e.m.
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animal handling and housing conditions, such as cage density and diet, have also been shown to
affect biochemical, hematological, metabolic, and endocrine parameters [363].

Additional studies similarly indicate that increased HIF signaling increases metastasis,
including a 45-gene hypoxia response gene signature that was predictive of breast cancer
patients’ risk of developing lung metastases [93]. Several studies using MDA-MB-231 human
breast cancer cells or EMT6 murine mammary carcinoma cells have also demonstrated that
inhibition of HIF1a or HIF2a significantly diminishes metastasis to the lung [93, 364, 365]. HIF
signaling has been shown to facilitate tumor cell extravasation by driving the expression of genes
that increase breast cancer cell adhesion to endothelial cells, such as L1 cell adhesion molecule
(LICAM), as well as genes that decrease adhesion between endothelial cells, such as
angiopoietin-like 4 (ANGPTLA4) [364]. Specific downstream effectors of HIF signaling that
prepare the lung microenvironment for metastatic colonization, such as LOX and LOX like
proteins (LOXL2 and LOXL4), have also been identified [50, 366]. A potential explanation for
the difference in findings from these prior studies may be due to our use of a spontaneous tumor
formation and dissemination model since the majority of the previous studies utilized xenograft
or syngeneic injection models, or may be due to differences between PyMT tumor cells and the
tumor lines utilized in the other studies. It is possible that since the PyMT-driven spontaneous
mammary cancer model has such a robust lung metastasis phenotype, contributions of HIF
signaling may be negligible. This would explain why we do not see changes in lung tumor
burden in the Hif2a- or Vhi-deletion models, and could point to a yet unidentified mechanism at
play in the Hifla-deletion strain that exhibited increased lung metastasis.

Thus far we have not been able to identify a molecular driver for the increased lung
metastasis observed with Hifla deletion, and have eliminated a significant number of potential
mechanisms. We demonstrated that Hiflo expression does not alter the proliferative capacity of
macroscopic lung lesions, but due to the collection time point we were not able to detect single
disseminated tumor cells in these mice. As we collected mice relatively late in disease
progression in order to maximize the amount of disseminated cells, the lung lesions were already
well developed. Thus, we could not determine whether the proliferative capacity of these
disseminated tumor cells was altered by Hifla expression prior to their development into
histologically detectable lesions. We cannot rule out that disseminated tumor cells that had not

yet grown into macroscopic lesions are detectable in mice collected earlier in disease progression
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and there may be differences in Ki-67 staining at that time point. Given the subtlety of our model
and the large mouse numbers necessary for robust statistical analysis at earlier time points, it
would be difficult to assess these differences earlier in the model. Importantly, normalizing lung
tumor burden to age at sacrifice did not change our finding that Hif/a deletion increased lung
metastasis, indicating that our data is likely not an artifact of the difference in collection age.
Additionally, this difference in outgrowth of disseminated tumor cells could be due to
tumor cell intrinsic properties driven by Hifla expression, or due to microenvironmental changes
in the lung that result from Hifla expression in the primary tumor. First, alterations in immune
cell populations in the lung may alter the outgrowth of lung-metastatic cells due to immune-
mediated tumor cell clearance [367]. We measured the presence of CD4" and CDS8" cells in the
lungs of Hifla/f PyMT* and Hifla”- PyMT" mice but observed no differences. However, other
immune cell types are also involved in tumor cell clearance. Modulating the activity or
polarization of immune cells is also known to create microenvironments that oppose or support
tumor growth. For example, T cell inactivation is known to create a permissive
microenvironment for tumor growth [368], and tumor-associated macrophages can promote
tumor progression through many pathways, such as inducing tissue remodeling and fibrosis,
taming of adaptive immunity, and providing protective niches for cancer stem cells [369]. Some
immune cell types, especially CD11b" cells, have been implicated in the establishment of the
pre-metastatic niche [126, 370] that fosters tumor cell growth. Thus, a more extensive immune
cell profiling of the lung may reveal differences that would explain the difference in tumor cell
outgrowth. Second, primary tumor secreted factors have been shown to affect the establishment
of a pre-metastatic niche. Hypoxia-induced LOX secretion from breast cancer cells is a driver of
pre-metastatic niche development in the lung [126] as well as osteolytic lesion development in
the bone [142, 143]. While we did not observe a difference in Lox expression that would explain
the increased lung tumor burden and decreased bone volume observed in Hiflo”- PyMT" mice,
this is not the only factor that regulates pre-metastatic niche development. In prostate cancer,
exosomes released from hypoxic cancer cells have been shown to promote matrix
metalloproteinase activity at pre-metastatic sites [371]. The mechanisms that govern pre-
metastatic niche development at various anatomical sites is not yet well characterized, and the

impact of hypoxia on this process warrants further investigation.
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Interestingly, a change in lung tumor burden was only observed in the Hifl/a deleted
mice, and not in the Hif2a or Vhl deleted mice. Of note, a decrease in tibial bone volume was
observed in the Hifla”- PyMT" mice, but not in the Hif2a or Vhl deleted mice. The osteogenic
niche is key to the establishment and growth of disseminated tumor cells in the bone marrow, as
the interaction of tumor cells with osteoblast lineage cells through heterotypic adherens junctions
activates pro-proliferation pathways [253]. However, osteoblast-secreted factors have also been
shown to induce dormancy and quiescence in prostate cancer cells [372, 373], indicating that the
osteogenic niche can promote quiescence of tumor cells that engraft in these regions of the bone.
Since the osteogenic niche is reduced in the Hifla”- PyMT" mice, as indicated by the reduction
in bone volume, the shrinkage of suitable niches available for tumor cell engraftment in bone
may cause a larger portion of the metastatic tumor cells to engraft in the lung instead. This may
explain why we do not observe a difference in lung tumor burden in Hif2a or Vhl deleted mice.
The mechanism behind the decreased bone volume in Hiflo" PyMT* mice remains unclear;

fIf and

however, it is important to note that there was no difference in bone volume between Hifla
Hiflo”" PyMT-mice, suggesting that the reduction in bone volume is not due to deletion of Hifla
in off-target cell lineages, but rather due to the presence of tumor.

While a loss of the osteogenic niche could explain the reduction in bone dissemination
and increase in lung metastasis observed in the Hiflo”- PyMT" mice, other mechanisms must be
involved in the bone dissemination phenotypes we observed in Hif2a”- PyMT* and Vhl”- PyMT*
mice. Our data suggest that reduced expression of PTHrP in the primary tumor may mediate the
decreased bone dissemination in Hif2a”- PyMT" mice, while increased CXCR4 expression may
regulate bone dissemination in Vhl”- PyMT" mice. PTHrP (gene name PTHLH), is a key driver
of osteolysis in bone-disseminated breast cancer, but its role in the primary tumor is more
nuanced [374]. Previous work using the MMTV-PyMT model demonstrated that PTHrP deletion
in the mammary epithelium delays primary tumor initiation, inhibits tumor progression, and
reduces metastasis to distal sites [355]. Loss of primary tumor PTHrP expression in a MMTV-
nue model of breast cancer, however, showed the opposite outcome, with PTHrP loss resulting in
higher tumor incidence [375]. Clinical studies have also shown that patients with PTHrP-positive
primary tumors have significantly improved survival and fewer metastases to distant sites

including the bone [376, 377]. PTHrP is known to be expressed in a HIF2a, but not HIF1a,

dependent manner [167]. In accordance with the decreased Pthlh expression we observe in
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Hif2a”~ tumors, the increased Pthlh expression in Vhl”~ tumors is likely due to Hif2a activation
rather than Hifla. CXCR4 is known to drive breast cancer metastasis to bone through
engagement with its cognate ligand, CXCL12, which is highly expressed on mesenchymal
stromal cells in the bone marrow [136, 358]. Interestingly, although CXCR4 expression is
known to be HIF1a-dependent [97], we did not observe a decrease in Cxcr4 transcript in
response to Hifla deletion. There is also evidence that HIF2a is required for CXCR4 expression
in renal cancer cell lines [378], but we did not observe a difference in Cxcr4 expression in
response to Hif2a deletion. This suggests that in our model, deletion of either of the HIFa factors
on their own was not sufficient to decrease Cxcr4, but the combined stabilization of Hifl o and
Hif2a may have been sufficient to drive Cxcr4 expression. Alternatively, the increase in Cxcr4 in
response to VAl deletion could be mediated by HIF-independent pathways. While VHL functions
to regulate HIF signaling activity by modulating degradation of HIF1a and HIF2a, VHL also
possesses HIF-independent functions [379, 380]. For example, VHL has been shown to degrade
or inhibit the catalytic activity of certain kinases, including some PKC isoforms [381-383],
AKT1, and AKT2 [384]. These kinases are involved in signaling pathways that regulate
metabolism, angiogenesis, proliferation, differentiation, cell survival, tumor initiation, and
metastasis [385-387]. Thus, it is possible that phenotypes observed in the Vhl”- PyMT* mice may
be due, in part, to these HIF-independent pathways. To definitively address whether the
phenotype and potential mechanisms observed in the Vhl”~ mice are specific for Hifla or Hif2a,
loss-of-function Vhl/Hiflo and Vhil/Hif20. double knockout mice will need to be investigated in
future studies.

Our findings present important considerations for the development of clinical HIF
inhibitors. While targeted inhibition of HIF1a or HIF2a could be beneficial in preventing bone
metastasis, HIF1a inhibition may promote the outgrowth of lung-disseminated breast cancer
cells. Thus, the site-specific effects of tumor cell HIF signaling must be considered. Furthermore,
our results suggest that patients with high levels of HIF1a or HIF2a expression in their primary
tumor may be at an increased risk of bone metastasis development. Thus, these markers may
have prognostic value and patients with high expression may benefit from bone-focused clinical

follow-up over time.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions
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. 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. The work presented in this dissertation
has sought to shed further light on the role of hypoxia in tumor progression, metastasis, and
dormancy.

While previous work demonstrated that LIFR promotes dormancy in bone-disseminated
MCEF7 human breast cancer cells [195], the gene networks regulated downstream of LIFR were
not well characterized. In an effort to identify novel dormancy regulators, found a highly
interconnected cluster of ECM-related genes downstream of LIFR in ER+ breast cancer cells.
Though our in vitro characterization of one of these genes, COL14A1, did not strongly support
our original hypothesis that it would act as a dormancy promoting factor, the discovery that
ECM-related pathways are significantly altered by LIFR signaling points to the possibility that
ECM regulation may play a role in the dormancy promoting functions of LIFR.

In addition to investigating how disseminated tumor cells maintain a dormant state, we
sought to identify what factors regulate breast cancer cell dissemination to the bone marrow. In
particular, we sought to understand whether HIF signaling in primary tumor cells drives tumor
cell dissemination to the bone and whether this pro-metastatic effect is organ-specific. Consistent
with previous reports [92, 93, 96, 97, 143], we found that HIF signaling promotes dissemination
to the bone. It is important to note, however, that the contribution of HIF signaling to bone
dissemination appears to be relatively mild, and no overt bone metastases were observed when
HIF signaling was activated by VAl deletion. Thus, while it is clear that primary tumor hypoxia
increases the risk of bone metastasis, targeting HIF is not the silver bullet in preventing bone

lesion development.
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We were surprised to find that Hif1a deletion resulted in a significant increase in lung
tumor burden, as previous work using the same mouse model had shown that deletion of Hifl/a
decreased tumor burden [94]. While we have not been able to identify a mechanism that would
explain this discrepancy, it suggests HIF 1a expressed in the primary tumor may control
additional mechanisms that can impact dissemination to the lung, such as through regulation of
the osteogenic niche. In addition, the finding that deletion of Hif2a or Vhl did not alter metastatic
tumor burden in the lung was unexpected, since previous work had demonstrated a pro-lung
metastatic role of both HIF1a and HIF2a [93, 364, 365]. It is possible that the lack of an
observable impact on lung metastasis in the Hif2a or VAl deletion mice may be an artifact of the
PyMT mouse system, which has a strong lung-metastasis phenotype and the effect of Hif2a or
Vhl deletion may have been too subtle to observe. Taken together with previous research, this
again suggests that while HIF signaling is an important factor driving metastasis, there are other
factors that supersede HIF in controlling dissemination. The work presented here also raises

additional questions and avenues for further research.

Future directions

Does LIFR signaling alter ECM composition to promote dormancy in bone? While we focused
on characterizing COL14A1 in breast cancer cells and investigating its effects on proliferation,
COL14A1 is not the only LIFR-regulated gene. Indeed, we found that a large network of ECM-
related genes were differentially expressed depending on LIFR expression. Thus, it is possible
that LIFR signaling regulates ECM composition in the niche within which breast cancer cells
reside. The initial RNAseq analysis that identified this connection between LIFR and ECM genes
was performed on cells grown in vitro. Due to the challenges inherent in studying ECM
regulation, in vivo studies will likely be required to answer whether LIFR expression alters ECM
composition and whether this has an impact on breast cancer cell proliferation or dormancy.
Growth on a 3D matrix and the activation of integrin signaling has been shown to promote
cellular quiescence in some breast cancer cell lines [281]. Thus, the modulation of ECM may
prove to be a key mechanism of LIFR-regulated dormancy maintenance or escape. Furthermore,
the impact that hypoxia has on the potential LIFR regulation of ECM should be investigated as
well, as this could further shed light on the mechanism by which hypoxia alters the dormant state

of disseminated cells.
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How does HIF1a expression in the primary tumor alter bone volume? An unexpected finding
from our work was that deletion of Hifla in the primary tumor cells decreased trabecular bone
volume in the tibia, despite a lack of detectable macroscopic tumors in the bone and appropriate
controls demonstrating this bone loss does not occur in tumor naive transgenic animals. Hifla
deletion decreased the frequency of disseminated tumor cells in the bone marrow, making it
unlikely that the decreased bone volume is the result of greater tumor-induced osteolysis. Thus,
the question remains as to what mechanism is underlying this change in bone volume. The
altered HIF signaling could be driving the expression of distantly acting factors that we have thus
far been unable to identify. These factors could also be altering the bone microenvironment to set
up a premetastatic niche, which could explain the altered bone volume we observed. We may not
have been able to observe colonization of this niche due to the low levels of bone metastasis in
the PyMT mice. Thus, a more robust model of bone metastasis may need to be employed to
study premetastatic niche formation. This is an important question to answer, as the connection
between primary tumor signaling and bone quality could have significant implications for the

clinical treatment of breast cancer patients.

How does HIF signaling drive dissemination in a site-specific manner? Hifla deletion had the
most distinct difference in metastasis to different organs, where the number of disseminated
tumor cells in the bone was decreased but the metastatic tumor burden in the lung was increased.
However, site-specific dissemination effects were seen with Hif2a and Vhl deletion as well,
where dissemination to the bone was decreased or increased, respectively, while lung tumor
burden was unaltered. It is unclear which HIF-driven factors are mediating these patterns of
metastasis. It is also difficult to determine whether these patterns are an artifact of the model
system selected. The PyMT-driven spontaneous mammary carcinoma model has the advantage
of being a more physiologically relevant model in terms of disease course but has a strong lung
metastasis phenotype and very low level of baseline bone metastasis, which does not completely
replicate the metastasis patterns observed in human patients. Measuring lung and bone metastasis
following orthotopic injection of Hifla-, Hif2a-, or Vhl-knockout breast cancer cells could help
shed light on this issue. These studies would have to be performed in multiple cell lines,
however, in order to minimize the risk of drawing conclusions that are obscured by possible

inherent organotropic properties of a given cell line.
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Would anti-HIF therapies prevent metastasis in breast cancer patients? Since hypoxia is a
common feature among many cancer types, HIF signaling has logically attracted much attention
as a potential clinical target. Active HIF signaling in tumor cells is known to drive many pro-
metastatic factors and is linked to more aggressive disease [49-51, 63-66, 364, 366]. Thus,
inhibiting HIF signaling has the potential to benefit patients, prevent or decrease metastasis, and
improve long-term outcomes. Several clinical trials have taken place recently or are currently
underway to investigate the efficacy of HIF-targeting drugs. The finding presented here,
however, suggest that HIF inhibition could have potential deleterious effects such as adversely
affecting bone volume or quality. In addition, judging from the moderate decrease in bone
dissemination when Hiflo or Hif2o were deleted, it 1s possible that HIF inhibition may not have
a robust enough impact on bone metastasis to warrant clinical use. Furthermore, any anti-
metastatic effects that these drugs may have will need to be closely assessed to determine

whether they are site-specific, as we have observed in mouse models.

Concluding remarks

The work presented in this dissertation provides insights into the nuanced effects of hypoxia on
metastasis and the potential significance of ECM regulation in tumor dormancy. The insights
gained on the differential effects of HIF 1o and HIF2a on primary tumor progression and lung
and bone metastasis in particular highlight the fact that these are distinct factors that require
individual analysis in future studies. The identification of candidate LIFR regulated genes
provides opportunities to further characterize the effects of these individual factors and build a
more complete picture of the mechanisms behind LIFR-mediated tumor dormancy. Further
understanding the factors that control metastatic dissemination to the bone may help to develop
more detailed metastasis risk biomarkers that inform decisions of personalized long-term clinical
follow-up regimens. In addition, a better understanding of tumor dormancy may result in the
development of dormancy maintenance therapies. Together, further investigation of these aspects
of breast cancer biology has the potential to significantly impact the clinical care and outcome of

breast cancer patients.
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