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Abstract

Anoikis, which describes a physiologic apoptotic mechanism of non-
hematopoietic cells that is triggered following detachment of cells from their native
extracellular matrix, functions as a key process to prevent unwanted dissemination
of cells from their intended organ site. Cancer cells, in contrast, develop mechanisms
to suppress anoikis, allowing them to metastasize through the lymphovascular
system to secondary organ sites. In this thesis, we utilized screening methodologies
to identify novel signaling mechanisms of anoikis resistance in cancer cells. While a
functional approach using an siRNA-based screen of Ewing sarcoma cells did not
yield validatable hits, use of gene expression profiling demonstrated a remarkable
resemblance of the cellular detachment process to various prototypical forms of
cellular and bioenergetic stress, such as nutrient deprivation, hypoxia and
endoplasmic reticulum stress. Correspondingly, activation of various cellular stress
response pathways was demonstrated, which appear critical for mitigating this
stress. In particular, two pathways were shown to play a role in anoikis resistance,
mediated by TXNIP and AMPK. TXNIP, which has been shown to play a homeostatic
role to modulate glucose metabolism, redox status and proliferation during stress
states, was shown to be rapidly up-regulated following cellular detachment, and
promotes anoikis in certain cell line models. AMPK is also rapidly activated,
activating multiple downstream pathways to restore the bioenergetic status of
detached cells, which show marked reduction in ATP levels following detachment.
In particular, AMPK-mediated suppression of the mTORC1 pathway plays a

particularly important role through the suppression of total protein synthesis levels,



an otherwise energetically-costly anabolic process. Blockade of the AMPK pathway
or restoration of mTORC1 activation in cancer cells help to restore anoikis, while
direct inhibition of protein synthesis in AMPK-deficient cancer cells restores their
ability to suppress anoikis. Overall, we show that activation of energy-conserving
pathways, normally considered “tumor suppressive” in nature, in fact promotes
survival of cancer cells in this early stage of metastasis. This highlights the
ambiguous role of many such pathways, which can both promote and suppress

tumor progression in a context-dependent manner.
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Chapter 1 INTRODUCTION

1.1 SYNOPSIS AND RATIONALE FOR THESIS

Tumor metastasis represents a clinically- and biologically-critical step in
cancer development. However, our understanding of the metastatic process remains
in its infancy, in part because tumor metastasis represents a complex and multi-step
process that requires numerous cellular and molecular adaptations by tumor cells
(1). One of the initial properties that tumor cells must acquire in the metastatic
cascade is the ability to separate away from the primary tumor, through a physical
detachment of tumor cells from the familiar environment of other tumor cells and
the native extracellular matrix (2). In contrast, normal cells and non-metastasizing
tumor cells are unable to survive following such detachment, and instead undergo
rapid apoptosis. Termed anoikis, this was initially described in 1994 as a physiologic
cell death process of non-transformed cells that cancer cells must suppress to allow
them to metastasize (3). Over the years, numerous mechanisms have been
discovered that allow cancer cells to suppress anoikis (4). Ultimately, it is hoped that
a greater understanding of such mechanisms will allow for therapeutic strategies
that help restore the anoikis process in cancer cells as a method to prevent tumor
metastasis.

However, much of our understanding of anoikis resistance relates to
mechanisms relating to cell survival and death pathways that have been
investigated since the early studies in anoikis. In particular, the studies have focused

on pro-survival pathways governed by tyrosine kinases, as well as direct



modulators of the apoptotic machinery that promotes cell death (4). In recent years,
however, we have gained a greater understanding of more non-canonical
mechanisms governing cancer cell survival. In particular, it has become increasingly
apparent that adaptations in cellular metabolic processes are critical for cancer cells
to survive under various environmental states (5).

The rationale for this thesis is to reinvestigate cellular signaling mechanisms
of anoikis resistance in the context of these recent insights in cancer biology, in the
hopes of elucidating novel mechanistic pathways. Furthermore, the investigations in
this thesis will be approached using non-biased techniques including gene
expression profiling and high-throughput functional screening, such that the initial
direction of the research will be hypothesis-generating rather than hypothesis-
based. Overall, the aim is to elucidate novel and unexpected mechanisms into this
critical step in cancer progression, and identify novel anti-metastatic therapeutic

strategies involving non-canonical pathways.

1.2 GENERAL CONCEPTS IN CANCER BIOLOGY AND THERAPEUTICS

1.2.1 TRADITIONAL PARADIGM OF CANCER

Despite significant progress in our understanding of the biology of cancer
progression, and the development of improved therapeutics as a result, cancer
remains the second most common cause of mortality in developed nations (6). One
possible explanation is that the overall approach to cancer therapy remains similar
to that used for much of the previous century. Following the detection of a tumor,

the initial treatment modality for the great majority of solid organ tumors is surgery.



When a tumor is deemed operable, usually in the absence of apparent systemic
tumor spread, the entirety of a primary tumor is removed, with the patient clinically
deemed “disease-free” (7). However, it is well understood that many such patients
continue to have a risk of tumor recurrence, particularly those with high-risk clinical
parameters such as large primary tumor size or lymph node metastasis (7). This is
biologically explained by the presence of clinically undetectable residual tumor
cells, either in the primary site or in secondary organ sites. Such tumor cells are
thought to exist as either single cells or as microscopic tumor clusters, below the
detection limits of powerful imaging techniques such as high-resolution magnetic
resonance imaging (MRI), and even metabolism-based imaging modalities such as
positron emission tomography (PET) (8, 9). Consequently, systemic chemotherapies
are administered with the intention of eradicating these tumor cells to prevent the
development of local or distant recurrent disease.

However, the success rates of such systemic therapies are often poor (10).
One important reason is the toxicity of traditional chemotherapeutics, the vast
majority of which are designed to target and non-discriminately kill rapidly
proliferating tumor cells, thus also affecting normal cells that have high proliferation
rate such as intestinal epithelial and hematolymphoid cells, putting the patients at
risk for therapy-related morbidity and mortality (11). Just as importantly, despite
administration of such highly toxic chemotherapy, many patients eventually develop
tumor recurrence. This may occur shortly after the cessation of chemotherapy, often
seen with the most lethal tumor types such as ovarian and lung cancer, or may occur

remotely after initial disease (9). The ability of tumor cells to persist despite



exposure to these powerful therapies highlights an apparent although highly
unresolved concept: such residual tumor cells are frequently resistant to such
therapies, and it is unclear whether these cells inherently lack susceptibility or
whether they secondarily develop chemoresistance (9). Overall, the search for a
systemic therapy capable of eliminating such undetectable residual tumor cells
represents the key goal of therapeutic development.

Even though such chemotherapies have relatively high failure rates, the
currently available range of systemic therapies remains quite limited (12). Although
the mechanisms of action are broad, such as DNA intercalation (anthracyclines),
inhibition of microtubule assembly (vinca alkaloids), inhibition of topoisomerase
(plant alkaloids) and DNA crosslinking (platinum-containing agents and alkylating
agents), most of these agents target cells that are highly proliferative or
metabolically active (12). In contrast, cells that are biologically indolent are able to
survive despite systemic administration of such agents (9). Such agents have shown
remarkable effectiveness in tumor types that display uniformly high rates of
proliferation, such as lymphomas and certain childhood sarcomas (13). However,
their effectiveness in the most common types of solid organ malignancies remains
limited. Despite this and their known toxicities, these agents continue to be
routinely used in these tumor types.

The biological basis for using such agents is the concept that cancer cells
have significantly higher rates of cell division and DNA replication. This feature of
tumor cells is best summarized in a landmark review article by Hanahan and

Weinberg in 2000 titled “The Hallmarks of Cancer” (14). The authors highlighted six



critical features of cancer cells, emphasizing their autonomous and limitless ability
for growth, in addition to their propensity to resist apoptosis and sustain
angiogenesis. This article was reflective of the overall understanding of cancer at
that period, and the study of cancer biology was heavily focused on the multitude of
mechanisms used by cancer cells to persist in the cell cycle and avoid cell cycle
inhibition, driven by various self-sufficient proliferation signals such as growth-
promoting tyrosine kinases. This was described in the context of gain-of-function
alterations in proto-oncogenes that most often lead to sustained -cellular
proliferation, and loss-of-function alterations in tumor suppressor genes that lead to
resistance to apoptosis, loss of DNA damage repair mechanisms as well as increased
tumor growth. As a result, the primary model used to study tumors has been tumor
cell lines and tumor samples derived from the rapidly proliferating cells of primary
tumors. Consequently, compounds were identified based on their ability to kill or
inhibit growth of preclinical tumor models derived from these cells, such as rapidly-
proliferating monolayer tissue cultures of tumor cell lines, or exponentially-growing
xenografts in immunodeficient mice. While these models have reaffirmed the
effectiveness of the traditional chemotherapeutic agents, novel compounds have
and continue to be identified using these models. Although some agents identified
over the last decade have shown clinical effectiveness, they are nearly always used
in conjunction with traditional chemotherapeutics, which continue to be the
standard of care for most cancers (15). The majority of these so-called targeted
therapies that are currently in routine clinical use still aim to target the proliferating

tumor cell, through inhibition of various classic oncogenes such as growth-



promoting tyrosine kinases (16). Despite the remarkable effectiveness of certain
agents in specific tumor types, such as HER2 kinase inhibitors in breast cancer, and
c-kit inhibitors in gastrointestinal stromal tumors, most of these novel agents show
only modest therapeutic benefit for the vast majority of tumor types (16). Other
agents have attempted to target the other noted cancer “hallmarks”, such as
angiogenesis inhibitors and promotion of apoptosis through proteasomal inhibition,

but these agents have also shown very modest effect (17).

1.2.2 CELLULAR STRESS IN A MODIFIED PARADIGM OF CANCER

Over the past decade, there has been a significant shift in our understanding
of cancer. One critical advance has been the understanding that cancer is a far more
dynamic disease than previously thought. Many recent studies have shown that
cancer cells exhibit various adaptive changes during the course of disease
progression, rather than existing in a static state of relentless growth and survival
(18). Instead, while it is likely true that most cells within a tumor exhibit the
traditional “hallmarks” of cancer, there are many steps during progression of
disease that cancer cells exhibit far different functional states. For example, cells
away from the periphery of a large primary tumor often have poor access to blood
supply, and thus suffer from oxygen and nutrient deprivation (19). Rapidly
proliferating and genetically altered tumor cells must also adapt to and repair
accumulating DNA mutations that would otherwise trigger cell death (18). In
addition, when tumor cells have spread to secondary sites, they are forced to exist in
a new tissue environment in the absence of familiar growth factors and extracellular

matrix, and must adapt to a new tumor “microenvironment” before they are able to



establish growth of a significant metastatic lesion (1). Overall, tumor cells are
subjected to a wide variety of stresses during their growth and progression to
clinically significant disease, and must activate various stress response mechanisms
to survive through such conditions (20). Therefore, such cellular response
mechanisms may in fact be protective for cancer cells, and contribute to tumor
survival and progression (20). The significance of these findings is such that the
“hallmarks of cancer” have recently been revised by Hanahan and Weinberg to in
part include these concepts of adaptation into their model, particularly with respect
to metabolic adaptations in response to cellular metabolic stress (18).

While studies of the pro-tumorigenic effects of cellular stress responses have
only recently become the focus of investigations, the importance of the cellular
response to stress has been frequently demonstrated in the past, particular with
regards various cancer-specific genes identified in the past decades. Most notably is
the role of p53 in cancer. Its best-characterized function is as a tumor suppressor to
counteract the initiation events that lead to cancer, through its ability to
transcriptionally up-regulate genes that activate protective mechanisms such as cell
cycle arrest and apoptosis (21). These functions of p53 are activated in response to
various stresses such as DNA damage and hypoxia, through transcriptional and
post-transcriptional up-regulation of p53 protein levels. While it has been shown
that such up-regulation of wild-type p53 has a robust ability to suppress tumor
development, the up-regulation of other stress response genes often results in
activation of pathways that do not result in tumor suppression. For example, a

critical gene in the response to hypoxia is the transcription factor HIF-1alpha (19).



Through the hypoxia-mediated inactivation of the VHL E3-ubiquitin ligase, HIF-
lalpha protein is rapidly induced in conditions of low oxygen. Rather than
triggering apoptotic pathways to eliminate cells burdened with such stress, HIF-
lalpha up-regulates a number of adaptive mechanisms to promote survival,
including a switch towards anaerobic metabolism and promotion of angiogenesis
(22). Hence, while some stress response mechanisms have evolved to serve an
adaptive role at the organism level by suppressing disease-causing tumor formation,
many of the stress responses are adaptive at the single cell level, and consequently
may serve to promote tumor survival and progression. This highlights the
dependence of cancers not only on the genes and pathways required for the
continued proliferation and expansion of the tumor, but also on mechanisms that
allow tumor cells to survive the multitude of environmental challenges faced during
cancer progression. This dependence on the genes and pathways required to make
this metabolic and proliferative “switch” to a more indolent cellular state has been
termed “non-oncogene addiction”, referring to the fact that most of such genes
participate in normal cellular functions rather than contributing to the “oncogenic”

phenotype (20).

1.2.3 TUMOR DORMANCY

While the possible stress response mechanisms used by cancer cells are
highly diverse, one common objective is for the cell to shut down the metabolically
demanding functions in order to conserve cellular energy levels and divert
resources to overcome such stresses (20). This is evident in certain stresses that

directly impact the cellular metabolic state, such as hypoxia and nutrient



deprivation. Under oxygen-deprived conditions, cells instead utilize oxygen-
independent catabolic processes such as glycolysis rather than oxidative
metabolism (as mediated by HIF-1alpha) (19). Nutrient deprivation also forces cells
to halt anabolic processes such as protein synthesis (as mediated by inhibition of
the mTOR pathway) (23). However, shut down of these processes also prevents the
ability to sustain the “hallmarks of cancer”. Most importantly, cancer cells must be
able to inhibit their usual proliferative state driven by sustained oncogenic function.
Other stressors also trigger proliferation arrest, for example via p53-mediated up-
regulation of p21 following DNA damage and GADD45a mediated cell cycle arrest
during ER stress (24, 25).

The ability to activate such cellular quiescence despite sustained oncogene-
driven proliferation signals relates to a concept termed tumor dormancy (9). This
concept has re-emerged in the literature to mechanistically explain this
phenomenon of cancer recurrence occurring after a prolonged period of clinically
undetectable disease, where tumor cells enter a sustained period of reduced growth.
Dormant tumor cells appear to occur at various stages in the course of tumor
progression, existing either at the primary tumor site, as circulating tumor cells in
the lymphovascular system, or as disseminated dormant tumor cells in secondary

organ site, reflecting potential future sites of tumor recurrence (7).

1.3 TUMOR METASTASIS - A MULTISTEP PROCESS
Tumor cell metastasis represents a clinically critical process in the overall
progression of metastasis, as it continues to represent the cause of mortality for

greater than 90% of cases of the common solid organ cancers (26). Although its



importance was highlighted in the “Hallmarks of Cancer,” its description in that
paper as a single process belies the complexity of this phenomenon. In particular,
because of the multitude of processes that is required for the development of
metastases - from the local invasive spread away from the primary tumor, to the
extension of tumors cells into the lymphovascular circulation, to the survival and
growth of tumor cells at secondary organ sites - the cellular mechanisms required
for a tumor to transition into a clinically-relevant metastasis are highly multifaceted.
In fact, mechanisms required in the early stages of metastasis, when tumor cells are
required to disseminate and survive for prolonged periods of time in foreign
environments, appear to conflict with mechanisms in the later stages of metastasis
that require tumor cells to undergo significant proliferation (1). Despite the intricate
processes required for metastasis, the vast majority of common solid organ
malignancies will ultimately develop metastases in their natural history, and the
various localized and systemic therapies currently available to either prevent or

treat metastatic disease continue to have high failure rates.

1.3.1 INTRAVASATION AND LYMPHOVASCULAR INVASION

The multistep process of metastasis begins with the initial departure of
tumor cells from the primary tumor site, and this is represented by the ability of
cells to enter and survive in the lymphatic or vascular circulation. The ability of
tumor cells to enter these lymphovascular spaces has been apparent through the
microscopic study of tumors by anatomical pathologists, illustrated best as tumor
cell clusters within lymphovascular space in microscopic sections of tumor (27).

Such lymphovascular invasion (LVI) can be seen either as an isolated, focal finding,
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or may be seen widely within a given tumor, and is strongly associated with certain
tumor types, such as micropapillary carcinoma of the breast or bladder, and the so-
called inflammatory breast cancer (28, 29). Although the clinical significance of LVI
is still controversial, there is significant evidence that the presence of LVI in various
cancers (such as breast and urothelial carcinoma) is correlated with lymph node
metastasis (30), disease recurrence and increased mortality (31). As a result,
reporting of the presence of LVI is an important part of the pathologic assessment of
many tumors, as its presence is used as a factor in determining the clinical
management of the patient (32, 33).

To achieve intravasation, tumor cells must be able to cross the physical
barrier of the vessel wall, including the cellular and extracellular matrix
components. This ability has been shown to be mediated by both cancer cell
signaling pathways such as Notch (34) and secreted factors such as TGFbeta (35).
Mediators of epithelial-to-mesenchymal transition (EMT) such as Twist also appear
to contribute to this (36). Cooperative cells in the tumor stroma may also play an
important role, such as tumor-associated macrophages (37). The capacity for
intravasation appears to be increased in the tumor setting in part due to the
incomplete integrity and maturity of tumor blood and lymphatic vessels and the
associated haphazard neovascularization seen in tumors (38).

Once in the lymphovascular circulation, tumor cells must be able to survive
in this setting that is absent of survival signals that come from its native
extracellular matrix environment. In addition to lymphovascular emboli that are

observed in pathological tumor tissue specimens, this phenomenon is also seen in
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the clinical setting as circulating tumor cells (CTCs). While the biological and clinical
importance of CTCs is still being elucidated, there is emerging data that the presence
of CTCs is associated with negative prognosis in multiple tumor types, including
melanoma and lung cancer (8, 39). The ability to isolate CTCs has also allowed for
preliminary studies into their biology. Genome-wide profiling of CTCs have
characterized a number of up-regulated genes and pathways that presumably
contribute to the survival of CTCs and subsequent metastases (40, 41), and have
demonstrated both genotypic similarity to the primary tumor (42) as well as
evidence of molecular evolution towards the metastatic tumor (43). Interestingly,
the recent ability to isolate greater numbers of CTCs has allowed for more direct
characterization of their biological behavior, including evidence of up-regulation of
various anti-apoptotic pathways and activation of EMT programs (44, 45), as well as
an unexpectedly high level of heterogeneity in their proliferation signatures (46).
There is also recent data suggesting that CTCs may exist not only as single cells, but
also as small tumor cell clusters, due to the ability to isolate CTCs without
excessively disruptive microfiltration methods (8, 47). Surprisingly, such CTC
clusters appear to have a significantly lower proliferation index compared to both
the primary tumor and single CTCs based on Ki67 antibody labeling, suggesting
increased cellular quiescence (8). This therefore may represent a source of
disseminated tumor cells in a state of dormancy, and represent a subpopulation that
would be resistant to therapeutic agents that target proliferative tumor cells.

It has been proposed that CTCs can be utilized not only for investigational

purposes but also for more direct clinical use. While the supportive evidence
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remains weak, the quantitation of CTCs has been shown to be useful as a predictive
marker of response to systemic therapy in some studies. The monitoring of CTCs has
also shown possible utility in predicting disease recurrence following surgical
resection of the primary tumor (46). In addition, obtaining CTCs may serve as a so-
called “liquid biopsy” to obtain cells that predict the genotype or phenotype of yet-
to-develop metastases; as an example, targetable EGFR mutations have been
detected in CTCs of non-small-cell lung cancer patients where no such mutations
were noted in the primary tumor (48).

Some studies have attempted to directly characterize such lymphovascular
emboli. One group has performed extensive studies on lymphovascular emboli using
a model developed from a case of inflammatory breast carcinoma, which represents
a clinicopathologically-defined breast cancer type with extensive lymphovascular
invasion, particularly involving the dermis, resulting in an “inflammatory”
erythematous appearance in the skin overlying the cancer (49). Their studies have
shown the role of various mediators promoting the survival of such tumor cell
emboli. One demonstrated mechanism is through the up-regulation of E-cadherin,
promoting a homotypic cell-cell adhesion-mediated survival, with simultaneous
down-regulation of the endothelium-binding glycoprotein sialyl-Lewis X (50, 51).
More recent studies have shown that specific protease-mediated cleavage of E-
cadherin is important to generate an isoform that mediates survival (52). This pro-
survival role of E-cadherin is in contrast to the generally accepted tumor
suppressive role of this protein. This group has also demonstrated that such emboli

show stem cell-like features and dependence on a Notch3-mediated anti-apoptotic

13



pathway, supportive of a role of transdifferentiation to promote survival following
lymphovascular invasion (49, 53), similar to the previously mentioned studies on
CTCs. Overall, these studies provide support that mechanisms promoting early
tumor metastasis mimic the mechanisms promoting survival of lymphovascular

emboli.

1.3.2 TUMOR CELL DISSEMINATION AND EXTRAVASATION

Once tumor cells have survived the transition into the lymphovascular
circulation, they are then able to disseminate to secondary organ sites. There is
some support that this is an entirely passive process, where the distribution of
tumor cells from the primary site is dictated entirely by the flow of the vasculature
(1). As tumor cells, particularly from epithelial malignancies, have sizes greater than
20 microns, more than twice the diameter of the average capillary lumen, it is likely
that tumor cells become passively entrapped in the first capillary beds they
encounter once in circulation (1). However, there is also evidence that tumor cells
have the propensity to target certain organs during their dissemination (54). This
may be mediated by various secreted factors derived from the target organ sites
such as chemokines, or various adhesion molecules on the tumor cells themselves
that selectively bind to the vasculature in target organs (1). Furthermore, such
passive entrapment in capillary beds is not an absolute limiting factor, since
malignancies from any organ site are capable of developing metastases in
essentially any secondary site (54).

While it has been suggested that such dissemination to and entrapment in

the capillary beds of target organs occurs rapidly following intravasation, in the
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order of minutes to a few hours (1), there are certain sites in the circulation where
CTCs or disseminated tumor cells may persist for prolonged periods in the absence
of attachment to the vascular wall, such as in the bone marrow (55). Such tumor
cells have been repeatedly identified in a high proportion of clinically disease-free
breast cancer patients, and their presence has been predictive of disease recurrence
as subsequent metastases (56). These dormant bone marrow tumor cells have also
demonstrated persistence and poor response following systemic chemotherapy
(57). Therefore, the factors governing the survival of CTCs or disseminated tumor
cells likely remain important in determining the capability a cancer to eventually
develop overt metastatic disease.

Following arrival at a target organ, tumor cells must first achieve
extravasation to allow for subsequent development of a metastatic mass. The
mechanisms underlying extravasation from the target organ vasculature appear
different from those identified for intravasating tumor cells. For example, in a
mouse and rat model of lung metastases, tumor cells have been shown to have the
capacity to proliferate directly within the lung vasculature rather than following a
specific extravasation mechanism, destroying the underlying vascular wall in the
process (58). Tumor cells have also demonstrated the ability to undergo a more
definitive extravasation process, mediated through tumor cell secreted factors that
increase vascular permeability such as angiopoetin-like-4, COX-2 and VEGF (59-61).
Such factors may also contribute to the tropism of the tumor cells, as certain factors
such as angiopoetin-like-4 (ANGPTL4) appear to have an effect specific to the

vasculature of the lung (61). Interestingly though, there is evidence that the ability
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of cancer cells to extravasate is not mediated by transforming oncogenes per se, as
there is evidence that transformation with H-Ras does not affect the ability of cells
to extravasate compared to non-transformed fibroblast controls (62), although this
data relied on the model of intravenous injection into chicken embryo
chorioallantoic membrane. Overall, based on the currently available literature data,
there is not significant evidence to suggest a rate-limiting role for extravasation in
tumor metastasis, although tumor secreted factors such as ANGPTL4 as well as the
characteristics of the target organ vasculature may help dictate the preferred organ

sites for metastasis for a particular cancer type.

1.3.3 DEVELOPMENT OF MICROMETASTASES

The ability of single disseminated tumor cells or tumor cell clusters to
subsequently sustain survival as a micrometastasis appears to represent a key step
in the overall development of a clinically relevant metastasis. Much of the literature
has focused on determining how the factors in the so-called microenvironment of
the secondary organ site contribute to or prevent the formation of micrometastases.
The conceptual basis for this is the “seed and soil” hypothesis by Stephen Paget in
1889, which proposed that the tissue properties of the target organ site are key
determinants in the ability of a metastasis to form. As such, it has been determined
that various components of the metastatic site, such as the stromal -cells,
extracellular matrix and secreted factors, contribute either to the hospitability or
the hostility of this microenvironment for the arriving tumor cell (1). Tumor cells
are also capable of altering the hostile factors of the microenvironment to promote

their survival, even prior to leaving the primary site. For example, primary tumors
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are able to secrete factors such as the hypoxia-induced lysyl oxidase that reach the
metastatic site, which stimulate stromal cells in the target organs to recruit
circulating cells that ultimately alter the extracellular matrix microenvironment into
a permissive state for later metastatic development. There is also dependence on
survival signaling pathways in these micrometastatic cells to resist intrinsic and
extrinsic triggers of apoptosis, such as Src kinase signaling in metastatic breast
cancer cells in the bone marrow (63), and the SDF1/CXCL12 factor secreted by bone
marrow mesenchymal cells that promote survival of breast cancer cells expressing
the corresponding receptor CXCR4 (64). In summary, the development of
micrometastases from single disseminated tumor cells depends on both cell

autonomous and non-autonomous survival factors.

1.3.4 GROWTH INTO OVERT METASTASIS

It has been proposed that the final step in the metastatic cascade - outgrowth
of a micrometastasis into a clinically-overt metastasis - represents the rate-limiting
step in the overall metastatic process. This is supported by data in
immunocompetent mice injected intravenously with a syngeneic mouse melanoma
cell line, showing that while the efficiency rates of earlier steps are relatively high,
with about 80% of potentially metastatic cells achieving extravasation and 3% of
cells achieving formation of a micrometastasis, the proportion of cells eventually
developing into a metastatic lesion is <0.02% (65). One important contributing
factor to the low efficiency of developing overt metastatic lesions is the high rate of

death of micrometastatic lesions that were able to survive initially. Hence, the
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mechanisms governing growth and survival following extravasation appear to be
critical in determining the metastatic ability of a cancer.

One proposed barrier to the emergence of growth from a micrometastasis is
the relative inability to reactivate the proliferative signaling pathways that are
active in the primary tumor setting, such as the integrin betal-focal adhesion kinase
axis (66). To escape from such lack of proliferative signals, there is evidence tumor
cells recruit bone marrow-derived circulating cells that subsequently secrete pro-
growth factors such as osteopontin (67). Another contributing factor is the level of
angiogenesis in an early metastatic lesion. Tumor cells may secrete factors that
suppress angiogenesis such as prosaposin (68), or promote vascularization such as
angiopoetin-2 (69); the balance between pro- and anti-angiogenic factors may
mediate a form of angiogenic dormancy in the metastatic lesion that suppresses
growth until suitable microenvironmental conditions are present. Metastatic tumor
cells may also secrete factors to directly modulate the organ environment to permit
growth, such as breast cancer cell expression of IL-11 and Jagged1 that promote
osteoclastic activity to allow for metastatic growth in the physically rigid bone
environment (70). Overall, the mechanisms that promote metastatic outgrowth
recapitulate that utilized in the primary tumor, with the added challenge of the

hostile microenvironmental conditions encountered in a foreign organ site.

18



1.4 ANOIKIS

1.4.1 ANOIKIS AND ANCHORAGE INDEPENDENCE

It has long been recognized that the property of anchorage-independent
growth and survi