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ABSTRACT

In order to study a complex biological phenomenon such as tumor cell metastasis, one must focus on
examining discrete aspects of the process which are amenable to experimentation. In this thesis, | made
use of xenograft and spontaneous in vivo mouse models of prostate cancer to approach this problem
from two perspectives. First, | sought to identify genes which were involved with metastasis. Second, |
focused on the mechanistic elements involved with tumor cell intravasation into lymphatics. The results
from this work have shown that loss of Protein 4.1B, a 4.1/ezrin/radixin/moesin (FERM) domain-
containing cytoskeletal protein, is a frequent event in prostate cancer. The significance of this finding was
confirmed by experimental ablation of 4.1B, which enhanced tumor progression and metastasis, at least
in part, by protecting cells against apoptosis. This thesis has also shown that metastatic dissemination to
lymph nodes is mediated primarily by peritumoral lymphatic vessels, which surround the tumor at the
invasive margins. In contrast, inhibition of intratumoral lymphatics did not affect metastatic spread,
indicating that these vessels were unnecessary for tumor cell dissemination. The genetic and
mechanistic findings from this thesis were consistent across both model systems examined, and are also
in concordance with observations made in human clinical prostate cancer. Thus, the results of this work
have contributed small pieces of knowledge to our overall understanding of how tumors initiate, and
frequently complete, the elaborate and often lethal process of spreading throughout the body.

Thesis Supervisor: Richard Hynes

Title: Professor of Biology
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CHAPTER 1. INTRODUCTION



Chapter 1
Metastasis: Guiding Principles

The term “metastasis” derives from the Greek word methistanai, meaning “change of the state.” In the
context of cancer, it is used to describe the process by which malignant cells from a primary tumor
disseminate to other parts of the body. While it is estimated that metastasis is ultimately responsible for
90% of cancer-related deaths, the task of undergoing a “change of the state” is not an easy one, even for
transformed cells. In order to metastasize, a tumor cell must possess or acquire the ability to surmount a
variety of obstacles—challenges that include de-adhesion from the primary tumor, intravasation into blood
or lymphatic vasculature, survival in circulation, extravasation, and growth at a secondary site. With so
many barriers that need to be overcome, it is almost a wonder that tumors ever succeed at metastasis.
This is likely accomplished, at least in part, through persistence: Each gram of primary tumor is believed
to release up to 4 x 10° malignant cells into circulation daily, and even a single cell, if endowed with the
appropriate capabilities, has the potential to be fatal [Butler and Gullino, 1975]. But what is it exactly that
makes a cancer cell metastatic? As will become evident, the problem of understanding how a tumor
embarks upon and completes its metastatic journey involves asking at least two fundamental questions:
Where is the malignant cell going? And where did it come from?

A discussion about where tumor cells are going, or in other words, where they eventually metastasize to,
invariably begins with the theories set forth by Stephen Paget. For it was Paget, an English surgeon at
the turn of the twentieth century, who first popularized the “seed and soil” theory for metastasis in his
1889 paper, “The Distribution of Secondary Growths in Cancer of the Breast"' [Paget, 1889]. In his
paper, he argued that the patterns of metastasis observed for tumors were non-random and could be
explained by organ-specific factors that favored colonization by certain tumor cell types but not others. In
other words, just as a seed cannot flourish unless sown into fertile soil, a metastatic tumor cell (“the
seed”) cannot proliferate unless surrounded by an organ that provides a hospitable growth environment
(“the soil”). In the case of breast cancer, that appropriate soil would be found in the lungs, bones, brain
and liver—all common sites of metastasis for this tumor. For other cancer types, the right soil might exist
within different organs. In this way, Paget was among the first to realize that the determinants of organ-
specific metastasis rested not only on the tumor cell itself, but also, from a wider standpoint, on how it
interacts with its surrounding microenvironment.

Paget’s views, to some extent, are contrasted by those proposed by James Ewing, an American

pathologist who argued in 1929 that patterns of blood flow, rather than “seed and soil,” were the major
factors that affected site-specific metastasis [Ewing, 1919]. As tumor cells in circulation are thought to
arrest in the first or second capillary bed they encounter, how different organs are connected by blood

' Although Paget is widely credited for his “seed and soil” hypothesis, the idea likely originated from Fuchs, in his 1882
paper, “Das Sarkom des Uvealtractus.” In fact, Paget states in his paper that “the chief advocate of this theory of the
relation between the embolus and the tissues which receive it is Fuchs.” (http://en.wikipedia.org/wiki/Stephen_Paget)
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flow could potentially impact the eventual site of metastasis from a particular tumor. In fact, it is now
believed that both Paget’'s and Ewing’s hypotheses are likely true. A survey of eight different tumor types
undertaken by Weiss et al., in 1992, revealed that venous blood flow patterns could account for the
distribution of metastases observed in 68% of cases [Weiss, 1992]. In the roughly one-third of patients
where Ewing's hypothesis did not apply, “seed and soil” was likely to be important. In any case,
mechanical factors such as blood flow patterns almost certainly determine where tumor cells will end up.
But whether these cells will eventually form metastases may depend on whether their microenvironment
supports, or at least tolerates, the continued growth of these malignant cells.

As mentioned previously, any discussion about where tumors metastasize to, should be accompanied by
an examination of where these cells first came from. This can entail several aspects, not only limited to
where a metastatic cell physically started its journey, but also including the cell type from which it
originated, and the patterns of genetic and epigenetic changes that differentiate it from normal. In regard
to the location from which metastatic dissemination begins, it has already been mentioned that blood flow
patterns at the site of origin are important. But Ewing’s hypothesis might also be extended to include the
lymphatic system, a common route of metastasis for many tumors. Indeed, the existence of this second
system of fluid transport has been known since around 1650, when the lymphatic system was co-
discovered by Thomas Bartholin and Olaus Rudbeck. And perhaps even more so than blood vessels, the
patterns of lymphatic drainage determine where tumors will metastasize: Invasion invariably begins at
the draining, or sentinel, lymph node, and spreads outwards based upon afferent and efferent lymphatic
connections. If the sentinel lymph node is free of metastasis, the other 500-600 lymph nodes in the
human body will almost certainly be un-invaded{Nathanson, 2003; Wittekind, 2000]. Given that the
presence of lymph node metastases has important prognostic implications in the clinic, and that
lymphatics provide an additional route by which tumors can enter venous circulation, attention will be

focused on this important subject in the later chapters of this thesis.

We have already mentioned that Paget's original hypothesis emphasized the role of soil in the
propagation of metastases at the final site of invasion. A corollary to this might surmise that the
microenvironment, or stroma, that surrounds a primary tumor might also affect metastatic proclivity at the
site of origin. This stroma comprises cellular components including fibroblasts, immune cells, endothelial
cells and endothelial-associated cells. These different cell types could potentially communicate with each
other, and/or with tumor cells, through a variety of signals, including cytokines, matrix molecules and
other secreted factors. In fact, recent work has shown that the outcomes of these interactions can affect
metastasis by enhancing the innate aggressiveness of the tumor cell, by inducing the local growth of
blood and lymphatic vessels, and even perhaps by establishing a pre-metastatic niche at future sites of
invasion [Gupta and Massague, 2006]. Therefore, the perception of metastasis as a solitary journey
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undertaken by a single rogue cell can be regarded as overly simplistic and perhaps, these days, even
antiquated.

By now we have discussed how factors extrinsic to the malignant cell might affect metastasis, and it is
important to turn our attention to how intrinsic factors might also govern the process. In a sense, this also
involves asking a metastatic cell where it came from—how it originally developed, whom it is immediately
descended from, and how it became malignant. Genome-wide gene expression analyses have certainly
revolutionized the way some of these questions are now viewed and studied, as will be discussed below,
though some of the most thought-provoking principles about metastasis were originally conceived by
Isaiah J. Fidler in the 1970s and 1980s. Work by Irving Zeidman in the 1950s had already shown that the
number of experimental metastases formed in a mouse is a function of the number of celis introduced into
the animal [Zeidman et al., 1950], but Fidler made efforts to quantitate this process temporally by injecting
radiolabeled B16 melanoma cells [Fidler, 1970]. And, in fact, he found that metastasis is an exceeding
rare occurrence: less than 0.01% of these cells formed secondary growths in mice, and most cells were
eliminated from the animal soon after they were introduced. He also observed that the metastatic
phenotype was heritable, as cells derived from metastatic nodules following intravenous injection
exhibited enhanced metastatic potential when subsequently re-introduced into mice [Fidler, 1973]. These
observations led Fidler to propose that metastases were formed not by random cells that existed within
the bulk of the primary tumor, but, instead, by rare cells that were somehow more adept than their peers
at completing all the necessary steps of the process. By extension, this also suggested that primary
tumors were heterogeneous, composed of cells that differed drastically in their ability to colonize other
tissues.

Fidler proved these hypotheses using a modified version of the Luria-Debrick fluctuation test [Fidler and
Kripke, 1977]. In the 1940s, Salvador Luria and Max Debriick had observed that mutations arose
randomly in bacteria, and independently of selective pressure, rather than in response to it [Luria and
Deibruck, 1943]. In the original fluctuation test, Luria and Debriick had shown that, within a population of
bacteria, some members were resistant to phage infection, and that these had pre-existed prior to
selection. This important concept has implications for evolution and, as Fidler demonstrated, for
metastasis. Similar in approach to the Luria-Debriick fluctuation test, Fidler made single cell clones of his
B16 melanoma cells and showed that these clones differed widely in metastatic ability when injected into
mice [Fidler and Kripke, 1977]. This demonstrated that metastatic variants pre-existed within the original
population of cells even prior to challenge. And what was responsible for this? As in the case of resistant
bacteria and natural selection, the driving force was random variation. Indeed, subsequent work by Fidler
later showed that highly metastatic tumor cells exhibited greater genetic instability than did poorly
metastatic cells, and, overall, tumor cells are thought to be much more genetically unstable than normal
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cells [Fidler, 2003]. These findings have laid the conceptual groundwork for some of the experiments
described in the first few chapters of this thesis.

Also important has been the advent of microarray technology, which has transformed the way we study
tumor biology. Gene expression analyses have aided not only in the discovery of genes responsible for
tumor progression and metastasis, but have also enhanced our ability to make predictions concerning
clinical outcome in ways that—some may argue—are improvements over traditional methods of
histological evaluation and diagnosis. The ability to “fingerprint” tumors using array analysis has also
allowed researchers to uncover many hidden connections. While recent gene expression studies have
suggested that distant metastases resemble their primary tumors of origin [Ramaswamy et al., 2003;
Sorlie et al., 2003; van't Veer et al., 2002], other studies have indicated that the expression of specific
genes is altered in metastatic cells [Clark et al., 2000; Kang et al., 2003; Minn et al., 2005; Xu et al., 2006;
Yang et al., 2004]. These two observations are not mutually exclusive. A model incorporating both these
findings has speculated that cells derived from metastases and from their corresponding primary tumors
share an overall gene expression pattern that confers the ability to complete some, but not all, of the
steps required for metastasis[Hynes, 2003; Kang et al., 2003]. On top of this, the altered expression of a
limited number of additional genes may render a sub-popuiation of cells fully competent for metastasis,

without changing its overall similarity to the primary tumor.

This model could help explain why a tumor's cell of origin and its accompanying differentiation program
could affect its metastatic proclivity. For instance, it has long been known that epithelial tumors often
metastasize to lymph nodes, whereas sarcomas rarely do; also, melanomas tend to be highly metastatic
tumors [Friedl and Wolf, 2003; Gupta et al., 2005]. It is possible that, based on their developmental
history and the accompanying signaling pathways and transcription factors that are activated/repressed,
certain tumors may be more prone to metastasize than others. In other words, these tumors may sit at a
knife’s edge when it comes to metastasis, perhaps requiring few genetic or epigenetic changes to render
them capable of completing the process. In the case of melanomas, these tumors are derived from
melanocytes, which arose from migratory neural crest cells. It is therefore plausible that this history of
migratory behavior might, upon transformation, subsequently reappear and drive the metastatic process.

The Path of the Metastatic Cell

The journey taken by a metastatic cell from a primary tumor to a secondary site is thought to be complex,
involving the coordinated expression of dozens, if not hundreds, of genes. As will be discussed in the
next chapter, many of the models developed to study metastasis over the past few decades have been
suited for observing some, but not all, of the steps of this process. Consequently, the findings gleaned
from these studies have been, in a way, fragmentary—some are relevant to the earlier stages of
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metastasis, others to the later stages, and few studies have tracked the process from beginning to end. It
is therefore useful, when examining the path of the metastatic cell, to divide this journey into two halves:

those events that occur prior to entrance into circulation, and those that happen afterwards.

Early stages of metastasis: cell migration

In most cases, the appearance of a primary tumor precedes metastatic dissemination, although in certain
instances, patients are diagnosed with distant metastases in the absence of a recognizable primary
tumor? [Schmidt-Kittler et al., 2003]. In the more conventional situation, the metastatic process begins
when cancer cells detach from the primary tumor and invade blood vessels or lymphatics. This may be a
passive process where cells are simply sloughed off from the primary tumor or an active one involving
directed migration [Condeelis and Segall, 2003; Wyckoff et al., 2004]. The way a tumor cell migrates, at
least in part, may depend on the tissue from which it originates. Cells from connective tissue tumors such
as fibrosarcomas and gliomas tend to migrate individually, for instance, whereas those from melanomas
and carcinomas often migrate collectively [Friedl and Wolf, 2003]. In addition, highly differentiated
epithelial tumors may initially display collective migration, only to de-differentiate and exhibit single cell
invasion, a process termed epithelial-to-mesenchymal transition (EMT) [Thiery, 2002]. Indeed, genes that
promote EMT—including Twist [Yang et al., 2004]; Slug and Snail transcription factors [Kurrey et al.,
2005]; and components of the TGF-§ signaling pathway [Oft et al., 2002; Siegel et al., 2003]—have all
been reported to enhance the earliest stages of metastasis. E-cadherin, which is often lost during EMT,
is thought to suppress cell migration and tumor progression[Perl et al., 1998].

The mechanisms by which cells migrate under normal physiological situations, such as during
embryogenesis, wound healing and immune-cell trafficking, are likely also to be relevant during the
earliest stages of metastasis. In large part, the surrounding extracellular matrix (ECM) and the integrity
of cell-cell junctions likely affect how tumor cells accomplish this[Friedl and Wolf, 2003]. Mesenchymal, or
elongated, single cell migration tends to occur in the presence of dense matrix networks. This sort of
movement typically involves cell polarization and extension of a pseudopod at the leading edge, followed
by contraction and movement of the trailing edge. A host of proteins, including cell surface receptors and
cytoskeletal proteins, are almost certainly involved. In order to establish the proper traction and adhesive
contacts needed to “pull” a cell forward, transmembrane proteins such as the heterodimeric family of
integrins are necessary to negotiate interactions with ECM components like fibronectin, collagen and
laminin {[Webb and Horwitz, 2003]. This process is also aided by other cell surface receptors such as
cadherin proteins, which primarily mediate homophilic interactions; the selectins, which bind proteins

containing cell-surface carbohydrates; and certain members of the immunoglobulin-like superfamily of

% This cancer of unknown primary (CUP) scenario is reported to occur in up 7% of patients who are initially found to
possess systemic spread without a clearly discernible primary tumor.
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proteins—the CAMs, or cell adhesion molecules—which exhibit both homo- or hetero-philic binding
capabilities [Hynes and Lander, 1992].

The formation of adhesive contacts leads to clustering of these receptors, particularly of integrins, into
focal complexes that incorporate actin-associated proteins such as a-actinin, talin, vinculin, paxilin and
tensin . Integrin signaling can activate pro-migratory pathways by signaling through molecules such as
focal adhesion kinase (FAK), which promotes cell movement through Src [Hood and Cheresh, 2002].
PI3-kinase is also often activated, and this leads to the synthesis of 3-phosphoinositides, which are bound
by and cause re-localization of PH domain-containing proteins such as Akt to the plasma membrane
[Comer and Parent, 2002; Funamoto et al., 2002]. At least one downstream consequence of this is
activation of Rho family proteins such as Cdc42 and Rac1, which have long been observed to induce
cellular protrusions such as filopodia and lamellipodia, respectively [Ridley et al., 2003]. Cdc42 has also
been reported to activate proteins such as WASP, while Rac1 can activate WAVE (through a variety of
adaptor proteins), and both of these can enhance the activity of Arp2/3, a critical protein which nucleates
and catalyzes filamentous actin polymerization at the leading edge of the cell [Webb and Horwitz, 2003;
Yamaguchi et al., 2005]. Not surprisingly, many of these cellular components have been implicated in
metastasis, as have numerous other proteins which have been found to be involved with cell migration
[Wang et al., 2005].

Interestingly, this cycle of cellular extension and retraction is not the only form of movement that can
contribute to metastasis. Perhaps more relevant to tumors in vivo is a second form of migration where
rounded cells are observed to “burrow,” or adopt an amoeboid morphology [Friedl and Wolf, 2003]. This
is likely to be the favored mode of cellular movement under less adhesive conditions, as is often seen in
vivo or in three-dimensional cultures, where focal contacts are lacking. Although the signaling pathways
responsible for amoeboid migration have not been fully elucidated, it is known that the activity of
cytoskeletal proteins such as RhoA and ezrin® are required, while that of Rac1 is not [Sahai and Marshall,
2003]. In addition, amoeboid migration occurs independently of protease activity, in contrast to
mesenchymal migration, which has been observed to rely on the activity of matrix metalloproteinases
(MMPs). This is, perhaps, not surprising, given that the latter form of movement is thought to occur
primarily within dense ECM networks that, unless proteolyzed, may impede cell migration.

Early stages of metastasis: stromal factors
Certainly, every tumor cell possesses the innate molecular machinery to make migratory behavior

possible. But what are the stimuli and cues that actually elicit pro-invasive signaling pathways and gene
expression programs from otherwise non-migratory cells? In some cases, malignant cells in a primary

* Ezrin and other related ERM proteins are described in greater detail in Chapter 3.
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tumor may be driven to metastasis in order to escape insults such as hypoxia, and, indeed, the presence
of a hypoxic gene expression sighature has been reported to correlate with increased metastatic behavior
[Chi et al., 2008]. In most cases, however, directed migration—whether amoeboid or mesenchymal—
tends to occur in response to attraction, either towards a gradient of cytokines (chemotaxis) or matrix
molecules (haptotaxis) [Moore, 2001]. One recent illustration of this is a study performed by Wyckoff et
al, who imaged rat mammary adenocarcinomas and reported that metastatic cells were more likely to
polarize towards blood vessels than were non-metastatic cells[Wyckoff et al., 2004; Wyckoff et al., 2000].
This enhanced polarization was explained by increased expression of EGF receptor on the surface of
aggressive cells, which made them chemotactic to EGF released by macrophages lining the blood
vessels.

Based on this observation, a logical question might be: Why were there macrophages present in the
tumor to begin with? Interestingly, further work showed that these immune cells themselves had been
summoned by the tumors, which secreted the macrophage chemotactic factor CSF-1 [Wyckoff et al.,
2004]. And so it would seem as if, at least in this experimental system, tumor-stromal communication

occurring through a series of paracrine factors initiated the metastatic process.

While the nature of these sorts of interactions, for the most part, still remain to be characterized, it is now
believed that the importance of tumor-stromal interlocution is the rule, rather than the exception, in
cancer. Within the tumor microenvironment, there are certainly many opportunities for this to take place,
as immune cells and cancer-associated fibroblasts (CAFs) are frequently observed in close proximity to
malignant cells. These CAFs have been reported to exhibit an “activated” phenotype characterized by
expression of a-smooth muscle actin, as well as enhanced migration and abnormal secretion of cytokines
and ECM [Cunha et al., 2003]. Importantly, transplantation/co-injection experiments have demonstrated
that CAFs appear to be stably activated and can induce de novo tumorigenic growth in non-tumorigenic
prostate epithelial cells[Olumi et al., 1999], or increased tumorigenicity in human MCF-7 breast cancer
cells[Orimo et al., 2005]. In the latter case, CAFs in breast cancer were found to enhance angiogenesis
and tumor growth by secreting the chemokine SDF-1/CXCL12[Orimo et al., 2005]. This mobilized and
recruited endothelial precursor cells which were derived from the bone marrow and expressed the
receptor CXCR4.

Secretion of cytokines such as VEGF-A, VEGF-C, TGF-f8, FGF, HGF, EGF, IGF and PDGF by stromal
cells has also been reported [Cunha et al., 2003]. Not surprisingly, the presence of these cytokines can
help drive several malignant processes, including the induction of tumor EMT (by TGF-B, EGF, HGF
and/or IGF), and neovascularization [Christofori, 2006]. In particular, HGF ligand binding to c-Met
receptor on tumor cells has long been known to induce scattering and an invasive phenotype [Christofori,
2006], while enhanced IGF signaling has been reported to promote metastasis in a mouse model of

12
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pancreatic cancer [Lopez and Hanahan, 2002). TGF-8 also appears to be centrally important during
cancer progression, although it can act as both a positive and a negative regulator of tumorigenesis. For
instance, although TGF-f can suppress the growth of certain tumor cells, its upregulation in fibroblasts
has been shown to induce mammary carcinomas [Kuperwasser et al., 2004]. Genetic deletion of TGF-p
type Il receptor specifically in fibroblasts was also associated with upregulated HGF, and induction of
spontaneous prostate and forestomach carcinomas in mice [Bhowmick et al., 2004]. In addition,
transgenic expression of constitutively active TGF-f type | receptor in mammary tumors has been
reported to enhance metastasis [Siegel et al., 2003]. Thus, the effects of TGF-g as both a positive and

negative regulator of tumorigenesis are likely cell-type and cell-context dependent.

A similar dual effect on tumor progression and metastasis has been observed in the case of MMPs, which
are secreted by both tumor and stromal cells. MMPs act not only to degrade the surrounding ECM but
also to activate latent cytokines as well as other MMPs. Furthermore, MMPs can release matrix-bound
growth factors (e.g. VEGF-A and FGF) that can induce invasive behavior and vasculogenesis, though
cryptic collagen IV fragments released by MMP-9 can also possess potent anti-angiogenic
activity[Hamano et al., 2003]. Experimentally, spontaneous mouse mammary tumor formation was
enhanced by fibroblasts that overexpressed MMP-1 and MMP-7, but was inhibited when fibroblasts had
lost MMP-11 (reviewed in [Lynch and Matrisian, 2002]). Transgenic expression of MMP-3 in mammary
tumors has also been reported to promote EMT through disruption of E-cadherin-g-catenin
interactions[Sternlicht et al., 1999].

As illustrated previously in the case of macrophages, inflammatory cells of the innate immune system are
now regarded as critical, if not indispensable, mediators of tumor progression[Coussens and Werb, 2002].
Immune cells are major sources of growth factors and cytokines that can induce tumor invasion and
neovascularization. Tumor and/or stromal fibroblastic secretion of chemokines and other cytokines such
as VEGF-A and CSF are key to recruiting specific leukocyte populations. Macrophages, in particular, are
chemotactic to VEGF-A, M-CSF and monocyte chemotactic protein chemokines [Cursiefen et al., 2004].
In addition, neutrophils are also chemotactic to chemokines such as CXCL1/MIP-2 and are important for
angiogenesis[Scapini et al., 2004]. Finally, natural killer cells have been found to aid progression of pre-
neoplastic mammary lesions through secretion of MMPs [Bissell and Radisky, 2001].

Early stages of metastasis: intravasation and egress
In many cases, the net outcome of these varied interactions is an enhanced propensity on the part of
malignant cells to invade into, or intravasate, blood or lymphatic vasculature. While the process of

intravasation has been especially difficult to study, intravital microscopy has recently allowed real-time
observation of tumor cells entering into blood or lymphatic circulation [Hoshida et al., 2006; Wyckoff et al.,

13
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2000]. To some extent, the chicken chorioallantoic membrane (CAM) assay has also made possible the
ability to quantitate this process indirectly, by detecting the number of tumor cells that migrate through
blood and lymphatic vasculature from a source (the upper CAM) to a specific destination (the lower
CAM). Studies using this model have shown, for instance, that intravasation of human breast, prostate
and fibrosarcoma tumor cells into blood vessels requires the proteolytic activity of MMP-9 and urokinase
plasminogen activator [Kim et al., 1998].

Successful completion of the intravasation stage of metastasis can also be assayed by detecting
circulating tumor cells in the blood, both in animal models and in human patients. In fact, viable tumor
cells have been isolated in the blood of patients bearing nearly all types of cancer, including the most
common forms of carcinomas [Allard et al., 2004]. The presence of these circulating cells can be
detected by RT-PCR, immunohistochemistry or by culturing these cells in vitro. Although the prognostic
value of these detection methods has remained controversial, and mouse model studies have reported
that circulating tumor cells are often apoptotic and less malignant than cells present at the primary site
[Swartz et al., 1999], the entrance of tumors into the vasculature is, nonetheless, a necessary step for
metastasis. Indeed, experimentally increasing the propensity by which tumors intravasate through
vasculature—for instance, by elevating the expression of the EMT-inducing transcription factor Twist—
has been reported to yield increased metastasis [Yang et al., 2004].

In the later chapters of this thesis and also in the appendix, we address additional issues concerning how
tumor cells might be induced to enter blood and/or lymphatic circulation. Although lymphatic vessels are
more permeable than blood vessels and are, therefore, believed to be more susceptible to intravasation
by tumors, we will also explore potential molecular mechanisms that might influence this process‘.
Finally, the impact of the tumor microenvironment will be examined in greater detail within the latter parts
of this thesis®.

Later stages of metastasis: arrest and survival in a new microenvironment

Once a tumor cell has successfully entered the throughways of the circulatory system, how does it know
where to stop? As mentioned previously, size restriction is likely to be important, at least in most
instances: While the diameter of capillaries ranges from 3-8 um and permits the trafficking of red blood
cells, which are approximately 7 um in diameter and deformable, the size of most tumor cells is on the
order of 20 um [Chambers et al., 2002]. Thus, the mechanical aspects of Ewing’s hypothesis likely come
into play. However, in other cases, tumor cells have been reported to attach to the wider walls of pre-
and post-capillary vessels [Al-Mehdi et al., 2000; Wong et al., 2002]. Size restriction, at least in these
instances, seems unlikely to account for these observations.

* Please see Appendix F: “Lymphatic or Hematogenous Dissemination: How Does a Metastatic Tumor Cell Decide?”.
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Certainly, the entrance and exit of cells from circulation are not unprecedented events. Immune cells are
specialists at performing these feats, and heterotypic interactions mediated initially by selectin receptors,
then subsequently by integrins and CAMSs, allow exit, or extravasation, of leukocytes from circulation
[Robinson et al., 1999]. At least the initial stages of the extravasation process, including the rolling of
individual cells along a monolayer of endothelial cells, followed by arrest, can be modeled in vitro through
use of a flow chamber. Such experimental systems have revealed, for instance, that carbohydrate-
containing cell surface proteins are critical for the arrest of circulating prostate and breast cancer cells
and, possibly, also for homotypic adhesive interactions that may facilitate the formation of tumor cell
aggregates [Glinsky et al., 2003]. In addition, these and similar results have suggested that selectins play
roles in tumor metastasis, and, indeed, several in vivo tumor studies have shown this to be the case. For
instance, spontaneous pancreatic tumors overexpressing L-selectin were found to metastasize to lymph
nodes, while tumors without L-selectin did not metastasize [Qian et al., 2001]. Mice lacking either P-
and/or L-selectin were also resistant to metastasis by colon adenocarcinoma cells [Borsig et al., 2002],
while carcinoma cells expressing elevated levels of E-selectin displayed enhanced metastasis [Krause
and Turner, 1999]. Similarly, mis-expressing or inhibiting6 selectin ligands on tumor cells has been
reported to affect their ability to disseminate [Borsig et al., 2002]. These selectin-ligand interactions likely
enhance binding not just between tumor cells and the endothelium, but also between tumors and
platelets/leukocytes. The consequences of this may be the formation of micro-emboli that help arrest
tumor cells in the vasculature, or protect them against attack from the immune system [Borsig et al.,
2002].

Numerous other tumor-endothelial interactions are likely important for extravasation. For instance, phage
homing studies as well as gene expression analyses have identified molecular differences among
vascular beds present in different organs, and the unique assortment of receptors/ligands on the surface
of specific endothelial cells likely biases the types of interactions which occur [Croix et al., 2000;
Ruoslahti, 2002]. For instance, trans-migration of tumor cells through bone marrow endothelial cells has
been shown to require interactions between the receptor CD44 and its ligand hyaluronan; between
integrin a4-1 (VLA-4) and V-CAM; and also between integrin aLB2 (LFA-1) and I-CAM [Simpson et al.,
2001]. Tumor expression of the integrins a3p1 and a6f4 has also been implicated in binding laminin on
the surface of lung endothelial cells [Guo and Giancotti, 2004, Wang et al., 2004], and recent studies
have identified metadherin as an additional receptor for enhancing lung metastasis [Brown and Ruoslahti,
2004]. Finally, the cytoskeletal protein ezrin has been reported to be necessary for tumor cell
extravasation in the lung {Khanna et al., 2004].

® Please see Appendix F: “Tumor-Lymphatic Interactions in an Activated Stromal Microenvironment”.
® Through pre-treatment of cells with sialidase or glycoproteases, which cleave sialylated mucins
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Although we have devoted some amount of attention to mechanisms by which tumor cells exit circulation,
others have noted that extravasation may not be a necessary step for metastasis. As will be mentioned
in Chapter 2, fluorescently-labeled fibrosarcoma and breast cancer cells have been observed to form
intravascular metastatic colonies in the pre-capillary arterioles of the lung [Al-Mehdi et al., 2000; Wong et
al., 2002]. Extravasation was rarely seen with these cells, which were wholly contained within vascular
channels. These findings appear to contradict those of others, who have reported that as many as 80%
of B16 melanoma cells extravasated into the lung parenchyma within three days after intravenous
injection [Cameron et al., 2000; Luzzi et al., 1998].

Regardless of whether tumor cells have extravasated or not, one consistent observation from all these
reports is that, in the majority of cases, these cells do not progress to form metastases. Of course, the
difficulties associated with successful metastatic colonization have been known for some time, although it
still remains unclear which step(s) of the process are rate-limiting. Given that primary tumors are capable
of sending millions of cells into circulation daily, it is believed that the latter stages of metastatic
dissemination are responsible for this inefficiency. Tumor cell survival within a new microenvironment
likely presents a major challenge, and apoptosis may account for the rapid clearance of most malignant
cells following arrest in the vasculature. Indeed, inhibiting apoptosis—through expression of anti-
apoptotic genes such as Bcl2, Bcl-XL and XIAP in tumors—has been reported to enhance metastasis
[Martin et al., 2004; Mehlen and Puisieux, 2006]. Downregulation of caspase-8 or upregulation of the
receptor TrkB has also been found to increase metastasis by conferring tumor cell resistance to anoikis, a
form of apoptosis that results when cells are detached from a substratum [Douma et al., 2004; Stupack et
al., 2006]. In addition, some have observed that apoptosis may occur when malignant cells express
integrins that are inappropriate for a novel microenvironment and are, therefore, likely to be unligated
[Stupack et al., 2006]. Clearly, there are many mechanisms that can lead to cell death, and this is almost
certainly a rate-limiting step for any metastatic cell.

Later stages of metastasis: flourishing in a novel microenvironment

Even after a tumor cell has reached its final destination and has managed to avoid undergoing apoptosis,
it faces additional challenges, one of which is to initiate malignant growth at the secondary site. Paget's
hypothesis is especially relevant at this stage, and tumors that resist apoptosis but are incapable of
proliferating have been observed to lie dormant as solitary cells in experimental systems [Cameron et al.,
2000]. In humans, bone marrow aspirates have revealed the presence of micrometastases in 20-40% of
human carcinomas, and these may also represent viable tumor cells that have lodged in the bone without
undergoing extensive proliferation [Pantel et al., 1999]. Whether such cells can ever form malignant
growths is currently unclear, although in some instances, it has been suggested that primary tumors may

16



Chapter 1

suppress the growth of distant metastases, a phenomenon mediated, at least in part, by the plasmingen
fragment angiostatin [O'Reilly et al., 1994].

Even those cells that manage to proliferate in a novel microenvironment are confronted with numerous
obstacles. Cameron et al., have observed, for instance, that while most injected B16 melanoma cells
arrested in the lung and extravasated, only 1 in 40 cells initiated growth as micrometastases, and, even
then, only 1 in 100 micrometastases progressed to form macrometastases, with the remainder being
cleared from the lung [Cameron et al., 2000; Luzzi et al., 1998]. What is responsible for the inefficiency of
the very last stage? Perhaps the inability to induce angiogenesis may be one reason, although this
possibility remains to be validated.

The presence of cytokines at a secondary site which are favorable to the metastatic cell would certainly
confer a growth and/or survival advantage, and, as we have already mentioned before, may be a major
determinant of organ-specific metastasis. The ability to respond to these favorable signals, while ignoring
potentially unfavorable ones [Xu et al., 2006], may be a property associated with a cell's gene expression
program. This was recently demonstrated in studies where variants of the MDA-MB-231 human breast
cancer cell line were isolated from either bone or lung metastases [Kang et al., 2003; Minn et al., 2005].
When re-introduced into mice, these cell line derivatives exhibited increased metastasis specifically to the
organ from which they had been isolated. Microarray analyses revealed unique gene expression
signatures that differentiated cells with different metastatic proclivities, and the causal role of specific
genes in conferring organ-specific biases was confirmed by experimental overexpression or
underexpression. For instance, cells which did not ordinarily metastasize to bone could be manipulated
to do so by overexpressing the genes IL11, osteopontin, and either CXCR4 or CTGF [Kang et al., 2003].
Similarly, lung metastasis could be specifically enhanced by upregulating sets of other genes, including
SPARC7, V-CAM1, IL13R-a2, MMP1/2, among others, while downregulation of V-CAM1 or IL13R-02 was
found to decrease lung metastasis [Minn et al., 2005]. Although the precise organ-specific signals that
biased metastatic outcome were not as clear from these studies, at least in the case of the bone
microenvironment, high levels of TGF-§ may have necessitated the expression of specific genes to
respond to this cytokine [Kang et al., 2003].

Finally, as chemaokines are often used to direct immune cells to lymph nodes and other organs, it is not
surprising that tumor cells have been found to make use of these signals to “home” to specific sites.
While these cytokines may act over long distances, thus being more akin to hormones, and may affect
some of the earliest steps of metastasis, such as directed cell migration, chemokines are likely also to
promote cell proliferation at the secondary site[Homey et al., 2002]. This reinforces the notion that a
certain logic may underlie the pattern of metastatic tropism exhibited by a particular tumor, and that this

” We test the role of SPARC in prostate and breast cancer metastasis/tumorigenesis in Chapter 4.
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pattern can be deciphered, at least in part, by analyzing the distribution of specific chemokine receptor-
ligand pairs. The first and most notable demonstration of this was performed by Muller et al., who
showed that CXCL12/SDF-1 was preferentially expressed in the lymph nodes, lung, liver and bone
marrow[Muller et al., 2001]. These are all common sites of metastasis for breast cancers, which express
the SDF-1 receptor CXCR4. Inhibiting the interaction between this receptor-ligand pair in vivo reduced
the ability of MDA-MB-231 breast cancer cells to metastasize to both lung and lymph nodes.
Furthermore, the chemokine CCL21 was also found to be highly expressed in lymph nodes, and its
receptor, CCR7, is often present on the surface of breast cancer and melanoma cells. Indeed, work by
others has shown that overexpressing CCR7 in B16 melanoma cells can augment lymph node
metastasis[Wiley et al., 2001]. Finally, activated lymphatic endothelial cells may secrete increased levels
of CCL1, which could possibly be a chemotactic signal for CCR8-expressing tumor celis[Alitalo et al.,
2004].

Metastasis: Outstanding Questions

Some of the first genes believed to be involved with metastasis were identified years ago using laborious
experimental approaches such as cDNA subtraction techniques and microcell-mediated chromosomal
transfer. The finding that chromosomal DNA from non-metastatic cells could suppress the metastatic
potential of aggressive cells has, long ago, suggested the existence of metastasis suppressor genes.
Indeed, several candidates fitting this description have been cloned over the years, including nm23, KA
(CD82), KiSS-1, MKK4 (SEK1) and BRMS1 [Yoshida et al., 2000]. While numerous studies have since
found that many of these genes are frequently lost in a variety of human metastatic tumors, their precise
functions, for the most part, still remain to be determined [Maurer et al., 1999; Welch et al., 2000].
However, one very recent report has shown that KAI1 on the surface of tumor cells forms an
intermolecular interaction with a protein known as DARC, a seven-pass transmembrane receptor
expressed on the endothelium[Bandyopadhyay et al., 2006]. The outcome of this interaction, amazingly,
was tumor cell senescence in vitro. Even more remarkably, further experiments revealed that
upregulation of KAI1 on melanoma cells suppressed metastasis in wild-type, but not DARC-deficient,
mice[Bandyopadhyay et al., 2006). This is perhaps just one illustration of the complex types of cellular
interactions that take place during metastasis, a process that will surely appear even more complex as
the functions of additional metastasis-related genes become known in greater detail.

Whole genome expression analyses have certainly increased the pace by which potential metastasis-
and tumorigenesis-related genes are identified, though further work will be needed in order to understand
how networks of genes are co-regulated and how these might synergize during metastatic progression.
This might be especially useful for differentiating between two classes of metastasis genes: those that

initially pre-dispose a tumor to metastasis, and those that, perhaps, specifically function later in the
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process. In other words, in the first case, expression of metastasis pre-disposition genes might be an
indirect consequence of a tumor's developmental history and/or of cross-talk with certain signaling
pathways commonly upregulated early on during tumorigenesis, such as the MAP kinase pathway [Gupta
and Massague, 2006]. These are likely genes which are expressed both by the primary tumors and by
distant metastases, and may confer growth advantages at both sites, an observation that was noted by
Minn et al., for instance, who reported that genes involved with fung-specific metastasis could enhance
primary tumor growth [Minn et al., 2005]. Predisposition to metastasis might also be an inherited
characteristic, and at least one DNA mapping study has reported that Sipa7, a gene found within the
metastasis efficiency modifier locus Mtes1, might encode a protein that functions as an enhancer of
breast cancer metastasis[Park et al., 2005]. As was mentioned, the other class of metastasis genes—
those that further enhance the aggressiveness of tumors already pre-disposed to spread—probably
arises out of genomic instability and random mutation, and are likely to be uniquely expressed in
metastases. Some of these include RhoC, GPR56 and Twist, just to name a few which have been
identified at this Institute [Clark et al., 2000; Xu et al., 2006; Yang et al., 2004], and this list will almost

certainly continue to grow.

At the same time, many other lingering questions about metastasis will remain until better imaging
technologies allow direct observation of this process at higher resolution. For instance, one important
question concerns the phenomenon of EMT and whether this transition is relevant to metastasis.
Although EMT is generally believed to be accompanied by increased cellular migration and/or invasion, a
complete epithelial-to-mesenchymal transition is rarely observed in human clinical tumors, even those
that metastasize [Christofori, 2006]. Related to this is another aspect of metastasis that has traditionally
been difficult to observe: the process of intravasation from the primary tumor. Certainly, the mechanical
aspects of intravasation, as well as the genes involved, need to be better defined, and this may someday
help explain why certain tumors are capability of disseminating only through the lymphatic route, while
others are endowed with the ability to intravasate into blood vessels. Indeed, we will focus further
attention on this question below and in Chapters 5 and 6 of this thesis. In addition, improved imaging of
the metastatic process may help address which of the numerous steps involved are rate-limiting. 1t might
also help determine whether metastasis occurs early or late during tumorigenesis, a question some have

attempted to answer using comparative genome hybridization techniques [Schmidt-Kittler et al., 2003].

Finally, the varied roles and interactions of the tumor microenvironment in determining metastatic
outcome need to be better defined. For instance, the immune system can act both positively and
negatively to affect tumor progression and metastasis; therefore, an important area of research involves
determining how this balance might be tilted in one direction versus another [Coussens and Werb, 2002].
Also currently unclear is the importance of stem or progenitor cells during tumorigenesis and metastasis,
and this will almost certainly become an area of extensive focus in the years to come.
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Prostate Cancer Metastasis

This is a thesis about how prostate cancer metastasizes, although it is possible, and perhaps even likely,
that some of our findings may be pertinent to other cancer types. The prostate is a non-essential organ;
thus, among the approximately 230,000 men who are diagnosed with prostate cancer every year®, many
choose to have the organ removed by prostatectomy. Nevertheless, nearly 30,000 patients die annually
from prostate cancer, making this malignancy the second leading cause of cancer-related deaths in men.
In nearly all cases, these deaths are a result of disseminated—and essentially incurable—metastatic
disease.

And so this thesis seeks to apply some of the principles of Fidler and Paget and Ewing to address both
the genetic and mechanistic determinants that affect prostate cancer progression and metastasis. The
subsequent chapters are structured in the following manner:

In Chapter 2, | will elaborate upon the animal models commonly used to study
prostate cancer in the laboratory. | will also describe the systems we used for
the majority of our experiments, including the process by which we derived
prostate cancer cells that differed in metastatic potential. Finally, 1 will discuss
the gene expression analyses performed on these tumors in our attempt to

identify gene candidates that affect the metastatic process.

In Chapter 3, | will provide an overview of the Protein 4.1 family of proteins, of
which one member—Protein 4.1B, or DAL-1—was significantly downregulated in
highly metastatic prostate tumors. This will be followed by a description of our
experimental results which validate 4.1B as a suppressor of the metastasis in two
different in vivo mouse models of prostate cancer.

in Chapter 4, | will provide an overview about SPARC, another candidate
metastasis suppressor which was identified in our screen. This will be followed
by a discussion about our attempts to test the role of this protein in spontaneous

mouse models of prostate and breast cancer.

In Chapter 5, | will briefly describe the factors which might be involved during
tumor cell intravasation. | will relate an observation we made in the course of our

studies, which suggested that hematogenous dissemination of tumor cells was

® Source: American Cancer Society, 2005.
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dependent upon lymphatic spread. This observation was the impetus for
experiments described in Chapter 6.

in Chapter 6, | will review the process of lymphangiogenesis, both under normal
and abnormal conditions. | will also describe our attempts to inhibit prostate
cancer lymphangiogenesis, a set of experiments that evolved into a mechanistic
study of how prostate tumors disseminate to lymph nodes. Finally, | will discuss
the unexpected results that came out these experiments and their implications.

In Chapter 7, | will summarize the work described in this thesis, the unanswered

questions that came out of these studies, as well as potential avenues of future

research that could be undertaken to answer them.
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CHAPTER 2.

DERIVATION AND ANALYSIS OF METASTATIC VARIANTS
OF THE HUMAN PROSTATE CANCER CELL LINE PC-3

The work in this chapter was conceived by Sunny Wong, Herbert Haack and Richard Hynes.
PC-3 cell lines were isolated from derivatives originally generated by Herbert Haack. Bioinformatics

analysis was assisted by Steve Shen and Charlie Whittaker. The contents of this chapter were written by
Sunny Wong, with editing by Richard Hynes.
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INTRODUCTION

Mouse Models of Prostate Cancer

The major deterrent for studying metastasis stems from difficulties in observing and modeling the process
in an experimentally tractable system. Without a doubt, the question of how tumors metastasize remains
an amazingly challenging problem: the process is ephemeral, prone to stochasticity, difficult to observe
directly, and immensely complex, both in terms of the complicated networks of genes involved, as well as
the cellular interactions needed for metastasis to occur. While mouse models can approximate many of
the steps of metastasis, even now, they provide a relatively low resolution view of what is actually taking
place. Perhaps the best way to begin approaching this complex problem is to focus on specific genes or
steps involved in the process. In this regard, the choice of a suitable model system to utilize is especially
key.

Prostate cancer (CaP) is a disease of old age, and as such, mice do not ordinarily develop CaP, as they
are more likely to succumb to other cancers or malignancies earlier in life[Shappell et al., 2004]. The
sorts of experimental manipulations that do produce prostate cancer in mice generally fall into two
categories: prostate cells (often transformed) can be introduced, or xenografted, from an outside source;
or the animal itseif can be genetically manipulated either through deletion or mis-expression of a gene (or
genes) to develop prostate cancer spontaneously. Both types of manipulations have their advantages
and disadvantages. While xenograft models provide the experimenter with systems that can readily be
manipulated and are often less prone to variability, they are also, by their very nature, highly artificial
methods for studying CaP. Spontaneous models, on the other hand, can offer more realistic views of
prostate cancer, yet this realism comes at an experimental price: they are not easily manipulated, the
tumors take longer to progress, and the variability inherent in these systems is often quite high. An ideal
approach, therefore, might involve initially testing hypotheses using the first model, then validating
findings in the second. Of course, the ultimate goal is to determine whether the findings that come out of
these studies are relevant to the human situation and whether they bear even some degree of universal
truth—a lofty standard, no doubt, but nonetheless, a critical one.

Xenograft Transplantation Models of Prostate Cancer

Xenograft models have traditionally involved injecting established cancer cell lines into immunodeficient
mice. Three of the most frequently used human prostate adenocarcinoma cell lines were all derived in
the late 1970s, and include PC-3 and DU-145 cells, which are both androgen-independent; and LNCaP
cells, which are androgen-dependent[Horoszewicz et al., 1980; Kaighn et al., 1979; Mickey et al., 1977].
All three were derived from metastases that had arisen, respectively, in the lumbar vertebra, the brain and
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in the left supraclavicular lymph node of human clinical patients. When injected subcutaneously
underneath the skin, these cells have all been reported to form tumors, but in most cases, metastasis is
rare or infrequent[Horoszewicz et al., 1980; Mickey et al., 1977; Stephenson et al., 1992]. Although
intravenous injection of tumor cells into the bloodstream can often yield systemic metastases, such an
approach is useful only for modeling the later stages of the process, subsequent to intravasation of cells
into the bloodstream. In addition, while metastases in the lungs and liver often arise from intravenous
injection of tumor cells, other physiologically relevant sites such as lymph nodes are rarely invaded.

A better model for tumor progression involves injecting cancer cells not underneath the skin, but rather,
directly into the anatomical site most akin to the tissue of origin of these cells—in this case, into the
mouse prostate. Such an approach, known as an orthotopic injection, has been reported to yield
aggressive primary tumors for both PC-3 and LNCaP cells that frequently metastasize to the draining
para-aortic/lumbar lymph nodes and, in the case of PC-3 cells, to lungs[Pettaway et al., 1996; Rembrink
et al., 1997; Stephenson et al., 1992]. Although it remains unclear why prostate tumors metastasize more
efficiently when introduced into the orthotopic, rather than subcutaneous, site, part of the explanation may
have to do with prostate-specific stromal factors that evoke the invasive phenotype. Indeed, many recent
studies have focused attention on the role of the tumor microenvironment in promoting cancer
progression, as described in Chapter 1. In addition, experiments showing that stromal cells can promote
tumorigenesis and metastasis when co-injected with malignant cells are in concordance with the
hypothesis that the prostate microenvironment is a crucial regulator of tumor aggressiveness[Cunha et
al., 2003].

However, even injecting tumor cells into the prostate presents certain problems and limitations. Because
the cells are in fluid suspension when introduced as a single bolus injection, there is an absence of cell-
cell contacts and supporting tissue architecture[Wang et al., 1999]. As a result, an element of artificiality
is introduced. In addition, such an approach fails to reproduce the earliest step in metastasis—that is, the
de-adhesion of invading cells away from the bulk of the primary tumor. Injecting tumor cells into the
prostate, or any organ, for that matter, may also have other unforeseen consequences. In experiments
where the dispersal of luciferase-expressing PC-3 cells was tracked following intramuscular injection,
cells were found not long afterwards in numerous sites, including the femur, lungs and liver[Rubio et al.,
2000]. This was likely not attributable to metastasis, at least as one normally envisions the process, but
rather, to the leakage of cells away from the primary site of injection. Clearly, better systems are needed
to model more precisely the many steps of the metastatic cascade.

To begin to address some of these concerns, An et al., in 1998 described a method for grafting solid PC-

3-derived tumors into the prostate[An et al., 1998]. Termed “surgical orthotopic implantation” (SOI), this
technique involves transplanting solid fragments of tumor material harvested from subcutaneous tumors
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into the ventral or dorsal lobes of the prostate. The resulting primary tumors were reported to display an
enhanced propensity to metastasize to the lymph nodes and lungs, in some cases even beyond the
capacity previously observed for orthotopic injection[An et al., 1998; Hoffman, 1999]. When green
fluorescent protein-labeled PC-3 cells were implanted by SOI, micrometastases were also observed in
visceral organs such as the liver and kidneys, as well as in various parts of the mouse skeleton, including
the skull, ribs, pelvis, femur and tibia[Yang et al., 1999]. The presence of skeletal metastases was an
especially important observation, given that CaP frequently metastasizes to bone in human patients, but
rarely does so in animal models, as will be discussed later. SOI has also been touted as a technique that
circumvents problems previously seen when tumor cells are artificially dispersed following injection, and,
in addition, provides a three-dimensional microenvironment where the metastatic potential of a tumor can
be realized, and where all the relevant steps in this process can be recreated[Hoffman, 1998]. Therefore,

SOI may provide the most accurate xenograft model of human prostate cancer in the mouse.
Spontaneous Mouse Models of Prostate Cancer

In spite of the many advantages offered by xenotransplant models, these are also, by their very nature,
highly artificial systems. Spontaneous tumor models of CaP likely provide more realistic approximations
of prostate cancer progression in the mouse, and, ideally, the genes most commonly deregulated in
human CaP would also yield tumors when mis-expressed in mice. In human prostate cancer,
abnormalities in chromosome region 8p12-8p22 are found in 80% of cases, while disruptions in region
10q are also associated with 50-80% of malignancies[Abate-Shen and Shen, 2000]. The homeobox
transcription factor Nkx3.1 is important for prostate development and maps to the region on 8p, while the
lipid phosphatase PTEN is found at 10g. Indeed, mice heterozygous for either Nkx3.1 or PTEN develop
prostate intraepithelial neoplasia (PIN), although the lesions are relatively mild and non-invasive, and the
time to onset is long—typically, > 12 months, with some variation depending on genetic
background[Bhatia-Gaur et al., 1999; Kwabi-Addo et al., 2001]. PTEN"" mice that also lack the tumors
suppressors p27, Nkx3.1 or Ink4a/Arf generally displayed enhanced progression of carcinogenesis,
higher grade lesions and reduced survival, relative to mice mutant for any single one of these genes[Park
et al., 2002]. However, progression to metastatic disease was not observed[Wang et al., 2003].
Subsequent studies involving Cre-mediated homozygous deletion of PTEN in the mouse prostate have
reported the development of androgen-dependent adenocarcinomas by 9 weeks of age[Wang et al.,
2003]. These tumors possessed upregulated Akt activity, and metastasized to the lymph nodes and lung

by 12 weeks of age, but again, bone metastases were not seen.
Transgenic overexpression of oncogenes specifically in the prostate has also yielded prostate tumors. As

upregulation of insulin growth factor (IGF) and of the Akt pathway are often observed in CaP, it is not
surprising that overexpression of either IGF-1 or myristoylated Akt resulted in prostate
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carcinogenesis[DiGiovanni et al., 2000; Majumder et al., 2003]. In the case of Akt transgenic mice, PIN
was observed in the ventral prostates and was later shown to depend, at least in part, upon activation of
S6 kinase, a component of the TOR pathway[Majumder et al., 2004]. These lesions, however, never
progressed to invasive carcinomas even after 78 weeks of age[Majumder et al., 2003]. In the case of
IGF-1 transgenic mice, PIN and focal areas of adenocarcinoma were seen in both the dorsal and ventral
prostate lobes of mice at 6 months of age, and this was associated with upregulated activity of PI-3
kinase, an upstream activator of Akt[DiGiovanni et al., 2000]. However, as before, there was also no

evidence of metastatic spread.
The TRAMP Prostate Cancer Model

Although there has been recent emphasis on developing tumor models that recapitulate, at least in part,
the genetic abnormalities most often deregulated in human cancers [Dyke and Jacks, 2002], perhaps the
most widely used spontaneous model of CaP involves transgenic overexpression of a gene that has
never caused prostate cancer in any human individual. First described by Greenberg et al., in 1995, the
Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model relies upon the prostate-specific, rat
probasin-promoter-driven expression of the Simian virus 40 (SV40) large T antigen[Greenberg et al.,
1995]. SV40 inhibits the tumor suppressors pRb and p531, and transgenic expression of this gene in
various organs, including the mouse mammary glands and pancreas, has reliably yielded tumors. In the
TRAMP model, mice develop multi-focal prostate hyperplasia beginning at 10 weeks of age, and these
foci progress to PIN and metastatic carcinomas after another 14-30 weeks [Gingrich et al., 1996]. The
tumors themselves begin as androgen-dependent lesions but can manifest hormone-independent
disease after androgen ablation therapy [Gingrich et al., 1997]. Although the precise time to onset varies
significantly with genetic background, with pure C57BL/6 TRAMP mice displaying the slowest rate of
spontaneous tumor progression and FVB/TRAMP mice exhibiting the fastest rate’, metastases to the
lymph nodes and lungs have been reported in older mice[Gingrich et al., 1997], and, at least in one case,
extensive spinal metastases were observed[Gingrich et al., 1996].

The TRAMP model has also been useful for studying the modifying effects of other genes that, when mis-
expressed on their own, either do not cause prostate cancer in the mouse, or lead to relatively mild
tumorigenic phenotypes. For instance, mice heterozygous for PTEN, when also bearing the TRAMP
transgene, displayed accelerated tumor progression relative to wild-type TRAMP mice[Kwabi-Addo et al.,
2001]. Similarly, overexpression of the apoptosis inhibitor Bcl2 in TRAMP prostates enhanced the onset
of carcinogenesis(Bruckheimer et al., 2000]. Hepsin, a transmembrane serine protease, is upregulated in

90% of prostate cancers, and, interestingly, probasin-promoter-driven overexpression of this gene in the

" Inhibition of these two tumor suppressors has been shown to be necessary but insufficient for transformation. Therefore,
other as-yet unknown factors are likely affected by expression of SV40 large T antigen.
? hitp://thegreenberglab.fhcre. org/protocols/TRAMPBreedingScheme. pdf
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prostate caused a weakening of the basement membranes that normally separate the epithelial and
stromal layers[Dhanasekaran et al., 2001; Klezovitch et al., 2004]. Laminin and collagen staining
appeared disorganized and fragmentary, but these mice did not develop prostate cancer. However, when
hepsin overexpression was combined with a mouse model similar to TRAMP (LPB-Tag, which does not
metastasize), doubly transgenic animals developed macrometastases to the lung and liver]Klezovitch et
al., 2004]. Furthermore, at least 24% of 21 week old animals bore metastases to the bone.

Absence of Bone Metastasis in Mouse Models of Prostate Cancer

While each of these systems clearly has its own unique advantages and disadvantages, a common
drawback of all these models, with perhaps the exception of Hepsin-Tag doubly transgenic mice, is the
relative absence of bone metastases. Even in the case of the Hepsin experiments, the remarkable
metastatic phenotypes observed were elicited only after significant overexpression of the transgene in the
mouse prostate, which normally does not express any detectable levels of Hepsin[Klezovitch et al., 2004].
In other models, microscopic deposits of tumor cells in the bone were reported only after exhaustive
approaches were taken to detect metastases or, otherwise, these were extremely rare events—certainly,
a far cry from what is typically seen in the clinic, where 90% of human CaP patients with hematogenous
spread have been reported to possess osseous invasion[Bubendorf et al., 2000]. The paucity of bone
metastasis seen in the mouse models remains a major hurdle in the field. The hepsin experiments, and
possibly others, have suggested that proper tumor-stromal interactions—both at the primary tumor and at
the site of invasion—may not be taking place to encourage the formation of skeletal metastases in mice.

This would be consistent with Paget's “seed and soil” hypothesis, as described in Chapter 1.

In contrast, others have speculated that anatomical differences in the plexus of veins that surround the
prostate and urogenital systems (Batson’s plexus) may account for the absence of bone metastases in
rodents[Resnick, 1992; Shiraid and Ito, 1992]. In humans, well-developed anastomoses between the
pelvic and vertebral vein systems may allow shunting of venous blood directly from the prostate to the
spine, and, therefore, tumor cells could potentially reach the bone without having to enter systemic
circulation. Indeed, radiolabelled tracers introduced into the human prostatic plexus of veins have been
observed to reach the lower lumbar spine without having to pass through the inferior vena cava[Shiraid
and lto, 1992]. In rodents, the venous communications between the pelvic and vertebral systems are not
as extensive. In addition, others have also hypothesized that high abdominal pressure in humans may
re-direct the flow of blood towards the vertebral plexus, whereas rodents display relatively reduced
abdominal pressure, owing to their non-erect posture[Shiraid and lto, 1992]. Compellingly, several
studies have shown that temporary occlusion of the inferior vena cava can re-direct the flow of abdominal
blood and of intravenously-injected tumor cells towards the vertebral column[Harada et al., 1992;
Nishijima et al., 1992; Shevrin et al., 1988]. Occluded animals frequently developed spinal lesions and, in
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some cases, hind limb paralysis, while non-occluded control animals bore lung metastases, but in no
cases was skeletal invasion observed. Bone tumors have also been reported when PC-3 or LNCaP cells
were introduced by direct intra-tibial injection into the bone[Corey et al., 2002]. These resuits, therefore,
seem to lend support to hypotheses first put forth by James Ewing, who proposed in the 1920s that
patterns of blood flow, rather than “seed and soil,” were the major determinants of organ-specific
metastasis. Likely, both his and Paget's hypotheses are valid and are certainly not mutually exclusive, as
distinct processes are likely to influence the patterns of metastasis at different temporal points of
progression.

Experimental Approach

Metastasis is unquestionably a complicated process, and, given the available systems for studying
prostate cancer progression in mice, we elected to begin our studies by focusing on the SOI xenograft
approach. The major advantage of using SOl—that it modeis the earliest steps of metastasis—made this
technique especially attractive, despite the fact that it is probably the most technically difficult of all the
methods described thus far for introducing tumor cells into the mouse. Using SOI, we decided to carry
out a screen to identify genes important for the metastatic process. This was similar to the screen
described previously by Clark et al., where metastatic variants of a melanoma cell line were derived and
analyzed by microarrays to identify potential metastasis genes3 [Clark et al., 2000]. We decided to focus
our studies on derivatives of the cell line PC-3, mostly because these cells grow well in culture and when
implanted in vivo. The rest of this chapter describes the derivation and initial characterization of these
cell lines, as well the gene expression analyses that were performed on them. In subsequent chapters,
we make use of these cells and the SOI technique to validate our gene candidates, as well as to study
how prostate cancer spreads via the lymphatics and bloodstream. In all cases, we have turned to the
TRAMP spontaneous tumor model to make additional observations in an attempt to test our findings from
the SOl model. Whenever possible, we have also tried to view our results and their implications in light of
what others have previously reported for human clinical prostate cancer. We believe that this
combination of approaches is especially important, given the complexity and heterogeneity of this
disease.

RESULTS
Establishment of an orthotopic xenograft mouse model of prostate cancer progression

As described earlier, tumor fragments derived from the human prostate adenocarcinoma cell line PC-3
can be introduced into immunodeficient mice using surgical orthotopic implantation (SOI) to generate a

® For additional details, please refer to Chapter 1.
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metastatic model of prostate cancer[An et al., 1998]. We began our studies by establishing this model in
our laboratory and by adapting this technique to obtain reproducible results. It was also important that, by
familiarizing ourselves with SOI, we could develop a set of expectations for this mouse model, both in
terms of its advantages as well as its limitations. Finally, to study metastasis, it was necessary to develop
methods for quantitating the spread of tumor cells. Some of these methods are described briefly below
and in more detail in the Materials and Methods section (Appendix A).

We found that, typically, subcutaneous tumors from which fragments are derived for SOI required about 3
weeks of growth in CD-1 nude immunodeficient mice before transplantation (Figure 1A). Once implanted,
mice began to appear moribund as a consequence of the primary tumor approximately 2 months
afterwards and did not usually survive beyond 100 days post-surgery. Although we initially implanted
tumors into both the mouse dorsal and ventral prostate lobes (Figure 1B), in later work, we implanted
exclusively into the dorsal prostate for convenience and consistency of technique. Both approaches
yielded palpable primary tumors that developed macroscopic lymph node metastases (Figures 1A and
2A). The para-aortic/lumbar lymph nodes were frequently invaded, as were the more distal renal lymph
nodes. injection of methylene blue into the prostate led to accumulation of the dye in the lumbar lymph
nodes, indicating that these nodes directly drained the prostate (Figure 2B). In rare instances,
metastases were also observed in the mediastinal lymph nodes and in the superficial inguinal lymph

nodes, though these sites were not routinely examined.

The SOl technique also yielded tumors that formed lung micrometastases (Figure 3), though in no cases
have we observed macrometastases in the lung, in other visceral organs, or in bone. By hematoxylin-
and-eosin staining, the micrometastases in the lung were readily distinguishable from the rest of the lung
parenchyma by their pleiomorphic nuclei, and were roughly classified according to the two-dimensional
size of the metastatic cluster (Figure 3A). Metastatic deposits were observed both within the parenchyma
and, in rare instances, within the lumens of blood vessels (Figure 3B). These metastatic cell clusters
appeared not to have extravasated, a phenomenon first described by Al-Mehdi et al., for fibrosarcomas
cells and, subsequently, by others for breast cancer [Al-Mehdi et al., 2000; Glinsky et al., 2003; Wong et
al.,, 2002]. In at least one case, we observed a single row of tumor cells growing within a blood vessel,
which was also noted by Al-Mehdi et al. Though these lung micrometastases were readily apparent, we
further confirmed the prostatic origin of these cells by staining sections for the prostate-specific cell
surface antigen STEAP (Figure 3B)[Hubert et al., 1999].

We found that we could recover viable tumor cells that had been circulating in hematogenous biood from
animals implanted by SOI. This was accomplished by drawing whole blood from the right ventricles of
tumor-bearing mice shortly after sacrifice, and cell number was quantitated by performing a colony

formation assay on cultured blood (Figure 8A). We had also attempted other techniques to identify and
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count rare tumor cells in circulation, including those based on flow-cytometry and human-specific
quantitative Alu PCR, but both of these methods were difficult to carry out, had problems with high
background, were plagued by poor and/or inconsistent detection of positive control test samples, and,
importantly, did not differentiate between viable and non-viable tumor cells. Therefore, we used the
colony formation assay to quantitate tumor cells in the biood, and initial control studies indicated that as
few as ~5 tumor cells spiked into 100 ul of blood could be recovered, and that the plating efficiency of our
different PC-3 cell lines was roughly equivalent (data not shown).

Finally, we found that we could recover, culture and expand tumor cells that had been previously
implanted by SOl into mice. These were derived from the primary tumors, or from lymph node or lung
metastases. Although, in most cases, these cells appeared morphologically similar to the starting PC-3
parental cell population, we confirmed the human origin of these cells by positive staining for a human-
specific Class | MHC molecule (Figure 4A) and by negative staining for a mouse-specific MHC molecule
marker (H-2K(b)/H-2D(b)) (Figure 4A). The human-specific antibody could also be used to identify
individual tumor cells that had metastasized to lymph nodes (Figure 4B).

Overall, these preliminary studies were useful for establishing the SOI technique for prostate cancer in
our laboratory, for determining how best to obtain reproducible results from this system, and for
developing methods to quantitate the degree of metastatic spread both via the lymphatic and
hematogenous routes. This is perhaps the greatest advantage of SOI for modeling how prostate cancer
spreads—the multiple points of assay possible in a system that can also be readily manipulated to assess
how perturbations in specific genes might affect different steps of the metastatic process. We make use
of these assays, as well as others, in the following sections and chapters of this thesis to elucidate some

of the genetic and mechanistic underpinnings of prostate cancer progression.
Derivation of the “core” PC-3 metastatic variant cell lines

Although numerous metastatic variants have been derived by us and others from PC-3 parental
cells[Pettaway et al., 1996; Stephenson et al., 1992], the core cell lines used for the bulk of these studies
included pMicro-1, pMicro2-#78 (also known as #78) and pMicro2-#82 (also known as #82)(Figure 5A).
Derivation of these cells was initiated by Dr. Herbert Haack, a former postdoctoral researcher in the lab.
PC-3 parental cells from American Type Culture Collection (ATCC) were injected subcutaneously into
Balb/c nude immunodeficient mice on April 13, 2001. The subcutaneous tumors were harvested on June
1, 2001, and subsequently implanted by SOI into the ventral prostates of C57BL/6 nude immunodeficient
mice. One of these mice (designated 6-1B or mouse 11V) developed a 300 mg tumor with lymph node
macro-metastases when sacrificed on August 14, 2001, and single cells were dissociated from the lungs
and put into culture. The cells that grew out of this culture were originally named 8-14A lung, and later,
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pMicro-1, to indicate that they had been derived from micrometastases in the lung. pMicro-1 cells were
then injected subcutaneously on November 1, 2001, into CD-1 nude immunodeficient mice, and tumor
material was implanted into the dorsal or ventral prostates of CD-1 nude mice on December 13, 2001.
From these implanted mice, mouse #78D (12-13D) was sacrificed on March 16, 2002, and mouse #82V
{12-13H) was sacrificed on March 18, 2002. Each of these mice had developed bulky primary tumors
with lymph node macro-metastases, and their lungs were placed into culture to isolate metastatic cells.
The cells that grew out of the lungs of mouse #78D were named #78 cells; those that grew out to the
lungs of mouse #82V were called #82 cells. Therefore, both #78 and #82 cells were derived from tumor
cells present in the lung at the time of sacrifice, though no macroscopic lung metastases have yet to be
observed from this orthotopic metastasis model.

Initial characterization of the “core” PC-3 metastatic variant cell lines

The core cell lines used in our studies—pMicro-1, #78 and #82—appeared morphologically
indistinguishable in vitro. In all three cases, the cells attached slowly, but firmly, to tissue culture plates
and did not spread well, often displaying phase enhancement at the cell borders under light microscopy.
The three cell lines exhibited similar rates of growth compared to each other and to parental PC-3 cells
under normal growth conditions in vitro (Figure 5B). When tested for migratory and invasive behavior
towards serum, the cell lines also did not differ (data not shown). However, when injected as
subcutaneous tumors into CD-1 nude immunodeficient mice, all three of the core cell lines formed
significantly larger tumors than PC-3 parental cells that had either been injected into CD-1 or Balb/c
immunodeficient mice (Figure 5C).

The overall gross genomic content of these cells was assessed by propidium iodide (Pl) staining and flow
cytometry. PC-3 parental cells, like most cancer cell lines, are aneuploid, and by PI staining, two major
populations were identified that differed in overall genomic content by roughly a factor of two (Figure 6A,
top graph, red peaks). Interestingly, the core selected cell lines possessed approximately identical
genomic contents among themselves, but their ploidy levels fell between the two major populations
identified within PC-3 parental cells. Comparisons made with other cell types indicated that, as expected,
normal mouse lymphocyte cells displayed a low genomic content (Figure 6A, bottom graph, blue peaks),
while an additional PC-3 “lymph node” line (pMacro), which was derived from a mediastinal lymph node
macro-metastasis, possessed a high genomic content that exceeded even the ploidy of the highest PC-3
parental population (Figure 6A, bottom graph, green peaks). As a control for flow cytometry, when the
PC-3 parental and #78 cells were pre-mixed prior to analysis, each of the peaks representing the two
different cell lines could still be distinguished (Figure 6B). Furthermore, fifteen individual cell clones were
isolated from the heterogeneous PC-3 parental cell population, and each of these was analyzed for
genomic content. Not surprisingly, in most cases, the ploidy of these clones overlapped with one of the
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two major peaks seen for the parental cells (data summarized in Figure 6C), though in some instances, a
mixture of more than one clone may have yielded additional peaks.

Characterization of the core PC-3 metastatic variant cell lines by surgical orthotopic implantation

Solid tumor material derived from subcutaneous tumors from each of the three core cell lines was grafted
into the dorsal prostates of CD-1 nude immunodeficient mice. After 2-3 months post-implantation, mice
were sacrificed when they appeared moribund, and blood, lungs, tumors and lymph nodes were
collected. Although the ages of the mice at the time of sacrifice differed slightly, the majority of lung
metastases and the most severely invaded lymph nodes tended to be observed in mice that were
analyzed 70-80 days after implantation (data not shown). In addition, a great majority of the para-
aortic/lumbar lymph nodes recovered after SOI displayed either macroscopic or microscopic tumor
metastases (see Chapter 6). Lymph nodes which were >30 mg in mass were designated as
“macroscopic metastases” because they were found, in all cases, to contain significant levels of tumor
invasion, as assessed by histology4 (see Chapter 6). In fact, those lymph nodes that exceeded >80 mg in
mass were, in nearly all instances, completely replaced by tumor material. Therefore, the mass of the
lymph nodes was a good measure of the degree by which tumors had metastasized via the lymphatic
route, while the number of lung metastases could be used to measure the extent of hematogenous
spread.

Quantitation of the masses of the draining para-aortic lumbar and renal lymph nodes revealed significant
differences between the #78 and #82 cell lines. While orthotopic tumors derived from both celi lines
yielded macroscopic para-aortic/lumbar lymph node metastases at about the same frequency (~70% of
tumors), the average mass of the lumbar lymph nodes for #82 tumors was about two-fold greater than
that of #78 tumors (176 mg. versus 90 mg., respectively; p = 0.038) (Figure 7A). When the masses of the
more distal renal lymph nodes were assessed, there was a three-fold difference: Renal nodes from #82
tumors had an average mass of 150 mg, whereas those from #78 tumors had an average mass of 54 mg
(Figure 7A). However, this difference approached, but did not exceed, statistical significance (p = 0.064)
because of increased scatter in the data.

In terms of quantitating hematogenous dissemination, #82 tumors, on average, yielded approximately
twelve-fold more lung metastases than did #78 tumors (on average, 71 micrometastases per animal
versus 6 micrometastases, respectively; p = 0.0071) (Figure 7B). There were no statistically significant
differences in terms of primary tumor size at the time of analysis (p = 0.66) (Figure 7B) or the number of
viable circulating tumor cells recovered from the blood of these animals (p = 0.67) (Figure 8A). As a
rough measure of the efficiency by which tumors formed micro-metastases in the lung, the total number

* By comparison, uninvaded lymph nodes typically do not exceed 10 mg in dry mass.
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of lung metastases for a given cell line was divided by the total number of circulating tumor cells in the
blood (from only those animals which had both measurements taken). In this regard, #82 cells formed
6.1 lung micrometastases for every tumor cell recovered from the blood, whereas #78 cells formed only
0.44 lung metastases for every tumor cell recovered—or roughly, a fourteen-fold difference (Figure 8B).
When the sizes of micrometastases in the lung were assessed, approximately 7% of those metastases
derived from #82 tumors were greater than 20-cell clusters (n = 78/1136 total lung metastases observed),
whereas 0% of metastases from #78 tumors exceeded that size (n = 0/112) (Figure 9A).

The data for the various assessments of metastasis are summarized in Figure 9B. Interestingly, the
immediate precursor of both these cell lines, pMicro-1, displayed an intermediate metastatic phenotype
between those of highly metastatic #82 cells and poorly metastatic #78 cells, but, in most cases, did not
differ significantly from either cell line in any of the parameters used to assess metastasis. This would
imply that pMicro-1 may have actually consisted of a metastatically heterogeneous population of cells,
from which the #78 and #82 cell populations were subsequently isolated through in vivo passage. Itis
also reasonable to believe that additional passaging of #78 or #82 cells in vivo might yield cell lines that
possess even more extreme metastatic characteristics.

Gene expression analysis of the core PC-3 metastatic variant cell lines

To identify genes that might be responsible for prostate cancer metastasis, we performed gene
expression analysis on our selected set of core PC-3 metastatic variant cell lines. We elected to profile
these cells, and not other variants of PC-3, for several reasons. First, the metastatic tendencies of the
core set of pMicro-1, #78 and #82 cells were well-characterized in our orthotopic system, and had yielded
significantly different invasive behaviors that could not merely be explained by differential growth of the
primary tumor. In addition, many of the other cell lines, including the parental PC-3 cells and others, did
not grow readily in mice, either as subcutaneous or orthotopic tumors. And importantly, our ploidy
analysis revealed that the overall genomic content of the core metastatic variant cells most resembled
one another, while exhibiting gross differences from those of other cells, such as PC-3 parentals.
Although the gene expression effects manifested from chromosome-wide duplications and deletions are
unclear, it is possible that hundreds, if not thousands, of genes irrelevant to the metastatic phenotype
might be mis-expressed among cell lines that differed at such a drastic genomic level. Therefore, these

were all justifications for our decision to focus on our three core cell lines.

We used RNA from three independent subcutaneous tumors derived from each cell line for gene
expression profiling. Subcutaneous tumors, rather than cells grown in vitro, were previously used to
profile melanoma cell lines that differed in metastatic potential, and may be less susceptible to random

fluctuations in gene expression than cells grown in tissue culture (personal communication, Dr. E. A.
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Clark). As expected, clustering analysis performed by dChip revealed that the gene expression profiles of
independent replicate tumor samples were more closely related to one another than to tumors derived
from other cell lines (Figure 10A). Among genes which were differentially expressed between highly
metastatic #82 and poorly metastatic #78 cells, there was a notable enrichment for those whose protein
products were classified by gene ontology to affect cell adhesion, matrix assembly and cytoskeletal
regulation (Figures 10B-C; for complete list, please see Appendix E). Some of these genes upregulated
in highly metastatic #82 cells included carcinoembryonic antigen-related cell adhesion molecule 5
(CAECAMS); thrombospondin-1; and cysteine-rich, angiogenic inducer 61 (CYR61). Genes
downregulated in highly metastatic cells included connexin 43; bone morphogenetic protein 2 (BMP2);
Rho GDla; and matrix metalloproteinase 1 (MMP1). Interesting, at least three members of the insulin
growth factor (IGF) signaling pathway (IGF binding protein-3 and -6; and IGF 1 receptor) were also
among the top genes upregulated in highly metastatic cells, as was the gene encoding interleukin 8, a
pro-angiogenic factor previously found to be overexpressed in breast cancer cells that preferentially
metastasized to bone[Kang et al., 2003].

However, we were particularly struck by two genes that came out of this analysis: erythrocyte membrane
protein band 4.1-like 3 (also known as 4.1B, or DAL-1; ID# NM_012307); and secreted protein, acidic,
cysteine-rich (also known as SPARC, osteonectin or BM-40; ID# NM_003118). Both these genes were
severely downregulated in highly metastatic #82 cells relative to #78, were represented at the “top” of our
list with multiple probe sets, and have previously been assigned cell biological functions that could affect
the metastatic phenotype[Framson and Sage, 2004; Sun et al., 2002]. Coincidentally, 4.1B had recently
been identified by a former M.1.T. post-doctoral researcher in our laboratory, Dr. Joseph McCarty, as a
novel interactor of integrin B8, and another former M.1.T. post-doctoral researcher in Dr. Tyler Jacks's
laboratory, Dr. Joseph Kissil, had generated 4.1B-deficient mice[McCarty et al., 2005; Yi et al., 2005].
Thus, not only was 4.1B the second most downregulated gene in our highly metastatic cells, but also
there was biological justification for its possible role in metastasis, as well as reagents readily available to
test that hypothesis. We took this fortuitous convergence of events as a good sign and proceeded to
characterize the role of 4.1B in prostate cancer progression and metastasis, as described in Chapter 3.
For many of the same reasons, we also examined whether SPARC, a matrix protein component, was
involved, and the results of that work are described in Chapter 4.

DISCUSSION

The results from this chapter lay the foundation for subsequent studies in this thesis in three ways: we
validated the SOI system as a reliable model for studying prostate cancer progression; we derived and
characterized three metastatic variant cell lines that were used for the majority of our studies; and we
performed gene expression analysis on these cells to identify candidates that might be causal for the
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different metastatic phenotypes. Therefore, we now have the techniques and approaches needed to
study metastasis; in the following chapters, we make use of these tools.

As expected, our experience with SOl has shown that this system is technically challenging and, in total,
requires between 3-4 months before results can be obtained. In spite of this, we found it highly
advantageous that SOI readily yields primary tumors in the prostate which often metastasize via the
lymphatic and hematogenous routes. The fact that we could also isolate and quantitate viable, circulating
tumor cells in the blood was another benefit, however, aside from lymph nodes, we have not yet detected
any macrometastases from this system. It is unclear exactly why this is the case, but a likely explanation
is that additional time is needed for these metastases to develop. Indeed, we have previously seen that
intravenous injection of PC-3 cells can yield macroscopic lung and even bone metastases after 3 months
(data not shown). Although animals implanted by SOI can often live up to 3 months, it is unclear when
the primary orthotopic tumor actually begins to metastasize during this period. As will be discussed in
Chapter 5, hematogenous dissemination of tumor cells was observed only after lymphatic spread;
consequently, entrance of tumor cells into the blood might occur quite late. In any case, we found the
SOl system to be a manageable model of CaP, and, because it recapitulates even the earliest steps of
metastasis, this system has allowed us to obtain some interesting and pertinent results, as will be

described in the subsequent chapters.

We derived the core cell lines used in our studies by repeated in vivo passaging using the SOl model.
pMicro-1 cells were descendent from PC-3 parental cells, and, in turn, gave rise to #78 and #82 cells. In
vivo characterization of these cells revealed that #82 celis were highly metastatic, that #78 cells were
relatively poorily metastatic, and that pMicro-1 cells displayed an intermediate metastatic phenotype
between these two. These results were slightly surprisingly, given that we had originally expected the
metastatic potential of these cells to increase with each round of in vivo passage; in other words, we had
initially expected #78 and #82 cells to be equally or more metastatic than their common predecessor,
pMicro-1. We speculate that pMicro-1 may be a mixed population of highly and poorly metastatic cells,
and, since we had derived both #78 and #82 by nondiscriminately culturing dissociated cells that were
present in the lung, #82 cells may have consisted of actual pulmonary micro-metastases, whereas #78
cells may have been derived from cells that had merely been circulating in the blood within the lungs at
the time of sacrifice. However, we had also realized that knowledge concerning the precise origins of
these cells was not critical for completing the goals of our later studies. What was essential was that we
had derived a set of related cell lines that differed significantly in metastatic potential, and that, as shown
from the ploidy experiments, these cells did not vary so drastically at the genomic level that pinpointing
the right gene(s) responsible for metastasis would be impossible.
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We therefore proceeded to examine these three cell lines by gene expression analysis. We derived RNA,
then eventually cDNA and cRNA, from three independent subcutaneous tumors for each of our three cell
lines. Although we had originally carried out gene expression profiling on the pMicro-1 cell line, it later
became unclear how this data could be useful for our studies, since the metastatic potential of pMicro-1
was neither relatively high nor low, and, in most cases, did not differ significantly between either #78 or
#82 cells. The expression of metastasis-related genes might therefore be reflective of this intermediate
phenotype in two ways: a gene (or genes) may also display an intermediate level of expression between
that of #78 and #82; or, if a network of genes was responsible for metastasis, the expression of some of
these genes might be identical to that of #78, while others might be identical to that of #82. If the latter

explanation were true, the net phenotype would still be an intermediate metastatic potential for pMicro-1.

Because we could not distinguish between these possibilities, we focused primarily on genes whose
expression levels differed significantly between the #78 and #82 cell lines. Our list of candidate genes
was enriched for those which encoded proteins believed to be involved with cell cytoskeleton, matrix and
adhesion. [n particular, 4.1B/DAL-1 and SPARC were both severely downregulated in highly metastatic
#82 cells relative to #78 cells, making them putative suppressors of metastasis. Although 4.1B/DAL-1
was originally identified as a potential tumor suppressor for lung adenocarcinomas and
meningiomas(Tran et al., 1999], the effect of this cytoskeletal protein on tumor metastasis has not yet
been reported. In contrast, the matrix component SPARC has been previously associated with a variety
of cell biological processes, including tumorigenesis and metastasis, but these findings have also often
been inconsistent or contradictory with results from other studies[Framson and Sage, 2004]. For these
and other reasons previously described, we chose to examine further the effects of both 4.1B and
SPARC on prostate cancer progression and metastasis. The results from this work will be described in
the following two chapters.

We were also intrigued by the observation that hematogenous dissemination of tumor cells following SOI
correlated with lymphatic invasion, as will be discussed in Chapter 5. This suggested that tumor cells
might be entering systemic circulation not by intravasating directly into venous capillaries but, rather, by
utilizing a circuitous route involving the lymphatic system. Although we were not successful in either
proving or disproving this hypothesis, we were able to gain some insights into how tumor cells entered
lymphatic circulation, particularly by identifying the types of vessels that were either dispensable or
indispensable for the process, as described in Chapter 6. As intravasation is one of the earliest steps in
metastasis, these studies have validated the use of surgical orthotopic implantation as a model where
even the most initial stages of tumor cell dissemination can be studied.
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Figure 1. Surgical orthotopic implantation (SOI) can be used to model prostate
cancer in mice. (A) A schematic of the SOI technique is shown (top), where solid
tumor pieces derived from subcutaneous tumors are implanted into the prostate
orthotopic site of CD-1 nude immunodeficient mice. The mouse dorsolateral prostate,
unimplanted (top left photo, arrow, photo courtesy of Dr. A. Donjacour) or mock-
implanted (bottom left photo, arrow) with a fluorescently-labeled tumor. After 2-3
months post-implantation, a mouse bearing a typical orthotopic tumor (white arrow) with
para-aortic lumbar lymph node metastases (green arrows) is shown (right photo). (B)
The mouse prostate consists of three pairs of lobes—ventral, lateral and dorsal—and is
located beneath the bladder and seminal vesicles.

45

Chapter 2



Chapter 2

Anterior

Site 2
Para-Renal
Lymph Nodes

Site 1

Para-Lumbar

Lymph Nodes
Lumbar Metastasis Renal Metastasis
(Site 1) (Site 2)

Posterior

Figure 2. The para-aortic/lumbar lymph nodes drain the prostate and are frequent
sites of metastasis. (A) An illustration is shown depicting the location of commonly
invaded lymph nodes relative to the prostate (left). Typical lumbar and renal iymph
node metastases are shown (right). (B) Dye tracking studies using Methylene Blue
injected into the prostate indicate that the organ is directly drained by the lumbar
lymph nodes. (K, kidney; LN, lymph node)
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Figure 3. Orthotopic prostate tumors develop lung micro-metastases. (A)
Micrometastases are visible by hematoxylin-and-eosin (H&E) staining and are
characterized by enlarged nuclei relative to the surrounding lung parenchyma.
Metastases consisting of at least 3 cells were counted and grouped by size into the
classifications shown. (B) Lung micro-metastases were sometimes seen growing within
blood vessel lumens without extravasating (top panels). Lung micro-metastases visible
by H&E (bottom left) can be confirmed by immunohistochemical staining for the
prostate-specific cell surface antigen STEAP (bottom right).
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Figure 4. The human origin of PC-3 cells passaged in vivo can be confirmed by
immunohistochemistry. (A) PC-3 parental cells, aswell asan example of a PC-3
variant cell line passaged in vivo (sMet*), both stain positively with an antibody against
a human-specific Class| MHC molecule (HLA-A/B/C) but not with an antibody against a
mouse-specific MHC molecule (H-2K(b)/H-2D(b)). The opposite istrue for mouse
fibroblast cells. (B) The human-specific HLA-A/B/C antibody identifies both human
cellsin the orthotopic primary tumor (left), aswell asisolated tumor cells that had
metastasized to the draining lymph nodes (right) in frozen sections.

(*The sMet cell line was derived by H.H. from an axillary lymph node metastasis from a PC-3 subcutaneous tumor.)
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Figure 5. The “core” PC-3 variant cell lines were derived by in vivo passaging of
tumor cells using surgical orthotopic implantation.
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(A) The PC-3 variant cell line

pMicro-1 was derived from PC-3 parental cells, while #78 and #82 cells were both

derived from pMicro-1. Additional details about cell line derivation are described in

the Materials and Methods (Appendix A), and Results sections. (B) The cell lines
displayed uniform growth ratesin vitro. (C) When injected as subcutaneous tumorsinto
CD-1 immunodeficient mice, the core PC-3 variant cells—pMicro-1, #78 and
#82—displayed indistinguishable rates of growth. PC-3 parental cells exhibited
markedly reduced rates of growth when injected into either CD-1 or Balb/c

immunodeficient mice.
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Figure 6. The genomic content of the “core” PC-3 variant cell lines resembled one
another’s but was distinct from other cell lines or cell types. (A) Flow cytometry-
based ploidy analysis revealed that the core PC-3 variant cell lines (‘pMicro-selected”)
possessed a similar genomic content, which was distinct from that of parental PC-3 cells
(top left). An overlay of the ploidy resultsindicates the relative genomic content of
various cell types (bottom left). (B) When PC-3 parental (PC-3P) cells and #78 cells
were intentionally pre-mixed prior to analysis, peaks representing the two cell lines
could be distinguished. (C) From the parental PC-3 cells, fifteen individual clones
were analyzed for genomic content and classified as having high or low ploidy. In
some cases, a mixture of both was detected.
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Figure 7. The core PC-3 variant cell lines exhibited differing metastatic abilities
after being implanted into the prostate. (A) The fixed masses of the para-
aortic/lumbar (left) and renal lymph nodes (right) for mice bearing orthotopic prostate
tumors are shown for the three core PC-3 variant cell lines: #78, pMicro-1 and #82.
{B) The number of lung micrometastases (left) and the fresh masses of the orthotopic
primary tumors (right) are shown for the three cell lines. (horizontal bars, mean; ***, p <
0.04)
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Figure 8. Circulating viable tumor cells in the blood can be detected and quantitated
in order to assess lung metastatic efficiency. (A) A typical colony formation assay is
used to quantitate tumor cells circulating in whole blood (left). The number of
circulating tumor celisin the blood of animals bearing orthotopic tumors derived from
the three core cell linesis shown (right). (horizontal bars, mean) (B) Shown isa table
summarizing the number of mice from which both lung metastasis and circulating
tumor cell data were collected (“N”), the total number of circulating tumor cells counted
from these mice (in 100 ul of blood), the accompanying total number of lung
metastases observed, and the efficiency of lung metastasis (expressed as the total
number lung metastases divided by the total number of circulating tumor cellsin the
blood). The relative efficiency was obtained by normalizing all results to that of PC-3M,
which was set to 1 (“Fold”).
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Figure 9. The core PC-3 variant cell lines exhibited differences in various
parameters for metastasis following implantation into the prostate. (A) Depicted is
the size distribution of lung metastasis clusters observed for the three core PC-3 variant
cell lines. (B) Shown isa table summarizing various parameters of tumor growth and
metastasis following orthotopic implantation of the three cell lines. All results were
normalized relative to those of #78 cells, which were set to 1.
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Figure 10. Candidate metastasis genes were identified by comparing the gene
expressions of subcutaneous tumors derived from the three core PC-3 variant cell
lines. (A) Unsupervised hierarchical clustering of the gene expression profiles of the
three cell lines. (B) The 38 genesthat differed by >2.5-fold expression between poorly
metastatic #78 tumors and highly metastatic #82 tumors are shown, as analyzed by D-
Chip (above the line, genes downregulated in highly metastatic cells; below the line,
genes upregulated in highly metastatic cells).
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Figure 10. Candidate metastasis genes were identified by comparing the gene
expressions of subcutaneous tumors derived from the three core PC-3 variant cell

lines (cont). (C) Shown isa list of notable genes whose expression levels were also
significantly changed, but to a lesser extent than those in (A) (above the line, genes
upregulated in highly metastatic cells, below the line, genes downregulated in highly

metastatic cells). For a complete list of differentially expressed genes, please see

Appendix E.
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CHAPTER 3.

PROTEIN 4.1B SUPPRESSES PROSTATE CANCER
PROGRESSION AND METASTASIS

The work in this chapter was conceived by Sunny Wong and Richard Hynes. Antibodies and
overexpression constructs for 4.1B and/or integrin f8 were generated by and/or obtained from Joseph
McCarty. 4.1B-deficient mice were generated by and obtained from Joseph Kissil. Bioinformatics
analysis was assisted by Steve Shen. The contents of this chapter were written by Sunny Wong, with
editing by Richard Hynes.
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INTRODUCTION
The Protein 4.1 Superfamily of Proteins

Protein 4.1B is a member of the Protein 4.1 superfamily of proteins, which is characterized by the
presence of a conserved N-terminal 4.1/ezrin/radixin/moesin (FERM) domain. These proteins serve to
connect transmembrane glycoproteins such as CD44 to the actin cytoskeleton, and have been shown to
affect numerous cellular processes, including polarization, migration and proliferation, among other
functions[Bretscher et al., 2002]. Based on sequence homology, the Protein 4.1 superfamily of proteins
can be further divided into five subgroups: Protein 4.1 molecules, ERM proteins, talin-related molecules,
protein tyrosine phosphatase (PTPH) proteins, and novel band 4.1-like 4 (NBL4)(Figure 1A)[Sun et al.,
2002]. Given their roles in numerous cellular processes, it is not surprising that several members of these
subgroups have also been implicated in tumor progression. In particular, the ERM-like protein merlin (the
product of the NF2 gene) is a critical suppressor of meningiomas and schwannomas[Gutmann et al.,
1997], while another ERM protein, ezrin, has recently been shown to enhance metastasis of bone and
soft tissue sarcomas[Khanna et al., 2004; Yu et al., 2004a). Roles for protein 4.1 subgroup members in
tumorigenesis, however, are less clear, though 4.1B is believed to be a tumor suppressor that is
commonly lost in a variety of cancers, as will be discussed later.

in total, the Protein 4.1 superfamily of proteins consists of greater than 40 members in mammals, and
related proteins are also present in Drosophila and C. elegans, though the FERM domain is found only in
multi-cellular organisms[Polesello and Payre, 2004]. Most of the mechanistic and structural studies that
have been performed have focused on the ERM subgroup of proteins, which consists of three members:
ezrin, radixin and moesin’. Each of these proteins possesses a FERM domain, a central coiled-coil a-
helical domain, and a C-terminal actin-binding domain (C-ERMAD)[Sun et al., 2002]. Since the FERM
domains of ERM and Protein 4.1 proteins display high degrees of sequence homology, many of the
properties exhibited by ERM FERM domains are predicted to be similar to those of Protein 4.1 FERM
domains, though, in most cases, these predictions await experimental validation. However, it is important
to note that, aside from their FERM domains, Protein 4.1 and ERM proteins are actually quite
divergent[Sun et al., 2002]. Therefore, while these molecules may exhibit some common features due to
their homologous FERM domains, such as localization and interaction partners, they are also likely to
possess different functions within the cell.

' Merlin is related to the ERM proteins and is often also considered a member of this subgroup, although it lacks a C-
terminal actin-binding domain. Merlin activity is also regulated differently than the ERM proteins, as will be discussed in
the subsequent sections.
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Functional Regulation of ERM/4.1 Proteins?

Crystallographic studies on the FERM domain of moesin have revealed a clover-leaf structure consisting
of three subdomains: F1, F2 and F3[Edwards and Keep, 2001]. While F1 is structurally similar to
ubiquitin, F2 bears homology with acyl-CoA-binding proteins. At the sequence level, F3 exhibits
homology with phosphotyrosine binding (PTB), pleckstrin homology (PH) and Enabled/VASP homology |
(EVH1) domains. At least in the case of ERM proteins, these three subdomains appear critical for
mediating both intra- and inter-molecular interactions. In the first scenario, the N-terminal FERM domain
can fold upon itself and bind the C-terminal end of the same protein, thereby adopting a “closed”’
conformation that conceals binding sites for F-actin and other proteins including CD44, ICAM-1/2, ERM-
binding phosphoprotein 50 (EBP50) and Rho-GDI (Figure 1B) [Bretscher et al., 2002]. In the second
scenario, the FERM domain of any ERM protein is capable of interacting with the C-terminus of any other
ERM protein, and this extended, “open” conformation thus exposes all the binding sites previously
concealed. Conversion from the closed to open conformation can be induced by Rho kinase-mediated
phosphorylation of a C-terminal threonine residue, or by binding of lipid phosphatidylinosital (4,5)-
bisphosphate (PIP2) to the FERM domain[Yonemura et al., 2002]. In many cases, induction of the open
conformation activates ERM proteins and re-localizes them from the cytoplasm to cortical actin
protrusions at the plasma membrane.

As one might expect, overexpression of truncated ERM proteins can act as dominant active or dominant
negative mutants. Introduction of the C-terminal half of ezrin or radixin into cells induces abnormally long
membrane protrusions, presumably by locking endogenous ERM proteins into an extended, open
conformation and exposing actin-binding sites[Henry et al., 1995]. Conversely, overexpression of the N-
terminus of ezrin[Crepaldi et al., 1997] or introduction of antisense oligonucleotides targeted against ERM

proteins can inhibit microvilli formation and reduce adhesion of cultured cells[Takeuchi et al., 1994].

As mentioned previously, the Rho pathway is critical for inducing the open (active) conformation of the
ERM proteins and, interestingly, may act in a positive feedback loop. Lysophosphatidic acid (LPA)
treatment of cells can activate Rho proteins, which leads to downstream induction of Rho kinase. Rho
kinase, in turn, phosphorylates ERM proteins, which weakens the intramolecular interactions between the
FERM and C-ERMAD domains[Matsui et al., 1998; Shaw et al., 1998]. This allows the protein to adopt
an active conformation that exposes binding sites for Rho-GDlI, an inhibitor of Rho-GTP[Takahashi et al.,
1997]. The net effect is that active ERM proteins compete Rho-GD! away from their substrates, thus
allowing prolonged activity of Rho-GTPases. As predicted from this model, overexpression of Rho-
GTPases has been shown to activate ERM proteins and to cause their redistribution to the plasma
membrane, while inhibition of Rho activity with C3-ADP-ribosyltransferase (C3) can block LPA-induced

% Merlin regulation differs in some respects and is discussed in more detail in the next section.
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ERM protein activation[Yonemura et al., 2002]. In addition, expression of the radixin FERM domain is
sufficient to activate Rho. Thus, ERM proteins act both upstream and downstream of Rho-
GTPases[Matsui et al., 1998].

ERM self-folding can also be disrupted through binding of lipids such as PIP2 to their FERM domains.
This Rho-independent mechanism of activation was hypothesized when in vitro studies suggested that
PIP2 could activate recombinant ERM proteins[Anderson and Marchesi, 1985] and cause binding to
purified CD44 in the absence of phosphorylationfHirao et al., 1996). In addition, unphosphorylated ERM
proteins were observed to localize to the microvilli of A431 skin epithelial carcinoma cells following
induction by EGF, even in the presence of the kinase inhibitor staurosporine[Yonemura et al., 2002]. A
mutant form of ezrin containing an alanine substitution in place of threonine at the C-terminal
phosphorylation site was also observed to localize to the plasma membrane after EGF induction. Indeed,
titration of PIP2 by micro-injecting cells with the antibiotic neomycin—which binds polyphosphoinositides,
particularly PIP2, with high affinity—re-localized ERMs from the plasma membrane to the cytoplasm and
caused break-down of microvilli{Yonemura et al., 2002]. Finally, crystal-structure analysis of the radixin
FERM domain in complex with inositol-(1,4,5)-triphosphate (IP3) has allowed direct observation of lipid
binding[Hamada et al., 2000]. Thus, these studies have shown that both lipids and phosphorylation can
activate ERM proteins by affecting their conformation.

Merlin: A Potent Tumor Suppressor

Merlin is perhaps the most well-studied member of the Protein 4.1 superfamily, although even now, there
is a great deal that remains unknown about this important protein. Merlin is a tumor suppressor and the
product of the NF2 gene, which is named after the human disorder that arises—neurofibromatosis type
2—when merlin is absent or non-functional. Patients suffering from neurofibromatosis type 2 are
predisposed to muitiple tumors of the central nervous system, including schwannomas, meningiomas and
ependymomas[Gutmann et al., 1997]. The disorder is dominantly inherited, loss of heterozygosity of NF2
is frequent, and the tumor suppressive role of merlin is evident in that mice heterozygous for this protein
develop metastatic osteosarcomas and lymphomas[McClatchey et al., 1998]. Like other ERM proteins,
merlin possesses an N-terminal FERM domain that forms intramolecular interactions with its own C-
terminal domain—this is the active, tumor suppressive form that localizes to adherens junctions in
confluent fibroblasts[Lallemand et al., 2003; Sherman et al., 1997; Sun et al., 2002]. While loss of merlin
does not appear to affect proliferation directly, mutant cells seem incapable of sensing normal contact
growth inhibition and exhibit diffuse localization of adherens junction components like 3-
catenin[Lallemand et al., 2003]. In support of its role as a tumor suppressor, overexpression of merlin
can induce cellular apoptosis[Lutchman and Rouleau, 1995; Sherman et al., 1997], while expression of
various truncated forms of merlin (FERM domain only, or full length protein minus the FERM domain) can
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act as dominant negatives against the endogenous protein. These dominant negatives, as expected,
have been found to induce Schwann cell hyperplasia in vivo[Giovannini et al., 1999), and to confer
anchorage-independent growth and insensitivity to contact inhibition in NIH-3T3 cells in vifro [Johnson et
al., 2002].

As in the case of ERM proteins, merlin activity is conformation-dependent. Under conditions of high cell
density, growth factor withdrawal and/or attachment to extracellular matrix, merlin is normally
hypophosphorylated, folded up and inhibitory of cell growth[Lallemand et al., 2003; Morrison et al., 2001].
Although the exact mechanism by which merlin suppresses proliferation remains unclear, interaction with
the receptor CD44 appears critical, and the hypophosphorylated, active form of merlin has also been
shown to inhibit the Rac1 pathway[Kissil et al., 2003; Morrison et al., 2001]. Under growth permissive
conditions, merlin is phosphorylated, possibly by Rho kinase or by p21-activated kinase (Pak-1), which
opens up and inactivates the molecule[Kissil et al., 2002; Matsui et al., 1998]. In its extended
conformation, merlin can interact with CD44 directly via its FERM domain or indirectly through head-to-tail
associations with ERM proteins, particular ezrin[Morrison et al., 2001; Sun et al., 2002]. In addition, the
open and inactive conformation of merlin exposes binding sites for actin and for other proteins, including
Bll spectrin and paxillin. Therefore, the sum of these interactions might provide not only a link between
CD44 and the cytoskeleton to promote cell adhesion and polarity, but also a way to keep merlin in its
inactive (and non-growth inhibiting) state.

Given the ample genetic evidence implicating merlin as a potent tumor suppressor, it is reasonable to
expect that related proteins might also affect the cancer progression pathway. Indeed, ezrin has been
reported to be necessary for Rho kinase/ROCK-mediated transformation of fibroblasts[Martin et al.,
2002], and recent studies have shown that ezrin is also a critical and positive regulator of osteosarcoma
and rhabdomyosarcoma metastasis[Khanna et al., 2004; Yu et al., 2004a]. Among the Protein 4.1
subgroup of proteins, relatively less is known about the normal functions of its members, which are
characterized by an N-terminal FERM domain, a central spectrin-actin binding domain (SABD), and a C-
terminal domain (CTD), as well as three unique domains (U1-U3). However, among this subgroup of
proteins—which currently consists of 4.1R, 4.1G, 4.1N and 4.1B—and based on a growing number of
studies, 4.1B has emerged as a leading tumor suppressor candidate in a variety of cell types.

Protein 4.1/DAL-1: A Putative Tumor Suppressor?
4.1B was first identified using differential display RT-PCR as a gene whose expression was reduced in
human non-small cell lung carcinomas (NSCLC)[Tran et al., 1999]. The protein which was first cloned,

unexpectedly, turned out to be a truncated version of 4.1B—this was originally named Deleted in
Adenocarcinoma of the Lung-1, or DAL-1. Translation of DAL-1 initiates at Methionine 110, relative to
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full-length 4.1B, and, consequently, this proteins lacks the 4.1B N-terminal U1 domain and the entire
CTD{Gutmann et al., 2001]. DAL-1 also has internal deletions in portions of the U2 and U3 subdomains,
and, interestingly, possesses a short stretch of unique amino acids in its FERM domain (Figure 1C-D). In
a limited number of studies so far, no differences in function have been discerned between 4.1B and
DAL-1; thus, the two are, at present, regarded interchangeably in the literature.

In terms of results obtained from human clinical studies, there is good reason to believe that 4.1B/DAL-1
could function as a tumor suppressor. The gene is located at chromosome position 18p11.3, a region
that is lost in 38% of lung, brain and breast tumors[Tran et al., 1998]. 4.1B expression has also been
reported to be downregulated in up to 70% of meningiomas and in up to 55% of breast cancers, while 18p
is a frequent site of loss-of-heterozygosity in a variety of cancers[Charboneau et al., 2002; Gutmann et
al., 2000; Gutmann et al., 2001; Kittiniyom et al., 2001]. 4.1B is also widely expressed, particularly in the
brain, lungs and intestine, and has been observed to be downregulated in a spontaneous mouse model of
colorectal cancer, as well as during the transition from adenoma to carcinoma in a spontaneous model of
pancreatic cancer[Ohno et al., 2004; Terada et al., 2005]. Finally, 4.1B expression has been reported to
be absent from several breast and lung cancer cell lines[Tran et al., 1999].

Protein 4.1B/DAL-1: In vitro Studies

Several studies have shown that experimental overexpression of 4.1B can suppress growth and, in some
cases, induce apoptosis in human breast cancer, non-small cell lung cancer and meningioma
cells[Charboneau et al., 2002; Jiang and Newsham, 2006; Robb et al., 2005]. Although the mechanism
by which 4.1B induces apoptosis remains unclear, one report has recently observed that overexpression
of 4.1B increases caspase-8 activity in MCF-7 cells, and that inhibitors of caspase-8 can block 4.1B-
mediated apoptosis[Jiang and Newsham, 2006]. Others have reported that overexpression of 4.1B
induces Rac1-dependent JNK signaling, which leads to growth suppression of meningioma cells[Gerber
etal., 2006]. Truncation studies have also suggested that the U2 region of 4.1B contains the minimal
growth suppressive domain when tethered to the membrane by FERM domain-mediated protein-protein
interactions[Robb et al., 2005]. However, the growth inhibitory effects of 4.1B are not universal and may
be cell-type-specific. For instance, overexpression of 4.1B inhibits the growth of some subclones of MCF-
7 breast cancer cells, but not others, and 4.1B has been reported not to affect the growth of
schwannomas[Charboneau et al., 2002; Gutmann et al., 2001].

Conceivably, expression or activity of known interactors of 4.1B—including CD44, the tumor suppressor
TSCL1, other 4.1 proteins, merlin and potentially ERM proteins—could modulate its activity (Figure 1B)
[Sun et al., 2002]. In most cases, binding likely occurs through the FERM domain, though recent work
from our lab has also shown that the C-terminal domain of 4.1B can interact with another potential tumor
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suppressor, integrin f8 [McCarty et al., 2005a). In most cases, the functional significance of these
interactions is unknown. One exception is that 4.1B binding to the core domain of protein arginine N-
methyltransferase 3 (PRMT3) has been reported to inhibit the ability of PRMT3 to methylate substrates in
vitro [Singh et al., 2004). Whether PRMT3 activity is important for 4.1B-mediated suppression of
tumorigenesis remains unclear. Finally, it is worth noting that, in contrast to other members of the ERM
and Protein 4.1 sub-families, 4.1B does not bind actinjGutmann et al., 2001].

In terms of sub-cellular localization, 4.1B has been observed both in the cytoplasm and at the plasma
membrane, either in a non-specific “honeycomb” pattern or enriched at points of cell-cell
contact[Charboneau et al., 2002; Gutmann et al., 2001; Tran et al., 1999]. Localization of 4.1B, therefore,
likely varies among different cell types, and may also be influenced by components of the surrounding
extracellular matrix. For example, 4.1B was reported to co-localize with integrin f8 only when the cells
were plated on the B8 ligand, LAP (the latency-associated peptide of TGF-f)[McCarty et al., 2005a). In
terms of cell adhesion and migration, one study has shown that overexpression of 4.1B in MCF-7 cells
increased the strength, but not the rate, of cellular attachment to various matrix molecules[Charboneau et
al., 2002]. In another study, overexpression of 4.1B somewhat inhibited cell motility (down ~20%} in
schwannoma cells[Gutmann et al., 2001]. Clearly, further characterization of this protein in different

cellular contexts is needed to validate and extend these observations.
Protein 4.1B/DAL-1: In vivo Studies

Knock-out mice lacking 4.1B have been generated by Yi, et al., and mutant animals are healthy and
viable, without any detectable predisposition to spontaneous tumor formation above background levels[Yi
et al., 2005]. In addition, 4.1 B” mouse embryonic fibroblasts were also reported to exhibit no differences
in proliferation compared with wild-type fibroblasts. Thus far, the only phenotype observed in null animals
has been a relatively minor one: Mammary glands from 4.1 B” female mice displayed a 60% increase in
Ki67-positive epithelial cells during pregnancy, but not during the lactating or involution stages[Kuns et al.,
2005]. In some rare instances, we have observed 4.1 B” mice experiencing seizures (J.L.K. and S.Y.W.)
and premature death, which may, in some ways, resemble what has been reported in mice bearing a
conditional deletion of integrin av in neurons[McCarty et al., 2005b]. Unfortunately, this phenotype is not
fully penetrant in 4.1B-deficient animals. Consequently, the absence of any readily apparent and
reproducible phenotypes in these mice has precluded efforts to assign a physiological or cellular function
to this protein. While this may be due to genetic redundancy and/or compensation by other Protein 4.1
subgroup members, another possibility is that loss of 4.1B may yield very subtle phenotypes, discernible
only under specific assay conditions. For instance, absence of 4.1B may not affect tumor initiation or
predisposition in mice, but can it affect the later stages of cancer progression to metastasis?
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As described in the previous chapter, using a screen to identify genes that might be responsible for
prostate cancer metastasis, we found that 4.1B was significantly downregulated in highly metastatic
tumor cells. As was also mentioned, loss of 4.1B has been associated with a variety of human clinical
tumors, and several studies have shown that overexpression of 4.1B suppresses growth in vitro. None of
these studies, however, examined the effects of 4.1B on tumorigenesis in vivo. In the following section, |
describe our work validating the role of 4.1B in prostate cancer progression and metastasis. Notably, |
use both a spontaneous model and a xenotransplant orthotopic model of prostate cancer to validate that,
indeed, 4.1B can act as a suppressor of tumor progression in vivo. Finally, | show that 4.1B is also
frequently downregulated in human clinical prostate cancer.

RESULTS

Downregulation of Protein 4.1B increases the metastatic propensity of human prostate

adenocarcinoma cells in a xenotransplant orthotopic model of prostate cancer

As described in the previous chapter, in a screen for genes that might be responsible for prostate cancer
metastasis, we found that Protein 4.1B expression was downregulated in highly metastatic PC3-#82 cells,
relative to poorly metastatic PC3-#78 cells (Figure 2A). This was originally observed by gene expression
analysis of RNA from subcutaneous tumors, using the software program D-Chip. As 4.1B was the
second most downregulated gene in #82 cells, and the purported functions of the Protein 4.1 subgroup of
proteins appear relevant to processes such as migration and proliferation—steps which are certainly
involved with metastasis—we decided to examine this gene further. We began by confirming the
microarray results by performing quantitative real-time PCR on both subcutaneous tumors and on cells
cultured in vitro. We found that in either case, as with our gene expression analysis, 4.1B RNA was
severely reduced in highly metastatic #82 cells, relative to poorly metastatic #78 and medium metastatic
pMicro-1 cells (Figure 2B). This result was subsequently confirmed at the protein level by Western blot
against 4.1B in total soluble lysates from tissue culture celis, which detected doublet bands around 125
kDa (Figure 2C). In this case, we found that 4.1B was abundant in #78 cells and in PC-3 parental cells,
which were purchased from ATCC and had not been passaged in vivo. In addition, 4.1B appeared to be
expressed at an intermediate level in pMicro-1 cells and was almost completely lost both in #82 cells and
in highly metastatic PC-3M cells obtained from Dr. I.J. Fidler (Figures 2C-D). Thus, our results for 4.1B at
the RNA and protein levels coincided and, together, showed that 4.1B was selectively lost in aggressive
prostate cancer cells.

The fact that 4.1B expression was inversely associated with metastatic potential suggested that this
protein might act as a potential suppressor of prostate cancer progression and metastasis. We first
approached this hypothesis by determining whether experimental ablation of 4.1B expression was
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sufficient to enhance the metastatic ability of poorly metastatic cells. To downregulate 4.1B, we
generated #78 cell lines expressing stable siRNAs targeted against this gene and found that cells
expressing any of four different siRNAs (DL1-DL4) exhibited significant reductions in 4.1B protein and
RNA levels in vitro (Figure 3A). This inhibition was also maintained after these cells had been injected as
subcutaneous tumors. For the rest of our studies, we decided to focus on the two cell lines displaying the
most severe ablation of 4.1B (#78-DL1 and #78-DL2) and used as controls #78 cells expressing an empty
vector (pSIRISP) or an siRNA against GFP (siGFP). We found no significant differences in proliferation
among the cell lines in vitro, either in the presence or absence of serum (Figure 3B), and subcutaneous
tumors derived from these cells also grew at similar rates (Figure 3C). This is in concordance with our

findings that #78 and #82 cells did not differ in proliferation, despite expressing varying levels of 4.1B.

We next xenotransplanted #78 tumors expressing siRNAs against 4.1B or control plasmids into the
dorsolateral lobes of the prostate using surgical orthotopic implantation (SOI). Approximately 2-3 months
after implantation, mice were analyzed when they appeared moribund, and, at the time of dissection, the
average masses of the orthotopic primary tumors in the prostate did not differ among the cell lines (Figure
4A). However, the average masses of the draining para-aortic/lumbar lymph nodes were significantly
larger in mice implanted with 78-DL1 and —DL2 tumors, relative to those implanted with control tumors
(Figure 4B, p = 0.039). In many cases, histological examination revealed that lymph nodes from mice
implanted with 78-DL1 and —~DL2 tumors were completely infiltrated with tumor cells (n = 46 nodes
examined), whereas nodes from animals implanted with control tumors more frequently exhibited only
partial, if any, invasion (Figure 4C, n = 42 nodes examined, p < 0.0001).

Partial invasion of lymph nodes by control tumors commonly involved subcapsular infiltration of malignant
cells, without deeper penetration into the interior of the node. This was also often a site where many
tumor cells appeared apoptotic, as assessed by TUNEL staining (Figure 4D, top, arrows). In contrast,
TUNEL staining was rare in nodal regions which were completely replaced by tumor cells (Figure 4D,
bottom), as was often the case with DL1- and DL2-expressing tumors, though central areas of necrosis
were sometimes stained in exceptionally large nodal metastases (not shown). Mice implanted with
siRNA-expressing tumors also possessed more lung metastases than those implanted with control
tumors, though these differences did not reach statistical significance due to the small number of animals
that had exhibited systemic spread (Figure 4E). Overall, these results indicate that 4.1B suppresses
prostate cancer metastasis, and that downregulation of 4.1B is sufficient to increase the metastatic
potential of poorly metastatic #78 cells.
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Protein 4.1B interacts with integrin 8

To try and elucidate how high levels of 4.1B might be suppressing metastasis in PC-#78 cells, we
attempted to confirm known binding partners of this protein, in an effort to place it within the context of
potential signaling pathways. Notable 4.1B-interacting proteins have been reported to include CD44,
merlin, calmodulin, TSLC1, PRMT3, 14-3-3 proteins, -1l spectrin, microtubules, as well as other ERM
and 4.1 proteins. In nearly all cases, however, rather than being 4.1B-specific interactors, these binding
partners likely interact with all members of the 4.1 subgroup of proteins via either their FERM or SABD
domains. Recently, studies by Dr. Joseph McCarty in our lab identified the 4.1B C-terminal domain as a
novel interactor of integrin B8 in a yeast two-hybrid screen. Follow-up work showed that, in fact, B8
interacted with all 4.1 subgroup proteins through their CTDs. As (38 has been shown to suppress the
growth of tumor cells through activation of TGF-p[Mu et al., 2002], we sought to confirm the 4.1B-f8

interaction in PC-3 cells, as well as to test whether this interaction affected cell growth and/or survival.

We began by determining whether PC-3 celis expressed integrin 8 and its heterodimeric binding partner,
av. Neither integrin subunits were detectable by Western blot on soluble whole cell lysates (data not
shown), so we attempted to immunoprecipitate either the av or 8 subunits, and to determine whether
their respective binding partners (88 or av, respectively) were enriched by co-immunoprecipitation (co-IP).
We found that immunoprecipitation of 38 could co-1P endogenous av integrin from PC-3 cells, as
assessed by Western blot (Figure 5A). This was also true in mouse TRAMP prostate cancer celis (data
not shown). In the reverse experiment, immunoprecipitation of av integrin did not co-IP 88, although this
may have been due to technical reasons (data not shown). A summary of the antibodies most useful for

detecting mouse or human avf8 in different applications is shown in Figure 5B.

Upon confirming that PC-3 cells expressed avp8, we next determined whether 4.1B could interact with
integrin $8. Initial studies focused on #78 cells, as they were known to express avp8 as well as high
levels of 4.1B; however, in no cases were we successful at co-IP experiments involving endogenous
proteins (data not shown). Therefore, we co-expressed both 4.1B and integrin 8 fused with the epitope
tags myc and V5, respectively, to their C-termini. Following co-transfection of cells, immunoprecipitation
of integrin $8 using an antibody against V5, followed by Western blot detection of the myc tag yielded a
single band of the expected size for the 4.1B-myc fusion protein (Figure 5C). This experiment lends
support to the possibility that 4.1B and integrin 88 can interact in prostate tumor cells. Although
endogenous co-IP of these proteins was unsuccessful, this was not surprising, given that protein-protein
interactions in vivo are often weak in nature, thereby easily disruptable by detergent solublization of
protein lysates. Therefore, it is possible that endogenous 4.1B and integrin 88 can interact in our cells,

but this interaction may occur at a level that is below our current limits of detection.
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Once we were able to confirm the 4.1B-f8 interaction, we were interested in determining whether
overexpression of either of these genes could impact cell growth and/or morphology. Early attempts to
overexpress 4.1B stably in PC-3 cells were unsuccessful, and, therefore, both myc-tagged 4.1B and V5-
tagged integrin 8 were cloned into separate doxycycline-inducible vectors, which were delivered into #82
cells by viral infection. Induction of 4.1B and 8 expression upon addition of doxycycline was confirmed
by Western blot (Figure 6A). Subsequently, the growth of induced versus non-induced cells was assayed
in the presence or absence of serum. In either situation, we found no significant differences in growth
between non-induced cells and cells induced to express 4.1B (Figure 6B-C and data not shown).
Induction of B8 expression did result in an apparent 20% reduction in cell number, but given that these
cells had been induced and grown for 6-7 days prior to quantitation, the differences appeared quite subtle
(Figure 6B and data not shown). However, these findings were complicated by the observation that
inducible gene expression for either 4.1B or 8 was apparent in only about one-third of cells, as assessed
by immunofluorescence staining (Figure 6D).

Protein 4.1B suppresses tumor progression in a spontaneous model of prostate cancer

As discussed previously, xenotransplant models offer convenient approaches for studying tumorigenesis
in vivo; however, these approaches only recapitulate some of the steps of cancer progression and are, by
their nature, relatively artificial systems. We were therefore interested in confirming and extending our
observations—that 4.1B suppresses metastasis following SOI xenotransplantation—in a spontaneous
model of prostate cancer. For this, we utilized the transgenic adenocarcinoma of the mouse prostate
(TRAMP) tumorigenesis model, where transgenic overexpression of SV40 large T antigen in the prostate
causes spontaneous prostate cancer development in the mouse. Whereas normal prostate ductal
structures consist of a single layer of cytokeratin 8-positive luminal cells surrounded by occasional
cytokeratin 5-positive basal cells (Figure 7A), tumor development in TRAMP mice involves expansion of
the luminal cell compartment, loss of differentiation and cell polarization, and finally, invasion through the
basement membranes and metastasis (Figure 7B) [Abate-Shen and Shen, 2000]. This progression is
believed to be gradual, occurring in a step-wise fashion, and has been described by a grading system, as
will be described shortly.

To determine if 4.1B could modulate TRAMP tumor progression, we first obtained 4.1B knock-out mice
and confirmed the absence of the protein by performing Western blot on brain and prostate lysates from
4.1B"* or 4.1B™ animals (Figure 8A). We then crossed these animals into a TRAMP background and
analyzed the mice after 26 weeks of age. We found that 11/19 (58%) of 4.1 B TRAMP*" mice developed
a variety of palpable carcinomas in the prostate, compared to 2/26 (7.7%) of 4.1*";TRAMP*" mice (p =
0.0002, Figures 8B and 8D). As was seen in our xenotransplant model, 4.1B-deficient TRAMP
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tumorigenic prostates also displayed an increased propensity to metastasize to para-aortic/lumbar lymph
nodes, relative to 4.1B-heterozygous TRAMP prostates. The presence of metastatic tumor cells in the
nodes was confirmed by staining lymph node sections with antibodies against the epithelial marker
cytokeratin 8 {(Figure 8C). The overall results from these experiments are summarized in Figure 8D.

We next micro-dissected and sectioned the tumorigenic TRAMP prostates from all mice. Histopathologic
grading of these sections, using the system described by Hurwitz et al.[Hurwitz et al., 2001], was blindly
performed by a pathologist from our lab, Dr. Marc Barry. Sections were scored on a scale of 1-6, with ‘1’
being normal prostate and ‘6’ representing poorly differentiated adenocarcinoma, with intermediate
grades denoting precursor lesions of varying severity (Figure 9A). Since tumorigenic prostates often
exhibited heterogeneity even within the same section, two grades were assigned for each prostate lobe of
each animal: a highest grade and a predominant grade. For instance, in the section shown in Figure 9B,
a highest grade of 6 was awarded for the focal areas of undifferentiated adenocarcinoma observed, while
a predominant grade of 4 was also assigned. We found that, regardless of genotype, nearly all mice
developed tumors. However, using either grading approach on either the ventral or dorsolateral lobes of
the prostate, we invariably found that 4.1 B TRAMP*" mice developed the highest, least differentiated,
and most aggressive grades of prostate cancer at a significantly increased frequency relative to
heterozygous TRAMP mice (Figures 9C, p = 0.003). These results indicate that loss of 4.1B is sufficient

to enhance the progression of spontaneous prostate cancer to metastatic disease.

To understand how absence of 4.1B promotes tumor progression, we stained sections for proliferation
and apoptotic markers (Ki67 and TUNEL, respectively). Because cancer progression in the TRAMP
model is believed to proceed in a step-wise fashion, beginning at Grade 1 and increasing with severity
over time, we reasoned that if proliferative or apoptotic differences were manifested in the lower-graded
prostatic lesions, that would affect the rate of progression to Grade 6 adenocarcinoma. Therefore, we
began by staining 26-week old, Grade 4-matched prostate sections with Ki67 antibody and by TUNEL
(Figure 10A). We found no differences between 4.1B™ or 4.1B™ TRAMP prostates for either proliferation
or apoptosis, and we also found no differences when we stained 26-week old, Grade 5-matched sections
(Figure 10B). However, especially for the 4.1 B™ prostates, these samples were biased in that many
tumors had already progressed to Grade 6 and could not be used for this analysis; in other words, what
was actually analyzed was the remaining prostates that had not progressed to the higher grades. To
perform a more unbiased study, we removed and sectioned prostates from a younger cohort of 22-week
old TRAMP mice for both genotypes. At this age, prostates from both 4.1 B” and 4.1B*" mice had mostly
progressed to Grades 3-4 severity, but had not yet reached Grade 6 (Figure 10C). Although there was
again no statistically significant difference in proliferation (p = 0.15), we found that 4.1 B TRAMP
prostates displayed about 50% fewer apoptotic cells, compared to heterozygous TRAMP mice (Figures
10D-E, p < 0.001). These results suggest that absence of 4.1B, at the very least, protects prostatic

67



Chapter 3

precursor lesions from undergoing cell death at 22 weeks, which may facilitate enhanced progression to
higher and more invasive tumorigenic grades by 26 weeks.

Characterization of 4.1B in murine TRAMP prostate cancer cells

TRAMP prostate cancer cell lines were derived by Foster, et al. (1997), and were isolated from a single
spontaneous TRAMP prostate primary tumor. Three cell lines were established, TRAMP-C1, -C2 and -
C3; and while TRAMP-C1 and —C2 cells were reported to form colonies in soft agar and subcutaneous
tumors when injected into syngeneic animals, TRAMP-C3 cells displayed longer doubling times in vitro,
did not form colonies in soft agar and were non-malignant in animals (Figure 11A). We obtained TRAMP-
C1 and —-C3 cells from American Type Culture Collection (ATCC) and began by confirming that TRAMP-
C1, but not TRAMP-C3, cells formed soft agar colonies (Figure 11B). In concordance with our
xenotransplant and spontaneous tumor results, we also found that 4.1B protein levels were specifically
reduced in malignant TRAMP-C1 cells, relative to non-malignant TRAMP-C3 cells (Figure 11C), while
levels of the related proteins, 4.1G and 4.1N, were unchanged. We next performed immunofluorescence
staining for 4.1B on both cell lines, and observed that while non-aggressive TRAMP-C3 cells generally
exhibited uniformly high levels of this protein, aggressive TRAMP-C1 cells displayed remarkable
heterogeneity (Figure 11D). While most cells had lost expression of 4.1B, a significant minority still
retained expression and “co-existed” in a mixed population.

We next sought to determine whether ablation of 4.1B expression could increase the aggressiveness of
TRAMP-C3 cells—in essence, making them more akin to TRAMP-C1 cells. Stable expression of any of
three siRNAs targeted against mouse 4.1B effectively ablated expression of the protein (Figure 12A), and
this was confirmed by immunofluorescence (Figure 12B). The two cell lines with the most significant
reductions in 4.1B protein levels (C3-mDL1 and -mDL4) were tested for their ability to form colonies in
soft agar; however, regardless of whether the TRAMP-C3 cells expressed high or low levels of 4.1B, as
before, no colonies were seen (data not shown). These cells also exhibited no growth differences in the
presence or absence of serum and/or testosterone (data not shown). Therefore, abiation of 4.1B
expression did not appear to be sufficient for inducing the malignant phenotype from non-malignant cells,

at least not in the assays we attempted.

In light of these results, we decided to ask a less ambitious question: If loss of 4.1B could not induce a
malignant phenotype de novo in TRAMP-C3 cells, could loss of 4.1B enhance the aggressiveness of
already-malignant TRAMP-C1 celis? Because a subpopulation of TRAMP-C1 cells was found by
immunofluorescence to express high levels of 4.1B, we decided to clone and expand members of this
subpopulation. We began by isolating 30 single cell clones derived from the heterogeneous bulk
population and by testing each of these clones by immunofluorescence for 4.1B expression (Figure 13A).
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In most cases, these cloned TRAMP-C1 subpopulations expressed uniformly high, low or intermediate
levels of 4.1B, as expected, though in some rare instances, heterogeneous expression was observed—
these subpopulations may have been derived from more than one clone, or they might be genetically
unstable. For 8 independent clones (four expressing high levels of 4.1B, four expressing low levels, as
determined by immunofluorescence), we further validated these observations by Western biot (Figure
13B). Interestingly, even among cells that expressed uniformly high/intermediate levels of 4.1B,
localization of the protein varied significantly, ranging from diffuse localization in the cytoplasm (Clone 1),
to membrane enrichment at sites of cell-cell contact (Clone 29) (Figure 13C). In non-malignant TRAMP-
C3 cells, 4.1B localization was also found in circular, actin-rich structures (Figure 13D). siRNA-mediated
ablation 4.1B appeared to have no apparent effect on these structures, which superficially resembled
podosomes, although this inference awaits further validation.

To determine if varying levels of endogenous 4.1B affected soft agar colony formation, we subjected 29 of
our 30 clones to this assay. We found that the ability of these cells to initiate anchorage-independent
growth varied drastically, even though these clones were derived from an aggressive, albeit
heterogeneous, starting population. The results, which are shown in Figure 14A and are sorted by soft
agar colony size, ranged from cells that had not proliferated (-), to those that had undergone only a
couple of rounds of cell division (+/-), to those that had formed larger colonies (+ and ++) after two weeks.
Unfortunately, no correlation was evident between the level of endogenous 4.1B expression and soft agar
colony size. We did notice, however, that among those cells that had formed colonies, two general types
of morphologies could be distinguished: The colonies either took on a reflective appearance with a
smooth outer border (“smooth”), or they appeared dense and possessed an uneven outer edge (“jagged”)
(Figure 14B). When we compared colony morphology with 4.1B expression, we found that 6/9 clones
that had formed smooth colonies expressed high levels of 4.1B, whereas 7/10 clones that had formed
jagged colonies expressed low levels of the protein (Figure 14B). This suggested to us that, perhaps to
some degree, high levels of 4.1B might be associated with a smooth colony morphology, and, conversely,
absence of 4.1B might be associated with a jagged morphology.

We tested this hypothesis by ablating 4.1B using stable siRNAs in five TRAMP-C1 cell clones which had
exhibited both high levels of 4.1B protein and a smooth, soft agar colony morphology (Clones 8, 9, 14, 17
and 27). Althcugh we succeeded in downregulating this gene in all five independent clones (Figure 14C),
we did not observe any differences in either the size or morphology of the colonies formed in soft agar,
relative to that of control-infected cells (data not shown). The sum of these results suggests that although
4 .1B is downregulated in highly aggressive TRAMP-C1 cells, loss of this protein is neither sufficient to
convert non-aggressive cells into aggressive cells, nor is it capable of augmenting the aggressiveness of

already-malignant cells. Our results, however, do not rule out the possibility that other assays might
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identify phenotypic differences directly affected by 4.1B expression. This, as well as other interpretations
of our resuits, will be elaborated upon in the Discussion section.

Expression of Protein 4.1B is often downregulated in human clinical prostate tumors

We have just shown that loss of 4.1B can enhance tumor progression and metastasis in two independent
mouse models of prostate cancer; however, an important question still remains: Does loss of this gene
actually occur in human clinical patients? Although it is not possible to test whether 4.1B has a direct
causal effect in tumor suppression in human samples, nonetheless, it would be reassuring and in
concordance with our experimental findings if loss of 4.1B were a frequently observed event during
human prostate cancer progression. That would at least imply that 4.1B might function as a potential
negative modulator of tumorigenesis in humans.

As mentioned previously, several studies have reported downregulation of 4.1B in various tumor types
relative to their corresponding normal tissues, but none have implicated this protein, thus far, in prostate
cancer. We therefore began by examining the Oncomine gene expression database for studies where
4.1B expression was significantly changed. We were pleased to discover that among a total of five
independent data-sets comparing prostate cancer versus normal/benign tissue, four showed significant
downregulation of 4.1B in the tumors (in all cases, p < 0.001) (Figures 15A-B). These data-sets were
originally collected by Welsh et al. (2001)[Welsh et al., 2001], Singh et al. (2002)[Singh et al., 2002], Yu et
al. (2004)[Yu et al., 2004b], and LaPointe et al. (2004)[Lapointe et al., 2004]. In particular, in the study by
LaPointe et al. (2004), 4.1B expression was significantly downregulated in prostate tumor samples
relative to normal prostate tissues (Figure 15B, p < 0.001), and further downregulated in lymph node
metastases compared to prostate tumors (p < 0.001).

Recent studies have shown that the genes encoding the Ets family transcription factors ERG and ETV1
are frequently translocated in as many as 80% of human prostate cancers. In the majority of cases,
these genes were fused to the coding sequence of TMPRSS2, causing androgen-regulated
overexpression of the chimeric proteins in tumors. Interestingly, Oncomine analysis revealed that
prostate tumors with ERG overexpression exhibited significantly lower levels of 4.1B expression, relative
to tumors that did not overexpress Ets family transcription factors (Figure 16, p = 0.0001; data originally
from LaPointe et al. (2004)). Although, again, this is not proof that one protein inversely regulates the
expression of the other, it suggests that there might exist a link between 4.1B and ERG. Overall, we have
found that four out of a total of five independent human clinical prostate cancer data-sets exhibited very
significant downregulation of 4.1B expression in tumors. This would appear to be in concordance with
our findings from two in vivo mouse tumor models that loss of the tumor suppressor 4.1B is a relevant
and important event during progression of human prostate cancer.
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DISCUSSION

Although Protein 4.1B was originally identified as a protein whose expression was reduced in human non-
small cell lung carcinomas[Tran et al., 1999], subsequent studies have shown that downregulation occurs
across many different tumor cell types, including colorectal, breast and renal clear cell carcinomas. 4.1B
protein has also been reported to be lost in up to 70% of sporadic meningiomas and in 55% of ductal
carcinomas in situ, and has been observed to be downregulated during tumorigenesis in spontaneous
mouse models of pancreatic and intestinal cancer[Gutmann et al., 2000; Kittiniyom et al., 2001; Ohno et
al., 2004; Terada et al., 2005]. While in vitro experiments have suggested that 4.1B might act as a tumor
suppressor, these results have awaited experimental validation in vivo.

We have shown here that Protein 4.1B acts as a negative modulator of the aggressive tumor phenotype
in two different in vivo models of prostate cancer. In a screen for genes involved with metastasis, we
found that 4.1B expression was significantly reduced in highly metastatic human prostate
adenocarcinoma cells, and that downregulation of 4.1B in poorly metastatic cells was sufficient to
increase their metastatic potential in our xenotransplant orthotopic model. Furthermore, we showed that
prostates from 4.1 B TRAMP mice displayed increased progression to invasive, undifferentiated
adenocarcinomas, relative to those from 4.1B*” TRAMP mice, in a spontaneous tumor model of prostate
cancer. In both systems, tumorigenic cells lacking 4.1B appeared to exhibit reduced apoptosis, which
may have accounted for enhanced invasion. 4.1B expression was also downregulated in tumors relative
to normal tissues in four independent studies of human clinical prostate cancer, and was also significantly
reduced in prostate samples displaying high ERG expression. These results suggest that downregulation

of 4.1B is a frequent event in human prostate cancer that may contribute to a malignant tumor phenotype.

Our in vivo findings are in concordance with studies that have suggested that overexpression of 4.1B can
induce apoptosis in vitro for some tumor cell types[Charboneau et al., 2002; Gutmann et al., 2001; Jiang
and Newsham, 2006; Robb et al., 2005; Tran et al., 1999]. However, we have yet to observe any
apparent in vitro consequences associated with manipulating 4.1B levels in either PC-3 or TRAMP celis.
In experiments where 4.1B was overexpressed, the growth suppression phenotype has been reported to
be cell-type-specific. High 4.1B, for instance, inhibited growth of meningiomas but not
schwannomas|[Gutmann et al., 2001], and suppressed proliferation of some MCF-7 breast cancer cell
clones but not others[Charboneau et al,, 2002]. Our own negative results from overexpression of 4.1B
may have been complicated by the fact that only a minority of cells were induced by doxycycline to
express 4.1B. Yet, at the same time, the lack of any observable differences in growth also agreed with
our findings that siRNA-mediated ablation of 4.1B did not affect cell proliferation; that our original #78 and
#82 celis did not grow differently; that both 4.1B™ and 4.1B*" mice initiated TRAMP tumors similarly and
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did not display significant differences in proliferation; and that mouse embryonic fibroblasts deficient in
4.1B have not been observed to exhibit any growth phenotypes in vitro [Yi et al., 2005].

in light of these resuits, we believe that 4.1B likely exerts its apoptotic and/or proliferative effects in a cell
type- and/or context-specific manner. lt is possible that 4.1B sensitizes prostate cells to apoptosis under
specific conditions, and, in future work, it will be critical to determine how to challenge these cells
appropriately in vitro, such that the 4.1B-associated phenotypes are manifested. Along these lines, we
explored the possibility that the interaction between 4.1B and a potential tumor suppressor, integrin 38,
might be important for regulating cell proliferation and apoptosis. While we were able to confirm this
interaction in our PC-3 cells, we have not yet been able to attribute any biological significance to this
observation. As with 4.1B, overexpression of integrin $8 in our cells did not affect proliferation, and no
effects were seen when cells were grown on plates coated with avf8 ligands, including vitronectin and
LAP (data not shown). Because avf8 has been reported to contribute to protease-mediated processing
and activation of TGF-p [Cambier et.al., 2005; Mu et al., 2002], we examined whether varying levels of
4.1B in PC-3 cells could affect the activity of f8 and, thus, the ratio of activated to non-activated TGF-
secreted into the medium. Our preliminary results were inconclusive, as the amount of TGF-g found in
cell-conditioned media was quite low and consisted almost entirely of non-activated TGF-§ (data not
shown). Clearly, it will be important to examine further the significance of the 4.1B interaction with 8, as

well as its interactions with other known binding partners, including CD44 and merlin.

In addition, it will also be interesting to determine whether varying the levels of 4.1B has any effects on
the TRAMP tumor cell lines and, if so, how these effects are mediated. Although we found that
aggressive TRAMP-C1 cells showed downregulation of 4.1B relative to poorly aggressive TRAMP-C3
cells, we were unable to attach any functional significance relating 4.1B expression with cell phenotype.
We found that loss of 4.1B was insufficient for converting non-malignant TRAMP-C3 cells into malignant
cells, and also insufficient for increasing the malignancy of already-malighant TRAMP-C1 celis. Again, it
is very possible that we may not have sufficiently challenged the cells in a manner that would elicit
phenotypes that hinged on 4.1B expression. For example, while cells suspended in soft agar did not
display any apparent differences in morphology or growth, perhaps growing cells in a more realistic three-
dimensional environment (e.g. collagen gels or Matrigel) might have yielded a noticeable phenotype. As
TRAMP-C1 cells have been observed to form tumors when injected into syngeneic (C57BI/6)
hosts[Foster et al., 1997], we have also attempted to inject subclones derived from TRAMP-C1 cells
expressing either high or low levels of 4.1B. Unfortunately, preliminary results were complicated by the
fact that tumor formation was inconsistent for all cell clones tested and occurred only after a long latency
period (> 2 months, data not shown). Therefore, it may be imperative to develop more reproducible
assays to test these cells.
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Another avenue of future research will be to determine in more detail how loss of 4.1B protects tumor
cells from apoptosis in vivo. Based on the distribution of tumor grades found at 26 weeks for TRAMP
prostates from 4.1B™ and 4.1B*" mice (Figure 9C), it appears, at least from a preliminary analysis, that
heterozygous prostate tumors tended to accumulate at Grade 4, whereas knock-out prostate tumors
proceeded more efficiently to the higher Grades 5 and 6. The finding that there was reduced apoptosis in
Grade 4-matched 22-week old prostates is in concordance with the hypothesis that the Grade 4-to-Grade
5 transition during tumor progression might be a rate-limiting step in heterozygous mice. However, since
we did not examine apoptosis in lower-graded sections, we cannot rule out the possibility that 4.1B might
also be acting earlier in tumorigenesis. This is an issue that can easily be resolved through analysis of
additional TRAMP mice.

Similarly, in our xenotransplant orthotopic model of prostate cancer, additional mice may need to be
examined, and possibly at earlier time-points, to determine how the presence or absence of 4.1B affects
the most initial stages of tumor colonization in the lymph node. In this study, we have observed that #78
tumors with high 4.1B expression did not metastasize efficiently to the draining lymph nodes and, thus,
exhibited incomplete—and, in many cases, subcapsular—invasion of the nodes. In contrast, tumors with
low 4.1B expression (#78-DL1 and -DL2) yielded lymph nodes which often consisted almost entirely of
tumor material. The differences in the degree of lymph node infiltration made it difficult to make direct
(and accurate) comparisons of apoptosis frequency between cell lines, although there did appear to be
increased cell death in nodes that possessed subcapsular invasion. This observation, however, does not
distinguish between cause and effect for apoptosis and subcapsular invasion. In other words, cells which
are apoptosis-prone might be restricted to grow merely as subcapsular metastases (apoptosis “causes”
partial invasion); on the other hand, as the subcapsular spaces are where afferent lymphatics connect
with lymph nodes and are usually the initial sites of tumor colonization, this might also be a site where,
and/or a period when, increased apoptosis is normally seen (partial invasion “causes” apoptosis).
Therefore, it remains unclear in our SOl model whether loss of 4.1B enhances the arrival of tumor cells to
the node, and/or whether it augments the ability of malignant cells to colonize the node once they have
arrived. As mentioned previously, examining mice at earlier timepoints may resolve this issue by allowing
more direct comparisons to be made between cell lines of differing metastatic ability.

In conclusion, our findings from this chapter have validated the role of 4.1B as a negative modulator of
prostate cancer progression in vivo. The additional observation that 4.1B is significantly downregulated in
four out of five studies of human clinical prostate cancer is consistent with the idea that loss of 4.1B is an
important and physiologically relevant event during progression of this disease. 1t will be critical in future
work to understand, at a molecular level, the mechanism by which 4.1B suppresses tumorigenesis, and
also to confirm the human clinical gene expression results at the protein level. As translocation of Ets
family transcription factors has emerged as a common phenomenon in clinical prostate cancer[Tomlins et
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al., 2005], it will aiso be interesting to determine whether 4.1B expression is directly regulated by Ets
family members such as ERG, which can both induce or suppress gene transcription in a context-
dependent manner{Hsu et al., 2004; Sementchenko and Watson, 2000].
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Figure 1. The Protein 4.1 superfamily can be divided into five subgroups and is
characterized by a conserved FERM Domain. (A) These subgroupsinclude protein
4.1 proteins, ERM proteins (to which Merlin is related), talin-related molecules, protein
tyrosine phosphatase (PTPH) proteins and novel band 4.1-like 4 (NBL4) (reproduced
from Sun et al., 2002). (FERM, 4.1/ezrin/radixin/moesin domain; CCR, coiled coil
region; ABD, actin binding domain; CTD, Cterminal domain; PTP, protein tyrosine
phosphatase domain)
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Figure 1. The Protein 4.1 superfamily can be divided into five subgroups and is
characterized by a conserved FERM Domain. (B) Regulation of 4.1 subgroup proteins
may resemble that of ERM proteins, which normally adopt a “closed,” inactive
conformation. Phosphorylation by Rho kinase or binding of PIP2 “activates’ and unfolds
these proteins, exposing interaction sites for other proteins. Listed above are known
binding partners of Protein 4.1B.
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MTTESGSDSESKPDQEAEPQEAAGAQGRAGAPVPEPPK

FERM
ASVNNEETYMKDEMSA DAL-1
ALVGTOQYATTKGISQINLITTVTIPEKKAITERDITTDKRRKGE Y
VTPISAIRHEGK SPGLGTDSCPLSPPSTHCAPTSPTHLRRRCKEND
CKLPGYTPSRAEHL PGEPALDSDCGRCRPYLGDQDVAFSYRQQITG
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SPNLVPCH HFIFFFLLSASESVPY AL TLSFPLALQL CYLEPKAAST SAS
LINDPSOSSHEENTSERTDTAAIXETTA SBD

IGGVTSTSOSWVOQKMETK TESSGIETYPTVHHL PLSTEKVVQETVL.
VIERRVVHASGDASYSAGISGDAAAQPAFTGKGKEGSALTHGA
KIEGGEEVAKAVLEQEETAAASRIROEB SAATHISE TLEQKPMHIT:
SSIVKTETISFGSVSPGGYKLES TKEVPVVHTETK TITYESSQVDPG
TDUEPGVEMSAQIISETTSTTTTTHITK I VKOGGESE TRIEKRIVITUD
ADIDHDOALAQAIKEAKHOHPDMSVTK VVVHKE IFTTPHI (T

Figure 1. The Protein 4.1 superfamily can be divided into five subgroups and is
characterized by a conserved FERM Domain (cont). (C) DAL-1 isa truncated form of
Protein 4.1B lacking the N- and C-terminal domains, aswell as portions of interior
domains (reproduced from Sun et al., 2002). (D) An amino acid sequence comparison
between DAL-1 and 4.1B is shown. Residuesfound only in 4.1B are not highlighted.
Those found in both 4.1B and DAL-1 are highlighted dark gray. Residuesfound only in
DAL-1 are colored light gray (reproduced from Gutmann et al., 2001). (CTD, C-terminal
domain; ABD, actin-binding domain; CCR, coiled coil region; PTP, protein tyrosine
phosphatase domain)
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Figure 2. Derivation of metastatic variant prostate cancer cell lines and identification of
4.1B as a protein that is downregulated in highly metastatic cells. (A) Highly metastatic #82
cells and poorly metastatic #78 cells were isolated after repeated in vivo passaging of human
PC-3 cells using surgical orthotopic implantation. (B) Quantitative RT-PCR results from RNA
derived from subcutaneous tumors (middie bars, “independent subcutaneous’) and from tissue
culture cells (right bars, “in vitro”) confirned microarray results (left bars, “microarray”) showing
that 4.1B expression is downregulated in #82 cells (arrows, beige bars), reiative to #78 cells
(blue bars) and pMicro-1 cells (purple bars). All results shown are denoted as fold change,
normalized to #82 cells. (C) Western blotting for 4.1B confirnsits absence in #82 cells (top),
with GAPDH as a loading control (bottom). (D) Western blotting for Protein 4.1 subgroup
proteins shows specific loss of 4.1B in #82 and PC-3M cells. 4.1G and 4.1N levels were mostly
unchanged. (Parental, PC-3 celisoriginaily purchased from ATCC)
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Figure 3. Stable downregulation of 4.1B expression in poorly metastatic #78 does not affect
tumor growth in vitro or in vivo. (A) #78 cells expressing any of four different siRNAs against
4.1B (DL1-4) exhibited stabie downregulation of 4.1B expression in vitro, relative to cells
expressing vector only (pSIR) or an siRNA against GFP (siGFP), as assessed by Westemn blot (top
two rows). siRNA-mediated inhibition of 4.1B expression was maintained in subcutaneous
tumors (bottom row). (B) Proliferation of #78 cells expressing DL1 (blue bars) or DL2 siRNAs
(purple bars) was unchanged relative to that of #78 cells expressing siGFP control (hatched
line). Cell numbers were assessed every 24 hours after plating for 4 days, in the presence (left
graph) or absence (right graph) of serum.
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Figure 3. Stable downregulation of 4.1B expression in poorly metastatic #78 does
not affect tumor growth in vitro or in vivo (cont). (C) Growth of these cells as
subcutaneous tumors was also not significantly changed.
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Figure 4. Downregulation of 4.1B increases the metastatic potential of poorly metastatic
#78 cells. (A) The average mass of the orthotopic prostate primary tumors did not differ
among cell lines. (B) The average mass of lymph nodes from mice bearing DL1- and DL2-
expressing tumors was significantly larger than that of mice bearing control tumors. (C) The
average percent area of the para-aortic lymph nodes infiltrated by tumor cells was significantly
increased in mice bearing orthotopic tumors expressing DL1 or DL2 siRNAs, relative to those
with controls. (D) Lymph nodes from mice bearing control #78 tumors (top row) commonly
possessed areas of subcapsuiar tumor invasion, where apoptotic cells were frequently observed
(arrows), while nodes from mice bearing DL1- and DL2-expressing #78 orthotopic tumors were
often completely infiltrated by tumor cells, with few apoptotic cells present (bottom row). (E)
The number of lung micrometastases arising from the different orthotopic tumorsis shown.
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Figure 5. Protein 4.1B interacts with integrin 8 in PC-3 cells. (A)
Immunoprecipitation of endogenous integrin g8 also pulled down endogenousintegrin
av, its a subunit interactor, in PC-3 cells. (B) Shown isa list of antibodies that have
been successfully used to detect avp8 in mouse or human cells, organized by
application. The graph depicts flow cytometric analysis of mouse TRAMP-C3 cells
stained with anti-av (blue) antibody or with control antibodies'unstained (red and

green).
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Figure 5. Protein 4.1B interacts with integrin g8 in PC-3 cells (cont). (C) Co-
transfected myc-tagged Protein 4.1B and V5-tagged integrin f8 were overexpressed in
PC-3 cells (bottom), and were shown to interact by co-immunoprecipitation with anti-V5
antibody, followed by Western blot against myc-tag (bottom). (IP, immunoprecipitation;
WB, Westem blot; Pre, pre-cleared beads)
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anti-V5

Figure 6. Inducible overexpression of either myc-tagged 4.1B or V5-tagged integrin §
8 does not affect proliferation in PC-3 cells. Both coding sequences were cloned
downstream of a Tet responsive element (TRE) that is rendered transcriptionally active

in the presence of doxycycline (DOX). (A) Inducible overexpression of 4.1B was

observed by Westem blot upon addition of doxycycline in two independently infected
#82 cell lines (“old” and “new”), and as assessed by antibodies against the myc epitope

tag (top left) or against 4.1B (bottom left). Similary, V5-tagged 8 was inducibly

overexpressed upon addition of doxycycline, as assessed by detection of the V5 epitope

tag (right).
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Figure 6. Inducible overexpression of either myc-tagged 4.1B or V5-tagged integrin
8 does not affect proliferation in PC-3 cells. (cont). (B) Cellsinduced (white bars) or
not induced (black bars) to overexpress 4.1B, RFP or luciferase did not exhibit
significant differencesin cell number, 6-7 days after addition of doxycycline, as
assessed by manual cell counting and normalized to the non-induced control.

Inducible overexpression of 8 showed a slight (~20%) reduction in cell number. (C)
Cell counting results were confirmed visually by staining plated cells with crystal violet
following 6-7 days +/- doxycycline.
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Figure 6. Inducible overexpression of either myc-tagged 4.1B or V5-tagged integrin §
8 does not affect proliferation in PC-3 cells. (cont). (D) Immunofluorescence

staining for myc- or V5-epitope tags revealed that only about one-third of induced cells
displayed visually detectable overexpression of either 4.1B (left) or integrin 8 (right).
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Figure 7. The transgenic adenocarcinoma of the mouse prostate (TRAMP) tumor
model allows study of spontaneous prostate cancer development and progression.
(A) TRAMP-negative 4.1B-/- (KO) or 4.1B+/- (Het) dorsolateral prostates (D.P.) were
stained with antibodies against the basal cell marker cytokeratin 5 (green) or the luminal
cell marker cytokeratin 8 (red), imaged at low (top rows) or high magnification (bottom
row). (B) TRAMP prostate tumorsinitiate spontaneously and likely involve overgrowth
of luminal cells, followed by loss of attachment to the basement membrane, and
invasion. (Figure reproduced from Abate-Shen and Shen, 2000.)
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- \ - g | 4.1G (Protein Express)

Figure 8. 4.1B-- mice develop aggressive adenocarcinomas in the TRAMP
spontaneous tumor model of prostate cancer. (A) Western blotting for 4.1B (top) or
4.1G (bottom) in brain or prostate tissues shows that 4.1B is specifically lost in knock-out
animals. (B) 4.1B-/~ TRAMP+/- mice more commonly developed a variety of palpable,
high-grade carcinomasin the prostate (arrows), including (starting from upper left and
proceeding clockwise) compound, muitiHobed carcinomas; ventral-lobed carcinomas;
anteriorlobed carcinomas; and dorsal-4obed carcinomas.
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H&E
4.1B +/- ; TRAMP+/- 4.1B /- ; TRAMP+/- p-value
Incidence of Grade 6 Carcinoma 4/26 (15.4%) 11/19 (58%) 0.003
Incidence of Palpable Grade 6 Carcinoma 2126 (7.7%) 11/19 (58%) 0.0002
Incidence of Lymph Node Metastasis 2128 (7.7 %) 6/19 (32%) 0.04

Figure 8. 4.1B-/- mice develop aggressive adenocarcinomas in the TRAMP
spontaneous tumor model of prostate cancer (cont.). (C) These tumors frequently
invaded the draining para-aortic/lumbar lymph nodes, as observed directly by
hematoxylin-and-eosin staining (bottom) or by staining for the epithelial marker
cytokeratin 8 (top). The results of these tumor studies and their statistical significance
are summarized in (D).

92



Chapter 3

Section S830: 4.1B-Het/TRAMP+ Ventral Prostate
Predominant Grade 4
Highest Grade 6

Figure 9. 4.1B-deficient animals develop higher grade and less differentiated
prostate adenocarcinomas. (A) Histopathologic grades (minimum, 1; maximum, 6)
were assigned to TRAMP prostates according to the system described by Hurwitz et al
(2001). Higher graded section exhibited increased luminal cell expansion, loss of
normal tissue architecture, and reduced differentiation. (B) TRAMP prostates were
assigned two grades per section perlobe: a highest grade and a predominant grade.
An H&E-stained prostate section is shown with highest focal areas of grade 6 and with a
predominant grade of 4.
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Figure 9. 4.1B-deficient animals develop higher grade and less differentiated
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prostate adenocarcinomas (cont). (C) The ventral (VN) and dorsolateral (DL) lobes of

26-week old 4.1B-/~- TRAMP and 4.1B+/- TRAMP prostates were separately evaluated
with both scoring systems. In either case, 4.1B-/- mice developed the highest grade
carcinomas (Grade 6, red bars) more frequently than did 4.1B+/- mice (right graphs).
The same result was also true if each entire prostate was assigned a single highest
grade, based on the highest grade assigned to any one constituent lobe (left graph).

Significance values for these analyses are shown.
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Figure 10. 4.1B-/-;TRAMP+/- prostates exhibited reduced apoptosis relative to those
of 4.1B heterozygous mice. (A) Typical grade 4 ventral (left) and grade 5 dorsal (right)
prostate sections are shown following staining with the proliferation marker Ki67 (top) or
by TUNEL, using the Apoptag detection kit (bottom). (B) Quantitation of staining results
for Ki67 and TUNEL (apoptag) is shown for 26-week-old mice.
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Figure 10. 4.1B-/-;TRAMP+/- prostates exhibited reduced apoptosis relative to those
of 4.1B heterozygous mice (cont). (C) Prostate sections from a cohort of 22-week-old
TRAMP mice were also graded.
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Figure 10. 4.1B-/-;TRAMP+/- prostates exhibited reduced apoptosis relative to those
of 4.1B heterozygous mice (cont.). (D) 22-weekold grade 4 ventral prostate sections
from 4.1B-/- TRAMP+/- prostates showed reduced staining by TUNEL (left), compared to
prostates from 4.1B heterozygous TRAMP mice (right). (E) Quantitation of these results
is shown.
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33 week old mouse
with carcinoma, 1996
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Figure 11. Protein 4.1B levels are reduced in aggressive TRAMP tumor cell lines.
(A) The malignant TRAMP-C1 and non-malignant TRAMP-C3 mouse prostate cell lines
were derived by Foster et al. (1997), from a single TRAMP primary tumor. (B)
Aggressive TRAMP-C1 cells formed coloniesin soft agar, but TRAMP-C3 cells
remained assingle cells. PC3-#78 cells also formed colonies.
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Figure 11. Protein 4.1B levels are reduced in aggressive TRAMP tumor cell lines
(cont). (C) 4.1B protein levels were specifically reduced in malignant TRAMP-C1 cells
(C1), relative to non-malignant TRAMP-C3 cells (C3), as assessed by two different
antibodies against 4.1B (4.1B PE and 4.1B JM). (D) Immunofluorescence staining of
TRAMP cellsusing the 4.1B-PE antibody revealed that 4.1B was non-uniformly
downregulated in aggressive TRAMP-C1 celis.
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Mouse 4.1B siRNAs
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Figure 12. Stable siRNAs can downregulate murine 4.1B in non-malignant TRAMP-
C3 cells. (A) Westem blotting shows that 4.1B was specifically downregulated in cells
expressing any of three different siRNAs targeted against mouse 4.1B, relative to that of
control cells expressing the vector only (pSIRISP) or an siRNA against GFP (siGFP). (B)
Immunofluorescence staining revealed that cells expressing mDL1 or mDL4 siRNAs
exhibited reduced 4.1B protein relative to that of cells expressing control vectors.
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Figure 13. TRAMP-C1 cells expressing uniformly high or low 4.1B protein can be
cloned from the original heterogeneous population. (A) Thirty clones derived from
malignant TRAMP-C1 cells were analyzed for 4.1B expression by immunofluorescence
using the 4.1B-PE antibody. Most clones exhibited uniformiy high, low or intermediate
levels of expression (red, green or purple boxes, respectively). In a few instances,
heterogeneous expression was still observed (gray boxes).
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Figure 13. TRAMP-C1 cells expressing uniformly high or low 4.1B protein can be
cloned from the original heterogeneous population (cont). (B) In eight different
clones, immunofluorescence staining intensity for 4.1B was confirned by Westem biot.
(C) The cloned cel! lines exhibited differencesin 4.1B localization, ranging from both
cytoplasmic and membrane localization (Clone 8), to membrane-only localization
(Clone 29), cytoplasmic-only localization (Clone 1), and no expression (Clone 20).
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Figure 13. TRAMP-C1 cells expressing uniformly high or low 4.1B protein can be
cloned from the original heterogeneous population (cont). (D) Co-staining for4.1B
and actin revealed that 4.1B protein was often co-localized with circular actin-rich
structuresin TRAMP-C3 cells (top two photographs). siRNA expression of mDL1 ablated
4.1B protein but did not affect these actin-rich structures (bottom photograph).
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Figure 14. TRAMP-C1 cell clones exhibit differences in colony size and morphology
when suspended in soft agar. (A) Cell clones were grouped according to the size of
the colonies formed when plated in soft agar (purple column), which ranged from single
cells (-) to small colonies (+/-) and larger (+ and ++).
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Figure 14. TRAMP-C1 cell clones exhibit differences in colony size and morphology
when suspended in soft agar (cont). (B) Cell cloneswere grouped according to
colony morphology in soft agar (purple column), which varied between clonesthat had
formed colonies with either a smooth or uneven (‘jagged”) outer edge. (C) 4.1B protein
expression was ablated with stable ssRNAs (mDL1 or mDL2) in five independent clones
expressing high levels of 4.1B and exhibiting a smooth soft agar colony morphology.
Downregulation of 4.1B did not alter colony size or morphology in these cells.
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Figure 15. 4.1B expression is reduced in human clinical prostate cancer relative to
normal prostate tissue. (A) 4.1B issignificantly downregulated in prostate tumors
relative to normal/benign prostate tissuesin data-sets obtained from Welsch et al.
(2001); Singh et al. (2002); and Yu et al. (2004), as analyzed by Oncomine. In all
graphs, blue bars represent non-tumorigenic/benign prostate tissue, while red bars
represent prostate cancer.
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Figure 15. 4.1B expression is reduced in human clinical prostate cancer relative to
normal prostate tissue (cont). (B) 4.1B expression is significantly downregulated
during human clinical prostate cancer progression, from normal prostate tissue, to
prostate cancer and finally to prostate cancer metastases (raw data originally from
LaPointe et al. (2004) and analyzed by Oncomine).
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Figure 16. 4.1B expression is inversely associated with expression of the ETS family
transcription factor ERG in human clinical prostate cancer. Oncomine analysis of data
collected by LaPointe et al., (2004) revealed that, among patients bearing tumors with ERG
overexpression (red bars), 4.1B ievels are significantly reduced (upper left graph, p = 0.0001),
compared to those of patients bearing tumors without overexpression of ETS family
transcription factors (blue bars). To a lesser extent, 4.1N levels are also inversely associated
with ERG overexpression (upper right graph), while expression of 4.1R is positively associated
with ERG (lower right graph). Each bar represents gene expression results from a single human
patient, and, within each group (‘no ETS overexpression” or “"ERG overexpression), patients
were ranked from lowest to highest expression for a particular gene (e.g. 4.1B or 4.1N).
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CHAPTER 4.

A DIRECT TEST FOR THE ROLE OF SPARC IN
SPONTANEOUS PROSTATE AND BREAST CANCER
PROGRESSION

The work in this chapter was conceived by Sunny Wong and Richard Hynes. SPARC-deficient mice were
obtained from E. Helene Sage. The contents of this chapter were written by Sunny Wong, with editing by
Richard Hynes.
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INTRODUCTION

SPARC: A Multi-Functional Conundrum

Secreted protein, acidic and rich in cysteine (SPARC, also known as osteonectin or BM-40) is an
extensively studied, albeit enigmatic, protein. SPARC is abundant, estimated to account for about 15% of
the non-collagenous extracellular matrix in bone, and widely expressed during development, tissue
remodeling and tumorigenesis[Framson and Sage, 2004; Koblinski et al., 2005]. But while the cell
biological and signaling functions ascribed to SPARC are many, this protein also seems to be necessary
for none of these processes, as the phenotypes manifested in SPARC null mice are relatively minor, as
will be discussed later. Perhaps fitting with its seemingly contradictory “all and none” role, studies
examining the effects of SPARC on tumor progression have produced compelling, although often
contradictory, results: SPARC is upregulated in tumorigenesis; SPARC is downregulated in
tumorigenesis. While compensation may account for the lack of major phenotypes seen in knock-out
mice, and the varied effects manifested by SPARC may be cell type- and context-dependent, a greater
understanding of the mechanism of action of this protein will surely be needed before clarity is brought to
the confounding results observed thus far.

In fact, the gene ontology generally agreed upon for SPARC seems almost contrarian in itself: It is a de-
adhesive protein component of the extracellular matrix (ECM), belonging to a class of molecules known
as matricellular proteins[Murphy-Ulirich, 2001]. This class of proteins also consists of the
thrombospondins and tenascins, which together promote what has been termed an “intermediate” state of
cell adhesion. Such a cell state has been postulated to be ideal for a variety of processes involving cell
movement. One can imagine that a cell which is too-firmly attached to its surrounding matrix—via
mature, integrin-containing focal contacts linked to stress fibers in the cytoskeleton—would hardly be
inclined to migrate[Friedl and Wolf, 2003]. At the same time, complete loss of cell adhesion would
deprive cells of the traction needed for movement and might even lead to cell death. An intermediate
adhesive state, therefore, might be useful. Indeed, SPARC has been shown to induce cytoskeletal
rearrangements and to disassemble focal adhesions for a variety of cell types in vitro, including tumor cell
lines, fibroblasts, endothelial cells and smooth muscle cells[Brekken and Sage, 2001]. A specific receptor
for SPARC has not been isolated; instead, SPARC has been pastulated to function as a modulator of
other known ligand-receptor interactions[Murphy-Ulirich, 2001]. At the same time, while SPARC is a
component of the ECM and binds matrix molecules such as collagen and laminin, it is not believed to
contribute directly to the structural integrity of these networks{Brekken et al., 2003}.
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Cellular Effects of SPARC

The three major domains present in SPARC are modular and have each been attributed to specific cell
biological effects[Bradshaw and Sage, 2001]. Most of the studies examining the bioactivity of these
individual domains were performed using isolated peptides added to cells in vitro, though there is likely to
be some relevance for these studies in vivo, as matrix metalloproteinases (MMPs) have been reported to
cleave and release fragments of SPARC, with consequent effects on various processes, from cell
proliferation to angiogenesis[Framson and Sage, 2004; Sage et al., 2003]. At the N-terminus of the
protein (amino acids 1-50) is a low-affinity calcium-binding domain that has been reported to inhibit cell
spreading and attachment to matrix[Brekken and Sage, 2001]. A follistatin-like domain is present in the
central portion of SPARC (amino acids 51-130) and may function as a pro-angiogenic molecule.
Importantly, the C-terminal extracellular calcium-binding (E-C) module (amino acids 131-280) consists of
two calcium-binding loops, or EF-hands, that, by themselves, functionally mirror the cell biological effects
observed with full-length SPARC[Framson and Sage, 2004]. These include inhibition of cell proliferation;
rearrangement of the cytoskeleton and disassembly of focal adhesions; and binding to growth factors
such as VEGF and PDGF, as well as to ECM components.

Given the effects of SPARC on cell morphology, it is not surprising that this protein has also been found
to affect gene expression in responding cells, often in ways that lead to upregulation of proteins that
ultimately weaken the integrity of the pericellular matrix environment. In various cell types, physiological
levels of SPARC have been reported to induce the expression of MMPs, including collagenase,
gelatinase and stromelysin, as well as plasminogen activator inhibitor-1[Gilles et al., 1998; Lane et al.,
1992]. At the same time, expression of matrix components, including fibronectin, is decreased[Lane et
al., 1992]. In this way, SPARC may indirectly attenuate cell-cell and cell-matrix interactions. However,
the gene expression effects of SPARC likely reach beyond those that merely affect matrix integrity. The
potentiation of TGF-B signaling is one proposed mechanism by which SPARC has been found to induce
anti-proliferative effects on cells[Francki et al., 1999]. This SPARC-TGF-f connection might occur
through an autocrine loop, as SPARC has been shown to induce TGF-§ in mesangial cells, while TGF-8
can induce SPARC expression in fibroblasts, keratinocytes, smooth muscle cells and endothelial
cells[Francki et al., 1999; Schiemann et al., 2003]. In Mv1Mu epithelial cells, SPARC-mediated inhibition
of growth could be prevented by expressing a dominant negative form of Smad3, a necessary
downstream signaling component of the TGF-§ pathway. SPARC has also been hypothesized to activate
TGF-B post-translationally, as TGF-g is initially synthesized as a latent propeptide[Schiemann et al.,
2003].

In concordance with its proposed role as a pro-migratory factor for cells, SPARC has been isolated from
bone extracts as the major chemoattractant for prostate (PC-3 and DU-145) and breast cancer cells
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(MDA-MB-231)[Jacob et al., 1999]. SPARC induced migration and invasion of these cells possibly by
eliciting upregulated MMP-2 expression, and this may, at least in part, underlie the phenomenon of organ-
specific metastasis—in this case, the propensity of prostate and breast tumors to metastasize to bone.
Further work by De et al., has shown that PC-3 cells and another prostate cancer cell line, LNCaP, both
responded to SPARC in Transwell migration assays[De et al., 2003]. In addition, SPARC was found to
induce VEGF expression in the LNCaP cells, and all the cell biological effects seen with SPARC were
inhibitable with blocking antibodies against either integrins av-p3/-$5, or VEGFR-2 (FIk1). Thus, there
seem to be several interesting, although somewhat disparate, strands of data from these studies: VEGF,
acting through Flk1, can activate av integrins[Byzova et al., 2000]. Activated av-$3 or -5 may then
engage SPARC, leading to enhanced cell migration'[De et al., 2003]. Finally, binding of SPARC may
upregulate VEGF, thereby possibly completing an autocrine loop.

SPARC As a Mediator of Angiogenesis

The connection between SPARC and VEGF is of particular interest, given that SPARC, after cleavage by
plasmin or by MMPs, can act as a pro-angiogenic factor[Framson and Sage, 2004]. Crucial to all this is a
(KYGHK sequence-containing peptide that is released upon proteolysis and which has been demonstrated
to promote endothelial cell proliferation both in vitro and in vivo[Lane et al., 1994; Sage et al., 2003]. In
addition to inducing VEGF expression, SPARC has also been reported to downregulate expression of
thrombospondin, a potent inhibitor of angiogenesis[Lane et al., 1992]. In spite of all this, however, a
preponderance of evidence has suggested that, in most instances, SPARC is actually an inhibitor of
angiogenesis. In vitro, SPARC inhibits the proliferation of endothelial cells[Kupprion et al., 1998]. It is
also known to bind to and modulate the activity of several angiogenic factors, including VEGF, PDGF,
FGF-2, TGF-8 and IGF-1[Framson and Sage, 2004]. For instance, VEGF- and FGF-2-induced
angiogenesis is inhibited by direct binding of these cytokines to SPARC, which prevents them from
activating their cognate receptors on the surface of endothelial cells[Kupprion et al., 1998]. In addition,
polyvinyl sponges implanted subcutaneously into SPARC-null mice have been observed to possess
increased vascular and fibroblastic invasion, relative to those implanted into wild-type mice[Bradshaw et
al., 2001]. SPARC-null dermal fibroblasts in this study were also found to secrete significantly higher
levels of VEGF. It is difficult to reconcile many of these findings, except to say that the effects observed
with SPARC—either as an angiogenic or anti-angiogenic factor—are likely influenced by the cell type(s)
under study, as well as by factors such as the protease profile of the local microenvironment.

! Direct binding of avp3/avp5 to SPARC has not been conclusively proven, and indirect evidence has suggested that G protein-
coupled receptors may also bind to SPARC.
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SPARC As a Mediator of Matrix Integrity and Tumorigenesis

While it is widely believed that SPARC affects the integrity of cellular matrices, particularly those
comprised of collagen fibrils, it is still very unclear how it contributes to the ECM and how a compromised
matrix might affect tumor progression. What is clear is that loss of SPARC impairs collagen fibril
assembly both in vitro and in vivo, and that SPARC knock-out mice possess about 50% less collagen in
their skin[Brekken and Sage, 2001]. The reduction in collagen content has been hypothesized to underlie
many of the non-lethal phenotypes manifested in SPARC-nuli mice, including reduced tensile strength in
the dermis, cataracts, a kinked tail, severe bone loss in older mice, and abnormal expansion of subdermal
adipocytes[Bradshaw et al., 2003; Framson and Sage, 2004]. SPARC knock-out mice also display
accelerated wound closure, which may be indicative of a more contractible ECM with reduced
collagen/hydroxyproline content[Bradshaw et al., 2002].

In nearly all cases, SPARC-mediated regulation of matrix integrity has been postulated to mediate its
effects on tumor growth, although whether SPARC aids or hampers cancer progression is still a matter of
debate and may be tumor-type-specific. In subcutaneous cancer modeis, Lewis lung carcinoma cells and
EL4 T-cell ymphoma cells formed larger tumors in SPARC-null mice, relative to wild-type mice[Brekken
et al., 2003]. A similar result was also obtained when PANO2 pancreatic adenocarcinoma cells were
injected[Puolakkainen et al., 2004]. Although a slight difference in apoptosis was seen in the case of
PANO2 cells, and no differences in tumor cell proliferation or angiogenesis were observed, these studies
all noted that there was a significant decrease in tumor encapsulation within SPARC-null animals. In
these mice, Masson'’s trichrome staining revealed that the abundance of coliagen fibrils surrounding the
tumors was sparse, and that the fibrils appeared smaller in diameter, relative to those in wild-type mice.
Thus, SPARC may normally function as a tumor suppressor with a novel mechanism: It may act as a

physical restraint against tumor cell expansion by maintaining a dense collagen network.

However, even this simple explanation—where SPARC and the ECM both negatively affect tumor
progression—has become more complicated with the finding that, contrary to the resulits discussed just
previously, MMTV-driven Her-2/neu breast cancer cells? formed smaller tumors when injected into
SPARC knock-out mice, relative to wild-type[Sangaletti et al., 2003]. This study was notable in that
adoptive transfer experiments revealed that leukocyte-secreted SPARC was the major determining factor
for tumor growth. If SPARC" leukocytes were transplanted into knock-out mice, tumor growth was
increased; conversely, when SPARC’ leukocytes were transferred into wild-type mice, tumor growth was
inhibited. Therefore, in this case, it would seem as if SPARC enhanced breast cancer progression. But
what is the underlying mechanism for this effect? Interestingly, Sangaletti et al., went on to show in this
study that leukocytes deficient in SPARC infiltrated deep into the tumor parenchyma, whereas those

2 These Her-2/neu breast cancer cells were wild-type for SPARC.
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which were wild-type for SPARC localized mainly to the periphery. This would imply that immune cell
infiltration into the tumor inhibited growth, a conclusion that was supported by the fact that immune
suppression of SPARC knock-out mice increased tumor size. Therefore, this study suggests that
leukocyte-secreted SPARC may somehow act as a deterrent for immune cell entry into the tumor, and
that the immune system suppresses tumor growth. Differences in macrophage infiltration into tumors
have also been observed in SPARC knock-out mice, relative to wild-type, but the experimental evidence
for this, as well as its implications on tumor growth, have been inconsistent and difficult to
reconcile[Brekken et al., 2003; Puolakkainen et al., 2004]. In any case, SPARC is likely to regulate the
ECM in ways that affect immune cell trafficking to the tumor. How SPARC ultimately affects tumor growth
likely also impinges upon how the immune system influences tumorigenesis[Coussens and Werb, 2002].

SPARC As a Mediator of Tumor Metastasis

Finally, the role of SPARC as a modulator of ECM integrity and cell migration would seemingly make it an
ideal candidate for affecting the final stage of tumor progression to metastasis. Given the often-
contradictory observations aiready seen with SPARC, it is not surprising that its effects on metastasis are
also confusing. In prostate cancer, SPARC expression was highest in cell lines that metastasized to
bone, leading Thomas et al., to propose that tumor cells which efficiently form bone metastases often
display “osteomimetic” characteristics—in other words, they become similar to those cells that normally
reside and thrive in the bone[Thomas et al., 2000]. This may, in part, explain why certain tumors display
organ-specific metastatic preferences. Downregulation of SPARC expression using anti-sense RNA in
melanoma cells also inhibited their invasive capabilities in vitro, as well as their tumorigenicity and
metastasis in vivo, in concordance with the hypothesis that SPARC promotes metastasis[Ledda et al.,
1997]. However, overexpression of SPARC in breast cancer MDA-MB-231 cells specifically inhibited cell
invasion, but not migration, proliferation or apoptosis[Koblinski et al., 2005]. When SPARC-
overexpressing cells were injected into mice, a slight, but significant, reduction in platelet binding to the
tumor cells was noted, and, though not validated directly, this might be responsible for the reduction seen
in metastasis. In addition, in human clinical ovarian carcinomas, SPARC expression was downregulated

in invasive tumors, and in vitro, SPARC induced apoptosis in the ovarian tumor cell lines[Yiu et al., 2001].

These experimental data, coupled with the fact that SPARC expression has often been found to be both
significantly upregulated and downregulated in different human clinical tumors (Figure 1C), imply that
SPARC regulation is important for tumorigenesis. However, the exact nature of its effects on
tumorigenesis remains controversial. Our interest in SPARC grew out of our finding that its expression
was severely downreguiated in our highly metastatic PC-3 #82 variant cell line, relative to our poorly
metastatic PC-3 #78 cells. If these differences were functionally important, that would indicate that

SPARC acts as a metastasis suppressor in our orthotopic model of prostate cancer. To begin to
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approach this question, we elected to study spontaneous prostate and breast cancer progression in mice
that either possessed or were deficient in SPARC. Although the role of SPARC in tumorigenesis and
metastasis has been examined in numerous studies using cell culture and xenograft experiments, to date,
none have utilized spontaneous tumor mouse models. Therefore, we felt this was a novel and more
realistic approach for testing the effects of SPARC on cancer progression, relative to what has already
been described in the literature. | will describe the results for these experiments in the next section.

RESULTS
SPARC mRNA and protein are downregulated in highly metastatic #82 prostate cancer cells

In addition to 4.1B/DAL-1, gene expression analysis on metastatic variants of the prostate
adenocarcinoma cell line PC-3 revealed that highly metastatic #82 cells displayed significantly
downregulated expression of SPARC/osteonectin, relative to poorly metastatic #78 cells and medium
metastatic pMicro-1 cells (Figure 1A). To further confirm this result, quantitative real-time PCR was
performed on additional subcutaneous tumors and aiso on tissue culture cells. In all cases, SPARC
expression was highest in #78 cells, slightly reduced in pMicro-1 cells, and severely downregulated in #82
cells (results summarized in Figure 1A). Gene expression data were also validated at the protein level by
Western blot for SPARC in subcutaneous tumors (Figure 1B, arrows). Together, these results suggest
that SPARC may be acting to suppress metastasis in our prostate cancer orthotopic model, and that,
therefore, loss of SPARC expression/protein may enhance tumor progression and invasion.

SPARC expression is significantly altered in a variety of tumor types

SPARC expression levels were also examined in different human clinical gene expression studies to
determine if there were data to support our hypothesis that SPARC may function as a tumor/metastasis
suppressor. An initial comparison of tumor versus normal samples from the Oncomine database
revealed that SPARC expression levels were frequently altered in a variety of cancers (Figure 1C). For
example, SPARC was significantly upreguiated in liver, colon and B-cell tumors relative to their respective
normal tissues of origin, and downregulated in three studies of prostate cancer, relative to normal
prostate. These seemingly contradictory results appear to parallel those obtained in experimental studies
where SPARC has been reported to act both as a tumor-suppressor and -promoter in different mouse
tumor models[Brekken et al., 2003; Puolakkainen et al., 2004; Sangaletti et al., 2003].

SPARC expression levels were extracted from additional published cancer data-sets for analysis. Ina

study by Dhanasekaran et al., microarray profiling of human clinical prostate material yielded gene
expression signatures that could distinguish among samples derived from normal prostate tissue, benign
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prostate hyperplasia (BPH), localized prostate cancer, and prostate cancer metastases [Dhanasekaran et
al., 2001). Interestingly, our analysis of data from this study revealed that SPARC mRNA was reduced in
samples derived from hormone-refractory prostate cancer metastases, compared to those from normal
prostate, BPH, and localized prostate cancer (Figure 2A). Since this study also recorded a significant
reduction of SPARC in tumors relative to normal prostate tissue, this might indicate that SPARC
downregulation could be important for progression of human prostate cancer, starting from the point of
tumor initiation, to the formation of distant metastases in a variety of organs, including lymph nodes, lung
and bone (Figure 2A).

In studies by van't Veer et al., a gene expression signature consisting of 70 features was found to
distinguish between patients bearing node-negative breast cancers that were either likely (“Poor
Prognosis”) or unlikely (“Good Prognosis) to metastasize within 5 years from the time of diagnosis [van't
Veer et al., 2002]. Patients with poor prognosis tended to bear tumors which were estrogen receptor
(ER)-negative and which dispiayed increased lymphocyte infiltration; patients with BRCA1 germline
mutations also bore tumors that were classified by gene expression to belong to the poor prognosis
group. However, prognosis was not correlated with tumor grade or degree of angiocinvasion. Although
this optimized 70 gene expression signature did not include SPARC, subsequent analysis by Smid et al.
(2003) [Smid et al., 2003], and by us revealed that reduced SPARC expression was associated with
patients who had developed metastases within 5 years of diagnosis (Figure 2B). Furthermore, the level
of SPARC expression, by itself, was capable of distinguishing between two groups of patients who
differed, to some extent, in their susceptibility to metastatic disease (Figure 2C). As illustrated by the
Kaplan Meier plot, 67% of patients with tumors that expressed high levels of SPARC remained free of
metastasis within 5 years of diagnosis, whereas only 40% of patients with tumors that expressed low
levels of SPARC remained metastasis-free during the same time-frame. Furthermore, tumors with the
BRCA1 mutation, which also tended to be ER-negative [van't Veer et al., 2002], were found to exhibit
lower SPARC expression relative to tumors without the mutation (Figure 3A). These data would therefore
seem to be in concordance with our hypothesis that SPARC suppresses tumor aggressiveness.

Perhaps even more interestingly, analysis of data obtained by Dr. Lei Xu in our lab revealed that SPARC
expression was specifically reduced in highly metastatic sub-clones (MA and MC series) derived from a
bulk, mixed population of parental A375 melanoma cells (Figure 3B) [Xu et al., 2006]. The MA and MC
cells exhibited increased lung metastasis when injected intravenously into immunocompromised mice;
therefore, it is conceivable that downregulation of SPARC may be responsible, at least in part, for the
aggressive phenotype of these cells. This apparent association of SPARC expression with many of the
specific clinical parameters discussed previously, including tumor initiation, growth and metastasis, was
subsequently tested, as described below, in different mouse models of cancer.

116



Chapter 4

The role of SPARC in spontaneous prostate cancer formation and progression in TRAMP mice

SPARC heterozygous and knock-out mice bearing a single copy of the TRAMP transgene were evaluated
for tumor formation, using similar procedures as those described previously for 4.1B in Chapter 3. At 26
weeks of age, there was no difference in the percentage of mice that had developed paipable grade 6
carcinomas for the heterozygous (6/19, 32%) and knock-out (4/13, 31%) mice (Figure 4A). Mice that had
not formed palpable carcinomas, nevertheless, possessed enlarged prostate glands that likely contained
non-invasive precursor lesions, as was the case with the 4.1B-TRAMP studies. Of those mice that had
developed grade 6 carcinomas, there was no difference in the percentage of animals that had also
developed palpable para-aortic/lumbar lymph node metastases (5/6 for SPARC*"; and 3/4 for SPARC™)
(Figure 4A). Furthermore, the masses of the urogenital systems did not differ significantly between
genotype (mean = 4,059 mg for SPARC*" and 3,727 mg for SPARC™, p = 0.74) (Figure 4B). Lastly, the
urogenital mass of mice lacking the TRAMP transgene was also not significantly affected by genotype
(mean = 554 mg for SPARC"" and 516 mg for SPARC™, p = 0.44) (Figure 4B). Therefore, these results
suggest that the presence or absence of SPARC does not influence prostate cancer progression in the
TRAMP tumor model.

The role of SPARC in spontaneous mammary carcinoma formation and progression in PyMT mice

SPARC heterozygous and knock-out mice bearing a single copy of the MMTV transgene were evaluated
for tumor initiation, rate of growth and metastasis. Beginning at 10 weeks of age, mice were inspected
twice weekly for palpable tumors within any of the 10 mammary glands. These were clearly visible as
small masses underneath the skin, and, over time, 100% of mice developed multiple malignant growths
within the majority of their mammary glands. The earliest age at which a tumor was detected was
recorded and used as a rough estimate of tumor initiation. Using this metric, we found no significant
difference in the time to tumor initiation between SPARC*" or SPARC™ mice, whose tumors were first
observed at an average age of 15.3 weeks and 15.6 weeks, respectively (Figure 5A). As a rough
measure of the rate of tumor growth, mice were sacrificed four weeks after the initial observation of
tumors, and the total mass of all malignant growths that had occurred during that time was also recorded.
In this regard, there was also no significant difference between genotypes, as SPARC™ mice bore tumors
of an average mass of 5.3 grams, while SPARC™" mice bore tumors of an average mass of 4.2 grams (p =
0.2) (Figure 5B). There was also no difference when only tumors at specific sites (e.g. upper right
guadrant, lower left quadrant, etc.) were compared (data not shown). Macroscopic examination of the
lungs at the time of sacrifice revealed no significant differences in the number of metastases present
(Figure 5B). On average, SPARC"" mice possessed 9.6 lung metastases, while SPARC™ mice
possessed 23.3 lung metastases (p = 0.17), though the results for the SPARC nuil mice were partially
skewed by a single animal (out of eight total), which bore >100 lung metastases. In addition, there was
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no correlation between the number of lung metastases observed and either the age of the animal or the
total primary tumor burden (Figure 6). Therefore, and similar to the results seen with prostate cancer,
these data suggest that the presence or absence of SPARC does not influence breast cancer progression
in the MMTV tumor model.

DISCUSSION

As was observed from the Oncomine analysis, as well as from data gleaned from cancer bioinformatics
studies originally performed by Dhanasekaran et al.; van’t Veer et al.; and Xu et al.; among others,
expression of SPARC/osteonectin is frequently altered during tumor progression[Dhanasekaran et al.,
2001; van't Veer et al., 2002; Xu et al., 2006]. Our own studies have shown that SPARC expression is
significantly downregulated in highly metastatic prostate cancer cells, implying that SPARC may normally
act to suppress metastasis, and that genetic or epigenetic loss of expression of this gene may allow the
highly metastatic phenotype to manifest itself. Because alterations in SPARC have been linked to a
variety of cell morphological phenotypes, and because SPARC is a component of the ECM, we felt that
this was a protein that was well-positioned to have significant effects on tumor progression and
metastasis. We therefore decided to examine the role of SPARC in the context of spontaneous prostate
and breast cancer development in mice.

Contrary to published tumor studies, thus far, we have found no evidence that SPARC is important during
either prostate or breast cancer progression. However, these findings do not preclude the possibility that
future, more detailed and/or sophisticated analyses may identify an important function for SPARC in
tumorigenesis, particularly in other mouse cancer models. At the very least, it is evident from this initial
study that SPARC plays little, if any, role in two SV40-driven mouse models of tumorigenesis. In TRAMP
mice, the presence or absence of SPARC yielded no differences in urogenital-prostate mass or in the
frequency of high grade prostate cancer formation. There was also no difference in the percentage of
mice that developed local lymph node metastases. As observed previously, metastases were present
only in mice that had developed histologic Grade 6, and often palpable, prostate tumors. In MMTV mice,
the presence or absence of SPARC yielded no differences in time to mammary tumor initiation, rate of
tumor growth or the number of lung metastasis. There was also no correlation between the extent of
metastasis and primary tumor size or the age of the animal.

Given the results previously published identifying SPARC as a causal regulator of tumor progression,
both positively and negatively[Brekken et al., 2003; Puolakkainen et al., 2004; Sangaletti et al., 2003), it is
difficult to explain precisely why SPARC appeared to have no apparent effect in our tumor models. There
are, however, several possibilities that could account for these discrepant results. Perhaps most
importantly, the use of spontaneous mouse tumor models in our studies differed dramatically from the
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experimental approaches of others, who examined the role of SPARC often in tissue culture and in
xenograft models of tumorigenesis. As spontaneous tumor models reproduce every step along the
cancer progression pathway, they are generally regarded as more realistic in vivo systems for studying
cancer, although they are also significantly less amenable o experimental manipulation. Thus, SPARC
may act both positively and negatively at several points along this cancer progression pathway, and the
differential effects may, in some way, cancel out, or at least obfuscate our ability to assign a specific role
for SPARC in tumorigenesis. This is a realistic possibility, considering that SPARC has been observed to
act as a tumor inducer, a tumor suppressor, a pro-angiogenic factor, an anti-angiogenic factor, a
metastasis inducer, as well as a metastasis suppressor[Framson and Sage, 2004]. A possible
explanation for these often-contrasting findings may be that the effects of SPARC are heavily biased by
the tumor microenvironment. Various proteolytic enzymes and MMPs are known to process SPARC
post-translationally[Sage et al., 2003], and the various fragments that are consequently generated, as
well as the stromal context in which they are present, and the tumor cell types that ultimately respond to
them—these are all determinants of the bioactivity of SPARC.

Another important difference in our experimental approach is that we had compared tumor progression in
animals that were either completely heterozygous or completely null for SPARC. This is in contrast with
other published reports utilizing SPARC-deficient mice, which compared fully null animals with fully wild-
type ones[Brekken et al., 2003; Puolakkainen et al., 2004; Sangaletti et al., 2003]. In addition, in studies
where pancreatic carcinoma, T-cell ymphoma and mammary carcinoma cells were injected into these
mice, the tumor cells themselves expressed SPARC. In some cases, this could be useful for
discriminating between tumor-derived and stromally-derived SPARC[Sangaletti et al., 2003]. Two
important questions, therefore, come to mind when we consider why our results might have differed from
those of others: Firstly, does a two-fold reduction in SPARC (wild-type versus heterozygous) affect
tumorigenesis? And secondly, is the source of SPARC (tumor- and/or stromal-derived) important?
Neither of these questions can be fully answered with certainty, but given that SPARC null mice exhibit
few significant phenotypic defects, it is not as likely that SPARC is haploinsufficient during tumorigenesis.
Nonetheless, if SPARC heterozygous mice did, in fact, display some enhancement in tumor formation
relative to wild-type animals®, the background for our analysis would have been increased, making it more
difficult to observe statistically significant differences in tumor formation.

Similarly, the importance of tumor- versus stromally-derived SPARC remains unclear, though one study
has suggested that leukocyte SPARC—and not tumor-derived SPARC—is all-important for affecting
breast cancer formation[Sangaletti et al., 2003]. As ours was a preliminary study on the role of SPARC in
spontaneous tumor progression, we have not yet analyzed the tumors to determine whether SPARC
affected leukocyte localization within the cancer, and this remains to be examined in future studies. In
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addition, it will also be interesting to determine whether the extracellular matrix within, or encapsulated
around, the tumor was affected by SPARC, as has been previously noted by others[Brekken et al., 2003;
Puolakkainen et al., 2004]. Effects on tumor angiogenesis could also potentially be evaluated.
Interestingly, in studies by Puolakkainen, et al., pancreatic tumors injected into SPARC-deficient mice
were reported to possess fewer pericyte-associated blood vessels[Puolakkainen et al., 2004). As the
blood vessels in that study were identified using the pan-endothelial marker MECA32, it is tempting to
speculate that these vessels could very well have actually been lymphatic capillaries, which are not
normally surrounded by pericytes. Could SPARC be important for lymphatics? Given that this molecule
affects endothelial cells in vitro and is a component of the ECM, it would not be surprising if SPARC were,
indeed, found to be a regulator of tumor lymphangiogenesis. Future immunohistochemical studies using
the marker LYVE-1 to identify lymphatics in tumors and in surrounding normal tissue of SPARC wild-type
and deficient mice could help determine whether this is the case.

In conclusion, we found no overall difference in spontaneous prostate or breast cancer progression in
SPARC knock-out mice, relative to heterozygous animals. Therefore, this raises the possibility that, at
least in some cases, altered levels of SPARC may be associated with, but not be causative for,
tumorigenesis. In future studies, it will be important to determine how the tumor microenvironment
influences the activity of SPARC. This may someday provide an explanation for the contrasting effects
that have been reported for this multi-functional protein.

* No SPARC wild-type mice were generated from our cross for experimental mice, and the few wild-type mice we did
analyze arose from unrelated matings.
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Figure 1. SPARC/Osteonectin expression is frequently downregulated in metastatic
prostate cancer. (A) Expression of SPARC in metastatic variants of PC-3 was
compared using gene expression analysis on subcutaneous tumors ("Microarray”), and
guantitative RT-PCR on subcutaneous tumors (“Subcutaneous’) and on tissue culture
cells ("Tissue Culture”). All expression values were normalized relative to that of the
highly metastatic variant, pMicro#82 (beige bars), whose mRNA levels were set to one.
(blue bars, #78 samples; purple bars, pMicro-1 samples) (B) Westem blot for SPARC
protein (arrows) confirmed the RNA results. The other bands present may be non-
specific background bands. (C) SPARC expression was significantly upregulated (red)
or downregulated (green) in different tumors, relative to normal tissue, according to
Oncomine.
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Figure 2. SPARC/Osteonectin expression is downregulated in metastatic prostate
and breast cancer. (A) SPARC expression was compared between human clinical
prostate cancer metastases, localized prostate cancer, benign prostate hyperplasia
(BPH) and normal prostate tissue, using data obtained by Dhanasekaran et al. (2001).
Each column represents a single tumor sample whose SPARC gene expression level
was normalized relative to the mean intensity of all samples (red, relative up-regulation;
green, relative down-regulation). (B) SPARC expression was compared between
human clinical breast tumors from patients that had exhibited either “good” or “poor”
prognosis, using data obtained by van't Veer et al. (2002), and later processed by Smid
et al. (2003).
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Figure 2. SPARC/Osteonectin expression is downregulated in metastatic prostate
and breast cancer (cont). (C) Human clinical patients bearing mammary tumors were
divided into two groups based on relative SPARC expression levels, and the percentage
of patients remaining metastasisfree was plotted for up to 5 years after the initial time of
diagnosis (p = 0.017 by Chi-square test, at the 5 year time-point).
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melanoma cells. (A) SPARC expression was compared among human clinical breast
cancer patients with various clinical parameters, using data obtained by van't Veer et

Figure 3. SPARC/Osteonectin expression is downregulated in BRCA1
positive/Estrogen Receptor negative breast cancer and in highly metastatic
al. (2002). Each column represents a single tumor sample whose SPARC gene

expression level was normalized relative to the mean intensity of all samples. Amows
depict patients bearing mammary tumors found to be both BRCA1-positive and ER-

melanoma cell line A375. (red, relative upregulation; green, relative downregulation)

negative. (B) SPARC expression was compared among metastatic variants of the
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Figure 4. SPARC/Osteonectin does not affect spontaneous prostate cancer
tumorigenesis or metastasis in TRAMP mice. (A) The incidence of palpable
macroscopic prostate carcinomas (top) and lymph node metastases (bottom) was
compared between SPARC knockout (KO) and heterozygous (Het) animals at 26 weeks
of age. (B) Urogenital mass of TRAMP-negative (left) and TRAMP-positive (right) mice
was assessed for SPARC knock-out and heterozygous animals at 26 weeks of age.
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Figure 5. SPARC/Osteonectin does not affect spontaneous mammary tumor
formation or metastasis in MMTV mice. (A) The rate of MMTV mammary tumor
initiation was compared between SPARC knock-out and heterozygous animals. (B) The
total tumor burden (left) and the total number of lung metastases (right) were assessed
for SPARC knock-out and heterozygous animals at the time of sacrifice.
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CHAPTER 5.

HEMATOGENOUS METASTASIS IS ASSOCIATED WITH
LYMPHATIC DISSEMINATION IN A MOUSE MODEL OF
PROSTATE CANCER

The work in this chapter was conceived by Sunny Wong and Richard Hynes. The contents of this chapter
were written by Sunny Wong, with editing by Richard Hynes.
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INTRODUCTION

Blood vessel or lymphatic dissemination?

The formation of distant metastases is the deadliest phase of cancer progression. Although numerous
studies, including our own, have identified genes that affect metastasis after tumors have reached
secondary sites, our knowledge about how cancer cells initially gain access to systemic circulation is
limited. Part of the complexity arises from the fact that, once a migratory cancer cell has detached from
the primary tumor, it may intravasate into either a blood or lymphatic vessel. Either route of dissemination
can lead to venous circulation, as lymphatics drain into the blood, most commonly through the left
lymphatic duct (thoracic duct) or the right lymphatic duct, and then subsequently into the subclavian
veins. Therefore, it is imperative that we understand the physiological and molecular mechanisms that
affect what might be the first decision an invasive cell needs to make: whether it will metastasize via
blood vessels or lymphatics.

To a large extent, this decision likely rests on physical restrictions imposed on invasive tumors, although
active mechanisms for attracting malignant cells to specific types of vasculature have also recently been
postulated (see below). Lymphatics have long been regarded as the “default’ pathway for tumor cell
dissemination, and this is likely due to the fact that lymphatic capillaries lack the tight interendothelial
junctions typically seen in blood vessels, as well as the surrounding layers of pericytes/smooth muscle
cells and basement membranes[Alitalo and Carmeliet, 2002]. This inevitably renders lymphatics “porous”
relative to blood vessels, thus making them more susceptible to invasion by tumors. In addition, the
survival of malignant cells might benefit from the passive, low-shear fluid flow characteristic of lymphatics.
However, the increased hemodynamic flow rate, as is observed within blood vessels, might also help to
dislodge individual malignant cells from the primary tumor{Byers et al., 1995].

Accessibility of blood and lymphatic vasculature might be another factor that influences the pathway
taken for metastasis. Induction of angiogenesis, the growth of blood vessels, has been shown to be
necessary for tumors growing beyond 0.4 mm in diameter[Ferrara, 2002; Gimbrone et al., 1972]. On the
other hand, lymphatic vessels appear to be dispensable for primary tumor growth in several experimental
mouse models[Chen et al., 2005; He et al., 2002; Karpanen et al., 2001; Krishnan et al., 2003; Lin et al.,
2005; Shimizu et al., 2004]. Because blood and lymphatic vessels share a common embryonic origin,
and respond to many similar growth factors—VEGF-A, VEGF-C, VEGF-D, FGF2, PDGF-B, HGF and
others[Alitalo et al., 2005]—tumors might be expected to induce lymphangiogenesis concomitant with
angiogenesis. But for reasons unclear, this is often not the case. While proliferating intratumoral
lymphatics have been detected in human melanomas[Dadras et al., 2003], as well as in head and neck
squamous cell carcinomas[Maula et al., 2003], evidence for lymphangiogenesis in other cancers has
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been less well documented. In the absence of intratumoral lymphatics, therefore, only tumor cells at the
invasive margins would be expected to have access to the surrounding lymphatic vasculature. In
contrast, most cancer cells should have ready access to blood vessels, which are present throughout the
tumor.

As mentioned previously, active recruitment of tumor cells towards either blood vessels or lymphatics
may occur through paracrine interactions, for instance involving an EGF-EGFR axis. Studies by Wyckoff
et al., for instance, have shown that metastatic rat mammary adenocarcinoma cells expressing high
levels of EGFR often polarize towards blood vessels, which are lined by macrophages that secrete
EGF[Wyckoff et al., 2004]. Macrophages are often also found in proximity to lymphatic vessels
[Schoppmann et al., 2002; Skobe et al., 2001}, and in recent studies, macrophages have even been
observed to transdifferentiate into lymphatics[Kerjaschki, 2005; Maruyama et al., 2005]. In addition,
lymphatic stromal cells have been reported to be a source of EGF and IGF-I[LeBedis et al., 2002].
Lymph node secretion of chemokines such as SCL/CCL21 and CCL1 might also attract tumor cells that
express the receptors CCR7 and CCRS, respectively[Homey et al., 2002]. Overexpression of CCR7 in
B16 melanoma cells has been shown to increase lymph node metastasis[Wiley et al., 2001}, while others
have reported that breast cancer cells or melanomas expressing CXCR4 may actively home to lymph
nodes containing CXCL12/SDF-1 ligand[Muller et al., 2001].

How do tumor cells reach systemic circulation?

Related to the topic of how malignant cells exit from the primary tumor is another issue that possesses
far-reaching implications: How do tumor cells actually reach systemic circulation? Resolving this
question is especially important, considering the large number of cancer cells that are thought to be
released into the blood—estimated in one study to be up to ~4 x 1046 cells per gram of primary tumor
daily[Butler and Gullino, 1975]. The obvious and simple answer is that tumor cells enter into blood
circulation through blood vessels; yet, as we have discussed previously, the lymphatic system might
provide a more circuitous, though perhaps less treacherous, route for tumor cell dissemination.

The exact answer, or even a generalized answer, for how tumor cells enter hematogenous circulation has
yet to be determined. A major obstacle arises from difficulties in observing and tracking the movements
of individual tumor cells in vivo, although recent intravital imaging studies have provided views of tumor
cell intravasation into vasculature[Hoshida et al., 2006; Wyckoff et al., 2000]. In addition, there has been
little evidence to prove that tumor cells in lymph nodes can actually reach blood circulation. Even if this
phenomenon does occur, it is unclear how frequently tumor cells choose one pathway over the other. At
the very least, if cancer cells must rely on lymphatics to enter into the blood, a positive correlation
between lymphatic and hematogenous spread should be seen in human tumors. In fact, this is exactly
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the case for a variety of cancers observed in the clinic. For instance, Bubendorf et al. reported that 84%
of patients with node-positive prostate cancer bore evidence of hematogenous dissemination, as opposed
to 16% of patients without local lymph node spread[Bubendorf et al., 2000]. In breast cancer, lymph node
metastasis has been linked with poor prognosis and distant metastasis[Cianfrocca and Goldstein, 2004],
and similar observations have also been noted in pancreatic cancer[Yoshida et al., 2004], ovarian
cancer[Dvoretsky et al., 1988], and head and neck cancer[Leemans et al., 1993], among others. It should
come as no surprise, therefore, that lymph node status is often used as a diagnostic tool to predict the
extent to which a primary tumor has already spread throughout the body.

While it is tempting to speculate that these associations arise from the fact that hematogenous metastasis
is dependent upon lymphatic spread, of course, this hypothesis needs to be proven in an experimental
setting. We initially became interested in answering some of the questions raised in this section, after
observing an apparent association between lymphatic and systemic metastasis in our surgical orthotopic
mouse model of prostate cancer. In the following Results and Discussion sections, | will describe our
findings related to this, as well as an experimental approach for determining how tumor cells might enter
blood circulation. This approach, as well as the results that came out of it, will be discussed in detail in
the following chapter.

RESULTS

Hematogenous Dissemination Is Associated With Lymphatic Metastasis in an Orthotopic Model of

Prostate Cancer

As described in Chapter 2, we utilized surgical orthotopic implantation (SOI) as a method for introducing
human prostate PC-3 cells into immunodeficient mice. An advantage of this model, as was also
previously mentioned, was that the primary tumors developed both lymphatic and systemic metastases,
2-3 months post-surgery (Figure 1). Importantly, we were able to develop techniques to quantitate the
degree of tumor spread to the lymph nodes and to the lung, as well as to count the number of viable

circulating cancer cells in the blood of tumor-bearing mice.

With these three assays for measuring tumor cell presence in the lymph nodes, blood and lungs, we
began noticing certain trends that have, for the most part, held true after analysis of >196 mice
successfully implanted by SOI with our PC-3 cell line derivatives. Interestingly, we observed a strong
correlation between lymphatic and hematogenous dissemination in our mouse orthotopic xenograft model
of prostate cancer (Figure 2). As expected, the lymph nodes directly draining the prostate, the para-
aortic/sub-lumbar lymph nodes, were invaded first by the tumors, followed by the more distant sub-renal
lymph nodes. Mice that bore tumors which had not formed macroscopic metastases in the lumbar lymph
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nodes (~ 50% of mice) were unlikely to possess renal lymph node macro-metastases. Not surprisingly,
the appearance of lung micrometastases was well-correlated with the detection of viable circulating tumor
cells in the blood (Figure 2A). Unexpectedly, however, significant numbers of circulating tumor cells
(Figure 2B) and lung metastases (Figure 2C) were observed only in mice that possessed both renal and
lumbar lymph node macro-metastases, regardless of primary tumor size.

This apparent correlation between lymphatic and hematogenous spread can be interpreted in at least
three ways (Figure 3). It is possible that PC-3 tumor cells may be unable to intravasate directly into blood
vessels; thus they must first establish satellite ymph node metastases in order to disperse metastatic
cells via the thoracic duct into the blood. Another possibility is that the primary tumors may be completely
non-invasive until somehow triggered to metastasize via both lymphatics and blood vessels
simultaneously. A third explanation is that distinct sub-populations of tumor cells may be capable only of
metastasizing via either the lymphatic or blood vessel routes, but not both, and that dissemination also
occurs at about the same time. Any of these possibilities would potentially yield an apparent correlation
between lymphatic and hematogenous spread. In the last two scenarios, tumor cells which have reached

lymph nodes may or may not disseminate further into venous circulation.

It is interesting to note that, in our system, subcutaneous tumors rarely metastasize, in spite of the fact
that—at least in the case of PC-3 cells—highly angiogenic and lymphangiogenic tumors are formed
(Figure 4). Although there are numerous reasons why tumors might metastasize from an orthotopic site
but not from an ectopic site, a simple explanation is as follows: Although we have observed microscopic
subcapsular lymph node invasion from subcutaneous tumors, these nodes were not invaded to the
degree that would favor widespread systemic tumor cell dispersal. This hypothesis would be in
agreement with our orthotopic results and would argue that hematogenous dissemination is dependent
upon substantial lymphatic spread. A prediction from this model would therefore be that, if given enough
time, subcutaneous tumors should also be expected to develop systemic metastases—but only after

forming macrometastases in the draining, axillary lymph nodes.

DISCUSSION

We have observed that hematogenous dissemination of tumor cells is associated with lymphatic
metastasis in an orthotopic model of prostate cancer. We have also proposed three explanations that
might explain our findings. In the first possibility, hematogenous dissemination might be dependent upon
lymphatic spread; an alternative explanation is that primary tumors might be induced by an unknown
mechanism to metastasize via both the lymphatic and hematogenous routes simultaneously; and, finally,
a third possibility is that distinct sub-popuiations of tumor cells may be adept at disseminating via either
vascular routes, but not both, and that this dissemination occurs at roughly the same time. In support of
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the first possibility, Sleeman et al., have noted that the physiology of lymph nodes may actually favor
formation of local metastases that could serve as “bridgeheads” for further dissemination [Sleeman,
2000]. Similarly, others have proposed that lymph nodes might act as initial “selection” sites where tumor
cells with partial metastatic competence could seed and expand, while selecting for increasingly
malignant variants that could later spread to more distant sites [Krishnan et al., 2003]. However, it
remains to be seen whether tumor cells can efficiently enter blood circulation via lymphatics.

If entrance into systemic circulation were dependent on lymphatics, experimental inhibition of lymph node
metastasis should also inhibit hematogenous spread. But, while some have indeed reported such
results[Chen et al., 2005; Krishnan et al., 2003; Lin et al., 2005], others found that inhibiting lymph node
metastasis had no effect on lung metastasis[He et al., 2002; He et al., 2004; He et al., 2005). These
findings are likely attributable to differences in the cell lines utilized and whether the cells were implanted
orthotopically or ectopically. In another study, resection of MT-100-TC mammary carcinomas along with
draining lymph nodes prevented metastatic recurrence, but removal of the primary tumors alone did
not{Ward and Weiss, 1989]. This would suggest that MT-100-TC cells reached systemic circulation via

lymphatics, a progression the authors termed “metachronous seeding.”

In contrast, the presence of hematogenous metastases in the absence of lymphatic spread would clearly
indicate direct dispersal of tumor cells into blood vessels. This is a likely scenario for human patients
harboring bone marrow micrometastases in the absence of other detectable signs of spread, which has
been reported to occur in 20-40% of carcinomas[Pantel and Brakenhoff, 2004]. Interestingly,
comparative genomic hybridization (CGH) analyses have suggested that malignant cells may disseminate
through the blood very early in breast cancer[Schardt et al., 2005; Schmidt-Kittler et al., 2003]. These
cells were also found to be distinct from lymph node metastases by CGH, thus arguing against
metachronous seeding.

Although different tumor types may vary in regard to the mechanisms by which they spread throughout
the body, it is clear that in many human clinical studies, as well as animal models including our own, an
apparent association is observed for hematogenous and lymphatic dissemination. Given the three
possible explanations that might account for these results (Figure 3), in the next Chapter, | will describe
our attempts to use our orthotopic model of prostate cancer to distinguish between these possibilities.
Our approach was to try and selectively inhibit lymphatic metastasis in our system. If hematogenous
spread were dependent upon metastasis to lymph nodes, both pathways should be simultaneously
inhibited. On the other hand, if hematogenous metastasis and lymphatic spread occurred independently,
it is expected that bloodborne dissemination of tumor cells should be unaffected by inhibition of lymph
node metastasis.
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Figure 1. Hematogenous and lymphatic metastasis can be assayed and quantitated
in a surgical orthotopic implantation mouse model of prostate cancer. (A) A
schematic depicting the lymph nodes which primarily drain the urogenital system is
shown (left). Para-aortic/lumbar and renal lymph nodes bearing macrometastatic tumor
deposits are often seen after surgical orthotopic implantation (right). (B) A colony
formation assay can be used to quantitate the number of viable circulating tumor cells
in the blood (left), while micrometastases can be observed and counted in fung sections
(right). (Reproduced from Chapter 2)
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Figure 2. Associations between hematogenous and lymphatic metastasis after
surgical orthotopic implantation. (A) The presence of lung metastases was correlated
with the presence of circulating tumor cellsin the blood. (B) Significant numbers of
circulating tumor cellsin the blood were detected only in mice that bore
macrometastases in both the lumbar and renal lymph nodes. (C) Similary, most lung
metastases were seen in mice with both lymph node sitesinvaded.
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Figure 3. Three possible explanations to explain why, in a mouse model of prostate
cancer, hematogenous spread is observed only in the presence of significant
lymphatic spread. (1) The tumors might be incapable of intravasating directly into
blood vessels, so metastatic cells enter venous circulation indirectly via lymphatics
(‘metachronous seeding”). Or, the tumoris completely non-metastatic until mobilized
to metastasize via both lymphatic and hematogenous routes at the same time (2).
Similar to (2), it isalso possible that distinct

subpopulations of tumor cells may be capable of only metastasizing via either
lymphatic or blood vessel routes, but not both (3). In the last two scenarios, tumor cells
which disseminate through the lymphatic system may or may not eventually reach
blood circulation.
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PC-3 Subcutaneous Tumors
Type Label Tumor Size (mg) Age (d) Blood

pMicro2-78  6-8D 188 19 0
pMicro2-78 6-8E 250 19 0
pMicro2-78  6-8F 85 19 0
pMicro2-78 6-14A 1150 25 0
pMicro2-78 6-25D 956 36 0
pMicro2-78 6-25E 250 36 0
pMicro2-82 6-8G 420 19 0
pMicro2-82  6-8H 150 19 0
pMicro2-82  6-8l 240 19 0
pMicro2-82 6-25A 250 36 0
pMicro2-82 6-25B 610 36 0
pMicro2-82 6-25C 466 36 0
pMicro-1 6-8A 250 19 0
pMicro-1 6-8B 500 19 0
pMicro-1 6-8C 140 19 0
pMicro-1 6-14B 1590 25 0
pMicro-1 6-25F 1330 36 0
pMicro-1 6-25G 600 36 0
A375 Subcutaneous Tumors
Type Volume Age Blood Colonies

10-22A (vector) 2187 mm*3 49 0

10-22B (vector) 2618 mmA3 49 1

10-22C (vector) 557 mm"3 49 0

10-22D (C14) 2033 mm*3 49 0

10-22E (C14) 612 mm"3 49 0

Figure 4. Circulating tumor cells in the blood are not detected from subcutaneous
tumors. Eighteen mice bearing subcutaneous tumors derived from the core PC-3 cell
line derivatives were found, in all cases, not to possess any tumor cells circulating in the
blood (top graph). Thisis also mostly true for mice bearing subcutaneous tumors
derived from A375 melanoma cells (bottom graph).
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CHAPTER 6.

LYMPHANGIOGENESIS IS UNNECESSARY FOR PROSTATE
CANCER METASTASIS

The work in this chapter was conceived by Sunny Wong and Richard Hynes. LYVE-1 antibody was
obtained from Erkki Ruoslahti. The Flt4-lg expression plasmid was obtained from Kari Alitalo. The
contents of this chapter were written by Sunny Wong, with editing by Richard Hynes.
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INTRODUCTION
Lymphangiogenesis: Background

The study of how lymphatic vessels proliferate, a process known as lymphangiogenesis, is a relatively
young field when compared to the study of angiogenesis, the roughly analogous process involving the
growth of blood vessels. At least partly, this has been due to the absence of reliable markers for
identifying lymphatics, a technical hurdle which has not been overcome until the past decade. But
another explanation likely stems from the fact that the importance of angiogenesis is immediately
obvious: blood vessels are essential for the development and maintenance of virtually every organ in the
body', and studies by Folkman et al., have long focused attention on targeting angiogenesis as a means
of inhibiting tumor progression[Kerbel and Folkman, 2002]. This is not to suggest that lymphangiogenesis
is unimportant; the growth of lymphatic vessels is, in fact, necessary for many physiological processes,
including trafficking of immune cells, re-absorption of macromolecules extravasated from blood vessels,
and regulation of interstitial fluid pressure. But is lymphangiogenesis critical for cancer progression and
metastasis?

Lymphatic vessels are found in almost every organ in the body, with the exception of the central nervous
system, bone marrow and avascular tissues[Alitalo et al., 2005]. Unlike blood vessels, lymphatic
capillaries begin as blind-ended tubes in connective tissues and consist of a single layer of overlapping
endothelial cells which lack tight interendothelial junctions and pericytes, and, at most, are ensheathed by
an incomplete basement membrane[Baldwin et al., 2002]. Individual lymphatic endothelial cells are
anchored to interstitial collagen by reticular fibers (Figure 1A), and, under conditions of elevated tissue
pressure, these reticular fibers stretch, drawing apart the attached cells and permitting the influx of fluid
and macromolecules. Lymph fluid which is absorbed through lymphatic capillaries eventually collects into
the larger lymphatic collecting vessels, which themselves later converge to form the even larger right and
left (thoracic) lymph ducts (Figure 1A). Fluid flow is passive and occurs uni-directionally down pressure
gradients acting against the exterior of the vessels, while back-flow is prevented by a system of semilunar
valves’. Along the way, lymphatic fluid is filtered through at least one lymph node, where a portion re-
enters blood circulation through lymphatico-venous anastomoses; however, the majority of fluid reaches
venous circulation via the thoracic duct[Sleeman, 2000].

In humans, lymphatic endothelial cells first appear in 6-7-week-old embryos, while in mice, these cells
originate at embryonic day 10.5, after the formation of the cardiovascular system[Alitalo et al., 2005]. In
both cases, it is now widely believed that lymphatic vessels arise from the budding of embryonic veins, an

! Cartilage, epidermis and the cornea are all avascular tissues, and appear to be exceptions to this rule.
In large lymphatics, lymphatic fluid is actively pumped against a pressure gradient.
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observation that was first noted in the early 1900s by the renowned anatomist Florence R. Sabin®. These
buds sprout from veins located in the jugular, retroperitoneal and perimesonephric areas, and initially
migrate to form primary lymph sacs, from which a primary lymphatic plexus eventually develops[Jussila
and Alitalo, 2002].

Differentiation of endothelial cells along the lymphatic lineage requires the function of the transcription
factor Prox1, a master regulator of the lymphatic phenotype[Petrova et al., 2002]. While mouse embryos
deficient for this gene initiate rudimentary lymphatic buds, these fail to undergo proper lineage
commitment[Wigle et al., 2002]. An important function of Prox1 is to upregulate expression of the major
lymphatic receptor, VEGF receptor-3 (VEGFR-3 or Fit4)[Petrova et al., 2002; Wigle et al., 2002],
although, early on, VEGFR-3 is expressed throughout the embryonic cardiovascular network and only
later is its expression restricted to lymphatics[Baldwin et al., 2002]. Mouse knock-out studies have also
identified a host of other factors that, when absent, lead to lymphatic developmental defects. Among
these, Ephrin B2, Foxc2 and neuropilin-2 have all been implicated in lymphatic remodeling[Alitalo et al.,
2005], while the transmembrane glycoprotein podoplanin has been found to be necessary for proper
lymphatic development[Schacht et al., 2003]. In addition, the intracellular proteins Syk and SLP76
appear to regulate the divergence of blood and lymphatic vasculature, and mice deficient for either of
these molecules exhibit abnormal communication between the two vessel types[Abtahian et al., 2003}, a
phenotype that resembles a human condition known as congenital arteriovenous malformation[Jain and
Padera, 2003]. The hyaluronan receptor LYVE-1 has also been found to be an early marker of lymphatic
commitment, but knock-out studies have shown that this receptor is unnecessary for proper lymphatic
development[Gale et al., 2006]. Nonetheless, LYVE-1, along with several other proteins, including
podoplanin and, to some extent, VEGFR-3, have all been useful as markers for identifying lymphatics

vessels.

Perhaps the best characterized signaling pathway for lymphangiogenesis is mediated by VEGFR-3
binding to either vascular endothelial growth factor-C or -D (VEGF-C and -D) (Figure 1B). Although the
normal physiological role of VEGF-D still remains relatively unclear, VEGF-C has been found to be
critically important, beginning from the earliest stages of lymphatic development. Mice completely
deficient for VEGF-C do not exhibit sprouting of lymphatic buds from the cardinal vein, while
heterozygous mice develop lymphadema[Karkkainen et al., 2004]. This is a condition characterized by
excessive fluid accumulation and swelling as a consequence of defective lymphatic function, and, in
humans, hereditary lymphadema