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Abstract of the Dissertation

Contributions of the RON Receptor Tyrosine Kinase to the
Progression of Breast Cancer

by

Kimberly Joy Feres
Doctor of Philosophy
In
Molecular Genetics and Microbiology
Stony Brook University
2009
Breast cancer is frequently associated with the deregulation of receptor tyrosine
kinase (RTK) signaling that normally exhibits tight control over cellular processes
involved in cell growth, death, differentiation, metabolism, angiogenesis, motility and
invasion. The RTK known as recepteur d'origine nantais (RON) exhibits increased
expression in at least 47% of human breast cancers. Furthermore, increased expression of
RON and its ligand, the macrophage stimulating protein (MSP), has been correlated with
a poor patient prognosis and a reduced 5-year survival rate.
It is currently not clear how RON-mediated signaling contributes to the
progression of breast cancer. To address the signaling mechanisms that RON utilizes to
promote oncogenic behavior in breast cancer, we generated RON-expressing MCF-10A
non-transformed breast epithelial cells. In MCF-10A cells, RON signals via two
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alternative pathways: one that requires MSP, and one that occurs in the absence of MSP.
Although MSP was necessary to promote RON-mediated proliferation and migration,
RON-mediated cell adhesion, spreading, 3-D morphological changes and survival was
not dependent on MSP. The intracellular tyrosine kinase Src was necessary for MSPindependent phosphorylation of RON in MCF-10A cells, and chemical inhibition of Src
completely abrogated both cell spreading and survival. In addition, we found that MCF10A/RON cells exhibited increased expression of the extracellular matrix protein
hyaluronan on their surface compared to MCF-10A control cells. These data imply that
MSP-independent activation of RON is potentially explained by interactions of RON
with hyaluronan-activated cell surface receptors, some of which are known to influence
RON signaling in other cell systems.
Taken together, the results from this study suggest that RON signaling may
contribute to the development and progression of human breast cancers, even the absence
of MSP.
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Introduction

Cancer Overview
Cancer is a devastating disease both in terms of mortality as well as financial
burden. In the United States, cancer accounts for approximately 23% of all annual
deaths, with nearly 565,000 people expected to succumb to the disease in 2008 (ACS,
2008). Economically, the cost of cancer in the United States was estimated to be over
$200 billion in 2006 (ACS, 2008). Compared to the other major causes of death, such
as heart disease, cerebrovascular disease and infectious diseases, the number of
deaths from cancer has not substantially dropped since 1950 (ACS, 2008), suggesting
that the scientific efforts needed to understand the causes of cancer, as well as to
identify successful treatments for cancer need to be ongoing.
On a basic level, cancer is a disease that stems from deregulation of cellular
pathways, which ultimately leads to uncontrolled growth and the potential to spread
to other sites within the body. However, cancer is a highly complex disease, with
several different types of pathways and classes of molecules involved in the
development and progression of the disease. Cancers are adept at thwarting a cell’s
innate ability to defend itself against the disease by attacking with at least six
different strategies. These strategies include “self-sufficiency in growth signals,
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insensitivity to growth-inhibitory (antigrowth) signals, evasion of programmed cell
death (apoptosis), limitless replicative potential, sustained angiogenesis, and tissue
invasion and metastasis” (Hanahan & Weinberg, 2000).
With these strategies, cancer exploits the normal functions and responses of
non-cancerous cells. Normal cells require exogenous growth factor stimulation in
order to proliferate, yet cancer cells have devised several ways in which to generate
proliferative signals in the absence of growth factors, or in some cases, cancer cells
create an ectopic synthesis of growth factors to which the cells respond. Cancerous
cells can continue to grow without control because they have learned how to block
the ability of normal cells to shut-off growth signals, and have learned to switch
cellular programming in order to become unresponsive to anti-growth signals.
Furthermore, these tumor-promoting cells are no longer susceptible to apoptosis,
which is often used as a mechanism for normal cells to prevent the spread of
abnormal cells (Hanahan & Weinberg, 2000). In later stages of cancer progression,
deregulated cells can undergo/induce blood vessel development, connecting the tumor
to the circulatory system. Angiogenesis enables the tumors to further increase in size,
as well as develop a means for tumor cells to escape the primary site and move to a
secondary site for metastatic growth. Finally, those tumor cells that do escape the
primary tumor have acquired additional mutations that allow them to lose normally
tight cellular adhesion and inappropriately digest extracellular matrix in order to
move into the vasculature (Chiang & Massague, 2008; Fidler, 2003). The ability of a
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cancer cell to gain entry into the vascular system is a key step in the formation of
metastatic disease, which is the main cause of cancer-related deaths.

Receptor tyrosine kinases
The above strategies are achieved in part by mutations in both oncogenes and
tumor suppressors. As oncoproteins, receptor tyrosine kinases (RTKs) are frequently
found to play a role in many of the events in cancer progression, including
uncontrolled proliferation, evasion of apoptosis, angiogenesis and migration/invasion
(Levitzki & Gazit, 1995). Structurally, RTKs are cell surface receptors that contain
an extracellular ligand-binding domain, an intracellular catalytic domain and
cytoplasmically-located tyrosines that can be phosphorylated to recruit downstream
effector molecules (Ullrich & Schlessinger, 1990). RTKs phosphorylate substrates
reactions by transferring the γ-phosphate of ATP to the hydroxyl group on tyrosines
of the target protein (Hunter, 2000). Phosphorylation, whether on tyrosine, serine or
threonine, is an essential mechanism for cells to transduce intracellular signals and
ultimately promote target gene expression (Hunter, 2000; Hunter & Eckhart, 2004).
Monomeric RTKs become activated when their ligand binds to the
extracellular domain, thereby leading to receptor dimerization and autophosphorylation of the cytoplasmic domains (Schlessinger, 2000). Receptors can
either homo-dimerize or hetero-dimerize with other receptors in the same or different
family (Schlessinger, 2000). For example, the RTK known as c-Met can autophosphorylate via homodimerization with another c-Met monomer (Wickramasinghe
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& Kong-Beltran, 2005), which leads to its biological effects. Activation of c-Met also
leads to cross-activation of other RTKs, such as EGFR, which is thought to be a
potential mechanism of drug resistance in cancer treatment (Guo et al., 2008; Puri &
Salgia, 2008). C-Met can also bind directly to other surface receptors such as β4integrins (Trusolino et al., 2001) and Plexins (Giordano et al., 2002) in order to
promote cell signaling. Once activated by ligand binding, auto-phosphorylation in
the cytoplasmic domain of the RTK serves to switch conformationally the catalytic
domain into an open position for ATP and substrate binding, as well as provide
binding sites for downstream signal transducers in the C-terminal region
(Schlessinger, 2000). Several types of transducers that contain Src-homology-2
(SH-2) and phospho-tyrosine binding (PTB) domains play a role in signaling by
RTKs, which include intracellular kinases, such as c-Src, and adaptor molecules, such
as Grb 2 or Gabs (Pawson, 1995; Schlessinger, 2000). Heterodimerization and the
recruitment of differential downstream effectors are two potential mechanisms for
cells to give signal specificity to alter cell responses.
After ligand-stimulation and phosphorylation of its intended target proteins,
RTKs must be down-regulated from the cell surface to prevent continuous signaling.
RTKs are recycled from the cell surface after signaling through an intracellular
transport system. Much work on this process has been described for EGFR, however,
it has been shown to apply to other RTKs as well. After ligand-stimulation of EGFR,
the EGFR gets mono-ubiquitinylated on several sites by an E3 ligase known as cbl at
the cell surface (Marmor & Yarden, 2004; Miranda & Sorkin, 2007). Ubiquitinylation
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of the receptor causes it to become enclosed in a clathrin-coated pit, which is formed
by the invagination of the cell membrane (Marmor & Yarden, 2004). The pit moves
the receptor into endosomes and multivesicular bodies (MVBs), where sorting of
receptors occurs. If, in the endosomes or MVBs, the ligand remains bound to its
receptor, the pair is moved into the stronger pH of lysosomes where they are
degraded. However, if the ligand has dissociated from its receptor, the receptor can
be recycled back to the cell surface for a renewed ability to signal (Sorkin & Von
Zastrow, 2002). In the case of EGF-stimulation, generally, EGFR is transported to the
lysosomes in order to attenuate signaling, whereas signaling induced by an alternative
EGFR ligand, the transforming growth factor-α (TGF-α), leads to receptor recycling
from the endosomes (Sorkin & Von Zastrow, 2002).

Signaling by RTKs
Once activated, RTKs promote biological events by signaling via pathways
that culminate in a change in gene expression. There are several different pathways
that can be activated following receptor dimerization which depend on the cell type,
the specific receptor being activated, and type of ligand involved. Furthermore, each
signaling pathway may lead to differential cellular responses depending on which
downstream effectors get recruited to the RTK, the location of the RTK in the cell,
the overall signal strength and the signal duration (McKay & Morrison, 2007).
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MAPK Signaling
One important pathway that regulates cell proliferation is the MitogenActivated Protein Kinase (MAPK) cascade, which promotes the phosphorylation of
MAPK-activated transcription factors as well as other cellular targets. The MAPKactivated transcriptional program plays a role in cell cycle progression (Meloche &
Pouyssegur, 2007), cell survival (Yujiri et al., 1998) and cell migration (Johnson &
Lapadat, 2002; Yoon & Seger, 2006). Although there are three distinct MAPK
pathways, it seems to be the extracellular signal-regulated kinases 1 & 2 (ERK 1 & 2)
pathway that is primarily implicated in human cancers (Hunter, 1997). Generally,
ERK 1/2 activate gene transcription through a series of phosphorylation events that
involve the guanine nucleotide exchange factor SOS, the GTPase RAS, and the
kinases Raf and MEK 1 & 2 (McKay & Morrison, 2007). Negative regulation of the
MAPK kinase pathway can occur via the Sprouty proteins (Hanafusa et al., 2002).
Sprouty proteins are phosphorylated after RTK activation, and, in some model
systems, act by downregulating various effector molecules, such as Src-Homology
domain-containing protein tyrosine Phosphatase 2 (SHP2), which leads to attenuation
of activity promoted by members of the Ras family of small GTPases (Kim & BarSagi, 2004).
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PI3K Signaling
Another pathway that plays a key role in cellular functions, such as survival
and migration, is the Class I phosphatidyl inositol 3-kinase (PI3K) pathway. PI3K
has a regulatory subunit for binding specificity and a p110 catalytic subunit. There
are several sub-types of regulatory subunits, such as p85α, p85β, and p55α, among
others. There are also four types of catalytic subunits: p110α, p110β, p110δ and
p110γ, which differ in respect to their preferential regulatory subunit binding and may
exhibit distinct cellular functions (Zhao & Vogt, 2008). p110α is commonly found to
be mutated in human cancers and seems to play a role in cell growth and p110β may
have a role in blood clotting (Zhao & Vogt, 2008). p110δ and p110γ have immune
system functions and are generally only expressed in leukocytes, however, there is
mounting evidence that they contribute to hematopoietic cancers (Zhao & Vogt,
2008). Once the RTK is activated, the regulatory subunit of PI3K binds to
phosphotyrosine residues on the receptor and p110 phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2) to form phosphatidylinositol-3,4,5triphosphate (PIP3) at the cell membrane. PIP3 recruits the serine-threonine kinase
Akt and the 3-phosphoinositide-dependent kinase 1 (PDK1) to the membrane. PDK1
phosphorylates Akt on threonine 308, and in turn, Akt further activates other targets
in the cytoplasm and nucleus (Franke, 2008; Zhao & Vogt, 2008). Targets of Akt
include forkhead O transcription factors (FOXO), which are involved in apoptosis
regulation (Rena et al., 1999) and p21-activated kinase-1 (Pak-1), which induces cell
migration when phosphorylated by Akt (Zhou, GL et al., 2003). Downregulation of
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the PI3K pathway occurs when PIP3 is dephosphorylated to form PIP2 by the lipid
phosphatase phosphatase and tensin homolog deleted on chromosome ten (PTEN),
which in turn, abrogates PI3K signaling (Blanco-Aparicio et al., 2007).

FAK Signaling
Focal Adhesion Kinase (FAK) signaling links the extracellular matrix (ECM)
with the actin cytoskeleton via interactions with ECM-binding β-integrins on the cell
surface (Burridge et al., 1988). These interactions influence cell morphology, cell
migration, cell survival and cell proliferation (Mitra & Schlaepfer, 2006). When
integrins bind to ECM components, FAK becomes activated and gets recruited to the
cell surface. In turn, FAK recruits other signaling molecules to the newly formed
focal adhesion (FA), including the intracellular Src kinase (Schaller et al., 1994), the
adaptor proteins, paxillin (Hildebrand et al., 1995; Schaller, 2001) and p130Cas
(Ruest et al., 2001) and the p85 regulatory subunit of PI3K (Chen et al., 1996; Chen
& Guan, 1994). Through its interactions with Rho GTPases, FAK plays a role in cell
contractibility and may act as a sensor for cell tension, which ultimately regulates
many cellular processes (Chen, BH et al., 2002; Tilghman & Parsons, 2008).
RTKs influence signaling via FAK, usually through interactions with
integrins, thereby activating the MAPK and PI3K signaling pathways (Borges et al.,
2000; Cabodi et al., 2009; Eisinger & Ammer, 2008). Integrin-RTK interactions also
provide a mechanism for RTKs to interact with and potentially change the dynamics
of the actin cytoskeleton, providing a means to induce migratory and invasive
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behaviors (Feldner & Brandt, 2002; Tilghman & Parsons, 2008). There is no
evidence that FAK itself directly interacts with RTKs, however, FAK is required for
RTK-integrin mediated biological events (Renshaw et al., 1999).

β-catenin Signaling
The β-catenin pathway is tightly linked to the E-cadherin system of cell-tocell adhesion and it is also activates the T-cell factor (Tcf) and Lymphoid enhancer
factor (Lef) transcription factors, which promote activation of a number of cell cycle
genes, such as Cyclin D1 and Myc (Morin, 1999). Whether β-catenin functions at the
structural level or the transcriptional level depends on several factors, including the
phosphorylation of specific tyrosine residues (Lilien & Balsamo, 2005).
Prototypically, in the absence of the Wnt ligand, β-catenin is phosphorylated by
casein kinase Iα (CKIα) and glycogen synthase kinase 3β (GSK-3β), leading to its
sequestration in the cytoplasm and degradation by the proteasome (Liu et al., 2002;
Peters et al., 1999). When Wnt ligands bind to their receptor, Dishevelled (DVL)
proteins inhibit the degradation complex so that β-catenin is stabilized and moves into
the nucleus to activate Tcf and Lef (Klaus & Birchmeier, 2008). In addition to Wntactivated β-catenin, there is evidence that other cell surface receptors, including Met
and RON, can promote translocation of β-catenin to the nucleus to activate target
genes (Danilkovitch-Miagkova et al., 2001; Monga et al., 2002).
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Activation of RTKs in Cancer
The deregulation of RTKs in cancer gives rise to alternative mechanisms by
which RTKs can be activated, independent of ligand-binding, providing additional
opportunities for cancer cells to hijack normal cell signaling. The two general
mechanisms for ligand-independent activation are over-expression of RTKs and a
variety of different mutations that lead to constitutive activation of RTKs (Zwick et
al., 2001). It has been demonstrated that RTKs can gain an increased level of
expression in cancers due to gene amplification, contributing to increased cell
signaling (Sunpaweravong et al., 2005). In invasive human breast cancers, for
example, the EGFR was over-expressed in approximately 20% of tumors, whereas
ErbB2 was expressed in approximately 30% of tumors (Abd El-Rehim et al., 2004).
Furthermore, it was shown that in the case of ErbB2, the increased expression level
was directly correlated with an increased risk of death in breast cancers (Slamon et
al., 1987). The c-Met RTK also exhibited increased expression in approximately
55% of invasive breast cancers (Lengyel et al., 2005) which might be due to gene
amplification (Park et al., 2005).
Several RTK mutations have been described to contribute to constitutive
signaling in human cancers as well. For example, in small cell lung cancers (SCLC)
and non-small cell lung cancers (NSCLC), point mutations of c-Met have been
identified in the juxtamembrane and semaphorin domains (Ma et al., 2005; Ma et al.,
2003). Additional activating point mutations of c-Met have also been described in
melanomas (Puri et al., 2007) and papillary renal carcinoma (PRC) (Giordano et al.,
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2000). Some of these c-Met mutants have been shown to transform fibroblasts and
promote invasive growth in vitro (Jeffers et al., 1998). Interestingly, c-Met was first
discovered as part of a 65 kDa fusion protein that contained sequences from the
translocated promoter region (tpr) and the cytoplasmic domain of Met (Park et al.,
1987). This constitutively active Tpr-Met oncoprotein was formed by a chromosomal
translocation and has been shown to be expressed in human gastric carcinomas
(Soman et al., 1991) and promotes mammary tumors in transgenically-engineered
mice (Liang et al., 1996). Deletion mutants of RTKs can contribute to the
progression of cancer, including the active EGFRvIII variant, which lacks exons 2-7
in its extracellular domain (Yamazaki et al., 1988), is expressed in human breast
cancer samples (Yu et al., 2008) and is able to transform human breast cancer cells
(Tang et al., 2000).
Lastly, in addition to over-activation of RTKs in cancer, there is evidence that
the failure of RTKs to be internalized and recycled after signaling may also play a
role (Bache et al., 2004; Roepstorff et al., 2008). Some members of the
ubiquitinylation and endocytic pathways have been implicated in human
malignancies, including c-cbl and Tsg101, a subunit of the ESCRT-1 complex
involved in intracellular trafficking (Bache et al., 2004). Tpr-Met promotes its
constitutive signaling in part by avoiding receptor recycling because it cannot bind to
the ubiquitin-ligase, c-cbl, and is therefore not targeted for lysosomal degradation
(Peschard & Park, 2003). Other mutant RTKs use a similar strategy to avoid
recycling, including EGFRvV and EGFRvIII found in human glioblastomas and
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several retrovirally-transformed oncoproteins such as v-Sea found in avian erythroid
cancers and v-FMS found in feline sarcomas (Peschard & Park, 2003).

RTKs as targets for cancer therapy
Due to the frequently high expression levels of RTKs in a variety of tumor
types, several RTKs have become chemotherapeutic targets in the treatment of human
cancers (Levitzki & Gazit, 1995). The two basic approaches that are being used
clinically are monoclonal antibodies directed against the extracellular ligand-binding
domain and small-molecule inhibitors which target specific RTKs to block kinase
activity (Baselga, 2006; Zwick et al., 2001). Both of these strategies have been
clinically successful in the treatment of some cancers that exhibit increased activation
of certain RTKs. For example, a monoclonal antibody directed against erbB2
(HER2) known as trastuzumab (Herceptin), has reduced metastatic growth and
increased survival in the 38% of breast cancer patients that exhibit increased
expression of the erbB2 RTK (DiGiovanna et al., 2005; Romond et al., 2005). ErbB2
is a member of the epidermal growth factor receptor (EGFR) family, which also
includes EGFR (erbB1), erbB3 and erbB4. ErbB2 does not have a known ligand
itself, but acts by forming heterodimers with erbB1, 3 and 4 to enhance cell signaling
(Yarden & Sliwkowski, 2001). Trastuzumab blocks erbB2-mediated signaling by
decreasing erbB2 expression at the cell surface and promoting antibody-dependent
cell-mediated toxicity, along with other possible mechanisms (Baselga, 2006).
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Several other treatments targeting the EGFR family are now in clinical use.
Cetuximab is a monoclonal antibody targeting the ligand-binding domain of EGFR
and has been clinically successful in treating certain colorectal and head-and-neck
cancers (Baselga, 2006). Also targeting EGFR are the small-molecule tyrosine kinase
inhibitors (TKIs), gefitinib and erlotinib, used in the treatment of non-small-cell lung
cancers that have increased EGFR expression, although these drugs seem to have
activity against other erbB family members as well (Baselga, 2006). EGFR-targeting
TKI’s appear to be selective for tumors with high levels of EGFR or ErbB3
expression or EGFR mutations (Baselga, 2006; Helfrich et al., 2006). In particular,
gefitinib appears to specifically target mutated forms of EGFR in NSCLCs and may
not be active against wild-type EGFR (Chou et al., 2005; Helfrich et al., 2006).
Currently, there are several other drugs in development to target other RTKs, such as
Platelet-Derived Growth Factor Receptor (PDGFR), Vascular Endothelial cell
Growth Factor (VEGFR), Hepatocyte Growth Factor Receptor (HGFR; also called
c-MET) and the Recepteur d’Origine Nantais (RON) (Baselga, 2006; Eder et al.,
2009; O'Toole et al., 2006; Ren et al., 2007).

RON receptor tyrosine kinase
Since RTKs have become an integral part of cancer treatments, it is important
to consider individual RTKs for their potential contribution to the development and
progression of cancer. It is also necessary to determine signaling mechanisms and
interactions with other signaling molecules in order to attack the relevant pathways in
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cancer treatment. The RON receptor is an RTK in the scatter factor family of
receptors (Ronsin et al., 1993), which includes the well-studied c-Met (Rubin et al.,
1993). Also in the scatter factor family are RON homologs found in other species,
including chickens (Sea) (Huff et al., 1993; Smith et al., 1989), cats (Stem-Cell
Kinase (STK)) (De Maria et al., 2002), and mice (STK) (Wang et al., 1995). The
scatter factor receptors are named for their ability to induce migration, as well as a
change in epithelial cell morphology toward a more spindle-like shape compared to
the typically tightly adherent, cobblestone appearance of epithelial cells (Medico et
al., 1996). The scattering response is thought to be reminiscent of invasive cell
behavior found in invasive, metastatic cancer cells (Comoglio et al., 1999; Comoglio
& Trusolino, 2002). When cultured in three-dimensional gels, scatter factor receptors
induce cells to form branching tubules and cell invasion through collagen in response
to their ligands (Medico et al., 1996; Weidner et al., 1993). Interestingly, all known
homologs of RON have oncogenic properties. For example, STK was found to be
expressed in feline breast carcinomas (De Maria et al., 2002), STK promotes
progression of breast carcinomas in mice (Zinser et al., 2006) and a fusion protein
consisting of the tyrosine kinase domain of Sea and a viral envelope protein promotes
erythroid leukemia in chickens (Larsen et al., 1993; Morimoto & Hayman, 1994).

Structure and function of RON
Structurally, RON is a heterodimer consisting of a 35 kDa α chain and a 150
kDa β chain, which are connected with an extracellular disulfide bond (Gaudino et
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al., 1994). Figure IN.1 illustrates the general structure of RON. The α chain remains
extracellular, whereas the β chain spans the extracellular and transmembrane space
into the cytoplasmic domain, which contains the catalytic site as well as several
important tyrosine residues (Gaudino et al., 1994; Ponzetto et al., 1994; Xiao et al.,
2000). The extracellular domain of RON is divided into a sema domain (a structural
domain found in semaphorin proteins on the cell surface), four IPT domains
(Immunoglobulin-like regions in Plexins and Transcription factors) and a MetRelated Sequence domain (Artigiani et al., 1999; Bork et al., 1999). Although few
studies have documented the roles of these domains in RON function, it has been
indicated that the sema domain contains the binding pocket for the Macrophage
Stimulating Protein (MSP), which is the only known ligand for RON (Angeloni et al.,
2004; Wang et al., 1994b). Much of RON’s activity is regulated by several Cterminal tyrosines which bind to a variety of signal-promoting effectors (Ponzetto et
al., 1994). Hence, the C-terminus of RON is required for RON-mediated signaling
(Lu et al., 2008). In addition to recruitment of downstream effectors, the C-terminal
tyrosines are critical for autoinhibition, most likely acting to suppress kinase activity
in the absence of MSP-stimulation (Yokoyama et al., 2005).
RON is normally expressed in several different cell types, including
macrophages (Iwama et al., 1995), erythroblasts (van den Akker et al., 2004),
embryonic neurons (Funakoshi & Nakamura, 2001) and epithelial cells (Gaudino et
al., 1995). The expression of RON in normal epithelial cells is generally much lower
than the levels found in RON-expressing carcinomas (Chen et al., 2000; Maggiora et
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al., 1998; Zhou, YQ et al., 2003). It is not clear how the expression levels of RON
are regulated, although some evidence suggests that hypermethylation of a particular
CpG island in the RON promoter allows for transcription of full-length RON
(Angeloni et al., 2007). Recently it has been shown that the transcription factor Sp-1
is required for RON transcription (Thangasamy et al., 2008). Further, the NF-κB
transcription factor positively regulates RON expression in breast carcinoma cells,
which can be blocked by chemical inhibitors to NF-κB or NF-κB binding-site
mutants (Narasimhan & Ammanamanchi, 2008). The RON gene is found on
chromosome 3p21 (Angeloni et al., 2000), which is a region that also includes tumor
suppressor genes affected in several tumor types (Senchenko et al., 2004; Zabarovsky
et al., 2002). The promoter region of RON also contains binding sites for interleukin6 response elements, AP-2 (Thangasamy et al., 2008) as well as NF-κB and ets-1
(Waltz et al., 1998). Mechanisms involved in the upregulation of RON that is
frequently seen in human carcinomas remain elusive.

Macrophage Stimulating Protein
MSP was discovered by its activation of macrophages, which is why it is so
named (Leonard & Skeel, 1978; Leonard & Skeel, 1979; Lutz & Correll, 2003). Like
RON itself, the gene for MSP is located on chromosome 3p21 (Yoshimura et al.,
1993). MSP is synthesized as a pro-protein in hepatocytes, and must be
proteolytically cleaved by matripase/ membrane-type serine protease-1 (MT-SP1) on
the surface of the target cell (Bhatt et al., 2007; Degen et al., 1991; Wang, MH et al.,
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1996b). After cleavage by MT-SP1, MSP forms an enzymatically inactive
heterodimer containing an 53 kDa α chain and a 39 kDa β chain connected by a
disulfide bond (Yoshimura et al., 1993). The cleavage of pro-MSP allows for
conformational changes that increase receptor binding (Carafoli et al., 2005). MSP is
a member of the kringle family of proteins, which includes plasminogen,
apolipoprotein and hepatocyte growth factor (HGF), which is the ligand for c-Met
(Donate et al., 1994). MSP is approximately 40% homologous to HGF(Nakamura et
al., 1989; Yoshimura et al., 1993) and they utilize different mechanisms to bind to
their respective receptors (Okigaki et al., 1992; Wang et al., 1997).

RON Signaling
After MSP binding, a range of effector molecules attach to phosphorylated
tyrosine residues in the cytoplasmic domain of RON. Phosphorylated RON recruits
c-Src (Danilkovitch-Miagkova et al., 2000; Wei et al., 2005), PI3K (Xiao et al.,
2000), Grb2 and Gab adaptor proteins (van den Akker et al., 2004). There are
species-specific differences as to whether Gab 1 or Gab 2 is involved in RON
signaling. Human RON, much like its family member, c-Met, apparently signals
exclusively through Gab 1 (van den Akker et al., 2004), however, in mice (STK) and
in chickens (Sea), RON signals primarily via Gab 2 (Ischenko et al., 2003; Teal et al.,
2006).
Several downstream pathways are activated after MSP-stimulation, such as
the MAPK (Wang et al., 2005; Wei et al., 2005), PI3K/Akt (Danilkovitch et al.,
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2000; Danilkovitch et al., 1999), jun N-terminal kinase (JNK) (Chen et al., 2000),
FAK (Danilkovitch et al., 1999), and β-catenin pathways (Xu et al., 2005). In
addition to the cell scattering effect, MSP-stimulation of RON induces proliferation
(Wang, MH et al., 1996a), migration (Suzuki et al., 2008; Wang, MH et al., 1996a),
cell morphogenesis (Medico et al., 1996) and protection from apoptosis (Danilkovitch
et al., 2000; Wang et al., 2005) in some cell systems. Figure IN.2 highlights select
signaling pathways activated by RON. Although the majority of RON studies have
looked at its role in human cancers, it is becoming clear that RON also functions in
the innate immune system through its expression and activation in macrophages
(Wilson et al., 2008). RON has additional functions in wound repair (Cantaluppi et
al., 2008; Cowin et al., 2001), inflammation (Muraoka et al., 1999; Wang et al.,
1994a), phagocytosis (Lutz & Correll, 2003) and hematopoiesis (van den Akker et al.,
2004).

MSP-independent signaling of RON
There is strong evidence that RON induces cell signals in the absence of MSP.
High expression levels of RON induced receptor phosphorylation and activation of
the MAPK pathway in the absence of MSP (Cote et al., 2007). Ligand-independent
activation of RON promoted c-Src-mediated MAPK kinase signaling in human
embryonic kidney cells (Wei et al., 2005). Some studies have indicated that
oncogenic mutants of RON bind to β-catenin and contribute to constitutive β-catenin
phosphorylation, nuclear accumulation and increased expression of the β-catenin
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targets of c-myc and cyclin D1, even in the absence of MSP (Danilkovitch-Miagkova
et al., 2001; Xu et al., 2005). In a transgenic mouse model of breast cancer, both
wild-type and oncogenic mutant RON promoted MSP-independent β-catenin
activation, and an increase in c-myc and cyclin D1, leading to a 100% incidence of
aggressive breast tumors (Zinser et al., 2006). Similarly, mice expressing WT-RON
in the lung epithelial cells exhibited RON tyrosine phosphorylation and developed
lung adenomas (Chen, YQ et al., 2002a; Chen, YQ et al., 2002b).

Interactions of RON with other receptors
RON may also have alternative means of activation during development, as a
complete knockout of RON in mice was embryonically lethal by day E6.5 (Muraoka
et al., 1999), however MSP-deficient mice develop normally without any obvious
defects (Bezerra et al., 1998). Further, mice engineered to express only the
extracellular and juxtamembrane domains of RON, therefore lacking the tyrosine
kinase and docking site regions, are healthy, with only minor inflammatory defects
(Leonis et al., 2002; Waltz et al., 2001). Interestingly, mice that lack only the
extracellular ligand-binding site are also viable (Correll et al., 1997). Taken together,
these data suggest that potential interactions of juxtamembrane domain of RON with
other cell surface receptors may propagate signaling, which is absent in the WTRON knock-out mice. However, these potential interactions with other kinases could
be specific in mouse embryonic development, since the kinase activity of RON is
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required for all known RON-mediated biological effects in cancer development
(Danilkovitch-Miagkova et al., 2000; Peace et al., 2005).
In fact, it is known that RON can interact with other cell surface receptors to
promote cell signaling and biological effects. Interaction with EGFR was important
for cell scattering in human embryonic kidney cells (HEK 293) after MSP stimulation
of RON (Peace et al., 2003). Although it is not clear whether the interaction between
EGFR and RON is direct, EGFR co-immunoprecipitated with RON in human bladder
carcinoma cells both in the presence and absence of MSP (Hsu et al., 2006). Further,
in this study, EGFR-inhibitors reduced RON-mediated biological effects, including
cell survival and cell migration (Hsu et al., 2006). It has also been demonstrated that
RON can cross-talk with c-Met, in that the kinase activity of RON is required for the
ability of a c-Met mutant to transform NIH3T3 cells (Follenzi et al., 2000). Data
suggests that together, c-Met and RON have the ability to enhance one another’s
signals in ovarian (Maggiora et al., 2003), colorectal (Lee, CT et al., 2008) and in
breast carcinomas (Lee et al., 2005)
Other cell receptors that RON has been shown to interact with include
integrins, which bind extracellular matrix proteins (Danilkovitch-Miagkova et al.,
2000; Santoro et al., 2003), plexins, which bind to semaphorin receptors on the cell
surface (Conrotto et al., 2004), CD44 (Matzke et al., 2005) and the Receptor for
Hyaluronan-Mediated Motility (RHAMM) (Manzanares et al., 2007). The latter two
receptors are both receptors for hyaluronan. RON also cooperates with TGF-β1
receptors to enhance oncogenic signaling and promote an epithelial-to-mesenchymal

20

transition (EMT) (Wang et al., 2004; Wang et al., 2005). Although EMT is an
important normal process in development, it is also currently believed to be a
precursor to metastatic development in human cancers (Thiery, 2002).
Mechanistically, RON may reduce claudin-1 expression in the tight junctions of
epithelial cells, paving the way for a reduction in E-cadherin, which is a marker for
the development of EMT (Zhang, K et al., 2008). Given the significant number of
receptor interactions, it is implied that RON may have several means to activate its
signaling pathways in the absence of MSP.

Biologically active RON mutants
In addition to receptor interactions, constitutively active mutants of RON
generate MSP-independent signaling in some human cancers. These mutant versions
of RON have generally been splice variants (Wang et al., 2003). RONΔ165 is a
splice variant of RON that lacks exon 11, and functionally, it can promote cell
migration and invasion (Collesi et al., 1996). RONΔ165 has been identified in a
stomach cancer cell line (KATO III), and both in normal colon tissue and colon
carcinomas (Collesi et al., 1996; Okino et al., 1999). Another activating RON mutant,
RONΔ160, was isolated from colon carcinoma cell lines (HT29 and SW837) and
primary colorectal carcinomas and is missing exons 5 and 6, allowing for abnormal
receptor dimerization (Chen et al., 2000; Wang et al., 2000; Zhou, YQ et al., 2003).
RONΔ155, with a deletion of exons 5, 6, and 11, was also isolated from colorectal
carcinomas and exhibits constitutive activity (Zhou, YQ et al., 2003). In mice,
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susceptibility to the erythroleukemia-causing Friend virus (Ruscetti, 1999) requires a
truncated version of RON, known as short-form Stk (sf-Stk), which lacks the majority
of the extracellular domain (Nishigaki et al., 2001; Persons et al., 1999), implying
that constitutively active RON contributes to cell transformation in erythroid
leukemias. The short-form of RON has also been identified in human lung cancer cell
lines (Angeloni et al., 2000). Lastly, studies have shown that oncogenic point
mutants of RON that were engineered based on kinase domain mutations found in the
Kit (D1232V) or Ret (M1254T) kinases caused cell transformation and the formation
of tumors in nude mice (Santoro et al., 1998). However, no point mutants of RON
have been isolated from human tumors as of yet, so the biological relevance of these
artificially designed mutants is questionable.

Down-regulation of RON
Similar in mechanism to other RTKs (Haglund et al., 2003), down-regulation
of RON can occur after ligand-stimulation by a ubiquitinylation mechanism mediated
by the binding of the c-cbl ubiquitin ligase to the cytoplasmic domain (Penengo et al.,
2003). Ubiquitinylation of RON leads to endocytosis and lysosomal degradation
(Penengo et al., 2003). RON can also be degraded via an alternative pathway
involving the CHIP E3 ligase, which targets RON to the proteosome for degradation
rather than lysosomes (Germano et al., 2006). In human pancreatic cancer cells, the
Smad-4 transcription factor, which acts downstream of TGF-β signaling, plays a role
in the suppression of RON expression by blocking RON promoter activity (Zhao et
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al., 2008). In Smad-4-containing cells, RON protein expression was reduced in the
presence of exogenous TGF-β, however, in Smad-4-null cells, the RON protein was
upregulated (Zhao et al., 2008). Negative regulation of RON can also be mediated by
hyaluronidase 2 (HYAL2), which binds to and suppresses RON signaling in epithelial
cells (Danilkovitch-Miagkova et al., 2003). Interestingly, HYAL 2 is the cell surface
receptor for jaagsiekte sheep retrovirus (JSRV), which causes lung cancer in sheep
(Rai et al., 2001). When JSRV binds to HYAL2, HYAL2 can no longer sequester
RON activity, implying that RON may also play a role in the development of this
infectious lung cancer.

Clinical significance of RON in human cancer
Clinically, the increased expression of RON has been described in several
primary human cancer types, including ovarian, breast, bladder, colorectal, gastric,
kidney, pancreatic, and lung carcinomas, among others. Approximately 73% of
ovarian (Ferrandina et al., 2008), 33% (Lee et al., 2005) up to 47% of breast
(Maggiora et al., 1998), 33% of bladder (Cheng et al., 2005), 42% of thyroid (Wang
et al., 2007b) and 59% of colorectal (Zhou, YQ et al., 2003) carcinomas exhibit
increased RON levels relative to corresponding normal tissues. Chromophobe renal
cell carcinomas exhibited increased RON expression 96% of the time, whereas only
17% of other renal cell carcinomas expressed increased levels of RON (Patton et al.,
2004). In patient samples of gastric carcinoma tissues, 56% were positive for RON
expression compared to 25.6% of paraneoplastic tissues and normal gastric mucosa
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showed no expression of RON (Zhou et al., 2008). Using detection by reversetranscriptase PCR, one study found that 63% of primary non-small-cell lung
carcinomas exhibit detectable RON mRNA levels (Willett et al., 1998). More recent
work has demonstrated that up to 93% of late stage neoplasia, primary and metastatic
pancreatic cancers exhibit increased RON expression whereas early stage neoplasia
and normal tissue expressed significantly less RON (Thomas et al., 2007).
Increased expression of RON in some human cancers is generally associated
with a more severe disease. In both bladder and breast cancers, RON is a prognostic
marker for reduced patient survival. Specifically, in breast cancers, RON expression
is associated with metastatic development, and a reduced 10-year disease-free
survival rate of 30% compared to 59% of patients with tumors without RON
positivity (Lee et al., 2005). Transitional-cell bladder cancer patients whose tumors
expressed RON were more likely to have a higher grade tumor, increased tumor size,
muscle invasion and an overall reduction in survival rate (Cheng et al., 2005). There
is a correlation between RON expression levels and the depth of tumor invasion in
gastric cancers, but RON expression was not correlated to patient survival rate (Zhou
et al., 2008). In advanced ovarian cancers, high expression levels of RON were found
to reduce survival from 59 months to 35 months (Ferrandina et al., 2008).

Targeting RON in the treatment of cancer
Due to the oncogenic effects of RON signaling in epithelial cells, much
interest has been piqued to develop chemotherapeutic agents targeting RON in human
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malignancies (Wang et al., 2006). There is some molecular evidence that suggests
that this approach may be successful, for example, one study demonstrated that
reducing RON expression in colon carcinoma cells by shRNA also lowers
proliferation and increases apoptotic cell death (Xu et al., 2004). A splice variant of
RON known as RONΔ170 (Angeloni et al., 2003), which lacks the C-terminal
tyrosine docking sites, acts as a dominant negative in colorectal cancer cells and
blocks RON-mediated phosphorylation, activation of downstream effectors, cell
proliferation and migration (Wang et al., 2007a). The molecular compound known as
curcumin (diferuloylmethane), which is naturally found in certain plants, was found
to block the invasive behavior induced by RON signaling in breast carcinoma cells by
inhibiting the activation and expression of NFκB (Narasimhan & Ammanamanchi,
2008).
Pharmaceutical companies are currently designing drugs that target RON for
human cancer treatment. ImClone Systems, Inc. demonstrated that a humanized
monoclonal antibody that targeted the extracellular binding domain of RON reduced
RON signaling and lowered the rate of tumor growth in human xenograft models of
lung, pancreatic and colon cancers (O'Toole et al., 2006). More recently, Amgen,
Inc. has developed a chemical inhibitor of both RON and c-Met that also reduces
kinase activity and inhibits tumor growth in colon cancer xenografts (Zhang, Y et al.,
2008).
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Summary
To summarize, RTKs are strongly implicated in the development and
progression of human cancers. The RON RTK exhibits increased expression in
several human cancer types, and RON most likely contributes to the severity of the
disease. Because of the high expression levels and constitutive activation of RON in
breast cancers, my studies examined the potential of RON to transform normal human
breast epithelial cells to acquire parameters associated with tumor formation.
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Figure IN.1
Structure of RON RTK. Mature RON is a heterodimer consisting of α and β
strands. In the extracellular region, RON contains a Sema domain, which is the
ligand-binding site, a Met-related sequence (MRS) domain and an ImmunoglobulinPlexin-Transcription factor domain (IPT). The transmembrane (TM) region spans the
plasma membrane. The intracellular domain of RON contains a tyrosine kinase
domain with an essential catalytic lysine residue, K1114. Both the kinase domain and
the C-terminal region contains several available tyrosines that are phosphorylated
after RON activation in order to transduce downstream signals.
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Figure IN.2
Select signaling pathways induced by the RON RTK. RON can activate several
downstream pathways in response to MSP binding. Some of these known pathways
include the PI3K, MAPK, and β-catenin pathways. These pathways can lead to cell
survival, adhesion, migration, proliferation and an epithelial-to-mesenchymal
transition (EMT), among other cellular effects.
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Chapter 1
Expression of WT-RON in human breast epithelial cells

Introduction
RON appears to play a significant role in breast cancer. Nearly 47% of
primary human breast cancers expressed RON, and increased expression of RON was
found in several established breast cancer cell lines (Maggiora et al., 1998).
Additionally, when mice were engineered to express RON in mammary tissue, 100%
of the RON-expressing mice developed tumors, whereas the parental mice did not
develop tumors (Zinser et al., 2006). Although increased expression of RON in
breast carcinomas is well-documented, less-understood is whether RON can promote
cancer progression in the absence of its ligand, MSP. To date, no naturally occurring
mutations of RON have been identified in human breast cancers; therefore, it is likely
that interactions with other cell receptors or kinases might be responsible for the
MSP-independent activation of RON.
In order to determine whether RON contributes to the progression of breast
cancers, either in the presence or absence of MSP, we generated a RON-expressing
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cell system using the well-characterized MCF-10A human mammary epithelial cell
line. The parental cell line, MCF-10, was isolated from normal diploid mammary
tissue of a 36-year old woman with fibrocystic disease (Soule et al., 1990). MCF10A cells are a spontaneously immortalized cell line that are non-transformed, and do
not promote tumors in nude mice (Soule et al., 1990). The “A” was designated to
mean “attached”, as opposed to another isolated cell line called MCF-10F which
floated in suspension (Soule et al., 1990). Like normal, non-cancerous cells, MCF10A cells exhibit a highly adherent phenotype when cultured on plastic tissue culture
dishes and retain normal cell-cell junctions, including hemisdesmosomes and
desmosomes, and also these cells require exogenous growth factors to be maintained
in culture (Russo et al., 1993; Soule et al., 1990). Because MCF-10A cells resemble
normal epithelial cells in signaling and morphology, we can introduce stable
expression of RON in these cells to determine whether RON-mediated signaling
results in aberrant cell behavior.
One unique feature of MCF-10A cells is their ability to grow in three
dimensions (3-D), forming acini structures when cultured in Matrigel. Matrigel is a
gel-like medium that contains basement membrane (BM) and extracellular matrix
(ECM) proteins (Debnath et al., 2003). It has become increasingly clear that
culturing cells on plastic tissue culture dishes does not necessarily represent what
happens in more biologically-relevant systems in terms of cell morphology or cell
signaling (Kass et al., 2007). It is thought that 3-D cultures of MCF-10A cells in
ECM may more closely mimic what occurs in vivo, as the acini they form structurally
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resemble mammary gland acini in the breast (Debnath et al., 2003) compared to the
flat, 2-D appearance of MCF-10A cells on plastic. In 3-D, MCF-10A acini initially
form as a solid ball of cells. Without contact with the ECM for growth and survival
nutrients, over a period of approximately 3 weeks the cells in the interior of the
structure die by a process of anoikis. This process eventually produces a polarized,
growth-arrested structure that is a hollow sphere surrounded by a single layer of cells
(Debnath et al., 2002).
MCF-10A cells are a powerful cell system with which to identify the
biological effects of oncogenic signaling by RTKs because they do not already
express other oncogenes and they have 3-D growth capacity (Debnath et al., 2003;
Muthuswamy et al., 2001). Changes that occur in 3-D MCF-10A acini that would
imply oncogenic effects include a cell-filled lumen, a loss of the growth-arrested
state, changes in polarity, and the ability to invade the surrounding ECM (Debnath &
Brugge, 2005). Much work has been done with MCF-10A cells expressing
oncogenes, such as ErbB2 (Muthuswamy et al., 2001; Seton-Rogers et al., 2004), cMet and CSF-1R (Wrobel et al., 2004), to identify cell transformation events that
correlate with changes in 3-D structure. Different RTKs have distinct effects on acini
formation, which implies that oncogenic RTKs employ different signaling
mechanisms, and may differentially contribute to the cancer phenotype. Activated
CSF-1R in MCF-10A cells permits growth of cells in the acinar lumen, promotes
increased size of the acini and individual cells were able to migrate out of the
structure and invade into the Matrigel (Wrobel et al., 2004). C-Met, on the other
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hand, formed branching tubules in 3-D-cultured MCF-10A cells, but otherwise
retained the polarized acinar structure (Wrobel et al., 2004). Activation of ErbB2
leads to a larger, multi-acini structure with filled lumens, but does not promote
invasive behaviors (Muthuswamy et al., 2001). EGFR activation supports normal
development of acini and does not contribute to additional structural changes
(Muthuswamy et al., 2001).
This chapter describes the generation and characterization of RON-expressing
MCF-10A cells, which were used throughout my studies in order to examine the role
of RON in the development and progression of breast cancer.

Results
Characterization of RON expression levels in MCF-10A cells
Endogenous levels of RON were low in the relatively normal epithelial cell
line, MCF-10A (For example, RON was undetectable in Figure 1.1a). Consequently,
the cells did not respond to MSP in any biological or biochemical assays we have
tested to date (For example, see Figures 2.3 & 3.1). Therefore, to examine the
contributions of increased RON expression to the progression of breast cancer, I
transduced MCF-10A cells with a Phoenix € (Φ€)-generated retrovirus expressing
both wild-type human RON and a separate IRES-promoted GFP cassette. Φ€
packaging cells were utilized because the line of MCF-10A cells I transduced
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expresses the mouse ecotropic receptor (a kind gift of Dr. J. Brugge, Harvard Medical
School), which increases the infection efficiency, and reduces safety concerns found
with amphotropic viruses, which can infect humans. Pools of infected cells were
selected for high, medium and low GFP expression levels by fluorescence-activated
cell sorting (FACS), and, as expected, GFP levels were mimicked by expression
levels of RON (Figure 1.1a). I designated these cells as 10A/RON. I also isolated a
vector-only negative control cell line, which was designated 10A/Vector. The levels
of RON expression in 10A/RON cells were well within the range of expression found
in human breast carcinomas, some of which had RON levels that were up to 72-fold
higher than the level found in benign tissue (Maggiora et al., 1998). High, medium
and low 10A/RON cell lines behaved similarly in all of my experiments; therefore, I
utilized the medium-RON expressing MCF-10A cell line throughout this study,
unless otherwise noted in the text.

RON is localized at the cell membrane in MCF-10A cells
Generally, RTK’s are found at the cell membrane, however, RTKs can also
generate signals via intracellular compartments, particularly during the endocytic
recycling process (Sorkin & Von Zastrow, 2002). To determine the localization of
RON in 10A/RON cells, I used a monoclonal antibody that recognizes the
extracellular domain of RON in an immunofluorescent study. No RON expression
was exhibited in 10A/Vector cells (Figure 1.1b). As shown in Figure 1.1b, RON is
localized to the cell membrane, around the perimeter of the cell. Unfortunately, I
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could not determine whether RON was localized to intracellular regions of the cell in
the absence of stimulation (Figure 1.1b). The anti-RON antibody I had available for
immunofluorescence did not detect RON unless it is added first to live cells.
Therefore, the cells were not fixed or permeable, so the antibody could not get inside
the cells to determine if RON is signaling within the cells in endocytic vesicles.
Although it has been reported to block RON activation in other systems (R&D
Systems, 2009), this anti-RON antibody may stimulate RON activity in MCF-10A
cells as judged by receptor tyrosine phosphorylation (Figure 1.2a), and can be added
to living cells to look for changes in RON localization after receptor dimerization
(Figure 1.2b). For this assay, the anti-RON antibody was combined with the AlexaFluor 546 anti-mouse secondary antibody and then added to a live culture of
10A/RON cells combined with uninfected MCF-10A cells growing on coverslips.
The combination of 10A/RON with uninfected cells allowed me to conclude that the
labeling of RON with this antibody was specific, as RON was not detected in
uninfected cells, which do not have GFP expression (Figure 1.2b). After the addition
of the antibodies for 1 minute, the cells were then washed with DMEM and imaged
every 5 minutes for 1 hour. As is shown in Figure 1.2b, whereas RON was initially
located primarily at the cell membrane, it was gradually internalized into the cell after
antibody binding, as expected based on previous studies of RON downregulation
(Penengo et al., 2003). Unfortunately, this antibody could not be used to visualize the
changes in RON distribution after MSP stimulation due to its own effects on RON
dimerization and internalization.
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10A/RON cells exhibit invasive behaviors when cultured in three-dimensions
To determine whether 10A/RON cells exhibit disruption of normal, polarized
acinar structures, I cultured both 10A/RON and 10A/Vector cells using a 3-D overlay
method (Debnath et al., 2003). In this assay, a 1:1 mixture of collagen:matrigel was
gelled on the bottom of an 8-well chamber slide, and the cells were added on top of
the gel in a 2% matrigel-containing media. A solution of collagen and matrigel was
used rather than 100% matrigel because previous studies suggested that certain
oncogenes promote invasive properties only on matrices containing collagen (SetonRogers et al., 2004). Cells were allowed to develop acini for 8 days in regular media,
at which point MSP was added to 100ng/ml in the specified cultures and the cells
were allowed to grow for a further 13 days. As indicated in Figure 1.3, 10A/Vector
cells formed typical-looking acini with a growth-arrested, spherical shape, whereas
RON-expressing 10A cells formed long, hollow tubules that extend across the culture
dish. Tubulogenesis of 10A/RON cells occured both the presence and absence of
MSP stimulation, suggesting that RON promotes MSP-independent structural
changes to normal breast epithelial cells. MSP did not appear to promote any
additional structural changes in 10A/RON cells cultured in 3-D.
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Discussion
I have established an MCF-10A cell-based system with which to study the
potential oncogenic effects mediated by the wild-type RON RTK. The signaling
mechanisms of some other RTKs have been illuminated in MCF-10A cells, such as
CSF-1R and ErbB2 (Muthuswamy et al., 2001; Wrobel et al., 2004). As with other
RTKs, RON is located at the cell membrane in unstimulated cells, and is internalized
into intracellular vesicles after activation when expressed in MCF-10A cells.
Unlike the 3D structures formed by ErbB2, which are large, multi-acini
structures without growth constraints, 10A/RON cell acini form long, connecting
tubules. This is in agreement with the initial study that described the ability of RON
to induce invasive behavior in mouse liver progenitor cells, in which MSP promoted
the formation of tubules in collagen gels (Medico et al., 1996). The formation of
tubules is also reminiscent 10A/Met cells when cultured in a collagen/matrigel assay
(Wrobel et al., 2004). Further, c-Met expressed in Madin-Darby Canine Kidney
Cells (MDCK) cells promotes branching morphogenesis when cultured in a 100%
collagen gel (Birchmeier et al., 2003), which implies that the development of tubules
in response to c-Met and RON signaling might be a general phenomenon in epithelial
cells.
Tubulogenesis is a biological process that is involved in the structural
development of the kidney, lung, pancreas and mammary gland among other organs
(Rosario & Birchmeier, 2003). This process requires an intricate set of interactions
between RTKs, integrins, ECM proteases and several downstream pathways, such as

36

PI3K and MAPK (Rosario & Birchmeier, 2003). Because cells forming these
polarized structures must exhibit active ECM-degrading proteases in order to move
into the extracellular space, it is thought that the mechanisms that underlie
tubulogenesis in development are potential pathways for tumors to hijack in order
invade the basement membrane and eventually form metastatic growths (Rosario &
Birchmeier, 2003).
In other 3-D assay studies, the formation of tubules promoted by either Met or
RON has been shown to be dependent on their respective ligands (Medico et al.,
1996; Wrobel et al., 2004). In 10A/RON cells, however, RON mediated an MSPindependent formation of tubules, which implies that RON may promote MSPindependent signaling in normal breast epithelial cells. The following chapters will
describe the work I have completed to examine both MSP-dependent and MSPindependent signaling of RON in the 10A cell system in more detail.
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Figure 1.1
Expression of RON in MCF-10A cells. (a) MCF-10A/Vector control and MCF10A/RON cell lysates were subjected to Western blot for total RON expression. This
particular antibody recognizes three different forms of the RON receptor, which is
why there are three bands. The upper band is the full-length, unprocessed form of
RON. The middle band is a fully-processed form of RON into its αβ heterodimer and
it is also glycosylated. The bottom band is a fully-processed, but un-glycosylated
form of RON. Presumably it is the middle band that is the active form of the RON
receptor. A MAPK blot followed to provide a loading control. (b) 10A/Vector and
10A/RON cells were plated on coverslips for 48 hours before looking for RON
expression by immunofluorescence. Blue = DAPI, Red= RON.

38

Figure 1.2
RON is internalized after activation in MCF-10A cells. (a) 10A/Vector control
and 10A/RON cell lysates were subjected to Western blot for total phospho-tyrosine.
Phosphorylated RON is indicated by the arrow. Some background bands are present
to indicate loading control. (b) 10A/ecoR (no expression of GFP) and 10A/RON cells
were cultured together on the same coverslips. Anti-RON antibodies were mixed
with Alexa-Fluor 546 and briefly added to live cells to detect RON expression. Cells
were washed with DMEM and images were taken at 5 minute intervals. Blue =
DAPI, Green = GFP of infected cells, Red= RON.
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Figure 1.3

RON expression in MCF-10A cells promotes tubule formation in 3-D cultures.
10A/Vector and 10A/RON cells were cultured in a 3-D overlay method with a 1:1
mixture of collagen:matrigel gelled on the bottom of the chamber slide. 15,000
cells/well were added to the gel in 2% matrigel-containing media. Growth media
containing 2% matrigel was refreshed every 4 days. MSP (100ng/ml) was added to
the specified sample after 8 days in culture. Cultures were imaged using phasecontrast microscopy up until day 21.
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Chapter 2
RON exhibits two distinct mechanisms of signaling in MCF-10A cells

Introduction
In cancers, ligand-independent signaling is a common mechanism by which
RTKs propagate their downstream biological effects. Although mutations can render
RTKs constitutively active, sometimes interactions with other cell signaling moieties
can substitute for the requirement of the ligand, thereby promoting oncogenic
outcomes.
The intracellular Src kinase frequently augments signaling by RTKs, however,
wild-type Src itself is not oncogenic (Biscardi et al., 2000). Structurally,
unstimulated Src is found in a conformation in which its carboxy-terminus folds over
and blocks the catalytic domain by interaction with the amino-terminal SH3 and SH2
domains (Xu et al., 1999). In order to become fully active, Y418 in the kinase
domain of Src must be phosphorylated, and Y529 in the C-terminal region must be
dephosphorylated (Brown & Cooper, 1996). This allows the exposure of the kinase
domain for activation (Engen et al., 2008). A truncated Src which lacks the C-
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terminal autoinhibitory region is constitutively active and is thought to play a role in
some colon cancers (Irby et al., 1999).
Src becomes active downstream of RTKs, integrins, FAK, and steroid
hormone receptors, among others (Ishizawar & Parsons, 2004). Once activated, Src
positively regulates signaling via MAPK, c-JUN kinase (JNK), Rho GTPase and
signal transducers and activators of transcription 5b (STAT 5b) (Ishizawar & Parsons,
2004). Src also appears to be involved in the downregulation of cbl, which, in the
case of EGFR, leads to the inability of EGFR to be downregulated and degraded,
leading to prolonged signaling (Bao et al., 2003; Ishizawar & Parsons, 2004).
In breast carcinomas, the activity of Src promotes tumor progression at least
in part by its ability to synergize with the epidermal growth factor receptor (EGFR)
(Biscardi et al., 2000; Wilson et al., 1989). Other RTKs also interact with Src kinases
to enhance oncogenic signaling in human cancers, including c-Met (Emaduddin et al.,
2008) and platelet-derived growth factor receptor (PDGFR) (Ishizawar & Parsons,
2004). Additionally, Src mediated RON activation downstream of β1 integrins in
human keratinocytes (Danilkovitch-Miagkova et al., 2000). The fact that two or
more kinases cooperate to increase their oncogenic effects may dramatically impact
the clinical treatment for those patients whose tumors are co-expressing RTKs with
other kinases (Stommel et al., 2007).
Since Src is highly expressed and deregulated in at least 70% of human breast
cancers (Ishizawar & Parsons, 2004), it is likely that RON and Src are co-expressed
in a number of breast tumors. Furthermore, Src is recognized as an important

42

contributing factor to breast cancer progression (Ishizawar et al., 2004). In this study,
I examined the contributions of RON, and its putative interaction with c-Src, to the
progression of breast cancer. RON expression in MCF-10A cells gave rise to evasion
of cell death, an increase in spreading and an increased migratory potential. MSPstimulation of RON was required for RON-mediated cell migration and proliferation,
which suggests that MSP-independent functions of RON are not solely a consequence
of increased RON expression levels. In addition, Src activity was required for RONmediated, MSP-independent biological effects. These data imply that RON
cooperates with Src in mammary epithelial cells to promote cellular changes that may
allow progression toward a fully oncogenic state.
This chapter describes RON-mediated cell signaling in MCF-10A cells. I
have determined that the RON receptor exhibits both MSP-dependent and MSPindependent signaling when expressed in MCF-10A cells.

Results
RON exhibits MSP-independent tyrosine phosphorylation in MCF-10A cells
Although MSP is the only known ligand for RON, RON may not require MSP
to induce some of its oncogenic effects since RON contributed to cancer progression
even in the absence of its MSP and its proteolytic activator, MT-SP1 (Welm et al.,
2007). I detected MSP-independent tyrosine phosphorylation of RON with several
different phospho-specific antibodies (Figures 2.1a, 2.1b). RON was immune-
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precipitated with a RON-specific monoclonal antibody, and total phospho-tyrosine
was detected using the anti-phospho-tyrosine antibody, 4G10 (Figure 2.1a). With a
similar strategy, RON phosphorylation was also detected by antibodies directed
specifically against tyrosine phosphorylated residues in the catalytic site
(Y1238/1239) and on C-terminal docking sites (Y1353 and Y1360) of RON (Figure
2.1b). Since phosphorylation of these residues has been shown to lead to signaling by
RON, this data suggests that RON may transduce downstream signals in the absence
of MSP. RON also exhibited increased phosphorylation on Y1238/1239 and on the
Y1360 docking site in the presence of exogenously added MSP (Figure 2.1b). There
was no significant increase of phosphorylation on Y1353 with the addition of MSP.
RT-PCR analysis indicated that neither the 10A/Vector nor the 10A/RON
cells endogenously express MSP (Figure 2.1c), indicating that the activation of RON
is not due to an autocrine signaling loop unique to MCF-10A cells. Similar levels of
RON expression in NIH-3T3 cells did not lead to tyrosine phosphorylation of RON in
the absence of ligand (Figure 2.2a), indicating that the RON receptor is not generally
constitutively active, but rather that the activation seen in MCF-10A cells is a celltype specific effect. MSP-independent tyrosine phosphorylation of RON is not
unique to MCF-10A cells, as I can recapitulate the MSP-independent activation of
RON by expressing RON in HeLa cells (Figure 2.2b). Further, I found that a kinasedead mutant of RON, K1114M (Danilkovitch-Miagkova et al., 2000), did not exhibit
any tyrosine phosphorylation in HeLa cells (Figure 2.2b), providing evidence that the
kinase activity of RON is necessary for phosphorylation.
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MSP-stimulation of RON increases activation of MAPK and AKT but has no
effect on the phosphorylation of Src or FAK
I considered possible molecular differences between MSP-dependent and
MSP-independent RON signaling in MCF-10A cells by looking at the activation of
MAPK (Erk 1 & 2) and AKT, which are both known to be important for MSP-driven
activation of RON in other cell systems. In the absence of MSP, RON promoted a
low level of MAPK activation and a barely detectable AKT activation; however,
MSP significantly increased the activation of both MAPK and AKT (Figure 2.3).
Occasionally, activated AKT is detected in 10A/RON cells unstimulated with MSP
when the Western blots are overexposed, but it is difficult to detect this with
consistency, as the antibody is very weak. With MSP-stimulation, RON interacts
with the Src kinase in other cell types (Danilkovitch-Miagkova et al., 2000). Src
activation can be monitored by determining if Y418 is phosphorylated. To determine
whether RON expression contributed to Src activation in MCF-10A cells, I measured
the level of actived Src with pY418-specific antibodies in whole-cell lysates from
10A/Vector and 10A/RON cells. 10A/RON cells exhibited higher constitutive
phosphorylation of Src on Y418 compared to 10A/Vector cells, and the addition of
MSP did not further increase the activation of Src in either cell type (Figure 2.4a).
Since RON has an established role in cell migration, and 10A/RON cells exhibit
MSP-independent activation of Src, which has a known role in focal adhesion kinase
(FAK) signaling, I considered whether a molecular distinction could be made in FAK
phosphorylation between 10A/Vector and 10A/RON cells. FAK was immune-
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precipitated from cell lysates with an anti-FAK monoclonal antibody, and tyrosine
phosphorylation of FAK was detected using a phospho-tyrosine antibody. These data
demonstrated that in 10A/RON cells, FAK, like Src, was constitutively
phosphorylated, which was not increased by the addition of MSP. However,
10A/Vector cells also exhibited constitutive activation of FAK in the presence or
absence of MSP (Figure 2.4b), implying that Src activation in 10A/RON cells is
downstream of a FAK-independent pathway.

Tyrosine-phosphorylation of RON is Src-dependent
Ligand-independent activation of RTKs can occur as a result of interaction
with other cell surface receptors or other intracellular kinases. I considered whether
the intracellular Src kinase was required for phosphorylation of RON in 10A/RON
cells for four reasons: wild-type Src is frequently upregulated in breast cancers
(Ottenhoff-Kalff et al., 1992), it is known to enhance RTK signals in cancer (Tice et
al., 1999), Src was previously implicated in signaling by RON (DanilkovitchMiagkova et al., 2000) and 10A/RON cells exhibited MSP-independent Src activation
(Figure 2.4a). When Src activity was blocked with the inhibitor PP2, I found that
both MSP-dependent and MSP-independent phosphorylation of RON was reduced,
although in the presence of MSP, substantially more tyrosine phosphorylation of
RON remained after PP2 treatment (Figure 2.5a). These data suggest that MSPstimulation of RON may promote the activation of additional Src-independent
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pathways compared to the pathways activated by MSP-independent signaling of
RON.
To extend these observations, I tested the effect of a dominant-negative
mutant of Src, (in which the Src active site lysine was mutated to arginine), on the
tyrosine phosphorylation of RON in HeLa cells. Both MSP-dependent and MSPindependent phosphorylation of RON were blocked when RON was co-transfected
with the dominant-negative Src construct (Figure 2.5b). The discrepancy between the
PP2 and DN-Src data regarding the MSP-dependent phosphorylation of RON might
be explained by noting that a dose-dependent relationship exists between the
concentration of PP2 and the phosphorylation status of RON or that the effect is celltype specific (data not shown). Taken together, these data imply that Src family
kinases play a general role in the tyrosine phosphorylation of RON in epithelial cells,
but it is particularly important for signaling in the absence of MSP.

Discussion
My data clearly demonstrate that expression of RON in MCF-10A cells leads
to MSP-independent signaling mechanisms to activate both Src and the MAPK
cascade. Although I demonstrate that MCF-10A cells do not express MSP (Figure
1.1c), I cannot rule out the possibility that RON can be activated by other, as-yetundefined ligands. Other studies have demonstrated that ligand-independent
signaling by RON leads to activation of the MAPK cascade in Hek 293 human
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embryonic kidney cells, which also requires Src kinase activity (Wei et al., 2005).
Some evidence suggests that autophosphorylation of RON may provide docking sites
for Src (Correll et al., 2006), but my data implies that Src is acting upstream of RON,
since blocking Src with PP2 abrogates the MSP-independent RON phosphorylation
and reduces MSP-dependent phosphorylation of RON. It will be pertinent to
determine what initially contributes to the activation of Src in 10A/RON cells, but not
in 10A/Vector cells.
It is possible that RON interacts with other signaling receptors to induce
activation of Src. For example, MCF-10A cells most likely exhibit activation of
integrins, as these cells have been shown to secrete laminin 5 ((Stahl et al., 1997) and
my own observations), which is a component of the ECM that binds to β1 integrins
(Stupack, 2007). β1 integrin activation of RON has been shown to contribute to
MSP-independent tyrosine phosphorylation of RON (Danilkovitch-Miagkova et al.,
2000) and integrin signaling promotes Src activation as well (Playford & Schaller,
2004). In other cell systems, RON can interact with RTKs, such as EGFR and c-Met
(Follenzi et al., 2000; Peace et al., 2003), both of which are expressed in MCF-10A
cells. However, I found no evidence in my studies that RON can interact with EGFR
or c-Met in MCF-10A cells and cross-activation of RON does not occur with the
addition of either EGF or HGF (data not shown). However, MCF-10A cells also
express other RTKs, such as type I insulin-like growth factor receptor (IGF1R)
(Zhang et al., 2007), and in fact, these cells also depend on the addition of insulin for
efficient growth in cell culture. Furthermore, RON has been described to interact
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with the hyaluronan receptors, RHAMM and CD44 in the presence of MSP
(Manzanares et al., 2007; Matzke et al., 2005), therefore, RHAMM and CD44 may
also represent potential interacting partners. My data regarding hyaluronan in MCF10A cells will be discussed in Chapter 4.
Addition of MSP to 10A/RON cells provides increased activation of the
MAPK and PI3K pathways above the levels seen in the absence of MSP, and it would
be of interest to learn mechanistic differences between signaling that requires MSP
and signaling that does not require MSP. It is not known whether the addition of
MSP leads to recruitment of a different array of downstream effector molecules than
is seen in the absence of MSP. MSP-stimulation of RON induces conformational
changes (Yokoyama et al., 2005) that could potentially expose alternative residues to
activate distinct pathways, or alter the signal intensity and duration. MSP-activation
of RON increased phosphorylation of the docking site Y1360 as well as Y1238/1239
in the catalytic domain (Figure 2.1b), implying that some structural changes do occur
in the presence of MSP. In the mouse RON receptor, docking site tyrosines of RON
were required for MSP-independent activation of MAPK, but were dispensable for
MSP-induced MAPK activation (Wei et al., 2005). An alternative possibility is that
MSP-independent signaling only affects a subset of RON receptors within a cell, and
that MSP might activate the remaining group of RON receptors, which promotes
increased activation of ERK and AKT. This scenario would explain why MSPdependent and MSP-independent tyrosine phosphorylation of RON appears to occur
on the same tyrosine residues (Figure 2.1b), implying that the downstream effectors
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binding to the docking site are likely the same in both cases. A future comprehensive
analysis of human RON tyrosine phosphorylation sites would appear merited.
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Figure 2.1
RON exhibits MSP-independent tyrosine phosphorylation in MCF-10A cells. (a)
10A/Vector and 10A/RON cells were left untreated or treated with MSP. Cell lysates
were immunoprecipitated with an anti-RON antibody and Western blotted for total
phospho-tyrosine and total RON expression. (b) 10A/RON cells were processed as in
(a), and lysates were Western blotted for specific phospho-tyrosine residues found to
be important for RON activation. Y1238/Y1239 are in the catalytic domain and
Y1353 and Y1360 are found in the C-terminal docking site region of RON. (c)
mRNA was collected and reverse transcribed from Cos1 cells transfected with a
MSP-expressing construct, 10A/Vector and 10A/RON cells. MSP was amplified
using MSP-specific primers and a general housekeeping gene was amplified to use as
a loading control. I am grateful to Irene Ischenko for providing the Western blots for
Figure 2.1b.
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Figure 2.2

MSP-independent activation of RON is cell type specific and requires kinase
activity. (a) NIH-3T3 cells were retrovirally infected to express RON, following the
same protocol and constructs as used to infect MCF-10A/RON cells. Cells were left
untreated or treated with MSP and total cell lysates were subjected to Western
blotting for total phospho-tyrosine and total RON expression. (b) HeLa cells were
transfected with an empty vector, WT-RON or a kinase-dead RON mutant
(K1114M). Cell lysates were subjected to Western blot for total phospho-tyrosine,
total RON and MAPK kinase expression as a loading control

52

Figure 2.3
RON-mediated signaling in MCF-10A cells. 10A/Vector and 10A/RON cells were
serum-starved for 3 hours before being stimulated with 100ng/ml MSP for 30
minutes. Lysates were prepared and subjected to Western blot for phospho-MAPK
(Erk1 & 2), MAPK, phospho-AKT (Phospho-serine 473) and total AKT.
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Figure 2.4
Activation of Src Kinase and Focal Adhesion Kinase in 10A cells. (a) Whole cell
lysates of 10A/Vector and 10A/RON were Western blotted for Phospho-Src (pY418)
and MAPK as a loading control. (b) FAK was immunoprecipitated from 10A/Vector
and 10A/RON cell lysates. Total phosphotyrosine and total FAK were detected by
Western blot. I am grateful to Irene Ischenko for providing the Wester blots shown
in Figure 2.4b.
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Figure 2.5

Src Kinase activity is required for MSP-independent tyrosine phosphorylation of
RON. (a) 10A/RON cells were left untreated, treated with MSP or PP2 or both, as
indicated. See Materials and Methods for details. Untreated 10A/Vector cell lysates
were used as a negative control for the position of RON. Lysates were Western
blotted for total phospho-tyrosine and RON. The arrow indicates the position of
RON. (b) HeLa cells were mock transfected or transfected with WT-RON alone or
WT-RON with a dominant negative Src construct. Cells were left untreated or treated
with MSP. Lysates were Western blotted for total phospho-tyrosine, RON and
MAPK. The arrows point out the positions of RON and Src.
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Chapter 3
MSP-dependent and MSP-independent activation of RON give rise to distinct
biological consequences some of which require Src kinase activity

Introduction
Several biological events can occur that contribute to the development of
cancer, which have been described as the “hallmarks of cancer” (Hanahan &
Weinberg, 2000). Some of these events include increased rates of proliferation,
survival, adhesion, migration and invasion (Hanahan & Weinberg, 2000). Previous
studies have indicated that RON may play a role in all of these processes (see
“Introduction” for details). However, it is not clear whether RON can promote these
behaviors in the absence of MSP. The evidence that RON can contribute to
biological outcomes in the absence of MSP is increasing. For example, in primary
erythroid progenitor cells, MSP-independent RON activation promotes an increase in
colony growth, and this growth requires the kinase activity of RON (Wei et al., 2005).
In addition to RON, the Src kinase also plays a role in signaling that contributes to the
hallmarks of cancer due to its involvement in critical downstream pathways, such as
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MAPK and FAK. Src enhances the signaling of several kinases which leads to an
increase in proliferation, survival, adhesion and migration in a variety of cell systems
(Ishizawar & Parsons, 2004).
Since RON is able to promote MSP-independent invasive behavior in 3-D
ECM cultures (see Chapter 1) and RON exhibits tyrosine phosphorylation in the
absence of MSP (see Chapter 2), I hypothesized that RON may stimulate cancerpromoting behaviors in MCF-10A cells also in the absence of MSP. I further
predicted that the Src kinase would be required for all RON-mediated events that
occurred in the absence of MSP because of its critical role in MSP-independent
tyrosine phosphorylation of RON. This chapter describes the results from these cellbased biological studies, which strongly supports my hypotheses.

Results
RON-mediated proliferation requires MSP
MCF-10A cells require the addition of EGF to proliferate, therefore, by
omitting EGF from the regular growth media, I could determine whether 10A/RON
cells could proliferate both in the presence and absence of MSP. Approximately 12%
of 10A/RON cells were BrdU positive when cultured without the addition of MSP or
EGF compared to approximately 7% BrdU incorporation in 10A/Vector cells (Figure
3.1a). In contrast, the addition of MSP to the media of 10A/RON cells led to
approximately 30% BrdU incorporation whereas the 10A/Vector cells did not

57

proliferate in response to MSP (Figure 3.1a). With the addition of EGF, 35% of both
10A/Vector and 10A/RON cells were BrdU positive. These data indicate that MSPindependent activation of RON is not sufficient for cell proliferation however, due to
the increased expression level of RON, MSP can act as a mitogen in 10A/RON cells.
Furthermore, the MSP-independent activation of RON did not appear to promote
additive proliferative effects with EGFR stimulation as these cells proliferate
approximately the same as 10A/Vector cells.

RON-mediated migration requires MSP
Although MSP-stimulation of RON can increase epithelial cell migration, it is
not clear whether RON-mediated migration can occur in the absence of MSP. Using
Transwell filter-based migration assays, I confirmed that MSP induced migration in
10A/RON cells, but in the absence of MSP, 10A/RON cells did not significantly
migrate through the filter (Figure 3.1b,c). I concluded that MSP-independent RON
activation is not sufficient to promote cell migration in the absence of basally-added
growth factors.
Both 10A/Vector and 10A/RON cells migrated in response to EGF; however,
at 6 hours after EGF addition, approximately 50% more 10A/RON cells had migrated
than 10A/Vector cells (Figure 3.1c). A similar effect was seen 18 hours after adding
EGF, when approximately 27% more of 10A/RON cells migrated through the filter
than 10A/Vector cells (Figure 3.1b). To determine whether the increased migratory
potential of 10A/RON cells was an EGF-specific phenomenon, I repeated the assay
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with the addition of the c-Met ligand, hepatocyte growth factor (HGF), since MCF10A cells express endogenous levels of Met (Montesano et al., 1998). In this case,
approximately 30% more 10A/RON cells migrated in response to HGF than
10A/Vector cells after 6 hours and approximately 60% more 10A/RON cells migrated
when cells were examined after 18 hours of HGF treatment (Figure 3.1b). These data
suggest that although the MSP-independent activation of RON is not sufficient to
promote migration on its own, the expression of RON in MCF-10A cells confers an
intrinsic migratory advantage of these cells compared to 10A/Vector cells in response
to EGF or HGF.

RON-mediated cell spreading is MSP-independent
During the process of cell migration, cells must first adhere to the substratum and
then spread before extending lamellipodia to propel them forward (Yamaguchi et al.,
2005). I hypothesized that if 10A/RON cells had an ability to adhere and/or spread
more efficiently, it would explain the MSP-independent migratory advantage over the
10A/Vector cells. To test this possibility, I allowed the 10A/Vector and 10A/RON
cells suspended in DMEM to briefly attach to poly-d-lysine-coated coverslips. After
10 minutes the unattached cells were washed away and the remaining cells were fixed
and stained with rhodamine-conjugated phalloidin to visualize the actin filaments.
Attached cells exhibited two phenotypes: they were either columnar in shape, which
indicated a very early point in the cell attachment process, or the cells were flattened
and spread, representing a more advanced stage in the sequence of adhesion events
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(Figure 3.2a-c). When measured, the columnar cells were approximately 15-20
microns in diameter or less, whereas spreading cells ranged from 20-40 microns in
diameter (data not shown). I quantified the difference between 10A/Vector and
10A/RON cells, and found that approximately 60% of 10A/RON cells exhibited a
flattened appearance within 10 minutes, compared with approximately 20% spreading
of the 10A/Vector cells (Figure 3.2c). The addition of MSP to this assay did not
increase the percentage of spreading 10A/RON cells (Figure 3.2c).
The difference in cell attachment and spreading was also evident between
10A/Vector and 10A/RON cells when newly trypsinized cells were suspended in
regular growth media and added to tissue culture plates. In this assay, unbound cells
were washed away and the remaining attached cells were imaged at 30 minutes and
150 minutes post-plating (Figure 4.1). These data demonstrate that 10A/RON cells
have acquired an ability to attach and spread more efficiently than 10A/Vector cells.

RON-mediated evasion of cell death is MSP-independent
MSP stimulation of RON has been associated with anti-apoptotic activity in
epithelial cells (Danilkovitch et al., 2000). To examine whether RON can protect
cells from cell death in the absence of MSP, I used a cell death assay in which I
incubated cells in DMEM without added growth factors or serum for 72 hours.
Floating cells were collected from the media and pooled with the remaining adherent
cells after they were removed from the plate by trypsinization. Dead cells were
identified by propidium iodide labeling and the percentage of live cellsl was assessed
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by FACS analysis. As seen in Figure 3.3a, only 7% of the 10A/Vector cells survived
under these conditions in contrast to 31% of the 10A/RON cells. MSP addition
minimally increased the survival rate to 34%. These data imply that MSPindependent activation of RON improves 10A/RON cell survival in the absence of
growth factors, and that MSP does not significantly contribute to this effect. Very few
cells died when cultured in regular media for 3 days (Figure 3.4a). Figure 3.3b
presents the phenotypic difference between 10A/Vector and 10A/RON cells when
cultured without EGF. After 4 days, most of the 10A/Vector cells were rounded-up,
floating in the media, and stained positive for propidium iodide whereas the
10A/RON cells remained strongly adherent and began to proliferate again when
growth factors were added to the media (data not shown). The 10A/Vector and
10A/RON cells undergoing cell death in my survival assay appear to be dying by
apoptosis, as poly (ADP-ribose) polymerase (PARP) is cleaved in these cells (Figure
3.4b). It was difficult to collect enough 10A/Vector cells for analysis, which is why it
is not possible to easily detect the cleaved form of PARP in the 10A/Vector cells.
There is a very faint band representing cleaved PARP in the 10A/Vector cells, but it
is difficult to see in this figure. It is clear, however, that PARP is cleaved in the dying
10A/RON cells from this data.

Src is required for RON-mediated MSP-independent biological effects
Because tyrosine phosphorylation of RON depends on the activity of Src
family kinases (Figure 2.5 a,b), I examined whether Src signaling is required for
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RON-mediated biological effects. I found that PP2 nearly abolished the increased
survival of 10A/RON cells under serum-starved conditions regardless of whether
MSP was added (Figure 3.3a). PP2 treatment had no effect on 10A/Vector and
10A/RON cells cultured in regular growth media for 72 hours (Figure 3.4a). RONmediated cell spreading was also completely abrogated by PP2 in both the absence
and presence of MSP (Figure 3.5a, b). Src activity was not necessary for cell
proliferation in response to EGF or MSP, as PP2 treatment did not influence BrdU
incorporation (data not shown). However, PP2 abolished cell migration in response
to either MSP or EGF (data not shown), which could potentially be due to the effect
of PP2 on cell spreading. These data imply the activity of Src family kinases is
required for RON-mediated MSP-independent events, but it remains unclear if all
MSP-mediated events also depend on Src.

Effects of kinase inhibitors on RON-mediated biological effects
I also determined the influence of PI3K/AKT (LY294002) and MEK/ERK
(U0126) inhibitors on RON-mediated biological effects. In contrast to PP2 these
inhibitors had no effects on cell spreading either with or without MSP. These two
inhibitors did, however, completely abrogate the cell survival properties of RON and
reduced MSP-induced Transwell migration by 60-80% (data not shown).

62

Discussion
My study describes a novel and significant role for MSP-independent RON
signaling in cell adhesion, spreading and evasion of cell death. I found that increased
expression of RON in breast epithelial cells leads to both MSP-dependent and MSPindependent biological events. In the absence of MSP, RON promoted an increase in
cell spreading, cell survival and enhanced growth-factor mediated migration in MCF10A cells. MSP was required, however, to induce RON-mediated migration and
proliferation, implying that RON possesses at least two distinct modes of signaling.
Furthermore, I found that Src family kinases contribute to the activity of RON in both
the presence and absence of MSP.
Ligand-independent activation of non-mutated RTKs is commonly due to
increased expression that allows unregulated receptor dimerization and activation,
promoting tumor development (Weiss et al., 1997). In epithelial cells that express
high amounts of c-Met, cell attachment mediates ligand-independent tyrosine
phosphorylation of c-Met (Wang et al., 2001; Wang, R et al., 1996). In my study, I
did not find that MSP-independent tyrosine phosphorylation of RON was a direct
result of cell attachment (data not shown). However, I found that 10A/RON cells
exhibited a significant increase in cell attachment and spreading compared to
10A/Vector cells, suggesting that cell adhesion may generally regulate the scatter
factor receptors.
I hypothesize that the increased adhesive and spreading property of 10A/RON
cells explains their enhanced migratory response toward EGF and HGF, as well as
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their ability to avoid cell death under serum starved conditions. During migration,
10A/RON cells may attach to the filter and spread out more quickly than 10A/Vector
cells, allowing for more efficient movement through the pores. Cell adhesion itself
activates survival pathways via integrins or other cell surface receptors (Hofmann et
al., 2007; Kang et al., 2007; Muller et al., 2008). The ability of cells to evade
intrinsic cell death pathways is a major contributor to tumor development (Mehlen &
Puisieux, 2006). Even at the lowest level of RON expression, at least 30% of
10A/RON cells survived serum-free conditions compared to almost no survival of the
10A/Vector cells. It is not known whether the adhesion effects are mediated by
interactions of RON with receptors, such as integrins. Although RON is known to
interact with β1 integrins (Danilkovitch-Miagkova et al., 2000; Santoro et al., 2003), I
could not determine if 10A/RON cells bound more strongly to laminin 5 than did
10A/Vector cells (data not shown).
Src mediates a diverse range of biological processes downstream of RTKs,
such as cell survival (Yamamoto et al., 2006), proliferation (Riggins et al., 2006),
adhesion and migration (Van Slambrouck et al., 2007). Furthermore, RON signals via
Src downstream of integrins (Danilkovitch-Miagkova et al., 2000) and Src was
responsible for RON-mediated constitutive activation of MAPK in the absence of
MSP (Wei et al., 2005). My data confirms and extends the observations that Src
family kinases play a significant role in both MSP-dependent and MSP-independent
RON signaling. I found that inhibition of Src family kinases reduced tyrosine
phosphorylation of RON and abrogated RON-mediated biological events, with the
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exception of cell proliferation, implying that RON utilizes a Src-independent pathway
to mediate proliferation in MCF-10A cells. In the case of EGFR, Src mediates EGFindependent transactivation, which promotes differential biological effects than EGFstimulation of EGFR (Moro et al., 2002; Wu et al., 2002) This is similar to the
observations reported here on the MSP-independent activation of RON.
In the presence of MSP, RON activates the MAPK and PI3K pathways
((Danilkovitch-Miagkova, 2003) and Chapter 2, Figure 2.3). I found that MSPindependent signaling by RON also activates MAPK (Chapter 2, Figure 2.3),
however, the reduced level of stimulation was not sufficient for RON-mediated
proliferation or migration. To examine the role of these pathways further I used the
inhibitors LY294002 to block PI3K/AKT or U0126 to block MEK/ERK in biological
assays. These pathways were clearly not involved in cell-spreading but did play a
role in MSP-dependent and -independent cell survival and also in MSP-induced
migration. In addition to MAPK and AKT, there is also the potential that MSP
regulates additional or alternative signaling pathways to MSP-independent signaling.
RON activation in cancer is thought to be a late stage event, due to its roles in
migration, invasion and development of EMT in tissue culture (Cote et al., 2007;
Wang et al., 2004). I propose that in early stage breast cancers, co-expression of Src
and RON is sufficient to initiate oncogenic behavior in the absence of MSP. In
support of this hypothesis, one recent study concluded that co-expression of RON,
MSP and the MSP-activating enzyme (MT-SP1) was a strong prognostic marker for a
poor patient survival; however, less than 20% of the samples actually exhibited
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expression of all three mRNAs (Welm et al., 2007). Nonetheless, clinical studies
have shown that RON expression alone is predictive for a poor patient prognosis in
breast cancers (Lee et al., 2005). Taken together, these data offer two major
implications. First is that in the majority of RON-expressing breast cancers, RON
contributes to oncogenicity in the absence of activated MSP. The second implication
is that RON expression and its ligand-independent signaling in breast cancer are early
events, and that the later stage disease is characterized by further activation of MSP
and MT-SP1.
Nearly all cancer deaths stem from metastatic growths rather than the primary
tumors (Mehlen & Puisieux, 2006), and therefore, it is critical to design cancer
therapies that target events occurring in early stages of cancer to prevent secondary
growths. Several therapeutic strategies have recently been developed to target RTKs
in human cancers. These agents are either small molecule inhibitors that block RTK
kinase activity or monoclonal antibodies that bind to the RTK and inhibit its signaling
(Tagliaferri et al., 2005). Both of these molecular approaches have proven to be
clinically successful in many cases, however, strategies targeting the extracellular
ligand-binding domain of RTKs may not be successful in treating patients whose
tumors exhibit signaling in the absence of ligand. I provide evidence that in the case
of RON-expressing mammary tumors, targeting Src in addition to RON could
potentially reduce oncogenic behaviors.
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Figure 3.1
RON-mediated cell proliferation and migration require MSP (a) BrdU
incorporation into cells that were cultured for 48 hours in regular MCF-10A media
that lacked EGF and MSP or contained either EGF or MSP. The percent BrdUpositive cells were determined by counting at least 500 cells/coverslip. (b) Analysis
of the number of migrating cells in the presence or absence of various growth factors.
* indicates P<0.02, n=5 ** indicates P<0.0001. The error bars for (a) and (b)
represent + SEM. (c) Representative images of Transwell migration assay after 6
hours. Each experiment was repeated at least 3 times.
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Figure 3.2
RON promotes cell spreading in the absence of MSP. (a) Cells were stained with
Rhodamine-Phalloidin in a 10 minute attachment assy. 3-D rendered images from Zstacks of the 2 basic phenotypes of adherent cells. (b) Representative 2-D images of
comparing the phenotype of 10A/Vector and 10A/RON cells in the attachment assay
as in (a). (c) Quantitation of the percentage of spread cells. Error bars represent +
SEM, n=4, P<0.001.
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Figure 3.3
RON promotes cell survival in the absence of MSP (a) After 72 hours in serumfree media, floating and attached cells were pooled together, stained for Propidium
Iodide (PI) and the percentage of PI-positive cells was determined by FACS. The %
of surviving cells is shown (PI-negative cells). * indicates a P<0.002. Error bars
represent + SEM, n=4. (b) Cells were cultured in regular MCF-10A media that
lacked EGF. Phase contrast images were taken on Day 1 and Day 4 to demonstrate
cell morphology
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Figure 3.4

Src does not mediate survival in regular growth media and 10A cell death is
apoptotic (a) Cells were cultured for 72 hours in regular growth media with and
without the addition of PP2, trypsinized, stained for PI. The percentage of PI-positive
cells was determined by FACS analysis. The % of surviving cells is shown (PInegative cells). (b) After 72 hours in DMEM, floating and attached cells were
collected and lysed. Shown is a Western blot analysis of PARP using whole cell
lysates. The gel does not represent an equal loading of proteins, as there were
significantly more 10A/RON cells available for lysis. Although it is difficult to
detect, there is, in fact, a faint band seen in the 10A/Vector cells for cleaved PARP.
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Figure 3.5
Src kinase activity is required for RON-mediated cell spreading (a) 10A/RON
cells were stained with Rhodamine-Phalloidin after a 10 minute attachment assay.
Cells that were incubated with or without MSP for 10 minutes, then PP2 or DMSO
was added for an additional 10 minutes before attachment to the coverslip. (b)
Quantitation of the percentage of spread cells in the presence or absence of PP2
treatment. Error bars represent + SEM, n=4, P<0.001.

71

Chapter 4

RON-expressing breast epithelial cells exhibit increased expression of
hyaluronan, which is responsible for RON-mediated early adhesion events

Introduction
Hyaluronan (also known as Hyaluronic Acid or HA) is a highly negatively
charged glycosaminoglycan consisting of glucoronic acid and N-acetylglucosamine
disaccharides and is very large, ranging in size from 105-107 kDa, and up to 25 µm
long (Toole, 2004). Although HA plays a structural role in several normal tissues, it
is upregulated in inflammation, wound repair and cancer (Toole & Slomiany, 2008).
HA is synthesized on the interior plasma membrane side of the cell surface by
hyaluronan synthases (HAS 1, 2, and 3) and, at the same time, is secreted onto the
cell surface and into the extracellular matrix (ECM) (Tammi et al., 2002). This is in
contrast to most proteoglycans, which are synthesized in the Golgi apparatus and
secreted by an exocytic mechanism (Prehm, 1984). In addition to secretion by HAS
proteins, new evidence supports a potential role for ABC-family transporters, in
particular multi-drug resistance protein 5 (MRP5), in secreting HA into the ECM,

72

which suggests that HA may be involved in multi-drug resistance that can arise in
invasive cancers (Toole & Slomiany, 2008).
HA is upregulated in a number of different cancer types, including breast
cancers, and its expression correlated with invasive behaviors (Bertrand et al., 1992;
Kimata et al., 1983; Toole et al., 1979). One mechanism for increased HA expression
in cancer is an upregulation of HAS genes, and, in fact, increased expression of HAS
2 (Kosaki et al., 1999) and HAS 3 (Liu et al., 2001) correlated with invasive cell
behaviors in MDA-231 cells (Udabage et al., 2005b). Further, the cytokine IL-1α
promoted upregulation of HA in human inflammatory arthritis models (Deiters &
Prehm, 2008) and stromal cells can also release paracrine factors that stimulate the
production of HA (Knudson et al., 1984). Similarly, extracellular matrix
metalloproteinase inducer (EMMPRIN or CD147) expression in mammary carcinoma
cells stimulated HA synthesis, leading to anchorage-independent growth (Marieb et
al., 2004).
In human cancers, it is most likely the interaction of HA with its cell surface
receptors, namely CD44 and RHAMM (receptor for hyaluronan-mediated motility)
that contributes to malignancy, through the increased tethering of HA to the
extracellular cell surface as well as increased receptor-mediated cell signaling events
(Toole, 2004). CD44 has multiple isoforms that are generated by alternative splicing
to include short additional sequences in the membrane-proximal extracellular region.
CD44 isoforms may exhibit distinct glycosylation patterns, which can affect signaling
by recruiting different binding partners (Hirano et al., 1994; Turley et al., 2002).
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However, CD44 standard (CD44s) is the most common variant and the most
thoroughly-characterized in regards to HA binding (Aruffo et al., 1990). CD44
interacts with several RTKs, including c-Met (Orian-Rousseau et al., 2002), EGFR
(Kim et al., 2008) and ErbB2 (Palyi-Krekk et al., 2008). Through their interactions
with RTKs as well as several downstream effectors, such as Src kinase, MAPK
(ERK1), and the Gab 1 adaptor proteins, CD44 and RHAMM mediate cell signaling
that promotes cell proliferation, survival and migration (Toole, 2004). HA binding to
its receptors is associated with activation of the FAK (Fujita et al., 2002) , PI3K
(Misra et al., 2008) and NFκB pathways (Bourguignon et al., 2009). Blocking of
HA binding, by soluble HA peptides (Hamilton et al., 2007), antisense CD44 cDNA
(Harada et al., 2001), soluble CD44 (Peterson et al., 2000) or soluble RHAMM
protein (Mohapatra et al., 1996) leads to an attenuation of oncogenic behavior, which
suggests that HA might be a potential target in cancer treatment.
The RON RTK has been shown to interact with CD44 (Matzke et al., 2005) as
well as with RHAMM (Manzanares et al., 2007). My recent work has shown that
ligand-independent signaling of RON in MCF-10A breast epithelial cells resulted in
an increase in cell spreading, cell survival and cell migration compared to a parental
cell line (Feres et al., 2009). Although I concluded that Src-family kinases were
required for these behaviors, it was not clear from my studies what might be acting
upstream of Src to confer its activation in MCF-10A cells. One possibility is that
RON mediates an upregulation of HA expression, which would promote Src signaling
via CD44 or RHAMM.
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Based on the studies of HA’s effects on ErbB2 signaling, and considering that
RON is known to interact with HA receptors, I examined the contribution of HA to
the MSP-independent oncogenic behaviors of MCF-10A/RON (10A/RON) cells. I
report here that the increased adhesive properties of 10A/RON cells can be explained
by an increase in HA on the cell surface compared to MCF-10A/Vector (10A/Vector)
cells. Additionally, immediate attachment is disrupted by briefly pre-treating the
cells with hyaluronidase.

Results
MCF-10A/RON cells exhibit increased adhesion that is mediated by negativelycharged glycoproteins
My data implies that RON expression in MCF-10A cells promotes an increase
in cell attachment. When cell suspensions were added to tissue culture dishes in
regular media, significantly more 10A/RON cells were attached to the dish than
10A/Vector cells. This was evident after 30 minutes and continued at least until 150
minutes after the addition of cells (Figure 4.1). My earlier studies also indicated that
10A/RON cells exhibited increased cell adhesion to poly-d-lysine-coated coverslips
within 10 minutes and rapid cell spreading ((Feres et al., 2009) and Figure 3.2b).
Whereas the spreading was dependent on Src-family kinases, attachment itself did not
require Src activity, as the Src inhibitor PP2 did not prevent attachment. This
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prompted us to consider alternative, Src-independent mechanisms of MCF-10A cell
attachment.
I hypothesized that integrins are most likely not involved in the attachment
process since poly-d-lysine is reported not to stimulate integrin signaling. As
mentioned earlier, MCF-10A cells have been reported to express Ln-5 (Stahl et al.,
1997) which could potentially stimulate β1 integrin signaling. However, my data
indicate that both 10A/Vector and 10A/RON express similar amounts of Ln 5 (data
not shown), so this would not explain the difference in binding capacities between
these two cell types. Furthermore, I tested whether immediate attachment occurred
on various ECM proteins, including fibronectin, vitronectin, laminin and collagen,
which would be an integrin-dependent attachment event. However, there was no
significant difference in attachment to the various substrates, either within 10 minutes
or later time-points (data not shown), again suggesting that integrins are not likely to
be involved in this particular type of attachment.
Instead, I considered that there could be an attraction between the positively
charged lysines on the coverslips and negative charges on the cell surface. It was
possible that 10A/RON cells had a greater overall negative charge on their cell
surface, which could be the result of an increase in extracellularly deposited
glycosaminoglycans (GAGs), such as chondroitin-sulfate proteoglycans (CSPGs)
and/or hyaluronan (HA). These molecules are highly negatively charged and both are
known to be involved in cell adhesion to ECM (Fuster & Esko, 2005; Toole, 2004).
To test for the cell surface expression of these glycoproteins, I stained the cells with
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the Wisteria floribunda agglutinin (WFA), which is a lectin that binds Nacetylgalactosamine residues on highly negatively charged chondroitin sulfate chains
found on some proteoglycans (Young & Williams, 1985). To determine whether
there is a change in either expression levels or distribution between 10A/Vector and
10A/RON cells, I allowed the cells to attach to poly-d-lysine-coated coverslips for 10
minutes, washed away unbound cells and labeled the CSPGs on the cell surface with
biotinylated WFA which was then fluorescently labeled with Cy3-Streptavidin. As
shown in Figure 4.2a, both 10A/Vector and 10A/RON cells appeared to express
similar amounts of these CSPGs on the cell surface, however it was not possible to
accurately determine whether there was a quantitative difference of cell-surface
CSPGs between 10A/RON and 10A/Vector cells with this assay. The CSPGs
appeared to be differentially distributed depending on far the cells have spread after
attachment. 10A/RON cells exhibited long, CSPG-expressing microspikes compared
to 10A/Vector cells. This pattern of localization is similar to that I have shown
previously for the distribution of actin after 10 minutes of attachment ((Feres et al.,
2009) and Figure 3.2b). Interestingly, despite their strong negative charge, the
quantity of CSPGs on the cell surface does not appear to play a direct role in cell
spreading, as I noted that cells that exhibit a more dense concentration of CSPGs may
not necessarily have a larger cell span (Figure 4.2b).
Hyaluronan (HA) forms the extracellular framework to which other GAGs,
including CSPGs, are structurally bound. When HA is cleaved into fragments by
hyaluronidase (HAase) (Toole, 2004), this so-called “glue” no longer holds the GAGs
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in place (Stern & Jedrzejas, 2006). To determine if the CSPGs on the cells’ surface
might be responsible for the increased binding of 10A/RON cells, I repeated the
attachment assay in the presence of HAase, which would remove the extracellular
CSPGs in addition to any HA. Pre-incubation with 300 U/ml of HAase for 10
minutes before allowing the cells to attach to the coverslip for 10 minutes nearly
completely abrogated attachment in both 10A/Vector and 10A/RON cells (Figure
4.2c), implying that HA and/or other GAGs in the extracellular matrix are required to
mediate the early attachment of 10A cells. Titration of the HAase down to 100 U/ml
significantly reduced binding of both 10A/Vector and 10A/RON cells, however, there
were significantly more 10A/RON cells attached than 10A/Vector cells (data not
shown), further implying that 10A/RON cells exhibit increased adhesion, which
might be mediated by an abundance of HA on the cell surface.

10A/RON cells exhibit an increase in HA on the cell surface
Since HAase abrogated attachment of 10A cells, I suspected that in addition to
the CSPGs, it was possible that 10A/RON cells produced more HA than 10A/Vector
cells. Increased HA would allow for faster anchoring of the cells onto positively
charged lysine residues. To compare HA expression between 10A/Vector and
10A/RON cells, I cultured cells in regular MCF-10A media (Debnath et al., 2003) for
approximately 48 hours. HA was labeled using biotinylated HA Binding Protein
(bHABP) and bHABP was detected with Cy3-Streptavidin. As shown in Figure 4.3,
both cell types are positive for HA-staining but 10A/RON cells exhibited an increase
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in HA over their cell surface compared to 10A/Vector cells. This can be seen more
strongly in Figure 4.3b, which are 2-D images of bHABP staining. In the 10A/Vector
cells, the nuclei are highly visible, whereas in the 10A/RON cells, the nuclei are less
visible presumably because there is more HA on the cell surface to cover the nuclei.
It is possible however, that rather than an increase in total HA protein on the cell
surface, the 10A/RON cells may exhibit a change in HA distribution. However, the
intracellular stores of HA appeared to be similar in both amount and distribution
between the 10A/Vector and 10A/RON cells (Figure 4.3a). Treatment of live cells
with 300 U/ml HAase for 1 hour before HABP labeling abrogated nearly all of the
extracellular HA, but left behind the intracellular HA, which could potentially be
endocytic vesicles containing internalized HA during its receptor recycling process
(Toole & Slomiany, 2008). The roles for intracellular stores of HA are unclear, and
are currently under investigation (Hascall et al., 2004).
In addition to the increase of HA production of 10A/RON cells, HABP
labeling was useful to see a difference in cell morphology on 2-D plastic dishes.
When cells were cultured at low densities, and allowed to form islands of cells over
the course of 72 hours, the 10A/Vector cells appeared to remain tightly bound with
HA expressed around the perimeter of the island of cells, whereas 10A/RON cells did
not appear to be tightly bounded by an outline of HA, seemed larger or more spread,
often had spaces between each cell and frequently exhibited a display of long
extensions between cells (Figure 4.3b and data not shown).

79

To determine if HA forms microspikes after immediate adhesion in the same
pattern as CSPGs and actin, I repeated the 10 minute attachment assay with labeling
for bHABP/Cy3. I found that HA was not found in microspike structures, however, it
was again clear that the 10A/RON cells were secreting/depositing more HA than
10A/Vector cells onto their cell surfaces (Figure 4.4).

10A/RON cells do not exhibit increased HAS gene expression
Since 10A/RON cells appear to have more HA over their cell surface than
10A/Vector cells, I hypothesized that 10A/RON cells might exhibit an increased level
of HAS gene expression to promote larger amounts of HA secretion at the cell
membrane. To this end, I used reverse-transcriptase PCR (RT-PCR) to detect HAS 1,
HAS 2 and HAS 3 genes in 10A/Vector and 10A/RON cells. For comparison, I
looked at the levels of HAS genes in the invasive breast cancer cell line, MDA-231,
which is known to exhibit increased expression of HAS 2 (Udabage et al., 2005b) and
is thought to play a role in the invasive behaviors of these cells. In Figure 4.5, all
three cell lines expressed similarly low levels of HAS 1 expression. As expected,
MDA-231 cells expressed high levels of HAS 2 compared to both 10A cell lines, but
expressed approximately the same amount of HAS 3 as 10A/Vector and 10A/RON
cells. Both 10A/Vector and 10A/RON cells expressed approximately the same levels
of HAS 2 and HAS 3, implying that the difference in the amount of HA expression
between 10A/Vector and 10A/RON cells is not due to an over-abundance of HA
synthases on the cell surface of 10A/RON cells.
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MCF-10A cells exhibit expression of both CD44 and RHAMM
In order to mediate hyaluronan-driven cell signaling, cells must express either
or both of the HA receptors, CD44 or RHAMM. CD44 and RHAMM also have the
potential to tether HA to the cell surface, so that increased expression of these
receptors may lead to an increase of HA retention on the cell surface. To examine
whether 10A/Vector and 10A/RON cells express these receptors, or if they are
expressed in differential amounts, I used RT-PCR to detect expression of RHAMM
and the standard form of CD44. Figure 4.5 demonstrates that both 10A/Vector and
10A/RON cells expressed both RHAMM and CD44 at approximately the same level,
implying that the increase of HA on 10A/RON cells is unlikely due to a greater
number of receptors sequestering HA at the cell surface. However, expression of
CD44 and RHAMM also suggests that MCF-10A cells are potentially capable of
transducing HA-mediated signals to generate biological responses.

Involvement of Src
Since Src was found to be essential for the cell spreading of MCF-10A cells
but not initial cell attachment, I examined whether Src was important for the
deposition of HA in either 10A/Vector or 10A/RON cells. When cultured in the Src
inhibitor, PP2, MCF-10A cells attach to the tissue culture dish, but do not spread,
even after 48 hours in culture (data not shown). If HA mediated the cell spreading
effect, I expected cultures containing PP2 would block expression of HA on the cell
surface. However, I found that whether the cells were cultured in negative-control
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DMSO-containing media or PP2-containing media, both 10A/Vector and 10A/RON
cells expressed HA, as noted by staining the cells for HABP, as in the above
experiments (Figure 4.6a). Since the DMSO-containing cultures had spread on the
plate but the PP2-containing cultures did not, it appears that the HA has a different
distribution in the presence of PP2, which is particularly evident in the profile view,
in which the PP2-containing cells were much less flat (Figure 4.6b). Furthermore, if
10A/Vector and 10A/RON cells were first treated with HAase to remove cell surface
HA, PP2 does not block the new secretion of HA to the cell surface (Figure 4.7).
Taken together, these data suggest that Src does not mediate the expression of HA in
MCF-10A cells.

Hyaluronidase reduces EGF-driven migration
As shown previously, 10A/RON cells appear to have a migration advantage
over 10A/Vector cells (Figure 3.1b, c), which I hypothesized might be due to an
increased adhesive property in 10A/RON cells. To determine whether HA was an
important mediator of attachment during migration, I incubated 10A/Vector and
10A/RON cells in 200U/ml HAase for 1 hour prior to adding EGF to the bottom well
of a Transwell insert. Cells were allowed to migrate for 6 hours, and migrated cells
were fixed, stained and counted. Figure 4.8 points out that HAase dramatically
reduced the number of cells migrating through the filter within 6 hours in both
10A/Vector and 10A/RON cells, implying that HA is necessary for efficient binding
to the filter so that the cells can move through the pores. However, with this assay, I
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were not able to determine if HAase reduced cell spreading, which would also likely
abrogate cell migration

Discussion
My current study is the first that I know of to describe a correlation between
an increase of RON RTK expression and an increase of HA expression in mammary
epithelial cells. These results are significant because they point out a potentially
novel mechanism by which RON can promote tranformed behavior in normal
epithelial cells in the absence of its ligand, MSP. There is a strong correlation
between the HA, HAS, and CD44 expression levels and the invasiveness of breast
cancer cell lines (Udabage et al., 2005a). Because of the correlation between the
expression of RON and HA, it is possible that RON contributes to CD44 and/or
RHAMM signaling, the two known HA receptors. The role of RON in RHAMMmediated signaling is unknown, however, these two receptors were found to associate
in primary human lung cells, and blocking the MSP-binding site on RON reduced
RHAMM-mediated biological effects (Manzanares et al., 2007). No other reports of
RON interaction with RHAMM have yet been reported, however, MCF-10A cells
express RHAMM (Figure 4.5), allowing for the possibility of an interaction in this
system.
Both RON and its other family member, c-Met, require the CD44 V6 isoform
as a co-receptor to transduce their signals in HT-29 and HCT116 colon carcinoma
cells (Matzke et al., 2005). In this study, phosphorylation of both c-Met and RON,
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downstream activation of ERK and invasion through matrigel was blocked by antiCD44 V6 antibodies and peptides (Matzke et al., 2005). Although I found that MCF10A cells express CD44s, I did not gain clear data suggesting that these cells also
express the V6 variant (data not shown). It is possible that RON could utilize CD44s
or other isoforms as a co-receptors in certain cell types either in the presence or
absence of MSP. Additionally, the co-receptor function of CD44 V6 was important
in MSP-induced RON signaling, and may not be required for MSP-independent
signaling of RON. Studies that block CD44 signaling in 10A/RON cells would be
useful to demonstrate whether CD44 was required MSP-independent RON signaling.
I propose that HA is necessary for the early adhesion events in MCF-10A
cells, but HA alone is not sufficient to induce cell spreading. Instead, my data
suggests that HA mediates the initial binding of MCF-10A cells to poly-d-lysine on
glass coverslips, and that because 10A/RON cells have an increased amount of HA on
their cell surface, they bind more efficiently than 10A/Vector cells. HA mediates
attachment to the ECM in other cell types including prostate and breast cell lines
(Draffin et al., 2004). Cell spreading occurs sequentially after adhesion (Zaidel-Bar
et al., 2004), so it is likely that the 10A/RON cells exhibit increased cell spreading
because of their faster initial binding potential. Other studies have demonstrated that
2-10 minutes after HA-mediated attachment to the substratum, cells form focal
adhesions and signaling occurs via integrins, which are activated by ECM proteins
(Cohen et al., 2006). My data likely fits this model, with MCF-10A cells potentially
activating integrin signaling after HA-mediated attachment to promote cell spreading.
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In addition to the baseline level of integrin signaling in 10A/Vector cells that
promotes cell-ECM adhesion and spreading, it is possible that RON expression also
increases the duration or intensity of integrin signaling due to possible interactions
with β1 and β4 integrins in 10A/RON cells based on its known interactions with these
integrins in other epithelial cells (Santoro et al., 2003).
Further evidence that the signaling mechanisms differ between the initial
adhesion event and subsequent spreading events is implied by the distinct
requirements of Src kinase activity. In MCF-10A cells, although Src activation was
necessary for cell spreading, it was dispensable for attachment (Feres et al., 2009) and
Src activity not involved in the synthesis or retention of HA (Figure 4.6). Studies
have demonstrated that Src plays an essential role in the integrin/FAK signaling
pathway, which promotes the cell spreading and motility responses (Parsons, 2003).
Once activated by integrins, FAK recruits and activates Src at the region of cell-ECM
attachment (Siesser & Hanks, 2006) in order to further strengthen cell adhesion
(Michael et al., 2009). Src is activated downstream of CD44 (Subramaniam et al.,
2007) and also couples CD44 signaling to β1 integrin signaling (Lee, JL et al., 2008).
Src may be the link between the switch that occurs between HA/CD44-mediated
attachment and integrin/FAK-mediated cell spreading. Blocking Src activation may
prevent the switch from occurring, therefore preventing cell spreading and subsequent
migration. However, since Src is not important for the synthesis of HA (Figure 4.6),
it is also not necessary for the initial attachment event to occur.
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The question of how HA is upregulated on the cell surface of 10A/RON cells
remains unanswered. Increased amounts of HAS proteins can lead to an increase in
HA on the cell surface (Wilkinson et al., 2006). Ligand-activation of other RTKs can
also promote HA synthesis, including PDGFR and EGFR (Heldin et al., 1989; Heldin
& Pertoft, 1993). PDGFR-stimulation of vascular smooth muscle cells leads to an
upregulation of HAS 2 expression, as well as an increase of HA binding proteins that
sequester HA around the cell surface and contribute to form a thick pericellular coat
(Evanko et al., 2001). Although it has been suggested that increased expression of
HA is induced in certain cancers generally through upregulation of the HAS genes
(Adamia et al., 2005), I found no evidence that 10A/RON cells produced an
abundance of HAS proteins (Figure 4.5). However, increased HAS gene expression
may have transiently occurred at a time-point earlier than 48 hours, and I may not
have detected this increase in HAS expression in the assay I used. Further, there is
some evidence that HAS proteins must be proteolytically modified in order to secrete
HA at the cell surface (Hascall et al., 2004), and RON expression might induce a
change in the activation status of HAS isoforms rather than affect expression levels
itself.
Rather than an increase in HA synthesis or modifications, there are several
alternative mechanisms by which RON expression could lead to retention of HA on
the cell surface, including the induction of a variety of HA binding proteins, which
help to stabilize HA in the pericellular region. HA can also be anchored to the cell
surface by either of its receptors (Toole, 2004). If RON exhibits an association with
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either CD44 or RHAMM, the expression of RON in MCF-10A cells might induce
increased retention of the HA at the cell surface by tethering it to its receptors.
Furthermore, RON expression may reduce hyaluronidase (HYAL) activity, which
would reduce HA turnover and maintain its expression for a longer period of time.
Interestingly, HYAL 2 binds to RON in human bronchial epithelial cells and HYAL 2
may also be negatively regulated in jaagsiekte sheep retrovirus (JSRV)-transformed
lung tumors that exhibit RON expression (Danilkovitch-Miagkova et al., 2003). This
data suggests a correlation might exist between RON and hyaluronidases.
The introduction of RON into MCF-10A cells leads to a change in cell
morphology when cultured in 2-D that is not easily seen with phase contrast
microscopy, however, it can be visualized when the cell surface is first labeled with
HABP/Cy3-Streptavidin (Figure 4.3b). Compared to 10A/Vector cells, it is evident
that the 10A/RON cells are significantly flatter and the cell-cell junctions so not
appear to be as tight (Figure 4.3b). A similar situation occurs when 10A/RON cells
are cultured in media lacking EGF in that cells remain much flatter and better
attached to both the tissue culture plate and other cells compared to10A/Vector cells,
which barely attach to the tissue culture plate at all (Figure 3.3b). I hypothesized that
the change in morphology was due to an increase in adhesive properties of the cells,
mediated by increased HA binding. Morphologically, my results are in conflict with
a previous study that suggested that inhibition of HA binding in vascular smooth
muscle cells with HA oligosaccarides lead to a more flattened morphology, although
this could be explained by the cell type difference (Evanko et al., 1999). However,
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this study also showed that blocking HA with oligosaccharides in smooth muscle
cells reduced cell migration in response to PDGF (Evanko et al., 1999; Evanko et al.,
2007), which is similar to my studies in which hyaluronidase reduced MSP and EGFmediated cell migration through Transwell inserts.
An increase in HA expression in the pericellular region can lead to biological
effects that are independent of signaling events generated by its interactions with
CD44 or RHAMM. Fragmentation of a variety of ECM proteins produce
inflammation (Adair-Kirk & Senior, 2008) and HA degradation products can also
promote a pro-inflammatory response (Termeer et al., 2000; Weigel et al., 1986). In
the absence of microbial stimuli, inflammation is often triggered by HA (Yamasaki et
al., 2009). Through its binding to Toll-like receptors, HA fragments upregulate NFκB, promote leukocyte adhesion (Oertli et al., 1998) and promote migration of
several classes of immune regulator cells, such as dendritic cells and macrophages
(Termeer et al., 2002). This data implies that HA has the potential to activate the
innate immune system, providing an additional means of signal propagation in cancer
cells. Inflammation is commonly seen in human cancers and is a often a poor
prognostic marker (Ono, 2008; Ruegg, 2006). For example, inflammatory breast
carcinoma is the most aggressive type of breast cancer and has a high rate of
mortality (Walshe & Swain, 2005). In addition to the contribution of HA to the
inflammatory process, some studies also suggest that MSP-stimulation of RON leads
to an upregulation of pro-inflammatory cytokines and reactive oxygen species
(Suzuki et al., 2008). It would be useful to examine an in vivo model of inflammation
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in which RON expression can be correlated with HA expression, as my cell-based
system is not sufficient for these types of studies. An in vivo model would also
provide the framework for studying the recruitment of immune cells and other
changes in the microenvironment in response to induction of RON expression with or
without activation by MSP.
In summary, when examining a role for RTK signaling in tumor progression,
it is important to look beyond canonical ligand-receptor interactions that induce cell
signaling and consider the broad spectrum of potential receptor interactions within the
cell. The role of the ECM in controlling cell behavior is now well-established; and
the extent of its influence on RTK signaling is still being intensely investigated.
RTKs do not act in isolation within the context of a cancer cell, and studies must
continue to delineate these interactions for cancer therapies to be successful.
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Figure 4.1
10A/RON cells exhibit increased attachment to tissue culture plates. 10A/Vector
and 10A/RON cells were trypsinized and added to tissue culture plates. After
attaching for either 30 or 150 minutes, the unbound cells were washed away with
DMEM, and cell images were collected via phase contrast microscopy.
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Figure 4.2
Chondroitin Sulfate Proteoglycans are found in microspikes of spreading cells.
(a & b) 10A/Vector and 10A/RON cells were allowed to attach to poly-d-lysine
coated coverslips for 10 minutes. Bound cells were labeled with biotinylated-WFA
and detected by Cy3-streptavidin. The asterisk denotes a cell with microspikes and is
the magnified image in the 3rd panel. The span of the cells in panel b was measured
to show that a larger cell span does not necessarily correlate with the amount of
CSPGs on the cell surface. (c) The relative number of 10A/Vector and 10A/RON
cells was determined after 300 U/ml HAase was added to the cells 10 minutes prior to
the 10 minute attachment assay.
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Figure 4.3
10A/RON cells exhibit increased cell surface Hyaluronan expression. (a)
10A/Vector and 10A/RON cells were cultured for 48 hours in regular media. Cells
were incubated with biotinylated-Hyaluronan binding protein (bHABP). BHABP
was detected with Cy3-Streptavidin. Images are 3-D rendered Z-stacks taken with
Apotome processing of individual cells. The top panel shows cells untreated with
HAase, and the bottom panel shows cells that were treated with 300U/ml HAase for 1
hour prior to adding bHABP. (b) Cells were labeled as in (a). Images are of 2-D
Apotome-processed representative 10A/Vector and 10A/RON cells. The yellow is a
pseudo-color in order to make the HABP staining more visible.
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Figure 4.4
HA does not localize to actin microspikes. 10A/RON cells were allowed to attach to
poly-d-lysine coated coverslips for 15 minutes before removing unbound cells.
Remaining cells were stained with biotinylated-HABP/Cy3-Streptavidin. The
asterisk denotes the cell that is magnified in the end panel to show that HA is present
on these cells.

93

Figure 4.5

10A/RON cells do not exhibit increased expression of HA Synthases (HAS),
CD44s or RHAMM mRNA. 10A/RON cells were cultured for 48 hours before
collecting mRNA and using RT-PCR methods to detect HAS 1, HAS 2, HAS 3,
RHAMM and CD44s, as well as a generic housekeeping gene (60S subunit of human
RPLP1) for cell loading. MDA-231 is an invasive breast cancer cell line that was
specifically used as a positive control for HAS 2, but was included in all of the HAS
studies for comparison to 10A cells.
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Figure 4.6
HA synthesis does not require Src kinase activity. 10A/Vector and 10A/RON cells
were cultured on coverslips for 48 hours in the presence of DMSO or PP2. Cells
were then labeled with biotinylated HABP/Cy3-Streptavidin. Images shown are 3-D
rendered Z-stacks. (a) Front view. (b) Profile view of 10A/RON cells treated with
DMSO or PP2.
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Figure 4.7
Src is not required for the secretion of HA in 10A cells. 10A/Vector and
10A/RON cells were cultured on coverslips for 48 hours and treated with 200U/ml
HAase for 1 hour. Regular growth media was replaced with either DMSO (negative
control) or 10µM PP2 and the cells were cultured for 20 hours at 37 °C, at which
point the cells were fixed and labeled with bHABP/Cy3 to visualize HA.
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Figure 4.8
Hyaluronidase reduces cell migration. 10A/Vector and 10A/RON cells were
allowed to migrate through Transwell filters for 6 hours. Cells were either left
untreated or treated with 300 U/ml HAase for 1 hour prior to adding growth factors in
the bottom chamber. Shown here is representative data from one experiment,
however, this experiment was repeated at least 3 times with similar results.
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Chapter 5
Concluding Remarks

Summary of data
The work presented herein describes the contributions of the RON RTK to the
development and progression of human breast cancers. My studies have concluded
that RON elicited both MSP-dependent and MSP-independent signaling when
expressed in MCF-10A mammary epithelial cells. The intracellular Src kinase
mediated MSP-independent tyrosine phosphorylation of RON, and may also be
involved in RON signaling after MSP-stimulation. Biologically, whereas RONmediated cell proliferation and migration required the addition of MSP, 10A/RON
cells exhibited increased cell survival, adhesion, spreading and invasion through
ECM in the absence of MSP. Furthermore, MSP-independent cell survival and cell
spreading required the kinase activity of Src, as did growth factor-driven migration
(see Table 5.1 for a summary of data). I have shown that Src plays an essential role
in MSP-independent signaling by RON, but the role of Src after MSP-stimulation of
RON is less clear. Src activity was not needed for MSP-dependent cell proliferation,
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and the Src inhibitor, PP2, only partially reduced RON phosphorylation after MSP
stimulation.
Additionally, RON expression in MCF-10A cells induced the secretion of HA
onto the cell surface by an unknown mechanism. HA appears to be necessary for the
more efficient adhesion and subsequent cell spreading noted in the 10A/RON cells
compared to the 10A/Vector cells since removal of HA from the cell surface
abrogates cell attachment and spreading. The increased adhesive quality of
10A/RON cells may explain why more of these cells migrated in response to other
growth factors, such as EGF or HGF, as compared to 10A/Vector cells. Finally, Src
kinase activity was dispensable for the increased production of HA.

Model for MSP-independent signaling of RON
With this data, I have generated a model to describe the phenomenon of MSPindependent signaling of RON in MCF-10A cells, as shown in Figure 5.1. In my
model, the expression of RON induces increased secretion or retention of HA onto
the cell surface, although, at this point, it is not clear how HA is upregulated in
10A/RON cells. Both 10A/Vector and 10A/RON cells express and may activate
CD44 and RHAMM by HA binding. However, RON’s association with CD44 and
RHAMM may produce a more robust signaling response to the additional amount of
HA, promoting an increase in Src kinase activity above the baseline level found in
10A/Vector cells. Once Src is activated, Src can phosphorylate and activate the RON
receptor, which in turn, phosphorylates Src, in a positive feedback loop. Finally, the
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additional levels of activated Src in 10A/RON cells ultimately lead to activation of
the MAPK pathway, paving the way for changes in cell behavior that are not
produced in 10A/Vector cells. In my model, the addition of MSP directly activates
the RON receptor, which promotes signaling of both the MAPK and AKT pathways,
as noted in Figure 2.3. Src activity is not required for the tyrosine phosphorylation of
RON when MSP is present. HA-induced signaling via CD44 or RHAMM would not
have an effect on MSP-mediated RON activation in my model.

Overall impact of the study
Recently, it has become clear that cancer cells do not promote disease in
isolation, and that the surrounding microenvironment of the cell plays an essential
role in determining cancer cell behavior. In order to become invasive, cancer cells
must develop mechanisms to hijack the normal control exerted by cross-talk between
cells and their environment. There are several possible ways in which the cells can
influence their microenvironment, including, as appears to be the case in 10A/RON
cells, upregulation of HA to drive additional receptor-mediated cell signaling events.
The upregulation of GAGs and/or other matrix components can also increase the
tensional force of the ECM, which in turn, elicits a mechanosensory response in cells,
ultimately leading to alterations in cell behavior toward a more invasive phenotype
(Butcher et al., 2009).
Considering the high levels of RON in breast and other types of human
cancers and the poor clinical outcome of patients with RON-expressing tumors, it is
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essential to understand the underlying mechanisms by which RON generates its
signaling and consequent cellular behavior. In addition to MSP-independent
activation of intracellular signaling cascades, my study provides evidence that RON
expression could potentially affect the cell microenvironment of mammary epithelial
cells. This suggests that the RON RTK is capable of providing the necessary cues to
cancer cells for promoting more aggressive and invasive behaviors.
Although the majority of RON studies have been in the context of MSPdependent signaling, my study clearly indicates that RON can generate MSPindependent cell signaling to promote changes in cell behavior. As mentioned
previously, monoclonal antibodies have been designed to target the MSP-binding
domain of RON for therapeutic use in human cancers (O'Toole et al., 2006).
However, if MSP is not required for RON to exert its oncogenic effects, targeted
therapies using such antibodies will not have an impact on reducing the disease state.
Instead, targeting RON along with its signaling mediators, such as Src, or potential
binding partners, such as CD44 and/or RHAMM may prove a more successful
strategy. In addition, a more current strategy to alleviate cancer progression may also
include inhibiting components of the microenvironment, including the stromal and
immune cells as well as ECM proteins (Ronnov-Jessen & Bissell, 2009).

Future projects
My model paves the way for several future studies in which to delineate
mechanisms of RON signaling in normal mammary epithelial cells. Specifically of
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value would be to explore the necessity of CD44 and/or RHAMM to act as coreceptors in MSP-independent signaling of RON. Some studies have shown success
in blocking signaling by specific CD44 isoforms with peptides (Matzke et al., 2005)
as well as with a human monoclonal CD44 antibody (Hermes-1), which blocks HA
binding (Li et al., 2006). Furthermore, shRNA could be designed to target either
CD44 or RHAMM. Studies to determine the mechanisms by which RON expression
leads to an increase of cell surface HA might provide useful information. For
example, it could be determined whether an increased association between
CD44/RHAMM and RON mediates the tethering of HA to the cell surface. One
could also examine another possible mechanism of HA accumulation on the cell
surface such as whether any of the HAS isoforms are inappropriately down-regulated
after secreting HA.
Finally, there is mounting evidence that the process of inflammation
dramatically contributes to the development of cancers (Lu et al., 2006).
Interestingly, HA is a key player in inflammatory diseases, including human cancers
(Heldin et al., 2008). Although there is some evidence that RON might be involved
in the regulation of pro-inflammatory cytokines when expressed in macrophages
(Wilson et al., 2008), the role of RON in the context of inflammation in cancer is
poorly-defined. Studies to examine whether RON-induced HA expression in the
microenvironment of mammary cells contributes to the development of inflammation
and the progression of cancer would be interesting and worthwhile. Currently, a
mammary-specific RON-expressing mouse model exists that might be a good system
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with which to study RON and its contributions to inflammation, as these mice form
MSP-independent breast tumors and metastatic growths in the lungs (Peace et al.,
2005).
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Figure 5.1
Proposed model for MSP-independent RON signaling. 10A/RON cells exhibit an
increase of HA expression on their cell surface, which has the potential to drive
excessive signaling via CD44 and RHAMM. I do not know how RON expression
leads to an increase of HA expression. It is also not yet clear whether an association
of RON with CD44 and/or RHAMM is required for this increase in cell signaling.
HA-mediated signaling promotes Src kinase activation (a), which in turn, tyrosine
phosphorylates RON (b). Once RON is active, it can also phosphorylate Src (b),
maintaining a positive feedback loop. When Src activity increases, I can detect an
increase in MAPK activity (c), even in the absence of MSP
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Materials and Methods

Materials and antibodies
Recombinant human MSP and the anti-MSP Receptor antibody used for
immunofluorescence and immunoprecipitation were from R&D Systems
(Minneapolis, MN, USA). EGF was from Peprotech (Rocky Hill, NJ, USA). HGF
was a gift from Amgen (Thousand Oaks, CA, USA). The biotinylated Wisteria
Floribunda Agglutinin (bWFA) was kind gift of Dr Joel Levine (Stony Brook
University). Poly-d-Lysine (P6407), BrdU, bovine testes hyaluronidase, propidium
iodide (P4864) and anti-BrdU antibody (Clone BU-33) were from Sigma-Aldrich (St.
Louis, MO, USA). AlexFluor 546 (A11030), rhodamine-phalloidin (R415) and
Hoechst 33342 were from Molecular Probes/Invitrogen (Eugene, OR, USA).
Cy3/Streptavidin was from Jackson Immunolabs (West Grove, PA). Biotinylated
HABP was from Northstar Bioproducts (East Falmouth, MA, USA). Antibodies for
Western blots and immunoprecipitations were: 4G10 and anti-MAPK from Upstate
Biotechnology, Inc (Lake Placid, NY, USA), anti-phospho-MAPK and anti-FAK
from BD Transduction Laboratories (San Diego, CA, USA), anti-FAK (sc-1688),
anti-RON (sc-22) and all anti-phospho-RON rabbit polyclonal antibodies were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-PARP antibodies and
rabbit anti-phospho-AKT (Ser 473) was from Cell Signaling (Danvers, MA, USA).
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Anti-Src pY418 rabbit antibodies were from BioSource (Camarillo, CA, USA). PP2,
U0126 and LY294002 were from BioMol (Plymouth Meeting, PA, USA). Growth
factor reduced-matrigel was purchased from BD Biosciences. Vitrogen (collagen)
was purchased from Angiotech BioMaterials, (Palo Alto, CA). ECM cell Adhesion
Array kit was purchased from Chemicon/Millipore (Billerica, MA, USA).

Cell culture
Cell culture materials were purchased from Gibco/Invitrogen (Carlsbad, CA,
USA). NIH-3T3 and HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum and Pen/Strep (5 ml of a 100X
solution). MCF-10A/ecoR cells were a kind gift from Dr. Joan Brugge (Harvard
Medical School), and MCF-10A cells were from the ATTC. 10A/Vector and
10A/RON cells were cultured in the tissue culture media as described (Debnath et al.,
2003). pUSE-DN-Src, was provided by Dr. WT Miller (SUNY Stony Brook). HeLa
cells were transfected with Fugene (Roche Applied Science, Indianapolis, IN, USA).
The K1114M kinase-dead RON mutant was generated using a GeneEditor
mutagenesis kit (Promega, Madison, WI, USA) with the previously reported
oligonucleotide (Danilkovitch-Miagkova et al., 2000).

Generation of MCF-10A/RON cell lines
Retroviruses expressing wild-type human RON were generated by
transfection of Phoenix E cells with REBNA-RON-IRES-GFP retroviral vector
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(Petrenko et al., 1999). Virus-containing supernatant from the Phoenix E cells was
added to MCF-10A/ecoR cells for 6 hours, and then replaced with regular growth
media. The same protocol was followed to generate a negative control, vector only
cell line. In both RON-infected and Vector-infected cells, GFP positive cells were
selected by FACS. See the Nolan Laboratory website for further details on
generating retroviruses with the Phoenix E cell system
(http://www.stanford.edu/group/nolan/index.html).

Proliferation Assays
Cells were cultured on coverslips for 48 hours in specified media, pulsed with
5-bromo-2'-deoxyuridine (BrdU) for 2 hours, washed with phosphate-buffered saline
(PBS), fixed with methanol, and treated with 4N HCl for 30 minutes. BrdU was
labeled with an anti-BrdU antibody and detected using AlexaFluor 546 secondary
antibody. The percent of BrdU-positive cells was determined by counting at least 500
cells per coverslip.

Transwell migration assay
Cells were starved overnight in DMEM/F-12 media containing 1% horse
serum. 100,000 cells were added to the top well of a 24-well, 0.8 micron pore
Transwell filter insert (Costar, Corning, NY, USA). Media added to the bottom well
contained no growth factors, 10ng/ml EGF, 100 ng/ml MSP or 2 ng/ml HGF. After 6
or 18 hours, cells that remained in the top chamber were removed with a cotton swab,
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the migrated cells were fixed in 2% paraformaldehyde, and DNA was labeled with
Hoechst. The number of migrating cells per field of view was counted on a
fluorescent microscope under a 20X magnification.

Immunoblotting
All immunoprecipitations and immunoblots were performed as described
(Yokayama et al 2005) using a 9% polyacrylamide gel.

Apoptosis assay
Attached cells and floating cells were pooled together, and were stained with
Propidium Iodide. The percentage of PI- positive cells was determined using a BD
FACSCaliburTM system (BD, Franklin Lakes, NJ, USA). PP2 (10 µM) was added to
the cultures after the cells were allowed to settle on the dish overnight.

Adhesion and attachment assays
Cells were incubated on poly-d-lysine coated coverslips in DMEM for 10
minutes. Unbound cells were washed away with PBS. Attached cells were fixed
with 3.7% paraformaldehyde for 15 minutes at 4°C, incubated with 0.1% Triton-X
100 for 2 minutes and rhodamine-conjugated phalloidin was added as per commercial
protocol. Coverslips were mounted with Prolong Gold (Molecular Probes). Cells
were visualized with an Axiovert 200M (Zeiss, Thornwood, NY, USA) using a 63X
oil DIC lens and the images were analyzed using the Axiovision software (Zeiss).
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Reverse-Transcriptase PCR
Cellular RNA was isolated with RNeasy kit (Qiagen, Valencia, CA, USA),
and reverse transcribed to cDNA using the Superscript II reverse transcriptase system
(Invitrogen). MSP was detected using primers previously described (Zalcenstein et
al., 2006). For MSP detection, the parameters were: 30 seconds at 94°C, 45 seconds
at 57°C and 45 seconds at 72°C for 36 cycles. HAS 1, 2, and 3 were detected using
primers previously described (Stuhlmeier & Pollaschek, 2004). For HAS 1 detection,
the parameters were: 30 seconds at 94°C, 45 seconds at 57°C and 1 minute at 72°C
for 36 cycles. For HAS 2 detection, the parameters were: 30 seconds at 94°C, 40
seconds at 56°C and 40 seconds at 72°C for 36 cycles. For HAS 3 detection, the
parameters were: 30 seconds at 94°C, 40 seconds at 58°C and 40 seconds at 72°C for
35 cycles. CD44s was detected with previously described primers (Hudson et al.,
1995). For CD44s detection, the PCR parameters were 1 minute at 94°C, 1 minute at
57°C and 2 minutes at 72°C. RHAMM was detected from primers published in
(Assmann et al., 1998). For RHAMM detection, the PCR parameters were 1 minute
at 95°C, 1 minute at 63°C and 1 minutes at 72°C. The house-keeping gene (60S
region of the human RPLP1 gene) that was used as a loading control was a kind gift
from Dr. Edward Chan (Stony Brook University).
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Immunofluorescence
RON localization was detected by incubating the primary anti-RON antibody
at a concentration of 1:250 (R&D Systems) with the secondary Alexa Fluor 546
(1:500) for 5 minutes at room temperature, then adding the mixture to living cells
grown on coverslips for approximately 1 minute. Cells were washed with DMEM to
remove the antibodies and fresh DMEM was used for the assay. Live cells were
visualized with an Axiovert 200M (Zeiss, Thornwood, NY, USA) using a 63X oil
DIC lens and the images were analyzed using the Axiovision software (Zeiss). To
label cells with biotinylated Wisteria floribunda agglutinin (bWFA), cells were fixed
with 4% paraformaldehyde at room temperature for 15 minutes, washed with PBS,
1:100 bWFA in 1% BSA added for 90 minutes at room temperature, washed, 1:5000
Cy3-Streptavidin for 40 minutes at room temperature, washed, stained with Hoechst
(1:1000) to label the DNA and mounted on coverslips with Prolong Gold. To label
cells with biotinylated HA-binding protein (bHABP), cells were grown on coverslips
for 48 hours, washed with PBS, fixed with 100% Methanol at -20°C for 20 minutes
and blocked in 3% BSA for 1-2 hours. Biotinylated HABP (1:200) was added to the
cell overnight. After washing with PBS, the bHABP was detected by a 1:5000
solution of Cy3-Streptavidin for 1 hour. Cells were washed, the DNA was labeled
with Hoechst and the coverslips were mounted with Prolong Gold (Molecular
Probes). The images were taken as described above for RON localization.
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3-D Assays
The 3-D assays were completed essentially as described in (Debnath et al.,
2003), except that instead of 100% Matrigel bottom layer, I used a 1:1 mixture of
Matrigel:Vitrogen (Collagen). I allowed the gelling to occur in a humid chamber for
approximately 12 hours, and rehydrated the gel with DMEM for 1 hour before adding
the cell suspension. The top layer of media included 2% Matrigel. Fresh media with
2% matrigel was added every 4 days. The cells were imaged using a 10X phase
contrast lens with Axiovision Software (Zeiss).
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