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Abstract 

 
The Ron receptor tyrosine kinase is an oncogene expressed on epithelial cells and on several 

tissue resident macrophage populations. Over-expression and/or constitutive activation of Ron 

have been reported in several epithelial cancers, including prostate cancer. To investigate the 

significance of Ron expression in prostate cancer our laboratory had examined the loss of 

function of Ron in the Transgenic Adenocarcinoma of the Mouse Prostate [TRAMP] mouse 

model. In this model, TRAMP mice crossed with mice that have a germline loss of the tyrosine 

kinase signaling domain of Ron, referred to as TK-/-, had decreased prostate tumor size when 

compared to wild type, TK+/+ mice. This study demonstrated the functional importance of Ron 

signaling in promoting prostate tumor growth; however, the data did not address the selective 

contributions of Ron signaling in epithelial versus stromal cells during tumorigenesis. Analysis 

for Ron expression by qRT-PCR showed Ron expression in normal prostate epithelial cells and 

stromal cells including macrophages. Utilizing human epithelial cell line PC-3, we demonstrated 

that knockdown of Ron in PC-3 cells leads to decreased prostate tumor growth and metastasis 

following orthotopic prostate transplantation compared to cells with high Ron expression 

suggesting that the Ron receptor expressed in epithelial cells is an important factor in prostate 

tumorigenesis. To test the significance of stromal Ron expression, prostate cancer cells were 

orthotopically implanted into the prostates of either TK+/+ or TK-/- hosts.  In TK-/- hosts, 

prostate cancer cell growth was significantly reduced compared to controls, suggesting that Ron 

signaling in the tumor microenvironment is critical to prostate tumor development. Prostate 

tumors in TK-/- hosts exhibited an increase in tumor cell apoptosis, macrophage infiltration and 

altered cytokine expression. Reciprocal bone marrow transplantation studies and studies 

utilizing mice with myeloid cell specific ablation of Ron, demonstrated that loss of Ron in 

myeloid cells is sufficient to inhibit prostate cancer cell growth. Interestingly, depletion of CD8+ 

T-cells, but not CD4+ T-cells, was able to restore prostate tumor growth in hosts devoid of 
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myeloid-specific Ron expression. These studies demonstrated a critical role for the Ron 

receptor in the tumor microenvironment, whereby Ron loss in tumor-associated macrophages 

inhibits prostate cancer cell growth, at least in part, through the regulation of CD8+ T 

lymphocytic activity. We also demonstrated that Ron deficient macrophages function dominant 

negatively and its potential use as an immunotherapeutic tool for therapeutic intervention. 

Furthermore, bone marrow transplantation experiments hinted the importance of Ron 

expression on other non-hematopoietic stromal cells, as TK+/+ myeloid cells were not able to 

promote tumor growth in the TK-/- animals. Our data shows that Ron is expressed on fibroblasts 

isolated from normal and tumor bearing prostates and that Ron expression in the fibroblasts 

increases TRAMP-C2Re3 tumor growth in an in vivo co-culture model system. Taken together, 

we propose a model that Ron expression in epithelial cells, tumor associated macrophages and 

tumor associated fibroblasts is important for supporting prostate tumorigenesis. Targeting Ron 

in the clinic would be thus beneficial for the treatment of prostate cancer through its impact on 

multitude of cell types.  
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Abstract 

 
The Ron receptor tyrosine kinase and its ligand Hepatocyte Growth Factor Like protein, are 

involved in the regulation of multiple biological processes including macrophage activity, wound 

healing and tumor progression. Numerous studies have investigated the functional role of Ron 

and HGFL signaling in normal and cancer epithelial cells and have outlined the importance of 

this receptor pathway in the regulation of epithelial cell proliferation, survival, migration and 

epithelial to mesenchymal transition. Several studies have also testified that Ron expression in 

macrophages serves to be a critical negative regulator of inflammation, influencing inflammation 

and wound healing responses. Recent work from our laboratory has identified the important role 

for Ron expression in the stromal cells of the tumor microenvironment in supporting tumor 

growth through the regulation of both innate and adaptive anti-tumor immune responses. This 

chapter summarizes the tumor-intrinsic and -extrinsic functional roles of Ron, emphasizing the 

potential for Ron to be a novel and efficacious therapeutic target in the treatment of cancers 

through the targeting of multiple cell types, with special emphasis on macrophages as an 

exemplary Ron dependent cell type that supports tumor progression. 

Introduction 

  
The receptor tyrosine kinase Receptor d’ Origine Nantaise [Ron], also known as human 

Macrophage Stimulating 1 Receptor [MST1R] or murine stem cell derived tyrosine kinase [STK] 

is a cell surface receptor belonging to the Hepatocyte growth factor [HGF]/ cMet receptor family 

(1). The receptor was first identified in 1993 from a human foreskin keratinocyte cDNA library (2) 

and the murine ortholog was later cloned in 1994 from hematopoietic stem cells (3). Several 

orthologs for human Ron receptor have been identified and numerous confirmed since including 

murine (3), xenopus (4), rat (3), chicken (5), zebrafish (6) and feline (7), suggesting its essential 

importance and conservation through evolution.   
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The ligand for Ron was initially identified in 1976 as a serum chemotactic protein capable of 

inducing macrophage shape change, chemotactic migration and phagocytosis (8). This protein 

was subsequently isolated from human serum in 1978 and was named the Macrophage 

Stimulating Protein [MSP] (9). The gene for MSP was cloned in 1991 from a human genome 

library after screening for proteins that contained the characteristic kringle domains found in 

prothrombin and in other proteins of the blood coagulation system. The protein was termed 

Hepatocyte Growth Factor like protein [HGFL] given its 50% homology to the cMet ligand 

Hepatocyte Growth Factor [HGF] (10). These proteins are believed to have diverged from the 

family of serine proteases involved in blood coagulation and fibrinolysis and lack protease 

activity (10, 11). HGF and HGFL do not cross react with Ron or cMet respectively and hence 

are specific for their receptors (12). HGFL, similar to Ron, is also evolutionally conserved (4, 11, 

13).  

Biology of the RON/HGFL axis 

 

Ron structure and expression 

 
The human Ron gene is located on chromosome 3p21.3 and contains 20 exons and 19 introns 

(14). The protein is translated as an 185kD glycosylated single chain polypeptide precursor that 

is proteolytically processed by furin-like proteases before being delivered to the cell surface 

(12). At the cell surface, Ron exists as a disulphide linked heterodimer comprising of a 35kD 

alpha chain and a 150kD beta chain. The beta chain spans the membrane and entails an 

extracellular domain, transmembrane domain and an intracellular tyrosine kinase-signaling 

domain. The alpha chain is completely extracellular and is linked by disulphide bonds to the 

beta chain’s extracellular domain.  The murine Ron gene is located on chromosome 9 and 

contains 19 exons. Human and murine protein sequences for Ron share about 73.6% overall 

sequence homology with about 88.6% similarity detected in the kinase domain (3, 15). Altered 

splicing events of the murine Ron regions results in the deletion of a small juxtamembrane 



 4 

region that is present in human Ron (16). Amino acid sequence of the intracellular tyrosine 

kinase domain of the Ron receptor is about 63% identical to the cMet tyrosine kinase domain 

exemplifying similarities between these receptors (3). Ron and cMet have similar c-terminal 

multifunctional docking sites with two-tyrosine kinase signaling residues, a characteristic feature 

of the cMet family of tyrosine kinases. 

 

The expression of Ron specific transcripts has been observed during early stages of developing 

embryo with expression observed in the liver and neural structures as early as e12.5. Ron 

expression also extended to other organs during development to e16.5, with Ron mRNA being 

essentially restricted to the central and peripheral nervous system, adrenal glands, the digestive 

tract epithelia, and the ossification centers in the developing bones (17, 18). In humans and 

mice, Ron expression has been detected in the epithelium of normal esophagus, stomach, 

duodenum, small intestine, colon, rectum, gallbladder, pancreas, spleen, testes, skin, lung, liver, 

brain and bone marrow tissues (17, 19). The expression of the Ron receptor in the liver during 

early development has been correlated with its involvement in hematopoiesis and consistent 

with this observation a truncated variant of the Ron receptor, conferred susceptibility to Friend 

virus induced erythroleukemia, indicating a functional link between Ron and blood cell 

development (20). Ron was also showed to be critical during pubertal mammary gland 

development controlling branching morphogenesis and ductal elongation (21).  

 

Ron is expressed during macrophage terminal differentiation (22) and expression of the 

receptor has been reported on several tissue resident macrophage populations including 

peritoneal macrophages (22), human alveolar macrophages (23), osteoclasts (24) and dermal 

macrophages (25), Kupffer cells of the liver (19, 26) and microglial cells of the brain (27, 28). 

However, its expression was not detected on circulating monocytes (22). A significant fraction of 

epithelial tumors, including prostate, breast, pancreas, kidney, colon, lung, bladder, liver, 
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thyroid, uterus, brain and stomach overexpress Ron. There have been contradicting reports on 

the expression levels of Ron observed in adult normal tissues, and this can be attributed to the 

very low expression levels and the quality of the detecting antibody (29, 30).  

The Ron Ligand HGFL - Structure And Expression 

 
HGFL is also located on chromosome 3p21.31 and is secreted into the blood stream as an 

80kDa single chain inactive precursor, pro-HGFL, and is present in the blood stream in an 

inactive form at a concentration of about 5nM (10, 25). Pro-HGFL then works in an endocrine 

fashion, when locally cleaved by proteases of the coagulation cascade [kallikrein, factor XIa, 

and factor XIIa] (31), nerve growth factor, epidermal growth factor binding protein (32), 

hepatocyte growth factor activator-1(33), and by matriptase-1 expressed on macrophages (34) 

to form an active heterodimer comprising of a disulfide linked alpha [53kDa] and beta chains 

[25kDa]. The two chains of the activated ligand have distinct functional roles; the alpha chain 

containing the kringle domain influences the Ron signaling activities while the serine protease 

like domain encoded by the beta chain regulates ligand receptor binding (35, 36). Pro-HGFL is 

primarily produced by the hepatocytes with low levels of messenger RNA detected in lung, 

adrenal gland and placenta (11). Recent published papers have documented the expression of 

HGFL in tumors including both the epithelial and stromal cells (13, 28, 37-39). HGFL can induce 

a number of pleiotropic effects in a cell type and context specific manner and is discussed in 

detailed in the subsequent sections. 

Mouse models of Ron and HGFL 

 
The development and use of transgenic mice that harbor Ron deletion have greatly aided in the 

understanding of the physiological roles of the Ron receptor and its ligand HGFL during 

inflammation and tumorigenesis. The various transgenic animal models and the phenotypic 

properties are discussed below and summarized in Table 1. 
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To understand the functional importance of the Ron receptor in vivo, two groups produced 

mouse models in which the Ron gene was disrupted by different methods. One of the models 

had total loss of the Ron protein, referred to as Ron-/-, and was produced by the global deletion 

of exon 1-14 of the mouse Ron gene that eliminated the extracellular domain, the 

transmembrane domain, and a portion of the intracellular domain. Genetic knockout of the entire 

receptor resulted in embryonic lethality by e7.5.  Ron signaling has been suggested to affect the 

implantation of the placenta through its expression in the ectoplacental cone and trophoblastic 

giant cell regions of the implanting embryo (40). The hemizygous Ron+/- mice were viable and 

fertile, however exhibited enhanced susceptibility to endotoxic shock and the macrophages 

displayed an impaired ability to regulate nitric oxide.  

 

The second model that was generated to study the biological significance of the Ron receptor 

was a knock-in mouse model referred to as the stk-/-. In this model, Correll et al. replaced 

approximately 850bp of exon 1 of Ron with a β-galactosidase expression cassette, leaving the 

promoter region intact as well as the gene sequences encoding a large portion of the ligand 

binding domain, the transmembrane domain, and the intracellular tyrosine kinase domain. The 

homozygous stk-/- mice were viable and phenotypically normal in contrast to the Ron-/- mice 

that were embryonic lethal. Nevertheless, consistent to the Ron+/- mice the macrophages from 

the stk-/- mice showed reduced activity and survival upon LPS challenge confirming that Ron is 

important for macrophage activity. The apparent discrepancy between the survival of the stk-/- 

mice and Ron-/- mice in these studies may be probably due to the expression of alternate 

splicing variants from the mutant Ron gene in the stk-/- model that would be sufficient to support 

embryonic development and growth (41). 

 

Since the germline deletion of a larger region of the Ron receptor was embryonic lethal, another 

mouse model harboring a deletion of the tyrosine kinase signaling domain was developed to 
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study its physiological role. In this model Cre-mediated excision of the intracellular domain, 

spanning exons 13-18 of mouse Ron gene was generated (42). The TK-/- animals were viable 

and the macrophages isolated from these animals expressed a 105kDa extracellular β chain.  

All organs examined from Ron TK-/- mice appeared overtly normal with the exception of the 

ovaries, which were smaller and had fewer corpora lutea (CL).  In agreement with the Stk-/- and 

Ron+/- models, TK-/- macrophages exhibited reduced activation, decreased survival, and were 

unable to block NO production when challenged with LPS and INF (42). Ron tyrosine kinase 

knockout [TK-/-] mice have been valuable tools for the study of Ron biology during 

development, inflammation, injury and tumorigenesis. Importantly the TK-/- animals were used 

in this thesis to test the hypothesis if Ron expression in the epithelial cells and stromal cells is 

important for prostate tumorigenesis. 

 

Total body HGFL knockouts in mice have shown that HGFL is not essential for embryogenesis, 

fertility or wound healing, however, these mice do exhibit lipid filled vacuoles; the significance 

has been unclear (43). The HGFL null mice phenotype is in contrast to the deletion of the HGF 

null mice, the HGFL homolog, wherein HGF deletion results in embryonic lethality and impaired 

liver development highlighting the fundamental differences in signaling between these two 

ligands (44).  

 

Studies on the functional roles of Ron/HGFL signaling have been arrived from a variety of cell 

types, including macrophages and epithelial cells, in a context and cell type specific manner. 

This chapter reviews both the context and cell type specific roles of Ron/HGFL signaling during 

inflammation, wound healing and tumorigenesis, with a special emphasis on the current 

strategies that are employed for the therapeutic targeting of this pathway for cancer treatments.  
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Table 1. In vivo model of Ron receptor tyrosine kinase 

 
Model 
name 

Details Phenotype Ref. 

 
Stk -/- 

 
Germline deletion;  
Knock in mutant 
Beta-galactosidase introduced 
in exon1 
 

 
Mice viable; Increased macrophage NO 
Production and increased inflammation in 
vivo upon IFNγ /LPS treatment 
 

(45) 

 
Ron -/- 

 
Germline deletion of mouse 
Ron exon 1-14 
 

 
Ron-/- mice embryonic lethal day E6.5-E7.5; 
Ron+/- mice viable; have reduced 
macrophage activation, increased NO 
production, and increased death of mice 
after LPS treatment. 
 

(40) 

 
TK -/- 

 
Germline deletion of tyrosine 
kinase domain [exon 13-18] 
 

  
Mice viable; macrophages exhibit reduced 
activation and survival after LPS challenge.  
 

(46) 

 
HGFL -/- 

 
Germline deletion [exon 3-8] 

 
Mice viable; 
Hepatocytes have lipid filed vacuoles 
 

(43) 
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Cell and context specific function roles of RON receptor 

 

HGFL/RON signaling in macrophages   

 
Since the identification of HGFL as a serum factor capable of regulating macrophage 

chemotaxis and phagocytosis (8), numerous studies have highlighted essential roles for 

Ron/HGFL signaling pathway in regulating macrophage effector functions. Ron/HGFL signaling 

in macrophages regulates both the extent of macrophage activation and the inflammatory 

responses and is considered to be critical negative regulator of inflammation. The various 

studies and the signaling pathways altered by Ron/HGFL signaling in macrophages are 

discussed below with emphasis on their wound healing and tumorigenic functions.  

The Ron receptor is expressed on a variety of tissue resident macrophages and is upregulated 

during macrophage terminal differentiation (22). Mice that lacked Ron activity, both stk-/- and 

TK-/- mice, were viable and fertile, but had severe defects in macrophage activation during an 

inflammatory insult (41, 42). Ron activation in macrophages diminished lipopolysaccharide 

[LPS] induced NF-κB activation and subsequent expression of pro-inflammatory 

chemokines/cytokines (42, 47, 48). The studies that outline Ron/HGFL mediated regulation of 

inflammatory responses in macrophages are discussed here. 

Acute lung injury [ALI] is a severe respiratory syndrome that develops in response to numerous 

insults and has poor response to therapeutic interventions. Studies in mice that lacked 

functional Ron expression, both TK-/- and stk-/-, showed that macrophages from these deficient 

mice produced elevated levels of nitric oxide [NO], both in vitro and in vivo (41, 42, 49). The Ron 

tyrosine kinase knockout mice, TK-/-, are more susceptible to endotoxic shock even when 

challenged at sub-lethal LPS doses demonstrating the vital role of the Ron/HGFL pathway in 

limiting inflammatory response and protection from infections. Acute lung injury induced by 

intrapulmonary administration of LPS, in wild type and Ron tyrosine kinase deficient [TK-/-] 
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mice, demontrated that mice lacking Ron tyrosine kinase [TK-/-] had substantial increase in lung 

injury compared to controls that was associated with an increase in NF-κB activation as well as 

enhanced production of TNF-α and NO (50). Further studies on isolated alveolar macrophages, 

pretreated with HGFL, showed significant decrease in TNF-α production mediated by reduced 

NF-κB activity levels and an increase in IκB levels. In this study, Ron was also shown to 

negatively regulate Adam17 levels, the metalloproteinase responsible for releasing TNF-α from 

membrane surfaces at the level of both mRNA and protein (51).  Additionally, studies in mice 

that harbored a conditional deletion of Ron receptor in the myeloid cells confirmed that myeloid 

specific knockout of Ron tyrosine kinase signaling domain was sufficient to increase TNF-α 

production, and lung injury upon LPS administration. An increase in neutrophil numbers was 

also observed in these mice following LPS challenge (52).  

 

In a similar acute lung injury model, Wilson et al., showed that stk-/- mice under endotoxin insult 

had increases in systemic levels of IL-12p40 and IFN-γ.  The elevated levels of IL-12p40 after 

endotoxin challenge resulted in enhanced IFN-γ production by Natural Killer cells, thereby 

increasing susceptibility to septic shock (53). Furthermore, this study showed that the 

susceptibility of stk-/- mice to septic shock was dependent on the signaling through the IFN-γ 

receptor (53). HGFL dependent Ron activation reduced the susceptibility to infection by 

negatively regulating signaling through the IFN-γ receptor and by down regulating tyrosine 

phosphorylation of STAT1 via the up regulation of SOCS1. This study pointed Ron to be a 

critical checkpoint in the regulation of endotoxin-induced injury through regulating the production 

and response to IFN-γ (53). Ray et al. demonstrated that the Ron receptor plays an important 

role in shaping the repertoire of LPS-dependent responses primarily by targeting IKK activation 

and its downstream targets by LPS, and that Ron does not inhibit proximal signaling events 

initiated by LPS stimulation of TLR4 (54). 
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Although Ron expressing was not detected on monocytes (22), recent studies using rat and 

murine monocytes showed that the expression can be induced by LPS stimulation (54, 55). 

Study by Ray et al., showed that LPS mediated activation of macrophages induces the 

expression of both the full length and the short form [SF-Ron] (54). The SF-Ron is generated 

from an alternative start site in intron 10 of the Ron gene and lacks extracellular portion of the 

receptor (56). Based on previous studies on SF-Ron in concanavalin-A induced murine model of 

acute liver injury, mice that solely express the full-length version of the receptor and lack SF-

Ron expression, showed increases in levels of serum INF-γ and alanine aminotransferase along 

with worsened liver histology and overall survival, compared with wild-type mice that expressed 

both isoforms (57). This study identified SF-Ron to be important for limiting the inflammatory 

response to concanavalin-A induced lung injury suggestive of its negative inflammatory role 

(57). Overall, the induction of Ron expression in monocytes and macrophages upon LPS 

stimulation suggests the potential negative feedback loop for regulating LPS induced TLR4 

signals (54, 55).  

In another model of ALI induced by nickel exposure, Ron TK-/- knockout mice showed 

increased sensitivity and decreased survival and showed earlier onset of pulmonary pathology. 

The Ron TK-/- mice in these studies had earlier increases in levels of cytokines like IL-6, MCP-

1, MIP-2 and NO compared to controls. Furthermore, untreated Ron TK-/- mice had increased 

clustering of a variety of immune cells, including macrophages, T-cells and neutrophils, within 

the perivascular and peribronchial within the lung. The lymphocytes stained positive for 

granzyme D, a marker for cytotoxic T-cell function. These results suggest that Ron signaling 

may be involved in the regulation of macrophage and T-lymphocyte activation in vivo during 

injury (58, 59). 

Consistent with the functions regulated by Ron in macrophages during an endotoxin insult, in 
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vivo studies using stk-/- animals challenged with Listeria monocytogenes demonstrated that 

Ron activation in macrophages is important for the protection of the animal from gram positive 

bacterial infections. Stk-/- mice challenged with Listeria monocytogenes showed increased 

susceptibility to infection with an increase in bacterial burden (60). The susceptibility of the Ron 

knockouts to Listeria infection is similar to that of the TNF-α receptor p55 knockout mice (60).  In 

this study, Ron activation promotes CR3- mediated phagocytosis and ICAM-1 dependent 

adhesion of macrophages (61). The ability of Ron to promote the rapid phagocytosis through 

complement receptor 3 is therefore a potential mechanism through which Ron/HGFL pathway 

might function to reduce bacterial burden upon Listeria infection (61).  

 

Ligand stimulation of Ron prompts the rapid phagocytosis of C3bi coated erythrocytes via 

complement receptor 3; the phagocytosis was not apparent in the absence of the HGFL 

suggestive of a multifactorial based regulation of Ron activity (61, 62). Recent work from Bhatt 

and colleagues had shown that Matriptase-1, a protease capable of cleaving pro-HGFL to 

HGFL, was expressed on macrophages and could potentially explain the local influx of the 

active ligand in vivo (63). HGFL in itself was also shown to be a monocyte chemoattractant in an 

in vivo rat model of anti-Thy1 glomerulonephritis [complement induced immune mesangial 

injury], wherein neutralization of HGFL using a HGFL neutralizing antibody reduced the 

infiltration of the monocytes to the kidneys (55). The expression of HGFL although not important 

for macrophage differentiation, the absence of the ligand delays the activation of the 

macrophages suggestive of the importance of ligand activation and the possibility for other 

serum factors that can activate Ron receptor signaling (43). Overall, studies on HGFL/Ron 

signaling in macrophages through both endotoxin and gram positive bacterial infections indicate 

that the Ron pathway is involved in macrophage activation and protection from particular 

microorganisms and is critical for resolution of inflammation. 
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Paradoxical to all these studies, in a model of LPS- induced acute liver failure in galactosamine 

-sensitized mice [LPS-GalN], Ron TK-/- displayed marked protection compared to the control 

wild type mice. TK-/- mice had reduced liver injury determined by histopathology as well as a 

decrease in serum alanine amino transferase expression, which was associated with decreased 

apoptosis of the liver cells (64). An elegant study by Stuart and Kulkarni et al. demonstrated the 

cell and context specific role of the Ron receptor signaling in the LPS-GalN model. Using mice 

with a conditional loss of Ron in hepatocytes or myeloid cells, the authors demonstrated that 

Ron expression in hepatocytes is protective while loss in the myeloid compartment was 

detrimental in response to inflammation. Using primary hepatocytes and Kupffer cells from Ron 

proficient [TK+/+] and Ron deficient [TK-/-] mice; the authors found that TK-/- Kupffer cells had 

increased production of TNF-α and other cytokines compared to the controls and that treatment 

of TK+/+ hepatocytes with either TK-/- Kupffer cell media or TNF-α significantly increased their 

death compared to treated TK-/- hepatocytes, suggesting that loss of Ron in the hepatocytes 

desensitizes hepatocytes to the excess of inflammatory mediators produced by TK-/- 

hepatocytes. These results provide support for the differential role of Ron regulation in epithelial 

and immune cells (26).   

 

In addition to its role in suppressing inflammation, Ron also promotes macrophage M2 

polarization. Macrophages are plastic cells whose functional activation state are determined by 

their environmental signals and can be classified into two broad polarization states. Classically 

activated [M1] macrophages are present during the initial phase of wound healing and facilitate 

stimulation of inflammatory responses and pathogen clearance. During the later phase of the 

wound healing process, macrophages become M2 polarized where they secrete extracellular 

matrix proteins and polyamines, which can influence the production of cytokines, inhibit the 

clonal expansion of T lymphocytes and stimulate re-epithelialization, a process that involves the 

migration and proliferation of epidermal keratinocytes [Reviewed in (65, 66)]. Ron promotes 
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hallmarks of an M2, anti-inflammatory phenotype in primary macrophages demonstrated by the 

expression of Arginase-1, Macrophage Scavenger Receptor-A [SR-A], IL-1 receptor antagonist 

expression (67, 68). Ron expression also suppresses the hallmarks of M1 polarization, including 

expression of iNOS, TNF-α, COX-2 and IL-12p40 in primary macrophages stimulated with IFN-γ 

and LPS (47, 68, 69). This inhibition was shown to be regulated by the ability of Ron to inhibit 

the phosphorylation of Stat1 in response to IFN-γ (53, 69) and the inhibition of NF-κB activation 

in response to LPS stimulation as discussed above (54, 70). Another potential mechanism 

through which the expression of proinflammatory genes is inhibited includes the activation of 

STAT3 by Ron (53). Activated STAT3 can drive the expression of anti-inflammatory genes that 

can subsequently inhibit NF-κB dependent gene expression. Moreover, a recent study in mouse 

peritoneal macrophages after polarizing the macrophages to an M1 or an M2 polarized state 

with either LPS or IL-4 treatment respectively showed that MSP stimulation decreased the 

expression of both M1 and M2 markers, but sustained the expression of Arg-1 even under M1 

polarization signals, suggestive of the involvement of Ron in both Th1 and Th2 mediated 

inflammatory responses (71). In summary, ligand stimulation of Ron has been shown to be 

important in maintaining a controlled immune responses and expression of genes that will be 

involved in macrophage M2 polarization signals.  

 

These elegant studies have provided significant understanding on the complexity of the 

Ron/HGFL signaling processes and demands for further research into identifying the cell type 

specific roles of Ron in the context of various diseases. The central role of the Ron receptor in 

protecting the animal from septic shock, limiting Th1-mediated inflammation, promoting 

macrophage M2 polarization and clearance of Listeria monocytogenes infections suggests that 

the reshaping of macrophage activation by Ron is important in the maintenance of a critical 

balance to infection, at the same time protecting the host from tissue damaging inflammation. 

Targeting Ron in macrophages or its downstream components could be therapeutic in a variety 
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of chronic inflammatory diseases including tumors.  

RON /HGFL signaling in epithelial cells 

 
 
Numerous studies have outlined the functional importance of Ron/HGFL signaling in normal and 

cancer epithelial cells in regulating epithelial cell proliferation, survival, migration, and epithelial 

to mesenchymal transition (72). The signal transduction processes regulated by Ron in the 

epithelial cells as well as the various mouse models that helped elucidate the functional role of 

Ron in tumor epithelial cells are discussed below. 

 

Signal transduction through the multifunctional docking sites of Ron can be mediated by both 

ligand dependent and independent mechanisms. Ron activation by HGFL induces 

conformational change and receptor homodimerization and the activation of intrinsic tyrosine 

kinase activity leading to trans autophosphorylation of key tyrosine kinase residues in the 

intracellular C-terminal domain. These phosphorylated residues serve as high affinity docking 

sites for signal transduction molecules through binding of effector proteins containing Src 

homology 2 and phosphotyrosine binding domains including phospholipase C gamma [PLC-γ], 

phosphoinositide kinase-3 [PI3K], growth factor receptor bound protein 2 [Grb2] (73, 74). Grb2 

and Son of sevenless receptor recruitment to the Ron receptor leads to the activation of 

PI3K/Akt and/or MAPK signaling through the conversion of Ras GDP to its active form. Other 

downstream signaling molecules activated by HGFL/Ron signaling include FAK, Src, Jun 

kinase, STAT3, NF-κB and β-catenin [reviewed in (75) ,(76) (72, 77) ]. 

 

Ron can also be activated in epithelial cells through receptor herterodimerization with other 

membrane bound receptor tyrosine kinases.  Ron has been shown to interact with other cell 

surface receptors including c-Met (78), Epidermal Growth Factor Receptor [EGFR] (79), Insulin 
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like growth factor 1 receptor [IGF1R] (80),  Integrin’s (81) and B-type plexins (82). The 

interactions with these membrane bound receptors can occur through both the tyrosine kinase 

domains as well as their multifunctional docking sites. In addition to transactivation of Ron 

kinase domain by these receptors in a HGFL independent manner, HGFL mediated Ron activity 

has been shown to be capable of transactivating Met and EGFR in the absence of their 

respective ligands (79, 83). Plexin-B can also interact with Ron in the absence of the ligand 

HGFL and confers invasive growth properties (82). Interestingly, the interactions between 

IGF1R and Ron were important for the induction of migration induced by IGF1 stimulation. The 

signaling was described unidirectional wherein binding of IGF1 to IGF1R is required to initiate 

the formation of the heterodimer with Ron (80). The interaction of Ron and EGFR or cMET is 

bidirectional (79, 83).  

 

Ron is overexpressed in a variety of human cancers (29, 30) and the coordinated 

overexpression of Ron/HGFL and Matriptase-1 in human breast tumor patients has been shown 

to be associated with increased metastasis and death (84). The significance for Ron 

overexpression and activation in the epithelial cells for tumor progression was arrived from 

transgenic mice that expressed both the wild type and constitutively active form of the Ron 

receptor in the mammary epithelium (85). In this mouse model, Ron overexpression was 

sufficient to induce mammary transformation in animals with 100% penetrance. Furthermore, 

these animals had a high degree of metastasis, with metastatic foci detected in the liver and the 

lungs of greater than 86% of the transgenic animals. This was the first study to demonstrate that 

Ron overexpression in the breast tumor epithelium was sufficient to metastatic tumor 

progression (85). Transgenic overexpression of human Ron has also been performed in murine 

pulmonary epithelium with about 95% of the transgenic animals developing adenocarcinomas 

between 6-14 weeks of age (86). Additionally, transgenic Ron receptor overexpression in the 

murine prostate using a prostate specific probasin promoter, was shown to lead to the 
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development of prostate intraepithelial neoplasia in these mice compared to the control wild 

type mice and was associated with an accumulation of -catenin and increased pErk expression 

(87). 

 

In addition to the mouse models that overexpressed Ron the functional importance of Ron in 

supporting tumorigenesis was also assessed using loss of function models. Mice containing a 

germline targeted deletion of the Ron tyrosine kinase signaling domain showed decreased 

mammary tumor initiation and growth when crossed with the polyoma virus middle T antigen 

[pMT], murine model of breast cancer. A significant decrease in microvessel density and 

proliferation, and increased cell apoptosis were hallmark features of these tumors lacking the 

Ron tyrosine kinase domain (88). Our lab had also shown a significant decrease in tumor size 

and angiogenesis in the Transgenic Adenocarcinoma of the Mouse Prostate [TRAMP], prostate 

cancer mouse model, crossed with mice with germline deletion of the Ron tyrosine kinase 

domain (89). The TRAMP mouse model has the SV-40 large T antigen specifically expressed in 

the prostate using a prostate specific probasin promoter resulting in prostate tumors by 30 

weeks of age. These studies have demonstrated the functional importance of Ron signaling in 

promoting tumor growth and angiogenesis, however, it has to be considered that Ron signaling 

was lost in both the epithelial and stromal cellular compartments. Ron expression in prostate 

tumor epithelial cells has been shown to be important for angiogenic chemokine production 

CXCL-1 and CXCL-8 in a NF-κB dependent pathway (90). Although several studies have 

outlined the importance for Ron expression in the tumor epithelial cells, the contributions of 

stromal Ron expression in regulating tumor growth and angiogenesis needs to be determined 

and is the subject of this thesis.  

Intersection of the cell type specific functions of RON/HGFL  

 
Ron in wound healing responses: Wound healing is a dynamic process involving the 



 18 

continuous overlap of precisely programmed events. Optimal wound healing involves the 

establishment of tissue homeostasis, inflammation and tissue remodeling, which includes 

mesenchymal cell differentiation, angiogenesis and re-epithelialization. Once tissue 

homeostasis is established after vascular constriction and fibrin clot formation, inflammatory 

cells migrate into the wound and promote inflammation to facilitate clearance of microbial and 

cellular debris. As the immune cells clear the infection and cellular debris, they undergo a 

phenotypic transition to a reparative state that stimulates the keratinocytes and fibroblasts to 

promote tissue regeneration and wound healing [Reviewed in (65, 66)].  

 

Macrophages are major immune cell types that are involved during the various phases of the 

wound healing response. Importantly as discussed previously the Ron/HGFL signaling is 

important for skewing the macrophages towards a M2 polarized state and the expression of 

Ron, HGFL and the HGFL converting enzyme has been found at wound sites in human wound 

fluids (25). In a rat experimental model of excisional wounds, the expression of both HGFL and 

Ron occurred between days 7 and 21 post-wounding suggestive of specific roles during the 

tissue regeneration phase of the wound healing process. The expression of HGFL co-localized 

to a specific subset of macrophages [ED1] suggestive of the potential role in the specific 

activation of macrophage populations that can support tissue repair (91). Notably mice with 

whole body HGFL knockout exhibited no defects in wound repair demonstrating the functional 

redundancies that exist amongst other signal mediators during the wound healing process (43).  

Ron/HGFL signaling has been shown to be important for facilitating both inflammation resolution 

and tissue repair. 

 

The expression of Ron was also increased in migrating keratinocytes along the leading wound 

edge and in dermal macrophages (25). An autocrine loop for HGFL was observed in migrating 

kertatinocytes during the reepithelialization process in both in vivo and in vitro model systems 
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(81). Santoro et al. had shown that Ron promoted keratinocyte reepithelialization through the 

specific activation of gene expression programs necessary to support wound closure. They 

showed that HGFL-mediated activation of the PI3K pathway resulted in serine phosphorylation 

of both Ron and α6β4 phosphorylation to generate 14-3-3 binding sites on both molecules. Ron 

activation and 14-3-3 binding are responsible for shift in integrin dominance, therefore 

modulating keratinocyte spreading/migration on laminin-5 extracellular matrix thereby promoting 

wound closure (81). Taken together, Ron function and expression in both the epithelial cells as 

well as the macrophages is important during wound healing. Given that tumors are considered 

as wounds that never heal (92),  our study presented in this thesis assesses the cell type 

specific roles for Ron expression in the tumor epithelial cells and associated stromal cell types 

including tumor associated macrophages and tumor associated fibroblasts. 

RON/HGFL pathway as a therapeutic target 

 
Targeted therapies are aimed at oncogenic signaling molecules that dictate the survival and 

growth of tumor cells, a process defined as oncogenic addiction (93). Data from clinical trials 

have indicated that most tumors acquire drug resistance with the help of the stromal cells 

present in the tumor microenvironment. Targeting both the tumor and the stromal cells at the 

same time would provide better therapeutic efficacy through the inhibition of multiple cell types 

and factors that support tumorigenesis. This suggests the potential use of multiple kinase 

inhibitors that can simultaneously target both tumor and stromal cells (94). As reviewed above, 

the Ron/HGFL pathway is overexpressed in a variety of cancers and regulates a plethora of 

oncogenic functions including proliferation, survival, migration and invasion when expressed in 

the tumor cells as well as regulates the cellular functions of the cells present in the stromal 

microenvironment include the cells of the immune system. Drugs that target the Ron receptor 

will be valuable for promoting tumor regression through the targeting of both the intrinsic and 
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extrinsic tumor cell functions of Ron. The various strategies for targeting Ron that are currently 

under preclinical and clinical studies are discussed below.  

 

Monoclonal Antibodies: A fully humanized monoclonal antibody that binds with high affinity to 

Ron and effectively blocks its interaction with its ligand HGFL was developed by Imclone 

systems, IMC 41A10 [ImClone systems, New York, NJ]. IMC 41A10 was shown to inhibit both 

the phosphorylation of the receptor as well as the downstream signaling, including cell migration 

and growth. The IMC 41A10 antibody was also capable of significantly decreasing tumor growth 

of colon, lung and pancreatic cells in murine xenograft models (29). Furthermore, in the same 

study the antitumor efficacy of IMC-41A10 on BXPC-3 pancreatic cancer cell xenograft was 

enhanced when used in combination with Erbitux, an EGFR inhibitor. The combination of both 

these tyrosine kinase inhibitors decreased tumor growth in a synergistic manner compared to 

the growth observed in the presence of the individual inhibitors for Ron or EGFR. This study 

sheds importance to the efficacy achieved with combinatorial drug therapies against tyrosine 

kinases, and also emphasizes the involvement of Ron and EGFR interactions to the 

pathogenesis of pancreatic tumors in this model (79, 95). It is noteworthy that the IMC-41A10 

antibody showed strong antitumor activity in HT-29 cells that expressed both the full length Ron 

receptor as well as the multiple splice variants. (29, 96). The IMC 41A10, also called 

Narnatumab/IMC-Ron8, is currently under phase1 of the clinical trials, which are in the process 

of enrolling patients [2012; http://clinicaltrials.gov/show/NCT01119456].  A recent study 

published in 2011 by Gunes et al., suggested that the anti-Ron monoclonal antibodies must 

have distinct properties besides ligand antagonism and inhibition of downstream signaling to 

achieve in vivo efficacy. They showed that the neutralizing antibodies developed in their 

laboratory, similar to the IMC 41A10, exhibited effective inhibition of tumor cells in vitro with no 

effect detected in vivo (97). Additional antibodies have been developed to block ligand binding 

to Ron are ID-1 and ID-2. These antibodies diminished HGFL induced HT-29-D4 human 

http://clinicaltrials.gov/show/NCT01119456
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intestinal cell migration in preclinical studies, suggesting the capability of this antibody in 

blocking Ron mediated oncogenic signaling (98).    

 

Apart from the antibodies described above that specifically block ligand binding and the 

inhibition of downstream signaling; M.H Wang and colleagues developed a series of antibodies 

that bind to exon 11 of the extracellular domain of the Ron receptor [Zt/g4, Zt/f2, Zt/c9]. The 

sequence encoded by this region is referred to as the MRS, Maturation Required Sequence, 

which regulates Ron maturation and phosphorylation (99-101). Binding of the antibody to the 

MRS epitope prompts receptor internalization and subsequent degradation by proteasome 

machinery (100). Zt/f2 antibody was capable of inhibiting the in vivo growth of colon cancer cells 

(100). Furthermore, Zt/f2 antibodies coupled to immunoliposomes formulated with 

chemotherapeutic drug 5-flourouracil decreased the growth of human HT-29 colon cancer in 

athymic nude mice. An increase in incubation of tumor growth was observed in the presence of 

the Zt/f2 antibody coupled to 5-flourouracil immunoliposomes as opposed to the treatment with 

the Zt/f2 antibody alone (99, 101-103). Similar inhibition was also observed on breast cancer 

cells in vitro using Zt/f2 antibody coupled to doxorubicin or 5-FU targeted immunoliposomes (99, 

103), and on purified pancreatic cancer stem cells using doxorubicin targeted immunoliposomes 

(79). The delivery of doxorubicin to the tumors was shown to be dependent on the dosage and 

the time of delivery; the antibody had no impact on the expression of Met and EGFR (103). 

Targeting Ron driven cancer cells using antibodies coupled to immunoliposomes that carry the 

chemotherapeutic drugs, presents proof of principle that antibodies targeted to the MRS 

sequence of Ron can be used to specifically deliver chemotherapeutic drugs to Ron expressing 

tumors, reducing off-target effects and facilitating efficient delivery of cytotoxic drug to the 

tumors (100). These series of antibodies represent a novel approach by which Ron can be used 

for cancer therapy and has proven to be promising in these pre-clinical studies. 
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Several studies on the use of Ron inhibitors for tumor targeting have shed insights into the role 

of Ron receptor in imposing resistance to therapies. The treatment of pancreatic cancer cells 

BxPC3 cells in vitro with a combination of non-humanized monoclonal Ron blocking antibody 

and gemcitabine increased the tumor cell apoptosis by 32% when compared to the treatment of 

these cells with gemcitabine alone (104). Studies from the same group also found out that 

knockdown of Ron using shRNA transfection in pancreatic xenografts delayed acquired 

gemcitabine resistance compared to Ron expressing xenografts (105). In the same study, more 

than 50% of the acquired resistance in the Ron knockdown group was attributed to the re-

expression of Ron as well as the activation of other kinases including Met and EGFR, 

suggestive of kinase switching and hence acquired resistance to treatments, suggestive of the 

mechanisms by which pancreatic cancer cells may circumvent Ron-directed therapies (105). 

The sensitization of SW620 colon cancer cells to gemcitabine treatment was also increased in 

the presence of the Ron binding antibody Zt/g4.  The death of SW620 cells was increased when 

Zt/g4 was used in combination with gemcitabine, suggestive of the use of Ron inhibitors in 

combination with chemotherapy (101).  

 

A recent published study from our laboratory had also shown an important connection between 

Ron activation and tamoxifen cytotoxicity. McClaine et al. found that HGFL induced Ron 

activation in both human and murine breast cancer cell lines is sufficient to confer resistance to 

tamoxifen induced cytotoxicity (106). This study also showed increases in cyclin D1 expression 

and an increase in ERE luciferase activity after Ron activation, suggestive that Ron augmented 

ER signaling drives tamoxifen resistance in breast cancer cells. Taken together, the 

mechanisms of acquired resistance to chemotherapies provided by Ron expression as well as 

the mechanisms of kinase switching during Ron inhibition needs further evaluation for the better 

design of combinatorial therapies and for improving treatment prognosis. 
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Small molecule inhibitors [SMI]: Most of the SMI that can target Ron can also target cMet 

given the similarities in the tyrosine kinase domain of these receptors. The Ron/c-Met dual 

kinase inhibitors that are currently under clinical trials are is summarized in Table 2. Of 

particular note is the SMI called Foretinib/EXEL-2880 that has currently completed phase-1 of 

the clinical trials and is under phase 2 of the clinical trials. Foretinib is a broad-spectrum tyrosine 

kinase inhibitor capable of binding to and inhibiting the functions of Met, Ron and VEGFR, 

leading to the inhibition of both proliferation and angiogenesis (107). Foretinib was developed to 

target Met and VEGFR, however, initial studies also showed potency against Ron receptor 

similar to the properties exhibited by other tyrosine kinase inhibitors (108). Phase 1 clinical trial 

results have confirmed both the dosage as well as the delivery schedule for the treatment of 

patients with metastatic or end terminal solid tumors (107). Most of side effects observed during 

the phase-1 clinical trials were attributed VEGFR inhibition making Met and Ron a valid drug 

target. Furthermore, analysis of the patient samples before and after treatment indicated 

significant reduction in the phosphorylation of Ron and Akt along with decreases in proliferation 

and increases in tumor survival (107). Currently, Foretinib is under phase 2 of clinical trials used 

alone or in combination with chemotherapeutic drugs for the treatment of several solid tumors 

[www.clinicaltrials.gov].  
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Table 2. Small molecule inhibitors for cMet/Ron currently under clinical trials 

 
Company  Compound  Targeted RTK Clinical Development 

Amgen AMG 208 RON, c-MET Phase I 

Angion ANG 707 c-MET,RON,TIE2 Phase I 

Bristol-Myers 
Squibb 

BMS-796302 c-MET,RON,AXL, 
VEGFR2,FLT3, 
TYRO3, MER 

Phase I 

EMD Serono EMD 
1214063/ 
EMD 
1204831 

c-MET Advanced, refractory solid 
tumors 

GlaxoSmithKline Foretinib c-MET, RON, VEGFR2, 
AXL, PDGFR, KIT, 
FLT3, TIE2 

Phase II: breast, NSCLC, 
papillary renal, gastric and 
head and neck cancers 

Methylgene MGCD-265 c-MET,RON, VEGFR1, 
VEGFR2, VEGFR3, 
TIE2 

Phase II: NSCLC 

Merck MK-2461 cMET, RON, VEGFR1, 
VEGFR3, FLT1, FLT3, 
FLT4, FGFR1, FGFR2, 
FGFR3 

Phase II: solid tumors 

Pfizer Crizotinib cMET, ALK, RON, AXL, 
TIE2 

Phase III: ALK-altered 
NSCLC 
Phase I–II: lung cancer, ALCL 
and other tumors 

Pfizer PHA665752 c-MET/RON Preclinical 
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Antagonists: The extracellular region of Ron ß chain is characterized by the presence of a 

SEMA domain [a stretch of approximately 500 amino acids with multiple highly conserved 

cysteine residues], a PSI domain [plexin, semaphorin and integrin domain] and four 

immunoglobin like folds (109). A study in which two soluble molecules designed over the sema 

domain [Ron sema] and sema + PSI domain [Ron PSI], when expressed on mammalian cells 

underwent post-translational processing and were secreted from the cells. Both these molecules 

were capable of inhibiting the ligand binding to Ron receptor and had a highly specific dominant 

negative effect on Ron kinase activation when tested on HCT116 colon cancer cells. The forced 

overexpression of either of these molecules can be used for targeted gene therapy in HGFL 

responsive tumor cells (110). 

 

Global Tyrosine kinase inhibitors: In addition to neutralizing antibodies, small molecule 

inhibitors or Ron antagonists several other indirect strategies have been developed that can be 

used to treat both Ron and other tyrosine kinase dependent tumors. An example for such 

treatment is the chemotherapeutic agent geldanamycins that impairs Heat shock protein [Hsp] 

functions. Hsp are chaperone proteins that facilitate correct protein folding and assembly and 

several receptor tyrosine kinases including Ron are sensitive to these drugs (111). Targeting 

Ron in cancer therapy is likely to provide benefit to patients, especially when used in 

conjunction with other approved therapies.  

 

Given the role of Ron in conferring therapeutic resistance to chemotherapeutic drugs like 

tamoxifen and gemcitabine as well as the prospects of kinase switching involved during Ron 

inhibition, drugs that can simultaneously target multiple pathways and cell-types are necessary 

in order to completely abolish the growth of tumor cells. Future studies directed towards 

understanding the importance of Ron receptor signaling during chronic inflammation and 

tumorigenesis is important to fully understand the impact that targeting Ron would have in these 
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various disease states. The work presented in this thesis identifies the cell type specific 

contribution of the Ron receptor tyrosine kinase to prostate tumor growth.  Specifically, our work 

has identified that Ron receptor expression in both the epithelial cells and stromal cells is 

important for supporting the various aspects of prostate tumorigenesis.  
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Chapter 2 
 
 
 

RON RECEPTOR TYROSINE KINASE EXPRESSION IN EPITHELIAL CELLS PROMOTES 

PROSTATE TUMOR GROWTH AND IS ASSOCIATED WITH AN INCREASE IN PELVIC 

BONE METASTASIS 

 
 
 

Part of this work is published in Oncogene. 2010 Jan 14; 29 (2): 214-26. 
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Abstract:  

 
The Ron receptor tyrosine kinase is overexpressed in numerous epithelial cancers including 

prostate cancer. In this chapter we investigate the importance for Ron expression in the 

epithelial compartment for supporting prostate cancer growth and metastasis. We have 

characterized the expression levels of Ron in a variety of murine PCa cell lines with differing 

tumorigenic properties derived from the Transgenic Adenocarcinoma of the Mouse Prostate 

Model [TRAMP]. Our data demonstrates that Ron is overexpressed in TRAMPC1 and 

TRAMPC2 cells with very little expression detected in TRAMPC3 cells by RNA and protein 

analyses. This expression pattern is consistent with the ability of these cells to form tumors in 

vivo. Ron is functionally active in TRAMPC1 and TRAMPC2 cells as stimulation with the Ron 

ligand, hepatocyte growth factor-like protein [HGFL] induced MAPK activity. Furthermore, HGFL 

signaling was sufficient to significantly increase the growth of the TRAMP-C1 cells. The 

importance for Ron expression in tumor growth in vivo was examined using orthotopic PC-3 

xenografts in nude mice. A significant decrease in prostate tumor mass was observed in mice 

injected with prostate cancer cells that have a stable knockdown of the Ron receptor. We also 

observed a decrease in the incidence of pelvic bone metastasis in animals that were injected 

with Ron knockdown PCa cells.   

Introduction 

 
The Ron receptor tyrosine kinase is expressed on epithelial cells and is important for promoting 

proliferation, survival, cell migration, EMT, invasion and metastasis (72, 75, 76). Over-

expression and/or constitutive activation of the Ron receptor have been reported in several 

epithelial cancers, including prostate cancer (29, 72, 90). Analysis for Ron expression by 

immunohistochemistry in human prostate tissues showed that Ron was overexpressed in >92% 

of the prostate tumor tissues examined (29). The expression of the receptor is limited in normal 

prostate epithelium and increases proportionally with disease progression from benign prostate 
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hyperplasia to prostate adenocarcinoma samples (90). To investigate the significance of Ron 

receptor expression in prostate cancer, our laboratory has examined the loss of function of Ron 

in the Transgenic Adenocarcinoma of the Mouse Prostate [TRAMP] mouse model. In this 

model, TRAMP mice crossed with mice that have a germline loss of the tyrosine kinase 

signaling domain of Ron [TK-/-] had decreased prostate tumor size when compared to the 

TRAMP mice with Ron expression [TK +/+] (89). This study demonstrated the functional 

importance of Ron signaling in promoting prostate tumor growth; however, the data did not 

address the selective contributions of Ron signaling in epithelial versus stromal cells in tumor 

formation. This is important as Ron expression is also detected on several tissue resident 

macrophage populations and activation of Ron plays a vital role in regulating the threshold of 

macrophage activation, promoting from tissue from inflammation-induced tissue damage (68).  

Given that Ron receptor is important for tumor progression and in macrophage activation, the 

functional importance of Ron in epithelial and tumor associated stromal cells, such as 

macrophages, in promoting tumorigenesis needs to be elucidated. Understanding the 

compartment specific roles of Ron receptor will aid in the development of efficient therapeutic 

targets and strategies. In this chapter, we have addressed the importance for Ron expression in 

prostate tumor epithelial cells using orthotopic xenograft of human prostate cancer cell line PC-

3M in nude mice. We have also identified a novel assay for the study of spontaneous bone 

metastasis of the prostate cancer cells.   

Materials and Methods 

 
Cell Lines: Murine Prostate cancer cells TRAMP-C1, TRAMP-C2 and TRAMP-C3 obtained 

from ATCC [Manassas, VA] was cultured in DMEM media supplemented with 5% Nu Serum IV 

and 5% FBS. TR-9 epithelial cells were primary cells established from TRAMP+ TK-/- prostate 

tumors. These cells were also maintained in DMEM media supplemented with 5% Nu Serum IV 

and 5% FBS. Human Prostate cancer cell line PC-3M-luc2 cells obtained from Caliper Life 
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Sciences [Hopkinton, MA, USA], was cultured in 5% MEM media supplemented with 5% FBS. 

All cell line were maintained at 37oC, 5% CO2 and harvested at 90% seeding density for further 

experiments. 

 

Western and Real Time PCR: TRAMP-C1, TRAMP-C2, TRAMP-C3 and TR-9 cells were 

analyzed for Ron expression by protein or RNA analysis as previously described (89, 90). The 

mRNA levels of Ron receptor in the cell lines were measured by qRT-PCR analysis using the 

following primer pair for Ron 5’TCCCATTGCAGGTCTGTGTAGA3’ and 

5’CGGAAGCTGTATCGTTGATGTC3’. The expression levels for Ron were normalized to the 

levels of 18S mRNA and the data is represented as relative mRNA levels.  Levels for Ron 

expression by protein was detected after western analysis using RON-C20 antibody  [Santa 

Cruz Biotechnologies, Santa Cruz, CA] and C4 Actin [CCHMC, Cincinnati, OH]. For activation 

assays, the cells were serum starved overnight and stimulated with either vehicle [0.1% BSA in 

PBS] or human recombinant [100ng/ml] HGFL [R&D Systems, Minneapolis, MN] for 20min. The 

cells were washed twice after treatment and the lysates were subjected to western analysis for 

pMAPK [p p42/p44] and total MAPK [p42/44] [Cell Signaling Technologies, Danvers, MA].  

 

Growth assay: TRAMP-C1 cells were used to determine the growth rate of these cells in the 

presence of HGFL.  Cells were seeded in 24 well plates and serum starved overnight. The cells 

were then pulsed with serum free media containing 100ng/ml of recombinant human HGFL and 

the growth rate of these cells was estimated using MTT assay at 48hrs.  Control cells were 

given 0.1% BSA in PBS [vehicle] as a negative control. 

 

Orthotopic prostate injections and imaging: For orthotopic injections, human prostate cancer 

cell line PC-3M-luc2 cells, a PC-3 cell line containing stable luciferase expression were used.  

We also created PC-3M-luc2 cells with a stable Ron knockdown after stable infection of cells 



 31 

with human Ron shRNA [cat# RMM3979-9571732] from Open Biosystems [Huntsville, AL]. 

These cells [5 x 10^5] were orthotopically injected into dorsolateral prostates of 11-week-old 

nude mice. Tumors were harvested 7 weeks post injection and tumor mass was recorded. The 

growth of the tumors was monitored weekly using the [Xenogen™, IVIS] after in vivo injection of 

200µl of D-luciferin per mouse for 15min. Imaging and quantification of signals were controlled 

by acquisition and analysis software Living Image® [Xenogen]. Ex vivo imaging of the tissues 

was carried out at the time of sacrifice by imaging the tissues, isolated from mice injected with 

D-luciferin prior to harvest, in 1X PBS, using the Xenogen IVIS.  

 

Immunohistochemical staining for CD-31: Formalin-fixed paraffin embedded tissue sections 

was used for histological analysis for microvessel density after staining for CD31. Tissues were 

incubated with an anti-CD31 antibody [1:500,Dako, CA] and the sections were developed using 

the 3,3’-diaminobenzidine tetrahydrocloride enhanced liquid substrate system [Sigma, MO, 

USA] after incubation with biotinylated secondary antibody and Avidin-Biotin kit [PK-6100, 

Vector labs]. Microvessel density was calculated as previously described (88). 

 

Statistical Analysis: Data are represented as mean ± standard error. Statistical significance 

was determined by students t test using the graph pad prism software [Graph Pad Software, 

Inc. La Jolla, CA]. Data was considered significant when p<0.05. 

 

Results 

 

Ron is expressed and functional in murine prostate cancer cell lines 

 
The expression and functional characterization of Ron in murine prostate cancer cell lines are 

shown in Figure 1. To investigate the function of Ron in prostate epithelial cells, we analyzed 

Ron expression in a variety of murine prostate cancer cell lines with differing tumorigenic 
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properties derived from TRAMP prostate tumor (112). Our data shows that Ron is 

overexpressed in TRAMPC1 and TRAMPC2 cells with very little expression detected in 

TRAMPC3 cells by RNA and protein analyses [Figure 1A -1C]. This expression pattern is 

correlates with the ability of these cells to form tumors in vivo [Figure 1B and (112)]. Ligand 

dependent activation of Ron was also examined in these cells after serum starvation and HGFL 

stimulation for 20 min. Ron was ligand responsive in TRAMPC1 and TRAMPC2 cells, where 

stimulation by HGFL induced an increase in pMAPK, a key downstream target for the Ron 

receptor tyrosine kinase (64) [Figure 1D]. Furthermore, the growth of the TRAMP-C1 cells in 

the presence of recombinant HGFL was significantly more compared to their growth in the 

presence of the vehicle control, suggesting the importance for the ligand dependent Ron 

activation in supporting the tumor cell growth [Figure 1E]. 

Ron expression in epithelial cells is important for prostate tumor growth and increases 

pelvic bone metastasis 

 
We also examined the tumorigenic potential of the human prostate cancer cell line PC-3 in vivo 

using orthotopic xenografts in nude mice. Western analysis on PC-3M-luc2 cells and PC-3M-

luc2 shRON cells shows greater than 95% efficiency in the reduction in the levels of Ron in PC-

3M-luc2 shRON cells [Figure 2A]. Our experiments demonstrated that knockdown of Ron in 

PC-3M luc cells leads to decreased prostate tumor growth rate as measured by 

bioluminescence imaging [Figure 2B-2C]. A significant decrease in tumor mass was observed 

in mice with the Ron knockdown cells compared to control mice at the end terminal time point 

[Figure 2D]. Loss of Ron in the epithelial cells also resulted in a significant decrease in 

microvessel density in PC3-shRon tumors compared to controls [Figure 2E]. Ex vivo 

bioluminescence imaging of specific tissues and organs including the brain, lungs, liver, kidney, 

colon, intestine, lymph nodes, femur and pelvic bones revealed that Ron expression in the 
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prostate tumor cells specifically increases the frequency of metastasis to the pelvic bones but 

not to the femur and other tissues analyzed [Figure 2F and data not shown].   

 

Discussion 

 
 
This study characterizes the expression levels of Ron in murine cancer cell lines and shows that 

expression levels correlate well with the known in vivo tumorigenecity of these cell lines.  

Furthermore, our experiments in these murine prostate cancers cell lines show that Ron 

expressed in these cells is ligand responsive and exhibits a growth advantage when cultured in 

the present of the Ron ligand, HGFL. Understanding whether Ron retains ligand independent 

signaling in these cells that contributes to tumor growth and survival remains to be discovered.   

In vivo experiments using human prostate cancer cell lines have shown that Ron is important for 

promoting prostate tumor growth and is involved in promoting the specific metastasis to the 

pelvic bones The use of luciferase tagged cells in an orthotopic tumor model along with ex vivo 

tissue imaging has proved to be a valuable tool for study of spontaneous bone metastasis. Bone 

is the most common metastatic site in patients with advanced stages of prostate cancer; 

importantly, the disease becomes practically incurable once there is metastasis to the bone 

resulting in significant morbidity prior to the death of the patient (113) . Metastasis to the bone is 

a multifactorial process, involving contributions by stromal cells as well as production of bone 

homing factors by the cancer cells (113). Understanding these processes will have important 

clinical implications in the treatment of advanced stages of prostate cancer. Our results show 

that Ron expression in epithelial cells is important for promoting bone metastasis. Consistent 

with our observation, patients with the coordinated overexpression of Ron, its ligand HGFL and 

ligand activating protease Matriptase-1 have been shown to have an increase in metastasis to 

the bone compared to those patients that did not overexpress Ron, HGFL and Matriptase-1 
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(84). Taken together, our data shows that Ron expression in the epithelial cells is important for 

prostate tumor growth and can potentially impact metastasis to the bone. Future studies are 

aimed at understanding the mechanism by which Ron expression in the tumor cells enable bone 

homing or osteolysis; this would provide significant insights in the treatment of the metastatic 

disease using Ron targeted therapies. 
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Figure 1: Ron expression and function in murine prostate cancer cell 
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A. Ron expression in murine prostate cancer cells derived from TRAMP+ TK+/+ tumors 

[TRAMP-C1, TRAMP-C2, TRAMP-C3] and TRAMP+ TK-/- tumors [TR-9] by western analysis. 

Human prostate cancer cells PC-3 and LnCaP were used as controls. B. Table showing the 

ability of TRAMP cells to form tumors in vivo. C. Quantitative Real Time PCR analysis for Ron 

expression in mouse prostate cancer cell lines. D. Functional readout for Ron activation in 

murine prostate cancer cells determined by western analysis for pMAPK [p42/p44] after 

stimulation with the Ron ligand, HGFL, or vehicle. E. Increase in TRAMPC1 cell number in 

response to HGFL treatment for 48hrs.  
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Figure 2: Ron expression in epithelial cells is important for promoting tumor growth in 

vivo 
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A. Western analysis showing stable knockdown of Ron in PC-3M luciferase cells. B. 

Representative bioluminescent images of mice harboring orthotopic PC-3M Control or PC-3M 

shRON cells 21 days post injection C. In vivo growth rate of PC-3M control and PC-3M shRON 

cells after orthotopic injection into the prostates of nude mice measured using bioluminescence 

imaging (PC-3M Control, n=6; PC-3M shRON, n=8) D. Tumor weights determined at the time of 

harvest showing significant reduction in tumor weight in mice that received PC-3 shRON cells. 

(PC-3M Control, n=6; PC-3M shRON, n=8; *P<0.05) E. Histogram showing the quantification of 

the microvessel density determined by CD-31 staining. (PC-3M Control, n=6; PC-3M shRON, 

n=8; *P<0.05)  F. Histogram showing the frequency of bone metastasis observed in the animals 

after ex vivo bioluminescence imaging. Representative pictures showing bone metastasis 

marked by yellow arrow.  
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Abstract 

 
Ron receptor kinase [MST1R] is important in promoting epithelial tumorigenesis, but the 

potential contributions of its specific expression in stromal cells have not been examined. 

Herein, we show that the Ron receptor is expressed in mouse and human stromal cells of the 

prostate tumor microenvironment. To test the significance of stromal Ron expression, prostate 

cancer cells were orthotopically implanted into the prostates of either wild type (WT) or Ron 

tyrosine kinase deficient [TK-/-; Mst1r-/-] hosts. In TK-/- hosts, prostate cancer cell growth was 

significantly reduced compared to tumor growth in TK+/+ hosts. Prostate tumors in TK-/- hosts 

exhibited an increase in tumor cell apoptosis, macrophage infiltration and altered cytokine 

expression. Reciprocal bone marrow transplantation studies and utilizing myeloid cell specific 

ablation of Ron demonstrated that loss of Ron in myeloid cells is sufficient to inhibit prostate 

cancer cell growth. Interestingly, depletion of CD8+ T-cells, but not CD4+ T-cells, was able to 

restore prostate tumor growth in hosts devoid of myeloid-specific Ron expression. These 

studies demonstrate a critical role for the Ron receptor in the tumor microenvironment, whereby 

Ron loss in tumor-associated macrophages inhibits prostate cancer cell growth, at least in part, 

by de-repressing the activity of CD8+ T cells. 
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Introduction 

 
 
Coordinated signaling between different cell types of the stroma is required for the development 

and maintenance of an adult prostate secretory epithelium.  The stroma also supports prostate 

tumor initiation and progression (114, 115). Inflammatory infiltrates are major cellular 

components of tumor stroma and include adaptive and innate immune cell types (116, 117). 

Tumor-associated immune cells support tumor growth by producing an immunosuppressive 

microenvironment capable of blocking productive antitumor immunity. Tumor-associated 

macrophages [TAMs] play pivotal roles in tumor progression and can promote or inhibit tumor 

growth depending on their activation state (118, 119).   

 

The Ron receptor tyrosine kinase is expressed on several tissue-resident macrophage 

populations (22-25, 51). Ron activation in peritoneal macrophages suppresses inflammation and 

promotes alternative macrophage activation (54, 71).  Following LPS stimulation in 

macrophages, Ron activation inhibits the expression of inducible nitric oxide synthase [iNOS] 

while promoting expression of arginase-1, an enzyme that competes with iNOS (68, 120).  

iNOS-mediated nitric oxide production is cytotoxic and tumor suppressive, whereas products of 

arginase-1 promote tissue repair and tumorigenesis (121).  

 

Studies from our laboratory have shown Ron to be a negative regulator of inflammation in lung 

injury and bacterial peritonitis models (59, 122).  Utilizing mice with myeloid cell-specific Ron 

deletion, macrophages were identified as the major cell type regulating inflammatory responses 

in lung and liver injury models (26, 52). Ron signaling in peritoneal macrophages increases the 

phosphorylation of STAT3, suggesting an interaction between these two pathways (53, 122). 

Moreover, STAT3-/- mice show similar phenotypic responses as that of Ron-deficient mice 
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(123). Phosphorylation of STAT3 in TAMs is important for attenuating antitumor immunity by 

suppressing macrophage-mediated antigen presentation to cytotoxic CD8+ T-lymphocytes (124, 

125).  Given that Ron regulates macrophage activation and inflammation, Ron signaling in 

TAMs may be important for maintenance of an immunosuppressive microenvironment.  

 

Ron is overexpressed in > 90% of human prostate cancers (29, 72, 90).  Ron activation in tumor 

cells elicits a range of cellular responses including growth, differentiation, migration, and survival 

through various signaling pathways (72, 75).  Gain- and loss-of-function studies in tumor 

epithelial cells, including human prostate cells, have shown that Ron expression is important for 

promoting tumor growth in vivo (85, 88, 89, 104).  Moreover, data from our laboratory has 

shown that mice containing a germline deletion of the Ron tyrosine kinase signaling domain 

exhibit significant reduction in tumor mass when bred to mice predisposed to develop prostate 

cancer (89). While numerous studies have outlined the importance of epithelial-expressed Ron 

in supporting tumorigenesis, the importance of Ron expression in the tumor stroma has not 

been extensively investigated.  Although a recently published study outlined the importance of 

Ron expression in the tumor microenvironment, the Ron-expressing stromal cell lineage that 

supported tumor growth was not identified (71).   

 

This study identifies Ron expression in the stroma, particularly in TAMs, to be a critical factor 

that supports tumor growth through the regulation of apoptosis in tumor epithelial cells.  

Additionally, we show that Ron expression in TAMs suppresses tumor immune surveillance 

through CD8+ T-cell regulation and that Ron-expressing TAMs have increased activation of 

STAT3.  Our findings indicate that in addition to the well-established tumor-cell-autonomous 

role, Ron plays a novel role in TAMs by promoting tumor cell survival through cytotoxic CD8+ T-

cell regulation.   
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Materials and Methods 

 
 
Mice. Wild-type (TK+/+), Ron tyrosine kinase-deficient mice (TK-/-), homozygous Ron-floxed 

mice (TKf/f), and LysMcre (TKf/f LysMcre+) mice were generated and maintained in a C57BL/6 

background as described (26, 42).  All experiments utilized 8-12 week old male mice.  For bone 

marrow transplantation, donor bone marrow cells from TK+/+ and TK-/- mice were injected into 

the tail vein of irradiated mice (Supplemental Methods). All mice were maintained under 

specific pathogen-free conditions and were treated in accordance with protocols approved by 

the Institutional Animal Care and Use Committee of the University of Cincinnati. 

 

Cell Lines and Orthotopic Injections. Murine TRAMP-C2Re3 cells were obtained from Dr. 

Zhongyun Dong (University of Cincinnati, OH) and grown as previously described (126).  The 

cells are of murine origin and were tested through growth in syngeneic mice; no further 

validation was performed.  Cells (2.5x105) were injected into the ventro-lateral prostates of mice 

and harvested after 30 days (90).  

 

T-Cell Depletion.  Mice were subcutaneously injected with 5x105 TRAMP-C2Re3 cells.  To 

deplete T-cell subsets, mice were injected on days 1, 7, 14, 21, and 24 with 1mg/ml of rat 

monoclonal antibody that depleted specific lymphocyte subsets: mAb-GK1.5 (anti-CD4, IgG2b); 

mAb-2.43 (anti-CD8, IgG2b); and Rat-IgG2b isotype control antibody (127) (Bio X Cell).  Tumor 

volume was recorded biweekly and tumors were harvested on day 28.   

 

Cell Isolations.  A single-cell suspension of normal or tumor-bearing prostate tissue was 

obtained by mechanical dissociation and enzymatic digestion. Enrichment for epithelial cells, 

fibroblasts and immune cells was completed by differential centrifugation using standard 

procedures (Supplemental Methods). TAMs were enriched from the immune cell fraction by 
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magnetic beads coated with mouse CD11b according to manufacturer’s instructions. (Miltenyi 

Biotech).  The isolated cells were >95% pure.  121qq 

 

Flow Analysis.  Immune infiltrates were treated with Fc anti-CD16/CD32 antibody and stained 

with antibodies that detect macrophages (anti-mCD11b), granulocytes (anti-mGr-1) and CD8+ 

T-cells (anti-mCD8a) (eBiosciences). Epithelial cells were stained for AnnexinV/PI, per 

manufacturer’s instructions (BD Biosciences). Cells were analyzed using the FACS Aria and 

FACS Diva software (BD Biosciences).  

 

Luminex Array.  Plasma was analyzed utilizing the Milliplex Map Mouse Cytokine/Chemokine 

Panel with Luminex Map detection per manufacturer’s instructions (Millipore, #MPXMCYTO-70). 

 

Immunohistochemistry. Formalin-fixed paraffin-embedded sections were stained for F4/80 

(eBiociences), CD-31 (Dako), and α-SMA (Sigma Aldrich) using standard procedures.   

 

Human Tissue Array and Scoring.  Immunohistochemistry for Ron was performed on human 

prostate cancer tissue microarray specimens (IMH-303, Imgenex; TMA1202-4, 

Chemicon/Millipore; 75–4063, Zymed), using the Ron-α antibody (BD-Transduction 

Laboratories). The percentage of Ron-positive stromal cells was determined and staining 

intensity graded (0-3). The stromal staining index, a factor of the staining percentage and 

intensity, was obtained for each tissue section. 

 

Quantitative Real-Time (qRT)-PCR and Immunoblot Analyses.  qRT-PCR was performed 

utilizing primer pairs listed in the Supplemental Methods as previously described (26).  

Expression levels were normalized to β-glucuronidase and relative gene expression reported. 

Western analyses utilized the following antibodies: Ron-C20 (Santa-Cruz-biotechnologies) 
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STAT3 and pSTAT3-Y705 (Cell Signaling) and Arginase-1 (BD Biosciences). 

 

Statistical Analysis.  Data are expressed as mean ± standard error (SE).  Statistical 

significance was determined by t-tests for pairwise comparisons or ANOVA for comparison of 

multiple groups with Graph Pad Prism software. Significance was set at P<0.05. 

Results 

 

Ron is expressed in stromal cells of normal and tumor-bearing prostates and is critical 

for promoting prostate tumor growth.   

Ron mRNA expression was detected in primary cells isolated from the prostates of TK+/+ mice 

including resident prostate macrophages, epithelial cells, and fibroblasts (Figure 1A).  Ron 

expression in human stromal cells was examined by immunohistochemistry on a panel of 

human prostate tissues.  As depicted in Figure 1B, Ron was detected in the stromal cells of 

normal human prostates, benign prostate hyperplasia and prostate adenocarcinoma samples at 

approximately similar levels. Interestingly, Ron expression in stromal cells did not parallel its 

expression in the prostate epithelium, which has been previously shown to increase with 

disease progression (90). While the levels of stromal Ron are not altered with prostate tumor 

progression, the functional role of this receptor may be regulated by the availability/processing 

of its ligand, hepatocyte growth factor-like protein, whose expression has been reported to 

increase with tumor progression (38, 39, 63, 128). 

 

The role of Ron expression in the tumor microenvironment was assessed after orthotopic 

transplantation of TRAMP-C2Re3 prostate cancer cells into the prostates of TK+/+ and TK-/- 

mice.  TRAMP-C2Re3 cells were able to grow in TK+/+ and TK-/- animals; however, growth was 

markedly inhibited in the TK-/- host microenvironment with an average prostate weight of 

1.10±0.20g in TK+/+ mice compared to 0.27±0.05g in TK-/- mice (Figure 1C).  Histological 
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analysis of the TRAMP-C2Re3 cells from the prostates of TK+/+ and TK-/- hosts revealed 

similarities in tissue architecture (Figure 1D). These findings demonstrate that Ron expression 

in the prostate tumor microenvironment is a critical mediator of prostate tumor growth. 

 

Comparison of the stromal compartment in TK+/+ and TK-/- prostates following TRAMP-

C2Re3 cell implantation.   

To characterize the host environment following transplantation of TRAMP-C2Re3 cells into the 

prostates of TK+/+ and TK-/- mice, histological sections were stained for cell-surface markers.  

F4/80 staining showed significantly more macrophage infiltration in tumors from TK-/- hosts 

compared to tumors from TK+/+ hosts (Figure 2A).  Interestingly, tumor macrophage 

distribution was distinct within each group, with macrophages observed around the tumor 

periphery in prostates from TK+/+ mice as opposed to diffuse intratumoral macrophages in 

tumors from TK-/- mice.  Flow analyses confirmed increased macrophage infiltration in tumors 

from TK-/- hosts compared to controls (Supplementary Figure S1A). To examine Ron-

dependent macrophage migration in vitro, the murine macrophage cell line, MH-S cells, without 

(shNT) and with Ron knockdown (shRon) were utilized (51).  Loss of Ron in these cells 

significantly increased their migration potential compared to the controls (Supplementary 

Figure S1B).  

 

The impact of stromal Ron on tumor vascularization was determined by microvessel staining 

which showed a significant increase in microvessel density in tumors from TK+/+ hosts 

compared to tumors in TK-/- mice (Figure 2B).  Immunohistochemistry for tumor-associated 

myofibroblasts showed an increase in α-SMA staining in tumors from TK-/- prostates compared 

to controls (Figure 2C).  Taken together, our data show that Ron signaling in the host regulates 
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key events linked with tumor malignancy including angiogenesis, α-SMA expression, and 

macrophage infiltration. 

 

Lack of host Ron expression promotes prostate cancer cell apoptosis.   

 
Given the significant difference in tumor size in TK+/+ versus TK-/- host environments, we 

examined tumor cell proliferation and death.  There was no difference in proliferation of the 

transplanted TRAMP-C2Re3 cells (data not shown).  However, a 2-fold increase in necrosis 

was noted in histological sections of tumors from TK-/- compared to TK+/+ hosts (Figure 3A).  

To evaluate differences in survival between groups, tumor cells from each host genotype were 

isolated and examined by AnnexinV/PI staining.  A significant increase in the number of 

apoptotic (AnnexinV+PI-) and dead cells (AnnexinV+PI+ and AnnexinV-PI+) was detected in 

TRAMP-C2Re3 tumor cells isolated from TK-/- hosts compared to controls (Figure 3B).  These 

data are consistent with immunohistochemistry for cleaved caspase-3, which demonstrated an 

appreciable increase in the number of activated/cleaved caspase-3–positive tumor cells from 

TK-/- hosts compared to controls (data not shown). Furthermore, AnnexinV/PI staining on the 

F4/80 positive macrophages showed a trend towards increased cell death in the TK-/- 

macrophages compared to TK+/+.  However, this latter observation may be attributed to the 

increased necrotic environment observed in tumors from TK-/- hosts (Supplementary Figure 

S2 and Figure 3A). 

 

Ron regulation of the inflammatory tumor microenvironment is associated with STAT3 

activation in TAMs.  

 We next examined the inflammatory milieu in tumor-bearing TK+/+ and TK-/- hosts.  A 3-fold 

increase in iNOS mRNA was observed in tumors isolated from TK-/- mice compared to controls 

(Figure 4A).  Increased iNOS protein from tumors in TK-/- hosts was confirmed by Western 
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analysis (data not shown).  Blood nitrite levels were also increased in the sera from tumor-

bearing TK-/- animals (Figure 4B).  Expression of IL-9, MIG, and IL-17 was significantly greater 

in tumor-bearing TK-/- sera while M-CSF was higher in TK+/+ sera (Figure 4C). Intratumoral 

gene expression examined by qRT-PCR showed significant increases in MIG and TNF-α 

expression in tumors from TK-/- hosts as well as a significant increase in TGF-β in tumors from 

TK+/+ hosts (Supplementary Figure S3A).  Significant increases in the intratumoral expression 

of STAT1, CXCR3, IL-12b, and ICOS were observed in tumor cells from TK-/- hosts compared 

to controls while CD80 and IL-27 levels did not change (Figure 4D).  

 

To examine signaling pathways in the TK+/+ versus TK-/- microenvironment that may account 

for altered cytokine expression, TAMs were isolated from TK+/+ and TK-/- tumors.  Western 

analysis of TAMs from TK-/- hosts tumors showed a significant reduction in phosphorylated 

(p)STAT3 compared to controls (Figure 4E). TAMs were isolated by CD11b coated magnetic 

bead pulldown assays and cells from this isolation included both CD11b+Gr1- (TAMs) and 

CD11b+Gr1+ (myeloid-derived-suppressor cells, MDSCs) cells.  We refer to this population as 

TAMs hereafter as flow cytometry analysis demonstrated a 7.3-fold higher number of 

CD11b+Gr1- compared to CD11b+Gr1+ cells (data not shown).  qRT-PCR analysis of flow-

sorted immune cells demonstrated Ron mRNA expression in the various myeloid cell 

populations including CD11b+Gr1- (TAMs), CD11b+ Gr1+ (MDSCs) and to a lesser extent in 

CD11b-Gr1+ (granulocytes) (Supplementary Figure S3B). Ron protein expression in TAMs 

isolated from TRAMP-C2Re3 tumors from TK+/+ mice is also depicted by Western analysis 

(Supplementary Figure S3B). 
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TK-/- bone marrow-derived cells inhibit the growth of TRAMP-C2Re3 cells in chimeric 

TK+/+ mice.  

 Given the role of Ron in regulating macrophage activation, as well as the increase in 

proinflammatory cytokines observed in the TK-/- microenvironment, we next determined 

whether the hematopoietic compartment of TK-/- mice is sufficient to inhibit TRAMP-C2Re3 

tumor growth in vivo.  Utilizing reciprocal bone marrow transplantation experiments, TK+/+ and 

TK-/- mice were irradiated and reconstituted with either TK+/+ or TK-/- donor bone marrow to 

generate the following groups TK+/+TK+/+ (irradiated TK+/+ mice transplanted with TK+/+ 

donor marrow), TK-/-TK-/-, TK+/+TK-/- and TK-/-TK+/+.  Following bone marrow 

reconstitution, the chimeras were intraprostatically injected with TRAMP-C2Re3 cells and tumor 

weight was measured after 30 days.  TRAMP-C2Re3 cells injected into non-irradiated TK+/+ 

and TK-/- mice served as controls.  qRT-PCR analysis for Ron expression on whole bone 

marrow-derived cells and on CD11b+ TAMs isolated from tumors indicated efficient 

reconstitution (82%) of donor-derived bone marrow cells into recipient animals (Figure 5A-5B).  

At baseline, no appreciable differences in the number of myeloid precursor cells were noted 

between genotypes (Supplementary Figure S4). 

 

Irradiation had no effect on the growth of TRAMP-C2Re3 cells (Figure 5C).  However, tumor 

growth was significantly delayed in TK+/+TK-/- and TK-/-TK+/+ chimeras relative to 

TK+/+TK+/+ mice.  Interestingly, tumor growth in TK+/+TK-/- and TK-/-TK+/+ mice was 

not significantly different from growth in TK-/-TK-/- mice.  These data indicate that tumor 

growth in Ron-deficient animals is due to contributions by hematopoietic and non-hematopoietic 

cells in the host microenvironment, as TK+/+ bone marrow-derived cells were not sufficient to 

restore tumor growth in TK-/- animals.  In contrast, TK-/- bone marrow-derived cells significantly 

reduced tumor growth in TK+/+ animals.  Analysis of tumor infiltrates from the chimeric mice 

demonstrated a significant infiltration of TK-/- donor-derived macrophages compared to TK+/+ 
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donor macrophages (Figure 5D) similar to that observed with TK-/- macrophages from tumors 

of TK-/- mice (Figure 2A, Supplementary Figure S1).  

Myeloid-specific Ron loss is sufficient to decrease prostate tumor cell growth.   

To delineate the Ron-expressing hematopoietic cell type that influences tumor growth, we 

crossed LysMcre+ mice with TKf/f to generate TKf/fLysMcre+ mice.  LysMcre+ mice specifically 

express Cre recombinase in myeloid cells and efficiently delete Ron in this cell population (26, 

52).  To test the efficiency of Ron deletion in TAMs, TRAMP-C2Re3 cells were intraprostatically 

injected into TKf/f control and TKf/fLysMcre+ mice and TAMs were isolated 30 days post 

transplantation. A dramatic loss of Ron mRNA expression (>90%) was observed in TAMs 

isolated from TKf/fLysMcre+ tumors compared to TAMs from TKf/f tumors (Figure 6A).  To test 

the functional importance of Ron-expressing myeloid cells, prostate tumor weight was compared 

across genotypes.  Growth of TRAMP-C2Re3 cells was significantly reduced in TKf/fLysMcre+ 

animals compared to controls (Figure 6B).  Flow analysis for AnnexinV/PI on tumors from 

TKf/fLysMcre+ mice demonstrated a significant increase in total apoptotic and dead cells 

compared to controls, signifying that lack of Ron in myeloid cells is sufficient to inhibit tumor 

growth through a mechanism that induces tumor-cell apoptosis (Figure 6C). 

Immunohistochemistry for macrophages on tumors from TKf/f and TKf/fLysMcre+ mice indicated 

a significant increase in macrophage numbers in TKf/fLysMcre+ tumors compared to controls, 

thus reaffirming studies whereby Ron-deficient macrophages localize to the tumors in greater 

numbers (Figure 6D).  Moreover, iNOS expression was increased in tumors from TKf/fLysMcre+ 

mice (Figure 6E).  Western analysis on TAMs isolated from TKf/fLysMcre+ tumors showed 

significantly less pSTAT3 and arginase-1 expression than TKf/f TAMs (Figure 6F- 6G).  Despite 

the similarities in tumor growth, no differences were observed in microvessel density of tumors 

transplanted into TKf/fLysMcre+ mice and TKf/f compared to tumors from TK-/- mice, suggesting 

that myeloid-specific Ron deletion does not replicate a complete Ron deficiency 
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(Supplementary Figure S5).  Combined, these studies demonstrate that Ron signaling in 

macrophages/myeloid cells promotes tumor growth and is associated with STAT3 activation, 

increased arginase-1 and decreased iNOS. 

CD8+T-cells are essential for the antitumor immune response in TK-/- animals.  

 Flow cytometry and qRT-PCR analyses of tumors for T-cells showed an increase in CD8+ T-

cells in tumors from TK-/- hosts compared to the controls, although this number was not 

significant (Supplementary Figure S6A-S6B). To determine if macrophage-mediated 

education of CD4+ and CD8+ T-cells was important for reduced tumor burden in TK-/- mice, 

mice were depleted of CD4+, CD8+, or both T-cell subsets by injection of cytotoxic monoclonal 

antibodies.  To allow for accurate measurement of tumor growth, TRAMP-C2Re3 cells were 

injected subcutaneously and tumor growth was assessed biweekly.  The efficiency with which T-

cell subsets were depleted was determined by flow analysis (>99%) for T-cell subset markers 

on splenocytes obtained at the time of sacrifice (Supplementary Figure S6C).  As shown in 

Figure 7A, TRAMP-C2Re3 cells grew similarly in the TK+/+ and TK-/- mice in the subcutaneous 

environment compared to the prostate microenvironment (Figure 1C), wherein a 3-fold increase 

in tumor growth was observed in the TK+/+ mice as compared to TK-/- mice; however, TRAMP-

C2Re3 cells implanted orthotopically grew approximately 2-fold faster than cells implanted 

subcutaneously, in spite of the reduced inoculum cell numbers (129).  

 

Depletion of CD4+ T-cells had a limited effect on tumor growth in both genotypes, as tumor 

growth in TK+/+ versus TK-/- mice was similar to that of isotype treated controls (Figure 7A-

7B).  In contrast, depletion of CD8+ T-cells restored tumor growth in TK-/- animals to that of 

controls.  Depletion of CD4+ and CD8+ T-cell subsets resulted in similar growth rates in TK+/+ 

and TK-/- mice; however, a dramatic increase in tumor growth was observed in both genotypes.   
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Depletion of CD8+ T-cells in TKf/fLysMcre+ mice restores TRAMP-C2Re3 tumor growth.   

To determine if Ron loss in macrophages was sufficient to engage an antitumor immune 

response, CD8+ T-cell depletion studies were performed in TKf/f and TKf/fLysMcre+ tumor-

bearing mice.  Depletion of CD8+ T-cells in TKf/fLysMcre mice abolished the antitumor immune 

response (Figure 7C-7D).  Taken together, our results indicate that Ron expression in the tumor 

microenvironment, specifically in macrophages, aids in evasion of tumor immune surveillance 

by impacting CD8+ T-cell function.   

Discussion 

Tumors are regulated by complex signaling networks involving interactions between malignant 

epithelial cells and the adjacent stroma.  While many publications have reported the importance 

of tumor-stromal interactions for supporting tumor growth, further investigations are required for 

the identification of the stromal cellular mediators and their associated signaling networks that 

promote tumorigenesis.  In this report, we provide compelling evidence supporting the novel role 

for the Ron receptor in regulating tumor growth by virtue of its signaling in host bone marrow-

derived cells, particularly myeloid cells, of the tumor microenvironment.   

 

Myeloid cells and bone marrow-derived precursors are recruited to tumors and promote tumor 

growth, neovascularization, and aid in antitumor immune suppression (116, 130). Our 

experiments indicate that Ron loss in macrophages increases their localization to tumors and is 

associated with decreased tumor growth.  Interestingly, this influx of macrophages into tumors 

was only observed in the presence of TK-/- bone marrow-derived cells, even in the context of 

bone marrow transplantation experiments (Figure 3A, 6D). Furthermore, TK-/- mice were on 

par with wild types as they exhibited similar numbers of bone marrow-derived cells and 

hematological values [Supplementary Figure S4 and (42)]. These results suggest that Ron 

deficiency does not affect the number and development of the hematopoietic cell lineages, but 
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instead improves localization of macrophages to tumors.  Loss of Ron expression in the host 

environment also resulted in an increase in the expression of inflammatory cytokines including 

IL-9, MIG, IL-17, and TNF-α, which are known to promote macrophage infiltration and inhibit 

tumor growth through mechanisms that regulate phagocytic activity or support the activation of 

effector cells of the innate and adaptive immune responses.  Alternatively, the increase in TK-/- 

TAMs in either host genotype may be due to the need to clear cellular debris. The underlying 

mechanism that leads to the increased localization of macrophages to tumors in the presence of 

TK-/- bone marrow-derived cells as well as the functional significances of increased 

macrophage numbers on tumor growth warrants further investigation.   

 

In addition to the increased influx of Ron-deficient macrophages to tumors, our data show that a 

conditional loss of Ron in myeloid cells is sufficient to inhibit tumor growth in vivo.  These 

studies are analogous to several previous studies which demonstrated decreased tumor growth 

in mice harboring myeloid-specific deletions of IKKβ (131), STAT3 (132, 133), HIF-1α (134) and   

HIF-2α (135).  A previous study on IKKβ has shown that deletion of this gene in either epithelial 

cells (enterocytes) or myeloid cells reduces colitis-associated cancer.  In this study, enterocyte 

IKKβ expression promoted tumorigenesis by suppressing apoptosis while myeloid expression 

enhanced tumor growth by controlling the production of inflammatory mediators, showing 

distinct roles for the protein in different cell types (131).  The cell-type specific regulation of 

tumor growth by Ron is similar to that observed for IKKβ.  Published studies have shown that 

loss of Ron in prostate cancer epithelial cells leads to a reduction in tumor growth by promoting 

epithelial cell apoptosis and limiting tumor vascularization (89, 90). In myeloid cells, Ron loss 

leads to increased tumor cell apoptosis associated with alterations in the inflammatory 

microenvironment and is independent of an effect on blood vessel formation   Of note, our data 

utilizing bone marrow transplantation in chimeric mice suggested that in addition to 

hematopoietic cells, other non-hematopoietic Ron expressing stromal cell types contribute to 
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tumor progression.  These data reinforce the notion of multiple cell-type specific roles for Ron in 

promoting tumor growth.  

 

Previous studies from our laboratory in peritoneal macrophages have shown that Ron activation 

enhances macrophage STAT3 phosphorylation, while macrophages from TK-/- mice exhibit 

decreased STAT3 activation (122).   Consistent with this data, our current study shows that Ron 

loss is associated with lower STAT3 activity in TAMs.  STAT3 signaling in macrophages 

attenuates antitumor immunity in a variety of in vivo tumor models (124, 136).  Similar to the 

studies in this report, disruption of STAT3 in myeloid cells through the use of LysMcre mice 

enhanced the ability of macrophages to stimulate CD8+ T-cell activity in response to tumor 

antigens (124).  Ron signaling may also regulate T-cell activity through the induction of T-cell 

anergy by downregulating the expression of costimulatory molecules or regulating 

cytokine/chemokine production.  A significant induction in costimulatory molecules CXCR3 and 

ICOS as well as an induction of IL-9, iNOS, MIG were observed in tumors taken from TK-/- 

compared to wild-type hosts, suggesting multiple components downstream of Ron that may 

regulate T-cell activity.  While further studies are needed to determine the mechanism(s) by 

which myeloid-specific Ron signaling regulates tumor growth, our experiments with depletion of 

CD8+ T-cells in TKf/fLysMcre+ mice suggest that Ron loss in myeloid cells leads to enhanced 

tumor cell death through a mechanism that may depend upon STAT3 signaling and the 

activation of the immune response.  Moreover, given the lack of current technologies to 

effectively target transcription factors such as STAT3, targeting Ron may serve as an important 

surrogate to activate the immune response for cancer therapy.       

 

In addition to alterations in the immune response, Ron signaling has been shown to regulate 

key metabolites that support an immunosuppressive tumor microenvironment.  Ron activation in 

macrophages results in the inhibition of iNOS and increased arginase-1 expression (42, 120).  
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iNOS expression in tumor tissues has been shown to be either pro- or anti-tumorigenic, 

depending on the level of expression and the duration of NO (137).  Consistent with published 

observations, Ron loss in the tumor microenvironment increased local expression of iNOS.  This 

increase in iNOS expression may be partly attributed to the expression of Ron in myeloid cells, 

as tumors from TKf/fLysMcre+ mice also displayed increases in iNOS levels compared to 

controls. Taken together, our data suggest that Ron expression in myeloid cells is important for 

regulating the fine balance of iNOS expression, which may skew the microenvironment towards 

a tumor-promoting state.  Conversely, expression of arginase-1 has been reported to protect 

tissue from damage.  Consistently, our data show that Ron-deficient TAMs exhibited significant 

decreases in arginase-1 levels.  The downregulation of arginase-1 in Ron-deficient TAMs may 

be significant, as arginase-1 and arginine have been shown to be important in regulating a 

variety of T-cell activities including proliferation, differentiation and activation (138, 139).   

 

In summary, our data suggest a new role for Ron in regulating tumor intrinsic and extrinsic 

circuits within the tumor microenvironment.  In light of immune impairment in individuals with 

cancer, short-term blockade of Ron in a controlled manner, such as the infusion of Ron-inhibited 

macrophages, may reverse the immunosuppressive microenvironment and activate antitumor 

immune responses.  Further research in dissecting bidirectional signaling and the context-

dependent role of Ron in cancer may provide a novel therapeutic strategy to improve the 

efficacy of cancer therapy.   
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Figure 1.  Ron is expressed in stromal cells of normal and tumor-bearing prostates and is 

important for promoting prostate tumor growth.   
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(A) qRT-PCR analysis of Ron mRNA expression in cells isolated from TK+/+ mice.  The 

expression of Ron in whole TK+/+ and TK-/- prostates is shown for comparison. Expression 

levels are representative of two independent isolations.  (B) Ron expression in human prostate 

tissue specimens. A representative human prostate adenocarcinoma section depicting positive 

Ron staining in both epithelial (E) and stromal (S) compartments.  The horizontal line in the 

scatter plot represents the mean ± SE.  (C) TRAMP-C2Re3 cells were injected into the 

prostates of TK+/+ and TK-/- mice; tumor weights were determined 30 days post-implantation.  

(TK+/+, n=36; TK-/-, n=33, *P<0.0001). Red line = average weight (0.18±0.012g) of normal 

prostates from TK+/+ mice. (D) Hematoxylin and eosin-stained TK+/+ and TK-/- prostate tumor 

sections showing similar tissue architecture.  Scale bar = 100μm. 
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Figure 2.  Characterization of stromal cells in TRAMP-C2Re3 tumors from TK+/+ and TK-/- 

prostates.  

 

 (A) Representative F4/80 staining of TRAMP-C2Re3 tumors from TK+/+ and TK-/- mice.  

Differences in the spatial distribution of macrophages are noted with red arrows depicting tumor 

peripheral infiltration while green arrows depict intratumoral infiltration. Macrophages were 



 59 

quantitated and the data represents the mean number of F4/80+ macrophages per 40X field 

(five fields per tumor, TK+/+, n=5; TK-/-, n=5, *P<0.05).  Scale bar = 50μm.  (B) Representative 

images showing CD31 staining in microvessels and quantification of the microvessel density per 

tumor area (*P<0.01).  Scale bar = 100μm.  (C) α-SMA–positive fibroblasts in the tumors and 

the average intensity of α-SMA expression per 40X field (*P<0.01).  Scale bar = 50μm. 
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Figure 3.  Lack of Ron signaling in the host leads to increases in tumor necrosis and 

apoptosis. 

 
 (A) Quantification of necrotic areas in TRAMP-C2Re3 tumor sections from TK+/+ and TK-/- 

hosts.  Representative tissue sections are shown.  Scale bar = 1cm.  (B) Flow analysis for 

AnnexinV/PI on TRAMP-C2Re3 tumor cells isolated from TK+/+ and TK-/- hosts.  A 

representative flow plot is shown with a histogram depicting data from all experiments (TK+/+, 

n=4; TK-/-, n=3).  Data are the mean percentage of cells in early apoptosis (AnnexinV+PI-), late 

apoptosis (AnnexinV+PI+), dead cells (AnnexinV-PI+), and live/viable cells (AnnexinV-PI-) ± SE. 
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Figure 4.  Loss of Ron leads to changes in the inflammatory tumor microenvironment 

and loss of STAT3 phosphorylation in TAMs.  

 
 (A) qRT-PCR analyses for iNOS mRNA in TRAMP-C2Re3 tumors from TK+/+ and TK-/- hosts.  

Data represented as relative change compared to β-glucuronidase (TK+/+, n=5; TK-/-, n=5, 

*P<0.01).  (B) Concentration of serum nitrite from TRAMP-C2Re3 tumor-bearing TK+/+ and TK-
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/- mice.  (TK+/+, n=5; TK-/-, n=5, *P<0.05).  (C) Levels of inflammatory cytokines in the serum of 

tumor-bearing mice.  (TK+/+, n=5; TK-/-, n=5, *P<0.05) (D) Gene expression for T-cell 

regulatory genes depicted as fold change in TK-/- tumors over controls. (E) Western analysis for 

pSTAT3-Y705 and Total STAT3 in TAMs isolated from orthotopic TRAMP-C2Re3 tumors from 

TK+/+ and TK-/- mice and is representative of four independent isolations.   
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Figure 5.  TK-/- bone marrow-derived cells decrease the growth of TRAMP-C2Re3 tumors 

in TK+/+ chimeras.  

 
 (A) Ron mRNA in bone marrow cells isolated from tumor-bearing TK+/+, TK-/- or chimeric 

mice. (B) Ron mRNA expression in TAMs isolated from TRAMP-C2Re3 tumors from 

TK+/+TK-/- and TK-/-TK+/+ chimeric mice.  (C) Tumor weights determined at day 30 after 

intraprostatic injection of TRAMP-C2Re3 cells into TK+/+, TK-/- and bone marrow 

transplantation mice. Tumor progression in both chimeras was delayed compared to 

TK+/+TK+/+ mice (*P<0.05).  Data are pooled from two independent experiments.  (TK+/+, 
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n=7; TK-/-, n=6; TK+/+TK+/+, n=5; TK-/-TK-/-, n=5; TK+/+TK-/-, n=24; TK-/-TK+/+, 

n=24; *P<0.05).  (D) FACS analysis for tumor immune infiltrates in TRAMP-C2Re3 tumors from 

TK+/+TK-/- and TK-/-TK+/+ chimeric mice. Tumors from TK+/+TK-/- chimeric mice had 

significantly more macrophages (CD11b+ Gr1-cells) compared to tumors from TK-/-TK+/+ 

chimeric mice.  Data are mean percentage of cells ± SE (TK+/+TK-/-, n=2; TK-/-TK+/+, n=2; 

*P<0.01).  
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Figure 6.  Loss of Ron signaling in myeloid cells is sufficient to abrogate TRAMP-C2Re3 

tumor growth.  

 
 (A) Ron mRNA in TAMs isolated from TRAMP-C2Re3 tumors from TKf/f and TKf/fLysMcre+ 

mice.  Data represented as relative change from two independent TAM isolations.  (B) TRAMP-
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C2Re3 cells were injected into the prostates of TKf/f and TKf/fLysMcre+ mice and tumor weight 

determined after 30 days (TKf/f, n=15; TKf/fLysMcre+, n=13; *P<0.001). Data represent two 

independent experiments. (C) FACS analysis for AnnexinV/PI on epithelial cells isolated from 

TKf/f and TKf/fLysMcre+ mice 23 days post-tumor cell implantation (TKf/f, n=4; TKf/fLysMcre+, 

n=4; *P<0.01).  (D) Quantification for F4/80 on TRAMP-C2Re3 tumor sections from TKf/f and 

TKf/fLysMcre+. Data represented as mean F4/80+ cells per 40X field.  (TKf/f, n=5; TKf/fLysMcre+, 

n=5; *P<0.05).  (E) qRT-PCR for iNOS expression in TRAMP-C2Re3 tumors from TKf/f and 

TKf/fLysMcre+ mice.  (F) Western analysis of pSTAT3-Y705 and Total STAT3 in TAMs isolated 

from TRAMP-C2Re3 tumors from TKf/f and TKf/fLysMcre+ mice.  (G) Western analysis of 

arginase-1 expression in TAMs isolated from TRAMP-C2Re3 tumors from TKf/f and 

TKf/fLysMcre+ mice. F and G are representative of four independent TAM isolations. 
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Figure 7.  Depletion of CD8+ T-cells restores TRAMP-C2Re3 tumor growth in Ron-

deficient mice.   

 
(A) Growth curve of subcutaneously injected TRAMP-C2Re3 cells in TK+/+ and TK-/- mice 

administered with cytotoxic monoclonal antibodies against CD4+ T-cells, CD8+ T-cells, both T-

cell subsets, or an isotype control (n=3 per genotype/group).  (B) Final tumor volume of 

TRAMP-C2Re3 cells from TK+/+ and TK-/- mice at 28 days post injection. (C) Growth of 

TRAMP-C2Re3 cells in control and TKf/fLysMcre+ mice treated with cytotoxic monoclonal 

antibodies against CD8+ T-cells or an isotype control (n=3 per genotype/group).  (D) Final tumor 

volumes from control and TKf/fLysMcre+ mice  at 28 days.   
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Supplemental Figures 

 

Supplementary Figure S1. Loss of Ron increases the migratory potential of macrophages 

in vivo and in vitro.  

 
(A) FACS analysis of immune cell infiltrates into TRAMP-C2Re3 tumors harvested 30 days post 

intraprostatic injection. TRAMP-C2Re3 tumors isolated from TK+/+ mice had significantly less 

infiltrating macrophages (CD11b+Gr1-) compared with tumors isolated from TK-/- mice (TK+/+, 

n=7; TK-/-, n=5, *P<0.01).  Data are represented as the mean percentage of Gr1-CD11b+ 

macrophages from two individual experiments. (B) Migration of MH-S control (NTsh) and Ron 

knockdown (Ronsh) cells towards 10%FBS for 48hours. Migration of MH-S Ronsh cells was 

significantly increased compared to the control cells.  
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Supplementary Figure S2. Ron loss in the tumor microenvironment increases 

macrophage cell death. 

 
 Apoptotic tumor cell death was assessed on macrophages (F4/80+ cells) isolated from 

TRAMP-C2Re3 tumors from TK+/+ and TK-/- mice.  Data are represented as the mean 

percentage of cells in early apoptosis (AnnexinV+ PI-), late apoptosis (AnnexinV+ PI+), dead cells 

(AnnexinV- PI+), and live/viable cells (AnnexinV- PI-) ± SE. 
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Supplementary Figure S3. qRT-PCR analysis of cytokines in the tumor proper and Ron 

expression in purified cell populations.  

 
(A) qRT-PCR analyses for MIG, IL-9, IL-12p70, TNF-α and TGF-β mRNA expression in 

TRAMP-C2Re3 tumors from TK+/+ and TK-/- hosts.  Data are represented as the relative 

change in mRNA levels.  (TK+/+, n=7; TK-/-, n=7, *P<0.01). (B) qRT-PCR analysis for Ron 

mRNA expression on CD11b+ cells isolated by magnetic bead pull down assays and by cell 

sorting of CD11b+Gr1-, CD11b+Gr1+ and CD11b-Gr1+ cells from TRAMP-C2Re3 tumor from 

TK+/+ mice. Inset shows Western analysis for Ron in CD11b+ cells from TRAMP-C2Re3 tumors 

from TK+/+ mice. 
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Supplementary Figure S4.  FACs analysis of bone marrow derived cells from TK+/+ and 

TK-/- mice. 

 
 FACS analysis of bone marrow cells harvested from the femurs of TK+/+ and TK-/- mice 

showed no appreciable difference in the numbers of CD11b+Gr1+ cells.  
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Supplementary Figure S5. Microvessel staining in tumors isolated from TKf/f and TKf/f 

LysMcre+ mice.  

 
Histogram depicting quantification of CD31 microvessel density in TRAMP-C2Re3 tumors from 

TKf/f and TKf/f LysMcre+ mice.  
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Supplementary Figure S6.  Quantification of T-cells in tumors and spleens. 

 
 (A) Flow analysis of CD8+ T-cells in TRAMP-C2Re3 tumors from TK+/+ and TK-/- mice. (B) 

qRT-PCR analysis for CD2 mRNA expression in TRAMP-C2Re3 tumors from TK+/+ and TK-/- 

mice. (C) Flow cytometry profiles of spleen cells from TK+/+, TK-/- and TKf/f LysMcre+ mice, 

administered cytotoxic monoclonal antibodies against CD4+ T-cells, CD8+ T-cells, both CD4+ 

and CD8+ T-cells or an isotype control antibody (n=3/genotype/treatment group). 
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Supplemental Methods: 

 
Bone Marrow Transplantation. For bone marrow transplantation experiments, whole bone 

marrow cells were isolated from the femurs and tibias of TK+/+ and TK-/- male mice by low-

density centrifugation using a Histopaque-1077 density gradient (Sigma Aldrich, St. Louis, MO).  

Mice were irradiated with 7 Gy of ionizing radiation followed by 4.75 Gy of ionizing radiation 

three hours later.  5 x 106 mononuclear whole bone marrow cells (donor cells) were injected into 

the tail vein of irradiated mice.  The chimeric mice were fed for 4 weeks following bone marrow 

reconstitution with normal chow containing doxycycline (200 mg/kg) to minimize the risk of 

infection and the mice were used for intraprostatic injections 4 to 6 weeks post reconstitution. 

 

Primary Cell Isolations.  A single-cell suspension of freshly isolated explants of prostate tumor 

tissue or normal prostates from mice tissue was obtained by mechanical dissociation and 

enzymatic digestion. Briefly, the tissue was minced into small pieces and enzymatically digested 

with collagenase IV and protease XIV. The digestion was carried out on a magnetic stirrer at 

370C for 1 to 2 hours. The cell suspension was then enriched for the epithelial and fibroblastic 

cells as well as the immune cells by differential centrifugation at 120g for 5min at 40C. The 

supernatants were enriched in immune cells while the pellets were enriched with epithelial and 

fibroblastic cells. The supernatant obtained from the differential spin was centrifuged at 800g for 

11min at 40C to pellet the tumor-infiltrating immune cells. The cells were resuspended in plain 

RPMI medium and strained through a 40μm filter to remove cell clumps. The resulting immune 

cell-enriched cell fraction was subsequently utilized for magnetic bead separation or flow 

cytometric analysis.  For the isolation of the epithelial and fibroblastic fractions, the pellet 

obtained from the 120g spin was resuspended in 1X PBS and pulse spun at 1200rpm for 15s, 

the supernatant removed, and the spins repeated an additional 6 times. The supernatant 

removed from each of these differential spins was enriched for fibroblasts. The resulting pellet at 
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the end of the pulse spins contained the epithelial cells. Fibroblasts were then pelleted from the 

supernatants of the differential spins. The cells were plated at 37oC in DMEM containing 10% 

FBS. The morphology of these cells was assessed by light microscopy and by staining for cell 

surface markers (Pan cytokeratin for epithelial cells and F4/80 for macrophages) prior to being 

utilized for further experiments.  

Immunohistochemistry and Immunocytochemistry.  
 
Prostate tumors harvested at the various experimental time points were fixed in 10% formalin 

and then paraffin embedded. The tissue sections were deparaffinized and rehydrated. Antigen 

retrieval was carried out using citrate buffer or with proteinase K, depending on the nature of the 

antigen being detected. The sections were then incubated in 0.5% hydrogen peroxide in 

methanol for 15min to block endogenous peroxidase activity. The sections were incubated with 

the primary antibody at room temperature overnight or for 2hrs. The slides were washed in 1X 

PBS and labeled for 1hr at RT with 1:200 dilution of biotinylated secondary antibody (Vector 

Laboratories, Burlingame, CA). The slides were washed in 1X PBS and incubated in ABC 

(Vector Laboratories, Burlingame, CA) for 30min. The sections were then developed for color 

using 3-3’-diaminobenzidine or by using Vector Nova red stain (Vector Laboratories).  

In vitro migration assay (modified Boyden chamber migration assay).  
 
Migration of mouse alveolar macrophages, MH-S cells, was measured in a modified Boyden 

chamber migration assay using transwell inserts with a 5 μm porous membrane (Corning costar 

corporation, MA). Stable Ron proficient (MH-S shNT) and Ron deficient (MH-S shRon) cell lines 

were generated as described previously and used for our experiments (51). The migration of 

cells towards 10% FBS was determined after 48 hours and the number of live cells migrating 

towards the bottom of the transwell was measured using the 3-(4,5 – dimethythiazol)-2,5 

diphenyltetrazolium bromide assay according to the manufacturer’s instructions (Sigma, MO) 

with absorbance read at 570nm.  
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Real time PCR primer sets PCR primer sets utilized are as follows: 

mGus: 5’TTGAGAACTGGTATAAGACGCATCAG3’ and 

5’TCTGGTACTCCTCACTGAACATGC3’;   

Ron: 5’TCCCATTGCAGGTCTGTGTAGA3’ and 5’CGGAAGCTGTATCGTTGATGTC3’;  

iNOS: 5’TGCCCCTTCAATGGTTGGTA3’ and 5’ACTGGAGGGACCAGCCAAAT3’; 

iNOS: 5’GTTCTCAGCCCAACAATACAAGA3’ and 5’GTGGACGGGTCGATGTCAC3’; 

IL-12p40: 5’ACCTGTGACACGCCTGAAGAAGAT3’ and 

5’TCTTGTGGAGCAGCAGATGTGAGT3’; 

CD80: 5’CTCTTTGTGCTGCTGATTCG3’ and 5’GGCAAGGCAGCAATACCTTA3’ 

CD80: 5’ACCCCCAACATAACTGAGTCT3’ and 5’TTCCAACCAAGAGAAGCGAGG3’; 

STAT1: 5’TCCCGTACAGATGTCCATGAT3’ and 5’CTGAATATTTCCCTCCTGGG3’; 

ICOS: 5’TGACCCACCTCCTTTTCAAG3’ and 5’TTAGGGTCATGCACACTGGA3’; 

IL-12b: 5’TGGTTTGCCATCGTTTTGCTG3’ and 5’ACAGGTGAGGTTCACTGTTTCT3’; 

1L-27: 5’CTGTTGCTGCTACCCTTGCTT3’ and 5’CACTCCTGGCAATCGAGATTC3’; 

CXCR3: 5’TACCTTGAGGTTAGTGAACGTCA3’ and 5’CGCTCTCGTTTTCCCCATAATC3’; 

TNF-α: 5’CATCTTCTCAAAATTCGAGTGACAA3’ and 5’CTCCAGCTGCTCCTCCACTT3’; 

M-CSF: 5’TTGGCTTGGGATGATTCTCAG3’ and 5’GCCCTGGGTCTGTCAGTCTC3’; 

TGF-β: 5’GGTGTGAACTGTCACCGATCA3’ and 5’GTTTAGGATGTGAACCTCCCTTG3’; 

MIG: 5’GGAGTTCGAGGAACCCTAGTG3’ and 5’GGGATTTGTAGTGGATCGTGC3’; 

IL-9: 5’CTCCTGGGCATGACGTTGATT3’ and 5’GCATGGCTCTCTTGATCTCGT3’; 

IL-17A: 5’TTTAACTCCCTTGGCGCAAAA3’ and 5’CTTTCCCTCCGCATTGACAC3’. 
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Abstract 

 
The tumor and surrounding microenvironment severely limit the efficacy of various 

immunotherapies. Recent discoveries by a number of investigators in both mouse models of 

cancer and humans with cancer have offered evidence that specific immune cell types, effector 

molecules, and pathways collectively function as extrinsic factors that support tumor 

progression. Macrophages are components of the innate immune system and play a major role 

in several aspects of tumor immunity including the processing and presentation of tumor 

antigens to T-cells, which are then activated to eliminate the tumor cells. However, as the 

tumors develop they create a microenvironment that not only supports tumor growth and 

metastasis but also reduces potential adaptive immunity to tumor antigens. We have 

demonstrated that the Ron receptor tyrosine kinase is a key oncogenic factor that is activated in 

cancer cells and is important for cancer cell survival.  Ron is also expressed on tumor stromal 

immune cells and myeloid expression of Ron has been shown to be immunosuppressive. Our 

published studies show that Ron ablation in myeloid cells promotes cytotoxicity by CD8+ T 

lymphocytes and mediates effective anti-tumor immune responses. Herein we sought to 

determine if tumor immunity may be reprogramed through the presentation of Ron depleted 

macrophages. To accomplish this, we show a diminution of tumor growth in mice containing 

tumor cells transplanted subcutaneously following injection of Ron deficient macrophages.  We 

will discuss our recent findings related to these tumor-associated macrophages and how 

targeting Ron/MST1R in macrophages may serve to generate a more durable anti-tumor 

immune response. 

Introduction 

Macrophages are among the most versatile cells of the immune system and can express 

different functional programs in response to microenvironmental signals. They exhibit pleiotropic 

biological roles including target cell cytotoxicity, removal of cellular debris and tissue remodeling 
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as well as the regulation and induction of anti-tumor immunity (117, 140-143). They are antigen 

presenting cells [APC] that express HLA class I and class II receptors along with co stimulatory / 

inhibitory molecules capable of initiating T cell responses, although at a lesser efficiency than 

dendritic cells (144). Tumor Associated Macrophages [TAMs] represent a major constituent of 

the tumor inflammatory infiltrates and are one among the early cells of the immune system to 

infiltrate precancerous lesions and continue to endure throughout the course of development 

into invasive carcinoma (145). TAMs can either function to suppress or promote tumor growth 

depending on their functional activation state (117). They represent a heterogeneous population 

and support to the multifaceted needs of the growing tumor (146). The tumor type and stage of 

development, as well as the local signals within the tumor microenvironment influence their 

activation state and hence a thorough understanding of the complex factors that regulate their 

pro- or anti-tumor affects are necessary.  

TAMs exhibit a continuum of polarization states and their functional aspects range from what is 

known as classically activated macrophages [M1 polarized], associated with acute inflammation 

and T cell mediated anti-tumor immunity, to alternative activated [M2 polarized] state that is 

associated with wound healing and tumor promoting responses. The M1 polarized TAMs are 

characterized by elevated expression of cytotoxic cytokines like IL-12, tumor necrosis factor α 

[TNFα] and nitric oxide [NO]. In contrast, the M2 polarized TAMs are characterized by the 

production of growth factors, cytokines, and proteinases (119, 142, 147-149).  M2 polarized 

macrophages have been recently shown to be important during infections for the dampening of 

immune responses through the polarization of T cells to a Th2 phenotype, promoting parasitic 

clearance and wound healing (150). Moreover, TAMs that are alternatively activated have been 

documented to inhibit the proliferation of T cells, as well as exhibit defectiveness in antigen 

presentation to T cells (124, 139). Several immunotherapeutic strategies have been developed 

that neutralize factors responsible for polarization and/or recruitment of M2 polarized 
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macrophages to the tumors; approaches include the attraction and polarization of M1 

macrophages to tumors and/or the reprogramming of M2 polarized TAMs to a more anti-tumor 

M1 polarized state. Such therapies have been relatively ineffective in repolarizing macrophages 

to a M2 state or mount an effective anti-tumor T cell response.  Additionally delivery of the drugs 

to the TAMs that were localized at the tumors away from the blood vasculature was challenging 

(151, 152). Therefore, it is necessary to gain a better understanding of the mechanisms that 

regulates TAMs and TAM mediated T cell responses for targeted therapy. 

The Ron receptor tyrosine kinase is an oncogene that is expressed on epithelial cells and 

terminally differentiated macrophages, but not on mononuclear phagocytes or circulating 

monocytes; Ron expression is upregulated during macrophage differentiation (22). Ron is 

expressed on several tissue resident macrophage populations including alveolar, dermal, 

peritoneal macrophages and microglial cells of the brain (22, 23, 25, 28, 51, 52). The ligand for 

Ron, hepatocyte growth factor like [HGFL], was initially identified as a serum factor capable of 

causing macrophage chemotaxis and activation (8).  Since its discovery, several studies have 

documented the importance of the Ron/HGFL pathway in the regulation of inflammatory 

responses during an inflammatory insult, including the initiation of macrophage activation as 

well as a its key role in the attenuation of the inflammatory responses to promote tissue repair 

and healing (68, 91, 153). In vitro, HGFL stimulation of Ron in macrophages is sufficient to 

polarize macrophages from M1 to a M2 polarized state (68, 71, 153). Studies from our 

laboratory and others have also shown that Ron activation by HGFL in macrophages diminishes 

LPS induced NF-κB activation and subsequent expression of proinflammatory 

chemokines/cytokines (42, 47, 48). Ron has also been shown to be a positive regulator of the 

phosphorylation of the signal transducer and activator of transcription 3 [STAT3] (54, 154), 

whose signaling in macrophages has been shown to be immunosuppressive during both 

infection and tumor progression (125). In vivo, mice lacking the tyrosine kinase signaling domain 
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of Ron (TK-/-) are more susceptible to endotoxic shock and produce elevated levels of 

proinflammatory cytokines including TNFα, IL-6, IFNγ and IL-12 suggesting its key role in the 

attenuation of infection (50, 51, 58). Taken together, HGFL/Ron signaling in macrophages is 

important for regulation of inflammation and suggests its potential role in TAMs in regulation of 

the production pro-tumorigenic factors by the regulation of macrophage immunity. 

 

Recent studies from our laboratory and others have uncovered the importance for Ron signaling 

in the stromal cells of the tumor microenvironment in supporting tumor growth, in addition to its 

known oncogenic properties in tumor epithelial cells (72, 75). Our study has confirmed that Ron 

receptor expression in the tumor stromal cells also regulates the growth of tumors. Our work 

has confirmed that Ron expression in the hematopoietic compartment, specifically the myeloid 

cells, is important for the suppression of antitumor immunity in part by attenuating cytotoxic T 

lymphocytic activity (Gurusamy et al, in press Cancer Research). Our study has provided 

insights in the potential mechanisms by which CD8+ T lymphocyte activity is suppressed by 

Ron expression in macrophages, which may include inefficiencies in antigen presentation, 

induction of T cell anergy, through mechanisms that regulate the number and function of CD8+ 

T effector lymphocytes.  

 

Based on these results, it is imperative to understand the ability of the Ron modulated 

macrophages to sustain and activate the immune response in the presence of the Ron derived 

TAMs present in the tumor bearing patient.  In this chapter, we test our hypothesis that Ron 

deficient macrophages function in a dominant negative fashion to attenuate tumor growth. 

Based on our previous observations that Ron TK-/- myeloid cells exert increased cytotoxic T cell 

stimulatory activity and a more pronounced inflammatory anti-tumor environment, we will test 

this hypothesis by evaluating the ability of Ron TK-/- mouse macrophages to function as an anti-

tumor vaccine in tumor bearing TK+/+ animals.   
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Materials and methods: 

 
Mouse Lines: Wild-type (TK+/+) and Ron tyrosine kinase-deficient mice (TK-/-) were generated 

and maintained in a C57BL/6 background as described (26, 42). All experiments utilized male 

mice between 8 to 16 weeks of age. All mice were maintained under specific pathogen-free 

conditions and were treated in accordance with protocols approved by the Institutional Animal 

Care and Use Committee of the University of Cincinnati. 

Cell Lines: Murine prostate cancer cell line TRAMP-C2Re3 were obtained from Dr. Zhongyun 

Dong (University of Cincinnati, Cincinnati, OH) and grown as previously described (126).   

Isolation of mouse peritoneal macrophages: Mouse peritoneal macrophages were harvested 

from TK+/+ and TK-/- mice. Briefly, the mice were sacrificed and 10mls of ice cold Phosphate 

bufferd saline (PBS) was injected into the peritoneal cavity of the mouse.  The peritoneal lavage 

fluid was carefully collected and the cells pelleted after centrifugation at 800g for 8min. The 

supernatant was discarded and the cell pellet was resuspended in 10% FBS DMEM media and 

allowed to adhere to tissue culture grade plates for an hour. The cells were washed with PBS to 

remove the non-adherent cell populations. The adherent peritoneal macrophages were used as 

described below. 

Macrophage Vaccination Experiment: A total of 5 x 10^5 TRAMP-C2Re3 cells was injected 

subcutaneously on to the back of 6-8 week old C57BL/6 mice on day 0. The tumors were 

allowed to establish for one week and tumor-bearing animals were randomly distributed into 

three treatment groups. Freshly prepared donor derived peritoneal macrophages from TK+/+ or 

TK-/- mice were counted and equal numbers were injected into tumor bearing mice 

subcutaneously close to tumor site on days 7, 10, 14, 17, 24 and 32. The size of the tumors was 

measured biweekly and the tumor volume was calculated. The animals were harvested on day 

34. 
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Results  

Cancer immunotherapy using Ron receptor tyrosine kinase modulated macrophages 

 
Based on our studies, we postulated that Ron deficient macrophages could be used as a 

potential immunotherapeutic tool to stimulate anti-tumor immune responses in cancer. We 

hypothesized that vaccination with Ron tyrosine kinase deficient macrophages could induce 

potent anti-tumor effects in tumor bearing mice and suppress tumor growth. To test this, we 

performed biweekly injections of Ron proficient or Ron deficient macrophages into prostate 

tumor bearing wild type (TK+/+) mice. The treatment groups were distributed as follows:  

Group 1 – received TK+/+ peritoneal macrophages isolated from Ron proficient WT donor mice;  

Group 2 – received TK-/- peritoneal macrophages isolated from Ron tyrosine kinase deficient 

donor mice; and   

Group 3 - Control saline injections.  

The tumor weights harvested at the terminal end point indicated that Ron deficient 

macrophages were able to decrease tumor growth in wild type mice, with a remarkable 

decrease in tumor weight observed in animals that received Ron TK-/- macrophages (Figure 1). 

These data suggest that the donor derived Ron deficient macrophages are able to have a 

dominant negative effect compared to recipients Ron proficient macrophages. Moreover, our 

experiment indicates that the Ron deficient macrophages can be tested as a nonspecific 

adoptive cell transfer tool for the treatment of prostate and other cancers. Further experiments 

are to be performed to identify the use of Ron deficient macrophages from other sources like 

blood and bone, as this would be a more comparable source of macrophages from patients.  

Discussion  

Ron is constitutively activated in diverse cancers, promoting tumor cell survival, proliferation, 

cancer angiogenesis and metastasis. As shown in chapter 3, Ron proves to be a valuable target 

for tumor therapy as Ron inhibition has the potential to not only directly inhibit tumor growth but 
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also alter the tumor immunological environment in favor of immunotherapy. The experiments 

shown in this section provide proof of principle that Ron modulated macrophages can be used 

as immunotherapeutic tools in the treatment of prostate cancer. Our experiments also define the 

dominant negative characteristics of the macrophages that lack Ron. Our study listed here also 

provides insights for the treatment of non-Ron driven tumors by exploiting the ability of Ron 

deficient macrophages to elicit an anti-immune response. Thus with the emergence of Ron 

inhibitors, both direct and indirect, we are entering a new era of cancer immunotherapy. 
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Figure 1: Ron modulated macrophages as immunotherapeutic targets 

 
A. Representative images showing TRAMP-C2Re3 tumors from TK+/+ mice injected biweekly 

with saline, TK-/- peritoneal macrophages and TK+/+ peritoneal macrophages. B. TRAMP-

C2Re3 tumor weights from TK+/+ mice injected biweekly with saline, TK-/- peritoneal 

macrophages and TK+/+ peritoneal macrophages; [n=4 mice in each group]. 
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Chapter 4 
 

FIBROBLAST SPECIFIC RON EXPRESSION SUPPORTS PROSTATE TUMOR GROWTH 
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Abstract  

 
Tumors are complex tissues comprised of neoplastic cells and a variety of stromal cells, notably 

mesenchymal cells and inflammatory infiltrates. Tumor associated fibroblasts are mesenchymal 

cells present during the various stages of tumor development and their functional characteristics 

evolve with the needs of the tumor to aid in malignant tumor growth.  These functions include 

secretion of extracellular matrix proteins, inflammatory cytokines, growth factors and angiogenic 

factors. The proteins and the molecular mechanism regulating the reactive functions of the 

tumor-associated fibroblasts have received limited attention and a better understanding of their 

role in the tumor microenvironment is needed. The Ron receptor tyrosine kinase is an oncogene 

that is expressed on neoplastic cells and is upregulated during tumor progression. In this 

chapter, we report the expression of Ron in fibroblasts isolated from normal and tumor bearing 

prostate and breast tissues. Furthermore, we show that the expression of this receptor in the 

fibroblasts is important for accelerating the growth of prostate tumors using an in vivo co-culture 

model system. Our study provides the first evidence for Ron expression in tumor-associated 

fibroblasts and their functional role in promoting tumor growth.   

Introduction 

 
Fibroblasts are abundant stromal cells that help in the formation of the structural framework of 

tissues through the production of extracellular matrix [ECM] components. Fibroblasts are 

important for maintaining normal tissue development and homeostasis and resting fibroblasts 

undergo activation during injury and promote wound healing. On the contrary, tumor-associated 

fibroblasts [TAF] are perpetually activated throughout the course of cancer progression where 

they initiate and promote tumorigenic alterations in epithelial cells [reviewed in (155) and (156)].  

Understanding the factors that contribute to their activation and hence their effects on neoplastic 

transformation will aid in the development of treatment targets that can block both initial 
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neoplastic transformation as well as the establishment and growth of primary or metastatic 

tumors.  

 

Stromal-epithelial interactions are important to prostate gland development and maintenance 

(115, 157). During tumor progression, the fibroblastic cells within the human prostate tissues are 

altered compared to the normal adjacent stroma and exhibit features of an activated stroma 

(158). The presence of the reactive stroma is observed as early as prostate intraepithelial 

neoplasia [PIN] lesions and they evolve during cancer progression to effectively replace the 

normal fibromuscular stroma present in the prostate tissue (115, 158, 159). An elegant study by 

Wang et al., demonstrated that benign prostatic hyperplastic [BPH] cell lines admixed with TAF 

were able to form carcinomas in mice compared to BPH co-culture with the normal fibroblasts, 

suggestive of the tumor inducing properties of the TAFs (160). Moreover, recent mouse models 

with genetically altered fibroblasts have demonstrated that specific genetic changes in resident 

fibroblasts are capable of inducing neoplastic transformation in a tissue-specific manner.  One 

such mouse model that is of considerable importance includes mice that have a fibroblast-

specific deletion of transforming growth factor beta receptor II [TGFβRII].  These mice 

developed intraepithelial neoplasia in the prostate tissues and invasive carcinoma in the 

forestomach (161). Further studies on the TGFβRII knockout fibroblasts revealed that these 

fibroblasts produced the Ron and cMet ligands HGFL and HGF respectively, which were then 

capable of inducing tumorigenic signals in Ron and cMET expressing epithelial cells (39, 162). 

Additionally, reciprocal bone marrow transplantation experiments in mice have shown that Ron 

expression in both hematopoietic and non-hematopoietic stromal cells is important for 

supporting prostate tumor growth [Chapter 3, Figure 5; Gurusamy et al, Cancer Research 2013; 

73: 1752-1763]. Based on the characterization of Ron expression in stromal cellular 

compartments of normal prostates, fibroblasts were one such non-hematopoietic stromal cell 

type where Ron expression was detected. [Chapter 3, Figure 1A; Gurusamy et al, Cancer 
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Research 2013; 73: 1752-1763].  Investigating the importance of the HGFL/Ron signaling axis 

in fibroblasts for supporting tumor growth is important so we have a complete understanding of 

the role of Ron in fibroblasts. In this chapter, we discuss our preliminary results outlining the 

importance for Ron expression in fibroblasts in supporting prostate tumor growth. 

Materials and methods 

 
Mice. Wild-type [TK+/+], Ron tyrosine kinase-deficient mice [TK-/-] were generated and 

maintained in a C57BL/6 background as described (26, 42).  All experiments utilized male mice 

between 8 to 12 weeks of age. Tumors for our studies were obtained from prostate tumor 

bearing TRAMP+ TK+/+ mice in the C57BL/6 background (89) and probasin-Ron mice in the 

FVB background (163) The mammary tumors were obtained from FVB MMTV-Ron mouse 

tumors (85). All mice were maintained under specific pathogen-free conditions and were treated 

in accordance with protocols approved by the Institutional Animal Care and Use Committee of 

the University of Cincinnati. 

 

Isolation of normal and tumor associated fibroblasts. A single-cell suspension of freshly 

isolated explants of normal or tumor bearing prostate or breast tissue was obtained by 

mechanical dissociation and enzymatic digestion. Briefly, the tissue was minced into small 

pieces and enzymatically digested with collagenase IV and protease XIV. The digestion was 

carried out on a magnetic stirrer at 370C for 1 to 2 hours. The single cell suspension was then 

enriched for the epithelial and fibroblastic cells by differential centrifugation at 120g for 5min at 

40C.  The pellet enriched for the epithelial and fibroblastic cells was resuspended in 1X PBS and 

used for subsequent isolation of fibroblastic cells. The cell suspension was pulse spun at 

1200rpm for 15s, the supernatant removed, and the spins repeated an additional 6 times. The 

supernatant removed from each of these differential spins was enriched for fibroblasts and 

these cells were cultured or used for further experiments.  
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Isolation primary Mouse Embryonic Fibroblasts [MEFs] Embryonic day 13.5 embryos were 

isolated from the uterine horn of pregnant TK+/+ and TK-/- mice and placed in 1X PBS 

containing antibiotics. The embryos were then isolated from the sac, the heads decapitated and 

the visceral organs were removed. The embryo was gently minced and trypsinzed for 45min in 

0.25% Trypsin EDTA solution at 37oC in a 5% CO2 incubator. The homogenized embryos were 

then plated in MEF culture media comprising of DMEM containing 10% Fetal Bovine Serum plus 

penicillin and cultured in a T75 flask at 37oC in a 5% CO2 incubator. The cells were used for 

further experiments within 3 passages. 

 

Western Analysis Cultured primary cells was harvested in protein lysis buffer and subjected to 

western analysis as per standard procedures using Ron antibody [Santa Cruz Biotechnologies, 

Santa Cruz, Santa Cruz, CA] and Actin antibody [CCHMC, Cincinnati, OH]. 

 

In vivo co-culture of MEFs with Tumor cells TRAMP-C2Re3 cells [2.5 x 10^5] were injected 

subcutaneously into C57Bl/6 mice alone or admixed with [0.75 x 10^6] early passage primary 

TK+/+ or TK-/- MEFs. The cells were resuspended in plain DMEM media and injected into 

syngeneic TK+/+ mice. Animals were harvested on day 34 and the tumor weight was measured. 

 

Statistical Analysis: Unpaired Student’s t test [two tailed] analysis was used to determine 

statistical significance using the Graph Pad Prism software [Graph Pad Software, Inc. La Jolla, 

CA]. Differences were considered significant at P < 0.05. 

 

 
 



 91 

Results 

 

Ron is expressed in fibroblasts isolated from normal and tumor bearing tissues.  

 
Ron expression was characterized by western analysis on fibroblasts isolated from normal and 

tumor-bearing wild type prostate and mammary tissues. Ron expression was detected in both 

normal and tumor-associated fibroblasts isolated from both breast and prostate tumors from 

different mouse backgrounds [Figure 1A].  

 

Ron expression in fibroblasts increases the in vivo growth of prostate cancer cells  

To test the hypothesis that Ron expression in fibroblasts is important for supporting tumor 

growth, we performed in vivo co-culture experiments using TRAMP-C2Re3 and MEFs isolated 

from Ron proficient [TK+/+] and Ron deficient [TK-/-] mice. As shown in Figure 4B, the growth 

of the prostate cancer cells was enhanced in the presence of the MEFs compared to the tumor 

cells alone. Our results demonstrated that Ron expression in the MEFs enhanced the growth of 

the prostate cancer cells compared to growth of TRAMP-C2Re3 cells in the presence of TK-/- 

MEFs.  

Discussion  

 
Our study suggests an important functional role for Ron in fibroblasts in regulating tumor growth 

in vivo. In vitro co-culture experiments involving direct contact of TK+/+ and TK-/- MEFs with 

tumor cells or the use of fibroblast conditioned media on tumor cells are currently ongoing in our 

laboratory and our preliminary results indicate that loss of Ron in fibroblasts leads to inhibition of 

the growth of both mammary and prostate cancer cells [data not shown].  A recent study 

published in cancer cell by Erez et al. showed that cancer associated fibroblasts have an 

inflammatory gene signature regulated by NF-κB expression and this affected multiple biological 

processes, including macrophage recruitment, neovascularization and tumor growth (164). 



 92 

Consistent with the observation in TAFs, recent work by Tong et al. showed that Ron 

expression in the synovial fibroblasts of rheumatoid arthritis patients is important for the 

induction of inflammatory genes (165). Given that Ron regulation has been shown to promote 

NF-κB activation in different cell types (26, 52, 89, 90, 166), evaluating the importance for Ron 

expression in TAFs and its potential role in TAF-induced inflammation and tumor progression is 

essential for our understanding of TAF biology.  In summary, our data suggest that Ron may be 

a major player in the regulation of TAF functions and requires further investigation. 
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Figure 1. Ron is expressed in tumor-associated fibroblasts and fibroblast Ron 

expression is important for promoting tumor growth in vivo. 

 
A. Ron expression in murine tumor associated fibroblasts isolated from prostate and breast 

tumors. Ron is also expressed on mouse embryonic fibroblasts isolated from TK+/+ mice. B. In 

vivo tumor weights of TRAMP-C2Re3 cells co-cultured with TK+/+ and TK-/- mouse embryonic 

fibroblasts. In vivo tumor weights of TRAMP-C2Re3, TK+/+ and TK-/- MEFs are shown for 

reference.  
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Chapter 5 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
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Prostate cancer is the second leading cause of cancer related death in men in the United States 

with an estimated 241,740 cases diagnosed in 2012 alone. Although, recent advances in 

research has led to better treatment and clinical prognosis when diagnosed during the earlier 

stages of the disease, no effective cure is available for the advanced and metastatic disease 

stages; the 5 year survival rate is less than 29% in patients with metastatic disease (167). Much 

of the advanced stages of the disease are characterized by metastasis to the bones and the 

adjoining lymph nodes and current therapies have very short benefits if any. While much 

research progress has been made in identifying oncogenic and oncogenic signaling pathways in 

neoplastic cells for therapeutic targeting, very little is known about the molecular signaling 

network that governs the cells of the tumor microenvironment in regulating tumor growth. The 

microenvironment of the neoplastic cells is infiltrated with several stromal cells including 

mesenchymal cells that include the fibroblasts and the myofibroblasts, pericytes and endothelial 

cells as well as various cells of the immune system; they are recognized to be a major factor 

influencing both the growth of the cancer cells and the clinical outcome during therapeutic 

targeting. While the tumor stromal niche is not malignant per se, their contributions to tumor 

neoplastic cell growth are vital for the survival of tumor cells and thus are attractive targets for 

tumor therapy. The work presented in this thesis addresses the contributions of the Ron 

oncogene in regulating prostate tumor growth through its functional expression in different 

cellular compartments including the neoplastic cells, the tumor associated macrophages and 

tumor associated fibroblasts. 

 

Overexpression of the Ron receptor has been documented in several human tumors including  

> 90% of human prostate tumors. Several studies have outlined the functional role of Ron in 

epithelial cells and tumors, others and we have also documented important roles for Ron in 

macrophage activation [Reviewed in (72, 76, 77)]. Two specific studies that were fundamental to 

the experiments performed in this thesis were the studies in which, mice containing the polyoma 
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virus middle T antigen [pMT], breast cancer mouse, and Transgenic Adenocarcinoma of the 

Mouse Prostate [TRAMP], prostate cancer model, were crossed individually to mice that 

contained the germline deletion of the tyrosine kinase signaling domain of Ron [TK-/-]. In both 

these studies, a significant decrease in tumor mass and microvessel density with an increase in 

tumor cell apoptosis was observed (88, 89). Both these studies demonstrated the functional 

importance of Ron signaling in promoting tumor growth and angiogenesis, however, they did not 

address the contributions of Ron signaling in the epithelial cells versus the stromal component. 

In this dissertation, we tested and validated the hypothesis that “Ron receptor tyrosine kinase 

signaling in the prostate epithelium and in stromal cells, specifically tumor associated 

macrophages, is important for promoting prostate tumor growth”. We chose to test the cell 

type specific contributions of Ron in a prostate tumor model because of the well-established 

functional importance for epithelium stromal interactions during the development and 

maintenance of the adult prostate epithelium, and during tumorigenesis (115, 157, 160). Our 

experiments have provided an important conclusion that Ron expression in both tumor intrinsic 

and extrinsic compartments are important for regulating prostate tumor growth and survival; with 

cell type specific functions regulated by Ron expression. Our results also validate Ron as a 

novel therapeutic target in the treatment of the disease through the targeting of multiple cell 

types.  

 

The key inferences of our work presented in this thesis are summarized below:  

 Ron is expressed in both human and murine prostate epithelial and stromal cells.  

 Ron expression in epithelial cells is important for supporting prostate tumor growth and is 

associated with an increase in pelvic bone metastasis. 

 Host derived Ron is critical for prostate tumor growth as tumor cells transplanted into Ron 

deficient [TK-/-] mice exhibited significantly less growth compared to cells implanted into a 

Ron expressing microenvironment.  
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 Loss of Ron in the host increased tumor epithelial cell apoptosis with an increase in the 

infiltration of macrophages to the tumors.  

 An increase in inflammatory cytokine expression was observed in the tumors isolated from 

Ron deficient mice compared to the controls. 

 Absence of Ron in the myeloid cells, specifically in the tumor-associated macrophages 

leads to the inhibition of prostate tumor growth as demonstrated by: [1] transplantation of 

bone marrow cells from TK-/- mice into TK+/+ mice and [2] by the conditional deletion of 

Ron in the myeloid cells by using LysMCre mice.  

 Bone marrow transplantation experiments suggested that Ron expression in both 

hematopoietic and non-hematopoietic stromal cells in the tumor microenvironment is 

important for promoting tumor growth.  

 Ron loss in the myeloid cells was sufficient to induce epithelial cell apoptosis and 

macrophage infiltration to the tumors. 

 Ron deficient macrophages inhibit prostate tumor growth through the activation of cytotoxic 

CD8+ T lymphocytes to mount an effective anti-tumor immune response. 

 Surprisingly, Th1 or Th2 cells were not involved, because CD4+ T-cell depletion did not 

diminish the anti-tumor effect.  

 Ron deficient macrophages act in a dominant negative fashion to elicit an anti tumor 

response in wild-type animals; a valuable feature that can be exploited in immunotherapy. 

 Ron expression in the tumor-associated fibroblasts is also important for supporting prostate 

tumor progression. 

Taken together, our study herein demonstrates for the first time the novel role of the Ron 

receptor in the myeloid cells in supporting malignant disease, using an orthotopic syngeneic 

murine model of prostate cancer.  These findings have opened new functional roles for Ron in 

prostate and other cancers that merit further investigation. 
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Ron signaling in tumor epithelial cells: Several studies, have demonstrated the importance of 

Ron expression and activity in tumor epithelial cells for promoting cell proliferation, survival, 

migration, invasion, and Epithelial Mesenchymal Transition [reviewed in (72, 76, 77)]. Gain of 

function studies in mouse models have shown that activation of Ron in the epithelial cells can 

be achieved through either the overexpression of Ron (85, 86) or HGFL (84). The activation of 

Ron through either of these means was sufficient to increase tumor growth as well as the 

frequency and tissue tropism of metastasis. Essentially, Ron overexpression in the mammary 

epithelial was sufficient to induce mammary transformation in all animals with 100% penetrance 

and was associated with a high degree of metastasis to the liver and lungs greater than 86% in 

the transgenic animals (85). HGFL overexpression in breast cancer cells in a syngeneic 

orthotopic breast cancer model resulted in an increase in tumor mass as well as osteolytic bone 

metastasis. Furthermore, the same group had shown that in human patients, the coordinated 

overexpression of HGFL, Matriptase-1 and Ron resulted in the significant increase in bone 

metastasis compared to patients without high HGFL/Matriptase-1/Ron expression (84). These 

studies, in conjunction to ours listed in chapter 2 of this thesis, confirm that Ron expression in 

the prostate epithelial cells is important for controlling metastasis, specifically to the bones, 

making it a more therapeutically valuable target in the treatment of patients of with bone 

metastasis. In addition, to the role of epithelial Ron in supporting metastasis our studies have 

also identified that the tumors from these animals have a significant decrease in angiogenic 

blood vessel formation, consistent with the in vitro observation that Ron expression in the 

epithelial cells affect the angiogenic chemokine production (90). Several unanswered questions 

still remain with respect to Ron’s function in tumor epithelial cells and understanding these 

mechanisms will further advance the field for the development of Ron targeting drugs. Some of 

these questions are as follows: [1] Is HGFL mediated Ron activation required for the induction of 

metastasis or ligand independent activation of Ron is sufficient? [2] What are the signaling 

mediators induced by Ron expression in epithelial cells that affects the metastasis to the bone? 
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A potential mechanism through which Ron expression can influence bone metastasis could be 

through the activation of TGF-ß, as referenced in pancreatic cells, where Smad-4 repression of 

Ron expression was sufficient to block the invasion of pancreatic cancer cells mediated through 

crosstalk between TGF-ß and Ron activity (168). TGF-ß activity in several cancers has been 

shown to be important for promoting bone metastasis [reviewed in (169)]; Another potential 

mechanism would be through the Ron dependent production of bone homing factors that can 

then facilitate bone marrow homing; and [3] Is Ron/HGFL expression in the stromal cells also 

important for tumor cell homing to the ossification centers? HGFL mediated Ron activation in 

human osteoclasts has been previously shown to improve bone resorption (24), a key step 

involved during bone colonization. Thus, understanding the signaling functions altered by Ron 

expression in epithelial cells would have important clinical implications in the treatment of 

metastatic tumors. Furthermore, we have identified a novel bioluminescence assays to track 

spontaneous metastatic cells to secondary sites after orthotopic tumor establishment, a highly 

sensitive tool for identification of micro-metastasis to the bones, without the need for extensive 

bone histology. Future work is aimed at developing luciferase tagged murine prostate cancer 

cells such that the importance of Ron for tumor progression can be studied in animals with an 

intact immune environment. Taken together, our results have thus far confirmed that targeting 

Ron in prostate tumors affects the tumor growth by preventing blood vessel formation and 

metastasis, validating it to be a candidate for targeting in human tumors.  

 

Ron signaling in the tumor microenvironment: Our studies outlined in chapter 3 and 4 of this 

thesis have identified new functional roles for Ron signaling during tumorigenesis by virtue of its 

expression in the stromal cells of the tumor microenvironment. Collectively, our results have 

shown that prostate tumor growth can be altered significantly by virtue of Ron expression in 

both tumor-associated macrophages and tumor-associated fibroblasts. The inferences and 

contributions from our study to the understanding of the biology of Ron to tumor progression, as 
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well as the use of Ron modulated macrophages as an immunotherapeutic tool for prostate 

cancer treatment is discussed below. Further future studies that would further our understanding 

on the functions regulated by Ron expression in TAMs and TAFs are discussed.  

 

The importance of Ron/HGFL signaling during macrophage activation and inflammation has 

been extensively studied in experimental models of inflammation and injury, and during wound 

healing [chapter 1 and reviewed in (72, 76)]. Given the importance for Ron signaling in the 

regulation of macrophage activation and suppression of inflammation, we tested if Ron 

expression in the tumor microenvironment is important for supporting tumor growth. Our 

experiments substantiated our hypothesis and showed that Ron expression in both the 

hematopoietic and non-hematopoietic stromal compartments is important for supporting tumor 

growth [Chapter 3; Figure 5C]. Reciprocal bone marrow transplantation studies and studies with 

mice containing a conditional deletion of Ron in myeloid cells have demonstrated the 

importance of the Ron in myeloid cells in promoting prostate tumor growth [Chapter 3; Figure 

5C-6B]. However, our bone marrow transplantation studies in mice also demonstrated the 

involvement of other Ron expressing non-hematopoietic stromal cells that was necessary for 

supporting tumor growth, as tumor growth was not restored in TK-/- animals transplanted with 

TK+/+ bone marrow cells. Our data hereby suggests that the loss of Ron in one or more of 

stromal cellular compartments can tilt the signaling cues of the microenvironment in favor of or 

against tumorigenesis. A stromal cell type where significant Ron expression was detected in the 

normal and tumor-bearing prostates is the fibroblasts [Chapter 1, Figure 1A and Chapter 4, 

Figure 1A]. Interestingly, in vivo co-culture of TRAMP-C2Re3 cells with MEFs demonstrated that 

Ron loss in the fibroblasts suppresses the growth of the prostate tumors [Chapter 4, figure 1B] 

identifying that TAFs are another Ron expressing stromal cell type that supports tumorigenesis. 

An interesting observation is that loss of Ron signaling in the host cells resulted in a significant 

decrease in the microvessel density compared to the control tumors. However, our data also 
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indicated that loss of Ron signaling in tumor-associated macrophages alone was not sufficient 

to alter the tumor microvessel formation, as no appreciable differences in microvessel density 

was observed in the tumors from TKf/f LysMCre+ mice compared to the control TKf/f animals. 

Given that Ron signaling in myeloid cells is not important for altering the microvessel density it 

would be important to evaluate the influence of other Ron expressing stromal sub-cell type, 

including fibroblasts, for the regulation of angiogenic blood vessel formation in tumors. Cancer 

associated fibroblasts have been long shown to support the growth and the metastatic 

progression of tumors. Future studies aimed at the evaluation of the role of Ron signaling in 

fibroblasts in promoting tumor progression will aid in further dissection of the complexity of the 

Ron regulated signaling network in the multiple cells types present in the tumor milieu.  

 

In our study, the initial recruitment of macrophages to the tumors from both TK+/+ and TK-/- 

mice was dramatic and no visual differences in the extent of macrophage infiltration was 

observed, indicating that Ron expression in the macrophages does not affect their initial 

recruitment to the tumors [studies using TRAMP-C2Re3 tumors harvested 5 and 10days post 

injection; data not shown]. However, end stage tumors from Ron deficient mice exhibited a 

marked increase in macrophage infiltration indicating that loss of Ron in macrophages impacts 

their temporal accumulation after tumor establishment [Chapter 3, Figure 2A]. An important 

consideration of this observation is whether the expression of Ron in macrophages is important 

for mediating antitumor immunity or their ability to infiltrate more to the tumor site that causes 

the effective removal of tumor cells.  Based on our experimental observations in chapter 3- 

clinical implications, our data indicates that loss of Ron expression in the macrophages renders 

them to decrease tumor growth in Ron proficient animals by working in a dominant negative 

fashion against the Ron proficient macrophages. This is an important aspect that needs to be 

emphasized as Ron modulated macrophages can be used in the clinic in patients without the 

need to ablate any host derived macrophages that may express Ron. Alternatively, another 
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explanation for the increased numbers in macrophages would be a consequence of the 

augmented number of dead cells in the tumor proper in the Ron knockouts, where they function 

to promote the phagocytosis and scavenging of the dead/dying tumor cells. Further investigation 

is thus warranted to understand the functional importance for the increase in macrophage 

numbers to the tumors.  

 

Additional questions that addresses the functional contribution of Ron in TAMs to tumorigenesis 

are as follows: [1] What are the primary source for the Ron expressing TAMs; are they derived 

from circulating monocytes or are products of proliferation of resident prostate macrophages or 

both; [2] Is Ron expression altered in TAMs during the course of tumor progression; [3] Can 

other truncated variants of the Ron receptor be expressed and regulate the functions of the 

TAMs and the associated T cell activity? ; [4] Are Ron expressing TAMs important for the 

regulating of cancer stem cells; and finally [5] is the expression and function of Ron similar in 

human TAMs as several studies have shown discrepancies within the mouse and the human 

macrophage sub-cell types and their functions in the various tumors.  

 

In addition to the increased influx of Ron-deficient macrophages to tumors, our data show that a 

conditional loss of Ron in myeloid cells is sufficient to inhibit tumor growth in vivo and our data 

also suggests that the depletion of cytotoxic T lymphocytes can restore tumor growth in mice 

lacking myeloid specific Ron expression [chapter 3, Figure 6B-7C-7D].  Based on our 

experimental data several possible mechanisms can be proposed through which macrophages 

that are devoid of Ron are able to provoke a strong anti tumor immune response through the 

cytotoxic CD8+ T lymphocytes. One potential mechanism is through their enhanced ability to 

present antigen to CD8+ T-cells. An important observation that can support this hypothesis is 

that the lack of Ron signaling in macrophages results in the decrease in the expression of 

STAT3, and loss of STAT3 in antigen presenting cells of the tumors have been previously 
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shown to enhance the cytotoxic T lymphocyte activity and hence overcome the CD8 T cell 

tolerance (170). Another potential mechanisms through which Ron proficient macrophages can 

down regulate a cytotoxic T lymphocytic response is through the induction of T cell anergy, 

Briefly, we observed remarkable decrease in the expression of T cell co-stimulatory genes like 

ICOS with stromal loss of Ron suggestive that Ron signaling in T cells down regulates T cell 

activity through the induction of anergy (171, 172). Ron can also potentially influence the 

number of effector and memory CD8+ T cells through the regulation in the expression of the 

chemokine receptor CXCR3 and its ligand MIG/CXCL9 [chapter 3 Figure 4C-4D and 

supplementary figure S3A]. CXCR3/MIG interactions have been reported to regulate the 

activation and differentiation of T cells into effector CD8+ T cells versus the memory CD8+ T 

cells (173, 174). In addition to this, the downregulation of Arginase-1 levels in TK-/- 

macrophages could also be also important, as alternatively activated macrophages that express 

high levels of arginase-1 have been shown to inhibit the proliferation of T cells (138, 175).  

Further research is required to understand the mechanism of CD8+ T cell regulation by Ron 

expressing macrophages and this will provide a better understanding of the mechanisms by 

which the anti-tumor immunity is abolished. 

 

Ron expression in macrophages also regulates the expression of cytokines and chemokines 

that promote or suppress tumor growth by indirectly through the regulation of the functional role 

of the cells in the tumor microenvironment [CXCL9, M-CSF, IL-12, TGF-β] and is discussed 

below. A majorly discussed pathway regulated by Ron in macrophages is the regulation in the 

iNOS and Arginase-1 expression. Consistent with these published observations, lack of Ron 

expression in the tumor microenvironment in our model system increased iNOS expression in 

the tumor tissues from animals lacking stromal Ron expression in comparison to the controls 

[Chapter 3, Figure 4A - 4B]. The increase in iNOS expression in these tumors can be partly 

attributed to the expression of Ron in macrophages, as tumors from TKf/f LysMCre+ mice also 
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had an increase in iNOS expression compared to the controls [Chapter3, Figure 6E]. These 

results indicate that Ron expression in the host cells including the macrophages are important in 

the regulation of the fine balance of iNOS expression and hence the skewing of the tumorigenic 

microenvironment towards either tumor promoting or inhibitory as iNOS expression in the 

tumors has been previously shown to be either pro or anti tumorigenic depending on its 

expression level and the duration and delivery of NO (137). Ron loss in the tumor 

microenvironment also increased the expression of the cytokine IL-12, and increased IL-12 

levels in the tumors and the tumor microenvironment has been shown to be important for 

optimal cytotoxic CD8 T-cell activity (176). 

 

What remains unclear in our studies is the contribution of the Ron ligand, HGFL, to the 

activation of Ron expressed on tumor-associated macrophages and consequently the regulation 

of cytotoxic T lymphocytic activity. HGFL is predominantly produced by the hepatocytes in the 

liver, and is secreted into the blood stream where it circulates in the inactive pro-HGFL form 

(177). Recent published studies have demonstrated the increased expression of HGFL in both 

human tumor stromal and epithelial cells (37-39, 63). In addition to become cleaved and 

activated by membrane bound proteases like Matriptase-1 expressed on macrophages (63), 

pro-HGFL can also be activated by other proteases of the coagulation cascade (32, 62). 

Additionally, data mining of studies published by Yu et al., show that the expression of HGFL 

increases with prostate tumor progression (178). As outlined in chapter 1, HGFL mediated Ron 

activation is required for the elicitation of the certain functions of Ron, however, it has to be 

noted that HGFL knockout mice exhibited normal macrophage activation, albeit delays in 

activation, suggestive of other ligands that might also function to influence Ron activation(43). 

Furthermore, several studies have also outlined the importance for HGFL in the wound healing 

process (81, 91) and considering that the tumors have microenvironmental cues as that of a 

wound, except that it never heals, it is important to validate the importance of HGFL in the 
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activation of TAMs during tumorigenesis. Thus, future studies aimed at understanding the 

functional differences in ligand dependent and independent Ron signaling processes in 

macrophages, and the importance for ligand overexpression and hence the consequent 

exaggeration or maintenance of a sustained signaling in the tumor milieu, will provide novel 

insights of the complex signaling network regulated by Ron receptor in the tumor 

microenvironment.  

 

Given our studies, it would be imperative to study both the temporal and spatial contribution of 

Ron signaling in the epithelial cells, TAMs and the TAFs during tumor initiation and during tumor 

progression. Furthermore, the importance of these Ron expressing stromal cells for promoting 

metastasis to secondary tumor sites will help us understand the complexities of the signaling 

crosstalk initiated by the Ron expressing cells of the tumor microenvironment. 

In conclusion, this thesis has identified cell-type specific functions of the Ron receptor tyrosine 

kinase in regulating prostate tumor functions. Essentially, Ron expression in both the epithelial 

and stromal cells is important for tumor progression through the regulation of the multiple arms 

of tumor progression including proliferation, survival, angiogenesis, metastasis and the evasion 

of anti-tumor immunity as shown in the model [Chapter 5; Figure 1]. These studies have further 

validated the use of Ron targeting drugs for the treatment of both Ron driven and non-Ron 

driven tumors. Specifically our work show for the first time that tumor immunity can be regulated 

by expression of the Ron/MST1R in macrophages whereby the silencing of Ron expression in 

macrophages enhances anti-tumor immune response and renders as a potential target and tool 

for immunotherapy.  
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Figure 1. A working model displaying the immunosuppressive role of the Ron receptor in 

the tumor microenvironment.   

 
Signaling interactions among the different cell types of the prostate tumor microenvironment are 

shown. Of note, Ron expression in the tumor-associated macrophages promotes the expression 

of Arginase-1 and the phosphorylation of STAT3.  Ron expression is also associated with the 

modulation of various signaling molecules in the tumor microenvironment.  These molecules 

may inhibit the cytotoxic activity of CD8+ T cells and allow for growth and survival of the tumor 

cells.    
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