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1.   INTRODUCTION

1.1

Receptor Tyrosine Kinases and

Mechanisms of Downregulation

In multicellular organisms a number of cellular functions are controlled by RTKs during development and in postnatal life. The binding of extracellular growth factors, hormones or other modulating factors to their cognate cell surface receptor tyrosine kinases (RTKs) triggers a cascade of biochemical events, ranging from cell migration to survival, growth, proliferation and differentiation. Orderly execution of these biochemical events and integration of multiple biochemical signalling pathways ensure normal cellular proliferation. Several mechanisms of attenuation and termination of RTK signalling have been developed. Alterations in the components of these signalling pathways can lead to loss of regulatory control, resulting in deregulated cell division and, ultimately, oncogenic transformation.

Structure and Mechanism of Activation

RTKs are single-pass transmembrane receptors that belong to a large family of proteins, with a wide range of functions, including proliferation, migration, differentiation, morphogenesis and metabolism.

The peculiar characteristic of the family is to contain intrinsic cytoplasmic enzymatic activity, catalysing the transfer of the gamma-phosphate of ATP to tyrosine residues in protein substrates. With the only exception of the insulin receptor family, all known RTKs are monomers in the cell membrane. Ligand binding in the extracellular domain of the receptor induces receptor dimerisation and auto-phosphorylation of specific tyrosine residues in the cytoplasmic portion (Schlessinger, 1988). The currently accepted model for RTKs dimerisation proposes that active dimers exist even in the absence of ligand binding, since auto-phosphorylation of RTKs can be obtained both using inhibitors of protein tyrosine phosphatases (PTPs) or by receptor over-expression in the absence of ligand stimulation. The effect of ligand binding to the extracellular domain stabilises the formation of active dimers and consequently the activation of kinase activity.

Although in physiological conditions all RTKs are activated by dimerisation, different ligands employ different strategies for inducing the active dimeric state. Some cytokines, such as growth hormone (GH) and erythropoietin (EPO) are bivalent, and one ligand binds simultaneously to two receptor molecules. Receptor dimerisation is further stabilised by additional receptor-receptor interaction (Kossiakoff and De Vos, 1998; Jiang and Hunter, 1999). Many growth factors are homodimers, providing the simplest mechanism of ligand-induced receptor dimerisation. In some cases, the ligand-mediated stimulation of RTKs needs the cooperation of an accessory protein. In fibroblast growth factor (FGF) family the participation of heparin or heparan sulphate proteoglycans are essential to stabilise the formation of FGF-FGF receptor complexes, providing a mechanism for localised activation of FGF receptor (Spivak-Kroizman et al, 1994).

Over the past several years, structural studies employing X-ray crystallography have advanced the understanding of the molecular mechanisms by which RTKs are activated by dimerisation and tyrosine auto-phosphorylation (for a review see Hubbard, 1999). The crystal structure of the phosphorylated, activated form of the insulin receptor tyrosine kinase in complex with a peptide substrate and an ATP analogue has revealed that the activation loop (A-loop) of the kinase domain undergoes a major conformational change upon autophosphorylation of three tyrosine residues within the loop (Y1158, Y1162, Y1163), resulting in free access for ATP and protein substrates in the kinase active site (Hubbard, 1994; Hubbard, 1997). In this model, phosphorylated Y1163 is the key regulator in stabilising the conformation of the activation loop, whereas pY1158 is completely exposed to solvent, suggesting an availability for interaction with downstream signalling proteins. The importance of this alternative docking site is elucidated in the case of APS-SH2B adapter family, that selectively bind tyrosine residues in the activation loop of RTKs, acting as negative regulator of receptor signalling. 

The crystal structure of fibroblast growth factor receptor 1 (FGFR1K) revealed several differences from the tyrosine kinase domain of insulin receptor (Mohammadi et al, 1996). Residues in the A-loop of FGFR1K appear to interfere with substrate peptide binding, but not with ATP binding, providing a second and perhaps more general auto-inhibitory mechanism for RTKs.

Mechanisms of RTK Signal Generation

Upon binding to their ligands, RTK molecules dimerise and undergo autophosphorylation on specific tyrosine residues, generally located in the non-catalytic regions of the receptor molecule. In turn, these phosphotyrosines and their adjacent sequences specifically recruit downstream signalling molecules, generally through Src-homology 2 or PTB domains, causing their subsequent phosphorylation. Many of these proteins contain intrinsic enzymatic activities (Src kinases, Shp2 PTP, PLC-γ, or Ras-GAP) and protein modules that mediate interactions with other proteins, with phospholipids or with nucleic acids. A number of protein modules have been shown to be involved in cellular signalling downstream of RTKs and other cell surface receptor, mediating either constitutive or ligand-dependent associations.

Recruitment of proteins onto RTKs leads to their activation by virtue of three mechanisms: i) recruitment to the plasma membrane, i.e. to a subcellular compartment where substrates are available (Fig.1.1A); ii) allosteric changes induced by phosphotyrosine-directed protein-protein interactions (Fig.1.1B); iii) direct phosphorylation on specific tyrosine residues (Fig.1.1C). Ultimately, the definition of the cellular response is governed by coupling to diverse signalling molecules which create a complex network of molecular interaction cascades (Fig.1.2). Of special importance in the control of cell growth, differentiation and other responses are signals that stimulate diverse mitogen-activated protein (MAP) kinases and thereby provide a link to transcription factor activation and induction of gene expression (Treisman, 1996).

RTK Signalling by Heterodimeric Aggregates

Recent insights have strongly enhanced the diversity of possible cell response modulation parameters. These include the realisation of heterologous RTK interaction. The formation of heterodimeric receptor complexes, which are composed of closely related RTK members, can contribute to enhance or modify signal generation (Lemmon and Schlessinger, 1994; Heldin, 1995). Heterodimer formations have been observed between PDGF α or  β receptors (Hammacher et al, 1989), in the EGFR family, in the FGFR family, in the neurotrophin receptor family and raises the possibility that heterodimer formation may be involved in a wide range of cellular responses. In such a context, the different affinity of a ligand for distinct receptor combinations might have a fundamental importance in signal modulation.

RTK Activation by Ligand-Independent Mechanisms

The activation of RTKs can occur following diverse stimuli, in a ligand-independent manner. Interestingly, the FGFR family was recently found to act downstream of the cell adhesion molecules (CAMs). Cell-cell interactions mediated by CAMs play fundamental role in developmental processes in the nervous system, regulating for example the ability of neurons to extend axons and innervate target tissues. Remarkably, several CAMs and the FGFR1 share a common binding motif, the CAM homology domain. Antibodies against the CAM homology domain of FGFR inhibit the extension of neurites in response to CAMs (Williams et al, 1994; Doherty et al; 1995). Co-clustering of FGFRs with CAM aggregates via common binding motifs may force FGFRs into oligomeric complexes in which receptor transactivation could take place. Another well established case of the ligand-independent activation of RTKs concerns the PDGF β receptors, which undergo tyrosine phosphorylation during cell adhesion and early phases of cell spreading, dependent on stimulation of β-1 integrins (Sundberg and Rubin, 1996). Moreover, RTKs activation can be induced by stress factors, including hyperosmotic shock (King et al, 1989) and UV radiation. Exposure of diverse cell types to UV radiation induces tyrosine phosphorylation of several RTKs, such as EGFR, HER2, insulin receptor and PDGFR (Coffer et al, 1995), although it has been demonstrated due to inactivation of antagonising membrane-associated phosphatases (Knebel et al, 1996). Coincident with RTK activation is the tyrosine phosphorylation of their substrates (Shc, Grb2 and IRS-1) (Knebel et al, 1996). These data suggest that UV radiation functionally activates RTKs and recruits their specific signalling targets analogously to the ligand-induced responses. 

In addition to their physiological function and their role as mediators of non-physiological stress responses, RTKs also represent a signal transduction element in the cellular effect initiated by stimulation of certain G-protein-coupled receptors (GPCRs). The essential role of RTK transactivation in GPCR-mediated signalling, including activation of the MAPK pathway, was firstly demonstrated on EGFR (Daub et al, 1996). 

Despite structural diversification, most RTKs activate broadly overlapping sets of signalling pathways. Thus, a major issue in the field or cell signalling is how different RTKs instruct cell to adopt specific fates (Simon, 2000). The identity of the responding cell is a major factor in determining the outcome of a given signal or set of signals. Accordingly, the activation of Trk-A, the high affinity receptor for NGF, induces mitogenic and transforming signals in murine fibroblasts, whereas can drive neuronal differentiation of pheochromocytoma-derived PC12 cells. Another challenging issue to be elucidated is the scenario in which different biological responses may be induced in the same cell by the same signal, depending on the magnitude and duration of the signal itself.

Progress in the field of RTK signalling demonstrates that RTKs are not only transmembranous signal transducers of specific growth factors, but participate in the signal modulation and integration of a variety of stimuli. The proper execution of these programs requires that signals of adequate strength are delivered for the appropriate time within precise spatial boundaries. 

Mechanism of Signal Attenuation and Termination 

The activity of RTKs must be tightly regulated and properly balanced in order to mediate their normal cellular tasks and many physiological processes. Generation of aberrant forms, over-expression or dysfunction of RTKs is responsible for several diseases and developmental disorders. Several mechanisms have been developed for the attenuation and termination of RTK signalling. These include different strategies (Fig.1.3): i) the expression of antagonistic ligands (such as the EGF-like protein Argos in Drosophila that binds to EGF receptor and, by competing with Spitz for the receptor binding, inhibits EGFR activity) (Jin et al, 2000); ii) the inhibition of tyrosine kinase activity of the receptor either by receptor modification, such as serine phosphorylation (PKC-mediated phosphorylation of EGFR strongly inhibits EGF binding to the extracellular domain of the EGFR; Cochet et al, 1984) or by direct binding to the tyrosine kinase domain through SH2 domains (SOCS family functions as a negative regulators for feedback inhibition in response to cytokine stimulation; Hilton et al, 1998); iii) inhibition by PTPs, which play a major role in RTK negative regulation; iv) the ligand-induced endocytosis of ligand-receptor complexes and sorting to degradative compartments. 

Downregulation of RTKs

Exposure of cells to hormones or growth factors leads to disappearance of specific binding sites from the cell surface. This phenomenon, due to accelerated endocytosis of ligand-receptor complexes, is termed down-regulation. Endocytosis of receptors leads to attenuation of receptor signalling and may even be considered as a tumour suppressor pathway (Di Fiore and Gill, 1999).

Receptor-Mediated Endocytosis

Receptor-mediated endocytosis provides a mechanism for attenuation of signalling by transfer of receptors to degradative compartments. It involves formation of small vesicles, which is usually preceded by the formation of clathrin-coated vesicles (Fig.1.4). The basic component of clathrin coat is a tri-skelion of three clathrin heavy chains tightly associated with three clathrin light chains and constitutes the assembly unit or the polygonal lattice (Pearse and Robinson, 1990; Schmid, 1992). A hetero-tetramer (AP2) consisting of two large (α and β) and two small subunits (σ2 and μ2) mediates assembly of clathrin cages on the plasma membrane. The β subunit interacts with clathrin (Ahle and Ungewickell, 1989), whereas the μ2 subunit is capable of binding the tyrosine-based endocytic signals that mediate internalisation of a number of  membrane proteins (Ohno et al, 1995). While AP2 binds to cargo and clathrin only weakly, interactions with other non-cargo proteins are more robust. A complex of proteins are involved in the endocytic pathway, like dynamin, amphiphysin, esp15, epsin, synaptojanin and endophilin.

An alternative to clathrin-mediated endocytosis involves specialised forms of rafts, highly uniform, termed caveolae. These are small invaginations that exist on the surface of many cell types. The flask-shaped caveolar pit is enriched in glycosphingolipids, caveolins and cholesterol (Fra et al, 1995; Parton, 1996). Caveolae are coated with a spiral-shaped striated coat, structurally different from clathrin lattice. Molecules internalised through caveolae may travel to the cytoplasm or to the endoplasmic reticulum (for a review Anderson, 1998). Alternatively, they may be directed to a caveolae derived tubular/vesicular compartment. Caveolae and clathrin-coated pits are specialised to internalise different types of molecules. Therefore, the two mechanisms are parallel, but not overlapping, endocytic processes. Moreover, although several proteins implicated in vesicle trafficking have been localised to caveolar fractions, it is unclear whether tubular or vesicular caveolae ever fuse with endosomes originating in coated pits.

Recent works have revealed more subtle regulation of receptor signalling. In fact, growing evidences suggest an important cross talk between endocytosis and signalling. While it is clear that active receptors signal from the plasma membrane, they are frequently in their active state in endosomes, suggesting continuation of signalling from this intracellular compartment (for a review see Wiley and Burke, 2001). This is the case of TrkA and NGF, that show an increase in signalling through the endosomal route. In contrast, the insulin receptor system appears to limit the extent of endosomal signalling.

In addition, subcellular localisation can determine the identity of effector molecules that couple to activated receptors and thus regulate the relative strength of different signals in the endosomal pathway (Clague and Urbé, 2001).

Ubiquitination: General Overview

Sorting signals determine the location and fate of proteins. These signals can be carried within the amino acid sequence of a protein, or they can be post-translationally appended in a regulated manner. Ubiquitin conjugation can act as a regulated sorting signal for a number of proteins (Fig.1.5B). In yeast, ubiquitin (Ub) is a widely used endocytosis signal that promotes the internalisation of plasma membrane proteins such as peptide pheromone receptors, transporters, and nutrient permeases. In mammal cells, Ub and ubiquitination machinery regulate the endocytosis of growth hormone receptor, epithelial sodium channel, EGF receptor, CSF receptor, and HGF receptor (Strous et al, 1996; Staub et al, 1997; Levkowitz et al, 1998; Lee et al, 1999; Peschard et al, 2001). In addition, many more mammalian receptors are known to undergo ligand-stimulated ubiquitination (reviewed in Bonifacino and Weissman, 1998).

Ubiquitin is a 76 amino acid protein that is highly conserved and expressed in all eukaryotic cells. It was the first protein shown to covalently modify other proteins, by targeting misfolded proteins for degradation by 26S proteasome. Nevertheless, the crucial role of Ub conjugation unmasked its importance only lately. Ubiquitination is today recognised as a multifunctional signalling mechanism whose regulatory significance is comparable to that of phosphorylation.

Two characterised functions of protein ubiquitination are to target soluble proteins for proteasomal destruction and to promote the endocytic pathway, from internalisation via clathrin coated vesicles to the maturation of endosomes and lysosomal delivery.

Mechanism of Ubiquitination

Protein ubiquitination begins with the formation of a thiol-ester linkage between the C-terminal of ubiquitin and the active site cysteine of the E1 Ub- activating enzyme (Fig.1.5A). Ubiquitin is then transferred to an Ub-conjugating enzyme (E2 or Ubc) through a thiol-ester bond. E3 proteins interact with substrates, either directly or indirectly, via ancillary proteins, facilitating formation of isopeptide bonds between the C-terminal of ubiquitin and ε–amino group of lysines either on target proteins or on the last ubiquitin of a protein-bond poly-ubiquitin chain (Hershko and Ciechanover, 1998). Eukaryotic genomes encode for a single or at most a few E1s. Substantially more E2s exist, over 20 in mammals. Due to the diversity and number of proteins regulated by ubiquitination, it has been predicted the existence of a large number of E3s. The E3 is the principal substrate recognition factor that selects the target protein destined for ubiquitination.

There are two known major classes of E3s. Members of the first class contain a conserved ~350 amino acid hetc (homologous to E6-AP carboxy terminus) catalytic domain that participates directly in catalysis by forming a thiol-ester bond with Ub during the ubiquitination reaction (Huibregtse et al., 1995). The second class of Ub protein ligases are characterised by the presence of a zinc-binding RING finger domain that promotes E2-dependent ubiquitination, apparently without the formation of an E3-Ub thiol-ester intermediate (reviewed by Freemont, 2000). Both classes of E3s regulate the activity of plasma membrane proteins by endocytosis.

Role of Ubiquitin in Protein Sorting

The E3 ligases select the substrates of Ub conjugation, but they do not always determine the outcome of the tagging. Several reports indicate that ubiquitination event plays a critical role in delivering internalised receptors to different destinations. Many substrate are targeted for degradation by 26S proteasomes; others undergo endocytosis, leading to proteolysis in the acidic compartments of lysosomes. Sometimes ubiquitin is even a nonproteolytic signal.

The choice between different fates comes from ubiquitin’s capacity for ubiquitination. Substrates can be modified with mono- or poly-ubiquitin chains, branched through intermolecular bonds of lysine residues of Ub itself. Proteins tagged with poly-Ub chains are usually destined to degradation (Pickart, 2000), while mono-Ub modification is likely to be a signal for endocytosis and recycling (Hicke, 2001). Moreover, there are several kinds of poly-Ub chains, linked through different lysines of ubiquitin, suggesting that different chains might be distinct signals (Fig.1.5B) (Pickart, 2000; Deng et al, 2000).

In yeasts as well as in mammalian cells, ubiquitination is sufficient to promote the first step of endocytosis, entry into primary endocytic vesicles budding from the plasma membrane. Proteins from both the endocytic and the biosynthetic pathways arrive at the late endosome en route to lysosome. This organelle is responsible to decide which proteins (both newly synthesised and endocytosed) will be delivered to the lumen of the vacuole and which to its limiting membrane. Proteins destined for lumen are sorted into a compartment of the mature endosome, known as the multivesicular body (MVB), originating from invagination of its membrane into the interior of the organelle. When the mature MVB packed with vesicles fuses with a lysosome, the vesicles are delivered to the lumen of the lysosome where they are degraded. On the contrary, the proteins destined to the vacuolar membrane (or for recycling to the plasma membrane) remain in the endosomal limiting membrane. Thus, sorting of membrane proteins into MVB vesicles is required to target them to lysosomal degradation. The inability to be sorted into MVB compartment results in different fates for biosynthetic and endocytosed proteins: biosynthetic proteins are transported to the limiting membrane of the lysosome rather than being delivered to the lumen, and endocytosed proteins seem to be recycled back to the plasma membrane prior to fusion of MVB with the lysosome (Hicke, 2001). A compelling evidence that ubiquitination is necessary to regulate sorting of cargo proteins into MVB vesicles comes from experiments using substrates from the biosynthetic pathway that can be sorted into the MVB pathway. One of these proteins is carboxypeptidase s (CPS), a hydrolase that is synthesised as an integral membrane precursor and then released from the membrane in an active form upon fusion of the late endosome with the lysosome-like vacuole of yeast. CPS is mono-ubiquitinated on a single lysine residue in its cytoplasmic tail and mutation of this ubiquitination site (Lys to Arg) prevents sorting of CPS into MVB vesicles. The mutant CPS remains in the limiting membrane of the vacuole (Katzmann et al, 2001).

The experiments demonstrating that ubiquitination is required for biosynthetic cargo to enter into budding MVB vesicles, together with the observations supporting that ubiquitin is required to target internalised membrane receptors to the lysosome, strongly suggest that ubiquitin is a general signal used as a ticket for entry into vesicles budding into the MVB lumen (Hicke, 2001). Another interesting case of sorting decision made by ubiquitin is the sorting of amino acid permeases, which transport amino acids into cells from extracellular environment. This sorting decision, made relatively late in the biosynthetic pathway, at the trans-Golgi network, is a twist involving the regulation of mono-ubiquitin versus poly-ubiquitin chain formation (Helliwell, 2001). 

Modification with ubiquitin may alter protein activity by inducing a conformational change, changing the protein localisation, or altering the affinity of the substrate for its protein or lipid-binding partners. An advantage of ubiquitination over linear peptide sorting signal is that it is reversible. Ubiquitin can be appended to a protein and then removed by a deubiquitinating enzyme, conferring high plasticity of sorting decisions, which involve proteins destined to degradation or belonging to the endocytic machinery itself. Thus, ubiquitin has emerged as a major player in membrane trafficking.

Cbl Adapter Protein: Role in Receptor Ubiquitination 

Structure

The diversity and number of proteins that are regulated by ubiquitination predict the existence of a large numbers of E3s. Among these, c-Cbl plays a fundamental role in coordinating receptor signalling and trafficking.

The full length Cbl is a widely expressed 120 kDa protein that resides exclusively in the cytoplasm, despite the presence of a potential nuclear localisation signal. The Cbl protein contains many structural domains involved in protein-protein interactions (Fig.1.6A). Firstly, a highly conserved N-terminal phosphotyrosine binding domain (PTB), responsible for the binding to phosphotyrosine residues embedded in a specific sequence pYxxxP, firstly identified in EGFR, ZAP-70 kinase and by screening of a degenerate peptide libraries (Lupher et al, 1997; Meng et al, 1998; Levkowitz et al, 1999). The recently solved crystal structure has demonstrated that the Cbl PTB domain is composed of a four-helical bundle, a calcium-binding EF hand, and a variant SH2 domain (Meng et al, 1999). The SH2 domain lacks certain critical loop structures and is unable to bind to phosphotyrosine-containing peptides on its own. The three constituent domains cooperatively create a novel phosphopeptide-binding platform. c-Cbl also contains a conserved Zn2+-coordinating C3HC4 RING finger motif, responsible for ubiquitin ligase activity and able to interact with Sprouty, an antagonist of tyrosine kinase receptor signalling (Wong et al, 2001). A number of SH3-containing proteins, including Grb2, Nck, Fyn and Lck, are recruited to Cbl through a proline rich region. The proline-rich domain of Cbl is also involved in binding the 14-3-3 family of proteins, either constitutively or upon phorbol ester or TCR stimulation of Jurkat cells (Lupher et al, 1998; Miyake et al, 1997). 14-3-3 proteins have been implicated in the regulation of a number of signalling molecules, such as Raf, cdc25, PI3-kinase and PKC; however, at present, the significance of the 14-3-3/Cbl interaction is unclear. The C-terminal portion comprises several tyrosine residues that, upon ligand-induced phosphorylation, serve as docking sites for SH2-containing proteins, like p85 subunit of PI3-kinase, the Rac exchange factor Vav and Crk-L (Andoniou et al, 1996; Feshchenko et al, 1998). The C-terminal tail of Cbl contains a leucine zipper (LZ) domain, involved in Cbl homo-dimerisation and a UBA domain, whose function remains to be defined.  

Two transforming variants of c-Cbl have been identified. The c-cbl gene is the cellular homologue of v-cbl, the transforming oncogene of the Cas NS-1 retrovirus known to induce pre-B lymphoma and myeloid leukemia when inoculated into neonatal mice (Langdon et al, 1989; Lupher et al, 1998). The v-Cbl protein, found in the cytoplasm as well as in the nucleus, consists of the N-terminal region of Cbl (Cbl-N, amino acids 1-357) fused to retroviral gag sequences (Fig.1.6A). However, Cbl-N devoid of gag sequence, is sufficient to transform murine fibroblasts. The other transforming form of c-Cbl is 70Z-Cbl, a naturally occurring mutant isolated from 70Z/3 preB cell lymphomas, able to transform fibroblasts in culture (Andoniou et al, 1994). 70Z-Cbl contains a 17 amino acid deletion in the RING domain that abolishes its ubiquitin ligase activity and exhibits an enhanced level of tyrosine phosphorylation in the absence of cell stimulation, maintaining its association with SH2-containing signalling proteins (van Leeuwen et al, 1999).

Recently, two additional mammalian Cbl-related genes have been cloned (Fig.1.6B)(Miyake et al, 1997; Lupher et al, 1998). Cbl-b is highly related to Cbl, considering the amino acids sequence and the arrangement of domains. In contrast, Cbl-SL (Cbl-SLI-1-like) or Cbl-3 is more distantly related to Cbl and Cbl-b, resembling more C. elegans SLI-1 (suppressor of lineage defect), a Cbl homologue. All Cbl proteins are highly conserved in their amino-terminal PTB and RING finger domains, but are divergent at their carboxy termini. Both Cbl-3 and SLI-1 lack the C-terminal sequences including leucine zipper and UBA domains. The recently cloned Drosophila Cbl (D-Cbl) contains only the PTB and RING finger domains (Meisner et al, 1997; Hime et al, 1997). A comparison of all the known Cbl family members emphasises the conservation of the PTB and RING domains, suggesting that these sequences may be important for an evolutionary conserved role of this family of proteins (Lupher et al, 1999).

Mechanism of Action and Functions

Studies on Caenorhabditis elegans vulval development led to the identification of SLI-1, a Cbl homologue, as a negative regulator of signalling downstream of the LET-23 tyrosine kinase receptor, the homologue of the mammalian EGFR (Yoon et al, 1995). It has been proposed that the principal way in which Cbl functions as a negative regulator of tyrosine kinase signalling is by promoting receptor downregulation (Lee et al, 1999; Levkowitz et al, 1998; Miyake et al, 1998). Subsequently, it has been demonstrated that Cbl acts as a E3 ubiquitin ligase (Fig.1.6C), bringing together phosphorylated RTKs and the E2 Ub-conjugating enzyme, by interactions with a PTB domain and a RING finger domain (Lupher et al, 1999; Freemont et al, 2000), respectively. Frequently, Cbl interacts directly to the substrate of ubiquitination; in other cases, the association occurs through an adapter protein. Recently, it has been demonstrated that Grb2 can recruit Cbl to HGF receptor and to EGF receptor, enhancing their ubiquitination (Peschard et al, 2001; Watermann et al, 2001). In addition, an interesting example is constituted by APS adapter. One of the functions of APS (adapter protein with a pleckstrin homology and Src homology domain) is to facilitate coupling of the insulin receptor to Cbl, in order to promote ubiquitination of the receptor and possibly its internalisation and degradation (Ahmed et al, 2000). In absence of APS expression, Cbl is unable to induce receptor ubiquitination.

Two groups have reported the phenotype of Cbl-deficient mice. A prominent defect in these mice involves an increased cellularity in the thymus, spleen and lymph nodes, and increased number of circulating platelets (Murphy et al, 1998; Naramura et al, 1998). The moderate phenotype of the c-Cbl-/- mice suggests that substantial functional redundancy may exist with other Cbl family members.

Although Cbl is markedly tyrosine phosphorylated following EGF stimulation, phosphorylation of c-Cbl is neither required for it to mediate ubiquitination, nor to bind the EGF receptor. However, mutation of a tyrosine residue in the vicinity of the c-Cbl RING abolishes EGFR ubiquitination. It has been suggested that phosphorylation at this site may promote a conformational change required for ubiquitination (Levkowitz et al, 1999). However, this tyrosine is not readily available for phosphorylation according to c-Cbl SH2-RING structure (Zheng et al, 2000).

Ligand-dependent binding of Cbl to RTKs results in receptor poly-ubiquitination, enhancing sorting to late-endosomal/lysosomal compartments in which protein degradation occurs (Bonifacino and Weissman, 1998). A controversial issue is where Cbl-dependent ubiquitination of RTKs takes place. Levkowitz and co-workers have shown that expression of Cbl, or mutants that influence EGFR degradation, does not influence receptor internalisation kinetics (Levkowitz et al, 1998), leading to hypothesise an endosomal site of action for Cbl and consequent inhibition of receptor recycling. However, another study has reported that, following EGF stimulation, EGFR is ubiquitinated at the plasma membrane of HeLa cells (Stang et al, 2000). A block of endocytosis by using a dominant negative of dynamin, did not affect the efficiency of receptor ubiquitination.

A recent paper has challenged a causative relationship between receptor ubiquitination and Cbl-dependent degradation (Thien et al, 2001). They show that a mutant affecting the linker region of Cbl, Y371F-Cbl, is unable to promote receptor poly-ubiquitination but behaves as the wild type in its inhibition of receptor recycling. Conversely, another mutant, Y368F-Cbl, promotes EGFR ubiquitination but is not effective as wild type Cbl in inhibiting receptor recycling. Similarly, it has been demonstrated that Cbl-b promotes ubiquitin conjugation of the p85 subunit of PI3K without enhancing proteolysis (Fang and Liu, 2001). A possible explanation to this apparent paradox is that targets of ubiquitination, other than the receptor itself, have an influence on receptor sorting. Alternatively, Cbl might act through a ubiquitin-independent mechanism to promote RTK degradation.

Cbl as Positive Regulator of Signalling

There are many functions attributed to Cbl, other than E3 ubiquitin ligase. Cbl itself is a substrate for tyrosine kinases and may function as an adapter protein. In contrast to its negative role downstream from tyrosine kinases, treatment with antisense Cbl oligonucleotides blocks cell spreading on fibronectin surfaces in macrophages (Meng and Lowell, 1998). Cbl is tyrosine phosphorylated after integrin stimulation (Ojaniemi et al, 1997) and apparently exerts a positive regulatory role in integrin signalling downstream of Src by recruiting both PI3-kinase and CrkL (Feshchenko et al, 1999).

Moreover, phosphorylation of Y700 and Y774 provides a docking site for the adapter protein CrkL, which can lead to JNK activation downstream of Met receptor stimulation (Garcia-Guzman et al, 2000). They suggest a role for Cbl in amplifying Met signalling, proposing a function of positive regulator, similar to that of Gab1. In addition, it has been proposed a role for Cbl in the regulation of epithelial-mesenchymal transition, including loss of adherens junctions, cell spreading and initiation of dispersal (Fournier et al, 2000). Structure-function studies revealed that the amino-terminal region is sufficient to promote the morphological changes in cell shape. Conversely, carboxy-terminal SH3-binding sequence of Cbl is required for the localisation of Cbl to actin lamellae and for its role in regulation of lamellipodia formation and membrane ruffles (Scaife and Langdon, 2000).

The precise biological function of c-Cbl is unclear, and both positive and negative roles have been proposed. On one hand, the above data suggest a prominent involvement of c-Cbl in the regulation of a variety of cytoskeleton dependent cellular properties. In contrast, it is well established the crucial importance of Cbl function in the negative regulation of several tyrosine kinases, both receptor- and cytosolic-type. This is due to the multitude of protein-protein interaction motifs present in Cbl sequence, that generate a variety of different signals within the cells, also depending on the cell type. 

Further elucidation of the mechanism by which this unique family of proteins regulate intracellular signalling is likely to be of considerable importance, given the central role that tyrosine kinases play in controlling cell survival, growth and differentiation.

Ubiquitin System and Human Pathologies

Considering the broad range of substrates and processes in which the ubiquitin pathway is involved, it is not surprising that aberrations in the system have been implicated in the pathogenesis of several diseases, both inherited and acquired. The pathological states can result from loss of function, a mutation in an enzyme or substrate that leads to stabilisation of certain proteins, or from gain of function, resulting in accelerated degradation. 

An interesting example involves  β-catenin, which plays a major role in signal transduction and differentiation of the colorectal epithelium, and possibly in multistep development of the highly prevalent colorectal tumours. In the absence of signalling, glycogen synthase kinase-3 (GSK-3) is active and, via phosphorylation of specific serine residues, targets β-catenin for degradation (Aberle et al, 1997; Rubinfeld et al, 1997). Stimulation promotes dephosphorylation, stabilisation and subsequent activation of β-catenin via complex formation with otherwise inactive subunits of transcription regulators, such as LEF (lymphocyte enhancer factor) and TCF (T-cell factor). 

There are cases of interaction between the ubiquitin pathway and viruses, where the viruses exploit the system to escape immune surveillance. Human cytomegalovirus encodes two ER resident proteins, US2 and US11. These proteins target MHC class I heavy-chain molecules for degradation. The MHC molecules are normally synthesised on ER-bound ribosomes and transported to the ER. In cells expressing US2 and US11, the MHC molecules are transported in a retrograde manner back to the cytoplasm, deglycosylated and degraded by the proteasome following ubiquitination (Wiertz et al, 1996). The viral products bind to the MHC molecules and escort them to the translocation machinery, where they are transported back into the cytoplasm. The virus-mediated destruction of the MHC molecules does not allow presentation of viral antigenic peptides, thus enabling the virus to evade the immune system.

The ubiquitin system seems to be involved in the pathogenesis of several neurodegenerative diseases. Ubiquitin immunohistochemistry has revealed enrichment in conjugates in senile plaques, lysosomes, endosomes, and a variety of inclusion bodies and degenerative fibers in many neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s and Lewy body diseases, amyotrophic lateral sclerosis (ALS) and Creutzfeld-Jacob disease (CJD) (reviewed in Mayer et al, 1996). However, from these morphological observations is impossible to conclude which pathogenic role the ubiquitin system plays in these pathologies. It can be a defect in one of the enzyme of the system, or more likely an alteration in one of the substrates renders the protein resistant to proteolysis. The escape from degradation of the substrate can lead to pathogenetic conditions, due either to the accumulation of the protein in aggregates and inclusion bodies, toxic for the cells, or to a deregulated activity of proteins involved in signal transduction, facilitating the onset of neoplasms.

1.2 

The HGF/SF Receptor Family

Consistent with their fundamental role in directing cell proliferation and differentiation, receptor-type tyrosine kinases (RTKs) have been frequently shown to be critical in embryogenesis, growth to adulthood, and disease pathogenesis (Schlessinger and Ullrich, 1992; Pawson, 1995). RTKs share a common structure, characterised by an N-terminal extracellular domain responsible for ligand binding, a single-pass transmembrane α–helix, and a cytosolic C-terminal domain, endowed with intrinsic tyrosine kinase activity.

The HGF/SF (Hepatocyte Growth Factor/Scatter Factor) subfamily belongs to the RTK family of cell surface proteins and is composed by three members: Met, the HGF/SF receptor, Ron/Stk, the Macrophage Stimulating Protein (MSP) receptor (Gaudino et al, 1994; Wang et al, 1994), and avian Sea, the chicken-MSP receptor (Fig.1.7). The Met receptor family has peculiar features. It possesses a heterodimeric structure, with a short extracellular α-chain disulphide-linked to a transmembrane  β–chain (Giordano et al, 1989). These receptors are expressed as precursor single-chain molecule, which is proteolytically processed, generating the α- and β-heterodimer in the post-Golgi compartment by a furin-like convertase (Giordano et al, 1990). Following ligand stimulation, two adjacent tyrosine residues in the kinase domain, known as major phosphorylation site, become phosphorylated, resulting in the up-regulation of the receptor in an auto-catalytic manner (Ferracini et al, 1991; Longati et al, 1994). Biological activity of Met subfamily depends on the presence of two phosphotyrosine residues in the carboxy-terminal tail, which act as multifunctional docking sites for SH2-containing effectors and activate an array of transductional pathways (Ponzetto et al, 1994). Moreover, the extracellular region of the  β–chain of Met family shares regions of homology with semaphorins and plexins, including Sema domain and the MRS (cysteine-rich Met-related sequence; Maestrini et al, 1996; Tamagnone et al, 1999). The RTK family of Met promotes a wide range of biological responses, ranging from cell growth and proliferation, differentiation, survival, migration and invasion. 

HGF and Met Receptor

Structure and Signal Transduction

Hepatocyte growth factor (HGF) and scatter factor (SF) were independently identified by their abilities to promote the proliferation of primary hepatocytes and dissociation/motility of epithelial cells, respectively (Nakamura et al, 1986; Stoker et al, 1987; Zarnegar et al, 1989; Weidner et al, 1990). Molecular cloning of the cDNAs coding both the factors revealed that they were the same molecule.

HGF/SF is the prototype of a family that includes the macrophage stimulating protein (MSP), ligand of Ron/Stk and Sea RTKs. HGF/SF is a large heterodimeric protein, which shares sequence similarities with the serine-proteases of the coagulation cascade (Donate et al, 1994). It is secreted as single chain glycoprotein precursor and activated in the extracellular environment by specific proteases to form a α–β disulphide-linked heterodimer. The α subunit has a molecular weight of 62 kDa and contains an amino-terminal hairpin loop and four typical kringle domains, similar to those found in the coagulation factors, which probably act as protein-protein interaction motifs. The α chain contains also the high-affinity binding site for Met and the low-affinity binding site for the heparan sulfate proteoglycans, whose effect seems to be the sequestration of HGF in the proximity of the producing cells, ensuring a local mechanism of action. The 32/34 kDa β subunit is closely related to the catalytic domain of serine-proteases, but the serine residue involved in the catalysis is replaced by a tyrosine amino acid, abolishing its enzymatic activity. 

Met tyrosine kinase receptor is a 190-kDa transmembrane protein, composed of a  α subunit of 50 kDa disulphide-linked to a  β subunit of 145 kDa, which contains the catalytic activity. Upon HGF binding and subsequent dimerisation of Met, the receptor molecules undergo to in trans auto-phosphorylation in the cytoplasmic portion of the protein. Phosphorylation of tyrosine residues in the kinase domain (Y1234 and Y1235), conserved among other RTKs, determines the up-regulation of the enzymatic activity of the Met receptor. In particular, Y1235 constitutes the major phosphorylation site (Longati et al, 1994). Substitution of both residues with phenylalanine does not affect the receptor tyrosine kinase activity, but abolishes completely its biological effects. 

The activation of the receptor leads to autophosphorylation of tyrosine residues of the intracellular portion, embedded in specific amino acid sequence, which acts as docking site for ‘Src homology 2’ (SH2) domain containing proteins. This sequence Y1349VHVNATY1356VNV is responsible for the binding of various proteins, which include Grb2/Sos complex, pp60c-Src, PI3-kinase, PLC-γ, Shc, Shp-2 and STAT3 (Ponzetto et al, 1994; Pelicci et al, 1995; Fournier et al, 1996; Nguyen et al, 1997, Boccaccio et al, 1998) and is therefore referred as Met multifunctional docking site. It was found that Grb2 is only recruited by Y1356, whereas the other proteins bind to both the tyrosine residues. The multifunctional docking site of Met is also able to interact with Gab1 (Grb2-associated binding protein), via a novel phosphotyrosine-binding domain (MBD or Met-binding domain)(Weidner et al, 1996). Recently, the mechanism of Gab1/Met interaction has been elucidated. Upon Met activation, Gab1 can associate to the receptor in two different ways: i) it binds directly to Y1349 of Met through its MBD, ii) it is recruited indirectly through Grb2, via a proline rich region of Gab1 and the C-terminal SH3 domain of Grb2. In this way, Grb2 acts as adapter protein for Met, by recruitment of additional adapters, leading to amplification of Met signalling. 

Conversely, in other cases Grb2 can serve to attenuate HGF receptor signalling, by enhancing receptor downregulation. Upon stimulation with HGF, the intracellular portion of the β–chain of Met is rapidly poly-ubiquitinated and degraded in a proteasome-dependent manner (Jeffers et al, 1997). Met ubiquitination has been shown to be promoted by c-Cbl, an adapter protein involved in RTK downregulation through its E3 ligase activity. Cbl is able to interact to HGF receptor directly, through a juxtamembrane tyrosine residue (Y1003), or indirectly via Grb2, involving the residue Y1356 of the C-terminal tail of Met (Peschard et al, 2001). The same residue Y1003 has been previously supposed to negatively regulate receptor activity through the binding of the protein tyrosine phosphatase PTP-S (Villa-Moruzzi et al, 1998). 

Another amino acid residue located in the juxtamembrane domain of Met and critical for negative regulation of the receptor is Ser985, which is a phosphorylation site for the protein kinase C (Gandino et al, 1994). The negative function of juxtamembrane domain is also demonstrated by experiments involving the constitutively activated version of the HGF receptor, Tpr-Met oncoprotein. In Tpr-Met, the regulatory juxtamembrane region is absent and replaced by spontaneously dimerising leucine zipper motif (Rodrigues and Park, 1993). The transforming activity of Tpr-Met is postulated to reside both in the constitutive active form of the protein, due to dimerisation motifs in Tpr sequence, and in the absence of residues S985 and Y1003, responsible for Met negative regulation.

Expression and Biological Responses

Hepatocyte growth factor can induce different biological responses through its receptor Met, depending on cell types (Nakamura et al, 1989; Naldini et al, 1991). These include proliferation, dissociation and migration, invasion of extracellular matrix, prevention of apoptosis, cell polarisation and tubule formation. HGF promotes remodelling of epithelial cells in three-dimensional collagen gels (Montesano et al, 1991) and induces the formation of branching tubular structures in mammary gland (Yang et al, 1995) and metanephric organ cultures (Wolf et al, 1995). Branching morphogenesis is a peculiar effect induced by Met family, involving a complex of events. Epithelial cells can form spheroid-like structures when grown in collagen gels (Brinkmann et al, 1995). Upon HGF stimulation, cells dissociate from each other by disrupting cell-cell junctions, degrade extracellular matrix, acquire transient migratory and invasive properties, and finally polarise to form differentiated tubular structures (Medico et al, 1996).

During embryogenesis, Met receptor is expressed in epithelia of different organs, whereas HGF is expressed in the adjacent mesenchyme (Sonnenberg et al, 1993). Gene targeting experiments in mice resulted in embryonic lethality, showing that HGF and Met are required for the correct development of placenta, liver and muscle of the limbs and trunk. A number of critical functions during development and tissue regeneration are controlled by HGF/Met signalling, ranging from angiogenesis (Bussolino et al, 1992), hematopoiesis (Galimi et al, 1997), bone formation and resorption (Grano et al, 1996), and axonal chemoattraction (Ebens et al, 1996).

Met and Cancer

The ability to growth independently from substrate adhesion and to invade the extracellular matrix, characteristic of HGF/Met signalling is considered a property of tumourigenic and metastatic cancer cells. Met was originally identified as a transforming sequence activated by chromosomal rearrangement induced by a chemical carcinogen. The resulting oncogene is a hybrid between 5’ sequence of Tpr and the 3’ sequence of Met, generating a Tpr-Met protein where the extracellular domain of Met is replaced with Tpr sequence that provides two strong dimerisation motifs (Rodrigues and Park, 1993).

In several epithelial tumours, including ovarian, pancreas, colorectal and thyroid carcinomas, HGF receptor is constitutively overexpressed and phosphorylated (Prat et al, 1991; Rong et al, 1993; Liu et al, 1992; Di Renzo et al, 1994; Di Renzo et al, 1995). Notably, protein overexpression was found to be associated with amplification of Met gene in only a few primary carcinomas, but in a significant proportion of derived metastasis, suggesting a crucial role for the invasive properties of HGF receptor in promoting the metastatic spread of neoplastic cells.

A direct genetic connection between Met activation and human cancer has been established by the identification of germline and somatic mutations in patients affected by papillary renal carcinoma (PRC, Schmidt et al, 1997). Sequencing of the Met coding region from affected members of hereditary PRC families as well as from tumour samples of patients with sporadic PRC identified nine mutations. All mutations were missense and located within the tyrosine kinase domain of the receptor, in a region termed activation loop. This region plays a key role in converting the inactive kinase to its active form and has been implicated in auto-inhibition of substrate binding and in promotion of the correct orientation of the catalytic residues. One possibility is that mutations affecting these residues might result in the displacement of the activation loop, increasing catalysis. Interestingly, three of the mutations (D1228N, D1228H and M1250T) are located in codons that are homologous to those mutated in the receptor tyrosine kinases c-Kit and Ret, causing mastocytosis with associated hematological disorders, and multiple endocrine neoplasia type 2B, respectively. 

In Ret receptor M918T mutation modifies a number of receptor properties, including substrate specificity, ligand-dependent activation, variation in the phosphorylation sites and the interaction of signal transducers. It is possible that the homologous mutation M1250T will exert similar effects in Met. In the Kit model, mutations of D814, homologous to Met D1228, causes ligand independent activation of the receptor together with alteration of the substrate specificity. 

Therefore, these residues might represent hot spot mutational changes in tumours, leading to deregulated activation of RTKs. Understanding how each of these mutations affects receptor activity is a challenging goal of this field of research.

MSP and Ron/Stk Receptor

Structure and Signal Transduction


MSP (macrophage stimulating protein, Skeel et al, 1991), also known as HGF-like (Degen et al, 1991) is serum protein that belongs to the family of plasminogen-related growth factor, of which HGF is the prototype. These soluble cytokines share a high sequence homology (45% of identity). MSP is synthesised as an 80-95 kDa single-chain precursor and secreted into the plasma (pro-MSP). It undergoes activation by serum proteases of the intrinsic coagulation cascade (including kallikrein, factor XIa and factor XIIa), nerve growth factor-γ, epidermal growth factor-binding protein, and membrane-bound proteases (Wang et al, 1994). The mature heterodimeric form of MSP contains a  α  chain of 65 kDa that consists of an amino-terminal hairpin loop, followed by four kringle domains, linked by a disulphide bond to a 30 kDa  β chain, endowed with a serine protease-like domain devoid of enzymatic activity. Analysis of the translated amino acid sequence and use of recombinant protein have shown that HGF-like is identical to MSP (Bezerra et al, 1993; Shimamoto et al, 1993).

The Ron receptor tyrosine kinase, or MSP receptor, is a member of the Met proto-oncogene family. The cDNA encoding human Ron was originally cloned from a transformed foreskin keratinocyte cell line (Ronsin et al, 1993). The murine homologue of Ron was cloned from hemopoietic stem cells and named stem cell-derived tyrosine kinase (Stk; Iwama et al, 1994). 

Ron is a heterodimeric glycoprotein, generated as single-chain precursor (pr170) and proteolytically cleaved in the mature form in the post-Golgi compartment by a furin-like protease. The p185 mature form is composed by an extracellular 35 kDa  α chain and a 150 kDa transmembrane  β chain, linked by a disulphide bond. The extracellular portion of Ron includes the sequence termed MRS (Met related sequence) containing a eight-cysteine motif, several Sema domains and RGD sequences (Comoglio et al, 1999). The overall structure of intracellular domain of Ron receptor is similar to that of Met, comprising a juxtamembrane region, a tyrosine kinase domain, highly conserved among all the family of RTKs, and a C-terminal tail. Upon MSP stimulation, the phosphorylation of two adjacent tyrosine residues (Y1238,1239) in the kinase domain has the effect to up-regulate the catalytic efficiency of the receptor (Fig. 1.8A). The juxtamembrane domain contains a conserved tyrosine residue in position 1017 (corresponding to Y1003 in Met), potent negative regulation site for Met receptor. Conversely, in Ron sequence is not conserved the serine 985, responsible for attenuation of Met signalling. There are also a number of serine residues, putative phosphorylation sites by various Ser/Thr kinases (Casein Kinase-II, Protein Kinase C and Protein Kinase A). The carboxy-terminal domain of Ron comprises the two tyrosine residues (Y1353, Y1360), homologous to those present in Met C-terminal tail, that form the multifunctional docking site for SH2-containing proteins (Ponzetto et al, 1994; Iwama et al, 1996). A peculiar feature that distinguishes MSP receptor from Met is a proline/arginine-rich sequence in the last 20 amino acids of the receptor, which can function as protein-protein interaction motifs for signal transducers or adapters (Fig. 1.8A).

Following ligand stimulation, the multifunctional docking site of Ron/Stk has been reported to bind several signal transducers: PLC-γ, Shc, Grb2/Sos complex, PI3-kinase (Wang et al, 1996; Iwama et al, 1996) (Fig. 1.8B). Activated Ron/Stk induces cell adhesion, motility, growth and survival through the activation of signalling pathways, including Ras/Erk, PI3K/Akt and JNK, and of tyrosine kinases like Src and FAK (Wang et al, 1996; Iwama et al, 1996; Santoro et al, 1996; Santoro et al, 1998; Danilkovitch and Leonard, 1999). Moreover, MSP stimulation of the murine IL3-dependent Ba/F3 cell lines induces phosphorylation of the IL3 receptor β–chain and of a pp90, resulting in morphological changes of these cells (Mera et al, 1999).

Two splicing variants of the Ron gene have been identified in different cell lines. In human gastric cancer cell line KATO-III it has been found a single-chain Ron protein, named  Δ–Ron, of 165 kDa, retained in the cytoplasm. This in-frame deletion creates an unbalance of the cysteine pairs that renders the uneven cysteine available for intermolecular disulphide bond with other Δ–Ron partners, creating oligomers. Oligomerisation leads to segregation of the protein in the intracellular vesicular compartment and to its constitutive tyrosine phosphorylation, which in turn activates downstream motile invasive events independent of exogenous signalling (Collesi et al, 1996). 

A novel splicing variant of the Ron gene has been identified in human HT29 colorectal carcinoma cell line, generating a smaller heterodimeric protein of 125 kDa. Also in this case, the deletion generates an uneven number of cysteine residues in the extracellular domain, inducing formation of intermolecular disulphide bonds. The consequence of the deletion is the constitutive activation of the protein in a ligand-independent way and increased cell migration and extracellular matrix invasion. 

Expression and Biological Responses

Although originally identified for its macrophage stimulating ability, MSP promotes multiple biological effects, similar to those previously described for HGF (Medico et al, 1996). HGF-like is expressed in the liver and, at a lower amount, in kidney and pancreas (Bezerra et al, 1993; Yoshimura et al, 1993).

MSP was first identified to induce the responsiveness to the chemoattractant C5a in murine resident peritoneal macrophages and to interact with other inflammatory proteins (Leonard and Skeel, 1978, 1979). Recent studies have broadened the functional spectrum of MSP to include the ability to stimulate proliferation of mammary duct epithelial cells and keratinocytes, maturation of megakaryocytes, motility of keratinocytes, and bone resorption and contraction of osteoclasts (Gaudino et al, 1994; Wang et al, 1996; Banu et al, 1996; Kurihara et al, 1996). In vitro activation of Ron in macrophages has been shown to inhibit inducible nitric oxide synthase (iNOS) expression and nitric oxide (NO) production, following bacterial lipopolysaccharide (LPS) or interferon γ treatment (Wang et al, 1994; Murakoa et al, 1999). This inhibition appears to occur during the latter stages of the inflammatory response and is associated with PI3-kinase activation (Chen et al, 1998). 

Interestingly, MSP can trigger opposite effects in hematopoietic cell lines. In murine IL3-dependent pro-B cell lines Ba/F3 MSP stimulation induces cell growth, whereas in the mouse erythroleukemia (MEL) cell line F5-5 MSP/Ron signalling leads to apoptosis (Iwama et al, 1996). Moreover, we showed that MSP evokes a dose-dependent super-oxide anion production in human alveolar and peritoneal macrophages, as well as in monocyte-derived macrophages, but not in circulating human monocytes (Brunelleschi et al, 2001). 

Recently, it has been reported that MSP is able to prevent motoneuron atrophy upon axotomy, and to suppress NO production in the injured hypoglossal nuclei. These results suggest an important function as neurotrophic factor for cranial motoneurons and, by regulating the production of NO, a possible role in brain plasticity and regeneration (Stella et al, 2001).

Despite the wide spectrum of biological processes evoked by MSP, knock-out animals develop normally, are fertile and grow to adulthood in spite of liver abnormalities due to lipid-containing cytoplasmic vacuoles in hepatocytes (Bezerra et al, 1998). HGF-like is expressed in the liver and, at a lower amount, in kidney and pancreas (Bezerra et al, 1993; Yoshimura et al, 1993).

In the embryo Ron/Stk expression begins in the liver around day E12.5 and is followed by expression in the central nervous system, developing bone, lung and glandular epithelia along the digestive tract (Waltz et al, 1998; Gaudino et al, 1995; Correl et al, 1997). It is thought that Ron expression in the liver during development may correlate with its involvement in hematopoiesis. This is consistent with the recent findings suggesting that a truncated form of Ron confers susceptibility to Friend virus-induced erythroleukemia in mice (Persons et al, 1999), indicating a functional link between Ron and blood cell development. 

In the adult mouse, Ron/Stk is expressed ubiquitously (Gaudino et al, 1994; Iwama et al, 1994; Waltz et al, 1998), mainly in epithelial cells of different origins. In some cases, Ron and MSP expression is correlated: Ron is expressed in apical surface of ciliated epithelia in the airways and in sperm, and the ligand is found in bronchoalveolar space and in the epithelium of epididymis (Sakamoto et al, 1997; Ohshiro et al, 1996). These findings suggest a role for Ron/MSP pair in host defence and fertilisation. 

The group of Leonard demonstrated that MSP stimulation promotes the integrin-dependent adhesion of epithelial cells, possibly mediated by a ligand-independent association between Ron and integrin  β1 (Danilkovitch et al, 1999), and that the adhesion of epithelial cells to the extracellular matrix induces tyrosine phosphorylation of Ron, dependent on the integrity of both Src and Ron kinase domain (Danilkovitch et al, 2000). They hypothesised that integrin aggregation, induced by adhesion to extracellular matrix, leads to Src activation and MSP receptor oligomerisation, and the consequent autophosphorylation. 

Two different laboratories have produced mice deficient in portions of Ron with different results. In one case, the deletion of exons 1-14 leads to early death before the peri-implantation period (Murakoa et al, 1999). Hemizygous mice grow to adulthood but are highly susceptible to endotoxic shock and appear compromised in their ability to downregulate NO production. Conversely, mice with a targeted deletion of the first exon of Ron develop normally, are fertile and display no obvious developmental defects (Correll et al, 1997). However, in support of previous in vitro studies, macrophages isolated from these mice show increased levels of NO after exposure to LPS and INF-γ in vitro. In vivo, an increased sensitivity to endotoxic shock was exhibited, strengthening the link of Ron involvement in modulating the inflammatory response. Strikingly, Degen and co-workers recently reported that adult mice devoid of the intracellular domain of Ron are phenotypically normal with inflammatory defects apparent only under stressing conditions, suggesting that the cytoplasmic tyrosine kinase-containing domain of Ron is dispensable for mouse development (Waltz et al, 2001). These combined data lead to an intriguing hypothesis that Ron signalling in vivo may occur through receptor heterodimerisation. This result can explain the discrepancy of lethal Ron knockout with the lack of phenotype observed in MSP-deficient mice. Therefore, recent reports have indicated that Ron functionally interacts with a number of receptors, namely the erytropoietin receptor, HGF receptor, and with the common  β signal transducers that associates with IL-3, IL-5 and GM-CSF signalling (Persons et al, 1999; Follenzi et al, 2000; Mera et al, 1999; Ney et al, 2000). These studies suggest a potential novel mechanism associated with Ron signalling in that the extracellular and transmembrane domains of Ron and not the tyrosine kinase domain (TK) are required for developmental success.

Ron and Cancer

Although Ron has not yet been implicated as a cause of any human neoplasm, there are data that indicate its oncogenic potential. It has been reported that activated Ron is expressed in human primary breast carcinomas (Maggiora et al, 1998) and in a number of cancer cell lines that are removed from the host tissue environment (Chen et al, 1999; Gaudino et al, 1994). The expression of Ron and MSP in a number of non-small-cell lung carcinomas has been reported, suggesting that an autocrine-paracrine system may be involved in the pathogenesis of lung cancer (Willet et al, 1998). The above data strongly suggest that Ron could play a role in the onset or progression of tumours.
2.    MATERIALS

AND METHODS

2.1 Materials
Antibodies and growth factors

Ron polyclonal anti-sera were produced as previously described (Gaudino et al, 1994). Phosphotyrosine monoclonal antibodies were purchased from UBI (4G10, Lake Placid, NY) in results 3.1 and 3.2, and from Santa Cruz Biotechnology (PY20, Santa Cruz, CA) in results 3.3. Anti-HA rat monoclonal antibody was purchased from BABCO, Belgium (12CA5) in results 3.1 and 3.2, and from Roche Molecular Biochemicals (3F10, Mannheim, Germany) in results 3.3. Anti-phospho S473 Akt were purchased from New England Biolabs. Anti-diphosphorylated MAPK and anti-flag mouse monoclonal antibodies were purchased from Sigma (St. Louis, MO). Murine monoclonal antibody (mAb) SG565 to the EGFR was generated in mice immunised with a recombinant extracellular portion of the human EGFR. Anti-c-Cbl rabbit polyclonal IgG was purchased from Sigma (St. Louis, MO). Peroxidase-linked secondary IgG were purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK), in results 3.1 and 3.2, as well as peroxidase-linked protein A. In the results 3.3, goat anti-mouse peroxidase-conjugated IgG was purchased from Sigma (St. Louis, MO), goat anti-rat peroxidase-conjugated IgG from Jackson ImmunoResearch (West Grove, PA), and peroxidase-conjugated protein A was from ICN (Costa Mesa, CA).

Human recombinant EGF was purchased from Sigma (St. Louis, MO). Human recombinant MSP was purchased from R&D (UK).

Radiolabelling reagents

[γ-32P]ATP and Na125I (1000mCi) were purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK). IODOGEN was from Pierce (Rochford, IL).

Buffers

Inhibitors of proteases were purchased from Sigma (St. Louis, MO): aprotinin (10 μg/ml), pepstatin A (10 μg/ml), leupeptin (50 μg/ml), phenylmethanelsulfonyl fluoride, (1mM). 

DIM lysis buffer: PIPES (10 mM pH 6.8), NaCl (100 mM), MgCl2 (5 mM), sucrose (300mM), EGTA (5 mM), Triton X-100 (1%), Na3Vo4 (1 mM), sodium pyrophosphate (10 mM) and inhibitors of proteases. MBP kinase buffer: HEPES (25 mM, pH 7.4), MnCl2 (5 mM), DTT (100 mM). 

MAPK/JNK lysis buffer: HEPES (25 mM, pH 7.5), NaCl (300 mM), MgCl2 (1.5 mM), EDTA (0.2 mM), DTT (0.5 mM), sodium deoxycholate (0.5%), Triton X-100 (1%), SDS (0.1%), β-glycerophosphate (20 mM), NaF (25 mM), Na3Vo4 (1 mM), inhibitors of proteases. MAPK/JNK kinase buffer: MOPS (12.5 mM, pH 7.5), β-glycerophosphate (12.5 mM), NaF (0.5 mM), Na3Vo4 (0.5 mM), MgCl2 (7.5 mM), EGTA (0.5 mM).

Peptide kinase buffer: HEPES (25 mM, pH 7.4), MnCl2 (5 mM), DTT (100 mM).

Downregulation assay reagents. Binding buffer: Dulbecco’s modified Eagle’s medium supplemented with 0.5% bovine serum albumin and 20 mM HEPES. Acetic acid wash: 0.15 M NaCl, 0.15 M acetic acid. Lysis buffer: 0.1 N NaOH and 0.1% SDS.

HNTG buffer: HEPES (20 mM, pH 7.5), NaCl (150 mM), Triton X-100 (0.1%), and glycerol (10%). TBST buffer: Tris-Hcl (20 mM, pH 7.5), NaCl (0.15 M), and Tween 20 (0.05%). Stripping buffer: Tris-HCI (62.5 mM, pH 6.8), SDS (2%), (-mercapto-ethanol (0.003%).  Lysis buffer used in results 3.3: HEPES (50 mM, pH 7.5), NaCl (150 mM), glycerol (10%), Triton X-100 (1%), EDTA (1 mM), EGTA (1 mM), NaF (10 mM), (-glycerol phosphate (30 mM), Na3VO4 (0.2 mM) and a protease inhibitors.

Tissue culture and transfection reagents

Cells were purchased from ATCC (American Type Culture Collection). NIH3T3 mouse fibroblasts, HeLa, COS-1 and HEK 293T were cultured in DMEM, while CHO were grown in DMEM F12, supplemented with 10% foetal bovine serum (GIBCO BRL, Life Technologies Inc., Gaithersburg, MD). Penicillin, streptomycin, fungizone and G418-sulfate were from GIBCO BRL, Life Technologies Inc. (Gaithersburg, MD). 

Calcium phosphate transfection Kit (Amersham Pharmacia Biotech, Buckinghamshire, UK) were used for transfection of NIH3T3, COS-1 and HEK 293T cell lines; lipofectamine reagent (GIBCO BRL, Life Technologies Inc., Gaithersburg, MD) were used for HeLa and CHO cell lines.

2.2 Methods

Molecular constructs

The point mutations used in results 3.1 and 3.2 were introduced by site-directed mutagenesis using the Altered Sites In vitro Mutagenesis System Kit (Promega Corp., Madison, WI). The cDNA encoding for Ron and Tpr-Ron were subcloned into the pAlter vector and subjected to mutagenesis reaction. Mutations D1232V and M1254T were generated on Ron cDNA by using the following oligonucleotides 5’-GCCCGCGTCATCCTGGA-3’ and 5’-TGAAGTGGACGGCGC-TGG-3’, respectively. The chimaeric RonNeu* receptor was generated by replacing the transmembrane domain of human Ron with that of rat p185neu*, bearing the oncogenic Val644Glu substitution. PCR mutagenesis was employed to generate a unique SfiI site, used for deleting the fragment encoding the transmembrane domain of Ron. Synthetic double-stranded oligonucleotides were inserted into the SfiI site, generating the RonNeu* chimaera. All single (F), double (2F) and triple (3F) tyrosine/phenylalanine (Y/F) point mutations were introduced by site-directed mutagenesis, using Altered Sites Mutagenesis System Kit (Promega Corp., Madison, WI).

Receptor bearing point mutations used in results 3.3 were generated by site-directed mutagenesis using the QuikChangeTM kit (Stratagene), according to the manufacturer’s instructions. The chimaeric ER receptor were generated by two-step PCR method.

Immunoprecipitation and Western blotting

Cells were washed with ice-cold phosphate-buffered saline (PBS) and incubated with the lysis buffer for 10’ on ice. After scraping, cell extracts were cleared by centrifugation at 15000 g for 20’ at 4°C. When necessary, an equal amount of total proteins from each cell lines, determined using the BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA), were immunoprecipitated with stirring for 2 h at 4 °C, with the pre-coupled antibodies and beads. Immunoprecipitation using polyclonal rabbit antibodies were performed using protein A-Sepharose 4B packed beads (Amersham Pharmacia Biotech, Buckinghamshire, UK); monoclonal mouse antibodies were pre-coupled to anti-mouse IgG-coupled agarose beads. HA-tagged or Flag-tagged proteins were immunoprecipitated with anti-HA rat monoclonal antibody pre-coupled to protein G Sepharose or anti-flag agarose beads respectively.

The immunocomplexes were washed twice with lysis buffer or HNTG buffer, and proteins were solubilised in Laemmli buffer in reducing conditions. The proteins were separated on SDS-PAGE and transferred to Hybond nitro-cellulose filters (Amersham Pharmacia Biotech, Buckinghamshire, UK). Filters were blocked with 5% BSA or 1% of low fat milk and probed with the appropriate antibodies. Specific binding was detected by the enhanced chemiluminescence system (ECL, Amersham Pharmacia Biotech, Buckinghamshire, UK).

For reblotting, membranes were incubated for 1 hr at 500C in stripping buffer, washed extensively in TBST, and then incubated with antibodies as described above.

Transformation assay

The focus forming assay was performed on NIH3T3 fibroblasts (5x105 cells) that were co-transfected with 10 μg of each recombinant plasmid and 0.8 μg of pSVneo. Twenty-four hours after DNA transfection the cultures were split at low cell density into 100 mm dishes. The cultured cells were maintained at confluence and screened for foci formation 10-18 days later. Spontaneous formation of foci was negligible. All the experiments were performed in triplicate. To verify the efficiency of transfection, a fraction of cells were selected in G418-containing medium. Foci-derived cells were lysed to verify the expression of recombinant proteins. 

Analysis of kinetic parameters

An equal amount (10 μg) of Tpr-Ron and relative mutant cDNAs were transiently transfected in COS-1 cells. After 60 h of transfection the confluent cells were lysed with DIM buffer. After immunoprecipitation with Ron antibodies, beads were washed twice with DIM buffer and twice with MBP kinase buffer, divided into equal aliquots and used for the experiments. To measure the catalytic efficiency, the kinase reaction was performed in 30 μl of kinase buffer, supplemented with increasing concentrations of MBP exogenous substrate (0.7, 1.4, 2.8, 5.6 μM) and of a constant concentration of ATP (100 μM). ATP concentration was adjusted to the specific activity of 0.5-0.6 mCi/mmol with [-γ32P]ATP. The standard reaction time for exogenous substrate phosphorylation was 3’ at 4°C with continuos stirring. The reaction was stopped by adding boiling Laemmli buffer, and the eluted proteins were separated on 15% SDS-PAGE followed by autoradiography at –70°C with intensifying screens. Phosphate incorporation was estimated by scintillation counting of the excised labelled bands in a Packard β–counter.

MAPK and JNK kinase assays

Subconfluent HeLa cells were co-transfected with pcDNA3-HA-JNK (Coso et al, 1995) or pcDNA3-HA-MAPK (Crespo et al, 1994) and the various cDNAs of the Ron and Tpr-Ron mutants. Twenty-four hours after transfection cells were starved for 16 h in serum-free medium. As control, cells were stimulated with 100 ng/ml of EGF for 15’ or with 20 μg/ml of anisomycin for 20’. Cells were washed with ice-cold PBS and lysed in the MAPK/JNK lysis buffer. The epitope-tagged MAPK/Erk2 and JNK were immunoprecipitated by incubation with HA antibodies. Immunocomplexes were washed three times with PBS containing 1% NP-40 and 2 mM Na3VO4, once with 100 mM Tris-HCl (pH 7.5), 0.5 M LiCl and once with MAPK kinase buffer. The MAPK or JNK activity was determined by resuspending the immunoprecipitates in 30 μl of MAPK kinase buffer containing 20 μM of unlabelled ATP, 1 μCi of [-γ32P]ATP and, as a substrate, 10 μg of MBP for the MAPK assay and 2 μg of GST-c-Jun fusion protein for the JNK assay (Coso et al, 1995). After 30’ at 30°C, the reactions were stopped by adding boiling Laemmli buffer, under reducing conditions. Samples were analysed by SDS electrophoresis on 12% polyacrylamide gels. Phosphorylated substrates were detected by autoradiography and quantified using a phosphoimager (Molecular Dynamics). The values of fold increase were reported relative to MAPK/Erk2-HA or JNK-HA protein contents of the immunocomplexes, by Western blotting with HA antibodies and densitometer analysis.

Stable cell lines

To establish stable cell lines expressing similar levels of recombinant proteins, G418-selection was used. NIH3T3 were co-transfected with each recombinant plasmid with pSV2-neo vector (ratio 15:1). The selection was performed in growth medium supplemented with0.4 mg/ml of G418-sulfate (also named neomycin or geneticin). After 2 weeks, the neomycin-resistent colonies were picked up and expanded into cell lines. Stable cell cultures expressing the respective recombinant proteins were selected by Western blotting using Ron anti-sera.

In vivo tumorigenesis and lung colonisation assay

To avoid clonal variations, we used pooled populations of stable transfected NIH3T3 cells described above. All cells were trypsinised, neutralised with growth media and resuspended in 0.1 ml of serum-free medium prior to injection. The mice utilised were 6 weeks old female athymic nude (CD-1 nu BR) which were obtained from Charles River, Italy. Animal care was provided in accordance with the current national regulations regarding the protection of animals used for experiments and for other scientific purposes (Italian Ministry of Health, D.L. von. 116, 27/01/1992).

In the tumourigenic assay , the cells were subcutaneously inoculated into the posterior flank of athymic nude mice. The tumour formation was monitored weekly. Latency was expressed as the period of time required by tumours to reach a diameter of 15-20 mm. The animals, in which tumours were not formed, were observed for 8 weeks. For the experimental lung metastasis assay, cells were injected intravenously into the tail vein of athymic nude mice. To examine the presence of lung tumour masses, the animals were sacrificed when they appeared distressed or after 12 weeks from injection. For histological examinations, the lungs of tested mice were immersion fixed in formalin, embedded in paraffin and sectioned at 5 μm. The section were stained with hematoxylin/eosin and evaluated by light microscopy for identification of tumours.

Phosphorylation assay on synthetic peptides

Ron wild type and Ron M1254T intracellular domains were cloned in the Baculovirus Transfer Vector pBlueBacHis2 (Invitrogen) and expressed in recombinant form using Sf9 cells. The insect cells were lysed 72 h after infection in buffer containing Triton X-100 (1%), Na3VO4 (2 mM) and protease inhibitors. The cellular extracts were immunoprecipitated with Ron anti-sera and used to phosphorylate the optimal peptide substrates for EGFR, Src, Abl and Ron. The reaction was performed in peptide kinase buffer in the presence of [-γ32P]ATP for 15’ at 4°C (Songyang et al, 1994). The amount of radioactivity incorporated was determined using the phosphocellulose assay (Pierce). Experiments were performed in triplicate.

Radiolabelling of EGF

Human recombinant EGF was labelled with IODOGEN as follows: 5 (g of EGF were mixed in an Iodogen-coated tube (1 (g reagent) with Na125 I (1mCi). Following 15 min of incubation at 230C, BSA was added to a final concentration of 0.1 mg/ml, and the mixture was separated on a column of Excellulose GF-5. 

Receptor down-regulation assay

Transfected cells were seeded into a 24-well dish one-day after transfection. Twenty-four hours  later, cells were washed with cold down-regulation binding buffer and incubated at 370C for different time periods in binding buffer containing 100 ng/ml EGF, and then rinsed in cold binding buffer. Surface-bound EGF was removed by using a low pH acetic acid wash. The number of ligand binding sites on the cell surface was then determined by incubating the cells at 40C with binding buffer containing 125I-EGF (8ng/ml) for 1.5 hr. Non-specific binding was calculated by measuring the binding of radiolabelled ligand in the presence of a 100-fold excess of unlabelled ligand. The experiment was performed in triplicates and the results presented a fraction of surface-bound ligand relative to the initial level at time zero.

In vitro ubiquitination assay

ErbB1-Ron chimera was immunoprecipitated from transient-transfected HEK 293T cell lysates with agarose-immobilised mAb SG565 and used as a substrate. Following purification, agarose beads were extensively washed and resuspended in the kinase reaction buffer containing 125I-labelled ubiquitin (3 μg/ml). Crude rabbit reticulocyte lysate (5 μl, from Promega) was added to the reactions. Reaction mixtures were supplemented with GST-Cbl (5 μg) and incubated for 1 h at 30°C. The beads were then extensively washed and ubiquitinated ER receptor was visualised with SDS-PAGE and autoradiography at –70°C with intensifying screens.

3. RESULTS

3.1 Oncogenic activation of Ron receptor

Structural alterations and overexpression induce the constitutive activation of the receptor tyrosine kinases (RTKs) and activated RTKs are involved in the genesis of several malignancies. Oncogenic activation of RTKs can occur through point mutations in the extracellular, transmembrane, and catalytic domain, resulting in ligand-independent activation. 

Activating mutations directly affecting the structure of the tyrosine kinase domain have been found in the RTKs Kit and Ret, in human mast cell leukaemia/human mastocytosis (Furitsu et al, 1993; Tsujimura et al, 1994; Longley et al, 1996) and Multiple Endocrine Neoplasia type 2B (MEN2B, Carlson et al, 1994; Hofstra et al, 1994) respectively. The residues mutated in Kit and Ret are highly conserved among the RTKs, but have different identities in the cytosolic, non-receptor tyrosine kinases (Hanks et al, 1988). It has been shown that both mutations increase the catalytic efficiency and subvert the substrate specificity of the kinases (Santoro et al, 1995; Piao and Bernstein, 1996). Recently, these activating mutations have been found also in Met, in sporadic and hereditary papillary renal carcinomas (Schmidt et al, 1997; Jeffers et al, 1997).

RTKs can also be constitutively activated by gene rearrangements that cause fusion of their kinase domain with dimerisation motif (for a review see Rodrigues and Park, 1994). The Ron homologue Met (Hepatocyte Growth Factor Receptor) was first characterised as a rearranged form where the intracellular domain of the receptor was fused with the TPR sequence (Translocated Promoting Region), bearing two leucine zipper domains that mediate constitutive dimerisation. The resulting protein is constitutively activated, due to the dimerisation of the kinase, in a ligand-independent manner (Cooper et al, 1984; Park et al, 1986). Accordingly, similar molecular chimaera has been generated for Ron. We have previously shown that the Tpr-Ron chimaera and a splicing isoform of full-size Ron ((-Ron) induce constitutive activation of the Ron kinase but does not convert it into an oncogene (Collesi et al., 1996; Santoro et al., 1996). These mutants stimulate MAPK to a lesser extent than Met oncogene, due to the lower intrinsic catalytic efficiency of the Ron kinase. However, these activated forms of Ron induce a potent motile-invasive phenotype. 

Here we show that introducing point mutations in critical amino acid sequence of Ron receptor, reminiscent to those found in Kit and Ret RTKs, triggers the transforming and tumourigenic potential of Ron, both in Tpr-Ron and in full-length receptor. This work demonstrates for the first time the tumourigenic and metastatic potential of Ron, and suggests that activating point mutations in the Ron gene may play a role in the establishment of  human cancers.
Single Point Mutations in the Tyrosine Kinase Domain Promote Constitutive Activation of Ron Receptor

It has been reported that oncogenic conversion can be caused by single amino acid substitutions in a highly conserved region of the activation loop of the Kit (D814V) and Ret (M918T) tyrosine kinases (Fig. 3.1A), causing human mastocytosis and MEN2B, respectively (Kitayama et al., 1995; Santoro et al., 1995). Accordingly, these substitutions were inserted by site-directed mutagenesis in the Ron receptor (Ron D1232V or R D/V, and Ron M1254T or R M/T) and in the constitutively active non-transforming Tpr-Ron chimaera (Tpr-Ron D1232V or TR D/V, and Tpr-Ron M1254T or TR M/T, Fig. 3.1B). To study biochemical and biological effects of these mutations, we prepared stable cell lines expressing wild type and mutants Ron and Tpr-Ron proteins. Anti-phosphotyrosine immunoblotting performed on Ron immuno-precipitates revealed that while in cells expressing wild type Ron there was no detectable autophosphorylation of the receptor, its mutant counterparts and all Tpr-Ron chimaeras were constitutively phosphorylated (Fig.3.1C).

D1232V and M1254T Mutations Trigger the Transforming Activity of Ron Receptor

To investigate the transforming potential of these mutations, both in Ron and in Tpr-Ron, we tested their focus forming activity in NIH3T3 fibroblasts. We transfected murine cells with the cDNA coding Ron, Tpr-Ron, and the corresponding D/V and M/T mutants. As a control, we used Tpr-Met and the empty plasmid. After three weeks, transfected fibroblasts were fixed, stained with crystal violet and the number of foci were evaluated (Fig. 3.2). 

While Ron and Tpr-Ron were totally ineffective on cell transformation, Tpr-Ron chimaeras containing either D/V or M/T substitutions were capable of inducing the formation of a high number of foci, comparable to what obtained in the case of the well characterised Tpr-Met oncogene. The same effect was also obtained with full length receptor carrying the M/T substitution. Conversely, only the 50% of the foci were induced by the D/V mutation in Ron full length, showing less efficiency in cell trasformation.

Fibroblasts Expressing Ron Mutants Induce Tumour Formation in Athymic Mice

To explore if the acquisition of transforming potential is also accompanied by tumourigenicity, we used stable-transfected NIH3T3 expressing equal amount of Ron, Tpr-Ron, and the transforming mutants for the assay of tumourigenesis. These stable cell lines were injected subcutaneously in athymic (nu/nu) mice with and tumour formation at the site of inoculation was checked every week.   

Control cells, as well as non-transformed cells expressing Ron, did not promote tumour formation, within 8 weeks since injection (Tab. 3.1). Conversely, injection of cells expressing Tpr-Ron M/T and D/V mutants induced the formation of large tumours (about 20 mm in size) within 2-4 weeks in all animals tested. 

Consistently with their transforming activity, also the corresponding mutations in Ron full length exert the same dramatic effect. However, in this case the latency was longer, suggesting that the combination of Tpr dimerising motif with the transforming amino acid substitution generates a more potent oncogene. Interestingly, in the case of Tpr-Ron two mice out of four developed small tumours with a long latency (more than six weeks). These data showed that D1232V and M1254T mutations in Ron, besides being transforming, are also tumourigenic in vivo.

D1232V and M1254T Mutations Increase the Catalytic Efficiency of Ron Tyrosine Kinase

As previously reported, the catalytic efficiency of the Ron kinase, expressed as a ratio between Vmax and KM, was insufficient to reach the signalling threshold required for oncogenic trasformation (Santoro et al, 1996). 

We determined the kinetic parameters, Vmax (app) and KM (app), by performing kinase assays on anti-Ron immunocomplexes, in the presence of different concentrations of the exogenous substrate MBP (Myelin Basic Protein). The catalytic efficiencies of the transforming mutants D1232V and M1254T were three to four times higher, compared to that of Tpr-Ron (Fig. 3.3).  Interestingly, the kinetic profiles of both Tpr-Ron mutants revealed a shift to a KM  for MBP four times lower compared to that of Tpr-Ron, indicating an increase in substrate affinity. These data show that, in correlation with the release of its oncogenic potential, these mutations enhance the catalytic efficiency of the Ron tyrosine kinase domain, and change its affinity toward exogenous substrates. 

Effects of the Transforming Mutations in Signalling: Activation of MAPK and JNK Pathways

Cell transformation requires activation of the Ras/MAPK signalling pathway as a mandatory step (Cowley et al, 1994; Mansour et al, 1994), whereas the role played by JNK/SAPK is still controversial (Rodrigues et al, 1997). To verify whether the oncogenic Ron kinase led to the activation of MAPK and/or JNK signalling, we expressed in HeLa cells MAPK/Erk 2-HA or JNK/SAPK-HA together with Ron, the constitutive dimerised Tpr-Ron or their mutants (Fig.3.4). Cells were treated with or with anisomycin  as controls. Kinase reactions and Western blotting analysis were performed on anti-HA immunocomplexes. 

The results obtained indicate that the increased catalytic efficiency of the Ron tyrosine kinase conferred by these substitutions has a selective effect on the stimulation of the MAPK pathway (Fig.3.4A). Interestingly, the M/T substitution, when inserted both in Ron and in Tpr-Ron, is less effective than D/V mutation in the activation of this pathway, despite its highest oncogenic potential. We can speculate that alternative pathway might be involved in producing the biological effect. Surprisingly, the two oncogenic mutations do not enhance the JNK/SAPK signalling pathway, being the level of JNK activation comparable to the wild type receptor (Fig.3.4B). In contrast, the non-transforming Tpr-Ron activates the JNK pathway to a higher extent compared to the MAPK pathway. This result agrees with data that demonstrated that Tpr-Met transformation passes through the activation of JNK pathway (Rodrigues et al, 1997). 

Metastatic Phenotype Evoked by Oncogenic Activation of Ron


Since the introduction of activating mutations in the kinase domain of Ron provoked a strong oncogenic response in rodent fibroblasts, we investigated whether these cells were capable to colonise lung tissues by intravenous injection into the tail vein of athymic nu/nu mice.  Four weeks after injection of Tpr-Ron D/V and M/T mutants expressing cells, mice were sacrificed because they appeared cachectic and showed respiratory distress. 

Similar results were obtained with the Ron D/V and M/T mutants, but with longer latency (Tab. 3.2). Upon autopsy, lymph nodes were increased in size and numerous large tumours were evident in the lung of all the animals (Fig. 3.5A, B, C). The tumours were particularly expanded in the case of M/T mutant, occupying almost the entire mass of the organ. These tumours were particularly expanded in the case of M1254T mutants, occupying almost the entire mass of the organ. Lungs were paraffin-embedded, sectioned and stained with hematoxylin and eosin. Histopathological observations on excised sarcomas revealed the presence of abundant vascular spaces and extensive microvascular vessel formation (Fig. 3.5D, E, F). Typical cell whorl structures were detected, compressing the normal alveolar tissue.

3.2 
Overcome of the Multifunctional

Docking Site in Ron M1254T

The Ron receptor tyrosine kinase acquires oncogenic potential by means of two single point mutations (D1232V and M1254T), targeted to conserved residues in the activation loop of the tyrosine kinase domain, in a region that is highly conserved in all the RTK family. These substitutions are reminiscent of those found associated to different neoplasia in Kit, Ret and Met (Carlson et al, 1994; Longley et al, 1996; Schmidt et al, 1997). The insertion of these substitutions resulted in ligand-independent activation of the receptor, in vivo tumorigenesis and metastasis.

Now we addressed the investigation to the molecular mechanisms responsible for cell transformation evoked by oncogenic Ron, by abrogating putative alternative phosphorylation sites in the different Ron mutants. We used the previously described oncogenic Ron forms, bearing D1232V (D/V) and M1254T (M/T) substitutions. In addition, we used RonNeu*, a chimaeric receptor generated by the replacement of the transmembrane domain of Ron with that of the oncogene p185neu*, carrying the Val664Glu mutation. The reported V/E substitution induces constitutive dimerisation and consequent activation of the receptor (Weiner et al, 1989; Sternberg and Gullick, 1989). In the aim to identify alternative tyrosine residues important for Ron signalling, we analyse Ron sequence. Among several potential substrates, we focused on Y1317, due to the fact that contains a very conserved tyrosine residue among the RTK family, is a putative docking site for SH2 domains (Songyang et al, 1993) and fits with a consensus for phosphorylation by cytosolic tyrosine kinases (Songyang and Cantley, 1994).

 Here we show that Y/F substitution of the Y1317 residue in the kinase domain impairs tumorigenic and metastatic properties of Ron, activated by the MEN2B-like mutation (Ron M/T), but not by other two oncogenic substitutions (Ron D/V and RonNeu*). Moreover, Ron M/T lacking the multi-functional docking site retains its transforming and metastatic activity. We show that transformation of Ron M/T is dependent on Y1317, suggesting a change in intramolecular substrate specificity. Consistently with these observations, a shift in substrate specificity was demonstrated by in vitro peptide phosphorylation assays and in vivo receptor autophosphorylation. 

In conclusion, our data demonstrate that the accomplishment of the full oncogenic program of Ron carrying MEN2B-like mutation requires the presence of both the canonical C-terminal docking site and the Y1317 residue in the tyrosine kinase domain. This is the first demonstration by in vivo assays that the MEN2B-like amino acid substitution influences the biological properties of a tyrosine kinase receptor, by altering its substrate specificity.

Generation of Y/F Substitution Mutants to Investigate the Mechanism of Ron Transformation

In the aim to investigate the molecular mechanisms responsible for cell transformation promoted by oncogenic Ron mutants, we focused on potentially alternative phosphorylation sites in the receptor. Sequence analysis of intracellular domain of Ron identified, among several putative alternative substrate, the sequence LY1317QVM that showed different peculiar properties. It contains a tyrosine residue that is highly conserved among the components of tyrosine kinase receptor family (Hanks and Quinn, 1991), which is a putative docking site for SH2-containing proteins (Songyang et al, 1993). Moreover, Y1317 outlines a phosphorylation consensus for tyrosine kinases of the cytosolic type (Songyang and Cantley, 1995). 

To disclose the importance of this residue, tyrosine 1317 was converted into phenylalanine in all oncogenic Ron receptors (defined ‘single F’ mutation: Y1317F). Mutants suppressing the multifunctional docking site were generated (‘double F’ or ‘2F’ mutation: Y1353, 1360F), in order to remove the canonical docking site in Ron RTK subfamily. In addition, the ‘triple F’ mutants (3F: Y1317,1353,1360F) were generated (Fig.3.6A). As control, we constructed a chimaeric receptor where the transmembrane domain of Ron is replaced by the corresponding region of oncogenic p185neu* (RonNeu* or RN* chimaera). This mutation induces the constitutive phosphorylation of the Neu receptor, triggering its transforming ability by promoting constitutive dimerisation of receptor molecules (Weiner et al, 1989; Sternberg and Gullick, 1989). Since RN chimaera has the extra- and intra-cellular domains of the Ron receptor, the specificity of signalling triggered by the chimaeric receptor should reproduce exactly the specificity of wild type Ron. All the mutants were transfected in COS-1 cells to verify the correct expression of the proteins. Immunoblot with Ron anti-sera revealed that all the Y/F substitutions were expressed at comparable levels in all transforming mutants and in the receptor wild type (Fig. 3.6B). 

Role Played by Y1317 in the Transforming Activity of Ron M1254T

Wild type and mutant cDNAs were tested for focus forming activity in NIH3T3 fibroblasts. We previously demonstrated that wild type Ron failed to transform murine fibroblasts, whereas Ron D1232V (D/V) and Ron M1254T (M/T) were highly transforming. Interestingly, the RonNeu* chimaera (RN) displayed the highest activity in focus formation (957/10 μg transfected cDNA, Fig.3.7). As expected, the transforming properties of Ron D/V and RN were completely abolished by ‘double F’ (2F) and ‘triple F’ (3F) mutations. This was probably due to the fact that abrogation of bidentate docking site of Met family RTKs suppressed almost completely receptor signalling (Ponzetto et al, 1994; Iwama et al, 1996; Wang et al, 1996).

Surprisingly, the ‘double F’ substitution generated in Ron M/T preserved the transforming activity, being half-reduced compared to the wild type Ron M/T. Conversely, the ‘single F’ substitution of residue Y1317 did not alter the focus forming activity of RN and Ron D/V, whereas in the case of Ron M/T the number of foci was significantly reduced, around 50% less. As presumed, ‘triple F’ mutations, suppressing both the Y1317 and the multifunctional docking site, abolished the transforming potential of Ron D/V and RN. 

Metastatic Properties of Ron Mutants 

Stable NIH3T3 fibroblasts expressing all the mutant forms of Ron were prepared, to test the metastatic activity of the different Y/F substitutions in various oncogenic mutants of the receptor. We have previously demonstrated that NIH3T3 cells expressing Ron D/V and Ron M/T mutants mediate metastasis formation in nude mice. Thus, we investigated whether the Y/F conversion of residue 1317 could also affect lung tissue colonisation induced by Ron oncogenic forms. G418-resistant NIH3T3 cells, expressing equal levels of mutationally activated Ron, carrying or not the Y/F substitutions, were used for metastasis experiments (Tab. 3.3). 

Athymic nu/nu mice were injected intravenously into the tail vein with the stable cell lines and subsequently examined for evidence of lung metastasis. Six weeks after injection of cells expressing both RonNeu* and its Y1317F mutant, severe lung metastases were present in all sacrificed animals. Metastasis formation was equally observed for Ron D/V and for its Y1317F mutant, both after a latency of 8 weeks. 

Surprisingly, the Y1317F substitution totally abolished the strong metastatic phenotype induced by Ron M/T, whereas suppression of multifunctional docking site in Ron M/T maintained the ability to induce transformation and metastasis. The importance of Y1317 in Ron M/T is highlighted by the fact that all animals injected with cells expressing the ‘double F’ mutant exhibited severe lung metastases, as in the case of non mutagenised Ron M/T. 

Production of Ron and Ron M1254T Kinases in a Recombinant System

The above results indicate the importance of Y1317 as alternative docking site, recognised selectively by Ron M1254T kinase and completely ineffective in the other oncogenic forms of the receptor. To deeply investigate the peculiarity of M1254T mutation, we expressed the intracellular domain of Ron, bearing or not the M/T mutation, in insect cells using the baculovirus system. The constructs were subcloned in the Baculovirus Transfer Vector and expressed in Sf9 insect cells (Fig. 8A). The insect cells were lysed 60-72 after infection, and the total cell lysates were analysed by Western blot experiments with Ron antiserum, to verify the expression of recombinant proteins. A big amount of truncated receptors were expressed in insect cells and purified by chromatography (Fig. 8B). The fractions harvested were analysed by SDS-PAGE and Western blotting, in order to determine which fractions contain the exogenous proteins (i.e. the intracellular portion of Ron and Ron M/Y). After the purification procedures, both the recombinant proteins were efficiently tyrosine auto-phosphorylated, as shown by anti-phosphotyrosine immunoblotting on total cell lysates, attesting the integrity of the kinase domain (Fig. 8C and data not shown). 

Peptide Phosphorylation Assay Revealed the Specificity of Ron M1254T Kinase towards ABL Substrates

It has been reported that the M/T substitutions in the activation loop of Ret (Songyang et al, 1995; Santoro et al, 1995), Kit (Piao et al, 1996) and Met (Bardelli et al, 1998), can induce a subversion in substrate specificity of the kinase. 

To investigate whether M/T substitution addresses the specificity of Ron kinase towards other substrates, we performed in vitro phosphorylation assay on synthetic peptides, reproducing optimal substrates of different tyrosine kinases (Fig. 9). In particular we used the optimal peptide substrates for EGF receptor (receptor-type specificity), for Abl and Src (cytosolic-type specificity), using the major autophosphorylation site of Ron (YY1238, 1239) as a control. 

For the kinase reaction we used the kinase of Ron and Ron M/T expressed in the baculovirus system. A convincing alteration in substrate specificity was observed for the Ron M/T kinase, that phosphorylated efficiently the peptide reproducing the optimal substrate for the cytosolic tyrosine kinase Abl, compared to the receptor wild type. As expected, M1254T kinase phosphorylated efficiently also the peptides optimal substrates for EGFR and Ron YY1238,1239, but the difference with the Ron wild type is less significant. These results revealed that the M/T substitution uniquely confers substrate specificity of the cytosolic-type to the Ron kinase, in addition to its original unaltered specificity for substrates of the receptor-type. 

Role of Y1317 in Ron M1254T in Activating Signalling Pathways


When activated by its ligand, Ron induces a wide spectrum of biological effects, including cell proliferation, motility, invasiveness and morphogenesis.  It has been reported that signal transduction mediated by Ron requires at least the activation of both the PI3-kinase/Akt and Ras/MAPK pathways (Li et al, 1995; Wang et al, 1996; Santoro et al, 1996). Consequently, it appeared mandatory to investigate how the oncogenic forms of Ron, and the corresponding Y/F mutants, affected these signalling pathways. NIH3T3 fibroblasts expressing RonNeu* and Ron M/T, and all their Y/F mutants, were serum-starved 16 h before lysis. Total cell lysates were analysed by SDS-PAGE and Western blotting with antibodies that recognised the phosphorylated (activated) forms of Akt and MAPK (anti-phospho S473 Akt and anti-diphosphorylated MAPK, respectively). We found that phosphorylation of residue Y1317 in Ron M/T 2F, devoid of the multifunctional docking site, led to activation of Akt and MAPK effectors (Fig. 3.10), confirming the important role of this residue in signalling of Ron MENB-like. 

On the contrary, the corresponding mutants of RN* and Ron D/V (i.e. RN* 2F and Ron D/V 2F) were totally ineffective in activating these pathways. Moreover, Ron bearing M1254T substitution delivered a stronger signal compared to RN* and Ron D/V. This probably was due to a synergistic mechanism between the two phosphotyrosine motifs (Y1317 and YY1353,1360), occurring only in the receptor carrying MEN2B-like alteration and lacking in the other oncogenic mutants. This assumption is substantiate by the finding that abrogation of Y1317 in R M/T (R M/T F) reduces by half the level of Akt and MAPK phosphorylation. On the other hand, in the case of RonNeu* receptor, the corresponding alteration (RN* F) did not affect the activation of these pathways.

3.3. 
Down-Regulation of Ron RTK is Mediated by Cbl Adapter Protein 


Receptor tyrosine kinases are critical mediators of signalling that directs cell growth, survival, migration and differentiation. Deregulation of RTK signalling, due to either a ‘gain of function’ of the receptor itself, or to a ‘loss of function’ of negative regulators in the cell, has been implicated in several human cancers. There are multiple mechanisms within the cell that act to tightly regulate the activity of RTKs. 

Recent studies have implicated the c-Cbl proto-oncogene as a negative regulator of RTKs through its ability to promote protein ubiquitination. In vitro assays have demonstrated that c-Cbl functions as an E3 ubiquitin ligase (Joazeiro et al, 1999; Levkowitz et al, 1999). The N-terminus SH2-like domain of c-Cbl mediates the binding with ligand-activated receptors (Meng et al, 1999; Zheng et al, 2000), and the RING finger domain promotes the recruitment of E2 ubiquitin-conjugation enzymes (Waterman et al, 1999). Inactivation of the RING finger domain, obtained from partial or complete deletion, results in transforming activity of Cbl. The v-Cbl oncogenic form of c-Cbl, lacking the C-terminus of the protein including the RING finger, is proposed to function as a dominant negative protein, through competition with endogenous c-Cbl for association with RTKs (Thien and Langdon, 1997). These data suggest that c-Cbl may play a major role in normal regulation of RTKs. Consequently, the uncoupling of c-Cbl from RTKs may lead to receptor deregulation.

Here we show that Ron RTK and Cbl form a complex in living cells, dependent on the integrity of the tyrosine kinase domain of the receptor and induced by MSP stimulation. Moreover, c-Cbl promotes ubiquitination and degradation of Ron receptor in a ligand-dependent manner. Ubiquitination of Ron requires the presence of two tyrosine residues, Y1017 and Y1353. The former is located in the juxtamembrane domain of the receptor, and it is conserved in the Met RTK subfamily. Recently, it has been reported that the corresponding residue in Met receptor (Y1003) is the direct binding site for c-Cbl, mediating its negative effect. The latter belongs to the C-terminus multifunctional docking site, peculiar of this family of receptor. The Y/F substitution of both these residues abrogates almost completely the ubiquitination of Ron. 

Interestingly, we demonstrate that an oncogenic mutant of Ron, Ron M1254T, bearing a methionine to threonine substitution, shows a weak association with c-Cbl and, consequently, the ubiquitination of the receptor is impaired. We speculate that uncoupling of c-Cbl from the oncogenic form of Ron can contribute to its tumourigenic activity. 

Cbl Tyrosine Phosphorylation is Induced by Activation 

of Ron Receptor

c-Cbl has been found to be tyrosine phosphorylated in response to stimulation of cells with EGF, PDGF and CSF (Levkowitz et al, 1998; Lee et al, 1999; Miyake et al., 1998), as well as by a number of cytosolic tyrosine kinases (Tanaka et al, 1995b; Lupher et al, 1998; Meng et al, 1999). 

To establish whether Cbl is involved in Ron signalling,  we verified the ability of activated Ron receptor to phosphorylate endogenous c-Cbl in living cells. To test this possibility, NIH 3T3 fibroblasts stable-expressing wild type Ron and the M1254T mutant, were serum-starved for 4 hours, and than stimulated or not with MSP (100 ng/ml, 10’; Fig.3.11). The immunoprecipitation experiments with Cbl antibodies followed by anti-Ptyr immunoblotting revealed that Cbl is markedly tyrosine phosphorylated in response to MSP stimulation, both in the wild type and in the oncogenic receptor. 

Ron and Cbl Associate in a Ligand- and Kinase-Dependent Manner

The SH2-like domain of Cbl is known to interact with a phosphotyrosine embedded in a consensus sequence of the target protein (Meng et al, 1999; Zheng et al, 2000). In RTKs, ligand-induced stimulation leads to tyrosine phosphorylation of specific residues located in the intracellular domain of the receptor. These Ptyr-residues mediate the binding with Cbl, and the consequent negative effect on receptor signalling.

To verify whether Ron and Cbl are able to interact in living cells, we transiently co-transfected HEK 293T cells with the cDNAs coding for HA-Cbl and Flag-ubiquitin alternatively with Ron wild type (WT) or with a kinase-deficient (KD) form of the receptor (Fig.3.12A). Cells were starved in 0.1% FCS for 16 hours and then stimulated with MSP (100 ng/ml, 5’), or left untreated. Anti-Cbl antibodies were used to immunoprecipitate Cbl from the cell extracts, and the anti-Ron immunoblotting revealed the formation of the Ron/Cbl complex in cells. Interestingly, the association between Ron and Cbl seems to be both constitutive and ligand-induced, as revealed by the fact that c-Cbl can be co-immunoprecipitated also in unstimulated cells (Fig. 3.12A upper panel). On the contrary, the kinase-inactive Ron is unable to associate with Cbl, even when cells are stimulated by MSP. 

Ubiquitination of Ron Receptor is Induced by MSP

Moreover, Cbl is strongly tyrosine phosphorylated in cells expressing wild type Ron, irrespective to ligand stimulation, while the extent of Cbl phosphorylation in KD-expressing cells is barely detectable, as in the case of cells transfected with the vector alone (Fig. 3.12A lower panel). This is consistent with studies on the EGFR and the PDGFR, where the integrity of the kinase domain is mandatory for the binding of Cbl to the receptor and for its phosphorylation.

In order to verify if MSP stimulation of Ron leads to receptor ubiquitination, we transfected HEK 293T cells with wild type Ron, kinase-deficient mutant and the vector alone, together with HA-Cbl and Flag-ubiquitin. The co-expression of Flag-ubiquitin showed that Ron is markedly ubiquitinated, in a ligand-induced manner (Fig. 3.12B). The ubiquitination of the KD receptor is weak, possibly because Ron ligand-induced phosphorylation (i.e. activation) is mandatory to induce receptor down-regulation, via ubiquitin conjugation.

Cbl Mediates Ligand-Dependent Ubiquitination of Ron

To confirm and substantiate the role played by c-Cbl in Ron ubiquitination, a chimaeric receptor was generated by fusing the intracellular domain of Ron with the trans-membrane and extracellular domain of ErbB-1 (EGF receptor, Fig. 3.13A). This ErbB-1-Ron chimaera (ER) allowed us using EGF for stimulation, which is commercially available in purified form at reasonable price, and it may be radiolabelled easily for down-regulation experiments. Moreover, it simplifies immunoprecipitation procedures because monoclonal antibodies directed against the ectodomain of EGFR are available, while all Ron antibodies (ours and commercially available) are directed against the C-terminus of the receptor.

The proper expression of the ER chimaeric receptor was evaluated by transient transfection in Chinese hamster ovary (CHO) cells. After stimulation or not with EGF, cells were lysed and subjected to immunoprecipitation with anti-ErbB1 antibodies. Subsequent immunoblotting with anti-Ron and anti-phosphotyrosine antibodies revealed that the ER receptor is correctly expressed in living cells, and undergoes tyrosine autophosphorylation after EGF stimulation (Fig. 3.13B). To established whether c-Cbl is required to induce Ron ubiquitination, we transiently over-expressed 

ER receptor and HA-ubiquitin together with c-Cbl in CHO cells. In addition to c-Cbl, we used a deletion mutant named 70Z-Cbl, which contains a deletion of 17 amino acids in the linker and RING finger domains and lacks ubiquitin ligase activity (Fig. 3.13C). Forty eight hours after transfection, cells were stimulated with EGF (100 ng/ml, 10’) or not and subsequently lysed. ER receptor was immuno-precipitated by using anti-ErbB-1 antibodies, and the ubiquitin conjugation was revealed by anti-HA immunoblotting. The results of this experiment indicated that ER chimaera in the presence of c-Cbl undergoes high ubiquitination, strongly increased by ligand stimulation. As expected, the 70Z-Cbl mutant is ineffective in mediating the ubiquitination of Ron, suggesting a fundamental role of the RING finger in this process. This is consistent with data on EGFR and PDGFR, where the integrity of the RING finger domain is required for Cbl-dependent receptor ubiquitination (Lupher et al, 1999).

In Vitro Ubiquitination of Ron and ER Receptors

To further characterise the mechanism of Cbl-induced Ron ubiquitination, we performed in vitro ubiquitination experiments, using both Ron and the ER chimaera (Fig. 3.14). Extracts derived from HEK 293T cells transiently transfected with Ron and ER receptors, and their kinase-defective forms as a control, were immunoprecipitated with antibodies directed against intracellular domain of Ron and extracellular domain of ErbB1, respectively. The reaction was performed as described in Materials and Methods, by incubating the receptors with 125I-ubiquitin, ATP and reticulocyte lysate as source of E1 and E2, with or without recombinant GST-Cbl.

The results obtained showed that c-Cbl is able to mediate the ubiquitination of Ron as well as of ER chimaera, suggesting that, at least in part, a direct interaction occurs between Ron and Cbl. On the contrary, ubiquitination of the receptor is completely abolished in the kinase-dead mutant, supporting our previous results showing the importance of the receptor tyrosine kinase activity in the negative regulation exerted by Cbl . 

Ligand-Induced Down-Regulation and Degradation of Ron are 

Enhanced by Overexpression of c-Cbl

The effect of Cbl on the down-regulation of RTKs is due to the ubiquitination of activated receptors, leading to an increase in endocytosis of the ligand/receptor complex. We performed down-regulation experiments using CHO cells transiently transfected with the cDNAs encoding for ER receptor and HA-ubiquitin, in the presence or absence of c-Cbl (Fig. 3.15A). After ligand stimulation at different times, the removal of the ligand/receptor complexes from the plasma membrane have been evaluated by incubating cells with 125I-EGF and measurement of the amount of receptor localised on the cell surface. The over-expression of c-Cbl strongly affected the turnover of the ER chimaera, inducing a remarkable increase of the receptor down-regulation, compared to ER receptor alone.

Moreover, time-course stimulation with EGF (100 ng/ml) of CHO cells expressing ER and HA-ubiquitin, with or without c-Cbl, showed that c-Cbl mediates receptor ubiquitination, accompanied by degradation with a slow kinetics, being particularly evident after 60’ of stimulation (Fig. 3.15B).

The RING Finger and the SH2-Like Domains of Cbl are Both Required for Ubiquitination of Ron Receptor

The role of different Cbl’s domains in the ubiquitination and degradation of Ron was studied by using a panel of Cbl mutants (Fig. 3.16). ER chimaeric receptor and HA-ubiquitin were co-expressed in HEK 293T cells with wild type Cbl or the mutant forms. The results obtained with transforming mutants of Cbl, 70Z-Cbl, described previously, and v-Cbl, lacking the C-terminus of the protein including the RING finger domain, revealed that an intact RING finger domain is necessary for Ron ubiquitination. Co-expression of ER with these mutants abrogated completely Ron ubiquitination. Immunoblotting with anti-phosphotyrosine antibodies of the membrane filter, revealed that the receptor is highly tyrosine phosphorylated when co-expressed with the above transforming mutants, while it is considerably weaker in the case of the wild type adapter. This effect is probably due to a reduced extent of protein concentration on the nitrocellulose membrane, caused either by a higher rate of degradation, or by a yet unidentified mechanism of catalytic inactivation.

In addition, the over-expression of Cbl G306E, which prevents the SH2-like domain to bind phosphotyrosine, was unable to induce receptor ubiquitination. Interestingly , this mutant led to reduction of the extent of Ron phosphorylation, suggesting a possible alternative way to silence Ron signalling, which is independent on the binding with the Cbl PTB domain. As expected due to the integrity of the RING finger and the PTB domains, the Cbl mutant lacking the five tyrosine residues, which phosphorylation sites recognised by Src-family kinases, behaved as c-Cbl, both in ubiquitination and in degradation of the receptor.

Efficient Cbl-Mediated Ubiquitination of Ron Requires Y1017 and Y1353
To further describe the mechanism of Ron ubiquitination, we generated Ron Y/F mutants possibly affecting the interaction with Cbl, and consequently the receptor ubiquitination. It has been described that PTB domain of Cbl binds substrates through the sequences (N/D) XpY or pYXXXP (Lupher et al, 1997; Meng et al, 1999). Interestingly, the first tyrosine residue of C-terminus bidentate docking site of Ron bears the sequence DHY1353VQLP, which contains both consensus sequences required by the PTB domain of Cbl. Recently, it has been reported that Met receptor binds directly to Cbl through a phosphotyrosine located in the juxtamembrane domain of the receptor (Y1003), showing a novel binding site (Peschard et al, 2001). This tyrosine residue is conserved among the family members, corresponding to Y1017 in the Ron sequence. To determine whether these Tyr residues are involved in Ron ubiquitination, we introduced Y/F substitutions, addressing Y1017 and Y1353 (Fig. 3.17A). In addition, we generated the double mutant, carrying both the substitutions. HEK 293T cells were co-transfected with cDNAs coding for Cbl, HA-ubiquitin and the Ron Y/F mutants. As shown in Fig. 3.17B, the ubiquitination of receptor was impaired in Y1353F mutant, being extremely low, but still ligand-dependent, in the presence of Cbl over-expression and absent without Cbl. 

Despite at a lower extent, the Y1017F mutant retained the ability to undergo Cbl-mediated ubiquitination, which in turn is likely to be constitutive rather than ligand-induced. The mutant carrying both the substitutions (Y1017,1353F) showed a pattern similar to the receptor lacking the Y1353 phosphorylation site. Co-immunoprecipitation experiments revealed that the Ron/Cbl interaction is a more complicated mechanism than what appears from data concerning ubiquitination. Neither single mutants (Y1017F or Y1353F) nor the double mutant determine the complete abrogation of the association (Fig.3.17B, lower panel).

Noteworthy both single Y/F mutations led to a conspicuous decrease of Cbl association upon ligand-stimulation, leaving unchanged the association in unstimulated conditions.

The above results indicate that the c-Cbl PTB domain binds directly to a tyrosine residues present in the Ron receptor, inducing ubiquitin conjugation. Interestingly, it may also suggest that there are additional indirect binding sites for Cbl on Ron sequence, possibly involving the recruitment of adapter proteins, as it has been recently demonstrated for Met receptor (Peschard et al, 2001). 

Recruitment of Cbl to Ron is Impaired by MEN2B-type Mutation

Multiple endocrine neoplasia type 2B (MEN2B) is a severe human cancer generated by single amino acid substitution (Met 918 to Thr) of the Ret receptor tyrosine kinase (Santoro et al, 1995), addressing a highly conserved sequence in the activation loop of the tyrosine kinase domain. The same substitution has been discovered also in Met receptor, associated to human papillary renal carcinoma (HPRC, Schmidt et al, 1997). We demonstrated that insertion of the M/T substitution in the kinase domain (M1254T, MEN2B-like) converts Ron to an oncogene, due both to an increase in catalytic activity of the kinase, and to subversion in substrate specificity (Santoro et al, 1998; Santoro et al, 2000). Recently it has been reported that Ron M1254T, but not Ron wild type, strongly phosphorylates  β–catenin, protecting the β–catenin itself from the binding to axin, which prevents β–catenin serine phosphorylation by GSK3 β and its subsequent ubiquitination and degradation (Danilkovich et al, 2001).

To established whether M1254T mutation exerts some effect on Cbl binding to the receptor, we co-expressed Cbl and HA-ubiquitin in HEK 293T cells, with Ron wild type or Ron M1254T. After 16 hours of starvation in 0.1% of serum, cells were stimulated with MSP (100 ng/ml, 10’), and lysed. Cell extracts were incubated with anti-Cbl antibodies and the co-immunoprecipitated receptors were detected by anti-Ron immunoblotting. Surprisingly, Cbl was almost unable to co-immunoprecipitate Ron carrying M1254T mutation, being extremely effective in the binding of the receptor wild type (Fig. 3.18A). The result obtained may be explained by change in substrate specificity induced by MEN2B-like mutation, which prevents the association of Cbl to the receptor. Another possible explanation resides in the increased catalytic activity of the kinase. If we consider Ron/Cbl association simply as an enzyme/substrate interaction, the higher is the catalytic efficiency of the enzyme, the lower is the time the substrate need to associate to be phosphorylated by the kinase domain.

Escape of MEN2B-type Mutation from Cbl-Induced Ubiquitination

The failure of Ron M1254T to bind efficiently Cbl might correspond to reduced ubiquitin conjugation, which can determine an increase of receptor activity by prolongation of its stability. To verify this hypothesis, we performed time-course experiments, co-expressing c-Cbl and HA-ubiquitin with wild type or MEN2B-like Ron. As revealed by anti-HA immunoblotting, the amount of receptor ubiquitination was extremely low in the case of M1254T mutant, even after a long exposure to the ligand (Fig. 3.18B). Conversely, Ron wild type appeared to be ubiquitinated after only 5’, reaching a massive Ub-tagging at 60’. 

The results obtained are consistent with the low efficiency of Cbl in binding the oncogenic mutant of Ron, suggesting a novel mechanism of tumorigenesis triggered by MEN2B-type mutation. 

To confirm the above data obtained with Ron, we tested the possibility that the M/T mutation exerts similar effects in Met receptor (M1250T). Co-immunoprecipitation experiments using cell extracts co-transfected with the cDNAs of Met wild type and M1250T, together with c-Cbl and HA-ubiquitin, were performed. As in the case of Ron, the insertion of M/T substitution induces a weaker association between Met and Cbl and, more strikingly, almost the complete abolishment of receptor ubiquitination (Fig. 3.18B). This result is extremely important, due to the fact that the M1250T in Met receptor is a naturally occurring alteration in the human cancer papillary renal carcinoma (PRC).

A number of theories have been developed to explain the high tumourigenic activity of MEN2B-type mutation, ranging from shift of substrate specificity to the increase in catalytic efficiency of the tyrosine kinase domain. The results obtained with Ron M/T and Met M/T oncogenic mutants suggest a novel mechanism of oncogenic activation based on escape of the receptor from ubiquitin-mediated downregulation. Noteworthy, Ron carrying M/T substitution is constitutively tyrosine phosphorylated and active, in a ligand-independent manner. This should lead to a constitutive ubiquitination of the receptor, instead of to the abrogation. Future experiments focused on the measurement of the stability of wild type receptor compared to the M/T mutant, will help us to elucidate if the receptor carrying the MEN2B-type substitution is less degraded than the wild type, supporting data regarding ubiquitination. 

4. 

DISCUSSION

4.1 Oncogenic Conversion of Ron Receptor via Alteration of the Activation Loop of the Kinase Domain

Oncogenic activation of receptor tyrosine kinases can occur through a number of mechanisms, ranging from gene rearrangements, overexpression, partial deletion and point mutations. Oncogenic conversion through gene rearrangement has been reported for the Ron homologues Met and Sea. A rearranged form of Sea has been identified as the transforming component of the avian erythroblastosis S13 retrovirus (Smith et al., 1989). Met is activated by the fusion of its intracellular portion, lacking part of the juxtamembrane domain, with the N-terminal dimerisation motifs of the Tpr protein. This carryies two leucine zippers that induce constitutive dimerisation and activation of the kinase. 

Here we report that introducing single point mutations, in subdomains VII and VIII of the Ron tyrosine kinase, results in oncogenic and metastatic activation of the receptor. The amino acid substitutions inserted in Ron were reminiscent of those found in Kit and Ret RTKs, associated to human mast cell leukaemia, human mastocytosis and in multiple endocrine neoplasia type 2B (MEN2B). These mutations address two residues (aspartate in subdomain VII and methionine in subdomain VIII) highly conserved among receptor tyrosine kinases, including Met family. Notably, these activating mutations have been found also in Met, in sporadic and hereditary papillary renal carcinomas (PRC).

In this work we tested the effects of the D1232V (D/V or Kit-type) and M1254T (M/T or MEN2B-type) substitutions in Ron wild type and in the constitutively activated Tpr-Ron. Tpr-Ron was previously demonstrated to be a non-transforming protein, by using the canonical assays on murine fibroblasts, such as focus forming assay, anchorage-independent growth and low serum-cell proliferation (Santoro et al., 1996). On the contrary, Tpr-Ron mutants bearing either Kit-type or the MEN2B-type mutations were able to induce the formation of a number of foci comparable to that of the well-characterised Tpr-Met oncogene. The same results were obtained with the full length Ron carrying the M/T substitution. However, only 50% of the foci were induced by the D/V substitution in full length Ron.

In vivo tumorigenesis revealed differences between the two Tpr-Ron mutants, related to the latency of tumour appearance and growth. While Tpr-Ron D/V led to tumour formation in 4 weeks, a shorter latency of 2 weeks was observed for the M/T mutant. This result is particularly striking since a latency of 3 weeks had been observed for Tpr-Met in similar experiments (Rong et al., 1994). The above mutations are more efficient in in vivo tumorigenesis when expressed in the constitutively active Tpr-Ron chimaera, rather than in full-length receptor, both in terms of onset of tumour mass and of latency. This may be due to the enhancing effect on signalling provided by the constitutive dimerisation of the kinase domain. 

Transformation of NIH3T3 fibroblasts is accompanied by the acquisition of metastatic properties in athymic mice. Here we show that oncogenic activation of Ron receptor confers to NIH3T3 cells a metastatic phenotype. Transforming mutants of Ron can trigger all the events necessary to exit from vascular and lymphatic circulatory systems and to penetrate into the target organs, as well as proliferation and angiogenesis, required for colonisation of the new site. 

Altogether these results demonstrate for the first time that Ron has the potential to transform cells and to elicit tumourigenic and metastatic activity (Santoro et al, 1998).

Receptor tyrosine kinases can promote cell transformation when they are deregulated due either to constitutive activation or to lack in negative regulation of the receptor itself. The occurrence of constitutively autophosphorylated receptor indicates that the tyrosine kinase activity is blocked in a non-inhibitory condition, responsible for continuous downstream signalling to the nucleus. In this work we show that Ron receptor mutants are constitutively tyrosine phosphorylated, as revealed by anti-phosphotyrosine antibodies.

Previous results obtained by kinetic analysis showed that the catalytic efficiency of the Ron kinase is inadequate to mediate cell transformation, being much lesser than the efficiency of Met kinase (Santoro et al., 1996). The two oncogenic mutations described here induce changes in the kinetic parameters of the Ron kinase, so that the catalytic activity can attain the threshold required for cell transformation. Interestingly, the KM of the kinase for the MBP substrate, widely used for measures of kinase activity, is shifted toward significantly lower values for the mutants, compared to Tpr-Ron.

It has been widely demonstrated that activation of the Ras/MAPK pathway is required for cell transformation mediated by a number of tyrosine kinases (Stacey et al., 1991). Here we show that the two oncogenic point mutations must increase MAPK/Erk2 activity above the threshold necessary for cell transformation. Interestingly, the M1254T substitution, when inserted both in full length Ron and in Tpr-Ron chimaera, is less effective in activating this pathway, compared to the D1232V mutation, despite its highest oncogenic potential. This suggests that other pathways may be involved in producing the biological effect. 

It has been demonstrated that Tpr-Met oncogene exerts its transforming effect through the activation of the JNK signalling pathway (Rodrigues et al., 1997). Our data show that Tpr-Ron chimaera also activates JNK pathway, to an extent even greater than MAPK. Surprisingly, the two oncogenic mutations seem not to influence JNK activity. This also suggests that their effects may be mediated by alternative signalling due to the shift in substrate specificity, rather than to the potentiation of canonical pathways. 

The first part of this thesis reveals the tumourigenic and metastatic potential of Ron and suggests that activating mutations in the Ron gene may play a role in establishment of human cancers.

4.2
Role of Y1317 in Transforming and Tumourigenic Activity of Ron M1254T

Furthermore, we focused on the understanding of the molecular mechanisms responsible for cell transformation, promoted by oncogenic forms of Ron receptor. We addressed the investigation on putative alternative phosphorylation site/sites on the intracellular domain of the receptor. By sequence analysis, residue Y1317 was recognised as an optimal potential substrate for tyrosine kinases of cytosolic-type (Songyang et al, 1994). This observation is particularly intriguing because the MEN2B-type substitution has been demonstrated to produce a shift in substrate specificity of the receptor, towards cytosolic-type tyrosine kinases.

The generation of Y/F substitution mutants, involving the multifunctional docking site and the Y1317 residue, disclosed the important role played by this amino acid in transforming activity of Ron M/T. As expected, the Y/F substitution of multifunctional docking site in RonNeu* oncogenic chimaera and in Ron D1232V completely abrogates the transforming and metastatic activity of the receptor. Surprisingly, the Ron M/T receptor carrying the same mutations is still a potent oncoprotein, exhibiting a transforming ability reduced of 50% but not abolished. Consistently with the importance of Y1317 in Ron M/T oncogenic signalling, the single substitution of this residue generates a receptor that shows a half-reduced transforming ability compared to the wild type Ron M/T. Interestingly, the same ‘triple F’ mutation showed the ability to induce a residual number of foci, suggesting that other mechanisms involving different residues might mediate signalling in M1254T mutant. The importance of Y1317 residue is confirmed and strengthened by results obtained in experiment of metastasis formation. The Ron M/T bearing the double mutation addressing the two tyrosine residues of the multifunctional docking site showed the same ability to promote lung metastasis formation, compared to the wild type Ron M/T. Consistently, the substitution of Y1317 in the same oncogenic mutant abrogate completely its effect. On the contrary, The corresponding Y/F alterations in RonNeu* and Ron D/V receptors were completely ineffective in induction of metastasis.

These results clearly reveal that in vivo the M1254T mutation completely subverts the canonical docking site required for Ron-induced lung tissue colonisation, substantiating the hypothesis of a change in substrate specificity.

The change of substrate specificity in Ron receptor induced by MEN2B-type mutation was investigated by using the peptide phosphorylation assay. The data obtained revealed that the M/T alteration confers to Ron the specificity towards the substrates typical of cytosolic-type tyrosine kinases, in addition to the specificity for substrate of receptor-type.

This might explain why Ron M/T phosphorylates both the tyrosine residues of the multifunctional docking site and Y1317 residue, because the latter is embedded in a consensus sequence typical of cytosolic-type tyrosine kinases (Songyang and Cantley, 1995). Consistently, the level of receptor auto-phosphorylation was markedly reduced only in cells expressing Ron M/T Y1317, but not Ron M/T Y1353,1360F. This suggests that the shift in substrate specificity may be both inter-molecular, towards substrates usually not-recognised by receptor-type tyrosine kinases, and intra-molecular, by phosphorylating tyrosine residues that can act as non-canonical docking site.

To support data obtained in transformation and lung colonisation assays, we analysed the capability of the different mutants to activate downstream signalling pathways. The ability to induce AKT and MAP kinase phosphorylation is not affected by the introduction of Y1317F and of Y1353,1360F. On the contrary, the Y1317F alteration does not alter the ability of RonNeu* to promote the phosphorylation of downstream molecules, which is in turn completely abolished in RonNeu* Y1353,1360F. 

These results clearly showed that Ron M/T Y1317F and Ron M/T Y1353,1360F did not abrogate the signalling, which is maintained at appreciable levels. This was probably due to the specific properties of M1254T mutation, leading residue Y1317 and the multifunctional docking site to vicariate each other in transducing the signal triggered by the kinase of Ron MEN2B-like. Furthermore, M1254T mutation can enhance the signalling because of the specific engagement of Y1317 in addition of the conventional C-terminal docking site. The pattern is completely different for the other two oncogenic Ron receptors. In RonNeu* and Ron bearing D1232V substitution the alteration of the multifunctional docking site totally suppressed Ron signalling, and consequently transforming activity and metastasis formation. In addition, abrogation of Y1317 in these mutationally activated receptors did not affect signalling and biological activities at all.

4.3
Cbl mediates Downregulation of Ron

The rigid control of RTK activity is fundamental for correct growth and differentiation of cells and tissues. Cbl proteins have been demonstrated to play crucial role in receptor tyrosine kinase ubiquitination and downregulation, by sorting activated RTKs to degradative compartments (Bonifacino and Weissman, 1998). The PTB domain of Cbl mediates the association to the receptor, while the RING finger domain recruits the E2 ubiquitin-conjugating enzyme, and promotes the transfer of ubiquitin molecules on lysine residues of the RTK. Inactivation of the RING finger domain, through point mutation (C381A), partial or complete deletion of the domain (70Z-Cbl and v-Cbl, respectively) results in oncogenic activity of Cbl. The mechanism of action probably functions through competition with the endogenous Cbl proteins for the binding to activated receptors, without exerting ubiquitin conjugation and downregulation.

A number of RTKs have been reported to undergo Cbl-mediated downregulation (i.e. EGFR, CSF-1 receptor, PDGFR) via poly-ubiquitination (Lee et al, 1999; Levkowitz et al, 1998; Miyake et al, 1998). 

Here we show that the MSP receptor Ron is subjected to downregulation by Cbl protein, in response to ligand stimulation. Moreover, in this study we propose that a strong reduction in Ron/Cbl association, due to the insertion of MEN2B-like mutation (M1254T), may induce the receptor to escape ubiquitination, cooperating  to the acquisition of high oncogenic activity. 

We have demonstrated that endogenous Cbl is tyrosine phosphorylated in response to MSP, in Ron-expressing cells, but not in Ron kinase defective-expressing cells (Ron KD). In addition, co-expression of Cbl and Ron leads to Ron/Cbl association and to the subsequent ligand-dependent ubiquitination of the receptor. Interestingly, Ron and Cbl display the ability to interact also in a constitutive manner, in the absence of the ligand stimulation. Association and consequent ubiquitination of the receptor are tightly dependent on the integrity of the kinase domain, being the Ron KD unable to interact with Cbl and to undergo ubiquitin conjugation. 

Poly-ubiquitination of Ron is dependent on Cbl E3 ligase activity, as confirmed by in vitro ubiquitination assay performed either on Ron wild type or on a chimaeric receptor, generated by fusion of the intracellular domain of Ron and the transmembrane and extracellular region of ErbB-1 (ER chimaera, for ErbB-1/Ron). These data also suggest that a direct interaction between the two molecules occurs, being recombinant GST-Cbl proteins necessary and sufficient to promote Ron ubiquitination in an in vitro reconstituted system.

Cbl-mediated poly-ubiquitination of RTKs serves ultimately to enhance the removal of receptors from the cell surface, in order to modulate their signalling. Consistently with previously reported data obtained with other RTKs (Bonifacino and Weissman, 1998), the co-expression of Cbl and the chimaeric receptor ER leads to a marked increase of receptor downregulation, accompanied by a faster silencing and degradation of the receptor. Interestingly, the curve of downregulation of the receptor alone goes to plateau values after prolonged stimulation (60 min), meaning that a dynamic equilibrium between endocytosed and cell surface receptor occurs. The co-expression of the ER chimaera with Cbl displays a steeper slope curve that is still decreasing after 60 min of ligand stimulation. 

We used a panel of Cbl mutants to elucidate the mechanism of Ron/Cbl association and ubiquitination. As expected, the ubiquitination of Ron is abolished by co-transfection of the receptor with Cbl forms defective in E3 ligase activity (70Z-Cbl and v-Cbl) and is also almost abrogated in the PTB-defective mutant (G306E) affecting the ability of Cbl to bind to phosphotyrosine residues. Notably, while in the presence of the RING finger mutants the receptor is still markedly tyrosine phosphorylated, in the case of the G306E-Cbl the receptor autophosphorylation is reduced as in the case of c-Cbl. Since this mutant is impaired in direct binding to Ron, the reduced phosphorylation may be explained by the fact that Ron negative regulation by Cbl can occur both via direct binding to the receptor, through the PTB domain, and via the recruitment to the receptor through the binding to other adapter proteins. Recently, Grb2 has been reported to recruit Cbl to RTKs, enhancing receptor ubiquitination (Peschard et al., 2001; Watermann et al., 2002). Interestingly, the carboxy-terminal domain of Ron contains a Pro/Arg-rich domain that may be involved in association of proteins involved in signalling; for instance 14-3-3 proteins, known to associate Cbl in the Pro/Ser-rich region (Liu et al, 1996), can bind also to the COOH-tail of Ron (Santoro M., 2000, PhD thesis). 

The c-Cbl PTB domain recognises a phosphotyrosine residue embedded in a consensus sequence (N/D)XpYXXXP (Lupher et al., 1997; Meng et al., 1999) that correlates with the binding site identified in EGF receptor, Syk and ZAP-70 tyrosine kinases. However, Cbl can bind to sites that do not conform to the predicted consensus for its PTB domain. Y1003 of Met receptor, located in the juxtamembrane region, is a direct binding site for the PTB domain of Cbl. The replacement of this residue by phenylalanine generates a receptor which is not ubiquitinated and exhibit transforming activity in fibroblast and epithelial cells (Peschard et al., 2001). Analysis of the Ron sequence reveals the presence of the consensus for the c-Cbl PTB domain in the carboxy-terminal tail (DHpY1353VQLP). Noteworthy, the tyrosine residue embedded in the consensus is the first of the multifunctional docking site, which plays a major role in Ron subfamily signal transduction, by the interaction with a number of signal transducers. 

Replacement of Y1353 with phenylalanine provokes a massive reduction in receptor ubiquitination, emphasising the crucial importance of this residue in Ron signalling, either in positive or in negative modulation. The Y/F substitution of the juxtamembrane residue (Y1017), homologous to Y1003 of Met receptor, appears to decrease Ron ubiquitination, but at a less extent compared to the effect obtained with Y1353F. Moreover, the ligand-induced ubiquitination seems to be abolished, while the constitutive ubiquitination is unaffected. Apparently, these data contrast with the results obtained from co-immunoprecipitation experiments; the Y/F substitutions, despite strongly affecting receptor ubiquitination, do not abrogate the recruitment of Cbl to the receptor. Interestingly, the ligand-induced association between Ron and Cbl is markedly reduced by the Y/F alterations, while the constitutive interaction is unaffected. 

We can speculate that the constitutive association between Ron and Cbl may occur through site/s that are different from the tyrosine residues involved in ligand-induced association. Upon stimulation, receptor dimerisation would lead to phosphorylation of tyrosine residues that show higher affinity for the binding of Cbl, which would thus be displaced from the constitutive binding site/s of unstimulated receptor. In the case of the double mutant, the substitution of the two binding sites for Cbl Y1017,1353F might dramatically shift the equilibrium to the association through the constitutive binding site, not identified yet.

The above data suggest that Ron signalling is tightly regulated by c-Cbl, through the interaction on different sites. The relevance of Y1353 as a negative regulator site can offer an explanation why the constitutive active form of Ron, the cytosolic Tpr-Ron molecule, is not transforming. On the contrary, the naturally occurring Met counterpart, Tpr-Met, is highly oncogenic. Peschard and co-workers suggest that the high transforming potential of Tpr-Met resides in the fact that Tpr-Met lacks part of the juxtamembrane domain, containing several negative regulatory sites, including a protein kinase C phosphorylation site (S985; Gandino et al., 1994) and Y1003. The latter residue was predicted to bind PTP-S tyrosine phosphatase (Villa-Moruzzi et al., 1998) and has been shown to recruit the negative regulator Cbl to the Met receptor (Peschard et al, 2001). However, the homologous Y1017 residue lacks also in non-oncogenic Tpr-Ron.

Moreover, this putative Cbl binding site is deleted also in env-sea, the retrovirally transduced oncogenic variant of c-Sea, the avian homologue of Ron. Interestingly, neither Met nor Sea has the consensus for the association with Cbl in the carboxy-terminal docking site, being EHpYVHVN in Met and ERpYVNLA in Sea. This may confirm the strong inhibition activity that Y1353 residue exerts solely on Ron signalling.

As previously described, the insertion of M/T substitution in Ron receptor causes the constitutive activation of the receptor in a ligand-independent fashion, leading to the acquirement of oncogenic and metastatic activity. 

We can hypothesise several mechanisms through which alteration in substrate specificity could trigger oncogenic potential of Ron. First, changes in substrate specificity could lead to the phosphorylation of novel downstream targets or non-canonical intramolecular sites, resulting in the activation of novel signalling pathways. Accordingly, we demonstrate that M1254T substitution in Ron receptor causes the increase of catalytic efficiency and the shift of substrate specificity, which is both intramolecular, occurring on  Y1317 residue, and intermolecular, as demonstrated by peptide phosphorylation assay. Moreover, it has been reported that Ron bearing MEN2B-type mutation shows a peculiar tendency to tyrosine phosphorylate β-catenin, preventing serine phosphorylation by GSK3 and the consequent degradation of the β-catenin itself (Danilkovitch et al, 2001). The authors proposed that the tumourigenic potential of M/T substitution is due in part to the tyrosine phosphorylation of the β-catenin, resulting in the inhibition of its proteasomal degradation. 

Alternatively, changes in substrate specificity could affect the normal pattern of Ron regulation, leading to an alteration in receptor downregulation or desensitisation. Here we show that the M1254T substitution strongly affects the Ron association to Cbl, than can be only slightly increased after MSP stimulation. Nevertheless, Cbl is markedly tyrosine phosphorylated upon cell transfection with Ron M/T as well as with Ron wild type. Noteworthy, the strong reduction in Ron/Cbl interaction leads to the abrogation of Cbl-induced receptor poly-ubiquitination. This result suggests a novel mechanism for the tumourigenic potential of M/T substitution in the activation loop. The shift in substrate specificity affects the association of the receptor with Cbl, which is not able anymore to mediate the transfer of ubiquitin molecules on the receptor. Moreover, it has been clearly demonstrated that the tyrosine phosphorylation of c-Cbl at a site flanking the RING finger domain (Y371) is essential for its E3 ubiquitin ligase activity (Levkowitz et al, 1999). A kinase domain bearing the MEN2B-type substitution might phosphorylate Cbl with alterated efficiency on different tyrosine residues, showing lower specificity for residue Y371. This can affect the ability of Cbl to mediate the transfer of ubiquitin to the oncogenic receptor and to promote its downregulation.

When M/T substitution is introduced into the EGF receptor (M857T), it exhibits a intrinsic kinase activity similar to the wild type receptor and remained ligand-dependent. However, the mutant receptor showed the ability to mediate the growth of NIH3T3 cells in soft agar. Notably, weak differences in receptor downregulation were observed between the wild type and the M857T receptors, being evident only after long-term treatment with EGF. Thus, receptor trafficking appeared to be affected by the MEN2B-type mutation (Pandit et al., 1996). 

To verify if this mechanism may be extended to other RTK bearing the same oncogenic mutation, we tested the effect of the M/T mutation introduced in the Met receptor. Consistently with the previous results obtained with Ron, the M/T alteration exhibits similar effects in Met, determining a reduction in Cbl binding and, more interestingly, the abolishment of receptor ubiquitination. The results obtained with Met M/T strongly confirmed our hypothesis, because the M1250T substitution is a naturally occurring mutation in humans affected by the papillary renal carcinoma. 

This is the first time that the oncogenic activity of MEN2B-type mutation is correlated to the uncoupling of Cbl association to the receptor, causing the escape of the receptor from Cbl-induced poly-ubiquitination. We propose this model as a general mechanism to sustain the activation of RTK by the dramatic reduction of receptor downregulation, which may occur in pathological conditions, such as neoplasia. 

5. 
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