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MET as a potential target for the treatment of upper gastrointestinal cancers: 

characterization of novel c-Met inhibitors from bench to bedside 

 

Abstract 

The receptor tyrosine kinase mesenchymal-epithelial transition factor (c-Met) plays a 

pivotal role in regulation of cell proliferation and migration. Abnormal expression of c-Met 

has been associated with poor prognosis in several cancer types, including upper 

gastrointestinal malignancies. Moreover, c-Met interaction with multiple signalling 

pathways involved in tumor growth and invasive/metastatic phenotype has gained 

substantial attention in the last few years, suggesting the therapeutic potential of this target. 

This has led to the development and evaluation of a number of c-Met inhibitors. Here we 

describe the critical role of the HGF/c-Met pathway in cancer, as well as the preclinical and 

clinical investigations on c-Met inhibitors in solid tumors, with particular emphasis on 

recent findings with small-molecule inhibitors in gastrointestinal cancers. Clinical trials 

with several of these novel inhibitors have been encouraging and one of them, crizotinib 

(dual c-Met/ALK inhibitor), has recently been approved for lung cancers with ALK-

rearrangement. There are accumulating evidences on the therapeutic potential of this and 

other c-Met inhibitors for the treatment of other malignancies, such as gastric and 

pancreatic cancers. These inhibitors might be used in combination with chemotherapy as 

well as with other biological agents, in order to overcome different resistance mechanisms. 

However, further studies are needed to identify determinants of the activity of c-Met 

inhibitors, through the analysis of genetic and environmental alterations affecting c-Met and 

parallel pro-cancer pathways. These studies will be critical to improve the efficacy and 

selectivity of current and future anticancer strategies targeting c-Met. 

 

Key words: antitumor therapy, cancer aggressive behaviour, clinical development, c-Met 

inhibitors, HGF, MET, personalized medicine, preclinical studies, resistance to targeted 

agents, upper gastrointestinal cancers. 

 

List of Abbreviations  

CSC, cancer stem cells; EMT, epithelial-to-mesenchymal transition; ERK, extracellular 

signal-regulated kinase; FAK, focal adhesion kinase; Gab1, growth factor receptor-bound 

protein 2 (Grb2)-associated binder 1; HGF, hepatocyte growth factor; HR, hazard ratio; 

JAK/STAT, Janus kinase/signal transducers and activators of transcription; MEK, mitogen-

activated protein kinase; MET, mesenchymal-epithelial transition factor; Pak, p21-activated 

protein kinase; NSCLC, non-small-cell lung cancer; OS, overall survival; PDAC, pancreatic 

ductal adenocarcinoma; PFS, progression free survival; PI3K, phosphatidylinositol 3-

kinase; RTK, receptor tyrosine kinase; Shp2, SH2 (Src-homology-2) domain-containing 

protein tyrosine phosphatase 2; Sos, son-of-sevenless; α and β subunits of the receptor that 

are presented after proteolytic cleavage; TGF, transforming growth factor. 
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Introduction 

ROLE OF C-MET IN CANCER    

Mesenchymal Epithelial Transition factor (MET) is a proto-oncogene, located at 7q31, 

encoding for the tyrosine kinase cell surface receptor, c-Met. The c-Met protein is a single-

pass heterodimer receptor, and the only known high affinity ligand for c-Met is hepatocyte 

growth factor, HGF [1-4]. HGF is a pleiotropic cytokine secreted in its inactive form, 

mainly by mesenchymal cells, and subsequently activated by a number of proteases to its 

active /  heterodimer extracellular form [3].  

c-Met plays essential roles in embryonic and adult life, including embryonic development, 

tissue homeostasis and morphogenesis [5-8]. However, abnormal stimulation of c-Met/HGF 

pathway promotes cellular transformation, epithelial-to-mesenchymal transition (EMT), 

tumor invasion, progression and metastasis [9-10]. As shown in Fig 1, the most important 

signalling pathways activated by c-Met/HGF pathway are PI3K-Akt signalling [11-12], 

Ras-mitogen-activated protein kinase cascades [12-13], STAT pathway and Nuclear Factor-

kB complex [14-15].  

The c-Met pathway is aberrantly activated or overexpressed in a variety of solid tumors and 

has been shown to be correlated with a poor prognosis and metastatic progression in a 

number of malignancies [16-19]. Several studies have shown that activation of c-Met could 

take place either by ligand-dependently or ligand-independently through semaphorins. The 

interaction with plexins at extracellular level causes the activation of c-Met by semaphorins 

[20-21]. Briefly, binding of semaphorin 4D to its receptor plexin B1 stimulates the tyrosine 

kinase activity of Met, resulting in tyrosine phosphorylation. C-Met signalling pathway can 

also be modulated by other proteins/enzymes, including RON, EGFR, a6b4 integrin, CD44 

and FAS, which are all factors with important roles in cancer. These findings support the 

hypothesis that the c-Met receptor tyrosine kinase (RTK) is a key regulator in cancer [22-

25]. Conversely, down-regulation of HGF or c-Met expression or inhibition of c-Met kinase 

in HGF/c-Met-driven tumor cells significantly decreases cell growth, survival, motility, 

migration and invasion in vitro, and reduces tumorigenic and metastatic potential in 

different tumor models in vivo, including pancreatic cancers [26]. Similarly, Wang and 

collaborators recently reported that lentivirus-mediated RNA silencing of c-Met markedly 

suppressed peritoneal dissemination of gastric cancer [27], suggesting that inhibition of c-

Met tyrosine kinase might block proliferation and metastatic growth of gastric cancer cells.  

Inappropriate activation of MET can be induced by specific genetic lesions, transcriptional 

upregulation or ligand-dependent autocrine or paracrine mechanisms. The MET gene can 

carry different mutations, which have been found in a subset of patients with hereditary and 

sporadic papillary renal cancer, head and neck cancer, ovarian carcinoma, non-small-cell 

lung cancer (NSCLC), childhood hepatocellular carcinoma, gastric cancer [3,28-29], as 

well as in metastases of these cancers [30]. The tumorigenic potential of several of these 

MET mutants was assessed in preclinical models [30-31]. In addition, amplification of the 

MET gene, with subsequent c-Met protein overexpression and activation, has been reported 

in many cancers, including NSCLC, brain, colorectal, head and neck, glioblastoma, 

oesophageal and stomach cancers [3]. For example, Ma and collaborators showed that 72% 

of lung cancer tissues expressed Met and 40% of patients had Met receptor overexpression 

[32]. Furthermore, c-Met is amplified in about 30% of lung tumors with acquired resistance 

to EGFR inhibitors, and the NSCLC HCC827-GR cells resistant to gefitinib, had MET  
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Figure 1. Schematic representation of HGF/c-Met signalling pathway. HGF secreted by 

mesenchymal cells is activated by HGFA and binds to c-Met receptor on epithelial cells. C-Met TK 

activation results in autophosphorylation and binding of adaptor proteins of Grb2 and Gab2, followed 

by activation of several signalling proteins such as Ras, Crk and JNK and PI3K. Signalling pathways 

generated from the binding of Grb2 and Gab2 to the c-Met receptor result in changes of gene 

expression and cell behaviour, with increased proliferation, survival, motility, and invasiveness 

abilities.  
 

amplification, and showed an increased activation of the tyrosine kinase Src, which is 

involved in tumor progression and metastasis of several solid malignancies [33-35].  

However, the most common cause of constitutive c-Met activation in human tumors is 

increased protein expression as a consequence of transcriptional upregulation, in the 

absence of genetic abnormalities. Mechanisms of increased Met activity in cancers include 

ligand-independent activation by extracellular matrix proteins, autocrine overexpression of 

HGF ligand, and transcriptional upregulation by other oncogenes, such as K-RAS, and 

environmental conditions, including hypoxia, and inflammatory or pro-angiogenic factors 

produced by the reactive stroma surrounding different cancer types [36-38]. Therefore, in 

contrast to “oncogene addiction”, resulting from the dependence of some tumors on the 

activity of a single oncogene, the inappropriate activation of MET resulting in “oncogene 

expedience” has been postulated to be the consequence rather than the cause of the 

transformed phenotype [39]. 
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In summary, MET has been implicated in a variety of human malignancies both as a 

necessary oncogene and as a subsidiary gene in the malignant metastatic behaviour, offering 

a compelling rationale for the further exploration of targeting c-Met in patients affected by 

many advanced tumors [40], including upper gastrointestinal cancers. 
 

 

1) ROLE OF C-MET IN UPPER GASTROINTESTINAL CANCERS 

Recently, c-Met emerged as a prognostic factor and its expression was correlated with 

invasiveness, metastasis and/or poor patient survival rates in several upper gastrointestinal 

cancers [41-45].  

Somatic amplification of the MET gene has been reported in gastroesophageal [22], gastric 

and pancreatic cancers [46-47], and MET-addicted phenotype has been described in 

cultured cells from gastric carcinomas [48]. In particular, treatment with the c-Met inhibitor 

PHA-665752 triggered massive apoptosis in 5 out of 5 gastric cancer cell lines with MET 

amplification suggesting that tumor-derived cell lines are suitable models to identify 

subtypes with extraordinary sensitivity to these molecularly targeted drugs. MET 

amplification may thus identify a subset of gastric cancers that are uniquely sensitive to 

disruption of this pathway and define a patient group that should be treated with targeted 

therapy with c-Met inhibitors. More recently, the antitumor action of the c-Met inhibitor 

crizotinib was examined in gastric cancer cells positive or negative for MET amplification 

[50]. This study showed a marked antitumor effect of crizotinib in gastric cancer xenografts 

positive for MET amplification, whereas it had little effect on those negative for this genetic 

change. A clear evidence of how Met-targeting therapeutics is beginning to come to clinical 

fruition was recently reported by Catenacci and colleagues, who reported the first case of 

durable complete response under an anti-Met receptor monoclonal antibody, MetMAb, in a 

patient with chemotherapy-refractory, advanced gastric cancer metastatic to the liver. 

Notably this patient was found to have high MET gene polysomy and remarkably high 

serum HGF level [51].  

However, another recent study revealed that both increased MET copy number and/or c-

Met overexpression were associated with poor outcome in gastric carcinomas [24]. These 

results are in agreement with several previous studies, demonstrating that c-Met 

overexpression was associated with lymph node metastasis, invasion, peritoneal 

dissemination and patient survival in gastric cancer [52-54]. Therefore, assessment of HGF 

and c-Met expression status provides clinically useful information for peritoneal 

dissemination and prognosis in patients with gastric cancer, and blocking this pathway 

might be clinically useful for the treatment of gastric cancer. 

Similar data on the prognostic role of c-Met have been reported for pancreatic cancers. Zhu 

and collaborators investigated the expression patterns of several markers, including c-Met, 

using immunohistochemistry in 71 patients with pancreatic ductal adenocarcinoma (PDAC) 

and correlated their findings with clinicopathological parameters and survival. C-Met 

overexpression was significantly associated with TNM stage and lymph node invasion, and 

related to poor survival of PDAC patients [45]. Previous studies showed that c-Met is 

overexpressed in pancreatic cancer cells and has been linked to the aggressiveness of this 

tumor in terms of growth, invasion, and metastasis [54-57]. Of note, c-Met is expressed in 

the developing pancreatic bud of the embryo and marks candidate stem/progenitor cells in 

the embryonic and adult pancreas, but it is expressed at very low levels in normal adult 
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differentiated pancreatic cells [58]. However, the MET gene is amplified or overexpressed 

in some progenitor ductal cells [59] and it recently emerged as a stem cell marker in 

pancreatic tissues [60] as well as a marker of pancreatic cancer stem cells (CSC) [44]. In 

particular, injecting pancreatic cancer cells from patients in xenografts, the subpopulation 

of cells that expressed high levels of c-Met (c-Met-high), also expressed other previously 

described CSCs makers such as CD44, CD24, CD133, and ALDH1. However, using 

separate subpopulations for each of these markers, c-Met-high was better at identifying 

higher tumorigenic cancer cells compared with these other markers, because when injecting 

the same number of cells, c-Met-high cells produced tumors in 35%, while CD133+ cells 

produced tumors in 16%, and CD44+ cells in 25% of the mice. Interestingly, in these 

models c-Met inhibitors slowed tumor growth, reduced the population of CSCs and 

prevented the development of metastases when given alone or in combination with 

gemcitabine. These results suggest that c-Met is both a marker for pancreatic CSCs and a 

therapeutic target for pancreatic cancer [44].  

Moreover, interactions between cancer cells and fibroblasts through c-Met increased 

pancreatic invasiveness [61-62], and factors affecting the cancer/stroma interaction play a 

key role in pancreatic cancer progression and aggressive behaviour [63]. 

Other studies suggested that PDAC cells overexpressing c-Met are chemoresistant to 

gemcitabine [47,64], or that the expression of phosphorylated forms of c-Met might 

overcome RON silencing, which was active against in vivo resistance to gemcitabine in 

pancreatic cancer [65]. Similarly, c-Met activation mediates radioresistance [66], and 

resistance to lapatinib inhibition of HER2-amplified gastric cancer cells [67]. These data 

suggest that kinase-switching involving c-Met or a parallel pathway might lead to 

gemcitabine resistance. Therefore future studies should focus on understanding of the 

molecular pathways of resistant tumors, in order to design rational combination therapies 

including c-Met inhibitors. 
 

 

2) CANCER THERAPIES TARGETING MET/HGF SIGNALLING PATHWAY  

The involvement of MET in human tumors has been associated with tumorigenic properties 

but also with an invasive phenotype. Interfering with c-Met activation is thus a new and 

challenging approach to inhibit both tumorigenic and metastatic processes. 

Different strategies have been investigated in the last decades to target the aberrant 

HGF/Met signalling in cancers (Table 1), including (1) inhibition of HGF, and inhibition of 

Met with (2) Met antibodies or (3) TK inhibitors. The first two approaches aim at inhibiting 

the interaction of ligand-receptor and prevent receptor dimerization, while the last strategy 

blocks the activity of Met kinase, suppressing specific downstream signals. AM7 and 

SU11274 offered the first proof that relatively selective c-Met inhibitors could be identified 

and that the inhibition leads to an anti-tumor effect in vivo. The comparison of the co- 

crystal structures of AM7 and SU11274 with c-Met showed several differences: SU-11274 

binds adjacent to the hinge region with a U-shaped conformation, while AM7 binds to c-

Met in an extended conformation which spans the area from the hinge region to the C-helix. 

It then binds in a hydrophobic pocket. C-Met assumes an inactive, unphosphorylated 

conformation with AM7, which can bind to both phosphorylated and unphosphorylated 

conformations of the kinase [68]. 
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Table 1. Summary of c-Met or HGF inhibitors.  

C-Met or HGF 

inhibitors 

Type Target 

 

Tivatinib 

Selective TKI 

Non-ATP competitive 

Highly selective for the unphosphorylated 

conformation of c-MET inhibiting autophosphorylation 

c-Met 

Crizotinib Selective TKI 

ATP competitive inhibitor 

c-Met and ALK 

Foretinib Selective TKI 

ATP competitive inhibitor 

Multi-kinase inhibitor 

Met, Ron, 

VEGFR1 to 

VEGFR3, 

PDGFR, Kit, Flt-

3, Tie-2, AXL 

MGCD265 Broad-spectrum kinase inhibitor 

Binds to several multi-kinase receptors inhibiting 

phosphorylation 

c-Met, Tek/Tie-2, 

VEGFR and 

MST1R or RON 

Cabozantinib 

 

ATP competitive inhibitor 

Multi-kinase inhibitor 

c-Met, VEGFR2, 

and RET 

 

JNJ-38877605 

 

Selective TKI. 

ATP competitive 

c-MET phosphorylation inhibitor 

c-Met 

EMD1204831 

 

Selective TKI. 

ATP competitive. 

Blocks HGF-dependent and constitutive 

phosphorylation of c-Met 

c-Met 

AMG 208 Inhibits the ligand-dependent and ligand-independent 

activation of c-Met 

c-Met and RON 

INCB028060 Selective TKI 

ATP competitive 

Binds to c-Met, inhibiting c-Met phosphorylation  

c-Met 

EMD1214063 

 

Selective TKI 

ATP competitive 

Blocks HGF-dependent and constitutive 

phosphorylation of c-Met 

c-Met 

Golvatinib ATP competitive 

Binds to and inhibits the activities of both c-Met and 

VEGFR-2 

c-Met, VEGFR-2, 

multiple member 

Eph receptor 

family, c-Kit and 

Ron 

Amuvatinib Broad-spectrum kinase inhibitor 

 

c-kit, and 

PDGFRα 

c-Met, Ret 

oncoprotein, 

mutant forms of 

Flt3 and PDGFR 
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MK-2461 Broad-spectrum kinase inhibitor 

ATP competitive 

multitargeted inhibitor of activated c-Met 

c-Met, AKT and 

Ras 

 

BMS-777607 

 

Selective 

ATP-competitive 

Blocks the autophosphorylation of c-Met 

c-Met 

AMG 337 Selective TKI 

Binds to and inhibits c-Met 

c-Met 

PF-04217903 Selective TKI 

ATP competitive 

Binds to and inhibits c-Met 

c-Met 

Onartuzumab Humanized monovalent monoclonal antibody directed 

against the hepatocyte growth factor receptor 

c-Met 

Rilotumumab 

 

Fully human monoclonal antibody to hepatocyte 

growth factor that inhibits signaling though the MET 

receptor. 

Human HGF 

Ficlatuzumab Humanized monoclonal antibody 

binds to the soluble ligand HGF, preventing the 

binding of HGF to its receptor c-Met 

Human HGF 

TAK-701 

 

Humanized monoclonal antibody 

binds to the soluble ligand HGF, preventing the 

binding of HGF to its receptor c-Met 

Human HGF 

 

Due to these two different types of binding, small molecule Met inhibitors have been 

divided into two classes; class I (SU-11274-like) and class II (AM7-like). However, there is 

another type of small-molecule inhibitor, Tivantinib, which does not fit into either of the 

two classes. This molecule is a non-ATP competitive c-Met autophosphorylation inhibitor 

with a high selectivity for the unphosphorylated conformation of the kinase, cutting off the 

interactions between the key catalytic residues [69]. Although crizotinib has recently been 

approved by the Food and Drug Administration (FDA) for the treatment of advanced 

NSCLC, there are several new c-Met inhibitors in development, and most of them are tested 

in phase I clinical trials, as illustrated in the Table 2. 

The mechanism and efficacy of each approach and drug depends on the specific mechanism 

of action of these agents in HGF/Met signalling aberration. Some of the inhibitors have 

more than one target, ranging from highly selective to multi-targeted inhibitors, and can be 

used alone or in combination with other agents/approaches.  

2.1) HGF inhibitors 

Several secreted growth factors have been considered as potential therapeutic targets in 

treatment of cancer. Therefore, several companies developed drugs acting on the first step 

that regulate c-Met activation, through inhibition of HGF. Three HGF antibodies are under 

clinical investigations. These include: Rilotumumab (AMG 102), Ficlatuzumab (AV-299 - 

SCH 900105) and TAK-701. 
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2.1.1) Rilotumumab 

Rilotumumab is a human IgG2 monoclonal antibody directed against HGF, showing 

potential antineoplastic activity. This inhibitor binds to and neutralizes HGF, preventing the 

binding of HGF to its receptor c-Met and consequently c-Met activation; inhibition of c-

Met-mediated signal transduction may result in the induction of apoptosis in cells 

expressing c-Met. The first-in-human trial with Rilotumumab was a dose-escalation study in 

patients with advanced solid tumors, showing that Rilotumumab was safe and well 

tolerated, and had a favorable pharmacokinetic profile [70]. In another phase I study, a total 

number of 14 patients with advanced solid tumors was enrolled and treated by 

Rilotumumab in combination with bevacizumab or motesanib diphosphate. The 

combination therapies were also well tolerated with acceptable safety profile and the 

Rilotumumab pharmacokinetics profile in combination with these anti-angiogenic agents 

was similar to monotherapy. Only a few patients responded to the therapy [22,25], but, as 

shown in Table 2, there are several on-going phase II trials where Rilotumumab is being 

used in combination therapy or monotherapy. 

2.1.2) Ficlatuzumab and TAK-701  

Ficlatuzumab and TAK-701 are both humanized IgG1 monoclonal antibodies directed 

against human HGF. They bind to the soluble ligand HGF, preventing the binding of HGF 

to its receptor c-Met and activation of the HGF/c-Met signalling pathway, which may result 

in cell death in c-Met-expressing tumor cells. A phase I study evaluated the safety, 

tolerability, pharmacokinetics, and pharmacodynamics of Ficlatuzumab in monotherapy and 

in combination with erlotinib. These findings showed that combination treatment was safe 

and well tolerated in patients with advanced solid tumors [71]. Thus, phase II trials are 

ongoing for evaluating the therapeutic potential of both monoclonal antibodies (Table 2).  

2.2) Met Antibodies 

The HGF/Met signalling can also be blocked with a specific antibody for the binding to 

Met extracellular domain. Onartuzumab (MetMAb, RO5490258) is a recombinant and anti-

human c-Met monoclonal antibody that binds to the extracellular domain of c-Met, 

blocking its activity. Moss and collaborators evaluated the effect of MetMAb, as a single 

agent and in combination with bevacizumab, in advanced solid tumors. This phase I trial 

illustrated that patients treated with MetMAb was able to tolerate the treatment, suggesting 

its use in NSCLC [72]. In the following randomized, double-blind phase II clinical trial, 

128 chemotherapy pre-treated NSCLC patients were randomized to receive either MetMab 

in combination with erlotinib or placebo plus erlotinib [73]. This study failed to 

demonstrate an improvement in progression free survival (PFS) or overall survival (OS) in 

the intent to treat population. However, according to c-Met protein expression as 

determined by immunohistochemistry, in patients whose tumors harbored a high expression 

(2+ or 3+), the addition of MetMab to erlotinib resulted in a significant improvement in 

both median PFS (3.0 versus 1.5 months; hazard ratio (HR) = 0.47, p = 0.01) and OS (12.6 

versus 4.6 months; HR = 0.37, p = 0.002). Conversely, in patients with low expression (0 

and 1 +), addition  of MetMab to erlotinib was detrimental. Removing patients with EGFR 

mutations did not alter results, albeit with the p value of survival benefit becoming 

statistically insignificant in the analysis likely due to a small sample size. These results lend 

support for further investigation of MetMAb as a potential targeted therapy in Met 

expressing NSCLC patients. A randomized phase III study is ongoing evaluating the benefit 
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of using MetMab in combination with erlotinib compared to erlotinib alone only in pre-

treated high-Met expressing advanced NSCLC. 

2.3) Met Kinase inhibitors 

In recent years, there have been considerable efforts in the development of effective protein 

kinase inhibitors of c-Met for cancer therapy. A large number of new molecules such as 

tivantinib (ARQ 197), crizotinib (PF-02341066), cabozantinib (XL184, BMS-907351), 

MGCD265, JNJ-38877605, golvatinib (E7050), MK-2461, EMD 1204831, EMD 1214063, 

INCB028060 and AMG 208, are in preclinical and clinical on-going investigation (Table 

2). Among these compounds, tivantinib, cabozantinib and crizotinib are part of more 

advanced clinical development. 

2.3.1) Tivantinib (ARQ 197) 

Tivantinib is a non ATP-competitive small molecule c-Met-inhibitor, which is able to bind 

and stabilize the c-Met protein in the inactive state, inhibiting downstream signalling 

cascade. This inhibitor has been extensively studied in several tumor types as single-agent 

therapy or in combination with other cytotoxic agents [Table 2; 74-76]. Several studies in 

phase I and phase II trials have evaluated the effect of tivantinib in patients with metastatic 

or advanced/recurrent solid tumors. These trials demonstrated that tivantinib was well 

tolerated and no dose limiting toxicities were observed in the patients, and this compound is 

the only c-Met TK inhibitor currently in phase III trials. In particular, the MARQUEE trial, 

evaluating tivantinib in previously treated but EGFR-TKI-naïve non-squamous NSCLC, is 

currently underway [77]. Another phase III trial (ARQ197-006) is currently ongoing in 

advanced non-squamous non-EGFR mutant Asian NSCLC patients in which tivantinib in 

association with erlotinib is being compared to erlotinib plus placebo; in this study 

tivantinib is administered at different doses according to the CYP2C19 polymorphism 

(NCT 01377376), because of different exposure to the drug among poor and extensive 

metabolizers [78].  

A recent multi-center phase II study, assessed the PFS of patients with unresectable 

pancreatic cancer following treatment with either tivantinib or gemcitabine, showing a 

limited therapeutic benefit of tivantinib administered as monotherapy (NCT00558207). 

However, in several other trials tivantinib was evaluated in combinations such as with 

gemcitabine in patients with advanced solid tumors, that only a few patients responded to 

the therapy [79]. 

2.3.2) Crizotinib (PF-02341066) 

Crizotinib is known as an inhibitor of the receptor tyrosine kinase anaplastic lymphoma 

kinase (ALK), and approved by FDA for the treatment of ALK positive NSCLC [80]. ALK 

belongs to the insulin receptor superfamily and has an important role in nervous system 

development [81-82]. Dysregulation and gene rearrangements of ALK have been observed 

in several tumors, including NSCLC [83]. Crizotinib binds to and inhibits ALK kinase and 

ALK fusion proteins in an ATP-competitive manner [4].  

However, crizotinib can also inhibit c-Met and disrupt its downstream signalling pathway. 

Crizotinib shows a retained inhibition, good oral pharmacokinetic properties and a wide 

therapeutic index in different mammalian species [84]. Several preclinical findings in lung 

cancers and other solid malignancies with MET overexpression have provided novel 

insights on therapeutic potential of this inhibitor [84], and have raised interest to test it for 
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targeting c-Met.  

Recently, a case report described an impressive and durable response to crizotinib in a 

patient with NSCLC harbouring MET amplification [85]. Moreover, Bergethon and 

collaborators described in vitro studies and preliminary data from a phase I clinical trial that 

suggest that crizotinib may effectively inhibit the growth of ROS1-positive tumors. In 

particular c-Met and phospho-c-Met (Tyr1234/5) expression and phosphorylation in the 

HCC78 cells indicated a possible oncogenic role for c-Met in this cell line; therefore 

inhibition of Met phosphorylation may contribute to the in vitro growth inhibition of 

HCC78 [86]. Similarly, several preclinical studies have demonstrated the inhibitory effects 

of the crizotinib in different tumor types, and support further studies of this agent as c-Met 

inhibitor in several solid malignancies, including pancreatic tumors [26,47, 87]. 

2.3.3) Cabozantinib (XL184, BMS-907351) 

Cabozantinib is a small molecule RTK inhibitor with potential antineoplastic activity 

targeting several RTKs. It appears to have a strong affinity for the c-Met and VEGFR2, 

which may result in inhibition of both tumor growth, and tumor neoangiogenesis. 

Cabozantinib was tested in a phase II trial in more than 400 patients with different solid 

tumors. Although this kinase inhibitor showed good activity with a disease control rate ≥ 

40% at 12 weeks in six different solid tumors, only a small number of patients responded to 

the therapy. Importantly, among patients who benefited from treatment all had tumors 

harbouring either EGFR or K-RAS mutations, whereas none of the non-responders 

expressed these alterations [88]. 

2.3.4) MGCD265 

MGCD265 is a small multi-targeted TKI with potential antineoplastic activity. MGCD265 

binds to and inhibits the phosphorylation of several RTKs, including the c-Met receptor; 

Tek/Tie-2 receptor; VEGFR types 1, 2, and 3; and macrophage-stimulating 1 receptor 

(MST1R or RON). Inhibition of these RTKs and their downstream signalling pathways may 

result in the inhibition of angiogenesis and cancer cell proliferation in tumors expressing 

these RTKs.  

MGCD265 safety, pharmacokinetics and pharmacodynamics were evaluated in 28 patients 

with advanced malignancies in a phase I dose escalation study. The intermittent 

administration of MGCD265 was well tolerated in all the patients [89-90]. In another phase 

I trials, MGCD265 was given in combination with docetaxel to 34 metastatic or advanced 

solid tumors patients. This drug was well tolerated [91], and it is under investigation in 

several on-going studies (Table 2).  

2.3.5) JNJ-38877605 

JNJ-38877605 is an ATP-competitive inhibitor of c-Met, which has shown high selectivity 

in the inhibition of activated c-Met phosphorylation in vitro [92]. A phase I study to 

determine the safety, pharmacokinetics and pharmacodynamics of JNJ-38877605 was 

performed in advanced or refractory solid tumors. However, this study was interrupted due 

to increased serum creatinine levels and minimal activity (ClinicalTrials.gov Identifier: 

NCT00651365). 
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Table 2. Clinical trials on C-Met/HGF Inhibitors 

C-Met 

Inhibitor 

Trial 

Phase 

Tumor Type Intervention References 

Tivantinib Phase 

I 

 

Advanced solid tumour ARQ 197 

ARQ 197 + 

Omeprazole/S-

warfarin/Caffeine/Dig

oxin/Midazolam/Vita

min K 

NCT00612209 

NCT01517399 

advanced solid tumors ARQ 197+ Pazopanib NCT01468922 

Phase 

I/II 

Several ARQ 197 as 

monotherapy or in 

combination with 

other drug(s) 

NCT01178411 

Phase 

II 

NSCLC ARQ 197 + Erlotinib 

Pemetrexed + 

Docetaxel or 

Gemcitabine 

NCT01395758 

Metastatic Triple-Negative 

Breast Cancer 

ARQ 197 NCT01542996 

EGFR Mutation-positive 

Non-small-cell LungCancer 

ARQ 197 

ARQ 197 + Erlotinib 

NCT01580735 

 

Multiple Myeloma and 

Plasma Cell Neoplasm 

ARQ 197 NCT01447914 

Recurrent or metastatic 

breast cancer 

ARQ 197 NCT01575522 

Metastatic Castrate 

Resistant Prostate Cancer 

ARQ 197 

Placebo 

NCT01519414 

 

Phase 

III 

Non-Squamous, NSCLC 

with Wild-type EGFR 

ARQ 197 + Erlotinib 

Placebo + Erlotinib 

NCT01377376 

 

Crizotinib Phase 

I 

Advanced Malignancies 

 

Crizotinib + 

Pemetrexed 

Crizotinib + 

Pazopanib + 

Pemetrexed 

NCT01548144 

 

 

Impaired Renal Function Crizotinib NCT01419041 

Healthy volunteers Crizotinib + 

Esomeprazole 

NCT01549574 

Advanced cancer with 

several degrees of liver 

dysfunction 

Crizotinib NCT01576406 

Phase 

I 

Tumors except NSCLC 

ALK+ 

Crizotinib NCT01637597 

Advanced Cancer Crizotinib + Rifampin 

+ Ketoconazole 

NCT00585195 

NSCLC Crizotinib + PF-

00299804 

PF-00299804 

followed by crizotinib 

+ PF-00299804 

NCT01121575 



            Potential therapeutic role of c-Met for gastrointestinal cancers 

  

169 | P a g e  
 
 

C-Met 

Inhibitor 
Trial  

Phase 
Tumor Type Intervention References 

ALK+ lung cancers Crizotinib + 

Ganetespib (STA-

9090) 

NCT01579994 

Solid tumors or anaplastic 

large cell lymphoma 

Crizotinib NCT00939770 

Phase 

I/II 

NSCLC harboring a 

translocation/ inversion 

event involving ALK 

Crizotinib NCT01500824 

NSCLC ALK+ Crizotinib NCT01579994 

Phase 

II/III 

Advanced Tumors Induced 

by Causal Alterations of 

ALK and/or MET  

Crizotinib NCT01524926 

NSCLC harboring a 

translocation/inversion 

event involving ALK 

crizotinib 

Pemetrexed 

Docetaxel 

NCT00932893  

Non squamous lung cancer 

ALK+ 

Crizotinib 

Pemetrexed/Cisplatin/

Carboplatin 

NCT01154140 

Phase 

I 

Multiple myeloma Cabozantinib NCT01582295 

Prostate cancer 

 

Cabozantinib 

Abiraterone 

NCT01605227 

 

 Multiple myeloma Cabozantinib NCT01582295 

Prostate cancer 

 

Cabozantinib 

Abiraterone 

NCT01605227 

 

Solid tumors Cabozantinib NCT01553656 

 

Prostate cancer metastatc Cabozantinib NCT01428219 

Carcinoid Tumor 

Pancreatic neuroendocrine 

tumor 

Cabozantinib 

 

NCT01466036 

 

Lung cancer 

Solid tumor (not breast or 

prostate cancers) 

Cabozantinib 

 

NCT01588821 

 

Phase 

II/III 

Breast cancer Cabozantinib NCT01441947 

Prostate cancer 

Castration resistant prostate 

cancer 

Prostatic neoplasms 

cabozantinib 

prednisone + 

mitoxantrone 

NCT01522443 

 

 

 

 

Crizotinib 

Cabozantinib 
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C-Met 

Inhibitor 
Trial  

Phase 
Tumor Type Intervention References 

INCB028060 Phase 

I 

Advanced Malignancies INCB028060 NCT01072266 

EMD 1214063 Phase 

I 

Advanced solid tumors EMD 1214063 NCT01014936 

 

EMD 1204831   Phase 

I 

Advanced solid tumors  EMD 1204831   NCT01110083 

Golvatinib  

 

Phase 

I 

Solid tumor 

Gastric c 

Golvatinib (E7050) NCT01219543 

Advanced or Metastatic 

Solid Tumors and 

Previously Untreated 

Gastric Cancer 

Golvatinib + cisplatin 

+ capecitabine 

NCT01355302 

Squamous cell carcinoma 

of the head and neck 

Golvatinib + 

cetuximab 

cetuximab 

NCT01332266 

 

Hepatocellular Carcinoma Golvatinib + 

Sorafenib 

Sorafenib 

NCT01271504 

 

AMG 208 Phase 

I/II 

SCLC Amuvatinib +  

 platinum-etoposide 

NCT01357395 

Advanced solid tumors AMG 208 NCT00813384 

Foretinib Phase 

I 

 

Metastatic NSCLC Foretinib + Erlotinib 

hydrochloride 
NCT01068587 

Metastatic breast cancer 

HER2 + 

Foretinib + Lapatinib NCT01138384 

Recurrent/metastatic breast 

cancer ER -, PR – HER2- 

Foretinib NCT01147484 

MGCD265 

 

Phase 

I/II 

Advanced Malignancies MGCD265 NCT00697632 

Advanced Malignancies, 

Non-small Cell Lung 

Cancer 

MGCD265 +  

Erlotinib 

MGC265+Docetaxel 

NCT00975767 

Rilotumumab 

 

Phase 

I 

NSCLC AMG 102 + Erlotinib NCT01233687 

Recurrent malignant glioma AMG 102 + 

Bevacizumab 
NCT01113398 

Phase 

I/II 

Advanced gastroesophageal 

adenocarcinoma 

simplified Folfox 4 + 

AMG 102 

NCT01443065 

 

Malignant pleural 

mesothelioma 

AMG 102 + Cisplatin 

+ Pemetrexed 

disodium 

NCT01105390 
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C-Met 

Inhibitor 

Trial 

Phase 

Tumor Type Intervention References 

MetMAb 

 

Phase 

I/II 

NSCLC Bevacizumab + 

MetMAb + 

Cisplatin/Carboplatin 

+ paclitaxel 

Cisplatin/Carboplatin 

+ paclitaxel 

Pemetrexed + 

MetMAb + 

Cisplatin/Carboplatin 

Pemetrexed + placebo  

NCT01496742 

Phase 

II 

NSCLC MetMAb + Paclitaxel 

+ Platinum 

Placebo + Paclitaxel + 

Platinum 

NCT01519804 

 

Triple Negative Breast 

Cancer 

 

MetMAb + 

Bevacizumab + 

Paclitaxel 

Placebo + 

Bevacizumab + 

Paclitaxel 

MetMAb + Placebo + 

Paclitaxel 

NCT01186991 

 

Colorectal Cancer 

 

MetMAb + 

Bevacizumab + 

FOLFOX +  

Leucovorin + 5-FU 

Placebo + 

Bevacizumab + 

FOLFOX + 

Leucovorin + 5-FU 

NCT01418222 

Gastric Cancer 

 

MetMAb + 

mFOLFOX6 

Placebo + 

mFOLFOX6 

NCT01590719 

 

Phase 

III 

NSCLC MetMAb + Erlotinib 

Erlotinib + Placebo 
NCT00854308  

 

 

2.3.6) Golvatinib (E7050) 

Golvatinib is an orally bioavailable dual kinase inhibitor of c-Met and VEGFR-2. This 

kinase inhibitor promotes tumor regression and prolongs survival in xenograft models [93]. 

A phase I trials was performed in a dose escalation study in 16 Japanese patients with 

advanced solid tumors (Table 2). The initial findings demonstrated that golvatinib was well 

tolerated with manageable toxicities, but only a few patients responded to this therapy. 

However, there are several on-going phase I and I/II trials that will further clarify the 

activity of golvatinib. 
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2.3.7) MK-2461 

MK-2461 is a novel ATP-competitive multitargeted inhibitor of activated c-Met. Pan and 

collaborators showed that it inhibits the phosphorylation of a peptide substrate recognized 

by wild-type or oncogenic c-Met kinases [94]. This study showed that MK-2461 was less 

potent as an inhibitor of c-Met autophosphorylation at the kinase activation loop while it 

effectively suppressed phosphorylation of c-Met, and its downstream signalling (PI3K–

AKT and Ras–extracellular pathways). In a phase I dose escalation study, MK-2461 was 

administered to patients with advanced solid tumors. Although dose-limiting toxicity was 

not reached, no objective antitumor responses were observed in the patients; nevertheless, 

antitumor activity of this novel c-Met inhibitor is still under investigation. 

2.3.8) Other Met Kinase inhibitors  

EMD 1204831, EMD 1214063, INCB028060 and AMG 208 are also small-molecule 

inhibitors of c-Met with potential antineoplastic activity. These c-Met inhibitors inhibit the 

ligand-dependent and/or ligand-independent activation of c-Met, thereby inhibiting its TK 

activity, which may result in cell growth inhibition in tumors that overexpress c-Met. Most 

of these c-Met inhibitors are now in phase I trials in patients with advanced solid tumors 

(Table 2). 

 

3. POTENTIAL ROLE OF CRIZOTINIB IN UPPER GASTROINTESTINAL 

CANCERS 

Despite the clinical development of crizotinib occurred over a remarkably short period of 

time, from the first identification of the EML4-ALK translocation as oncogene in 2007, to 

its validation as a clinical target in NSCLC in 2010 and to FDA approval in 2011, several 

important questions remain to be unanswered on the molecular mechanisms underlying the 

antitumor effects of crizotinib, as well as on its possible role in the treatment of different 

tumor types, including upper gastrointestinal cancers.  

Crizotinib suppresses auto-phosphorylation of both c-Met and ALK RTK and competes 

with ATP binding in both kinases through its binding at the hinge region of c-Met [80]. 

Although there are data to suggest that the antitumor effects of crizotinib may be limited to 

cells with MET amplification, they are based on a small number of cell lines [95], and also 

other cells, which rely on c-Met for progression and invasion, can be effectively targeted by 

crizotinib. In particular, a recent study suggested the critical role of c-Met in the increased 

invasion caused by anti-VEGF therapy [87]. Treatment of pancreatic neuroendocrine 

tumors with a neutralizing anti-VEGF antibody reduced tumor burden but increased tumor 

hypoxia, hypoxia-inducible factor-1α, and c-Met activation. These effects were associated 

with increased invasion and metastasis. However, invasion and metastasis were reduced by 

concurrent inhibition of c-Met by crizotinib or PF-04217903. A similar benefit was found 

in orthotopic Panc-1 pancreatic carcinomas treated with sunitinib plus PF-04217903 and in 

RIP-Tag2 tumors treated with cabozantinib, which simultaneously blocks VEGF and c-Met 

signalling. These findings demonstrate that invasion and metastasis are promoted by 

selective inhibition of VEGF signalling and can be reduced by the concurrent inhibition of 

c-Met. 

Consistent with these observations, in our recent in vitro study, we evaluated the therapeutic 

potential of crizotinib in several PDAC cells, including gemcitabine-resistant cells, 

unraveling its ability to specifically target CSC-like-subpopulations, interfere with cell-
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proliferation, induce apoptosis, reduce migration and synergistically interact with 

gemcitabine [Fig.2; 26]. Moreover, we explored the therapeutic potential of this agent in 

orthotopic PDAC mouse models derived from primary PDAC cells. The results of this 

study demonstrated that crizotinib significantly reduced tumor growth in mice that received 

crizotinib and gemcitabine combination, and survived longer than untreated control mice 

[Fig.2; 47].  

The inhibitory effect of this drug has also been investigated in vitro and/or in vivo in gastric 

and gastroesophageal cancers. Okamoto and collaborators recently reported the antitumor 

action of crizotinib in gastric cancer xenografts positive for MET amplification [49].In these 

models Crizotinib upregulated the expression of BIM, a proapoptotic member of the Bcl-2 

family, as well as downregulated that of survivin, X-linked inhibitor of apoptosis protein, 

and c-IAP1, members of the inhibitor of apoptosis protein family. Conversely, forced 

depletion of BIM inhibited crizotinib-induced apoptosis, suggesting that upregulation of 

BIM contributes to the proapoptotic effect of crizotinib.  

 

 
Figure 2. Molecular mechanisms underlying the effects of crizotinib and gemcitabine in 
pancreatic cancer. Left panel (in vitro experiments), Crizotinib enhances the cytotoxicity effect of 
gemcitabine through its pronounced pro-apoptotic effect, as well as by inhibiting cell migration 
through the c-Met signaling pathway (Ref#26). Furthermore, crizotinib promotes gemcitabine uptake 
and reduces gemcitabine catabolism, modulates human equilibrative and concentrative nucleoside 
transporters (hENT1 and hCNT1) and cytidine deaminase (CDA). Right panel (in vivo experiment), 
Crizotinib and gemcitabine administered by oral gauvage and intraperitoneal injection were 
accumulated in orthotopic PDAC mouse models (Ref#47). Crizotinib was able to inhibit c-Met and 
CDA, followed by increased concentration of gemcitabine in blood and tumor tissue. Crizotinib 
inhibited the tumor growth and metastasis, and increased survival in mice treated with crizotinib-
alone or with its combination with gemcitabine. 
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Interestingly, the half maximal inhibitory concentration values of crizotinib for inhibition of 

the growth of MET amplification–positive gastric cancer cell lines were lower than the 

mean trough concentration of the drug achieved in the plasma of patients at steady state 

[96]. 

This supports further studies for the development of MET-targeted therapy for patients with 

gastric cancer. In agreement with these and previous preclinical data [48], Lennerz and 

collaborators demonstrated tumor response/shrinkage in two patients with MET-amplified 

gastroesophageal carcinoma who were treated with crizotinib [22]. However, in both 

patients the transient nature of the responses indicates the fast occurrence of acquired 

resistance. This notion is supported by recent in vivo studies that implicate additional 

mutations in the MET activation loop (Y1230), autocrine activation of the EGFR axis, 

amplification and overexpression of K-RAS, or suppression of MED12 as some of the 

underlying mechanisms in acquired resistance to c-Met inhibition [97-99], as highlighted in 

the following part. 
 

4. RESISTANCE MECHANISMS TO C-MET INHIBITORS 

Protein kinase targeted therapy is defined as a type of treatment that inhibits the growth or 

spread of cancer by interfering with specific molecules involved in tumor growth and 

progression. Unfortunately, this approach is limited by the emergence of drug-resistant 

tumor cells, as it happens for the conventional DNA targeted drugs. However, a deeper 

understanding of drug resistance mechanisms might lead to the development of effective 

treatments and/or rational combination therapeutic strategies. Two major mechanisms are 

involved in cancer resistance to kinase inhibitors: mutations in targeted tyrosine domain 

or/and activation of alternative signalling pathways (e.g., HGF/EGFR, k-Ras, Akt/PI3K) in 

cancer cells. A recent study demonstrated the occurrence of resistance mechanisms in a 

gastric carcinoma cell line treated with the c-Met inhibitors PHA-665752 and crizotinib 

[97]. One mechanism, observed by modelling resistance both in vitro and in vivo, involved 

the acquisition of a mutation in the MET activation loop (Y1230). Structural analysis 

indicates that this mutation destabilizes the auto-inhibitory conformation of c-Met and 

abrogates an important aromatic stacking interaction with the inhibitor. The other cause of 

resistance was activation of EGFR pathway due to increased expression of transforming 

growth factor (TGF) α. Thus, therapeutic strategies that combine c-Met inhibitors with anti-

EGFR-based therapies may enhance clinical benefit for patients with MET-addicted 

cancers. The blockade of serial steps/parallel in signalling pathway may be essential for 

optimal targeted therapy [100]. Conversely, acquired resistance to EGFR inhibitors might 

be achieved via MET amplification or c-Met overexpression phosphorylation, which lead to 

c-Met hyper-activation and phosphorylation of HER3 followed by activation of PI3K-based 

survival pathways, causing resistance to EGFR inhibitors [101]. Accordingly, Wang and 

collaborators demonstrated the activity and efficacy of E7050, a c-Met kinase inhibitor, in 

restoring sensitivity to EGFR-TKIs in resistant NSCLC cell lines [102]. Therefore, 

simultaneous blockade of c-Met and EGFR may impair growth in tumor cells [39-40,103].  

Another study reported that MET amplification and amplification/overexpression of wild-

type K-RAS gene could mediate acquired resistance to c-Met tyrosine kinase inhibitors 

PHA-665752 or JNJ38877605 [98]. In particular, cells harboring K-RAS amplification 

progressively losted their MET dependence and acquired K-RAS dependence.  

Finally, a recent large-scale RNAi screen identified MED12, a component of the 
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transcriptional MEDIATOR complex that is mutated in cancers, as a determinant of 

response to ALK and EGFR inhibitors, including gefitinib and crizotinib [99]. MED12 loss 

results in activation of TGF-βR signalling and induces an EMT-like phenotype. However, 

inhibition of TGF-βR signalling restores drug responsiveness, suggesting a strategy to treat 

drug-resistant tumors that have lost MED12. 

All together, these findings provide a proof of concept that even a single cancer type can 

simultaneously develop resistance through several mechanisms, supporting further studies 

on the molecular mechanisms associated with preventing or overcoming resistance. 

 

Conclusions and future perspectives 

With just over 25 years since its first discovery, the c-Met receptor is emerging as an 

important target for personalized cancer therapy. C-Met is a unique RTK, expressed in the 

epithelial cells of many organs during embryogenesis and in adulthood, with a versatile role 

in control and regulation of several biological functions in response to HGF [104]. In 

addition to its importance in normal physiology, a wide variety of human malignancies, 

including lung but also upper gastrointestinal cancers such as pancreatic, gastric and 

hepatocellular cancers, have sustained c-Met stimulation, overexpression, or genetic 

aberrations [44,105-107]. This aberrant activation of the c-Met/HGF signalling pathway has 

been associated with tumor development, progression and aggressive phenotype as well as 

with poor clinical outcome [8; 44-45].  

As summarized in this review, a variety of different strategies to inhibit this signalling 

pathway have been developed, and several c-Met inhibitors are now under clinical 

investigation in different tumors, with encouraging results. Crizotinib has been approved for 

ALK-rearranged NSCLC, while the clinical efficacy of tivantinib needs to be ultimately 

validated in ongoing phase III randomized trials. 

Moreover, recent studies suggested the potential role of crizotinib and others c-met-TKIs 

for the treatment of selected upper gastrointestinal cancers, including gastric cancers with 

MET amplification, but also pancreatic tumors, where the HGF/c-Met axis plays a pivotal 

role in the progression and invasive growth.  

However, several important questions remain to be answered. Most clinical studies testing 

anti-c-Met agents have been conducted in combination with other anticancer drugs, such as 

erlotinib in the context of mutated and wild-type EGFR NSCLC patients, to overcome 

acquired EGFR-TKI resistance. Further preclinical and clinical studies to evaluate a 

possible role for c-Met monotherapy and for combination with other agents are warranted. 

This knowledge should be complemented with molecular and biochemical studies on the 

function of c-Met and related pathways on responsiveness to c-Met inhibition as well as on 

the acquired resistance to this treatment. Finally, identification and selection of the optimal 

patient populations that will benefit from treatment would provide valuable direction and 

innovative strategies for the clinical development of c-Met targeted therapies.  
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