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Receptor tyrosine kinases have come to fruition as thera-

peutic targets in a variety of malignancies. In this group 

of targets, the c-Met receptor tyrosine kinase plays an 

important role in increased cell growth, reduced apop-

tosis, altered cytoskeletal function, increased metastasis, 

and other biologic changes. The ligand for c-Met is 

hepatocyte growth factor (HGF), also known as scatter 

factor. Met is overexpressed and mutated in a variety 

of malignancies, among which germline mutations are 

of particular interest. Most mutations of Met have been 

found in the juxtamembrane, the tyrosine kinase, and 

the semaphorin domain. Met gain-of-function mutations 

lead to deregulated or prolonged tyrosine kinase activ-

ity, which is instrumental to its transforming activity. This 

review summarizes the biologic functions regulated by 

Met and its structural requirements as well as related 

developments in targeted therapy. Treatment approaches, 

including antagonism of HGF binding to Met, targeting 

of RNA and the Met protein, and inhibition of the tyro-

sine kinase domain of Met, are highlighted. Targeting 

of the HGF/Met pathway, alone or in combination with 

standard therapies, is likely to improve current therapies 

in Met-dependent malignancies.

Introduction
c-Met is a receptor tyrosine kinase that has gained consid-
erable interest through its deregulation or overexpression 
in a variety of cancers. It is activated and deregulated by 
its ligand hepatocyte growth factor (HGF), or through 
mutation or amplification. The activation can lead to a 
number of signal transduction cascades that then affect 

biologic and biochemical functions. Thus, Met may be an 
ideal rational target in clinical therapeutics.

The Met receptor tyrosine kinase was originally iden-
tified as the cellular homolog of the Tpr-Met oncoprotein 
[1]. The Tpr-Met translocation was created by treatment of 
the human osteogenic sarcoma cell line with the chemical 
carcinogen N-methyl-N'-nitro-N-nitrosoguanidine result-
ing in a fusion of the Tpr (chromosome 1) gene to the Met
kinase gene (chromosome 7). The Tpr-Met oncoprotein 
has constitutively elevated Met tyrosine kinase activity, 
which is required for its transforming properties [2,3]. 
Met itself is mainly expressed on epithelial cells and is 
activated by its ligand HGF. HGF was originally identified 
as a growth factor for hepatocytes and as a fibroblast-
derived cell motility factor or scatter factor [4–6]. HGF is 
a member of the plasminogen-related growth factor fam-
ily. HGF precursor pro-HGF is cleaved by a protease to 
a disulfide-linked heterodimeric molecule, predominantly 
produced by mesenchymal cells. A number of biologic and 
biochemical functions for c-Met are summarized in this 
review, and novel approaches in the therapeutic inhibition 
of the HGF/Met pathway are detailed.

c-Met and Its Ligand HGF
The gene for human Met is located on chromosome 
7 (7q21–q31) and encodes for a single precursor that is 
post-transcriptionally digested and glycosylated, forming 
a 50-kD extracellular -chain and a transmembrane 140-
kD -chain, which are then linked by disulfide bonds. Met 
is related to Ron and Sea kinases, which have extracellular 
structures related to the semaphorin (sema) receptor (or 
plexin) family [7,8]. The Met -chain contains structural 
homologous domains shared with other proteins, includ-
ing a sema domain, a PSI domain (found within plexins, 
semaphorins, and integrins), four IPT repeats (found 
within immunoglobulins, plexins, and transcription fac-
tors), a transmembrane domain, a juxtamembrane (JM) 
domain, a tyrosine kinase domain, and a carboxy-termi-
nal tail region (Fig. 1).

The ligand for c-Met has been identified as HGF. It 
was originally described as a potent mitogen for hepato-
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cytes and later independently identified as scatter factor, 
a secretory protein of fibroblasts and smooth muscle cells 
[9]. HGF consists of six domains (N-terminal domain [n], 
four kringle domains [k1-k4], and a C-terminal domain 
[sp, structurally similar to the catalytic domain of serine 
proteinases]). There is a 2:2 stoichiometry of HGF bind-
ing to c-Met. HGF has been shown to bind to the sema 
domain [10,11]. The c-Met sema domain folds into a 
seven-blade -propeller structure, where blades 2 and 3 
bind to the HGF -chain active site region.

c-Met Receptor Biology
Ligation of the Met receptor by its ligand HGF leads 
to receptor dimerization and activation of its intrinsic 
tyrosine kinase, followed by internalization into clath-
rin-coated vesicles, delivery to sorting endosomes, and 
degradation via the lysosomal pathway [12,13]. Phos-
phorylation of Met at Y1230, Y1234, and Y1235 in the 
activation loop of the tyrosine kinase domain correlates 
with increased tyrosine kinase activity [14,15]. Met activa-
tion can lead to autophosphorylation or phosphorylation 
of downstream intermediates and activation of signaling 
pathways. Also, Y1003 within the JM domain recruits 
c-Cbl when phosphorylated. c-Cbl is an E3-ubiquitin 
ligase that monoubiquinates the c-Met receptor, thereby 
directing internalization, trafficking to late endosomes, 
and ultimate degradation [16]. c-Cbl regulates internal-
ization by acting as an adaptor for endophilin, an enzyme 
involved in membrane curvature [17,18]. Monoubiqui-
tinated c-Met interacts with proteins of the endocytic 
pathway that contain ubiquitin-interacting domains, 
especially HGF-regulated tyrosine kinase substrate (Hrs). 
Hrs is believed to be involved in the retention of ubiqui-
tinated receptors within the bilayered clathrin coat and 
in the recruitment of endosomal sorting complex required 
for transport complexes [19]. Hrs is tyrosine phosphory-
lated in response to HGF stimulation and required for 
internalization of c-Met.

Abella et al. [16] have shown that a ubiquitination-
deficient c-Met (Y1003F, in the JM domain) reveals 
increased stability of c-Met (ie, decreased receptor deg-
radation and thus further recycling to the membrane), 
signaling of downstream pathways, and oncogenic 
activation in vivo. Y1349 and Y1356 are unique multi-
substrate docking sites that lead to the recruitment of a 
variety of proteins when phosphorylated, including SH2 

(Src homology-2) domains, PTB (phosphotyrosine bind-
ing) domains, and MBD (Met binding domain) containing 
signaling proteins [20,21]. Phosphorylation of Y1313 in 
Met may not be required for complete functional activa-
tion of phosphatidylinositol 3-kinase (PI3K) through the 
receptor, even though this site is part of a putative Y-x-
x-M binding motif for the recruitment of its regulatory 
p85 subunit [22]. The multisubstrate binding site of Met 
can recruit p85PI3K, but the majority of PI3K activity is 
associated with the receptor indirectly through Gab1 
[20,23]. Regulation of cell morphogenesis is mediated in 
part through Y1365 [24]. Met is also regulated through 
phosphorylation events independent of tyrosine residues 
(eg, the kinase activity of Met is negatively regulated 
through phosphorylation at S985) [25]. Additional inter-
action domains or phosphorylation sites in Met are likely 
to contribute to its functional regulation and stimulation 
of biologic activities.

Biologic Activities Regulated Through 
Activated c-Met
Signaling through the HGF/c-Met pathway has been dem-
onstrated to trigger a variety of cellular responses that may 
vary based upon the cellular context. In vivo, HGF/c-Met 
signaling plays a role in growth, transformation of normal 
cells to malignant cells, cell motility, invasion, metastasis, 
epithelial to mesenchymal transition, angiogenesis, wound 
healing, and tissue regeneration. The regulation of Met 
activities in oncogenic transformation may be quite differ-
ent from normal c-Met. HGF/Met has been implicated in 
embryonic development using mice with disruption of the 
Met gene [26–28]. Mice with Met gene disruption show 
embryonic lethality with severe defects in liver and pla-
centa development, characteristics that are quite similar 
to those of mice with a disruption of the HGF gene. The 
HGF/Met pathway may have a broader role in morphogen-
esis and may regulate invasive growth and morphogenesis 
in multiple embryonic tissues, as has been suggested for 
the development of the nervous system [29].

Transformation
c-Met protooncogene was originally identified as the 
transforming fusion oncogene TPR-MET in an osteo-
sarcoma cell line that had been chemically mutagenized 
in vitro [1]. The contribution of c-Met overexpression 
and activation in the transformation of normal cells has 
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Figure 1. The functional domains of c-Met 

include the semaphorin-like (sema) domain, 

the PSI domain (found in plexins, semapho-

rins, and integrins), the IPT repeat domains 

(found in immunoglobulin-like regions, 

plexins, and transcription factors), the 

transmembrane (TM) domain, the juxta-

membrane (JM) domain, the tyrosine kinase 

domain, and various phosphorylation sites 

(P) that are important for cellular functions.
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recently been shown for osteoblasts [30]. Overexpres-
sion of c-Met by lentiviral vector-mediated gene transfer 
resulted in the conversion of primary human osteoblasts 
into osteosarcoma cells, displaying the transformed phe-
notype in vitro and the distinguishing features of human 
osteosarcoma in vivo. The transformation and tumori-
genesis were fully abrogated when c-Met expression was 
inhibited by RNA interference or a dominant-negative 
form of c-Met. The role of c-Met and mutant c-Met in 
transforming normal human bronchial epithelial cells is 
not known. In small cell lung cancer (SCLC) and non–
small cell lung cancer (NSCLC) cells, c-Met was found 
to be overexpressed [31,32]. c-Met receptor expression 
tended to be associated with higher pathologic tumor 
stage and worse outcome. Ichimura et al. [31] reported 
that Met was overexpressed in all 11 NSCLC cell lines 
studied, in 34 of 47 adenocarcinomas, and in 20 of 52 
squamous cell carcinomas. Siegfried et al. [33] showed 
that the expression of Met was two- to 10-fold higher 
than in adjacent normal lung tissue in 25% of NSCLC 
tumors, and HGF levels were 10- to 100-fold higher in 
carcinoma samples compared with adjacent normal tis-
sue. Higher levels of HGF were associated with more 
aggressive biology and a worse prognosis in NSCLC [34]. 
It was postulated that HGF, produced by mesenchymal 
cells within the tumor, acts upon epithelial cells that 
express its receptor, Met, thus representing a paracrine 
activation loop [35]. HGF overexpressing in the airways 
in transgenic mice increases susceptibility to carcinogenic-
induced lung cancer [36]. In large cell neuroendocrine 
carcinoma of lung, c-Met was strongly expressed in 47% 
of tumor tissues and significantly correlated with survival 
in a univariate analysis [37].

Scattering
HGF was initially described as a secreted factor of fibro-
blasts that induced scattering, a process that involves active 
regulation of cytoskeletal functions and as a mitogen for 
hepatocytes [4–6]. The process of cell scattering can be 
divided into three phases: cell spreading, cell-cell disso-
ciation, and cell migration. In order for epithelial cells to 
scatter, the disruption of cell-cell adhesions is required. 
Spontaneous cell scattering activity was shown in the c-
Met expressing NCI-H358 lung adenocarcinoma cell line 
by retroviral gene transduction of HGF [38]. In addition, 
the HGF-overexpressing H358 cells show increased soft-
agar colony formation and increased capacity to form 
xenograft tumors when implanted in the subcutaneous 
tissue of immune-deficient mice.

Cell motility
The formation and retraction of filopodia/lamellipo-
dia, changes in actin formation, and cell migration are 
required for cell motility. HGF/c-Met signaling increases 
the motility of epithelial cells, and mutationally active Met 
induces the motility of Madin-Darby canine kidney cells 

[39]. In SCLC, cell motility is enhanced by HGF stimula-
tion of c-Met RTK [40]. PI3K appears to be an important 
molecule in HGF-induced mito-, moto-, and morphogen-
esis, because inhibition of PI3K by wortmannin leads to 
decreased branching formation on a collagen matrix and 
chemotaxis of renal epithelial cells [41].

Invasion and metastasis
The mechanism by which HGF stimulation of c-Met 
leads to increased motility, migration, and invasion 
is not well understood. c-Met stimulation promotes 
cell movement, causes epithelial cells to disperse, and 
causes endothelial cells to migrate and promote chemo-
taxis [39]. Increased invasion is also likely to increase 
metastasis observed in solid tumors. Met-induced genes 
are likely to be actively involved in metastasis. Overex-
pression of c-Met in hepatocytes is sufficient to induce 
hepatocellular carcinoma in transgenic mice [42]. Simi-
larly, Met-overexpressing tumor cells overexpressing 
HGF resulted in pulmonary metastasis in transgenic 
mice [43]. HGF-dependent autocrine Met activation has 
been found in human primary and metastatic tumors, 
including breast cancer, glioblastoma, osteosarcoma, 
and melanoma [44–47]. There may also be cross-talk 
between Met and other activated receptors for invasive 
growth signaling mechanisms. For example, activation 
of the lexin B1 tyrosine kinase related to Met has been 
shown to require Met expression for invasive growth. 
Ligation of plexin B1 leads to activation of Met, result-
ing in tyrosine phosphorylation of both receptors, and 
Met is required for invasive growth [48].

Met Is a Target of Mutations 
and Amplifications
The Met receptor is normally expressed by epithelial cells 
and has also been found to be expressed in a variety of 
human cancer cell lines or tumor tissue. Missense muta-
tions of c-Met have been reported in a variety of cancers, 
with the majority of them identified in the cytoplasmic 
activation-loop tyrosine kinase domain [38]. Identification 
of activating mutations of c-Met in hereditary papillary 
renal carcinomas provided the first direct evidence linking 
c-Met directly to human oncogenesis. Germline missense 
mutations in the tyrosine kinase domain are detected in 
the majority of hereditary papillary renal cell carcinomas; 
somatic mutations have been found in some sporadic pap-
illary renal carcinomas [49].

Besides missense mutations, c-Met–mediated tumor-
igenesis could be a result of gene amplification, as seen 
in human gastric carcinoma via the break-fusion-bridge 
mechanism [50]. Approximately 10% to 20% of gastric 
carcinomas can have c-Met amplification [51]. Smolen 
et al. [52] have shown that amplified c-Met gastric can-
cer cell lines are more susceptible to c-Met inhibition 
with PHA665752.
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Mutations within the JM domain
JM domains of receptor tyrosine kinases have been identi-
fied as regulators of catalytic activity. For example, there 
are gain-of-function mutations in the receptor tyrosine 
kinase Flt3JM domain in approximately 20% of adult 
acute myeloid leukemias [53]. A germline mutation 
P1009S (exon 14) of c-Met was detected in a patient with 
gastric carcinoma and is the first such missense mutation 
to be described affecting the JM domain (as opposed to 
tyrosine kinase domain). The P1009S mutation does not 
induce ligand-independent activation of c-Met but shows 
increased persistent response to HGF stimulation when 
expressed in NIH3T3 cells [54]. Peschard et al. [55] have 
shown that the c-Cbl acts as a negative regulatory protein 
for c-Met, as well as several other RTKs, by promoting the 
polyubiquitination of c-Met. The Y1003 JM tyrosine, when 
replaced by phenylalanine (Y1003F), resulted in the loss of 
ubiquitination of the Met receptor and transformed activ-
ity in fibroblast and epithelial cells [55]. The JM domain 
T1010I mutation has been found in hereditary papillary 
renal cell carcinoma and in a patient with breast cancer 
[54,56]. This mutation may not lead to apparent activation 
of the Met receptor, but athymic nude mice injected with 
mutant Met in NIH3T3 cells form tumors slightly faster 
than wild-type Met-expressing cells [54]. In tissue samples 
and cell lines from SCLC, there are unique mutations in 
the JM domain (R988C, T1010I, and S1058P), which are 
likely to contribute to enhanced tumorigenecity, increased 
cell migration, and increased phosphorylation of protein 
in SCLC [57]. Furthermore, the R988C variation in c-Met 
was shown to be important in lung tumorigenesis of the 
SWR/J mouse strain (with Par4-susceptible allele) [58]. 
From 126 patients with adenocarcinomas in this study, it 
was shown that R988C and T1010I (and T1010A) were 
germline mutations. It is possible that these variations may 
affect lung cancer risk in carriers.

Tyrosine kinase–activating mutations
A unique activating Met mutation, fusing the Tpr and 
Met genes, led to the identification of Met itself [1]. The 
Tpr sequence provides two leucine zipper domains, which 
facilitate oligomerization and substitute for HGF-stimu-
lated activation, resulting in constitutive activation of its 
kinase activity. The majority of activating mutations in 
Met have been described in sporadic papillary renal car-
cinomas and hereditary papillary renal cell carcinomas, 
resulting in an increase in kinase activity [39,49].

Semaphorin domain
The semaphorin-like (sema) domain is conserved among 
all semaphorins and is also found in the plexins and c-
Met. In c-Met, the sema domain is encoded by exon 
2 and binds specifically to HGF. More recently, the 
three-dimensional conformation of the HGF and heparin-
binding sites of c-Met has been established by deletion 
mutagenesis of the RTK [59••]. The extracellular ligand-

binding domain in the c-Met ectodomain was identified 
as adopting a seven-blade -propeller fold for the sema 
domain of c-Met, homologous to the -propeller fold tem-
plate seen in the N-terminal domain of V-integrin. These 
three-dimensional models and functional map of the 
c-Met ectodomain would facilitate further development 
of targeted therapeutics against c-Met, in particular in 
cancers that overexpress Met. The unique role of the sema 
domain in the functional regulation of Met would also 
predict it to be a potential target of activating mutations 
in Met-dependent cancers.

Therapeutic Inhibition of Met Pathways
Unlike the small molecule kinase imatinib targeting 
BCR/ABL in chronic myelogenous leukemia and Kit in 
gastrointestinal stromal tumors, targeted small mol-
ecule inhibitors against c-Met have not come to clinical 
fruition yet. Deregulated activation of the Met pathway 
in transformed cells has led to the development of mul-
tiple approaches for targeted therapies, and a variety of 
Met pathway inhibitors have been identified that not only 
target Met itself but also disrupt the interaction of Met 
with its natural ligand HGF (Fig. 2). It is predicted that 
molecularly targeted therapy against Met will lead to dra-
matic inhibition of cancer growth and metastasis.

Small molecule Met kinase inhibitors
Several c-Met inhibitors are currently under evalua-
tion [60–63], but their specificity may be limited, as it 
has been shown previously for imatinib mesylate [64]. 
Previous attempts have identified the broad-spectrum 
inhibitor K252a [62], which can also inhibit serine/threo-
nine kinases. The novel small molecule Met inhibitor 
SU11274 (Pfizer, New York, NY) is effective in MET-
transformed cell lines or lung cancer cells with activated 
Met as well but not in cells with activated ABL, JAK2, 
or PDGF R kinases [63]. Inhibition of Met kinase activ-
ity reduced cell growth, induced G1 cell cycle arrest and 
apoptosis, and inhibited Met-dependent signaling. The 
identification of SU11274 as an effective inhibitor of Met 
tyrosine kinase activity illustrates the potential therapeu-
tic use of targeting for Met in cancers associated with 
activated forms of this kinase. Additional specific Met 
inhibitors are under development, such as PHA-665752, 
a selective agent that inhibits Met-dependent effects in 
tumor cells and causes regression of GTL-16 gastric carci-
noma xenografts [60].

Met peptide inhibitors
Peptides derived from the Met receptor have also been 
shown to inhibit Met signaling downstream of the acti-
vated receptor; however, clinical efficacy of these potential 
large molecule drugs may be limited. Peptides derived from 
the carboxy-terminal tail region bind Met and inhibit its 
kinase activity in vitro, including HGF-mediated invasion, 
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cell migration, and branched morphogenesis by almost 
50% [65]. Inhibition of the Ron receptor tyrosine kinase 
by these peptides, likely due to homology, has also been 
identified [65].

Inhibition of HGF-mediated activation of Met
NK (N-terminal hairpin domain and kringle domain) 
inhibitors form a family of four variants of the HGF 

-chain, containing one (NK1) to four (NK4) kringle 
domains. NK inhibitors act as weak agonists toward Met 
and antagonize binding of HGF to the receptor. Therefore, 
NK inhibitors would only be efficient against autocrine 
or paracrine activation of the Met receptor and likely not 
against activating mutations within Met. For example, 
angiogenesis as well as motility and invasion of HT115 
human colorectal cancer cells has been reported to be 
antagonized by NK4 [66]. NK4 inhibited growth, inva-
sion, and disseminated metastasis of pancreatic cancer 
cells in mice, resulting in prolonged lifespan [67]. Simi-
larly, a decoy Met receptor was shown to interfere with 
extracellular signaling events in Met-dependent cancers 
by binding and therefore neutralizing HGF activity [68]. 
Another approach involves inhibition of HGF binding to 
c-Met with modified anti–c-Met antibodies. Targeting of 
Met-expressing glioblastoma in intracranial orthotopic 
xenografts has shown efficacy in vivo [69•].

Targeting Met expression
The expression of Met protein has been targeted at the 
RNA levels with Met-specific ribozymes and RNA inter-
ference (RNAi) or at the level of protein maturation. Small 
interference RNA (siRNA) is a novel approach, leading 
to the specific silencing of the targeted RNA. Ribozymes 
are RNA-based enzymes that bind to and cleave RNA 
molecules in a sequence-specific manner. Met-positive 
colorectal carcinoma has been targeted with ribozymes, 
reducing kinase activity of Met by up to 60% to 90% [70]. 
Whether ribozymes will sufficiently reduce Met levels in a 
clinical setting remains to be determined. Suppression of 
Met expression by RNAi is a promising novel approach, 
delivering siRNA to suppress the protein expression of 
Met. This approach has been successfully used in human 
cancer cell lines, including breast cancer, prostate cancer, 
sarcoma, glioblastoma, and gastric cancer cells. Reduc-
tion of Met expression led to reduced transformation, 
increased apoptosis, or inhibition of responsiveness to 
HGF stimulation [61,71]. Thus, with the advent of better 
means to deliver Met siRNA in vivo, this approach may 
be a suitable alternative to Met small molecule drug inter-
vention in the treatment of Met-dependent cancers.

Met protein expression can be targeted at the level of 
protein maturation through inhibition of the heat shock 
protein (HSP90) by geldanamycin or related compounds 
of the anisomycin antibiotic family. HSP90 appears to be 
in an activated state in cancer cells, and HSP90 shows a 
high binding affinity for 17-allylaminogeldanamycin and 

increased ATPase activity, which regulates HSP90 chap-
erone function [72]. Geldanamycins have been shown to 
inhibit maturation and functional expression of onco-
genic proteins, including BCR-ABL and mutant p53, and 
are active against Met in SCLC cells as well, leading to 
reduced growth and viability [40]. Geldanamycins also 
block transformation of NIH3T3 cells expressing acti-
vating mutations or coexpressing HGF and Met [73]. A 
variety of proteins are thought to be downregulated by 
geldanamycins in addition to oncoproteins.

Conclusions
Emerging evidence indicates that the c-Met/HGF pathway 
is a quite powerful motor in driving tumor and normal cell 
biology. The overexpression, mutation, and amplification 
of c-Met in tumor cells underline its pleiotropic functions 
and hint at Met as an ideal target in clinical therapeutics. 
Results from several phase I clinical trials against c-Met 
and toxicity results are awaited. If the toxicity profile is 
reasonable, then efficacy phase II clinical trials against 
various tumors will be designed and implemented. As we 
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learn more about targeted therapies and combination with 
standard or other novel therapies, further clinical trials 
will likely be designed. Met is expected to be an impor-
tant signaling target in a large number of malignancies.
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