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Since its discovery more than 25 years ago, numerous studies have established that the MET
receptor is unique among tyrosine kinases. Signaling through MET is necessary for normal
development and for the progression of a wide range of human cancers. METactivation has
been shown to drive numerous signaling pathways; however, it is not clear how MET signaling
mediates diverse cellular responses such as motility, invasion, growth, and angiogenesis.
Great strides have been made in understanding the pleotropic aspects of MET signaling
using three-dimensional molecular structures, cell culture systems, human tumors, and
animal models. These combined approaches have driven the development of MET-targeted
therapeutics that have shown promising results in the clinic. Here we examine the unique
features of MET and hepatocyte growth factor/scatter factor (HGF/SF) structure and signal-
ing, mutational activation, genetic mouse models of MET and HGF/SF, and MET-targeted
therapeutics.

Since the discovery of the receptor tyrosine
kinase METand its ligand, hepatocyte growth

factor/scatter factor (HGF/SF), numerous stud-
ies have established the significant role of this
receptor/ligand pair in tumor growth and me-
tastasis. The last 25 years of work has made it
clear that MET is unique among receptor tyro-
sine kinases (RTKs), yet the MET receptor acti-
vates many signaling pathways that are common
to other RTKs. Why MET activation produces
growth in one cell type and invasion in another
is still unclear, yet the variety of responses to
MET signaling is what makes this receptor so
frequently associated with malignant growth.

Understanding the relationships between MET
activation and its downstream signaling effec-
tors is critical to the development of successful
therapeutics for a wide range of malignancies.

The MET oncogene was first identified in
the early 1980s in a human osteosarcoma tumor
cell line that was exposed to N-methyl-N0-nitro-
N-nitrosoguanidine, which produced a chro-
mosomal translocation and a novel fusion pro-
tein, between a region called the translocated
promoter region (TPR) on chromosome 1 and
MET kinase domain on chromosome 7. Here
the activation of the MET tyrosine kinase do-
main occurs through the dimerization domain
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from the TPR (Cooper et al. 1984; Park et al.
1986). Isolation of the full-length proto-onco-
gene revealed that MET was a unique receptor
tyrosine kinase (Park et al. 1986).

The ligand was discovered first as a mitogen-
ic factor of liver cells called hepatocyte growth
factor (HGF), and it was shortly after deter-
mined to be the same as the motogenic factor
called scatter factor (SF). The ligand, commonly
referred to as HGF/SF, is the only ligand for the
MET receptor (Stoker et al. 1987; Nakamura
et al. 1989; Bottaro et al. 1991; Weidner et al.
1991; Gherardi et al. 2006). Under normal phys-
iological conditions, HGF/SF is predominantly
produced by mesenchymal cells and acts in a
paracrine fashion on MET-expressing epithelial
cells (Jeffers et al. 1996). The proliferative and
motogenic effects observed in these early stud-
ies were some of the first indications of the var-
ied roles that METsignaling has in tumor growth
and metastasis.

Embryonic development and tissue regener-
ation are normal physiological processes that
parallel the mechanisms of growth and invasion
that occur during tumor progression. Several
studies have shown that MET-HGF/SF signal-
ing is essential for embryonic development and
regeneration. Depending on the cellular con-
text, MET signaling induces cell proliferation,
motility, scattering, angiogenesis, or invasion.
These pleotropic attributes are what make MET
signaling essential in both normal development
and tumor progression. During development,
paracrine MET signaling drives the epithelial-
to-mesenchymal transition (EMT) of myogenic
progenitor cells and is crucial for placenta and
liver development (Bladt et al. 1995; Schmidt
et al. 1995; Uehara et al. 1995). MET signaling
is also critical for liver regeneration and wound
repair in skin (Chmielowiec et al. 2007). The
signaling networks that drive the developmental
processes of EMT, wound healing, and invasion
are exploited in tumor cells to promote invasive
growth.

The expression and/or activation of MET
and HGF/SF have been implicated in the devel-
opment of numerous human cancers (www.vai.
org/met), including carcinomas (breast, colon,
gastric, renal, pancreatic, bladder, liver, lung,

prostate, ovarian, etc.), sarcomas (osteosarco-
ma, rhabdomyosarcoma), hematopoietic malig-
nancies (multiple myeloma, lymphoma, chron-
ic myeloid leukemia), melanomas, and central
nervous system tumors (glioblastomas and as-
trocytomas) (Birchmeier et al. 2003; Corso et al.
2005; Gherardi et al. 2012). Uncontrolled MET
signaling can occur through overexpression of
HGF/SF or MET, mutational activation of MET,
autocrine signaling, or gene amplification. Nu-
merous in vitro and in vivo studies have shown
that MET signaling plays a key role in tumori-
genic growth, metastasis, and therapeutic resis-
tance. It is crucial that we develop an in-depth
understanding of how MET signaling regulates
both normal and tumorigenic cell processes to
develop successful therapeutic strategies. In this
review, we will discuss the unique features of
METand HGF/SF structure and signaling, mu-
tational activation, genetic mouse models of
MET and HGF/SF, and MET-targeted thera-
peutics.

STRUCTURAL CHARACTERISTICS
OF MET AND HGF/SF

MET is a disulfide-linked heterodimer that is
created by cleavage of the precursor into a short-
er extracellular a chain and a longer b chain
(Fig. 1A). The extracellular portion consists of
a seven-bladed b-propeller Sema domain atop
four immunoglobulin-like (Ig-like) repeated
domains (Love et al. 2003). The Sema domain,
which is also present in plexins, semaphorins,
and integrins, contains the binding sites for
HGF/SF and is linked to the Ig-like repeats by
a short cysteine-rich PSI domain (Stamos et al.
2004; Holmes et al. 2007). The remainder of the
receptor is composed of a juxtamembrane do-
main, a tyrosine kinase domain, and a carboxy-
terminal tail that is involved in downstream sig-
naling. Structurally, the MET receptor is similar
to RON (recepteur d’origine nantais) in humans,
Stk (RON murine homolog), f-Stk (RON feline
homolog), and c-sea, a cell-surface receptor in
chickens (Ronsin et al. 1993; Camp et al. 2005).

HGF/SF is also a polyprotein that structur-
ally belongs to the serine protease family and is
most closely related to macrophage stimulating
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factor (MSP) and plasminogen. HGF/SF is com-
posed of an a chain that contains the amino-
terminal domain, four tandem repeats of krin-
gle domains, and a serine protease-like b chain
that lacks catalytic activity (Fig. 1B) (Donate
et al. 1994). The amino-terminal domain also
contains a high-affinity binding site for hepa-
rin and dermatan sulfate (Deakin and Lyon
1999a,b; Lietha et al. 2001; Lyon et al. 2004).
Similar to plasminogen and MSP, HGF/SF is
made as an inactive, single-chain precursor
that is proteolytically converted into an ac-
tive heterodimer. HGF/SF can be activated by
a number of proteases, including hepatocyte
growth factor activator, plasma kallikrein, and

coagulation factor XIa (Shimomura et al. 1993;
Peek et al. 2002), and it can bind with high
affinity to MET in an active or inactive state
(Gherardi et al. 2006). Activation of HGF/SF
occurs by cleavage at Arg494, which produces
a sulfhydryl-linked heterodimer of the NK4a
domain with the b subunit serine protease
domain.

The newly created amino terminus of the
serine protease b domain is an integral part of
the catalytic site and prevents protease activity
from other serine proteases. After cleavage, the
available amino terminus inserts into the “acti-
vation pocket” of the protease domain, enabling
the HGF/SFb chain to bind to the Sema domain
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Figure 1. Structural characteristics of MET and HGF/SF. (A) Structure of the MET receptor (a and b refer to
subunits present after proteolytic cleavage). MET is expressed at the plasma membrane: The extracellular
portion consists of the sema domain, a PSI domain, and four immunoglobulin-like (Ig-like) repeated domains;
the intracellular region contains the tyrosine kinase domain and the multifunctional binding domain. The
three-dimensional models (left) were generated using the following coordinates from the Protein Data Bank:
1SHY (sema domain), 2UZY (PSI and Ig1, and 2), and 1R1W (kinase domain). The Ig3 and Ig4 domains are
modeled as copies of the Ig2 domain. (B) Functional domains of HGF/SF. HGF/SF contains an amino-terminal
domain (N), four tandem repeats of kringle domains (K1–K4), and a serine protease homology domain (SPH).
The three-dimensional models (left) were generated using the following coordinates from the Protein Data
Bank: 1NK1 (N and K1) and 1SHY (HGF/SF b chain). K2–4 are represented as copies of K1.
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of MET (Kirchhofer et al. 2004; Carafoli et al.
2005). Binding of HGF/SF to MET results in
receptor oligomerization at the plasma mem-
brane and subsequent autophosphorylation
of the activation loop (tyrosines 1234 and
1235) within the intracellular kinase domain
(Gonzatti-Haces et al. 1988; Blume-Jensen and
Hunter 2001; Bardella et al. 2004). The auto-
phosphorylation destabilizes the loop, allowing
substrate access and phosphorylation of tyro-
sines 1349 and 1356 within the carboxy-ter-
minal domain (Schiering et al. 2003; Wang
et al. 2005). These carboxy-terminal tyrosines
serve as the multifunctional docking sites for
various signaling adaptors, as discussed below.

MET activation by HGF/SF is a complex
process; for example, HGF/SF can bind to
MET in either an active or an inactive state,
and it can be activated by a number of prote-
ases. In fact, the uncleavable mutant form of
HGF/SF (arginine 494 mutated to glutamic
acid) can even function as a competitive inhib-
itor to wild-type HGF/SF (Gherardi et al. 2006).
In addition, the a chain of HGF/SF is suscepti-
ble to proteolysis by coagulation factor Xa (and
possibly by other proteases), generating N-do-
main and kringle fragments that possess their
own intrinsic activity in some circumstances
(Rubin et al. 2001; Pediaditakis et al. 2002;
Shen et al. 2008). HGF/SF also has two shorter
splice variants, the amino-terminal domain plus
either one or two kringle domains (NK1 and
NK2) (Stahl et al. 1997), which can act as ago-
nists or antagonists depending on the condi-
tions and assay used (Montesano et al. 1998).
Heparin/dermatan sulfate can also have a dom-
inant effect on NK1, NK2, and the affinity of
the a chain for MET (Deakin and Lyon 1999b;
Lyon et al. 2004). Two possible HGF/SF dimer
interfaces, an a-chain- and a b-chain-based
dimer, may induce MET oligomerization and
activation (Chirgadze et al. 1999; Stamos et al.
2004). The discoveryof these alternative ligand–
receptor interactions has led to the develop-
ment of a number of HGF/SF-based agonist/
antagonist derivatives that may have therapeu-
tic value in wound healing or cancer treatment
(Lietha et al. 2001; Tolbert et al. 2007; Youles et
al. 2008).

MET ACTIVATION, SIGNALING,
AND REGULATION

MET activation induces complex signaling
events that depend on the cellular context and
produce a variety of cellular responses. For ex-
ample, treatment of epithelial cell lines with
HGF/SF can induce proliferation, anchorage-
independent growth, cell scattering, survival,
or tubulogenesis. Tubulogenesis is a complex
process that involves cellular proliferation, mo-
tility, differentiation, and polarization (Birch-
meier et al. 1997). Induction of these biological
responses through MET requires the coopera-
tion of several intracellular adaptors and sig-
naling effectors. The strength and duration of
these signals are tightly controlled through in-
teractions with diverse signal modifiers, expres-
sion levels, and subcellular localization and deg-
radation.

For ligand-mediated receptor activation,
HGF/SF binds to the extracellular domain of
MET, resulting in receptor dimerization and
trans-phosphorylation of tyrosines Y1234 and
Y1235 within the kinase domain. Phosphory-
lation of these residues initiates a conformation-
al change within the receptor, resulting in the
phosphorylation of Y1349 and Y1356. These
carboxy-terminal residues are part of a unique
bidentate docking site that is necessary for
MET signaling. Upon MET activation, the mul-
tifunctional docking site is capable of interact-
ing with several adaptor proteins and direct
kinase substrates, including Gab1, Grb2, phos-
phatidylinositol 3-kinase (PI3K), Shc, Src, Shp2,
Ship1, and Stat3 (Fig. 2). Scaffolding adaptors
contain several phosphorylation sites that facil-
itate the recruitment of proteins having Src-ho-
mology-2 (SH2) or phosphotyrosine-binding
(PTB) domains. The binding of specific sub-
strates to the MET carboxy-terminal docking
site creates a scaffold of signaling effectors that
govern cellular responses to MET activation.

Gab1 is the major substrate for MET in
epithelial cells, and several studies have shown
its necessity for downstream signaling through
MET (Maroun et al. 1999; Sachs et al. 2000).
Embryos that are nullizygous for Gab1 have
the same lethal defects as animals nullizygous
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for MET and HGF/SF (Itoh et al. 2000; Sachs
et al. 2000). The interaction between Gab1 and
MET is distinctive in that it can occur either
directly or indirectly through Grb2. Direct inter-
action occurs through a 13-amino-acid MET-
binding domain (MBD) on Gab1 that binds
to Y1349 in the MET multifunctional docking
site (Schaeper et al. 2000). The MBD is a unique
motif that is not conserved in other Gab family
members, yet it promotes sustained interaction
and phosphorylation on MET activation (Ma-
roun et al. 2000). This interaction leads to the
activation of several signaling cascades through
Gab1, including Shp2, PI3K, PLCg, and Crk.

Activation of these pathways is able to induce
diverse cellular responses necessary for nor-
mal and tumorigenic cell growth. For instance,
Gab1-mediated activation of PI3K and AKT is
known to promote cell survival and cell migra-
tion (Rosario and Birchmeier 2003), whereas
Crk couples with Rap1 and Rac to mediate cell
motility and branching morphogenesis (La-
morte et al. 2002a,b; Rodrigues et al. 2005).
The binding of the phosphatase Shp2 to Gab1
is known to up-regulate the Ras/ERK/MAPK
pathway, leading to branching morphogenesis
and proliferation (Maroun et al. 2000; Schaeper
et al. 2000).
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Figure 2. MET-HGF/SF signaling. The METreceptor is activated at the plasma membrane by binding of HGF/
SF to the extracellular region of MET. Upon dimerization and activation, tyrosine phosphorylation occurs at
Tyr1003 in the juxtamembrane CBL-binding site (shown in green), Tyr1230, Tyr1234, and Tyr1235 in the active
site of the kinase (shown in light green), and Tyr1349 and Tyr1356 in the bidentate docking site (shown in pink).
MET can then mediate several intracellular signaling pathways through a diverse array of adaptors and down-
stream effectors. The Gab1 and Grb2 adaptor proteins are critical mediators of MET activation and signaling
through RAS-MAPK, PI3K-AKT, RAC1, and PAK pathways drive distinct cellular responses including prolif-
eration, cell survival, and migration. (From Gherardi et al. 2006; reprinted, with permission, from Nature
Publishing Group, # 2012.)
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In addition to Gab1, the Grb2 and Shc ad-
aptor proteins are critical mediators of MET
activation. Grb2 and Shc associate with MET
and other RTKs through their respective SH2
and PTB domains (Furge et al. 2000). Grb2 is
able to directly bind to MET through its SH2 and
SH3 domains, but is also recruited indirectly
through Shc. Grb2 links activated MET recep-
tors with multiple downstream signaling path-
ways, such as Ras/ERK and PI3K/AKT (Low-
enstein et al. 1992; Rozakis-Adcock et al. 1992;
Gu et al. 2000; Ong et al. 2001). Recent studies
have shown that recruitment of Shc, but not
Grb2, to MET induces VEGF expression (Sau-
cier et al. 2004). Therefore, binding of Shc to
MET may be a crucial angiogenic switch during
tumor growth.

Although MET signaling is primarily medi-
ated by the Ras-MAPK and PI3K-AKT path-
ways (Bertotti et al. 2009), other downstream
effectors such as NF-kB, b-catenin, and STAT3
have been linked to MET. NF-kB contributes
to HGF/SF-mediated proliferation and tubu-
logenesis through ERK1/2 and p38 MAPK
(Muller et al. 2002). Another study showed
that MET activation of NF-kB is able to protect
cells from apoptosis through AKT (Fan et al.
2005). STAT3 (signal transducer and activator
of transcription 3) is also associated with MET.
We have found that MET-mediated STAT3 ac-
tivation in SK-LMS-1 (human leiomyosarcoma
cells) and Madin-Darby canine kidney (MDCK)
epithelial cells is required for anchorage-in-
dependent growth and tumorigenesis, whereas
it has no effect on branching morphogene-
sis (Zhang et al. 2002). Others have reported
that STAT3 mediates anchorage-independent
growth and is required for branching morpho-
genesis, but we found no such activity (Boccac-
cio et al. 1998; Zhang et al. 2002).

MET is also able to initiate biological re-
sponses indirectly by interacting with proteins
at the plasma membrane. Crosstalk occurs be-
tween MET and the developmental Wnt-b-cat-
enin pathway in which MET directly interacts
with E-cadherin and induces nuclear locali-
zation of b-catenin (Monga et al. 2002; Apte
et al. 2006; Reshetnikova et al. 2007). Recent
work has shown that in colon cancer, HGF-pro-

ducing myofibroblasts activate b-catenin-de-
pendent transcription and stimulate cancer
stem cell (CSC) populations (Vermeulen et al.
2010). Further, MET interaction with the hya-
luron receptor CD44 creates a complex with
the ERM proteins (ezrin, radixin, and moesin)
and the actin cytoskeleton (Orian-Rousseau et
al. 2002), and in some cell lines, interaction
with CD44 is required for Ras/MAPK signaling.
MET also interacts with the death receptor Fas,
which maintains homeostasis in many tissues.
MET is able to prevent Fas-mediated apoptosis
in hepatocytes by sequestering Fas (Wang et al.
2002; Zou et al. 2007). This is a novel relation-
ship between growth factor receptors and cyto-
kine receptors in controlling apoptosis.

Tumor angiogenesis is an essential response
to hypoxic conditions that allows tumors to
progress beyond the limitations of the normal
vasculature. Angiogenesis is largely mediated
by the vascular endothelial growth factor re-
ceptor (VEGFR) family and the hypoxia-induc-
ible factors (HIF). Several studies have shown
that MET signaling can promote angiogene-
sis through induction of VEGFA expression
and suppression of thrombospondin 1 (TSP1),
a negative regulator of angiogenesis (Bussolino
et al. 1992; Grant et al. 1993; Zhang et al. 2003;
Abounader and Laterra 2005). By inducing an-
giogenic promoters and inhibiting angiogenic
suppressors, MET ensures angiogenesis during
tumor progression. In recent years, it has been
shown that hypoxic conditions induce MET
transcription and amplify MET signaling and
MET-mediated invasion in several types of car-
cinomas (Pennacchietti et al. 2003). These ob-
servations have significant clinical implications:
for instance, will antiangiogenic therapies in-
duce hypoxia-mediated MET activation? On
the other hand, the combined inhibition of an-
giogenesis and MET is being evaluated in both
preclinical and clinical studies.

Regulation of RTK activation is necessary
for preventing prolonged activation of down-
stream signaling cascades. Termination of RTK
activation can occur through receptor dephos-
phorylation, sequestration, and degradation,
or through signaling antagonists (e.g., Sprouty,
Mimp, and Mig-6). Defective receptor traffick-
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ing and degradation can result in increased sig-
naling and, ultimately, malignant transforma-
tion (Mosesson et al. 2008). Termination of
MET signaling is predominantly controlled
through receptor internalization and degrada-
tion. Several studies have shown that the ubiq-
uitin ligase Cbl is central to down-regulation
of the MET receptor (Peschard and Park 2007).
Cbl is recruited to MET through Grb2, but it is
also able to bind directly to MET through phos-
phorylated Y1003 (Fig. 3). Binding of Cbl to
Y1003 results in receptor ubiquitination, inter-
nalization, and degradation. MET ubiquitina-

tion is crucial to maintaining physiological
METactivation levels, because it has been shown
that mutations within the Cbl-binding domain
are oncogenic (Abella et al. 2005; Peschard and
Park 2007). Further studies are needed in both
cellular and animal models for us to have a com-
plete understanding of the intricacies of MET
regulation and downstream signaling.

MUTATIONAL ACTIVATION OF MET

The first activating mutations found within
MET were identified through a genome-wide
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scan of families with hereditary papillary renal
carcinoma (HPRC) (Schmidt et al. 1997). This
was the first genetic evidence demonstrating the
oncogenicity of MET in humans. The missense
mutations identified in HPRC patients flank the
critical tyrosines Y1234 and Y1235 within the
kinase domain (Fig. 4). Both germline and so-
matic mutations have been identified within the
kinase domain, and several studies have shown
that these mutations induce constitutive recep-
tor activation (Jeffers et al. 1997, 1998; Schmidt
et al. 1999). MET kinase domain mutations have
also been observed in childhood hepatocellular
carcinomas, metastatic head and neck cancers,
gastric carcinomas, and squamous cell cancers
(Park et al. 1999; Di Renzo et al. 2000; Lee et al.
2000; Aebersold et al. 2003). Numerous studies
have delved into the mechanism by which mu-
tational activation of MET is oncogenic, and it
has been shown that mutationally activated
MET can be ligand-dependent or -independent

(Jeffers et al. 1998; Michieli et al. 1999; Wang
et al. 2001).

Screens for MET mutations in other solid
cancers have shown that MET tyrosine kinase
mutations are not a common event. However,
several groups have looked outside the kinase
domain and discovered mutations and deletions
within the juxtamembrane and Sema domain of
MET in gastric, small cell lung, and non-small
cell lung cancers (Lee et al. 2000; Ma et al. 2003;
Kong-Beltran et al. 2006). T1010I was identified
in the juxtamembrane (JM) domain of a small
cell lung cancer (SCLC) tumor sample (Fig. 4).
Furthermore, one Sema domain missense mu-
tation (E168D), two-base-pair insertional mu-
tations (IVS13 [52–53]-insCT) within the pre-
JM intron 13, and an alternative transcript in-
volving exon 10 were identified in this study. The
mutations within the juxtamembrane domain
were found to alter cell adhesion and induce
tumorigenicity by in vitro assays. The Sema
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domain mutation has not been carefully evalu-
ated but may affect the structure of the ligand-
binding domain.

Another mutational analysis in lung and
colon cancers identified several mutations that
increased protein stability and MET receptor
activation (Kong-Beltran et al. 2006). A muta-
tion within a dinucleotide splice site resulted in
deletion of exon 14, which decreased the binding
of the Cbl E3-ligase and led to attenuated ubiq-
uitination and degradation of the METreceptor.
Treatment of cells containing the exon 14 dele-
tion with an HGF-competitive MET antibody
resulted in MET inhibition, suggesting that the
exon 14 mutant is ligand independent and can
be therapeutically targeted (Kong-Beltran et al.
2006). A recent study identified several novel
mutations in cancers of unknown primary ori-
gin (CUP) including four somatic mutations
clustered in the SEMA domain, one mutation
in the juxtamembrane domain, and one near
the active site of the tyrosine kinase domain
(Stella et al. 2011). These mutations had a 30%
incidence in the CUP cohort and were a nega-
tive prognostic marker.

Understanding how mutations activate the
MET kinase is crucial to the development of
effective cancer therapeutics. The efficacies of
several promising kinase inhibitors, such as
imatinib, have been overcome by tumors that
acquired new point mutations. The efficacy of
SU11274 (which targets the ATP-binding site
of MET) was tested against the naturally occurr-
ing MET mutations H1112Y, L1213V, Y1248H,
and M1268T in transformed NIH3T3 cells
(Berthou et al. 2004). H1112Y and M1286T
were both sensitive to SU11274 inhibition,
but Y1248H and L1213V were resistant to treat-
ment. Another study using the MET-depen-
dent gastric carcinoma cell line SNU638 and
two MET inhibitors (PHA-665752 and PF-
2341066) observed resistance through acquisi-
tion of the Y1230H mutation in the activation
loop (Qi et al. 2011). Structural analysis showed
that Y1230H destabilizes the autoinhibitory
conformation of MET and abrogates an im-
portant aromatic stacking interaction with the
inhibitors. These results underscore the neces-
sity for a clearer understanding of the three-

dimensional structure of MET and how muta-
tions alter the binding dynamics of therapeutic
inhibitors.

MOUSE MODELS OF MET AND HGF/SF

Even though innumerable in vitro studies have
shown the influence of MET activation on tu-
mor development, mouse models have been in-
valuable for investigating the complexities of
MET signaling in development and tumorigen-
esis. As shown in Table 1, knock-out, transgenic,
inducible, and knock-in models have shown the
diverse tissues in which MET signaling affects
normal or tumor development.

Genetic studies in mice were the first to re-
veal the importance of MET and HGF/SF in
embryonic development, during which MET
and HGF/SF are expressed in close proximity
to each other and receptor activation is regulated
through paracrine signaling. When MET or
HGF/SF is knocked out in mice, defective de-
velopment of the liver and placenta results in
embryonic death (Bladt et al. 1995; Schmidt
et al. 1995; Uehara et al. 1995). The livers of
MET– / – and HGF/SF– / – embryos are drasti-
cally smaller owing to decreased hepatocyte
proliferation and increased apoptosis. Severely
impaired placental development is a result of
a reduction in labyrinthine trophoblasts. The
identical phenotypes of the MET– / – and
HGF/SF– / – embryos reaffirmed that MET and
HGF/SF are an exclusive receptor/ligand pair.
Furthermore, MET– / – and HGF/SF– / – em-
bryos both lack skeletal muscles in the limb,
tongue, and diaphragm, demonstrating the
necessity of MET signaling for the migration
of myogenic precursor cells. Interestingly, the
mechanistic process by which myogenic precur-
sors are released and migrate through the em-
bryo is similar to the EMT observed during tu-
mor invasion. In addition, placentation, liver
development, and long-range migration of mus-
cle progenitorcells are late evolutionary process-
es that confirm the emergence of METsignaling
later in evolution (Birchmeier et al. 2003).

In 2004, three separate laboratories devel-
oped inducible mouse lines to further evaluate
the regenerative abilities of MET and HGF/SF
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in the adult liver. Borowiak et al. developed
METflox mice that were crossed to transgenic
mice expressing cre under the control of the
IFN-inducible Mx promoter (Borowiak et al.
2004). Liver regeneration after partial hepatec-
tomy was greatly impaired in the METflox mice.
Impaired regeneration was also observed in an-
other METflox line in which Alb-cre mice were
crossed to induce selective inactivation of MET
within hepatocytes (Huh et al. 2004). METflox

livers were found to have increased sensitivity
to Fas-induced apoptosis and significantly de-
creased regeneration after treatment with the
hepatocarcinogens phenobarbital and carbon
tetrachloride. Another study created HGFex5-flox

mice that were administered a recombinant ade-
noviral vector coding for cre recombinase (Ad-
Cre1) to selectively ablate HGF/SF (Phaneuf
et al. 2004). HGFex5-flox mice injected with carbon
tetrachloride had significant reductions in regen-
eration compared with controls, reaffirming the
observations made in the METflox models.

Several transgenic mouse models of MET
and HGF have been created that illuminate the

effect of MET activation on tumor develop-
ment. Transgenic mice expressing HGF/SF un-
der the metallothionein promoter develop a di-
verse array of tumors, many of which originate
in tissues that exhibit abnormal development,
including the mammary gland, skeletal muscle,
and melanocytes (Takayama et al. 1997). Auto-
crine signaling of MET and HGF/SF had been
implicated in several cell culture systems, but
this was the first in vivo model to show the
connection between autocrine MET-HGF/SF
signaling and tumorigenesis. Further studies
with MT-HGF/SF mice revealed that MET-
HGF/SF autocrine signaling could induce met-
astatic melanomas (Otsuka et al. 1998). Other
transgenic models have been created that target
HGF/SF expression to the mammary epitheli-
um under the control of the whey acidic protein
(WAP) gene promoter (Gallego et al. 2003).
WAP-HGF mice developed multiple metastatic
adenocarcinomas within the mammary gland
after pregnancy and lactation. These mammary
tumors had high levels of MET activation and
HGF expression, similar to what is observed in

Table 1. Mouse models of Met and HGF/SF

Phenotype References

Knock-out models
HGF/SF Embyronic lethality owing to placental

and liver defects
Schmidt et al. 1995;

Uehara et al. 1995
Met Embryonic lethality owing to impaired migration

of myogenic precursor cells
Bladt et al. 1995

Transgenic models
MT-HGF Diverse carcinomas, sarcomas, and melanomas Takayama et al. 1997

Melanomas Otsuka et al. 1998
TRE-Met Hepatocellular carcinomas Wang et al. 2001
WAP-HGF Mammary adenocarcinomas Gallego et al. 2003
Tpr-Met Mammary adenocarcinomas Liang et al. 1996
HGF-scid Enhanced growth of heterotopic xenografts Zhang et al. 2005
GFP-Met Adenomas, adenocarcinomas, and angiosarcomas

in abdominal sebaceous glands
Moshitch-Moshkovitz

et al. 2006
Metmt Mammary adenocarcinomas Ponzo et al. 2009

Knock-in models
Metmut Diverse carcinomas, sarcomas, and lymphomas Graveel et al. 2004, 2009

Flox models
Met Mx-cre deletion of exon 15; impaired liver regeneration Borowiak et al. 2004
HGF Adeno-cre deletion of exon 5; impaired liver regeneration Phaneuf et al. 2004
Met Alb-cre deletion of exon 15; impaired liver regeneration Huh et al. 2004
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some human breast carcinomas. Earlier studies
of TPR-MET transgenic mice (under the metal-
lothionein promoter) also showed mammary
adenocarcinoma development after pregnancy
(Liang et al. 1996). These transgenic models
supported the hypothesis that altered MET ac-
tivation or signaling may play a role in a variety
of tumor types.

To understand how ligand-independent ac-
tivation of RTKs can affect tumorigenesis, Wang
et al. created transgenic mice that express hu-
man MET in hepatocytes under the control
of tetracycline (Wang et al. 2001). These mice
developed hepatocellular carcinomas that re-
gressed when the transgene was suppressed.
Even though human MET cannot be activated
by murine HGF/SF, METactivation was present
in hepatocytes and was dependent on cell ad-
herence. This was the first evidence that MET
was tumorigenic in vivo through ligand-inde-
pendent mechanisms. This study also shed light
on how METoverexpression may be tumorigen-
ic in tumors that do not express HGF/SF.

To further evaluate METexpression through
imaging, Moshitch-Moshkovitz et al. (2006) de-
veloped a GFP-MET transgenic mouse that al-
lowed for direct subcellular-resolution imaging
of expression patterns during tumor progres-
sion. The GFP-MET mice developed sebaceous
gland tumors that were imaged by confocal la-
ser scanning microscopy (CLSM) and analyzed
by Western blot analysis. A gradual increase in
GFP-MET levels from normal skin, to adenoma
and angiosarcoma, to adenocarcinoma, was ob-
served. In addition, single cells expressing high
levels of GFP-MET were observed spreading
from the tumor, similar to micrometastases.

To investigate MET and HGF/SF in hu-
man cancers, human tumor xenografts are often
grown in immunocompromised mice. Because
human MET is not activated by murine HGF/
SF, traditional xenograft models do not accu-
rately represent paracrine signaling in human
tumors. To solve this dilemma, Zhang et al. cre-
ated a transgenic mouse expressing human HGF
(designated hHGF-Tg) on a severe combined
immunodeficiency (SCID) background (Zhang
et al. 2005). The expression of hHGF signifi-
cantly enhanced the growth of heterotopic sub-

cutaneous xenografts derived from human
MET-expressing cancer cells. This model has
been invaluable for the testing of therapeutic
agents in human cancer cells in the context of
MET signaling (Gao et al. 2006; Merchant et al.
2008; Zhang et al. 2010).

In 1997, activating mutations within the
MET kinase domain were identified in fami-
lies with HPRCs (Schmidt et al. 1997). The
oncogenic potential of these mutations was
confirmed through several in vitro, xenograft,
and transgene experiments (Jeffers et al. 1997,
1998). To examine mutational activation of
MET in vivo, knock-in mouse models were cre-
ated with activating mutations (WT, D1226N,
Y1228C, M1248T, and M1248T/L1193V) (Gra-
veel et al. 2004). The different mutant MET lines
developed unique tumor profiles including car-
cinomas, sarcomas, and lymphomas. It was also
observed that the majority of tumors had non-
random duplication of the mutant MET allele.
This selective chromosomal amplification has
been observed in patients with HPRC. Further
studies have shown that when the M1248T/
L1193V is congenically bred onto the FVB/N
background, these mice develop a high inci-
dence of aggressive mammary tumors (Graveel
et al. 2009), which are histologically diverse and
have several characteristics similar to those of
human basal breast cancers. Similar mammary
tumorigenesis also occurs in a transgenic model
of the M1248T mutation (Ponzo et al. 2009),
demonstrating that MET may induce progres-
sion of aggressive breast cancer subtypes. Over-
all, these germline and conditional mouse
models have provided us with a greater under-
standing of the significant functions of MET
signaling in development, tissue homeostasis,
and tumorigenesis.

TARGETING MET-HGF/SF IN CANCER

Given that MET is involved in multiple stages
of tumor progression in a variety of human can-
cers, it is a highly promising therapeutic target
(Knudsen and Vande Woude 2008). In recent
years, several approaches have been used to spe-
cifically target MET in neoplastic cells. Early
studies of small molecule inhibitors showed
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that selective MET inhibition impeded tumor
growth in mouse models (Christensen et al.
2003; Sattler et al. 2003; Wang et al. 2003; Knud-
sen and Vande Woude 2008). These compounds
act by inhibiting ATP binding to the kinase do-
main. Based on the success of other receptor
tyrosine kinase inhibitors such as gefitinib and
imatinib, competitive inhibitors of MET are
promising. Other approaches include small in-
terfering RNA (siRNA) or ribozymes targeting
MET and/or HGF/SF (Abounader et al. 1999;
Shinomiya et al. 2004), neutralizing antibodies
against METand/or HGF/SF (Cao et al. 2001),
and the HGF/SF antagonist NK4 (Date et al.
1997). Decoy receptors that inhibit METactiva-
tion by preventing both HGF binding and li-
gand-independent MET dimerization are able
to inhibit MET signaling and MET-dependent
tumor growth (Kong-Beltran et al. 2004; Mich-
ieli et al. 2004).

Recent work on drug-resistant lung cancers
has shown that MET may be a critical player in
developed resistance to targeted therapies. The
epidermal growth factor receptor (EGFR) ki-
nase inhibitors gefitinib and erlotinib are effec-
tive treatments for non-small cell lung cancers
(NSCLC), but the majority of these tumors de-
velop resistance with time. Approximately 50%
of the tumors develop resistance owing to a sec-
ondary mutation in EGFR; however, focal am-
plification of MET was observed in 22% of the
resistant tumors (Engelman et al. 2007). MET
activation has also been associated with resis-
tance to EGFR and ERBB2 inhibitors in colo-
rectal cancer cells and breast cancer cells, respec-
tively (Shattuck et al. 2008; Liska et al. 2011).
Conversely, activation of ERBB family members
mediates resistance to MET inhibition in gastric
carcinoma cell lines (Corso et al. 2010). These
studies and others indicate that signaling cross
talk between RTKs may drive resistance to tar-
geted therapies. Therefore, it is critical that the
molecular profile of MET and other RTKs is
understood to achieve clinical success with tar-
geted inhibitors.

At this time, numerous MET-HGF/SF ther-
apeutics are being evaluated in clinical trials.
Several MET-specific inhibitors have shown
promising results, including the monovalent

antibody MetMAb (onartuzumab), which has
shown activity in combination with erlotinib
in NSCLC patients (Spigel et al. 2011). The
HGF/SF monoclonal antibody AMG 102 (rilo-
tumumab) improved overall survival of gastric
adenocarcinoma (Oliner et al. 2012). In both of
these studies, the best response was observed in
patients with high METexpression levels. These
clinical results underscore the necessity of pa-
tient stratification for targeted studies of MET
and other molecular targets. Other therapeutic
agents targeting MET include the noncompeti-
tive inhibitor ARQ 197 (tivantinib), which has
improved progression-free and overall survival
in NSCLC and hepatocellular carcinoma (Se-
quist et al. 2011; Rimassa et al. 2012). Concur-
rent inhibition of angiogenesis and MET has
been evaluated using the multi-target MET in-
hibitor XL184 (cabozantinib), which also tar-
gets VEGFR2. XL184 has been effective against
several solid cancers including medullary thy-
roid cancer, breast, NSCLC, melanoma, and liv-
er cancer (Gordon et al. 2012; Hellerstedt et al.
2012; Schoffski et al. 2012; Winer et al. 2012).
The most significant results were observed in
the reduction of bone metastatic lesions in cas-
tration-resistant prostate cancer (Smith et al.
2012). These results raise the question of using
multi-targeting versus specific inhibitors in the
clinic. The success of either approach requires
balancing activity, toxicity, and resistance mech-
anisms in each cancer type.

CONCLUDING REMARKS

Since its discovery more than 25 years ago, nu-
merous studies have established that MET is
unique among RTKs and is critical for normal
development and for the progression of a wide
range of human cancers. MET activation has
been shown to mediate numerous signaling
pathways in both in vitro and in vivo models.
Nevertheless, we are still unraveling how MET
signaling can mediate such diverse cellular re-
sponses as motility, invasion, growth, and an-
giogenesis. A deeper understanding of how
MET activation controls tumorigenesis will re-
quire further analysis using three-dimensional
molecular structures, cell culture systems,
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human tumors, and animal models. Through
these combined approaches, and with new drugs
targeting MET, we will, in the near future, realize
the influence MET has on tumorigenesis and
how it may be controlled.
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