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Abstract

Under normal conditions, hepatocyte growth factor (HGF)-induced activation of its cell surface
receptor, the Met tyrosine kinase (TK), is tightly regulated by paracrine ligand delivery, ligand
activation at the target cell surface, and ligand activated receptor internalization and degradation.
Despite these controls, HGF/Met signaling contributes to oncogenesis and tumor progression in
several cancers and promotes aggressive cellular invasiveness that is strongly linked to tumor
metastasis. The prevalence of HGF/Met pathway activation in human malignancies has driven
rapid growth in cancer drug development programs. Pathway inhibitors can be divided broadly
into biologicals and low molecular weight synthetic TK inhibitors; of these, the latter now
outnumber all other inhibitor types. We review here Met structure and function, the basic
properties of HGF/Met pathway antagonists now in preclinical and clinical development, as well
as the latest clinical trial results. The main challenges facing the effective use of HGF/Met-
targeted antagonists for cancer treatment include optimal patient selection, diagnostic and
pharmacodynamic biomarker development, and the identification and testing of optimal therapy
combinations. The wealth of basic information, analytical reagents and model systems available
concerning HGF/Met oncogenic signaling will continue to be invaluable in meeting these
challenges and moving expeditiously toward more effective disease control.
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1. Introduction

The MET oncogene was first isolated from a human osteosarcoma-derived cell line on the
basis of its transforming activity in vitro, caused by a DNA rearrangement where sequences
from the TPR (translocated promoter region) locus on chromosome 1 were fused to MET
sequence on chromosome 7 (TPR-MET) [1]. A similar gene rearrangement was later found
in patients with gastric carcinoma [2,3]. Isolation of the full-length MET proto-oncogene
sequence revealed that it encoded a receptor tyrosine kinase (TK) [2]. The Met tyrosine
kinase is activated by a single ligand known as hepatocyte growth factor (HGF) or scatter
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factor (SF). This molecule is secreted by mesenchymal cells [4] especially fibroblasts and
smooth muscle cells [5,6] and activates the Met protein via paracrine mechanisms [7,8]. The
identification of hepatocyte growth factor (HGF) as the natural ligand for the Met receptor
protein [9], and the identity of scatter factor (SF) and HGF united a collection of findings
demonstrating that a single receptor transduced multiple biological activities including
motility, proliferation, survival and morphogenesis [10-13].

Both HGF and Met proteins are processed proteolytically from single chain precursors into
mature disulfide linked heterodimers. Both are widely expressed early in development and
deletion of either gene lethally disrupts embryogenesis [10,11,13]. The widespread
expression of both MET and HGF genes persists throughout adulthood and upregulation of
HGF expression after kidney, liver or heart injury suggests that pathway activation protects
against tissue damage and promotes tissue repair and regeneration [14-18].

2. Met: Structure and Function

The MET gene is located on chromosome 7 band 7g21-g31 and spans more than 120 kb in
length, consisting of 21 exons separated by 20 introns [19]. The primary MET transcript
produces a 150 kDa polypeptide [20] that is partially glycosylated to produce a 170 kDa
precursor protein. This 170 kDa precursor is further glycosylated to a mass of approximately
190 kDa and then cleaved into a 50 kDa beta chain and 140 kDa alpha chain which are
linked via disulfide bonds [21].

The Met beta chain has seven conserved subdomains which have functional significance and
homology with other cell signaling proteins. The amino-terminal semaphorin (or Sema)
domain has a 7-bladed beta-propeller fold [22,23] that serves as a key element for ligand
binding, and is also found in the plexin family of semaphorin receptors [8,21]. The presence
of the semaphorin domain, as well as the more highly conserved tyrosine kinase domain,
places Met in a subfamily of tyrosine kinases that includes Ron and the avian Ron ortholog,
Sea [20]. Carboxyl-terminal to the Sema domain is the PSI domain, so named because it is
found in plexins, semaphorins and integrins [21]. Further downstream are four
immunoglobulin domains, also referred to as IPT repeats, because they are found in
immunoglobulins, plexins and transcription factors [21]. The PSI domain is thought to
function as a linking module to orient the extracellular fragment of Met for proper ligand
binding [24]. Although several reports claim that the sema domain is the sole HGF binding
domain in Met [25], a recent report claims that IPT repeats 3 and 4, located closest to the
transmembrane domain, also function in HGF binding [26].

Like all tyrosine kinases, the Met transmembrane domain contains a single alpha helix [8].
The most amino terminal cytoplasmic subdomain, the juxtamembrane (JM) region, contains
two protein phosphorylation sites: S985 and Y1003 (numbered according to GenBank
accession no. J02958). Phosphorylation of S985 negatively regulates kinase activity [27] and
phosphorylation of Y1003 recruits c-Cbl, which monoubiquinates Met and interacts with
endophilin, targeting Met for internalization and degradation [1]. A PEST sequence, which
may serve as a site for this ubiquitination, is present in the JM domain [28]. A specific
protein tyrosine phosphatase (PTP-S) is also reported to bind to this region [29].

Curr Sgnal Transduct Ther. Author manuscript; available in PMC 2014 September 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cecchi etal.

Page 3

Carboxyl terminal to the JM region is the tyrosine kinase (TK) domain, which shares
homology with insulin growth factor | receptors and the Tyro 3 family of immunoregulatory
molecules, and lastly, a carboxy-terminal tail region. Upon HGF binding, Met
autophosphorylation occurs on tyrosine residues Y1234 and Y1235 (numbered per GenBank
accession no. J02958) within the activation loop of the TK domain, inducing kinase activity,
while phosphorylation on Y1349 and Y1356 in the carboxyl terminal region forms a
docking site for intracellular adapters that transmit signals downstream [11,13]. An intact
docking site is required for transformation and metastasis [13]. Critical signaling mediators
in this pathway include Grb2, Gab1, phosphatidylinositol 3-kinase (P13K), phospholipase C-
gamma (PLCy), Shc, Src, Shp2, Shipl and STAT3 [11,13].

3. Met Mutations Associated with Cancer

Under normal conditions, HGF-induced Met TK activation is tightly regulated by paracrine
ligand delivery, ligand activation at the target cell surface, and ligand activated receptor
internalization and degradation. Despite these multiple controls, pathway deregulation
occurs in a variety of neoplasms. Among the hundreds of genes upregulated by HGF are
those encoding proteases required for HGF and Met processing, as well as MET, creating the
potential for its overexpression through persistent ligand stimulation [11]. Indeed, MET
overexpression is characteristic of several epithelial and mesenchymal cancers and is an
independent prognostic factor associated with adverse outcome [30]. Other mechanisms of
oncogenic pathway activation include aberrant paracrine or autocrine ligand production,
constitutive kinase activation in the presence or absence of MET gene amplification, and
MET gene mutation [10,31,32]. Missense MET mutations occur in several cancers; the
earliest reported mutations were found exclusively in the Met TK domain and were
associated with hereditary and sporadic forms of papillary renal cell carcinoma (PRC)
[33,34]. Mutations throughout the MET coding sequence were later found in lung cancer and
in head and neck cancers [8,35].

The impact of specific MET mutations has been studied act at the molecular, cellular and
organismal levels. Structural modeling of the Met TK domain indicated that activating PRC
mutations interfere with an intrinsic mode of autoinhibition [36,37]. Early cell-based
investigations confirmed that kinase activity was deregulated in various mutant forms and
revealed that these could have distinct biological effects. For example, the PRC-associated
mutations D1228H/N and M1250T showed enhanced kinase activity, Ras pathway
activation and focus formation, while L1195V and Y 1230C more effectively activated PI3K,
promoting cell survival, soft agar colony formation and matrix invasion [38,39]. Although
mutations that were reconstituted in HGF-producing cells (such as NIH3T3) could not
rigorously address the role of ligand binding in oncogenesis, later studies showed that
mutations expressed in epithelial cells required added ligand for soft agar colony formation
and that colony formation by NIH3T3 bearing Met M1250T could be blocked by ligand
binding antagonists [40]. PRC-associated MET mutations also have been investigated in
mice by engineering changes in the murine MET locus [41]. Interestingly, mice harboring
D1226N, Y1228C, and both M1248T and L1193V mutations developed sarcomas with high
frequency and some lymphomas, whereas the M1248T mice developed carcinomas and
lymphomas; no mice developed PRC [41]. Furthermore, analogous to the trisomy of
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chromosome 7 frequently observed in human PRC tumors, trisomy of chromosome 6
(containing the murine MET locus) and preferential duplication of the mutant MET allele
was observed in most tumors. These results independently confirm the oncogenicity of PRC-
associated MET mutations in vivo and suggest that distinct mutations influence the types of
cancers that develop in mice [41].

Other alterations in the MET coding sequence have been identified in regions encoding the
extracellular semaphorin domain (E168D, L229F, S323G, and N375S) and the intracellular
JM domain (R988C, T1010l, S1058P, and exon 14 deletions) of non-small cell lung
carcinoma (NSCLC)-derived cell lines, in 12.5 % of small lung cell cancer (SCLC) cases, as
well as in 8% of samples of lung adenocarcinoma tissues [35,42—44]. Some of these
mutations activate proliferation, motility and invasiveness in cultured cells [35]. As noted
earlier, Y1003 is phosphorylated in response to HGF binding and recruits c-Cbl, leading to
Met ubiquitination and degradation [1]. In Met JM domain mutants missing exon 14, the
loss of Y1003 results in Met accumulation at the cell surface and persistent HGF-stimulated
signaling that leads, in turn, to increased transforming activity and tumorigenic potential [1].

The capacity for JM mutations R988C and T1010I to contribute to oncogenesis has been a
topic of debate. First identified by Schmidt and colleagues [36], T10101 was thought to
represent a rare polymorphism, owing to lack of disease segregation and failure to induce
focus formation or constitutive Met phosphorylation in NIH3T3 cells. Although this
potential polymorphism did not stimulate NIH3T3 cell growth in soft agar, it was more
active than the wild-type Met in the athymic nude mice tumorigenesis assay, suggesting that
it may have effects on tumorigenesis [45] and lead to altered cytoskeletal functions [46].
Recently Tyner and colleagues found these variants in a wide variety of malignancies as
well as individuals without cancer, suggesting that R988C and T1010I are indeed rare
polymorphisms that may predispose an individual toward cancer when combined with an
oncogene that drives cellular proliferation [47].

Of interest, another novel germ-line missense mutation P1009S (numbered per GenBank
accession no. J02958) (exon 14) that affects the JM domain of Met has been detected in a
patient with gastric carcinoma. P1009S caused colony formation in soft agar, was
tumorigenic in athymic nude mice, but appears to be oncogenic by a different mechanism:
while Met mutations in the tyrosine kinase domain are constitutively activated, the P1009S
Met mutant, after HGF/SF treatment, stays phosphorylated for a significantly longer time
(24-48 h) than wild-type Met, but it is not constitutively activated. This suggests that the
downregulation of Met, which occurs after receptor activation and tyrosine phosphorylation,
may be impaired by this mutation [45].

Overall, MET mutation occurs at a lower frequency than most other mechanisms of pathway
activation in tumors; nonetheless, mutations provide strong direct evidence of the pathway’s
oncogenic potential and may identify patients most likely to benefit from Met-targeted
therapeutics.

Consistent with the role of this pathway in organogenesis, oncogenic Met signaling
resembles developmental transitions between epithelial and mesenchymal cell types
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normally regulated by HGF: increased protease production coupled with cell dissociation
and motility promotes cellular invasion through extracellular matrices, enabling tumor
invasiveness and metastasis. Conversely, silencing the endogenous, overexpressed MET
gene in tumor cells suppresses tumor growth and metastasis, and induces the regression of
established metastases in mouse models [48]. In addition, HGF/Met signaling in vascular
endothelial cells stimulates tumor angiogenesis, facilitating tumor growth for cancers that
are growth-limited by hypoxia, and independently promoting tumor metastasis. Hypoxia
alone upregulates MET expression and enhances HGF signaling in cultured cells and mouse
tumor models [49].

4. Pharmacological Inhibitors of the HGF/Met Pathway

The prevalence of HGF/Met pathway activation in human malignancies has driven rapid
growth in drug development programs. Agents currently under development as HGF/Met
pathway inhibitors can be broadly subdivided into biologicals and low molecular weight
synthetic compounds. Biologicals, or protein-based agents, act through a variety of
mechanisms and possess target selectivity and pharmacokinetic properties that are
predictable and often desirable. Nonetheless, their size typically restricts their action to
extracellular events and their complexity impacts drug manufacture, routes of administration
and shelf-life. Thus it is not surprising that synthetic, low molecular weight TK inhibitors
(TKISs) presently outhumber every other class of HGF/Met therapeutic.

4.1. Biological HGF/Met Pathway Antagonists

Biologicals are primarily directed against ligand-receptor binding or related cell-surface
events such as receptor clustering, and include: [1] truncated proteins product of a naturally
occurring alternative HGF mRNA transcript such as NK2 or NK4. Although, the potential
anti-oncogenic efficacy of NK2 was shown to be compromised by its intrinsic motogenic
activity, which enhanced HGF-driven metastasis in mouse models [50-54], NK4 has proven
to be a complete competitive antagonist of HGF/Met oncogenic signaling in a variety of
preclinical models and is now entering human clinical trials. [2] antagonistic HGF forms
that resist proteolytic activation or its conformational consequences exploit the requirement
for proteolytic cleavage that converts pro-HGF to a biologically active heterodimer [55-58].
[3] truncated soluble forms of the Met ectodomain such as soluble Met Sema domain
constructs that sequester HGF and interfere with Met homodimerization suppressed HGF-
induced tumor cell migration [59], as well as tumor growth and metastasis in mice [60]. [4]
among HGF/Met-targeted biologicals, the most advanced drug candidates are mAbs directed
against either HGF or Met. The majority of these block HGF/Met binding, although at least
one anti-Met mAb decreases Met activation by inducing ectodomain shedding and
degradation [61]. Neutralizing mAbs against human HGF, such as L2G7, AMG102 and
SCH900105 (formerly AV299) each potently suppressed the growth of tumor xenografts in
mice [62-66]. AMG102, currently in phase | and Il clinical trials [67], binds to the HGF
light chain (K4 of 0.22 nM) and blocks HGF-Met binding (ICsq of 2.1 nM). AMG 102 was
well tolerated in humans and adverse events (AEs), were predominantly low grade (fatigue,
constipation, anorexia, nausea and vomiting) [68]. AMG102 was maintained in the body
with a mean half-life of 15.4 hours [68]. SCH900105 is currently in phase I trials: this
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antibody was also very well tolerated in patients with a half-life of 15 h. In its first
completed trial, SCH900105 treatment was associated with stable disease (SD) in half of the
patients, the longest for 34 weeks [64—66]. A humanized, bivalent anti-Met monoclonal
antibody, h224G11, inhibits Met phosphorylation and dimerization and blocks proliferation,
migration, invasion, morphogenesis and angiogenesis in cell-based studies [66,69]. Another
anti-Met mAb that blocks ligand binding, MetMab (formerly OA5D5), is an engineered
monovalent antibody that has been shown to inhibit tumor growth in animal models by more
than 95 percent [70]. MetMab (ICsq of 2.6 to 8.7 nM in intact cells), downregulates
constitutively active Met in tumor cell lines [71], and is currently in phase I/ll human
clinical trials in comparison with erlotinib in patients with NSCLC [67].

4.2. Small Synthetic Met Kinase Inhibitors

Most Met TKIs competitively antagonize occupancy of the intracellular ATP binding site,
preventing phosphorylation, TK activation and downstream signaling. These agents are in
various stages of development; they are discussed here starting with preclinical candidates
and ending with those now entering phase I11 clinical trials.

Early studies of Met-targeted TKIs, such as SU11274 (ICsq of 20 nM) [42,72,73] and
PHAB65752 (ICsq of 9 nM) [31,74], established that Met TKIs could potently suppress
oncogenesis and provided a platform for improving potency, selectivity and other drug
properties. RP1040 (ICsq of 1.3 nM) [75] and CEP-A (ICgq of 13 nM) [76] are recent
preclinical candidates; RP1040 shows good oral availability and displays a half-life of up to
9 hin intact cells [75]. CEP-A shows sustainable pharmacodynamic (PD) effects in mouse
studies, resulting in significant tumor growth inhibition, stable disease (SD) and partial
regression [76].

Met TKIs now entering phase | clinical trials to establish safety and tolerability include
JNJ-38877605 and PF-04217903. The former shows >1000-fold selectivity for the Met
kinase relative to >200 related receptor TKs [77], while the latter targets Met as well as
anaplastic lymphoma kinase (ALK) [78]. AMG 208 selectively inhibits both ligand-
dependent and ligand-independent Met activation [79], while E7050 targets both Met and
VEGFR?2 [80]. A phase | study of MK8033 (ICsgq of 1.3 nM), which targets Met and the Met
family member Ron, is also underway [67]. MP470, inhibiting PDGFR, Kit and Met
sensitized glioblastoma cells to radiotherapy in mice and combined with erlotinib inhibited
prostate cancer cell proliferation and tumor xenograft growth [81]. Phase 1 clinical trials
were discontinued for SGX523 after renal toxicity was observed in patients receiving
relatively low doses [82].

Several Met TKIs are in phase I/11 clinical trials that further test safety and efficacy.
BMS777607 (ICsq of 3.9 nM) has completed a phase /11 study in metastatic cancer patients
(results are not yet available) [83]. MGCD265, targeting Met, VEGFR1-3, Ron, and Tie2 is
currently in phase I/11 studies in combination with erlotinib or standard of care (SOC)
treatments; safety trials have shown a half-life of 20-30 hours with no grade 2 or higher AEs
[84,85]. MK2461 has completed phase I/11 trials and showed a half-life of approximately 6
hours, few AEs above grade 1 (anorexia, fatigue and nausea), and a best response of SD for
six treatment cycles [86,87].
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Foretinib (GSK1363089; formerly XL880) and ARQ197 have shown promising results in
multiple phase Il trials. Foretinib targets Met and VEGFR2; trials have shown a half-life of
60 hours, the most common AEs were grade 1 or 2 (fatigue, hypertension, nausea, anorexia
and vomiting). Several studies have shown SD for at least 10 months and some patients have
experienced >20 percent reduction in tumor size [88-91]. ARQ197 may represent a new
class of low molecular weight TKI; ARQ197 binds to a region of Met outside of the ATP
binding site and impairs kinase activation allosterically; it is reported to be highly selective
for Met (IC5q of 50 nM in vitro) although its mechanism of action is not yet completely
defined. Current phase Il clinical trials compare ARQ197 with TKIs against other targets,
(results are not yet available) [92].

Met TKIs furthest in development include XL184 and PF02341066, both now entering
phase 111 clinical trials. XL184 targets Met, VEGFR2, and Ret and has a half-life of 80-90
hours [93]. On average, patients show SD greater than 3 months with several up to 6 months
while on treatment [94]. A current phase I11 trial investigates XL184 as a first line treatment,
compared to placebo, in patients with medullary thyroid cancer [67]. PF-02341066, which
has greater Met selectivity relative to PF-04217903 [95], is currently recruiting for phase I,
I1 and 11 clinical trials [67]; preclinical studies indicate it is highly effective against the
product of the EML4-ALK translocation found in a subset of NSCLC patients [96,97].

Conclusions

In closing, the wealth of basic knowledge about HGF/Met biology has enabled an accurate
assessment of the pathway’s oncogenic potential and provided the insight needed to develop
potent and selective inhibitors and use them with relative safety in humans. Patient selection,
of primary importance, will advance as more robust methods are developed to analyze the
many known potential diagnostic biomarkers of pathway activity. Methods that rely on
DNA or RNA (e.g. detecting MET gene amplification or mutation) are now faster and more
sensitive than those available for quantitating Met protein content and phosphorylation state,
but efforts to improve both are underway. Similarly, the need for PD markers that track drug
effect and patient response is recognized and clinical PD marker studies currently underway
reveal solid candidates. Finally, the emergence of primary and acquired resistance to TKIs
from pre-existing or de novo mutations, respectively, must be addressed in the design of
future clinical studies. For many cancer types, combining Met inhibitors with standard of
care therapies may reduce the risk of acquired resistance to either single treatment alone,
while at the same time providing a safe and expedient route to approval. Less is known
about how combinations of new targeted therapies should be selected or administered safely.
Such combinations are also likely to reduce the risk of acquired drug resistance, and may
potentially offer the most effective treatment when information for patient selection is
abundant; but most will require more preclinical research before effective and practical
clinical trials can be designed.
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