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Invasive growth

The MET protooncogene was discovered because of the
ability of oncogenic Met to mediate chemically induced
transformation of a human osteogenic sarcoma cell
line (1). The normal product of this gene, Met, is an
unusual receptor tyrosine kinase that can be distin-
guished from most other such proteins on the basis of
its biosynthesis and its structural features. This trans-
membrane protein is synthesized as a single-chain pre-
cursor, which undergoes intracellular proteolytic cleav-
age at a basic amino acid site, yielding a disulfide-
linked heterodimer. Its C-terminal, intracellular region
contains a multifunctional docking site that binds to
various signaling molecules. These features define a
Met receptor tyrosine kinase family consisting of three
related proteins, Met, Ron, and c-Sea, the last of which
may be the chicken ortholog of Ron.

The ligand of the Met receptor is HGF, also known as
scatter factor (2). HGF was discovered simultaneously
as a mitogenic factor for liver cells and as a fibroblast-
derived scattering/motility factor for epithelial cells. It
is a multifunctional factor affecting a number of cell
targets including epithelium, endothelium, myoblasts,
spinal motor neurons, and hematopoietic cells. Signal-
ing pathways activated by the HGF-Met interaction
mediate cell adhesion and motility. As is argued by Tru-
solino and Comoglio (this Perspective series, ref. 3),
these cellular phenotypes, coupled to tightly regulated
changes in cell growth, morphology, and survival,
define a general pattern of invasive growth that occurs
widely in normal development.

In addition to regulating normal cell functions, Met
is involved in malignant cell transformation. Increased
Met expression has been found in papillary carcino-
mas of the thyroid gland, in carcinomas of colon, pan-
creas, and ovary, in osteogenic sarcomas, and in other
types of cancer. Point mutations in MET have been
identified in hereditary and sporadic papillary renal
carcinomas (4–6), hepatocellular and gastric carcino-
mas (7, 8), and head and neck squamous carcinomas
(9). Numerous experimental and clinical data indicate
a particular role of HGF and Met in tumor invasive
growth, a stage of tumor progression leading to metas-

tases. Dysregulation of Met activity in cells is thought
to be a key event underlying tumor metastasis, and
indeed, Met overexpression and hyperactivation are
reported to correlate with metastatic ability of the
tumor cells (see sidebar, page 864).

Mechanisms leading to Met dysregulation 
in tumor cells
HGF binding to Met results in receptor autophospho-
rylation and upregulation of Met kinase activity,
which in turn stimulates a number of intracellular
pathways mediating HGF’s biological effects. In nor-
mal cells, Met activation is a ligand-dependent tran-
sient event, whereas in tumor cells Met activity is often
constitutively upregulated.

Ligand-dependent mechanisms of Met activation. Met acti-
vation in tumor cells can occur through any of several
molecular mechanisms (Table 1), the simplest of
which involve HGF-dependent Met activation, much
as occurs in normal cells. In some cases, tumor cells
express both HGF and its receptor, setting the stage
for an autocrine loop in which secreted HGF binds to
Met and causes constitutive activation of Met and its
downstream signaling pathways, thus enhancing
tumor growth and invasive behavior. Such HGF-Met
autocrine loops have been detected in gliomas,
osteosarcomas, and mammary, prostate, breast, lung,
and other carcinomas; they are often associated with
malignant progression of tumors and correlate with
poor prognosis. Interference with either HGF or Met
expression can inhibit tumorigenic transformation,
angiogenesis, tumor growth, and invasion (10).

Under physiological conditions HGF is not an
autocrine, but rather a paracrine, factor: Mesenchy-
mal cells produce HGF, which acts on epithelial and
other cells that express Met. Similarly, Met-positive
tumor cells that do not produce HGF may neverthe-
less respond to HGF produced by stromal cells. How-
ever, since HGF is secreted by cells as a single-chain
inactive precursor (pro-HGF), which must be activat-
ed by proteolytic cleavage, HGF-Met autocrine and
paracrine loops depend on a third component — an
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enzyme capable of processing pro-HGF to produce
HGF. A number of serine-like proteases, including
urokinase-type plasminogen activator and coagula-
tion factor XII, have such an activity and have been
detected in some tumors. Nevertheless, the mecha-
nism by which pro-HGF is converted to HGF in
tumor tissues remains to be established.

Ligand-independent mechanisms. Met can also be acti-
vated in an HGF-independent manner in tumors, par-
ticularly as a result of Met overexpression, which occurs
in almost every case of differentiated papillary carcino-
mas. Increased Met expression can be mediated by MET
gene amplification, by enhanced transcription, or by
posttranscriptional mechanisms. Increased expression
of Met on the cell surface apparently favors ligand-
independent activation through spontaneous Met
dimerization, but it is not generally sufficient to trig-
ger Met activation. In some cases, even very high expres-
sion of Met does not cause constitutive receptor acti-
vation (11). Noncovalently associated, inactive clusters
of these receptors have been identified on the cell sur-
face, perhaps explaining the cells’ resistance to trans-
formation, even in the face of high Met levels (12). An
additional signal, such as Met transactivation by other
membrane receptors, may be required to activate sig-
naling by these receptors. Alternatively, these clusters
may contain suppressor molecules that prevent spon-
taneous Met activation in normal cells but may be lost
or inactivated in tumor cells.

One well-known oncogenic form of Met, first identi-
fied in the chemically transformed human osteosarco-
ma cell line HOS (1), is the product of the TPR-MET
fusion, which arises through a chromosomal rearrange-
ment. The resulting chimeric gene contains the pro-
moter and the N-terminal sequence of the TPR gene
from chromosome 1, fused with the C-terminal
sequence of MET, which maps to chromosome 7. The
TPR-MET chimeric gene encodes a cytoplasmic protein
with molecular weight 65 kDa comprising the TPR

leucine zipper domain and the Met kinase domain. This
protein is constitutively active as a result of TPR leucine
zipper interactions, which allow for Met kinase dimer-
ization, transphosphorylation, and activation (13), and
it is potently oncogenic in vitro and in vivo.

Abnormal processing or the absence of normal nega-
tive regulators can also lead to constitutive Met activa-
tion and tumorigenesis. The mature Met consists of
two subunits, α and β, arising from proteolytic cleav-
age of the single-chain precursor. As a result of defec-
tive posttranslational processing, the precursor fails to
be cleaved in the colon carcinoma cell line LoVo; con-
sequently, Met is expressed on the cell surface as a sin-
gle-chain molecule, which is constitutively tyrosine-
phosphorylated (14). In metastatic B16 melanoma
cells, on the other hand, cytosolic phosphatases that
normally mediate Met dephosphorylation, internaliza-
tion, and degradation are downregulated, leading to
constitutive Met activation (15).

Finally, a large class of somatic or inherited muta-
tions in the MET gene can lead to active, typically lig-
and-independent, Met signaling in tumor cells. For
instance, a mutant in which the Met cytoplasmic
domain is truncated immediately below the trans-

864 The Journal of Clinical Investigation | April 2002 | Volume 109 | Number 7

Table 1
Mechanisms of Met dysregulation in tumor cells

With wild-type MET With MET gene alterations

HGF-dependent

Autocrine loop
Paracrine loop

HGF-independent

Overexpression Overexpression (due to amplification)
Abnormal Met processing Gene rearrangement (TPR-MET)

Defects of negative regulators Mutations
Truncation (cytoplasmic Met) Truncation (cytoplasmic Met)

Invasive but indolent growth of Met-transformed tumors
In clinical oncology, the term “invasive growth” refers to the ability of
some cancer cells to leave their site of origin, to traverse anatomic bar-
riers to cell movement — the basement membrane in the case of epithe-
lial cancers — and to move to locations distant from the site of origin.
Invasive growth is further classified as local or systemic, referring to the
ability of some cancer cells to grow in locations adjacent to the site of
origin or in locations distant from the site of origin. For most clinical
classifications of stage of cancer, the presence of local or systemic tumor
deposits (metastases) makes a major difference in the cancer stage.

Given the well-known and profound effects of HGF-Met signaling on
cells’ morphology and invasive character, it is interesting to consider the
biological characteristics of cells in patients with inherited mutations in
the Met tyrosine kinase domain. Such germline mutations are clearly
compatible with normal growth and development. Cancer in patients
who carry such kinase-activated MET alleles typically occurs late in life
and is confined to a single organ, the kidney. In genetic terms, the pene-
trance (the proportion of individuals with germline mutations in the MET
gene who exhibit detectable renal tumors) is 40% by age 50. These renal

cancers are indolent, slow-growing neoplasms. Even in the condition
known as hereditary papillary renal carcinoma (one form of which is
associated with MET mutations), the multiple, independently developing
tumors display the clinical properties of invasive growth only late in the
course of the disease. For this reason, urologic surgeons managing
patients with this disorder generally wait until the largest renal tumor is
3 cm in diameter before operating.

These papillary renal cancers display a number of consistent
somatic genetic changes, including duplication of the chromosome
bearing the mutated MET gene and trisomy of chromosome 17. Hence,
the development of papillary renal cancer likely requires a number of
additional genetic changes along with the inherited MET mutation.
Conversely, other human cancers, found in individuals with neither
somatic nor germline mutations in MET, often show increased expres-
sion of Met protein. It is currently thought that this increased expres-
sion of Met contributes to invasive growth, but it must be acknowl-
edged that these cells carry multiple genetic and epigenetic changes,
making it difficult to isolate the contribution of Met to tumor progres-
sion and invasion.



membrane domain encodes a constitutively active sig-
naling domain that can transform rodent fibroblasts
(16). A similar, naturally occurring truncation has been
detected in malignant human musculoskeletal tumors.
This short 85-kDa N-terminally truncated Met is tyro-
sine-phosphorylated and located in the cytoplasm (17).
The mechanism by which this truncated Met is pro-
duced is not known, but its constitutive activation sug-
gests a role in tumorigenesis.

Missense point mutations in MET have been identified
in hereditary and sporadic papillary renal carcinomas (4-
6), childhood hepatocellular carcinomas (7), gastric car-
cinomas (9), and head and neck squamous cell carcino-
mas (8, 9). At present, 21 such mutations have been
described, as summarized in Table 2. All identified Met
mutations in the kinase domain increase Met tyrosine
kinase activity. Although mutations in the juxtamem-
brane domain do not trigger ligand-independent Met
activation, receptors carrying the P1009I mutation show
persistent Met activation in response to HGF (7). This
mutated form of Met demonstrates transforming poten-
tial and invasive activity in vitro and in vivo.

Met transactivation via other membrane receptors. Recent
investigations have shown that Met kinase activity
can be regulated through other receptors by HGF-
independent mechanisms. Thus, Met can be activated
by stimuli that do not directly interact with Met,
including adhesive receptors, such as various inte-

grins and CD44, and signal transducing receptors like
Ron and the EGF receptor.

Integrins (discussed by Brakebusch et al., this Per-
spective series, ref. 18) are cell surface receptors that
mediate cell adhesion to the ECM. Plating of Met-
expressing cells on ECM, and the consequent ligation
of cell surface integrins, can cause ligand-independent
Met tyrosine phosphorylation (19). Interestingly, trans-
genic mice expressing Met in hepatocytes have activat-
ed Met and develop hepatocellular carcinoma (20),
despite the absence of detectable HGF expression, per-
haps as a result of cellular adhesion in this tissue (20).

CD44, a cell surface receptor for hyaluronic acid (a
major glycosaminoglycan component of the ECM),
regulates a number of normal cell functions and has
been implicated in tumor progression and metastasis.
This receptor can promote Met activation by two
mechanisms. First, binding of CD44 to hyaluronic acid
causes HGF-independent Met activation, leading to cell
growth and migration (21). Second, a heparan sulfate
proteoglycan isoform of CD44 binds HGF and pres-
ents it to Met in the form of a multivalent complex
inducing a high level of Met activation in comparison
with soluble nonbound HGF (22).

Because Ron belongs to the same family of receptor
tyrosine kinases as Met and shares many common
structural features, it is perhaps not surprising that acti-
vated Ron can transphosphorylate Met, and vice versa,
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Table 2
MET mutations identified in human tumors

Mutation Type of tumor Homologous mutations in other RTKs Ligand-independent Met activation References

In the juxtamembrane domain:

P1009S (g) Primary gastric carcinoma Unknown No, but persistent in response to HGF 8
T1010I (g,polymorphism) breast cancer biopsy; Unknown No 5, 8

HOP92 cell line; RCC

In the kinase domain:

ATP-binding region

V1110I (g) RCC c-erbB V157I Yes (weak) 5, 6
H1112L (s) RCC Unknown Yes (weak) 5
H1112Y (g, s) RCC Unknown Yes 5
H1112R (g) RCC Unknown Yes (weak) 5
H1124D (s?) RCC Unknown Yes (weak) 5

Hinge region

M1149T (g) RCC Unknown Yes (weak) 4, 5, 8, 29, 30
T1191I (s) Childhood HCC Unknown ND 7
V1206L (g) RCC Unknown Yes (weak) 4, 29, 30
L1213V (s) RCC Unknown Yes (weak) 4, 29, 30, 35
V1238I (g) RCC Unknown Yes 4, 29, 30

Activation loop

D1246H (s) RCC c-kit D816V Yes 4, 29, 30
D1246N (g) RCC c-kit D816V Yes 4, 30
Y1248H (s) RCC c-kit D820G Yes 4, 5, 29, 30
Y1248D (g) RCC c-kit D820G Yes 4, 5, 29, 30, 35
Y1248C (g) RCC, HNSCC c-kit D820G Yes 4, 9, 29, 30
K1262R (s) Childhood HCC Unknown ND 7

P+1 loop

Y1253D (s) HNSCC Unknown Yes 9
M1268T (s) RCC Ret M918T Yes (strong) 4, 5, 29–31, 35
M1268I (s) Childhood HCC Ret M918T ND 7

g, germline mutation; s, somatic mutation; ND, not determined; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; RCC, renal cell car-
cinoma; RTK, receptor tyrosine kinase.



as was recently shown (23). Pre-existing, ligand-inde-
pendent heterodimers between Met and Ron have been
detected on the cell surface (23), indicating that these
receptors are colocalized and may be able to transphos-
phorylate and to activate one another. In addition, some
human hepatoma cell lines — but not normal hepato-
cytes — are activated by a TGF-α–EGF receptor
autocrine loop, which leads to constitutive, ligand-inde-
pendent tyrosine phosphorylation of Met (24).

Consequences of Met dysregulation 
by various mechanisms
Although increased Met kinase activity represents a
common feature of many tumors, the specific conse-
quences of Met dysregulation are not uniform but
reflect the molecular mechanism involved.

Cellular localization and the oncogenic potential of mutant
Met. The effect of Met intracellular localization on its
transforming ability has been investigated using the
chimeric oncoprotein TPR-Met, which is found in sol-
uble form in the cytoplasm but can be targeted to the
cellular membrane by the addition of an Src myristoy-
lation signal. Membrane-localized TPR-Met, but not
cytoplasmic TPR-Met, stimulates the phosphatidyli-
nositol 3-kinase–dependent (PI 3-kinase–dependent)
induction of hyaluronic acid and its receptor and
enhances cellular transformation (25).

Compared with two other, membrane-associated
forms of oncogenic Met, the soluble TPR-Met chimera
is much more dependent on its ability to interact with
the binding site of the adaptor protein Grb2 for its bio-
logical activity (26). Transgenic expression of TPR-Met
in the mouse liver causes hepatocyte immortalization
and protects cells from apoptosis, but it does not result
in tumor formation (27), whereas overexpression of the
full-sized transmembrane form of Met induces hepa-
tocellular carcinoma in transgenic mouse liver (20).
Conversely, cytoplasmic TPR-Met is indeed oncogenic
in mammary epithelial cells, since its transgenic expres-
sion induces mammary tumors in mice (28). Distinc-
tions between transmembrane and cytoplasmic Met are
described in Table 3.

The catalytic activity and substrate specificity of the Met
M1268T mutant. Point mutations in the kinase domain
convert Met to an oncogenic receptor. Such mutants are
highly active catalytically, which correlates with more effi-

cient Met autophosphorylation, phosphorylation of sub-
strates, and transforming ability (29, 30). For example, the
constitutive binding of c-Src to the cytoplasmic domain
of the Met M1268T mutant (identified in human renal
papillary carcinomas) elevates c-Src phosphorylation and
activity — an effect that is considerably more dramatic and
longer-lasting than the transient activation of c-Src by
HGF in normal cells. Dominant negative c-Src constructs
effectively inhibit the oncogenic effect of Met M1268T,
indicating that c-Src is required for transformation by this
pathway (31). In NIH 3T3 cells, M1268 Met also activates
the β-catenin pathway. Expression of Met M1268T
mutant induces β-catenin tyrosine phosphorylation and
accumulation; induces constitutive activation of the tran-
scription factor Tcf, which acts in concert with β-catenin
in the nucleus; and increases expression of the β-
catenin/Tcf target genes Myc and Cyclin D1 (see Conacci-
Sorrell et al., this Perspective series, ref. 32). Activation of
the β-catenin pathway correlates with Met M1268T
mutant–mediated cell transformation (33).

Although the hyperactive catalytic function of mutat-
ed Met is clearly associated with cellular transformation,
a switch in substrate specificity may play a primary role
in oncogenesis mediated by mutant forms of Met. In
particular, Met M1268T phosphorylates substrates of
the cytosolic kinase c-Abl, whereas wild-type Met does
not (30), suggesting that mutated Met can activate sig-
naling pathways distinct from those induced by wild-
type Met. In addition to changes of substrate specifici-
ty, a set of phosphorylated tyrosine residues in wild-type
and mutated Met molecules might be overlapping but
distinct. These unique tyrosine phosphorylation sites
may appear as a result of unusual conformations adopt-
ed by mutant Met kinase and may be phosphorylated by
Met itself or by other kinases.

Catalytic and structural effects of Met missense mutations.
Analyses of three-dimensional structures of Met wild-
type and mutated Met catalytic core domains show that
mutations can activate Met by multiple mechanisms
(34). Mutations such as V1110I, Y1248H/D/C, and
M1268T directly affect contacts between residues in the
protein’s activation loop; a region of the protein must
undergo a regulated conformational change to permit
the activation of the Met kinase. Mutations M1149T
and L1213V may increase flexibility at the critical points
of the Met tertiary structure leading to subdomain

movements, whereas the D1246N mutation
can stabilize the active form of the Met kinase
(34). The M1268T mutation, which permits
the efficient phosphorylation of c-Abl sub-
strates (30), affects substrate binding sites
within the Met kinase domain (30). These
various structural changes are associated
with functional diversity among oncogenic
Met mutants. Thus, the D1246H/N and
M1268T mutants have a high transforming
ability, which correlates with activation of the
Ras pathway, whereas the Y1248C and
L1213V mutants are weakly transforming
but promote cell migration, invasion, and
resistance to apoptosis through activation of
the PI 3-kinase/AKT pathway (35).
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Table 3
Effects of oncogenic Met localized to the cytoplasm or the plasma membrane Met

Cytoplasmic Met Transmembrane Met

Met activation:

by HGF no yes
through other receptors no yes

Activation of signaling molecules by Met:

Membrane-associated molecules no yes
Cytoplasmic molecules Yes, possibly by direct activation Yes, but indirect

Transgenic expression in mice:

in liver Nontumorigenic Tumorigenic, HCC
in epithelia Tumorigenic, mammary tumors ND



Some open questions
Data accumulating over the past few years represent
significant progress in our understanding of the role of
Met in oncogenesis, but a number of important ques-
tions remain. First, elucidating the mechanisms of Met
dysregulation in various tumor types remains a high
priority for both basic and clinical researchers. Met dys-
regulation may be a primary event in transformation,
as a result of mutation, rearrangement, or amplifica-
tion of the MET gene. In other cases, dysregulation of
Met may be secondary to effects on other molecules.
The study of signaling pathways by which Met expres-
sion and activity are regulated in normal cells and dys-
regulated in tumors suggests a number of promising
therapeutic targets for anticancer drug development.

Another important direction for future investiga-
tions will involve solving the three-dimensional struc-
ture of Met, which will permit a clearer understanding
of the structural and biological effects of the various
Met kinase domain point mutations — particularly the
pattern of tyrosine phosphorylation sites in Met and
consequent switching of Met substrate specificity.
Based on such analysis, it may be possible to develop
agents that can selectively inhibit activity of the mutat-
ed Met kinase without interfering with the HGF-stim-
ulated activity of normal Met.

Finally, it will be essential to deepen our understand-
ing of receptor cross-talk and its contribution to Met
activation and the propagation of Met-dependent onco-
genesis. The dysregulated cell motility and the resulting
tumor metastasis that follow from inappropriate Met
activation involve collaborations with many other
receptors and multiple signaling pathways. While the
details remain obscure, it is clear that Met can function
as part of other receptor complexes and can respond to
stimuli that do not impinge on it directly. Conversely,
dysregulated Met may promote activation of these other
receptors. Both kinds of interactions undoubtedly have
profound consequences for the invasive growth of
tumors and, indeed, of healthy cells and tissues.
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