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ABSTRACT Invasive growth is defined as a complex biological program which instructs cells to

dissociate, migrate, degrade the surrounding matrix, proliferate and survive. Together, these

processes account for tissue morphogenesis, homeostasis and repair, and can be aberrantly

implemented for cancer dissemination and metastasis. Individual aspects of this process can be

controlled by many cytokines and growth factors. However, coordinated regulation of invasive

growth as a whole is specifically accomplished by Hepatocyte Growth Factor, a soluble factor which

acts through the tyrosine kinase receptor Met. Here we discuss the different biological facets of

invasive growth and analyze the intracellular signals which lead to its execution.
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Introduction

Tissue plasticity is a fundamental feature of multicellular
organisms, which is necessary for the progressive acquisition
of a functional identity from undifferentiated cells in embryo
development, and for maintenance of the functional integrity of
the organism in adult life.

The biological programs that concur in the specification of
tissue dynamic changes are orchestrated by a variety of stimuli
leading to cell proliferation, survival, and active migration across
the extracellular matrix. These events are collectively defined
as invasive growth (Comoglio and Trusolino, 2002).

Invasive growth plays a central role in a wide variety of
physiological and pathological events. During embryogenesis,
it determines events such as gastrulation and nervous system
development, and in adult organism regulates inflammatory
processes and tissue remodeling during wound healing. The
pathological facets are cellular mechanisms that cause local
invasion and metastasis. In this scenario, cells proliferate
without control, loose contact-inhibition, move from their primi-
tive sites and invade distant tissues, where they survive and
grow in an aberrant way and form secondary colonies. Indeed,
from both a biological and clinical point of view, a tumour is
defined as malignant when neoplastic cells acquire the ability to
move from their natural context into the adjacent surroundings
and colonize tissues and organs that are distant from the
original site of growth (Hanahan and Weinberg, 2000). This
process has been carefully documented for epithelial cells,
which can be converted into motile and invasive elements by
appropriate stimuli (a process known as epithelial-mesenchy-
mal transition, Thiery, 2002). During this process, cells must

first disrupt junctions that maintain the organization of the
epithelial monolayer, like the tight-junctions and the adherens-
junctions, by downregulating junctional proteins. This results in
modification of epithelial polarity and in overt cytoskeletal
rearrangements. Then, cells must change expression and dis-
tribution of their integrin receptors in order to rearrange their
connections to the basal membrane and to interact with new
molecules of the sub-basal extracellular matrix. In the mean-
time, increased expression and localized activity of matrix
metalloproteinases is instrumental for degrading extracellular
matrix components in a polarized way and for facilitating cellu-
lar invasion (Fig. 1). Finally, cells that have settled in new
territories proliferate and restore the complex interactions with
the other cells and with the extracellular matrix in epithelial
cells. This last step coincides with cell repolarization and
terminal differentiation in tissue patterns that usually resemble
branching tubules (Comoglio and Boccaccio, 2001) The pro-
gram of invasive growth is orchestrated in its specific aspects
by a variety of cytokines and growth factors, like epidermal
growth factor (EGF), the insulin-like growth factor-1 (IGF-1) and
the fibroblast growth factor (FGF). However, the program as a
whole is optimally accomplished by a family of soluble growth
factors that are known as scatter factors (Cross and Dexter,
1991). The prototype of the scatter factors family is Hepatocyte
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Growth Factor (HGF). In this perspective we will discuss the
role of HGF in the control and implementation of invasive growth
both in its physiological and pathological aspects.

HGF mediates invasive growth

Hepatocyte Growth Factor (HGF) is a growth factor that elicits
multiple cellular responses. In fact, it has been independently
identified as a factor that induces dissociation and cell motility in
epithelial cells (Scatter Factor, Stoker et al., 1987), and as a
mitogen for hepatocytes (HGF, Nakamura et al., 1986). Later,
HGF and Scatter Factor were found to be the same molecule
(Naldini et al., 1991b). HGF, compared to other growth factors, is
a relatively large and complex molecule. It is a heterodimer
formed by two chains (α and β) linked by a disulphide bond. The
α chain (30 kDa) shares high homology with enzymes of the
blood-clotting cascade and contains the binding site for the
receptor. The β chain (60 kDa) is homologous to serine-pro-
teases, but lacks enzymatic activity. HGF is synthesised and
secreted by mesenchymal cells as an inert single chain precursor.
Maturation of the precursor into the active α-β heterodimer takes
place in the extracellular environment and results from the action
of different enzymes, such as urokinase-type Plasminogen Acti-
vator and a homologue of coagulation factor XII (Naldini et al.,
1992).

The receptor for HGF is a transmembrane protein endowed
with tyrosine kinase activity encoded by the MET protooncogene
(Bottaro et al., 1991) (Naldini et al., 1991b) Met is produced as a
single polypeptide chain that during biosynthesis is cleaved into
two subunits, an α subunit (50 kDa) and a β subunit (145 kDa),
held together by disulfide bonds. The C-terminal of the β chain
contains an extracellular sequence, a transmembrane domain
and a cytoplasmatic protein kinase domain, whereas the N
terminal α chain is completely extracellular.

Ligation of HGF to Met results in stimulation of Met kinase
activity. In the inactive state, the activation loop of the receptor is
in a “closed” conformation, which is inaccessible to substrate and
ATP. Upon ligand-induced stabilization of Met-Met dimers, the
activation loop is unlocked by trans-autophosphorylation of Tyr1234

and Tyr1235. These two tyrosines represent the major phosphory-
lation sites of the receptor and are essential for the catalytic
activity of the kinase (Naldini et al., 1991a). By contrast, phospho-
rylation of a juxta-membrane serine residue (Ser985) by protein
kinase C or other Ca(2+)-dependent kinase(s) has an inhibitory
effect on receptor activity (Gandino et al., 1994).

Once activated, Met elicits intramolecular phosphorylation of
two critical tyrosines residues (Tyr1349 and Tyr1356) located at the
C-terminal of the β chain. These tyrosine residues, together with
the surrounding aminoacids, constitute the so-called multifunc-
tional docking site, a promiscuous motif that, following phospho-
rylation, mediates interactions with multiple SH2-containing sig-
nal transducers, including the cytosolic tyrosine kinase SRC
(Ponzetto et al., 1994), the lipid kinase phosphatidylinositol 3-
kinase (PI3K) (Ponzetto et al., 1994), the transcription factor
STAT3 (Boccaccio et al., 1998), and the adaptor proteins GRB2
(Ponzetto et al., 1994), SHC (Pelicci et al., 1995), and GAB1
(Weidner et al., 1996). Gab is a high-capacity scaffolding adaptor
that sustains Met indirect interaction with additional transducers,
such as phospholipase C γ (PLCγ) and the protein tyrosine
phosphatase SHP2 (Maroun et al., 2000) (Fig. 2). By activation of
all these pathways, Met receptor triggers a unique biological
program that leads to invasive growth. The spectrum of biological
events evoked by Met activation comprises proliferation, cell
dissociation (scatter), motility, invasion of the surrounding matrix,
protection from apoptosis and branching morphogenesis (Fig. 3;
Comoglio, 2001).

Whether the specificity of this peculiar response is determined
by qualitative activation of specific pathways or by quantitative
differences in signaling output is questionable. Evidence for
qualitative specificity derives from the possibility to individually
dissect Met-dependent signal transduction pathways and to as-
sociate each of them to a certain biological response. This
strategy has been made possible by pharmacological inhibition of
each pathway or by using Met mutants capable of selective
activation of the different pathways. The results obtained in vitro
indicate that activation of PI(3)K alone is sufficient for cell motility
(Royal and Park, 1995), the Ras pathway is both necessary and
sufficient for proliferation (Ponzetto et al., 1996). STAT activation
is necessary for the full biological response (Boccaccio et al.,
1998), and activation of PLC-γ is required for the differentiation
and acquisition of cell polarity (Gual et al., 2000, whereas it is
dispensable for cell dissociation, motility and growth. The serine/
threonine kinase c-Akt/protein kinase B (PKB), a downstream
effector of PI(3)K, is involved in preventing cell anoikis (Zeng et
al., 2002). Other reports suggest that specificity of the biological
response is also determined by duration of Met signaling, which
usually leads to more prolonged activation of downstream trans-
ducers compared to other growth factor receptors (Boccaccio et
al., 2002;Traverse et al., 1992). Finally, signal specificity may also
be contingent on the cellular context in which the receptor works,
and on the surface partnerships that Met may contract with other
tissue-specific membrane molecules. (for an extensive discus-
sion see Bertotti and Comoglio, 2003). At the moment, it has been

Fig. 1. Steps of epithelial-mesenchymal transition. Epithelial cells
proliferate, disrupt cell-cell junctions and reorganize adhesion molecules
such as integrins. Finally cells dissolve the basement membrane and
invade the stroma underlying the epithelium.



Invasive growth        453

B C

A
demonstrated that Met has at least four part-
ners molecules: Integrin α6β4 (Trusolino et al.,
2001, PlexinB1 (Giordano et al., 2002), CD44
(Orian-Rousseau et al., 2002) and Fas (Wang
et al., 2002).

Met is constituvelly associated with Integrin
α6β4 (in carcinoma cells) and its presence on
the cell surface is necessary for HGF to exert its
characteristic biological effects. α6β4 is ty-
rosine-phosphorylated following Met activation
and, in turn, recruits Shc and PI3K, thus acting
as an additional platform necessary for comple-
tion of Met signaling.

Met is also constitutively associated with
Plexin B1, a member of the Plexin family that
displays some structural similarities with the
scatter factor receptors. Stimulation of cells

Fig. 2. HGF and Met. (A) HGF activates the specific
receptor Met inducing its dimerization. Once activated,
Met recruits multiple adaptors and transducers on its
multifunctional docking site. Specific pathways lead to
different biological responses which result in invasive
growth. (B) HGF is composed of α and β chains. The α
chain contains four domains known as kringle (K1, K2,
K3, K4), the signal peptide (SP) and the hairpin loop
(HL). The β chain contains the serine protease-like
structure. (C) HGF signal transduction is mediated by
phosphorylation of residues in the multifunctional dock-
ing site (Tyr1349 and Tyr1356) on Met. Met tyrosine
kinase activity is positively regulated by the phosphory-
lation of two tyrosine residues (Tyr1234 and Tyr1235) and
negatively by the phosphorylation of a serine residue
(Ser985).

A B

Fig. 3. Graphic representation of cellular scatter induced by HGF

stimulation. A colony of hepatic cells is depicted in basal condition (A) and
after 48 h treatment with HGF (B).

constitutively activated in human cancer by point mutations,
overexpression, or autocrine mechanisms. Hereditary and spo-
radic point mutations have been found in papillary renal carcino-
mas (HPRC) (Schmidt et al., 1997), somatic mutations in child-
hood hepatocellular carcinomas (HCCs) (Park et al., 1999), and
somatic mutations are selected during the metastatic spread of
head and neck squamous-cell carcinomas (Di Renzo et al., 2000).
MET overexpression has been observed in tumors of specific
histotypes, including thyroid (Di Renzo et al., 1992) and pancre-
atic carcinomas (Di Renzo et al., 1995b) and correlates with
higher metastatic potential. The presence of HGF/Met autocrine
loops has been documented in many human rhabdomyosarco-

with Sema4D, the ligand of Plexin B1, results in plexin clustering,
which in turn drives HGF-independent oligomerization and activa-
tion of Met. Sema4D can induce all the biological responses
commonly ascribed to HGF; therefore, it can cooperate or even
bypass HGF in the induction of invasive growth.

In hepatocellular carcinoma cell lines, Met is constitutively
associated with the Fas death receptor, sequestering it and
preventing apoptosis triggered by its cognate ligand Fas L.

Finally, Met is associated with CD44. When cells are stimu-
lated with HGF, CD44 interacts with Met and this association is
necessary to allow proper Met activation and to assemble a sub-
membraneous network of protein partners, like ezrin, required to
efficiently transfer signals from Met to some downstream trans-
ducers (MEK and Erk).

In conclusion, we can say that the unique biological responses
generated by Met activation are the result of the combination of
the integration of individual pathways triggered by receptor acti-
vation, the duration and strength of Met signaling, and the protein
environment in which the receptor itself is situated.

Met and cancer

Inappropriate activation of HGF-dependent pathways leads to
a malignant process by which tumor cells weaken tissue con-
straints, migrate, and invade foreign districts, where they give rise
to metastases (Birchmeier et al., 1997). Accordingly, Met is



454        A. Gentile and P.M. Comoglio

mas that express Met and secrete HGF, sustaining cell invasive-
ness and tumor malignancy (Ferracini et al., 1995;Rong and
Vande Woude, 1994). Finally, the Met gene is amplified in liver
metastases of colorectal carcinomas (Di Renzo et al., 1995a).

Met and development

In vitro, HGF induces a large variety of biological processes
such as motility, migration, protection from apoptosis, angiogen-
esis, and epithelial branching morphogenesis, which, together,
have an obvious in vivo counterpart during development. Experi-
ments of in situ hybridization have demonstrated that Met and HGF
display a distinct and complementary pattern of expression during
mouse embryogenesis, with Met being expressed in epithelial cells
of various developing organs, and HGF in nearby mesenchymal
cells, suggesting close paracrine ligand-receptor relationships
(Sonnenberg et al., 1993).

The crucial developmental role of HGF and Met has been
highlighted by the generation of HGF and Met null mutant mouse
embryos, which show consistent and superimposable pheno-
types. Mice lacking HGF or Met die in utero because of severe
defects in placenta development, particularly in trophoblast cells,
which impairs the exchange of oxygen and nutrients between the
mother and the embryonic bloodstream (Schmidt et al., 1995)
(Uehara et al., 1995). In addition, these mutant embryos show liver,
muscle and nerve defects. The liver is reduced in size, and shows
extensive loss of parenchymal cells. The muscles of the limbs,
diaphragm, and tip of the tongue are absent, while the axial skeletal
muscles are present, suggesting a role for HGF in the generation
skeletal muscles that derive from migratory precursors (Bladt et al.,
1995), and in the formation of secondary fibers (Maina et al., 1996).
Nerve outgrowth and branching are also compromised indepen-
dently of the defects in muscle development (Maina et al., 2001).

Similar to what investigated in vitro, the contribution of individual
signaling pathways to Met-dependent biological responses has
been analyzed also in vivo using mouse knock-in Met mutants able
to bind selectively only one particular transducer. The resulting
phenotypes have been used as a read-out for the requirement of
selected signaling effectors in specific cellular functions (Maina et
al., 2001). This kind of approach has demonstrated that signaling
through Src is sufficient for placenta development and that PI3K is
sufficient to promote outhgrowth of motor axons; conversely, PI3K
and Src are not sufficient for Met-mediated hepatocyte survival nor
for full migration of myoblast precursors, (Maina et al., 2001).
Phenotypic analysis of a Met mutant unable to bind Grb2 has
shown that Grb2 is not necessary for the normal development of
placenta and liver, whereas it is required for normal development
of limb muscles and secondary fibers (Maina et al., 1996).

Collectively, all these data underscore the fundamental role
played by Met and HGF during embryonic development and put
forward the notion that the signaling requirements for Met function
vary depending on the tissue in which they are operative.

A genomic point of view on invasive growth

A deeper understanding of the molecular bases of epithelial
morphogenesis and tumour invasive growth can be achieved by
genomic approaches to identify HGF-regulated genes. Indeed,
the invasive growth response to HGF requires days for fulfilment

and is likely to involve transcriptional regulation of specific target
genes. We previously discussed that on activation by HGF, Met
concomitantly regulates multiple signal transduction pathways,
including Ras, phosphatidylinositol-3-kinase, phospholipase C-γ,
and STAT (Boccaccio et al., 1998;Ponzetto et al., 1994), which in
turn have been shown to control the transcriptional status of the
cell (Pawson and Saxton, 1999). Furthermore, HGF-stimulated
scattering of epithelial cells is ablated by the inhibition of protein
neosynthesis (Rosen et al., 1990).

Accordingly, we have recently explored the transcriptional re-
sponse to HGF in a cell line derived from mouse embryo liver (MLP)
(Medico et al., 1996), with two different strategies. Exploiting cDNA
microarrays, we have demonstrated that Osteopontin (OPN), a
matrix molecule with widespread distribution, (Fet et al., 1989), is
a Osteopontin (OPN), major transcriptional target of HGF. We have
also shown that HGF, beyond upregulating the OPN level, pro-
motes an autocrine interaction between OPN and its cell surface
receptor CD44, which in turn promotes invasiveness. As an alter-
native approach, we developed a gene trap vector system (Medico
et al., 2001). Gene trap vectors are modified retroviral vectors
containing a promoterless reporter that is only expressed if the
construct integrates downstream an active promoter. By this
technique we identified many sequences of genes transcriptionally
regulated by HGF, two of them corresponding to known genes,
TMP (Ben Porath et al., 1999) and a member of the small proline-
rich gene family, SPRR2H (Song et al., 1999).

Another genomic study of the effect of HGF on the transcriptome
of the cell has been performed by Ren-qi Yuan et al. They studied
by cDNA microarrays the role of HGF in the protection of
adriamycin-induced apoptosis in a human cell line of breast
cancer (MDA-MB-453). Under these experimental conditions,
they found genes upregulated or downregulated by HGF in all
functional classes (genes involved in the DNA damage response,
cell cycle regulation, signal transduction, protein and RNA syn-
thesis and metabolism, development and cellular differentiation,
cellular metabolism, and other functional categories), suggesting
that some of the regulated genes are not directly involved in cell
survival or apoptotic pathways (Yuan et al., 2001).

Genomic analyses are also a valid tool for clinical approach to
invasive growth. Microarrays for mRNA expression profiling have
already been used to differentiate primary and metastatic micro-
dissected tumour samples, which has led to the elaboration of a
new a molecular classification and characterization of some
tumours and to the identification of new markers for diagnosis
(Van’t Veer et al., 2002) (Ye et al., 2003). It is likely that, In the near
future, these genomic analyses will make it possible to identify
novel targets for therapeutic intervention.
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