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Hepatocyte growth factor/scatter factor (HGF/SF) acts through the membrane-anchored Met receptor tyrosine kinase to
induce invasive growth. Deregulation of this signaling is associated with tumorigenesis and involves, in most cases,
overexpression of the receptor. We demonstrate that Met is processed in epithelial cells by presenilin-dependent
regulated intramembrane proteolysis (PS-RIP) independently of ligand stimulation. The proteolytic process involves
sequential cleavage by metalloproteases and the y-secretase complex, leading to generation of labile fragments. In normal
epithelial cells, although expression of cleavable Met by PS-RIP is down-regulated, uncleavable Met displayed membrane
accumulation and induced ligand-independent motility and morphogenesis. Inversely, in transformed cells, the Met
inhibitory antibody DN30 is able to promote Met PS-RIP, resulting in down-regulation of the receptor and inhibition of
the Met-dependent invasive growth. This demonstrates the original involvement of a proteolytic process in degradation

of the Met receptor implicated in negative regulation of invasive growth.

INTRODUCTION

The Met receptor tyrosine kinase is expressed predomi-
nantly in cells of epithelial origin and is activated by its
stromal ligand, the hepatocyte growth factor/scatter factor
(HGF/SF). Met activation stimulates proliferation, scatter-
ing, invasion, morphogenesis, and survival of epithelial
cells. The ligand-stimulated Met receptor furthermore acts
as an angiogenic factor in endothelial cells and has chemoat-
tractant and neurotrophic activities in various types of neu-
rons (Birchmeier et al., 2003). The biological program trig-
gered by ligand-stimulated Met has been named invasive
growth and instructs cells to dissociate, migrate, degrade the
surrounding matrix, proliferate, and survive (Comoglio et
al., 2008). Targeted disruption of either the hgf or the met
gene highlights the essential role of the HGF/SF-Met system
during development of the placenta, liver, muscles, and
neurons (Bladt et al., 1995; Schmidt et al., 1995; Uehara et al.,
1995; Maina et al., 1997). HGF/SF and Met also play a role in
adults in regulating mammary gland development (Yant et
al., 1998) and renal (Kawaida et al., 1994) or liver regenera-
tion (Borowiak ef al., 2004).
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Met is synthesized from a single-chain precursor that
undergoes posttranslational glycosylation and endoproteo-
lytic cleavage to produce the mature heterodimeric mem-
brane form (Giordano et al., 1989). Mature Met is a type I
transmembrane protein composed of an entirely extracellu-
lar 45-kDa « subunit disulfide-linked to a 145-kDa 8 subunit
shared between the extra- and intracellular compartments
and containing the catalytic domain (Giordano et al., 1989).
On ligand binding and subsequent dimerization of Met,
several tyrosine residues in the intracellular region of the 8
subunit become phosphorylated. Within the tyrosine kinase
domain, two tyrosines are the major autophosphorylation
sites, and mutation of these residues abolishes the biological
activity (Longati et al., 1994). Outside the kinase domain, two
autophosphorylation sites in the C-terminal region are re-
sponsible for recruitment of several proteins involved in
initiation of intracellular signaling (Ponzetto et al., 1994).

Aberrant Met and HGF/SF signaling is involved in pro-
moting tumorigenesis and metastasis. In fact, the Met recep-
tor was originally identified as an oncogene resulting from a
chromosomal rearrangement and giving rise to a product
where the dimerization domain of the translocated promoter
region (TPR) is fused with the intracellular region of the Met
receptor (Park et al., 1986). A direct link between Met and
cancer was later evidenced by characterization of receptor-
activating mutations in hereditary papillary renal carcinoma
(Schmidt et al., 1997). Most often, activation of Met in cancer
occurs through ligand-dependent stimulation, induced by
uncontrolled expression of HGF/SF and/or Met, leading to
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autocrine or paracrine activation (Birchmeier et al., 2003). In
addition, aberrant Met activation is induced by overexpres-
sion of the receptor without HGF/SF engagement: ligand-
independent activation of receptor tyrosine kinases is typi-
cally observed in cells expressing high levels of receptor,
leading to spontaneous dimerization and subsequent activa-
tion (Ponzetto et al., 1991). Overexpression of Met is a con-
sequence of various mechanisms such as gene amplification
as in colorectal cancer (Di Renzo et al.,, 1995), increased
transcription induced by oncogenes (Gambarotta et al., 1996;
Ivan et al., 1997), or hypoxia (Pennacchietti et al., 2003).
Interference with Met activation appears as a challenging
approach to hampering tumorigenic and metastatic pro-
cesses mediated by Met and/or HGF/SF overexpression
(Migliore and Giordano, 2008).

Down-regulation of the HGF/SF-activated receptor is an
essential negative regulatory mechanism preventing recep-
tor oversignaling. This down-regulation occurs through re-
cruitment of the ubiquitin ligase c-Cbl, which promotes
receptor ubiquitination and subsequent degradation (Pe-
trelli et al., 2002; Peschard et al., 2004). Uncoupling of Met
from c-Cbl-mediated ubiquitination, either through loss of
the juxtamembrane domain, as in the oncogene TPR-Met, or
by mutation of the tyrosine residue serving as a Cbl dock
leads to cell transformation (Peschard et al., 2001; Mak et al.,
2007).

Down-regulation of Met signaling also involves proteo-
lytic cleavages. We have previously demonstrated that Met
is cleaved by caspases, which separate the extracellular li-
gand-binding domain from the intracellular kinase domain.
In addition to abolishing the ligand responsiveness of Met,
these cleavages generate a cytoplasmic proapoptotic frag-
ment named p40 Met, involved in apoptosis amplification
(Tulasne et al., 2004; Foveau et al., 2007; Deheuninck ef al.,
2008; Tulasne and Foveau, 2008). Many other fragments of
Met have been described, but their biological functions, and
the mechanisms involved in their generation have not been
investigated. Examples include an extracellular fragment of
Met, released upon ectodomain shedding into the culture
supernatant (Prat ef al., 1991; Galvani et al., 1995; Wajih et al.,
2002), and a labile 55-kDa intracellular fragment of Met
produced in epithelial cells (Jeffers et al., 1997).

In the present article we reveal sequential proteolytic
cleavages of the full-length Met receptor by the presenilin-
dependent regulated intramembrane proteolysis (PS-RIP).
We demonstrate that PS-RIP is able to down-regulate Met
receptor independently of ligand stimulation and as a con-
sequence down-regulates Met-induced invasive growth.

MATERIALS AND METHODS

Cytokines, Drugs, and Cell Cultures

Human recombinant HGF/SF was purchased from Peprotech (Rocky Hill,
NJ). Nerve growth factor (NGF) was purchased from R&D Systems (Minne-
apolis, MN). The proteasome inhibitors MG132 and ALLN were purchased
from Calbiochem (San Diego, CA). The proteasome inhibitor lactacystin and
phorbol 12-myristate 13-acetate (PMA) were purchased from Sigma (St. Louis,
MO). The y-secretase inhibitor E compound was purchased from Alexis/
Coger (Lausen, Switzerland). The y-secretase inhibitors L-685 458 (inhibitor
X), DAPT and the y-secretase inhibitor VI were purchased from Calbiochem.
The matrix metalloproteinase inhibitors GM6001 and TAPI-1 were purchased
respectively from Chemicon (Temecula, CA) and Calbiochem. The inhibitor
of protein biosynthesis cycloheximide (CHX) was purchased from ICN Bio-
medicals (Costa Mesa, CA). The Met kinase inhibitor SU11274 was purchased
from Calbiochem.

Madin-Darby canine kidney (MDCK) epithelial cells, epithelial cells from
cervix carcinoma Henrietta Lacks (HeLa), human mammary adenocarcinoma
cells MDA-MB231, and human gastric carcinoma cell line GTL16 cells were
cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS, Invitrogen) and antibiotics. MCF-10A, human mammary
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epithelial cells, spontaneously immortalized, were cultured in DMEM and
HAM'’s F12 (Invitrogen; vol/vol) supplemented with 5% horse serum (HS,
Invitrogen), 500 ng/ml hydrocortisone (Calbiochem), 20 ng/ml epidermal
growth factor (Peprotech), 10 ug/ml insulin (Sigma), and 100 ng/ml cholera
toxin (Calbiochem). Murine embryonic fibroblast cells (MEFs), WT or defi-
cient for presenilin 1 and/or presenilin 2, (PS1 and or PS2) were kindly
provided by Paul Saftig (Christian-Albrechts-Universitit, Germany) and Bart
deStrooper (VIB, the Flanders Institute for Biotechnology, Belgium) and were
cultured in DMEM (Invitrogen) supplemented with 10% FCS and antibiotics.
Cells were cultured at 37°C in a water-saturated 5% CO, atmosphere.

Antibodies

Mouse mAb directed against mouse Met (B-2) and rabbit polyclonal antibody
directed against C-terminal region of human Met (C-12) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The mouse monoclonal antibod-
ies 25H2 and 3D4 directed against the kinase domain of Met were purchased
respectively from Cell Signaling Technology (Danvers, MA) and Zymed
Laboratories (South San Francisco, CA). Antibodies directed against extracel-
lular region of Met (clones DL-21 and DO-24) were purchased from Upstate
Biotechnology (Lake Placid, NY). mAb against extracellular region of Met,
used in flow cytometry, was purchased from R&D Systems. Antibody di-
rected against phosphorylated tyrosine of the Met kinase domain was pur-
chased from BioSource (Camarillo, CA). Rabbit polyclonal antibody against
ADAM-17 was purchased from Millipore (Billerica, MA). Antibodies directed
against ERK2 and B-actin were purchased from Santa Cruz Biotechnology.
Antibody directed against phosphorylated extracellular signal-regulated
kinase (ERK) was purchased from Cell Signaling Technology. Mouse mAb
directed against extracellular domain of Met was previously described
(Petrelli ef al., 2006). Peroxydase, fluorescein, and rhodamine-conjugated an-
tibodies directed against rabbit and mouse IgG were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA).

Plasmid Constructions

The TRK-Met chimera expressing vector was constructed as follows. The
original TRK-Met chimera cloned in pBAT vector, which allows expression of
extracellular TRKA receptor fused to the transmembrane and cytoplasmic
region of mouse Met (Weidner et al., 1995), was cloned in pcDNA 3.1 plasmid
(Invitrogen). The TRK sequence, up to the BamHI restriction site, was cut out
by digestion using HindIII and BamHI restriction enzymes and cloned into
pcDNA 3.1 plasmid. The remaining TRK-Met sequence, from the BamHI
restriction site to the 3" end, was amplified by PCR using pBAT TRK-Met as
a template and the following primers: 5" GCAGGCCGGCTGGATCCTCACA-
GAGCTGG 3’ containing the BamHI restriction site and 5" GGTGGGC-
CTCTCGAGCATCATGTGTTCC 3’ containing the EcoRI restriction site. The
PCR product was subcloned into a pGEM plasmid (pGEM Easy kit; Strat-
agene, La Jolla, CA). Finally, the remaining TRK-Met sequence was inserted
in pcDNA3 TRK using BamHI and Xhol restriction sites. The TRK-Met-juxta,
in which 50 amino acids of the extracellular juxtamembrane domain of mouse
Met were added, was constructed as follows. The mouse Met sequence was
amplified by PCR using pMB11 mouse Met as template (kindly provided by
Dr. G. Vande Woude, Van Andel Research Institute, Grand Rapids, MI) and
the following primers: 5° AAAATGTACTGGAATTCAAGGGAAATGATA 3’
containing the EcoRI restriction site and 5" GCCTCTCGAGCATCATGTGT-
TCCCCTC 3' containing the Xhol restriction site. The PCR product was
inserted in the pcDNA 3.1 containing the TRKA sequence using EcoRI and
Xhol restriction sites.

The full-length human Met expressing vector was constructed as follows.
The human Met sequence WT and K1108A (Kinase dead), previously de-
scribed (Foveau et al., 2007), were obtained by cutting out by digestion using
EcoRI restriction enzyme from PRS2 hu Met (kindly provided by Dr G. Vande
Woude) and cloned into pCAGGS vector (kindly provided by Dr P. Mehlen,
Centre Léon Bérard, Lyon, France).

Western Blotting, Immunofluorescence, and
Immunoprecipitation

Western blotting and immunofluorescence were performed as previously
described (Foveau et al., 2007). Results are representative of at least three
experiments. For F-actin staining, cells were incubated with phalloidin-FITC
(Molecular Probes, Eugene, OR). Cell nuclei were counterstained using
Hoechst 33258. Cover slips were mounted with Glycergel mounting medium
(Dako, Carpenteria, CA), and fluorescence was examined using a Zeiss Axio
Imager Z1 (Thornwood, NY). For quantification of protein expression, lumi-
nescence was captured with a digital imaging using a cooled charge coupled
device (CCD) camera (LAS 3000, Fuji, Tokyo, Japan), and quantification was
performed using Multigauge V3.0 software. The background adjusted vol-
ume was normalized to empty well. For immunoprecipitation, cell superna-
tants were clarified by centrifugation (10 min, 20,800 X g) and precleared for
30 min at 4°C with protein A Sepharose 4B (GE Healthcare, Waukesha, WI).
After centrifugation to remove beads (10 min, 20,800 X g, 4°C), the superna-
tant was incubated with the indicated antibody at 4°C overnight. The immune
complex was collected with protein A Sepharose 4B at 4°C for 1 h. The beads
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were washed four times with lysis buffer and boiled in Laemmli sample
buffer.

Transfections

Transient transfections of MDCK cells were performed as previously de-
scribed using the lipofection method (Tulasne et al., 1999). For stable trans-
fections of MDCK cells, 2 d after transfection, cells were split into four
100-mm dishes containing DMEM-10% FCS, and the next day the medium
was supplemented with 800 ug/ml G418 (Invitrogen). Resistant clones were
isolated after 10 d, and clones expressing the transfected constructs were
selected by Western blot.

Small Interfering RNA

MCF10A cells were cultured (2 X 10° cells/well in six-well plates) in DMEM-10%
FCS. The next day, cells were incubated for 6 h in serum-free OptiMEM, 5 ul
transfectant (Lipofectamine 2000; Invitrogen), and 50 nM small interfering RNA
(siRNA; Invitrogen) targeting the ADAM-17 (sequence 1: 5'-CCAGGGAGG-
GAAAUAUGUCAUGUAU-3' and sequence 2: 5-GAGGAAAGGAAAGCCCU-
GUACAGUA-3') or a random sequence. The cells were rinsed in DMEM-10%
FCS before further treatment.

Scattering Assay

Scattering from cell islets was performed as follows. MDCK cells (6 X 10*
cells/well) were seeded onto six-well plates and cultured for 24 h in DMEM
and 10% FCS, with or without 10 ng/ml HGF/SF or 100 ng/ml NGF. At the
end of the experiments, cells were fixed and stained with Carazzi’s hematox-
ylin and eosin, and their morphologies were examined by light microscopy.

Morphogenesis Assay

MDCK cells (4 X 10* cells/well) were plated on a layer of 300 ul of Matrigel
(Becton Dickinson, Franklin Lakes, NJ) in 24-well plates in DMEM-10% FCS.
The next day, cultures were treated or not with HGF/SF for 24 h. At the end
of the experiments, cells were stained 10 min at 37°C with neutral red (0.5%
wt/vol) and fixed with 4% paraformaldehyde, and their morphologies were
examined by light microscopy.

Migration Assay

MDCK cells (1 X 10° cells/wells), treated or not with SU11274, were seeded
in triplicates in invasion chambers (Transwell, BD Biosciences, San Jose, CA).
The next day, HGF/SF or NGF were added in the lower compartment of the
chamber. After 48 h, the filters were removed, and the cells on the lower
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surface of the filter were stained with Hoechst. The total number of cells from
five microscopic fields at 10X magnification was counted from each filter.

Flow Cytometric Analysis

Cells were collected and washed in ice-cold PBS, 1% FCS. Cells were then
incubated for 1 h with 25 ng/ml phycoerythrin-coupled antibody directed
against the TRKA (R&D Systems) or 2.5 ug/ml antibody directed against
extracellular domain of Met followed by incubation with 7.5 ug/ml fluores-
cein-conjugated anti-mouse IgG. Cells were analyzed by flow cytometry
using an EPICS XL-MCL Coulter (Beckman, Fullerton, CA). Data were re-
corded with Expo II software and analyzed with Win-MDI 2.9 software
(Windows Multiple Document Interface for Flow Cytometry, The Scripps
Research Institute).

RESULTS

Proteasome Inhibitors Stabilize Met Fragments

To observe potential labile degradation fragments of Met,
MDCK epithelial cells were treated with various proteasome
or lysosome inhibitors, including lactacystin, ALLN, MG132,
and concanamycin A, and Western blot analyses were per-
formed with an anti-Met antibody directed against the in-
tracellular kinase domain (Figure 1A). After lactacystin
treatment, we detected a 50-kDa fragment in addition to the
full-length receptor. Similarly, ALLN treatment allowed de-
tection of this 50-kDa fragment, and at higher concentration
an additional 55-kDa fragment was observed as a doublet.
After MG132 treatment, we detected the 50- and 55-kDa
fragments, the 55-kDa band gaining in intensity at the ex-
pense of the 50-kDa at high doses. No Met fragments were
detected after treatment with the lysosome inhibitor con-
canamycin A (data not shown). Results consistent with these
findings were obtained with HeLa epithelial cells, where the
50- and 55-kDa fragments of Met were detected with anti-
body directed against the kinase domain. No fragments
were detected with antibody directed against the extracel-
lular domain of Met (Figure 1B), which shows that the
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HelLa cells were treated for 5 h with lactacystin or for 10 h with
ALLN or MG132 and for 45 min with 100 ng/ml PMA. (A-C)
For each condition, the same amount of protein was resolved by
10% SDS-PAGE and analyzed by Western blotting with anti-
bodies against the kinase domain of Met (WB Met) or against
the extracellular domain of Met (WB Met extra). The positions of
prestained molecular weight markers are indicated. Arrows
indicate positions of precursor and mature full-length Met, Met-
CTF, and Met-ICD.
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observed fragments are intracellular C-terminal fragments.
When MDCK cells were cotreated with PMA plus the pro-
teasome inhibitor lactacystin, ALLN, or MG132, the levels of
both 50- and 55-kDa fragments increased, demonstrating
that their generation can be stimulated by PMA, a common
inducer of membrane receptor cleavages (Figure 1C). Thus,
proteasome inhibitors stabilize fragments of Met detected at
~55- and 50-kDa, which we named Met-CTF (C-terminal
fragment) and Met-ICD (intracellular domain), respectively.

y-Secretase Converts Met-CTF to Met-ICD

On the basis of the sizes of these fragments, we estimated
that the relevant cleavages of full-length Met were likely to
occur near the extracellular juxtamembrane domain for gen-
eration of Met-CTF and near the transmembrane domain for
Met-ICD. These putative cleavage sites are consistent with
shedding and y-secretase cleavages observed for other type
I membrane receptors. Extracellular shedding within the
extracellular juxtamembrane region of several type I trans-
membrane proteins has been shown to be the initial step of
a more complex proteolytic process named PS-RIP (Land-
man and Kim, 2004). In most cases, shedding involves met-
alloproteases of the ADAM (a disintegrin and metallopro-
tease) family, generating an N-terminal fragment (NTF)
released into the extracellular space and a membrane-an-
chored C-terminal fragment (CTF). This CTF is further
cleaved by the y-secretase complex (of which presenilin is
the catalytic subunit), releasing a fragment containing the
ICD (De Strooper, 2003).

To address these hypotheses, we treated MDCK and HeLa
epithelial cells with increasing concentrations of E com-

A MDCK HeLa
E Compound (nM) E Compound (nM)
=3
_ = € &g = 8

pound, a y-secretase inhibitor (Figure 2A). We found inhi-
bition of y-secretase to stabilize the Met-CTF fragment (55
kDa) in a dose-dependent manner. These results suggest
that Met-CTF is an intermediate fragment that is further
cleaved by y-secretase. Cellular y-secretase activity requires
expression of PS1 and/or PS2 (Herreman et al., 2000). To
assess processing of Met-CTF by y-secretase, we compared
MEFs from wild-type (WT) and PS1-, PS2-, and PS1,2-knock-
out mice. In the absence of any treatment, cells from both
wild-type and single-knockout animals failed to yield any
detectable Met-CTF fragment. As expected, treatment by E
compound in combination with proteasome inhibitors al-
lowed stabilization of this fragment (Figure 2B). It is worth
noticing that lactacystin did not stabilize Met-ICD in MEF,
suggesting alternate mechanism of degradation of this frag-
ment in these cells. In contrast, cells from PS1,2-knockout
mice showed a detectable level of Met-CTF even in the absence
of any treatment. Lactacystin stabilized further this Met-CTF
but E compound had no effect. These results demonstrate that
both PS1 and PS2 of the y-secretase complex are involved in
cleavage of Met-CTF. In addition, the generated Met-CTF is
also labile through a proteosomal degradation.

We next examined the effect of cotreating MDCK cells
with a proteasome inhibitor (lactacystin, ALLN, or MG132)
and E compound. Met-ICD (50 kDa) was visualized in cells
treated with increasing doses of proteasome inhibitor (Figure
2C). Interestingly, cotreatment with E compound abolished the
release of Met-ICD, causing concomitant accumulation of Met-
CTF. This suggests that Met-CTF is converted to Met-ICD upon
v-secretase cleavage. The MG132 at high concentration in-
duced an effect similar to that caused by cotreatment of MDCK
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cells with lactacystin and E compound. This may be attribut-
able to inhibition of y-secretase activity by MG132, as previ-
ously reported (Zhang et al, 1999). Similar results were
obtained when MDCK cells were cotreated with the protea-
some inhibitor lactacystin and two other y-secretase inhibitors
L-685 458 and DAPT (Supplementary Data, Supplementary
Figure S1). Taken together, these results suggest that Met-CTF
is cleaved by +y-secretase to generate Met-ICD, both Met frag-
ments being sensitive to proteasome degradation.

Metalloprotease-mediated Shedding of Met Is a
Prerequisite for y-Secretase Cleavage

In most cases, presenilin cleavages are preceded by ectodo-
main shedding, notably involving proteases of the ADAM
family. We checked the effect of metalloprotease inhibitors
on generation of Met fragments. Inhibition of zinc metallo-
protease activity by the broad-spectrum inhibitor GM6001
(Galardy et al., 1994) or the ADAM inhibitor TAPI-1 (Slack et
al., 2001) prevented stabilization of both Met-ICD and Met-

A

Lacta
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CTF induced in MDCK cells by E compound and lactacystin
(Figure 3A). Similar inhibition of Met-CTF generation by
TAPI-1 was observed in human mammary epithelial cells
MCF10A (Supplementary Figure S2). Inhibition of metallo-
protease activity likewise prevented Met-CTF generation in
PS1,2-deficient MEF, which normally accumulate this frag-
ment, particularly upon lactacystin treatment (Figure 3B).
Ectodomain shedding could generate, in addition to Met-
CTF, a soluble 90-kDa Met-NTF. To test for the generation of
extracellular fragments, we transiently transfected MDCK
cells with a construct encoding human Met and then used an
antibody against the extracellular part of human Met to
immunoprecipitate Met-NTF from the culture supernatant,
before detection by Western blotting. Detection of Met-NTF
was found to increase with PMA treatment and to disappear
with GM6001 treatment (Figure 3C). Similarly, in the culture
medium of HeLa cells treated with PMA to promote PS-RIP,
we detected soluble Met-NTF. In addition, Met-CTF and
Met-ICD were detected in the cell lysate upon treatment
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tion was performed with an antibody directed
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with y-secretase and proteasome inhibitor, respectively (Fig-
ure 3D). Inhibition of metalloprotease activity by GM6001
prevented generation of both intracellular fragments Met-
ICD and -CTF and of the extracellular fragment Met-NTF. This
suggests the involvement of metalloprotease in an initial step
of shedding, necessary for subsequent y-secretase cleavage.
In most known cases of metalloprotease-dependent shed-
ding followed by +y-secretase proteolysis, ADAM-17 and
ADAMS-10 are involved (Huovila et al., 2005). To check the
involvement of these proteases in Met shedding, we used
siRNA to knock down their expression in human epithelial
cells MCF10A. Silencing of ADAM-17 partially inhibited
generation of Met-CTF, indicating that ADAM-17 partici-
pates to Met processing (Figure 4). In contrast, silencing of
ADAM-10 did not inhibit Met cleavages (data not shown).
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Figure 4. ADAM-17 is involved in Met shedding. MCF10A cells
were transfected or not with siRNA control or targeting the ADAM-
17. Cells were then treated or not overnight with 1 uM E compound
and the following day 5 h with 10 uM lactacystin. Proteins were
resolved by 10% SDS-PAGE and analyzed by Western blotting with
antibodies directed against the kinase domain of Met (WB Met). The
filter was stripped and reprobed with an antibody directed against
the ADAM-17 and against ERK2 to assess the loading. The two parts
of the panels were on the same gel. Arrows indicate the position of
Met-CTF.
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Taken together, our results demonstrate that metallopro-
tease-mediated shedding from Met generates both a N-ter-
minal fragment Met-NTF and a C-terminal fragment Met-
CTF, which is in turn cleaved by y-secretase to generate the
unstable Met-ICD. Furthermore, Met-NTF is released into
the extracellular medium, suggesting that the ectodomain
shedding of Met targets membrane-anchored receptor.

Sequential Proteolysis of Met Is Independent of Kinase
Activation

PS-RIP of several type I membrane receptors such as Notch
and ErbB4 is regulated by ligand stimulation (Brou et al.,
2000; Mumm et al., 2000; Ni et al., 2001). Therefore, we
cotreated MDCK cells with a proteasome and +y-secretase
inhibitors to stabilize Met-CTF and stimulated the cells with
HGEF/SF (Figure 5A). HGF/SF stimulation induced tyrosine
phosphorylation of Met. However, as we did not observe
any modulation of Met-CTF generation in response to
HGEF/SF over the test period, it appears that ligand activa-
tion of Met is not involved in this process. Furthermore, in
MDCK cells transiently transfected with a construct encod-
ing either wild-type or kinase-dead full-length Met (Met WT
and Met kinase dead, respectively), y-secretase inhibition
was found to allow stabilization of Met-CTF generated from
either full-length proteins (Figure 5B). As expected, antibody
against phosphorylated tyrosine residues of Met detected
efficiently the Met WT, whose overexpression induced con-
stitutive phosphorylation, in contrast to the Met kinase-dead
variant. It is noteworthy that the Met-CTF generated from
Met WT migrated more slowly than that generated from Met
kinase dead, probably as a result of Met WT phosphoryla-
tion. PS-RIP of Met, which seems independent from ligand
stimulation and kinase activity, thus contrasts with the main
down-regulation mechanism described for Met, e.g., ubiqg-
uitin-dependent degradation, which requires HGF/SF stim-
ulation and a proper kinase activity (Peschard et al., 2004).

Membrane Accumulation of an Uncleavable TRK-Met
Chimera

Chimeric receptors, possessing the intracellular region of a
studied receptor fused to the extracellular region of another
receptor not expressed by the recipient cells, are widespread
tools for elucidating the intracellular signaling of RTKs. The
advantage is that it is possible to stimulate the chimera
without activating the endogenous receptor. Chimeric TRK-
Met receptors mediate Met-specific signals in epithelial cells
in response to NGF (Tulasne et al., 1999). To investigate
further the prerequisites to extracellular cleavage of Met by
metalloproteases, we produced constructs encoding the ex-
tracellular TRKA domain fused either directly to the trans-
membrane domain of the Met receptor, so as to replace the
entire the extracellular domain (TRK-Met), or to the 50-
amino acid extracellular juxtamembrane domain of Met
(TRK-Met-juxta; Figure 6A). MDCK epithelial cells were
stably transfected with TRK-Met and TRK-Met-juxta, and
two clones expressing each construct were analyzed (TRK-
Met clones 5 and 21; TRK-Met-juxta clones 7and 47).

In cells expressing TRK-Met-juxta, Met-ICD was weakly
detected in lactacystin-treated cells, and cotreatment with
lactacystin and E compound generates important amount of
Met-CTF, suggesting that y-secretase cleavage of TRK-Met-
juxta is very efficient. In contrast, no fragment was detected
in cells expressing TRK-Met (Figure 6B and Supplementary
Figure S3). This suggests that the extracellular region of TRK
does not allow proper metalloprotease cleavage leading to
further y-secretase cleavage, whereas addition of the jux-
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Figure 5. HGEF/SF does not influence PS-RIP
of Met. (A) MDCK cells were treated or not over-
night with 1 uM E compound and the following
day 10 h with ALLN. Cells were then stimulated

A

HGF (min.) 0 0o

ALLN/ECpd

10 30 60 120

Met Down-regulation by Proteolysis
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(B) MDCK cells transiently transfected with ei-
ther the empty vector or the vector expressing
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or kinase-dead Met (Met KD) were treated
or not overnight with 1 uM E compound. (A
and B) Proteins were resolved by 10% SDS-
PAGE and analyzed by Western blotting
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tamembrane domain of Met rescues the entire proteolytic
process.

Another interesting observation was made on the TRK-
Met and TRK-Met-juxta profiles (Figure 6B). TRK-Met chi-
meras are detected as a 180-kDa glycosylated mature form
and a 140-kDa nonglycosylated immature form (Tulasne et
al., 1999). The mature form was more abundant than the
immature form in TRK-Met-expressing cells but much less
abundant in TRK-Met-juxta—expressing cells. To assess the
effect of PS-RIP on the expression profile, we treated cells
stably expressing one or the other chimera with a metallo-
protease inhibitor (Figure 6C). On treatment, we observed
an increase of the mature form in cells expressing TRK-Met-
juxta, whereas expression of the immature form was not
significantly modified. In cells expressing TRK-Met, metal-
loprotease inhibition did not modify the expression profile.
Next we checked whether metalloprotease inhibition might
affect the receptor half-life. Protein synthesis was inhibited
with CHX in cells expressing TRK-Met and TRK-Met-juxta,
and receptor expression was measured over time (Figures 6,
D and E). Under these conditions, the half-life of TRK-Met
was ~6 h and that of TRK-Met-juxta was <2 h. The matrix
metalloprotease inhibitor GM6001 partially restored the sta-
bility of the TRK-Met-juxta chimera (Figure 6D). These re-
sults demonstrate that PS-RIP is able to down-regulate the
expression of the mature receptor.

To evaluate subcellular localization of TRK-Met and TRK-
Met-juxta, immunofluorescence staining with an antibody
recognizing the intracellular domain of mouse Met was
performed on MDCK cells expressing one or the other chi-
mera (Figure 7A). When untreated, cells expressing TRK-
Met displayed both membrane-localized and perinuclear
staining, whereas cells expressing TRK-Met-juxta displayed
only perinuclear staining. Perinuclear staining likely corre-
sponds to intracellular maturation steps. Flow cytometry
analysis applied to nonpermeabilized cells exposed to an
antibody recognizing the extracellular domain of TRKA con-
firmed the membrane localization of TRK-Met but not TRK-
Met-juxta (Figure 7B). Treatment with a metalloprotease
inhibitor partially restored expression of TRK-Met-juxta at
the plasma membrane, without affecting the localization of
TRK-Met (Figure 7A). These observations are consistent
with the rescue of the expression of the mature TRK-Met-
juxta upon metalloprotease inhibitor treatment. This dem-
onstrates that different expressions between cleavable and
uncleavable chimeras are the consequence of their different
post transcriptional processing by PS-RIP.
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Finally, we evaluated the phosphorylation state of the
cleavable and uncleavable TRK-Met versions by immuno-
precipitating the chimeras (to avoid detecting the endoge-
nous Met receptor) and evaluating their phosphorylation
with antibodies directed against phosphorylated Met ty-
rosine residues (Figure 7C). The mature TRK-Met was de-
tected as a phosphorylated receptor, despite the absence of
ligand stimulation. In contrast, no phosphorylation of ma-
ture TRK-Met-juxta receptor was detected. As expected,
treatment of cells with a specific ATP competitor of the Met
kinase abolished TRK-Met phosphorylation. Taken together,
these results demonstrate that impairment of PS-RIP induces
membrane accumulation of activated receptors in Met-trans-
fected cells.

Uncleavable TRK-Met Receptor Displays
Ligand-independent Invasive Growth

To evaluate the impact of the defect of PS-RIP on the bio-
logical responses triggered by Met in epithelial cells, we
compared the phenotypes of MDCK cells expressing TRK-
Met and TRK-Met-juxta, cultured under different conditions
and ligand-stimulated or not. The cells were seeded on
plastic at low density. Under such conditions, they form
small islets in the absence of stimulation and scatter in
response to ligand stimulation (Figure 8A). The cells were
also cultured on Matrigel, a basement membrane prepara-
tion. On this, ligand stimulation promotes the generation of
extensions from small aggregates, resulting in formation of a
spider web-like network (Figure 8C).

In response to NGF, MDCK cells expressing TRK-Met and
TRK-Met-juxta scattered similarly and formed comparable
networks on Matrigel, demonstrating that PS-RIP processing
does not affect ligand-dependent responses (Figures 8, A
and C). As expected, untransfected MDCK cells did not
respond to NGF. In the absence of NGF stimulation, cells
expressing TRK-Met and TRK-Met-juxta displayed different
phenotypes. TRK-Met-juxta cells were phenotypically indis-
tinguishable from untransfected MDCK cells, both forming
condensed islets on plastic or round cysts on Matrigel. TRK-
Met cells, in contrast, displayed basal scattering. When the
islets were stained with phalloidin to reveal actin fibers,
those formed by TRK-Met-juxta—expressing cells showed
intense staining at their borders, whereas islets of TRK-Met—
expressing cells displayed more weakly stained borders,
with disrupting pseudopods (Figure 8B). On Matrigel, ac-
cordingly, TRK-Met-expressing cells displayed a basal con-
nective structure between cysts (Figure 8C). Treatment with
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Figure 6. PS-RIP regulates the stability of TRK-Met-juxta. (A) Sche-
matic representation of full-length Met, TRK-Met (consisting of
the extracellular portion of TRKA fused to the transmembrane
and intracellular domains of Met), and TRK-Met-juxta, possessing
50 additional amino acids of the extracellular juxtamembrane
domain of Met. (B) MDCK cells transfected with either the empty
vector or the vector expressing TRK-Met (clones 5) or TRK-Met-
juxta (clones 7) were treated or not overnight with 1 uM E com-
pound. The following day the cells were treated for 5 h with
lactacystin (10 uM) before lysis. (C) MDCK cells stably expressing
TRK-Met or TRK-Met-juxta were treated or not overnight with 25
M GM6001. The following day the cells were lysed. (D) MDCK
cells stably expressing TRK-Met or TRK-Met-juxta were treated or

not overnight with 25 uM GM6001. The following day the cells were treated with 25 ug/ml CHX for the indicated time. (B-D) Proteins were
resolved by 10% SDS-PAGE and analyzed by Western blotting with antibodies directed against the C-terminal domain of mouse Met (WB
moMet). Arrows indicate the positions of the mature and immature forms of TRK-Met and TRK-Met-juxta, Met-CTF, and Met-ICD. (E)
MDCK cells expressing TRK-Met or TRK-Met-juxta were treated or not with 25 pug/ml CHX for the indicated time. Luminescence from the
Western blot was captured with a CCD camera and the expression levels of mature TRK-Met were quantified. The percentage of expression
was calculated using the untreated control as the reference (n = 3, = SD).

a specific ATP competitor of the Met kinase (SU11274) abol-
ished the distinctive scattering and morphogenetic patterns
of TRK-Met cells, demonstrating that these phenotypes de-
pend on Met activity. As expected, this Met inhibitor also
inhibited scattering and morphogenesis induced in response
to HGEF/SF and NGF (Supplementary Figures S4A and S5, A
and B). We obtained similar results with the two indepen-
dent clones of each type (expressing either TRK-Met or
TRK-Met-juxta; Supplementary Figures S4B and S5B). We
next tested TRK-Met— and TRK-Met-juxta—expressing MDCK
cells in an in vitro migration assay (Figure 8D). In this assay,
TRK-Met-expressing cells proved to be about 10 times more
invasive than the TRK-Met-juxta—expressing cells, but their
migration was markedly reduced in the presence of a Met
inhibitor. Similar strong basal migration was observed with
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two additional clones of TRK-Met-expressing MDCK cells
(Supplementary Figure S6). Taken together, these results
show that failure of the Met receptor tyrosine kinase to
undergo PS-RIP results in its accumulation, leading to li-
gand-independent activation of epithelial invasive growth.

Met Inhibitory Antibody Promotes PS-RIP of the
Receptor

It has been recently shown that the mAb DN30, directed
against extracellular region of human Met, is able to induce
Met degradation (Petrelli et al., 2006). In consequence, this
inhibitory antibody hampers ligand-independent biological
activity triggered by the overexpressed Met, including trans-
formed phenotypes of cancer cells and reduction of tumor
growth.

Molecular Biology of the Cell
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precipitation was performed with an anti-mouse Met antibody. Proteins were resolved by 10% SDS-PAGE and analyzed by Western
blotting with an antibody against phosphorylated tyrosine residues of the kinase domain of Met. The filter was stripped and reprobed
with an antibody directed against mouse Met. Arrows indicate the positions of the mature and immature forms of TRK-Met and

TRK-Met-juxta.

Because this forced degradation involved proteolytic
cleavages by molecular mechanisms which were not identi-
fied, we hypothesized the involvement of the PS-RIP. Treat-
ment with DN30 induced decrease of membrane-anchored
Met from the mammary metastatic cancer cells line MDA-
MB231 overexpressing Met, detected by flow cytometry
(Figure 9A). Consistently to down-regulation of Met, DN30
treatment reduced migration of the MDA-MB231 cells sub-
jected to an in vitro invasion assay (data not shown). Next,
we showed that Met-CTF generation induced by y-secretase
inhibitor is increased in presence of DN30 antibody, con-
comitantly to down-regulation of the mature Met, suggest-
ing that the inhibitory antibody favors PS-RIP of the receptor
(Figure 9B). Similar results were obtained in other trans-
formed cell lines, including the gastric and the prostatic
carcinoma cell lines GTL16 (Supplementary Figure S7) and
PC-3 (data not shown). Finally treatment with the metal-
loprotease inhibitor TAPI-1, which interferes with the
initial step of the PS-RIP, inhibited generation of Met-CTF
and partially rescued the degradation of the mature full-
length Met (Figure 9C). This demonstrates that the DN30
inhibitory antibody promotes Met PS-RIP leading to re-
ceptor degradation.

DISCUSSION

We report here that the Met receptor tyrosine kinase is
processed by PS-RIP. Mechanistically, PS-RIP of Met in-
volves two cleavage steps. The first step is metalloprotease-
mediated shedding of the extracellular domain, generating a
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soluble N-terminal fragment (Met-NTF) and a membrane-
anchored fragment (Met-CTF). This step is a prerequisite to
an additional cleavage by y-secretase, yielding a labile Met-
ICD fragment. Met ectodomain shedding has been described
previously on the basis of initial observations of a soluble
extracellular form of Met (Prat et al., 1991; Crepaldi et al.,
1994). This process has been observed in various cell types
and has been induced with different agents such as PMA,
suramine, epidermal growth factor (EGF), lysophosphatidic
acid (LPA), and HGF/SF (Prat et al., 1991; Galvani et al.,
1995; Nath ef al., 2001; Wajih et al., 2002). In addition, other
fragments have been observed, such as phosphorylated
membrane-anchored fragments degraded via the proteoso-
mal pathway or labile nuclear fragments (Jeffers et al., 1997;
Pozner-Moulis et al., 2006). Our work suggests that these
previously observed fragments of Met, initially described
independently, could be produced through a common pro-
teolytic process, PS-RIP.

The metalloprotease most commonly implicated in shed-
ding of transmembrane protein is the ADAM-17. ADAM-17
notably contributes to the regulation of signaling pathways
by mediating ectodomain shedding from cytokine receptors,
including the tyrosine kinase receptors ErbB4 and TRKA
(Huovila et al., 2005). We demonstrated that ADAM-17 par-
ticipates also to the initial step of the Met PS-RIP. However,
although silencing of ADAM-17 was efficient in the MCF10A
epithelial cells, the inhibition of the Met cleavages was par-
tial, suggesting that other metalloproteases could process
Met. Interestingly, it has been recently shown in NIH3T3
cells that shedding of Met involves the ADAM-10 (Kopitz et
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Figure 8. PS-RIP of TRK-Met chimera prevents its basal activation and the induction of invasive growth. (A) Scattering from cell islets.
MDCK stably expressing TRK-Met and TRK-Met-juxta were seeded at low density. The next day the cells were cultured in the presence or
absence of 2.5 uM SU11274 and/or 100 ng/ml NGF. Magnification, X40 (B) MDCK stably expressing TRK-Met and TRK-Met-juxta were
seeded at low density. The next day, the cells were fixed and stained for F-actin with phalloidin. Magnification, X100. (C) Morphogenesis
on Matrigel gels. MDCK stably expressing TRK-Met and TRK-Met-juxta were cultured on Matrigel gels. The following day, cells were
incubated with or without SU11274 and/or NGF. Magnification, X60. (D) MDCK stably expressing TRK-Met and TRK-Met-juxta, cultured
in invasion chambers, were treated or not with 5 uM SU11274, a Met kinase inhibitor. The relative number of infiltrated cells was determined

after staining of nuclei with Hoechst (n = 3, £ SD).

al., 2007). Therefore, the shedding of Met could implicate
several metalloproteases, which could be differently en-
gaged according to the cell type.

Met ectodomain shedding is immediately followed by
y-secretase cleavage, because Met-CTF is observed only
upon y-secretase inhibition. Furthermore, a 50-amino acid
stretch of the Met extracellular juxtamembrane domain,
added to the TRK-Met chimera, is necessary and sufficient to
initiate ectodomain shedding and further y-secretase cleav-
age. This is consistent with the observation that y-secretase
cleavage depends on prior ectodomain shedding (Struhl and
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Adachi, 2000). Presenilin is the catalytic core of the y-secre-
tase complex (De Strooper, 2003). Accordingly, we show
here that both PS1 and PS2 are involved in Met cleavage.
This is consistent with results obtained with APP and Notch,
whose y-secretase-mediated cleavage is abolished only in
embryonic stem cells devoid of both PS1 and PS2 (Herreman
et al., 2000).

We then explored the functional consequences of PS-RIP
using cleavable and uncleavable version of chimeric TRK-
Met receptor. We found that the TRK-Met Juxta is efficiently
processed by the PS-RIP; consequently the mature form of

Molecular Biology of the Cell
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the cleavable TRK-Met-juxta chimera has a shorter half-life
than that of the uncleavable TRK-Met and does not accumu-
late at the plasma membrane. Furthermore, we showed that
the anti-Met antibody DN30, known to induce down-regu-
lation of the membrane-anchored Met promotes Met PS-RIP.
Therefore, inhibition of Met PS-RIP through expression of an
uncleavable receptor induces its membrane accumulation,
whereas inversely forced Met PS-RIP by antagonist antibody
induces its membrane depletion. Taken together, our results
demonstrate that PS-RIP of Met leading to generation of
intracellular instable fragments is able to regulate membrane
expression of the receptor. It is worth noticing that in MDCK
cells for instance, inhibition of basal PS-RIP by metallopro-
tease inhibitor does not significantly increase expression of
Met. This suggests that although induced PS-RIP destabi-
lizes Met, the basal PS-RIP could be insufficient to reduce
significantly the expression of Met.

Although we demonstrated that Met PS-RIP can be en-
hanced by specific antibody, the physiological stimuli able to
promote the process are unknown. Indeed, stimulation of
Met by HGF/SF does not induce its PS-RIP in normal epi-
thelial cells. This contrast with induction of the Met shed-
ding in response to HGF/SF observed in normal human
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aortic smooth muscle cells (Wajih et al., 2002), suggesting
that Met proteolysis can be constitutive or activated by its
ligand according to the cell type. Our data also highlight
how PS-RIP of Met differs from Met degradation involving
the E3 ubiquitin ligase c-Cbl. In this latter process, ligand
stimulation induces recruitment of c-Cbl to phosphorylated
tyrosines of the receptor. This promotes ubiquitination of
Met, its endocytosis, and ultimately its lysosomal degrada-
tion (Hammond ef al., 2003), thereby attenuating the signal-
ing induced by the activated receptor. In contrast, PS-RIP of
Met in epithelial cells is ligand-independent and does not
require the kinase activity of the receptor.

A well-described cause of deregulated invasive growth
induced by Met is its overexpression, which causes auto-
crine or paracrine stimulation by HGF/SF or induces self-
activation of the receptor independently of ligand stimula-
tion (Birchmeier et al., 2003). Overexpression has been
attributed to gene amplification or to increased transcription
induced by oncogenes. Yet aberrant activation of Met can be
the consequence of a defective down-regulation mechanism,
as it is well documented in the case of enhanced cell trans-
formation resulting from uncoupling of Met from c-Cbl-
mediated down-regulation (Peschard et al., 2004). Aberrant
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Met activation can also result from defective proteolytic
cleavage. In a colon carcinoma cell line, noncleavage of the
Met precursor was found to lead to expression of a consti-
tutively active receptor (Mondino ef al., 1991). In this same
line, we demonstrate here that impairment of TRK-Met chi-
mera cleavage by PS-RIP results in accumulation of the
receptor at the plasma membrane, accompanied with li-
gand-independent scattering, morphogenesis, and invasion
of normal epithelial cells. Inversely, the Met inhibitory an-
tibody DN30, inhibiting transformed phenotype of cancer
cells (Petrelli et al., 2006), take advantage of the PS-RIP
mechanism to induce Met down-regulation in cells depen-
dent of Met for their transformation. Thus, regulation of the
Met PS-RIP could play an important role against cellular
transformation by preventing overexpression of Met at the
plasma membrane.

Although development of inhibitory antibodies directed
against membrane oncogenes is a promising therapeutic
approach, the molecular mechanisms underlying their activ-
ity are not fully understood. Our data demonstrate that the
Met inhibitory antibody acts through an original mechanism
involving forced induction of an intrinsic mechanism of
degradation, leading to depletion of the receptor. Thus,
forced induction of Met PS-RIP might be used therapeuti-
cally to prevent uncontrolled activation of the receptor.
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