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The MSP Receptor Regulates
�6�4 and �3�1 Integrins via 14-3-3 Proteins
in Keratinocyte Migration

wound bed to promote migration (Zhang and Kramer,
1996). Laminin-5 is synthesized as a precursor hetero-
trimeric protein (�3,�3,�2) that undergoes processing of
�3 and �2 subunits after being secreted (Colognato and
Yurchenco, 2000). The domain interacting with integrin
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Italy resides within the �3 C-terminal large globular domain,

while the region for deposition in the BM resides in the2 DIBIT
Department of Biological and Technological �2 subunit (Shang et al., 2001; Gagnoux-Palacios et al.,

2001). Current models propose that laminin-5 mediatesResearch
University Vita-Salute San Raffaele School of keratinocyte adhesion and migration via �6�4 and �3�1

integrins at distinct sites. �6�4 can be found in hemides-Medicine
20132 Milan mosomes (HDs), which are structures linking ECM to

keratin intermediate filaments thereby supporting cellItaly
adhesion (Borradori and Sonnenberg, 1999). �3�1 is in
focal contacts and links ECM to the actin cytoskeleton,
regulating cell spreading and migration (Kreidberg,Summary
2000). The interplay between �3�1 and �6�4 and differ-
ent domains of laminin-5 is crucial at the wound edgesGrowth factors, integrins, and the extracellular matrix

(ECM) are known to play key roles in epidermal wound because it regulates leading keratinocytes by (1) disas-
sembling HDs, (2) remodeling matrix interactions withhealing, although the interplay between these proteins

is not fully understood. We show that growth factor increased deposition of laminin-5 and metalloproteases
(MMPs), and (3) recruiting �3�1 at focal contacts tomacrophage stimulating protein (MSP)- and its recep-

tor Ron-mediated PI3K activation in keratinocytes in- mediate migration over the provisional matrix (Fuchs et
al., 1997; Nguyen et al., 2000; Ravanti and Kahari, 2000).duces phosphorylation of both Ron and �6�4 integrin

at specific 14-3-3 binding sites. Consequently, a Ron/ Macrophage stimulating protein (MSP) is the ligand
of the Ron tyrosine kinase receptor. It is a biologically�6�4 complex formed via 14-3-3 binding displaces

�6�4 from its location at hemidesmosomes (struc- inactive soluble plasma factor activated at extravascular
sites by specific serine proteases (Skeel and Leonard,tures supporting cell adhesion) and relocalizes it to

lamellipodia. Concomitant activation of �3�1 and ke- 1994). The Ron receptor is selectively expressed by epi-
thelia, including keratinocytes, and by hematopoieticratinocyte spreading/migration on laminin-5 occurs.

Further, MSP-dependent �4 tyrosine phosphorylation cells (Gaudino et al., 1994; Wang et al., 1996b; Banu et
al., 1996). MSP leads to receptor trans-autophosphory-evokes p38 and NF-�B signaling required for keratino-

cyte wound closure. Based on these results, we pro- lation and activation of several signaling pathways
(Wang et al., 1996a; Santoro et al., 1998). MSP and Ronpose a mechanism based on MSP-Ron-dependent

phosphorylation and 14-3-3 association, whereby the modulate keratinocyte functions such as proliferation,
survival, and migration, and, recently, a role in epidermalfunction of �6�4 switches from a mechanical adhesive

device into a signaling component, and might be criti- wound healing has been suggested (Wang et al., 1996b;
Nanney et al., 1998; Danilkovitch et al., 2000; Cowin etcally involved in human epidermal wound healing.
al., 2001).

Here, we show that MSP-mediated PI3K pathway acti-Introduction
vation induces Ron serine phosphorylation at residue
1394 as well as �6�4 phosphorylation in the connectingThe complex interplay between the extracellular matrix

(ECM), growth factors, and integrins is crucial for many sequence to generate 14-3-3 binding sites on both mole-
cules. Thus, dimeric 14-3-3 proteins mediate the MSP-biological processes, including skin wound healing.

Wound healing is characterized by a number of overlap- dependent formation of a Ron/�6�4 complex that in
turn induces disassembly of HDs and �6�4 relocationping phases including inflammation, reepithelization,

granulation tissue formation, and tissue remodeling at lamellipodia. Further, �3�1 integrin activation and
keratinocyte spreading/migration on laminin-5 takes(Martin, 1997; Singer and Clark, 1999). The reepitheliza-

tion process is tightly regulated by specific classes of place. All these findings suggest a role for Ron and 14-
3-3 in epidermal reepithelization processes.integrin receptors and interacting extracellular matrix

molecules. In particular, �3�1 and �6�4 integrins, as
well as laminin-5, play a key role in keratinocyte migra- Results
tion (Fuchs et al., 1997; Giancotti and Ruoslahti, 1999;
Nguyen et al., 2000). Laminin-5 is the primary ligand Akt Kinase Phosphorylates the Ron Receptor
of adult epidermal basement membrane (BM) and is at Serine 1394
secreted by wounded keratinocytes in the provisional The MSP receptor, Ron, belongs to the HGF receptor

tyrosine kinase family and contains the peculiar C-terminal
proline/arginine-rich sequence RRPRPLS1394EPPRPT*Correspondence: msantoro@med.unipmn.it

3 These authors contributed equally to this work. (Figure 1A). S1394 is a potential phosphorylation site for
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Figure 1. MSP Induces Ron Receptor S1394 Phosphorylation by Akt

(A) Schematic representation of Ron intracellular domain and C-terminal amino acid sequence. Black dots indicate Ron major tyrosine
autophosphorylation sites responsible for receptor activation and SH2-mediated signal transduction. C-terminal amino acid sequence is
characterized by a specific proline/arginine-rich amino acid sequence and a putative serine phosphorylation site (S1394) that are conserved
among the human, mouse, and rat homologs. The related sequence of human HGF receptor, Met, is also indicated. TM and TK indicate
transmembrane and tyrosine kinase domains, respectively.
(B) Akt kinase phosphorylates Ron at serine 1394. GST-Ron and GST-RonS1394A were tested in in vitro kinase assays with recombinant active
PKA, Akt, PKC, p70S6K, and CaMKII kinases and [�-32P]ATP. Samples were subjected to autoradiography (top panel) or immunoblotting with
the specific phospho-Ron (S1394) antibody (bottom panel).
(C) MSP induces Ron receptor phosphorylation at S1394. Serum-starved FG2 cells were preincubated with LY294002 (LY), rapamycin (Ra), or
PD98059 (PD) for 30 min and then stimulated with MSP. Cell extracts were analyzed by Western blotting using phospho-Ron (S1394), P-Akt,
P-p70S6K, and P-Erk2 antibodies. Membranes were probed with �-actin antibodies as control.
(D) Time course Ron S1394 phosphorylation by MSP. Serum-starved FG2 cells were left untreated (0�) or stimulated for 10, 30, 60, and 120 min
with MSP. Cell lysates were analyzed by Western blotting with phospho-Ron (S1394), P-Akt, P-p70S6K, and P-Erk2 antibodies. The filters were
probed with Ron and �-actin antibodies as controls.

PKA, p70S6K, Akt, and CaMKII cytosolic kinases (Yaffe by alanine. Ron S1394 phosphorylation was also tested
using a phospho-Ron (S1394) antibody recognizing theet al., 2001). Using an in vitro kinase assay, we tested

S1394 phosphorylation by incubating a GST-Ron fusion phosphorylated form of serine 1394 (Figure 1B, bottom).
We conclude that Ron S1394 is phosphorylated by Aktprotein containing the last 40 amino acids of the Ron

C-terminal region, with constitutively active forms of and p70S6K in vitro.
Ron serine phosphorylation was investigated in lysatesPKA, Akt, PKC, p70S6K, and CaMKII in the presence of

[�-32P]ATP (Figure 1B, top). Only Akt and p70S6K kinases of MSP-stimulated FG2 epithelial cells using a phospho-
Ron (S1394) antibody (Figure 1C). MSP induced Ron S1394phosphorylated GST-Ron. The phosphorylation was lost

in the GST-RonS1394A mutant, where the serine is replaced phosphorylation that was inhibited by LY294002 (or
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wortmannin; data not shown) but not by rapamycin, indi- Ron/14-3-3 Association Is a Prerequisite
for Keratinocyte Spreading and Migrationcating that Akt and not p70S6K phosphorylates Ron in
on Laminin-5vivo. PD98059, inhibiting MEK and blocking Erk2 kinase,
Next, we investigated the Ron/14-3-3 complex in kera-did not influence S1394 phosphorylation. In a time course
tinocytes, where proteins are expressed or upregulatedexperiment of MSP stimulation, Ron S1394 phosphoryla-
(Olsen et al., 1995; Nanney et al., 1998; Cowin et al.,tion showed the same kinetics of Akt, but not of p70S6K

2001). Primary human foreskin keratinocytes (HEK) wereand Erk2 activation (Figure 1D). We conclude that Ron
stimulated with MSP. Lysates were immunoprecipitatedS1394 phosphorylation is induced by MSP through a re-
with Ron, Met, and EGFR antibodies and immunoblottedceptor-mediated PI3K and Akt activation.
with 14-3-3 antibodies. 14-3-3 associated with Ron but
not with Met or EGFR, when stimulated by their respec-
tive ligands (Figure 3A). Notably, this shows that interac-Ron Binds to 14-3-3 Proteins via S1394

tion is Ron specific and occurs between the endogenousPhosphorylation
proteins.The Ron C-terminal sequence matches the consensus

MSP and Ron regulate proliferation and migration ofmotifs for several protein-protein interaction modules
keratinocytes (Wang et al., 1996b). To test whether Ron/(Kay et al., 2000; Yaffe and Elia, 2001). To identify pro-
14-3-3 interaction modifies these processes, we trans-tein(s) binding to this sequence, we screened a HeLa
duced HEK cells with lentiviral vectors encoding for Ron,cDNA expression library by a yeast two-hybrid system.
RonS1394A, and 14-3-3��C mutants, obtaining comparableThe last 50 C-terminal amino acids of Ron were fused
levels of expression (Figure 3B, right). Pools of infectedto the LexA binding domain and used as bait. Three
cells were stimulated with MSP, and the Ron/14-3-3 com-independent partial clones, all coding for the 14-3-3�
plex was analyzed by coimmunoprecipitation assays (Fig-protein, were isolated. Full-length 14-3-3 isoforms were
ure 3B, left). Expression of RonS1394A or 14-3-3��C mu-tested for Ron interaction in yeast cells, � and � isoforms
tants interfered with Ron/14-3-3 complex formation,being preferred for binding (Figure 2A). It is noteworthy
showing a loss of function for these mutants in regula-that the Ron C-terminal amino acid sequence fits with
tion of Ron/14-3-3 association. In 14-3-3��C-expressingthe canonical 14-3-3 consensus sequences (RXR
cells association was not completely abolished, possi-XXpSXP; Muslin et al., 1996; Yaffe et al., 1997). A
bly because of high endogenous 14-3-3 expression. WeRonS1394A bait was tested for 14-3-3� binding and it did
analyzed keratinocyte migration on different ECM pro-not associate to 14-3-3�, as expected, indicating that the
teins using chemotaxis assays in the presence of mito-integrity of S1394 is required for Ron/14-3-3 interaction.
mycin, to avoid possible influence of cell proliferationMoreover, deletion mutants of 14-3-3� either at the N
(Figure 3C). MSP dramatically increased the rate of kera-terminus (14-3-3��N), lacking the first two � helices in-
tinocyte migration on laminin-5 and, to a lesser extentvolved in dimer formation, or at the C terminus (14-3-
on fibronectin, but not on vitronectin and collagen-I.3��C), devoid of the last � helix required for target bind-
RonS1394A- and 14-3-3��C-expressing cells displayed aing, were examined for Ron binding. The 14-3-3��C
lower cell migration on laminin-5 but migrated on fibro-mutant, but not the �N, failed to interact with Ron (Fig-
nectin, suggesting that Ron/14-3-3 association sus-ure 2B), indicating that the last � helix of 14-3-3� is
tained specific migration on laminin-5. No differencesmandatory for Ron association.
in proliferation rate were observed in MSP-stimulated ke-The role of S1394 phosphorylation in binding to 14-3-3
ratinocytes expressing Ron or Ron S1394A (data not shown).was tested in pull-down experiments using GST-14-3-3�

Spreading assays were performed by plating quies-and lysates of FG2 epithelial cells (Figure 2C). The bind-
cent HEK on purified fibronectin, vitronectin, collagen-I,ing of GST-14-3-3� to Ron was direct and strictly depen-
and laminin-5 matrices and stimulating them with MSPdent on Akt activation and was abolished by phos-
(Figure 3D, panels a–d). MSP did induce cell spreading

phatase treatment of MSP-stimulated lysates. This
on laminin-5, but not on other substrates. The rapid

demonstrates that S1394 phosphorylation by Akt is re-
spreading on laminin-5 in Ron-expressing keratinocytes

quired for Ron/14-3-3 interaction. In FG2 epithelial cells, was markedly decreased in RonS1394A-expressing cells
14-3-3 proteins were coimmunoprecipitated by Ron an- (Figure 3E), supporting the role of the Ron/14-3-3 com-
tibodies specific for the extracellular portion of the mole- plex in MSP-induced migration.
cules (Ron/N), but not by other Ron antibodies (Ron/C), These results show that Ron phosphorylation and/or
whose epitope corresponds to the 14-3-3 binding site. 14-3-3 binding regulates cell spreading and migration
The blockade of the PI3K/Akt pathway by LY294002 on laminin-5 but not cell proliferation, possibly via an
abrogated Ron S1394 phosphorylation and 14-3-3 associ- integrin-mediated mechanism.
ation (Figure 2D), but did not alter the binding of other
transducers to Ron, such as Gab-1 or p85 (data not �4 Integrin Is Phosphorylated by PKC and Binds
shown). 14-3-3 Proteins

Immunofluorescence analyses in epithelial cells stim- To test whether integrins may interact with 14-3-3 pro-
ulated with MSP revealed that a significant fraction of teins, we used �1, �2, �3, and �5 baits as well as five
Ron colocalized with 14-3-3� molecules at the leading different �4 baits encompassing the whole cytodomain
edge of migrating cells. This indicates that the Ron/14- of �4 for interaction with 14-3-3 in yeast two-hybrid
3-3 complex take places at protruding membranes and systems. While �1, �2, �3, and �5 did not bind 14-3-3
lamellipodia (Figure 2E). (data not shown), only �4 baits containing the connect-

These results identify 14-3-3 as a Ron binding protein ing sequence (CS) were positive (Figure 4A). In pull-
in epithelial cells, and show that Ron S1394 phosphorylation down assays of GST-14-3-3 fusion proteins on stimu-

lated keratinocyte lysates, �4 bound to GST-14-3-3-�by Akt causes the binding in an MSP-dependent way.
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Figure 2. The Ron Receptor Binds 14-3-3 Proteins after S1394 Phosphorylation by Akt

(A) Interaction of Ron with 14-3-3 proteins in a yeast two-hybrid system. Yeast cells containing the LexA-Ron baits were transformed with
the full-length 14-3-3 �, �, �, �, 	, and 
 isoforms under the control of the GAL promoter. Interactions were evaluated for �-galactosidase
activity on GAL-containing medium.
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and -�, but not to GST alone (Figure 4B), suggesting stimulated with MSP and analyzed by immunofluores-
cence for �6�4 localization (Figure 5B). Upon MSP stim-that 14-3-3 is an interactor of �6�4 integrin.

A role for PKC kinase in �4 serine/threonine phosphor- ulation and Ron/14-3-3 association, �6�4 integrin relo-
cated to lamellipodia, where it also colocalized with actinylation has been suggested (Rabinovitz et al., 1999; Alt

et al., 2001). Constitutively active PKC� and � phosphor- filaments (data not shown). On the contrary, in unstimu-
lated cells as well as in MSP-stimulated RonS1394A- andylated in vitro the GST-fusion proteins containing the

CS region of �4. These were specifically recognized by 14-3-3��C-expressing cells, �6�4 gathered to the basal
surface in HD-like structures.an antibody selective for phosphorylated 14-3-3 binding

motifs (Figure 4C). These data show that the CS of �6�4 HDs were studied by confocal microscopy in Ron,
RonS1394A, or 14-3-3��C HEK transfectants (Figure 5C).is the target for PKC phosphorylation and 14-3-3

binding. In the absence of MSP, the HD marker BP180 and �4
integrin colocalize at cell-substrate contact in patches,Lysates of MSP-stimulated HaCat cells were analyzed

for �4/14-3-3 coimmunoprecipitation and �4 phosphor- described as HD-like structures (Ron). Localization of
�4 and BP180 to HDs was significantly reduced afterylation at 14-3-3 binding sites using the phospho-14-

3-3 binding motifs antibody. MSP and TPA induced �6�4 MSP stimulation (Ron � MSP). Furthermore, �6�4 redis-
tribute from HDs to Triton X-100-soluble compartmentsphosphorylation at the 14-3-3 binding site as well as

association of 14-3-3 proteins (Figure 4D). Pretreat- (Ron � MSP � Tx). This did not occur for Ron/14-3-3
association-deficient mutants (RonS1394A and 14-3-3��C),ments with the PKC� inhibitor Gö6976 blocked both �4

phosphorylation and 14-3-3 binding, while the selective indicating that this event depends on Ron/14-3-3/�6�4
complex formation.PKC� inhibitor Rottlerin was totally inactive.

These data suggest that MSP induced �6�4/14-3-3 The same transfectants were used to perform adhesion
assays on laminin-5 (Figure 5D). Using function-blockingcomplex formation in keratinocytes via PKC�-mediated

phosphorylation of the CS of �4 integrin. antibodies, we analyzed �6�4- and �3�1-mediated ad-
hesion on laminin-5 after Ron activation. In MSP-treated
cells, �3�1 antibodies significantly impaired cell adhe-
sion, while anti-�6�4 was markedly less effective. On the14-3-3 Proteins Mediate Ron/�4 Association

and Modulate �6�4 Integrin Activity in HDs contrary, anti-�6�4 reduced cell adhesion in RonS1394A or
in 14-3-3��C transfectants, while anti-�3�1 was less14-3-3 proteins act as phosphorylation-dependent scaf-

fold molecules bridging different signaling proteins effective. These data show that the Ron/14-3-3/�6�4
complex acts to switch laminin-5 adhesion from �6�4together (Aitken, 1996; Tzivion et al., 2001). Thus, we

analyzed whether 14-3-3 could mediate the Ron/�4 to �3�1 integrin.
complex in keratinocytes. Extracts of Ron, RonS1394A, and
14-3-3��C HEK transfectants were immunoprecipitated
with �6 integrin antibody and immunoblotted with Ron MSP Promotes Keratinocyte Migration

in a 14-3-3-Dependent Mannerand 14-3-3 antibodies (Figure 5A). �6�4 specifically as-
sociated with Ron and 14-3-3 proteins after MSP stimu- HD disassembly and integrin switching from �6�4 to

�3�1 for laminin-5 adhesion occur in epidermal keratino-lation. RonS1394A or 14-3-3��C mutants impaired this
complex, indicating that Ron is associated with �6�4 cytes during wound reepithelization. We investigated

the physiological relevance of MSP and Ron in woundby means of 14-3-3 scaffold proteins. Reciprocal experi-
ments of immunoprecipitation with the 14-3-3 antibody, reepithelization by studying the healing of a cutaneous

wound experimentally made in mice. Full-thicknessfollowed by Ron and �4 immunoblotting, were per-
formed. The Ron/14-3-3/�6�4 complex was also iso- wounds on mice back skin were treated with exogenous

MSP or with carrier alone and examined for wound clo-lated with 14-3-3 antibodies after MSP stimulation in a
PI3K- and PKC-dependent manner. sure and reepithelization. A clear difference in wound

size and rate of healing was evident. Carrier-treatedWe tested whether Ron/14-3-3/�6�4 interaction mod-
ulates HDs in keratinocytes. Ron-transfected HEK cells wounds had a 2 to 3 day delay, relative to MSP-treated

lesions. Histological analysis of wound cross-sectionsand RonS1394A or 14-3-3��C transfectants were grown on
laminin-5 to form HD-like structures. Cells were then revealed that the epithelial margins progressed more

(B) Requirement of Ron S1394 residue and � helix I of 14-3-3� isoform for complex formation. Yeasts were transformed with LexA-Ron or LexA-
RonS1394A in combination with vectors coding for full-length 14-3-3� isoform, 14-3-3��C, and 14-3-3��N mutants. Specific interactions were
monitored for growth on selective medium (Leu) and galactosidase activity (�-gal).
(C) Direct interaction between Ron and 14-3-3 molecules is dependent on Ron S1394 phosphorylation. Extracts of MSP-stimulated FG2 cells
were incubated with GST-fusion proteins coding for full-length 14-3-3� or 14-3-3��C. Alternatively, cells were transfected with a constitutively
active form of Akt (gag-Akt), or cell lysates were treated with phosphatases (CIP). Protein complexes were analyzed by Western blotting with
Ron antibody. Total cell extract was used as a positive control for Ron expression.
(D) Ron/14-3-3 association is dependent on MSP stimulation and the PI3K/Akt pathway in living cells. Lysates of MSP-stimulated FG2 cells
were coimmunoprecipitated with Ron antibodies directed against the extracellular region (Ron/N) or against the C-terminal tail (Ron/C) of the
Ron receptor. Extracts of cells pretreated with LY294002 were also evaluated. Samples were analyzed by Western blotting with phospho-
Ron (S1394), 14-3-3�, and Ron antibodies.
(E) Ron and 14-3-3 proteins colocalized on lamellipodia of migrating epithelial cells. FG2 cells were left untreated (panels a–c) or stimulated
with MSP (panels d–f). Cells were analyzed for 14-3-3� (green) and Ron receptor (red) staining. Merge is in yellow. The scale bar represents
10 �m.
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Figure 3. Ron/14-3-3 Association Is Required for MSP-Mediated HEK Migration and Spreading on Laminin-5

(A) Ron associates selectively with 14-3-3 proteins in keratinocyte cells. Primary human foreskin keratinocytes (HEK cells) were serum starved
and stimulated with 5 nM of MSP, HGF, or EGF as indicated. Cell extracts were then coimmunoprecipitated with antibodies directed against
the extracellular portion of the respective receptors and subjected to Western blotting with Ron, Met, or EGFR antibodies as well as anti-14-
3-3� antibodies.
(B) Dominant-negative effects of lentiviral vectors encoding RonS1394A and 14-3-3��C mutants in HEK cells. HEK cells were infected with
lentiviral vectors encoding for Ron, RonS1394A, and 14-3-3��C mutants (right panel) and analyzed for Ron/14-3-3 binding (left panel). Ron,
RonS1394A, and 14-3-3��C transfectants were stimulated with MSP and subjected to coimmunoprecipitation analyses with Ron/N antibodies.
Western blots with Ron and pan14-3-3 antibodies were performed.
(C) Cell migration of Ron, RonS1394A, and 14-3-3��C transfectants on different ECM. Cell migration assays were performed in Transwell chambers
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extensively in MSP-treated wounds than in carrier- stimulated with MSP and analyzed for Ron and �4 tyro-
sine phosphorylation. Also Akt, p70S6K, p38, and Erk2treated ones. These data indicate that MSP-Ron pro-

motes in vivo keratinocyte migration of cutaneous activities were evaluated (Figure 7A). Both Ron and
RonS1394A receptors were tyrosine phosphorylated andwounds. We looked at the role of Ron/14-3-3/�6�4 inter-

action in this process using an in vitro wound healing activated the Erk2 pathway. On the contrary, �4 tyrosine
phosphorylation occurred only in the presence of a Ron/assay as a model for keratinocyte migration (Goldfinger

et al., 1999; Nguyen et al., 2000). Scrape wounds were �6�4 complex (Ron, HEK), but not when this complex
was impaired (RonS1394A, PA-JEB). This correlated withdone in quiescent primary keratinocytes and cells were

allowed to heal in the presence of MSP (Figure 6B). stronger activation of Akt and p70S6K, as well as with de
novo activation of p38, suggesting that �4 reinforcesUpon MSP stimulation, keratinocytes healed the wound

completely within 24 hr (Figure 6B, panel b), even in the and modulates MSP/Ron signaling.
Akt and p38 pathways stimulate NF-�B transcriptionalpresence of mitomycin (panel c). In RonS1394A- or 14-3-

3��C-expressing cells, healing was inhibited (panels d activity, through phosphorylation and degradation of
I�B� (Romashkova and Makarov, 1999; Conejo et al.,and e). Furthermore, �4 null keratinocytes (PA-JEB cells)

did not migrate upon MSP stimulation, proving that �4 2002). We show that MSP signaling induced I�B phos-
phorylation in Ron-expressing keratinocytes, but not inis required for MSP-induced keratinocyte wound healing

(panel f). We performed the assays adding function- RonS1394A or 14-3-3��C transfectants or in PA-JEB cells
(Figure 7B). This suggests the existence of a Ron/�6�4-inhibitory antibodies for �2�1, �3�1, and �6�4 integrin

receptors and laminin-5 �3 and �2 subunits to wounded dependent NF-�B transcriptional activity in keratino-
cytes.monolayers (Figure 6C). Scraped cells incubated with

MSP and control IgG antibody healed completely. Anti- In vitro wound healing assays were performed in the
presence of MSP together with PD169316, a blockingbodies against �2�1 or �6�4 did not inhibit healing, but

inhibition occurred with the �3�1 blocking antibodies agent for p38 MAP kinase and with BAY11-7082, a selec-
tive I�B� phosphorylation inhibitor (Figure 7C). Woundor with a function-blocking antibody to the globular re-

gion of the �3 laminin-5 subunit. On the contrary, anti- closure was markedly inhibited under these conditions,
indicating that p38 and NF-�B signaling is required forbodies against the laminin-5 �2 subunit had no effect

on cell migration. These data indicate that MSP induces keratinocyte migration. Thus, we analyzed the expres-
sion of matrix metalloproteases (MMPs) that are nor-wound repair via Ron/14-3-3/�6�4 complex formation

and mediates �3�1-dependent keratinocyte migration. mally induced during the keratinocyte wound healing
process (Ravanti and Kahari, 2000). RT-PCR analysisWe analyzed focal contact formation and �3�1 local-

ization in MSP-stimulated wounded keratinocytes (Fig- revealed that MMP2 and MMP3 as well as MSP mRNAs
were expressed in a p38- and NF-�B-dependent wayure 6D). Migrating cells formed focal contacts as shown

by immunofluorescence analyses with paxillin and vin- (Figure 7D), suggesting the existence of a specific ge-
netic program triggered by Ron/�6�4 complex forma-culin antibodies (Figure 6D, panels a and c). In parallel,

�3�1 integrin is redistributed from the plasma mem- tion and required for wound closure.
Overall, these data indicate a functional role for �6�4brane to focal contacts over the migrating front (panel

e). These events were completely abolished in RonS1394A- in keratinocytes linked to activation of specific genetic
programs.expressing cells (panels b, d, and f). These data suggest

a model in which MSP stimulation and 14-3-3 molecules
guide the Ron receptor to bind to �6�4 integrin. This Discussion
induces HD disassembly and �3�1-dependent focal
contact formation required for keratinocyte migration Many biological processes are jointly regulated by

growth factor receptors and integrins. Their coopera-(Figure 6E).
tion, involving reciprocal trans-activation, modulation
of their cellular compartments, and signaling crosstalk,Ron-Mediated �4 Signaling Activates a p38-

and NF-�B-Dependent Genetic Program often implies formation of membrane macromolecular
complexes (Miranti and Brugge, 2002). Here we proposeFinally, we investigated whether the 14-3-3-mediated

Ron/�6�4 complex may modulate Ron signaling. Tyro- a mechanism of integrin regulation that is operated by
growth factor receptors and 14-3-3 proteins, and servedsine phosphorylation of the �4 subunit generates several

signaling pathways (Mainiero et al., 1995; Shaw et al., by multiple phosphorylation events. In particular, we
show that MSP-mediated activation of the PI3K pathway1997). Ron- and RonS1394A-transduced HaCat cells, as

well as HEK and �4 null keratinocytes (PA-JEB), were in epithelia induces phosphorylation of the Ron receptor

previously coated with different substrates: fibronectin (FN), vitronectin (VN), collagen-I (COLL-I), and laminin-5 (LM5). Quiescent HEK cells
were seeded and incubated in the presence of MSP for 12 hr and mitomycin. Migration was quantified by counting the cells that migrated
through filters. Bars indicate the deviations standards of three independent experiments. Results are expressed as relative cell migration with
respect to unstimulated cells.
(D) Cell spreading on different ECM by MSP. MSP-stimulated HEK cells were seeded on wells coated with fibronectin (a), vitronectin (b),
collagen-I (c), and laminin-5 (d). Thirty minutes after MSP stimulation cells were fixed, stained with crystal violet, and photographed. The scale
bar represents 40 �m.
(E) Ron/14-3-3 binding is required for keratinocyte spreading on laminin-5. Ron- and RonS1394A-expressing cells that spread on laminin-5 in
the presence of MSP have been quantitated after three separate experiments as a percentage of spread cells out of the total adherent cells.
Representative pictures are indicated. The scale bar represents 100 �m.
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Figure 4. �4 Integrin Is Phosphorylated by Akt in the Connecting Sequence (CS) and Binds 14-3-3 Proteins

(A) Interactions between �4 integrin and 14-3-3 proteins by a yeast two-hybrid system. Cytodomain of �4 integrin has been divided into five
LexA-based constructs: bait A contains the first two fibronectin type III domains, bait B the first two fibronectin type III domains and the
connecting sequence (CS), bait C the merely connecting sequence, bait D the last two fibronectin type III domains, and bait E the C-terminal
region (Biffo et al., 1997). Yeast cells were cotransformed with 14-3-3 plasmid and LexA-�4 constructs. Specific interactions among 14-3-3
and these baits were monitored on GAL-containing medium for growth on leucine-minus medium and Lac-Z reporter gene transcription. EC,
TM, and IC: extracellular, transmembrane, and intracellular domains, respectively.
(B) Direct interaction between �4 integrin and 14-3-3 proteins. Lysates of MSP-stimulated HaCat cells were incubated with GST-fusion proteins
encoding the 14-3-3� and � isoforms as well as GST alone. Pull-down proteins were analyzed by Western blotting with �4 antibodies.
(C) In vitro phosphorylation of �4 connecting sequence (CS) by PKC. GST-fusion proteins were generated from the five �4 LexA baits illustrated
above and used as substrates for in vitro kinase assays with human recombinant PKC� and � and [�-32P]ATP. Samples were separated by
SDS-PAGE and analyzed by autoradiography and by Western blotting with a phospho-14-3-3 binding site antibody.
(D) �6�4/14-3-3 association depends on PKC-mediated integrin phosphorylation at 14-3-3 binding sites. Serum-starved HaCat cells were
pretreated with Gö6976 (Gö) or Rottlerin (Ro) inhibitors for 30 min and then stimulated with 5 nM MSP or 100 nM TPA. Cell extracts were
coimmunoprecipitated with �4 antibodies directed against the extracellular domain. Immunocomplexes were analyzed by Western blotting
with pan-14-3-3, �4, and phospho-14-3-3 binding site antibodies.
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by Akt and of �6�4 integrin by PKC, generating 14-3-3 binding are responsible for a shift in integrin dominance,
binding sites on both proteins. Consequently, joining of hence modulating keratinocyte migration during epider-
14-3-3 molecules mediates the formation of a complex mal wound healing.
between Ron and �6�4. These findings, consistent with Wound reepithelization depends on specific chemoat-
the recognized role of 14-3-3 molecules in bridging dif- tractants that regulate integrin receptors, actin cytoskel-
ferent proteins by means of phosphorylated serine/ eton, and metalloprotease secretion (Martin, 1997;
threonine residues (Aitken, 1996; Tzivion et al., 2001), Singer and Clark, 1999). Here we show that MSP and
suggest a molecular mechanism for growth factor Ron can modulate all these events through a specific
receptor-integrin interaction, as well as an original asso- molecular mechanism involving �6�4 and 14-3-3 pro-
ciation promoted by a specific PI3K-dependent signal- teins. Moreover, we propose that MSP is a cytokine
ing pathway. involved in skin wound healing, mainly active in the early

14-3-3 binding modulates the biological functions of phase of keratinocyte reepithelization.
client proteins (Yaffe and Elia, 2001). Accordingly, we

Experimental Procedurespropose a mechanism based on serine/threonine phos-
phorylation and 14-3-3 association, which is responsible

Cell Lines and Transfectantsfor switching �6�4 function from a mechanical adhesive
HaCat and FG2 as well as primary human foreskin keratinocytes

device, associated with HDs, into a signaling compo- (Clonetics) were cultured in an appropriate medium according to
nent, associated with F-actin in membrane protrusions the manufacturer’s protocols. Immortalized PA-JEB �4 null keratino-
and lamellipodia (Dans et al., 2001; Mercurio et al., 2001). cytes were a gift of G. Meneguzzi. Pools of stably transfected HEK

and HaCat cells were obtained by lentiviral infection. LentivirusesOur data are consistent with the reports indicating that
were produced in 293T packaging cells transfected with thePKC phosphorylation of �4 induces integrin relocaliza-
pRRLsinPPTWpre.CMV vector. Transient transfections, virus pro-tion from HD to lamellipodia (Rabinovitz et al., 1999; Alt
duction, titer, and infection were performed as described (Follenzi

et al., 2001). We also show that �6�4 dissociation from and Naldini, 2002).
HD, mediated by the Ron/14-3-3 complex, correlates
with MSP-induced �4 tyrosine phosphorylation. It has Reagents and Antibodies

ECM proteins were from Sigma. Purified laminin-5 and anti-�3LM5been reported that �4 tyrosine phosphorylation by Fyn
were kindly provided by R. Burgeson. Recombinant HGF, EGF,disrupts �6�4 function at HDs (Mariotti et al., 2001).
TNF�, and MSP are from R&D Systems and were used at 5 nM.Our data are in agreement with this report, and our
Purified Ron C-terminal (Ron/C) and N-terminal (Ron/N) antibodiespreliminary observations reveal that Ron kinase is not
were described elsewhere (Gaudino et al., 1994; Wang et al., 1996a).

responsible for direct �4 phosphorylation, but that a The polyclonal phospho-Ron (S1394) antibody was generated using
Src-like kinase is possibly involved (M.M.S., unpub- the CNVRRPRPLpSEPPRPT phosphopeptide and cross-selected to
lished data). remove non-phospho-Ron-interacting species. It specifically recog-

nizes Ron serine 1394 in the phosphorylated form. Anti-pan14-3-3Here, we show that �4-mediated signaling modulates
and -� antibodies were obtained from Santa Cruz. Met and phospho-cell migration by regulating transcription. By means of
tyrosine antibodies were from UBI. EGFR antibody was a gift of Y.Ron/14-3-3 association, �4 signaling activates p38 and
Yarden. P-Akt, P-p70S6K, P-p38, P-14-3-3 binding motif, P-I�B�, and

NF-�B pathways that induce MSP and MMP gene tran- I�B� antibodies were purchased from Cell Signaling. P-Erk2 and
scription responsible for complete keratinocyte reepi- �-actin antibodies were obtained from Sigma. Antibodies against
thelization. The finding that three putative NF-�B/c-rel �2 (P1E6), �3 (P1B5), �6 (GoH3), �4 (3E1), and �2LM5 (D4B5) and

�1 (P4C10) were from Chemicon. Anti-BP180 was a generous giftbinding sites are located 713, 778, and 802 bp upstream
of Dr. G. Meneguzzi. Paxillin and vinculin antibodies were from BDof the transcription start site of the MSP human gene
Bioscience. Chemical compounds were from Sigma and ICN.(M.M.S., unpublished data) further support that MSP
PD98059 and PD169316 were used at 25 �M, wortmannin and TPA

gene is a target of NF-�B. at 100 nM, BAY11-7082 at 5 �M, LY294002 and Rottlerin at 10 �M,
Complementary roles for �6�4 and �3�1 in mediating rapamycin at 200 nM, Gö6976 at 1 �M, and mitomycin at 10 �g/ml.

keratinocyte adhesion and motility in wound healing pro-
Yeast Two-Hybrid Systemcesses have been proposed (Goldfinger et al., 1999).
A LexA-based system was used for yeast two-hybrid experimentsThe involvement of �3�1 integrin in cell migration is
according to standard procedures. LexA-Ron bait was generatedestablished, but the contribution of �6�4 to keratinocyte
subcloning an EcoRI PCR fragment in the pEG202 vector. The LexA-migration is still unclear. One possibility is that �6�4
RonS1394A baits were performed by PCR using specific primers. An

contributes by regulating �3�1 function (Nguyen et al., IMAGE clone encoding full-length human HS1 protein was used to
2000; Mercurio et al., 2001). The interference by �6�4 isolate the coding sequence of 14-3-3� proteins. Modifications of
integrin on �3�1-mediated migration on laminin-5 has the 14-3-3� construct were performed by PCR. Briefly, the 14-3-

3��N mutant was generated using the sense primer 5�-AGAATTCGbeen recently described in HaCat keratinocytes (Hinter-
GCGCCGAGCTG-3�, which deletes the first 33 amino acids (�1–33)mann et al., 2001). This “negative” control of one integrin
of the 14-3-3� protein and inserts an in-frame EcoRI site. The 14-by another integrin has been observed also in vivo and
3-3��C constructs were generated via the insertion of a stop codon

is known as “trans-dominant” inhibition (Diaz-Gonzalez and an XhoI site in the reverse primer 5�-AAACTCGAGTTAATTCAG
et al., 1996; Hodivala-Dilke et al., 1998). We show that TGTATC-3,� which deletes the last 38 amino acids (�207–245) of
quiescent keratinocyte �6�4 exerts a trans-dominant the 14-3-3� protein. Protein-protein interactions between Ron and

14-3-3 were evaluated in yeast cells by quantifying the �-galactosideeffect on �3�1 and mediates cell anchorage to BM. MSP
activity in liquid cultures using the o-nitrophenyl-�-galactopyranosidestimulation induced Ron binding to �6�4 and promoted
(ONPG) substrate. Each value represents the average of three inde-�6�4 relocation from HDs to lamellipodia. Concomi-
pendent experiments.tantly, �3�1 becomes “unlocked” and moves to focal

contacts and regulates actin-myosin-driven processes Biochemical Assays
required for cell spreading and migration (Figure 5E). Immunoprecipitation experiments were performed with lysis buffer

containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1%We propose a model where Ron activation and 14-3-3
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Figure 5. MSP Induces 14-3-3-Dependent Ron/�6�4 Association and �6�4 Displacement from HDs

(A) Ron associates selectively with �6�4 in an MSP- and 14-3-3-dependent manner. Ron, RonS1394A, and 14-3-3��C transfectants were stimulated
with MSP for 30 min and lysates were then subjected to coimmunoprecipitation experiments with �6 antibodies. In parallel, HEK cells were
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Triton X-100, 20 mM �-glycerophosphate, 10% glycerol, 0.5 mM oligonucleotides were used for amplification: 5�-CGAG GCACAGC
DTT, 10 mM NaPPi, 20 mM NaF, 1 mM sodium orthovanadate, and CCCGCCAAGA-3� and 5�-AGGGTGAGTTGCCCGGATGGCC-3� for
inhibitors of proteases. Pull-down assays were performed incubat- MSP; 5�-GCGACAAGAAGTATGGCTTC-3� and 5�-TGCCAAGGTCAA
ing 1 mg of total cell lysate with 5 �g of GST-fusion proteins for TGTCAGGA-3� for MMP2; 5�-GGTGAGGACACCAGCATGA-3� and
4 hr at 4�C. Protein complexes were collected by adding glutathione- 5�-ATCCCTGGAAAGTCTTCAGC-3� for MMP3; and 5�-GTGGGG
Sepharose beads and eluted after high stringency washes. After CGCCCCAGGCACCA-3� and 5�-TCCTTAATGTCACGCACGATTTC-3�
solubilization, proteins were separated on SDS-PAGE and analyzed for �-actin.
by Western blotting using appropriate antibodies. Plasmids coding
for the different GST-fusion proteins were prepared subcloning the Immunofluorescence Analyses
coding regions of Ron, 14-3-3, and integrins in the pGEX4T1 plasmid Cells were grown on glass coverslips and fixed in PBS (pH 7.6)
using the EcoRI/XhoI sites. Expression of GST-fused proteins was containing 3% paraformaldehyde, 4% sucrose for 5 min at room
performed as described by the manufacturer’s protocol. temperature. Cells were then permeabilized by soaking coverslips

In kinase assays recombinant active Akt, PKA, p70S6K, PKC, and for 5 min at 4�C in 20 mM HEPES-Triton buffer. Primary antibodies
CaMKII kinases were incubated at 30�C for 30 min in 30 �l of kinase were incubated for 30 min at 37�C. After rinsing in PBS-0.2% BSA,
buffer containing 50 �M unlabeled ATP, 5 �Ci [�-32P]ATP and 2 �g coverslips were incubated with the appropriate rhodamine or fluo-
of GST-fusion proteins or positive controls. Reactions were blocked rescein-tagged secondary antibodies for 30 min at 37�C. Coverslips
by addition of boiling Laemmli buffer. Proteins were separated by were mounted in Mowiol 4-88 and analyzed with a Leica confocal
SDS-PAGE and incorporation of 32P into substrates was evaluated laser scanning microscope.
by autoradiography or Western blotting with specific antibodies.
Equal amount of loaded proteins was estimated by Coomassie blue
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Figure 6. MSP-Ron Mediates Wound Healing through 14-3-3 Proteins

(A) MSP promotes wound healing in vivo. Top: wound closure kinetics in MSP-treated (�) and carrier-treated (�) wounds (means � SD).
Wound appearance at day 4 after � and  MSP treatment. The scale bar represents 1 mm. Bottom: wound healing is expressed as the
distance covered by the new epithelium from the original wound margin at 2, 5, and 8 days after wounding. *P � 0.05, **P � 0.005; n � 4
using an unpaired two-group Student’s t test.
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(B) MSP-Ron induces in vitro wound healing of human primary keratinocytes. Scrape wounds (W) were made in quiescent monolayers of HEK
cells (panels a–c), RonS1394A-transfectants (d), 14-3-3��C transfectants (e), and �4 null primary keratinocytes (f). Wounded cells were allowed
to heal in serum-free medium (a) or in the presence of MSP (b–f). In (c), the cells were also incubated with mitomycin. After 24 hr, cell
monolayers were fixed, stained, and photographed. Representative fields are indicated.
(C) MSP drives keratinocyte migration via �3�1 integrin activation. In vitro wound assays were performed in the presence of MSP and function-
inhibitory antibodies against �2 (P1E6), �3 (P1B5), and �6 (GoH3) integrins as well as �3 (BM4) or �2 (D4B5) laminin-5 subunits, as indicated.
Normal IgG antibodies were used as control. The average extent of wound closure was quantitated by multiple measurements of the width
of the wound space for each of these cases. Thirty measurements of two separate trials were made for all conditions.
(D) The Ron/14-3-3/�6�4 complex induced focal contact formation and �3�1 integrin activation. Ron (panels a, c, and e) and RonS1394A-
transfectants (b, d, and f) were wounded (dot line) and then incubated with MSP. Cells were fixed and analyzed for focal contact formation
(arrowheads) by paxillin (a and b), vinculin (c and d), and �3�1 integrin (e and f) staining and confocal microscopy analysis. The scale bar
represents 20 �m.
(E) Schematic model of Ron switching from �3�1 to �6�4 via 14-3-3 proteins. MSP stimulation and 14-3-3 proteins drive the Ron receptor to
associate with �6�4 integrin inducing HD disassembly and �3�1-dependent focal contact formation.
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Figure 7. MSP-Mediated �4 Tyrosine Phosphorylation Elicits a p38- and NF-�B-Dependent Signaling Required for Keratinocyte Migration

(A) Ron/�6�4 association modulates MSP signaling. Ron- and RonS1394A-expressing HaCat as well as HEK and PA-JEB cells were stimulated
with MSP for the indicated time. Total cell lysates were analyzed by Western blotting with phosphotyrosine antibody to evaluate the level of
�4 tyrosine phosphorylation (P-�4). Samples were also analyzed with antibodies against active Akt, p70S6K, and p38 proteins to observe
differences in Ron signaling. Afterwards, the membranes were also probed with phospho-Ron(Y1234/1235), active Erk2, and �-actin antibodies.
(B) I�B� phosphorylation and degradation are mediated by Ron/�6�4-mediated signaling. Ron, RonS1394A, and 14-3-3��C transfectants as well
as HEK and PA-JEB cells were stimulated with MSP. Total cell extracts were analyzed for I�B� phosphorylation and protein degradation
using specific phospho-I�B� and I�B� antibodies. TNF�-stimulated cells were used as control.
(C) p38- and NF-�B-dependent signaling is required for MSP-mediated keratinocyte migration. Monolayers of quiescent HEK cells were
scraped, treated with the PD169316 and BAY11-7082 inhibitors, and then stimulated with MSP. Wound closure was evaluated through 30
measurements of two separate trials.
(D) p38- and NF-�B-dependent transcriptional activity promotes MSP as well as MMP2 and MMP3 expression. Ron, RonS1394A, and 14-3-3��C
transfectants as well as HEK and PA-JEB cells were pretreated with PD169316 (PD) or BAY 11-7082 (BAY) before MSP stimulation. Total RNA
were isolated and analyzed by RT-PCR for MSP as well as MMP2 and MMP3 gene expression using specific oligonucleotides. TNF�-stimulated
cells were used as control.
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