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come   L'archive ouverte pluridisciplinaire

Epidermal regeneration after injury involves multiple cellular processes, including cell migration to resurface the wound bed, mitosis, differentiation, and restoration of stable adhesion with the underlying tissue stroma [START_REF] Woodley | Cutaneous wound healing: a model for cell-matrix interactions[END_REF][START_REF] Singer | Cutaneous wound healing[END_REF][START_REF] Gurtner | Wound repair and regeneration[END_REF][START_REF] Rousselle | Re-epithelialization of adult skin wounds: Cellular mechanisms and therapeutic strategies[END_REF]. These processes are temporally coordinated with one another and with the protective inflammatory response that occurs in response to injury, involving the orderly progression and synergism of cytokines and growth factors [START_REF] Werner | Regulation of wound healing by growth factors and cytokines[END_REF][START_REF] Wells | Skin tissue repair: Matrix microenvironmental influences[END_REF]. During the initial reepithelialization of cutaneous wounds, migrating epidermal cells forge a pathway between a fibrin clot in the wound space and a collagen-rich provisional matrix [START_REF] Clark | Wound repair. Lessons for tissue engineering[END_REF]. Keratinocytes move by polymerizing cytoskeletal actin fibres in the outgrowth and forming new adhesion complexes. One of the immediate events involves the increased expression and deposition of the ECM protein laminin (LM) isoform 332 by the leading keratinocytes [START_REF] Ryan | Cloning of the LamA3 gene encoding the alpha 3 chain of the adhesive ligand epiligrin. Expression in wound repair[END_REF][START_REF] Lampe | Cellular interaction of integrin 31 with laminin 5 promotes gap junctional communication[END_REF][START_REF] Nguyen | Deposition of laminin 5 in epidermal wounds regulates integrin signaling and adhesion[END_REF][START_REF] Aragona | Gene therapy: Transgenic stem cells replace skin[END_REF]. LMs are αβγ heterotrimeric glycoproteins that have fundamental roles in basement membrane (BM) architecture. LM-332, which is composed of α chain 3, β chain 3, and γ chain 2, has received much attention due to its influence on keratinocyte behaviour [START_REF] Rousselle | Laminin 332 processing impacts cellular behavior[END_REF]. LM-332 expression and processing is tightly regulated in human skin. Post-translational processing events convert the pro-migratory precursor LM-332 to a mature form stably integrated in the BM, firmly anchoring keratinocytes through integrins α3β1 and α6β4 [START_REF] Rousselle | Laminin 332 processing impacts cellular behavior[END_REF][START_REF] Rousselle | Extracellular matrix contribution to skin wound re-epithelialization[END_REF]. The modulation of cellular functions is mediated by five globular domains in the C-terminus of the α3 subunit (G domains) supporting integrin-(G123) or heparan sulfate proteoglycan receptor syndecan-(G45) mediated cell adhesion and migration [START_REF] Yurchenco | Integrating activities of laminins that drive basement membrane assembly and function[END_REF][START_REF] Kim | The PPFLMLLKGSTR motif in globular domain 3 of the human laminin-5 3 chain is crucial for integrin 31 binding and cell adhesion[END_REF]. Several motifs in the LM-α3 G (LG) domains are important for promoting integrin-mediated or syndecanmediated cell adhesion properties and wound re-epithelialisation [START_REF] Kim | The PPFLMLLKGSTR motif in globular domain 3 of the human laminin-5 3 chain is crucial for integrin 31 binding and cell adhesion[END_REF][START_REF] Araki | Clustering of syndecan-4 and integrin 1 by Laminin 3 chain-derived peptide promotes keratinocyte migration[END_REF][START_REF] Carulli | Cell surface proteoglycans syndecan-1 and -4 bind overlapping but distinct sites in laminin α3 LG45 protein domain[END_REF][START_REF] Rousselle | The syndecan binding sequence KKLRIKSKEK in laminin α3 LG4 domain promotes epidermal repair[END_REF][START_REF] Senyürek | Processing of laminin α chains generates peptides involved in wound healing and host defense[END_REF][START_REF] Ishihara | Laminin heparin-binding peptides bind to several growth factors and enhance diabetic wound healing[END_REF]. The LG45 domain is involved in keratinocyte migration via its interaction with syndecan-1 leading to cytoskeleton rearrangement and the formation of protrusive filopodial adhesion structures [START_REF] Okamoto | Normal human keratinocytes bind to the 3LG4/5 domain of unprocessed laminin-5 through the receptor syndecan-1[END_REF][START_REF] Bachy | Syndecan-1 interaction with the LG4/5 domain in laminin-332 is essential for keratinocyte migration[END_REF][START_REF] Sulka | Tyrosine dephosphorylation of the syndecan-1 PDZ binding domain regulates syntenin-1 recruitment[END_REF]. Upregulation of MMP-1 and -9 in keratinocytes was reported upon treatment with a recombinant LG4 domain, an event that relied on an IL-1ß autocrine loop through a MAPK pathway [START_REF] Utani | Laminin 3 LG4 module induces matrix metalloproteinase-1 through mitogenactivated protein kinase signaling[END_REF][START_REF] Momota | Laminin 3 LG4 module induces keratinocyte migration: involvement of matrix metalloproteinase-9[END_REF].

MMPs belong to a family of zinc endopeptidases; they are key effectors and regulators of tissue remodelling in vertebrates [START_REF] Woessner | MMPs and TIMPs--an historical perspective[END_REF]. In a wide range of cells including osteoclasts, macrophages, endothelial and cancer cells, MMPs are secreted in specialised adhesion structures named podosomes [START_REF] Rottiers | TGF-induced endothelial podosomes mediate basement membrane collagen degradation in arterial vessels[END_REF][START_REF] Murphy | The 'ins' and 'outs' of podosomes and invadopodia: characteristics, formation and function[END_REF]. Podosomes exhibit a polarised distribution pattern in migrating cells, being mainly localised to the front of the cell at the border between the lamellipodium and lamella. The signals that initiate podosome formation arise predominantly from the ECM and are mediated by integrins [START_REF] Linder | Podosomes: adhesion hot-spots of invasive cells[END_REF][START_REF] Gimona | Assembly and biological role of podosomes and invadopodia[END_REF]. Podosomal structures are comprised of a dense filamentous (F)-actin core containing actin-binding and regulating proteins, including polymerization activators, filament cross-linkers and nucleators, surrounded by a cortex of proteins involved in signaling, adhesion, and scaffolding, including integrins, kinases, GTPases, and adaptor proteins [START_REF] Paterson | Invadosomes are coming: new insights into function and disease relevance[END_REF]. They are intimately involved in cell motility through the secretion from their cores of MMPs, which degrade the ECM and promote motile behaviours.

In migrating keratinocytes, MMPs have been reported to digest the ECM for cells to migrate within the wound [START_REF] Nagase | Structure and function of matrix metalloproteinases and TIMPs[END_REF], yet the involvement of podosomes in this process has never been described. Among MMPs induced in keratinocytes in response to tissue injury [START_REF] Rohani | Matrix remodeling by MMPs during wound repair[END_REF][START_REF] Michopoulou | How do epidermal matrix metalloproteinases support re-epithelialization during skin healing?[END_REF][START_REF] Patel | Biomarkers for wound healing and their evaluation[END_REF], MMP-1 and MMP-9 are deposited the earliest. These MMPs are known to break down ECM components and denatured collagens of all types [START_REF] Michopoulou | How do epidermal matrix metalloproteinases support re-epithelialization during skin healing?[END_REF][START_REF] Karamanos | Matrix modeling and remodeling: a biological interplay regulating tissue homeostasis and diseases[END_REF]. MMP-9, which is not expressed by keratinocytes in physiological conditions, is induced at the front of the migrating epithelial sheet and progressively spreads distally to the migrating front [START_REF] Parks | Matrix metalloproteinases in repair[END_REF][START_REF] Legrand | Airway epithelial cell migration dynamics. MMP-9 role in cellextracellular matrix remodeling[END_REF]. Mice deficient in MMP-9 expression exhibit delayed reepithelialisation suggesting that MMP-9 is required to achieve proper wound healing [START_REF] Kyriakides | Mice that lack matrix metalloproteinase-9 display delayed wound healing associated with delayed reepithelization and disordered collagen fibrillogenesis[END_REF]. MMP-1 is exclusively expressed in basal keratinocytes at the migrating epithelial front in wounds [START_REF] Kähäri | Matrix metalloproteinases in skin[END_REF].

The type I transmembrane MMP-14 is expressed in the both dermis and epidermis [START_REF] Nagavarapu | Membrane type 1 matrix metalloproteinase regulates cellular invasiveness and survival in cutaneous epidermal cells[END_REF]42] and is highly expressed by keratinocytes in the migrating front of the regenerating epithelium, however no defects in re-epithelialisation were observed in mice lacking MMP-14 expression in the epidermis [43]. As the involvement of the precursor LM-332 in keratinocyte migration may have important consequences in vivo, we sought to understand how it is related to MMP expression in primary human keratinocytes. To that end, we took advantage of the MMP-9 related pro-migratory properties of the precursor LM-332 G45 domain to dissect the cytoskeleton-related mechanisms underlying the deposition and gelatinase activity of the enzyme in primary keratinocytes. We further investigated the involvement of syndecan-1 and CD44 in ECM proteolysis.

Results

The LM-α3 G45 domain stimulates MMP-9 expression in keratinocytes

To understand how the LM-α3 G45 domain may impact MMP-9 expression and proteolytic activity in keratinocytes, we used an in vitro model of freshly isolated normal human keratinocytes (NHK) that has proven to be relevant for the stimulation of MMP-9 expression by an LG4 short domain [START_REF] Momota | Laminin 3 LG4 module induces keratinocyte migration: involvement of matrix metalloproteinase-9[END_REF]. To explore the impact of the in vivo released full-length LG45 domain on MMP-9 expression in keratinocytes, we exposed primary cells to various concentrations of a purified and previously characterised recombinant α3LG45 protein [START_REF] Okamoto | Normal human keratinocytes bind to the 3LG4/5 domain of unprocessed laminin-5 through the receptor syndecan-1[END_REF] for 24h exposure, and then performed endpoint RT-PCR (Fig. 1A). We found that 10 μg/ml LG45 was sufficient to stimulate MMP9 gene expression, whereas MMP2 gene expression remained unchanged at all concentrations tested. As reported previously for LG4 [START_REF] Utani | Laminin 3 LG4 module induces matrix metalloproteinase-1 through mitogenactivated protein kinase signaling[END_REF], LG45 also stimulated MMP1 expression, but at higher concentrations than those observed for MMP9. To detect the gelatinase activity of MMP-2 and -9, we performed an electrophoretic analysis of keratinocyte conditioned medium in a gelatin / polyacrylamide gel (gelatin zymography). The expression profile of MMP-2 and -9, which were found mainly in their pro-form, confirmed the RT-PCR findings (Fig. 1B). Furthermore, pro-MMP-9 expression in keratinocytes increased in a dose-dependent manner in response to increased concentrations of LG45 (Fig. 1C). When we doubled the cell number in the assay, we detected a small amount of the active MMP-9 form. To ascertain the identity of this faint gelatinolytic band, we treated the sample with 4-Aminophenylmercuric acetate (APMA) (Fig. 1D). Following APMA treatment, we observed a decrease in the intensity of the pro-MMP-9 band concomitantly with an increased intensity of the lower band, demonstrating that the lower band corresponded to the activated form of pro-MMP-9. An equivalent result was obtained for the pro-MMP-2 band.

Upregulation of MMP-9 expression following LG45 treatment was confirmed using the Quantibody Human MMP Array I (RayBiotech) (Fig. 1E). Further, results of this array revealed no significant variation of MMP-2, TIMP-1 and TIMP-2 protein levels and a slight but significant upregulation of MMP-1 as initially observed by RT-PCR. These results strengthen our finding that the LM-332 released α3 G45 domain upregulates MMP-9 expression at both the transcriptional and protein levels in primary human keratinocytes.

Syndecan-1 is required for LM-332 G45 domain-and cytokine-induced MMP-9 expression.

In our previous study, we used site-directed mutagenesis of the recombinant α3LG45 protein to identify a unique domain harbouring distinct syndecan-1-and syndecan-4-specific binding sequences [START_REF] Carulli | Cell surface proteoglycans syndecan-1 and -4 bind overlapping but distinct sites in laminin α3 LG45 protein domain[END_REF]. To determine if this region is involved in activating MMP-9 expression, we tested the activity of LG45 proteins that contained mutations within this domain. More specifically, we utilized an α3LG45 protein harbouring the triple mutation K1434Q/R1436Q/K1438Q, which fails to bind syndecan-1 but binds syndecan-4, and α3LG45 proteins with either the triple R1436Q/K1438Q/K1440Q mutation or the double K1440Q/K1442Q mutation, both of which fail to bind syndecan-4 but bind syndecan-1 (Supplementary Fig. S1). We incubated keratinocytes with wild-type (wt) or mutated α3LG45 proteins, as described above, and performed endpoint RT-PCR for MMP9 and MMP2 mRNA. As expected, MMP9 mRNA expression was increased in the presence of wt α3LG45, while MMP2 expression remained unchanged (Fig. 2A). Among all of the mutants tested, only the α3LG45 mutant that failed to bind to syndecan-1 (K1434Q/R1436Q/K1438Q) failed to induce MMP9 expression, suggesting that syndecan-1, but not syndecan-4, is involved in upregulating MMP9. We then analysed the conditioned media obtained after treating NHK with the wt α3LG45 and α3LG45 mutants deficient for the interaction with syndecan-1 and -4 by SDS-PAGE gelatin zymography. Similar to the RT-PCR assay results, MMP-9 protein levels increased in the presence of LG45 proteins that fail to bind syndecan-4 but not syndecan-1 (K1434Q/R1436Q/K1438Q) (Fig. 2B). In contrast to wt α3LG45 and the α3LG45 mutant that did not bind syndecan-4, the α3LG45 mutant that did not bind syndecan-1 failed to accelerate wound closure in an in vitro keratinocyte wound closure assay (Fig. 2C).

To confirm a direct role for syndecan-1 in α3LG45-induced MMP-9 expression, syndecan-1 expression in NHK was silenced using a SDC1-targeting siRNA oligonucleotide. Flow cytometry and western blot analysis confirmed that this siRNA reduced SDC1 expression after transfection into NHK (Fig. 3A). SDC1 siRNA-transfected NHK failed to upregulate MMP-9 expression upon

LG45 stimulation (Fig. 3B), reinforcing the notion that syndecan-1 is involved in MMP9 upregulation. To examine whether the syndecan-1-mediated activation of MMP-9 was specific to α3LG45, we tested the effect of cytokines TNFα and IL-1ß, both of which induce MMP-9 expression in keratinocytes. [44,45]. As expected, TNFα and IL-1ß increased MMP-9 protein expression in keratinocytes. However, this response was reduced in the context of the SDC1 knockdown (Fig. 3 C). We confirmed these results at the transcriptional level by endpoint RT-PCR (Fig. 3D). By contrast, LG45, TNFα and IL1ß treatment had no significant impact on MMP14 mRNA levels under these experimental conditions, independent of syndecan-1 expression. Taken together, these findings suggest that syndecan-1 is involved in regulating MMP-9 expression not only in response to the LM-332 G45 domain, but also in response to TNFα and IL-1ß, but it had no effect on MMP14 gene expression in the conditions tested.

Human primary keratinocytes degrade gelatin with MMP-9 and MMP-14 in vitro.

To visualise and quantify the functional MMP-9 proteolytic activity directly in the context of cultured NHKs, we performed in situ gelatin zymography. Keratinocytes were plated on fluorescent CY3-gelatin under the conditions described above, and gelatin degradation areas were visualised by confocal microscopy as black dots underneath cells (Fig. 4A). Since keratinocytes adhere and organise their cytoskeleton on this substrate, concomitant actin staining was used to identify cell outlines. In addition to regular stress fibres, we often observed bright phalloidin staining in the centres of the gelatin-digested dots indicating that actin bundling may participate in their formation. Upon quantification of the digested black zones, we calculated a mean of 12 dots /cell, and means of 22 and 25 dots in keratinocytes treated with LG45 and IL-1ß, respectively (Fig. 4A). A mean size around 0.8 μm 2 / dots remained equivalent in each condition. As cultured primary keratinocytes display heterogeneity in size, the evaluation of the % digested area / cell appeared most appropriate. A proliferation assay showed that neither LG45 nor IL-1ß induced keratinocyte proliferation (Supplementary Fig. S2). Experiments performed with keratinocytes from a different donor produced similar results both in terms of digested dots number/cell or % digested area / cell enhancement upon LG45 or IL1ß treatment (Supplementary Fig. S3A). Gelatin-digested dots were already detected after 6 h and gradually increased both in number and size after 24 and 48 h (Supplementary Fig. S3B). The number of dots slightly varied from an experiment to another but was especially high in this particular experiment. We found that gelatin digestion was also enhanced when LG45 was mixed with gelatin and co-immobilised on the support (Fig. 4B); this finding suggests that the LM G45 domain can act either as a soluble fragment or when incorporated into the ECM.

To verify that MMP-9 is involved in the gelatin digestion, we knocked it down with siRNA (Supplementary Fig. S4A,B, Fig. 4C). MMP9 knock-down decreased the capacity of NHKs to digest gelatin, even when LG45 was added to the cells (Fig. 4C). Occasionally, spots of MMP-9 could be immuno-detected in the gelatin holes (Supplementary Fig. S4C).

The use of an MMP-9 inhibitor also reduced the capacity of cells to produce gelatin digested dots, both in number and size (Supplementary Fig. S5A,B). As expected, this MMP-9 inhibitor inhibited NHK migration in a wound closure assay (Supplementary Fig. S5C).

Taken together, these data show that in a manner comparable to IL-1ß, the LM-332 G45 domain induces expression of the MMP-9 pro-enzyme, which is further activated to exert its proteolytic activity within well-delineated actin containing structures. This event occurs no matter how the

LG45 protein is provided to the cells, soluble or immobilized. As MMP-14 is highly expressed in the migrating tongue of wounding epidermis in mice [43], we evaluated its potential implication in this model. To that end, we knocked-down MMP14 in primary keratinocytes (Supplementary Fig. S6A). MMP-14 depletion markedly reduced the capacity of NHKs to form gelatin-digested dots (Fig. 4D, Supplementary Fig. S6B), showing its co-involvement in this process. We verified the absence of non-specific cross-inhibition of the MMP9 and MMP14 siRNAs using endpoint PCR and ascertained the specificity of the siRNAs used here (Supplementary Fig. S6C). We further revealed that the biological MMP-9 inhibitor TIMP-1 inhibited gelatin digestion, whether keratinocytes were treated or not with LG45. Treating cells with the biological inhibitor TIMP-2, that inhibits both MMP-14 and -9 produced similar results (Fig. 4E, Supplementary Fig. S7).

Altogether, these results show that MMP-9 and MMP-14 are involved in gelatin digestion by primary human keratinocytes at nearly similar levels and that their gelatinolytic activity seems to be directly or indirectly interdependent.

The LM-α3 332 LG45 domain merges syndecan-1 and CD44 in epithelial podosomes.

To better understand how MMP breaks down the ECM during the keratinocyte migration step of wound re-epithelialisation and how syndecan-1 may impact this process, we visualized syndecan-1 expression on the in situ gelatin zymographs of keratinocytes by confocal microscopy (Fig. 5A).

Because gelatin-digested dots were spontaneously generated by NHK, we did not expose the cells to any treatment in this series of experiments. We detected syndecan-1 staining not only at cell-cell junctions as expected, but also as bright 0.8 µm-diameter rings surrounding the actin core localised within the digested dots (Fig. 5A, Supplementary Fig. S8A). The positive cortactin staining in the centre of the digested areas surrounded by syndecan-1 (Fig. 5B) suggests that these structures may be epithelial podosomes. Transversal and lateral images of the cell/gelatin interface reveal that syndecan-1 and cortactin were localised around and in the centre of the gelatin gaps, respectively. Knocking down SDC1 in keratinocytes significantly reduced the % digested area/cell (Fig. 5C, left upper panel), and the surface of residual digested dots were significantly decreased in size: dots in SDC1 siRNA-transfected keratinocytes were 0.44 µm 2 , and dots in control cells were 0.8 µm 2 (Fig. 5C, left lower panel). These results suggest that syndecan-1 participates in the formation and proteolytic activity of keratinocyte-podosome-like structures.

To determine whether the syndecan-1-associated structures were podosomes, we stained the keratinocytes in the gelatin degradation assay with antibodies against known protein components of this adhesive structure (Fig. 6), including the actin regulatory proteins Arp2/3, VASP, -actinin, WASP, and vinculin [START_REF] Murphy | The 'ins' and 'outs' of podosomes and invadopodia: characteristics, formation and function[END_REF]. All proteins were found in their appropriate location confirming that epidermal keratinocytes are able to generate podosomes.

Seeing that precursor LM-332 is a major component in the ECM of migrating keratinocytes during wound re-epithelialisation and because its LG45 domain is known to interact with syndecan-1, we analysed its expression in the in situ gelatin zymographs of keratinocytes. Immunostaining of the LM-332 with an anti-ß3 subunit antibody revealed a large and intense positive ring surrounding the cortactin positive podosome core (Fig. 7A). Staining the LG45 domain produced a similar pattern, suggesting that precursor LM-332 is present in this area (Fig. 7B). Interestingly, we visualised syndecan-1 staining as a ring juxtaposed between the LM-332 staining and the podosome core (Fig. 7B).

Since integrins are important cell adhesion molecules in podosomes, we examined the expression of the LM-332 binding integrins  and  Of the two integrins tested, we could visualise only the  integrin subunit, in a ring that matched the LM-332 staining (Fig. 7C,D), suggesting that the  integrin may bind LM-332 in this area. Close observation of the syndecan-1 staining revealed unrefined syndecan-1 rings or patches in places where gelatin was not yet digested (Supplementary Fig. S8B), suggesting that they represent podosome initiation sites.

Of major interest in this study is the cell surface glycoprotein CD44 [46], highly expressed by epidermal keratinocytes [47] and known as a hyaluronan receptor [48]. CD44 is a podosome component in osteoclasts [START_REF] Chabadel | CD44 and β3 integrin organize two functionally distinct actin-based domains in osteoclasts[END_REF], shown to be an important partner of MMP-9 playing a role in its anchorage to the membrane and preservation of its proteolytic activity [START_REF] Yu | Localization of matrix metalloproteinase 9 to the cell surface provides a mechanism for CD44-mediated tumor invasion[END_REF][START_REF] Yu | Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-β and promotes tumor invasion and angiogenesis[END_REF]. CD44 is also a molecular partner of MMP-14, playing a role in its translocation to the front of migrating cells [START_REF] Mori | CD44 directs membrane-type 1 matrix metalloproteinase to lamellipodia by associating with its hemopexin-like domain[END_REF].

Moreover, MMP-14 has been clearly characterized as a CD44 shedding enzyme with migrationpromoting activity [START_REF] Kajita | Membranetype 1 matrix metalloproteinase cleaves CD44 and promotes cell migration[END_REF] and MMP-14 being localized on the membrane may function in the activation of pro-MMP9. We found CD44 in the ring of keratinocyte podosomes colocalized with syndecan-1 (Fig. 7E). To analyse whether CD44 may be associated to the LG45 / syndecan-1 molecular pathway, we performed a LG45 /syndecan-1 pull-down assay using keratinocyte lysates as previously described (Fig. 7F; [START_REF] Okamoto | Normal human keratinocytes bind to the 3LG4/5 domain of unprocessed laminin-5 through the receptor syndecan-1[END_REF]). As expected, syndecan-1 was found (Fig. 7Fa).

Additionally, CD44 was clearly identified in the pull-down fraction (Fig. 7Fb). To verify whether syndecan-1 is responsible for CD44 recruitment, we repeated the experiment using SDC1 knockeddown keratinocytes (Fig. 7G). We found that depletion of syndecan-1 in the cells (Fig. 7Ga) did not impact the amount of CD44 collected by the LG45-covered beads (Fig. 7Gb) suggesting that syndecan-1 is not responsible for CD44 recruitment. To further verify this hypothesis, the experiment was repeated with A375 cells, a melanoma cell line not expressing syndecan-1, and with A375 cells in which we previously expressed a functional human syndecan-1 (A375-syn1 cells) [START_REF] Sulka | Tyrosine dephosphorylation of the syndecan-1 PDZ binding domain regulates syntenin-1 recruitment[END_REF] (Fig. 7H). While syndecan-1 was found only in the pull-down from A375-syn1 cells (Fig. 7Ha), the molecular form of CD44 expressed in A375 cells was found in both A375 cell pulldowns. This result shows that the LG45 protein itself may be responsible for the recruitment of CD44 (Fig. 7Hb).

Gelatin is a denatured collagen substrate very useful to study the gelatinase activity of MMP-2 and -9; however, the major substrate that keratinocytes encounter in vivo is a collagen I-rich matrix [START_REF] Rousselle | Extracellular matrix contribution to skin wound re-epithelialization[END_REF]. We therefore verified whether keratinocytes form podosomes when seeded on native collagen I (Supplementary Fig. S9). We found rings of syndecan-1 that had a similar size as those described when keratinocytes were plated on gelatin (Supplementary Fig. S9A,B). Similarly, theses syndecan-1 rings were found intercalated between a large precursor LM-332 circle and an actin/cortactin positive core (Supplementary Fig. S6A); and the precursor LM-332 circle immunostaining co-localised with that of the  integrin suggesting that the  integrin binds precursor LM-332 in this area (Supplementary Fig. S9B).

Together, our results show that primary human keratinocytes form epithelial podosomes when plated on gelatin and collagen I. Our gelatin zymography experiments revealed their proteolytic activity, suggesting that ECM cleavage may occur within these structures during keratinocyte migration. Finally, we report for the first time that podosomes express syndecan-1 in their cortex.

Discussion

LM-332 is thought to regulate distinct biological cellular signals according to the level of processing of its α3 chain [START_REF] Rousselle | Laminin 332 processing impacts cellular behavior[END_REF]. LM-332 lacking the LG45 domain induces stable adhesion of keratinocytes through hemidesmosome, whereas precursor LM-332 is found in migratory situations [START_REF] Nguyen | Deposition of laminin 5 in epidermal wounds regulates integrin signaling and adhesion[END_REF][START_REF] Rousselle | Kalinin is more efficient than laminin in promoting adhesion of primary keratinocytes and some other epithelial cells and has a different requirement for integrin receptors[END_REF][START_REF] Frank | Laminin 5 deposition regulates keratinocyte polarization and persistent migration[END_REF][START_REF] Hintermann | Epithelial cell motility on laminin-5: regulation by matrix assembly, proteolysis, integrins and erbB receptors[END_REF]. In the present study, we used PCR and gelatin zymography to confirm that a recombinant human α3LG45 domain, known to induce keratinocyte migration [START_REF] Rousselle | The syndecan binding sequence KKLRIKSKEK in laminin α3 LG4 domain promotes epidermal repair[END_REF][START_REF] Momota | Laminin 3 LG4 module induces keratinocyte migration: involvement of matrix metalloproteinase-9[END_REF], upregulates MMP-9 expression at both the transcriptional and protein levels. Our findings support the hypothesis that LG45 released from LM-332 contributes to the so-called "activated" phenotype of keratinocytes localised in the migrating tongue during wound re-epithelialisation [START_REF] Rousselle | Re-epithelialization of adult skin wounds: Cellular mechanisms and therapeutic strategies[END_REF].

Consistently, Ras/IkBα -transformed keratinocytes expressing a LM-332 that lacks the LG45 domain are deficient in MMP-9 and MMP-1 expression [START_REF] Tran | Targeting a tumor-specific laminin domain critical for human carcinogenesis[END_REF]. This deficiency was reversed by reexpressing LG45, reinforcing the assumption of its involvement in regulating MMP expression [START_REF] Tran | Targeting a tumor-specific laminin domain critical for human carcinogenesis[END_REF]. The basal expression of MMP-14 by keratinocytes [START_REF] Nagavarapu | Membrane type 1 matrix metalloproteinase regulates cellular invasiveness and survival in cutaneous epidermal cells[END_REF]43] was not affected by LG45 treatment nor by any of the tested cytokines in this study. Additional studies would be needed to analyse MMP-14 upregulation in wounding keratinocytes and decipher mechanisms underlying the previously reported LM-332 induced MMP-14 upregulation in other cells [START_REF] Vivinus-Nebot | Mature human thymocytes migrate on laminin-5 with activation of metalloproteinase-14 and cleavage of CD44[END_REF][START_REF] Rousselle | Laminin 332 in cancer: When the extracellular matrix turns signals from cell anchorage to cell movement[END_REF].

A previous study has shown that an MMP-9 activation upon LG4 subdomain treatment depends on an IL-1ß autocrine loop through a MAPK pathway [START_REF] Momota | Laminin 3 LG4 module induces keratinocyte migration: involvement of matrix metalloproteinase-9[END_REF], a phenomenon described for other ECM fragments [START_REF] Bantsimba-Malanda | Chondrocalcin is internalized by chondrocytes and triggers cartilage destruction via an interleukin-1β-dependent pathway[END_REF]. When investigating the mechanism of MMP-9 up-regulation, we found that LG45 upregulates MMP-9 through its major heparin binding domain, which harbours distinctive syndecan-1 and syndecan-4 binding sites [START_REF] Carulli | Cell surface proteoglycans syndecan-1 and -4 bind overlapping but distinct sites in laminin α3 LG45 protein domain[END_REF]. Using a mutated LG45 protein deficient in binding syndecan-1, we could abolish the keratinocyte response leading to MMP-9 expression.

We confirmed the role of syndecan-1 by siRNA, demonstrating that LG45 triggers MMP-9 responses in a syndecan-1-dependent manner. The known induction of MMP-9 expression in keratinocytes by the cytokines TNFα and IL-1ß was also abrogated when syndecan-1 expression was reduced, suggesting that it is involved in regulating MMP-9 expression in a broader context.

The involvement of syndecan-1 is of particular relevance to keratinocyte migration as it is strongly induced in wound edge keratinocytes during wound healing [START_REF] Elenius | Induced expression of syndecan in healing wounds[END_REF][START_REF] Oksala | Expression of proteoglycans and hyaluronan during wound healing[END_REF] and because syndecan-1deficient mice exhibit defective keratinocyte migration during wound healing [START_REF] Stepp | Defects in keratinocyte activation during wound healing in the syndecan-1-deficient mouse[END_REF].

Our data obtained with primary keratinocytes revealed that MMP-9 exerts its proteolytic activity within epithelial podosomes upon MMP-14 expression. We further discovered that syndecan-1 is a component of epithelial podosome rings. Syndecan-1 knockdown in keratinocytes resulted in the depletion of the number and size of the podosomes, revealing its requirement for their assembly and subsequent MMP-9 proteolytic activity. The ring proteins likely form regulatory complexes that link integrins to actin and actin-associated molecules of the core [START_REF] Linder | Podosomes at a glance[END_REF]. Although most of the podosome ring components are also found in focal adhesions and other cell-matrix contacts, syndecan-1 has not been previously physically found in any matrix contact. This matter deserves particular attention in future studies because syndecan-1 seems to regulate adhesion processes. A role in focal adhesion formation and disassembly in migrating epithelial cells has been proposed [START_REF] Altemeier | Syndecan-1 controls cell migration by activating Rap1 to regulate focal adhesion disassembly[END_REF] and a role in regulating cytoskeletal and focal adhesion component expression was revealed in breast cancer cells [START_REF] Ibrahim | Targeting of syndecan-1 by microRNA miR-10b promotes breast cancer cell motility and invasiveness via a Rho-GTPase-and E-cadherin-dependent mechanism[END_REF]. Precursor laminin 332 may direct assembly and signalling of specific adhesome components through syndecan-1 recruitment [START_REF] Randles | Basement membrane ligands initiate distinct signalling networks to direct cell shape[END_REF]. Syndecan-1 may have many different functions in podosome biology, including: association with cytoskeletal proteins [START_REF] Stepp | Syndecan-1 and its expanding list of contacts[END_REF]; recruitment of regulatory proteins, such as kinases, integrins and RhoGTPases [START_REF] Roper | Syndecan and integrin interactomes: large complexes in small spaces[END_REF]; control of cell surface dynamics via syntenin and PIP2 interactions [START_REF] Hoshino | Signaling inputs to invadopodia and podosomes[END_REF]; and cooperation with integrins to regulate cell adhesion, spreading and invasion [START_REF] Afratis | Syndecans-key regulators of cell signaling and biological functions[END_REF].

Skin wounding causes relocalization of the LM-332 binding integrin  from hemidesmosomes to lamellipodia of invading keratinocytes in response to growth factors [START_REF] Santoro | The MSP receptor regulates α6β4 and α3β1 integrins via 14-3-3 proteins in keratinocyte migration[END_REF]. In contrast to its stabilizing role in the epidermis, the phosphorylation of the  cytoplasmic domain causes hemidesmosome disassembly and activation of  signaling. It is of particular relevance to the present study that syndecan-1 has the ability to interact with  integrins through its cytoplasmic tail to form a tripartite complex with ErbB2 [START_REF] Wang | Cytoplasmic domain interactions of syndecan-1 and syndecan-4 with α6β4 integrin mediate human epidermal growth factor receptor (HER1 and HER2)-dependent motility and survival[END_REF]. These results indicate that syndecan-1 allows  to be phosphorylated after it clusters, leading to phosphatidylinositol 3-kinasedependent cell spreading and Akt-dependent protection from apoptosis. Studies have shown that signalling by the  integrin in migrating keratinocytes and tumour cells is largely driven in response to phosphorylation of its cytoplasmic domain, which promotes hemidesmosome destabilisation and cell migration [START_REF] Germain | Phosphorylation of a novel site on the 4 integrin at the trailing edge of migrating cells promotes hemidesmosome disassembly[END_REF]. Therefore, it is conceivable that the LG45 domain of pre-LM-332 recruits syndecan-1 and allows its interaction with the  integrin. A role of syndecan-1 in the formation of podosomes to promote MMP release would concomitantly facilitate adhesion disruption and hemidesmosome disassembly. Corneal and cutaneous wound healing studies performed using syndecan-1-null mice have shown delayed re-epithelialisation caused by altered keratinocyte migration due to enhanced  integrin adhesive activity [START_REF] Stepp | Defects in keratinocyte activation during wound healing in the syndecan-1-deficient mouse[END_REF][START_REF] Stepp | Reduced migration, altered matrix and enhanced TGF1 signaling are signatures of mouse keratinocytes lacking Sdc1[END_REF], strongly supporting our hypothesis. Another mechanism of  integrin mediated adhesion destabilisation was proposed in a study showing that the  integrin ectodomain associates with, and is cleaved by MMP-9 in a mouse model of corneal erosion [START_REF] Pal-Ghosh | MMP9 cleavage of the β4 integrin ectodomain leads to recurrent epithelial erosions in mice[END_REF]. Of major importance are our finding showing that, in addition to syndecan-1, the LM-332 G45 domain binds the cell surface glycoprotein CD44, highly expressed by epidermal keratinocytes [47]. CD44 is a molecular partner of MMP-9 and MMP-14, playing a role in MMP-9 anchorage to the membrane and preservation of its proteolytic activity [START_REF] Yu | Localization of matrix metalloproteinase 9 to the cell surface provides a mechanism for CD44-mediated tumor invasion[END_REF][START_REF] Yu | Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-β and promotes tumor invasion and angiogenesis[END_REF] and in MMP-14 migration-promoting activity [START_REF] Kajita | Membranetype 1 matrix metalloproteinase cleaves CD44 and promotes cell migration[END_REF]. It is therefore conceivable that the LM-332 G45 domain may recruit and bring together syndecan-1 and CD44 in epithelial podosomes. Our MMP-9 and -14 inhibition and down regulation experiments suggest that, as seen in osteoclast podosomes [START_REF] Chellaiah | Membrane Localization of Membrane Type 1 Matrix Metalloproteinase by CD44 Regulates the Activation of Pro-Matrix Metalloproteinase 9 in Osteoclasts[END_REF], MMP-14 may be an upstream regulator of pro-MMP-9 during epidermal repair. It is also conceivable that MMP-14 may play a role in the activation of pro-MMP-9 bound to CD44, because MT1-MMP-activated MMP-2 and MMP-13, also expressed by keratinocytes, can activate pro-MMP-9 [START_REF] Murphy | Mechanisms for pro matrix metalloproteinase activation[END_REF].

While our study reveals that both syndecan-1 and CD44 are localised in the podosome ring, it does not show whether syndecan-1 is intact at the cell membrane. Our immunolabeling experiments stained the extracellular part of syndecan-1, but we cannot rule out the possibility that this ectodomain portion is shed and dissociated from the cell membrane, especially as MMP-9 and MMP-14 are known to cleave the syndecan-1 ectodomain [START_REF] Manon-Jensen | Mapping of matrix metalloproteinase cleavage sites on syndecan-1 and syndecan-4 ectodomains[END_REF][START_REF] Regős | Syndecan-1 inhibits early stages of liver fibrogenesis by interfering with TGFβ1 action and upregulating MMP14[END_REF]. Syndecan-1 ectodomain is found in wound fluids where it can modulate growth factor and protease activities [START_REF] Elenius | Inhibition by the soluble syndecan-1 ectodomains delays wound repair in mice overexpressing syndecan-1[END_REF]. Our future experiments with keratinocytes expressing syndecan-1 tagged with GFP in its cytoplasmic tail should clarify this matter. The presence of syndecan-1 rings over intact gelatin supports that syndecan-1 may be a podosome initiator, therefore a deeper understanding is now needed of how syndecan-1 drives their formation. Our previous work revealed that syndecan-1 binding to the 3LG45 domain supports the formation of filopodia by activating Rac1 and Cdc42 [START_REF] Bachy | Syndecan-1 interaction with the LG4/5 domain in laminin-332 is essential for keratinocyte migration[END_REF][START_REF] Sulka | Tyrosine dephosphorylation of the syndecan-1 PDZ binding domain regulates syntenin-1 recruitment[END_REF] and MMP-9 was found in keratinocyte filopodia [START_REF] Thomas | v6 integrin upregulates matrix metalloproteinase 9 and promotes migration of normal oral keratinocytes[END_REF]. Therefore, these syndecan-1-expressing filopodial structures may possibly precede podosome formation.

Our findings regarding the expression of integrin  surrounding an actin/cortactin core are consistent with a previous report [START_REF] Spinardi | A dynamic podosome-like structure of epithelial cells[END_REF] describing adhesion structures resembling podosomes in epithelial rat bladder carcinoma cells, albeit devoid of proteolytic activity. Our study reveals that in primary human keratinocytes, a cortex composed of precursor LM-332 colocalizing with the  integrin surrounds the podosome actin/cortactin core in which ECM proteolysis takes place.

That precursor LM-332 G45 domain colocalizes with the  integrin in keratinocytes adhesion structures was seen previously [START_REF] Tran | Targeting a tumor-specific laminin domain critical for human carcinogenesis[END_REF][START_REF] Sigle | Globular domains 4/5 of the laminin 3 chain mediate deposition of precursor laminin 5[END_REF], but podosomes were not evoked. Our study suggests that G45 in deposited precursor LM-332 or cleaved off from the protein may regulate MMP-9 and MMP-14 activities within the podosome core, lessening adhesion structures and favouring migration.

Taken together, our data provide important new information about MMP-9 and MMP-14 activities in keratinocytes and how both are connected to the precursor LM-332 G45 domains through the receptors syndecan-1 and CD44. Our study brings insight into understanding how keratinocytes remodel ECM and modify their adhesion structures. It is the first to show that syndecan-1 is a component of podosomes formed by keratinocytes, impacting their formation and proteolytic activity. These findings open tremendous perspectives because syndecan-1 has never been visualized in any cell/ECM adhesion structure before, thus generating new avenues of research to analyse its function. Finally, it brings new knowledge on the impact of the precursor LM-332 G45 domain on MMP-9 and MMP-14 activities through the recruitment of CD44, an outcome that will have an impact beyond the wound healing field.

Methods

Cells, antibodies, and proteins

NHK cell cultures were established from foreskin specimens according to previously published procedures [START_REF] Bachy | Syndecan-1 interaction with the LG4/5 domain in laminin-332 is essential for keratinocyte migration[END_REF] and grown in supplemented keratinocyte growth medium containing 0.15 mM CaCl2 (KBM-2 BulletKit, Lonza Biosciences, Basel, Switzerland). The mAb Mi15 against Proliferation assays were performed using a Cell Proliferation Kit XTT, according to the manufacturer's protocol (Roche Diagnostics, Meylan, France).

siRNA experiments

For human syndecan-1 (accession number NM_002997) knock-down experiments, siRNA ( 1214 GGAGGAAUUCUAUGCCUGA) was synthesised (Proligo, Sigma-Aldrich). For human MMP-9 and MMP-14 knock-down experiments, specific siRNAs were used (MMP-9 siRNAs, Santa-Cruz Biotechnology and MMP-14 siRNAs, Horizon Discovery, Cambridge, Royaume-Uni).

Cell transfection was performed using Lipofectamine 3000 (Invitrogen, Cergy Pontoise, France) with 100 nM duplex siRNA according to the manufacturer's recommendations. In all experiments, cells were analysed 48 h after transfection, and viability was assessed by flow cytometry analysis using the anti-syndecan-1 Mi15 mAb. A firefly luciferase GL2 sequence (CGUACGCGGAAUACUUCGA) was used as a negative control (100 nM) and resulted in no reduction of syndecan-1 or MMP expression.

MMP and TIMP detections in conditioned media

MMP-1, -2 and -9, as well as TIMP-1 and -2 protein quantification in 100 µl conditioned media from untreated and LG45-treated keratinocytes was performed using Quantibody Human MMP Array I as recommended by the manufacturer (Raybiotech, CliniSciences, Nanterre, France).

Gelatin zymography and western blot analysis

Conditioned media (40 µl) or 40 µg of cell lysate were loaded on an 8% SDS-polyacrylamide gel containing 0.8 mg/ml gelatin (BioRad Co., Ltd.). The gel was run in Tris/glycine buffer and then incubated in a 2.5% Triton X-100 solution for 40 min to remove SDS. To detect MMP-9 activity, the gel was incubated in reaction buffer containing 50 M Tris-HCl, 0.15 M NaCl, and 10 mM CaCl2 (pH 7.8) overnight at 37°C. The gelatinolytic activity was visualised by staining gels in PageBlue Protein Solution (Thermo Fisher Scientific). The results were analysed using ImageJ software. MMP-9 was activated with 2 mM APMA in 0.1 N NaOH at 37°C for 1 h prior to SDS-PAGE analysis. For western blot analysis of MMP-9, rabbit pAb 444236 (Merck Millipore) and mAb MMP14 EP1264Y (Abcam) were used. The anti-actin pAb was purchased from Sigma.

Pull-down assay

For lysate preparation, cells were lysed in 25 mM Tris-HCl, 0.1 M NaCl, 1% NP-40, pH 7.5. The lysate protein concentration was determined by a microprotein assay using bicinchoninic acid (BCA; Pierce, Life Technologies, Thermo Fisher Scientific, Courtaboeuf cedex Villebon, France).

For syndecan-1 pull down assays, recombinant LG45 was covalently conjugated to CNBr-activated Sepharose 4B (Amersham Biosciences) at 1 mg of protein/ml of resin as described previously [START_REF] Okamoto | Normal human keratinocytes bind to the 3LG4/5 domain of unprocessed laminin-5 through the receptor syndecan-1[END_REF].

Nude or LG45-beads were incubated with cell lysates (500 µg) and washed with lysis buffer. Beads were finally transferred in digestion buffer (20 mM sodium acetate containing 5 mM CaCl2, pH 7.0) and incubated with 8 milliunits/ml heparitinase I and 50 milliunits/ml chondroitinase ABC for 2 h at 25 °C. The samples were then prepared and subjected to electrophoretic migration.

RT-PCR analysis

Total RNA was extracted from 50,000-100,000 cultured NHK cells using the RNeasy Plus Mini Kit (Qiagen, Courtaboeuf, France) according to the manufacturer's instructions. The RNA concentration for each sample was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Total RNA (1 g) was subjected to first strand cDNA synthesis using Expand Reverse Transcriptase (Roche Diagnostics) in the presence of an Oligo (dT)15 primer (Promega, Charbonnières-les-Bains, France). Reverse transcription was performed for 55 min at 42°C. The cDNA products were amplified using the FastStart Taq DNA Polymerase (Roche Diagnostics) in the presence of the following primers: MMP1-F, 5'-CATCCAAGCCATATATGGACG; MMP1-R, 5'-GCAGTTGAACCAGCTATTAGC; MMP2-F, 5'-GGTTCATTTGGCGGACTGTG; MMP2-R, 5'-TGCTTCCAAACTTCACGCTC; MMP9-F, 5' AAGCTGGACTCGGTCTTTGAG; MMP9-R, 5'-CACTGCAGGATGTCATAGGTC; GAPDH-F, 5'-CCCATCACCATCTTCCAG; GAPDH-R, 5'-CCTGCTTCACCACCTTCT; MMP14-F, 5'-CCCAACATCTGTGACGGGAA; MMP14-R, 5'-GTACTCGCTATCCACTGCCC. Reactions were carried out in a Biometra Tprofessional Standard Thermocycler (Labgene, Archamps, France). PCR reaction products were then visualised by agarose gel electrophoresis, followed by staining with SYBR Safe (1:20,000) (Life Technologies). Gels were scanned using a STORM imaging system (Molecular Dynamics, Sunnyvale, CA), and the resulting images were analysed using ImageQuant software (Molecular Dynamics).

In vitro wound closure assay experiments

NHK cells were seeded in KBM-2 at 12 × 10 3 cells in each compartment of a 2-well culture insert, leaving a cell-free gap between them (Ibidi, Cliniscience). The culture insert was previously positioned in a 24-well culture plate coated with collagen I (Symatèse, Chaponost, France). After incubation for 2 h at 37°C in a humidified atmosphere, the inserts were removed and the wells were incubated at 37°C in KBM-2 without supplements in the absence or presence of the indicated proteins or inhibitors. CAS1177749 (MMP-9 inhibitor) was used at concentrations from 600 nM to 1 µM. Equivalent amounts of buffer were used in the control wells. After 48 h, the wells were washed with PBS, fixed with 2% paraformaldehyde in PBS for 20 min, and stained with 0.1% crystal violet. After washing and drying, images of the well were captured with a Camera Fusion FX (Vilber Lourmat, Marne La Vallée, France). Non-cellularised surfaces were quantified using Adobe Photoshop CS3 Extended (version 10.0) software, and the wounded areas are presented as a percentage of the initial gap surface. Data are expressed as the means ± SD of at least six experiments. Alternatively, experiments were carried out on glass coverslips, and the slides were processed for immunofluorescence experiments as described above, except that the cells were permeabilised with 0.1% Triton X-100 for 10 min and the blocking agent was PBS 1% BSA.

In situ zymography and immunofluorescence studies

In situ zymography was performed according to the Gelatin Invadopodia assay (Merck Millipore).

After immobilisation of CY3-labelled gelatin on glass coverslips, 3 x 10 4 cells were plated in KBM-2 for 2 h. The medium was changed for KBM-2 deprived of supplements, and the cells were treated with LG45, cytokines, and/or inhibitors at the indicated concentrations. After 24 to 48 h at 37°C, the cells were fixed with 4% paraformaldehyde in PBS for 20 min and incubated with 0.25% Triton plus 2% foetal calf serum (FCS) in PBS for 30 min. Primary antibodies were diluted in PBS containing 1% BSA and incubated for 60 min. FITC-conjugated and/or Alexa Fluor 546 antibodies were applied, either alone or together with fluorescein isothiocyanate (Sigma) or phalloidin Alexa 647 (Abcam) for 60 min. The coverslips were washed three times for 5 min in wash buffer and mounted with Prolong Gold antifade reagent containing DAPI (Molecular Probe, Invitrogen). Cells were observed by laser scanning confocal microscopy (Zeiss LSM 800). For syndecan-1, 0.8 mm optical slides were selected at the cell-matrix interface.

For labeling of cell surface MMP-9, cells were incubated on ice for 30 min with anti-MMP-9 (clone 9D4.2) in PBS containing 10% FCS before fixation and further processed as described above.

Statistical analysis

42. Govindaraju, P., Todd, L., Shetye, S., Monslow, J., & Puré E. (2019) CD44-dependent inflammation, fibrogenesis, and collagenolysis regulates extracellular matrix remodeling and tensile strength during cutaneous wound healing. Matrix Biol. 75-76, 314-330. 43. Zigrino, P., Ayachi, O., Schild, A., Kaltenberg, J., Zamek, J., Nischt, R., Koch 
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  Effect of MMP-9 inhibitor on MMP-9 activity and keratinocyte wound closure. (A) Measure of digestion area and dot sizes (µm 2 ) in primary keratinocytes treated or not treated with α3LG45 (10 µg/ml), in the presence of CAS1177749 (MMP-9 inhibitor) at 600 nM. Each scatter plot includes measures in one experiment in triplicate. **p<0.001, ***p<0.0002, ****p<0.0001, vs. control, Student's t-test. (B) Merged images of CY3-labelled gelatin (red) and actin revealed by phalloidin-FITC (green) are shown as indicated. (C) NHK cells were plated in 2-well culture inserts, leaving a cell-free gap between them. Inserts were removed and the surfaces incubated in KBM-2 at 37°C in the absence or presence of CAS1177749 (MMP-9 inhibitor) at the indicated concentrations. The gap closure was monitored over a period of 48 h and expressed as a percentage of the initial wound surface. Data are expressed as mean ± SD and each assay point includes 6 experiments. ***p<0.0002 vs. control with DMSO, Student's t-test. Scale bars = 10 µm.
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The authors declare that they have no competing interests. on immobilised pre-mixed gelatin and LG45 (0, 5 or 10 µg/ml) for 48 hours, fixed, and stained with phalloidin-FITC (left panels). Digested areas were quantified and expressed as % digested areas / cell (right panel). Each scatter plot includes measures from [START_REF] Gurtner | Wound repair and regeneration[END_REF] LG45 IL1ß

Proliferation of keratinocytes after treatment with α3LG45 and IL-1ß. NHK cells (5 x 10 3 ) were seeded in 96-well plates for 24 h. Treatment with LG45 (10 µg/ml) and IL-1ß (1 ng/ml) was applied for 48 h in medium without supplements and proliferation monitored by the XTT assay. Each assay point includes 6 wells.