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FIBULIN-5 BINDS HUMAN SMOOTH MUSCLE CELLS THROUGH ALPHA5 BETA1 AND ALPHA4 BETA1 INTEGRINS, BUT DOES NOT SUPPORT RECEPTOR ACTIVATION
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Fibulin-5, an extracellular matrix glycoprotein expressed in elastin-rich tissues, regulates vascular cell behaviour and elastic fiber deposition. Recombinant full-length human fibulin-5 supported primary human aortic smooth muscle cell attachment through 5 1 and 4 1 integrins. Cells on fibulin-5 spread poorly and displayed prominent membrane ruffles but no stress fibres or focal adhesions, unlike cells on fibronectin which also binds these integrins. Cell migration and proliferation were significantly lower on fibulin-5 than on fibronectin. Treatment of cells on fibulin-5 with a 1 integrin activating antibody induced stress fibers, increased attachment, migration and proliferation, and stimulated signaling of epidermal growth factor receptor and platelet-derived growth factor receptors and . Fibulin-5 also modulated fibronectin-mediated cell spreading and morphology. We have thus identified the 1 integrins on primary smooth muscle cells that fibulin-5 interacts with, and shown that failure of fibulin-5 to activate these receptors limits cell spreading, migration and proliferation.

INTRODUCTION

Fibulins are widely expressed extracellular matrix (ECM) glycoproteins that are associated with elastic fibres and basement membranes [START_REF] Chu | Fibulins in development and heritable disease[END_REF][START_REF] Argreaves | Fibulins: physiological and disease perspectives[END_REF]. They function as molecular 'bridges' that participate in the assembly, organisation and stabilisation of supramolecular ECM complexes, and play important roles in organogenesis, vasculogenesis, and tumorigenesis. Fibulins comprise a family of six glycoproteins that are defined by a common C-terminal fibulin-type (FC) globular domain preceded by a tandem array of calcium-binding epidermal growth factor (cbEGF)-like domains (Fig. 1A). Fibulin-5, a 55 kDa glycoprotein, is expressed in elastin-rich tissues such as aorta, skin, lung and uterus, and in adult heart, ovary and colon [START_REF] Kowal | EVEC, a novel epidermal growth factor-like repeat-containing protein upregulated in embryonic and diseased adult vasculature[END_REF][START_REF] Nakamura | DANCE, a novel secreted RGD protein expressed in developing, atherosclerotic, and balloon-injured arteries[END_REF]. In the vasculature, it localises on elastic lamina surfaces adjacent to endothelial cells, and throughout the aortic media [START_REF] Yanagisawa | Fibulin-5 is an elastin-binding protein essential for elastic fibre development in vivo[END_REF]. Its expression is downregulated in adult arteries, but is induced in vascular cells following injury, in atherosclerotic cells, and in neointimal cells following balloon angioplasty [START_REF] Kowal | EVEC, a novel epidermal growth factor-like repeat-containing protein upregulated in embryonic and diseased adult vasculature[END_REF].

The critical contribution of fibulin-5 to elastic tissue integrity is highlighted by serious aberrations caused by mutations in the fibulin-5 gene that result in age-related macular degeneration [START_REF] Stone | Missense variations in the fibulin 5 gene and age-related macular degeneration[END_REF][START_REF] Lotery | Reduced secretion of fibulin 5 in age-related macular degeneration and cutis laxa[END_REF][START_REF] Mullins | Fibulin-5 distribution in human eyes: relevance to age-related macular degeneration[END_REF] and recessive cutis laxa [START_REF] Loeys | Homozygosity for a missense mutation in fibulin-5 (FBLN5) results in a severe form of cutis laxa[END_REF][START_REF] De Schepper | Cutis laxa of the autosomal recessive type in a consanguineous family[END_REF][START_REF] Markova | Genetic heterogeneity of cutis laxa: a heterozygous tandem duplication within the fibulin-5 (FBLN5) gene[END_REF][START_REF] Elahi | Homozygous missense mutation in fibulin-5 in an Iranian autosomal recessive cutis laxa pedigree and associated haplotype[END_REF][START_REF] Hu | Fibulin-5 mutations: mechanisms of impaired elastic fiber formation in recessive cutis laxa[END_REF]. Fibulin-5 null mice exhibited severe elastic fibre disorganisation, resulting in tortuous aorta with loss of compliance, loose skin and emphysematous lung [START_REF] Yanagisawa | Fibulin-5 is an elastin-binding protein essential for elastic fibre development in vivo[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF][START_REF] Zheng | Normal wound healing in mice deficient for fibulin-5, an elastin binding protein essential for dermal elastic fiber assembly[END_REF]. Fibulin-5 plays an important role in elastic fibre formation [START_REF] Yanagisawa | Fibulin-5 is an elastin-binding protein essential for elastic fibre development in vivo[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF][START_REF] Hirai | Fibulin-5/DANCE has an elastogenic organizer activity that is abrogated by proteolytic cleavage in vivo[END_REF], and interacts with the elastic fibre molecules tropoelastin and fibrillin-1 [START_REF] Yanagisawa | Fibulin-5 is an elastin-binding protein essential for elastic fibre development in vivo[END_REF][17][START_REF] Freeman | Fibulin-5 interacts with fibrillin-1 molecules and microfibrils[END_REF][START_REF] El-Hallous | Fibrillin-1 interactions with fibulins depend on the first hybrid domain and provide an adaptor function to tropoelastin[END_REF][START_REF] Kobayashi | A comparative analysis of the fibulin Protein family: biochemical characterization, binding interactions, and tissue localization[END_REF].

Fibulin-5 supports attachment of human umbilical vein endothelial cells in an RGD-dependent manner [START_REF] Nakamura | DANCE, a novel secreted RGD protein expressed in developing, atherosclerotic, and balloon-injured arteries[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]. CHO cells transfected with 9 or 3 integrin subunits adhered to a bacterially expressed N-terminal fibulin-5 RGD-containing fragment through integrins v 3, v 5 and 9 1 [START_REF] Nakamura | DANCE, a novel secreted RGD protein expressed in developing, atherosclerotic, and balloon-injured arteries[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]. Fibulin-5 null mice have an exaggerated vascular remodeling reponse, with severe neointima formation and thickened adventitia, whilst smooth muscle cells (SMC) isolated from these mice have enhanced proliferative and migratory responses to platelet-derived growth factor (PDGF)-BB, a potent vascular mitogen and chemoattractant [START_REF] Spencer | Altered vascular remodeling in fibulin-5-deficient mice reveals a role of fibulin-5 in smooth muscle cell proliferation and migration[END_REF]. Skin fibroblasts from wildtype and fibulin-5 null mice showed no significant differences in proliferative or migratory responses to EGF [START_REF] Zheng | Normal wound healing in mice deficient for fibulin-5, an elastin binding protein essential for dermal elastic fiber assembly[END_REF]. Fibulin-5 enhances endothelial cell attachment to artificial surfaces in shear stress [START_REF] Preis | Effects of fibulin-5 on attachment, adhesion, and proliferation of primary human endothelial cells[END_REF].

We have determined how human fibulin-5, recombinantly expressed by human cells, supports the passive adhesion of SMC, through integrins 5 1 and 4 1, but fails to stimulate their migration and proliferation. Although fibulin-5 ligates the same integrins as fibronectin, it exerts profoundly different cellular effects.

MATERIALS AND METHODS

Antibodies

Mouse anti-human fibulin-5 (anti-human DANCE) mAb was from R&D Systems Europe Ltd.

(Abingdon, UK). Rabbit anti-human fibronectin Ab was from Sigma-Aldrich, (Poole, UK).

Inhibitory rat anti-human 5 integrin subunit mAb (mAb16) and inhibitory rat anti-human 1 integrin subunit mAb (mAb13) were gifts from Ken Yamada (National Institute of Dental and Craniofacial Research, Bethesda, MD). Inhibitory mouse anti-human integrin 2 subunit mAb (JA218), non-inhibitory mouse anti-human integrin 1 subunit mAb (8E3) [START_REF] Mould | Evidence that monoclonal antibodies directed against the integrin beta subunit plexin/semaphorin/integrin domain stimulate function by inducing receptor extension[END_REF], and activating mouse anti-human integrin 1 subunit mAb (TS2/16) were gifts from Martin Humphries (Wellcome Trust Centre for Cell-Matrix Research, Manchester, UK). Inhibitory mouse antihuman v 3 integrin mAb (LM609) was from Chemicon International (Temecula, CA).

Inhibitory mouse anti-human integrin 4 mAb (HP2/1), mouse anti-human integrin 1 subunit mAb (4B4) and mouse anti-human integrin 9 1 mAb (Y9A2) were from Serotec (Oxford, UK).

Mouse anti-polyHistidine mAb (AD1.1.10) was from R&D Systems Europe Ltd. (Abingdon, UK). Mouse anti-human paxillin mAb (5H11) and mouse anti-human -actinin mAb (AT6/172) were from Upstate Biotechnologies (Milton Keynes, UK). Mouse IgG1 (negative control) was from DAKO UK Ltd. (Ely, UK).

Rabbit anti-mouse IgG FITC-conjugated secondary antibody, goat anti-rat IgG FITC-conjugated secondary antibody, normal mouse IgG and normal rat IgG, used for flow cytometry, were from Jackson ImmunoResearch Laboratories (Avondale, PA). Rabbit anti-mouse IgG FITC conjugated secondary antibody, goat anti-rabbit IgG FITC-conjugated secondary antibody, goat anti-mouse IgG FITC-conjugated secondary antibody, rabbit anti-mouse IgG horseradish peroxidase-conjugated secondary antibody, goat anti-rabbit horseradish peroxidase-conjugated secondary antibody, goat anti-mouse horseradish peroxidase-conjugated secondary antibody were from DAKO UK Ltd. (Ely, UK). Rhodamine-conjugated phalloidin was from Invitrogen (Paisley, UK). Human serum was from Sigma-Aldrich, (Poole, UK). All mAbs were used as purified IgG.

Fibronectin and fragments

Human plasma fibronectin was obtained from Chemicon (Temecula, CA). Two recombinant fibronectin peptides, type III repeats 12-15 plus a full-length 120-amino acid IIICS region (H/120) and type III repeats 12-15 without the IIICS (H/0) [START_REF] Makarem | Competitive binding of vascular cell adhesion molecule-1 and the HepII/IIICS domain of fibronectin to the integrin alpha 4 beta 1[END_REF] were gifts from Martin Humphries (Manchester, UK).

Cells

Human aortic smooth muscle cells (SMC) from three individuals, smooth muscle cell media (Media 231), and smooth muscle cell supplementation kits (SMGS) were from Cascade Biologics (Mansfield, UK). ReagentPack™ Subculture Reagent kit (HEPES buffered saline (HBSS), trypsin/ EDTA (TE) and trypsin neutralizing solution (TNS)) were from Cambrex Bio Science (Wokingham, UK). Only low passage cells (p3-6) were used in these studies. Human embryonic kidney (HEK) cells stably transfected with the Epstein-Barr nuclear antigen-1 (EBNA-1) gene (designated 293E) were from Invitrogen (Paisley, UK).

Other materials

Dulbecco's phosphate-buffered saline containing calcium and magnesium (DPBS + ) and Dulbecco's phosphate-buffered saline without calcium and magnesium (DPBS -), DMEM high glucose (4.5 g/l) with HEPES (6.0 g/l) (DMEM/HEPES), and DMEM with L-glutamine (0.6 g/l) (DMEM) were from Cambrex Bio Science (Wokingham, UK). GRGDS and SDGRG synthetic peptides were from Sigma Aldrich (Poole, UK). 6-well, 24-well and 96-well microplates were from Corning Inc. (Schiphol-Rijk, The Netherlands). Vectashield ® containing DAPI (Vector Laboratories. Peterborough. UK). PDGF-BB was from R&D Systems Europe Ltd. (Abingdon, UK). Hi-Trap Nickel columns were from GE Healthcare (Chalfont St Giles, UK). All other reagents were from Sigma Aldrich (Poole, UK) unless otherwise stated.

Expression of recombinant human fibulin-5

Recombinant human fibulin-5 was expressed using the mammalian episomal expression system pCEP-His and HEK 293-EBNA (Epstein-Barr nuclear antigen) cells (293E), as previously described (18) (Fig. 1). Full-length recombinant fibulin-5, an N-terminal fragment (residues 27-69), the N-terminal half (residues 27-206) and the C-terminal half of the molecule (residues 206-448) (Fig. 1A) were purified by nickel chromatography, and monitored by SDS-PAGE and size fractionation chromatography. Full length fibulin-5 (and fragments) was shown to be monomeric on SDS/PAGE in the presence or absence of 10 mM dithiothreitol (Fig 1B ) and by size fractionation on Superdex 200 HR 10/30 columns, was N-glycosylated as shown by increased electrophoretic mobility after peptide N-glycosidase F (PNGase F) treatment, and bound calcium as judged by an electrophoretic shift following EDTA treatment (not shown).

ELISA assays of protein coating of cell culture plates

Efficient coating of wells with fibulin-5 and fibronectin was confirmed using a published ELISA protocol [START_REF] Wang | Fibronectin's central cellbinding domain supports focal adhesion formation and Rho signal transduction[END_REF]. Briefly, recombinant fibulin-5, or fibulin-5 fragments, or fibronectin, diluted to 10 nM -400 nM in DPBS + , were absorbed onto wells of 96-well plate microplates overnight at 4 o C.

Non-specific binding was blocked with bovine serum albumin (BSA). Bound protein was detected using 100 l of primary antibody (anti-human fibulin-5 mAb or anti-human fibronectin mAb) at 2 g/ml in BSA block, followed by washing with DPBS + , addition of 100 l of secondary antibody (HRP-conjugated goat anti-mouse (1 g/ml) or goat anti-rabbit (1 g/ml)), further washing with DPBS + , and then application of 2,2'-azino-bis-(3-benzthiozoline-6-sulfonic acid) (ABTS) solution and incubation for 5 min. at 20°C. Absorbance was measured at 405 nm.

Cell attachment assays

Cell attachment assays were performed according to well defined methodologies [START_REF] Bax | Cell adhesion to fibrillin-1: identification of an Arg-Gly-Asp-dependent synergy region and a heparin-binding site that regulates focal adhesion formation[END_REF].

Recombinant full-length fibulin-5 or fibulin-5 fragments were diluted to a range of 10 nM-400 nM in DPBS + , and absorbed onto wells of 96-well plate microplates overnight at 4 C. Nonspecific binding was blocked with 10 mg/ml heat-denatured BSA for 1h. BSA was aspirated and 100 l of human aortic smooth muscle cell (SMC) suspensions (5 x 10 5 cells/ml) was added to the wells and incubated for 45 min. at 37°C, 5% CO 2 . To estimate the number of adherent cells, known numbers of cells were added to unblocked wells, and fixed with 10 l of 50% glutaraldehyde. Adherent cells were fixed with the addition of 100 l of 5% glutaraldehyde for 20 min. Wells were washed three times with 200 l of distilled H 2 O, and cells were stained with 100 l of 0.1% (w/v) crystal violet in 0.2M MES (2-[N-morpholino]ethanesulphonic acid), pH 5, for 1 h. Dye taken up by cells was solubilized in 100 l of 10% (v/v) acetic acid, and absorbance was measured at 570 nm. Absorbance from the known cell number wells was used to express data as percentage cell attachment.

Fibronectin supports integrin-mediated cell attachment through interaction of its RGD motif in the 10 th type III repeat [START_REF] Wang | Fibronectin's central cellbinding domain supports focal adhesion formation and Rho signal transduction[END_REF][START_REF] Pierschbacher | Variants of the cell recognition site of fibronectin that retain attachment-promoting activity[END_REF][START_REF] Yamada | Amino acid sequence specificities of an adhesive recognition signal[END_REF]. Human plasma fibronectin diluted to a range of 10 nM-400 nM in DPBS + was used as a positive control.

To examine the effects of exogenous agents (antibodies, EDTA, divalent cations or synthetic peptides) on attachment, 50 l of 2x exogenous agent in DPBS -(for cations) or DMEM/ HEPES (for antibodies, EDTA and synthetic peptides), followed by 50 l of 2x cells were added to the wells. As controls for examining the effects of exogenous agents, 50 l of DPBS -or DMEM/HEPES followed by 50 l of 2x cells were added to control wells. Data are represented as the mean of three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). The error bars represent the S.D. of the three experiments.

Results are statistically significant when the P value is <0.05 (*P<0.05, **P<0.001, ***P<0.0001).

Cell spreading assays

Wells of 96-well microplates were ligand-coated and BSA-blocked as for cell attachment assays.

Trypsinized SMC suspensions were adjusted to 2x10 5 cells/ ml with warm DMEM/ HEPES gassed with 5-10% (v/v) CO 2 . 100 l aliquots of cells were added to wells. As negative controls, cells were added to uncoated, BSA-blocked wells. Plates were incubated for 40 min at 37°C in a 5% CO 2 incubator with the lid removed. Cells were immediately fixed by the addition of 10 l of 37% formaldehyde directly to the well for 20 min. Level of cell spreading was determined by phase contrast microscopy in three randomly selected fields for each condition. Cells were spread when 'phase-dark' with visible nuclei, but unspread when rounded and 'phase-bright'.

Data are represented as the mean of three repeated experiments and were statistically analysed 

Flow cytometry

Cell suspensions were prepared by washing confluent cultured cell layers with DPBS -and incubating with 1 ml 5 mM EDTA in Hanks-buffered saline solution (HBSS)/10cm 2 flask area at 37 C for no more than 30 min, diluting with 5 volumes of DMEM /HEPES containing 10% (v/v) fetal bovine serum (FBS), and harvesting by centrifugation at 800g for 5 min. Cell pellets were re-suspended in supplemented DMEM/HEPES gassed with 5% (v/v) CO 2 to a cell density of 1 x 10 7 cell/ml. 50 l aliquots of cells were mixed in FACS tubes with 50 l of the primary antibody diluted to 20 g/ml in DPBS -containing 0.02% (w/v) sodium azide (final antibody concentration of 10 g/ml), incubated on ice for 45 min., washed with DPBS -containing 1% (v/v) FBS, then harvested by centrifugation at 800g for 5 min. Cell pellets were re-suspended in 50 l of DPBS - containing FITC conjugated goat anti-mouse or goat anti-rat secondary antibody diluted 1 in 50 in DPBS -containing 10% (v/v) human serum. After incubation on ice for 45 min., the cells were washed twice with 300 l of DPBS -containing 1% (v/v) FBS, then once with 300 l of DPBS -, and harvested by centrifugation at 800g for 5 min. The cell pellets were re-suspended in 400 l of DPBS -, and 20,000 cells were counted using a Cyan flow cytometer (DakoCytomation, Glostrup, Denmark), at a flow rate of less than 200 events/second and 488 nm excitation wavelength (530/40 bandpass filter).

Immunofluorescence analysis of attached cells

Using standard protocols [START_REF] Bax | Cell adhesion to fibrillin-1: identification of an Arg-Gly-Asp-dependent synergy region and a heparin-binding site that regulates focal adhesion formation[END_REF], SMC plated for 3h on full-length fibulin-5 or fibronectin (each 250 nM), or a combination of full-length fibulin-5 and fibronectin at concentrations indicated, were dual stained with rhodamine-conjugated phalloidin to stain F-actin stress fibres, and either a monoclonal antibody against the focal adhesion-associated protein paxillin or a monoclonal antibody against -actinin which crosslinks stress fibers and displays a periodic distribution.

Briefly, coverslips were coated with 500 l recombinant full-length fibulin-5 or fibronectin at 250 nM in DPBS + overnight at 4 C, washed using 1 ml/ well of 10 mg/ml heat-denatured BSA in DPBS + , then 500 l of cell suspensions (2 x 10 4 cells/ ml) were added to each well. Plates were incubated for 3 h at 37 C in a 5% CO 2 incubator, then cells were fixed by the addition of 45 l of 37% formaldehyde, then permeabilized in 500 l of 0.5% (v/v) Triton-X 100 for 4 min. After washing, wells were blocked with 5% BSA. 500 l of primary antibody (anti-human paxillin mAb, anti-human -actinin mAb or mouse IgG1) diluted to 10 g/ml in BSA block was added to each well and incubated for 1h at 20 o C. After washing with DPBS + , 500 l of secondary antibody (FITC-conjugated rabbit anti-mouse (400 g/ml) or goat anti-rat (10 g/ml)) together with rhodamine-conjugated phalloidin (0.1 U/ml) was added to each well for 30 min. at 20 o C, and the wells washed further with DPBS + . Inverted coverslips were mounted on glass slides using Vectashield ® containing DAPI (Vector Laboratories, Peterborough, UK), and viewed using a Leica DM RXA widefield immunofluorescence microscope.

To examine the effects of exogenous agents on SMC cytoskeletal organization on fibulin-5, exogenous agents, including heparin-binding fragments of fibronectin (H0 or H120) [START_REF] Mould | Evidence that monoclonal antibodies directed against the integrin beta subunit plexin/semaphorin/integrin domain stimulate function by inducing receptor extension[END_REF], PDGF-BB (10 ng/ml), and antibodies (10 g/ml), were added at the time of plating.

Cell proliferation

96-well microplates were coated with full-length fibulin-5 or plasma fibronectin at 250 nM overnight at 4°C. Following 24h serum-free incubation, SMC were trypsinized, plated at 2 x 10 3 cells/well, and cultured for 1, 2, 3 and 6 days in culture. Cell numbers were quantified using the CyQuant cell proliferation assay kit (Invitrogen, Paisley, UK), according to the manufacturer's protocol. Briefly, frozen samples were thawed at room temperature, and 200 l of the CyQuant GR dye/cell-lysis buffer was added to each sample well. Samples were mixed briefly and incubated for 2-5 min at 20 o C, protected from light. Sample fluorescence was measured using a fluorescence microplate reader with filters appropriate for 480 nm excitation and 520 nm emission maxima. Absolute cell numbers were determined using a standard curve with cell numbers from 500 to 50,000 in 200 l volumes/well. As a negative control, 200 l of media was added to a well without cells. All assays were performed in triplicate and were repeated at least twice to confirm observed results. To determine the effect of the 1 integrin subunit activating antibody (TS2/16) and PDGF-BB on cell proliferation, TS2/16 (10 g/ml) or PDGF-BB (10 ng/ 

Migration assay

For video microscopy analysis of cell migration in real-time, wells of a 24-well microplate were coated with either fibulin-5 or fibronectin at 250 nM in DPBS + overnight at 4 C, and were blocked with 10 mg/ml heat-denatured BSA for 1h at 20 o C. Adhered SMC were trypsinized, neutralized, seeded at confluence (5 x 10 4 cells/well) and incubated at 37 C in a 5% CO 2 incubator for up to 6h, until a confluent monolayer was formed. Cells were serum starved overnight and washed twice with serum-free DMEM before wounding with a sterile P10 pipette tip. Immunofluorescence analysis confirmed retention of bound ligands [START_REF] Wang | Fibronectin's central cellbinding domain supports focal adhesion formation and Rho signal transduction[END_REF]. The effect of exogenous agents on cell migration (inhibitory integrin mAbs (anti-4 (HP2/1), anti-5 (Mab16) or anti-1 (Mab13), an activating integrin 1 mAb (TS2/16) or PDGF-BB) was assessed by adding the exogenous agent (mAbs at 10 g/ml or PDGF-BB at 10 ng/ml) at the time of wounding. Images were acquired every 15 min. over a period of 20h using a Leica AS MDW microscope with integrated digital camera, and organized into time-lapse movies using ImageJ software. Number of cells migrated into the cleared wound were quantified every 60 min.

Receptor tyrosine kinase phosphorylation assay

Relative levels of tyrosine phosphorylation of receptor tyrosine kinases (RTKs) on SMC seeded for 90 mins. on fibronectin and fibulin-5 coated wells (500 nM overnight at 4 o C) were determined using the Proteome Profiler™ Human Phospho-RTK Array Kit (R&D systems Europe Ltd., Abingdon, UK) according to the manufacturer's protocol, and as we have previously reported [START_REF] Ball | Vascular endothelial growth factor can signal through platelet-derived growth factor receptors[END_REF]. Adhered cells were lysed in 1ml ice-cold NP-40 lysis buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, 2.5 mM EDTA, 100 µM sodium orthovanadate (Na 3 VO 4 ), 1% aprotinin, 1% leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMSF)). Total protein in each lysate was quantified using a bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Rockford, IL). 100 g of total protein for each lysate (diluted to 1.5 ml with array buffer 1) was added to a blocked (1.5 ml array buffer 1, 1hr @ 20 o C) array and incubated on a rocking platform shaker overnight at 4 C. Each array was washed 3 times for 10 min. with 30 ml 1x wash buffer. 1.5 ml anti-phosphotyrosine-HRP detection antibody (1:3 000) was added to each array and incubated on a rocking platform shaker for 2h at 20 o C. Following a further three washes, (10 min. with 30 ml 1x wash buffer), each array was exposed to ECL chemiluminescent reagents (GE Healthcare (Chalfont St Giles, UK)) and to X-ray film. All densitometry data were normalized to positive controls.

RESULTS

I. SMC adhesion to fibulin-5

SMC adhesion and spreading on fibulin-5

Immobilized full-length human fibulin-5 supported adhesion of SMC in a concentration dependent manner. Maximal attachment (58%) was at a fibulin-5 plating concentration of 200 nM (Fig. 2A). Immobilized human plasma fibronectin, used as a positive control, supported 70% SMC attachment at 200 nM. BSA-blocked wells, as a negative control, supported 18% SMC attachment. The C-terminal 'half' of fibulin-5 (fragment 3), and the RGD containing N-terminal cbEGF-like domain (fragment 1) (see Fig. 1A) supported much lower SMC adhesion (37% and 34% at 400 nM, respectively). The N-terminal 'half' of fibulin-5 (fragment 2) (see Fig. 1A) supported higher attachment than full-length fibulin-5 (63% attachment at 100 nM). A high percentage of SMC showed spreading on full-length fibulin-5 (72%) and on fragment 2 (85%) at 200 nM, but many fewer cells spread on fragments 1 and 3 (Fig. 2B). SMC on BSA blocked wells, used as a negative control, did not spread. Full-length fibulin-5 was used in all subsequent experiments.

SMC attachment to fibulin-5 is through integrins

SMC adhesion to fibulin-5 was divalent cation-dependent in a concentration-dependent manner.

The divalent cation chelator EDTA inhibited cell attachment, Mn 2+ or Mg 2+ promoted attachment but Ca 2+ failed to stimulate attachment (not shown). Pre-incubation of SMC with the synthetic peptide GRGDS virtually ablated adhesion to full-length fibulin-5 (**P <0.001; compared to untreated SMC on fibulin-5) (Fig. 2C). Pre-incubation with the control peptide SDGRG showed no significant inhibition of cell attachment (P = 0.059; compared to untreated SMC on fibulin-5).

Thus, cell adhesion to fibulin-5 is mediated by integrins.

The integrin receptors that mediate SMC adhesion and spreading on fibulin-5 were identified using function-blocking monoclonal antibodies (Fig. 3A,C). Human plasma fibronectin, which interacts with 5 1, 4 1 and v 3 [START_REF] Humphries | Integrin ligands at a glance[END_REF][START_REF] Mostafavi-Pour | Identification of a novel heparin-binding site in the alternatively spliced IIICS region of fibronectin: roles of integrins and proteoglycans in cell adhesion to fibronectin splice variants[END_REF][START_REF] Hsia | Integrin alpha4beta1 promotes focal adhesion kinase-independent cell motility via alpha4 cytoplasmic domain-specific activation of c-Src[END_REF] was included as a control (Fig. 3B,D). SMC adhesion to fibulin-5 was blocked by two function-blocking antibodies to the 1 subunit (mAb13, 4B4) (***P 0.0001 for both; each compared to untreated SMC on fibulin-5).

Antibodies to 5 (mAb16) and 4 (HP2/1) reduced cell adhesion (**P<0.001 for both; each compared to untreated SMC on fibulin-5). The LM609 antibody to integrin v 3 showed no inhibition (P=0.9282; compared to untreated SMC on fibulin-5). An antibody (Y9A2) to 9 1 failed to significantly inhibit adhesion (P=0.2730; compared to untreated SMC on fibulin-5).

Antibodies to 2 (JA218) and to a non-inhibitory 1 antibody (8E3) also did not inhibit adhesion significantly (P=0.4021 and P=0.4215 respectively; each compared to untreated SMC on fibulin-5). SMC spreading on fibulin-5 was significantly blocked by antibodies to 1, 5 and 4 integrin subunits (**P<0.001, *P<0.05 and **P< 0.001 respectively; each compared to untreated SMC on fibulin-5). The 9 1 antibody (Y9A2), the v 3 antibody (LM609) and the 1 antibody (8E3) all showed small inhibitory effects on cell spreading. The presence of 5 1, 4 1 and 2 1, as well as v 3 and v 5, was confirmed using flow cytometry, but no expression of integrin 9 1 was detected (Fig. 3E). Together, these data show that primary SMC bind and spread on fibulin-5 through 5 1 and 4 1 integrins.

To assess the contributions of integrins 5 1 and 4 1 to cell shape on fibulin-5, the effects of 1, 5 and 4 function-blocking monoclonal antibodies were examined (Fig. 3F). The 1 antibody (mAb13) caused loss of cell attachment, with the few remaining cells rounded. The 5 (mAb16) and 4 (H/P2/1) antibodies each led to cellular rounding and loss of lamellipodia. We also investigated potential contributions of v 3 and v 5, since v has been shown to support CHO cell adhesion to fibulin-5 [START_REF] Nakamura | DANCE, a novel secreted RGD protein expressed in developing, atherosclerotic, and balloon-injured arteries[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]. However, the v 3 and v 5 inhibitory antibodies had no discernable effect on cytoskeletal organisation. These data confirm that 5 1 and 4 1 support SMC spreading on fibulin-5. Fibronectin activates 5 1, which acts in synergy with syndecan-4 to stimulate robust stress fibers and focal adhesions [START_REF] Woods | Syndecan-4 binding to the high affinity heparin-binding domain of fibronectin drives focal adhesion formation in fibroblasts[END_REF][START_REF] Woods | Syndecan-4 and focal adhesion function[END_REF][START_REF] Aplin | Signal transduction and signal modulation by cell adhesion receptors: the role of integrins, cadherins, immunoglobulincell adhesion molecules, and selectins[END_REF]. We found that fibulin-5 does not bind heparin [START_REF] Freeman | Fibulin-5 interacts with fibrillin-1 molecules and microfibrils[END_REF], but since fibulin-5 does interact with 5 1, we investigated whether fibronectin fragments (H0 or H120) which activate syndecan-4 on fibronectin [START_REF] Makarem | Competitive binding of vascular cell adhesion molecule-1 and the HepII/IIICS domain of fibronectin to the integrin alpha 4 beta 1[END_REF], could also regulate the SMC cytoskeleton of cells plated on fibulin-5. However, they did not induce stress fibres or focal adhesions (not shown), as would have occurred if had been activated. Thus, when cells are plated on fibulin-5, does not synergize with syndecan-4.

II. Cellular phenotype of SMC on fibulin-5

Morphology of SMC on fibulin-5

Phase contrast microscopy revealed profound differences in SMC morphology on fibulin-5, compared to fibronectin (Fig. 4A). SMC on fibronectin were flattened and well spread. However, SMC on fibulin-5 were smaller and less flattened, with bright centres and numerous membrane ruffles that extended in multiple directions.

Immunofluorescence microscopy of the SMC cytoskeleton on fibulin-5 showed that there were no stress fibres or focal adhesions. Actin staining was diffuse throughout the cell, and -actinin localised within the cell and prominently at the periphery in membrane ruffles (Fig. 4B). Paxillin immunostaining was mainly diffuse in the cytoplasm, with some localization at membrane ruffles. In contrast, SMC on fibronectin contained numerous actin stress fibres, with punctate paxillin staining of focal adhesions at tips of actin stress fibres, and filamentous -actinin staining. Cells on BSA-blocked coverslips had not spread by 3 hours, and had no organised actin cytoskeleton (not shown). No FITC fluorescence was detectable in mouse IgG negative controls (Fig. 2D).

Effects of fibulin-5 on SMC proliferation and migration

To investigate whether SMC adhesion to fibulin-5 influences proliferation, cells (2 x 10 3 / well) plated on 250 nM fibulin-5 or fibronectin were quantified at 1, 2 and 6 days. SMC on fibulin-5 proliferated significantly less than cells on fibronectin (Fig. 5A). To establish whether SMC adhesion to fibulin-5 influences migration, cells were plated at confluence on 250 nM of fibulin-5 or fibronectin. The confluent monolayer was wounded and the closure of the wound monitored by live-cell imaging microscopy for 24 hours. SMC migrated less on fibulin-5 than on fibronectin (Fig. 5B). Using integrin neutralizing antibodies, anti-5, 1 and 4 all inhibited SMC migration on fibulin-5 (Fig. 5C), with the 5 and 1 antibodies most inhibitory, implicating 5 1 in SMC migration on fibulin-5.

Effects of fibulin-5 on fibronectin-mediated cell spreading

Fibulin-5 and fibronectin both ligate 4 1 and 5 1, so the possibility that fibulin-5 modulates fibronectin-mediated spread cell organisation was investigated (Fig. 6). At high fibronectin:

fibulin-5 levels, cells were well spread with organised actin stress fibers and focal adhesions. At equimolar and lower fibronectin: fibulin-5 ratios, cells were smaller, had reduced or no stress fibers and focal adhesions, and membrane ruffles were increasingly apparent. No FITC fluorescence was detectable in mouse IgG negative controls (not shown). These data show that, in vascular sites with elevated fibulin-5: fibronectin levels, fibulin-5 will directly inhibit fibronectin-mediated spreading, migration and proliferation.

III. Effects of 1 integrin activating antibody TS2/16 on SMC on fibulin-5

Since SMC bind to fibulin-5 through 1 integrins but exhibit different adhesive, spreading, proliferative and migratory responses to SMC on fibronectin, we investigated the effects of the 1 integrin activating monoclonal antibody TS2/16 (Fig. 6). Treatment of SMC with TS2/16 stimulated spreading and stress fibre formation (Fig. 7A). In addition, there was a significant increase in SMC attachment (Fig. 7B) (**P<0.001, compared to untreated SMC on fibulin-5), and in proliferation (Fig. 7C) (***P<0.0001; compared to untreated SMC on fibulin-5). Addition of TS2/16 at the time of wounding also increased cell migration on fibulin-5 (Fig. 6D).

IV. Growth factor receptor signalling by SMC on fibulin-5

PDGF-BB is a potent vascular mitogen and chemoattractant that stimulates enhanced proliferation and migration in fibulin-5 null murine SMC [START_REF] Spencer | Altered vascular remodeling in fibulin-5-deficient mice reveals a role of fibulin-5 in smooth muscle cell proliferation and migration[END_REF]. However, skin fibroblasts from the wild-type and fibulin-5 null mice showed no significant differences in proliferative or migratory responses to EGF [START_REF] Zheng | Normal wound healing in mice deficient for fibulin-5, an elastin binding protein essential for dermal elastic fiber assembly[END_REF]. PDGF receptors and , and EGF receptors are receptor tyrosine kinases (RTKs), and integrins can influence their signalling [START_REF] Baron | Regulation of integrin growth factor interactions in oligodendrocytes by lipid raft microdomains[END_REF][START_REF] Hollenbeck | Type I collagen synergistically enhances PDGF-induced smooth muscle cell proliferation through pp60src-dependent crosstalk between the alpha2beta1 integrin and PDGFbeta receptor[END_REF]. We investigated whether SMC exhibited altered RTK activity when plated on full-length fibulin-5, compared with fibronectin, using a human phospho-RTK array containing forty-two different duplicate RTK phosphorylation antibody spots, which allows relative quantitation of RTK phosphorylation (Fig. 8). There was undetectable PDGFR signalling and only low EGF signaling activity in SMC on fibulin-5, compared to cells on fibronectin. However, signaling through both PDGF receptors, especially PDGFR , and through an EGF receptor, were stimulated by TS2/16.

DISCUSSION

The importance of fibulin-5 in vascular tissue structure and function has been clearly demonstrated in mouse and disease studies [START_REF] Nakamura | DANCE, a novel secreted RGD protein expressed in developing, atherosclerotic, and balloon-injured arteries[END_REF][START_REF] Loeys | Homozygosity for a missense mutation in fibulin-5 (FBLN5) results in a severe form of cutis laxa[END_REF][START_REF] De Schepper | Cutis laxa of the autosomal recessive type in a consanguineous family[END_REF][START_REF] Markova | Genetic heterogeneity of cutis laxa: a heterozygous tandem duplication within the fibulin-5 (FBLN5) gene[END_REF][START_REF] Elahi | Homozygous missense mutation in fibulin-5 in an Iranian autosomal recessive cutis laxa pedigree and associated haplotype[END_REF][START_REF] Hu | Fibulin-5 mutations: mechanisms of impaired elastic fiber formation in recessive cutis laxa[END_REF][START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]17]. However, precisely how it interacts with SMC and influences their phenotype and elastic fiber formation remains unclear. In this study, we investigated how fibulin-5 interacts with primary human SMC, and how these interactions regulate their behaviour. These cells adhere to fibulin-5 through integrin receptors 5 1 and 4 1, yet show only modest spreading with a ruffled morphology, and low migration and proliferation due to passive ligation of 1 integrins. Thus, although fibulin-5 ligates the same integrins as fibronectin, it exerts profoundly different cellular effects and can also modulate fibronectin-mediated adhesion and spreading. These data provide a molecular explanation for how fibulin-5 inhibits SMC migration and proliferation in vivo. Moreover, these fibulin-5

interactions with integrins may be important in vascular elastic fiber deposition [START_REF] Hirai | Fibulin-5/DANCE has an elastogenic organizer activity that is abrogated by proteolytic cleavage in vivo[END_REF].

Using recombinant human fibulin-5 expressed by human cells to ensure correct folding and glycosylation, we have identified integrins 5 1 and 4 1 as the main receptors supporting primary SMC adhesion and spreading on fibulin-5. A previous study, using a bacterially expressed N-terminal region of fibulin-5 with CHO cells and CHO cell lines stably transfected with 9 and 3, reported that fibulin-5 supported cell attachment through integrins v 3, v 5 and 9 1 [START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]. These differences probably reflect the different cell types used. For example, FACS analysis of our primary SMC did not detect integrin 9 1.

5 1 ligation to fibronectin involves binding to its RGD motif within the central cell binding domain and to an upstream synergy site (PHSRN) that stabilises 5 1 in an active conformation [START_REF] Aota | The short amino acid sequence Pro-His-Ser-Arg-Asn in human fibronectin enhances cell-adhesive function[END_REF]. Fibulin-5 has no such synergy sequence. Moreover, the fibulin-5 RGD motif is within an atypical cbEGF-like domain, and its accessibility may be suboptimal for activating 1 integrins.

The TS2/16 activating antibody may exert its effects on fibulin-5 by inducing and stabilizing 5 1 in a high-affinity conformation. Structural studies are now needed to clarify how 1 integrins bind fibulin-5. Comparison of SMC adhesion to full-length fibulin-5 or fragments showed that the N-terminal 'half' binds cells more strongly than full-length fibulin-5, but the Nterminal RGD domain (similar to the fragment used in [START_REF] Nakamura | Fibulin-5/DANCE is essential for elastogenesis in vivo[END_REF]) only supports low cell adhesion.

Thus, fibulin-5 fragment size and conformation affects cell interactions.

A recent study has shown that integrin ligation to different extracellular matrix molecules can result in actively suppressed integrin activation [START_REF] Orr | Matrixspecific suppression of integrin activation in shear stress signaling[END_REF]. The failure of fibulin-5 to induce focal adhesions suggests passive adhesion or suppression of 1 integrin activation. Lack of 1 activation was confirmed using the activating antibody TS2/16, which 'rescued' SMC spreading, proliferation, migration, and receptor tyrosine kinase (PDGF and EGF receptors) signaling. For cells on fibronectin, engagement of 5 1 and the cell surface heparan sulfate proteoglycan, syndecan-4, stimulates focal adhesion formation [START_REF] Woods | Syndecan-4 binding to the high affinity heparin-binding domain of fibronectin drives focal adhesion formation in fibroblasts[END_REF][START_REF] Woods | Syndecan-4 and focal adhesion function[END_REF]. We previously showed that fibulin-5

does not bind heparin [START_REF] Freeman | Fibulin-5 interacts with fibrillin-1 molecules and microfibrils[END_REF] and, as expected, the presence of fibronectin fragments that activate syndecan-4 failed to induce focal adhesions on fibulin-5. Integrin 4 1 does not localise to focal adhesions in most cell types, but often promotes lamellipodia formation and cell migration [START_REF] Pinco | alpha4beta1 integrin regulates lamellipodia protrusion via a focal complex/focal adhesion-independent mechanism[END_REF].

Ligation of 4 1 by fibulin-5 may therefore contribute to lamellipodia formation in SMC.

Recent studies have shed light on how fibulin-5 influences cells. Cultured SMC from fibulin-5 null mice migrated and proliferated normally but, after treatment with PDGF-BB, showed enhanced proliferation and migration compared to wild-type SMC [START_REF] Spencer | Altered vascular remodeling in fibulin-5-deficient mice reveals a role of fibulin-5 in smooth muscle cell proliferation and migration[END_REF]. However, skin fibroblasts from the wild-type and fibulin-5 null mice showed no significant differences in proliferative or migratory responses to EGF [START_REF] Zheng | Normal wound healing in mice deficient for fibulin-5, an elastin binding protein essential for dermal elastic fiber assembly[END_REF]. Our data show that SMC on fibulin-5 have undetectable PDGF receptor signaling, and low EGF receptor signaling compared to cells on fibronectin, due to lack of 1 activation. This study thus shows that activated 1 integrin is a critical regulator of PDGF and EGF receptor signaling. It is also likely that, in vascular sites with elevated fibulin-5: fibronectin levels, fibulin-5 will block fibronectin-mediated spreading, migration and proliferation.

Our study demonstrates how fibulin-5 can regulate SMC behaviour, both directly and by modulating the effects of fibronectin. Fibulin-5 interactions with SMC may also be critical for ordered elastic fiber formation. SMC spreading on fibulin-5 was also significantly blocked by antibodies to 1, 5 and 4 integrin subunits (Fig. 4C) (***P<0.0001, *P<0.05 and **P< 0.001 respectively, each compared to untreated SMC on fibulin-5). All assays were repeated at least three times, and a representative experiment is shown.

(E) FACS detection of SMC cell surface integrins using the 2 antibody JA218 (iii), 4 antibody HP2/1 (iv), 5 antibody Mab16 (v), 9 1 antibody Y9A2 (vi), V 3 antibody LM609 (vii), V 5 antibody P1F6 (viii), and 1 antibody 8E3 (ix). Mouse IgG antibody (i) and rat IgG antibody (ii) were used as negative controls. Antibodies were used at 10 µg/ml. Each integrin detection peak (green) is overlaid with the appropriate IgG negative control (black).

(F) Immunofluorescence images of mAb effects on SMC morphology on 250 nM full-length fibulin-5 (i, iii, v, vii, ix, xi) or fibronectin (ii, iv, vi, viii, x, xii) stained for phalloidin (red), and immunostained for the cytoskeletal component, paxillin (green). mAbs to integrin subunits 4

(iii, iv), 5 (v, vi), 1 (vii, viii), and integrins v 3 (ix, x) and v 5 (xi, xii) were added (10 g/ml) at the time of cell seeding. SMC on full-length fibulin-5 or fibronectin with no antibody (i, ii) were used as negative controls. The 1 mAbs caused cellular rounding and loss of lamellipodia. Images are shown at x20 (i, iii, v, vii, ix and xi) and x40 (ii, iv, vi, viii, x and xii;

and insets) magnifications for each condition. 

  using unpaired Student's t tests (GraphPad Prism 2.0). The error bars represent the S.D. of the three experiments. Results are statistically significant when the P value is <0.05 (*P<0.05, **P<0.001, ***P<0.0001).

  ml) was added to sample wells and refreshed daily. Data are represented as the mean of three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). The error bars represent the S.D. of the three experiments. Results are statistically significant when the P value is <0.05 (*P<0.05, **P<0.001, ***P<0.0001).

FIGURE 1 Characterization of recombinant human fibulin- 5 (

 15 FIGURE 1 Characterization of recombinant human fibulin-5 (A) Domain organization of recombinant full-length fibulin-5, and fragments.

FIGURE 2 Attachment and spreading of SMC on fibulin- 5

 25 FIGURE 2 Attachment and spreading of SMC on fibulin-5 Attachment (A) and spreading (B) of SMC on full-length fibulin-5 (diamonds, black dotted line), fragment 1 (triangles, grey dashed line), fragment 2 (small boxes, black dashed line), fragment 3 (ovals, grey dotted line), and human plasma fibronectin (rectangles, solid black line). Background cell adhesion and spreading onto BSA-coated wells is shown as grey, large dashed lines. Error bars represent the S.D. of the three experiments.

FIGURE 3 Integrins that mediate SMC attachment and spreading on fibulin- 5 (

 35 FIGURE 3Integrins that mediate SMC attachment and spreading on fibulin-5 (A-D) Anti-integrin monoclonal antibody (mAb) inhibition of SMC attachment (A,B) and spreading (C,D) onto full-length fibulin-5 (A,C) or fibronectin (B,D). Y9A2 is an inhibitory 9 1 antibody, mAb13 and 4B4 are both inhibitory anti-1 antibodies, 8E3 is a non-inhibitory anti-1 antibody, mAb16 is an inhibitory anti-5 antibody, HP2/1 is an inhibitory 4 1 antibody, LM609 is an inhibitory anti-V 3 antibody, and JA218 is an inhibitory anti-2 antibody.Antibodies were used at 10 g/ml. 'Con' indicates controls with cell attachment in the absence of antibody. BSA indicates background cell attachment to BSA-blocked wells. Data are represented as the mean of three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). The error bars represent the S.D. of the three experiments.Results are statistically significant when the P value is <0.05 (*P<0.05, **P<0.001, ***P<0.0001). SMC adhesion to fibulin-5 was blocked by the 1 function-blocking antibodies, mAb13 and 4B4 (***P 0.0001 for both; each compared to untreated SMC on fibulin-5). The 5 (mAb16) and 4 (HP2/1) antibodies reduced cell adhesion (**P<0.001 for both; each compared to untreated SMC on fibulin-5). The LM609 antibody to integrin v 3 showed no inhibition (P=0.9282; compared to untreated SMC on fibulin-5). Antibodies to 9 1 (Y9A2) and 2 (JA218), and the non-inhibitory 1 mAb (8E3) all failed to significantly inhibit adhesion (P=0.2730, P=0.4021, and P=0.4215 respectively; each compared to untreated SMC on fibulin-5).

FIGURE 4 SMC spreading on fibulin- 5 (

 45 FIGURE 4 SMC spreading on fibulin-5 (A) Phase-contrast microscopy of SMC spreading onto (i) BSA-coated wells, (ii) 250 nM fulllength fibulin-5, or (iii) 250 nM human plasma fibronectin. Level of cell spreading was determined by phase contrast microscopy in three randomly selected fields for each condition. All images are at x10 magnification, apart from x20 enlargements in (ii) and (iii).

FIGURE 5 SMC proliferation and migration on fibulin- 5 (FIGURE 6

 556 FIGURE 5 SMC proliferation and migration on fibulin-5 (A) Proliferation and (B) migration of SMC on 250 nM full-length fibulin-5 (squares, solid lines) or fibronectin (triangles, dotted lines).

FIGURE 7 Effects of 1

 71 FIGURE 7Effects of 1 activating antibody TS2/16 on SMC attachment, spreading, migration and proliferation (A) Immunofluorescence images of SMC on 250 nM full-length fibulin-5, before (i) and after (ii) 1 integrin activation with mAb TS2/16, stained for phalloidin. Images are at x40 magnification.

FIGURE 8 Effects

 8 FIGURE 8Effects of fibulin-5 on SMC phosphorylation of PDGF receptors (A) A human phospho-receptor tyrosine kinase (RTK) array was used to examine SMC receptor signalling when plated on 500 nM full-length fibulin-5 in the presence or absence of the 1 activating mAb TS2/16, or on fibronectin, or on tissue culture plastic (TCP). Cells on fibulin-5 showed no detectable PDGF receptor signalling, and only traces of EGF receptor signaling.However, cells on fibulin-5 in the presence of TS2/16, or on fibronectin, showed increased signalling, especially by PDGF receptor and EGF receptor. (PDGF-AA and PDGF-BB both signal through PDGF receptor ).
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