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Abstract

Smooth muscle cell proliferation can be inhibited by heparan sulfate proteoglycans whereas the 

removal or digestion of heparan sulfate from perlecan promotes their proliferation. In this study 

we characterized the glycosaminoglycan side chains of perlecan isolated from either primary 

human coronary artery smooth muscle or endothelial cells and determined their roles in mediating 

cell adhesion and proliferation, and in fibroblast growth factor (FGF) binding and signaling. 

Smooth muscle cell perlecan was decorated with both heparan sulfate and chondroitin sulfate, 

whereas endothelial perlecan contained exclusively heparan sulfate chains. Smooth muscle cells 

bound to the protein core of perlecan only when the glycosaminoglycans were removed, and this 

binding involved a novel site in domain III as well as domain V/endorepellin and the α2β1 

integrin. In contrast, endothelial cells adhered to the protein core of perlecan in the presence of 

glycosaminoglycans. Smooth muscle cell perlecan bound both FGF1 and FGF2 via its heparan 

sulfate chains and promoted the signaling of FGF2 but not FGF1. Also endothelial cell perlecan 

bound both FGF1 and FGF2 via its heparan sulfate chains, but in contrast, promoted the signaling 

of both growth factors. Based on this differential bioactivity, we propose that perlecan synthesized 

by smooth muscle cells differs from that synthesized by endothelial cells by possessing different 

signaling capabilities, primarily, but not exclusively, due to a differential glycanation. The end 

result is a differential modulation of cell adhesion, proliferation and growth factor signaling in 

these two key cellular constituents of blood vessels.
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1. Introduction

Smooth muscle cell proliferation contributes to arteriopathies including atherosclerosis, 

restenosis after vascular procedures and in the failure of vein graft bypass (Hedin et al., 

2004). Mature blood vessels remain quiescent in the absence of vascular trauma and the 

SMCs remain unresponsive to mitogens that might be present in their surrounding 

extracellular matrix. This indicates that the extracellular matrix contains intrinsic growth 

suppressive capability over SMCs. Individual SMCs are surrounded by a basement 

membrane containing laminin, type IV collagen, fibronectin and perlecan (Heickendorff, 

1989). However, upon SMC activation after arterial injury a loss of laminin is evident and an 

accumulation of fibronectin around the proliferating cells (Thyberg et al., 1997) from which 

we deduce that the intact basement membrane provides an important barrier between cells 

and regulates SMC proliferation (Hedin et al., 1999; Walker et al., 2003).

Perlecan is a multi-domain HSPG with dual function in developmental and experimental 

angiogenesis (Iozzo et al., 2009). Primarily through its N-terminal HS chains, perlecan is 

pro-angiogenic (Iozzo, 2005) by functioning as a co-activator of FGF2 and VEGF and for 

presenting them to their cognate receptors (Aviezer et al., 1997; Chuang et al., 2010; Iozzo 

and San Antonio, 2001; Iozzo and Sanderson, 2011; Ishijima et al., 2012; Sharma et al., 

1998; Zoeller et al., 2009). Notably, genetic ablation of either the whole perlecan gene in 

mice or block of perlecan expression in early embryogenesis leads to profound 

cardiovascular defects in mammalians and vertebrates (Costell et al., 2002; González-Iriarte 

et al., 2003; Gustafsson et al., 2013; Zoeller et al., 2008). In contrast, a recombinantly 

expressed C-terminal-processed form of perlecan, named endorepellin to signify its anti-

endothelial activity (Mongiat et al., 2003), inhibits endothelial cell migration, collagen-

induced capillary morphogenesis, and proliferation of blood vessels both in vitro and in 

tumor xenografts (Bix et al., 2006; Bix et al., 2004; Willis et al., 2012; Woodall et al., 2008).

Perlecan is also present in avascular tissues such as hyaline cartilage (Chuang et al., 2010; 

Melrose et al., 2006; Wilusz et al., 2012), intervertebral disc (Melrose et al., 2003), meniscus 

(Melrose et al., 2005) and synovium (Kaneko et al., 2013) which are devoid of a basement 

membrane. Perlecan influences cell function as it can both suppress and promote cell 

proliferation, has been associated with quiescent SMCs (Weiser et al., 1996) and its 

expression is inversely correlated with SMC proliferation and the formation of intimal 

hyperplasia (Kinsella et al., 2003). Perlecan is down regulated at times of maximal SMC 

proliferation which is within two weeks after balloon-injury of rat carotid arteries while 

perlecan deposition is seen in the later stages of lesion development when SMC proliferation 

has ceased.

The HS chains that decorate perlecan contribute to the growth inhibition of SMCs (Forsten 

et al., 1997) as heparinase treatment of perlecan abolishes its ability to inhibit SMC 
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proliferation (Bingley et al., 1998; Clowes and Karnowsky, 1977; Tran et al., 2004) and 

changes SMCs from a quiescent to a contractile phenotype (Campbell et al., 1992; Kinsella 

et al., 2003). Transgenic mice harboring a deletion of exon 3 (Hspg2Δ3/Δ3), thereby lacking 

the three HS chains, exhibit increased intimal hyperplasia and vascular lesions enriched in 

migrated SMCs, thus, implicating HS in SMC growth modulation (Tran et al., 2004). 

Interestingly, heparin, a highly sulfated form of HS, also inhibits the proliferation of SMCs 

in bovine (Clowes and Clowes, 1985; Kinsella et al., 2003; Lundmark et al., 2001) but not 

human (Underwood et al., 1998) serum. The effect of EC proteoglycans on SMC growth is 

controversial as inconsistent reports in the literature suggest that they can either support or 

inhibit proliferation. EC conditioned medium and co-cultures of ECs with SMCs can inhibit 

SMC proliferation (Benitz et al., 1990; Castellot et al., 1981) while the addition of Hep I or 

III counteracts this inhibitory effect (Nugent et al., 1993). In contrast, human EC 

proteoglycans do not inhibit the proliferation of SMCs (Whitelock et al., 1997).

Perlecan interacts with a number of growth factors including FGFs 1, 2, 7, 9, 18; hepatocyte 

growth factor, platelet derived growth factors- AA and -BB, VEGF and connective tissue 

growth factor which induce cellular proliferation, differentiation and matrix production 

(Iozzo, 2005; Ishijima et al., 2012; Kirn-Safran et al., 2004; Whitelock et al., 2008). These 

interactions stabilize and sequester growth factors pericellularly in tissues where they can act 

as growth factor reservoirs (Whitelock et al., 2008). FGF2 is a mitogen for SMCs (Nugent 

and Iozzo, 2000) and has been implicated in the proliferation of SMCs during arteriopathies 

(Lindner et al., 1991). Exogenous FGF2 promotes SMC proliferation when grown in the 

presence of serum (Berry et al., 2003) while EC perlecan inhibits FGF2-mediated 

proliferation of SMCs (Nugent et al., 2000). The protein core of perlecan has established 

roles in SMC growth inhibition (Forsten et al., 1997). SMCs bind to human EC perlecan 

protein core (Whitelock et al., 1999), while the addition of a perlecan domain III antibody to 

SMC cultures promotes proliferation (Walker et al., 2003). Moreover, anti-sense perlecan 

domain III constructs also promote intimal hyperplasia (Nugent et al., 2000). The LG3 C-

terminal fragment of perlecan domain V, supports the migration of SMCs and is also anti-

apoptotic (Soulez et al., 2012) via β1 integrin interactions which mediate extracellular 

signal-regulated kinase (ERK)1/2 activation. Perlecan also up-regulates focal adhesion 

kinase-related nonkinase, an inhibitor of focal adhesion kinase (FAK) in SMCs and this 

suppresses FAK-mediated ERK 1/2-dependent growth signals (Walker et al., 2003).

Collectively, the studies summarized above offer a quite complex biological scenario for this 

large and unique gene product. Although it is firmly established that perlecan can play 

essential roles in the control of SMC function, the respective contributions of its protein core 

and GAG side chains have yet to be fully been determined. In this study we have 

characterized perlecan synthesized by both SMCs and ECs and investigated their functional 

activity. We discovered that, unlike EC, SMC perlecan is a proteoglycan decorated with HS 

and CS and is pro-adhesive via novel interactions involving domain III and α2β1 integrin-

dependent interactions with domain V/endorepellin once its GAG chains are removed. The 

HS chains of SMC perlecan facilitate FGF2 cell signaling through FGF receptor 1 (FGFR1) 

and, although they also promote ternary complex formation with FGF1, FGFR1c or 3c, these 

latter complexes do not participate in cell signaling.
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2. Results

2.1 Expression of fibronectin, laminin, perlecan, HS, CS and KS in cultured SMC

SMCs expressed and secreted fibronectin and perlecan into the pericellular/extracellular 

space as microfibrillar structures (Fig. 1A and B) while laminin, detected using an antibody 

that binds to the cell adhesion sites of most laminin isoforms, was only localized 

intracellularly (Fig. 1C). HS had a micro-fibrillar distribution in the ECM as well as punctate 

staining that was most likely associated with the cell surface (Fig. 1D). CS and KS were 

detected in peri-nuclear region in close association with the Golgi apparatus (Fig. 1E and F). 

The ECM produced by SMCs contained perlecan as well as HS and CS, which was similar 

in overall composition to the ECM produced by cultured ECs (Fig. 1G). Thus the SMCs 

secrete all major ECM components.

The production of perlecan by SMCs and EC was analyzed by isolating mRNA from each 

cell type and performing reverse transcriptase PCR (RT-PCR) over 40 cycles. Domain-

specific primer sets were designed to span exons 2 – 7 from the N terminus (Domain I), 

exons 29 – 37 from the laminin-like region of the protein core (Domain III) and exons 87 – 

97 from the C-terminus (Domain V) (Table 1). Transcripts generated from mRNA isolated 

from ECs was used to confirm the presence of transcripts from all three domains and as an 

indication of successful priming at the expected sizes (Table 1 and Fig. 1H). Transcripts 

generated from mRNA isolated from the SMC were also at the expected sizes. Together 

these data indicated that SMCs produced transcripts for the perlecan protein core.

2.2 Biochemical characterization of SMC perlecan

Immunopurified SMC and EC perlecan isolated from medium conditioned by cells in culture 

was characterized with respect to molecular mass and GAG composition using Western 

blotting before and after endoglycosidase digestion. The SMC perlecan migrated as a 

polydisperse product, typical of proteoglycan migration on SDS-PAGE gels, with a median 

mass of ~640 kDa, which corresponds to the predicted molecular mass of intact perlecan 

decorated with GAGs (Fig. 2A, lane 1). In addition, we found an immunoreactive band of 

~130 kDa. Notably, the 640 kDa band shifted to ~520 kDa after digestion with Hep III, 

indicating that SMC perlecan contained approximately 120 kDa HS; however, there was no 

change in relative migration of the 130 kDa band (Fig. 2A, lane 2). Treatment of SMC 

perlecan with C’ase ABC reduced the molecular mass to ~580 kDa indicating the presence 

of ~60 kDa of CS (Fig. 2A, lane 3), while treatment with both Hep III and C’ase ABC 

reduced SMC perlecan to ~ 460 kDa, indicative of the presence of the full-length protein 

core (Fig. 2A, lane 4). Immunoreactivity of the 130 kDa band was not detected after C’ase 

ABC digestion indicating that the epitope was sensitive to treatment with C’ase ABC (Fig. 

2A, lanes 3 and 4). Immunopurified EC perlecan was reactive with the polyclonal perlecan 

antibody as a smear centering at ~640 kDa (Fig. 2A, lane 5). However, unlike the SMC 

perlecan, no band at 130 kDa was detected (Fig. 2A, lane 5). As perlecan preparations were 

immunopurified with an anti-domain I mAb (clone A71) cross-linked column, we further 

probed SMC perlecan with a mouse monoclonal domain I antibody (clone A76) by Western 

blotting and found it to be reactive at a molecular mass greater than 460 kDa (Fig. 2A, lane 

6). The perlecan polyclonal antibody reactive band at 130 kDa was excised from an SDS-
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PAGE gel, trypsin digested and analyzed by mass spectrometry (LC-MS/MS). Notably, no 

perlecan-specific peptides were identified (data not shown).

Notably, the SMC perlecan reacted with mAbs against perlecan domains I, III, IV and V 

(Fig. 2B) further confirming that SMC perlecan was expressed as the full-length protein 

core. The sub-structure of the HS and CS GAGs that decorated immunopurified SMC 

perlecan was further investigated by ELISA using antibodies against specific HS and CS 

epitopes and compared to immunopurified EC perlecan (Fig. 2C and D). Immunopurified 

SMC and EC perlecan were both reactive with the HS chain mAb 10E4, indicating the 

presence of N-sulfated glucosamine residues, while digestion with Hep III significantly 

reduced (p < 0.05) the reactivity of both products with this antibody (Fig. 2C). Hep III 

digestion of each of the perlecan species also significantly increased (p < 0.05) their 

reactivity with an unsaturated HS stub antibody (3G10) confirming the presence of HS. CS 

chains were detected on SMC perlecan as shown by reactivity with the antibody, CS56, 

which reacts with both C-4-S and C-6-S, however CS was not detected on EC perlecan (Fig. 

2D). Digestion of the immunopurified SMC and EC perlecan with C’ase B confirmed that 

dermatan sulfate was not present as there was no change in reactivity of the CS antibodies 

(data not shown). Digestion of the SMC perlecan with C’ase ABC generated significant 

reactivity (p < 0.05) with mAb 2B6 indicating that this perlecan was decorated with 4-

sulfated CS stub structures. Collectively, these data demonstrate for the first time a cell-

specific and differential glycosylation of a key vascular proteoglycan of the pericellular 

matrix and basement membranes with EC perlecan decorated with HS and SMC perlecan 

decorated with both HS, 4- and 6-sulfated CS and a 4-sulfated CS stub.

2.3 SMC adhesion and proliferation on perlecan

Next, we tested the effect of the two different species of perlecan on SMC and EC adhesion. 

SMCs adhered to both differentially-glycanated perlecan species once the GAG chains were 

removed as shown by the significant (p < 0.05) increase in the number of SMCs adhered to 

both proteoglycan species following removal of the GAG chains with both Hep III and C’ase 

ABC or Hep III alone (Fig. 3A). EC perlecan was only treated with HepIII to remove its HS 

as it lacked CS chains (cfr. Fig. 2D). Notably, ECs adhered to both perlecan species in either 

the presence or absence of GAG chains with there being no significant differences (p < 0.05) 

in the level of adhesion when the perlecan was treated with endoglycosidases to remove the 

GAGs (Fig. 3A and B). SMCs adhered to glycanated SMC-derived perlecan and exhibited a 

rounded morphology with radial protrusions containing actin that was not filamentous (Fig. 

3B and C). In contrast, the cells that adhered to SMC perlecan core protein exhibited a 

spread morphology with well-developed actin fibers at the leading edge of the cell 

membrane (Fig. 3 B and C). ECs adhered to SMC-derived perlecan both with and without 

GAG chains and exhibited a well-spread morphology with polymerized actin fibers and 

actin-rich membrane ruffles (Fig. 3C).

Adhesion of both cell types to the protein core of perlecan was analyzed after treatment of 

the various perlecan coatings with antibodies against perlecan domains I, III or V prior to the 

addition of cells. Both perlecan domains III and V were found to be involved in the adhesion 

of both cell types as antibodies specific for these domains significantly reduced (p < 0.05) 
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cell adhesion (Fig. 3D). Interestingly, the ECs were inhibited to a greater degree with the 

domain III antibody than the SMCs (Fig. 3D). The anti-domain I antibody had no effect on 

either SMC or EC adhesion to the protein core of perlecan (Fig. 3D). Adhesion of both 

SMCs to purified recombinantly expressed perlecan domain V devoid of GAG chains 

indicated that domain V alone supported a low level of SMC adhesion while it still 

supported EC adhesion to a similar extent as full length EC perlecan devoid of GAG chains 

(Fig. 3E). Adhesion of both cells to the protein core of the two different forms of perlecan 

was analyzed after treatment of the cells with a function blocking anti-α2β1 integrin 

antibody. Inhibition of the α2β1 integrin significantly (p < 0.05) reduced adhesion of both 

cell types to the protein core of both perlecan species (Fig. 3F). These data support the 

hypothesis that this integrin is directly involved in both SMC and EC adhesion to perlecan.

The number of viable SMCs on EC perlecan protein core was analyzed over a period of 72 h 

by the MTS assay and revealed that SMCs plated on EC-derived perlecan proliferated to an 

extent greater than cells plated on albumin (Fig. 4A). To investigate the effect of perlecan 

protein core domains on cell proliferation, SMCs and ECs were plated onto EC-perlecan 

protein core or on uncoated tissue culture polystyrene (TCPS) plates for 24 h prior to the 

addition of antibodies against perlecan protein core domains III or V. The number of cells 

present was analyzed after a further 48 h of incubation (Fig. 4B and C). The perlecan 

domain III antibody caused a small, but significant (p < 0.05), increase in the number of 

SMCs both on EC-perlecan and TCPS compared to cells in the absence of antibodies (Fig. 

4B). Interestingly, the same antibody had no effect on the number of ECs on either surface 

(Fig. 4C).

2.4 Ternary complexes of perlecan with FGFs and their receptors

It is well established that various FGFs, including FGF1 and 2, positively regulate SMC cell 

growth. Thus, we determined whether SMC perlecan supported the binding of these growth 

factors together with their cognate receptors. EC perlecan, which is known to form ternary 

complexes with FGF receptors and natural ligands (Ornitz et al., 1992), was used as a 

positive control for these assays. Both perlecan species formed ternary complexes with 

FGF2 and FGFR1c that were sensitive to Hep III digestion (Fig. 5A (i) and (ii)). C’ase ABC 

treatment of SMC-derived perlecan had no effect on the formation of ternary complexes 

while treatment with both Hep III and C’ase ABC significantly reduced (p < 0.05) the level 

of ternary complexes formed (Fig. 5A (i)). Moreover, both perlecan species formed ternary 

complexes with FGF1 and FGFR1c, while pre-treatment of these perlecan preparations with 

Hep III significantly reduced (p < 0.05) their formation (Fig. 5B (i) and (ii)). C’ase ABC 

treatment alone of SMC-derived perlecan had no effect on the formation of ternary 

complexes suggesting that CS was not involved in their formation (Fig. 5B (i)). Both 

perlecan preparations also promoted the formation of ternary complexes between FGF1 and 

FGFR3c while pre-treatment with Hep III significantly decreased their formation (p < 0.05) 

(Fig. 5C (i) and (ii)). C’ase ABC treatment of SMC-derived perlecan had no effect on the 

formation of ternary complexes with FGF1 and FGFR3c supporting the HS-dependent 

nature of these interactions (Fig. 5C (i)). Collectively, these results indicate that the ternary 

complex requires HS chains of either SMC or EC perlecan and that there is no appreciable 

participation of CS chains in this biological process.
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2.5 FGF1 and 2 growth promoting activities of SMC-derived perlecan

The ability of the ternary complexes formed between FGFs and their cognate receptors to 

signal was analyzed in BaF-32 cells transfected with either FGFR1c (Fig. 6A and B) or 

FGFR3c receptors (Fig. 6 C). Heparin and either FGF1 or FGF2 were used as positive 

controls for the assay while cells in the presence of medium and growth factor alone were 

used as negative controls. BaF-32 cells expressing FGFR1c responded to FGF2 in the 

presence of either perlecan species to a level significantly above (p < 0.05) the medium only 

control and to a similar extent as heparin. SMC-derived perlecan did not appreciably 

enhance the signal of FGF1 through either FGFR1c or FGFR3c (Fig. 6B and C). In contrast, 

EC-derived perlecan significantly enhanced the signal of FGF1 through either FGFR1c or 

FGFR3c (Fig. 6B and C). Collectively, these novel findings demonstrate a differential 

signaling potential for perlecan synthesized by SMCs and ECs, with the latter enhancing the 

growth promoting ability of FGF1 through their cognate receptors.

3. Discussion

In this study we have demonstrated that perlecan synthesized by vascular SMCs is 

substituted with both CS and HS. Murine SMC perlecan has been shown to be decorated 

with HS (Tran et al., 2004) while human SMC extracellular matrix has been shown to 

contain both HS and CS (Yamamoto et al., 2005). Perlecan has previously been 

immunopurified from many cell types including endothelial cells, colon carcinoma cells, 

articular chondrocytes and keratinocytes (Farndale et al., 1986; Knox et al., 2005; Knox et 

al., 2001; Knox et al., 2002; Melrose et al., 2006). EC and colon carcinoma perlecan is 

predominantly HS substituted (Knox et al., 2001; Knox et al., 2002), chondrocyte perlecan 

is substituted with both CS and HS (Chuang et al., 2010) while epithelial perlecan is tri-

substituted with CS, HS and KS (Knox et al., 2005). The HS side chains of perlecan are 

involved in matrix stabilization, remodeling and repair, cell signaling and angiogenesis (Bix 

et al., 2006; Bix and Iozzo, 2008; Iozzo, 2005; Kadenhe-Chiweshe et al., 2008; Melrose et 

al., 2008; Whitelock and Iozzo, 2005; Whitelock et al., 2008). The specific role(s) of CS 

chains in vascular biology remain to be established; however, other proteoglycans such as 

cartilage aggrecan also contain a significant CS content (Plaas et al., 1997) and in this case 

the CS chains have important water binding and space-filling properties which provide the 

cartilage with weight bearing properties. Such a role cannot be envisaged for vascular 

perlecan; however, its CS chains may nevertheless provide hydrophilic properties that may 

interact with cells to control cellular attachment to the perlecan protein core when denuded 

of its GAG chains. Moreover, CS chains that decorate cartilage perlecan facilitate collagen 

fibril assembly (Kvist et al., 2006) which suggests a role for CS in vascular matrix assembly.

Some of the growth inhibitory activity of SMC-derived perlecan resides within the HS 

chains and it is thought that these chains bind to and inhibit the activity of heparin-binding 

growth factors (Tran et al., 2004). SMC proliferation is increased in late lesions after 

heparinase treatment, supporting the idea that the HS chains act as a growth factor reservoir 

and inhibit growth (Kinsella et al., 2003). The anti-proliferative properties of SMC perlecan 

can be inhibited by heparinase treatment while Hspg2Δ3/Δ3 mice that lack perlecan decorated 

with HS also display increased intimal hyperplasia in response to vascular injury (Bingley et 
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al., 1998; Campbell et al., 1992; Clowes and Clowes, 1985; Kinsella et al., 2003; Tran et al., 

2004). In contrast, the role of EC proteoglycans in the modulation of SMC proliferation 

remains controversial as they have been reported to either inhibit or promote SMC 

proliferation, which may depend on the source and state of the endothelial cells (Benitz et 

al., 1990; Castellot et al., 1981; Nugent et al., 1993; Whitelock et al., 1997). In this study we 

have demonstrated that SMCs do not adhere to perlecan derived from either SMCs or ECs 

that is decorated with GAGs. However, when the GAGs are removed, the cells adhere to the 

protein core and proliferate. Thus, EC perlecan can either inhibit or support SMC adhesion, 

depending upon the presence of the GAG chains. We have also discovered in this study that 

SMCs exhibit reduced levels of polymerized actin fibers when they are plated onto perlecan 

proteoglycan compared to cells plated onto the protein core. This suggests that SMC 

perlecan GAG chains inhibit actin polymerization required for proper cell spreading and 

adhesion. Indeed, endorepellin promotes actin fiber depolymerization in ECs and inhibits 

angiogenesis (Bix et al., 2004; Mongiat et al., 2003). Notably, adsorbed full length EC 

perlecan and recombinantly expressed perlecan domain V support endothelial cell adhesion 

via the α2β1 integrin indicating that endorepellin in solution is acting as a competitive 

inhibitor of endogenously produced perlecan (Jung et al., 2013).

It has been reported that heparin or HS alone do not elicit the same level of SMC growth 

inhibition as intact perlecan (Garl et al., 2004), suggesting a role for the protein core in 

inhibiting proliferation in concert with the HS chains. Here, we have shown that both 

domains III and V of perlecan are involved in SMC and EC adhesion and that with the 

addition of the perlecan domain III antibody (mAb 7B5) the proliferation of SMCs is 

stimulated, in agreement with an earlier report (Walker et al., 2003). Additionally, ECs 

transfected with an antisense vector against perlecan domain III have a reduced capacity to 

limit intimal hyperplasia (Nugent et al., 2000). The integrin α2β1 is involved in the adhesion 

of SMCs and ECs to adsorbed perlecan and also supports the adhesion of vascular SMCs to 

collagen (Skinner et al., 1994) as well as platelets and endothelial cells to perlecan (Bix et 

al., 2004; Jung et al., 2013; Lord et al., 2011). ECs bind to perlecan domain V/endorepellin 

through integrin α2β1 (Jung et al., 2013), and specifically to the LG3 region (Bix et al., 

2004). Notably, osteosarcoma MG63 cells bind to perlecan domain IV through the β1 

integrin and this interaction triggers cytoskeletal organization and FAK activation (Farach-

Carson et al., 2008), suggesting a role for other domains of perlecan in cell adhesion. In our 

study, SMCs did not bind to domain V/endorepellin alone, however the domain V antibody 

was able to reduce SMC adhesion to the full length protein core. This suggests that SMCs 

bind to domain V when present in the full protein core and that other sites in perlecan may 

be involved in SMC adhesion. SMC adhesion to the perlecan protein core was also found to 

involve the α2β1 integrin whose binding site is in domain V. Given that the antibodies 

against domain III were able to interfere with cell adhesion, it is plausible that specific 

sequences that promote vascular SMC adhesion reside within domains III and V.

Both SMC and EC perlecan form HS-dependent ternary complexes with FGF2 and FGFR1c 

and these complexes enhance FGF signaling by promoting the growth of BaF-32 cells. 

FGF2 is a potent mitogen for the proliferation of medial SMCs after vascular injury; 

however, FGF2 does not regulate the proliferation of SMCs that have migrated into the 

intima (Koyama and Reidy, 1997; Olson et al., 1992), indicating that other growth factors 
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may be involved. Bovine EC proteoglycans inhibit FGF2-mediated proliferation of bovine 

SMCs (Nugent et al., 1993; Nugent et al., 2000). Interestingly, bovine SMCs synthesize 

FGF2 and not FGF1, while human SMCs synthesize both FGF1 and 2 (Weich et al., 1990) 

indicating that different growth factor activities may occur between species. Human vascular 

SMCs express FGFRs 1 – 4 in both normal and diseased arteries while FGF2 is also 

constitutively expressed by contractile SMCs in normal arteries, suggesting an important 

role for this growth factor family in vascular homeostasis (Hughes, 1996). ECs and SMCs in 

the quiescent adult aortic intima express low levels of FGF1 and FGF2 while both SMCs 

and ECs in culture express much higher levels of these growth factors (Speir et al., 1991), 

suggesting that growth factor expression is up-regulated in proliferating SMCs and ECs and 

this may contribute in vivo to SMC proliferation. While FGF2 is reported to be the major 

mitogen for SMCs (Lindner and Reidy, 1991), FGF1 is also known to stimulate the 

proliferation of SMCs in vitro (Ghiselli et al., 2003; Weich et al., 1990; Winkles et al., 

1987). In this study, SMC perlecan did not enable FGF1 signaling through either FGFR1c or 

FGFR3c. Together these data suggest that FGF1 may also have a mitogenic role for SMCs 

and that HS structures other than those decorating SMC perlecan support the activity of this 

growth factor. It is possible that proliferation of SMCs during vascular injury, which is 

mediated by FGF1, may occur through direct contact of the SMCs with the EC basement 

membrane. During endothelial injury, damage to the EC basement membrane may occur 

exposing the SMCs to EC perlecan, which supports FGF1 signaling through FGFR1c and 

3c. This suggests that FGF1 may also be an important growth factor for SMC proliferation 

that is sequestered in the EC basement membrane (Castellot et al., 1981; Whitelock et al., 

1997).

In summary, we report here for the first time a differential glycosylation for a central 

proteoglycan simultaneously expressed by the two main cells of the vasculature, ECs and 

SMCs. We hypothesize that this differential glycosylation, with EC perlecan covalently 

linked to HS chains and the SMC perlecan covalently linked to both HS and CS chains, may 

represent an additional level of fine tuning and cell-specific control of potent angiogenic 

signals such as FGF family members as well as cell adhesion and proliferation. Our results 

are of broad significance insofar as the HS-enriched perlecan could not only contribute to 

the well-established EC inhibitory activity towards SMCs but could also play direct roles in 

modulating the bioactivity of other pro-angiogenic factors such as VEGF and PDGF family 

members.

4. Experimental Procedures

4.1 Antibodies, enzymes and cells

The monoclonal anti-perlecan domain III (clone 7B5) was provided by Prof Renato Iozzo, 

while the monoclonal antibodies against perlecan domain I (clones A71 and A76), domain 

IV (clone A7L6) and domain V (clone A74) and fibronectin (clone A17) were purchased 

from Abcam, Cambridge, MA, USA. The mouse monoclonal antibody against perlecan 

(clone 5D7-2E4) and the mouse monoclonal antibody against the integrin α2β1 (clone 

BHA2.1) were purchased from Merck-Millipore, Billerica, MA, USA. A rabbit polyclonal 

anti-domain V antibody (anti-endorepellin) was as previously described (Bix et al., 2004), 
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while a rabbit polyclonal anti-perlecan antibody (clone CCN-1) was raised in house against 

immunopurified primary human coronary artery endothelial cell (EC) perlecan. The rabbit 

polyclonal anti-laminin antibody was purchased from Rockland, Gilbertsville, PA, USA. 

Antibodies against HS (clone 10E4) and heparinase (Hep) III generated HS-stubs (clone 

3G10) were from Seikagaku Corp., Tokyo, Japan. Antibodies reactive against keratan sulfate 

(KS, clone 5D4) and the chondroitinase ABC (C’ase ABC) generated unsulfated (clone 

1B5), 4-sulfated (clone 2B6) and 6-sulfated (clone 3B3) CS stubs were provided by Prof. 

Bruce Caterson, Cardiff University, Cardiff, Wales, UK. The biotinylated anti-mouse 

immunoglobulin (Ig) or anti-rabbit IgG secondary antibodies, streptavidin-horse radish 

peroxidase (SA-HRP) and streptavidin-fluorescein (SA-FITC) were purchased from GE 

Healthcare, Little Chalfont Buckinghamshire, UK. HRP conjugated anti-mouse Ig raised in 

sheep was purchased from Merck-Millipore, Billerica, MA, USA. Endoglycosidase 

enzymes, chondroitinase ABC (C’ase ABC), heparinase I (Hep I) (EC 4.2.2.7) and 

heparinase III (Hep III) (EC 4.2.2.8) were purchased from Seikagaku Corp., Tokyo, Japan. 

Primary human coronary artery smooth muscle cells (SMC) and EC were purchased from 

Cell Applications (San Diego, CA, USA). All other chemicals were purchased from Sigma 

Aldrich (Castle Hill, Australia) unless stated otherwise.

4.2 Immunocytochemistry

SMC (passage 4) were cultured to confluence on microscope slides (Ultrafrost, Lomb 

Scientific), fixed with ice cold acetone for 3 min and rinsed with 50 mM Tris-HCl, 0.15 M 

NaCl, pH 7.6 (TBS). Slides were then blocked with 0.1% (w/v) casein in TBS for 1 h at 

25 °C followed by incubation with the primary antibodies at a final concentration of 2 μg/ml 

for 16 h at 4 °C. Primary antibodies were used against perlecan (clone A71, 2 μg/ml), 

fibronectin (1 μg/ml), laminin (2 μg/ml), HS (clone 10E4, 1 μg/ml), CS (clone CS56, ascites 

1:500) and KS (clone 5D4, conditioned medium 1:500). Slides were rinsed twice with TBS 

containing 0.1 % (w/v) Tween-20 (TBST) and incubated with the biotinylated anti-mouse or 

anti-rabbit secondary antibodies (1:500) for 1 h at 25 °C before rinsing twice with TBST and 

incubation with SA-FITC (1:250) for 30 min at 25 °C followed by 4 TBST washes. The 

slides were then counterstained with 1 μg/ml of 4′, 6-diamidino-2-phenylindole, dilactate 

(DAPI, Invitrogen, Carlsbad, CA, USA) in PBS for 10 min in the dark and rinsed 4 times 

with the deionized water before imaging using fluorescence microscopy (Zeiss Axioskop 

Mot Mat 2, Sydney, Australia).

4.3 Isolation of perlecan from SMCs and ECs

Perlecan was isolated from the conditioned medium produced by cultured SMC and ECs by 

anion exchange and monoclonal anti-perlecan domain I antibody (clone A71) affinity 

chromatography, as previously described (Knox et al., 2001; Whitelock et al., 1999).

4.4 ELISA

Immunopurified perlecan (10 μg/ml) was coated onto 96 – well high – binding ELISA plates 

for 2 h at 25°C. Wells were rinsed twice with Dulbecco’s phosphate buffered saline (DPBS), 

pH 7.4, and blocked with 0.1% (w/v) casein in DPBS for 1 h at 25 °C and were then either 

digested or not with C’ase ABC (0.05 U/ml) and/ or Hep III (0.01 U/ml) in PBS, pH 7.2 for 

16 h at 37 °C and rinsed with DPBS containing 1% (w/v) Tween-20 (PBST). Primary 
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antibodies diluted in 0.1% (w/v) casein in DPBS were then added to the wells for 2 h at 

25 °C. These included perlecan antibody clones A76 (2 μg/ml), 7B5 (2 μg/ml), A7L6 (4 

μg/ml) and A74 (2 μg/ml), mouse monoclonal anti - CS (clone CS56, ascites 1:1000), un-

sulfated CS stub (clone 1B5, 1:500), anti-4-sulfated CS stub (clone 2B6, 1:500) and anti-6-

sulfated CS stub (clone 3B3, 1:500), mouse monoclonal anti-HS (clone 10E4,1 μg/ml) and 

mouse monoclonal anti-HS stub antibody (clone 3G10, 1:500 dilution), bound primary 

antibody was detected by incubation with biotinylated mouse or rat specific secondary 

antibodies (GE Biosciences, Sydney, Australia, 1:1000) diluted in 0.1 % (w/v) casein in 

DPBS for 1 h at RT. The bound biotin was detected with SA-HRP (GE Biosciences, Sydney, 

Australia, 1:500) for 30 min at 25 °C using 2 mM 2,2′-azino-di-3-ethylbenzthiazoline 

sulfonic acid (ABTS) and H2O2 as chromogen in 50 mM sodium citrate, pH 4.6. 

Absorbance values were measured at 405 nm.

Analysis of the ECM produced by SMCs and ECs was performed by ELISA. SMC or ECs 

seeded into well plates at a density of 1×104 cells/well in either EC medium, MesoEndo cell, 

or SMC growth medium (Cell Applications, San Diego, CA, USA) were cultured for 7 days 

in an atmosphere of 5% CO2 in air at 37°C with 95% humidity. The media was replaced 

every 3 days. After day 7 the cultures were terminated by cell lysis using 0.01 M ammonium 

hydroxide and the plates rinsed in DPBS prior to measurement of the cell elaborated ECM 

by ELISA analysis as indicated above.

4.5 PCR

Total RNA was isolated from SMCs and ECs using TRI Reagent (1 ml per 107 cells) and 

then treated with DNase using the RQ1 RNase-free DNase kit (Promega) to remove 

contaminating DNA. Subsequently, 1 μg RNA was transcribed into cDNA using oligo 

d(T)23 priming (ProtoScript® M-MuLV First Strand cDNA synthesis kit, GeneSearch Pty 

Ltd, Arundel, Australia) and amplified during 40 cycles by PCR utilizing perlecan domain 

specific primers (Table 1). The reactants were cycled at 95 °C for 1 min, 60 °C for 1 min and 

72 °C for 90 s to enable denaturation, annealing and extension respectively. PCR reaction 

products were then separated on a 1 % (w/w) agarose gel at 60 V for 1 h in TBE buffer (89 

mM Tris base, 89 mM boric acid and 2 mM EDTA, pH 8.0). The gels were stained with 

GelRed (Jomar Diagnostics, Stepney, Australia) for 30 min and DNA bands visualized under 

UV light.

4.6 SDS-PAGE and immunoblotting of perlecan samples

Purified perlecan samples (10 μg/lane) were predigested with Hep III (0.01 U/ml) and/or 

C’ase ABC (0.05U/ml) in DPBS pH 7.2 at 37 °C for 16 h, prior to electrophoresis in 3–8% 

Tris-Acetate NuPAGE® SDS-PAGE gels (Invitrogen, Carlsbad, CA, USA) in Tris-tricine 

running buffer (50 mM tricine, 50 mM Tris base, 0.1% w/v SDS, pH 8.3) at 200 V for 1 h. 

Molecular weight markers (HiMark®, Invitrogen, Carlsbad, CA, USA) were 

electrophoresed on each gel. The gels were immunoblotted to polyvinylidene difluoride 

(PVDF) membranes (Immobilon-P, Millipore, Billerica, MA, USA) in transfer buffer (5 mM 

bicine, 5 mM Bis-Tris, 0.2 mM EDTA, 0.005% SDS, 1% v/v methanol, pH 7.2) using a 

semi-dry blotter (Invitrogen, Carlsbad, CA, USA) using constant power (300 mA and 20 V) 

for 1 h. The membranes were blocked with 1% w/v BSA in 20 mM Tris-HCL, 136 mM 
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NaCl, pH 7.6 containing 0.1% (w/v) Tween-20 (TBST) for 1 h at RT. The transferred 

perlecan samples were incubated with primary antibodies diluted in 1% w/v BSA/TBST for 

16 h at 4°C. Membranes were then rinsed with TBST, incubated with anti-rabbit or anti-

mouse IgG HRP conjugated secondary antibody (1:50,000) for 45 min at RT, rinsed with 

TBST and TBS before being imaging by chemiluminescence (Femto reagent kit, Pierce 

Biotechnology, Rockford, IL, USA) and the images recorded on X-ray film (Australian 

Imaging Distributors, North Ryde, NSW, Australia).

4.7 Mass spectrometry

Purified perlecan samples (10 μg/lane) were reduced (10 mM DTT for 10 min at 95°C), 

alkylated (25 mM IAA for 20 min at 25 °C) and electrophoresed on 3–8% Tris-Acetate 

NuPAGE® SDS-PAGE gels as described above. The gels were stained with 0.1% (w/v) 

Coomassie Blue G250 in 2 % (v/v) phosphoric acid, 10 % (w/v) ammonium sulfate, and 

20 % (v/v) methanol at 25 °C for 16 h followed by destaining with 50 % (v/v) methanol. 

Gels were imaged prior to excising bands of interest for liquid chromatography tandem mass 

spectrometry (LC-MS2) analysis. Excised bands were destained with 50 % (v/v) acetonitrile 

in 50 mM NH4HCO3, washed with 100 % (v/v) acetonitrile, and dried in an oven at 50 °C. 

Trypsin (sequencing grade, Promega, Sydney, Australia) at a final concentration of 20 μg/ml 

in 50 mM NH4HCO3 was added to the dried bands and incubated at 30 °C for 16 h. Ten 

microlitres of 50 mM NH4HCO3 was then added to each band prior to sonication for 5 min. 

Twenty microlitres of each sample was subjected to peptide analysis by LC-MS2.

4.8 Cell adhesion assays

96 well tissue culture polystyrene (TCPS) plates were coated with SMC perlecan (10 μg/ml), 

EC perlecan (10 μg/ml) or recombinant perlecan domain V (10 μg/ml), expressed and 

purified as previously described (Jung et al., 2013) for 16 h at 4 °C. Wells were then blocked 

with 3% (w/v) BSA in PBS for 1 h at 37 °C. Selected wells were treated with 0.01 U/ml Hep 

III, 0.05 U/ml C’ase ABC or both endoglycosidases for 16 h at 37 °C. The wells were then 

rinsed twice with PBS. Selected wells were then incubated with antibodies against perlecan, 

either the rabbit polyclonal antibody against endorepellin (1:1000 dilution) or a mouse 

monoclonal perlecan protein core domain III (clone 7B5, 2 μg/ml) for 1 h at 37 °C. ECs 

(passage 4) and SMCs (passage 4) were seeded at a density of 5×104 cells/ml for 2 h at 

37 °C in 200 μl serum-free M199 culture medium containing 1% (w/v) BSA. To investigate 

the role of integrin α2β1 in EC adhesion to perlecan, cells were pre-treated with a mouse 

monoclonal antibody against α2β1 (clone BHA2.1, Millipore, Sydney, Australia, 2 μg/ml) 

for 20 min at 37 °C prior to seeding into perlecan coated wells for 2 h at 37 °C. Cells were 

rinsed with PBS and fixed with 4 % (w/v) paraformaldehyde in PBS for 15 min at 37 °C. 

Wells were then blocked with 1% (w/v) BSA in PBS for 5 min at 37 °C and then incubated 

with rhodamine-phalloidin (1:200, Life Technologies, Sydney, Australia) in 1 % (w/v) BSA 

in PBS for 15 min at 25 °C. Cells were rinsed three times with 0.5 % (w/v) Tween-20 in 

PBS for 5 min. Cells were then counterstained with DAPI (1:1000 in 1 % (w/v) BSA in 

PBS) for 15 min at 25 °C. Cells were imaged using a fluorescence microscope (Zeiss 

Axioskop Mot Mat 2, Sydney Australia) and cells were counted using morphometric 

software (ImageJ version 1.43u).
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4.9 Cell proliferation assays

96 well flat bottom TCPS plates were coated with SMC perlecan (10 μg/ml) or EC perlecan 

(10 μg/ml) for 16 h at 4 °C. Wells were then blocked with 3% (w/v) BSA in PBS for 1 h at 

37 °C and selected wells predigested with 0.01 U/mL Hep III, 0.05 U/ml C’ase ABC or with 

both endoglycosidases for 16 h at 37 °C and rinsed twice with PBS. Selected wells were 

incubated with rabbit polyclonal antibody against endorepellin (1:1000 dilution), or mouse 

monoclonal against perlecan domain III (clone 7B5, 2 μg/ml) for 1 h at 37 °C. Cells were 

seeded on to the wells at a density of 5×104 cells/ml for 2 h at 37 °C in 200 μl serum-free 

M199 culture medium containing 1% (w/v) BSA. To investigate the role of integrin α2β1 in 

EC adhesion to perlecan, cells were pre-treated with a blocking mouse monoclonal antibody 

against α2β1 (clone BHA2.1, Millipore, Sydney, Australia, 2 μg/ml) for 20 min at 37 °C 

prior to seeding on to perlecan coated wells for 2 h at 37 °C. The cells were then rinsed with 

PBS and fixed with 4 % (w/v) paraformaldehyde in PBS for 15 min at 37 °C and non-

specific binding was blocked with 1% (w/v) BSA in PBS for 5 min at 37 °C. Cellular 

morphology was assessed using rhodamine-phalloidin which was added to the wells (1:200, 

Life Technologies, Sydney, Australia) in 1 % (w/v) BSA in PBS for 15 min at RT. The cells 

were then rinsed three times with 0.5 % (w/v) Tween-20 in PBS for 5 min. Cell nuclei were 

stained with DAPI (1:1000 in 1 % (w/v) BSA in PBS) for 15 min at RT. The cells were 

imaged using fluorescence microscopy (Zeiss Axioskop Mot Mat 2, Sydney Australia) and 

cells counted using morphometric software (ImageJ version 1.43u).

4.10 Ligand and Carbohydrate Engagement assay (LACE)

Perlecan (5 μg/ml) was adsorbed onto 96-well high-binding ELISA plates for 16 h at 4 °C. 

Wells were washed with DPBS and selected wells were digested with 0.01 U/ml Hep III, 

0.05 U/mL C’ase ABC, or both, in 0.01% (w/v) BSA with DPBS pH 7.2 for 3 h at 37 °C. 

Wells were blocked with 3% (w/v) BSA in PBS for 1 h at 25 °C and washed twice with 

PBST. Either recombinant human FGF1 or 2 (5 nM, Life Technologies, Carlsbad, CA, USA) 

and either soluble recombinant human FGFR 1c or 3c Fc chimeric proteins (5 nM, R&D 

Systems, Minneapolis, MN, USA) were incubated in PBST for 10 min before transferring 

into each well and incubated for 1 h at 37 °C. Controls were incubated with FGFR1c or 3c 

only. Wells were then washed twice with PBST and incubated with HRP conjugated anti-

human IgG (FC specific) secondary antibody (1:1000) in PBST for 1 h at 37 °C. Wells were 

washed 4 times with PBST before the addition of ABTS and the absorbance measured at 

405 nm.

4.11 BaF-32 cell proliferation assays

BaF-32 cells are an IL-3 dependent and HSPG deficient myeloid B cell line that have been 

stably transfected with either FGFR1c or FGFR3c (Ornitz et al., 1996; Ornitz et al., 1992). 

BaF-32 cells are a model system developed to identify HS/heparin structures that interact 

with FGFs and their receptors. The readout of this assay is cell proliferation that indicates 

the formation of ternary complexes in situ. BaF-32 cells were maintained in RPMI 1640 

medium containing 10 % (v/v) FBS, 10 % (v/v) WEHI-3BD conditioned medium and 1 % 

(v/v) penicillin/streptomycin. WEHI-3BD cells were maintained in RPMI 1640 medium 

supplemented with 2 g/l sodium bicarbonate, 10 % (v/v) FBS and 1 % (v/v) penicillin/
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streptomycin and the conditioned medium was collected 3 times per week and stored at 

−20 °C until required. For the mitogenic assays, the BaF-32 cells were transferred into IL-3 

depleted medium for 24 h prior to experimentation and seeded into 96-well plates at a 

density of 2×104 cells/well in the presence of either FGF1 (0.03 nM) or FGF2 (0.03 nM), 

heparin (30 nM) and either EC perlecan (2 μg/ml) or SMC perlecan (2 μg/ml). Cells were 

incubated for 96 h in 5% CO2 at 37 °C and the number of cells present was assessed using 

the MTS reagent (Promega, Madison, Wisconsin, USA) by adding to the cell cultures for 6 h 

prior to measuring the absorbance at 490 nm.

4.12 Statistical analysis

A one-way analysis of variance (ANOVA) was performed to compare multiple conditions. 

Results of p < 0.05 were considered significant. Experiments were performed in triplicate 

and experiments were repeated three times.
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Abbreviations

C’ase ABC chondroitinase ABC

CS chondroitin sulfate

EC human coronary artery endothelial cell

FGF fibroblast growth factor

FGFR FGF receptor

GAG glycosaminoglycan

Hep heparinase

HS heparan sulfate

HSPG heparan sulfate proteoglycan

SMC human coronary artery smooth muscle cell

TCPS tissue culture polystyrene

VEGF vascular endothelial growth factor
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Highlights

• SMC adhesion to perlecan core, but not EC adhesion, is inhibited by its 

GAGs.

• SMCs and ECs adhere to perlecan domain III in addition to domain V.

• SMC perlecan has distinct FGF signaling activities from EC perlecan.
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Fig. 1. 
Expression of various extracellular matrix constituents by SMCs. The expression of [A] 

fibronectin (A17), [B] perlecan (A71), [C] laminin (polyclonal anti-laminin), [D] HS 

(10E4), [E] CS (CS56) and [F] KS (5D4) by SMCs. SMCs were cultured on TCPS and 

probed for the presence of ECM components (green) and cell nuclei were counterstained 

with DAPI (blue). The scale bar represents 50 μm. [G] ELISA of SMC and EC ECMs 

produced by cells and analysed after removal of the cells by ammonium hydroxide using 

mAbs against perlecan protein core (5D7-2E4), HS (10E4) and CS (CS56). Data are 

corrected for background absorbance and presented as mean ± S.D. (n = 3). [H] mRNA 

expression of HSPG2 from SMCs and ECs. mRNA derived from both cell types was 

isolated and used to generate cDNA that was amplified using domain-specific primers and 

electrophoresed on 1% (w/v) agarose gels. PCR products from the GAPDH primer set were 

electrophoresed on each gel. PCR products for domain I primer sets included exons 3 – 7 

(403 bp) and 2 – 7 (510 bp), domain III primer sets included exons 29 – 36 (796 bp) and 35 

– 37 (454 bp) and domain V primer sets included exons 87 – 97 (1406 bp) and 87 – 94 

(1042 bp).
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Fig. 2. 
Biochemical characterization of SMC perlecan. [A] Western blot of immunopurified SMC 

perlecan (lanes 1 – 4) and EC perlecan (lane 5) probed for the presence of perlecan using a 

rabbit polyclonal perlecan antibody (CCN-1). Western blot of immunopurified SMC 

perlecan (lane 6) probed for the presence of perlecan using a mouse monoclonal perlecan 

domain I antibody (A76). Samples were analyzed either without (−) or with (+) heparinase 

III (Hep III) and chondroitinase ABC (C’ase ABC) digestion. [B] ELISA of immunopurified 

SMC perlecan for the presence of perlecan protein core domains using monoclonal 

antibodies against perlecan domains I (A71), III (7B5), IV (A7L6) and V (A74). Data are 

corrected for background absorbance and presented as mean ± S. D. (n = 3). ELISA of the 

immunopurified SMC and EC perlecan for the presence of [C] HS side chains using mAbs 

against HS chains (10E4) and HS stub epitopes generated after Hep III digestion (3G10) and 

[D] CS side chains using mAbs against CS chains (CS56) and CS stubs (1B5, 2B6 and 3B3) 

epitopes generated after no treatment or C’ase ABC digestion. Data are corrected for 

background absorbance and presented as mean ± S. D. (n=3). * indicates significant 

differences compared to untreated control probed with the same antibody.
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Fig. 3. 
SMC and EC adhesion on perlecan. [A] SMC (black bars) or EC (light grey bars) adhesion 

to SMC perlecan untreated or treated with Hep III, C’ase ABC or both or EC perlecan 

untreated or treated with Hep III. Data are presented as mean ± S. D. (n=3) * denotes 

significant differences compared to cell adhesion in the absence of endoglycosidase 

treatment for each cell type. [B and C] Morphology of SMCs and ECs adhered to SMC 

perlecan and SMC perlecan treated with Hep III and C’ase ABC. [D] SMC (black bars) or 

EC (light grey bars) adhesion to perlecan pre-treated with monoclonal antibodies against 

perlecan domains I (A76), III (7B5) or V (anti-endorepellin) before the addition of cells 

compared to cell adhesion in the absence of antibodies. Data presented as percent cell 

adhesion compared to cell adhesion to perlecan in the absence of antibodies as shown in 
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panel A after treatment of SMC perlecan with Hep III and C’ase ABC and EC perlecan with 

HepIII. * denotes significant differences compared to cell adhesion for each of the respective 

perlecan shown in panel A. [E] SMC (black bars) or EC (light grey bars) adhesion to 

recombinant perlecan domain V treated with Hep III and C’ase ABC or EC perlecan treated 

with Hep III. Data are presented as mean ± S. D.; * denotes significant differences compared 

to the level of SMC adhesion. [F] SMC (black bars) or EC (light grey bars) adhesion to 

SMC perlecan treated with Hep III and C’ase ABC and EC perlecan treated with HepIII 

when cells were pre-treated with antibodies against the integrin α2β1 (BHA2.1) compared to 

cell adhesion in the absence of antibodies. Data are presented as percent cell adhesion 

compared to cell adhesion to perlecan species in the absence of antibodies as shown in panel 

A. * denotes significant differences compared to cell adhesion for each of the respective 

perlecan species shown in panel A.
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Fig. 4. 
Cell proliferation studies using various experimental conditions. [A] The number of SMCs 

cultured on EC-derived perlecan treated with Hep III or albumin as over 72 h determined by 

the MTS assay. Data presented as mean ±S. D. (n=3). [B] SMC or [C] EC cell number after 

48 h measured by MTS with the addition of antibodies in solution against perlecan domain 

III (7B5) or domain V (anti-endorepellin) after the cells had been cultured on EC perlecan 

treated with Hep III or TCPS for 24 h. Data are presented as mean ± S. D. (n=3) as a 

percentage of the number of cells adhered to each of the surfaces in the absence of antibody. 

* denotes significant differences compared to cell adhesion in the absence of antibody 

treatment on each surface.
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Fig. 5. 
Ternary complexes of perlecan with growth factors and receptors. Ternary complexes formed 

between SMC (black bars) or EC (light grey bars) perlecan, either [A] FGF2 or [B and C] 

FGF1, and either FGFR [A and B] 1c or [C] 3c. Perlecan species were adsorbed onto wells 

of a 96-well plate and SMC perlecan was either undigested or digested with Hep III, C’ase 

ABC or both while EC perlecan was either undigested or digested with Hep III before the 

LACE assay was performed. Measurements were corrected for absorbance measurements 

detected in the absence of FGF and are presented as mean ± S.D. (n=3). * denotes 

significant differences compared to the absorbance for undigested perlecans in the presence 

of growth factor and receptor.
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Fig. 6. 
FGF1 and 2 growth promoting activities of SMC-derived perlecan. Proliferation of BaF-32 

cells expressing either FGFR1c or FGFR3c in the presence of SMC or EC perlecan with 

either FGF1 or FGF2. [A and B] FGFR1c-expressing or [C] FGFR3c-expressing BaF-32 

cells were incubated with SMC or EC perlecan in the presence of either [A] FGF2 or [B and 

C] FGF1 and compared to cells with heparin in the presence of either FGF2 or FGF1. Cells 

exposed to medium and the growth factor only was used as a negative control. Data are 

presented as mean ±S. D. (n=3). * denotes significant differences compared to the negative 

control.
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Table 1

Primers for PCR amplification of HSPG2 cDNA (accession number NM_005529).

Domain Exons Primer sequences (5′ – 3′) Expected PCR product size (bp)

I

3 – 7 F:ACCTGGGCAGTGGGGACCTG
R:GCCTCCGTGCAGGCTCTTGG 403

2 – 7 F:CCATGGGCTGAGGGCATACG
R:GGCACTGTGCCCAGGCGTCGGAACT 510

III

29 – 36 F:ACCCCACCTGTGATGCGTGCTC
R:GTGGCCCGGATCAGGAGCTCAT 796

35 – 37 F:CGATGTGCAGATCAGGGC
R:CTGGCATTGCGAGCAGG 454

V

87 – 97 F:GTGTGACAGTGACCACCCCCT
R:CTACGAGGGGCAGGGGCGT 1406

87 – 94 F:GTGTGACAGTGACCACCCCCT
R:CTGAAGACAAGGTGCCCG 1045
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