
Abstract. Perlecan is a large multi-domain extracellular 
matrix proteoglycan that plays a crucial role in tissue de-
velopment and organogenesis. In vertebrates, perlecan 
functions in a diverse range of developmental and biolog-
ical processes, from the establishment of cartilage to the 
regulation of wound healing. How can a single molecule 
modulate such a wide variety of processes? We suggest 
that perlecan employs the same basic mechanism, based 

on interactions with growth factors, morphogens and ma-
trix proteins, to regulate each of these processes and that 
the local extracellular environment determines the func-
tion of perlecan and consequently its downstream effects 
on the structure and function of the organ. We discuss this 
hypothesis in relation to its role in three major vertebrate 
developmental processes: angiogenesis, chondrogenesis 
and endochondral ossification.
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Introduction

Perlecan is a large (>400 kDa) multi-domain extracellular 
matrix (ECM) proteoglycan that has been evolutionarily 
conserved in organisms as distinct as nematodes, fruit 
flies and mammals [1, 2]. Perlecan was initially isolated 
from a mouse Engelbreth-Holm-Swarm (EHS) tumor [3] 
and was subsequently found to be expressed in nearly all 
basement membranes as well as mesenchymal organs and 
connective tissues [4]. The protein core consists of five 
domains which share homology with other molecules in-
volved in nutrient metabolism, cell proliferation and ad-
hesion, including laminin, low-density lipoprotein (LDL) 
receptor, epithelial growth factor (EGF) and neural-cell 
adhesion molecule (N-CAM). Important to note is that 
mouse perlecan differs from human perlecan in that it 
has a significantly smaller domain IV (N-CAM repeats) 
as well as the presence of a cell-binding RGD sequence 
in domain III [1]. A detailed discussion of the structural 
characteristics and expression patterns of the perlecan 
molecule are available elsewhere [1, 4] and the reader is 

directed to these reviews and those by Jiang and Couch-
man [5] and Iozzo [6, 7]. Within the protein core there 
are numerous sites for O-linked glycosylation as well as 
four potential sites for heparan sulfate (HS)/chondroitin 
sulfate (CS) chain attachment: three on domain I and one 
on domain V. These carbohydrate chains, as well as the 
domains of the protein core, are known to interact with a 
wide range of biological molecules as shown in Figure 1. 
It should be noted that most research to date has focused 
on the role of the HS chains attached to domain I of per-
lecan, since these structures are known to regulate growth 
factor activity by serving as reservoirs (sequestering and 
storing growth factors in the ECM), and as low-affinity 
co-receptors [reviewed in ref. 8].
In vertebrates, perlecan functions in a diverse range of 
developmental and biological processes from the estab-
lishment of cartilage to the regulation of wound healing 
as well as bone formation. How can a single molecule 
modulate such a wide variety of effects? In this review, 
we hypothesize that perlecan employs the same basic 
mechanism, based on interactions with growth factors, 
morphogens and matrix proteins (Fig. 1), to regulate 
each of these processes, and that it is the local environ-
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ment around the cell that determines the role of perlecan 
and, consequently, its impact on the final structure and 
function of the tissue that is generated. We support this 
conjecture by comparing the function of perlecan protein 
core and glycosaminoglycan chains in three major verte-
brate developmental systems: angiogenesis, chondrogen-
esis and endochondral ossification, and then demonstrate 
how this one gene product might be able to co-ordinate, 
modulate and play a crucial role in tissue development 
and organogenesis.

Perlecan and blood vessel development

In mice perlecan expression was identified in early de-
velopment [embryonic day (E) 10.5] with deposition in 
tissues undergoing vasculogenesis, including heart, peri-
cardium and major blood vessels [4, 9]. Perlecan-null em-
bryos display abnormalities in cardiac development, with 
discontinuities in the myocardial wall resulting in hem-
orrhage [10], malpositioning of the great arteries, and 
outflow tract obstruction caused by abnormally abundant 
mesenchymal cells expressing smooth muscle cell (SMC) 
alpha-actin [9]. Surprisingly, these animals do not show 
vascular pathologies, suggesting that perlecan may be in-
volved in development of the heart rather than in the de 
novo formation of blood vessels. Perlecan may also play 
a key role in maintaining basement membrane integrity in 

mechanically stressed cells, because in the knockout ani-
mal, the basement membrane matrix becomes unstable 
and begins to develop discontinuities over time [10]. The 
mechanism for this is unclear; however, Davis and Sen-
ger [11] suggest that this may be due to loss of perlecan, 
which in turn may render the laminins more susceptible 
to proteolysis. The interaction of perlecan with the ECM 
molecules nidogen-1 and -2, type IV collagen and fibro-
nectin [12–15] may also be required for basement mem-
brane stabilization.
Perlecan has been demonstrated to have a role in an-
giogenesis. Angiogenesis refers to the formation of new 
blood vessels via extension or remodeling of existing 

blood vessels as opposed to vasculogenesis, where blood 
vessels develop from progenitor cells that coalesce and 
differentiate to form vessels. Using the rabbit ear cham-
ber method, Aviezer et al. [16] showed that perlecan iso-
lated from EHS tumor coated onto alginate beads induced 
capillary and vessel formation, most likely through bind-
ing and activating the angiogenic factor fibroblast growth 
factor 2 (FGF2).
Further studies using tumor growth as an angiogenic 
model confirmed the involvement of perlecan in angio-
genic processes. In human breast [17], 1iver [18], ovarian 
[19] colon and prostate carcinomas [reviewed in ref. 6], 
high levels of perlecan are detected around newly formed 
blood vessels. Several knockdown studies in tumor cells 
further demonstrated perlecan produced by these cells to 
be a mediator of tumor angiogenesis. Savore et al. [20] 
showed that ribozyme-mediated knockdown of perlecan 
in metastatic prostate cells resulted in diminished vas-
cularization and tumor growth in vivo. Growth and neo-
vascularization of tumor xenografts induced by human 
colon carcinoma cells and of tumor allografts induced by 
highly invasive mouse melanoma cells were suppressed 
when cells were transfected with antisense perlecan [21]. 
Surprisingly, inhibitory effects have also been observed 
upon reduction in perlecan expression. Fibrosarcoma and 
Karposi sarcoma cells transfected with antisense perlecan 
exhibited enhanced tumor growth in nude mice [22, 23]. 
One possible explanation for these seemingly contradic-
tory outcomes is that the cell source of perlecan dictates 
how angiogenesis is regulated, such that perlecan derived 
from tumor cells of epithelial origin positively regulates 
angiogenesis, whereas perlecan from mesenchymal tu-
mor cells negatively regulates vessel formation. This anti 
angiogenic potential of mesenchymal perlecan is consis-
tent with the recent finding that perlecan derived from 
primary endothelial cells activates the tumor suppressor 
PTEN in SMCs in vitro and in vivo [24]. Such differ-
ences in the activity of perlecan in modulating tumor an-
giogenesis are consistent with the study by Knox et al. 
[25] which demonstrated that perlecans derived from dif-
ferent cell sources vary in their ability to promote FGF2 
signaling.

Figure 1. Roles of perlecan. The diverse functions of perlecan 
are mediated by interactions of perlecan protein core and glycos-
aminoglycan chains with a wide variety of molecules. The most 
N-terminal region is domain I which contains three GAG chains 
represented by the lines drawn in freehand. These chains, which are 
usually heparan sulfate (HS), have been shown to be involved in 
many interactions, including those with growth factors, ECM mole-
cules and neuromusculular junction proteins. The protein sequence 
continues through to the most C-terminal domain V, which may also 
contain a GAG chain in some instances and has been shown to be 
important for cell and matrix interactions. The numbers referred to 
relate to references outlining research on the various functions of 
perlecan and are included in the bibliography.
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Cellular processing of perlecan may also result in per-
lecan fragments with activities that differ from the whole 
molecule. For example, cleavage of perlecan to produce 
the antiangiogenic domain V fragment named endorepel-
lin may inhibit angiogenesis [26]. This would be similar 
to what occurs for the proteoglycan collagen XVIII which 
is cleaved to produce the antiangiogenic factor endostatin 
[27]. In addition, given that all angiogenic studies to date 
have involved tumor-derived perlecan and that tumor-de-
rived perlecan behaves differently from perlecan derived 
from primary cells in growth factor signaling assays [25], 
it is also essential to establish a role for non-tumor de-
rived perlecan in blood vessel formation.

How are the angiogenic effects of perlecan mediated?

Role of the HS chains
Perlecans can be decorated with HS, CS or keratan sulfate 
(KS) [28]; however, perlecan isolated from endothelial 
cells has so far been shown to contain predominantly HS. 
Endothelial cell-derived perlecan has been shown to bind 
the angiogenic factors FGF1, 2 and FGF receptor 1 or 3/
FGF2 complexes via the HS chains, as well as to promote 
FGF signaling in vitro [8, 25, 29, 30]. We have found 
that FGF7 and FGF receptor 2b (FGFR2b) either alone or 
together in solution bind to endothelial-derived perlecan 
(Fig. 2a) and that this interaction promotes cell signaling 
by the FGF7/FGFR2b complex in vitro (Fig. 2b). Binding 
to perlecan was found to be HS dependent, because it was 
competed effectively with heparin in solution (data not 
shown). The shape of the curves in Figure 2a is indicative 
of an interaction involving a complex number of binding 
sites, and is consistent with the heterogeneic structure of 
HS chains. In addition, regardless of cell type, cells trans-
fected with antisense perlecan display poor responses to 
angiogenic HS-binding growth factors in vitro including 

vascular endothelial growth factor A (VEGF-A) [20], 
FGF2 [20, 23] and hepatocyte growth factor (HGF) [23], 
suggesting that the HS chains of perlecan are required for 
growth factor signaling.
More recent evidence in support of a role for perlecan HS 
in angiogenesis comes from the transgenic mice deficient 
in HS-modified perlecan. Mice were generated by gene 

targeting of the perlecan (Hspg2) gene to remove exon 3 
which contains attachment sites for three HS side chains. 
These mice showed impaired FGF2-induced angiogenesis 
in tumor and corneal models [31]. Similar to the perlecan-
null embryo, the perlecan-HS-deficient animal exhibited 
relatively normal vasculogenesis. However, perlecan HS 
was observed to be required for response to vessel injury, 
as perlecan-HS-deficient mice displayed delayed wound 
healing and poor vascularization of wound tissue [31]. 
The authors suggest that this is due to reduced FGF2-
mediated angiogenesis, since this factor plays a critical 
role in wound healing. These same mice also exhibited 
increased intimal hyperplasia within the lesions [32]. 
Perlecan has been shown to suppress SMC replication in 
vitro, thus maintaining SMC quiescence [33]. Recently, 
Garl et al. [24] proposed a mechanism for this activity: 
perlecan increases activation of PTEN in SMCs resulting 
in the inhibition of cell proliferation [24]. This is consis-
tent with the observations of reduced PTEN activation 
associated with high in vivo SMC growth rates [34] and 
areas of hyperplasia in the developing aorta of perlecan-
deficient mouse embryos [24]. Perlecan HS chains may 
be essential to this activity, because SMCs plated on hep-
arinase-treated perlecan rescues cell proliferation and re-
duces PTEN activity [24], and the perlecan-HS-deficient 
SMCs exhibited increased proliferation in vitro as well 
as within surgery-induced lesions in vivo [32]. Interest-
ingly, these cells were more responsive to stimulation by 
FGF2, which implies that perlecan HS chains sequester 
the growth factor preventing receptor binding and thus 

Figure 2. Perlecan binds FGF7 and potentiates FGF7 mitogenic activity in vitro. (a) Interaction of FGFR2b with endothelial-derived per-
lecan in either the presence or absence of FGF7. 50 nM FGFR2b was incubated with or without 50nM FGF7 for 5 min at room tempera-
ture prior to injection across the surface of a biosensor chip (BIAcore) derivitized with perlecan. RU, response units. (b) Proliferation of 
FGFR2b-expressing Baf32 cells in the presence of perlecan and FGF7. Proliferation was measured via 3H thymine labeling. Assays were 
performed as described previously [25, 101]. Hep, heparin; Pn, perlecan.
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inhibiting mitogenesis. This activity is in contrast to that 
of the cell surface HSPG syndecan-4, which binds and 
potentiates FGF2 mitogenic activity in SMCs [35].
ECM degradation is also required for vascular remodel-
ing and various matrix metalloproteinases (MMPs) in-
cluding membrane bound MMPs (MT-MMPs), MMP-3, 
MMP-10 and MMP-9 as well as other classes of serine 
proteinases are involved. Purified perlecan has been 
shown to be cleaved by stromelysin-1(MMP-3) and this 
was suggested to lead to the release of FGF2 from the ma-
trix which could then facilitate angiogenesis [36]. MMP 
cleavage of perlecan has not been investigated in cell-
based systems but may provide a mechanism for control-
ling growth factor diffusion and receptor activation.
Heparan sulfate proteoglycans (HSPGs) are also thought 
to act as docking stations for some MMPs and their inhib-
itors, the TIMPs (tissue inhibitors of metalloproteinases). 
There is limited information on interactions of MMPs 
with HSPGs or other ECM proteins: however, MMPs 
have been released from cell culture via heparinases or 
heparin, and there is evidence for the binding of MMP-2, 
-7, -9, and -13 to HS in the extracellular space [37]. Of 
the four TIMPs, TIMP-3 is uniquely localized to the ECM 
[38] and is sequestered to the pericellular environment by 
association with HSPGs [39]. Perlecan may be the HSPG 
involved, as an unpublished study by Saunders et al. dem-
onstrated that TIMP-3 binds perlecan HS [S. Saunders, 
personal communication] and like perlecan, TIMP-3 is 
also localized pericellularly. TIMP-3 can inhibit endo-
thelial cell invasion and tube formation in three-dimen-
sional collagen or fibrin matrices [40] as well as inhibit 
tumor angiogenesis [41]. This activity is most likely via 
the inhibition of MMPs and ADAMs (a disintegrin and 
metalloproteinase). Thus perlecan may play a prominent 
role in both the activation and inhibition of angiogenesis 
depending on its cellular context, consistent with the ex-
pression of perlecan in both vascularized and hypovascu-
larized (i.e. cartilage) tissues.

What is the role of the protein core in angiogenesis?
Given the significant contribution of perlecan to angio-
genesis, there is surprisingly very little research on the 
role of the protein core in blood vessel development other 
than its role in the modulation of the adhesion of vascular 
cells [30, 42] and its significant binding of vascular mi-
togenic growth factors. The protein core of perlecan has 
been shown to be important in the binding of cells, more 
than likely via integrin pathways. This has been shown 
to involve both β1 and β3 integrins [43, 44]; however, 
the source of perlecan used in these studies was from the 
EHS tumour, which may have been contaminated with 
laminin (laminin is well known to interact with cells via 
β1 integrins). In addition, mouse perlecan contains an 
RGD consensus sequence within domain III that is not 

present in the human form. Whether this sequence is in-
volved in cell adhesion is contentious [45, 46].
Although intact perlecan has been shown to bind angio-
genic growth factor in an HS-dependent fashion, recom-
binant domains of perlecan core protein have been shown 
to interact with a number of angiogenic factors in vitro 
including FGF7 [47] and platelet-derived growth factor 
(PDGF)-AA and -BB [48]. This suggests that proteolytic 
processing (or alternative splicing) may produce frag-
ments of the protein core which have their own unique 
activity. Indeed, an antiangiogenic effect of perlecan has 
also been observed in the form of endorepellin, an 85-kDa 
protein derived from the C-terminal domain V of perlecan 
[49]. Endorepellin has been shown to be antiadhesive for 
a number of cell types, and to inhibit endothelial cell 
migration, endothelial tube-like formation within type I 
collagen matrix, and angiogenesis in chicken chorioallan-
toic membrane and Matrigel plug assays [49]. Interaction 
of the terminal laminin-like globular (LG3) domain of 
endorepellin, the region that possesses most of the bio-
logical activity on endothelial cells, with the major cell 
surface receptor for collagen I, α2β1 integrin, has been 
shown to result in signaling events leading to disassembly 
of actin stress fibers and focal adhesions in vitro [42]. 
Although a 26-kDa fragment identical to LG3 has been 
found in urine of patients with end-stage renal failure, it 
has not been found in circulating blood or proven to occur 
in tissues, such that its biological role remains specula-
tive. Although the protease that cleaves endorepellin into 
the 26-kDa fragment has been identified (BMP-1/Tol-
loid-like metalloprotease [26]), intact perlecan has not 
been cleaved to produce this 26-kDa fragment.
Another role for the protein core of perlecan may be to 
stabilize the newly formed vessel basement membrane. 
Vascular basement membranes in perlecan knockout 
mice develop normally; however, they deteriorate in re-
gions with increased mechanical stress such as the con-
tracting myocardium [10]. Perlecan protein core interacts 
with a number of basement membrane proteins in vitro 
including nidogen-1 and -2, type IV collagen and fibro-
nectin, and these interactions may be required to stabi-
lize and strengthen the network [12–15]. As mentioned 
earlier, perlecan may also act to stabilize the basement 
membrane by preventing the proteolysis of laminin. It 
would be of great interest to investigate further the nature 
of these interactions both in vitro and in vivo to assess the 
extent of the contribution of perlecan protein domains, 
including domain I and its attached HS, to blood vessel 
synthesis and maintenance.

Chondrogenesis and bone formation

Perlecan is essential for normal cartilage and bone de-
velopment in mice and humans, as evidenced by knock-
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out studies in mice and the identification and analyses of 
mutations in the perlecan gene in humans. Perlecan-de-
ficient mouse embryos that survive past embryonic day 
10.5 go on to develop severe skeletal dysplasia charac-
terized by shortened/thickened bones and craniofacial 
abnormalities [10, 50] and die shortly after birth due to 
respiratory failure, most likely due to cartilage defects of 
the rib cage. A human disorder, dyssegmental dysplasia, 
Silverman-Handmaker type, was identified to be a func-
tional null mutation of perlecan and also showed similar 
skeletal dysplasia to the knockout mouse [51]. Skeletal 
defects observed in perlecan-null animals arise largely in 
the growth plates of the long bones. In normal long-bone 
growth plates, chondrocytes are arranged into zones of 
resting, proliferating and maturing (hypertrophic) cells. 
Growth plates that are deficient in perlecan are severely 
disrupted in the proliferative and hypertrophic zones.

What is the role of perlecan HS in chondrogenesis?

HS is required in the growth plate for normal develop-
ment, as demonstrated by mouse knockout studies in-
volving the genes that code for exostosin 1 and 2 (EXT1 
and 2), glycosyltransferases required for the assembly 
of HS. Although EXT1 and 2 homozygous mutant mice 
die at E6, before the onset of cartilage formation, mice 
heterozygous for EXT1 show increased chondrocyte pro-
liferation and delayed hypertrophic differentiation [52], 
and EXT2 heterozygous mice have multiple abnormali-
ties in cartilage differentiation, including disorganization 
of chondrocytes in long bones [53]. In addition, human 
defects in the genes encoding EXTs also result in exosto-
ses, ectopic bone growths, whose growth plate is severely 
disorganized with no HS and reduced and abnormal per-
lecan distribution [54]. Interestingly, these growth plates 
resemble those of perlecan null mice.
Perlecan isolated from articular cartilage and chondro-
cyte cultures is substituted with HS as well as CS chains 
[55]. HS modification is further supported in vivo by the 
significant levels of HS distributed pericellularly at sites 
of perlecan deposition in the growth plate [56, 57]. There 
is currently no evidence that chondrocyte perlecan HS 
chains are involved in chondrogenesis. However, the fol-
lowing lines of evidence suggest that these chains may 
be required for the chondrogenic activity attributed to 
perlecan.
French et al. [58] showed that exogenous addition of 
domain I of perlecan decorated with either HS or a mix 
of HS and CS provided a sufficient signal to trigger 
C3H10T1/2 cells to enter a chondrogenic differentiation 
pathway. GAG substitution was essential to this activity 
as neither HS-deficient domain I or any of the recombi-
nant perlecan domains triggered chondrogenesis in these 
cells. Interestingly, other sources of heparin, HS or CS 

were also unable to induce chondrogenesis, which sug-
gests that this activity is unique to perlecan-associated 
GAG.
Given these in vitro data, it is surprising that the trans-
genic mouse deficient in HS-modified perlecan does 
not exhibit any gross cartilage abnormalities. However, 
to date there has been no detailed analysis of cartilage 
structures in these animals. Furthermore, it is possible 
that domain V of perlecan, which can carry HS chains 
under some circumstances [12, 59], may compensate for 
the lack of domain I HS [60]. In support of this, perlecan 
isolated from the kidneys of these same perlecan-HS-de-
ficient mice was recently shown to be substituted with 
either HS or CS [61]. The site of GAG attachment was 
not determined but is likely to be domain V. The lack of a 
cartilage phenotype could also be a result of redundancy 
in the functions of HSPGs, as has been observed for the 
Drosophila glypicans Dally and Dally-like. Another pos-
sibility is that the activity of perlecan in cartilage is medi-
ated through the protein core rather than the HS chains. 
This is discussed later.
If the HS chains of perlecan are involved in chondrogen-
esis their activity may be similar to that of perlecan in the 
vasculature. Indeed, like endothelial perlecan, perlecan 
derived from chondrocyte cultures has been shown to in-
teract with the chondrogenic growth factors FGF2 [62] 
and FGF9 [S. M. Knox and J. M. Whitelock, unpublished 
data] in an HS-dependent manner. Therefore, similar to 
angiogenesis, perlecan may influence the activity of key 
signaling molecules such as FGFs that regulate chondro-
cyte cell function.
Support for a role of perlecan in the regulation of FGF 
activity in chondrogenesis comes from the finding that 
chondrodysplasia observed in perlecan-deficient mice 
and humans resembled that of FGFR3 gain-of-function 
mutations. FGFR3 is a negative regulator of skeletal bone 
growth. Both humans and mice with FGFR3 gain-of-
function mutations show an achondroplastic phenotype 
with inhibition of chondrocyte proliferation at the growth 
plate, premature differentiation and early cessation of 
bone growth. It has been postulated by a number of groups 
that perlecan may regulate the activity of FGFR3 in the 
growth plate by binding its ligands through its HS chains. 
Of the 23 FGF family members, FGF2 and FGF18 are 
thought to be the most likely candidates for controlling 
bone growth through FGFR3 [63, 64]. FGF18-null mice 
display a similar phenotype to the FGFR3-null mouse, 
exhibiting enhanced endochondral bone growth, expan-
sion of their growth plate, and increased chondrocyte pro-
liferation. FGF2-null mice do not show an abnormal skel-
etal phenotype [31], possibly due to redundancy in the 
FGF family; however, transgenic mice over-expressing 
FGF2 or treatment of mouse limb explant cultures with 
recombinant FGF2 results in severe limb shortening [65, 
66]. FGF2 has also been shown to strongly induce the 
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synthesis of a number of chondrocyte proteins including 
MMP1 and MMP3, and TIMP-1 [67] and suggests that 
FGF2 could have a role in remodeling damaged tissue. In 
addition, FGF2 and FGFR3 have overlapping expression 
patterns: FGF2 and FGFR3 protein localize predomi-
nantly within the proliferating zone. FGF18 mRNA and 
protein are found in the perichondrium, suggesting a pos-
sible paracrine signal to the growth plate [68]. This raises 
the question of how FGF18 is transported to FGFR3-ex-
pressing cells. Given the importance of HSPGs in mor-
phogen gradient formation and that HS binds and acti-
vates FGF18 [69], it is possible that perlecan HS chains 
may also be involved in the diffusion of FGF18 towards 
FGFR3-expressing chondrocytes.
Interestingly, examination of FGFR3 protein in rib carti-
lage showed that the transmembrane receptor underwent 
proteolytic cleavage towards the hypertrophic zone to 
produce a gradient of an extracellular domain fragment of 
FGFR3. This fragment showed greatest deposition within 
the ECM of hypertrophic chondrocytes [70]. Perlecan can 
bind FGFR3c in vitro [25] and may create an extracellular 
domain FGFR3 gradient, which could then control the 
availability of FGF.
As the epiphyseal growth plate develops, FGFR3 disap-
pears and FGFR1 expression is upregulated in prehyper-
trophic and hypertrophic chondrocytes, suggesting a role 
for FGFR1 in the regulation of cell survival and differen-
tiation, and possibly cell death [64]. Human chondrodys-
plasias have been mapped to mutations in FGFR1 (and 
FGFR2), where the majority of syndromes involve cra-
nial disorders. Since perlecan-deficient mice show both 
skeletal and cranial abnormalities, perlecan may regulate 
the different forms of FGF receptors. The expression pat-
terns of perlecan and FGFR1 overlap significantly, and 
similar to perlecan-deficient mice, conditional inactiva-
tion of FGFR1 in mice resulted in shortened limbs [71, 
72]. It should be noted, however, that the major phenotype 
of abnormal autopod formation is not seen in perlecan-
null mice, although a detailed analysis of the cartilage 
was not performed in these studies. A recent in vitro study 
by Govindraj et al. [62] suggested that growth plate per-
lecan may function to sequester FGF2 away from its high-
affinity receptor, presumably FGFR1, thereby preventing 
its activation. Therefore, similar to FGFR3, perlecan may 
negatively regulate FGFR1 by sequestering its ligand.
As stated above, expression of perlecan is greatest in the 
hypertrophic regions, and these are also the sites of the 
highest expression of the heparin-binding bone morpho-
genic proteins (BMP)-2, -4 and -6. Binding to HSPGs has 
been implicated in the signaling of BMPs [73], restricting 
BMP-4 diffusion [74] and is thought to facilitate internal-
ization and/or lysosomal targeting of mature BMP-4 [75]. 
Although BMP function in chondrocytes is contentious, 
a recent study using a rat model over-expressing consti-
tutively active BMP receptor 1a in cartilage showed that 

BMP activity stimulates chondrocytic differentiation and 
maturation towards hypertrophy [76]. Gomes and cowork-
ers [77, 78] showed that mouse perlecan and recombinant 
HS-modified domain I of perlecan induced chondrogenic 
nodule formation of 10T1/2 cells and stimulated BMP2-
mediated chondrogenic maturation [78]. Recently, Fisher 
et al. [79] demonstrated that exogenous HS or heparinase 
treatment dramatically enhance the ability of BMP2 to 
stimulate chondrogenesis and cartilage-specific gene ex-
pression in limb mesenchymal cells in micromass cul-
ture. The authors suggest that this activity is due to the HS 
chains of perlecan since surface-bound HS, most likely 
from syndecan-3, was demonstrated to interfere with the 
chondrogenic activity of BMP. 
Hypertrophic chondrocytes of the growth plate also pro-
duce VEGF, connective tissue growth factor (CTGF) and 
MMPs including MMP-2, -3, -7, and -13 [80–83]. Per-
lecan has been shown to co-localize pericellularly with 
CTGF and interact with it in vitro [84]. This interaction 
is most likely through the HS chains, as heparinase treat-
ment of cells resulted in release of CTGF [84]. Similar to 
perlecan, CTGF is expressed highly in vascular tissues 
and maturing chondrocytes and is believed to be a regula-
tor of both chondrogenesis and angiogenesis during skel-
etal development [85] by a mechanism that may involve 
the binding and inhibition of VEGF165 [86]. VEGF is es-
sential for growth plate angiogenesis and subsequent bone 
formation [87]. Complex formation between VEGF165 
and CTGF interrupts binding of VEGF165 to its major 
receptor VEGFR-2, and thus inhibits VEGF angiogenic 
activity [86]. Proteolysis of the VEGF165/CTGF com-
plex by MMP-1/-3, -7 or -13, which are upregulated dur-
ing cartilage remodeling, was shown to degrade CTGF 
and result in release of active VEGF [88]. Indeed, MMP-
13-deficient animals have delayed vascularisation of the 
ossification center [89] and this is thought to be due to 
decreased availability of VEGF to interact with its recep-
tors on endothelial cells, osteoclasts and osteoblasts. This 
mechanism is also supported by the finding that infusion 
of dimerized soluble receptor Flt-1 (VEGF receptor 1) re-
versibly delayed bone formation in the growth plate [87]. 
It should also be noted that perlecan is cleaved by MMP-
3 [36], and this may present a mechanism whereby the 
inactive CTGF/VEGF complex is able to diffuse within 
the growth plate.
Preceding vessel invasion of the primary ossification 
center within developing bones, there is recruitment of 
vessels to the surrounding perichondrium. At the time of 
this perichondrial recruitment, VEGF is expressed by the 
perichondrial cells and has been suggested to be involved 
in the recruitment of blood vessels to the perichondrium 
[reviewed in ref. 90]. Interestingly, both perlecan and 
CTGF have also been shown to be expressed in the peri-
chondrial vessels [91, 92] and may therefore control this 
initial invasion in a mechanism similar to that described 
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above. Therefore, perlecan HS chains may manipulate the 
activity of VEGF165 indirectly through binding CTGF to 
control vascular invasion and subsequent bone formation 
in the growth plate.

What is the role of the protein core in 
chondrogenesis?
Similar to that for angiogenesis, there has been very little 
research on the function of the perlecan protein core in 
cartilage development. However, like its postulated role in 
maintaining the structural integrity of blood vessel base-
ment membranes, it is also likely that in normal growth 
plate cartilage, perlecan strengthens the ECM structure 
through matrix protein interactions. This is supported by 
the achondroplastic phenotypes observed in human skel-
etal disorders linked to mutations in the perlecan core 
protein. One such disorder is Schwartz-Jampel syndrome 
(SJS), which is characterized by chondrodystrophic myo-
tonia. SJS has been mapped to the missense and splicing 
mutations resulting in versions of perlecan either with 
partial loss of domain IV and complete loss of domain 
V, complete loss of domain V only, or molecules defec-
tive in disulfide bond formation in domain III [93, 94]. 
There has only been a single report on cartilage from SJS 
patients and this indicated poor chondrocyte columnar 
organization in epiphyseal cartilage of one patient with 
SJS [95]. However, this disorder is also characterized by 
short stature, osteochondrodysplasia, myotonia and skel-
etal abnormalities and is therefore indicative of a role for 
domain V of perlecan in cartilage development as well as 
muscle and skeletal development. Domain V of perlecan 
was found to bind fibulin-2, laminin-nidogen complex, 
nidogen and two nidogen fragments, progranulin [12, 19, 
47, 96] and, more recently, extracellular matrix protein 1 
(ECM1) [97]. ECM1 has been shown to regulate endo-
chondral bone formation in an organ culture model [98], 
as well as stimulate the proliferation of endothelial cells, 
and induce angiogenesis. Its expression also partially 
overlaps with perlecan. However, ECM1 mutations in 
humans result in skin rather than skeletal abnormalities, 
which suggests other roles for perlecan/ECM1 interac-
tions.
Perlecan can also interact with WARP (von Willebrand 
factor A-domain related protein). WARP is a novel mem-
ber of the von Willebrand factor A-domain superfamily 
of ECM proteins and has been shown to co-localize with 
perlecan in the chondrocyte pericellular microenviron-
ment [57]. In vitro studies suggest that it binds the pro-
tein core via domain III as well as its HS chains [57]. 
One hypothesis is that this interaction in articular carti-
lage may contribute to the assembly and/or maintenance 
of ‘permanent’ cartilage structures during development 
and in mature cartilages; however, the function of WARP 
remains to be determined.

Recently Govindraj et al. [62] identified a smaller-mo-
lecular-weight form of perlecan from bovine growth plate 
chondrocyte cultures that did not contain HS and was lo-
calized to the cell layer. This smaller perlecan has also 
been observed in human cartilage extracts [J. Melrose, 
P. Roughley, S. Knox, S. Smith, J. Whitelock, unpublished 
data]. To date, this is the only variant form of perlecan 
protein core identified, although an alternatively spliced 
species of perlecan mRNA was discovered in mice [99]. 
Whether this form is a result of alternative splicing or pro-
teolytic processing in the cartilage is unknown; however, 
intensive investigations by Iozzo et al. [100] failed to find 
alternative splice variants in human perlecan. Such varia-
tion in the structural composition of the perlecan protein 
core will differentially regulate its activity in this tissue. 
For example, the absence of HS chains prevents perlecan 
from interacting with HS-binding chondrogenic growth 
factors such as FGF2 [62] precluding it from modulating 
FGF2 signaling.

Conclusion

It is surprising, given the critical need for perlecan in 
normal chondrogenesis and bone development, that al-
most nothing is known about the mechanism of its ac-
tion in the generation of this complex multifunctional 
tissue. It is tempting to speculate that it has a critical 
role in the patterning of morphogens and mutagens in 
the developing tissue through regulating the concentra-
tion of matrix-bound versus cell-associated (bound to 
glypicans and syndecans) signaling molecules. Impor-
tantly, the ability to establish these concentration gra-
dients is dependent on the glycosylation status of the 
perlecan molecule. If the glycosaminoglycan structures 
change as a cell differentiates, these changes will have 
a downstream effect on the type and distribution of 
growth factors in the local environment of the cell. This 
may provide a developmental mechanism to control the 
various stages of cell differentiation and proliferation 
during organogenesis.
Thus perlecan regulates and is regulated by cells through 
a basic mechanism involving the binding of proteins via 
the protein core and/or the glycosaminoglycan chains. 
Perlecan functional diversity is due to these interactions 
being a product of the makeup of the extracellular en-
vironment, whose complexity may be far-reaching and 
solely dependent on the status of the cell. As such, per-
lecan may be a bridge that provides one of the critical 
links between cell behavior and organogenesis.
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