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The Proteoglycan Perlecan Regulates Long Bone Growth through
Interactions with Regulatory Proteins in the Developing Gr owth
Plate
Simone Mar sha-L ee Smith
ABSTRACT
Perlecan is the major heparan sulf ate proteoglycan (HSPG) in
growth plate cartilage and is critical for growth plate chondrocyte
proliferation and proper skeletal development. Its core pr otein and
attached chondroitin sulf ate (CS) and hepar an sulfate (HS) chains
mediate interactions with many diver se proteins. Fibroblast growth
factor (FGF)-2 and FGF-18 are other regulators of chondrocyte
proliferation in the growth plate. Additionally, FGF-18 controls the
hypertrophy and cartilage vascularization necessary for
endochondral ossification. The research presented in this
dissertation aimed to identify known and novel perlecan-binding
proteins that are endogenous to the growth plate and to characterize
their interactions with perlecan.
FGF-2 (known to bind HSPGs) bound to perlecan in both a
cationic filtr ation ( CAF) assay and an immunopr ecipitation (IP)
assay primarily via the HS chains on perlecan. When digested with
chondr oitinase ABC to remove its CS chains, perlecan augmented
binding of FGF-2 to the FGFR-1 and FGFR-3 receptors and
increased FGF-2 - stimulated prolifer ation in BaF3 cells expressing
vi

these FGF receptors. Thus, growth plate perlecan binds to FGF-2 by
its HS chains but can only deliver FGF-2 to FGF receptors when its
CS chains are removed.
FGF-18 (known to bind to heparin and to hepar an sulfate from
some sour ces) bound to growth plate perlecan. This binding was
unchanged by chondroitinase or heparitinase digestion of perlecan,
indicating that perlecan GAGs are not involved in FGF-18 binding.
FGF-18 bound equally to recombinant domains I-III of perlecan
(Alt1) and to full-length perlecan purified from the growth plate.
Additionally, FGF-18 bound equally to recombinant domain III of
perlecan, to Alt1 and to Alt2 (a domain I-III variant with no heparan
sulfate). Therefor e, binding sites for FGF-18 are pr esent in domain
III of perlecan.
Affinity chromatography isolated histone H3 as a perlecanbinding protein from the chondrocyte matrix. CAF assays confirmed
the interaction as specific, dependent primarily on HS chains of
perlecan, although CS chains and the perlecan cor e wer e also
involved. Immunohistochemistry detected perlecan and histone H3
colocalized in growth plate cartilage. These results can help us
better under stand the gr owth factor-independent contr ol that
perlecan exerts on endochondr al ossif ication and, therefore, long
bone growth.
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CHAPTER ONE
INTRODUCTION
The Growth Plate and Long Bone Growth
The growth plate is the principal regulator of longitudinal
bone growth in humans and animals. Longitudinal gr owth is
controlled by multiple environmental, genetic, hormonal, and
nutritional factor s. Together, these factors determine adult height
by influencing the proliferation and differentiation of chondrocytes
in the growth plate. The region of cartilage known as the growth
plate is present only in bones that for m through a cartilage
precur sor, that is, by endochondr al ossification. In these
endochondral bones (such as the mandible, ribs, limbs and digits) a
growth plate is situated between the epiphyseal and metaphyseal
regions of bone at the distal ends of the long bones (Figure 1*).

The Growth Plate
1a.

Origin
The formation of chondrocytes (chondr ogenesis) is a highly

regulated process. The chondroprogenitor cells are mesenchymal
stem cells (MSCs). The MSCs arise from different locations
depending on their targets in embryogenesis. For example, cells that
will become chondrocytes in vertebrae and ribs originate from the
paraxial mesoderm whereas cells destined for limb cartilage
1

originate from the later al mesoderm (de Crombrugghe, Lefebvr e et
al. 2000). In the embryo, endochondr al ossification initiates with
MSC condensation (that is, the MSCs f orm cluster s and adhere via
adhesion molecules) (Hall and Miyake 2000) and progresses to the
subsequent differentiation of the MSCs into chondrogenic cells.
Even after development ends, MSCs ar e known to per sist as stem
cells in the bone marrow of adult mammals, where they retain the
capacity to become chondrocytes (Magne, Julien et al. 2005).

Figure 1: Location and organization of the growth plate. *From van
der Eerden, B. C. J. et al. Endocr Rev 2003;24:782- 801
As in adipogenesis, myogenesis or osteogenesis, MSC
differentiation into chondr ocytes is controlled by DNA transcription
factor s. In chondrogenesis, this factor is Sox9 (Olsen, Reginato et
al. 2000). MSCs, in response to TGF-ß and fibronectin, start
forming prechondrocytic condensations at differ ent sites in the
embryo. This occurs at around mid-gestation (~E10.5) in mice
2

(Lefebvre, Li et al. 1998). By E12.5, cartilage is forming actively in
all destined cartilaginous ( such as ear and nose cartilage) and
endochondral (such as rib and limb bone) structures. In
intramembranous ossification (which gives rise to bones such as the
flat bones of the skull), the condensed cells differ entiate into boneforming osteoblasts, which then secrete a bony matrix rich in type 1
collagen. However, in the mor e common endochondral ossification,
the cells in the middle of the condensation cluster become
chondrocytes and cells on the border form a perichondrium.
Scientists fir st realized the importance of Sox9 in chondrogenesis
on discovering Sox9 mutations as the etiology for campomelic
dysplasia ( CD). CD is a rare, severe, lethal dwarfism in humans
(Foster, Dominguez-Steglich et al. 1994; Wagner, Wirth et al.
1994). CD patients have abnormalities in essentially all cartilagederived bones including the craniofacial bones, vertebral column,
ribs and limbs. The bowed, angulated bones and other skeletal
defects of CD patients result from defective chondrocyte
differentiation within the MSC condensations and the resulting
deficient production of chondrocytes.
The Sox9 gene is ubiquitous in chondroprogenitor cells and in
the chondrocytes they become (de Crombrugghe, Lefebvr e et al.
2000). Sox9 contains a DNA binding domain and a strong
transcription activation domain, making it a potent transcription
factor that binds to the genes for chondrocye-specific markers such
as collagen Type II and aggrecan. If Sox9 is mutated or absent in
mouse models these mar ker proteins ar e not expr essed in the MSC
and a block occur s at the point wher e condensation would normally
occur (de Crombr ugghe, Lefebvr e et al. 2000), making the cells
unable to differ entiate into chondrogenic precursors, even though
their migration to the would-be condensation site is unaff ected (Bi,
3

Deng et al. 1999). The perichondrium is the only final location of
such Sox9 null cells; the MSCs thus migrate to the condensation
center fine without Sox9 but do not differentiate into chondrocytes
without Sox9 driving its chondrocyte-specific genetic program.
1b.

Growth Plate Structure
The growth plate contains only one type of cell, the

chondr ocyte. However, the chondrocytes ar e of three different subtypes comprising the three distinct horizontal layers of the growth
plate cartilage, the resting (where the stem cells ar e), proliferative
and prehypertrophic/hypertrophic zones (Figure 1). The growth plate
cartilage exists only during the gr owth period of most animals, for
example, up to puberty in humans. After the growth period, the
cartilage is completely resorbed and replaced by bone.
The three types of chondrocytes in the growth plate are
biochemically, functionally and morphologically distinct. The most
epiphyseal of the zones is the resting zone. Her e, chondr ocytes are
smallest, rarely mitotic, and are arranged irregularly in their spar se
cartilage matrix. The resting zone cells are relatively quiescent but
they are crucial for proper arrangement of the other underlying
columns of cells and thus, for promotion of unidirectional
longitudinal bone growth. The resting zone is thought to contain
stem-like cells with a unipotent ability to gener ate new cells of the
proliferative zone (Hunziker 1994).
On some yet unknown stimulus, the more mature resting cells
divide to produce two cells; one retains the stem-like resting cell
phenotype and the other becomes proliferative. Upon division of a
cell in the proliferative zone (a cell that is now five times bigger
than a resting cell (Noonan, Hunziker et al. 1998)) the newly formed
clone lines up parallel to the long axis of the bone. This results in
4

expansion of columns of cells oriented along the length of the bone,
leading to bone elongation. This alignment of the proliferative cells
into columns parallel to the elongation direction of the bone is
directed by a morphogen synthesized by resting cells (Abad, Meyers
et al. 2002). In the proliferating zone, the cells not only align into
columns, but they also flatten, divide rapidly and synthesize large
amounts of extracellular matrix or ECM (up to 46% more than
resting cells) which in turn maintains the structur e of the growth
plate.
The stimulus for prolifer ating chondrocytes to progr ess
through the final, mature phase of the hypertrophic zone is thought
to be exposure to local growth factors in the growth plate. The
Indian hedgehog/Parathyroid hormone-related peptide (Ihh/PTHrP)
pathway causes prolif erating chondrocytes to stop dividing and start
differentiating to enter the next phase: hypertrophy (Minina,
Kreschel et al. 2002). With this phase also comes a marked increase
in cell size (a cell that is up to ten times the size of a resting cell)
(Noonan, Hunziker et al. 1998). This transition eventually results in
larger, round, hypertrophic chondrocytes that secr ete vast amounts
of ECM (up to 60% more than a resting cell) (Noonan, Hunziker et
al. 1998), intracellular calcium and vesicles containing calcium–
phosphates, hydroxyapatite and matrix metalloproteinases which all
cause mineralization of the cartilage ECM in this hypertrophic zone
(Nilsson, Marino et al. 2005). Mineralization causes blood vessels
to enter from the bone adjacent to the growth plate. The vessels
bring in osteoblasts and osteoclasts: the osteoclasts degr ade the
structures that previously kept the hypertrophic chondrocytes
arranged in columns while the osteoblasts remodel the scaffold
created by the apoptosed, mineralized hypertrophic chondrocytes
into new metaphyseal bone. With this effective deletion of the
5

terminally differentiated hypertrophic cells and the creation of
bone, the gr owth plate size is maintained when matur e prolif erative
cells start to become hypertrophic, mature resting cells become
proliferative, and more MSCs condense and diff erentiate into new
resting cells. With this continual replenishment during per iods of
growth, the growth plate cartilage causes longitudinal growth of
endochondral bones.
1c.

ECM Proteins
From the resting to the hypertrophic zone, chondrocytes are

embedded in a matrix known as the ECM, which is integral to bone
growth not only by its sheer accumulation but also by the variety of
molecules that it contains.
Collagens: The prolifer ating cells express primarily collagen
type II (Col2) while the prehyper trophic cells express Col9 and the
hypertrophic cells express Col10. Col2 and Col9 are unique to
cartilage (Watanabe, Yamada et al. 1998). Mutating any of these
collagens causes well-characterized human cartilage matrix
disorder s that all result in dwarfism. For example, mutations in
human Collagen II cause skeletal disorders such as
chondr odysplasias, epiphyseal dysplasia and Schmid-type
metaphyseal chondrodysplasia (Spranger, Winterpacht et al. 1994;
Muragaki, Mariman et al. 1996; Wallis, Rash et al. 1996). Mutations
in mouse models have also shown the importance of collagen to long
bone growth (Stacey, Bateman et al. 1988; Gar ofalo, Vuorio et al.
1991; Metsar anta, Garofalo et al. 1992).
Proteoglycans: Cartilage also contains various proteoglycans
such as the cell- surface syndecan and glypican, the small biglycan,
decorin and lumican, and the larger aggrecan and perlecan (Knudson
and Knudson 2001). A proteoglycan (PG) is composed of a core
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protein with glycosaminoglycan (GAG) chains covalently attached
(Hascall, Calabro et al. 1994). The dif ferent PGs have var ious types
of GAGs attached (for example chondroitin, heparan and keratan)
and are all sulfated (hence chondroitin sulfate or CS, heparan
sulfate or HS etc). The major chondr oitin sulf ate proteoglycan
(CSPG) in cartilage is aggr ecan. The major heparan sulf ate
proteoglycan (HSPG) in cartilage is perlecan, which is the subject
of my dissertation resear ch and which I will discuss in detail later.
The roles of the PGs are to bind cartilage proteins with their
sulfated GAG groups and with their core proteins, ther eby cr osslinking the ECM. The sulfation of these PGs is crucial, then, for
cartilage integrity, as is shown in the many skeletal dysplasias that
result in dwarfism if diastr ophic dysplasia sulfate tr ansporter
(DTDST), a key PG sulfation enzyme in the growth plate, is mutated
(Rossi and Superti-Furga 2001). Also, the disorder hereditary
multiple exostoses (HME) occurs from the mis- expression of the
EXT1 or 2 genes which encode glycosyltransferases that synthesize
hepar an sulfate GAGs (Simmons, Musy et al. 1999). HME patients
present with limb deformities, leg length discrepancies and other
skeletal defects all resulting from the loss of HS on the
chondr ocytes and thus loss of these GAGs as coreceptors for growth
factor s, resulting in aberr ant prolif eration of growth plate
chondr ocytes (for instance, wher e HS:FGF binding is lost) or of
differentiation of proliferating to hypertrophic chondrocytes (for
instance, wher e HS:Ihh binding is lost). The specific cor e proteins
can also regulate cartilage-maintaining processes such as collagen
fibril formation (for decorin) and anchoring of the chondrocyte to
its cytoskeleton (for syndecan) (Ballock and O'Keefe 2003).
Perlecan is also essential for cartilage integrity and growth factor
signaling, as will be discussed later.
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Aggrecan also plays a major role in cartilage. With its ~230
kDa cor e protein and up to 130 GAG chains (CS and ker atan sulf ate
or KS) aggrecan can reach a total molecular mass of ~2200 kDa in
some tissues (Hascall, Calabro et al. 1994). Cartilage matrix
deficiency (Cmd) in mice is a lethal chondrodysplasia that results
when the aggrecan gene is mutated. The cmd mutation in the
globular domain I of aggrecan is lethal when homozygous, causing
early postnatal death from respiratory failure (Rittenhouse, Dunn et
al. 1978; Watanabe, Kimata et al. 1994). These mice, with 41% of
the normal aggr ecan mRNA, have short snouts, cleft palate, skeletal
dwarfism and mis- aligned spines due to the absence of aggrecan in
their cartilage. The chondrocytes in the cmd null growth plates are
irregularly packed together with rough collagen fibrils arranged
around them. This disor ganizes the cells in comparison to the
orderly columnar arrangement of chondrocytes in wild type. It is not
surprising, then, that these mice have r educed growth of their long
bones.
Another mutation in the aggr ecan gene in chickens results in
the chondrodysplasia known as nanomelia (Li, Schwartz et al.
1993). The nanomelic chick shows similar cartilage and bone
defects as the cmd mouse, ie. dysmorphic cartilage, dwarfism and
lethality. The mutation is in the exon coding for the CS attachment
region in aggrecan, resulting in a truncated protein that cannot
accept CS chains. Without this CS domain, aggr ecan cannot promote
chondr ocyte ECM integrity and the car tilage precursor and thus the
subsequent bone is disrupted.
Growth Fact ors: The ECM is a reservoir of growth factor s
that are either made in the growth plate or transported there, bound
by other ECM proteins and released to affect chondrocyte activity
(van der Eerden, Karperien et al. 2003). Insulin-like growth factor
8

(IGF)-1 exerts substantial control over long bone growth. IGF
deficiency causes f etal growth retardation and postnatal growth
failure in humans (Camacho-Hubner, Woods et al. 1999) and mice
(Mohan, Richman et al. 2003), since I GF-1 stimulates both
expansion of prolif erating chondrocytes and chondrocyte
hypertrophy.
The TGF-ß family of bone morphogenetic proteins (BMPs) ar e
also crucial in bone growth, with roles in skeletal apoptosis,
chondrocyte differentiation, formation of hypertrophic chondrocytes
and other aspects of skeletogenesis ( Macias, Ganan et al. 1997). The
BMPs and their receptor s are expressed locally in the gr owth plate
and are necessary for proper chondr ogenesis (Zou, Wieser et al.
1997; Yi, Daluiski et al. 2000).
Ihh and PTHrP are other ECM molecules made locally in the
growth plate. Ihh is from the hedgehog family of morphogens with
cititical roles in embryonic formation and development.
Prehypertrophic chondrocytes express Ihh, where it regulates the
rate of chondrocyte differentiation from proliferative to
hypertrophic zones (Vor tkamp, Lee et al. 1996). Blocked
hypertrophy results if this Ihh is mutated. St. Jacques et al (StJacques, Hammer schmidt et al. 1999) showed that Ihh- null mice not
only showed this reduced differentiation of proliferative into
hypertrophic cells but were also dwarf s with dr astic reductions in
chondr ocyte prolif eration and osteoblast formation. Ihh is theref ore
a key growth factor for the coupling of chondrogenesis and
osteogenesis (Karp, Schipani et al. 2000). Ihh is an upstream
positive regulator of PTHrP and acts through PTHrP to control
chondrocyte differentiation but independently of it to control
proliferation. PTHrP negatively regulates chondrocyte
differentiation: mice with no PTHrP had abnormally rapid
9

differentiation of the proliferating chondrocytes into hypertrophic
chondr ocytes, which caused dwarfism due to the chondrocytes’
reduced prolif erative time (Karaplis, Luz et al. 1994).
The fibroblast growth factor s (FGFs) are another subset of
proteins in the ECM of cartilage. This 23-member family uses at
least four receptor s (FGFR-1 to 4) and splice variants of each to
regulate bone development (Ornitz and Marie 2002). FGF-2, 9, and
18 and FGFR-1, 2 and 3 are all expr essed in the gr owth plate or its
surrounding perichondrium. FGF-2 decreases chondrocyte
proliferation, hypertrophy and matrix synthesis (Mancilla, De Luca
et al. 1998). FGF-2 null mice, however , have no severe long bone
growth phenotype, showing only mild adult onset osteopenia and
some reduced bone density (Monter o, Okada et al. 2000).
Interestingly, mice with a targeted over-expression of FGF-2 on
growth plate chondr ocytes are dwarfs ( Coffin, Florkiewicz et al.
1995). FGF-2 is made by growth plate chondrocytes (Luan, Praul et
al. 1996) and signals primarily through FGFR-1 in cartilage. (We
have studied perlecan-mediated FGF-2 signaling through FGFR-1
and -3 in our research. Our findings ar e reported in Paper II of this
dissertation). FGF-9 is also made by growth plate chondrocytes
where it stimulates growth plate chondrocyte pr olifer ation and
inhibits terminal differentiation (ie. differentiation of proliferative
into hypertrophic cells). Mice over- expressing FGF-9 are also
dwarves, exhibiting increased chondrocyte proliferation but none of
the differ entiation necessar y to form the matrix scaffold for new
bone (Garofalo, Kliger-Spatz et al. 1999). FGF-18 is expressed in
perichondrium and is known to signal through FGFR-3 to stimulate
chondr ocyte prolif eration (Davidson, Blanc et al. 2005). FGF-18
null mice have reduced proliferation of their growth plate
chondr ocytes, which r esults in short bones. They also exhibit
10

ribcage deformities, delayed ossification of endochondral bones and
reduced transition of prolif erative chondrocytes to a hypertrophic
phenotype (Liu, Xu et al. 2002; Ohbayashi, Shibayama et al. 2002;
Liu, Lavine et al. 2006).
VEGF is another important growth factor in the growth plate
ECM. In chondrocyte hypertrophy, the ECM around hypertrophic
cells is increasingly calcified, allowing blood vessels to invade the
growth plate from the underlying metaphyseal bone. VEGF is
expressed in these hypertrophic chondrocytes, where it promotes
new bone formation by promoting blood vessel invasion and thus
couples vasculogenesis to osteogenesis to regulate long bone gr owth
(Gerber, Vu et al. 1999).
Integrins: The integrin family of cell surface receptors is
responsible for maintaining communication between the ECM and
the chondrocyte ( Ruoslahti 1991). The proper communication
between the ECM and the chondrocyte leads to proper cell
attachment, differentiation, growth and survival (Loeser 2000).
Chondrocytes expr ess various membr ane integrins that bind to ECM
molecules such as fibronectin (which affects cell adhesion),
collagens (which aff ect cell and matrix structure), laminins (which
control cell shape and motility) and vitronectin (which controls cell
migration and signal transduction). It is clear, then, how
indispensable integrins are as links between the chondrocyte and its
ECM.
With misexpressed integrin, mammmals experience multiple
levels of growth dysplasia. For example, loss of ß1 integrin (which
is normally expressed in all growth plate chondrocytes) causes
dwarfism in mice resulting from absence of the normally orderly
columnar arrangement of chondrocytes due to reduced motility of
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chondr ocytes, perturbed chondrocyte morphology and reduced
chondr ocyte prolif eration (Bengtsson, Aszodi et al. 2005).
Matrix met alloproteinases ( MMPs): The MMPs are the
enzymes that degrade and remodel the cartilage ECM. In doing so,
they provide tur nover of ECM molecules, ther eby maintaining the
integrity of the cartilage ECM and of the chondrocytes. MMPs
enable neo-vascularization of the growth plate (Vu, Shipley et al.
1998). This angiogenesis is closely coupled to bone formation in the
hypertrophic zone as described above. A murine knockout model for
MMP- 9 shows abnormal bone formation as a result of reduced
growth plate vascularization ( Rath, Huff et al. 1997; Vu, Shipley et
al. 1998). MMP-13 is also known to be necessary for matrix
mineralization in the hypertrophic zone by degrading collagen 2 in
the prolif erative zone and promoting the expr ession of collagen X
(D'Angelo, Yan et al. 2000). The MMPs, in degr ading the ECM, also
release local growth factor s (or systemic ones that have diffused in)
that are bound by ECM molecules so these factors can aff ect
chondrocyte activity only when needed and only in their specific
growth plate zones.

How Longitudinal Bone Growth Occurs.
The growth plate E CM molecules discussed above all
contribute to the growth of long bones and other bones that result
from a cartilage pr ecur sor. It is the complex interplay of these
molecules that leads to a) chondrocyte proliferation b) chondrocyte
hypertrophy and enhanced ECM production and c) chondrocyte
apoptosis that results in bone growth.

12

2a.

Proliferation
The proliferation of chondrocytes produces bone growth. Only

the chondrocytes of the proliferating zone of the growth plate
actively replicate, with each cell in this zone producing up to 8 new
clones each day during rapid growth phases such as puberty (Farnum
and Wilsman 1993). Locally synthesized PTHrP, Ihh and TGF-ß act
in a carefully coordinated feedback loop to control when
proliferative cells begin to terminally differentiate into
hypertrophic cells. These proteins thus control the length of time
for which each cell exhibits proliferative capacity (Ballock and
O'Keefe 2003).
FGFR-3, which binds at least 9 diff erent FGFs, is a negative
regulator of chondrocyte proliferation (Deng, Wynshaw- Boris et al.
1996). When disrupted in mice the result is abnormally prolonged
proliferation and thus overgrowth of long bones (Colvin, Bohne et
al. 1996). Conver sely, activating mutations of the FGFR-3 gene
cause achondroplasia. In this most common of human dwarfisms
(1:15,000 to 1:40,000 births), FGFR-3 inhibits chondrocyte
proliferation, which, in turn, leads to severe bone shortening
(Shiang, Thompson et al. 1994). With the Ihh/PTHrP/TGF- ß loop
undeniably crucial in chondrocyte proliferation, it is anticipated
then that FGFRs and thus FGFs can modulate this pathway. Ther e is
evidence for this in the repr ession of Ihh with FGFR-3 overexpression (Naski, Colvin et al. 1998). The FGFR-3-related human
chondr odysplasias are severe achondroplasia, milder
hypochondr oplasia, severe (often lethal) thanatophoric dysplasia
and SADDAN ( severe achondroplasia with developmental delay and
acanthosis nigricans) (Shiang, Thompson et al. 1994; Tavormina,
Rimoin et al. 1995; Naski, Colvin et al. 1998). These forms of
dwarfism all result from the action of FGFR-3 as a negative
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regulator of growth plate chondrocyte proliferation. The perlecan
disruption in mice and humans also causes mar kedly reduced
proliferation of growth plate chondrocytes, most likely by affecting
the availability of FGFs to FGFR-3. FGFR-1 also has roles in bone
growth as seen in the dysplasia that results if this receptor is misexpressed ( Muenke and Schell 1995; White, Cabral et al. 2005).
Human gr owth hormone and IGF-1 are also known to incr ease
growth plate chondr ocyte prolif eration (Ohlsson, Isgaar d et al.
1993). IGF-1 may also enhance the stimulatory activity of TGF-ß on
growth plate chondr ocyte prolif eration (O'Keefe, Crabb et al. 1994).
Modulation of the cell cycle is the hypothesized mechanism for the
complex integration of these molecules that affects proliferation in
the growth plate. Phosphorylation of histones and of proteins such
as Rb (retinoblastoma protein) is contr olled by cyclin dependent
kinases (CDKs). With activation of CDKs, the cell cycle proteins
such as histones and transcription f actors are modified (such as by
acetylation) and growth plate cells maintain proliferation.
Differentiation of resting chondr ocytes to proliferating
chondr ocytes replenishes the pr olifer ative zone.
2b.

Hypertrophy/Increased Matrix Production
Mature prolif erating cells diff erentiate to a hypertrophic state.

The chondrocytes in the gr owth plate are programmed (and also
influenced by local growth factors and ECM molecules) to
differentiate into mature hypertrophic chondr ocytes. This
differentiation is, therefore, spontaneous if no inhibitor s are
expressed (Volk and Leboy 1999). BMPs, for example, induce
maturation of the proliferating chondrocyte to a hypertrophic state.
This maturation brings with it a switch not only to the larger,
rounder shape of the hypertr ophic cell, but also to the synthesis of
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marker s of the hypertrophic cell type, such as collagen X
(Kronenberg 2003). The incr ease in cell size is not simply by a
diffusion of water into the cell but it is also via an active increase
in the number s and sizes of or ganelles and vacuoles within the
differentiating cell (Ballock and O'Keefe 2003). The chondrocytes
undergo up to a 10-fold incr ease in intracellular volume and up to a
2.7-fold incr ease in ECM volume (Hunziker, Schenk et al. 1987)
accompanied by up to a 5-fold incr ease in cell metabolic activity as
measured by incr eased protein production (Hunziker, Kapfinger et
al. 1999). With these regulated increases, chondrocyte hypertr ophy
and its concomitant enhanced matrix synthesis account for up to
60% of long bone growth in endochondral bones that grow rapidly,
such as the humerus and f emur (Farnum and Wilsman 1989).
Hypertrophy not only contributes to growth plate-mediated
longitudinal growth morphologically but also metabolically. By
synthesizing incr eased collagen X and alkaline phosphatase (AP),
the ECM of hypertrophic cells is prepared for calcification
(Ander son, Hsu et al. 1997). AP is present in chondrocyte vesicles
secreted by the hypertr ophic cells into the matrix. These matrix
vesicles contain calcium and AP and initiate mineralization. ColX
can bind to these vesicles and secure them in the ECM, thus
supporting deposition of the calcium-laden vesicles and their cargo
into the ECM (Ander son, Hsu et al. 1997). The matrix vesicles also
contain MMPs, which degr ade the existing ECM and remodel it into
a lattice that has incr eased hydroxyapatite crystals and other
materials crucial for making bone. The calcified cartilage can then
serve as a template for bone formation.
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2c.

Apoptosis
With the ongoing proliferation and differentiation of growth

plate cells, a final phase of regulation occur s with the removal of
the matured cells that have secreted the matrix pr ecur sor that
osteoblasts will use for bone formation. This removal is by a preprogrammed cell death or apoptosis. This is the fate of growth plate
chondrocytes that have terminally differentiated into hypertrophic
chondr ocytes and have secreted the matrix scaffold for bone
formation (Hatori, Klatte et al. 1995; Shapiro, Adams et al. 2005).
After calcification of the matrix around these hypertrophic cells,
apoptosis and clearing of these cells occur s. Mature hypertrophic
cells that are ready to undergo apoptosis show morhphological
changes that are similar to other cells undergoing apoptososis such
as cell shrinking, DNA fragmentation and plasma membr ane
disruption (Hatori, Klatte et al. 1995). The same production of
phosphatases that pr omotes mineralization of the ECM also produces
phosphate ions that induce the apoptotic changes in the most matur e
of the hypertrophic zone cells.
FGF-2 also binds FGFR-3 to cause apoptosis of growth plate
chondrocytes (Sahni, Raz et al. 2001). This might explain why there
is incr eased and pr emature apoptosis and reduced bone growth in
mice over-expressing FGF-2 ( Coffin, Florkiewicz et al. 1995).
Perlecan might further control this apoptosis by regulating the
availability of this FGF.
Chondrocyte apoptosis is necessary for growth-plate mediated
bone formation. With their death, the chondrocytes leave the
hypertrophic zone open for invasion of vasculature from the
adjacent metaphyseal bone. With these new blood vessels come
enzymes and osteocytes that further degrade the mineralized matrix
and remodel the cartilage (the osteoclasts) and that also lay down
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the new bone (the osteoblasts). This link between osteogenesis and
vasculogenesis is controlled by vascular endothelial growth factor
(VEGF) (Gerber, Vu et al. 1999). VEGF is, predictably, expressed
in hypertrophic chondrocytes but not in resting or prolifer ating
chondr ocytes. VEGF receptor (VEGFR) is also only expressed in the
hypertrophic cells of the growth plate. FGF-2 is also known to
promote angiogenesis and subsequent ossification of cartilage.
Perlecan can not only regulate the availability of FGF-2 but also has
well-reported angiogenic properties conferred by its C-terminal
domain ( Mongiat, Sweeney et al. 2003). FGF-18 is also known to
increase expr ession of VEGF and to modulate its angiogenic eff ects
(Liu, Xu et al. 2002). Expression of FGF-2, FGF-18 and perlecan in
the hypertrophic zone might further coordinate the vascularization
that is an essential endpoint in endochondral bone formation.

Perlecan
4a.

Structure/Function
Perlecan was fir st identified as a HSPG in murine basement

membranes in 1980 (Hassell, Robey et al. 1980) and has since been
shown to be in chickens, flies, worms as well as other mammals
(Rogalski, Williams et al. 1993; Sundarraj, Fite et al. 1998; Voigt,
Pflanz et al. 2002). Rotary shadowed images of murine perlecan
show that the cor e protein of perlecan, with its globular domains
spaced by rod-like sequences, resembles a string of pearls, hence its
name (Noonan, Fulle et al. 1991). The over 120 kb of the perlecan
gene encode a protein core that can exceed 460 kDa in mass (for
example, in human and mice). The perlecan core is modular,
consisting of five domains that show homology to various
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molecules. CS and HS GAGs are attached at the first and last of
these domains (domains I and V; Figur e 2*).

Figure 2: Structure of perlecan, showing its 5 domains and the
attached GAGs. *From Smith S.M-L. and Hassell J.R., Experimental
Eye Research 83 (2006) 471-2.

The synthesis of perlecan begins as all proteins do with the
transcription of the core protein mRNA from the gene sequence. The
mRNA is then translated into a precur sor protein and certain
intitiation sites (Ser in Figure 3) on the precur sor ar e used to
initiate CS and/or HS synthesis (Yanagishita and Hascall 1992).
This initiation is via addition of xylose (Xyl) in step 2 to specific
serine residues - that is, serine residues followed by a glycine and,
in some cases an acidic amino acid (an aspartic acid or glutamic
acid). Step 3 is the transfer of two galactose (Gal) residues to the
Xyl. Next, there is addition of a glucur onic acid residue (GlcA) to
complete this tetrasaccharide linkage r egion ( step 4). At step 5, the
synthesis of CS and HS diverge; N- acetylgalactosamine (GalNAc) is
added by GalNAc transfer ases to the linkage region in CS synthesis
while N-acetylglucosamine (GlcNAc) is added by EXT1 and 2 in HS
synthesis; a cluster of acidic residues within ~7 residues of the
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serine favor s HS synthesis on that serine. Addition of repeated
alternating GlcNAc and GlcA residues then serve to polymerize the
HS chain (step 6). Modification of the growing HS chain (step 7) by
N-deacetylation, N-sulfation, epimerization and further sulf ation (2O, 6-O and, rarely, 3-O) yields the fully modified GAG and, thus,
the complete proteoglycan. Epimerization of GlcA to iduronic acid
also occurs for CS, with the term CS if GlcA gets incorporated and
“dermatan sulf ate” or DS if IdoA is present (Hascall, Calabro et al.
1994).

Figure 3: Biosynthesis of perlecan. The first step of perlecan
synthesis is the translation of the core protein with its serine GAG
attachment site (Ser) and the glycine (Gly) that follows it. The
second thr ough sixth steps (number ed 2 - 6) are indicated by arrows.
Step 7 involves multiple modifications such as acetylation,
epimerization and sulfation (See text). *-first step where CS and HS
differ; A is GalNAc for CS and GlcNAc for HS and is added by the
corresponding transf erases (for HS, the transferases ar e specifically
termed EXT1 and 2 (Hecht, Hall et al. 2002)). B is uronic acid (for
CS, glucur onic acid addition produces CS, epimerization to iduronic
acid produces DS).
It is important to reiterate that addition of CS ver sus HS is
determined by the amino acid sequence in the protein cor e. For
instance, if a serine initiation site in perlecan is followed by a
glycine, then GAG attachment will begin at that serine, but HS will
only be attached if the serine is flanked by a group of acidic amino
acids such as aspartic acid (Dolan, Horchar et al. 1997). There are
three such acid-flanked serines in the f irst domain of perlecan and
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one in Domain V. They are all Serine- Glycine-Aspartic acid (SGD)
sequences flanked by acidic residues (ie. –S-G-D-X-X-X- D/E-D/EX) that favor HS attachment but can also receive CS. There is also a
specific CS and an HS attachment site in domain V
(Tapanadechopone, Hassell et al. 1999).

Domain I: This ~172 amino acid domain was initially considered the
only unique domain of perlecan (Noonan, Fulle et al. 1991).
However an SEA homology domain has since been identified that is
found in other proteins and might help to modulate GAG attachment
(Bork and Patthy 1995). Except for the three consecutive SGD HS
attachment sites, there is no repeating structure in domain I, which
distinguishes it from the other four per lecan protein domains. The
GAG chains attached to domain I cause this domain to play a crucial
role in binding certain growth f actor s.
The GAGs on domain I have been shown to bind to
angiopoietin-3 and PDGF (to aff ect tissue angiogenesis), collagen
IV (to control cell matrix structure) and FGF-2 (Iozzo, Cohen et al.
1994; Govindr aj, West et al. 2006; Smith, West et al. 2006). In
binding FGF-2, a growth factor with pleiotropic effects in
development and cell survival, perlecan helps to modulate the
actions of this growth factor, especially its effects on cartilage and
endochondral bone growth. FGF-2 will be described in detail later.
The GAGs on domain I of perlecan also bind fibronectin to control
cell attachment and laminin-1 to contr ol cell structure (Iozzo 1994).
The proline/arginine-rich end leucine-rich repeat protein (PRELP)
can also bind perlecan’ s domain I GAGs to stabilize the cell by
anchoring cells to their underlying connective tissue (Bengtsson,
Morgelin et al. 2002). The GAGs on domain I of perlecan also bind
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to VEGF (allowing perlecan a role in controlling angiogenesis in
various tissue types including the cartilage pr ecur sor in
endochondral bone growth) and to thrombospondin (suggesting a
role for perlecan in blood clotting and tissue remodeling) (Iozzo
2005). The GAGs of perlecan also bind the amyloid-ß proteins
involved in amyloidogenesis and Alzheimer’s disease to both
acceler ate and maintain pathogenic fibril formation ( Castillo, Ngo
et al. 1997).
Domain II: This ~211 amino acid domain is rich in cysteines, unlike
domain I which has none, which promote extensive tertiary
structure. The domain shows substantial homology to that region of
the LDL- receptor that binds lipids, with four ~40 amino acid
LDLR-like repeats. With its homology to LDLR, Domain II has so
far been shown to interact with VL DL. A DGSDE amino acid
sequence pr esent in mammalian perlecan domain II is known to
mediate the binding of LDLR to LDL (Iozzo 2005) and might thus
help to regulate lipometabolism. Domain II may also be a binding
site for proteins with lipid moieties. One such protein is Ihh, which
has a cholesterol moiety attached to it and is essential for
endochondral bone growth (St-Jacques, Hammer schmidt et al. 1999).
In binding Ihh and either sequestering it from or delivering it to its
receptor, domain II and perlecan would serve another vital role in
chondr ocyte activity. Following the L DLR subdomain there is a
region of ~100 amino acids containing a short repeat homologous to
N-CAM of the immunoglobulin gene superfamily (Costell, Sasaki et
al. 1996)
Domain III: This large ~ 1170 amino acid domain is made up of
three subdomains (IIIa to IIIc). Each of the three subdomains of
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domain III consists of a single cysteine-rich repeat followed by a
cysteine-free globular region then three more cysteine-rich repeats.
The cysteine rich r epeats are ~35% homologous to repeats found in
domains III and V of the laminin A short chains. The globular
regions of the subdomain are ~30% homologous to domain IV of the
laminin A short chains (Noonan, Fulle et al. 1991; Couchman,
Ljubimov et al. 1995). With the extensive tertiary str uctur e that the
cysteines pr omote, domain III seems a good candidate for multiple
interactions. Indeed, domain III binds to FGF-7 and FGF-BP to
modulate growth-factor mediated cell proliferation and PDGF to
potentially contr ol angiogenesis (Iozzo, Cohen et al. 1994). Murine
domain III contains an RGD sequence (absent in human perlecan)
that is known to mediate the binding of integrins to perlecan and,
thus, to mediate cell adhesion and motility (Chakravarti, Hor char et
al. 1995).
Domain IV: This is the largest of the perlecan domains. In humans,
it contains over 2000 amino acid residues that amount to over 220
kDa in molecular mass. Domain IV is a series of repeats with
homology to the immunoglobulin (Ig) gene family, especially NCAM (Noonan, Fulle et al. 1991; Murdoch, Dodge et al. 1992).
There is also a putative GAG attachment site in the fourteenth Ig
repeat of human domain IV which is absent in mice, probably due to
alternative splicing. Humans have a total of twenty-one of these Ig
repeats versus the fourteen in organisms such as mice and
nematodes. The twenty-one Ig repeats in human domain IV are the
largest number of Ig repeats identified so far in a gene product
(Murdoch, Dodge et al. 1992).
With such a defined yet complex structure, it is no surprise
that domain IV binds molecules as diverse as collagen IV,
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fibronectin, fibulin-2 (to regulate cell shape and movement),
nidogen (to connect collagen and the laminin:nidogen complex) and
PDGF (Iozzo 1994; Iozzo 2005). Perlecan can therefore, via its
domain IV, regulate processes such as growth factor activity,
angiogenesis, cell adhesion, cell mobility and cell survival.
Domain V: This ~705 amino acid domain is the C-terminal region of
perlecan. Again, the structure is one of three globular (cysteinefree) subdomains linked by cysteine-rich segments. The globular
subdomains (Va to Vc) show more than 30% homology to laminin A,
even folding into globular loops the way laminin does. The fir st two
globular domains are each followed by two cysteine-rich repeats
that show homology to EGF. The fourth EGF repeat is then followed
by the C-terminus of perlecan. In the second and fourth EGF
repeats, a Ser ine-Glycine (SGxG) sequence occurs, which is a
putative GAG attachment site. Perlecan thus can accept two GAG
chains on its C-terminal end domain (Noonan, Fulle et al. 1991;
Murdoch, Dodge et al. 1992).
Domain V has been shown to bind to endostatin (the Cterminal end of collagen XVIII), ECM- 1, FGF-7, fibulin-2, integrins
and nidogen (Iozzo 2005). In this way, perlecan can affect processes
as diver se as growth factor activity, cell-cell and cell-matrix
interaction, cell motility and basement membrane stability. Domain
V also binds α-dystroglycan at the neuromuscular junction in
skeletal muscle to mediate its interaction with acetylcholine
esterase, thereby regulating the synapse and facilitating pr oper
muscle contraction (Peng, Ali et al. 1998).
Domain V by itself has been shown to have biological activity
as “endorepellin”, a molecule (named to allude to its antiangiogenic properties) that binds endostatin to function in basement
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membrane assembly (Mongiat, Sweeney et al. 2003). The
localization of endorepellin in the BM might also better position the
GAG chains of domain V to bind growth factors and maintain BM
functions in permeability and trafficking. Most of the angiostatic
activity of endorepellin seems to reside in the C- terminal-most
globular domain, which can be liberated from the rest of the core by
proteases.

4b.

Gene and Mutations
The protein core of perlecan is encoded by a single ~120 kb

gene with 97 exons (Noonan, Fulle et al. 1991). The gene (human
chromosome 1, mouse chr omosome 4) is well conserved across
species, with homologues of mammalian perlecan (hspg2 gene)
present in C. elegans (unc-52 gne), D. melanogaster (trol gene) and
other species. The promoter of the perlecan gene contains TGF-ß
response elements that modulate the activating effect of TGF-ß on
perlecan gene tr anscription (Iozzo, Pillarisetti et al. 1997).
Perlecan shows variety at many levels. In humans, the gene
encodes an ~466 kDa cor e protein. Mice can also expr ess this form
of perlecan resulting from alternative splicing, but their usual
perlecan gene product is an ~369 kDa core protein (Noonan and
Hassell 1993). Perlecan is termed a heparan sulfate proteoglycan
(HSPG), but in fact the core protein can also have CS GAGs
attached. The varying sulfation patterns and GAG types of perlecan
in different tissues provides another level of the inherent variety of
perlecan. For example, growth plate perlecan has both CS and HS
(Govindr aj, West et al. 2002; West, Govindraj et al. 2006) wher eas
EHS perlecan (from the Engelbreth-Holm-Swarm tumor) rarely has
CS, but has HS (Couchman, Kapoor et al. 1996).
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Disruptions in the perlecan gene in dif ferent organisms have
been studied and the resulting disorder s characterized. In C.
elegans, perlecan mutations produce defective muscle development
causing paralysis and spasticity that makes the movement of the
nematodes uncoordinated (hence the “unc” name for the gene)
(Rogalski, Williams et al. 1993). In Drosophila, perlecan mutations
cause defective eye basement membrane formation, leading to
abnormally small optic lobes (hence the name “trol” for the gene,
for terribly reduced optic lobes, one of the phenotypes that results
from this perlecan defect) (Voigt, Pflanz et al. 2002).
Mutations have also been char acterized in the murine and
human perlecan genes. In 1999, Arikawa-Hir asawa et al and Costell
et al concurrently but separately generated mice with a mutation in
exon 7 of the perlecan gene (Arikawa- Hirasawa, Watanabe et al.
1999; Costell, Gustafsson et al. 1999). The results were eff ective
knockouts of the perlecan gene (hspg2) and loss of perlecan
expression in these animals. Appr oximately 40% of the hspg2 null
mice died at mid-gestation (E10.5). The remaining null mice died
perinatally and showed severe skeletal dysplasia including
micromelia, broad and bowed long bones, narrow rib-cage,
craniof acial def ects and dwarfism (Figure 4*). These results
established perlecan as a positive regulator of chondrocyte
proliferation and differentiation in the growth plate.
A more viable perlecan mutant mouse has also been generated
where exon 3 of the murine gene (which codes for the GAG
attachment sites in domain I) was deleted (Rossi, Morita et al.
2003). These mice survive and ar e fertile but they have def ective
eyes that are not only ~75% of the weight of normal eyes due to
increased apoptosis of lens epithelial cells, but also have lenses
which become amorphous and rupture when the mice are around 6
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months old. This mouse model is discussed in slightly more detail in
the Focus Paper included as an appendix in this dissertation.

Figure 4: Morphology of wild-type (a, c, e) versus hspg2 null (b, d,
f) mice. Gross appearance (a, b) and skeletal preparations (c-f)
showing dwarfism resulting from defective bone growth in
endochondral bones such as the fore limbs (c, d) and hind limbs (e,
f). *From Arikawa- Hirasawa et al, Nat. Genet. 1999 (23), 354-8.
Human dyssegmental dsyplasias ar e autosomal recessive
skeletal dysplasias that cover a wide r ange of symptoms, all
involving dwarfism. Dyssegmental dysplasia Silverman-Handmaker
type (DDSH) is a severe lethal form of these dysplasias. Clinical
and radiological similarities among the skeletal dwarfism of DDSH
patients and perlecan null mice prompted researchers to examine
patients with DDSH to uncover any mutations in the perlecan gene.
Duplications, point mutations and exon skipping have all been
subsequently identified in the perlecan gene of patients with DDSH
and other dysplasias (Nicole, Davoine et al. 2000; ArikawaHirasawa, Wilcox et al. 2001; Arikawa-Hirasawa, Wilcox et al.
2001; Hassell, Yamada et al. 2002). These mutations cause various
degrees of truncation and decreased functionality of the perlecan
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gene product. In DDSH, this truncation is severe enough that the
truncated perlecan is not secreted by cells from these patients but is
simply degr aded intracellularly. These DDSH patients ar e
effectively perlecan null and, like the mouse model, die shortly
after birth. The defects in endochondral bone growth in these
patients have also underscored the positive role of perlecan in
growth plate chondrocyte proliferation.
In the milder chondrodysplasia known as Schwartz Jampel
syndr ome (SJS), missense and splicing mutations result in the
production of a truncated perlecan product that is still secreted and
remains partially functional. Patients still suff er the dwarfism and
skeletal abnormalities of the DDSH patients but on a much milder
scale.
Fibroblast Growth Factor (FGF)-2
5a

Structure/Function
FGF-2 (basic FGF) is one of twenty-three member s of the FGF

family. FGFs range from 17-34 kDa and have amino acid residues
that interact with FGF receptor s (FGFRs). FGF-2 is ~18 kDa and
also contains sever al basic residues that form a heparin/HS binding
site distinct from the FGFR binding site. FGF-2 does not contain a
signal sequence but is secreted by some unknown pathway (Ornitz
and Itoh 2001). It is normally expressed at low levels but is
upregulated in pathology or in regions of high cell activity such as
in tissue r egeneration and bone formation. FGF-2 was originally
identified in bovine pituitary (Gospodarowicz 1975) but was fir st
purified from growth plate chondr ocytes (Sullivan and Klagsbrun
1985), where it affects various cell activities by binding to the
FGFRs expressed on the chondrocyte surface. The FGFR then
dimerizes and autophosphorylates several intracellular tyrosine
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residues. These phosphotyrosine residues then recr uit proteins that
activate known pr olifer ative cascades such as the MAP kinase
pathway in cells.
Despite being made by diverse cell types, FGF-2 is targeted
substantially to the extr acellular matrix of cells for stor age on lowaffinity receptors until needed. Perlecan is the low-affinity receptor
for FGF-2 and FGF-18 in the gr owth plate (refer ences: (Govindraj,
West et al. 2006; Smith, West et al. 2006) and Paper II of this
dissertation). Perlecan can also facilitate the binding of FGF-2 to
its chondrocyte receptor s FGFR-1 (present in prehypertrophic
chondr ocytes) and FGFR-3 (present in proliferating chondrocytes).
Both the FGF and the FGFR have heparin/HS binding sites, thus
supporting the idea of a ternary complex of FGF, FGFR and HSPG
that forms to modulate FGF signaling ( Ornitz and Leder 1992;
Ornitz, Xu et al. 1996; Ornitz and Mar ie 2002).
5b.

Mutations
With its pleiotropic localization and function, FGF-2 alters

diver se pathways if mis- expressed. Mice with a targeted deletion of
FGF-2 have been generated and studied (Dono, Texido et al. 1998;
Ortega, Ittmann et al. 1998; Montero, Okada et al. 2000; Amann,
Faulhaber et al. 2006). These null mice are viable but suff er from
reduced cardiac capillary formation (thus lowering their ability to
respond to cardiac hypoxia), defective blood pressure r egulation
(which leads to hypotension), ineff ective contr ol of vascular tone
and delayed wound healing. They also exhibit impair ed development
of their central nervous system. Most importantly for our resear ch
interest in FGF- 2 is the absence of major defects in endochondral
ossification in these FGF-2 deficient mice. There is only a mild
adult-onset osteopenia (decreased bone mineral density and bone
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formation). This slight def ect in osteogenesis occurred with no
defects in chondrogenesis. However, earlier studies showed that
when FGF- 2 is over-expressed in a tr ansgenic mouse model, the
result is a dwarf mouse due to decreased differentiation of
chondrocytes from the proliferative into the hypertrophic phenotype
(Coffin, Florkiewicz et al. 1995). FGF-2 is thus a negative regulator
of long bone growth.
With the similarities of the perlecan null mouse to these FGF2 transgenics, FGF-2 became an interesting focus for our resear ch in
the lab. We found pr eviously that FGF-2 binds to perlecan from the
fetal bovine rib gr owth plate (our model system in the lab) but is
not delivered to the FGFR (Govindr aj, West et al. 2006) and have
also discovered one of the r easons for this non-delivery. These
latter results ar e presented in Paper I of this dissertation.

FGF-18
6a.

Structure/Function
FGF-18 is approximately 22 kDa in its active, processed form.

FGF-18 is 99% conser ved between humans and mice and shows most
homology (>50%) to FGF- 8 and FGF- 17. FGF-18 is expressed in
adult lungs, kidney, liver and small intestine in a spatial and
tempor al manner distinct from other FGFs, suggesting that FGF-18
has unique roles in cell activity (Ornitz 2005). In cartilage, FGF-18
is expressed only in the perichondrial layer around the growth plate
cartilage. This expr ession pattern suggests that FGF-18 is a
potential regulator of long bone growth. FGF-18 binds preferentially
to FGFR-3 but can also bind FGFR-2. FGF-18 also contains a
heparin-binding domain and is in fact known to bind to heparin
(Ornitz 2005). In cartilage chondrogenesis, FGF-18 stimulates
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osteoblasts and chondrocytes as strongly as FGF- 2 does but in an
FGFR-3-mediated, heparin/HS independent manner. FGF-18 is also
known to bind to FGFR-2 to control osteogenesis and VEGF to
control vasculogenesis, both of which are also essential steps in
endochondral bone growth (Liu, Xu et al. 2002; Ohbayashi,
Shibayama et al. 2002; Liu, Lavine et al. 2006). In mature bone,
FGF-18 has been shown important for cartilage repair (Moore,
Bendele et al. 2005).
6b

Mutations
Sever al lines of mice with a targeted disruption in their FGF-

18 gene have been independently gener ated by different groups. Liu
et al (Liu, Xu et al. 2002; Liu, Lavine et al. 2006) generated an
FGF-18 null allele through homologous recombination, eliminating
exon 1 of the coding region. Mice heterozygous for the null allele
were phenotypically normal. However, homozygous progeny from
these normal mutants, died within thirty minutes after birth. Their
defects included being 10- 15% smaller than wild type or
heterozygote littermates, more than 90% having cleft palate, and
respir atory failure due to thor acic/ribcage deformities. In the null
mutant mouse, ossification was delayed by ~ 2 days compared to
normal littermates; this led to shortened ossified regions in bones
and, therefore, shortening and curvature of bones such as those of
the fore- and hindlimbs. Co-occurring with these defects in the
appendicular skeleton, other endochondral bones such as the
craniof acial bones were also abnormal. The skull was smaller and
more rounded in FGF-18 null mice and the jawbone was
underdeveloped.
At the histological level, the zones of proliferating cells in the
FGF-18 null growth plates were ~14% longer at E16.5. Similar
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increases were seen in the FGFR- 3 null mouse. However, for FGF18 null mice, this incr ease disappears later in embryogenesis. In the
FGFR-3 null mice (Colvin, Bohne et al. 1996), these expanded
proliferative zones result in overgr owth of long bones but in the
FGF-18 null it results in dwarfism since the increase is only
transient. From this FGF-18 null mouse, lack of FGF-18 was
discovered to inhibit chondrocyte proliferation for the majority of
embryogenesis, leading to dwarfism. Liu et al (Liu, Lavine et al.
2006) later discovered that as early as at E14.5 of embryogenesis
(when cr anial ossification begins in wild type mice but not in the
null mice and limb formation is already underway in both) the null
mice actually have 26- 31% shorter proliferative and hypertrophic
zones. This is in contrast to the incr eased pr oliferation and
differentiation of chondrocytes at E16. 5 and insignificantly
different pr oliferation at E18.5 (Ohbayashi, Shibayama et al. 2002).
A multiphasic action of FGF-18 occur s, then, where the same
chondr ocytes at an organism’ s different developmental stages
respond differ ently to FGF-18/FGFR- 3 signaling. Earlier on (E14.5)
this signaling in normal embryos is mitogenic and differentiative,
leading to normally high production of proliferative and
hypertrophic chondrocytes. Later on ( E16.5), the FGF-18/FGFR-3
signal is normally anti- prolifer ative and anti-diff erentiative,
reigning in the chondr ocyte activity so proper hypertrophic zone
bone synthesis can occur. As embr yogenesis continues (E18.5), the
normal chondrocytes partly revert to being stimulated by FGF18/FGFR-3, causing a newly increased pool of prolif erating cells
and of differ entiated hypertrophic cells, encouraging continued
endochondral growth.
Unlike the similar chondrocyte phenotypes seen in the two
mouse models, the delayed ossification in FGF-18 null mice was not
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seen in the FGFR-3 null mice. In contr ast to chondrogenesis, then,
FGF-18 does not signal thr ough FGFR- 3 to control osteogenesis. It
is thought that FGF-18 most likely pr omotes osteoblast maturation
and prolif eration through FGFR-1 expr essed in hypertrophic
chondr ocytes or FGFR-2 expressed in the perichondrium. While
regulating chondrogenesis via FGFR-3, FGF-18 is therefor e also
regulating osteogenesis via FGFR-1 and/or FGFR-2 and regulating
vasculogenesis via VEGF as described earlier.

Histone H3
7a.

Structure/Function
Histones, like FGFs, ar e another set of developmentally

important proteins. They are highly cationic proteins essential for
binding and compacting chromatin in the nucleus of mammalian
cells. The compact natur e of the chromatin fiber s restricts the
interaction of proteins with DNA and regulates gene activity. The
chromatin consists of repetitive units called nucleosomes, which
consist of an octamer of histones (two each of H2A, H2B, H3 and
H4) around which two superhelical turns of DNA are wr apped. This
core particle is then followed by a DNA region that links adjacent
nucleosome particles (Schmiedeke, Stockl et al. 1989). Histone H3
is ~19 kDa in size. Like a typical histone, it has many basic
residues. H3, however, also has an Arginine repeat (RRxR) sequence
near its C-terminus which aligns perfectly with the consensus
heparin binding sequence YYxY where Y= Arginine or Lysine.
Histones are indeed known to bind to heparin and HS (Schmiedeke,
Stockl et al. 1989; Watson, Gooder ham et al. 1999; Henriquez,
Casar et al. 2002). This binding occurs both in the nucleus and
extranuclearly. The extranuclear localization of histones has been
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shown widely (Schmiedeke, Stockl et al. 1989; Watson, Edwards et
al. 1995; Henriquez, Casar et al. 2002) .
7b.

Mutations
To date, no histone knockout mutants have been

gener ated. With the integr al role of the histones in chromatin
structure and gene activity, I would speculate that complete loss of
even a single histone such as H3 would be incompatible with life.
Histone H3 has multiple residues that can be post-translationally
modified by acetyl, methyl and phosphate groups. Such coor dinated
modification of histones controls chromatin structure and the
accessibility of transcriptional pr oteins to the DNA, thus regulating
gene activity (Watson, Gooderham et al. 1999). For example,
histone acetylation is catalyzed by histone acetyl transferases
(HATs) to relax chr omatin structur e and promote gene tr anscription
when transcription factors gain access to the DNA. Histone
deacetylases (HDACs) modify the histones to counterbalance the
activating effects of HATs. Several HDACs have been knocked out
in mouse models, including HDAC 4, 5 and 9. Only mice lacking
HDAC4 exhibit skeletal defects (Vega, Matsuda et al. 2004). The
growth plate chondr ocytes of these HDAC4 null mice showed
premature hypertrophy, leading to pr emature ossification and
ectopic formation of bone in normally cartilaginous elements. These
defects affected the mutants’ viability by making it difficult to
breathe, move and suckle. In fact, no HDAC4 null mice survived to
weaning. HDAC4 is normally expressed in hypertrophic
chondr ocytes. The knockout model has shown that HDAC4 normally
binds to Runx2 and inhibits its activity.
Runx2 is the only tr anscription factor proven necessar y for
chondr ocyte hypertrophy and osteoblast differentiation (Inada,
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Yasui et al. 1999; Kim, Otto et al. 1999). Runx2 must be regulated
during chondrocyte hypertrophy so that prematur e and even ectopic
bone formation does not occur. HDAC4 negatively regulates Runx2.
With HDAC4 missing in this mouse model, Runx2 causes abnormal
differentiation of chondrocytes resulting in skeletal dwarfism. The
major histone related to this path of events is histone H3. H3
normally sits on the Runx2 pr omoter, inhibiting the Runx2 gene
activity and subsequent production of Runx2 protein in prolif erating
cells. With HDAC4 missing in the knockout (Vega, Matsuda et al.
2004), H3 is hyper-acetylated, leaves the Runx2 promoter and the
Runx2 gene is activated. With HDAC4 intact, hypo-acetylated H3
interacts with DNA and HS more, keeping it on the Runx2 promoter,
inhibiting Runx2 production and promoting continued chondrocyte
proliferation and reduced differentiation to hypertrophic states.
With the importance of perlecan and now H3 in retaining
chondrocyte proliferation, perlecan might again be in a ternary
complex of negative DNA, positive histone H3 and the negative HS,
a complex that inhibits Runx2 gene activity and keeps chondrocytes
proliferating until cell signals trigger hypertrophy.

Outline
The remainder of this dissertation will present the findings of
my research project of characterizing the binding of perlecan to
known and novel binding partner s using the growth plate cartilage
from fetal bovine ribs as our model system. My first specific aim
was to study the binding of FGF-2 to growth plate perlecan and to
determine what portions of perlecan are involved in FGF-2 binding
and which portions are blocking the delivery of this growth factor to
its receptor as had been previously discover ed. These findings are
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summarized in Paper I. The specific aim for Paper II was to observe
whether perlecan could bind to FGF-18. In that paper, I show that
perlecan can bind to FGF-18 and I characterize the kinetics and
specificity of their binding. For Paper III, my specific aim was to
find novel binding partners of perlecan that are endogenous to the
growth plate. Histone H3 is presented in Paper III as a third key
developmental protein to which growth plate perlecan binds.
A brief discussion of the major findings of my dissertation
research follows Paper s I-III. Included after this discussion is an
Appendix containing a review paper regarding the role of perlecan
in regulating ocular function.
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Abstract
Fibroblast growth factor (FGF)-2 regulates chondrocyte
proliferation in the growth plate. Heparan sulfate (HS)
proteoglycans bind FGF- 2. Perlecan, a heparan sulfate pr oteoglycan
(HSPG) in the developing growth plate, however, contains both HS
and chondroitin sulfate (CS) chains. The binding of FGF-2 to
perlecan isolated from the growth plate was evaluated using cationic
filtration ( CAF) and immunoprecipitation (IP) assays. FGF-2 bound
to perlecan in both the CAF and IP assays primarily via the HS
chains on perlecan. A maximum of 123 molecules of FGF-2 was
calculated to bind per molecule of per lecan. When digested with
chondr oitinase ABC to remove its CS chains, perlecan augmented
binding of FGF-2 to the FGFR-1 and FGFR-3 receptors and also
increased FGF-2 stimulation of [3H]-thymidine incor poration in
BaF3 cells expressing these FGF receptors. These data show that
growth plate perlecan binds to FGF-2 by its HS chains but can only
deliver FGF-2 to FGF receptors when its CS chains ar e removed.
Keywords: growth plate, perlecan, FGF, FGFR, chondrocyte,
chondr oitin sulfate, heparan sulf ate.
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Introduct ion
Perlecan was originally identified as a heparan sulfate
proteoglycan (HSPG) in tumor lines and was shown to be present in
all basement membranes (Hassell, Robey et al. 1980; Iozzo and
Wight 1982). It is now known not only to be present in the
extracellular matr ix of cartilage and in the growth plate, but also to
be one of the principal mediator s of long bone gr owth (Sundar Raj,
Fite et al. 1995; Handler, Yurchenco et al. 1997; French, Smith et
al. 1999). Perlecan null mice have reduced chondrocyte
proliferation and matrix deposition in the developing growth plate,
which r esults in fetal dwarfism (Arikawa-Hir asawa, Watanabe et al.
1999; Costell, Gustafsson et al. 1999). Mutations in the human
perlecan gene cause two chondrodystrophies: dyssegmental
dysplasia, Silverman Handmaker type (DDSH) and Schwartz- Jampel
syndr ome (SJS) (Nicole, Davoine et al. 2000; Arikawa- Hirasawa,
Wilcox et al. 2001; Arikawa-Hirasawa, Le et al. 2002). DDSH
resembles many features of the perlecan null mouse and results from
an absence of functional perlecan. SJS is less severe than DDSH
because either a truncated form of perlecan is made or reduced
levels of full-length perlecan are made. These observations indicate
that perlecan plays an essential role in endochondr al ossification.
The role of perlecan in basement membranes is summarized in a
recent review (Iozzo 2005).
Fibroblast growth factors (FGFs) are a family of proteins
that regulate cell proliferation and differentiation during embryonic
development by binding to FGF receptors (FGFRs) (Ornitz and Itoh
2001). FGF-2 (Nugent, Nugent et al. 2000) is present in the
developing growth plate (Hill and Logan 1992; Luan, Praul et al.
1996) where it can regulate chondrocyte proliferation and thereby
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affect long bone growth (Trippel, Wroblewski et al. 1993; Nagai,
Tsukuda et al. 1995). While the FGF-2 knockout mouse has no
severe defect in long bone growth (Dono, Texido et al. 1998;
Ortega, Ittmann et al. 1998; Zhou, Sutliff et al. 1998), showing only
a mild, adult-onset osteopenia (decreased bone-miner al density and
bone formation) ( Montero, Okada et al. 2000), the FGF-2 transgenic
mouse, wher e FGF-2 is over-expressed, has sever ely shortened limbs
resulting from chondrocyte hyperplasia, increased extr acellular
matrix deposition and decreased diff er entiation of hypertrophic
chondr ocytes (Coffin, Florkiewicz et al. 1995). The absence of long
bone defects in the FGF-2 knockout could be due to compensation
for FGF-2 by other FGFs in the growth plate.
Perlecan may play a role in regulating the distribution or
availability of FGFs in the growth plate (Arikawa-Hirasawa,
Watanabe et al. 1999; Olsen 1999). FGF-2 binds to heparin and
heparan sulfate in a manner often dependent upon the number and
sequence of the sulfate ester s in the glycosaminoglycan chain
(Ornitz and Leder 1992; Powell, Yates et al. 2004). FGF-2 binds to
perlecan made by an endothelial cell line (Knox, Merry et al. 2002)
and to perlecan made by growth plate chondrocytes in culture
(Govindr aj, West et al. 2006) and the binding is to the heparan
sulfate chains. Endothelial cell perlecan contains only hepar an
sulfate chains (Knox, Merry et al. 2002) but perlecan isolated from
the growth plate also contains chondroitin sulf ate chains in addition
to the heparan sulf ate chains (Govindr aj, West et al. 2002). The
chondr oitin sulfate chains on growth plate perlecan have recently
been shown to bind to collagen and acceler ate collagen fibr il
formation (Kvist, Johnson et al. 2006).
FGFs bind to both low and high affinity receptors ( Mascarelli
and Courtois 1993). We showed that perlecan is the low affinity
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receptor for FGF-2 in the developing growth plate and that FGF-2
bound to perlecan was not delivered to the high affinity receptors on
growth plate chondr ocytes (Govindraj, West et al. 2006). There are
four high affinity receptor s for FGF-2 (FGFR-1, 2, 3, and 4) and
various splice variants of each (FGFR- 1b, FGFR-2c, for example).
FGFR-1 and FGFR-3 are the FGFRs expressed in the developing
growth plate (Wang, Green et al. 2001) . FGFR-1 is upregulated in
the growth plate as chondrocytes hyper trophy and FGFR- 3 is
expressed in pr olifer ating chondrocytes. A missense mutation in
FGFR-3 is known to cause achondroplasia, the most common form of
human skeletal dwarfism (Shiang, Thompson et al. 1994). A rare
mutation in FGFR-1 also causes osteoglophonic dysplasia, a sever e
disease characterized by dwarfism, premature fusion of cranial
bones and bone lesions (White, Cabral et al. 2005). Other human
skeletal dysplasias have been linked to FGFR-1 (Muenke and Schell
1995). FGFR- 1 and FGFR-3 thus have distinct expression domains
in the growth plate and perform unique functions.
In this study, we used a cationic filtration assay (For sten,
Wang et al. 2000) and an immunoprecipitation assay (Whitelock,
Murdoch et al. 1996) to test the binding of FGF-2 to purified
perlecan from the developing growth plate. We also used an
immunopr ecipitation assay with recombinant r eceptor s FGFR- 1c and
FGFR-3c and a pr olifer ation assay with BaF3 cells expressing these
receptors to measur e the ability of growth plate perlecan to deliver
FGF-2 to FGFR.
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Experimental Procedures
Chemicals
Recombinant human FGF-2 was from PeproTech (Rocky Hill, NJ,
U.S.A.). Protein G Sepharose 4 Fast Flow and Heparin Sepharose 6
Fast Flow wer e from Amer sham Biosciences (Piscataway, NJ,
U.S.A.). Chondroitinase ABC and protease-free chondroitinase ABC
(both EC 4.2.2.4), chondroitinase ACII (EC 4.2.2.5), heparitinase I
(EC 4.2.2.8) and heparitinase II (no EC number) were from
Associates of Cape Cod (East Falmouth, MA, U.S.A.).
Lipofectamine plus was from Invitr ogen. DMEM was from Gibco.
Sodium [
3

125

I ]iodide ( carrier free, 17.4 Ci/mg) and [methyl-

H]thymidine (6.7 Ci/mmol) were from PerkinElmer (Boston, MA,

U.S.A.). Chemicals were from Sigma ( St. Louis, MO, U.S.A.)
unless other wise indicated.
Perlecan
Growth plates from third trimester fetal bovine ribs were dissected
and the proteins extracted with 4 M guanidine hydrochloride. The
perlecan in the extract was purified using CsCl density gr adient
centrifugation followed by ion exchange and size exclusion
chromatography as previously described (Govindr aj, West et al.
2002). The purified perlecan was dialyzed overnight at 4º C against
distilled water to r emove the guanidine and allow the native
structure of the core pr otein to reform (Ledbetter, Fisher et al.
1987) as seen in Wester n blots of the f inal product. The
glycosaminoglycan content of the purif ied perlecan was determined
by the dimethylmethylene blue (DMMB) dye binding assay using
chondr oitin sulfate C as a standar d (Farndale, Buttle et al. 1986).
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Soluble FGF Receptor
Constructs encoding the soluble FGFR1 and FGFR3 receptors were
obtained from Dr. D. Ornitz (Ornitz, Yayon et al. 1992). Each
construct was comprised of the extracellular region of the r espective
murine receptor fused to placental alkaline phosphatase (AP) and
cloned into an expr ession vector. Cos7 cells were gr own in DME M
supplemented with 10% FBS. The FGF Receptor-Alkaline
Phosphatase (FRAP) plasmid was transfected into cells using
lipofectamine plus. The amounts of recombinant receptor product
secreted into the media wer e determined by measuring the alkaline
phosphatase activity in the media.
Preparation of Radiolabelled FGFs
FGFs were radiolabelled using sodium [

125

I ]-Iodide activated in

IODO-GEN- coated tubes (Pierce Biotechnology, Rockford, IL,
U.S.A.) using the manufacturer’ s supplied protocol (Chizzonite
indirect method). Briefly, 0.5 mCi of sodium [

125

I]-Iodide was

added to the IODO-GEN tube containing 100 µl of iodination buffer
(0.025 M Tris- HCl, 0.4 M NaCl, pH 7. 4). After 6 min at room
temper ature, the activated iodine solution was transferr ed to a 1.5
ml polypropylene tube containing 5 µg of FGF-2 in 100 µl
iodination buffer. After reacting for 9 min at room temperature, the
reaction was terminated by the addition of 50 µl of 10 mg/ml Ltyrosine. The specific activity of the r adiolabelled FGF- 2 was
determined by assuming all was iodinated and subjecting 1% of the
iodinated product to SDS-PAGE, determining the location of the
FGF-2 by autoradiography, excising the band and counting the
radioactivity in a Model 1191 gamma counter (TM Analytic, Elk
Grove Village, IL, U.S.A.). The remaining sample volume was
adjusted to 0.4 ml with column buffer (iodination buff er containing
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125

0.1% [w/v] BSA), and unincorporated

Iodine removed on PD-10

columns (Amersham Biosciences) equilibrated in column buffer.
Aliquots of fractions were counted to determine the elution position
of

125

Iodine incorporated into FGF-2. Fractions containing

radiolabelled FGF-2 were pooled and incubated with Heparin
Sephar ose 6 Fast Flow beads (Amersham Biosciences, prewashed
with 4 M Guanidine HCl then PBS) for 1 hour with gentle rocking.
The beads were then washed with PBS and the bound FGF-2 released
with elution buff er (2 M NaCl containing 0.025 M Tris HCl, pH
7.4). The eluate was dialyzed against PBS, and the incorporation of
125

Iodine into FGF-2 was verified by counting in a gamma counter

and by SDS-PAGE and autoradiography to confirm the molecular
mass of the iodinated growth factor. The dialysed eluate was then
o

stored in aliquots at –80 C until use. [

125

I]-FGF-2 prepared using

this procedure had comparable binding characteristics to
commercially prepared [

125

I]-FGF-2 (r ecombinant human, Bolton-

Hunter labelled; PerkinElmer) when tested for perlecan binding in
the cationic filtration assay described below (data not shown).
Cationic filtration assay
Perlecan-FGF- 2 binding was determined using a cationic filtration
(CAF) assay (For sten, Wang et al. 2000). Binding assays were
performed in a buffer consisting of 0.05 M Tris-HCl, 0.15 M NaCl,
2 mg/ml protease-free BSA, pH 8.0. [

125

I]-FGF2 was incubated in

the absence and pr esence of perlecan and competitor ligands in
o

solution at 25 C for 1 h in a final incubation volume of 0.2 ml.
Control perlecan and perlecan bound to [

125

I]-FGF-2, were captured

by vacuum filtration across a cationic membrane (Zeta-Pr obe; BioRad Laboratories, Hercules, CA, U.S. A.) placed into a 96-well dot55

blot apparatus ( Minifold I; Schleicher and Schuell, Keene, NH,
U.S.A.). Unbound [

125

I]-FGF-2 was removed by rinsing the wells

three times with 0.2 ml incubation buffer. The filters were dried
and dots corresponding to each well were cut out, placed into tubes
and the r adioactivity measured in a gamma counter. Assays were
performed in a minimum of duplicates. Binding of [

125

I]-FGF-2 to

the membrane in the absence of perlecan was subtracted to
determine specifically bound growth factor.
Antisera
Polyclonal antiserum to perlecan (GPP76) and polyclonal antiserum
to aggrecan (RB012) were obtained by purifying perlecan and
aggrecan from fetal bovine rib gr owth plates (Govindr aj, West et al.
2002) and employing a commercial service (Invitrogen; Carlsbad,
CA, U.S.A.) to raise antibodies to these proteoglycans in rabbits.
Anti-calf intestinal alkaline phosphatase antibody was from Sigma
(St. Louis, MO, USA).
Dot Blot
The capacity of Zeta-Probe membranes to bind perlecan in the CAF
assay was determined by filtering samples containing differ ent
amounts of per lecan through the membrane and washing the filters
as described above. After drying, the filters were blocked for 1 h in
Dulbecco’s PBS (Mediatech, Herndon, VA, U.S.A.) containing 0.2%
(w/v) I-Block (Applied Biosystems, Foster City, CA, U.S.A.). The
primary antiserum (GPP76) was added at a final concentration of
1:400, and the blot incubated for 18 h at 4°C. The perlecan signal
was detected using a 1:5000 dilution of a horser adish per oxidasecoupled secondar y antibody and an E CL kit (Amersham
Biosciences). Images were recorded on x-ray film (BioMax XAR;
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Kodak, Rochester, NY, U.S.A.) and pixel densities of dots in the
linear range of film exposur e were measured using Quantity One
software (Bio-Rad Labor atories).
Immunoprecipitation assay
FGF binding to perlecan was also evaluated using an
immunopr ecipitation (IP) assay for per lecan similar to that
previously described (Whitelock, Murdoch et al. 1996; Knox, Merry
et al. 2002), except that at the completion of the
immunoprecipitation, the bound [125I]-FGF-2 was fractionated into
that eluted by 2 M NaCl and that remaining bound to the beads.
This concentration of sodium chloride was selected because it has
been shown to release FGF- 2 bound to heparin and to the low
affinity FGF receptor present on cells and in tissues (Chintala,
Miller et al. 1994; Chintala, Miller et al. 1995). Unless otherwise
noted, 128 ng of perlecan was incubated with 105 cpm of [

125

I]-FGF-

2 in a final volume of 1 ml of IP buffer (0.02 M Tris, 0.15 M
o

sodium chloride, 1% (v/v) Triton X-100, pH 7.4) for 1 h at 25 C.
Five microliters of either normal rabbit (non-immune) or immune
serum was then added and the samples were incubated for 3 h at
o

4 C. Twenty-five microliter s of Protein G-conjugated Sepharose 4
Fast Flow beads, washed twice in 1 ml IP buffer by centrif ugation
o

for 5 min at 2500 g at 4 C, wer e added to each tube and the tubes
o

tumbled overnight at 4 C. The beads were then washed three times
as above with 1 ml IP buffer and the bound material eluted by
incubation with 0.5 ml of 2 M sodium chloride (in IP buffer without
o

Triton X-100) for 30 min at 25 C, followed by centrifugation as
o

above at 25 C. The radioactivities in the supernatants (eluted
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counts) and pellets (remaining counts) were measured in a gamma
counter.
Glycosidase t reatment of perlecan
For CAF and IP assays, per lecan (128 ng of DMMB r eactivity) was
either sham digested, or digested separ ately with either proteasefree chondroitinase ABC (10 mU) to remove chondroitin sulfate
glycosaminoglycan (GAG), a mixture of heparitinases I and II (5 mU
each) to remove HS-GAG, or with protease-free chondroitinase ABC
and heparitinases to remove both CS- and HS-GAGs, in 0.1 ml
digestion buffer (20 mM Tris-HC1, 50 mM sodium acetate, 5 mM
calcium chloride and 0.2 mg/m1 BSA, pH 7.4) for 3 h at 37°C.
Completion of glycosidase digestions was confirmed by the loss of
DMMB reactivity of shar k cartilage chondroitin sulf ate C or bovine
kidney HS (5 µg each) in digestions set up in parallel with
appropriate enzymes. Binding of sham and glycosidase-tr eated
perlecan to the Zeta-Probe membrane was confirmed by dot blot as
described above. For cell prolif eration assays, perlecan (100 µg by
DMMB reactivity) or 100 µg of chondr oitin sulfate C were digested
with 50 mU of protease-free chondroitinase ABC in 1.5 ml of 25 mM
sodium acetate, pH 7.0, for 1 h at 37°C.
FGF Receptor Binding Assay
The binding assay mixture consisted of conditioned media from Cos
7 cells that were tr ansfected with constructs encoding FGF
Receptor-Alkaline phosphatase or FRAP (0.4 OD units of
phosphatase activity for FRAP- 1c and FRAP-3c), [125I]-FGF-2 and
perlecan. All reactions were incubated at room temperature.
Undigested perlecan, chondroitinase-digested perlecan or heparin
was added in concentrations ranging from 0 to 2.5 µg GAGs / tube
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(0-10 µg GAGs / ml). Anti- calf intestinal alkaline phosphatase
antibody was added to immunoprecipitate the FRAP and 20 µl of
Protein G sepharose was used to captur e the antibody. The beads
were washed twice with ice cold PBS and the tubes were counted
directly in a gamma counter to measur e the amount of iodinated
FGF2 captured on the beads. For each reaction condition, a control
was done with identical reagents and pre-immune ser um instead of
the antibody. The resulting values for the pre-immune controls were
subtr acted from the experimental values to give the specific values
shown in our results.

Cell proliferation assay
The ability of perlecan to mediate the delivery of FGF-2 to
FGF receptor s was determined using BaF3 cells as pr eviously
described (Ornitz, Yayon et al. 1992). In brief, BaF3 cells
transf ected with plasmids containing the FGFR- 1c and FGFR-3c
constructs were washed with RPMI 1640 medium lacking IL-3 and
plated in 96-well micr otiter plates at 2x104 cells/well. FGF-2 at
200 pM and either heparin, perlecan, perlecan digested with
protease-free chondroitinase ABC or chondroitin sulfate digested
with protease-free chondroitinase ABC were added at 0-5 µg/ml, all
in 200 µl RPMI-1640 medium per well. One microcurie of [3H]thymidine in 50 µl of RPMI-1640 was added 36 h later and, after 6 h
of culture, cells were collected with a PHD cell harvester
(Cambridge Technologies, Inc., Watertown, MA, U.S.A.).
Incorpor ated [3H]-thymidine was deter mined by liquid scintillation
counting.
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Results
Binding of FGF-2 to Perlecan in the CAF Assay
Preliminary experiments were performed to optimize the amount of
perlecan used in the CAF assay. We first tested the binding
capacity of the cationic membrane for perlecan by filtering different
amounts of per lecan and measur ing the amount bound to the filter
with the antiserum to perlecan. The results indicated that the
maximum amount of perlecan that could be retained on the filter
was ~8 ng (Data not shown). Quantities of 1.6 ng to 8 ng of
perlecan were used in incubations containing perlecan, and
incubations were allowed to proceed for one hour in all subsequent
binding and competition assays. The binding of [125I]-FGF-2 to 2
ng perlecan was determined at concentrations ranging from 0.086 to
44 nM [125I]-FGF-2 (Figure 5). After subtracting background
binding of FGF-2 to the Zeta Probe membrane (Figure 5, “no
perlecan”) we found approximately 1.6 nanogram of FGF-2 bound
per nanomolar FGF-2 added in the range of 0.172 to 22 nM FGF-2
added until saturation was reached at 22 nM.

HS participates in perlecan-FGF-2 binding
Perlecan was either left undigested, or digested separately with
either protease-free chondroitinase ABC or a mixture of
heparitinases I and II. Undigested or glycosidase-treated perlecan
was then incubated with 4 ng of [125I]-FGF-2, and specific binding
determined. Binding of [125I]-FGF-2 to perlecan was markedly
reduced by heparitinase digestion, indicating a requirement for
heparan sulfate chains in perlecan-FGF-2 binding (Figure 6).
Chondroitinase digestion increased [125I]-FGF-2 binding to perlecan
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slightly but not significantly. Equivalent binding of undigested and
glycosidase-treated perlecan to the Zeta-Probe membrane was
confirmed by immunoblotting (data not shown). The ability of free
chondr oitin sulfate or heparan sulf ate chains to compete for the
binding of perlecan to FGF-2 was also evaluated. Perlecan was
added to tubes containing 0 – 200 ng of chondroitin sulfate C or
bovine kidney HS, followed by the addition of 1 ng of [125I]-FGF-2.
After one hour of incubation the samples were filtered and specific
binding determined. Heparan sulfate reduced [125I]-FGF-2 binding
to perlecan by 90% but did not abolish binding even at 1µg/ml
(Figure 7). In contrast, chondroitin sulfate did not reduce binding.
This confirms the results obtained by digesting the perlecan with
chondr oitinase ABC or heparitinases and measuring FGF-2 binding
(Figure 6).
Binding of FGF-2 to perlecan in the IP assay
The linearity of the IP assay was first determined by combining
perlecan with [

125

I]-FGF-2 (1µg/106 cpm), and immunoprecipitating

aliquots of this mixture containing 25- 500 ng of perlecan using antiperlecan serum and protein G beads. The amount of [

125

I]-FGF-2

eluted from the beads with 2 M sodium chloride and the amount
remaining on the beads was then measured. Approximately 70% of
the [

125

I]-FGF-2 bound to beads in the presence of the antiserum to

perlecan was eluted by 2 M sodium chloride (Figur es 8A and B).
Approximately two fold more [125I]-FGF-2 was released by 2 M
sodium chloride from beads incubated with this antiserum to
perlecan than from beads incubated with an antiserum to aggrecan or
beads incubated without serum throughout the range of perlecan
tested (Figur e 8A). This indicates that this IP assay is linear for up
to 500 ng of perlecan.
61

We then used the IP assay to determine the role of the heparan
sulfate or chondroitin sulfate chains on perlecan in binding [

125

I]-

FGF-2, which was subsequently released by 2 M sodium chloride
and measured (Figure 9). Chondroitinase digestion enhanced FGF-2
binding by 20%, but because this increase was seen with both the
non-immune serum and the perlecan antiser um, the binding is not
signif icant. Heparitinase digestion, however, reduced the binding of
[

125

I]-FGF-2 to perlecan by 85%.

Binding of FGF-2 to FGF Receptors: Cell-free Assay
Previous studies have shown that the formation of a trimolecular
complex consisting of heparin/heparan sulfate, FGFR and FGF could
be required for cell receptor-mediated signaling to occur (Or nitz,
Yayon et al. 1992; Chellaiah, Yuan et al. 1999). Since FGF-2 was
shown to bind perlecan in both the cationic filtration assay and the
immunopr ecipitation assay in this study, we first tested the ability
of perlecan to enhance FGF-2 binding to FGFR-1c and FGFR-3c
using the immunoprecipitation assay. The specif ically bound FGF-2
is shown as a function of the GAG concentration added (Figure 10).
For both r eceptor s, addition of perlecan caused a steady decrease in
the amount of FGF-2 that bound the FGF receptor. I n contrast,
addition of chondroitinase- digested perlecan increased the amount
of FGF-2 that bound to each of the receptors. The addition of
heparin increased the binding of FGF-2 to FGFR-1c but decr eased
the binding of FGF-2 to FGFR-3c.
Binding of FGF-2 to FGF Receptors: Effect on cell proliferation
We also tested the ability of perlecan containing bound FGF-2 to
form a complex with FGFR and enhance the mitogenic activity of
FGF-2 on BaF3 cells expr essing FGFR-1c or FGFR-3c. Perlecan did
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not stimulate incorporation of [3H]-thymidine in BaF3 cells
expressing FGFR-3c (Figure 11, left panel) but did produce a slight
stimulation of [3H]-thymidine incorpor ation at the highest
concentr ation of perlecan in BaF3 cells expr essing FGFR-1c (Figur e
11, right panel). In contrast, perlecan digested with chondr oitinase
ABC to remove the chondroitin sulf ate chains stimulated [3H]thymidine incorpor ation in both BaF3 cell lines. The chondr oitinase
ABC-digested chondroitin sulfate control did not stimulate
incorporation in either cell line.

Discussion
The results of these studies using both a cationic filtr ation
(CAF) assay and an immunopr ecipitation (IP) assay show that
perlecan purified from the developing growth plate binds to FGF-2
and this indicates that no other extracellular matrix components are
needed for this binding to occur. This binding is primarily to the
heparan sulfate chains on perlecan. Removal of the heparan sulfate
chains by heparitinase digestion markedly decr eased FGF-2 binding
and competition studies with hepar an sulfate reduced binding by
90%. These data indicate that the heparan sulfate chains on
perlecan ar e essential for maximum FGF-2 binding.
The amount of FGF-2 that could bind to perlecan in the CAF
assay was dependent on the concentration of FGF-2 used (Figure 5).
We found that at a concentration of 22 nM FGF-2, (at which binding
to perlecan was saturated) 35 ng of FGF-2 could bind to 2 ng of
perlecan. The amount of perlecan used in these assays is based on
its glycosaminoglycan content. Based on the mass of perlecan’s
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core protein (Noonan, Fulle et al. 1991; Murdoch, Dodge et al.
1992) and the mass and number of the glycosaminoglycan chains
(Dolan, Hor char et al. 1997; Tapanadechopone, Hassell et al. 1999;
Govindr aj, West et al. 2002), perlecan can be determined to contain
~20% glycosaminoglycan. The 2 ng of glycosaminoglycan on
perlecan (Figure 5) would then correspond to ~10 ng of perlecan.
Estimating the molecular mass of perlecan as ~600 kDa and FGF- 2
as ~17 kDa, 10 ng of perlecan binding to 35 ng of FGF-2 would
correspond to a maximum of 123 molecules of FGF-2 per molecule
of perlecan. This would support the often-proposed theory of
perlecan acting as a sink or reservoir f or growth factor s in cartilage
and other tissue (Aviezer, Hecht et al. 1994; Iozzo 1994; Mongiat,
Taylor et al. 2000; Deguchi, Okutsu et al. 2002).
Previous work has shown that heparin can enhance the direct
binding of FGF-2 to the cell- surface FGF receptor (Ornitz, Yayon et
al. 1992). We confirmed this heparin-mediated enhancement of
FGF-2 binding to FGFR-1c in the cell- free immunoprecipitation
assay and to both FGFR-1c and FGFR- 3c in the BaF3 pr olifer ation
assay. While purified perlecan could bind FGF-2 in both the CAF
and IP assays, it did not mediate the FGF-2 stimulation of [3H]thymidine incorpor ation in BaF3 cells expressing FGFR-1c or
FGFR-3c (Figure 11). However, perlecan that had been digested
with chondroitinase ABC to remove chondroitin sulf ate chains
stimulated incorporation in this cell line. In the FRAP IP assay,
purified perlecan reduced the binding of FGF-2 to its receptor s,
sequestering the FGF-2 from the FGFR while per lecan that had been
digested with chondr oitinase ABC delivered mor e FGF-2 to both
FGFR-1c and FGFR-3c (Figure 10). The data from both the FRAP
and the BaF3 receptor assays indicate that the chondroitin sulf ate
chains on perlecan inhibit delivery of the bound FGF-2 to its
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receptors. These findings further indicate that perlecan made
without chondroitin sulf ate chains could deliver bound FGF-2 to the
receptor while perlecan made with chondroitin sulfate chains would
act only as a sink for FGF-2.
Perlecan made by the EHS tumor and by endothelial cells only
have hepar an sulfate chains that are ~70kDa and ~40kDa in size,
respectively (Hassell, Robey et al. 1980; Knox, Merry et al. 2002).
Perlecan isolated from the growth plate has heparan sulfate chains
of 20 - 22kDa and chondroitin sulfate chains of 37 - 42kDa (West,
Govindr aj et al. 2006) and of the total glycosaminoglycan present,
75% is chondroitin sulfate and 25% is heparan sulfate (Govindraj,
West et al. 2002). This suggests that approximately half of the GAG
chains on gr owth plate perlecan would be chondroitin sulf ate and
half would be hepar an sulfate. The serine residues on the cor e
protein of perlecan that serve to initiate GAG synthesis were
determined by expr essing murine cDNA coding for the domains of
perlecan as recombinant products in eukaryotic cells and then
character izing the products. These studies showed that there ar e
three serines in domain I (Costell, Mann et al. 1997; Dolan, Horchar
et al. 1997; Sasaki, Costell et al. 1998) and two serines in domain V
(Friedrich, Gohring et al. 1999; Tapanadechopone, Hassell et al.
1999) that can be substituted with a GAG chain. The three sites in
domain I ar e within a span of 12 amino acids, with each site capable
of receiving either a hepar an sulfate chain or a chondroitin sulfate
chain (Dolan, Horchar et al. 1997). The two glycosaminoglycan
sites in domain V are separated by 354 residues but an extensive
cysteine rich region between the two sites would act to bring them
closer together. The N-terminal site in domain V only receives
chondr oitin sulfate chains but the C-terminal site can receive
heparan sulfate. These sequences for GAG attachment are conserved
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in humans (accession number NP_005520) and bovine (XP_582024)
perlecan. Taking all this together, we have composed a structural
model of a typical bovine growth plate perlecan molecule indicating
the location and relative sizes of the two types of GAG chains
(Figure 12). Our data show that the presence of the chondroitin
sulfate chains on perlecan isolated from the growth plate prevents
delivery of the bound FGF- 2 to the receptor. We propose that the
larger size of these CS chains coupled with their proximity to the
hepar an sulfate chains could sterically hinder the transfer of the
HS-bound FGF-2 to the receptor (Figur e 12). This suggests that
perlecan containing chondroitin sulf ate chains could act only as a
reser voir for FGF-2 while perlecan with hepar an sulfate only could
act to deliver FGF-2 to FGF receptors; therefore the addition of
chondr oitin sulfate to perlecan would determine its role as a sink
for FGF-2 in the growth plate matrix. The degradation of perlecan in
the hypertrophic zone of the growth plate (West, Govindr aj et al.
2006) could also release this bound FGF-2 to promote entry of
vasculature necessary to mineralize the matrix in this zone.
FGFR-1 and FGFR-3 are dir ect regulators of chondrocyte
proliferation and differentiation (Ornitz and Leder 1992). The
kinase domains of these two receptors have very similar activities in
long bone growth when expr essed in gr owth plate chondrocytes. The
differences seen in our receptor studies could be due to the different
constructs used; in the immunoprecipitation assay, the receptor s ar e
truncated by using only the extracellular domain fused to alkaline
phosphatase, whereas in the BaF3 assay, the full-length receptor is
used. Also, considering the differential effects of heparin on the
two receptor s, heparin is known to be capable of both stimulating
and inhibiting the binding of FGF-2 to FGF receptors to affect cell
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activity (Gospodarowicz, Ferrara et al. 1987; Gospodarowicz,
Neufeld et al. 1987).
Similarly varied interactions of perlecan and FGF-2 with
FGFRs have been seen in work done by other resear cher s. Knox et
al., 2002, found that the BaF3 cell system response was different
depending not only on the sour ce of the perlecan but also on which
FGFR the cells expressed. Perlecan made by human umbilical
arterial endothelial cells (HUAE C) and by a continuous endothelial
cell line (C11 STH) stimulated FGF-2- mediated proliferation of
BaF3 cells expressing FGFR-1c. In contrast, cells expr essing FGFR3 were stimulated to prolif erate only by HUAEC perlecan. Analysis
of the glycosaminoglycan (GAG) chains on the perlecan from these
two cell types showed that the GAGs f rom the HUAEC perlecan
could be entir ely digested with heparinase, while a portion of the
GAGs on the C11 STH perlecan was resistant to heparinase. These
non-heparan sulf ate GAGs may be blocking the delivery of the
bound FGF- 2 to FGFR- 3.
The findings of our study are consistent with the phenotype of
the perlecan null mouse, which shows reduced Indian hedgehog
expression and reduced prolifer ation of chondrocytes in the growth
plate (Arikawa-Hir asawa, Watanabe et al. 1999). In contrast to the
FGFR-3 in BaF3 cells and in most other cell types, FGFR-3 is a
negative regulator of chondrocyte proliferation in the growth plate
(Colvin, Bohne et al. 1996; Ornitz and Marie 2002). That is, when
the receptor in growth plate chondrocytes is activated by bound
FGF, it inhibits Indian hedgehog expression, and pr olifer ation is
prevented. In this study, we have shown that the heparan sulfate on
growth plate perlecan binds FGF-2. Our data are also consistent
with the chondroitin sulf ate on perlecan inhibiting FGF-2 delivery
to its receptor. Perlecan in the growth plate would be acting, as
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previously proposed (Arikawa-Hir asawa, Watanabe et al. 1999), to
sequester FGF- 2 away from FGFR-3 and allow chondr ocyte
proliferation to occur. It should be noted that a recent study (Kvist,
Johnson et al. 2006) showed that the chondroitin sulfate chains of
perlecan can bind to collagen. This interaction with collagen would
likely enhance the sequestration of the growth factor (bound to
perlecan) away from its receptor in the growth plate.
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Figures
Figure 5.

125

Binding of [
I]-FGF-2 to perlecan in the cationic filtration (CAF)
125
assay. [
I]-FGF-2 (0.086 – 44 nM; 0.293 – 150 ng/tube) was
added to tubes without () or with perlecan (10 ng GAG/ml; 2 ng
GAG/tube, ). After incubation for 1 h, the samples were filtered
across the cationic membrane and the counts retained on the filter
were determined. From the specific activity that was determined for
the labeled FGF-2, the nanogr am amounts of FGF-2 corresponding
to the bound counts wer e calculated and are shown. After
subtr acting background binding of FGF-2 to the Zeta Probe
membrane, the specific binding is also indicated (). The addition
125
of perlecan significantly increased [
I]-FGF-2 retention at all
concentr ations tested (p< 0.04, paired t-test). All data points have
error bars representing ± S.E.M.
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Figure 6.

Effect of chondroitinase or heparitinase pretreatment of perlecan on
125
specific binding of [
I]-FGF-2 in the CAF assay. Perlecan was
either left undigested (U), or digested separately with either
chondr oitinase ABC (C) or a mixture of heparitinases I and II (H).
After incubation of perlecan (10 ng/ml; 2 ng/tube) for 1 h with
125
[
I]-FGF-2 (20 ng/ml; 4 ng/tube), the samples were filtered across
the cationic membrane and the counts retained on the filter were
determined. Equivalent binding of undigested and glycosidasetreated perlecan to the cationic membrane was confirmed by
immunoblotting the membrane. Heparitinase digestion of perlecan
125
signif icantly reduced [
I]-FGF-2-perlecan binding (p= 0.003,
paired t-test). Error bars represent ± S.E.M.
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Figure 7.

Effect of chondroitin sulf ate or hepar an sulfate on specific FGF-2
binding in the CAF assay. Perlecan (40 ng/ml, 8 ng/tube) was
incubated in tubes containing 0 - 1000 ng/ml (0 - 200 ng/tube)
chondr oitin sulfate C ( CSC, ) or bovine kidney HS ().
125
Following the addition of 5ng/ml (1 ng/tube) of [
I]-FGF-2,
samples wer e incubated for 1 h, filtered, and specific binding of
125
[
I]-FGF-2 determined. Results are the means of duplicate
determinations.
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Figure 8.

125

Binding of [
I]-FGF-2 to perlecan in the immunoprecipitation (IP)
125
assay. Perlecan and [
I]-FGF-2 (1 µg/106 cpm) were mixed and
aliquots containing 25-500 ng of perlecan were immunoprecipitated
with protein G beads after incubation in the absence of serum, or
with antisera to perlecan or aggrecan. After washing to remove
125
125
unbound [
I]-FGF-2, the amount of [
I]-FGF-2 released from the
125
beads by 2 M sodium chloride (A) and the [
I]-FGF-2 remaining on
125
the beads (B) was measured. [
I]-FGF-2 eluted by 2 M sodium
chloride was significantly greater for perlecan versus aggrecan
antisera-tr eated samples at each concentration of perlecan used (p<
0.05, paired t-test). All data points have error bars representing ±
S.D.

72

Figure 9.

Effects of chondroitinase and heparitinase pretreatment of perlecan
125
on [
I]-FGF-2 binding using the IP assay. Perlecan (125 ng) was
either left undigested (U), digested with chondr oitinase ABC (C),
digested with a mixture of heparitinases I and II (H) or digested
with both chondroitinase and heparitinases ( C+H), incubated with
125
105 cpm of [
I]-FGF-2 and immunoprecipitated using non-immune
serum or perlecan antiserum and protein G beads. After washing to
125
125
remove unbound [
I]-FGF, the amount of [
I]-FGF-2 released
from the beads by 2 M sodium chloride was measured. Hepar itinase
and chondroitinase + heparitinase treatments of perlecan
125
signif icantly reduced the amount of [
I]-FGF-2 released from the
beads by 2 M sodium chloride (p< 0.02, paired t-test). Error bars
represent ± S.D.
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Figure 10.

Binding of FGF2 to soluble FGFR-1c and FGFR-3c. Iodinated FGF2
was added to FRAP-conditioned medium. Heparin, perlecan or
chondr oitinase-digested perlecan was also added in concentrations
ranging from 0 to 2.5µg GAG/ml. The receptors were
immunopr ecipitated with anti- alkaline phosphatase antibody and
Protein G Sepharose and the amount of labeled FGF2 bound to the
beads determined in a gamma counter. All data points have error
bars representing ± S.E.M.

74

Figure 11.

Heparin and perlecan augmentation of [3H]-thymidine incorporation
into FGF-2 treated BaF3 cells. BaF3 cells expressing either FGFR1c (part A) or FGFR-3c (part B) wer e treated with 200 pM FGF-2
and 0–5 µg/ml of either heparin, perlecan, chondroitinase ABC
digested perlecan (perlecan>pfABC) or chondroitinase ABC digested
chondr oitin sulfate (CSC>pfABC) and then radiolabeled with [3H]thymidine to determine prolif eration rates. All data points have
error bars representing ± S.D.
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Figure 12

Hypothetical model of FGF-2 binding to perlecan and delivery to
FGF receptor. (A) Perlecan with hepar an and chondroitin sulf ate
chains can bind FGF-2 but the chondroitin sulf ate chains pr event
delivery of bound FGF-2 to the FGF receptor. (B) Perlecan with
only heparan sulf ate chains can bind FGF-2 and deliver it to the
receptor.
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Abstract
Fibroblast growth factor-18 (FGF- 18) regulates the growth
plate chondrocyte proliferation, hypertrophy and cartilage
vascularization necessar y for endochondral ossification. The
hepar an sulfate proteoglycan perlecan is also critical for growth
plate chondrocyte proliferation. FGF-18 null mice exhibit skeletal
dwarfism similar to that of perlecan null mice. Growth plate
perlecan contains chondroitin sulf ate ( CS) and hepar an sulfate (HS)
chains and FGF-18 is known to bind to heparin and to heparan
sulfate from some sour ces. We used cationic filtr ation and
immunopr ecipitation assays to investigate the binding of FGF-18 to
growth plate perlecan. Our data showed a saturable binding with a
kd of 144 nM. Near saturation, ~103 molecules of FGF-18 bound per
molecule of perlecan. This binding was not significantly altered by
chondr oitinase nor heparitinase digestion of perlecan, indicating
that perlecan GAGs are not involved in FGF-18 binding. FGF-18
bound equally to recombinant domains I-III of perlecan (Alt1)
expressed in COS-7 cells and to full-length perlecan purified from
the growth plate. Additionally, FGF-18 bound equally to
recombinant domain III of perlecan, to Alt1 and to Alt2 (a variant
of domains I-III with no hepar an sulfate). These data indicate that
low affinity binding sites for FGF-18 are present in domain III of
perlecan.
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Introduction
Perlecan is a large (~600 kDa) hepar an sulfate-containing
proteoglycan present in all mammalian basement membr anes
(Hassell, Robey et al. 1980; Iozzo 2005), in cartilage (SundarRaj,
Fite et al. 1995; Handler, Yurchenco et al. 1997) and in the growth
plate (Govindraj, West et al. 2002). Perlecan is essential for long
bone growth. The absence of perlecan in mice results in defective
endochondral ossification (the process by which long bones grow)
during embryonic development (Arikawa-Hirasawa, Watanabe et al.
1999; Costell, Gustafsson et al. 1999). The chondr ocytes in the
growth plate of perlecan null mice exhibit decreased prolifer ation
and matrix deposition, which leads to severe fetal dwarfism.
Silverman-Handmaker dyssegmental dysplasia (DDSH), which
results from a functional null mutation of the perlecan gene
(Arikawa-Hirasawa, Wilcox et al. 2001; Arikawa-Hirasawa and
Yamada 2001) is an analogous disor der in humans. Schwartz- Jampel
syndr ome (SJS) in humans is thought to result from production of
truncated (or reduced levels of full-length) perlecan (Nicole,
Davoine et al. 2000), with patients showing varying degrees of
dwarfism and skeletal abnormalities that mirror those of DDSH
patients but are less severe.
Fibroblast growth factor receptor-3 (FGFR-3) is a cell surf ace
receptor expressed in developing growth plate cartilage (Wang,
Green et al. 2001). Gain of function mutations in the human FGFR-3
gene cause dwarfisms such as achondroplasia (Shiang, Thompson et
al. 1994), thanatophoric dysplasia (Tavormina, Rimoin et al. 1995),
and hypochondroplasia (Winterpacht, Hilbert et al. 2000).
Activating mutations in murine FGFR- 3 also cause dwarfism (Naski,
Colvin et al. 1998; Wang, Spatz et al. 1999; Iwata, Chen et al.
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2000). When FGFR-3 expr ession in the growth plate of mice is lost,
there is incr eased chondrocyte prolif er ation and hypertrophy
resulting in overgrowth of long bones (Colvin, Bohne et al. 1996;
Deng, Wynshaw- Boris et al. 1996). This indicates that FGFR-3 is a
negative regulator of chondrocyte proliferation.
Fibroblast growth factor s (FGFs) are the endogenous ligands
for FGFRs. FGFs-2, -9 and -18 have been shown to inf luence
chondrocyte proliferation in the developing growth plate and
subsequently influence long bone growth. The FGF-2 knockout
mouse has no severe def ect in bone length (Montero, Okada et al.
2000) whereas over-expression of FGF-2 in the FGF-2 transgenic
mouse results in short limbs, indicating that FGF-2 can act through
FGFR-3 (Coffin, Florkiewicz et al. 1995; Mancilla, De Luca et al.
1998). Both the FGF- 9 transgenic mouse and the FGF-18 knockout
mouse show severe abnormalities in long bone gr owth (Garofalo,
Kliger-Spatz et al. 1999; Liu, Xu et al. 2002; Ohbayashi, Shibayama
et al. 2002), but it is the FGF-18 null mouse that exhibits a growth
plate phenotype similar to that of the FGFR-3 null mouse (in the
increase, although transient, in chondr ocyte prolifer ation and in
enlarged growth plates (Liu, Xu et al. 2002; Ohbayashi, Shibayama
et al. 2002)). FGF-18 has a three-tiered importance in long bone
growth, affecting chondrogenesis by signaling through FGFR-3
(Davidson, Blanc et al. 2005), osteogenesis by signaling through
FGFR-1 and/or FGFR-2 (Liu, Xu et al. 2002; Ohbayashi, Shibayama
et al. 2002), and growth plate vascular ization by regulating vascular
endothelial growth factor (VEGF) (Liu, Lavine et al. 2006). FGF-18
is made by the developing perichondrium, the region of connective
tissue that surrounds the developing gr owth plate (Liu, Xu et al.
2002; Ohbayashi, Shibayama et al. 2002).
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All FGFs bind to heparin (Ashikari-Hada, Habuchi et al. 2004)
and heparin has been shown to enhance the binding of FGF’ s to
FGFR’ s (Ornitz and Leder 1992). Heparan sulf ate (HS), a structural
analogue of heparin, is present on growth plate perlecan at both
ends (domains I and V) of the core protein (Noonan, Fulle et al.
1991; Tapanadechopone, Hassell et al. 1999). We have shown that
perlecan binds FGF-2 via these HS chains and can mediate the
delivery of FGF-2 to FGFR-1 and FGFR-3 (Smith, West et al. 2006).
FGF-18 is known to bind pr eferentially to 2-O-sulfated HS
(Ashikari-Hada, Habuchi et al. 2004). The HS on growth plate
perlecan is 2-O- and 6-O- sulfated (West, Govindraj et al. 2006) so,
in addition to binding FGF-2, the HS on perlecan might also bind
FGF-18. Not all HS, however, has the sequence or sulfation pattern
necessar y to bind to FGF-18 (Knox, Merry et al. 2002). In this
study, we test FGF-18 as a potential binding partner of growth plate
perlecan.

Experimental Procedures
Sources of perlecan DNA, perlecan protein, growth factors and
antibodies.
cDNA constructs encoding for perlecan domain I-III and for domain
III were obtained from pr evious work (Chakravarti, Horchar et al.
1995; Dolan, Hor char et al. 1997). Lar ge-scale plasmid preps wer e
prepar ed using the Endo-free Plasmid Maxi Kit (QIAGE N) and
constructs were ver ified using restriction endonucleases.
Recombinant human fibr oblast growth factor-18 (FGF-18) was
purchased from PeproTech. Purified bovine growth plate perlecan
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(Govindr aj, West et al. 2002) and anti mouse perlecan antibody
Ab378 (West, Govindraj et al. 2006) were prepared as pr eviously
described.
Transfection.
High glucose (4.5 g/L) DMEM (Fisher Scientific) was supplemented
to 10% fetal bovine serum, 1% antibiotics (penicillin- streptomycin)
and 2% glutamine and used as our growth medium to culture COS-7
cells in 100 mm cell- cultur e dishes (Fisher Scientific).
Lipofectamine 2000 (L2000, Invitrogen) was used to transfect
confluent COS-7 cells according to the manufacturer’ s directions.
Briefly, the cells were rinsed with serum- and antibiotic-free growth
medium (our “transfection medium”). For the constructs Alt1
(domains I-III) and Alt2 (domains I-III made without heparan
sulfate), cells were transf ected with 12 µg of DNA using 45 µl of
L2000 in 15 ml of transf ection medium. For the domain III
construct, cells wer e transfected with 18 µg of DNA using 45 µl of
L2000. The cells were cultured at 37º C/5% CO2 for 5h, then changed
to growth medium for another 16-18h. The transfected cells wer e
then further cultured in 15 ml of fresh transf ection medium and
harvested after 48h.
Purifying Recombinant Product s.
The 48h media from transf ected COS-7 cells were r econstituted to 4
M guanidine HCl by the addition of 0. 5 g of guanidine HCl/ml of
media. The media were then spin concentrated to less than 2 ml and
fractionated on 4 M guanidine HCl- equilibrated Superose 6 columns
(GE Healthcar e). Forty 3 ml fractions (1.2 column volumes) were
collected, then 1 µl of each fraction was dotted unto nitrocellulose
membrane (Bio-Rad) and immunoblotted for perlecan using Ab378.
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Perlecan-positive fractions were dialyzed against distilled water and
18 µl aliquots of the fractions were run on SDS-PAGE. Fractions
from the Alt1 column run wer e digested with 10 mU of protease-free
chondroitinase ABC and 5 mU each of heparatinases I and II
(Associates of Cape Cod) before SDS- PAGE, as described below.
The DIII and Alt2 fractions were left undigested since these
recombinant products have no GAGs attached. Fractions determined
by Wester n blot to contain the recombinant product but none of the
endogenous COS-7 cell perlecan were pooled and the amount of
perlecan estimated by dir ect comparisons with known amounts of
EHS perlecan in the dimethylmethylene blue (DMMB) assay
(Farndale, Buttle et al. 1986) and in Western blots.
Glycosidase Digestion of Perlecan GAGs.
Where indicated in the results, perlecan was either sham digested,
digested with 10 mU of chondroitinase ABC or digested with 5 mU
each of heparitinases I and II before being used in the CAF or the IP
assays. Digestions were done in 100 µl of digestion buff er (20 mM
Tris HCl, 5 mM calcium chloride and 0.2 mg/ml protease-free BSA,
pH 7.4) at 37°C for 3h.
Radiolabelling of growth factor.
Sodium

125

Iodide (0.5 mCi, PerkinElmer) activated in IODO- GEN-

coated tubes (Pierce) was used to radiolabel 5 µg of FGF-18 using
Pierce’ s supplied protocol ( Chizzonite indirect method) as
previously described for FGF-2 (Smith, West et al. 2006). The
iodinated FGF-18 was purified by chromatography on Heparin
Sephar ose 6 Fast Flow beads (GE Healthcar e) and elution with 2 M
NaCl. The purified FGF-18 was dialyzed against PBS and the
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specific activity of the

125

I-FGF-18 determined as before (Smith,

West et al. 2006).
Cationic Filtration Assay.
The binding of

125

I-FGF-18 to perlecan was determined using a

cationic filtr ation ( CAF) assay as previously described (For sten,
Wang et al. 2000; Smith, West et al. 2006). The binding buffer was
0.05 M Tris HCl, 0.15 M NaCl and 2 mg/ml protease-free BSA, pH
8.0. Briefly, iodinated FGF-18 was incubated with or without
perlecan in binding buffer at room temperature for 1h in a final
incubation volume of 200 µl. The mixture was then filtered through
cationic Zeta-Probe membr ane (Bio-Rad) by vacuum filtration using
a Minif old I 96-well apparatus (Schleicher and Schuell, Keene, NH,
USA). The wells were rinsed to remove unbound

125

I-FGF-18, the

membrane was dried and the wells excised and counted in a gamma
counter. For the initial dose-r esponse CAF assay, a satur ation
binding curve and a Scatchard plot of the data wer e generated using
the SigmaPlot Regr ession Wizard® (SigmaPlot 8.0).
To study the effect of GAGs on FGF-18-perlecan binding,
perlecan (full-length or Alt1) was digested with chondroitinase ABC
or heparitinases I and II bef ore being used in the CAF assay. Only
full-length perlecan and recombinant domain I-III product Alt1 were
used in the CAF assay since the cationic Zeta-Probe membr ane
captures negatively charged molecules. Recombinant products made
without GAG chains (the Domain III and the Alt2 products) could be
evaluated for FGF-18 binding only by an immunoprecipitation assay.
Immunoprecipitation Assay.
The binding of FGF-18 to perlecan was studied using an
immunopr ecipitation (IP) assay as previously described (Knox,
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Merry et al. 2002; Smith, West et al. 2006). Purified recombinant
perlecan was reconstituted to 0.2 ml in IP buffer (1% Triton X-100,
20 mM Tris HCl, 0.15 M NaCl, pH 7.4).

125

I-FGF-18 was added and

the samples were incubated at room temperature for 1h with mixing.
Five microliter s of either anti- mouse perlecan antibody Ab378 (or 5
µl of pre-immune rabbit ser um as control) were added and the
samples incubated at 4°C for 2h. After addition of 20 µl of Protein
G Sepharose beads (GE Healthcare) for 2h at 4ºC, the samples wer e
centrifuged for 5 min at 2500xg, the beads washed three times with
IP buffer and the radioactivity in the pellets or in 2 M eluates
measured in a gamma counter. Perlecan was also either shamdigested or digested with pr otease-free chondroitinase ABC and
hepar atinases I and II before being used in the IP assay.
Denaturation and reduction/alkylation of the perlecan core
protein.
To determine if FGF-18:perlecan binding was dependent on core
protein structure, we used FGF-18 in a CAF assay with purified
perlecan that was either untreated, or denatured with 8 M urea or
both denatured and reduced/alkylated with urea and 25 mM DTT (GE
Healthcare) / 50 mM Iodocaetamide (Pierce). The perlecan was
dialyzed against distilled water after treatment and before use in the
assay.
Statistics.
All data are expressed as the mean of four replicates +/- standard
error of the mean. Statistical comparisons were made using
Student’s t-test, where applicable. P<0.05 was considered
signif icant.
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Results
Binding of FGF-18 to full-length perlecan in the CAF assay.
125

I-FGF-18 (33 – 2385 ng/ml; 0.75 – 109 nM) was incubated with

or without 2 ng (in DMMB GAG content, therefore 10 ng of total
perlecan)/ml of perlecan purified from the growth plate. The
samples wer e filter ed over a cationic membrane and radioligand
binding to the membrane was determined using a gamma counter.
Counts from incubations without perlecan were subtracted from
those with perlecan at equivalent FGF-18 concentrations to
determine the specific binding. The nanomolar amounts of FGF-18
corresponding to the bound counts wer e calculated from the specific
activity of the labeled FGF- 18 and are shown (Fig. 13). The data
show that the binding of FGF-18 to per lecan was satur able above
84.5 nM FGF- 18 added, with a dissociation constant (kd) of 145 nM
as determined from SigmaPlot Scatchard analysis.
Effect of Glycosidase Treatment of Perlecan on FGF-18 Binding
in the CAF and IP assays.
Growth plate perlecan contains both CS and HS chains (Govindraj,
West et al. 2002). Purified growth plate perlecan (10 ng GAG/ml)
was fir st sham-digested or digested with chondroitinase ABC or
with heparitinase I and II bef ore incubation with

125

I-FGF-18 (80

ng/ml) in the CAF assay. Control binding (no perlecan) was
subtr acted from total binding (with per lecan) to give specific
binding shown. We found that neither chondr oitinase (C) nor
heparitinase (H) treatment of per lecan signif icantly aff ected the
binding of perlecan to FGF-18 in comparison to sham-digested
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perlecan ( sham, Fig. 14). We also used the IP assay to determine if
125

I-FGF-18 could bind to perlecan without intact GAG chains

present. Purified perlecan (30 ng GAG/ml) was either sham digested
(sham, Fig. 15) or digested with chondroitinase ( C) or heparitinases
I and II (H) or a mixture of both (C+H). The perlecan was then
incubated with

125

I-FGF-18 (40 ng/ml) and serum (pre-immune or

anti-perlecan), captured with Protein G beads and the FGF-18
binding determined. There was significantly mor e binding of

125

I-

FGF-18 to the beads with anti-perlecan serum than with pre-immune
serum. Ther e was no significant differ ence, however, whether the
perlecan used had its GAG chains intact (sham treatment) or had
only one type of GAG (C or H treatment) or had no intact GAGs
(C+H tr eatment).
Effect of Core Prot ein Denaturat ion and Reduction/Alkylation on
125

I-FGF-18 Binding.

To determine if core pr otein structure has an effect on FGF18:perlecan binding, we used 50 ng of FGF-18 in a CAF assay with
2 ng GAG of perlecan that was either untreated, or denatured with 8
M urea or both denatured and reduced/alkylated with urea and 50
mM DTT/ 100 mM Iodocaetamide. The binding of FGF-18 to
perlecan was reduced by more than 50 % when the core protein was
structure was alter ed by reduction and alkylation (Figure 16). The
decrease was less drastic but still significant when the cor e protein
was denatured only.
Binding of

125

I-FGF-18 to full lengt h perlecan and to Alt1 in the

CAF assay.
For Fig. 17, the binding of

125

I-FGF-18 to full-length perlecan was

compared to that of AltI, a recombinant product containing only the
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N-terminal domains I-III of perlecan (Dolan, Horchar et al. 1997).
At concentr ations well below satur ation (as determined in Fig. 13),
125

I-FGF-18 (20 ng/ml in Fig. 17A, 160 ng/ml in Fig. 17B) was

incubated with full-length perlecan or recombinant Alt1 (10 ng
GAG/ml). Both perlecan products had similar binding capacity
(~50%) for

125

I-FGF-18 at both FGF-18 concentr ations used.

Binding of

125

I-FGF-18 to perlecan domains I-III and to domain

III in the IP assay.
The domain in the N-terminal half of perlecan that binds FGF-18
was determined in the IP assay by incubating 40 ng/ml of

125

I-FGF-

18 without perlecan, or with 150 ng/ml of a recombinant product for
domain III of perlecan (Chakravarti, Horchar et al. 1995) or with
Alt1 or with Alt2, a recombinant product of domains I-III made
without GAGs (Dolan, Horchar et al. 1997). FGF-18 bound equally
to domain III as it bound to the domain I-III products (Fig. 18).

Discussion
In this study we used a cationic filtration (CAF) assay and an
immunoprecipitation (IP) assay to identify FGF-18 as a novel
binding partner of growth plate perlecan. FGF-18 bound to native
perlecan purified from the developing growth plate (Fig. 13).
Removal of the chondroitin sulfate ( CS) and heparan sulf ate (HS)
chains of perlecan did not significantly reduce FGF-18 binding
(Figs. 14 and 15). These data show that no other growth plate
molecules are needed to mediate the interaction between perlecan
and FGF-18 and that the binding is to the core protein of perlecan.
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In further confirmation of this finding, denaturing and
reducing/alkylating the core protein of perlecan significantly
decreased the binding of FGF-18 to perlecan (Fig. 16). With the
complete treatment (urea for denaturation, DTT for reduction and
Iodoacetamide for alkylation), the binding of FGF-18 to perlecan
was reduced close to background (binding of FGF-18 to the CAF
assay membr ane alone). FGF-18 also bound equally well to the
recombinant products Alt1, Alt2 and DIII of perlecan made in COS7 cells (Figs. 17 and 18). These recombinant pr oducts are of the
expected size, conformation and GAG content, as seen in Western
blots of the various products unreduced, reduced or treated with
GAG lyases (data not shown). Purified full-length perlecan from the
growth plate contains 25% of its total GAGs as HS and 75% as CS,
recombinant Alt1 contains 60% HS and 40% CS, and recombinant
Alt2 does not contain GAGs, yet they all bind FGF-18 compar ably.
This suggests that neither the intact GAGs on perlecan nor the GAG
stubs after glycosidase digestion influence FGF-18 binding. The
Alt1 product is the N-terminal third of domain I containing the
serine GAG attachment sites plus all of domains II and III (Dolan,
Horchar et al. 1997). The Alt2 product is made without GAGs since
the serines in domain I that are GAG attachment sites were mutated
to threonines (Dolan, Horchar et al. 1997). Domain III also bound
equally well to FGF-18 as Alt1 and Alt2 did, which pinpoints the
binding site of FGF-18 to domain III of perlecan (Fig. 18).
The GAG on perlecan constitutes 20% of its molecular mass
(Dolan, Hor char et al. 1997; Tapanadechopone, Hassell et al. 1999;
Govindr aj, West et al. 2002). Theref or e, the 2 ng/tube (10 ng/ml) of
perlecan GAG used in our initial dose- response CAF assay (Fig. 13)
corresponds to 10 ng of perlecan. The molecular masses of perlecan
and FGF-18 are ~600 kDa (Smith, West et al. 2006) and 22 kDa
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(Peprotech product data sheet) respectively. As determined from our
saturation binding curve shown in Figure 13, near satur ation (i.e. at
85.4 nM FGF- 18 added) our calculations yield a stoichiometry of
~103 FGF-18 molecules bound per molecule of perlecan. This
suggests that growth plate perlecan is capable of serving as a
reser voir for large amounts of FGF-18, a function previously shown
for perlecan with other growth factors (Iozzo 1994; Mongiat, Taylor
et al. 2000; Smith, West et al. 2006). Scatchard analysis of the
binding data using SigmaPlot showed a kd of 144 nM for the
interaction between FGF-18 and perlecan (Figure 13). Thus, growth
plate perlecan is a low affinity binding partner for FGF-18 (Yayon,
Klagsbrun et al. 1991; Fayein, Courtois et al. 1992; Moscatelli
1992).
FGF-18 bound to domain III of perlecan. Domain III has a
calculated molecular mass of 120-135 kDa (Noonan, Fulle et al.
1991), accounting for ~25% of the mass of total core protein, and is
organized into three identical subdomains that show extensive
tertiary structure. Each of the thr ee subdomains consists of a 28-41
amino acid cysteine-rich repeat followed by a 192-199 amino acid
cysteine-free globular domain followed by three additional cysteinerich repeats (totaling 147-168 amino acids) (Noonan, Fulle et al.
1991). Domain III shows substantial homology to the short arm of
the laminin A chain, even showing the same variability in the
number s of cysteine residues per repeat and the same RGDS amino
acid sequence in the second globular domain (Noonan, Fulle et al.
1991); this sequence is active in integrin binding and mediates the
cell-adhesive properties of perlecan (Chakravarti, Hor char et al.
1995; Iozzo 2005; Knox and Whitelock 2006). The disulfide-bonded
cysteine-rich repeats of domain III are homologous to epidermal
growth factor (EGF) and confer a r esistance to proteolysis
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(Chakr avarti, Horchar et al. 1995). We can speculate, then, that a
growth factor (such as FGF-18) bound to this stable domain III
might be more effectively protected in the extracellular matrix.
The repetitive structure of domain III (which would provide
multiple binding sites) and the tendency of fibroblast growth factors
to multimer ize (Harmer, Robinson et al. 2006) may explain the
143:1 stoichiometry of the FGF-18:per lecan inter action; the binding
of FGF-18 to perlecan could enhance FGF-18 multimerization.
Domain III is already known to bind to various proteins including
integrins, FGF-7, FGF- BP (FGF binding protein), PDGF (platelet
derived growth factor) and WARP (von Willebr and factor A domainrelated protein, which is expressed in chondr ocytes and aff ects ECM
structure) (Chakr avarti, Hor char et al. 1995; Gohring, Sasaki et al.
1998; Mongiat, Taylor et al. 2000; Mongiat, Otto et al. 2001; Allen,
Bateman et al. 2006). We have shown in this study that domain III
also binds FGF-18.
FGF-2 is another low affinity binding partner of perlecan and
binds exclusively via perlecan’ s HS chains (Aviezer, Levy et al.
1994; Knox, Merry et al. 2002; Smith, West et al. 2006). Perlecan in
the mouse model hspg2∆3 /∆3 lacks the HS attachment sites in domain
I but is still synthesized as a HSPG because of the HS attachment
site in domain V. The hspg2∆3/∆3 mouse shows defective lens capsule
formation ( Rossi, Morita et al. 2003), delayed wound healing and
impaired angiogenesis (Zhou, Wang et al. 2004), incr eased smooth
muscle cell proliferation (Tran, Tran-Lundmark et al. 2004) and
abnormal glomerular filtr ation (Morita, Yoshimura et al. 2005) but
no significant cartilage or bone def ects. This suggests either that
the single HS chain on domain V is suf ficient for growth factor (i.e.
FGF-2) action in the growth plate or that, as the normal-length
bones of the FGF-2 knockout indicate (Montero, Okada et al. 2000),
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FGF-2 is not a crucial ligand for FGFR-3 and, thus, for
endochondral ossification in the growth plate. In contrast, the FGF18 knockout has defects in endochondr al ossification (Liu, Xu et al.
2002; Ohbayashi, Shibayama et al. 2002) which suggests that FGF18 is the crucial FGF in long bone growth. FGF-18 binds to the core
protein of perlecan. The core protein of perlecan is present in the
hspg2∆3 /∆3 mouse, which has normal endochondral ossification but is
absent in the perlecan null mouse, which has def ective endochondr al
ossification (Ar ikawa-Hir asawa, Watanabe et al. 1999; Costell,
Gustaf sson et al. 1999). We propose then, from our findings, that
the core protein of perlecan may be an important mediator of FGF18 action.
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Figures
Figure 13.

125

Saturation binding of
I-FGF-18 to growth plate perlecan in the
125
cationic filtr ation ( CAF) assay.
I-FGF-18 (33 – 2385 ng/ml; 0.75
– 109 nM) was added to tubes without or with perlecan (8 ng
GAG/ml). After incubation, the samples were filtered across the
cationic membrane and the counts retained on the membrane were
determined. Specifically bound FGF-18 (specific counts [total
counts minus counts bound without per lecan] divided by specific
activity and expr essed as nanomolar) is shown in the satur ation
binding curve. Scatchard analysis (inset) of the binding data gave a
dissociation constant (kd) of 145 nM. Error bars represent ± S.E.M.
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Figure 14.

Effect of chondroitinase or heparitinase pretreatment of growth
125
plate perlecan on
I-FGF-18 binding using the CAF assay.
Perlecan was either sham digested (sham), or digested separately
with either chondroitinase ABC (C) or a mixture of heparitinases I
125
and II (H). After incubation of perlecan (10 ng GAG/ml) with
IFGF-18 (80 ng/ml) for 1h the samples were filtered across the
cationic membrane and the counts retained on the filter were
determined. For each treatment, control values (no perlecan) were
subtr acted from experimental values (with perlecan) to give our
results. Neither chondroitinase nor heparitinase digestion of
125
perlecan signif icantly changed
I-FGF-18-perlecan binding. Error
bars represent ± S.E.M.
100

Figure 15.

Effects of chondroitinase and heparitinase pretreatment of perlecan
125
on
I-FGF-18 binding using the immunoprecipitation (IP) assay.
Perlecan (30 ng GAG/ml) was either sham digested (sham), digested
with chondroitinase ABC (C), digested with a mixtur e of
heparitinases I and II (H) or digested with both chondroitinase and
125
heparitinases (C+H), incubated with
I-FGF-18 (40 ng/ml) and
immunopr ecipitated using pr e-immune serum or perlecan antiserum
125
and protein G beads. After washing to remove unbound
I-FGF125
18, the amount of
I-FGF-18 released from the beads by 2 M NaCl
was measur ed. For each treatment, control values (no perlecan) were
subtr acted from experimental values (with perlecan) to give our
results. Chondroitinase, heparitinase, and chondroitinase +
heparitinase treatments of perlecan did not significantly change the
125
amount of
I-FGF-18 r eleased from the beads by 2 M NaCl. Error
bars represent ± S.E.M. * denotes significance compar ed to preimmune control (p < 0.05).
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Figure 16

Effect of growth plate perlecan core protein denaturation and
reduction/alkylation on 125I-FGF-18 binding. To determine if core
protein structure has an effect on FGF- 18:perlecan binding, we used
50 ng of FGF-18 in a CAF assay with 2 ng GAG of perlecan that was
either untreated, or denatured with 8 M urea or both denatured and
reduced/alkylated with urea and 50 mM DTT/ 100 mM
Iodoacetamide. The binding of FGF-18 to perlecan was reduced by
more than 50 % when the cor e protein was structure was altered by
reduction and alkylation (Figur e 16). The decr ease was less dr astic
but still significant when the cor e protein was denatured only.
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Figure 17.

125

Binding of
I-FGF-18 to native full-length perlecan and to
125
recombinant perlecan domains I-III in the CAF assay.
I-FGF-18
(Figure 17A: 20 ng/ml, Figure 17B: 160 ng/ml) was incubated with
no perlecan (-) or with 10 ng GAG/ml of either full-length perlecan
purified from the growth plate or Alt1 (recombinant domains I-III).
After 1h, the samples wer e filter ed acr oss the cationic membrane
and the counts retained on the filter were determined and divided by
the specific activity to determine ng bound. For both perlecan
prepar ations, ther e wer e similar per centages (~ 50%) of FGF-18
bound at both the low (Figure 17A) and high (Figur e 17B)
concentr ations of FGF-18 used. Error bars represent ± S.E.M. *
denotes significance compared to control with no perlecan (p <
0.05).
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Figure 18.

125

Binding of
I-FGF-18 to different perlecan domains in the
immunopr ecipitation (IP) assay. Recombinant perlecan domain III
(DIII), domains I-III (Alt1) and domains I-III with no GAGs (Alt2),
125
each at 150 ng/ml, wer e mixed separately with
I-FGF-18 (40
ng/ml) and the perlecan was immunoprecipitated with Protein G
beads after incubation with pre-immune serum, or with antiserum to
perlecan. A control was added where no perlecan was used in the
125
incubation (-). After washing to remove unbound
I-FGF-18, the
125
125
amount of
I-FGF-18 remaining on the beads was determined.
IFGF-18 bound to the beads was significantly greater using antiperlecan serum versus pr e-immune ser um (p< 0.05, pair ed t-test).
There wer e no significant differences, however, among the thr ee
types of perlecan that were used. Error bars repr esent ± S.E.M. *
denotes significance compared to control with no perlecan (p <
0.05).
104

References For Paper II
Allen, J. M., J. F. Bateman, et al. (2006). "WARP is a novel
multimeric component of the chondrocyte pericellular matrix
that interacts with perlecan." J Biol Chem 281(11): 7341- 9.
Arikawa-Hir asawa, E., H. Watanabe, et al. (1999). "Perlecan is
essential for cartilage and cephalic development. " Nat Genet
23(3): 354-8.
Arikawa-Hir asawa, E., W. R. Wilcox, et al. (2001). "Dyssegmental
dysplasia, Silverman-Handmaker type, is caused by functional
null mutations of the perlecan gene." Nat Genet 27(4): 431-4.
Arikawa-Hir asawa, E., W. R. Wilcox, et al. (2001). "Dyssegmental
dysplasia, Silverman-Handmaker type: unexpected role of
perlecan in cartilage development. " Am J Med Genet 106(4):
254-7.
Ashikari-Hada, S., H. Habuchi, et al. (2004). "Char acterization of
growth factor-binding structures in heparin/hepar an sulfate
using an octasaccharide library. " J Biol Chem 279(13): 1234654.
Aviezer, D., E. Levy, et al. (1994). "Differential str uctur al
requirements of heparin and heparan sulfate proteoglycans that
promote binding of basic fibroblast gr owth factor to its
receptor." J Biol Chem 269(1): 114-21.
Chakravarti, S., T. Horchar, et al. (1995). "Recombinant domain III
of perlecan promotes cell attachment through its RGDS
sequence. " J Biol Chem 270(1): 404-9.
Coffin, J. D., R. Z. Florkiewicz, et al. (1995). "Abnormal bone
growth and selective translational regulation in basic
fibroblast growth factor (FGF-2) transgenic mice. " Mol Biol
Cell 6(12): 1861- 73.
Colvin, J. S., B. A. Bohne, et al. (1996). "Skeletal overgrowth and
deafness in mice lacking fibroblast growth factor receptor 3."
Nat Genet 12(4): 390-7.
Costell, M., E. Gustaf sson, et al. (1999). "Perlecan maintains the
integrity of cartilage and some basement membranes." J Cell
Biol 147(5): 1109-22.
105

Davidson, D., A. Blanc, et al. (2005). "Fibroblast growth factor
(FGF) 18 signals through FGF receptor 3 to promote
chondr ogenesis. " J Biol Chem 280(21): 20509-15.
Deng, C., A. Wynshaw- Boris, et al. (1996). "Fibroblast growth
factor receptor 3 is a negative regulator of bone growth." Cell
84(6): 911-21.
Dolan, M., T. Horchar, et al. (1997). "Identification of sites in
domain I of perlecan that regulate heparan sulfate synthesis. "
J Biol Chem 272(7): 4316-22.
Farndale, R. W., D. J. Buttle, et al. (1986). "Improved quantitation
and discrimination of sulphated glycosaminoglycans by use of
dimethylmethylene blue." Biochim Biophys Acta 883(2): 1737.
Fayein, N. A., Y. Courtois, et al. (1992). "Basic fibroblast gr owth
factor high and low affinity binding sites in developing mouse
brain, hippocampus and cerebellum." Biol Cell 76(1): 1-13.
Forsten, K. E., N. Wang, et al. (2000). "A simple assay for
evaluating inhibitors of proteoglycan-ligand binding." Ann
Biomed Eng 28(1): 119-27.
Garofalo, S., M. Kliger-Spatz, et al. (1999). "Skeletal dysplasia and
defective chondrocyte differentiation by targeted
overexpression of fibroblast growth factor 9 in transgenic
mice. " J Bone Miner Res 14(11): 1909- 15.
Gohring, W., T. Sasaki, et al. (1998). "Mapping of the binding of
platelet-derived growth factor to distinct domains of the
basement membr ane pr oteins BM-40 and perlecan and
distinction from the BM- 40 collagen-binding epitope." Eur J
Biochem 255(1): 60-6.
Govindr aj, P., L. West, et al. (2002). "Isolation and identification
of the major hepar an sulfate proteoglycans in the developing
bovine rib growth plate." J Biol Chem 277(22): 19461-9.
Handler, M., P. D. Yurchenco, et al. (1997). "Developmental
expression of perlecan dur ing murine embryogenesis." Dev
Dyn 210(2): 130-45.

106

Harmer, N. J., C. J. Robinson, et al. (2006). "Multimers of the
fibroblast growth factor (FGF)-FGF receptor-saccharide
complex are formed on long oligomer s of heparin." Biochem J
393(Pt 3): 741-8.
Hassell, J. R., P. G. Robey, et al. (1980). "Isolation of a heparan
sulfate-containing pr oteoglycan from basement membr ane. "
Proc Natl Acad Sci U S A 77(8): 4494-8.
Iozzo, R. V. (1994). "Perlecan: a gem of a proteoglycan." Matr ix
Biol 14(3) : 203-8.
Iozzo, R. V. (2005). "Basement membr ane proteoglycans: from
cellar to ceiling. " Nat Rev Mol Cell Biol 6(8): 646-56.
Iwata, T., L. Chen, et al. (2000). "A neonatal lethal mutation in
FGFR3 uncouples prolif eration and dif ferentiation of growth
plate chondrocytes in embr yos. " Hum Mol Genet 9( 11): 160313.
Knox, S., C. Merry, et al. (2002). "Not all perlecans ar e created
equal: inter actions with fibroblast growth factor (FGF) 2 and
FGF receptor s." J Biol Chem 277(17): 14657-65.
Knox, S. M. and J. M. Whitelock (2006). "Perlecan: how does one
molecule do so many things?" Cell Mol Life Sci.
Liu, Z., K. J. Lavine, et al. (2006). "FGF18 is r equir ed for early
chondr ocyte prolif eration, hypertr ophy and vascular invasion
of the growth plate." Dev Biol.
Liu, Z., J. Xu, et al. (2002). "Coor dination of chondrogenesis and
osteogenesis by fibroblast growth factor 18." Genes Dev
16(7): 859-69.
Mancilla, E. E., F. De Luca, et al. (1998). "Effects of fibroblast
growth factor-2 on longitudinal bone growth." Endocrinology
139(6): 2900-4.
Mongiat, M., J. Otto, et al. (2001). "Fibroblast growth factorbinding protein is a novel partner for perlecan protein core." J
Biol Chem 276(13): 10263-71.
Mongiat, M., K. Taylor, et al. (2000). "The protein core of the
proteoglycan perlecan binds specifically to fibroblast gr owth
factor-7." J Biol Chem 275(10): 7095-100.
107

Montero, A., Y. Okada, et al. (2000). "Disruption of the fibroblast
growth factor-2 gene results in decr eased bone mass and bone
formation. " J Clin Invest 105(8): 1085-93.
Morita, H., A. Yoshimura, et al. (2005). "Heparan sulfate of
perlecan is involved in glomerular filtration." J Am Soc
Nephrol 16(6): 1703-10.
Moscatelli, D. (1992). "Basic fibroblast growth factor (bFGF)
dissociates rapidly from hepar an sulfates but slowly from
receptors. Implications for mechanisms of bFGF release from
pericellular matrix. " J Biol Chem 267( 36): 25803- 9.
Naski, M. C., J. S. Colvin, et al. (1998). "Repr ession of hedgehog
signaling and BMP4 expr ession in growth plate cartilage by
fibroblast growth factor receptor 3. " Development 125(24):
4977-88.
Nicole, S., C. S. Davoine, et al. (2000) . "Perlecan, the major
proteoglycan of basement membranes, is altered in patients
with Schwartz-Jampel syndrome (chondrodystrophic
myotonia)." Nat Genet 26(4): 480-3.
Noonan, D. M., A. Fulle, et al. (1991). "The complete sequence of
perlecan, a basement membr ane heparan sulfate proteoglycan,
reveals extensive similarity with laminin A chain, low density
lipoprotein-receptor, and the neur al cell adhesion molecule." J
Biol Chem 266(34): 22939-47.
Ohbayashi, N., M. Shibayama, et al. (2002). "FGF18 is required for
normal cell proliferation and differentiation during
osteogenesis and chondrogenesis." Genes Dev 16(7): 870-9.
Ornitz, D. M. and P. Leder (1992). "Ligand specificity and heparin
dependence of fibr oblast growth factor receptors 1 and 3." J
Biol Chem 267(23): 16305-11.
Rossi, M., H. Morita, et al. (2003). "Heparan sulfate chains of
perlecan ar e indispensable in the lens capsule but not in the
kidney." Embo J 22(2): 236-45.
Shiang, R., L. M. Thompson, et al. (1994). "Mutations in the
transmembr ane domain of FGFR3 cause the most common
genetic form of dwarfism, achondroplasia. " Cell 78(2): 33542.
108

Smith, S. M., L. A. West, et al. (2006) . "Heparan and chondroitin
sulfate on growth plate perlecan mediate binding and delivery
of FGF-2 to FGF receptor s." Matrix Biol.
Sundar Raj, N., D. Fite, et al. (1995). "Perlecan is a component of
cartilage matrix and promotes chondrocyte attachment." J Cell
Sci 108 (Pt 7): 2663-72.
Tapanadechopone, P., J. R. Hassell, et al. (1999). "Localization of
glycosaminoglycan substitution sites on domain V of mouse
perlecan. " Biochem Biophys Res Commun 265(3): 680-90.
Tavormina, P. L., D. L. Rimoin, et al. (1995). "Another mutation
that results in the substitution of an unpaired cysteine residue
in the extracellular domain of FGFR3 in thanatophoric
dysplasia type I." Hum Mol Genet 4(11): 2175-7.
Tran, P. K., K. Tran-Lundmark, et al. (2004). "Increased intimal
hyperplasia and smooth muscle cell pr oliferation in transgenic
mice with heparan sulf ate-deficient perlecan." Cir c Res 94(4):
550-8.
Wang, Q., R. P. Green, et al. (2001). "Differential regulation of
endochondral bone growth and joint development by FGFR1
and FGFR3 tyrosine kinase domains." Development 128(19):
3867-76.
Wang, Y., M. K. Spatz, et al. (1999). "A mouse model for
achondroplasia produced by tar geting fibroblast growth factor
receptor 3." Proc Natl Acad Sci U S A 96(8): 4455-60.
West, L., P. Govindraj, et al. (2006). "Changes in per lecan during
chondrocyte differentiation in the fetal bovine rib growth
plate." J Orthop Res 24(6): 1317-26.
Winter pacht, A., K. Hilbert, et al. (2000). "A novel mutation in
FGFR-3 disrupts a putative N-glycosylation site and results in
hypochondr oplasia." Physiol Genomics 2(1): 9-12.
Yayon, A., M. Klagsbrun, et al. (1991) . "Cell surface, heparin-like
molecules are r equired for binding of basic fibroblast growth
factor to its high affinity r eceptor." Cell 64(4): 841-8.
Zhou, Z., J. Wang, et al. (2004). "Impaired angiogenesis, delayed
wound healing and retarded tumor growth in perlecan heparan
sulfate-deficient mice." Cancer Res 64(14): 4699-702.
109

Paper III
Histone H3 is a binding partner of perlecan in the developing
growth plate matrix
Simone M-L Smith1, Prasanthi Govindr aj2, Leigh West2 and John R
Hassell1
Depar tment of Molecular Medicine1, College of Medicine,
Univer sity of South Florida, Tampa, Fl, 33612 and Center for
Research in Skeletal Development and Pediatric Orthopedics2,
Shriner s Hospitals for Childr en – Tampa, Fl.

Running Title: Histone H3 binding to perlecan
Abbreviations used: 125I, Iodine-125; CAF, cationic filtration assay;
CS, chondroitin sulf ate; DDSH, dyssegmental dysplasia, SilvermanHandmaker type; E CM, extracellular matrix; GAG,
glycosaminoglycan; HDAC, histone deacetylase; HS, heparan
sulfate; HSPG, heparan sulfate proteoglycan; SJS, Schwartz-Jampel
syndr ome.
Corresponding author:
John R. Hassell, PhD
Depar tment of Molecular Medicine, College of Medicine,
Univer sity of South Florida
12901 Bruce B Downs Blvd., MDC Box 7
Tampa, FL 33612
Supported by grants from the Shriners Hospitals for Children (to
JRH).
110

Abstract
Perlecan is the major heparan sulf ate proteoglycan (HSPG) in
growth plate cartilage. Its core protein and attached heparan sulf ate
chains mediate interactions with many diver se proteins. Perlecan is
essential for proper skeletal development, especially in long bones.
The aim of this study was to identify perlecan-binding pr oteins that
are endogenous to the growth plate. Affinity chromatography
isolated histone H3 as a perlecan-binding protein from the
chondrocyte surface/matrix. Liquid phase (cationic filtration)
binding assays confirmed the inter action as specific, and dependent
primarily on HS chains of perlecan, although chondr oitin sulfate
chains and the perlecan core were also involved.
Immunohistochemistry also showed staining for perlecan and histone
H3 in growth plate cartilage with a noticeable colocalization of the
two proteins. These results can help us better under stand the growth
factor independent control that perlecan exerts to facilitate long
bone growth.
Keywords: perlecan, growth plate, histone.
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Introduction
The heparan sulfate proteoglycan (HSPG) perlecan has a
protein core of five distinct, highly conser ved domains (I-V) with
glycosaminoglycan (GAG) chains attached to domains I and V
(Iozzo 1994; Iozzo, Cohen et al. 1994; Smith and Hassell 2006).
Domain I was fir st consider ed unique to perlecan (Noonan, Fulle et
al. 1991) but was later shown to contain an SEA module important
for glycosylation of the GAG attachment sites in Domain I (Bork
and Patthy 1995). Domains II to V, however, have homology to
motifs in epidermal growth factor, laminin, the low density
lipoprotein receptor and Neural Cell Adhesion Molecule (Noonan,
Fulle et al. 1991). Perlecan is a component of all basement
membranes and has been shown to interact with other components
found in basement membrane, including laminin, nidogen, collagen
II and fibronectin (Iozzo 1994; Iozzo, Cohen et al. 1994). Perlecan
has also been shown to bind certain growth factor s such as FGF-2
(Aviezer, Hecht et al. 1994) and FGF- 7 (Mongiat, Taylor et al.
2000) and is known to be upregulated by TGF-β (Iozzo, Pillarisetti
et al. 1997).
Perlecan is also present in cartilage and in the growth plate
(Sundar Raj, Fite et al. 1995; Handler, Yurchenco et al. 1997;
French, Smith et al. 1999). The growth plate is a specialized region
of cartilage that regulates the growth of long bones (Huntley, Bush
et al. 2003). The growth plate contains discr ete transver se zones of
chondr ocytes in different stages of dif ferentiation, from the resting
zone (farthest from the bone) to the upper and lower prolif erating
zones (closer to the bone) and the hypertrophic zone (closest to the
bone) where cells are terminally differentiated, larger, and are
secreting the extracellular matr ix (ECM) that osteoblasts will use as
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a template for bone formation. Studies have shown that perlecan is
essential for long bone growth (Arikawa-Hir asawa, Watanabe et al.
1999; Costell, Gustafsson et al. 1999; Hassell, Yamada et al. 2002)
and that it is the major HSPG in developing growth plate cartilage
(Govindr aj, West et al. 2002).Without perlecan, growth plate cells
do not proliferate and the cartilage, and hence the bone template, is
compromised. Not surprisingly, perlecan null mice ar e fetal dwarves
and die before or shortly after birth (Arikawa-Hirasawa, Watanabe
et al. 1999; Costell, Gustaf sson et al. 1999). Silverman-Handmaker
type Dyssegmental Dysplasia (DDSH) and Schwartz-Jampel
Syndrome (SJS) are types of human dwarfism also known to result
from a loss or alteration of perlecan (Arikawa-Hirasawa, Wilcox et
al. 2001; Arikawa-Hir asawa and Yamada 2001; Arikawa-Hirasawa,
Le et al. 2002). This indicates that per lecan is necessar y for proper
skeletal development.
While the interaction of perlecan with components found in
basement membranes is widely documented, less is known about the
interactions of perlecan with the components in the growth plate.
The aim of this study was to identify perlecan–binding proteins
endogenous to the growth plate and to characterize their interactions
with perlecan. Using perlecan affinity chromatography, protein
sequencing and immunohistochemistry, we identified histone H3 as
a binding partner of perlecan and as an endogenous protein in the
growth plate. Using a cationic filtration binding assay, we further
characterized H3’s interaction with perlecan as one of high
specificity dependent partly on perlecan’s GAG chains.
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Experimental Procedures
Sources of Perlecan, Antibodies and Extract.
Perlecan was purified from whole fetal bovine rib growth plates
with 4M guanidine hydrochloride extraction, cesium chloride
density gradient centrifugation, size exclusion chromatogr aphy and
ion exchange chromatography (Govindraj, West et al. 2002). Antihistone H3 antibody was from Upstate Technology ( Charlottesville,
VA, USA) and perlecan antibody (GPP76) was from a commercial
service (through Invitrogen Biotech) using growth plate perlecan
purified in our lab. Growth plates wer e also sliced transver sely into
six sequential 1 mm-thick sections as previously described (Plaas
and Sandy 1993). The slices wer e rinsed in PBS then the cellsurface and extr acellular matrix biotinylated for 30 minutes at room
temper ature with 0.5 mg/ml Sulfo NHS LC Biotin (Pierce
Biotechnology, Rockford, IL, USA) in PBS. After blocking the
unreacted amines with 20 mM glycine and a final rinse in PBS, the
cartilage slices were minced and extracted for 1 hour at 4°C in 5
volumes of 1% Brij- 97 extr action buff er (1% Brij 97, 0.15 M NaCl,
20 mM Tris HCl, 2 µg/ml leupeptin, 10 µg/ml aprotinin, 1 mM
PMSF). The extr act was centrif uged and the soluble material
dialyzed against water.
Perlecan Affinity Chromatography.
Purified growth plate perlecan was conjugated to NHS-activated
agarose beads (GE Healthcar e, Uppsala, Sweden) for use as an
affinity column. One milligram of perlecan (or 1 mg of BSA as
control) was added to a 1 ml bed volume of washed, HCl- activated
NHS-agarose slurry in coupling buffer (0.2 M NaHCO3, 0.5 M
NaCl). The mixture was incubated at r oom temperatur e for 5 hour s,
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the liquid drained and the unreacted amines on the beads blocked
with 0.1 M Tris HCl overnight at 4°C. The beads were washed
sequentially with PBS, PBS/1 M NaCl and cold water. They wer e
then washed three times with alternating pH 11 (0.1 M Na2CO3 / 0.5
M NaCl) and pH 4 (0.1 M sodium acetate / 0.5 M NaCl) buff ers.
After a wash in 10 mM Na2CO3 and then in PBS, the beads wer e
incubated overnight at 4°C with the 1% Brij-97 / 0.15 M NaCl
extract of cell-surf ace biotinylated growth plate cartilage. Proteins
were eluted from the column by a non-continuous gradient of NaCl
at 0.15, 0.5, 1.0 and 1.5 M. One milliliter fractions were collected
at each gradient step: half of each fraction was run on SDS-PAGE
and blotted for biotin or stained with Coomassie. The bands eluting
at 13-19 kDa (p13/17/19) on the Coomassie- stained gel of the 1.5 M
eluate wer e excised using a razor blade and sent to the Keck
Facility (Yale Univer sity, New Haven, CN, USA) for tryptic
digestion, separation of peptides by r everse phase chromatogr aphy,
and sequencing of selected peptides.
Glycosidase Treatment of Perlecan.
One microgram of perlecan protein (200 ng GAG equivalent) was
either sham- digested or digested separately with either
chondr oitinase ABC (C’ ase, 20 mU) to remove chondroitin sulfate
GAGs, or with Heparitinases I and II ( H’ase, 10 mU each) to remove
hepar an sulfate GAGs. The digestion was in 0.2 ml of digestion
buffer (20 mM Tris-HCl, 50 mM sodium acetate, 5 mM CaCl2, and
0.2 mg/ml BSA, pH 7.4) for 3 hours at 37°C. All enzymes are from
Associates of Cape Cod, East Falmouth, MA.
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Cationic Filtration (CAF) Assay.
Histone binding to perlecan was deter mined using the CAF assay as
previously described (For sten and Nugent 2001). In brief, Histone
H3 (H3; Roche Biochem, Indianapolis, IN, USA) was labeled using
IODO-Gen-coated tubes (Pierce Biotech) and sodium iodide (Na125I,
Perkin-Elmer, Boston, MA, USA) by the established Chizzonite
method (For sten and Nugent 2001). Two nanogr ams of

125

I-H3 were

added to CAF buffer (0.15 M NaCl, 50 mM Tris, 2 mg/ml BSA) with
8 ng of growth plate perlecan protein (equivalent to 1.6 ng of
glycosaminoglycans [GAG]) as previously described for determining
perlecan/FGF interactions (Riske, Chizzonite et al. 1990; For sten
and Nugent 2001; Smith, West et al. 2006) . As competitor,
chondr oitin sulfate C or bovine kidney heparan sulfate (Sigma, St.
Louis, MO, USA) was added at concentrations from 0 to 160 ng, that
is 0 to 100-f old of the perlecan GAG equivalent used. The reaction
was incubated at 30°C before filtering through Zeta-Probe
membrane (BioRad, Hercules, CA, USA) and counting the membrane
in a TM Analytic Model 1191 gamma counter. As controls, matching
incubations were done with only

125

I-H3 and the 0 to 160 ng of

competitor but no perlecan. To identify whether the binding of the
radiolabeled histone to perlecan involved perlecan’s GAG side
chains, the CAF was performed with

125

I-H3 and sham-digested,

Chondroitinase ABC-digested or Hepar itinase-digested perlecan.

Immunohistochemistry.
Frozen tr ansver se sections of whole gr owth plate cartilage were
fixed in acetone, rinsed in PBS and blocked with 1% heatinactivated goat serum (HIGS) at 37°C humidity. The sections were
incubated with both mouse anti-H3 (Upstate) and rabbit anti116

perlecan (GPP76) antibodies ( each diluted 1:50 in PBS) then with
both TRITC- conjugated anti-mouse and FITC-conjugated anti-rabbit
antibodies (Sigma). The slides were mounted in aqueous mounting
medium (Pierce Biotech), covered, sealed and the fluor escent
signals detected with a microscope.
Statistics.
All measur ements in the binding assays are reported as the mean of
three or mor e replicates ± standard err or of the mean.

Results
Perlecan Affinity Chromatography.
Potential perlecan-binding proteins in the developing bovine rib
growth plate were isolated by biotinylating the tissue, extr acting
with mild detergent (Br ij 97), applying the extract to a perlecan
affinity column and eluting the bound proteins with a step gradient
of increasing NaCl. Figur e 19 shows an anti-biotin Western blot of
selected fractions eluted from a perlecan column (+) and a BSA
control column (-). The bands at 13, 17 and 19 kDa that eluted at
high salt concentrations wer e consider ed strong binding partner s of
perlecan. The lane labeled “*” shows a Coomassie blue stain of a
1.5 M salt fraction from the perlecan affinity column. The bands
labeled p13, p17 and p19 wer e excised from the gel and
character ized by sequencing. This identified p13 as histone H4, p17
as histone H2A, and p19 as histones H2B and H3 (Keck facility,
Yale University, Figure 19).
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Cationic Filtration Assay.
The inset in Figure 20 shows that the retention of radiolabeled
Histone H3 on the cationic Zeta-probe filter was significantly
higher in the presence of perlecan (black bar) compared to its
retention in the absence of perlecan (white bar). The main figure
shows that this interaction was not yet 50% inhibited even with the
addition of 100-fold excess of competing chondroitin sulf ate and
hepar an sulfate (CS and HS). Both GAGs produced similar
inhibitory effects on the binding of H3 to perlecan. The enzymatic
removal of chondroitin sulf ate GAGs from the cor e protein of
perlecan reduced its binding to radiolabeled histone H3 by 17%
whereas removal of the heparan sulfate chains reduced the binding
by 38% (Figure 21).
Immunohistochemistry.
The location of both perlecan and histone H3 in a representative
transver se section of the growth plate is shown as determined by
staining with antibodies to perlecan and H3 (Figure 22). Perlecan is
localized to the territorial (or pericellular) matrix around the cell.
Histone H3 also localizes to this area in these intact (ie. nonpermeabilized) cells. There ar e areas, however (*) wher e each
protein is present separ ately from the other. The dashed rectangle
shows a typical chondrocyte (clear region) with its surrounding
territorial/pericellular matrix directly around the cell. In the right
panels, the negative contr ols ( stained only with FIT C-conjugated or
TRITC-conjugated secondary antibody and no primary antibody)
showed no background staining of the sections.
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Discussion
The results of our study indicate that histone H3 is present in
the pericellular matrix of the chondrocytes in the developing growth
plate, where it colocalizes with the proteoglycan perlecan.
Chromatogr aphy of a mild Brij-97 extr act of developing growth
plate cartilage over a perlecan affinity column (Figure 19) showed
the cor e histones H2A, H2B, H3 and H4 as perlecan-binding
proteins. Previous scientif ic studies have shown that histones, both
free and complexed into nucleosomes, can bind to heparin and to
hepar an sulfate (Schmiedeke, Stockl et al. 1989; Bilozur and Biswas
1990; Watson, Gooderham et al. 1999; Henriquez, Casar et al.
2002). Watson et al (Watson, Gooderham et al. 1999) confirmed that
histones wer e present on the plasma membrane of activated Tlymphocytes. This presence of nucleosomes on the T-cell plasma
membrane decreased by 90 % if the cells wer e digested with
heparinase or heparitinase - enzymes that cleave, respectively,
regions of high and low sulf ation in heparan sulfate. They
concluded that hepar an sulfate proteoglycans kept the histones
bound to the cell surface. Schmiedeke et al (Schmiedeke, Stockl et
al. 1989) also showed binding of histones to heparan sulfate. In
their work, the heparan sulf ate was a part of the glomerular
basement membrane of the kidney, the organ from which perlecan
was identified as a major HSPG. They even pr oposed that the
histones present in nucleosomes circulating in the kidney could at
some point switch their nucleosomal DNA partner for the glomerular
HSPG, to which they bound more avidly than to DNA. Also,
researcher s (Bilozur and Biswas 1990) have partially purified and
character ized specific heparan sulfate binding proteins in a lung
carcinoma cell line and identified them as histones.
119

The binding of histones to hepar an sulfate would be of little
physiological significance in tissues if the histones were confined to
the cell nucleus. However, histones have been found in extracellular
matrix, in cytoplasm, and on plasma membrane of non- apoptotic
cells (Mecheri, Dannecker et al. 1993; Watson, Edwards et al. 1995;
Henriquez, Casar et al. 2002). Henriquez et al have shown histone
H1 to be in skeletal muscle cell extracellular matrix, where it
colocalizes with perlecan (Henriquez, Casar et al. 2002). Mecheri et
al found that the nucleosomal core histone H2B was expressed
strongly on the surf ace of B cells isolated from human peripher al
blood (Mecheri, Dannecker et al. 1993). Watson et al have also
documented the pr esence of histones on T-cell surface (Watson,
Edwards et al. 1995). These previous results help to support our
findings that the histones can exist extracellularly in chondrocytes.
The labeling of the histones by the cell-impermeable biotinylation
reagent Sulfo NHS-LC-biotin (Figur e 19), their extraction from
cartilage with the mild Brij- 97 detergent and the
immunohistochemistry of the extracellular matrix, indicates that the
histones are in the growth plate chondr ocyte matrix, in the same
region as perlecan.
The inter action of perlecan with histone H3 was characterized
using the cationic filtr ation assay (Figures 20 and 21). The binding
curves show the interaction between H3 and perlecan: 50%
inhibition of this binding was not reached even with addition of
100-fold competing chondr oitin sulfate and heparan sulf ate (Figur e
20). Histone H3 has been shown to bind hepar an sulfate in lung
tissue ( Bilozur and Biswas 1990). However, in our assay, it seems to
be binding perlecan’ s chondroitin sulf ate GAGs as well. The CAF
assay also shows that there remains some binding that cannot be
inhibited completely by competing GAGs and that removal of
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chondr oitin sulfate from perlecan reduced its binding to
radiolabeled histone H3 by 17% and removal of the heparan sulf ate
chains reduced the binding by 38% but did not eliminate binding
(Figure 21). This suggests that the cor e protein of perlecan is
contributing to the binding of histone H3.
The immunostaining of the growth plate shows partial overlay of
histone H3 and perlecan (Fig 22) giving more support to the in vitro
interaction seen between the two. Ther e is no signal for the proteins on
the chondrocyte itself (the clear region in the dashed rectangle) but
staining is apparent in the matrix immediately surrounding the cell
(territorial or pericellular matrix) and in the interterritorial matrix
between the cells. Ther e is both more intense and more widely distributed
staining for perlecan than for histone H3, which is expected since
perlecan is known to be the major HSPG in the extracellular matrix of the
growth plate (Govindr aj, West et al. 2002) and is considered to be a
structural component as well. Note that despite the extensive
colocalization of the two proteins, ther e are still areas wher e only
perlecan (gr een) or H3 (red) fluorescence is detected.
A number of studies have shown the binding of histones to heparan
sulfate and perlecan (Schmiedeke, Stockl et al. 1989; Bilozur and Biswas
1990; Watson, Gooderham et al. 1999; Henriquez, Casar et al. 2002).
However, our identification of histone H3 in the developing growth plate
cartilage and the involvement of the GAG chains and the core protein of
perlecan in H3 binding ar e novel findings. Furthermore, the discovery of
the histone’s proximity to perlecan in growth plate cartilage supports the
possibility of in vivo inter actions between the two. These data highlight
new possibilities for describing the function of perlecan in cell
proliferation not only through growth f actor s and cell- signaling molecules
(Iozzo, Cohen et al. 1994; Mongiat, Taylor et al. 2000; Govindraj, West et
al. 2006; Smith, West et al. 2006) but also via elements of the
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transcriptional machinery itself. This interaction could allow perlecan to
exert a dir ect level of control on chondrocyte activity, as has previously
been shown for perlecan and histone H1 in regenerating muscle cells
(Henriquez, Casar et al. 2002).
Interestingly, in addition to our data showing histone H3’s cooccurrence and interaction with perlecan in the growth plate, the
chromatin associating proteins histone deacetylase (HDAC)-3 and HDAC4
are also known to aff ect chondr ocyte activity and long bone growth.
HDAC3, which removes acetyl groups from the cor e histones to cause
gene repression, is known to regulate osteoblast differentiation and bone
formation by inhibiting the osteocalcin gene via the chondr ocyte-specific
runx2 transcr iption factor (Schroeder, Kahler et al. 2004). Osteoblasts ar e
the cells that replace the mineralized cartilage matrix produced by growth
plate chondrocytes with a collagen-rich matrix, leading to the formation
of new bone.
HDAC4 is also known to control bone formation via runx2 by
inhibiting the hypertrophic chondrocyte phenotype, allowing proliferating
chondrocytes to avoid premature hypertrophy and thus premature cartilage
ossification (Vega, Matsuda et al. 2004). One mechanism by which
HDAC4 does this is by suppr essing acetylation of histone H3 on the runx2
promoter. With HDAC4 absent in a mouse knockout model, ther e is no
deacetylation of H3 on the runx2 promoter and the runx2 gene becomes
active, leading to pr emature hypertrophy of chondrocytes and, thus,
premature ossification of skeletal elements. Because of this, the HDAC4
null mice suff er from fetal dwarfism, decreased mobility due to bone
malformation and an inability to breathe due to thoracic deformities,
character istics all seen in the perlecan knockout mouse model. Perhaps
the interactions between perlecan and histone H3 also involve HDAC4 and
runx2 in controlling aspects of the complex mechanism of long bone
growth.
122

Acknowledgment
This work was supported by grants from the Shriner s Hospitals for
Childr en, North America (to JRH).

123

Figures
Figure 19.

Affinity purification of perlecan’ s binding partner s. Anti-biotin western
blot of selected fractions from a mild detergent extract incubated over a
perlecan affinity column (+) or a contr ol, BSA-coupled column (-) are
shown. The 0.15 M washes and selected salt eluates at 0.5 M and 1.0 M
are shown. The bands for p13, p17 and p19 are indicated in the lane
labeled “*” showing a Coomassie stain of a 1.5 M eluate fraction. The
p13/17/19 bands were individually excised and sent to the Keck facility
for sequencing.
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Figure 20.

Cationic Filtration (CAF) Assays show that perlecan binds to 125I-histone
H3. The binding of H3 without (-) and with (+) 8 ng of perlecan is shown
in CPM in the inset. Specific binding is the diff erence between binding of
H3 to the Zeta-Probe membrane with perlecan in the reaction minus the
nonspecific binding to the Zeta-Probe alone. The specific binding to
perlecan is calculated and shown as % of control in the presence of
competitors in the main figure. Unlabeled competitors were either
chondr oitin sulfate C ( CS) or bovine kidney hepar an sulfate (HS).
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Figure 21.

Effect of chondroitinase and heparitinase pre-treatment on the binding of
perlecan to 125I-histone H3. Eight nanograms of perlecan was first
digested with Chondroitinase ABC or with Heparitinase I and II for 3
hours at 37°C or was left undigested before being used in the CAF assays.

126

Figure 22.

Immunolocalization of Histone H3 and Perlecan in the developing growth
plate. Immunohistochemistry of growth plate sections shows the presence
of perlecan (green) and histone H3 (red). The merged image shows the
colocalization of the two proteins (yellow/orange color) and selected
areas where the two ar e separ ate (*). A representative chondrocyte is
outlined with a dashed rectangle in each panel. In the top panel, the clear
chondr ocyte cell body and the stained pericellular/territorial matrix
around the cell are shown. Scale bar s = 10 micron. The right panels show
the control staining with only labeled secondary antibody but no primary.
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CHAPTER THREE

CONCLUSIONS

The growth plate is the primary regulator of endochondral
bone growth in humans and animals. Endochondral bones are
formed from a cartilage intermediate that is secreted by cells
in the growth plate (chondrocytes) and used as a template for
bone production (Pines and Hurwitz 1991). The formation of
chondrocytes from mesenchymal stem cells (MSCs) is a
coordinated process, regulated mainly by the transcription
factor Sox9 (Huang, Chung et al. 2001). Although the growth
plate has only a single cell type, the chondrocyte, there are
three transverse zones of chondrocytes at different stages of
activity and maturity, ranging from the quiescent stem-like
‘resting’ chondrocytes nearest the epiphyseal bone, to the
actively replicating ‘proliferating’ chondrocytes and the
larger, less active ‘hypertrophic’ chondrocytes. This last zone
of cells secretes the matrix that bone-forming cells
(osteoblasts) remodel into new bone (Farnum and Wilsman
1989; Minina, Kreschel et al. 2002). The activity of the
chondrocytes in the growth plate is also tightly controlled,
with multiple environmental, genetic, hormonal and even
nutritional factors affecting the activity of these cells.
Proteoglycans play important roles in growth plate
cartilage structure and function. Aggrecan is the major
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proteoglycan in cartilage. It contains over 100 chondroitin
sulfate (CS) chains that bind water and serve to provide the
“volume” of the growth plate extracellular matrix (ECM).
Natural aggrecan knockouts (Rittenhouse, Dunn et al. 1978; Li,
Schwartz et al. 1993; Watanabe, Kimata et al. 1994) have short
limbs due to the reduced size of the ECM in the growth plate.
Proteoglycans are also essential in their binding of growth
factors in cartilage, protecting the growth factors from
degradation and also serving to alternately sequester growth
factors from or deliver them to their growth factor receptors
(Knudson and Knudson 2001). Perlecan is the primary heparan
sulfate proteoglycan (HSPG) in growth plate cartilage
(Govindraj, West et al. 2002). Mouse models have proven that
perlecan is essential for growth plate structure and for proper
endochondral bone growth (Arikawa-Hirasawa, Watanabe et al.
1999; Costell, Gustafsson et al. 1999). The major effect of
perlecan in longitudinal bone growth is on proliferation.
Perlecan affects growth plate chondrocyte proliferation via the
growth factors that this multi-domain proteoglycan binds not
only on the various regions of its core protein but also on the
glycosaminoglycan (GAG) chains attached to its core protein
(Iozzo, Cohen et al. 1994).
The type, size and sequence of the GAGs on perlecan vary
depending on the tissue origin. In growth plate cartilage,
perlecan has chondroitin sulfate (CS) chains of 37-42 kDa and
heparan sulfate chains of 20-22 kDa (West, Govindraj et al.
2006). The CS chains account for 75% of the total GAG on
perlecan and the HS accounts for the other 25%.
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Paper I
We previously knew that perlecan HS could bind FGF-2
but could not deliver it to its growth plate FGFR (Govindraj,
West et al. 2006). FGF-2 is a pleiotropic growth factor that is
present in cartilage and negatively regulates growth plate
chondrocyte proliferation, since mice over-expressing FGF-2
are skeletal dwarves. In Paper I of this dissertation (Smith,
West et al. 2006), we used the cationic filtration (CAF) and
immunoprecipitation (IP) binding assays to show that perlecan
purified from the developing growth plate bound to FGF-2
independently of any other growth plate molecules (Figure 5).
We found that the FGF-2 binding was primarily to the HS
chains of perlecan (Figures 6 and 7). Digestion of the HS
chains significantly reduced FGF-2 binding to perlecan (Figure
6) and bovine kidney (bk) HS as a competitor reduced
perlecan:FGF-2 binding by 90% (Figure 7). We concluded,
then, that the HS chains of perlecan are the essential players in
the maximal binding of FGF-2 to perlecan.
We also showed that heparin could enhance the binding of
FGF-2 to its cell-surface FGFR, confirming a previously shown
relationship (Ornitz, Yayon et al. 1992). We concluded from
these experiments (Figures 10 and 11) that perlecan could bind
FGF-2 but could not deliver it to FGFR-1 and -3 unless the CS
chains were removed. FGFR-1 and -3 are the growth plate
FGFRs and are direct regulators of growth plate chondrocyte
proliferation (Shiang, Thompson et al. 1994; Muenke and
Schell 1995; White, Cabral et al. 2005). We thus concluded
that the CS chains on domains I and V of growth plate perlecan
(ie. the N- and C-terminal ends) prevent delivery of the HSbound FGF-2 to its FGFR. We speculate that this is due to the
larger size of the CS chains which could sterically hinder the
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transfer of the HS-bound FGF-2 to FGFR-1 and -3. The
substitution of growth plate perlecan with CS is thus a
regulator of the delivery versus sequestration activities of
perlecan in the growth plate and thus controls the action of
growth factors on the chondrocytes.
The FGF-2:FGFR-3 mediated pathway of GP chondrocyte
inhibition involves Indian hedgehog (Ihh); when FGFR-3 is
bound by growth factors, it inhibits Ihh expression and
prevents chondrocyte proliferation (Minina, Kreschel et al.
2002). It would be interesting to see the dynamics of this FGF2:FGFR-3:Ihh:perlecan relationship. We know that perlecan HS
can bind FGF-2 and is a necessary cofactor in the subsequent
binding of FGF-2 to FGFR-3 (Ornitz 2000; Ornitz and Marie
2002). We also know that perlecan has an LDL-receptor-like
region in its domain II (Noonan, Fulle et al. 1991). Domain II
could bind the cholesterol moiety known to be on Ihh (StJacques, Hammerschmidt et al. 1999). We could investigate
(using the CAF or IP binding assays) whether perlecan binds
Ihh. Perlecan:Ihh binding would add another level of control to
this regulation of chondrocyte activity.
The documented changes in perlecan from one zone of the
growth plate to the next include changes in the CS chain size
and sulfation pattern (West, Govindraj et al. 2006). Therefore,
in the hypertrophic and lower proliferating zone, where
perlecan has larger CS chains, FGF-2 would be sequestered
away from the receptor more than it would be in the upper
proliferating and the resting zones, where perlecan has less CS,
hence the different proliferative activities of cells in these
zones.
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Paper II
It was previously known that FGF-18 binds to heparin and
also to HS. However, we are the first to show that FGF-18 also
binds to growth plate perlecan (Paper II). FGF-18 is expressed
in the perichondrial layer surrounding the growth plate, making
it a candidate regulator of growth plate function. FGF-18 is
essential for proliferation of growth plate chondrocytes and for
differentiation of the proliferating chondrocyte into
hypertrophic chondrocytes. It also regulates osteogenesis and
vasculogenesis in growth plate cartilage. Not surprisingly,
then, FGF-18 null mice have severe abnormalities in long bone
growth (Liu, Xu et al. 2002; Ohbayashi, Shibayama et al. 2002;
Liu, Lavine et al. 2006). FGF-18 affects chondrocytes through
FGFR-3 (Davidson, Blanc et al. 2005), osteogenesis through
FGFR-1 and/or -2 (Liu, Xu et al. 2002) and vasculogenesis
through VEGF (Gerber, Vu et al. 1999). We report that FGF-18
binds to perlecan via domain III of perlecan’s core protein.
Domain III has a repetitive structure and has been shown to
have multiple binding partners. By binding here, FGF-18 is
possibly better positioned to interact with multiple growth
factors and receptors in cartilage. Binding to perlecan would
give the perichondrially expressed growth factor an active link
to the growth plate cartilage and to its FGFR on the
chondrocyte surface.
We do not know yet which region of domain III (
subdomains IIIa, IIIb or IIIc) and, further, which region of
these subdomains (cysteine rich rod-like or cysteine-free
globular) regions FGF-18 binds. To investigate this, we could
digest the recombinant domain III product (to which FGF-18
bound in our experiments) with V-8 protease. This enzyme
digests whole perlecan or domain III to produce a 44 kDa and a
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46 kDa protease-resistant doublet of fragments (Ledbetter,
Fisher et al. 1987; Chakravarti, Horchar et al. 1995). The 44
kDa fragment is derived from domain IIIa and the 46 kDa
fragment is from domain IIIb. Digesting the whole perlecan or
domain III with V8-protease and using FGF-18 in an overlay
assay (using autoradiography to see bound

125

I-FGF-18 or

Western blot to see unlabelled FGF-18) would show if the
growth factor bound to domain IIIa or IIIb). If neither of these
subdomains is the binding region for FGF-18, more stringent
digestion, egs. with heparitinase, plasmin, stromelysin or
collagenase (Mongiat, Taylor et al. 2000) could liberate
additional regions of domain III which could then be identified
when the digests are used in overlay assays.
Paper III
We have shown in Papers I and II that perlecan binds
FGF-2 and FGF-18, most likely to store these essential
molecules in the developing grow growth plate so that they are
protected but available when needed. Histones, like growth
factors, are also developmentally important proteins. Histones
and DNA form nucleosomes that serve to complex mammalian
genes into inactive heterochromatin. Upon modification (via
acetylation or demethylation) the histones’ affinity for DNA is
decreased due to their now more negative charge, they are
repelled from the DNA and leave the DNA accessible to
transcription factors and other elements of the transcriptional
machinery, which causes gene transcription (Schmiedeke,
Stockl et al. 1989).
We report in Paper III of this dissertation that perlecan
binds to H3 by both its core protein and its GAG chains.
Histone H3 is, like the other histones, normally expressed
136

nuclearly. But histones have also been identified extranuclearly and even extracellularly (Watson, Edwards et al.
1995; Henriquez, Casar et al. 2002). In our work, we show that
H3 is a part of the growth plate cartilage extracellular matrix
(ECM) where it colocalizes with perlecan in the pericellular
matrix surrounding the chondrocytes (Figure 22). We propose
that, here, a pool of H3 can be stored by perlecan in the ECM
to affect chondrocyte function, as was shown for histone H1 in
skeletal muscle cells (Henriquez, Casar et al. 2002). From
HDAC4 knockout studies, we guessed that the interactions
between perlecan and H3 also involve the histone deacetylase
(HDAC)-4, which removes acetyl groups, and also the
transcription factor Runx2 in controlling aspects of
endochondral bone growth (Vega, Matsuda et al. 2004).
A Tale of Two Growth Factors
Perlecan has different relative affinities for FGF-2 and
FGF-18. Our results in Paper I, Figure 5 when analysed with
SigmaPlot Regression Wizard gave a kd of 65 nM (Figure 23,
below, part B). Paper II reports a 145 nM kd for FGF18:perlecan binding (Part A).
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Figure 23: Differring affinities of FGF-18 and FGF-2 for
Growth Plate Perlecan.
Considering the various cartilage receptors and other
proteins that FGF-18 interacts with (FGFR-1, -2, -3, VEGF and
VEGFR) it is reasonable to understand why FGF-18 is less
tightly associated with perlecan than FGF-2 is. Based on the
knockout data for FGF-2 (Montero, Okada et al. 2000), FGF-18
(Liu, Xu et al. 2002; Ohbayashi, Shibayama et al. 2002; Liu,
Lavine et al. 2006), the perlecan GAGs (Rossi, Morita et al.
2003),

to which FGF-2 binds, and the perlecan core protein

(Arikawa-Hirasawa, Watanabe et al. 1999; Costell, Gustafsson
et al. 1999), to which FGF-18 binds, we further propose in the
discussion of our data in Paper III that FGF-18 is the critical
ligand in endochondral bone growth. Binding tightly but with
less affinity than FGF-2 leaves this most crucial ligand more
readily accessible to receptors and other regulatory proteins.
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Another explanation for the different affinities of the
two growth factors for perlecan might lie in the increased
electrostatic interacton between the densely negative GAGs of
perlecan and the highly basic FGF-2 versus the interaction
between the FGF-18 and domain III of the perlecan core.
Finally
Taken together, the data in this dissertation should help
to explain part of the dynamics of the perlecan interactions
shown to be so essential for the multifunctionality of this
proteoglycan in the growth plate. We have uncovered the
previously unknown role of the CS chains on perlecan and have
added knowledge on the roles of the HS chains and the perlecan
core protein in the binding of regulatory proteins. This
dissertation, therefore, is an important addition to the existing
scientific literature on the complex roles of perlecan in
endochondral bone growth.
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Appendix: (continued)
(1)

Structure:

Perlecan (NM_005529) was first identified as

a heparan sulfate proteoglycan in basement membranes (Iozzo
1994). In a rotary shadowed image, the core protein of perlecan
(with its globular domains spaced by rod-like sequences)
resembles a string of pearls, hence its name (Iozzo 1994). The
protein core is encoded by an approximately 120 kb gene with
97 exons (NT-004576). The gene is well conserved across
species, with homologues of mammalian perlecan (hspg2 gene)
present in C. elegans (unc52 gene), Drosophila (trol gene) and
other species. In humans, perlecan’s core protein is 466 kDa in
size. Mice also have a 369 kDa core protein due to alternative
splicing (Hassell, Yamada et al. 2002).
Perlecan is also present in extracellular matrix of
cartilage, where it has both chondroitin sulfate (CS) and
heparan sulfate (HS) chains (Hassell, Yamada et al. 2002). The
CS and HS chains vary in size and sugar residue sequence
depending on the tissue location of the perlecan. The core
protein of perlecan consists of five domains. Domain I is the
most unique, showing significant homology to no known
proteins (Hassell, Yamada et al. 2002). Domain II shows
homology to portions of the LDL receptor, domain III to
regions of the laminin short arm, domain IV to N-CAM and
domain V to the globular domain of the laminin A chain. The
negatively charged glycosaminoglycan (GAG) chains are
attached at domains I and V.

163

Appendix: (continued)
(2)

Function:

In cartilage, perlecan is essential for integrity

of the matrix, binding proteins such as fibulin and fibronectin
to form a scaffolding network between the chondrocytes to
organize them and stabilize the cartilage (Hassell, Yamada et
al. 2002). Perlecan also functions in cell attachment in areas
such as basement membranes (BM), where it binds to other BM
components such as laminin and Collagen IV (Iozzo 1994).
In skeletal muscle, perlecan enables muscle cell
proliferation via growth factor signaling and affects cell
stability through β1-Integrins (Iozzo 1994). Perlecan also helps
to mediate muscle contraction by localizing acetylcholine
esterase to the neuromuscular junction (NMJ) so that muscles
can relax after contraction. Acetylcholine acts as a
neurotransmitter in skeletal muscle, binding its receptor on the
cell surface and activating sodium channels to cause muscle
contraction. Acetylcholine esterase reverses this process to
cause both muscle relaxation and recycling of the
neurotransmitter. This esterase and perlecan are both normal
parts of the cluster of proteins forming the NMJ. The collagentailed form of the acetylcholine esterase binds perlecan in
vitro and is absent at the NMJ of perlecan-null mice,
supporting the theory that perlecan helps to localize
acetylcholine esterase to the NMJ. The polyanionic GAG chains
of perlecan as well as its core protein can bind growth factors
as diverse as FGF2, FGF7, PDGF and EGF to affect processes
such as angiogenesis, cell proliferation/differentiation,
embryogenesis and long bone growth (Iozzo 1994). This
modulation of cell proliferation and differentiation is also
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important for the remodeling that occurs after injury to tissues
such as muscle, arteries and cornea. Perlecan expression is
upregulated after corneal stromal injury and after an artificial
increase in intraocular pressure -which helps to maintain
corneal shape (Vittitow and Borras 2004). Perlecan must,
therefore, be not only protective in the eye (forming stable
lens basement membranes) but also recuperative (in remodeling
of injured ocular tissue). Perlecan maintains cell adhesion and
integrity of the corneal matrix (Vittitow and Borras 2004), and
also helps to maintain the selective basement membrane barrier
that controls fluid flow in the eye (Rossi, Morita et al. 2003).
(3)

Disease Involvement:

Perlecan is an essential molecule

in cartilage. Silverman-Handmaker type dyssegmental dysplasia
(DDSH) is a “lethal, autosomal recessive skeletal dysplasia”
(Hassell, Yamada et al. 2002). It is analogous to the severe
dwarfism seen in the perlecan null mouse. These mice have
limb and skull bones that are shorter and wider than normal.
The craniofacial defects are severe and death occurs up to days
after birth. For some of the mice, death occurs prenatally due
to defective basement membrane formation in the absence of
perlecan (Hassell, Yamada et al. 2002). There is also a defect
in acetylcholine esterase expression at the neuromuscular
junction (NMJ) of perlecan null mice. Were these mice to
survive long enough, they might exhibit paralyzed or spastic
muscles that were unable to relax after contraction. A defect in
the unc52 gene (homologous to mammalian perlecan gene) in C.
elegans similarly causes adult muscle paralysis. Muscle
excitability and myotonia are also seen in humans with DDSH.
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Perlecan is an important component of basement
membranes (BM), which are vital in many tissues. Perlecan’s
structural (barrier) and functional (signaling) roles in BMs are
integral in the eyes, as another mouse model shows. Mice with
a targeted disruption in exon 3 of the perlecan gene (the exon
that encodes the three GAG attachment sites on Domain I of
perlecan) has abnormal eyes (Rossi, Morita et al. 2003). The
eyes of these hspg2∆3/∆3 mice are 77% the weight of normal
eyes, due to apoptosis. The lens epithelial cells of the perlecan
mutants show normal proliferation. However, when these
mutants are cross-bred with Col XVIII mutants, the
proliferation of the lens epithelial cells is abnormal. This
difference in defect is likely due to having compensatory Col
XVIII heparan sulfate chains still present and functional
(binding growth factors) in the perlecan mutants but lost in the
double mutants.
The lens fibers in the hspg2∆3/∆3 mutants form normally at
first but gradually swell, becoming amorphous and rupturing
the lens by the time the mice reach 6 months of age. This
swelling is due to another role of perlecan in the lens capsule
where perlecan maintains a selective barrier between the
vitreous body and the lens, binding to molecules via its GAG
chains and aiding the selective exchange of growth factors,
metabolites and nutrients. With the perlecan GAGs absent, the
flow from the lens and other regions goes unchecked, with the
fibers swelling due to abnormally high fluid intake.
There are also eye anomalies in the repertoire of human
disorders caused by defective perlecan. A DDSH fetus has been
reported with bilateral cataracts and exophthalmos (abnormal

166

Appendix: (continued)
protrusion of the eyeball). In the milder perlecan-related
Schwartz-Jampel Syndrome (SJS), patients suffer myopia or
‘near-sightedness’ (Hassell, Yamada et al. 2002). With the
wide expression of perlecan in the eye, it is easy to see how
this proteoglycan can be involved in diseases that cause
defective vision.
(4)

Focus of Future Studies:

Human disorders and animal

models are intriguing targets for further studies of the
functions of perlecan in the eye. SJS and DDSH patients
present a wide spectrum of phenotypes. In DDSH and the less
severe SJS, eyes could be routinely examined for defects. Tests
could mirror those done with the hspg2Δ3/Δ3 mouse, that is,
assessing lens integrity, ocular basement membrane formation
and any eventual eye degeneration caused by the lack or
absence of functional perlecan.
Another approach for future studies is to investigate
diseases that involve a visual defect but have not been linked
to perlecan. Biochemical and molecular analysis of perlecan in
these patients could highlight any role for perlecan in these
disorders. For example, on encountering individuals with
muscular dystrophy or some other congenital disease and who
have defective vision, analysis of perlecan expression in their
ocular tissues will determine the pattern of perlecan expression
in these disorders. In such studies, correlations between the
perlecan genotype of patients and the eye phenotypes they have
could further uncover the ocular functionality of this
multifaceted proteoglycan.
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Figure 23.

Perlecan core protein: Determined domain structure and GAG
attachment. Domains II to V of perlecan show homology to the
LDL receptor (LDLr), the short arm of laminin A and B, the
neural cell adhesion molecule (NCAM), and the globular arm of
laminin A and B. The heparan sulfate or chondroitin sulfate
GAGs are attached on domains I and V. Also depicted is the
region of domain I that is absent when exon 3 is disrupted.
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