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ABSTRACT: Skeletal muscle fibers are surrounded
by an extracellular matrix. The extracellular matrix
forms a complex dynamic architecture and is composed
of glycoproteins, collagen, and proteoglycans. Proteo-
glycans have been suggested to play an important func-
tional role in tissue differentiation. Proteoglycans affect
the myogenic process by regulating collagen fibrillo-
genesis, modulating cell growth and the response to
growth factors. The extracellular matrix communicates
information back to the cell through integrin receptors.
Integrins are heterodimeric transmembrane glycopro-
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Introduction

Studies on skeletal muscle development have tradi-
tionally focused on myosin and actin. However, muscle
secretes a network of macromolecules termed the extra-
cellular matrix. The extracellular matrix is a part of
three connective tissue layers (endomysium, perimy-
sium, and epimysium) surrounding muscle fibers. Ex-
tracellular matrix is composed of proteins including
collagens and proteoglycans.

There are at least 19 different vertebrate collagens
with tissue-specific distributions and unique functional
properties. Skeletal muscle predominantly contains fi-
brillar collagens Types I and III. Fibrillar collagens
contain a single triple-helical domain consisting of
three separate peptide chains. The three chains form
a right-handed alpha helix that is linked together by
interchain disulfide bonds. After collagen molecules are
synthesized, they are secreted from the cell into the
extracellular space and align in a quarter-stagger
array. Crosslink formation between collagen microfi-
brils is then initiated. The crosslinks are largely respon-
sible for the tensile strength attributed to collagen.
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teins that contain extracellular, transmembrane, and
cytoplasmic domains. During myogenesis, integrins
play a role in both cell ahesion to the extracellular
matrix and sarcomere formation. Therefore, the regula-
tion of myoblast integrin temporal and spatial expres-
sion is critical in the formation of differentiated muscle.
Although specific extracellular matrix components
have been identified as being essential in myogenesis,
the exact functions of these macromolecular proteins
as they relate to muscle formation and growth is still
not well understood.

Proteoglycans are a diverse component of the extra-
cellular matrix and contain a central core protein with
covalently attached glycosaminoglycans. The glycosam-
inoglycans are polymers of disaccharide repeats that
are highly sulfated, except for hyaluronic acid. The sul-
fation of the glycosaminoglycan gives the proteoglycan
molecule a net negative charge. Typical glycosaminog-
lycans attached to the core protein include chondroitin
sulfate, dermatan sulfate, heparan sulfate, and keratan
sulfate. Proteoglycans are a multifunctional component
of the extracellular matrix and play roles in regulating
matrix organization, growth factor activity, and cell
proliferation and differentiation. This review article
will focus primarily on how proteoglycans and extracel-
lular matrix-cell signal transduction may regulate skel-
etal muscle development, growth, and function.

A Brief Overview of Skeletal
Muscle Development

Myogenesis involves the precise regulation of a num-
ber of developmental events, which includes cell adhe-
sion and cell-cell recognition (Miller, 1992; Bucking-
ham, 1994). These processes are critical in myoblast
alignment and fusion into multinucleated myotubes.
The formation of multinucleated myotubes is central
to skeletal muscle development. Research during the
past decade has significantly advanced our understand-
ing of how myogenic precursor cells proliferate and dif-
ferentiate into multinucleated myotubes. The expres-
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Table 1. Characteristics of proteoglycans found in skeletal muscle

Proteoglycan Core protein size, kDa Glycosaminoglycana Reference

Decorin 36 CS, DS Iozzo and Murdock, 1996
Syndecans 1–4 19–35 HS, CSb Stringer and Gallagher, 1997
Glypican-1 64 HS Stringer and Gallagher, 1997
Perlecan 400 HS Stringer and Gallagher, 1997
Versican 370 CS Lebaron, 1966

aCS = chondroitin sulfate; DS = dermatan sulfate; HS = heparan sulfate.
bSyndecans 2 and 3 contain only HS chains attached to the core protein.

sion of myogenic regulatory factors (MRF) is key to the
process of activating the transcription of muscle-specific
genes (Edmondson and Olson, 1993; Weintraub, 1993;
Yablonka-Reuveni and Paterson, 2001). In addition to
the MRF, the macromolecular components of the extra-
cellular matrix are likely to play a critical role in regu-
lating myogenesis (Fernandez et al., 1991; Florini et
al., 1991; McLennan, 1993). However, little information
is known about how the muscle extracellular matrix
interacts with proliferating and differentiating muscle
cells to influence the formation and maintenance of
skeletal muscle structure.

Dynamic Expression of Proteoglycans During
Skeletal Muscle Development

In skeletal muscle, chondroitin sulfate, dermatan sul-
fate, and heparan sulfate proteoglycans have been iden-
tified (Young et al., 1989; Fernandez et al., 1991; Bran-
dan and Larraı́n, 1998). Table 1 provides a list of proteo-
glycans found in skeletal muscle. Fernandez et al.
(1991) showed that the extracellular matrix is a com-
plex structure and proteoglycan expression changes
during embryonic chicken skeletal muscle develop-
ment. As skeletal muscle proceeds through embryonic
chicken maturation, a transition from a matrix rich in
large chondroitin sulfate proteoglycans into a complex
matrix containing smaller chondroitin sulfate, derma-
tan sulfate, and heparan sulfate proteoglycans occurs
(Young et al., 1989). This same shift in proteoglycan
expression has been reported in turkeys (Velleman et
al., 1999) and mice (Young et al., 1990). Olguin and
Brandan (2001) have found that the expression of myo-
genin, a muscle transcriptional regulatory factor, is
temporally and spatially coincident with the expression
of the proteoglycans syndecan-3 and decorin. Both syn-
decan-3 (Fuentealba et al., 1999) and decorin (Riquelme
et al., 2001) have been shown to be essential in skeletal
muscle differentiation. Therefore, it is likely that differ-
ent types of proteoglycans expressed in skeletal muscle
may have specific functions during skeletal muscle dif-
ferentiation because the expression pattern of proteo-
glycans appears to be conserved across species.

Although the exact function of each type of skeletal
muscle proteoglycan is not known as it relates to muscle
growth and development, specific roles may be hypothe-
sized. For example, the large chondroitin sulfate proteo-

glycan, versican, has been identified in numerous tis-
sues, including skeletal muscle (Carrino and Caplan,
1989; Carrino et al., 1994). Versican has a high negative
charge due to the large number of covalently attached
chondroitin sulfate chains and will interact ionically
with water. High levels of versican have been reported
during early stages of chicken skeletal muscle myogen-
esis (Carrino and Caplan, 1984) and in regenerating
muscle (Carrino et al., 1988). Although the exact role
played by versican in developing muscle is not known,
it is possible that versican may be involved with the
spacing of developing muscle fibers due to its ability to
ionically associate with water and to the fact that it is
expressed during developmental periods when muscle
fibers are forming. The dermatan sulfate proteoglycan,
decorin, is a multifunctional proteoglycan regulating
collagen fibrillogenesis (Vogel et al., 1984; Weber et al.,
1996), cell proliferation and growth (Santra et al., 1995;
Moscatello et al., 1998), and transforming growth fac-
tor-β (TGF-β; Yamaguchi et al., 1990). These properties
are all critical in achieving normal muscle growth, de-
velopment, and function. Decorin has been detected in
turkey (Velleman et al., 1997, 1999) and chicken (Len-
non et al., 1991) skeletal muscle, as well as in that of
other species (Brandan et al., 1991; Eggen et al. 1994).
Heparan sulfate proteoglycans are localized extracellu-
larly, or at the plasma and basement membranes. He-
paran sulfate proteoglycans regulate the binding of fi-
broblast growth factor (FGF) to its high-affinity cell-
signaling receptor (Aviezer et al., 1994; Brandan and
Larraı́n, 1998). Fibroblast growth factor is a potent
stimulator of muscle cell proliferation and an inhibitor
of differentiation (Dollenmeir et al., 1981).

Proteoglycan Regulation of Extracellular
Matrix Organization

The structural architecture of the extracellular ma-
trix affects the response of skeletal muscle to tensile
stress. In particular, the amount of collagen crosslink-
ing and fibril organization largely determines skeletal
muscle elasticity. Decorin, a chondroitin/dermatan sul-
fate proteoglycan, associates with fibrillar collagen, in-
cluding Types I, II, and III (Vogel et al., 1984; Scott,
1988; Thiezsen and Rosenquist, 1994). Molecular mod-
eling studies have predicted that the decorin core pro-
tein binds to collagen in the gap zone between adjacent
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collagen molecules (Weber et al., 1996). In vitro studies
support the notion that the interaction between decorin
and collagen governs the formation of collagen fibrils
(Vogel et al., 1984; Vogel and Trotter, 1987; Scott, 1988).
Collagen fibrils in a decorin knockout mouse model ex-
hibit irregular size and diameter (Danielson et al.,
1997). Viability of the mice was not altered, but their
skins were extremely fragile and tore with applied
force. One function of decorin critical to matrix organi-
zation and function is to influence the maturation of
collagen fibrils into larger fibrils and fiber networks.

The chicken Low Score Normal (LSN) genetic muscle
disorder is characterized by subnormal muscle growth
and function. The LSN defect is an example of a skeletal
muscle alteration that can occur in the absence of nor-
mal extracellular matrix expression. Low Score Normal
birds at 3 mo of age have an impaired ability to right
themselves when repeatedly placed on their backs (Vel-
leman et al., 1996). Prior to 20 d of embryonic develop-
ment, LSN proteoglycan and glycosaminoglycan levels
do not vary significantly from levels expressed in nor-
mal muscle (Velleman et al., 1996); however, at 20 d of
embryonic development there is a dramatic increase in
decorin. Subsequent to the increase in decorin, LSN
collagen crosslink concentration is increased by nearly
200% at 6 wk posthatch. Although collagen crosslinking
is modified, collagen concentration is not affected. Fit-
ting with the role of decorin, this change in collagen
crosslink properties affects collagen fibril organization.
In terms of skeletal muscle function, the increase in
collagen crosslinking results in a reduced ability to re-
spond to tensile stress and is likely reflected in the
decreased physical performance of the LSN birds.

Proteoglycan Regulation of
Growth Factor Activity

Controlling the onset of skeletal muscle proliferation
and differentiation is influenced by the extrinsic envi-
ronment. Growth factors such as FGF and TGF-β either
stimulate or inhibit skeletal muscle proliferation and
differentiation. Therefore, regulating the response to
growth factors has a significant impact on the progres-
sion of skeletal muscle formation from a mononucleated
myoblast to a multinucleated myotube.

The response of muscle-forming cells to basic FGF
is, in part, modulated by heparan sulfate containing
proteoglycans. Heparan sulfate proteoglycans are a di-
verse group of proteoglycans with at least one cova-
lently attached heparan sulfate glycosaminoglycan
chain to the core protein; they are located extracellu-
larly or associated with the plasma or basement mem-
brane (Timpl, 1993). The membrane-associated he-
paran sulfate proteoglycans, syndecan and glypican,
function as low-affinity co-receptors for basic FGF. This
interaction is required for the high-affinity binding of
basic FGF to its cellular receptor. If heparan sulfate is
removed, basic FGF no longer functions as an inhibitor
of muscle differentiation (Rapraeger et al., 1991).

Therefore, the presence of heparan sulfate proteogly-
cans is necessary for skeletal muscle development.

The heparan sulfate proteoglycans, syndecan-1 and
glypican, have been shown to be differentially regulated
during skeletal muscle differentiation (Brandan et al.,
1996; Larraı́n et al., 1997). Syndecan expression is high
early in skeletal muscle differentiation and is subse-
quently down-regulated, whereas glypican expression
is the reverse of that observed for syndecan (Brandan
et al., 1996; Larraı́n et al., 1997).

The syndecan family of proteoglycans are the most
well-studied of the heparan sulfate proteoglycans. Syn-
decans are transmembrane heparan sulfate proteogly-
cans with at least four members interacting with a
variety of extracellular matrix molecules including, but
not limited to, collagen, fibronectin, and basic FGF (for
review see Carey, 1997). With regard to skeletal muscle
differentiation, the interaction of syndecan with basic
FGF is critical for basic FGF to bind to its high-affinity
cell surface receptor.

Unlike the syndecans, glypican is not a transmem-
brane heparan sulfate proteoglycan but is associated
with the cell surface by a glycosylphosphatidylinositol
linkage. Both of these proteoglycans are cofactors for
basic FGF, but their function with regard to skeletal
muscle differentiation and growth is not well under-
stood. Syndecan is down-regulated during differentia-
tion, whereas glypican expression is enhanced. The
question that needs to be answered is why these proteo-
glycans are expressed in opposite modes, because they
are both cofactors for basic FGF. Brandan and Larraı́n
(1998) have suggested that syndecan may function as
a basic FGF presenter during myoblast proliferation
and glypican as a basic FGF sequester after differentia-
tion has been initiated and prevent the inhibitory effect
of basic FGF.

In support of a proteoglycan functioning as a growth
factor sequester, decorin has been shown to function
in this mode for TGF-β. Transforming growth factor-β
binds to decorin at its core protein (Schönherr et al.,
1998). When TGF-β is bound to the decorin core protein
its activity is suppressed (Yamaguichi et al., 1990). In-
creased expression of TGF-β upregulates the expression
of several extracellular matrix molecules, including de-
corin (Bassols and Massagué, 1998), fibronectin (Heino
et al., 1989), collagen (Heino et al., 1989; Heino and
Massagué, 1990), and integrins (Heino et al., 1989).
Therefore, TGF-β and decorin may be key cofactors in
a feedback regulatory mechanism. Decorin is a negative
regulator of TGF-β and TGF-β functions as a positive
regulator of extracellular matrix protein expression.

Proteoglycan Regulation of Cell Proliferation
and Differentiation

The regulation of cell proliferation and differentiation
are key events in the formation of skeletal muscle and
determining muscle mass. In addition to decorin’s mod-
ulation of collagen fibrillogenesis, decorin also functions
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in the control of cell growth (Santra et al., 1995; Mosca-
tello et al., 1998). Several independent areas of research
support this function of decorin: 1) overexpression of
decorin in Chinese hamster ovary cells inhibits cell pro-
liferation (Yamaguchi and Ruoslahti, 1988); 2) expres-
sion of decorin suppresses human colon cancer cell
growth (Santra et al., 1995); and 3) during human dip-
loid fibroblast quiescence decorin is up-regulated (Cop-
pock et al., 1993; Mauviel et al., 1995).

In LSN pectoral muscle, decorin is up-regulated late
in embryonic development. Fitting with the function of
decorin’s regulation of cell proliferation and differentia-
tion, LSN pectoral muscle satellite cells exhibit de-
creased proliferation and differentiation compared to
normal satellite cells, and LSN pectoral muscle mass
is 68% the weight of normal pectoral muscle at 1 wk
posthatch (Li et al., 1997). Skeletal muscle satellite cells
are myogenic precursor cells responsible for postnatal
muscle fiber growth and muscle regeneration following
injury. Satellite cells function by proliferating, differ-
entiating, and fusing with existing muscle fibers or
other differentiated satellite cells, leading to increased
muscle weight. Therefore, developing a comprehensive
understanding of how the extracellular matrix is in-
volved with the regulation of myogenic satellite cell
activity is of key importance to the poultry industry.

Does Extracellular Matrix-Cell Signal
Transduction Affect Skeletal

Muscle Development?

One of the main functions of the extracellular matrix
is to communicate information back to the cell that may
affect cellular gene expression, cell shape, cell migra-
tion, or cell proliferation and differentiation. The extra-
cellular matrix communicates this information through
heterodimeric transmembrane receptors termed inte-
grins. Integrins are composed of noncovalently associ-
ated α and β subunits. There are numerous isoforms of
each integrin subunit with tissue-specific distributions
and unique functional properties. In general, integrins
are transmembrane proteins that have an extracellular
domain that binds to extracellular matrix proteins such
as fibronectin, collagen, and laminin and an intracellu-
lar domain that binds to the cellular cytoskeletal net-
work. When integrins bind to the extracellular matrix,
they become clustered on the cell membrane and in the
interior of the cell form a cytoskeletal signaling complex
leading to the assembly of actin filaments (Giancotti
and Ruoslahti, 1999).

During skeletal muscle formation, myoblasts align
and then fuse to form multinucleated myotubes. The
process of multinucleated myotube formation requires
myoblast cell migration. Cell migration involves a se-
ries of complex steps including cell extension at the
leading edge, formation of stable contacts between the
cell and extracellular matrix, contraction of the cellular
cytoskeleton, translocation of the cell, and release of
the cell-extracellular matrix contact at the rear of the

cell. Central to appropriate cell migration is the adhe-
sion of the myoblast through integrins to the extracellu-
lar matrix. Boettiger et al. (1995) have shown by
blocking a myoblast-extracellular matrix integrin that
both cell migration and myotube morphogenesis are
inhibited. Hence, appropriate communication from the
extracellular matrix through integrins plays a critical
role during muscle assembly.

In vitro studies with LSN myogenic satellite cells
have shown during differentiation that myotube mor-
phology is modified (Velleman and McFarland, 1999).
After 48 h of growing LSN satellite cells in culture
conditions to promote the formation of multinucleated
myotubes, only 10% of the myotubes had four to six
nuclei, whereas in normal satellite cell cultures 70%
of the myotubes had four to six nuclei (Velleman and
McFarland, 1999). Subsequent studies have demon-
strated that the expression of integrin is reduced in
LSN satellite cell cultures during myotube formation
(Velleman et al., 2000). The reduction in LSN integrin
expression likely reduces the amount of cellular contact
with the extracellular matrix. This results in a decrease
in cell migration and cellular contact necessary to form
multinucleated myotubes. Morphologically, the muscle
exhibits a significant reduction in weight and yields a
less desirable product.

Conclusions

Skeletal muscle proteoglycans are precisely regu-
lated in a dynamic fashion during skeletal muscle devel-
opment. Regulation of both proteoglycan synthesis and
spatial distribution may play a key role in tissue mor-
phogenesis in terms of growth factor responsiveness,
cellular growth, and extracellular matrix architecture.
The heparan sulfate family of proteoglycans are crucial
in regulating the cellular response to basic FGF. Proteo-
glycans such as decorin are multifunctional and are
critical in modulating TGF-β, cellular growth proper-
ties, and collagen fibril organization. How each of these
proteoglycan types influences myogenesis still remains
an enigma. In addition to the proteoglycans, signal
transduction from the extracellular matrix to the my-
oblast likely plays a significant role in muscle formation
and growth. Continued analysis of the skeletal muscle
extracellular matrix is necessary to develop a compre-
hensive understanding of the myogenic process that
transcends just the myofibrillar proteins.

Implications

Why should the domestic animal industries be con-
cerned about the extracellular matrix? Selection for
growth rate and muscling alters muscle fiber propor-
tions, and likely the amount of extracellular matrix
space. The extracellular matrix functions in tissue wa-
ter-holding capacity, elasticity, growth factor regula-
tion, and cellular growth properties. Both the swine
and turkey industries in recent years have experienced
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a meat quality problem termed pale, soft, and exudative
(PSE). When cooked, meat from animals with the PSE
condition has a soft texture, poor juiciness, and in-
creased yield losses. Proteoglycans are a major determi-
nant in tissue water-holding capacity but have not been
studied with regard to PSE. If the amount of proteogly-
cans have been reduced in animals selected for growth
rate and muscling, the reduced water-holding capacity
would directly affect the juiciness and drip loss. There-
fore, domestic animal industries should consider how
the extracellular matrix is affected by selection.
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