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Syndecan-3 and syndecan-4 function as coreceptors for
tyrosine kinases and in cell adhesion. Syndecan-3~/-
mice exhibit a novel form of muscular dystrophy char-
acterized by impaired locomotion, fibrosis, and hyperpla-
sia of myonuclei and satellite cells. Explanted syndecan-
37/ satellite cells mislocalize MyoD, differentiate aber-
rantly, and exhibit a general increase in overall tyrosine
phosphorylation. Following induced regeneration, the
hyperplastic phenotype is recapitulated. While there
are fewer apparent defects in syndecan-4-/~ muscle,
explanted satellite cells are deficient in activation, pro-
liferation, MyoD expression, myotube fusion, and differ-
entiation. Further, syndecan-4/~ satellite cells fail to re-
constitute damaged muscle, suggesting a unique require-
ment for syndecan-4 in satellite cell function.
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Skeletal muscle in most vertebrates is a terminally dif-
ferentiated tissue; thus, existing myonuclei are perma-
nently postmitotic and are unable to participate in post-
developmental growth or repair. When muscle is injured
or diseased, damaged muscle must be repaired or com-
pletely regenerated. Satellite cells, so named because of
their location beneath the basal laminae of differentiated
myofibers, are a reserve myoblast population distributed
throughout differentiated adult muscle; their embryonic
origin and relationship to developmentally differentiat-
ing myoblasts remain unclear. Mitotically and physi-
ologically quiescent in healthy muscle, they are stimu-
lated by local damage to proliferate extensively and form
a pool of replacement myoblasts that will subsequently
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differentiate to form new muscle tissue (for reviews, see
Schultz and McCormick 1994; Hawke and Garry 2001).
The molecular mechanisms controlling this process are
not understood, particularly the signaling pathways op-
erating early in regeneration that lead to the initial acti-
vation and proliferation of the satellite cells and later to
their induction of the myogenic program.

The receptor tyrosine kinase c-met and/or fibroblast
growth factor (FGF)-dependent receptor tyrosine kinases
are currently the best candidates for transducing these
early satellite cell signaling events (Allen et al. 1995;
Cornelison and Wold 1997; Tatsumi et al. 1998). Both
receptors are absolutely dependent on heparan sulfate to
form a high affinity ternary complex capable of transduc-
ing intracellular signaling events (Carey 1997; Ornitz
2000; Rapraeger 2000) and thus, it is significant that qui-
escent satellite cells also express the transmembrane
heparin sulfate proteoglycans (HSPGs) syndecan-3 and
syndecan-4 (Cornelison et al. 2001). There are four re-
lated members of the syndecan family, which are highly
similar at the protein level through the transmembrane
and intracellular domains but divergent in their extra-
cellular domains (for review, see Zimmermann and
David 1999). Although skeletal muscle cell lines express
all four syndecan family members (Larrain et al. 1997;
Olguin and Brandan 2001), developing myoblasts in the
embryo express syndecan-1, syndecan-3, and syndecan-4
(Cornelison et al. 2001; Olguin and Brandan 2001), and
adult satellite cells express only syndecan-3 and synde-
can-4 (Cornelison et al. 2001). Previously, we have
shown that disruption of heparan sulfate in cultured pri-
mary satellite cells results in delayed activation and de-
layed initiation of myogenesis (Cornelison et al. 2001).
However, this effect could not be definitively attributed
to the inactivation of any specific HSPG. Therefore, we
examined the skeletal muscle and satellite cell behavior
from mice carrying homozygous deletions of either syn-
decan-3 or syndecan-4. Unexpectedly, we found skeletal
muscle and satellite cell defects that are unique to the
loss of each syndecan, suggesting that they function to
perform distinct yet essential roles in both skeletal
muscle development and skeletal muscle regeneration.

Results and Discussion

Syndecan-3~/~ animals have been shown to display feed-
ing behavior (Reizes et al. 2001) and learning and
memory abnormalities (Kaksonen et al. 2002); addition-
ally, their hindlimb locomotion is impaired in our
colony. Adult muscle in wild-type mice is characterized
by uniformly packed myofibers of consistent caliber, a
smooth and regular basal lamina, and the presence of
sublaminar quiescent satellite cells identified by c-met
staining (Fig. 1A-C). In contrast, syndecan-3~/~ adult
muscle possesses extensive fatty infiltrates (fibrosis)
both between and within muscle fibers (Fig. 1D). This
phenotype resembles that common in other dystrophic
muscle (Watchko et al. 2002). Innervation, as determined
by the presence of neurofilament-labeled peripheral
nerve bundles (Fig. 1E) and a-bungarotoxin labeling of
motor endplates (Supplementary Fig. 1), is qualitatively
and quantitatively similar to wild type (Fig. 1B; Supple-
mentary Fig. 1). Sublaminar (quiescent) satellite cells
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Figure 1. Morphological features of adult hindlimb muscle. Hind-
limb muscle of adult wild-type (A-C), syndecan-37/~ (D-F), or syn-
decan-47/~ (G-I) mice was stained with the lipid marker Oil Red O
(A,D,G), with antibodies to laminin (red) and either the peripheral
nerve protein neurofilament (NF; green; B,E,H) or the satellite cell
marker c-met (green; C,F,I); nuclei were visualized with DAPL As-
terisks identify blood vessels and carats identify peripheral nerve
bundles. (C,F,I) C-met-positive sublaminar satellite cells are present
in all genotypes. Laminin in syndecan-4~/~ myofibers appears both
weaker and more diffuse than in either wild type or syndecan-37/;
compare C and F with I. (/) Quantification of the average percentage
of myofibers containing central nuclei in sections through the quad-
riceps muscle indicates that syndecan-3~/~ muscles have undergone
recent regeneration. (K) When fiber-associated satellite cells were
counted per 100 myonuclei and per millimeter of host myofiber,
syndecan-37~ satellite cells exceeded wild type or syndecan-4-/~
cells by five- to sevenfold. (L) A twofold increase in myonuclear
concentration was also seen in syndecan-3~/~ myofibers over syn-
decan-4'- and wild type. Bars in /-L represent one standard devia-
tion.

(Fig. 1F) appear morphologically similar to wild type
from their size, position, and marker gene expression.
A striking difference from wild type is the >15-fold
increase in the number of regenerating myofibers indi-
cated by centrally located myonuclei (Fig. 1]) in the syn-
decan-3~~ muscle, suggesting that regeneration is ongo-
ing in the absence of experimental damage. This is con-
sistent with the locomotion defects we observe in
syndecan-3~/~ mice and suggests that deletion of synde-
can-3 may be implicated in a novel form of muscular
dystrophy.

In contrast, syndecan-4~/~ animals, which display a
delay in epidermal wound healing and angiogenesis in
granulation tissue (Echtermeyer et al. 2001) and defects
in fibroblast adhesion and migration (Wilcox-Adelman et
al. 2002), have a normal gait and do not display signs of
chronic muscle regeneration. Examination of the tissue
shows adipose infiltrates between but not within muscle
fibers (Fig. 1G), as well as the presence of normal periph-
eral nerve bundles (Fig. 1H) and normal motor endplate
morphology (Supplementary Fig. 1). Although sublami-
nar satellite cells are present, they apparently display
reduced levels of c-met (Fig. 1I) and syndecan-3 staining
(data not shown). We also observe a reduction in thick-
ness as well as an apparent disorganization of the myo-

2232 GENES & DEVELOPMENT

fiber basal laminae (Fig. 1, cf. C,F and I). Additionally,
unlike syndecan-3~/~ muscle, syndecan-4~/~ muscle ex-
hibits only a slight increase in centrally located nuclei
(Fig. 1J), suggesting that regeneration is not ongoing.
Thus, our initial phenotypic characterization suggests
that syndecan-3 and syndecan-4, surprisingly, appear to
perform quite distinct functions in skeletal muscle de-
velopment.

When single fibers from syndecan-3~/~ muscle are ex-
amined, both differentiated myonuclei and satellite cell
nuclei are present in great excess over wild-type counts
(Fig. 1K,L), although neither fiber number per muscle nor
average fiber diameter changes significantly (data not
shown). When satellite cells (c-met-positive, myofiber-
associated cells) and DAPI-stained myofiber nuclei are
counted at 24 h postharvest (prior to the first satellite
cell division) and the number of satellite cells per 100
myofiber nuclei is determined, a 6.7-fold increase over
wild type is observed (Fig. 1K). When satellite cells and
myonuclei are counted per millimeter myofiber length
to control for the increase in myonuclear number, syn-
decan-37/- satellite cells exceed wild-type cells by
greater than fivefold (Fig. 1K) and syndecan-3~/- myonu-
clei exceed wild-type by at least twofold (Fig. 1L). This
increase in both myonuclear and satellite cell numbers is
particularly intriguing because it may indicate a possible
inhibitory role for syndecan-3 signaling in myogenic pre-
cursors contributing to both the differentiated muscle
and satellite cell. In contrast, the number of syndecan-
47/- satellite cells (Fig. 1K) and myonuclei (Fig. 1L) is
indistinguishable from wild type, suggesting that such a
putative role in developmental control of cell number is
unique to syndecan-3. To determine if loss of one satel-
lite cell-specific syndecan affected expression of the
other syndecan, we examined expression of each synde-
can in the opposite null phenotype. Expression of synde-
can-4 in syndecan-3~/~ fiber-associated satellite cells was
comparable to syndecan-4 expression in wild type
(Supplementary Fig. 2), whereas syndecan-3 expression
in syndecan-47'~ satellite cells was, as seen in section
stains, slightly reduced compared with wild type
(Supplementary Fig. 2).

When examined in myofiber culture, wild-type and
syndecan-3~/~ satellite cells are activated by 24 h post-
harvest, on the basis of emergence from beneath the
basal lamina and expansion of their cytoplasm (Fig.
2A,D). Wild-type (Fig. 2B,C) and syndecan-3-null cells
(Fig. 2E,F) both proliferate and express myogenic regula-
tory factors with normal timing. However, quantitative
analysis of the satellite cells depicted in Figure 2 reveals
that significantly fewer syndecan-3~/~ satellite cells ex-
press MyoD than do equivalent wild-type cells (Fig. 3).
The reduction in MyoD protein is frequently accompa-
nied by mislocalization of MyoD to the cytoplasm of the
satellite cell (Fig. 2, cf. C and F) that appears to be exac-
erbated over time (Fig. 3). Both the cause and the poten-
tial effects of this mislocalization of a transcription fac-
tor essential for appropriate satellite cell myogenesis
(Cornelison et al. 2000) are unknown at this point.

When explanted into single fiber culture, syndecan-
47/~ satellite cells initially appeared incapable of either
activation or subsequent proliferation, with the majority
of cells failing to expand their cytoplasm and to appear
on top of the basal lamina, to begin MyoD expression by
24 h (Fig. 2G), or to occur in doublets at 48 h (Fig. 2H) as
both wild-type (Fig. 2A,B) and syndecan-3~/~ (Fig. 2D,E)
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Figure 2. Expression of c-met and MyoD in fiber-associated satel-
lite cells. After 24 h (A,D,G), 48 h (B,E,H), or 144 h (C,F,I) in culture
after harvest, myofibers were fixed and stained for the satellite cell
marker c-met (red) and the myogenic regulatory transcription factor
MyoD (green); nuclei were visualized with DAPL (C,D,G) Note that
some DAPI-stained nuclei in insets are myonuclei of the parent fiber
and not satellite cells, and thus are not positive for any other stains.
Wild-type satellite cells (A-C) are activated by fiber harvest and can
be distinguished from the host myofiber at 24 h by their morphology
and expression of MyoD in some cells (A). They divide synchro-
nously between 24 and 48 h while the percentage of cells expressing
MyoD increases (B) and continue to proliferate on the host myofiber
(C) as well as in adherent colonies on the culture plate (see Fig. 5).
(D-F) Syndecan-37/- cells displayed grossly normal phenotypes
except that MyoD expression is somewhat reduced and is often
mislocalized: Inset in E shows two sister satellite cells, one that
does not express MyoD and one with appropriate nuclear MyoD
staining, whereas all of the satellite cells in F display inappropriate
cytoplasmic MyoD staining. (G-I) Syndecan-47/~ cells displayed
defective patterns of activation (G), proliferation (H), differentia-
tion, and association (I), as well as a low incidence of MyoD ex-
pression (cells in G,H do not express MyoD), coupled with a high
level of MyoD mislocalization (none of the clustered cells in I dis-
play nuclear MyoD staining; see Fig. 4). Asterisks label satellite
cells.

cells do. However, by 6 d in culture, the syndecan-4~/~
satellite cells have proliferated extensively on the fiber
and most appear in large aberrant clusters (Fig. 2I), indi-
cating potential defects in cellular association and mi-
gration. A significantly smaller fraction of syndecan-4-/~
satellite cells express MyoD (Fig. 3); those syndecan-4~/~
cells that do express MyoD at 96 h very frequently mis-
localize the protein to the cytoplasm (Figs. 21, 3). These
data suggest that syndecan-4 activity is required for nor-
mal satellite cell activation and initiation of prolifera-
tion, although other factors potentially acting through
different signaling pathways may partially compensate
for its absence by promoting proliferation. Additionally,
syndecan-4 may have an essential role in satellite cell
adhesion and/or motility after activation, similar to the
effects observed in syndecan-4~/~ fibroblasts (Wilcox-Ad-
elman et al. 2002).

The failure of syndecan-37/~ and syndecan-4~/- satel-
lite cells to express nuclear MyoD appropriately could be
expected to result in defects in differentiation. We found
that when deprived of association with the host myofi-
ber, more extensive defects in satellite cell function
emerge. Although wild-type satellite cell colonies
widely express nuclear MyoD and fuse to form elon-
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gated, multinucleate myotubes (Fig. 4A and insets) that
express terminal differentiation markers such as myosin
heavy chain (Fig. 4B), both syndecan-null mutants dis-
play defects in gene expression and subsequent differen-
tiation. Syndecan-37/~ cells proliferate extensively in
mass culture but form large, irregular syncytia when at-
tempting to differentiate (Fig. 4C). Furthermore, these
cells fail to express MyoD protein either in the nucleus
or in the cytoplasm (Fig. 4C and insets) or myosin heavy
chain (Fig. 4D), demonstrating a more severe phenotype
than that seen on intact myofibers and a general failure
to differentiate appropriately in culture. In mass culture,
syndecan-4~'~ satellite cells fail at all aspects of the sat-
ellite cell program. Compared with wild-type and synde-
can-37/~ cultures, syndecan-4~/~ satellite cells are de-
layed by an additional 48-96 h before adherent colonies
become visible on the culture dish, consistent with the
activation and migration defects observed in fiber cul-
ture. These cells will continue to express the satellite
cell marker c-met, but their myogenic progression is se-
verely impaired: Like syndecan-37/~ cells, they fail to
express MyoD (Fig. 4E and insets) or myosin heavy chain
(Fig. 4F) and they also fail to fuse with one another (Fig.
4E,F).

One possible explanation for the observed phenotypes
postulates that loss of a specific heparan sulfate may lead
to failure to signal through one or more heparan sulfate-
dependent growth factor receptors. To determine if this
mechanism is partially or completely responsible for the
defects in satellite cell differentiation in culture, we at-
tempted to rescue the syndecan-3~/~ and syndecan-4~/~
phenotypes by addition of exogenous soluble heparin,
which appears to contain all of the sequences found in
heparan sulfate. Supplementation with exogenous hepa-
rin increased proliferation in mass culture in both wild-
type and syndecan-37/~ satellite cells but did not alter
proliferation in syndecan-4-/~ satellite cells (Fig. 4G). A
similar result is found when dispersed satellite cells
from syndecan-3~/~ and syndecan-4~/~mice are supple-
mented with heparin and analyzed for their ability to
differentiate. In both genotypes, heparin generally cor-
rects the localization of MyoD to the nucleus (Fig. 4H,1I);
the ability of syndecan-3~/~ cells to differentiate appro-
priately is also significantly improved (Fig. 4H). How-
ever, only a marginal improvement in differentiation is
seen in syndecan-4~/~ satellite cells (Fig. 4I) despite the
recovery of MyoD expression and localization. This
therefore suggests that either the effects of syndecan-4
loss on satellite cells are primarily due to activities that
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Figure 3. Syndecan-null satellite cells express decreased amounts
of MyoD protein and inappropriately localize MyoD protein to the
cytoplasm. The fraction of fiber-associated cells as shown in Figure
2 expressing MyoD appropriately in the nucleus or aberrantly in the
cytoplasm was determined: Although wild-type cells universally ex-
press nuclear MyoD, syndecan-3~/~ cells expressing MyoD display
cytoplasmic MyoD 40%-60% of the time and syndecan-47/~ cells
mislocalize MyoD 60%-80% of the time.
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Figure 4. Myogenesis in adherent colonies derived from fiber-asso-
ciated satellite cells. Satellite cell colonies were stained for c-met
(red) and MyoD (green; A,C,E) or marker myosin heavy chain (red;
B,D,F); nuclei were visualized with DAPIL. Wild-type colonies form
multinucleate myotubes, stain positively for MyoD (A), and express
myosin heavy chain, indicating successful differentiation (B). Syn-
decan-37/~ colonies form large, irregular syncytia, rarely express
MyoD (C), and fail to express myosin heavy chain (D). Syndecan-4-/-
colonies completely fail to either form myotubes or to express
MyoD (E) and only very rarely do single cells express myosin heavy
chain (F). (G) Addition of exogenous heparin increased the number of
cells per clone in mass cultures of wild-type and syndecan-37/~ sat-
ellite cells but not syndecan-47/~ satellite cells; bars represent stan-
dard deviations. Heparin also increased differentiation as measured
by expression of nuclear MyoD (red) and myosin heavy chain (green)
in syndecan-37/~ cells (525 pg/mL shown; H) and partially rescued
the mutant phenotype in syndecan-47/- cells (525 pg/mL shown; I).

Wid type

53 null

54 null

reside in the core protein, or that soluble heparin is in-
sufficient to replace the endogenous syndecan-4 heparan
sulfate.

An appealing hypothesis to explain the differences in
phenotype between syndecan-37/ and syndecan-4~/~
satellite cells would be that the individual syndecans are
differentially required for binding and signal transduc-
tion of different growth factors. The most probable can-
didates for such signals, based on their known roles in
satellite cell biology and the observed results when syn-
decan-null satellite cells are treated with heparin, are
members of the FGF family and hepatocyte growth fac-
tor (HGF). Surprisingly, when satellite cells cultured
from wild-type, syndecan-3~/~, and syndecan-4~/~ mice
are starved, then stimulated with FGF-2 or HGF, either
alone or preincubated with soluble heparin, differences
in signaling specific to FGF or HGF were not observed.
Instead, signaling for both FGF and HGF was similarly
affected and dependent on the genotype of the cells. Al-
though wild-type and syndecan-37/~ cells respond to
both FGF-2 and HGF by rapid phosphorylation of the
ERK1/2 MAP (mitogen-activated protein) kinases, syn-
decan-37/ cells exhibit a greater than twofold increase
in levels of ERK phosphorylation over wild type (Supple-
mentary Fig. 3A). In contrast to wild-type and syndecan-
37/~ cells, syndecan-4~'~ cells show almost undetectable
ERK phosphorylation in response to either FGF or HGF
(Supplementary Fig. 3A), indicating a severe impairment
of both FGF- and HGF-mediated activation of ERK1/2.
When global levels of tyrosine phosphorylation in grow-
ing cells of each genotype are examined, syndecan-37/~
cells remarkably display an overall increase in phos-
phorylation (Supplementary Fig. 3B), whereas syndecan-
47/~ cells are similar to wild type. Thus, it appears that
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syndecan-3-null cells may be missing a key inhibitory
signal resulting in a general overstimulation of tyrosine
phosphorylation, consistent with the satellite cell and
myonuclear hyperplasia. Syndecan-4-/~ cells appear in-
competent for ERK activation through either FGF or
HGEF receptor tyrosine kinases, yet the global pattern of
tyrosine phosphorylation is snrmlar to wild type. This is
consistent with the inability of syndecan-47/~ satellite
cells to initially activate and proliferate on myofiber har-
vest.

These results suggest both the presence of unique de-
fects in syndecan-3~/~ and syndecan-4~/- satellite cells,
and a requirement for matrix factors not present in ex
vivo culture for successful satellite cell function in these
cells. Thus, to extend the characterization of the mutant
phenotypes and to test this requirement in an in vivo
setting, we have analyzed syndecan-3~/~ and syndecan-
47/~ tibialis anterior (TA) muscle following barium chlo-
ride-induced myonecrosis (Caldwell et al. 1990). Al-
though saline injections failed to induce damage or sub-
sequent regeneration in any genotype (Fig. 5A-C),
injection of 1.2% barium chloride into the TA muscle
rapidly induced myonecrosis. At 5 d postinjury in wild-
type TA muscle, we consistently observe multiple regen-
erated myofibers (small-caliber fibers with centrally lo-
cated nuclei) that appear well organized (Fig. 5D). Syn-
decan-37/~ TA muscle, after 5 d, appears comparable to
wild type (Fig. 5E), whereas syndecan-4~/~ TA muscle 5 d
postinjury is characterized by poorly organized, ir-
regularly shaped and sized syncytia with highly vari-
able nucleation (Fig. 5F). After 12 d of regeneration,

Wild type, 53 null, S4 null,
laminin + c-met laminin + ¢-m laminin + c-met

-
- -

Figure 5. Regeneration was induced by barium chloride injection
into the tibialis anterior muscle; control muscles were injected with
saline. Sections were stained with antibodies to laminin (red) and
the satellite cell marker c-met (green); nuclei were visualized with
DAPI Saline-injected muscles show no increase in regenerating
myofibers (A-C), whereas BaCl, injection rapidly induces myone-
crosis and subsequent regeneration as indicated by the presence of
centrally nucleated nascent myofibers (D-F,G-I). Wild-type
(A,D,G), syndecan-3~/~ (B,E,H), and syndecan-4~/~ (C,F,I) muscles
were examined at 5 d postsaline injection (A-C), 5 d postinjury
(D-F), and 12 d postinjury (G-I). (F) Wild-type and syndecan-37/~
muscles have reconstituted myofiber patterning by 5 d postinjury;
however, syndecan-4-/- muscles have neither well-defined nascent
myofibers nor well-patterned muscle. At 12 d postinjury, wild-type
(G) and syndecan-37/~ (H) muscles have regenerated with similar
efficiencies, although syndecan-3~/~ regenerates display hyperplasia
similar to that seen in uninjured muscle. (I) In contrast, syndecan-
47/~ regenerates after 12 d have not replaced the damaged myofibers
or reformed fibers that do appear into appropriately patterned
muscle; asterisks indicate nascent myofibers that are not aligned
with the axis of the regenerating muscle.

et

saline

12d post~inj 5d post—inj



wild-type TA muscle has continued to regenerate, pro-
ducing closely packed nascent myofibers (Fig. 5G), as has
syndecan-3"/~ TA muscle (Fig. 5H); however, synde-
can-3~/~-regenerated TA muscle is also characterized by
extensive myonuclear and satellite cell hyperplasia that
appears similar to all limb muscle formed during devel-
opment (data not shown). In marked contrast, after 12 d
of regeneration, syndecan-4~/~ TA muscle has not regen-
erated and is composed primarily of disorganized, non-
functional myofibers and nonmuscle scar tissue (Fig. 5I).
Note that some fibers that appear are so disorganized
that they do not align with the axis of the former myo-
fibers (asterisks, Fig. 5I). Unlike wild-type and syndecan-
37/~ mice, which will begin to bear weight on the injured
leg within 2-3 d after injury, injured syndecan-4~/~ ani-
mals continue to favor the injured leg for at least 4 wk
postinjury (data not shown). Interestingly, the expression
patterns of syndecan-3 and syndecan-4 diverge during re-
generation in wild-type muscle, the first such instance
we have observed. During acute regeneration, synde-
can-4 immunoreactivity is increased in the activated sat-
ellite cells, whereas syndecan-3 immunoreactivity be-
comes preferentially localized to the nascent myofibers
(data not shown). Following regeneration, the normal
pattern of coexpression on quiescent satellite cells is re-
established.

These results demonstrate unique requirements for
each syndecan in skeletal muscle. Syndecan-3~/~ muscle
is characterized by mild hypotonia, fibrosis, and chronic
regeneration, suggesting defects in differentiated muscle
that may describe a novel form of muscular dystrophy.
Another striking phenotype is the increase in both myo-
fiber nuclei and satellite cell nuclei over wild type,
which is maintained even after an acute round of in-
duced myonecrosis and regeneration. Although indirect,
these data may be interpreted to suggest that precursors
for differentiated myonuclei and satellite cells both ex-
perience a similar syndecan-3-dependent attenuation of
proliferation. The lineal origin of satellite cells is not
known, as they have alternatively been proposed to be
derived from developing myoblasts, the adult myoblast
population, bone marrow-derived stem cells, and vessel-
associated mesangioblasts (for review, see Seale and Rud-
nicki 2000). Because the satellite cells and myonuclei
exhibit a similar hyperplasia, our data would support the
hypothesis that differentiated muscle precursors and sat-
ellite cell precursors share common regulatory mecha-
nisms and may either share a common progenitor or may
occupy a common niche during development.

The disparities observed between the myogenic capac-
ity of syndecan-3~/~ satellite cells in vivo (as demon-
strated by the high percentage of regenerating myofibers
in uninjured muscle and after induced regeneration), in
fiber culture, and in adherent culture suggest a require-
ment for additional matrix factors to achieve appropriate
myogenesis in syndecan-3~/~ satellite cells. This is likely
to include heparan sulfate provided by other HSPGs such
as perlecan, which is expressed at higher levels in the
matrix of syndecan-3~/~ muscle (data not shown). This
conclusion is consistent with the rescue of differentiated
morphology and gene expression in syndecan-37/~ satel-
lite cells by addition of exogenous heparin. In contrast,
whereas syndecan-4~/~ muscle tissue is significantly less
affected than syndecan-3~/~ muscle, syndecan-4~/~ satel-
lite cells are much more severely impaired than synde-
can-37/~ cells, as they both fail to behave normally in
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culture and fail to regenerate functional muscle in vivo.
Rescue of the syndecan-4~/~ cells in mass culture by ex-
ogenous heparin is also less efficient than in syndecan-
37/~ satellite cells.

Our data demonstrate that the surrounding environ-
ment is critical for satellite cell proliferation and differ-
entiation. These experiments have demonstrated that
syndecan-3 and syndecan-4 play distinct roles in muscle
development as well as in satellite cell physiology and
that the molecular and cellular consequences of deleting
either syndecan are both complex and context depen-
dent. We have initiated mRNA analysis of quiescent and
activated satellite cells directly harvested from intact or
injured hindlimb muscle of wild-type and syndecan-null
mice. Preliminary analysis of these data suggests that
syndecan-3~'~ and syndecan-4~/~ satellite cells differ sig-
nificantly from each other as well as from wild-type sat-
ellite cells. Syndecan-3~/- cells most resemble wild-type
cells (D. Cornelison, T. Cheung, X. Liu, and B. Olwin, in
prep.), as might be expected from their cellular pheno-
type. Further analysis of the gene expression profiles be-
tween the syndecan-3-null and syndecan-4-null satellite
cells, coupled with biochemical characterization of af-
fected signaling pathways, is expected to identify mo-
lecular differences between these genotypes critical for
satellite cell function.

Materials and methods

Mice

All genotypes of mice used were housed in the same pathogen-free facil-
ity at the University of Colorado; all mice used were females between 80
and 160 d of age. Wild-type mice were C57Bl/6xDBA2 (B6D2F1; Jackson
Labs); syndecan-3~/~ mice carry the homozygous deletion of syndecan-3
on a C57B1/6 background (Kaksonen et al. 2002), and syndecan-4~/~ mice
carry the homozygous deletion of syndecan-4 on a C57Bl/6 background
(Echtermeyer et al. 2001).

Sectioning and immunostaining of fixed frozen sections

For Oil Red O staining, sections were equilibrated into propylene glycol,
stained with 0.7% Oil Red O in propylene glycol, destained in 85%
propylene glycol, and extensively washed with water. For fluorescent
staining, sections were blocked in 10% BlokHen (Aves) if chicken anti-
syndecan-4 was to be used, and/or 10% normal goat serum in phosphate-
buffered saline. Primary antibodies used were rabbit anti-laminin (Sigma)
at 1:200, mouse anti-neurofilament (Sigma) at 1:100, rabbit anti-synde-
can-3 at 1:100, chicken anti-syndecan-4 at 1:1500, rabbit anti-c-met
(Santa Cruz) at 1:100, mouse anti-MyoD (Novocastra) at 1:10, and mouse
anti-myosin heavy chain (MF20) neat. Secondary antibodies conjugated
to Alexa 488 or Alexa 594 (Molecular Probes) were used at 1:500.

Myofiber preparation and staining

Single myofibers were isolated, cultured, and stained as described previ-
ously (Cornelison et al. 2001}, except that the culture medium used was
Ham’s F-12 supplemented with 15% horse serum and 0.5 nM FGF-2.
Fibers at designated times after harvest were fixed and stained with an-
tibodies as described earlier.

Adherent culture

Single myofibers 24 h after isolation were plated in growth medium in
tissue culture dishes containing gelatin-coated glass coverslips and left
undisturbed for 6 d. Soluble heparin (Sigma) was added as indicated from
a 50 mg/mL stock. The colonies formed by emigrating satellite cells on
the coverslips were fixed and stained as described earlier.

In vivo regeneration
Mice were anesthetized with 5% Avertin (175 pL/mouse). Left TA
muscles were injected with 50 pL sterile saline and the contralateral TA
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muscles were injected with 50 uL 1.2% BaCl, in sterile saline. Mice were
allowed to recover for 5 or 12 d, then injected muscles were harvested for
sectioning and staining as described earlier.
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Supplementary Figure 1. To further establish that innervation defects are not the
primary lesion responsible for the dystrophic phenotype, the number of motor endplates
in the EDL muscles for all three genotypes were quantified by staining whole sectioned
EDL muscles with labeled a-bungarotoxin and scoring the number of endplates for each
genotype. EDL muscles were isolated, fixed, frozen in OCT, and longitudinally sectioned
at 40um. Sections were post-fixed in 100% methanol for 10', then rehydrated in PBS and
incubated with Alexa 594-labelled a-bungarotoxin (2 ug/ml, Molecular Probes) for 2
min.

Figure legend: Motor endplates stained with a-bungarotoxin appeared morphologically
indistinguishable in the wildtype (A) and mutants (B, C). The number of motor
endplates/muscle was not significantly different between genotypes (p > .75 by one-way
ANOVA))

Supplementary Figure 2 legend. Myofiber-associated satellite cells 24 hours after
isolation. Wild type satellite cells express both syndecan-4 and syndecan-3 at
comparable levels. Syndecan-3" myofibers possess excess myonuclei as well as large
numbers of satellite cells that express syndecan-4 at levels similar to wild type, while
syndecan-4" myofibers possess satellite cells that appear to have slightly lower levels of
syndecan-3 compared to wild type.

Supplementary Figure 3. Heparan sulfate is required to maintain satellite cell
proliferation and to regulate differentiation®**, presumably by regulating growth factor-
dependent signaling. However, syndecans also participate in adhesion mediated signaling
via their core proteins: evidence in culture suggests engagement of syndecan-3 with src
family members and cortactin, and association of syndecan-4 with active PKCa
(reviewed in *) and syndesmos in focal adhesions'’. An intriguing hypothesis would be
that syndecan-3 and syndecan-4 each specifically interact with specific growth factor
receptors, matrix proteins or both to regulate downstream events crucial to muscle and
satellite cell biogenesis and to satellite cell function. Contrary to this idea, we found that
loss of syndecan-3 resulted in a global upregulation of tyrosine phosphorylation and an
enhancement of signaling from HGF and FGF receptors as measured by ERK activation
levels. Rather than functioning as a specific transducer of cellular signals in satellite
cells, syndecan-3 appears to generally attenuate growth factor signaling. This is
consistent with the cellular hyperplasia seen in myonuclei and satellite cells from
syndecan-3"" mice in vivo as well as explanted satellite cells in culture. Syndecan-4"
cells possess a strikingly different phenotype, where it is difficult to detect any overall
changes in tyrosine phosphorylation. However, FGF activation of ERK is undetectable
and HGF activation of ERK is over 40-fold reduced compared to wildtype. Signaling
through c-met is currently the best candidate for the initial satellite cell activating signal’,
and HGF (originally characterized as scatter factor) is also a potent heparan sulfate-
dependent motogen (reviewed in*’.) Thus, one might expect satellite cells deficient in c-
met signaling to exhibit delayed or abortive activation and myogenesis as well as



migration defects, as was indeed observed in the syndecan-4 mutant. The observation that
soluble heparin cannot replace the heparan sulfate requirement for c-met”’ is also
consistent with the results seen in mass culture of syndecan-4" satellite cells.

Western blotting and immunoprecipitation Low-passage (<4) satellite cells from
wildtype, syndecan-3" and syndecan-4"mice were trypsinized and replated in F-12
medium without serum or other additions for 18 hours. FGF (0.5 nM), HGF (10 ng/ml),
heparin (100 ng/ml), or FGF or HGF preincubated for 5 min. with heparin were added for
15 min. Cells were harvested into lysis buffer (S0mM Tris-HCI, pH 7.4, 1% NP-40,
0.25% sodium deoxycholate, 150 mM NaCl, 1x Roche Complete Protease Inhibitor,
ImM sodium orthovanadate, 1mM sodium fluoride) and protein concentration was
determined by BCA assay (Pierce.) 20ug of protein from each lysate was loaded on a
15% acrylamide gel, blotted and stained with 1 ug/ml anti-active ERK1/2 (Sigma) and
detected with anti-mouse HRP and enhanced chemiluminescence (Amersham.) Band
intensities from 30 second exposures were computed using ImageJ and normalized to the
band intensity from starved wildtype cell lysate. Following detection of ERK1/2, the
blots were stripped 30 minutes at 50°C in 100 mM B-mercaptoethanol, 2% SDS, 62.5
mM Tris-HCI pH 6.7 and reprobed with secondary antibody alone to confirm the
stripping. They were then reprobed with anti-a-tubulin (Sigma) followed by anti-rabbit
HRP and chemiluminescence to provide loading controls. 60 ug of whole cell lysate
from cells growing in 15% horse serum and 0.5 nM FGF prepared as described above
was immunoprecipitated with 4 ug of anti-phosphotyrosine (Upstate Biotechnology) and
Protein A agarose; the proteins eluted from the support were run on a
7.5%polyacrylamide gel and stained with Coommassie blue. Band intensities were
normalized to a nonspecific background band using ImagelJ.

Figure legend: Primary cultured satellite cells from wildtype, syndecan-3" and
syndecan-4""mice were starved for 18 hours then treated with 0.5 nM FGF-2, 10 ug/ml
HGF, FGF-2 preincubated with heparin, HGF preincubated with heparin, or 100 ug/ml
heparin for 15 minutes. Phosphorylation of ERK 1 p44™*™ and ERK2 p42™4™ was
detected in equal input amounts of each lysate and equal exposure times. Band intensity
was quantitated and normalized to the amount of signal in starved wildtype lysate. Blots
were then stripped and reprobed with antibody to a-tubulin to provide loading controls.
B. A Coommassie-stained gel of anti-phosphotyrosine immunoprecipitates from
wildtype, syndecan-3" and syndecan-4" cells growing in the presence of 15% horse
serum and 0.5 nM FGF-2. Equal amounts of lysate (60 ug) were input to the
immunoprecipitation and the entire eluate loaded in each lane. When band intensities
were normalized to the nonspecific 55kD band indicated by parentheses, syndecan-3"
band strength averages at least twofold greater than wildtype or syndecan-4" band
strength.



