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Background: The Sulf enzymes regulate HS-dependent extracellular signaling during skeletal muscle regeneration.
Results: The skeletal muscle-specific Sulf double null mice exhibit reduced new myofiber size and defective Wnt signaling.
Conclusion: Sulfs promote canonicalWnt signaling to antagonize noncanonical signaling, thereby enhancing myoblast fusion.
Significance: Understanding the mechanisms of myoblast fusion will help to enhance the efficacy of muscle regeneration.

Skeletal muscle regeneration is mediated by satellite cells
(SCs). Upon injury, SCs undergo self-renewal, proliferation, and
differentiation into myoblasts followed by myoblast fusion to
form new myofibers. We previously showed that the heparan
sulfate (HS) 6-O-endosulfatases (Sulf1 and -2) repress FGF sig-
naling to induce SC differentiation duringmuscle regeneration.
Here, we identify a novel role of Sulfs in myoblast fusion using a
skeletal muscle-specific Sulf double null (Sulf SK-DN) mouse.
Regenerating Sulf SK-DN muscles exhibit reduced canonical
Wnt signaling and elevated non-canonical Wnt signaling. In
addition, we show that Sulfs are required to repress non-canon-
icalWnt signaling to promotemyoblast fusion.Notably, skeletal
muscle-relevant non-canonical Wnt ligands lack HS binding
capacity, suggesting that Sulfs indirectly repress this pathway.
Mechanistically, we show that Sulfs reduce the canonical
Wnt-HS binding and regulate colocalization of the co-receptor
LRP5with caveolin3. Therefore, Sulfsmay increase the bioavail-
ability of canonical Wnts for Frizzled receptor and LRP5/6
interaction in lipid raft, which may in turn antagonize non-ca-
nonicalWnt signaling. Furthermore, changes in subcellular dis-
tribution of active focal adhesion kinase (FAK) are associated
with the fusion defect of Sulf-deficientmyoblasts anduponnon-
canonicalWnt treatment. Together, our findings uncover a crit-
ical role of Sulfs in myoblast fusion by promoting antagonizing
canonical Wnt signaling activities against the noncanonical
Wnt pathway during skeletal muscle regeneration.

Satellite cells (SCs)2 are stem cells that reside between the
sarcolemma and the basal lamina of myofibers in adult skeletal

muscle (1, 2). In addition to unique localization, SCs also
express a distinct transcription factor Pax7. Although SCs are
normally quiescent, injury causes SC to exit quiescence and
enter into the cell cycle. SCs proliferate to self-renew and to
expand the pool of committed myoblasts. The activation, pro-
liferation, and self-renewal of SCs are controlled by a plethora
of extracellular signals, including Notch, fibroblast, and hepa-
tocyte growth factors and Wnts (1, 2).
Myoblast fusion to form new myofibers is an integral step of

skeletal muscle regeneration (3). Fusion is initiated by forming
nascent myofibers with only a few nuclei followed by fusion of
more myoblasts to generate a mature myotube with many
nuclei. Myoblast fusion in mammals not only involves a num-
ber of proteins that are located on the cell surface or at the
contact site but also requires intracellular focal adhesion kinase
(FAK), Erk5, Rac1, and CDC42 (4–6). Relatively little is known
about the extracellular signals that regulate myoblast fusion.
Recent studies suggest a role of canonical Wnt signaling in
myoblast fusion. Although newmyofibers form in regenerating
muscle between day 4 and day 5 post-injury, injection of canon-
ical Wnt3a increases the size of new myofibers without chang-
ing myofiber number in vivo (7). In vitro assays also show that
canonical Wnts induce myoblast fusion (8, 9).
Several extracellular signals involved in skeletal muscle

regeneration are regulated by the heparan sulfate (HS) 6-O-
endosulfatases (Sulfs), Sulf1&2 (10). HS is a linear carbohydrate
polymer that is covalently attached to a protein core of heparan
sulfate proteoglycans on the cell surface, in the basementmem-
brane, and in the extracellular matrix (11). HS consists of tan-
dem repeats of uronic acid and glucosamine. This disaccharide
unit undergoes a variety ofmodifications during biosynthesis in
the Golgi, including epimerization and 2-O-sulfation of uronic
acid and N-, 3-O-, and 6-O-sulfation of glucosamine. These
modifications are usually incomplete, thereby generating
domains that have high or low levels of sulfation or lack sulfa-
tion along the length of the HS chain (11).
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Sulfs are the only known HS-editing enzymes that modify
sulfatedHS sequences afterHS biosynthesis (10). Sulfs are teth-
ered on the cell surface after secretion (12). Both Sulf1 and Sulf2
remove a subset of 6-O-sulfate groups specifically from trisul-
fated IdoA2S-GlcNS6S (D2S6) and disulfated GlcA-GlcNS6S
(D0S6) disaccharides (13–15). Sulf-mediated HS 6-O-desulfa-
tion disrupts the formation of HS-FGF2-FGF receptor ternary
complex, leading to repressed FGF signaling (16, 17). In con-
trast, Sulfs promote canonical Wnt signaling by reducing Wnt
binding to HS, thereby promoting Wnt bioavailability for
receptor binding (13, 18). The ability of Sulfs to enhance canon-
ical Wnt signaling requires Sulf localization into lipid rafts on
the cell membrane (19).
Our previous studies in systemic Sulf double mutant mice

demonstrate that Sulfs are required for timely differentiation of
SCs during skeletal muscle regeneration (20). Only Sulf1 is
present in uninjured skeletal muscle and quiescent SCs,
whereas both Sulfs are expressed by activated satellite cells.
Although Sulfs are dispensable for skeletal muscle formation
during development, they redundantly repress FGF2 and hep-
atocyte growth factor signaling in activated SCs to induce dif-
ferentiation (20). Notably, Sulf-deficient and wild type (WT)
SCs differentiate similarly without the presence of FGF2 in cul-
ture, and Sulf deficiency only leads to a transient increase in the
number of SCs in regenerating skeletal muscle (20). These
observations support that Sulfs are regulators rather than
essential components of the extracellular signaling pathways,
and as a result, Sulfs function in a growth factor-dependent
manner.
In addition to SCs,myoblasts and newmyofibers also express

both Sulf1 and Sulf2 (20), suggesting additional roles of Sulfs in
myoblasts during newmyofiber formation. However, Sulf1�/�;
Sulf2�/� mice exhibit partial post-natal lethality, multiple tis-
sue defects, and reduced skeletal muscle mass (21, 22). These
phenotypes complicate functional studies of Sulfs in the adult
using this model. To overcome the limitation, we generated a
skeletal muscle-specific Sulf double null (Sulf SK-DN) mouse
line to investigate functions of Sulfs during skeletal muscle
regeneration. Sulf SK-DN mice exhibit SC phenotypes during
regeneration, similar to Sulf1�/�;Sulf2�/� mice (20). In addi-
tion, Sulf SK-DNmice show defects in newmyofiber formation.
This study focuses on mechanisms underlying Sulf-regulated
myoblast fusion.

EXPERIMENTAL PROCEDURES

Mice—The skeletal muscle-specific Sulf double mutant mice
(Sulf SK-DN) were generated by crossing a knock-in Myf5-Cre
line (23) with a mouse that carried floxed Sulf1 and Sulf2 genes
(Sulf f/f;Sulf2f/f) (21) followed by mating Myf5-Cre�;Sulf1f/�;
Sulf2f/� malemice with Sulf f/f;Sulf2f/f femalemice. After geno-
typing,Myf5-Cre�;Sulf1f/f;Sulf2f/f mice were then crossed with
Sulf f/f;Sulf2f/f mice to generate Sulf SK-DN mice. Littermates
that do not carry theMyf5-Cre allele were used asWT controls
in all experiments. All lines were in C57BL/6 background.
Details of genotyping are provided in the supplemental Meth-
ods. All animal studies were approved by the Institutional Ani-
mal Care and Use Committee of Boston University Medical
Campus.

Antibodies and Other Reagents—Recombinant mouse
secreted frizzled-related protein 2 (sFRP2), mouse Dkk1,
mouse Wnt3a, and human Wnt7a were purchased from R&D
Systems. Cardiotoxin (Naja nigricollis, catalog #217504) was
purchased from Calbiochem. Primary antibodies against
p-CamKii�(Thr-286)-R (sc-12886-R), p-JNK (sc-6254), p-FAK
(sc-81493), MYH3 (sc-53091), LRP5 (sc-134463), and myoge-
nin (sc-12732)were purchased fromSantaCruz Biotechnology.
Other antibodies include anti-Wnt3a antibody (catalog #09-
162, Millipore), anti-active �-catenin antibody (catalog #05-
665,Millipore), anti-laminin antibody (catalog #L9393, Sigma),
anti-Myc antibody (9E10, Sigma), anti-Gapdh antibody (cata-
log #Ab8245, Abcam), and anti-MF20 and anti-Pax7 antibodies
(Developmental Studies Hybridoma Bank, Iowa University).
Skeletal Muscle Injury and Regeneration—Tibialis anterior

(TA) muscles of 2-month-old WT and Sulf SK-DN mice were
injured by injecting 100�l of 10�M cardiotoxin (CTX) as day 0.
Muscles were collected on day 3 or day 5 post-injury. Half of the
TA muscles were frozen in liquid nitrogen for protein and
mRNA analysis, and the remaining half was preserved in Opti-
mal Cutting Temperature (OCT, catalog #4583, Tissue-Tek)
compound and quick-frozen in liquid nitrogen-cooled isopen-
tane for immunohistochemical analysis. For Wnt signaling
studies, TA muscles were injured with CTX for 24 h and then
injected with 50 �l of sFRP2 (2 �g/ml) or Wnt7a (25 ng/ml).
Heparan Sulfate Analysis—Tissue-derived HS structural

analysis was performed as described previously (24, 25). TA
muscles of 2-month-old WT and Sulf SK-DN mice were
digested with Pronase at 37 °C for 24 h followed by heat inacti-
vation of the Pronase and further digestion with benzonase at
37 °C for 3 h. To release glycosamino glycans from proteins,
samples were treated with 0.5 M NaOH for 24 h at 4 °C. The
solutions were neutralized with formic acid and centrifuged at
11,000 � g for 10 min. The supernatants were subjected to
DEAE weak ion exchange and washed with 0.1 M NaCl, pH 6.
GAGs were eluted with 1 M NaCl, desalted by PD-10 column,
and vacuum-dried. To break downHS chains,GAGswere incu-
bated with heparin lyase I, II, III (Ibex, Montreal, Canada) at
37 °C overnight followed by second aliquot of enzymes for 16
more hours. Samples, along with seven artificial mixtures of
D2S6 and D2S0 standards, were subjected to size exclusion
chromatography LC/MS analysis and run tandemMS to differ-
entiate D0S6 and D2S0. HS disaccharide standards and all
chemicals were from Sigma.
Satellite Cell Isolation, Myoblast Culture, and Immuno-

cytochemistry—Satellite cell isolation from hind limb skeletal
muscles of 2-month-old mice was prepared as described previ-
ously (20). Cells weremaintained in growthmediumcontaining
20% fetal bovine serum (Hyclone), 2% chick embryonic extract,
and 1% penicillin/streptomycin (Invitrogen) in DMEM
medium. All culture plates were coated with ECL Cell Attach-
ment Matrix (1:20 dilution, catalog #08-110, Millipore) for 1 h
at 37 °C. For staining, low passage primary myoblast cells
(�50,000 cells per well) were seeded at relative low �25% con-
fluence on the 8-well Permanox Chamber Slide (catalog
#177445, Nunc) in growthmedium for 24 h before switching to
differentiating medium that contained 2% horse serum and 1%
penicillin/streptomycin in DMEM for 24 or 48 h. Cells in dif-
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ferentiating medium were treated with vehicle, rWnt3a (30
ng/ml), rWnt7a (100 ng/ml), sFRP2 (2 �g/ml), or Dkk1 (0.5
�g/ml) before cells were fixedwith 4% paraformaldehyde for 30
min at room temperature. Cell immunolabeling was performed
as described previously (20). Primary antibodies included anti-
myogenin (1:50) and p-FAK (1:50), anti-MF20 (1:10), Myf5
(1:500), anti-caveolin3 (1:1000), and anti-LRP5 (1:500). Anti-
gen-antibody complex was detected with fluorescence-conju-
gated secondary antibodies (1:250) and nuclei withHoechst dye
(1�g/ml). Signals were visualized under a fluorescent Zeiss 100
microscope. For confocal microscopy, immunolabeled myo-
blast cells were imaged using a Zeiss Axiovert 100 M LSM 510
equipped with an argon and two HeNe lasers.
Immunohistochemistry—Optimal Cutting Temperature-

preserved TA muscles were cut into 8-�m sections and stored
at �20 °C. Sections were thaw to room temperature and fixed
with 4% paraformaldehyde for 20 min followed by immuno-
staining procedures described previously (20). Primary anti-
bodies included anti-laminin (1:100) and anti-eMyh (1:50) or
anti-Pax7 (1:3). Secondary antibodies included Alexa-488 anti-
mouse or Alexa548 anti-rabbit (1:250, Molecular Probes).
Nuclei were stained by Hoechst dye (1 �g/ml). Signals were
visualized under the fluorescent Zeiss 100 microscope. A min-
imum of three non-overlapping, representative images were
taken under a 20� objective lens for further analysis. Myofiber
sizewas quantified usingAxioVision 4.8 software. At least three
muscles under each treatment condition were utilized for sta-
tistical analysis.
Western Blot—Flash-frozen TA muscles were minced into

small pieces in RIPA buffer containing phosphatase inhibitor
(catalog #524627, Calbiochem) and proteinase inhibitor (cata-
log #11836153001, Roche Diagnostics). Muscle pieces were
homogenized by PowerGen 125 (Fisher), sonicated, and centri-
fuged, and supernatants were collected with an equal volume of
2� Laemmli buffer. For assays with primary cultures, myo-
blasts (�1 � 105 cells per well) in 6-well plates were induced to
form myofibers by maintaining in differentiating medium for
24 or 48 h. Cells were washed oncewith PBS, collected in 100�l
of Laemmli Buffer (2�). Protein content in the cell and tissue
samples was measured using a protein assay kit (Bio-Rad). Pro-
tein samples (20 �g) were resolved by NuPAGE� 4–12% Bis-
Tris gels (catalog #NP0323BOX, Invitrogen) followed by trans-
ferring onto Hybond-ECL nitrocellulose membrane (catalog #
RPN303D, Amersham Biosciences). Membranes were blocked
with 5% BSA for 1 h and incubated with primary antibodies
against active �-catenin (1:5,000), p-CamKii (1:2,500), p-JNK
(1:2,000), p-FAK (1:10,000), caveolin3 (1:10,000) and Gapdh
(1:100,000) in 2.5% BSA overnight at 4 °C. Membranes were
washed 3� with phosphate buffer containing 0.1% Triton
X-100 (PBST) and incubated with secondary antibody
(1:10000) in 2.5%milk for 1 h.Membranes were washed 3 times
with PBST and exposed to ECL reagent for �2min followed by
signal detection.
Real-time Reverse Transcription Polymerase Chain Reaction

(RT-PCR)—Satellite cells in 6-well plates were treated with
vehicle or Wnt3a in differentiating medium for 24 h and col-
lected for RNA isolation using RNeasy Mini Kit (catalog
#74106, Qiagen). Total RNA (1 �g) was reverse-transcribed

using SuperScript� III First-Strand Synthesis SuperMix (cata-
log #18080-400, Invitrogen). Quantitative PCR was performed
using Power SYBR�Green PCRMasterMix (catalog #4367659,
Applied Biosystems) and the StepOnePlusTM Real-time PCR
system. The relative level of Axin 2mRNA expression was cal-
culated by normalizing to �-actin mRNA using �Ct. Primers
used in PCR were: Axin2_forward (5�-CGCAGGCTGGCA-
GAGGTGTC-3�) and Axin2_reverse (�-GGGTTGGCGAA-
GGGTGAGGC-3�; �-actin_forward (5�-GCAGCTCCTT-
CGTTGCCGGT-3�) and �-actin_reverse (5�-TACAGCCCG-
GGGAGCATCGT-3�).
Heparin Binding Assay—HEK 293T cells were transfected

with pCMV-DyRed (empty vector), pCMV-Sulf2-Myc, and
pCMV-Sulf2(C-S)-Myc plasmids using LipoD392TM in vitro
transfection reagent (catalog #SL100668, SingaGen Laborato-
ries). After 48 h, cell lysates were collected and dialyzed in Tris-
buffered saline (TBS) buffer containing proteinase and phos-
phatase inhibitors as described previously (13). Dialyzed cell
lysates were then incubated with heparin-conjugated agarose
beads inTBS buffer containing 50mMMgCl2 overnight at 37 °C
with rotation. Treated heparin beads were washed 3 times with
TBS, aliquoted in 20 �l per tube, and blocked with 1% BSA in
TBS for 1 h at room temperature. After washing, heparin beads
were incubated with rWnt3a (1 ng) or increasing amounts of
rWnt7a (10, 30, or 100 ng) in 50 �l for 30 min at room temper-
ature. Beads were washed before adding 40 �l of 2� Laemmli
buffer to collect boundWnts followed byWestern blot analysis.
StatisticalAnalysis—Datawere presented as themean� S.D.

of a minimum of three independent assays. Statistic signifi-
cance was analyzed using Student’s t test as paired or equal
variance where appropriate.

RESULTS

The Skeletal Muscle-specific Sulf Double Null Mice Exhibit
Tissue-specific Changes in HS 6-O-Sulfation—The Sulf SK-DN
mice were generated by crossing a knock-inMyf5-Cre line (23)
with a Sulf1f/f;Sulf2f/f line that carries loxp sites flanking the
second coding exons of both Sulf1 and Sulf2 genes (supplemen-
tal Figs. 1 and 2) (21). This exon encodes for essential amino
acid sequences within Sulf enzymatic domain (21). Consistent
withCre expression in the skeletalmuscle and satellite cells (23,
26), recombinant null alleles of Sulf1 and Sulf2 genes were
detected in the skeletalmuscle of Sulf SK-DNmice (supplemen-
tal Figs. 1 and 2). In addition, satellite cells isolated from Sul-
f SK-DN mice had diminished Sulf1 and Sulf2 mRNA expres-
sion as compared with WT controls (supplemental Fig. 3).

To validate a loss of Sulf enzymatic activity in Sulf SK-DN
mice, we compared the sulfation level of HS isolated from the
TA muscles of WT and Sulf SK-DN mice at 2 months of age
using mass spectrometry. The skeletal muscle expresses HS
with very low levels of sulfation (24). Disaccharide analysis
showed that the HS samples from both WT and Sulf SK-DN
mice contained a large majority of non-sulfated, N-acetylated
disaccharides and similarly low average numbers of sulfate
group per disaccharide in depolymerized HS samples (Fig. 1, A
and B). Considering that Sulfs only remove a subset of 6-O-
sulfate groups fromD2S6 and D0S6 substrates (13–15) that are
of low abundance in the skeletal muscle (24), our assay did not
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detect any significant changes in general HS sulfation in Sul-
f SK-DNmice likely due to sensitivity issue. In addition, the skel-
etal muscle contains multiple cell types including fibroblast
cells and endothelial cells that are not affected by Myf5-Cre
expression. The complexity of cellular sources of HS provides
an additional compounding factor to our disaccharide assay.
Because of these limitations, we also did not detect any signifi-
cant increase in the abundance of trisulfated D2S6 in Sul-
f SK-DN mice.

Disulfated Sulf substrate D0S6 was found to be more abun-
dant than the trisulfated substrate D2S6. Because Sulfs enzy-
matically convertD2S6 intoD2S0 andD0S6 intoD0S0 (13–15),
HS of Sulf SK-DNmuscles is predicted to contain less D2S0 but
more D0S6 than the WT control. We thus reasoned that rela-
tive abundance of D2S0 and D0S6 would provide a sensitive
assessment for changes in Sulf activity in Sulf SK-DN muscles.
Indeed, compared with WT controls, HS of Sulf SK-DN mice
exhibited an �50% increase in the abundance of D0S6 (22.4 �
8.4 versus 15.4 � 5.2%, p � 0.05) with a reciprocal reduction in
the levels of D2S0 (77.6� 8.4 versus 84.6� 5.2%, p� 0.05) (Fig.
1C). The mRNA expression of genes involved in sulfation during
HS biosynthesis, such as N-deacetylase/N-sulfotransferase 1–4
(Ndst 1–4), 2-O-sulfotransferase (Hs2st), and 6-O sulfotransferase
(Hs6st), was not changed in Sulf SK-DNmuscles (Fig. 1D). Collec-
tively, our findings indicate that Sulf SK-DNmice have selectively
deficient Sulf activities in the skeletal muscle.
Sulf SK—DN mice appear indistinguishable from WT litter-

mates. The skeletal muscles of Sulf SK-DN mice also develop
normally, consistent with our previous observation that Sulfs
are not required for the formation of the skeletal muscle or
satellite cells (20). Therefore, Sulf SK-DNmice provide an ideal

model to investigate Sulf function during skeletal muscle
regeneration.
Sulfs Promote SCDifferentiation andMyoblast Fusion during

Skeletal Muscle Regeneration—To investigate the role of Sulfs
in skeletal muscle regeneration, the TA muscles of WT and
Sulf SK-DN mice were injured by CTX injection followed by
histological assays to assess the efficacy of regeneration. At day
5 post-injury, Sulf SK-DN muscles had almost twice as many
Pax7� SCs as WT controls (comparing Fig. 2Ab with Fig. 2Ad,
quantified in Fig. 2Ba). The increase was transient, as no differ-
ence in the number of SCswas identified in Sulf SK-DNmuscles
at day 14 post-injury (supplemental Fig. 4). This observation is
consistent with a previously characterized role of Sulfs in pro-
moting SC differentiation (20).
Regenerating TA muscles of Sulf SK-DN mice also exhibited

delayed new myofiber formation. Newly formed myofibers at
day 5 post-injurywere identified by their centrally locatedmyo-
nuclei and expression of the embryonic isoform of myosin
heavy chain (eMyh) (Fig. 2A, a and c). We measured the size of
mid-belly cross-sections of newmyofibers. ComparedwithWT
muscles, Sulf SK-DN muscles had significantly higher percent-
ages of small newmyofibers (less than 375�m2 in area size) and
less abundant large newmyofibers (more than 875 �m2 in area
size) (Fig. 2, Bc), resulting in reduced average size of new myo-
fibers in Sulf SK-DN mice (498 � 203 �m2 (Sulf SK-DN) versus
967 � 243 �m2 (WT), p � 0.01) (Fig. 2Bd).
Although a transient increase in SC number during regener-

ation of Sulf SK-DN mice may affect the size of the myoblast
pool for fusion, Sulfs may directly regulate myoblast fusion
because Sulfs are highly expressed in myoblasts and new myo-
fibers (20). If Sulf SK-DN mice have a reduced number of myo-

FIGURE 1. Comparison of HS structure and HS biosynthetic gene expression in TA muscles of WT and SulfSK-DN mice. Purified HS from the muscle was
enzymatically digested into disaccharides followed by mass spectrometry analysis to assess levels of N-sulfated (N-S) and N-acetylated (N-Ac) disaccharides in
A, average number of sulfate groups per disaccharide in B, and the abundance of disulfated Sulf substrate (D0S6) and di-sulfated non-substrate (D2S0) in C. Sulf
deficiency selectively increases the abundance of D0S6 without affecting N-sulfation or general sulfation levels of HS in the skeletal muscle. D, quantitative
RT-PCR analysis compares mRNA expression of genes involved in HS biosynthesis in TA muscles of WT and Sulf SK-DN mice. No change in mRNA expression of
Ndst1– 4, Hs2Ost, and Hs6Ost1 genes was observed. Data represent the mean and S.D. of four independent assays. **, p � 0.05. GE, gene expression.
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blasts, the total area of newmyofibers would be reduced as com-
pared with WT controls. Alternatively, if Sulf SK-DN myoblasts
were defective in fusion, regenerating Sulf SK-DN muscles would
havesmallermyofiberswith lessmyonucleibutmoremyofibers, as
compared with WT controls, so that the total new myofiber area
would be similar between these two genotypes. To distinguish
betweenthese twopossibilities,wequantified thenumberandarea
of new myofibers and myonuclei per fiber in both WT and
Sulf SK-DN muscles at day 5 post-injury. We found that regener-
atingSulf SK-DNmuscles hadmorenewmyofibers thanWTmus-

cles (525� 232 (Sulf SK-DN) versus 282� 96 (WT) permm2; p�
0.05) (Fig. 2Bd). However, the total area of new myofibers was
found to be similar between Sulf SK-DNandWTmuscles. In addi-
tion,�80% of newmyofibers in Sulf SK-DNmuscles had only one
myonuclei, as compared with 58% inWTmuscles. Also, less than
3%of new Sulf SK-DNmyofibers hadmore than twomyonuclei, as
comparedwith 13% inWTmuscles (Fig. 2Bb). These observations
support a role of Sulfs in myoblast fusion.
To further test if Sulfs promote myoblast fusion, WT and

Sulf SK-DN SCs in low passage cultures were induced to differ-

FIGURE 2. Sulfs promote SC differentiation and myoblast fusion during skeletal muscle regeneration. TA muscles of WT and Sulf SK-DN mice were
harvested at day 5 post-injury. A, Pax7� SCs and eMyh� newly formed myofibers were identified by immunohistochemistry using mid-belly cross-sections. The
basement membrane of myofibers was labeled with a laminin antibody. Nuclei were labeled by Hoechst dye. Scale bar 	 100 �m. B, shown is quantification of
relative abundance of Pax7� SCs (a), relative abundance of new myofibers with increasing number of myonuclei (b) and sizes (c), and average number and size
of new myofibers within a regenerating area of 1 mm2 (d) of WT and Sulf SK-DN muscles. Data presented are the mean and S.D. of more than 1000 new myofibers
from 3 independent experiments. #, p � 0.01; **, p � 0.05; *, p � 0.1.
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entiate into myoblasts by removal of FGF2. Satellite cells were
seeded at relatively low density so that individual myofibers
are easily identifiable. Under this condition, both WT and
Sulf SK-DN SCs turn off Pax7 expression, withdraw from cell
cycle and similarly activate myogenin expression (Fig. 3, A and
B) (20). After 48 h, we assessedmyoblast fusion by double stain-
ing. Newly formed myofiber was labeled with a monoclonal
MF20 antibody. Because the myogenin antibody is also mono-
clonal and, therefore, cannot be used in combination with the
MF20 antibody, we tested a polyclonal anti-Myf5 antibody.
Myf5 protein was found to be readily detectable in the myonu-
clei in our assay (Fig. 3,C andD), althoughMyf5mRNAexpres-
sion is known to be down-regulated during myoblast fusion.
Double staining using this Myf5 antibody and the MF20 anti-
body showed that �50% of the WT myofibers contained more
than one nucleus, as compared with less than 20% of multinu-
cleated Sulf SK-DN myofibers (Fig. 3, C and D). This observa-
tion provides direct evidence that Sulfs promote myoblast
fusion.
It is important to note that no difference in newmyofiber size

was found betweenWT and Sulf SK-DNmuscles at day 14 post-
injury (supplemental Fig. 4). This is consistent with regulatory,
rather than essential, roles of Sulfs in HS-dependent signaling
pathways that are involved in myoblast fusion.
Sulfs Differentially Regulate the Canonical and Non-canoni-

cal Wnt Signaling Pathways—Candidate HS-dependent
extracellular signals that are involved in myoblast fusion are
canonical Wnts. Myoblasts express several canonical and non-
canonical Wnts (27). Canonical Wnts trigger stabilization and
nuclear translocation of �-catenin, whereas non-canonical
Wnts activates Ca2�-dependent PKC, CamKii, and/or small
G-proteins such as Rac and RhoA that lead to activation of
c-Jun N-terminal kinase (Jnk) (28, 29).
We tested whether Sulfs regulate theWnt pathways by com-

paring basal and stimulated signaling levels between WT and

Sulf SK-DN myoblasts in culture. Canonical Wnt signaling was
assayed by Western blot to measure stabilized non-phosphor-
ylated �-catenin. Sulf SK-DN cultures had lower levels of stabi-
lized �-catenin under basal conditions and in response to
increasing levels of exogenous canonical Wnt3a, as compared
with WT cultures (Fig. 4, A and B). However, treatment with
6-bromoin-dirubin-3�-oxime, a specific inhibitor of GSK3�,
significantly increased the level of non-phosphorylated
�-catenin to a similar level in both WT and Sulf SK-DN myo-
blast cultures (Fig. 4A). GSK3� is a downstream kinase that
facilitates the degradation of �-catenin through phosphoryla-
tion (28, 29). This finding is consistent with the established role
of Sulfs in promoting the bioavailability of canonical Wnts in
the extracellular matrix (13, 18), and therefore, blockade of
downstream inhibitors of canonical Wnt signaling rescued the
signaling defect of Sulf SK-DN myoblast cells.

Wnt3a increasedmRNAexpression of a target geneAxin2 by
�45-fold above the basal level inWTmyoblast cultures as com-
pared with �14-fold in Sulf SK-DNmyoblast cultures (Fig. 4C).
This observation indicated that Sulfs promoted canonical Wnt
signaling by �3-fold in myoblasts (Fig. 4D), consistent with
previous findings (13, 28). Interestingly, the basal level ofAxin2
gene expression was higher in Sulf SK-DN myoblast cultures
than inWTmyoblast cultures (Fig. 4C). Considering Axin2 is a
negative regulator of the canonical Wnt signaling, the elevated
basal Axin2 gene expression may provide a mechanism to
repress basal canonical Wnt signaling in Sulf SK-DNmyoblasts
as compared with WT myoblasts.
In contrast, downstream effectors of the non-canonical Wnt

signaling pathway, phosphorylatedCamKii (p-CamKii) and Jnk
(p-Jnk), were elevated in Sulf SK-DN cultures as compared with
WT cultures under basal conditions (Fig. 4, E and F). Stimula-
tion with a physiologically relevant noncanonical Wnt7a (27)
increased the level of p-CamKii in both cultures, and the level in
Sulf SK-DN cultures was consistently higher than WT cultures

FIGURE 3. Sulfs promote myoblast fusion in culture. Primary cultures of WT and Sulf SK-DN myoblast cells were maintained in differentiation media without
the presence of FGF2 for 48 h before assessment of myogenin expression in A and B and fusion in C and D. Nuclei were labeled by Hoechst. Myofibers were
labeled with the MF20 antibody in C. Percentages of myogenin� cell in WT and Sulf SK-DN cultures were shown in B. The efficacy of fusion was quantified by
percentages of mono- and multi-nucleated MF20� myofibers in D. Data represent the mean and S.D. of three independent experiments. #, p � 0.01; **, p �
0.05; *, p � 0.1. Scale bar 	 100 �m.
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at all tested concentrations (Fig. 4, E and F). Interestingly, Jnk
activation in Sulf SK-DN myoblasts was higher than WT myo-
blasts at 1 ng/ml Wnt7a, peaked at 3 ng/ml Wnt7a, and was
reduced to levels similar or even lower thanWTmyoblast cells
at higher concentrations of Wnt7a (Fig. 4, E and F). Notably,
WTmyoblast cultures exhibited a similar dose curve of p-Jnk in
response toWnt7a as Sulf SK-DNmyoblast cultures except that
the peak inWTcultureswas at 10 ng/mlWnt7a (Fig. 4,E andF).
Collectively, these observations indicate that Sulfs negatively
regulate the noncanonicalWnt pathway in themyoblasts: Sulfs
repress CamKii activation and blunt Jnk activation.
Wnt7a InjectionMimics Sulf Deficiency during Skeletal Mus-

cle Regeneration—Elevated non-canonical Wnt signaling in
Sulf SK-DN myoblasts may block myoblast fusion. If true, WT
muscles injected with Wnt7a would exhibit similar defects in
new myofiber formation as Sulf SK-DN muscles. Before testing
this hypothesis, we characterized the kinetics of non-canonical
Wnt signaling during skeletal muscle regeneration. Western
blot assays showed that levels of downstream p-CamKii and
p-Jnk increased upon injury, peaked around day 3 post-injury,
and fully recovered 1 week after injury (Fig. 5A). Although

CamKii and Jnk can be activated by multiple signals, we
observed that their activation was affected by Wnt-specific
inhibitors, indicating that CamKii and Jnk activation were reli-
able readouts for non-canonical Wnt signaling in our assays
(see Fig. 7,A and B). Therefore, non-canonicalWnt signaling is
activated before and during myoblast fusion between day 3 and
day 5 post-injury.
We compared the levels of p-CamKii and p-Jnk betweenWT

and Sulf SK-DN muscles at day 3 post-injury, the peak of non-
canonicalWnt signaling. Consistentwith results frommyoblast
cultures, Sulf SK-DNmuscles exhibited higher levels of p-Cam-
Kii (5.5 � 3.4 (Sulf SK-DN) versus 1.25 � 1.13 (WT) density
units; p � 0.05) and p-Jnk (4.57 � 2.67 (DN) versus 0.58 � 0.43
(WT) density units; p � 0.05) (Fig. 5B). These observations in
vivo support our in vitro data that Sulfs are negative regulators
of non-canonical Wnt signaling.
To mimic elevated non-canonical Wnt signaling in Sul-

f SK-DN muscles, we injected Wnt7a (50 �l at a concentration
of 25 ng/ml) into WT muscles 24 h post-injury and assessed
changes in signaling activity and the efficacy of regeneration at
day 3 and day 5 post-injury. Western blot assays showed that

FIGURE 4. Sulfs differentially regulate canonical and noncanonical Wnt signaling in myoblast culture. A, primary WT and Sulf SK-DN myoblast cultures
were treated with increasing amounts of recombinant Wnt3a (Wnt3a; 0, 1, 3, 10, 30, 100 ng/ml) and specific glycogen synthase kinase 3� inhibitor 6-bromoin-
dirubin-3�-oxime (5 �M) for 24 h and subjected to Western blot analysis to detect stabilized �-catenin. Gapdh was the loading control. Images represent one
of three independent experiments. B, quantification of stabilized �-catenin levels upon Wnt3a treatment after normalizing to Gapdh is shown. Densitometry
was shown as the mean � S.D., n 	 3. **, p � 0.05; *, p � 0.1. C, WT and Sulf SK-DN myoblast cultures were treated with vehicle or Wnt3a (30 ng/ml) for 48 h. The
induction of mRNA expression of canonical Wnt target gene Axin2 was assayed by quantitative RT-PCR. Relative gene expression (in C) and -fold induction (in
D) of Axin2 gene expression were shown. Data represent the mean and S.D. of four independent experiments. #, p � 0.01. E, WT and Sulf SK-DN cultures were
treated with increasing amount of recombinant Wnt7a (Wnt7a; 0, 1, 3, 10, 30, 100 ng/ml) for 1 h. Western blot assays were used to detect downstream
noncanonical Wnt signaling components, p-Jnk and p-CamKii. Signals were normalized to Gapdh. Results of two independent experiments was shown in F. DU,
density unit.
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Wnt7a treatment increased the levels of p-CamKii and p-JnK
(Fig. 5C). Wnt7a also led to an increase in the Pax7� SC popu-
lation as compared with vehicle-treated controls at day 5 post-
injury (360 � 105 (Wnt7a) versus 224 � 37 (vehicle) per mm2;
p� 0.05) (Fig. 5Ea), consistent with a role ofWnt7a in promot-
ing symmetric cell division for the expansion of SCs (27). Nota-
bly, Wnt7a treatment also increased the abundance of myofi-
bers with one nucleus within muscle cross-sections, although
the effect did not reach statistical significance (Fig. 5,D andEb).
In addition,Wnt7a increased the abundance of small newmyo-
fibers (Fig. 5Ec) and reduced the average size of new myofibers
(850 � 178 �m2 (Wnt7a) versus 935 � 232 �m2 (vehicle); p �

0.05) (Fig. 5Ed). Overall, the effects of exogenous Wnt7a on
regeneratingWTmuscles mimicked phenotypes of Sulf SK-DN
muscles. These findings provide evidence that Sulfs repress
non-canonical Wnt signaling to promote myoblast fusion dur-
ing regeneration.
Sulfs Indirectly Repress Non-canonical Wnt Signaling by Pro-

moting Opposing Canonical Wnt Signaling—To identify mech-
anisms underlying differential effects of Sulfs on canonical and
non-canonical Wnt signaling, we performed Wnt-heparin
binding assays. Recombinant Wnt protein was incubated with
heparin-conjugated agarose beads that were predigested by
similar amounts of Sulf2 and inactive Sulf2 (C-S) (Fig. 6A) (20).

FIGURE 5. Elevated non-canonical Wnt signaling partially mimics Sulf deficiency during skeletal muscle regeneration. A, temporal activation of Camkii
and Jnk, two downstream effectors of noncanonical Wnt signaling, after CTX-induced injury of TA muscles of WT mice was assayed by Western blot. Gapdh was
used as the loading control. B, Sulfs repress CamKii and Jun activation during muscle regeneration. TA muscles of WT and Sulf SK-DN mice were collected before
injury (�CTX) and on day 3 post-injury (�CTX). Levels of p-CamKii and p-Jnk Gapdh were assayed by Western blot and normalized to Gapdh. The image
represented one of three independent experiments. C, TA muscles of WT mice were treated with vehicle or Wnt7a (50 �l of 25 ng/ml) at day 1 post-injury.
Muscles were collected at day 3 post-injury for immunoblot analyses of p-CamKii and p-Jnk. Gapdh was the loading control. D, vehicle- and Wnt7a-treated TA
muscles of WT mice were collected on day 5 post-injury for immunohistochemical analyses to identify eMyh� new myofibers. Scale bar 	 100 �m. E, shown is
quantification of the SC population (a), relative abundance of new myofibers with one and more myonuclei (b), and of increasing sizes (c and d) in vehicle and
Wnt7a-treated muscles of WT mice. Data presented are the mean and S.D. of three independent experiments. #, p � 0.01; **, p � 0.05; *, p � 0.1. DU, density
unit.
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Sulf2(C-S) lacks enzymatic activity due to a pointmutation that
converts an essential Cys to Ser in the enzymatic domain (30).
The effect of Sulf onWnt-HS binding was assessed by compar-
ing the amount of Wnt bound to Sulf2-desulfated heparin and
Sulf2(C-S)-treated heparin. The canonicalWnt3a (1 ng) bound
to heparin, a highly sulfated and secretedHSderivative. In addi-
tion, Wnt3a-heparin binding was reduced by the active Sulf2
enzyme but not inactive Sulf2(C-S) (Fig. 6A). In contrast,
Wnt7a did not bind to heparin even at a concentration 100
times that of Wnt3a (Fig. 6B). Consistently, HS binding Wein-
traub sequences (31) were identified in Wnts that have been
shown to activate canonical pathway, such asWnt3a, but not in
a large majority of non-canonical Wnts, including Wnt7a and
others that are expressed by regenerating skeletal muscle
(Table 1) (27).
A lack ofWnt7a-heparin binding suggested that Sulfs repress

non-canonical Wnt7a signaling through indirect mechanisms.
One such mechanism may be Sulf-enhanced canonical Wnt
signaling, as the canonical pathway is known to antagonize
non-canonical Wnt signaling (32–34). If true, blocking canon-
ical Wnt signaling would activate the non-canonical pathway.
To test this, we treated WT myoblast cultures for 48 h with
Dkk1, a specific inhibitor of the canonical Wnts (34). Dkk1

treatment blocked �-catenin stabilization while significantly
increasing the level of p-CamKii by �2.7-fold to a level similar
to that in Sulf SK-DN cultures (Fig. 7A). In addition, treatment
with sFRP2 also significantly increased p-CamKii levels in WT
myoblasts but to a smaller extent than Dkk1 (Fig. 7A), consis-
tent with sFRP2 interference with both canonical and non-ca-
nonicalWnts. Compared withWTmyoblasts, Dkk1 and sFRP2
had little effect on non-canonical Wnt signaling in Sulf SK-DN
myoblasts (Fig. 7A), which may be due to already low levels of
canonical Wnt signaling in Sulf SK-DNmyoblasts (Figs. 4A and
7A).
Treatment with sFRP2 differentially affected activation of

CamKii and Jnk in regenerating WT and Sulf SK-DN muscles.
sFRP2 injected 24 h after injury elevated the levels of p-CamKii
and p-Jnk in WT muscles as compared with vehicle-treated
muscles at day 3 post-injury (Fig. 7B). In contrast, sFRP2 treat-
ment reduced p-CamKii and p-Jnk in regenerating Sulf SK-DN
muscles to levels similar to vehicle-treated WT muscles (Fig.
7B). These observations in vivo further support a Sulf-depen-
dent antagonizing role of the canonical Wnt pathway against
the noncanonical pathway.
Mechanisms underlying the opposition of the noncanonical

Wnt pathway by canonical Wnt signaling are complex and
likely involve components on the cell surface and at intracellu-
lar compartments in the myoblasts (32–35). However, because
Sulfs are HS-modifying enzymes that function in the lipid raft
to potentiate canonical Wnt signaling (19), we reasoned that a
lipid raft-associated mechanism may be involved in Sulf regu-
lation of the noncanonical pathway. Indeed, it was shown pre-
viously that cell membrane localization of the Wnt co-recep-
tors, LRP5/6, in the lipid raft and internalizationwith caveolin3,
a lipid raft marker, activates the canonical Wnt pathway,
whereas DKK1 disrupts LRP5/6 internalization with caveolin3,
leading to activation of the noncanonicalWnt pathway (33, 34).
To assess whether Sulfs regulated subcellular colocalization
LRP5/6 with caveolin3, we performed immunostaining for
LRP5/6 inWT and Sulf SK-DNmyoblasts. We found that more

FIGURE 6. Non-canonical Wnt7a does not bind heparin. A, 293T cells trans-
fected with empty vector (Ctrl), Sulf2-Myc, or inactive Sulf2(C-S)-myc expres-
sion vector were assayed for Sulf2 expression by Western blot using the Myc
antibody. Wnt3a (1 ng) bound to heparin or Sulf2-digested heparin was
assayed. Sulf2 reduced Wnt3a-heparin binding. B, increasing amounts of
Wnt7a (0, 10, 30, or 100 ng) were incubated with heparin or Sulf2-digested
heparin to allow binding. The amount of Wnt7a bound to heparin was
assayed by Western blot. No significant binding of Wnt7a to heparin was
observed. Images represent one of three independent experiments.

TABLE 1
HS binding Weintraub sequences within Wnts
Bmeans any basic amino acid residue.Xmeans any amino acid residue.Weintraub sequences (in bold) are found in severalWnts, includingWnt3a that is known to induce
canonical signaling in myogenic population. Wnts that have been shown to induce noncanonical signaling in myogenic cells, such as Wnt7a, lack Weintraub sequences.
Note: not allWnts listed in the table have been tested for their function during skeletal muscle regeneration or their activities in the canonical versus noncanonical signaling
pathways in myogenic cells.

Protein
GI

number
Reference
number Residues Heparan sulfate binding concensus sequence (XBBBXBX or XBBXBX)

Wnt1 4885655 NP_005421.1 61–80 LQLLSRKQRR LIRQNPGILH
Wnt2 4507927 NP_003382.1 171–190 FVDAKERKGK DARALMNLHN
Wnt2b 13518017 NP_004176.2 181–200 KAFVDAKEKR LKDARALMNL
Wnt3 13540477 NP_110380.1 321–340 TRTEKRKEKC HCIFHWCCYV
Wnt3a 14916475 NP_149122.1 321–340 ERRREKCRCV FHWCCYVSCQ
Wnt4 17402922 NP_110388.2
Wnt5a 40806205 NP_003383.2
Wnt5b 14249180 NP_116031.1 251–270 SAAAMRVTRK GRLELVNSRF
Wnt6 16507239 NP_006513.1
Wnt7a 17505191 NP_004616.2
Wnt7b 17505193 NP_478679.1
Wnt8a 17505195 NP_490645.1
Wnt8b 110735437 NP_003384.2 271–290 ECLRRGRALG RWERRSCRRL
Wnt9a 15082261 NP_003386.1 61–80 RLKLERKQRRMCRRDPGVAE
Wnt9b 17017976 NP_003387.1 51–70 HLKQCDLLKL SRRQKQLCRR
Wnt10a 16936520 NP_079492.2 161–180 ASRRGDEEAF RRKLHRLQLD
Wnt10b 16936522 NP_003385.2 241–260 ENLKRKCKCH GTSGSCQFKT
Wnt11 17017974 NP_004617.2
Wnt16 17402916 NP_476509.1 261–280 DKTKRKMRRR EKDQRKIPIH
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than 50% of WT myoblast cells (58 � 8%) exhibited a punctu-
ated LRP5 immunolabeling that was largely colocalized with
caveolin3 around the cell surface (Fig. 7, C and D). In contrast,
less than 15% of DKK1-treated WT myoblasts (14 � 6%) and
Sulf SK-DN myoblasts (11 � 2%) exhibited punctated LRP5
staining, and LRP5 was largely diffusively distributed in these
cultures (Fig. 7C). Importantly, the level of caveolin3 expression
in myoblasts was not affected by Sulf deficiency (see Fig. 10B).
This observation suggests that Sulfs regulate the subcellular
localization of LRP5/6, a switch between the twoWnt signaling
pathways.
sFRP2 Treatment Rescued theMuscle Regeneration Defects of

Sulf SK-DN Mice—To establish that elevated non-canonical
Wnt signaling causes the defects in skeletal muscle regenera-

tion of Sulf SK-DN mice, we tested whether blockade of over-
activated non-canonical Wnt signaling by sFRP2 at 24 h post-
injury rescued regeneration defects of Sulf SK-DN muscles. At
day 5 post-injury, compared with vehicle treatment, sFRP2
increased the size of newmyofibers and abundance of multinu-
cleated myofibers (Fig. 8, A and B, b and c). The average size of
new myofibers in sFRP2-treated Sulf SK-DN TA muscles was
significantly larger than vehicle-treated Sulf SK-DN muscles
(644� 54�m2 (sFRP2) versus 468� 53�m2 (vehicle); p� 0.05)
(Fig. 8Bd). However, the size of these new myofibers was
smaller as compared with WT muscles, indicating that sFRP2
partially rescued the defect in myofiber regeneration in
Sulf SK-DN mice (Fig. 8Bd). sFRP2 treatment of regenerating
Sulf SK-DNTAmuscles also led to a decrease in Pax7� SC pop-

FIGURE 7. Sulfs indirectly repress noncanonical Wnt signaling but directly promote opposing canonical Wnt signaling. A and B, primary myoblast
cultures (in A) or regenerating TA muscles (in B) of WT and Sulf SK-DN mice were treated with Wnt inhibitors (2 �g/ml sFRP2 or 0.5 �g/ml Dkk1). Downstream
activators of canonical and noncanonical Wnt signaling, stabilized �-catenin and p-CamKii/p-Jnk, respectively, were assayed by Western blot. Gapdh was the
loading control. Quantification was performed by normalizing signals of p-CamKii and stabilized �-catenin to Gapdh by densitometry. Images represent one
of four independent experiments. C, primary WT myoblast cultures of WT and Sulf SK-DN mice in growth medium were immunolabeled using an antibody
against LRP5. WT myoblast cells exhibited punctuated LRP5 labeling (pointed by white arrows), whereas LRP5 labeling appeared diffusive in DKK1-treated WT
myoblast cultures and in Sulf SK-DN myoblast cultures. The percentage of cells that exhibited punctuated LRP5 staining was shown in images. Images shown
were representative of three independent experiments. Scale bars, 50 �M. D, colocalization of LRP5 and caveolin3, a lipid raft marker, in WT myoblasts by
confocal microscopy is shown. Arrows pointed to punctuated immunolabeling of LRP5 and caveolin3 around the cell surface. #, p � 0.01; **, p � 0.05; *, p � 0.1.
DU, density unit.

Sulfs Promote Myoblast Fusion during Skeletal Muscle Regeneration

32660 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 39 • SEPTEMBER 21, 2012



ulation (229 � 11 (sFRP2) versus 332 � 69 (vehicle) per mm2;
p � 0.05) (Fig. 8Ba). These observations together with our
results that sFRP2 represses non-canonical Wnt signaling in
vivo provide strong evidence that elevated non-canonical Wnt
signaling is the likely cause for defective myofiber formation in
Sulf SK-DN mice.
Canonical and Non-canonical Wnts Differentially Regulate

Myoblast Fusion and Myofiber Size in Culture—To directly
test that non-canonical Wnt signaling affects myoblast
fusion, WT myoblast cultures were treated with Wnt7a (100
ng/ml) for 48 h before fusion was assessed. Wnt7a treatment
led to higher percentages of single-nucleated myofiber and
lower percentages of myofibers withmore than four nuclei as
compared with vehicle-treated cultures (Fig. 9A), suggesting
that non-canonical Wnt signaling repressed myoblast
fusion. In addition, canonical Wnt3a partially rescued fusion
defects of Sulf SK-DN cultures, asWnt3a increased the abun-
dance of multinucleated myofibers (Fig. 9B). Therefore,
results of these in vitro assays indicate that the canonical and
non-canonical Wnt pathways have opposing effects on myo-
blast fusion. Sulfs, by promoting canonical Wnt signaling to

antagonize non-canonical Wnt signaling, may function to
increase myoblast fusion.
Sulfs Regulate Non-canonical Wnt-dependent FAK Activa-

tion andDistribution to PromoteMyoblast Fusion—We further
investigated the mechanism of non-canonical Wnt and Sulf
regulation of myoblast fusion. Because myofiber phenotypes of
Sulf SK-DN mice are similar to those of FAK�/� mice (4), we
investigated whether Sulfs and non-canonical Wnts regulate
myoblast fusion through the FAK signaling pathway. We
assayed both the level and subcellular distribution of activated
p-FAK in WT and Sulf SK-DN myoblasts with and without
Wnt7a treatment. Western blot assays showed that FAK was
activated at day 3 post-injury (Fig. 10A) at the peak of CamKii
and Jnk activation (Fig. 5A). Compared with WT controls, lev-
els of p-FAK were significantly reduced in regenerating
Sulf SK-DN muscles (0.31 � 0.28 (Sulf SK-DN) versus 2.69 �
0.65 (WT), p � 0.01) at day 3 post-injury (Fig. 10A) and in
Sulf SK-DN myoblast cultures (Fig. 10B), suggesting that Sulfs
are required for FAK activation. Interestingly, Wnt7a had no
effect on p-FAK levels (Fig. 10B). However, Wnt7a treatment
reduced myoblast fusion in culture similar to Sulf deficiency

FIGURE 8. sFRP2 treatment partially rescued defects in SCs and new myofiber size of SulfSK-DN muscles. A, TA muscles of Sulf SK-DN mice were treated
with vehicle or sFRP2 (50 �l of 2 �g/ml) on day 1 post-injury and collected on day 5 post-injury for immunohistochemical analyses to identify eMyh� new
myofibers. B, quantification of SC number (a), relative abundance of mono- and multinucleated new myofibers (b), and new myofiber size (c and d) in vehicle-
and sFRP2-treated Sulf SK-DN muscles is compared with WT muscles. Data represent the mean and S.D. of three independent experiments. **, p � 0.05; *, p �
0.1. Scale bars, 100 �M.

Sulfs Promote Myoblast Fusion during Skeletal Muscle Regeneration

SEPTEMBER 21, 2012 • VOLUME 287 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 32661



(Fig. 9). Because subcellular localization of p-FAK is crucial for
FAK function, we speculated that Wnt7a and Sulfs may simi-
larly regulate subcellular distribution of p-FAK to affect myo-
blast fusion.
To assess the effect of Sulfs and non-canonicalWnts on sub-

cellular distribution of p-FAK, we assayed p-FAK immunore-
activity in low density WT and Sulf SK-DN myoblast cultures.
After 24 h in differentiation media, myoblasts differentiated
into myocytes, and a large majority of them were mononu-
cleated before fusion (supplemental Fig. 5). At this time point,
we did not observe any difference in punctuated p-FAK immu-
nostaining, which is indicative of clustering of p-FAK in cell
surface subdomains between WT and Sulf SK-DN cultures and
at the presence of Wnt7a (supplemental Fig. 5). However, after
48 h in culture when myoblasts fuse to form multinucleated
myofibers, WT cultures retained punctuated p-FAK immuno-
reactivity, whereasWnt7a disrupted clustering of p-FAKon the
cell membrane (Fig. 10C, a and b). To compare, we quantified
the percentages of cells with punctuated p-FAK staining in both
control andWnt7a-treatedWT cultures. The majority of vehi-
cle-treated control myoblasts and nascent myofibers (57.5 �
6.5%) exhibited punctuated immunolabeling of p-FAK as com-
pared with small percentages of Wnt7a-treated cultures
(18.0� 5.7%,p� 0.01) (Fig. 10Cd). In addition, only 13%of cells
in Sulf SK-DN cultures exhibited punctuated p-FAK distribu-
tion, similarly to that in Wnt7a-treated WT cultures (18.0 �
5.7%) (Fig. 10C, c and d). Together, defective myoblast fusion
caused by Sulf deficiency andWnt7a treatment was associated
with aberrant subcellular distribution of p-FAK.

DISCUSSION

In this study we investigate functions of Sulfs during skele-
tal muscle regeneration using a skeletal muscle-specific
Sulf SK-DN mouse line. Sulf SK-DN mice exhibit two distinct
phenotypes of muscle regeneration. One phenotype is a tran-

sient increase in the number of satellite cells, similar to that
observed in systematic Sulf double null mice (20). We demon-
strated previously that Sulfs repress FGF2 and hepatocyte
growth factor signaling to induce differentiation of satellite
cells (20). Here, we show that exogenous Wnt7a further
increases the number of satellite cells during regeneration of
WT skeletal muscles, whereas sFRP injection partially rescues
this satellite cell phenotype in regenerating muscles of Sul-
f SK-DN mice. These observations suggest that Sulfs may have
an additional role in regulating non-canonicalWnt signaling to
control the number of satellite cells. The non-canonical Wnts
have been shown to induce symmetric expansion of a subset of
satellite cells (27). Because this subset of satellite cells express
Pax7 but not Myf5, their expression of Sulfs is not affected in
Sulf SK-DNmice. Therefore, non-canonicalWntsmay also reg-
ulate Pax7 expression inMyf5� SCs. If true, Sulfs may play dual
inhibitory roles in the FGF/hepatocyte growth factor and non-
canonical Wnt pathways to induce SC differentiation.
This study focuses on the other phenotype of Sulf SK-DN

mice, delayed myoblast fusion during skeletal muscle regener-
ation. Results of mimic and rescue assays in vivo demonstrate
that Sulfs repress non-canonical signaling to promotemyoblast
fusion. We ruled out the possibility that Sulfs directly regulate
non-canonical Wnt signaling based on a lack of non-canonical
Wnt-HS binding. Instead, we proposed that Sulfs indirectly
represses non-canonicalWnt signaling by promoting opposing
activities of canonical Wnt signaling. We provide several lines
of evidence in support of opposing interactions of the twoWnt
pathways. First, Sulf deficiency is associated with a reduction in
canonical Wnt signaling but an increase in non-canonical Wnt
signaling in vivo and in vitro. Second, blockade of canonical
Wnt signaling byDkk1 elevates non-canonicalWnt signaling in
wild typemyoblast cultures. Third, the twoWnt pathways have
opposite effects onmyoblast fusion. Fourth, Sulfs potentiate the

FIGURE 9. Canonical and noncanonical Wnts differentially affects myoblast fusion. A, primary myoblast cells of WT mice were treated with vehicle or
Wnt7a (100 ng/ml) in differentiating media for 48 h. Myoblast fusion was assessed after immunolabeling followed by quantification of relative abundance of
mono- and multinucleated myofibers. B, primary myoblast cells of Sulf SK-DN mice were treated with vehicle or Wnt3a (30 ng/ml) before immunolabeling and
assessment of fusion. Data represent the mean and S.D. of three independent experiments. #, p � 0.01; **p � 0.05; *, p � 0.1. Scale bars, 100 �M.
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co-localization of LRP5 and caveolin3. Sulfs, which are in the
lipid raft (19), may enhance the formation of a Wnt-frizzled
receptor-LRP5/6 co-receptor complex in the lipid raft, thereby
increasing the bioavailability of LRP5 to interact with caveo-
lin3 for activation of the canonical Wnt pathway. Sulf defi-
ciency may decrease the formation of the complex, resulting
in reduced LRP5/6 internalization with caveolin3 and subse-
quently elevated noncanonical Wnt signaling. Collectively,
we propose that Sulfs coordinate canonical and non-canon-
icalWnt signaling activities to promote myoblast fusion dur-
ing skeletal muscle regeneration. Without Sulfs, canonical
Wnt signaling is diminished, whereas non-canonical Wnt
signaling is elevated, resulting in defective new myofiber
formation.
Our studies on the level and subcellular distribution of

p-FAK support FAK signaling as a downstream candidate of
Sulf-enhanced myoblast fusion. We show that Sulfs are
required for both activation and surface distribution of FAK.
Activated FAK was found to cluster on the cell membrane of
myoblasts. The distinct cell surface distribution of p-FAK was
not affected by Sulf deficiency or non-canonical Wnt7a at 24 h

in differentiation media after myoblasts differentiated before
fusion. However, at 48 h, both Sulf-deficient and Wnt7a-
treated myoblast cultures showed disrupted cell surface clus-
tering of p-FAK with associated defects in myoblast fusion.
These findings indicate that Sulfs and noncanonicalWnts have
opposite effects on subcellular distribution of p-FAK during
myoblast fusion. The clustering of p-FAK may reflect cell-cell
contact that is required for myoblast fusion. The function of
p-FAK clustering in myoblast fusion needs to be tested by
future work using tools that allow spatially and temporally con-
trolled FAK activation in myoblasts. Based on our finding that
non-canonical Wnt signaling blocks activated FAK clustering,
Sulfs may promote myoblast fusion by antagonizing non-ca-
nonical Wnt-disrupted FAK subcellular localization. Mecha-
nisms underlying differential regulatory effects of Sulf and non-
canonicalWnt on FAK activation andmembrane clustering are
unknown. However, we speculated that Sulfs might affect func-
tions of syndecan-4, a heparan sulfate proteoglycan that is
highly expressed in satellite cells (36). Syndecan-4 is required to
activate FAK and focal adhesion formation (37) at least partially
mediated through the attached HS chains (38).

FIGURE 10. Sulfs promote FAK activation and clustering. A, TA muscles of WT and Sulf SK-DN mice were collected at day 3 post-injury for Western blot assays
of p-FAK. Gapdh was the loading control. Images represent one of four independent experiments. B, WT and Sulf SK-DN myoblasts in cultures were treated with
vehicle or Wnt7a (100 ng/ml) for 48 h before Western blot assays of p-FAK and caveolin3. Gapdh was the loading control. Images represent one of three
independent experiments. C, shown is immunocytochemistry to assay subcellular localization of p-FAK (green) in WT myoblast cells that were treated with
vehicle or Wnt7a for 48 h and in Sulf SK-DN myoblasts in differentiation medium. Nuclei were labeled with Hoechst dye (blue). Arrowheads point to punctuated
p-FAK clustering. Percentages of cells with punctuated p-FAK immunolabeling are shown in d. Data are the mean and S.D. of four independent experiments.
#, p � 0.01. Scale bars, 100 �M.
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Recently, noncanonical Wnts have been shown to induce
skeletal muscle hypertrophy after Wnt7a was overexpressed in
the skeletal muscle or myoblasts for extended periods of time
(39). Whether Sulfs also regulate noncanonical Wnts-induced
muscle hypertrophy require further investigation.
In summary, our findings indicate that Sulfs havemultiple roles

during skeletal muscle regeneration. Sulfs not only repress FGF2/
hepatocytegrowth factor signaling inSCs to inducedifferentiation
but also enhance the opposition of the canonical Wnt pathway
against non-canonicalWnt signaling to promotemyoblast fusion.
Thus, Sulfs may serve as potential therapeutic targets to increase
the efficacy of skeletal muscle regeneration for the treatment of
muscular dystrophy and age-related atrophy.
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