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The cysteine protease calpain 3 (CAPN3) is essential for normal muscle function, since mutations in CAPN3
cause limb girdle muscular dystrophy type 2A. Previously, we showed that myoblasts isolated from CAPN3
knockout (C3KO) mice were able to fuse to myotubes; however, sarcomere formation was disrupted. In this
study we further characterized morphological and biochemical features of C3KO myotubes in order to
elucidate a role for CAPN3 during myogenesis. We showed that cell cycle withdrawal occurred normally in
C3KO cultures, but C3KO myotubes have an increased number of myonuclei per myotube. We found that
CAPN3 acts during myogenesis to specifically control levels of membrane-associated but not cytoplasmic
B-catenin and M-cadherin. CAPN3 was able to cleave both proteins, and in the absence of CAPN3, M-cadherin
and (3-catenin abnormally accumulated at the membranes of myotubes. Given the role of M-cadherin in
myoblast fusion, this finding suggests that the excessive myonuclear index of C3KO myotubes was due to
enhanced fusion. Postfusion events, such as 1D integrin expression and myofibrillogenesis, were suppressed
in C3KO myotubes. These data suggest that the persistence of fusion observed in C3KO cells inhibits

subsequent steps of differentiation, such as integrin complex rearrangements and sarcomere assembly.

Calpain 3 (CAPN3) belongs to a family of Ca-dependent,
nonlysosomal, cysteine proteases that includes both ubiqui-
tously expressed and tissue-specific members (19). CAPN3
(with a molecular mass of 94 kDa) is the major calpain isoform
expressed in adult skeletal muscles. Mutations in CAPN3
cause limb girdle muscular dystrophy 2A (LGMD2A), an au-
tosomal recessive muscle disease characterized by progressive
atrophy and weakness of the proximal limb muscles (40).

We generated CAPN3 knockout (C3KO) mice and showed
that these mice develop moderate muscle atrophy and growth
deficiencies which are consistent with the human phenotype of
LGMD2A. Examination of muscles from adult C3KO mice
revealed abnormal sarcomere structure. Furthermore, studies
on primary myoblast cultures revealed severe abnormalities
during the terminal steps of myogenesis. C3KO myoblasts were
able to fuse to form myotubes, but myofibrillogenesis was in-
hibited (or delayed) as was shown by ultrastructural and bio-
chemical analyses (30).

Mechanisms occurring during the final steps of myogenic
differentiation (i.e., myoblast fusion and sarcomere assembly)
are not well understood in mammals. However, several classes
of transmembrane molecules, including members of the cad-
herin and immunoglobulin families, have been shown to play a
role in the fusion process (26). It is likely that the mammalian
fusion complex comprises many components with redundant
functions, a feature that makes its analysis very difficult. Nu-
merous observations indicate that M-cadherin is involved in
the fusion of myogenic cells. For example, synthetic peptides
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that bind to the extracellular domain of M-cadherin and block
homophilic interactions were able to block myoblast fusion in
a dose-dependent manner (48). Recently, the importance of
M-cadherin for fusion of cultured myoblasts was confirmed
by the RNA interference method (11). Moreover, changes
in M-cadherin levels led to changes in fusion: downregula-
tion of M-cadherin caused inhibition, while upregulation of
M-cadherin caused enhancement of the fusion process (11,
46). Although these data show that M-cadherin is involved
in myoblast fusion, mice lacking M-cadherin develop normal
skeletal musculature and M-cadherin knockout myogenic
cells can fuse normally, suggesting that other molecules can
largely compensate for the lack of M-cadherin in vivo (23).
Thus, these observations indicate that, even though M-cad-
herin loss of function does not prevent fusion, perturbation
of M-cadherin levels modulates fusion of myogenic cells in
vitro, suggesting that M-cadherin plays a role in mediating
the fusion process.

One of the intracellular components of the cadherin com-
plex is B-catenin, a protein that has been shown to play a dual
role in myogenesis. First, a cytoplasmic pool of B-catenin plays
a role in Wnt signaling that regulates myogenic fate specifica-
tion during both embryonic development (14) and adult mus-
cle regeneration (38, 41). B-Catenin also plays a role in later
stages of myogenic differentiation as a component of the cad-
herin cell adhesion complex (32). Shortly after myoblasts are
transferred to differentiation medium, B-catenin levels in-
crease and B-catenin is recruited to the cadherin complex. This
process has been shown to be crucial for expression of myo-
genin, a transcription factor that regulates progression towards
the terminal stages of myogenic differentiation (18). However,
perplexingly, overexpression of B-catenin had an inhibitory
effect on myogenesis (18), suggesting that there is a mechanism
for regulating the B-catenin pool not only in the cytoplasm,
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which is a well-known phenomenon in Wnt signaling, but also
at the membrane.

Recently, a muscle-specific ubiquitin ligase, called Ozz-E3
that regulates specific degradation of B-catenin associated with
the cell membrane, was identified (36). Interestingly, accumu-
lation of B-catenin due to null mutation of Ozz-E3 or due to
overexpression of a 3-catenin fragment that competes for bind-
ing to Ozz leads to severe defects in myofibrillogenesis, result-
ing in the absence of visible sarcomere formation in mutant
myotubes. In spite of this in vitro phenotype, Ozz null mice
form well-developed muscles, albeit with sarcomere abnormal-
ities. These in vitro and in vivo characteristics are very similar
to those which we observed in C3KO mice (30).

In this study we further examined the biochemical and mor-
phological features of C3KO myotubes to elucidate a role for
CAPN3 in myogenesis. In particular, we investigated the rela-
tionship between CAPN3 and the cadherin complex. This
study revealed that in addition to defects in myofibrillogenesis,
some C3KO myotubes were morphologically abnormal and
contained big clusters of myonuclei. Overall, the myonuclear
indices of C3KO myotubes and adult myofibers were higher
than those in wild-type (WT) myotubes and myofibers. We
found that both B-catenin and M-cadherin are substrates for
CAPN3 protease and that CAPN3 specifically controls the
level of membrane-associated B-catenin and M-cadherin dur-
ing myogenesis. We hypothesize that persistence of the M-cad-
herin—B-catenin complex at the membranes of C3KO myo-
tubes causes excessive fusion and delayed myofibrillogenesis in
the absence of CAPN3.

MATERIALS AND METHODS

Primary muscle cell culture. Myogenic cells were isolated from C3KO and WT
mice in parallel as previously described (24, 39). Three 8-day-old mice were used
for each culture. Cells were maintained in Ham’s F10 medium supplemented
with 20% fetal bovine serum, 5 ng/ml basic fibroblast growth factor, 100 U/ml
penicillin, and 100 wg/ml streptomycin on gelatin-coated or ECL (Upstate Bio-
technology)-coated dishes. Myoblast fusion was induced by placing the cells in
differentiation medium, Dulbecco modified Eagle medium supplemented with
insulin-transferrin-selenium A (1:100 dilution; Gibco) for 3 days. To visualize
nuclei, cells were fixed with 2% paraformaldehyde in phosphate-buffered saline
(PBS) for 15 min and stained with 4',6’-diamidino-2-phenylindole (DAPI)
(Sigma) for 15 min at room temperature. For immunostaining, cells were washed
with PBS, permeabilized for 4 min at room temperature with 0.5% Triton X-100
and 2% paraformaldehyde in PBS, and postfixed for 25 min with 2% paraform-
aldehyde. The following antibodies were used: rabbit polyclonal anti-B-catenin
(Sigma) and mouse monoclonal anti-M-cadherin (BD Biosciences).

Muscle extract preparation and Western blot analysis. For Western blot
analysis, muscles were homogenized using a Dounce homogenizer in reducing
sample buffer (80 mM Tris, pH 6.8, 0.1 M dithiothreitol, 2% sodium dodecyl
sulfate, and 10% glycerol with protease inhibitor cocktail diluted 1:100 [Sigma]).
The following antibodies were used for Western blot immunostaining: rabbit
polyclonal anti-B-catenin (Sigma), mouse monoclonal anti-V5 (Invitrogen),
mouse monoclonal anti-His antibody (Amersham), mouse monoclonal anti-
CAPN3 12A2 antibody (Novocastra), mouse monoclonal anti-PCNA (DAKO),
mouse monoclonal anti-N-cadherin (obtained from Developmental Studies Hy-
bridoma Bank developed under the auspices of the NICHD and maintained by
the Department of Biological Sciences, University of Iowa, Iowa City), mouse
monoclonal anti-M-cadherin (BD Biosciences), mouse monoclonal antidysferlin
(Novocastra), mouse monoclonal anti-31D integrin antibody MAB1900 (Chemi-
con), rabbit polyclonal anti-B1A integrin antibody AB1952 (Chemicon), mouse
monoclonal antidesmin (Novocastra), mouse monoclonal antivinculin (Sigma),
and mouse monoclonal antitalin (Sigma).

Fractionation of cell and muscle tissue extracts. Subcellular fractions were
prepared as previously described (36). Briefly, cells or soleus muscle samples
were homogenized in a hypotonic solution (10 mM Tris-HCI, pH 7.5, 1 mM
CaCl,, 5 mM KCl, and protease inhibitor cocktail [Sigma]) and incubated for 15
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min on ice. Lysates were centrifuged at 700 X g for 5 min at 4°C, and the
supernatants were then centrifuged at 100,000 X g for 1 h at 4°C. The resulting
supernatant was collected and used as the cytosolic fraction. The pellet was
resuspended in buffer containing 1% Triton X-100 and incubated on ice for 15
min before the second centrifugation at 100,000 X g for 1 h at 4°C. The resulting
supernatant was used as the Triton X-100-soluble fraction, and the pellet was
resuspended in the gel loading buffer containing 2% sodium dodecyl sulfate and
was used as the Triton X-100-insoluble fraction.

M-cadherin, B-catenin, 31A and B1D integrin, and CAPN3 constructs. Full-
length B-catenin was produced by reverse transcription-PCR of mouse muscle
cDNA using primers designed on the basis of the mouse sequence (GenBank
accession number NM_007614). Cytoplasmic tails of M-cadherin and B1A and
B1D integrin were produced by reverse transcription-PCR using primers de-
signed on the basis of the mouse sequences (the corresponding GenBank acces-
sion numbers are M74541, NM_010578.1, and MMU37029, respectively). A V5
epitope was introduced at the 3’ terminus, and a six-His sequence was introduced
at the 5" terminus of each construct to enable detection of the recombinant
proteins. All PCR products were verified by sequencing and cloned into the
baculovirus transfer vector pAcHLT (BD Biosciences). The inactive stable mu-
tant of CAPN3, C129S, was obtained from Hiroyuki Sorimachi (42). The splice
isoforms of CAPN3 were obtained from J. S. Beckmann and I. Richard. cDNAs
of the full-length active CAPN3, the C129S mutant, and splice isoforms were
cloned into pVL1393 baculoviral transfer vector (BD Biosciences) without any
tags to ensure proper protease activity.

Protein coexpression in insect cells. To test whether CAPN3 could cleave
B-catenin, M-cadherin, B1A or B1D integrin, recombinant proteins were coex-
pressed in a baculovirus system according to the manufacturer’s recommenda-
tions (BD Biosciences) and as we previously described (30). Briefly, insect cells
were plated on 10-cm cell culture dishes at 50 to 70% of confluence and coin-
fected with each of the proteins to be tested and either full-length CAPN3, its
splice isoforms, or the C129S inactive mutant using high-titer viral stocks. After
incubation for 3 days at 27°C, cells were harvested, and soluble fractions were
analyzed by Western blotting using appropriate antibodies to detect cleavage and
verify CAPN3 expression.

Measurements of myonuclear index and muscle fiber cross-sectional areas.
Muscles frozen in isopentane were cross-sectioned midbelly, and sections were
stained with mouse monoclonal antidystrophin antibody (kindly provided by L.
Anderson) using a MOM kit (Vector Laboratories). To visualize nuclei, sections
were stained with DAPI (Sigma). After the sections were stained, the slides were
mounted in Gel/Mount (Biomeda Corp.) and examined under a fluorescence
microscope (Zeiss). Nuclei located inside the fiber outlined by the dystrophin-
stained sarcolemma were counted as myonuclei. Cross-sectional areas of fibers
were measured using a digital imaging system (Bioquant, Nashville, TN).

RESULTS

Oversized and disorganized myotubes are present in C3KO
cultures. Previous studies showed that primary myoblasts iso-
lated from C3KO mice were able to fuse to form myotubes;
however, subsequent sarcomere formation was severely af-
fected by the absence of CAPN3 (30). Comparison of 3-day-
old myotubes in C3KO and WT cultures showed that even
though C3KO myotubes did not have an obviously hypertro-
phic appearance, the number of nuclei per myotube (myo-
nuclear index) was significantly higher in C3KO cultures than
in WT cultures (Fig. 1). We also noticed the presence of
abnormal-looking myotubes with disorganized nuclei in C3KO
cultures. In many cases, nuclei were clustered instead of being
evenly distributed along the length of the myotube (Fig. 1A
and C). The myotubes with nuclear clusters were also more
rounded, suggesting that they had defective adhesion (Fig. 1E
and F). Oversized myotubes containing more than 50 nuclei
were found in C3KO cultures (Fig. 1G and H). Such myotubes
were absent in WT cultures. As shown in Fig. 11, the percent-
age of myotubes containing more than seven nuclei was much
higher in C3KO cultures than in WT cultures. These pheno-
typic observations suggest that in the absence of CAPN3, the
fusion process can be dysregulated, leading to formation of
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FIG. 1. C3KO myotubes have an increased number and abnormal distribution of myonuclei. Three-day-old WT (B, D) and C3KO (A, C, E-G)
myotubes were stained with DAPI to visualize nuclei. In some C3KO myotubes, nuclei accumulated in one domain of the myotube (bracket in
panel A). Some myotubes easily detached and formed round nuclear clusters (arrows in panels E and F). Very large myotubes can be found in
C3KO cultures (G, H). The same myotubes were double stained with DAPI (G) to visualize nuclei and anti-embryonic myosin heavy chain (eMHC)
antibody (H) to outline the shape of the myotube. (I) Distribution of myotubes with different numbers of nuclei in C3KO and WT cultures.

myotubes with an increased myonuclear index and defective
nuclear distribution.

Cell cycle withdrawal occurs normally in C3KO muscle cell
cultures. To determine whether the increased myonuclear
index in C3KO myotubes was due to abnormal cell cycle
withdrawal, dynamic changes in the concentration of the
proliferating cell nuclear antigen (PCNA) were examined
(Fig. 2). PCNA is an auxiliary protein of DNA polymerase 8
with a half-life of about 20 h (8). It is highly expressed in the
late G, and early S phases and declines during G, and
mitosis (33, 34). Western blot analysis showed that changes
in PCNA concentration during myogenic differentiation oc-
curred similarly in C3KO and WT cultures (Fig. 2A). No
PCNA was detected in the nuclei inside myotubes in either
C3KO or WT cultures (Fig. 2B). These observations suggest
that cell cycle withdrawal is not affected by the absence of

CAPN3 and that the increased myonuclear index is due to
enhanced fusion of C3KO cells.

Levels of M-cadherin and membrane-associated 3-catenin
are elevated in C3KO myotubes. Since the cadherin-catenin
complex was previously shown to be important for myoblast
fusion and because accumulation of B-catenin at the cell mem-
brane has been reported to have an inhibitory effect on myo-
fibrillogenesis (36), we investigated the effect of the absence of
CAPN3 on cadherin and B-catenin concentrations. To examine
whether levels of B-catenin were altered in C3KO myotubes,
we performed fractionation of extracts from 3-day-old myo-
tubes using differential centrifugation as previously described
(36). These studies showed that the level of B-catenin in total
extracts was not significantly elevated in C3KO extracts com-
pared to WT extracts (Fig. 3A), and no difference in B-catenin
concentration was found in the nuclear or cytosolic fraction.
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FIG. 2. Cell cycle withdrawal occurs normally in C3KO culture.
(A) Western blot analysis showed that the expected decrease in PCNA
concentration occurred similarly in C3KO and WT cultures after they
were switched from growth medium (GM) to differentiation medium
(DM) for 24 or 48 h. KO1 and KO2, two C3KO primary myoblast
cultures; WT, WT primary myoblast culture. WT mouse. (B) WT and
C3KO myoblasts and 2-day myotubes were stained with an antibody
against PCNA and with DAPI to visualize nuclei. While PCNA stain-
ing was evident in both C3KO and WT myoblasts, no PCNA-positive
nuclei were detected in 2-day-old myotubes.

However, the level of B-catenin was much higher in C3KO
myotubes in the membrane-containing fractions (Fig. 3B).
Therefore, loss of CAPN3 correlates with accumulation of
B-catenin at the cell membrane.
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To investigate the effect of the absence of CAPN3 activity on
cadherin levels, Western blots were probed with antibodies
against N-cadherin and M-cadherin. As shown in Fig. 3C, the
level of M-cadherin, but not N-cadherin, was much higher in
C3KO myotubes than in WT myotubes.

During myogenic differentiation in cell culture, the concen-
tration and subcellular localization of PB-catenin undergo
changes. While in myoblasts B-catenin is mainly present in
nuclei, upon the induction of differentiation, it colocalizes with
cadherin at the cell membrane. When myotubes form, B-cate-
nin is no longer detected at the membrane, and the staining is
mostly diffuse (18). In accordance with previous studies (18),
we also observed diffuse staining of B-catenin in 3-day-old WT
myotubes. However, in C3KO myotubes, B-catenin accumu-
lated at the cell membrane where it colocalized with M-cad-
herin (Fig. 4). Since M-cadherin has been previously shown to
play an important role in myoblast fusion in cell culture, per-
sistence of the membrane-associated M-cadherin—f-catenin
complex can lead to continuous fusion, resulting in formation
of giant myotubes and an overall higher nuclear index in C3KO
cultures.

Both p-catenin and M-cadherin are substrates for CAPN3
proteolytic activity. Since B-catenin and M-cadherin accumu-
late in the absence of CAPN3, both proteins may be substrates
for CAPN3 protease. To determine whether B-catenin and
M-cadherin are substrates for CAPN3, we coexpressed both
proteins with different isoforms of CAPN3 in insect cells. Since
it is impossible to purify sufficient quantities of proteolytically
active CAPN3 due to its extreme instability, the coexpression
method has been routinely used to identify CAPN3 substrates
(2, 21, 22, 30, 43). During myogenesis, several isoforms of
CAPN3 are generated due to alternative splicing of exon 6 and
exons 15 and 16 of CAPN3. The exon 6 and exon 157,16~
isoforms are much more abundant in myoblasts than in myo-
tubes, and full-length CAPN3 mRNA is the major form ex-
pressed in myotubes (22). Only the full-length CAPN3 mRNA
is expressed by fully differentiated muscle. As shown in Fig. SA
and B, both B-catenin and M-cadherin were cleaved by full-
length CAPN3, which led to a decrease in their concentrations
when both proteins were coexpressed with the proteolytically
active form of CAPN3. No stable cleavage products were ob-
served, suggesting a rapid degradation of B-catenin and M-
cadherin after cleavage by CAPN3. For a negative control for
these experiments, we used the C129S point mutant of CAPN3
that has no enzymatic activity. Figure 5C shows that although
a major amount of CAPN3 was present in the cytosolic frac-
tion, a portion was also present in the Triton X-insoluble
membrane-containing fraction. The ability of CAPN3 to cleave
B-catenin and M-cadherin and the accumulation of these pro-
teins in the membrane fractions of C3KO myotubes suggest
that CAPN3 specifically controls the levels of membrane-asso-
ciated B-catenin and M-cadherin.

Interestingly, neither of the splice isoforms (exon 6~ or exon
157,167) were able to cleave B-catenin or M-cadherin (Fig. SA
and B, lanes EX6~ and EX15,167). Both full-length CAPN3
and the exon 6 isoform can cleave a number of cytoskeletal and
myofibrillar proteins, such as talin, filamin, vinexin, ezrin, and
different domains of titin, with similar efficiencies (43) (E.
Kudryashova, unpublished observation). To the best of our
knowledge, B-catenin and M-cadherin are the only substrates
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FIG. 3. Membrane-associated B-catenin and M-cadherin are highly elevated in C3KO myotubes. (A) The total concentration of B-catenin is
not significantly higher in 3-day C3KO myotube extracts than in the corresponding WT myotube extracts. Two WT cultures (WT 1 and WT2) and
two C3KO cultures (KO1 and KO2) were used. The y axis on the graph shows arbitrary units of the ratio between the Western blot signal and the Ponceau
red signal (protein loading) for each lane. (B) Fractionation of 3-day myotubes was performed as previously described (36) (see also Materials and
Methods). While in the nuclear (nucl) and cytosolic (cytosol) fractions the levels of B-catenin in C3KO cells are similar to those in the WT cells,
membrane-containing Triton X-100-soluble and, especially, Triton X-100-insoluble fractions from C3KO cells contain much more B-catenin than
the corresponding WT fractions. Ponceau staining of the Western blot is shown as a gel loading control, and staining with membrane protein
dysferlin is shown as a fractionation control. Please notice that dysferlin levels may not reflect the total protein concentration in a given fraction,
since secondary reductions of dysferlin in some patients with calpainopathy and vice versa were reported (1, 13). TX-sol., Triton X-100-soluble
fraction; TX-insol, Triton X-100-insoluble fraction. (C) M-cadherin concentration is increased in C3KO myotubes compared to WT myotubes. The

bottom panel shows Ponceau staining of the Western blot.

identified thus far that can be cleaved by full-length CAPN3
but not by its exon 6~ isoform. These results suggest that
alternative splicing of CAPN3 might be a mechanism to obtain
correct temporal regulation of CAPN3 activity during myogen-
esis and that B-catenin and M-cadherin are substrates for this
activity.

B1D integrin expression is not correctly induced in C3KO
myotubes. We have shown previously that expression of mus-
cle-specific myosin heavy-chain isoforms and sarcomere for-
mation were severely inhibited in C3KO myotubes (30). The
same phenotype was described for Ozz-E3—/— myotubes in
which a membrane-associated pool of B-catenin was shown to
be elevated (36). In order to determine whether this inhibitory
effect of membrane-bound B-catenin accumulation is specific
for sarcomerogenesis or if it reflects a more generalized inhi-

bition of myogenesis progression toward terminal stages, we
studied another event that takes place during the terminal
stage of myogenic differentiation. One such event that oc-
curs after fusion is 1 integrin isoform replacement. During
myogenesis, two isoforms of B1 integrin are expressed: 1A
is expressed in myoblasts and is downregulated during myo-
genesis, while 31D appears after fusion and eventually dis-
places B1A in mature myotubes (4). The two isoforms have
different adhesive properties with 1D integrin displaying
enhanced interactions with both cytoskeletal and extracel-
lular ligands (3).

To determine whether C3KO myotubes have defects in in-
tegrin isoform transition, extracts from 3-day-old myotubes
were probed with antibodies specific for either B1A or 1D
integrin (Fig. 6A). While a high level of B1D integrin ex-
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FIG. 4. Accumulation of B-catenin at the membranes of 3-day-old C3KO myotubes. Immunostaining of 3-day myotubes revealed the presence
of B-catenin associated with M-cadherin at the sarcolemmas of 3-day-old C3KO but not WT myotubes (arrows).

pression was observed in WT myotubes, this isoform was
hardly detectable in C3KO myotubes. This result suggests
that induction of B1D integrin expression did not occur
properly in C3KO myotubes. No changes in other compo-
nents of the integrin complex (such as vinculin and talin)
were found (Fig. 6A).

To examine the possibility that 1 integrin is a substrate for
CAPN3 proteolytic activity, constructs were made that expressed
the cytoplasmic domains of both B1A and B1D integrin as fusion
proteins with epitope tags (Fig. 6B). These recombinant proteins
were expressed in insect cells either alone or coexpressed with
CAPN3, exon 67, and exon 157,16 isoforms as well as with
enzymatically inactive CAPN3 carrying the C129S mutation in the
catalytic site. As shown in Fig. 6C, neither B1A nor 1D was
cleaved by CAPN3, suggesting that changes in the level of integrin
isoforms are not a direct result of the absence of CAPN3 pro-
teinase. These results imply a generalized inhibition of terminal
stages of myogenic differentiation in C3KO myotubes that affects
at least two events: sarcomere formation (30) and integrin iso-
form replacement. We hypothesize that accumulation of the
B-catenin-M-cadherin complex leads to persistence of fusion and
to inhibition of subsequent transition toward terminal differenti-
ation events.

Adult C3KO muscles have an increased myonuclear index
and a decreased cytoplasm/nucleus ratio. Despite severe myo-
fibrillogenesis defects in C3KO or Ozz-E3—/— cell cultures,
the in vivo phenotype of the corresponding knockout mouse is

mild (30, 36). In both cases, this difference can be explained by
the existence of other functionally redundant enzymes that can
substitute for mutated CAPN3 or Ozz-E3 in vivo (see Discus-
sion). In C3KO mice as well as in patients carrying a mutation
in CAPN3, muscles form normally; however, muscle atrophy
(decreased muscle mass and muscle fiber cross-sectional area)
is a feature of both LGMD?2A patients and adult C3KO mice
(15, 30, 45). Since we observed a correlation between excessive
fusion and decreased sarcomere formation in primary myo-
blast cell cultures, we examined adult C3KO muscle for an
increased myonuclear index. Indeed, we found an approximate
25% increase in the number of myonuclei in C3KO soleus
muscles compared to sex- and age-matched WT animals (Fig.
7A). At the same time, as we have reported previously (30, 31)
and as is shown in Fig. 7A, the average cross-sectional area of
C3KO fibers is smaller than in WT fibers. Thus, the number of
myonuclei per myofiber area is significantly elevated in adult
C3KO muscles (Fig. 7C). This result is in agreement with our
observations of C3KO primary myoblast cultures, and it shows
that excessive fusion in the absence of CAPN3 occurs in vivo.

DISCUSSION

In the present study we used primary myoblast cultures
prepared from C3KO mice to investigate the role of CAPN3 in
myogenesis. Previously we showed that, while CAPN3-defi-
cient myoblasts were able to fuse, the subsequent steps of
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FIG. 5. Both B-catenin and M-cadherin are substrates for CAPN3 protease. 3-Catenin (A) and M-cadherin (B) are cleaved by CAPN 3 when
the proteins are coexpressed in insect cells. B-Catenin (B-cat) and the cytoplasmic portion of M-cadherin (M-cad) were expressed as fusion proteins
with C-terminal V5 and N-terminal 6xHis epitopes. Recombinant proteins were expressed either alone or coexpressed with full-length calpain 3
(+CAPN3) or with splice isoforms lacking exon 6 (+EX6—) or exons 15 and 16 (+EX15,16—). Both splice isoforms have been shown to be
expressed in cells undergoing myogenesis (22). CAPN3 carrying the C129S mutation (+C129S) that completely abolishes enzymatic activity was
used as a negative control. The active forms of CAPN3 undergo autolysis, producing an approximately 55-kDa fragment (asterisks in the + CAPN3
and +EX15,16™ lanes in panel A). Exon 6~ does not undergo autolysis due to deletion of two of the three autolytic cleavage sites located in exon
6 (29). Notice that B-catenin and M-cadherin can be cleaved only by full-length CAPN3 but not by its splice forms. Gel load., Gel loading.
(C) CAPN3 is present in both the cytosolic and Triton X-100-insoluble membrane fractions of adult muscle. Extracts of soleus muscles from C3KO
and WT mice were fractionated (see Materials and Methods), and Western blots were stained with anti-CAPN3 antibody. Although the main pool
of CAPN3 is present in the cytosolic fraction, longer exposure allowed detection of CAPN3 in the membrane fractions of WT muscles. TX-insol,

Triton X-100-insoluble fraction.

sarcomere formation were disrupted (30). Here we identified
B-catenin and M-cadherin as substrates for CAPN3 proteinase.
The absence of CAPN3 leads to an increase in the concentra-
tion of M-cadherin and specific accumulation of B-catenin in
the membrane but not in the cytosolic fraction of CAPN3-
deficient myotubes.

B-Catenin plays a critical role in many cellular and morpho-
genic processes by performing two distinct functions: in the
nucleus, it acts as a mandatory coactivator of TCF/LEF tran-
scription factors in response to Wnt signaling, while at the cell
membrane, B-catenin associates with the cadherin complex
that links adhesion molecules to the cytoskeleton (6, 20). In
both cases, the concentration of B-catenin has been shown to
be tightly regulated through ubiquitin-mediated degradation.
Two distinct ubiquitin ligase complexes control B-catenin lev-
els in the cytoplasm and at the membrane (reviewed in refer-
ence 47). Ubiquitination and degradation of the cytosolic pool
of B-catenin are under control of Wnt signaling. Degradation
of the membrane pool of B-catenin in skeletal muscle is me-
diated by the Ozz-E3 ubiquitin ligase complex and does not
depend on Wnt signaling (36). These studies identify CAPN3-
mediated degradation of B-catenin as an additional mechanism
by which membrane B-catenin is regulated.

We showed here that not only is B-catenin regulated by
CAPN3 but so are M-cadherin concentrations. Coordinate
regulation of B-catenin and cadherin was previously reported
for the E-cadherin complex in transformed epithelial cells (16).
It has been shown that activation of the tyrosine kinase Src

induces phosphorylation and ubiquitination of both E-cad-
herin and B-catenin by the E3 ubiquitin ligase Hakai that
targets these proteins for lysosomal degradation, thus provid-
ing a mechanism for downregulation of cell-cell adhesion dur-
ing the epithelial to mesenchymal transition (16, 37). Recently,
ubiquitination and lysosomal degradation were shown to con-
trol M-cadherin levels during myoblast fusion (11). Normally,
M-cadherin is upregulated upon induction of terminal differ-
entiation, followed by downregulation after fusion (25, 27).
Even though proteins that operate in the process of M-cad-
herin degradation have not been identified, this pathway was
shown to be under control of RhoA GTPase. Increased deg-
radation of M-cadherin due to overactivation of RhoA led to a
decrease in fusion (11). Furthermore, a direct correlation be-
tween M-cadherin concentration and fusion was demonstrated
in independent studies using caveolin 3-deficient or -overex-
pressing myoblasts. Perturbation of the normal pattern of M-
cadherin regulation in these cells led to modulation of the
fusion process. It was observed that the higher the concentra-
tion of M-cadherin at the membrane the higher the amount of
fusion (46). In agreement with previous studies, we found that
selective accumulation of the M-cadherin complex in C3KO
myotubes led to excessive fusion. We also demonstrated that
CAPN3 is essential for controlling levels of the M-cadherin
complex by showing that both M-cadherin and B-catenin are
substrates for CAPN3 proteolytic activity and that both pro-
teins accumulate in cells lacking CAPN3. Additional questions
about the relationship between CAPN3 and Ozz-E3 and other
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FIG. 6. Replacement of B1A integrin with 1D integrin does not occur properly in C3KO myotubes; however, the intracellular domains of 1A
or B1D integrins are not substrates for CAPN3. (A) Western blots of 3-day myotubes were stained with antibodies that specifically recognize either
B1A or B1D integrins. The level of B1D integrin is much lower in C3KO myotubes than in WT myotubes. Other components of the integrin
complex (such as vinculin and talin) are not affected by the absence of CAPN3 (lower panels). Desmin staining is shown as a marker of myogenic
cells in these primary cultures. Two C3KO cultures (KO1 and KO2) and two WT cultures (WT1 and WT2) were used. (B) To investigate the
possibility that 81 integrin can also be a substrate for CAPN3 protease, the intracellular domains of both 1A and 1D isoforms were expressed
in insect cells as fusion proteins with V5 and His epitope tags. (C) Coexpression of the intracellular domains of B1A and B1D integrins with
full-length CAPN3 or its splice isoforms in insect cells did not reveal any cleavage of integrin by CAPN3. Epitope tag-specific antibodies (top
panels) as well as B1 integrin isoform-specific antibodies (bottom panels) were used in these experiments.

yet to be identified E3 ubiquitin ligases that operate in M-
cadherin complex degradation remain to be answered. As we
have shown previously, CAPN3 may act upstream of the ubig-
uitination machinery, since accumulation of ubiquitinated pro-
teins that normally occurs during muscle growth (in response
to mechanical loading) was inhibited in C3KO mice (31).
Our data suggest that the persistence of fusion leads to
inhibition of subsequent steps of myogenic differentiation. In
these studies we showed that expression of the B1D integrin
isoform was not induced normally in C3KO myotubes. Expres-
sion of muscle-specific forms of myosin heavy chain and for-
mation of sarcomeres were also inhibited in C3KO myotubes
(30). Similar inhibition of myofibrillogenesis was observed in
myotubes lacking the E3 ubiquitin ligase Ozz that specifically
controls levels of membrane-associated B-catenin. Moreover,
in those studies, ectopic expression of dominant-negative
forms of B-catenin that were able to compete for binding to
Ozz led to an increase in the membrane pool of B-catenin and
induced defects in myofibrillogenesis similar to those observed
in Ozz—/— myotubes (36). These data strongly suggest that
accumulation of membrane-bound B-catenin is sufficient to
cause defects in sarcomere formation that occur during termi-
nal steps of myogenic differentiation. Our results support this
hypothesis and additionally suggest that the fusion process
mediated by the M-cadherin—B-catenin complex is tightly reg-
ulated and that persistence of this fusion complex has an in-

hibitory effect on subsequent steps of terminal myogenic dif-
ferentiation.

While very little is known about the mechanisms underlying
cell fusion and myofibrillogenesis, especially in mammals, both
processes are likely to be accompanied by extensive cytoskel-
etal rearrangements. Small GTPases of the Rho family are the
principal regulators of dynamic changes in cytoskeletal inter-
actions. Even though the precise role for each member of the
family remains to be elucidated, it is clear that the correct
balance between activities of different GTPases is necessary for
myogenesis to proceed (9, 44). Rho family GTPases can be
activated in response to different extracellular clues, particu-
larly, cell-cell contacts mediated by cadherins. For example, it
has been shown that during myogenesis, N-cadherin acts to
increase the activation of RhoA and decrease the activation of
Racl and Cdc42 GTPases, and these changes are necessary for
cell cycle withdrawal (10, 12). RhoA activity was shown to
control the stability of the M-cadherin complex and must be
downregulated to allow fusion to occur (11). Cells overexpress-
ing Racl exhibit severe decreases in muscle-specific protein
expression and fail to form sarcomeres. Expression of domi-
nant-negative Racl, on the other hand, increases sarcomere
formation (17). Given all these data, it seems reasonable to
suggest that the persistence of M-cadherin—f-catenin com-
plexes at the membrane may signal through Rho family GTPases
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FIG. 7. The number of myonuclei in fibers of C3KO mice is higher than in sex- and age-matched control WT mice. (A) The table shows the
average cross-sectional areas (XSA) and number of myonuclei per 100 myofibers in soleus muscles. Four 6-month-old C3KO and WT males were
used for this experiment. (B) Midbelly sections of each soleus muscle were stained with antidystrophin antibody and DAPI to identify nuclei located
inside myofibers (arrows). (C) The average number of myonuclei per 10,000 wm? was significantly higher in C3KO muscles than in WT muscles.

C

to inhibit cytoskeletal rearrangements necessary for myofibrillo-
genesis to proceed.

Although abnormalities in myogenesis are very severe in
primary cultures of C3KO myogenic cells, muscle of C3KO
mice as well as LGMD2A patients do not show any obvious
developmental defects (30). The same is true for Ozz-E3—/—
mice in which the overall morphology of muscles was well
preserved in vivo, despite severe defects in primary myoblast
culture (36). Knockout of M-cadherin also did not cause de-
fects in muscle formation (23). In each of these cases, func-
tional compensation from similar proteins is likely. Indeed,
each of the proteins (M-cadherin, Ozz-E3, and CAPN3) be-
longs to a family of proteins with similar structure and poten-
tially overlapping function (reviewed in references 19, 27, and
28). These potential compensatory mechanisms, however, have
not yet been confirmed.

CAPN3 is a member of a family of Ca-dependent proteases

C3KO WT

that share significant structural similarity and may have over-
lapping sets of substrates (19). For example, two ubiquitous
calpains (m- and p-calpains) that are expressed in skeletal
muscles, have been shown to cleave B-catenin (5, 35). These
ubiquitous calpains differ primarily in their calcium require-
ment for activation. While the exact calcium requirement (if
any) for CAPN3 activation is unknown, it has been suggested
that it is lower than that required to activate ubiquitous forms
(7). It is quite possible that intracellular Ca®* concentrations
are different in cell culture in vitro and in developing tissue in
vivo. This difference may be enough to activate ubiquitous
calpains in developing muscles in vivo and to functionally com-
pensate for the absence of CAPN3.

Even though muscles form normally in C3KO mice, we
found that myofibers in adult C3KO muscles have an increased
myonuclear index, suggesting that in agreement with our in
vitro observation, fusion is also elevated in C3KO adult mus-
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cles. Fusion can happen in adult muscle during muscle regen-
eration or muscle growth in response to different physiological
stimuli (for example, increased mechanical loading of the mus-
cle). Normally, muscle growth is accompanied by the addition
of myonuclei to the fiber and by sarcomere formation, which
leads to an increase in myofiber cross-sectional area. We found
that the fusion process should be regulated and that the per-
sistence of fusion in C3KO cultures correlates with inhibition
of subsequent steps of myogenic differentiation, particularly
sarcomere formation (30). Interestingly, even though the num-
ber of myonuclei is increased in C3KO muscle, the average
cross-sectional area is decreased (Fig. 7) (30, 31). Since the
cross-sectional area reflects the number of myofibrils present
within a myofiber, it is possible that the efficiency of myofibril-
logenesis is also decreased in C3KO muscles in vivo. Future
studies are necessary to investigate this possibility and to de-
termine its contribution to the phenotype of calpainopathy.
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