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SUMMARY

Cadherins are a gene family encoding calcium-dependent
cell adhesion proteinswhich arethought to act in the estab-
lishment and maintenance of tissue organization. M-
cadherin, one member of the family, has been found in
myogenic cells of somitic origin during embryogenesis and
in theadult. Thesefindings have suggested that M -cadherin
is involved in the regulation of morphogenesis of skeletal
muscle cells. Therefore, we investigated the function of M-
cadherin in the fusion of myoblasts into myotubes
(terminal differentiation) in cell culture. Furthermore, we
tested whether M-cadherin might influence (a) the
expression of troponin T, a typical marker of biochemical
differentiation of skeletal muscle cells, and (b) withdrawal
of myoblasts from the cell cycle (called terminal commit-
ment). The studies were performed by using antagonistic
peptides which correspond to sequences of the putative M-
cadherin binding domain. Analogous peptides of N-

cadherin have previously been shown to interfere func-
tionally with the N-cadherin-mediated cell adhesion. In the
presence of antagonistic M-cadherin peptides, the fusion of
myoblasts into myotubes was inhibited. Analysis of
troponin T revealed that it was downregulated at the
protein level although its mMRNA was till detectable. In
addition, withdrawal from the cell cycle typical for
terminal commitment of muscle cells was not complete in
fusion-blocked myogenic cells. Finally, expression of M-
cadherin antisense RNA reducing the expression of the
endogenous M-cadherin protein interfered with the fusion
process of myoblasts. Our data imply that M-cadherin-
mediated myoblast interaction plays an important role in
terminal differentiation of skeletal muscle célls.

Key words: morphogenesis, antagonistic peptide, antisense RNA,
troponin T, DNA synthesis

INTRODUCTION

Vertebrate skeletal muscle cells arise from mesodermal stem
cells which subsequently differentiate into determined
myogenic precursor cells called myoblasts. During myogen-
esis, myoblasts withdraw from the cell cycle (terminal com-
mitment), fuse into multinucleated myotubes (terminal differ-
entiation) and express muscle specific proteins (biochemical
differentiation) (Nadal-Ginard, 1978; Endo and Nadal-Ginard,
1987; Stockdale, 1992; Wachtler and Christ, 1992). Inter-
myoblast recognition, alignment and fusion itself are charac-
teristic steps of the fusion process. These steps depend on cell-
cell as well as on cell-extracellular matrix interactions which
are regulated, at least in part, by a variety of cell adhesion
molecules (Knudsen, 1990; Dickson et a., 1990; Mége et dl.,
1992; Rosen et a., 1992).

One type of molecule likely to be involved in the fusion
process are cadherins which constitute a multigene family.
Cadherins are calcium dependent intercellular adhesion
molecules and are thought to have morphoregulatory roles
(Takeichi, 1988, 1991). In terminaly differentiating
mammalian skeletal muscle cells, two members of the cadherin
family, M-cadherin and N-cadherin, have been identified. M-

cadherin is already present in myoblasts and is upregulated
after induction of myotube formation in culture (Donalies et
a., 1991; Rose et al., 1994). Prenataly, it is only expressed in
cells of the myogenic lineage (Moore and Walsh, 1993; Rose
et a., 1994). In normal adult muscle, M-cadherin is present on
satellite cells and most likely also on the sarcolemma under-
neath the satellite cells (Irintchev et al., 1994; Bornemann and
Schmalbruch, 1994). During skeletal muscle regeneration, M-
cadherin is up-regulated and can be identified on the regener-
ating myogenic structures (Moore and Walsh, 1993;
Bornemann et al., 1994; Irintchev et al., 1994). All these
findings imply a specific function for M-cadherin during
muscle development and morphogenesis.

N-cadherin is also expressed in developing muscle cells
(Hahn and Covault, 1992; Cifuentes-Diaz et a., 1994). In cell
culture, inhibition of N-cadherin function by antibodies or
synthetic peptides leads to a reduction but not to a complete
block of chicken myaoblast fusion (Knudsen et a., 1990a; Mége
et d., 1992).

In order to investigate the role of M-cadherin during muscle
formation, we aimed to block M-cadherin-mediated cell
adhesion by adding antagonistic peptides to differentiation-
induced rat L6 muscle cell cultures. The peptides used corre-
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spond to extracellular M-cadherin sequences presumed to be
involved in M-cadherin-binding since they are located at
analogous positions to the binding sites of E-cadherin, N-
cadherin and P-cadherin (Nose et al., 1990). In addition, L6
myoblasts which express RNA antisense to the 5" end of M-
cadherin mMRNA were generated. Subsequently, such cells
were tested for their ability to form myotubes. The results of
both experimenta approaches imply that M-cadherin plays an
important role in termina differentiation of skeletal muscle
cells.

MATERIALS AND METHODS

Cell culture

Rat L6 myoblasts (Y affe, 1968; re-cloned in our lab) were grown in
Waymouth’ s medium containing 15% fetal calf serum and antibiotics.
Formation of myotubes was induced at 80% confluency by switching
cellsto Dulbecco’s modified Eagle’' s medium (DM EM) supplemented
with insulin (10 pg/ml). The fusion index was used as a measure of
morphological differentiation and was calculated by dividing the
number of nuclei present in myotubes by the total number of nuclei
counted. Approximately one thousand nuclel were counted per
Giemsa-stained L6 cell culture. To test bromodeoxyuridine (BrdU)
incorporation, cells were grown on calf skin collagen-coated (Sigma)
coverdlips. BrdU (10 pg/ml; Boehringer Mannheim) was added to L6
cells 36 hours after induction of differentiation. Twelve hours later,
the cells were fixed and stained with BrdU antibodies according to
the supplier’s instructions (DAKO).

Synthetic peptides
The sequences of the synthetic peptides 040/M (putative binding
region) and D559/M (N-terminal putative non-binding region) were
deduced from the M-cadherin cDNA sequence and peptides 041/N
(binding region) and D558/N (N-termina non-binding region) from
the mouse N-cadherin sequences (Miyatani et al., 1989; Nose et a.,
1990). The amino acid sequences of all peptides are given in Table 1.
Peptides were synthesized on an automatic peptide synthesizer
(Milligene), purified by HPL C and sequenced. The peptides were sol-
ubilizedin 0.1 M NaOH (peptides D559/M, 040/M and 041/N) or 0.15
N NaOH (peptide D558/N) at a concentration of 30-40 mg/ml, neu-
tralized and diluted in DMEM to the concentrations indicated before
being added to cell cultures.

RNA and DNA techniques used in this work were performed
according to standard procedures (Sambrook et al., 1989).

Expression vectors

M-cadherin cDNA fragment (bp 1-389; Donalies et al., 1991) was
cloned into the Bglll site of vector pHD (Miller et al., 1988) to alow
expression of M-cadherin sequences either in sense (p-sense/M cad)
or antisense (p-antisense/Mcad) orientation. L6 myoblasts were
cotransfected with CsCl-purified plasmid DNA of either p-
antisense/Mcad or p-sense/Mcad, and pSV2neo (Southern and Berg,
1982), containing the G418/neomycin resistant gene, at aratio of 50:1.
Transformants were selected with G418 and subsequently treated as
outlined in Fig. 7.

Western blot analysis

Protein extracts were separated in a reducing 10% SDS-polyacry-
lamide gel (120 pg protein/lane if not indicated otherwise), blotted
onto membrane (Biometra) and visualized by staining with Ponceau
dye to indicate equal loading of protein (Sambrook et al., 1989). After
destaining, blots were incubated with troponin T antibody (Amersham)
visualized with an alkaline phosphatase-conjugated secondary
antibody (Dianova) using standard protocols (Sambrook et a., 1989).
For analysis of M-cadherin, western blots were prepared accordingly

Table 1. Aminoacid sequences of synthetic M cad and Ncad

peptides
Mcad: RLRAFALDLGGSTLED
(040) NN AR
Ncad: HLRAHAVDI NGNQVEN
(041)
Mcad: FSI DRFTGRVYLNAT
(D559)
Ncad: PI NLPENSRGPFPQELVRI R
(D558)

| = identical aminoacid
i = conservative aminoacid exchange

and probed with affinity-purified rabbit anti-M-cadherin antibody. This
antibody has been described elsewhere (Rose et a., 1994).

RESULTS

Expression analysis of M-cadherin in myogenic rat
L6 cells

Previous studies have shown that mammalian myogenic cells
commonly express two cadherins, M- and N-cadherin, both in
situ as well as in cdl culture (Hahn and Covault, 1992;
Knudsen et al., 1990a; Pouliot et a., 1994). Since we wanted
to analyze the role of M-cadherin without the functional inter-
ference of other members of the cadherin family, we chose the
L6 cell myogenic cdl linefor our studiesinwhich only asingle
cadherin, M-cadherin, has been identified (Pouliot et al., 1990,
1994, and unpublished results).

The expression of M-cadherin in L6 cells was examined on
western blots before and at different times after induction of
differentiation. The results of this experiment indicated that L6
myoblasts (Fig. 1, lane 1) as well as differentiating L6 cells
(Fig. 1, lanes 2-4) express M-cadherin and that the expression
is upregulated after induction of differentiation. This is in
agreement with the analysis of M-cadherin in myogenic mouse
C2C12 cells (Dondlieset al., 1991; C. Kuch et al., unpublished
data) and with recently published analyses of M-cadherin in
L6 cells(Pouliot et a., 1994). Frequently, we observed staining
of a double band with the M-cadherin antibodies in L6
myoblasts but not in differentiating L6 cells. We could not
correlate the lower molecular mass band to an additional M-
cadherin isoform and it might therefore correspond to a degra-
dation product.

Inhibition of myotube formation with synthetic M-
cadherin peptides

In order to block the function of M-cadherin, a synthetic 16mer
peptide (040/M) derived from the putative ligand binding site
was synthesized. This peptide was chosen by analogy to the
homophilic binding regions known for E-, N- and P-cadherin
(Nose et a., 1990). A synthetic peptide (041/N) was also
deduced from the binding region of N-cadherin. A similar
peptide has been shown to block the N-cadherin dependent
outgrowth of nerves (Doherty et al., 1991) and to decrease the
fusion of avian myaoblasts into myotubes (Mége et a., 1992).
In addition, control peptides from the most N-terminal regions
of M-cadherin (D-559/M) and N-cadherin (D558/N) were
prepared. All peptides are listed in Table 1. Peptides were
added to L6 cell cultures when they were shifted to fusion
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Fig. 1. Western blot analysis of M-cadherin protein with polyclonal
M-cadherin antibodiesin L6 cells at 24, 48 and 72 hours after
induction of myotube formation (lanes 2-4) and in L6 myoblasts
(lane 1). M-cadherin (Iabelled with M; runs at approximately 130
kilodalton; Rose et al., 1994) was detected using the ECL system
(Amersham). Each lane contains 200 pg of cell extract (see also
Material and Methods). Prior to labelling with M-cadherin antibodies
the membrane was stained with Ponceau dye in order to indicate
equal loading of protein (not shown). The double band in L6
myoblastsis regularly seen in western blots with myoblasts. Since no
M-cadherin mRNA variant could be attributed to this second band
(unpublished data), it might correspond to a degradation product.

Table 2. Fusion indices* (FI) and standard deviations
(s.d.) of peptide-treated L6 cell cultures shown in Fig. 2

Peptide
concentration

Peptide pg/mi Fi sd.
No peptide 0.874 0.038
040/M 400 0.028 0.025
200 0.363 0.041
100 0.597 0.068
50 0.743 0.061
041/N 400 0.541 0.061
200 0.714 0.036
100 0.802 0.019
50 0.835 0.037
D559/M 400 0.823 0.046
200 0.824 0.016
100 0.812 0.054
50 0.809 0.022
D558/N 400 0.823 0.004
200 0.775 0.039
100 0.867 0.027
50 0.832 0.075

L number of nuclel in myotubes
*Fusion index:

number of total nuclei
(Approximately 1,000 nuclei were counted per culture)

medium and not renewed during the remaining culture period.
Myotube formation indicated by the fusion index was deter-
mined four days after induction of differentiation when
maximal fusion was reached in control cultures.

Addition of M-cadherin peptide 040/M to L6 cell cultures
induced to terminal differentiation reduced their capacity to
form myotubes in a dose-dependent manner from 87% (no
peptide; Figs 2 and 5B; Table 2) to 3% (400 pg/ml of peptide;
Figs 2 and 5D; Table 2). Peptide D559/M, from the more N-
terminal portion of M-cadherin, had no effect on myotube
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Fig. 2. Inhibition of myotube-formation of L6 myoblasts by synthetic
M-cadherin peptides. Fusion indices of L6 cells in the absence
(control, squares) or in the presence of different concentrations of
synthetic M-cadherin peptides 040/M (putative binding region,
circles) and D559/M (N-terminal region, diamonds) or N-cadherin
peptides 041/N (binding region, crosses) and D558/N (N-terminal
region, triangles) are shown. Peptides were added once to the L6 cell
cultures when cells were shifted to differentiation medium. Cells
were stained with Giemsa at day four after induction of myotube
formation and the fusion indices were determined. Each fusion index
represents the mean value of three independent cultures from each of
which approximately 1,000 nuclei were counted. The exact fusion
indices and standard deviations are given in Table 2. The fusion
index is the number of nuclei in myotubes divided by the total
number of nuclei counted.

formation (Figs 2 and 5C; Table 2). Thisindicated that peptide
040/M competed the binding of endogenous M-cadherin to its
ligand and thus, ismost likely part of the ligand-binding region
of M-cadherin.

In the same series of experiments, increasing concentrations
of peptide 041/N from the N-cadherin binding region were also
added to differentiation-induced L6 cells. Since L6 cells do not
express N-cadherin (our unpublished observations; Pouliot et
al., 1994) peptide 041/N should exhibit either no or only partial
inhibition of fusion. The latter might be possible because
peptides 040/M and 041/N correspond to functionally
analogous sequences and are rather similar. They share seven
out of sixteen amino acid residues and five of the exchanges
are conservative (Table 1). As can be seen in Fig. 2, peptide
041/N inhibited myotube formation. However, the inhibition
was considerably less effective than the inhibition observed
with peptide 040/M. Fusion ranged from 87% (no peptide and
control peptide) to 54% (400 pug/ml of peptide). Again, control
peptide D558/N from the N-terminal part of N-cadherin did not
inhibit myotube formation. Most likely, N-cadherin peptide
041/N acts by cross-reaction with M-cadherin or its ligand in
L6 célls.

Analysis of troponin T expression and DNA
synthesis in M-cadherin-blocked cells

Subsequently, we asked whether M-cadherin might also
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Fig. 3. Western blot analysis of troponin T protein in differentiating
L6 cells at varioustimes (h, hours) after induction of myotube
formation (Mt; lanes 3-9) aswell asin growing (lane 1) and
confluent (lane 2) L6 myoblasts (Mb). In order to indicate equivalent
loading of protein onto the gel, the membrane was first stained with
Ponceau dye (A) and then probed with troponin T antibody (B).
Molecular mass markers are indicated in kilodaltons (kDa).

influence other parameterstypical for differentiation of skeletal
muscle cells. Therefore we analyzed the expression of amuscle
specific protein, troponin T (Hértner et al., 1989; Wade et .,
1990) which isturned on during myotube formationin L6 cells
and is therefore a biochemical marker of myogenic differen-
tiation (Fig. 3). Furthermore we examined withdrawal of L6
cells from the cell cycle. Characteristically, myoblasts become
post-mitotic prior to fusion both in vivo and in cell culture
(Wachtler and Christ, 1992; Nadal-Ginard, 1978).

To evaluate the influence of M-cadherin on troponin T
expression, fusion of L6 cells was blocked with peptide 040/M
or treated with control peptides 558/N or 559/M to allow
myotube formation. Analysis of troponin T was performed four
days after induction of myotube formation (Fig. 4) since
untreated L6 cells showed high expression of troponin T three
days after differentiation (Fig. 3). As demonstrated by western
blot experiments (Fig. 4A), differentiation-induced L6 cellsdid
not contain any detectable troponin T protein in the presence
of the blocking peptide derived from M-cadherin. In contrast,
L6 cellsincubated with control peptides showed expression of
troponin T at levels comparable to those of untreated cultures.

From the same set of cultures, cytoplasmic RNA was
prepared in order to analyze expression of troponin T mRNA.
Northern blots hybridized with the troponin T probe (Fig. 4C)
showed that troponin T mRNA was absent in L6 myoblasts
(negative control) and expressed in differentiation-induced L6
cells which were cultured without any peptide or with control
peptides (positive controls). Differentiation-induced L6 cells
treated with the blocking peptide 040/M still showed detectable
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Fig. 4. Analysis of troponin T protein (A) and mRNA (C) in L6
myoblasts (—,—) and in differentiation-induced L6 cell cultures
containing 400 pg/ml of either blocking M-cadherin peptide 040/M,
control peptides D559/M from M-cadherin and D558/N from N-
cadherin or no addition (—,+) four days after induction of myotube
formation. (A) Western blot analysis of troponin T protein with a
monaoclonal troponin T antibody. (B) Ponceau-staining of the
western blot membrane prior to incubation with troponin T antibody
to show equivalent loading of samples. (C) Northern blot with total
cytoplasmic RNA isolated from L6 cells which were treated as
described for part (A) of this figure and probed with 32P-labelled
troponin T cDNA (Donalies et al., 1991). The membrane was re-
probed with cytochrome ¢ oxidase cDNA (Donalies et a., 1991) to
indicate the integrity of the RNA samplestested. Scanning analysis
of the northern blot autoradiographies was performed with a Joyce
Loebl Chromoscan 3 instrument in absorbance mode. Aperture width
= 0.5 mm. Theintegrals of the peaks were measured by the
instrument. Theratio for each RNA sample is the quotient of the
integral of the troponin T band and the integral of its corresponding
cytochrome ¢ oxidase band.

levels of troponin T mRNA. Comparison of the hybridization
signals obtained with the troponin T probe (Fig. 4C) with the
corresponding signals of the cytochrome ¢ oxidase probe (Fig.
4D) by scanning analysis suggested that the troponin T signal
from fusion-blocked cells was similar to those of control
cultures.

From these analyses, we concluded that inhibition of M-
cadherin by antagonistic peptides affected the accumulation of
troponin T protein but not the activation of its gene.

As can be seen by comparison of Fig. 5A and D, the cell
densities were higher in fusion-blocked L6 cell cultures than
in non-induced L6 myoblast cultures which were kept in
growth medium. This suggested that cell division was till
occurring in differentiation-induced L6 cell cultures which
were incubated with blocking peptide 040/M. In order to
evaluate this observation, the incorporation of BrdU was tested
at 36 hours after the induction of differentiation (Fig. 6). At
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Fig. 5. Inhibition of myotube-formation of L6 myoblasts by synthetic M-cadherin peptides. (A) Confluent L6 myoblasts kept in growth
medium instead of differentiation medium. (B) Myotube-formation of L6 cellsin the absence of peptide or (C) in the presence of control
peptide D559/M (400 pg/ml). (D) L6 myoblasts induced to myotube-formation in the presence of peptide 040/M (400 pug/ml). L6 myoblasts
were induced to form myotubes by shifting them to differentiation medium (B-D). Peptides were added once when the cells were shifted to
differentiation medium. Cultures were stained with Giemsa four days after induction of differentiation.

this time, differentiation-induced L6 cells have usually
withdrawn from the cell cycle. In agreement with this expec-
tation, differentiation-induced L6 cells without blocking
peptide showed only background incorporation of BrdU.
However, L6 cellsinduced to differentiation in the presence of
the blocking peptide 040/M showed enhanced BrdU-incor-
poration. The highest number of BrdU-positive cells that we
observed in the fusion-blocked L6 cell cultures was approxi-
mately 30% (Fig. 6) although this number could vary in inde-
pendent experiments. Control experiments were also
performed with confluent (negative control) and with expo-
nentially growing (positive control) L6 myoblasts. Confluent
L6 myoblasts did not show incorporation of BrdU whereas 80-
90% of the exponentially growing L6 myoblasts were intensely
labelled.

Thus, the incorporation of BrdU in fusion-blocked L6 cells
supported the morphological observation that at least a portion
of these cells were till able to divide. Finaly, there was no
indication of cell death in the fusion-blocked L6 cellsimplying
that inhibition of myotube formation by antagonistic M-
cadherin peptides is not caused by cell loss.

Transfection of L6 cells with M-cadherin antisense
constructs

To analyze the function of M-cadherin by an independent

experimental approach we aimed at reducing the translation
of M-cadherin protein in L6 cells by expression of an
antisense RNA. It isimportant to note that during culture, L6
myoblasts can develop into variants which are unable to dif-
ferentiate biochemically and to fuse into myotubes. This
number is even increased when L6 cells are kept in the
presence of the antibiotic G418. The molecular defect in the
non-differentiating L6 cells might vary from clone to clone
and is difficult to evaluate on the basis of individual L6 cell
clones. Therefore, it was essential to do a statistical analysis
by comparing the number of L6 cell clones with low or no
fusion capacity containing the antisense construct with those
containing the sense construct.

Asoutlined in Fig. 7A, a5’ fragment of M-cadherin cDNA
was cloned in sense (p-sense/Mcad) and antisense (p-
antisense/Mcad) orientation into the mammalian expression
vector pHD. L6 myoblasts were co-transfected with either of
these constructs and with plasmid pSV2neo. Fifteen G418-
resistant colonies per construct (primary colonies) were
randomly isolated, expanded and each of them was replated at
adensity of 600 cells per 130 cm2. Usually, approximately 200
clones were eventually detected after replating. When the
clones had reached a size of about 1,000 cells, differentiation
was induced. Four days later, the fusion indices of about fifty
single clones derived from one primary colony were deter-
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Fig. 6. Incorporation of BrdU into nuclei of L6 cells. BrdU was
added to myablasts 18 hours after plating (= growing myablasts;
Mb/dev.); to quiescent (confluent) myaoblasts (Mb/conf.); to L6 cells
36 hours after induction of myotube formation without any addition
(Mt/Co), in the presence of 400 pg/ml control peptide D559
(Mt/D559/M) or in the presence of 400 pug/ml M-cadherin peptide
040/M (Mt/040/M). Only growing myoblasts and myotube-induced
cultures in the presence of fusion-blocking peptide 040/M showed
intense i mmunofl uorescence staining whereas the other cultures were
negative.

mined. In this way, 984 clones of the p-antisense/Mcad trans-
formants and 725 clones of the p-sense/Mcad transformants
were analyzed in one experiment. A similar number of clones
was analyzed in a second independent transfection experiment
which revealed a comparable result like the one shown here.

The statistical analysis of the experiment shown in Fig. 7B
demonstrated that expression of the M-cadherin antisense
construct in L6 cells significantly reduced their potential to
fuse. Analysis of the pooled data revealed that eighty-four
percent of the p-antisense/Mcad cell clones showed reduced
fusion capacity or no fusion at all as compared to fifty-five
percent of the p-sense/Mcad clones. This difference was also
reflected at the level of individual colonies (Table 3) although
both, p-antisense/Mcad and p-sense/Mcad colonies contained
non-fusing clones. However, the number of colonies with 70%
or more non-fusing clones was higher in p-antisense/Mcad
transformants than in p-sense/Mcad transformants (nine out of
15 as compared to 2 out of 14; see also Table 3). In addition,
the p-sense/Mcad colonies exhibited a better overall fusion
capacity than the p-antisense colonies.

In order to analyze whether expression of M-cadherin
protein in the antisense clones correlated with the fusion
potential of these cells, randomly selected p-sense/Mcad and
p-antisense/M cad myabl asts were tested for their expression of
M-cadherin protein in western blot experiments using M-
cadherin antibodies. Fig. 8 shows that the amount of M-
cadherin protein corresponds to the fusion capacity of the
respective colony. Colonies exhibiting low fusion express less
M-cadherin than those showing intermediate or high fusion.

Thus, the data obtained with the antisense RNA approach
are in agreement with the results of the experiments using the
antagonistic M-cadherin peptides.

DISCUSSION

We have investigated the role of M-cadherin during the differ-
entiation of skeletal muscle cellsin culture. The results of two
independent experimental approaches indicated that M-
cadherin plays a crucial role in the terminal differentiation of

Table 3. Fusion indices (FI) of antisense (13.X) and sense
clones (S.X) in individual primary colonies

% Clones
Colony no. FI >0.6 Fl 0.2-0.6 FI <0.2 FI O
13.13 0 0 0 100
13.3 0 0 3 97
134 0 0 4 96
135 2 4 0 94
13.1 0 10 4 86
139 2 6 6 86
13.2 0 2 12 86
13.12 0 10 17 73
13.14 2 12 16 70
13.10 2 17 15 66
13.8 4 19 12 65
13.11 1 22 20 57
13.15 6 13 25 56
13.6 6 29 12 53
13.7 36 18 15 31
S11 0 2 2 96
S3 0 12 13 75
S.1 4 23 6 66
S2 0 26 11 64
S.13 4 19 19 58
S8 2 25 19 54
S5 7 20 20 53
S.17 15 31 8 46
S.9 2 29 24 45
S4 15 31 13 42
S.16 18 46 6 30
S7 37 21 17 25
S.10 70 16 10 4
S.6 66 32 0 2
S.12 36 58 6 0

myogenic cells. Thisideais in accordance with the expression
of M-cadherin in vivo: prenatal expression of M-cadherin is
restricted to myogenic cells (Moore and Walsh, 1993; Rose et
a., 1994). In the adult, M-cadherin is present on quiescent
satellite cells, and is upregulated during skeletal muscle regen-
eration (Bornemann and Schmalbruch, 1994; Irintchev et al.,
1994). In addition to skeletal muscle cells, postnatal expression
of M-cadherin was aso found in the cerebellum (Rose et a.,
1995).

Itisnow well established that at least two cadherins, M- and
N-cadherin, are expressed during the development of skeletal
muscle (Cifuentes-Diaz et a., 1994; Rose et al., 1994). In cell
culture, both cadherins have been suggested to be involved in
the fusion of myoblasts to myotubes. Antagonistic peptides to
N-cadherin do substantially, but not completely, inhibit fusion
of avian myoblasts (Mégeet al., 1992). No chicken homologue
of mouse M-cadherin has been identified so far. In this study
we show that antagonistic peptides to M-cadherin or
expression of M-cadherin antisense RNA inhibited the fusion
of L6 myoblasts. These cells express M-cadherin but not N-
cadherin. Thus, the fusion process of myaoblasts appears
absolutely dependent on cadherin function but can be aso
regulated by M-cadherin in the absence of N-cadherin. It is
possible, however, that both molecul es contribute to the control
of myoblast fusion in cells which jointly express M- and N-
cadherin. Thiswould be in line with a variety of recent exper-
iments using gene targeting in the mouse which have demon-
strated that important developmental events are generally
regulated by multiple and functionally overlapping molecules.
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Fig. 7. Inhibition of M-cadherin by expression of M-cadherin
antisense RNA. (A) Outline of the experimental design.

(B) Percentage of G418-resistant L6 cell clones with reduced or no
fusion potential (dark columns: fusion index 0-0.2) and normal
fusion capacity (light shaded columns: fusion index 0.2-1) from
randomly isolated colonies transfected with either p-antisense/M cad
(antisense construct;) or p-sense/Mcad (sense construct). P-values
(P<0.001; Student’st-test; Weber, 1986) indicate statistically
significant differencesin fusion properties between p-antisense/Mcad
and p-sense/M cad-transfected clones. Fusion indices were
determined four days after induction of myotube formation.

Thus, N-cadherin might be redundant to the function of M-
cadherin. Alternatively or, in addition, N-cadherin might
control other aspects of myogenic morphogenesis than M-
cadherin such as the establishment of the neuromuscular
junction at which it has been identified in adult muscle
(Cifuentes-Diaz et al., 1994).

Asindicated by severa studies, classical cadherins perform
their function by homophilic intercellular binding (Miyatani et
al., 1989; Nose et a., 1990; Takeichi, 1988, 1991). The N-
terminal portion of the cadherins is essentia for intercellular
binding and provides the specificity of recognition of the
respective cadherin (Nose et a., 1990). One particular peptide
seguence necessary for interaction of the classical cadherinsis
centered around a tripeptide, the so-called HAV sequence
(Nose et al., 1990). The HAV sequence is not present in M-
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Fig. 8. Western blot analysis of M-cadherinin L6 cell colonies
containing antisense (lanes 1-8) or sense constructs (lanes 11 and 12;
seelegend to Fig. 7). Theline of (f) indicates the number of fusing
clones of the particular primary colony tested and of (nf) the number
of non-fusing clones. Mb: L6 cell myoblasts (lane 9). Sizes of protein
markers (M; lane 10) are given in kilodaltons (kDa). In order to
indicate equivalent loading of protein the membrane was stained with
Ponceau dye (A) prior to probing with M-cadherin antibody (B).

cadherin which contains a FAL tripeptide instead (Donalies et
a., 1991). Peptide 040/M containing the FAL motive has
profound effects on myotube formation indicating that in M-
cadherin the FAL tripeptideis not only located in an analogous
position but also functions in a similar manner to the HAV
sequence of the classica cadherins. Peptide 040/M most
probably block homophilic interaction of M-cadherin. This is
supported by our finding that LM TK™ cells ectopically express-
ing M-cadherin do show aggregation (C. Kuch et al., unpub-
lished results) in a fashion similar to E-cadherin and N-
cadherin transfectants (Miyatani et al., 1989; Nose et a.,
1990).

Besides being used in analysis of myogenesis, antagonistic
peptides have generally been proven to be useful tools for the
functional analysis of cadherins (Doherty et a., 1991; Mége et
a., 1992). They obviously bind to cadherins but are unable to
induce the signals required for the function of the cadherins. It
seemsthat they simply occupy the binding region which would
then be inaccessible for an intact cadherin. Finally, it seems
unlikely that antagonistic M-cadherin peptides interfere with
fusion by perturbing the membrane physiology since the func-
tional importance of M-cadherin in the fusion of myoblastswas
also demonstrated by a second independent approach, the
expression of M-cadherin antisense RNA.

Troponin T protein is absent in M-cadherin-blocked L6 cells
athough its corresponding mMRNA was still detectable. This
result is reminiscent of previously reported experiments in
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which L6 cells have been inhibited to fuse by EGTA. Such cells
accumulated troponin T mRNA but not the corresponding
protein (Endo and Nadal-Ginard, 1987). Conceivably, removal
of cacium ions, usualy required for cadherin-mediated
adhesiveness (Ozawa et al., 1990), mimics the inhibitory effect
of M-cadherin peptide 040/M. Nevertheless, remova of
calciumions from differentiation-induced L6 cells should have
additional effects rather than simply inactivating M-cadherin.
Therefore, down-regulation of troponin T might be achieved by
different mechanisms in EGTA-treated and M-cadherin-
blocked L6 cells, for example at the trandational level in one
case or an increased rate of degradation in the other case.

Troponin T is one of the contractile proteins in skeletal
muscle cells which is physically associated with the myofila-
ment network. The observation that troponin T was down-
regulated at the protein level raises the question whether M-
cadherin might influence (directly or indirectly) the formation
or organization of myofilament elements to which troponin T
has to be associated. Disturbance of such myofilament struc-
tures by inhibition of the M-cadherin function might prevent
incorporation of troponin T finally leading to its rapid degra-
dation. Support for the idea that M-cadherin might influence
the formation or organization of myofilament structures comes
from studies of N- and E-cadherin. In one of these studies, it
has been shown that perturbance of N-cadherin in cardiomy-
ocytes by N-cadherin antibodies decreased cell-cell contacts
and also resulted in the disorgani zation of myaofibrils (Soler and
Knudsen, 1994). Furthermore, E-cadherin has been proposed
to be associated with the actin-based cytoskeletal network
(Hirano et a., 1987; Ozawa and Kemler, 1992; Kemler, 1993;
Hinck et al., 1994). Current models favour the idea that E-
cadherin is linked to the actin-based cytoskeleton via cyto-
plasmic proteins, the catenins, with a possible involvement of
additional proteins such as vinculin and a-actinin (Kemler,
1993). It should be noted, however, that the evidence for an
association of the cadherins with cytoskeletal or myofilament
structures is still indirect.

Some of the L6 cells blocked in fusion by the M-cadherin
peptide 040/M showed DNA synthesis as revealed by the
incorporation of BrdU. This was in agreement with the obser-
vation that fusion-blocked L6 cell cultures appeared to contain
more cells than confluent L6 myoblasts suggesting continuing
cell division. One explanation for this phenomenon might be
that peptide 040/M decreased the strength of M-cadherin-
mediated intercellular adhesion which might be one of the
intercellular signalsrequired for withdrawal from the cell cycle
and for myoblast fusion but not for biochemical differentiation.
In line with this idea are the findings that M-cadherin is tran-
siently upregulated during terminal differentiation of skeletal
muscle cells (Pouliot et al., 1994; Rose et a., 1994; Irintchev
et al., 1994; C. Kuch et a., unpublished data). But M-cadherin
should perform its function, at least in part, in concert with
other cell adhesion molecules which can aso modulate the
terminal differentiation of skeletal muscle cells. In addition to
N-cadherin which we already discussed, such molecules might
be N-CAM (Dickson et al., 1990; Knudsen et al., 1990b; Peck
and Walsh, 1993) and integrins (Rosen et al., 1992).
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