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SUMMARY

Cadherin-mediated cell adhesion is involved in muscle overexpression, suppresses the formation of adherens
differentiation from early stages of myogenic induction to  junctions, resulting in a sharp decline in myogenin
late stages of myoblast interaction and fusior3-Catenin is  expression and an arrest of myogenic progression.
a major constituent of cadherin-based adherens junctions Recruitment of B-catenin to adherens junctions after
and also serves as a signal transduction molecule that transfection with N-cadherin restores myogenin expression
regulates gene expression during development. In this in the transfected cells. These results suggest that increased
study, we explored the involvement of-catenin in  cadherin-mediated adhesion and translocation d¥-catenin
myogenic differentiation. We show here that shortly after to adherens junctions are involved in activating the early
a switch from growth to differentiation medium, B-catenin  steps of myogenic differentiation.

translocates to cell-cell junctions and its levels increase. We

further show that elevation of B-catenin levels, induced

either by inhibition of its breakdown, using LiCl, or by its Key words:B-Catenin, Myogenesis, Cell adhesion, Myogenin

INTRODUCTION 1998), cyclin D1 (Shtutman et al., 1999; Tetsu and
McCormick, 1999), c-jun (Mann et al., 1999) and PBARe
[-Catenin plays a central role in regulating cell fate, due to itet al., 1999). Recent studies have also indicated that the
participation in the assembly of adherens junctions and itsteractions off3-catenin with cadherin and LEF-1 might be
ability to directly activate the transcription of specific targetantagonistic. Thus, activation of a LEF-1-responsive reporter
genes (for recent reviews see Ben-Ze'ev, 1997; Ben-Ze'ev arid cells expressing high levels @fcatenin (such as the SW480
Geiger, 1998; Bullions and Levine, 1998; Willert and Nussecolon carcinoma cells) and nuclear localizationBefatenin
1998). At cell-cell junctions,-catenin links cadherin could be inhibited by over-expressing N-cadherin-@atenin
molecules via their intracellular domains to the actin-baseth these cells (Sadot et al., 1998; Simcha et al., 1998).
cytoskeleton (Ben-Ze'ev, 1997; Geiger et al., 1995). A pivotaMoreover, overexpression of the soluble, intracellular domain of
step in Wnt/Wingless (Wg) signaling, occurs wignatenin  N- or E-cadherin inhibit{3-catenin-dependent transactivation
binds to transcription factors of the LEF-1/TCF family, and blocks its degradation (Sadot et al., 1998; Orsulic et al.,
translocates to the nucleus and activates the expression 1899).
specific genes (Porfiri et al., 1997; Gumbiner, 1998; He et al., Several lines of evidence suggest that cadherin-mediated
1998; Hsu et al., 1998; Simcha et al., 1998; Wodarz and Nussaieractions are also involved in the regulation of skeletal
1998; Mann et al., 1999; Shtutman et al., 1999; Tetsu anglyogenesis (Knudsen et al.,, 1990; Mege et al., 1992;
McCormick, 1999). In addition, B-catenin-dependent George-Weinstein et al., 1997; Redfield et al., 1997; Goichberg
transactivation may also involve a CREB-site-dependeraind Geiger, 1998; Linask et al., 1998; Seghatoleslami et al.,
mechanism, as was recently suggested for Wnt-induce2D00). In a previous study, we demonstrated that stimulation
WISP-1 activation (Xu et al.,, 2000). Further interest inof cadherin-mediated adhesion in proliferating myoblasts,
[-catenin-activated target gene expression was raised by thg cadherin-reactive beads (coated with anti-N-cadherin
finding that Wnt signaling is involved in embryonic antibodies or with the extracellular domain of N-cadherin),
morphogenesis (for review see Wodarz and Nusse, 1998) afatilitates the expression of the muscle regulatory protein
that accumulation of-catenin, due to mutations in the myogenin, and induces other myogenic events, including
adenomatous polyposis coli (APC) gene, or inffheatenin  growth arrest and myotube formation (Goichberg and
gene itself, are associated with colon cancer and oth&eiger, 1998). In addition, shortly after incubation with
malignancies (Korinek et al., 1997; Morin et al.,, 1997;N-cadherin-reactive beads, myoblasts aggregate into coherent
Rubinfeld et al., 1997). Among the genes whose expressiarrays, develop adherens junctions and redgatenin to
was found to be regulated Iffycatenin are c-myc (He et al., cell-cell contact sites (Goichberg and Geiger, 1998; Levenberg
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et al., 1998b). This is consistent with immunohistochemicaCo.), and immuno-reactive bands were visualized using the
analysis of B-catenin expression in avian embryos, whichEnhanced ChemiLuminiscence System (ECL, Amersham).
indicated that its association with intercellular junctions is

correlated with somitogenesis (Linask et al., 1998). Immunochemical reagents and procedures _
In this study, we examined the role Bfcatenin in the C2 and L8 myoblasts, cultured on glass coverslips, were washed with

. . Py . PBS, fixed and permeabilized for 4 minutes at room temperature with
regulation of muscle differentiation. We report here on maJoES% Triton X-100, 3% paraformaldehyde in PBS, and post-fixed for

change; n bO'th the. Igvel and intracellular distribution o n additional 25 minutes with 3% paraformaldehyde. The antibodies
B-catenin in differentiating myoblasts. These changes argseq in this study were: monoclonal anti-pan-cadherin (CH19),
accompanied by an increase in adherens junction formatiomonoclonal anti-chicken N-cadherin (ID7.2.3), monoclonal @nti-
followed by an increase ifi-catenin level and in myogenin actin, rabbit antB-catenin, rabbit anti-pan-cadherin and rabbit gati-
expression. Surprisingly, overexpression [®Catenin was catenin (all purchased from Sigma Chemical Co., Israel); monoclonal
found to reduce intercellular adhesion and inhibit myogenimnti-plakoglobin {-catenin) was purchased from Transduction
expression. Our results suggest that cadherin-mediaté@boratories, Lexington, KY, USA; rabbit anti-HA antibody was

are involved in the promotion of myogenesis via activation of\Nti-myogenin antibody was provided by Drs B. Winter and H. H.
myogenin expression. Arnold (Technical University, Braunschweig, Germany), and

monoclonal anti-MyoD antibody was purchased from Novocastra
Laboratories, Ltd, Newcastle upon Tyne, UK. The secondary
antibodies used were Cy3-conjugated goat anti-mouse IgG (Jackson

MATERIALS AND METHODS Immuno-Research Labs, Inc. West-Groove, PA, USA) and Alexa
488-conjugated goat anti-rabbit IgG (Molecular Probes, Inc., Oregon,
Cell culture USA). Nuclei were stained for 10 minutes with 21§/ml DAPI

The mouse and rat skeletal myoblast cell lines C2 and L8 (Yaffe and',6-diamidino-2-phenylindole; Sigma Chemical Co.), and the cells
Saxel, 1977a; Yaffe and Saxel, 1977b), were kindly provided by Dwere mounted in Elvanol (Mowiol 4-88, Hoechst, Frankfurt,
D. Yaffe (The Weizmann Institute of Science, Rehovot). The cell$sermany). Immunofluorescent images were visualized with either an
were maintained in either growth medium (FS) or differentiationAxiophot microscope (Zeiss, Oberkochen, Germany) equipped for
medium (DM), plated at subconfluent densities and incubated at 37%@ultiple fluorescence examination, or by the DeltaVision system
in a humidified atmosphere containing 8% @2 cells were (Applied Precision Inc., Issaqua, WA, USA), as indicated.

cultured in DME medium supplemented with 20% heat-inactivated ) ) ]

fetal calf serum (FCS; BioLabs Ltd, Israel), glutamine and antibioticsP!asmids and transient transfections

L8 cells were cultured in Waymouth medium containing 15% FCSThe preparation of a vector expressifigcatenin containing a

To trigger differentiation, C2 myoblasts were either plated at higtSer(33)-to-Tyr mutation f:cateninY33) was previously described
density (approximately 80% confluence), or stimulated by DM,Damalas et al., 1999). This mutant lacks one of the major
containing insulin (Humulin R, Lilly France S.A., France; 4 1U/100 GSK3-phosphorylation sites and is thus relatively resistant to
ml) and 10% horse serum in DMEM. Myogenic differentiation of L8 proteasomal degradation (Aberle et al., 1997; Orford et al., 1997). The
cells was induced by changing the growth medium to DMEMfull length chicken N-cadherin cloned into the pECE expression
containing 2% heat-inactivated horse serum (Biological Industriessector and the N-cadherin tail-GFP fusion protein were described

Israel) and 4 1U/100 ml insulin. elsewhere (Levenberg et al., 1998a; Sadot et al., 1998). A construct
o expressing HA-tagged skeletal tropomyosiwas obtained from Dr
Treatment with LiCl D. Helfman (Cold Spring Harbor Laboratory, NY, USA).

C2 cells were plated on culture dishes or coverslips, and incubatedC2 cells were plated on coverslips at a density>df02 cells per
with medium containing 30 mM of either LiCl or NaCl (as control) 35 mm dish. When approaching confluence, the cells were transfected
for the indicated periods of time. The cells were fixed and subjectedith 4 pg DNA (2 ug of expression vector andug of empty vector)

to immunocytochemical staining f@catenin and myogenin. using 8l Lipofectamine and €l Plus reagent (GibcoBRL, Life
) Technologies, UK). After 3 hours of incubation with the transfection
Immunoblot analysis mixture in serum-free medium, the cells were treated for an additional

Cells were washed with PBS and lysed with sample buffed8 hours with DM. The cells were then fixed and double
(Laemmli, 1970). Protein concentration was determined using thenmunolabeled, as described above.

Bradford Reagent (Bio-Rad Laboratories, CA, USA) and equal o

amounts of protein (20-5g) were loaded on the gel. To separate Transactivation assays

between Triton X-100-soluble and -insoluble proteins, cells wereC2 cells were plated at a density ofl2® cells per 35 mm dish, and
extracted directly from culture dishes for 2 minutes in 50 mM MES18 hours later co-transfected with Jlg of the LEF-1 reporter,
(2-[N-morpholino] ethanesulfonic acid) buffer, pH 6.0, containing TOPFLASH (van de Wetering et al., 1997), @& of LEF-1 and 1
0.5% Triton X-100, 2.5 mM EGTA, 5 mM Mg&l1l mM PMSF  ug of B-cateninY33, either alone or together witiid of N-cadherin
(phenylmethylsulfonyl fluoride), and 0.1 mM aprotinin, leupeptin, tail or the full length chicken N-cadherin. pCDNA3 coding for
pervanadate, NaF and NaPPi. The Triton-insoluble fraction waB-galactosidase (04fg) was used to normalize transfection efficiency.
scraped off the plate with a rubber policeman in the same volumleuciferase and3-galactosidase activities were determined 48 hours
of the above buffer. Identical aliquots of both fractions wereafter transfection and normalized as described (Sadot et al., 1998).
boiled in Laemmli’'s sample buffer and subjected to 9% SDS- o ) )

polyacrylamide gel electrophoresis followed by electroblotting ontdRetroviral infection and production of pools of stably

Hybond-C nitrocellulose membranes (Amersham Co., UK). Thdnfected cells

membranes were blocked for 1 hour with a 4% solution of dry milkPreparation of the retroviral vector DNA expres$ircateninY33 and

in PBS, and incubated overnight at 4°C with the primary antibodieg;ontaining the HA tag was described (Damalas et al.,, 1999).
diluted in PBS or TBS. After washing in PBS, the membraned$uromycin-resistant pools of C2 cells infected with the above DNA,
were incubated for 45 minutes at room temperature withor with pBabe-puro retroviral DNA, as control, were produced as
HRP-conjugated goat anti-mouse or anti-rabbit IgG (Amershandescribed (Damalas et al., 1999). Briefly, retroviral stocks were
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obtained by transfecting each of the constructs into 293T cells, by tidemonstrated that C2 and L8 myoblasts adhere poorly to each
calcium-phosphate co-precipitation method, together withythe other and that the three catenins are not enriched along cell-cell
ectopic packaging vector, pSN-E-MLYV, providing the packaging interfaces (Fig. 1A-D)a-catenin and plakoglobin exhibited
helper function. Virus-containing supernatants were collected 24-7giffyse cytoplasmic distribution, whil@-catenin was also

hours post-transfection, at 6 hour intervals, pooled together, filteregi riched in the nucleus (Fig. 1B,D, arrowheads). Upon the
and added in the presence of polybrene (Sigma Chem. Co.) to the - L e ’
myoblasts, pIatedEQLO5 cells pel?r 6 cm dish. The supernatants were Es?t O.f differentiation (namely when ”?y.ocytes. Stop
added 3 times at 4 hour intervals. After the last infection, the ceIIQrO“fe.raFmg and start to EXpr.eSS mUSde'SpeC'flc proteins), an
were incubated with fresh growth medium (FS) for 18 hours, and the@Ssociation o_f the three catenins with cell-cell contacts became
plated into the selective medium (FS supplemented witig/enl  apparent (Fig. 1E-H, arrows). When myotubes formed,
puromycin; Sigma Chem. Co.). The medium was changed every wadherens junctions were no longer detected and the staining for
days, and pools of stably infected cells were collected after 2 weeksadherin (not shown) and catenins was mostly diffuse (Fig.
1I-L). Immunoblot analysis revealed a major increase
(approximately 6-fold) in the level of cadherin and a more

RESULTS moderate increase if-catenin and plakoglobin levels in
differentiating muscle cells, which was apparent within 8 hours

Changes in cell-cell contacts and catenin levels after medium switch (Fig. 2B and C). A similar increase in

during myogenic differentiation cadherin and3-catenin levels was observed in differentiating

To monitor the assembly of adherens junctions during the8 cells, however the changes were apparent 24 to 48 hours
myogenic process, we examined the changes in the distributideter than in C2 cells (data not shown). This is in agreement
of a-, B-, andy-catenin (plakoglobin), at different stages of with the slower rate of differentiation characteristic to L8 cells
muscle differentiation in culture. Immunofluorescence labelingYaffe and Saxel, 1977a).

myoblasts myocytes myotubes
Fig. 1.Changes in the o 3 . %
subcellular localization of
catenins during differentiation
of C2 and L8 myogenic cell
lines. C2 and L8 cells were
fixed and immunolabeled
either fora-catenin 3-catenin
or plakoglobin at three
distinct stages of myogenesis:
(i) Subconfluent proliferating
cells, 18 hours after plating,
that were defined as
myoblasts (A-D); (i) cells
approaching confluence,
cultured in differentiation
medium (DM) for 24-48
hours that express myogenin
as well as some
muscle-specific structural
proteins, are defined as
myocytes (E-H); (iii) fused
cells, after incubation for
48-96 hours in DM,
displaying elongated
morphology, multinucleation,
and expressing a full
repertoire of muscle-specific
proteins, that were defined as
myotubes (I-L). Note that
[-catenin is present in the
nuclei of myoblasts
(arrowheads, B,D), while in
myocytesB3-catenin is mostly
localized at cell-cell contact
sites (arrows, in F and H).
Plakoglobin andx-catenin
have diffuse cytoplasmic
distribution in myoblasts and
are present at the cell-cell
contacts in myocytes (arrows,
E and G). Bar, 2fim.

a~-catenin

Cc2

p-catenin

| | plakoglobin

B-catenin
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Fig. 2.Changes in the level of adherens junction components during
muscle cell differentiation. Cultured C2 cells were harvested at the
indicated time points following induction with differentiation medium
(DM). (A) Comparison of the Triton-soluble (s) and insoluble (i)
fractions of cultured C2 cells at the myoblast, myocyte and myotube
stages. Cell extracts were subjected to immunoblot analysis with
anti{3-catenin antibody. Note that while nearly@tatenin in 12h
myoblasts was associated with the Triton-soluble fraction, in
differentiating cells (myocytes or myotubes) about 60%-cétenin

was associated with the Triton-insoluble fraction. (B) Equal amounts
of protein were subjected to sequential western blot analysis with
anti-cadherin, anf8-catenin, anti-plakoglobin, and afiactin

antibodies. Note the increase in the levels of both cadherin and Fig. 3.Induction of cell-cell contacts in L8 myoblasts treated with
catenins following incubation with DM and the characteristic decreasejifferentiation medium. L8 cells were plated for 18 hours in growth
in B-actin levels. (C) The relative levels of cadherin and the two  medium (FS) and then incubated in differentiation medium (DM) for
catenins as determined by densitometric measurements. the indicated time periods. Following fixation and permeabilization,

the cells were immunolabeled frcatenin and digital images were

Detergent extraction of differentiating cells followed by acquired. Arrows point to cell-cell contacts. Note the increase in the
western blot analysis indicated that while in myoblasts, nearl rl?r:n E)nﬁr'(gfrg\?vz)'nézr:s%l?}:Juncmr&batemn after incubation
all B-catenin was Triton X-100-soluble, in differentiated cells B '
about 60% of B-catenin was associated with the Triton
X-100-insoluble fraction (Fig. 2A), suggesting that it becamecells varied between sparse cell populations (Fig. 2A) and
associated with the cytoskeleton. The level3-afatenin in  densely plated cells (Fig. 2B,C).
myoblasts appear to depend on the plating density of cells.
Thus, in sparse cells the total amounBafatenin protein was Junctional localization of ~ -catenin is induced
much lower than in densely plated myoblasts. Therefore, thghortly after removal of the growth medium
extent of increase i-catenin level in differentiating myogenic To test the kinetics of adherens junction formation following
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the induction of differentiation (i.e. replacement of FS withinduced stabilization of3-catenin, as well as by its forced
DM), L8 cells which have low levels of junction&icatenin in  overexpression.
the non-differentiated state, were incubated for different time Li* ions were shown to inhibit GSI83activity, resulting in
periods with DM, and then fixed and stainedfesatenin. As  the elevation oB-catenin protein levels (Stambolic et al., 1996;
shown in Fig. 3, within 1 hour after medium switfhcatenin  Aberle et al., 1997; Orford et al., 1997; Salomon et al., 1997).
was already associated with cell-cell junctions in L8 myoblastin addition, Linask et al. demonstrated that LiCl-treated
(Fig. 3, arrows) and its presence in adherens junctions becartieicken embryos display anomalous somites (Linask et al.,
more prominent upon longer incubation with DM. A similar 1998), similar to those obtained after treatment with
increase in junctionaB-catenin was detected shortly after N-cadherin-perturbing antibodies.
growth factor deprivation of C2 myoblasts (data not shown). To examine the effect of excegscatenin on muscle
differentiation, we treated myoblasts with 30 mM LICl. This
The effect of increased levels of ~ [-catenin on treatment inhibited the fusion of both C2 and L8 cells into
myogenin expression myotubes when induced to differentiate as above (data not
In view of the apparent correlation between the increasshown). The removal of LiCl after several days of treatment,
in B-catenin levels and the arrest of myogenesis, weesulted in a rapid progression of myogenesis (formation of
determined whether artificial elevation[®tatenin can induce myotubes after 24 hours of stimulation), indicating that
myogenin expression. This was carried out by lithium-prolonged LiCl treatment was not toxic to these cells and did

Mw
17 '
T . e S S < s-catenin
T — -<—myogenin
S 1 S i
. . - | | |
Fig. 4.LiCl treatment inhibits Na T,
myogenin expression and
adherens junction formation in B
cultured C2 myocytes. B-CATENIN PLAKOGLOBIN DAPI

(A) Sequential immunoblot
analysis fof3-catenin and

myogenin of the Triton-soluble

(s) and insoluble (i) fractions of
differentiating C2 myocytes. The
cells were stimulated with DM

for 30 hours, and then incubated
for an additional period of 16

hours in the presence of either 30¢g
mM NaCl (Na) or 30 mM LiCI 2
(Li). Note the elevation in
[B-catenin levels and the
suppression of myogenin levels
following LiCl treatment.

(B) Double immunolabeling of
adherens junctions of C2 cells
for B-catenin and plakoglobin
after NaCl or LiCl treatment. C2
cells were cultured till
confluence and treated as in A
above. The cells were double
stained with antB-catenin and
anti-plakoglobin antibodies.
Nuclei were visualized by DAPI
staining. Digital images were
acquired. Arrows point to
identical positions along cell-cell
contacts in NaCl treated cells.
Note the apparent decrease in
adherens junctions induced by
LiCl, which correlates with the
decrease in myogenin levels.
Bar, 10pm.

-
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not irreversibly suppress their myogenic capacity. Moreover A B
western blot analysis showed that the addition of LiCl tc
myocytes, which already expressed myogenin, results in &
overall reduction in myogenin expression (Fig. 4A). On the  HA-fY33 —» N—— s
other hand, when LiCl was added to terminally differentiatec * W ——
myotubes, it had no apparent effect on cell morphology an
did not affect myogenin expression (data not shown)
indicating that increased levels d-catenin specifically c
affected the activity and/or expression of relatively early
muscle-regulatory factors. Immunofluorescent labeling o Time 0 24
LiCl-treated cells for plakoglobin an@tcatenin (Fig. 4B), as inDM (h) i |
well as cadherins (not shown), revealed a major disruption ¢ C pY33 C pYas
adherens junctions. This suggests that either the destruction 48kD — -
cell-cell junctions, or accumulation dg8-catenin, inhibited WeD—="Nree SN '
myogenin expression and blocked myogenesis.

To further explorg the spec_ific role @kcatenin in this Myogenin — —
process, we examined retroviral infected C2 cells, stabl
overexpressing-catenin (Fig. 5A,B). Interestingly, while the
increase ir-catenin levels was modest (Fig. 5B) (~20% over 48 72
the control), thés-catenin overexpressing cells did not express "¢ Byas | C BY33
myogenin even after stimulation with differentiation medium :
for 72 hours (Fig. 5C). However, overexpressiom-aatenin 48k0 — — = —

D el

c Y33 c BY33

did not affect the basal level of MyoD expression wher MyoD—=- RS-
compared to control cells transfected with the puromycin gen

only (Fig. 5C, time 0). Subsequently, MyoD protein levels  Myogenin—s s
decreased in cells overexpressipgatenin (Fig. 5C, 24-72

hours). This late decline could be attributed to the fact the

MyoD expression is maintained in cultured C2 cells bott

by autoregulatory stimulation and by a feedback loop fron D
downstream muscle specific transcription factors, such ¢

myogenin (for review see Yun and Wold, 1996), which is 60-
impaired in these cells. It appears that the effe@-céhtenin

on myogenic differentiation is not highly dependent on

LEF-mediated transcription, since the activity of the i 40-

LEF-reporter (TOPFLASH) is only slightly elevated in C2 L

cells overexpressing-catenin (Fig. 5D, and see below). g 20
To directly examine whether the inhibitory effect of

[-catenin on myogenesis is attributable to its transactivatio 8

activity or to its effect on adherens junction integrity, C2 cells
were co-transfected with the mutdhitateninY33 that is less _ o .
sensitive to degradation, and either full length N-cadheriffrig. 5. Stable overexpression ffcatenin inhibits myogenesis in C2
or the cytoplasmic domain of N-cadherin (N-cadherin ta”)_cells. (;2 m_yoblasts were infecteq with a recombinant retrovir_us
Both molecules were shown to stabilipecatenin against ~€ncoding either HA-taggefiicateninY33 £Y33) or the puromycin
proteasomal degradation (Sadot et al., 1998). As demonstrat?t‘i‘i's'[a.”ce vector (C), as described in Materials and Methods.

in Fig. 6A, B-cateninY33 inhibited myogenin expression and ollowing two weeks of puromycin selection, cells were harvested,

Lo . .,_extracted, and equal amounts of protein were subjected to western
this inhibition was fully reversed by N-cadherin, but not by itsy), analysis with anti-HA (A) or anfi-catenin antibodies (B). The

cytoplasmic tail. Interestingly3-cateninY33 had no apparent asterisk in A marks a non specific anti-HA-reactive band. C2 cells

effect on MyoD expression (Fig. 6B). were harvested at different time points following stimulation with
Overexpression of the N-cadherin tail inhibited myogeninbDM and subjected to sequential immunoblot analysis with

expression in the transfectants, while expression of skeletahti-MyoD and anti-myogenin antibodies (C). Note that MyoD

muscle tropomyosia had no such effect (data not shown). Inexpression is not affected in non-differentiatigateninY33

contrast, the expression of MyoD was not significantly affecte@verexpressing cells, while myogenin expression is already

by transfection with the N-cadherin tail (Fig. 6B). ExaminationSUPPressed (compare c¥33 at time 0). (D) Transcriptional

of the effec of N-cadherin, o s Gytoplasmic ai, onCy f & LEF sfhen inote n C2 el overecressia

B-Catenln-m'ed!a'ted transactivation |nd|cat¢d that 'bpt yoblasts 8Y33) were transfected with TOPFLASH, and luciferase

mqlecules 'nh'b'tecj TOPFLA_SH-r_eporter luciferase aCtIV!tyactivity was determined. Note that luciferase activity is only slightly

(Fig. 6C). While the N-cadherin tail was much more effectivgncreased i-catenin-overexpressing cells.

than the full-length molecule in suppressprgatenin-driven

transactivation (Fig. 6C), it did not affect the expression of

myogenin inf-catenin overexpressing cells (Fig. 6A). Intactdifferentiation in these cells (Fig. 6A). As indicated in Fig. 6A,

N-cadherin, on the other hand, fully restored myogenioverexpression of functional N-cadherin results in higher

c BY33
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>

Fig. 6. Transient elevation @-catenin levels suppresses myogenin

100 expression. Confluent C2 cells were transiently transfected with
HA-B-cateninY33 BY33), GFP-N-cadherin tail (N-cad Tail), or
full-length chicken N-cadherin (N-cad), either alone or together with
HA-B-cateninY33 BY33+N-cad). The cells were further incubated
with DM for 2 days, fixed and double immunolabeled with
anti-myogenin or anti-MyoD antibodies. The histograms show the
difference between the fraction of myogenin-positive (A) or
MyoD-positive (B) transfected cells, compared to control
untransfected (c) myogenin or MyoD expressing cells, as detected
microscopically. Between 100 to 150 transfected cells, out of a total
of about 1000 cells (in 5-6 independent fields) were analyzed in each
case. Note the decrease in the proportion of myogenin-positive cells
that overexpres-catenin or N-cadherin tail, but not in cells
expressing the full length N-cadherin. (C) Transcriptional activity of
LEF-driven reporter (TOPFLASH) in C2 cells treated with 30 mM
B LiCl (Li) or transfected witlf3-catenin and N-cadherin derivatives.

100 C2 cells were co-transfected with TOPFLAH, LEF-18Y®33 either
§ alone or together with N-cad TapY33+N-cadTail) or N-cad
80 4 (BY33+N-cad). Luciferase activity was assayed 48 hours after
transfection in duplicates, and normalized to the control cells that
were transfected with TOPFLAH and LEF-1 only (c).

80 -

60 —

40 —

20

Myogen in positive cells (%)

BY33+N-cad

60 -

40

[B-catenin/LEF-1 transcriptional activity, and its ability to
stimulate adherens junction formation and myogenin
expression, it appears that the stimulation of myogenin
expression and progression of myogenesis are triggered
by adherens junction-mediated signaling rather than by
suppression of B-catenin/LEF-1 driven transcription.
Perturbation of adherens junctions by excéssatenin,
c therefore, can inhibit the myogenic process.

80

MyoD positive cells (%)
1

20

BY33+N-cad
N-cad Tail -

0 | DISCUSSION
In the present study we investigated the involvement of
[B-catenin in the regulation of skeletal myogenesis. We show
here that early stages of myogenesis are accompanied by
changes in the levels and subcellular distributiof-o&tenin.
These changes precede the expression of muscle-specific
regulatory factors, such as myogenin.

The involvement of cadherin-mediated adhesion in the
process of muscle differentiation is well established (Knudsen
et al., 1990; Holt et al., 1994; George-Weinstein et al., 1997;
Goichberg and Geiger, 1998; Linask et al., 1998;
Seghatoleslami et al., 2000). In previous studies, we showed
myogenin level compared to controls, suggesting that athat stimulation of cadherin-mediated adhesion enhances
increase in adherens junction formation due to excessdherens junction formation and leads to the recruitment of
N-cadherin is stimulatory for myogenic progression. Based off-catenin to cell-cell contact sites (Goichberg and Geiger,
these findings, it was concluded that the inhibitory effect 0998; Levenberg et al., 1998b). This process also facilitates
B-catenin on myogenesis can be attributed to its capacity tmyogenin expression and consequently the expression of
downregulate adherens junctions in these cells, and natuscle-specific structural proteins and the formation of fully
to its LEF-dependent transactivation capacity. Indeeddifferentiated myotubes (Goichberg and Geiger, 1998). The
immunofluorescent analysis confirmed that in myocytesnechanism underlying this cadherin-mediated signaling event
transfected with B-cateninY33, or the N-cadherin tail, remained, however, unclear. In this study we wished to
junctional localization of plakoglobin (Fig. 7, a-c and d-f) andelucidate the specific mechanism(s) underlying these
cadherin (not shown) is severely perturbed. On the other hanalationships.
overexpression of N-cadherin either alone, or in conjunction We demonstrate here that the onset of myogenesis is
with [B-catenin, induced an increase in adherens junctioaccompanied by multiple changes in the levels and
formation, as shown by anti-cadherin and anti-plakoglobin, oorganization of adherens  junction components.
antif-catenin labeling (Fig. 7, g-l). Immunofluorescent staining f@rcatenin indicated that shortly

In view of the limited capacity of N-cadherin to suppressafter cells are moved to differentiation-inducing medium, a
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p-catenin plakoglobin

N-cad Tail

cadherin tail plakoglobin

Fig. 7. The effect of3-catenin

and N-cadherin derivatives
overexpression on
cadherin-mediated cell-cell
adhesion. C2 cells were
transfected as described in Fig.
6 and double immunolabeled for
plakoglobin (b,e,h) or cadherin
(k). Transfected cells were
detected with either anti-HA
antibodies, to visualize
[B-catenin overexpressing cells
(a and j) or anti-cadherin
antibodies, to visualize
cadherin-overexpressing cells
(9). Cells expressing the
N-cadherin tail were detected by
GFP fluorescence (d). Nuclei
were visualized with DAPI
(c,f,i,)). Digital images were
acquired. Note thg3-catenin- or
N-cadherin tail-transfected cells
did not form adherens junctions,
whereas co-expression of full
length N-cadherin restored
junctional localization of
[B-catenin. The position of the
transfected cell is indicated by
asterisks (a-f). Long arrows
point to cell-cell contacts, while
the short arrows (a-b, d-e)
indicate the absence of cell-cell
contacts irBY33- (a,b) and
N-cad Tail- (d,e) transfected g-catenin cadherin
cells. Bar, 1qum.

cadherin plakoglobin
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dramatic assembly of adherens junctions occurs. This procegeeviously demonstrated that calcium-dependent cell-cell
was already evident one hour after incubation with DM andnteractions can stimulate myogenic differentiation without
became prominent within a few hours. changing MyoD protein levels (Armour et al., 1999). Taken
B-Catenin in C2 and L8 myablasts is mostly nuclear andogether, these data suggest that junctional integrity is essential
associated with the Triton-soluble fraction, while the majorityfor myogenin expression. This is further supported by the
of this protein becomes cytoplasmic and resistant to Tritostudies of Redfield et al., which demonstrated that ectopic
extraction at later stages of differentiation. The total amount aéxpression of N-cadherin causes myogenic differentiation in
[B-catenin also increased considerably during this procesBHK cells, while expression of a mutant N-cadherin, defective
starting at about 4 hours after induction, and reaching maximal cell-cell adhesion, fails to induce differentiation, although it
values between 12 and 48 hours. is able to increase the level @fcatenin, suggesting that
Which of these changes is directly involved in the inductioradherens junctions must be established in order to achieve
of myogenesis? The increase frcatenin levels, per se, is myogenic induction (Redfield et al., 1997).
apparently not involved in myogenic induction. In fact, the How is junctional localization d8-catenin achieved shortly
artificial elevation of3-catenin effectively blocked myogenin after stimulation of differentiation? One possibility is that
expression. Excessive transcriptional activity driven byincreased expression of cadherin, which accompanies early
[-catenin and LEF-1 could be involved in this suppression afnyogenic events (MacCalman et al., 1992, and Fig. 2), induces
myogenesis. However, this is unlikely, as cells treated witlranslocation of3-catenin from the cytoplasm or the nucleus
LiCl, transfected with B-catenin, or co-transfected with tothe membrane, protects it from proteasomal degradation, and
B-catenin and the N-cadherin cytoplasmic tail, which blocksnduces the assembly of adherens junctions (Salomon et al.,
[-catenin’s transcriptional capacity (Sadot et al., 1998, and Fig.997; Levenberg et al., 1998a; Sadot et al., 1998; Orsulic et
6C) failed to differentiate (Figs 4 and 6A). al., 1999). This model is, however, incompatible with the
An alternative and more likely mechanism of regulation ofsequence of events presented here. Thus, assembly of new
myogenesis bf3-catenin may involve signaling from adherensadherens junctions was apparent within 15 minutes to one hour,
junctions as a major factor in the induction of myogeninwhereas a significant increase in cadherin levels was first noted
expression. This is consistent with the finding that assembly afly about 4 hours after the switch to differentiation medium.
adherens junctions was the first manifestation of myogenic Another possibility is that transmembrane signaling,
induction in these cells, and was apparent within 15 minutesiggered by the differentiation medium, induces adherens
after stimulation with differentiation medium. Moreover, all junction assembly, which, in turn, stimulates myogenin
treatments that blocked adherens junction assembly alsxpression. Indeed, there are indications that interactions of
interfered with myogenesis. The overexpressiofi-chtenin  B-catenin with various partner proteins (i.e. cadherin or
or the N-cadherin cytoplasmic tail had a dominant negative-catenin) and, consequently, its subcellular localization are
effect on adherens junction assembly. It should be indicateaffected by its phosphorylation state (Miller and Moon, 1997).
that3-catenin effectively blocked myogenin expression over dn general, adherens junctions appear to be excellent
wide range of DNA concentrations (14 per 35 mm dish). candidates for such signaling processes, since they are major
On the other hand, co-expression of full length N-cadherinsites of tyrosine phosphorylation in cells (Volberg et al., 1991,
together withf3-catenin, effectively restored both myogenin Volberg et al., 1992), and they contain a large number of
expression and adherens junction formation. Thus, as shownsignaling molecules, including various kinases, their substrates
Figs 6A and 7, co-expression of functional N-cadherin reverseand adaptor molecules (for review see Geiger et al., 1995). Our
the inhibitory effect of high levels ofi-catenin on both study strongly suggests that myogenesis-promoting signals,
myogenic differentiation and adherens junction formationprimarily those affecting myogenin expression, are generated
Overexpression of N-cadherin alone might even acceleratt cadherin-mediated adhesions. The exact nature of the
the differentiation process. This is also consistent with oupathway leading to such effects and its constituents, remain,
previous studies showing that the application ofhowever, largely unclear. Specific signaling events in adherens
cadherin-reactive beads considerably enhances both adhergumsctions, which could be relevant to muscle differentiation,
junction formation and myogenin expression (Goichberg andhight include the segregation Bfcatenin to newly formed
Geiger, 1998). Altogether, our results imply that changes in thadhesion sites. This could reverse a putative inhibitory activity
level of 3-catenin protein have a major impact on the formatioron myogenic differentiation exerted either by direct inhibition
of functional adherens junctions, which, in turn, is critical forof muscle specific genes, or via the activation of genes that
myogenic differentiation. Once the balance between theuppress myogenic progression, such as cyclin D1 (Rao et al.,
amounts of3-catenin and cadherin is disturbed (as in case witi994; Skapek et al., 1995; Rao and Kohtz, 1995; Skapek et al.,
[-catenin overexpression), formation of cadherin-mediated996; Zhang et al., 1999). Our present findings, however, show
cell-cell contacts is impaired resulting in the inhibition of that both the increase {catenin-driven transactivation (by
myogenic progression. Excelsatenin might affect adherens overexpression or LiCl treatment) or its suppression (with
junction assembly by competing for constituents of theN-cadherin tail) lead to arrest of myogenesis.
adhesion plaque, such ascatenin. Alternatively, it might Cadherin-mediated signaling might exert its effect on
trigger signaling cascades, of as yet unknown nature, resultimgyogenin by elevating the levels of the p27 cdk inhibitor,
in downregulation of intercellular adhesion. which suppresses cell cycle progression (Levenberg et al.,
Notably, increased levels @catenin do not significantly 1999). It appears that an increase in adherens junction
affect MyoD expression and its autoregulatory activity information upon stimulation of differentiation in myoblasts
transfected cells, in contrast to myogenin, whose expressionrigsults in the inhibition of cell growth, which, in turn,
dramatically reduced in such cells. Furthermore, it wastimulates myogenic differentiation. This is consistent with
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recent findings showing that cdk inhibitors such as p21 (Gurorinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R.,
et al., 1995; Halevy et al., 1995), p18 (Phelps et al., 1998), orKinzler, K. W., Vogelstein, B. and Clevers, H.(1997). Constitutive
p27 (Zabludoff et al.. 1998 Leshem et al. 2000) may have atranscriptional activation by 8-catenin-Tcf complexes in APC colon

\ . . o carcinomaScience275, 1784-1787.
role in the interplay between growth and differentiation of semmi; u. k. (1970). Cleavage of structural proteins during the assembly

myogenic Ce”_S- ) of bacteriophage TAature227, 680-685.
Future studies will have to address the nature of the adhereleshem, Y., Spicer, D. B., Gal-Levi, R. and Halevy, G2000). Hepatocyte
junction-mediated signals that are directly involved in junction growth factor (HGF) inhibits skeletal muscle cell differentiation: A role for

assembly and induction of myogenin expression in the tlhoel_blgléH protein twist and the cdk inhibitor p2¥. Cell Physial 184,

deveIOp'ng muscle. Levenberg, S., Katz, B. Z., Yamada, K. M. and Geiger, B(1998a).
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