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Abs t rac t .  We have used quail skeletal myotubes ex- 
pressing a temperature-sensitive allele of the v-src on- 
cogene to address the issue of the homeostasis of sarco- 
meric myofibrils in differentiated muscle cells. 
Reactivation of the v-Src tyrosine kinase by shifting the 
cultures to the permissive temperature leads within 
minutes to the formation of F-actin-containing bodies 
(ABs), that originate in the ventral region of the myo- 
tubes and increase in number concomitantly with the 
dismantling of the I-Z-I complex of the sarcomeres. 
This process is detailed by confocal and electron mi- 
croscopy. Indirect immunofluorescence reveals that 
ABs contain muscle-specific protein isoforms associ- 
ated with the I-Z-I complexes and vinculin, a compo- 
nent of the cytoskeletal network. Anti-phosphotyrosine 
antibodies label proteins in ABs and Z-discs. Evidence 
is presented indicating that this phenomenon specifi- 
cally depends on the persistent activation of v-Src, 

rather than on a general increase in phosphotyrosine 
content such as that induced by vanadate. AB forma- 
tion is prevented by activation of protein kinase C by 
phorbol ester or by treatment with the kinase inhibitor 
2-aminopurine, without any detectable effect on ty- 
rosine phosphorylation. Taken together these findings 
indicate that phosphorylation of specific target proteins 
by v-Src, although necessary, is not sufficient per se to 
induce AB formation. In addition, the signal transduc- 
tion cascade that culminates in MAP kinase activation 
and its nuclear translocation is activated both by v-Src 
and phorbol ester, and is relatively unaffected by 2-ami- 
nopurine. These findings imply that both phorbol esters 
and 2-aminopurine operate, at least in part, at the level 
of alternative pathways that may diverge upstream of 
the MAP kinase and are presumably mediating the 
early effects of v-Src on the differentiated phenotype. 

D 
IFFERENTIATION Of muscle cells involves both re- 
t pression of subsets of housekeeping genes and 
induction of muscle-specific gene expression, fol- 

lowed by fusion of mononucleated cells to form multinu- 
cleated syncitia. The result is a rapid accumulation of mus- 
cle-specific protein isoforms and their assembly into highly 
ordered arrays, the sarcomeric myofibrils. Of central im- 
portance to the functioning of differentiated muscle cells is 
that the myofibrils must be integrated with one another 
and with the sarcolemma and the extracellular matrix 
(Small et al., 1992). Continuity and support within the in- 
terdigitated array of myosin thick filaments and actin thin 
filaments is provided by the thick filament-associated pro- 
tein, titin and the thin filament-associated protein, nebulin 
(Wang and Wright, 1988; Trinick, 1991). Enveloping the 
sarcomeres is the intermediate filament lattice that links 
the Z-lines to the peripheral cytoskeleton and to the cos- 
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tameres, rib-like structures at the sarcolemma (Pardo et 
al., 1983; Danowski et al., 1992), thus providing mechani- 
cal integration of the myofibrils with the sarcolemma 
(Granger and Lazarides, 1979; Small et al., 1992). 

The cytoskeleton of nonmuscle cells is well known to be 
reorganized in response to signaling pathways associated 
with cell growth and motility (Burridge et al., 1988). The 
cytoskeleton of differentiated striated muscle cells is orga- 
nized into stable sarcomeric myofibrils, and yet muscles 
undergo extensive remodeling in response to exercise or 
injury. Complex regulatory processes therefore allow mus- 
cle to simultaneously undergo dynamic remodeling and 
maintain a highly differentiated state. While the compre- 
hension of the mechanisms that activate the muscle differ- 
entiation program has progressed considerably (Olson, 
1992; Lassar and Munsterberg, 1994; Weintraub, 1994), 
the mechanisms underlying the maintenance of the dif- 
ferentiated state are much less understood. Active con- 
trol, involving an interplay among positive and negative 
regulatory molecules in different signaling pathways, is hy- 
pothesized for both the differentiation process and its 
maintenance (Blau, 1992). Many signal pathways result in 
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phosphorylation of target proteins, but little is understood 
on how phosphorylation affects the organization of cy- 
toskeletal proteins, particularly in muscle. One approach 
to unravel these regulatory mechanisms is the use of dif- 
ferentiating muscle cells in vitro, in which an ectopic ty- 
rosine kinase can be activated at will (for a review see 
Alemh and Tat6, 1994). It has previously been shown that 
primary avian myoblasts infected with temperature-sensi- 
tive (ts) 1 mutants of Rous sarcoma virus (RSV) display a 
temperature-dependent transformation and block of dif- 
ferentiation (Holtzer et al., 1975; Boettiger, 1989; Falcone 
et al., 1985, 1991). Both events are dependent on the ex- 
pression of the v-src oncogene that encodes a 60-kD 
polypeptide (v-Src) characterized by an intrinsic tempera- 
ture-sensitive tyrosine kinase activity (Wyke and Stoker, 
1987; Parsons and Weber, 1989). Transformed myoblasts 
shifted to the restrictive temperature withdraw from the 
cell cycle, assemble myofibrils, and fuse into multinucle- 
ated myotubes (Falcone et al., 1985, 1991). Upon shift- 
down to the permissive temperature, the reactivation of 
v-Src in postmitotic myotubes causes a selective reduction 
of contractile protein gene transcripts through transcrip- 
tional repression of muscle-specific genes and, presum- 
ably, transcript destabilization (Falcone et al., 1991; Alemh 
and Tat6, 1994). 

In the present study we demonstrate that the ts-RSV- 
transformed myoblasts provide an experimental model 
suited to study the cellular factors that mediate the selec- 
tive turnover of specialized structures in muscle cells. We 
show that reactivation of v-Src in terminally differentiated 
myotubes reversibly alters the differentiated phenotype 
and induces major changes in the cellular architecture, in- 
volving the disassembly of the contractile filaments from 
the sarcomere. Globular structures containing filamentous 
ct-sarcomeric actin and muscle-specific and cytoskeletal 
actin-associated proteins--referred to as actin bodies 
(ABs)--are observed within minutes from activation of 
the kinase. The progressive appearance of the ABs after 
reactivation of v-Src activity matches the dismantling of 
the I-Z-I sarcomeric segments. Evidence is presented indi- 
cating that while AB formation specifically depends on the 
persistent activation of v-Src, rather than on a general in- 
crease in phosphotyrosine content, it is inhibited by activa- 
tion of protein kinase C (PKC) by phorbol ester and by 
treatment with the kinase inhibitor 2-aminopurine (2-AP). 
We also demonstrate that the signal transduction cascade 
that culminates in mitogen-activated protein (MAP) ki- 
nase activation is activated by v-Src in myotubes shifted to 
the permissive temperature and by phorbol esters in myo- 
tubes at the restrictive temperature, and is not inhibited by 
2-AP. Taken together these findings suggest that the 
v-Src-evoked disassembly of the I-Z-I complexes is pre- 
sumably mediated by signaling pathways that may diverge 
upstream of the MAP kinase rather than by direct phos- 
phorylation of cytoskeletal proteins operated by v-Src. 

1. Abbreviations used in this paper: AB, actin-containing bodies; 2-AP, 
2-aminopurine; DM, differentiation medium; GM, growing medium; 
MAP, mitogen-activated protein; PDD, 4a-phorbol-12,13-didecanoate;, 
PKC, protein kinase C; P-Tyr, phosphotyrosine; RSV, Rous sarcoma vi- 
rus; TPA, phorbol 12-myristate 12-acetate; ts, temperature-sensitive; 
v-Src, a 60-kD polypeptide encoded by the v-src oncogene. 

Materials and Methods 

Materials 

Staurosporine, 2-aminopurine, phorbol 12-myristate 13-acetate (TPA), 
4a-phorbol-12,13-didecanoate (PDD) and myelin basic protein were pur- 
chased from Sigma Chem. Co. (St. Louis, MO); Calphostin C, bisindolyl- 
maleimide, and HOECHST 33258 from Calbiochem (San Diego, CA) and 
genistein from Upstate Biotech. Inc. (Lake Placid, NY). Paraformalde- 
hyde and formaldehyde were from Fluka (Buchs, Switzerland). Mono- 
clonal antibodies to ct-sarcomeric actin (5C5), vinculin (VIN-ll-5), nebu- 
lin (NB2), phosphotyrosine (PT-66), and FITC-phalloidin were purchased 
from Sigma. TRfTC-phalloidin was from Molecular Probes (Eugene, OR) 
and antibody to phosphotyrosine (mAb 4G10) was purchased from 
Upstate Biotech. Inc. Antibody to skeletal a-actinin (mAb 9A) was kindly 
provided by Dr. Donald Fischman (Cornell University Medical College, 
NY) and to ERK2 (#122) by Dr. C. Marshall (Chester Beatty Laboratories, 
London). Secondary antibodies, TRITC- and FITC-goat-anti-mouse were 
from Cappel (West Chester, PA), FITC-goat-anti-mouse (Fab/2 fragment) 
from Sigma Chem. Co., and horseradish peroxidase--conjugated goat anti- 
mouse and goat anti-rabbit from Bio-Rad Labs (Richmond, CA). 

Cell Cultures 

Primary cultures of quail myoblasts (Coturnix japonica) were prepared as 
previously described (La Rocca et al., 1989; Falcone et al., 1985). Quail 
myoblasts were maintained proliferating in DME medium (GIBCO BRL, 
Gaithersburg, MD) supplemented with 10% FCS, 10% tryptose phos- 
phate broth, and 1% chicken serum (referred to as growing medium, GM) 
and 5% chicken embryo extract. Differentiation was induced by replacing 
the GM medium with F14 medium, supplemented with 2% FCS (referred 
to as differentiation medium, DM). Polyclonal populations of transformed 
quail myoblasts were established from primary passage cultures infected 
at high multiplicity with high titer viral stocks of ts-LA29, two tempera- 
ture-sensitive mutants of RSV, and propagated on collagen-coated dishes 
in GM at 35°C (permissive temperature). The infected cells were then pas- 
saged a few times to allow virus spread. Differentiation was induced by 
plating 105 cells on 35-ram collagen-coated dishes in GM and, the follow- 
ing day, after replacing the medium with DM, by shifting the cultures at 
41°C (restrictive temperature) for 3 d. v-Src kinase was reactivated by 
shifting 3-d-old differentiated cultures to 35°C in DM. All experiments 
were carried out with cells between passage 9 and passage 16. 

Treatments of the Cultures 

Orthovanadate and orthovanadate/hydrogen peroxide were added di- 
rectly to the medium of differentiated myotubes at 41°C. When orthovan- 
adate/hydrogen peroxide was used at 1 mM, however, ceils were incu- 
bated with orthovanadate/hydrogen peroxide for up to 15 rain, and then 
subjected to a change of medium and left at 41°C for the desired time, as 
described (Volberg et al., 1992). Treatment of the cultures with protein ki- 
nase inhibitors was carried out by adding to myotubes differentiated for 3 d 
at 41°C genistein (50 i~g/ml final), staurosporine (from 0.025 to 1.2 ~M), 
bisindolylmaleimide (from 5.0 to 7.5 ~M), calphostin C (from 0.025 to 1.2 
I~M), and 2-AP (5-7.5 mM) 30 rain before temperature shift or stimula- 
tion with 5 x 10 -7 M TPA or PDD. Equal volume of vehicle (DMSO) was 
added to controls. Since the activity of calphostin C is light dependent 
(Bruns et al., 1991), the dishes were kept under fluorescent light during 
the incubation. Cycloheximide (20 ~M final concentration) was added to 
the medium 1 h before temperature shift to 35°C. 

Immunofluorescence 
Cultures, after rinsing with PBS (3 X 1.0 ml), were routinely fixed for 10 
rain with 4% paraformaldehyde in PBS at room temperature and perme- 
abilized with 0.1% Triton X-100 in PBS for 5 rain, rinsed with PBS (3 × 
1.0 ml), and incubated with primary and secondary antibodies and/or 
FITC- or TRITC-phalloidin at the appropriate dilutions. Methanol/ace- 
tone mixture (1:1, vol:vol; 10 rain at -20°C) was sometimes used as fixa- 
tive for cultures to be processed with antibody to c~-actinin. The antibody 
to a-sarcomeric actin did not label cultures chemically fixed with parafor- 
maldehyde. Fixation with methanol/acetone preserved antibody binding, 
but induced disordering of the thin filaments, although the alignment of 
the Z-discs was not affected, as shown by staining with antibody to a-acti- 
nin. Of the various fixatives tested for labeling with antibody to a-sarco- 
meric actin (3% glutaraldeyde; a mixture of 70% ethanol, 5% acetic acid, 
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Figure L Reactivation of v-Src in fully differentiated myotubes induces the formation of actin bodies (ABs). Optical sections (0.6 ~m) 
of myotubes fixed with paraformaldehyde and stained with TRITC-phalloidin after incubation at 35°C for (A) 0.5, (B) 1, (C) 4, (D) 8, 
and (E) 24 h. Images from left to right show selected optical sections (numbered from 1) from the dorsal to the ventral region of the 
myotube. After 0.5 and 1 h at 35°C (A and B), the typical band pattern due to the sarcomeric arrangement of the thin filaments is ob- 
served in the dorsal region of the myotube, while the ABs are seen in the more ventral region. At longer incubations (C and D) the 
number of ABs increases concomitantly with the disappearance of the thin filaments band pattern. In D, two adjacent myotubes are 
shown, one displaying individual ABs and the other AB aggregates (arrow). By 24 h (E) only small, ill defined F-actin bodies are ob- 
served. Bars, 10 p~m. 
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and 3.7% formaldehyde; ethanol:acidic acid [95:5%]), 3% formaldeyde 
for 10 min gave the best results. For MAP kinase/ERK2 nuclear transloca- 
tion experiments, myotubes were incubated for 6 h in DM containing 
0.2% serum before temperature shift or treatment with PDD. After fixa- 
tion with 4% paraformaldehyde at 20°C for 15 rain followed by permeabi- 
lization with 0.2% Triton X-100 for 10 min, the cells were incubated for 
2 h with antiserum #122 at 1:200 dilution. 

All primary and secondary antibodies were diluted in PBS containing 1 
mg/ml bovine serum albumin (RIA-grade, Sigma) and the incubations 
were carried out at room temperature for 1-2 h with agitation. After a fi- 
nal wash with PBS, cells were incubated with HOECHST 33258 (1 ixg/ml) 
for 5 min before being mounted in Gelvatol. The samples were routinely 
examined with a Zeiss microscope equipped with 40x and 50X objectives. 
Confocal analysis was carried out with a Leica TCS 4D system, equipped 
with 40 × 1.00-0.5 and 100 × 1.3--0.6 oil immersion lenses. 

Electron Microscopy 
Myoblasts, plated on collagen-coated Thermonox coverslips in 35-mm 
dishes, were differentiated for 3 d at 41°C and shifted to the permissive 
temperature (35°C) for increasing lengths of time before fixation. Control 
cultures were fixed after 3 d of differentiation at 41°C. 3-day myotubes 
were sampled at 2, 4, 8, 12, 18, and 24 h after shift to 35°C. All myotubes 
were fixed in situ with primary fixative consisting of 3% glutaraldehyde 
(TAAB Laboratories Equipment, Aldermaston, Reading), 0.2% tannic 
acid in 160 mM NaCI, 5 mM MgCI2, 10 mM MOPS, pH 6.8, for 30 min at 
room temperature. After rinsing with PBS, all specimens were postfixed 
in ice cold 1% OsO4 in 10 mM MgC12, 100 mM PO4, pH 6.0, for 20 min. 
After rinsing in water, cultures were block stained in aqueous 2% uranyl 
acetate for 30 min at room temperature, rinsed in water, and dehydrated 
in a graded series of ethanols. Specimens were embedded in Araldite 506. 
Longitudinal sections included both dorsal and ventral-substrate surfaces; 
distances of 3 mm were sampled along each myotube. Cross and longitudi- 
nal sections, ranging in thickness from gray to silver, were cut on a Re- 
ichert OMU3 ultramicrotome, picked up on carbon-coated grids and 
stained with 2% KMnO4 and Sato Lead (Reedy and Reedy, 1985). Sec- 
tions were photographed on a Philips EM300 on Kodak SO163 EM film. 

Polyacrylamide Gel Electrophoresis 
and Western Blot Analysis 
Cells were briefly rinsed with PBS also containing 0.5 mM orthovanadate 
and collected with 0.2 ml SDS sample buffer (9 M Urea, 0.14 M [3-mercap- 
toethanol, 0.04 M DTT, 2% SDS, 0.075 M Tris-Cl, pH 8.0). SDS-PAGE 
was carried out according to Laemmli (1970). Equal volumes of sample 
(5-20 ixl/well) were loaded. Western blots were carried out as described 
by Towbin et al. (1979) using as secondary antibody horseradish peroxi- 
dase-conjugated goat anti-rabbit and anti-mouse antibodies and revealed 
using the ECL chemiluminescence detection system (Amersham, Buck- 
inghamshire, England). 

Analysis of MAP Kinase Activation 
Western blot analysis of ERK2 was carried out as previously described us- 
ing polyclonal antiserum #122 (Leevers and Marshall, 1992) in order to de- 
tect the slow-migrating, phosphorylated form of ERK2. MAP kinase/ERK2 
activation was determined by assaying antiserum #122 immunoprecipitates 
of lysates prepared from myotubes using an in vitro kinase assay (Leevers 
and Marshall, 1992). Myelin basic protein was used as exogenous substrate. 

Results 

Formation of Actin Bodies Upon v-Src Reactivation 

Quail skeletal myoblasts infected with the temperature- 
sensitive mutant of the Rous sarcoma virus ts-LA29 (ts- 

src-myoblasts) exhibit transformation and block of differ- 
entiation at the permissive temperature (35°C). When the 
cultures are shifted to the restrictive temperature (41°C), 
the cells promptly stop proliferating, initiate the synthesis 
of muscle-specific products and fuse into multinucleated 
myotubes (ts-src-myotubes) (Falcone et al., 1985, 1991). 
Full maturation of the myotubes, characterized by orga- 
nized sarcomeric myofibrils, is attained in 3-5 d, with a fu- 
sion efficiency of 85-90%. 

Reactivation of the protein tyrosine kinase activity in 
postmitotic myotubes induced by shifting the cultures to 
35°C causes the formation of F-actin containing globular 
bodies, here referred to as actin bodies (ABs), as early as 
30 min after temperature shift. Optical sectioning by laser 
scanning confocal microscopy (LSCM) of TRITC-phalloi- 
din-labeled myotubes incubated at 35°C for 30 min clearly 
shows that the ABs are restricted to the ventral region of 
the cell, within a thickness of 2-3 }~m where the sarcomeric 
staining pattern for F-actin is greatly reduced (Fig. 1 A). 
Throughout the rest of the cell F-actin staining displays 
the typical sarcomeric band pattern, as indicated by optical 
sections in the corresponding dorsal region of the myo- 
tubes (Fig. 1). This is confirmed by electron micrographs 
of longitudinal sections that show well-ordered sarco- 
meres throughout the myotube, with ABs associated with 
the most ventral myofibrils (Fig. 2). Within 2 h, the vast 
majority of the myotubes display ABs, which increase in 
number with time, reaching a maximum in 4-8 h. The for- 
mation of ABs is paralleled by a reduction of I-band orga- 
nized F-actin, as seen both by indirect immunofluores- 
cence (Fig. 1) and EM (Fig. 2). After 4 h at 35°C, the 
myotubes begin to flatten and the sarcolemma is pushed 
outwards, especially in the region close to the substrate, 
displaying festooning with sharp pointed edges often car- 
rying ABs (Fig. 1 C). By 24 h most myotubes display only 
small, ill-defined, phalloidin-labeled structures reminis- 
cent of ABs and a greatly reduced sarcomeric-staining pat- 
tern of F-actin (Fig. 1 E). The morphology of the ABs var- 
ies with time of incubation at 35°C: 30-60 min after 
temperature shift they appear as individual globules of 
size varying between 1.6 to 2.0 Ixm, while after 2 h they 
reach a diameter of ~2.5-3.0 p~m (Fig. 1). After 4-8 h at 
35°C, some myotubes show a number of ABs coalescing 
together to form "flower" and "chain" structures, although 
individual ABs are still very abundant (Fig. 1, C-D). At 
later times (8-12 h) these aggregates are still observed, but 
the ABs in the aggregates are not distinguishable individu- 
ally (arrow, Fig. 1 D; see also Fig. 2). It should be noted 
that the small number of mononucleated cells present in 
cultures of myotubes at 41°C show small 1.0-~m globular 
phalloidin-labeled structures in the center of the cells, 
reminiscent of the rosette-like components previously de- 
scribed in fibroblasts, only after 12-24 h at 35°C (Nigg et 
al., 1982) (not shown). 

Figure 2. ABs progressively change shape with increasing time of v-Src kinase activation. A-D show electron micrographs of longitudi- 
nal sections in the ventral region of the myotubes. (A) 2 h after v-Src kinase activation, ABs (arrow) can be seen associated with the 
Z-lines of the most ventral sarcomeres. (B) After 4 h, many of the most ventral sarcomeres have been partially disrupted, particularly 
the I-Z-I segments, and ABs (arrows) have increased in size and frequently show indentations of membrane. (C) After 12 h, the most 
ventral sarcomeres have been disrupted, and ABs (arrow) project from the ventral surface, tending to lift the myotube away from the 
substrate. (D) A higher magnification view of an AB (arrows) in which the actin filament meshwork can clearly be seen. This AB ap- 
pears to be made of three ABs that have coalesced and are lifting the myotube away from the substrate. 
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At the gross level, marked morphological changes of the 
myotubes are observed after 12-24 h at 35°C. They are 
characterized by widening and flattening of the cells (see 
for example Fig. 1) and loss of alignment of the nuclei as 
shown by both light and electron microscopy analysis. The 
striking alterations in the overall morphology of the myo- 
tubes and in the sarcomeric staining for F-actin do not 
alter the organization of the A-band proteins (skeletal 
myosin and titin). Disordering of the A-bands becomes 
noticeable, in fact, after 36-48 h at 35°C (unpublished re- 
sults). The morphology of myotubes kept at 35°C for 24 h 
can be reversed by returning the cultures to 41°C. Myo- 
tubes shifted to 35°C for 24 h and then returned to 41°C 
were analyzed using a-actinin as a marker of sarcomere's 
organization. The regular confinement of a-actinin at the 
Z-lines, fully disrupted by incubation of the cultures at 
35°C, and the overall cylindrical shape of the myotubes is 
regained after returning the cultures to 41°C for 12-24 h 
(data not shown). 

To investigate whether the formation of ABs requires 
the persistent activity of v-Src, or is triggered by a "hit and 
run mechanism," fully differentiated myotubes were incu- 
bated at 35°C for 4 h in order to develop ABs, and then re- 
turned to 41°C for various lengths of time. The number of 
ABs is reduced to about half within 15 min from the shift- 
back to 41°C and their size appears to be slightly reduced 
(not shown). Although the number of ABs is reduced very 
rapidly, they disappear completely within 2 h, concomitant 
with the increase of striations due to the reorganization of 

the thin filaments into sarcomere throughout the myotube. 
To determine the relationship between the formation of 
ABs promoted by the reactivation of v-Src and the initia- 
tion of a disassembly process requiring de novo synthesis 
of protein factors, the effects of v-Src were examined in 
the presence of cycloheximide, an inhibitor of protein syn- 
thesis. Cycloheximide was added to fully differentiated 
myotubes at 41°C, and then its effect was analyzed after 
shifting the cultures to 35°C for 2-4 h. Both formation of 
ABs and disassembly of the I-Z-I complexes proceed with 
kinetics which are indistinguishable from those of un- 
treated cells (data not shown). 

Spatial and Temporal Distribution of  the Proteins 
Assembled in Actin Bodies 

The protein constituents and their distribution within the 
ABs were investigated by indirect immunofluorescence 
using antibodies to various muscle-specific and cytoskele- 
tal proteins in cultures shifted to permissive temperature 
for varying lengths of time (Figs. 3 and 4). Differentiated 
myotubes at 41°C show the typical I-band pattern when la- 
beled with monoclonal antibody to sarcomeric et-actin, as 
also observed with phalloidin. Upon reactivation of v-Src 
by temperature shift, the antibody to a-actin reveals struc- 
tures similar in size and shape to the phalloidin-labeled 
ABs (Fig. 3 A). Furthermore, double-labeled cultures 
show that sarcomeric et-actin- and phalloidin-labeled ABs 
coincide (Fig. 3 B). The concurrent disappearance of the 

Figure 3. a-Sarcomeric actin 
and a-actinin are major con- 
stituents of the ABs. Confocal 
immunofluorescence micro- 
graphs of myotubes after incu- 
bation at 35°C for 3 h labeled 
(A) with antibody to ct-sarco- 
meric actin (revealed with 
TRITC-conjugated goat anti- 
mouse antibody) and double 
labeled (B) with anti-ct-sarco- 
meric actin and FITC-phalloi- 
din. Phalloidin and a-sarco- 
meric actin have the same 
distribution within the ABs. 
Myotubes kept at 35°C for (C) 
0.5 h and (E) 1 h and labeled 
with antibody to a-actinin 
show the ABs originating in 
the ventral region of the myo- 
tube and, in some cases, lining 
up with the Z lines, as shown 
in E. Myotube (D) incubated 
at 35°C for 4 h and double la- 
beled with antibody to ct-acti- 
nin (revealed with TRITC- 
conjugated goat anti-mouse 
antibody) and FITC-phalloi- 
din show that the a-actinin 
staining becomes more pro- 

nounced at the edges of the ABs (arrows) as incubation at 35°C continues. (F) Higher magnification view of a myotube stained for 
a-actinin after 4 h at 35°C reveals a punctated distribution of stain along the rim of the ABs and of AB aggregates (arrow). Optical sec- 
tions in A and C are numbered from 1 beginning from the dorsal region of the myotube. The two chromophores are depicted with a 
green (FfTC)/red (TRITC) color scale in B and D where they are displayed in the same image. (A-F) Bars, 10 ~m. 
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thin filament band pattern with the progressive formation 
of the ABs (see Fig. 1) further confirms that sarcomeric 
a-actin is a constituent of the ABs. It should also be noted 
that antibody to sarcomeric a-actin does not label the 
small phaUoidin-labeled globules (ool ixm in diameter) ob- 
served in mononucleated cells upon extensive reactivation 
of v-Src. 

A pattern of striations corresponding to the alignment 
of the Z-discs is observed by immunofluorescence in fully 
differentiated myotubes labeled with an antibody to skele- 
tal c~-actinin. Upon shift of the cultures to 35°C for 30 min, 
a disruption of the pattern in the region of the cell closer 
to the substrate is observed simultaneously with the ap- 
pearance of ABs similar to those observed with phalloidin 
labeling (Fig. 3 C). At early times (30 min to 2 h), the ABs 
are often seen lining up with the Z-discs stripe pattern, 
suggesting that the Z-discs may represent sites where 
these bodies are formed (Fig. 3 E). Analysis by EM con- 
firms that ABs are in close contact with the Z-discs of the 
most ventral myofibrils at 2 h after kinase reactivation 
(Fig. 2 A) and that by 4 h at 35°C both the I- and A-bands 
of ventral myofibrils are disrupted, while the Z-lines of 
most other myofibrils have a wavy appearance (Fig. 2). In- 
direct immunofluorescence of double-labeled cultures 
clearly shows that the ABs stained by FITC-phalloidin are 
also labeled by antibody to ct-actinin (Fig. 3 D). After 4 h 
at 35°C, in contrast to phalloidin, the et-actinin staining is 
more pronounced at the edges of the ABs, suggesting a 
cortical redistribution of this protein (Fig. 3, D and F). In- 
deed, optical sections cut through these structures show a 
ring-like distribution of the tx-actinin staining, which, in 
some cases, shows a punctated appearance (Fig. 3 F). In 
flower- and chain-like aggregates of ABs, typically ob- 
served 4-8 h after temperature shift (see above), the 
et-actinin staining is confined to the cortical region of the 
aggregates (cf. arrow in Fig. 3 F). 

To further define the protein composition of the ABs 
and the spatial and temporal distribution of their compo- 
nents, myotubes were double-labeled with phalloidin and 
antibodies to nebulin, a protein associated with the thin fil- 
aments, and to vinculin, a component of the cytoskeletal 
network. Fig. 4 shows that nebulin and vinculin are associ- 
ated with the ABs, although their localization within the 
ABs differs. Labeling of nebulin, which shows the typical I 
band pattern in differentiated myotubes at 41°C, reveals 
globular bodies that closely match the ABs stained by 
FITC-phalloidin in cultures kept at 35°C from 30 min to 
8 h (Fig. 4, A-C). Indirect immunofluorescence with anti- 
body to vinculin, a protein typically associated in muscle 
with costameres and a cytoskeletal network enveloping 
the myofibrils (Terracio et al., 1990; Massa et al., 1994), 
shows staining of adhesion plaques and of the cytoplasm in 
myotubes kept at 41°C. Upon reactivation of v-Src, vincu- 
lin is found in the ABs, with a distribution similar to that 
of et-actinin. While 30 min after temperature shift vinculin 
labeling matches that of phalloidin in the ABs (Fig. 4 D), 
with longer incubations (2 h and more) it segregates at the 
edges of the ABs (Fig. 4, E and F). Serial optical sections 
through the ABs, in fact, show that the core of the AB is 
mainly labeled by phalloidin and is surrounded by a ring of 
vinculin (Fig. 4 F). When the ABs begin to aggregate 4 h 
after temperature shift, strings of vinculin are occasionally 

seen connecting neighboring ABs and, in the coalesced 
flower- and chain-like structures, vinculin labeling is segre- 
gated at the periphery of the aggregates (Fig. 4 F). 

Correlation between Phosphotyrosine Containing, 
Proteins and Actin Body Formation 

Reactivation of v-Src in postmitotic myotubes causes a 
rapid and marked increase of phosphotyrosine (P-Tyr) 
content within minutes from temperature shift (Figs. 5 and 
6 A). Cell lysates of myotubes incubated at 35°C for vari- 
ous times and analyzed by Western blot using an antibody 
to P-Tyr show a large number of phosphorylated polypep- 
etides, migrating in SDS-PAGE with an apparent molecu- 
lar weight ranging from 40 to 200 kD (Fig. 6 A). The in- 
crease in proteins phosphorylated in tyrosine induced by 
v-Src correlates well with the appearance of ABs. Fig. 5 
shows LSC micrographs of myotubes incubated at 35°C 
for various lengths of time and double labeled with anti- 
body to P-Tyr and phalloidin or a-actinin. At 35°C the sar- 
colemma becomes markedly labeled by the antibody to 
P-Tyr and a regular striped pattern of staining is observed 
in areas where the sarcomeric band pattern of F-actin is 
still preserved (Fig. 5 A, B, and E). The periodicity of 
P-Tyr staining matches that of the Z-discs (Fig. 5 B), and 
disappears with the same time course of the thin filament 
band pattern. The ABs identified by phalloidin or anti- 
body to a-actinin also show P-Tyr labeling (Fig. 5, A and 
D), although the ones closer to the membrane appear to 
be stained more strongly. After 4-8 h incubation at 35°C, 
the distribution of P-Tyr staining within the ABs is still 
clearly visible and matches that of phalloidin, but not that 
of o~-actinin (Fig. 5 D). 

To establish whether the morphological changes ob- 
served in postmitotic myotubes shifted to 35°C are due to 
the specific activity of v-Src, cultures of differentiated 
myotubes were incubated at 41°C with 0.1-1 mM vana- 
date, alone or in combination with 0.1-1 mM hydrogen 
peroxide and processed for immunofluorescence (Fig. 5 C) 
or analyzed by Western blot using anti-P-Tyr antibody 
(Fig. 6 A). As previously reported for cultured epithelial 
cells (Volberg et al., 1992), a pronounced increase in P-Tyr 
level is observed with vanadate, especially when used in 
conjunction with hydrogen peroxide (Fig. 6 A). Vanadate- 
treated cultures at 41°C double labeled with phalloidin 
and antibody to P-Tyr, however, do not show ABs, al- 
though the sarcomeric arrangement of the actin filaments 
appears to be disordered (Fig. 5 C). A pronounced in- 
crease in diffuse fluorescent signal due to P-Tyr is ob- 
served, in addition to the regular pattern of striations re- 
sembling that noted in myotubes shifted to 35°C (Fig. 5, 
compare C with B). Untreated myotubes kept at 41°C 
show only very weak diffuse staining for P-Tyr (data not 
shown), consistently with the low level of proteins phos- 
phorylated in tyrosine seen by Western blot (Fig. 6 A). 

Incubation of differentiated myotubes with protein ki- 
nase inhibitors such as genistein, specific for tyrosine ki- 
nases (Akiyama et al., 1987), or staurosporine, known to 
affect v-Src activity (Tamaoki, 1991), for 30 min at 41°C 
before temperature shift induces a concentration-depen- 
dent inhibition of P-Tyr levels, revealed by Western blot 
analysis (Fig. 6 C), paralleled by a reduced number or lack 
of ABs, monitored in sister cultures processed for immu- 
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Figure 4. Nebulin and vinculin are present in the ABs from the earliest time of reactivation of v-Src. Confocal micrographs of myotubes 
incubated at 35°C for 0.5 h (A and D), 2 h (B and E), and 8 h (C and F) and double labeled with FITC-phalloidin and antibody to nebu- 
lin (NB2) or to vinculin (VIN-11-5), as indicated. All antibodies were revealed with TRITC-conjugated goat anti-mouse antibody. The 
two chromophores are shown in A-B and D-E with the same color scale in separate images and with a green (FITC)/red (TRITC) color 
scale when displayed in the same image (C and F). Nebulin colocalizes with phalloidin in the ABs throughout the time of analysis 
(A-C). Vinculin colocalizes with phalloidin as the ABs begin to form in the ventral region of myotubes (D), but as the incubation at 
35°C continues (E and F), it assumes a cortical distribution within the ABs. Note that 8 h after temperature shift (F) filamentous struc- 
tures stained by antibody to vinculin are observed connecting neighboring ABs (arrow) and AB aggregates show vinculin staining along 
the periphery (arrowhead). Bars: (A-B, D-E) 10 ~m; (C and F) 5 p~m. 

nofluorescence with TRITC-pha l lo id in  (Table in Fig. 6 C). 
Incubat ion with calphost in C, repor ted  to inhibit  PKC 
(Tamaoki ,  1991), has no effect at sub-micromolar  concen- 
trations,  while at higher concentrat ions modula tes  the 
level of P-Tyr content  and the format ion of ABs  in cul- 
tures shifted to 35°C (Fig. 6 C). In contrast,  t rea tment  of 
myotubes  with bis indolylmaleimide (Bm), a specific inhib- 
i tor  of P K C  (Toullec et al., 1991), before  t empera tu re  
shift, affects nei ther  the format ion of ABs  nor  the kinase 
activity of v-Src in vivo (Fig. 6 C). 

Activation of PKC Inhibits AB Formation 

It  has previously been repor ted  that  t rea tment  of chicken 
pr imary myotubes  with the phorbol  ester TPA,  a well 
known activator  of PKC, induces the format ion  of actin- 
containing bodies  and the disorganizat ion of myosin thick 
fi laments (Lin et al., 1987, 1989). To investigate the possi- 
b le  role of PKC in the v -Src -evoked  disassembly process 
of  the sarcomere  and A B  formation,  myotubes  were 
t rea ted  with T P A  or  P D D  for varying lengths of t ime 

The Journal of Cell Biology, Volume 130, 1995 878 



Figure 5. Comparison of the localization of P-Tyr residues in myotubes after reactivation of v-Src at 35°C or treatment with vanadate at 
41°C. Immunofluorescence confocal micrographs of myotubes double stained with antibody to P-Tyr (mAb 4G10, revealed with 
TRITC-conjugated goat anti-mouse antibody) and (A, C, and E) FITC-phalloidin, or (B and D) antibody to ct-actinin (revealed with 
FITC-conjugated goat anti-mouse Fab/2 fragment). A and B show myotubes after reactivation of v-Src at 35°C for 2 h. Note that the op- 
tical section shown in A derives from the middle of the myotube, while the one in B from the dorsal region. E shows the same myotube 
seen in A with the two chromophores displayed in the same image with a green (FITC)/red (TRITC) color scale. C shows a myotube in- 
cubated at 41°C with 1 mM vanadate-H202 for 2 h and D shows optical sections of myotubes kept at 35°C for 4 h. Antibody to P-Tyr 
stains ABs induced by reactivation of v-Src (A, D, and E) and periodic structures that superimpose on the Z-discs both in the dorsal re- 
gion of myotubes incubated at 35°C for 2 h (B), where the sarcomeres are preserved, and in myotubes treated with vanadate at 41°C (C). 
Optical sections through the middle of a myotube at 35°C (it and E) show that P-Tyr is present both in the periodic pattern and in the 
ABs, where it colocalizes with phalloidin (A and E). Adjacent optical sections in the ventral region of a myotube after 4 h at 35°C (D) 
show that labeling for P-Tyr stains the ABs uniformly, while that for ct-actinin is more pronounced in the AB cortex (arrows). The FITC 
and TRITC chromophores are shown with the same color scale in all images, except in E where they are displayed in the same image. 
Bars, 10 Ixm. 
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with the PKC inhibi tor  Bm, confirming that  the phorbol  
ester  effect is med ia ted  by activation of  P K C  (not shown). 
To further  assess the role p layed by P K C  activation, quail  
myotubes  were shifted to 35°C for 2 h to induce A B  for- 
mation,  and then t rea ted  at 35°C with 0.2 p,M P D D  for 30 
rain to 2 h and processed for indirect  immunofluorescence 
with ant ibody to a-actinin.  A near ly  comple te  d isappear-  
ance of  ABs  is observed after 30 rain incubat ion with 
PDD,  al though myotubes  still re ta in  some of the overall  
characterist ics such as festooning of the sarcolemma,  typi- 
cally observed upon react ivat ion of v-Src (Fig. 7). The ef- 
fect of P D D  at 35°C supports  the hypothesis  that  activa- 
t ion of PKC plays an inhibi tory role both on v-Src-evoked  
A B  format ion and their  maintenance.  

Figure 6. P-Tyr levels in cell lysates of differentiated myotubes 
after activation of v-Src tyrosine kinase and upon treatments with 
vanadate, protein kinase modulators, and phorbol esters. (A) 
Western blot with antibody to phosphotyrosine reveals a rapid 
and marked increase in P-Tyr content after incubation at 35°C. 
Cultures kept at 35°C from 0 (41 °C) to 60 min (m) are shown. Ly- 
sates of differentiated myotubes incubated at 41°C with 1 mM 
vanadate (V) alone and in combination with hydrogen peroxide 
(//202) show a dramatic increase in P-Tyr content, more pro- 
nounced than that obtained by reactivation of v-Src at 35°C. (B) 
Phosphotyrosine kinase activity of v-Src is not influenced by the 
serine/threonine protein kinase inhibitor 2-AP and the phorbol 
ester PDD, added before temperature shift. Myotubes were kept 
at 35°C for 2 h before harvesting. (C) Western blot analysis with 
antibody to P-Tyr and scoring of ABs with TRITC-phalloidin la- 
beling of myotubes incubated with various protein kinase inhibi- 
tors. Bisindolylmaleimide (Bin), staurosporine (Stauro), and 
calphostin-C (Calph-C) were added to the cultures at 41°C, 30 
min before reactivation of v-Src. The cells were harvested for 
Western blotting or processed for immunofluorescence after 2 h 
at 35°C. AB formation is reported in arbitrary units. Note the 
close correlation observed between the number of ABs seen by 
immunofluorescence and the P-Tyr content revealed by Western 
blot. 

(from 3 to 18 h) at 41°C. Both  T P A  and P D D  st imulate 
membrane  ruffles, but  do not  induce the format ion  of ABs  
in quail  myotubes  suggesting that  activation of phorbol  es- 
t e r - respons ive  isoforms of P K C  is unable  to induce ABs  in 
these cells. W h e n  myotubes  are t rea ted  with 0.2 poM P D D  
(from 15 min up to 2 h) before  being shifted to the permis-  
sive t empera tu re  for v-Src activity, however,  the format ion 
of ABs  is inhibi ted up to 90-95%, but  the levels of P-Tyr 
remain  unaffected (Fig. 6 B). The inhibi tory effect of P D D  
is complete ly  abol ished by p re t rea tment  of  the cultures 

Figure 7. The serine/threonine kinase inhibitor 2-AP and the 
phorbol ester PDD inhibit AB formation at 35°C. Immunofluo- 
rescence micrographs of paraformaldeyde-fixed myotubes stained 
with antibody to a-actinin, revealed with TRITC-conjugated goat 
anti-mouse. (A) Myotube kept in medium for 2 h displays typical 
ABs. Cultures incubated at 35°C for 2 h and kept at 35°C for ad- 
ditional 30 min in the presence of (B) 7.5 mM 2-AP and (C) 0.2 
IxM PDD show only occasional, poorly defined ABs. Bar, 10 p.m. 
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Regulation of  Actin Body Formation by Protein 
Kinase Modulators 

To test the possible role of protein kinase A in regulating 
AB formation, v-Src-induced responses were investigated 
in the presence of agents which increase intracellular 
cAMP levels. The adenylate cyclase activator forskolin (15 
txM) or the cAMP analogue dibutyryl-cAMP (1 mM), 
added 30 min before activation of the tyrosine kinase, do 
not inhibit or modulate the formation of ABs, monitored 
after 2 h at 35°C by indirect immunofluorescence (not 
shown). These results suggest that protein kinase A activa- 
tion, although influencing the integrity of actin bundles in 
other systems (Lamb et al., 1988), does not prevent sarco- 
meric disassembly of the I-Z-I complexes by v-Src. 

Cell signaling pathways typically involve phosphoryla- 
tion events operated by a number of kinases. To under- 
stand whether activation of a serine/threonine kinase(s) is 
a necessary step for the v-Src-evoked AB formation, myo- 
tubes were incubated with 2-aminopurine (2-AP), a broad 
range inhibitor of serine/threonine kinases in vitro, but 
shown to retain a high degree of selectivity in vivo (Ma- 
hadevan et al., 1990). Incubation of myotubes with 7.5 mM 
2-AP before reactivation of v-Src inhibits by 80-90% the 
formation of ABs observed after 2 h at 35°C, without af- 
fecting the total P-Tyr content monitored by Western blot 
(Fig. 6 B). In addition, clearance of the ABs is observed as 
early as 30 min after addition of 2-AP to myotubes already 
incubated at 35°C for 2 h (Fig. 7). It has been previously 
reported that there is a constitutive activation of the mito- 
gen-activated protein (MAP) kinase pathway in v-Src 
transformed cells (Cowley et al., 1994). It was therefore of 
interest to investigate whether the regulatory cascade of 
serine/threonine-protein kinases that activates the MAP 
kinase could be target of the inhibitory action of 2-AP. To 
determine whether the MAP kinase was activated by v-Src 
in ts-v-src-myotubes, cultures were shifted to 35°C for var- 
ious lengths of time and analyzed by a Western blot "band 
shift" assay, in which activation of the MAP kinase is asso- 
ciated with a portion of the protein shifting to a form of 
lower electrophoretic mobility. Western blot analysis us- 
ing antiserum 122, raised against murine ERK2 protein 
(Leevers and Marshall, 1992), of lysates from myotubes 
shifted to 35°C for 2 h shows activation of the MAP kinase 
as indicated by the band shift of the ERK2 protein (Fig. 8 
A). Activation of MAP kinase by v-Src was also detected 
when immunoprecipitates were analyzed in a kinase assay 
using myelin basic protein as the exogenous substrate 
(Leevers and Marshall, 1992) (not shown). Treatment of 
the myotubes with 7.5 mM 2-AP before temperature shift 
does not affect the generation of the activated slowly mi- 
grating form of the MAP kinase (Fig. 8 A). Stimulation of 
myotubes at the restrictive temperature with 0.2 txM PDD, 
which inhibits the v-Src-induced AB formation (see 
above), also leads to a shift in electrophoretic mobility of 
the MAP kinase protein (Fig. 8 A). It has been shown pre- 
viously that a fraction of the activated MAP kinase enter 
the nucleus upon treatment of serum-deprived cells with 
growth factors or phorbol ester (Chen et al., 1992; Lenor- 
mand et al., 1993). Indirect immunofluorescence analysis 
at the confocal microscope was used to examine the distri- 
bution of ERK(s) in myotubes at 41°C and after either 

Figure 8. The MAP kinase pathway is activated in myotubes in- 
cubated at 35°C, independently of AB formation. (A) Western 
blot analysis with antiserum #122 (anti-ERK2) of cell lysates of 
myotubes kept at 41°C or shifted to 35°C for 2 h in the absence or 
presence of 7.5 mM 2-AP or 0.2 }xM PDD. A doublet is observed 
in myotubes at 41°C. Upon activation of v-Src at 35°C or treat- 
ment with PDD at 41°C, an increase of the slower migrating form 
of the MAP kinase (MAPK) is observed. Similar results were ob- 
tained with antiserum #124 (Leevers and Marshall, 1992). 2-AP 
does not inhibit the band shift of the MAP kinase induced by 
temperature shift. (B) Confocal micrographs of myotubes labeled 
with antibody to MAP kinase/ERK2 showing nuclear transloca- 
tion after v-Src reactivation at 35°C or treatment with phorbol es- 
ter (PDD) at 41°C. v-Src myotubes were stimulated by the addi- 
tion of PDD (0.2 IxM) or shifted to 35°C for 3 h. Myotubes kept at 
41°C show a diffuse staining of the cytoplasm. The nuclei become 
brightly labeled upon reactivation of v-Src by temperature shift 
or by incubation with PDD. Note that the serine/threonine inhib- 
itor 2-AP (7.5 mM) does not inhibit ERK2 nuclear translocation. 
Bar, 20 }xm. 
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treatment with 0.2 IxM PDD or shift to 35°C for 45 and 180 
min (Fig. 8 B). Both phorbol ester and v-Src induce a 
marked translocation of MAP kinase to the nuclei of myo- 
tubes and this phenomenon is not inhibited by treatment 
with 7.5 mM 2-AP, consistently with the results obtained 
with the Western blot band shift assay (Fig. 8). 

D i s c u s s i o n  

During myogenesis, active mechanisms of control involving 
a dynamic interplay among positive and negative reg- 
ulatory molecules, have been hypothesized for both activa- 
tion of the terminal differentiation process and its main- 
tenance (Blau, 1992). We have examined the fate of 
specialized cytoskeletal structures upon reactivation of a 
temperature-sensitive tyrosine kinase in fully differentiated 
quail myotubes. We show that the reactivation of the pro- 
tein-tyrosine kinase v-Src in terminally differentiated myo- 
tubes induces both a rapid increase of P-Tyr levels and a 
selective disassembly of specialized sarcomeric structures: 
the I-Z-I segments. As early as 30 min after reactivation of 
v-Src globular structures made of filamentous ~-actin and 
actin-associated proteins, referred to as actin bodies 
(ABs), are seen originating in the ventral region of the myo- 
tube, while organized myofibrils are maintained through- 
out the rest of the cell. At these early times of kinase acti- 
vation, ABs often appear to be closely associated with the 
Z-discs, both by indirect immunofluorescence and by EM. 
As their number increases with time of activation of the 
kinase, the disruption of the sarcomeric arrangement of 
the thin filaments proceeds from the ventral to the dorsal 
region of the myotube, reaching completion within 24 h. 
Taken together, these observations indicate that the ABs 
originate from the I-Z-I segments of the sarcomeres. 

The main protein constituents of the I-Z-I segments of 
sarcomeres, o~-sarcomeric actin, ct-actinin and the thin fila- 
ment-associated protein nebulin, and the cytoskeletal pro- 
tein vinculin are all present within the ABs. Costameres in 
muscle and focal adhesions in cultured cells are structural 
links between the cytoskeleton and the extraceUular ma- 
trix (Burridge et al., 1988). Specifically, costameres are 
sites of connection between the Z-discs of the outmost 
myofibrils and the sarcolemma (Pardo et al., 1983). The 
presence in ABs of vinculin, typically associated with cos- 
tameres and adhesion plaques (Small et al., 1992) and 
their initial formation in the most ventral region of the 
myotubes suggest that v-Src modifies directly or indirectly 
the anchoring system of the Z-discs to the sarcolemma. 
Vinculin remains associated with the ABs also after sev- 
eral hours of activation of the kinase indicating that the 
components of the ABs originating from the I-Z-I com- 
plexes remain associated with components of the cytoskel- 
etal network which envelops the myofibrils (cf. Terracio et 
al., 1990; Massa et al., 1994). Interestingly, however, 
desmin, a peripheral constituent of the Z-discs and the 
main constituent of intermediate filaments in muscle 
(Small et al., 1992), is not assembled in the ABs (our un- 
published data). The disappearance of ABs and I-Z-I com- 
plexes within the first 24 h of v-Src activity occurs much 
earlier than the reduction of the muscle-specific proteins 
observed 2-3 d after temperature shift (our unpublished 
data). It is unlikely, therefore, that the loss of ABs occurs 

through extrusion from the myotubes or by degradation 
operated by proteases. Interestingly, the loss of the sarco- 
meric pattern of F-actin and et-actinin staining occurs 
about 24 h earlier than that of the thick filaments, as indi- 
cated by the A-band pattern observed in these myotubes 
when labeled with antibodies to myosin heavy chain and 
to titin (our unpublished results). 

EM offers a possible explanation for the initiation of 
disassembly of I-Z-I complexes in ventral myofibrils. The 
most ventral myofibrils may be affected first because their 
Z-lines are linked directly to costameres and all myofibrils 
eventually attach to the substrate in the ventral region of 
the myotube via a terminal Z-band and a meshwork of ac- 
tin filaments. Observing myofibrils in longitudinal sections 
for long distances (2-3 mm) shows that the myofibrils are 
oriented at a very shallow angle to the long axis of the 
myotube, Therefore, over a distance of several millime- 
ters, even myofibrils in the most dorsal positions gradually 
angle down to the ventral region and attach to the sarco- 
lemma and the substrate. The myofibril termini would 
therefore be staggered along the ventral sarcolemma, 
without forming a defined region of "myo-substrate junc- 
tion" comparable to a myotendon junction (Reedy and 
BeaU, 1993). In addition, only the Z-discs of the most ven- 
tral myofibrils seem to form direct connections with cos- 
tameres. It is important to note that myofibrils are not 
seen terminating at the dorsal sarcolemma and are often 
separated from the dorsal sarcolemma by ,'~0.5 lxm. Taken 
together, our observations suggest that the v-Src kinase al- 
ters the anchoring to the sarcolemma of the Z-discs and of 
their equivalents at the myofibril terminus. In this light, it 
is not surprising that the most ventral myofibrils are af- 
fected first. After the termini of all of the myofibrils have 
been disassembled, the myofibrils become "free-floating" 
except at their Z-line attachments to the cytoskeleton lat- 
tice. The release from these attachments may have other 
consequences for the maintenance of ordered myofibrils. 

In the context of maintenance of the differentiated state, 
processes such as those described may be relevant to the 
mechanisms normally used for the turnover of sarcomeric 
sub-domains. The activation of v-Src in muscle cells would, 
therefore, initiate the massive disassembly of I-Z-I com- 
plexes as the result of the synchronization of a normal pro- 
cess. Interestingly, inhibition of the barbed-end actin- 
binding protein CapZ during myofibrillogenesis results in 
a delay in the organization of actin in I-bands and in the 
formation of F-actin-containing foci, of similar size and in- 
tracellular location to actin bodies (Schafer et al., 1995). 
Moreover, actin-containing bodies have also been described 
in chicken myotubes after treatment with phorbol esters 
(Lin et al., 1989). Although the v-Src- and the phorbol es- 
ter-evoked myofibrillar disassembly shows overall similar- 
ities, the observed differences in the time course of AB 
formation and in the localization of the protein compo- 
nents within the ABs (Lin et al., 1989) seem to indicate 
that different mechanisms may be operating in the disrup- 
tion of the myofibril maintenance program (see below). 

The v-Src-evoked myofibrillar disassembly in differenti- 
ated myotubes shares some structural and biochemical 
features with the response of the cytoskeleton in v-src- 
transformed fibroblasts. Previous studies of v-Src in trans- 
formed fibroblasts tend to support localization of the ki- 
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nase at the plasma membrane, associated particularly with 
residual focal adhesions (Shriver and Rohrschneider, 1981; 
Kellie et al., 1986; David-Pfeuty and Nouvian-Dooghe, 
1990; Resh, 1993), together with other potential regulatory 
enzymes such as p125 FAK tyrosine kinase (SchaUer et al., 
1992) and PKC (Woods and Couchman, 1992; Jaken et al., 
1989). Moreover, several studies have suggested a close re- 
lationship between the acquisition of a transformed phe- 
notype, modulation of P-Tyr levels and the state of focal 
adhesions assembly and integrity (for review see Burridge 
et al., 1988). v-Src is associated with podosomes and with 
rosettes at the inner ventral surface of v-src-transformed 
fibroblasts (Nigg et al., 1982; Burridge et al., 1988). Ro- 
settes are dusters of patches composed of an F-actin core 
with a vinculin rim (Chen, 1989). Podosomes are assumed 
to be highly dynamic membrane protrusions (N1 ~m in di- 
ameter) from the ventral cell surface to the substratum 
and to have a distinctively different structure from focal 
adhesions (Tarone et al., 1985). These protrusions are 
filled with filamentous actin and contain vinculin and et-acti- 
nin (Marchisio et al., 1987). The similarities between these 
responses to v-Src strengthen the notion that modifica- 
tions of the interaction between the plasma membrane 
and the underlying actin-containing cytoskeleton are an 
obligatory passage in mediating cell shape changes (for re- 
view see Zachary and Rozengurt, 1992). Transformation 
by RSV is also associated with disruption of focal adhe- 
sions and increased tyrosine phosphorylation of focal con- 
tact-associated proteins such as talin (Pasquale et al., 
1986), vinculin (Sefton et al., 1981), paxillin (Glenney and 
Zokas, 1989), and [31 integrin (Johansson et al., 1994). One 
question to be addressed here is whether the disassembly 
of the I-Z-I complexes from the myofibrils in ts-src-myo- 
tubes is due to direct phosphorylation of cytoskeletal pro- 
teins operated by v-Src or it results from the activation of a 
cellular signaling pathway in which several enzymes may 
be involved. Indeed, antibody to P-Tyr stains the ABs as 
well as structures that superimpose to the Z-discs. Inhibi- 
tion of tyrosine-specific phosphatases at 41°C by vanadate, 
however, although resulting in a highly augmented level of 
P-Tyr and in the phosphorylation of periodic structures re- 
sembling those observed upon reactivation of v-Src, does 
not induce AB formation. Moreover, treatment of the myo- 
tubes with 2-AP, a serine/threonine kinase inhibitor which 
shows a high selectivity with regard to its in vivo inhibitory 
action (Mahadevan et al., 1990), does not affect the pro- 
tein phosphorylation pattern due to activation of v-Src, 
but results in blockage of AB formation when added be- 
fore the shift to permissive temperature or in the disap- 
pearance of the ABs when added hours after the tempera- 
ture shift. Taken together, these findings support the hy- 
pothesis that cytoarchitecture rearrangements induced by 
v-Src result from activation of specific signaling pathways, 
rather than from v-Src phosphorylating components of the 
myofibril-anchoring network. 

Tyrosine protein kinases, such as v-Src, activate multiple 
signaling systems, that differ in various cell types. It then 
becomes of interest to establish which of these signal 
transduction systems is essential for the generation of the 
cellular response being observed. A constitutive activation 
of the MAP kinase pathway has been found in v-Src- 
transformed cells (Cowley et al., 1994). MAP kinases are 

serine/threonine kinases that are activated in response to a 
number of signal transduction pathways, including those 
stimulated by tyrosine kinases and PKC. MAP kinases are 
phosphorylated and activated by MAP kinase kinases 
(MEKs), which can phosphorylate both the tyrosine and 
threonine residues required for activation of MAP kinase 
(Johnson and Vaillancourt, 1994). Our data show that, 
even in highly differentiated, postmitotic cells such as myo- 
tubes, a membrane-bound tyrosine kinase or PDD/PKC 
are capable of eliciting a sustained phase of MAP kinase 
activation, behaving thus as mitogenic stimuli, and that the 
signals generated at the cell periphery rapidly reach the 
nucleus. It will be interesting to know whether these sig- 
nals are responsible for the block of muscle-specific gene 
transcription by v-Src previously described (Falcone et al., 
1991). Irrespective of the mechanism by which the effect 
of 2-AP is achieved, we have also shown that the forma- 
tion of ABs can be overcome in the presence of an acti- 
vated MAP kinase pathway. It is not possible at present to 
identify precisely the site of action of 2-AP that underlies 
its ability to inhibit v-Src-induced I-Z-I disassembly, yet, 
the simplest explanation of our data is that 2-AP acts at 
the level of a specific effector pathway for the disassembly 
and clearance of a specialized cytoskeletal structure which 
may diverge upstream of the MAP kinases. 

In chick embryo fibroblasts there is evidence that the ac- 
tivation of ts-v-Src leads within 30--60 min to the inositol 
trisphosphate-independent elevation of sn-1, 2-diacylglyc- 
erol (DAG), a natural activator of PKC (Martins et al., 
1989). More recently, however, it was ascertained that in 
murine fibroblasts v-Src can induce long-term effects such 
as DNA synthesis (Han et al., 1990), desensitization of the 
epidermal growth factor receptor (Gray and Macara, 
1988) and expression of Egr-1 (Quresi et al., 1991), inde- 
pendently of the diacylglycerol/PKC signal transduction 
system. In ts-src-myotubes a role of PKC as a required 
positive signal downstream to v-Src seems unlikely, since 
Bm does not inhibit the formation of ABs induced by 
v-Src, and acute treatment with phorbol ester before or 
during reactivation of the tyrosine kinase actually sup- 
presses v-Src-induced AB formation, while activating the 
MAPK pathway. These data suggest a complex interplay 
between v-Src and PDD signaling mechanisms and allow 
two predictions: first, activation of the MAP kinase path- 
way is either not required or not sufficient to induce the 
rapid disassembly of the I-Z-I complex and AB formation; 
second, v-Src and PKC activate separate signaling path- 
ways and the negative effect exerted by activation of PKC 
on AB formation is presumably exerted on a collateral 
branch of the v-Src triggered pathway. 

The importance of elucidating the tyrosine kinase sig- 
naling pathway is highlighted by the necessity for cytoskel- 
etal rearrangements that appear to characterize cell trans- 
formation. Highly differentiated muscle cells served as a 
sensitive assay system for the effects attendant on activat- 
ing the v-Src signaling pathway. While there is evidence 
that morphological transformation in fibroblasts can be 
partly dissociated from mitogenic effects (Weber and Friis, 
1979; Frame et al., 1994), our findings provide for the first 
time a link between events triggered at the cell periphery, 
as the selective alteration of specialized structures, and 
block of differentiation. The question arises as to whether 
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ABs and related ultrastructural changes are involved in 
transducing signals to the nucleus, leading to altered gene 
expression. We are exploiting the early events induced by 
v-Src in muscle cells in an attempt to define downstream 
effector molecules in the pathways that lead to cytoskele- 
tal changes and to block transcription of muscle-specific 
genes, and the nature of their possible cross-talk to ensure 
a fully transformed phenotype. Understanding the cellular 
signals that influence the formation of ABs and the selec- 
tive disassembly of sarcomeric domains induced by v-Src, 
should provide insight into the possible role of cellular ty- 
rosine kinases of the s r c  family in the homeostasis of tis- 
sue-specific organelles during development. 
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