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Heregulin-stimulated acetylcholine receptor gene
expression in muscle: requirement for MAP kinase
and evidence for a parallel inhibitory pathway
independent of electrical activity

1992). Recent evidence suggests that the most likelyNedret Altiok1, Soner Altiok2 and
explanation for these differences in cellular responses toJean-Pierre Changeux3

the HRGs might result from differences in the signalling
CNRS UA D1284 ‘Neurobiologie Mole´culaire’, Institut Pasteur, Paris, pathways stimulated by HRG due to the involvement of
France and2Dana-Farber Cancer Institute, Harvard Medical School, different receptor dimers in different cells. ErbB3, ErbB4
Boston, MA 02115, USA

and ErbB2/neu are members of the EGF receptor (EGFR)
1Present address: Wellman Laboratories of Photomedicine, family with intrinsic tyrosine kinase activities that mediate
Massachusetts General Hospital and Harvard Medical School, Boston, the proliferation and differentiation of a variety of cellsMA 02114, USA

(Kraus et al., 1989; Peleset al., 1992; Plowmanet al.,
3Corresponding author 1993). We and others have shown recently that ErbB3 is

the receptor for HRGs in muscle and various other cells,
Binding of heregulin (HRG) to its receptor, ErbB3, with binding of HRG leading to tyrosine phosphorylation
results in a dimerization with ErbB2/neu and activation of both itself and ErbB2/neu via heterodimerization of the
of their intrinsic tyrosine kinases, initiating a cascade two receptors (Sliwkowskiet al., 1994; Alimandiet al.,
of events resulting in the stimulation of acetylcholine 1995; Altiok et al., 1995; Marikovsky et al., 1995).
receptor (AChR) genes in muscle. Here we have Activation of receptor tyrosine kinases creates binding
examined the signalling downstream of the HRG recep- sites for intracellular signalling proteins containing srctor. We show that phosphatidylinositol 39-kinase (PI3K) homology 2 (SH2) domains, including those with enzym-and SHC bind to the HRG-activated ErbB3 in atic activity such as phospholipase C-γ and phosphatidyl-myotubes. Subsequently, p70S6 kinase (p70S6k), and

inositol 39-kinase (PI3K), and those with no enzymaticMAP kinase ERK2 and thereby p90rsk are activated.
activity including shc gene products (SHC) and growthHowever, inhibition of PI3K and p70S6k by wortmannin
factor receptor-bound protein 2 (GRB2) (reviewed byand rapamycin, respectively, failed to antagonize AChR
Pawson, 1995). Those SH2-containing proteins which doα-subunit gene expression stimulated by HRG, despite
not possess enzymatic activity act as adaptor molecules,the fact that the activities of the kinases were inhibited.
linking other functional elements with the activated recep-In contrast, these inhibitors elevated AChRα-subunit
tors. An example of this is the p85 protein which interactsmRNA levels, by themselves, independently of muscle
with the p110 subunit of PI3K which possesses theelectrical activity. On the other hand, the 17mer anti-
enzymatic activity (reviewed by Kapeller and Cantley,sense oligonucleotide, EAS1, caused a specific depletion
1994). Among the EGF family of receptors, only ErbB3of ERK2 and eliminated the ability of HRG to stimulate
has the ability to couple to PI3K (Fediet al., 1994; SoltoffAChR α-subunit gene expression. These results indicate
et al., 1994).that HRG stimulates expression of AChR genes via

Another example of an SH2-containing adaptor mole-ERK2 activation, and provide a physiological example
cule, SHC, is phosphorylated by and associates withof neurotrophic factor-associated repression of AChR
activated receptor tyrosine kinases such as EGFR, ErbB2/genes by stimulation of p70S6k activity which may
neu (Segattoet al., 1993) and ErbB3 (Prigent and Gullick,contribute to the expression of adult type AChR genes
1994). Following phosphorylation, SHC interacts with theat the neuromuscular junction.
GRB2 and p21ras (Ras) signalling pathway (Rozakis-Keywords: acetylcholine receptor/heregulin/membrane
Adcock et al., 1992). Mitogen-activated protein kinasesdepolarization/mitogen-activated protein kinase/p70S6
(MAPKs), also known as extracellular signal-regulatedkinase
kinases (ERKs), constitute a family of protein serine/
threonine (Ser/Thr) kinases that are stimulated by a variety
of growth factors signalling via tyrosine kinase receptors

Introduction that activate Ras. MAPKs regulate gene expression by
transcription factor phosphorylation involved in a rangeHeregulin (HRG) is a recently identified epidermal growth
of cellular processes (reviewed by Davis, 1993; Avruchfactor (EGF)-like growth factor which is homologous
et al., 1994).to neu differentiatiation factor, glial growth factor and

HRG stimulates AChR gene expression via activationacetylcholine receptor (AChR)-inducing activity (ARIA)
of tyrosine phosphorylation of ErbB3 and ErbB2/neu in(Holmeset al., 1992; Fallset al., 1993; Marchionniet al.,
muscle cells (Altioket al., 1995; Joet al., 1995). ErbB2/1993). Members of the HRG family have been reported
neu and ErbB3 co-localize and accumulate densely at theto be mitogenic for a variety of cell types, such as Schwann
neuromuscular junction, suggesting their involvement incells, fibroblasts (Marchionniet al., 1993; Carrawayet al.,
synapse-specific expression of AChR genes by HRG1995) and some human mammary carcinoma cell lines
(Altiok et al., 1995; Moscosoet al., 1995; Zhuet al.,(Alimandi et al., 1995). By contrast, HRG causes differen-

tiation in some other breast cancer cell lines (Peleset al., 1995). The purpose of this study was to investigate further
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the signal transduction pathway involved in the stimulation
of AChR gene expression by HRG in muscle, and to
examine whether an interplay exists between the HRG-
stimulated pathway and the Ser/Thr kinase pathway stimu-
lated by muscle electrical activity, known to repress AChR
genes in the extrajunctional regions of the muscle fibre
(reviewed by Duclert and Changeux, 1995).

Results

Association of ErbB3 with PI3K and SHC by HRG
stimulation
To investigate the signalling pathway downstream of
HRG-activated ErbB3, we examined binding patterns
of signal transducing proteins to stimulated receptors in
primary chick myotubes. ErbB3 possesses six putative
tyrosine phosphorylation sites in its carboxy-terminal
tail region that fit the YXXM motif known to mediate
association with the SH2 domains of PI3K (Songyang
et al., 1994). Other members of the ErbB family do not
contain this phosphorylation motif, suggesting that ErbB3
may be unique in its ability to associate directly with
PI3K (Fedi et al., 1994; Soltoff et al., 1994). To test
the involvement of PI3K in HRG signalling, immuno-

Fig. 1. HRG-induced association of the p85 subunit of PI3K and theprecipitates prepared from HRG-stimulated and un-
p52 form of SHC with tyrosine-phosphorylated ErbB3. (A) At day 5stimulated cells using an antibody specifically reacting
after plating, myotubes were stimulated with HRG (10 nM) (1) or

with the p85 subunit of PI3K were analysed for the vehicle (–) for 5 min. Cell lysates were prepared and
association of ErbB3 by immunoblotting with anti-ErbB3 immunoprecipitated (IP) with anti-SHC, anti-PI3K or anti-

phosphotyrosine antibodies as indicated. Proteins present in theantibody. As shown in Figure 1A, p85 was co-immuno-
immune complexes were separated by 10% SDS–PAGE and blottedprecipitated with the HRG-activated ErbB3 receptor. p85
(WB) with anti-ErbB3, anti-phosphotyrosine or anti-SHC antibodies aswas also detected in the anti-ErbB3 immunoprecipitates indicated. (B) The anti-SHC precipitates (IP) were assayed for the

from HRG-stimulated cells (not shown). The importance presence of PI3K and GRB2 by 10 and 12% SDS–PAGE, respectively,
and by blotting (WB) with anti-PI3K and anti-GRB2 antibodies.of tyrosine phosphorylation of ErbB3 in this event was
Molecular weight markers are shown on the left or right. IgG heavyshown by detection of ErbB3 in anti-p85 immuno-
chains are seen at the bottom or top of the blots.precipitates from HRG-stimulated cells, and to a greatly

reduced extent from unstimulated cells, with anti-phospho-
tyrosine antibody (Figure 1A). However, p85 itself was the product of theDrosophila Son of sevenlessgene (Sos),

thereby localizing it close to the membrane (Buday andnot detected with anti-phosphotyrosine antibody, sug-
gesting that it is not tyrosine phosphorylated to a significant Downward, 1993; Chardinet al., 1993). In chick myotubes,

we could not detect tyrosine phosphorylation of GRB2 byextent after association with ErbB3.
The other element of the established SH2 signalling HRG stimulation, but GRB2 was immunoprecipitated with

anti-SHC antibody from HRG-stimulated cells (Figurepathway is SHC, which is the major physiological substrate
for a number of both receptor and non-receptor tyrosine 1B). This suggests that SHC associates with and is

phosphorylated by activated ErbB3, resulting in its bindingkinases that have important roles in cellular growth and
differentiation (Rozakis-Adcocket al., 1992). To evaluate to the GRB2–Sos complex in myotubes, as has been

described in other systems. In addition to GRB2, thethe association of SHC with activated ErbB3, SHC was
immunoprecipitated with a specific antibody from HRG- p85 subunit of PI3K was also precipitated from HRG-

stimulated cells with anti-SHC antibody (Figure 1B),stimulated and unstimulated cells and analysed by
immunoblotting with anti-ErbB3 and anti-phosphotyrosine which may further imply that both SHC and p85 are

associated with ErbB3, and are thereby co-immuno-antibodies. Although the three forms of SHC (p66, p52
and p46) were detected in chick myotubes (not shown), precipitated under non-denaturating conditions.
only p52 was found associated with activated ErbB3
(Figure 1A). In contrast to the p85 subunit of PI3K, the HRG activates MAP kinases and p90rsk

To characterize the signal transduction pathway triggeredp52 form of SHC was detected in the anti-phosphotyrosine
immunoprecipitates from HRG-stimulated cells with anti- by HRG to enhance AChR gene expression, we examined

the contribution of the MAPKs, since HRG promotedSHC antibody (Figure 1A), suggesting the tyrosine
phosphorylation of p52 SHC by HRG stimulation. The association of SHC with ErbB3 in myotubes (Figure 1).

MAPKs are a family of Ser/Thr kinases which are activatedtyrosine phosphorylation of the p52 form of SHC, stimu-
lated by HRG, was also detected by the increase of33P by both tyrosine and Ser/Thr phosphorylation after treat-

ment of cells with mitogens and growth factors (reviewedincorporation into the anti-SHC immunoprecipitates from
33P-labelled cells by autoradiography (not shown). by Davis, 1993; Avruchet al., 1994). To determine directly

whether MAPKs were activated by HRG treatment ofA number of reports have shown that GRB2 links the
activated EGFR to the nucleotide exchange factor of Ras, myotubes, we assayedin vivo 33P incorporation into
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Ser/Thr kinase, the 90 kDa ribosomal S6 kinase (p90rsk),
which translocates to the nucleus where it phosphorylates
numerous transcription factors (Riveraet al., 1993; Ginty
et al., 1994). Since ERK2 is the major MAPK form that
we detected in chick myotubes, we investigated the
involvement of p90rsk in the HRG signalling pathway.
HRG stimulated p90rsk activity by 5-fold in an in vitro
immune complex kinase assay (Figure 2C).

HRG activates p70S6 kinase, which is inhibited by
wortmannin and rapamycin
After having demonstrated the HRG induced association
of the p85 subunit of PI3K with tyrosine-phosphorylated
ErbB3 (Figure 1), we further investigated the role of
downstream signalling elements of this pathway. p70S6
kinase (p70S6k) is the major target of PI3K in several
systems and it is activated by multisite serine phosphoryl-
ation (Chunget al., 1994). In fact, we detected a retarded
migration of the highly phosphorylated forms of p70S6k

immunoprecipitated from33P-labelled cells by HRG treat-
ment on SDS–PAGE and subsequent immunoblotting
with anti-p70S6k antibody (Figure 3A, bottom panel).
Autoradiography of the same membrane also showed an
enhanced33P incorporation into p70S6kby HRG stimulation
(Figure 3A, top panel). Incubation of the cells with the
specific inhibitors of PI3K, wortmannin (Uiet al., 1995),
and p70S6k, rapamycin (Chunget al., 1992), 1 h prior to
HRG stimulation for 10 min, eliminated HRG-induced

Fig. 2. HRG activates ERK1 and ERK2 (ERK1/2) and p90rsk in activation of p70S6k. p70S6k was also activated by additionmyotubes. (A) At day 5 after plating, cells were biosynthetically
of horse serum and embryonic extract (Figure 3A), andlabelled with [33P]orthophosphoric acid for 3 h and either left

untreated (–) or treated with HRG (10 nM) (1) for 10 min. The only in the absence of these factors was the activation of
proteins in cell lysates were immunoprecipitated (IP) with anti-ERK1/2 the kinase by HRG detectable.
and resolved by 10% SDS–PAGE, transferred to nitrocellulose and The effect of HRG on the kinase activity of p70S6k was
autoradiographed.The phosphorylated proteins are shown as ERK1/2-P

also determined by using S6 peptide as an exogenousin the autoradiographs. The nitrocellulose was then probed (WB) with
substrate in anin vitro kinase assay of immunoprecipitatedanti-ERK1/2. IgG heavy chains are seen above the p44/42ERK1/2

bands in WB. (B) In vitro MAP kinase assay using PHAS-1 as an p70S6k from myotubes. Similarly to the enhancement of
exogenous substrate in lysates of cells untreated (–) or treated with 33P content of the kinasein situ as shown in Figure 3A,
HRG (10 nM) (1) for 10 min, and (C) in vitro immune complex HRG treatment led to an ~8-fold increase in S6 peptidekinase assay using S6 peptide as an exogenous substrate in p90rsk

phosphorylation, which was abolished by both wortmanninimmunoprecipitates from cells untreated (–) or treated with HRG
(10 nM) (1) for 10 min were carried out as described in Materials and and rapamycin treatments (Figure 3B). It is noteworthy
methods. The results were converted to the ratio against the that the stimulatory effect of HRG on ERK1/2 and p90rsk

unstimulated value for the cells, and are the means of three separate activities was not altered by wortmannin or rapamycin
experiments (means6 SD).

treatment (not shown), thus excluding the cross-talk
between the Ras/MAPK and PI3K/p70S6k pathways.

Inhibition of p70S6k does not block the activationMAPKs which were immunoprecipitated from33P-labelled
cells with an antibody which recognizes both ERK1 and of AChR α-subunit gene expression by HRG, but

increases basal gene expressionERK2 (ERK1/2). The amount of33P incorporated into the
ERK1/2 was enhanced rapidly by HRG treatment, with a We have shown previously that HRG treatment strongly

increases AChRα-subunit mRNA levels in chickmaximal increase at 10 min (Figure 2A, top panel). The
same membrane was probed with the same antibody to myotubes (Altioket al., 1995). Here we show that

although HRG activated p70S6k, inhibition of the kinaseensure that equal amounts of ERK1/2 were immunopre-
cipitated from untreated and treated cells (Figure 2A, by rapamycin or by the PI3K inhibitor wortmannin did

not block the ability of HRG to increase the expressionbottom panel). The activation of MAPKs by HRG was
also examined in anin vitro kinase assay (Figure 2B). of theα-subunit gene (Figure 4). In contrast, these

inhibitors enhanced the basal levels ofα-subunit mRNA.The treatment of myotubes with HRG increased the
phosphorylation of the exogenous substrate PHAS-1 by The ability of rapamycin to increaseα-subunit mRNA

levels was higher than that of wortmannin (Figure 4)MAPKs, with maximal stimulation in 5 min, which
remained elevated during 60 min. This was consistent although, as shown in Figure 3, both inhibitors blocked the

HRG-stimulated p70S6k activity with the same efficiency.with the translocation of MAPKs to the nucleus within
45 min after HRG stimulation in immunocytochemical These findings suggest that other factors may also activate

p70S6k, and its basal and possibly HRG-stimulated activitystaining of myotubes (data not shown).
The ERK2 form of MAPKs phosphorylates and activates represses AChRα-subunit gene expression in myotubes.
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Fig. 4.Effect of wortmannin and rapamycin on basal and HRG-
stimulated AChRα-subunit mRNA levels. Autoradiograms of Northern
blot hybridization analysis of mRNA in chick myotubes treated for
30 min with wortmannin (0.1µM) or rapamycin (0.1µM) before
addition of HRG (3 nM) as indicated. Cells were treated between days 4
and 7 after plating, and total RNA was extracted. AChRα-subunit and
muscle creatine phosphokinase (MCK) mRNAs were analysed using
their cRNA probes.The same blot was used for hybridization with both
probes. The arrows show the position of AChRα-subunit and MCK
mature mRNAs. –, absence;1, presence of drug.

MAP kinase antisense oligonucleotide EAS1
depletes MAP kinase ERK2 and prevents the
HRG-stimulated increase in AChR α-subunit gene
expression
To test directly in a physiological system whether a MAP
kinase mediates the signalling pathway by which HRG
stimulates AChRα-subunit gene expression, we used
an oligonucleotide-based antisense strategy for depleting
MAP kinases. The phosphorothioate 17mer oligonucleot-
ides with the sequence 59-GCC GCC GCC GCC GCC

Fig. 3.HRG-activated p70S6k is inhibited by wortmannin and rapamycin. AT-39, referred to as antisense EAS1, and 59-CGC GCG
(A) At day 5 after plating, myotubes were incubated with wortmannin CTC GCG CAC CC-39 (scrambled) as a control were
(0.1µM), rapamycin (0.1µM) or vehicle as indicated for 1 h, then

used as described (Saleet al., 1995). The antisense targetlabelled with [33P]orthophosphoric acid for 3 h and either left untreated
region on MAP kinases ERK1 and ERK2 is unique toor treated with HRG (10 nM) or horse serum (4%) as indicated for

10 min. p70S6kwas immunoprecipitated (IP) from the lysates and these kinases when compared with cDNA sequences from
resolved by 10% SDS–PAGE, transferred to nitrocellulose and all other known proteins (Charestet al., 1993). The first
autoradiographed. The same membrane was probed (WB) with anti- six amino acid residues (MAAAAA) originating with thep70S6k. The slower migrating phosphorylated kinase is shown as

putative initiating methionyl residue of human ERK1 arep70S6k-P. IgG heavy chains are seen below the p70S6kbands in WB.
(B) Cells were treated as described above, andin vitro immune complex identical to the N-terminal sequences of the MAPK
kinase assays using S6 peptide as an exogenous substrate in p70S6k isoforms from mice, rats andXenopusspecies (Charest
immunoprecipitates were performed as described in Figure 2C. et al., 1993). Exposure of chick myoblasts to 5µM
–, absence;1, presence of drug.

antisense oligonucleotide EAS1 caused a depletion of the
major MAPK isoform, ERK2, expressed in these cells
over 3 days as determined by immunoblotting (Figure 5A,
top panel). Incubation of the cells with 5µM scrambled
oligonucleotide did not affect the expression of ERK1 andIt is important to note that fused and differentiated

myotubes were treated in horse serum- and embryonic ERK2 (Figure 5A, top panel), indicating that antisense
EAS1 was acting specifically in depleting ERK2. Thisextract-deficient medium for the kinase assays as shown

in Figure 3, whereas treatments for analysis of the mRNAs was supported further by the lack of effect of antisense
EAS1 on expression of other signalling proteins involvedhad been done in media containing these factors. This

suggests that the observed enhancing effects of wort- in HRG action, such as p70S6k(Figure 5A, bottom panel)
and ErbB3 (not shown).mannin and rapamycin on basalα-subunit mRNA levels

are due to the elimination of a repression ofα-subunit gene The depletion of ERK2 by EAS1 treatment in myotubes
as described above caused a nearly total inhibition ofα-expression by these factors. Rapamycin and wortmannin

treatments did not induce any morphological change in subunit mRNA expression stimulated by HRG (Figure
5B). Treatment with scrambled oligonucleotide had nomyotubes. None of these treatments modulated the levels

of MCK (muscle creatine kinase) mRNA in these assays, effect on the expression ofα-subunit mRNA stimulated
by HRG (Figure 5B), indicating that the oligonucleotide-showing the specificity of the treatments forα-subunit.
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p70S6k-mediated inhibition of AChR gene
expression is independent of electrical
activity-mediated repression of the AChR gene
In myotube cultures, the spontaneous or stimulated elec-
trical activity of the myotubes represses AChR biosyn-
thesis, whereas treatment of myotubes with the Na1

channel blocker tetrodotoxin (TTX) or with Ca21 channel
blockers increasesα-subunit mRNA levels by blocking
Ca21 entry from L-type channels leading to activation of
a Ser/Thr kinase (Klarsfeldet al., 1989; Lauferet al.,
1991; Huanget al., 1994) which has not yet been identified.
Since inhibition of Ser/Thr kinase p70S6k by rapamycin
strongly increased AChRα-subunit mRNA levels in
spontaneously contracting myotubes, we tested whether
the activity of this kinase is regulated by electrical activity.
However, blocking the spontaneous activity of myotubes
by TTX treatment did not alter the basal or HRG-
stimulated in vivo phosphorylation andin vitro kinase
activity of the enzyme (not shown). Similarly, basal
and HRG-stimulated phosphorylation of ERK1/2 was
unaffected by TTX treatment (not shown). These findings
indicate that HRG and electrical activity trigger different
kinase cascades to repress AChR gene expression.

In order to investigate further the relationship between
the Ser/Thr kinase involved in electrical activity-linked
repression of the AChR gene and p70S6k activity, we used
okadaic acid, a specific inhibitor of protein phosphatases
1 (PP1) and 2A (PP2A), which has been shown to
block the differentiation of muscle cells by extinguishing
expression of myogenic factors, myoD1 and myogenin
(Kim et al., 1992). Okadaic acid is a tumour promoter
and has no direct effect on the protein kinases tested to
date (Cohenet al., 1990). However, the inhibition of
protein phosphatases potentiates the activity of protein
kinases constitutively present in the cell and results in
enhanced phosphorylation of their substrates. Okadaic

Fig. 5. Antisense EAS1 inhibited expression of ERK2 and HRG- acid, at 2.5 nM concentration which inhibits only PP2A,
stimulated AChRα-subunit mRNA. At day 1 after plating, myoblasts blocked the increase of AChR protein andα-subunit
were exposed to antisense EAS1 (5µM) or scrambled (5µM)

mRNA levels by TTX (Figure 6A and B). The p70S6k
oligonucleotides as indicated, for 3 days as described in Materials and

inhibitor rapamycin was still able to increase surfacemethods. (A) At day 4, lysates from myotubes were separated by 10%
SDS–PAGE and blotted with anti-ERK1/2 and as an internal control AChR and α-subunit mRNA levels in the presence of
with anti-p70S6k antibodies. (B) Myotubes were treated with HRG okadaic acid; however, it did not eliminate its inhibitory
(3 nM) between days 4 and 5 and total RNA was extracted. AChR effect while the broad spectrum kinase inhibitor staurospo-α-subunit and actin mRNAs were analysed using their cRNA probes.

rine completely reversed this inhibition (Figure 6A andThe same blot was used for hybridization with both probes. The
arrows show the position of the AChRα-subunit and sarcomeric B). Consistent with this finding, okadaic acid or stauro-
α-actin mature mRNAs. –, absence;1, presence of sporine did not alter thein vivophosphorylation or activity
treatment. of p70S6k in in vitro kinase assays (not shown). In addition,

TTX and rapamycin additively increased the number of
surface AChRs (Figure 6A). These results indicate that
p70S6k and the Ser/Thr kinase activated by electrical
activity inhibit α-subunit gene expression via differentmediated inhibition of the HRG effect was specific for

antisense EAS1 and was not mediated by the control mechanisms in muscle (Figure 7).
scrambled oligonucleotide. Treatment of chick myoblasts
with EAS1 did not affect the ability of myoblasts to fuse Discussion
and differentiate into myotubes. However, basal expression
of the MCK gene, which is regulated by differentiation, Here we have demonstrated that HRG-stimulated tyrosine

phosphorylation of ErbB3 led to recruitment of the p52was also slightly decreased by EAS1 treatment. Therefore,
we measured the expression of actin mRNA in the same form of SHC and PI3K and thereby activated the MAPKs,

ERK1/2 and p70S6k in chick myotubes. ErbB3, the majorblots as an internal control. Actin mRNA levels were not
affected by EAS treatment (Figure 5B). In EAS1-treated receptor of HRGs in a variety of cell types, appears to

cooperate with ErbB2/neu by simultaneous recruitmentcells, HRG-induced p90rsk and MAPK activities were
decreased by 70% inin vitro kinase assays (data not of complementary signal transduction pathways. Chick

myotubes express three forms of SHC protein; however,shown).
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cultures, EAS1 efficiently depleted ERK2 which is the
major MAPK isoform in these cells.

One of the signalling proteins whose recruitment is
increased by the ErbB3 and ErbB2/neu heterodimer is
PI3K in mammary carcinoma cells and fibroblasts trans-
fected with both receptors (Alimandiet al., 1995; Carraway
et al., 1995; Marikovsky et al., 1995). It has been
postulated that PI3K is an upstream mediator of p70S6k in
some cells since the specific PI3K inhibitor wortmannin
causes a parallel inhibition of both kinases in several
cell types (Chunget al., 1994). In our study, although
wortmannin (Ui et al., 1995) and the specific p70S6k

inhibitor, rapamycin (Chunget al., 1992), both inhibited
the activation of p70S6k, they did not block the ability of
HRG to stimulate AChRα-subunit gene expression. By
contrast, both inhibitors increased the steady-state levels
of AChR α-subunit mRNA in myotube cultures. The
implications of these findings are: (i) even though the
PI3K/p70S6kpathway is activated by HRG, the stimulatory
effect of HRG on AChR gene expression is not mediated
by these kinases; and (ii) the endogenous activities of
PI3K and, more markedly, p70S6khave tonic inhibition on
the AChR α-subunit gene. It is possible that growth
factors present in horse serum and embryonic extract
may contribute to the basal activation of these kinases.
However, rapamycin has a more profound effect on
increasing basalα-subunit mRNA levels than wortmannin,
suggesting that p70S6k might also be activated via other
pathways which are also blocked by rapamycin. Indeed,
it has been reported that wortmannin and rapamycin block
p70S6k activation by inhibiting different inputs (for review,
see Proud, 1996). For example, rapamycin antagonizes
the G1–S cell cycle transition or blocks translation initiation
via both p70S6k-dependent and -independent pathwaysFig. 6. Rapamycin increases (A) surface125I-labelledα-BTG
(Chunget al., 1994; Proud, 1996); however, these mechan-(bungarotoxin) binding sites and (B) α-subunit mRNA levels
isms are not likely to occur in these terminally differenti-independently of muscle electrical activity. At day 5 after plating,

myotubes were treated with rapamycin (0.1µM) and staurosporine ated myotubes where rapamycin selectively increased
(2.5 nM) 30 min before addition of tetradotoxin (TTX, 1µM) and AChR synthesis andα-subunit mRNA levels.
okadaic acid (2.5 nM) as indicated, then further incubated for 2 days.

Recently it has been reported that HRG activates bothSurface125I-labelledα-BTG binding sites were quantitated as
MAPK and p70S6k irrespective of whether it stimulatesdescribed in Materials and methods. The results are expressed as fold

increase over the untreated value of cells, and are the means of six proliferation or differentiation of mammary epithelial cells
separate experiments (means6 SD). AChRα-subunit and MCK (Marte et al., 1995). In a very recent publication, it was
mRNAs were analysed as described in Figure 4. The arrows show the reported that besides MAPKs, PI3K was also involved inposition of AChRα-subunit and MCK mature mRNAs. –, absence;1,

the stimulatory effect of HRG on AChRε-subunit genepresence of drug.
expression in the Sol 8 mouse muscle cell line (Tansey
et al., 1996). However, our study demonstrates that the
HRG-activated Ras/MAPK pathway is involved in theonly the p52 form of SHC was significantly tyrosine

phosphorylated by activated HRG receptors. While the stimulation of AChRα-subunit gene expression, whereas
activation of PI3K/p70S6k inhibits AChR α-subunit genep85 subunit of PI3K only binds to ErbB3, SHC may bind

to both ErbB3 and ErbB2/neu in a cooperative manner expression in chick myotubes. The biological significance
of the opposing effects of two parallel pathways stimulatedsince both receptors have SHC binding sites in their

carboxy-terminal domains (Segattoet al., 1993; Prigent by HRG is presently unknown. One possible interpretation
of these observations is that p70S6k activation by HRGet al., 1994). Multiple transducing signals converge down-

stream of SHC phosphorylation at the MAPKs (reviewed may suppress fetal-type AChR gene expression in the
synaptic region of myofibres independently of the evokedby Davis, 1993; Avruchet al., 1994). We show here that

specific depletion of ERK2 by the antisense oligonucleo- electrical activity. Concordant with our findings, local
neurotrophic repression of gene transcripts encoding fetaltide EAS1 completely blocked the HRG-stimulated AChR

α-subunit gene expression in chick myotubes. The oligo- AChRs at rat neuromuscular synapses has been reported
recently (Kueset al., 1995). Indeed, blocking the spontan-nucleotide sequence of ERK1/2 in the antisense EAS1

probe target region is conserved in mouse, rat and human eous electrical activity of myotubes by TTX treatment did
not alter the activity of p70S6k. In addition, the p70S6k(Saleet al., 1995), indicating that antisense EAS1 should

be generally applicable in depleting ERK1/2 from cells inhibitor rapamycin did not eliminate the repression of
AChR α-subunit gene expression by okadaic acid, whichof a wide range of species. In fact, in chick myotube
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Fig. 7. Schematic representation of parallel kinase cascades triggered by HRG and membrane depolarization which regulate AChRα-subunit gene
expression in chick myotubes. HRG binds to ErbB3 (3) and induces its dimerization with ErbB2/neu (2). Tyrosine phosphorylation of the two
proteins recruits PI3K and SHC molecules, and thereby activates p70S6k, and the MAPK, ERK2, respectively. While activation of p70S6k by HRG
and possibly by other factors inhibits, activation of ERK2 stimulates AChR gene expression. MAPK antisense oligonucleotide EAS1 treatment
abolishes AChRα-subunit gene expression. Wortmannin and rapamycin block the inhibition of AChR gene expression by p70S6k activation. In a
parallel independent pathway, an increase in intracellular Ca21 concentration caused by membrane depolarization activates a Ser/Thr kinase to
repress AChR genes in myotube nuclei. This Ser/Thr kinase is susceptible to inhibition by protein phosphatase 2A (PP2A) which is blocked by
okadaic acid.

kindly provided by Dr Jorge Kirilovsky (Glaxo, France). Wortmannin,potentiates the inhibitory effect of the Ser/Thr kinase
rapamycin and HA 1004 were from Biomol Research Lab, USA.activated by muscle electrical activity, suggesting that
Staurosporine was from Research Biochemicals, USA. Okadaic acid was

these two pathways are separate. We have demonstratedfrom Upstate Biotechnology Inc., Lake Placid, NY. All the other
previously that phorbol ester treatment inhibited the HRG- chemicals were from Sigma Chemical Co., St Louis, MO.
dependent tyrosine phosphorylation of both ErbB3 and
ErbB2/neu, suggesting that Ca21-dependent protein kinase Antibodies
Cs (PKCs) are able to interfere with the initial step of the Rabbit polyclonal antibodies against peptides corresponding to amino

acids 1307–1323 of ErbB3 (sc-285), 305–327 of ERK1(sc-94), 485–502stimulatory pathway triggered by HRG (Altioket al.,
of p70S6k (sc-230), 195–217 of GRB2 (sc-255) and 508–525 of p90rsk

1995). Here we show that, even though a Ca21-dependent
were from Santa Cruz Biotechnology, Inc., USA. Mouse monoclonalPKC isoform may be activated by muscle electrical activity anti-phosphotyrosine antibody, 4G10, and rabbit polyclonal antibodies

to block ErbB2/neu, it is different from the Ser/Thr kinase against the p85 subunit of PI3K (catalogue No. 06 195), amino acids
which represses AChR genes in the myotube nuclei. 366–473 of SHC (catalogue No. 06-203) and amino acids 63–98 of

ERK1 (06-183) were obtained from Upstate Biotechnology Inc. (UBI),In conclusion, our results indicate that HRG stimulates
Lake Placid, NY.AChR α-subunit mRNA expression via activation of

ERK2, and suggest that ErbB3 may have an important
Oligonucleotide treatment of cellsrole in the regulation of AChR gene expression through
Phosphorothioate oligonucleotides were synthesized and purified byactivation of the PI3K/p70S6kpathway, which consequently
Genset, Paris. At day 1 after plating, myoblasts (80% confluent in 60 mm

may induce sustained expression of adult type AChR dishes) were washed with minimal essential medium (MEM). Dilutions
genes in the synaptic nuclei of adult muscle. of oligonucleotide in 100µl of MEM were pre-incubated at room

temperature for 30 min with 100µl of MEM containing 20 µg/ml
lipofectamine (Gibco). This mixture was added to the cells together with

Materials and methods a further 1.4 ml of MEM. Cells were incubated for 2 h at 37°C in the
presence of 5% CO2. Then the medium was removed and the incubation

Cell culture continued for the times indicated in the figure legends using 4 ml of
Myoblasts were obtained from the hindlimbs of 11-day-old chick embryos growth medium containing the indicated oligonucleotide concentrations
by mechanical dissociation and were seeded at a density of 23104 cells/ in the presence of 10% horse serum. The medium was replaced
mm2 in gelatin-coated, 100 mm plastic dishes and grown in medium every 24 h with new medium containing the indicated oligonucleotide
containing 4% horse serum and 2% embryonic extract, as described concentrations and other additions.
previously (Klarsfeldet al., 1989).

In vivo biosynthetic labellingChemicals
Myotubes were washed with serum and phosphate-free MEM (Sigma),[33P]Orthophosphoric acid, [γ-33P]ATP and [32P]UTP were from
then treated with inhibitors as described in the figure legends andAmersham. The EGF domain of recombinant heregulin (rHRG-
incubated with 250µCi/100 mm dish of [33P]orthophosphoric acidβ1177–244) (Holmeset al., 1992) was provided by Dr Mark Sliwkowski
(3000 Ci/mmol, Amersham) for 3 h in 4 ml of the same medium. Cell(Genentech Inc., San Francisco, CA). FK506 was kindly provided by

Fujisawa Pharmaceutical Co., Ltd, Osaka, Japan. GF 109203X was lysis and immunoprecipitation were carried out as described below.

723



N.Altiok, S.Altiok and J.-P.Changeux

Cell lysis and immunoprecipitation expression in muscle: differential expression at the endplate.EMBO
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