The EMBO Journal Vol.17 No.11 pp.3078-3090, 1998

Implication of a multisubunit Ets-related
transcription factor in synaptic expression of the

nicotinic acetylcholine receptor

Laurent Schaeffer, Nathalie Duclert,
Monique Huchet-Dymanus and
Jean-Pierre Changeux'

CNRS UA D1284 ‘Neurobiologie Mékulaire’, Institut Pasteur,
25 rue du Dr Roux, F-75724 Cedex 15, Paris, France

1Corresponding author
e-mail: changeux@pasteur.fr

In adult muscle, transcription of the nicotinic acetyl-
choline receptor (AChR) is restricted to the nuclei
located at the neuromuscular junction. The N-box, a
new promoter element, was identified recently and
shown to contribute to this compartmentalized synaptic
expression of the AChRS- and e-subunits. We demon-
strate that the N-box mediates transcriptional activa-
tion in cultured myotubes and identify the transcription
factor that binds to the N-box as a heterooligomer in
myotubes and adult muscle. The GABP (GA-binding
protein) a-subunit belongs to the Ets family of tran-
scription factors, whereas thef-subunit shares homo-
logy with 1kB and Drosophila Notch protein. GABP
binding specificity to mutated N-box in vitro strictly
parallels the sequence requirement fo-galactosidase
targeting to the endplatein vivo. In situ hybridization
studies reveal that the mRNAs of both GABP subunits
are abundant in mouse diaphragm, with preferential
expression of the a-subunit at motor endplates. In
addition, heregulin increases GABF protein levels
and regulates phosphorylation of both subunits in
cultured chick myotubes. Finally, dominant-negative
mutants of either GABPa or GABPP block heregulin-
elicited transcriptional activation of the AChR & and &
genes. These findings establish the expected connection
with a presynaptic trophic factor whose release contrib-
utes to the accumulation of AChR subunit mRNAs at
the motor endplate.
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Introduction

myotube, the AChR molecules cluster under the motor
nerve and the distribution of the receptor becomes
restricted progressively to the postsynaptic domain (for a
review see Hall and Sanes, 1993; Duclert and Changeux,
1995). The clustering of the receptor molecules accompan-
ies the restriction of expression of AChR subunits {8,

Y, 0, €; for reviews see Galzi and Changeux, 1994; Karlin
and Akabas, 1995) to the subjunctional nuclei (Merlie and
Sanes, 1985; Fontairet al,, 1988; Goldman and Staple,
1989; Brennet al, 1990; Klarsfeldet al, 1991; Sanes

et al, 1991; Simoret al, 1992; Pietteet al., 1993; Koike

et al, 1995; Kueset al, 1995; Duclertet al, 1996).
Such a compartmentalized transcription results from the
combined action of two mechanisms. On one hand, nerve-
evoked electrical activity in the muscle fiber represses
transcription of the AChR genes in extrajunctional nuclei
(Fontaineet al, 1988; Goldmaret al., 1988; Fontaine
and Changeux, 1989; Merlie and Kornhauser, 1989; Tsay
and Schmidt, 1989). On the other hand, the neurotrophic
factors calcitonin gene-related peptide (CGRP) (Fontaine
et al, 1986; New and Mudge, 1986) and heregulin (Falls
etal., 1993; Sandrockt al., 1997) stimulate the expression
of the AChR genes and are, therefore, candidate first
messengers responsible for enhanced transcription of
AChR genes in the subsynaptic nuclei.

Until recently, the only consensus promoter element
known to play a critical role in the transcriptional regula-
tion of the genes of the AChR subunits was the E-box,
the binding site for the myogenic factors (Piett al.,
1990; Jiaet al., 1992; Prody and Merlie, 1992; Simon and
Burden, 1993). Transgenesis and recombinant adenovirus
technology demonstrated that the E-boxes are necessary,
although not sufficient, to mediate the up-regulation of
transcription of AChR genes following the silencing of
electrical activity by denervation (Besseregtual., 1994;
Mendelzonet al, 1994; Tanget al, 1994). However,
despite their contribution to the repression by electrical
activity, E-boxes are not necessary to restrict the expression
of AChR - ande-subunit genes to the endplate (Duclert
et al, 1993; Tanget al., 1994).

Using anin vivo DNA injection technique, a 6 bp
promoter element, referred to as the N-box, was shown
to restrict the transcription of the ACh& ande-subunit
genes to the synaptic region in adult mouse muscle (Koike

The neuromuscular junction constitutes a privileged sys- et al., 1995; Duclertet al., 1996). In these promoters, the
tem for investigation of the molecular mechanisms under- N-box specifically mediated transcriptional activation in
lying the control exerted by a presynaptic nerve terminal the subsynaptic nuclei. Interestingly, within the context of
on postsynaptic gene expression. In the adult muscle, thea large version of thed promoter, the N-box gained
nicotinic acetylcholine receptor (AChR) is compartmental- the additional ability to down-regulate transcription in
ized to the motor endplate (for reviews see Laufer and extrajunctional areas (Koiket al., 1995). This supports
Changeux, 1989; Hall and Sanes, 1993; Duclert and the view that the upstream region of tle promoter
Changeux, 1995). In fetal non-innervated muscle, the contains an element, absent from th@romoter, which
AChR is distributed evenly at the surface of the myotube. cooperates with the N-box to create a transcriptional
When an ingrowing motor nerve terminal contacts the repressing activity. The absence of this property in the

3078 © Oxford University Press



Role of GABP and the N-box in AChR expression

case of the AChRe-subunit correlates well with the  which would bind the N-box to form the observed 68 kDa
fact that thee-subunit gene is never expressed in the complex.
extrajunctional regions of the muscle fiber (Brenatal.,
1990). Finally, N-boxes are present in the promoters A DNA affinity column specifically retains two
of several other genes expressed at the level of the polypeptides
neuromuscular junction. For example, the ACBRubunit In a subsequent step, attempts were made to identify the
gene contains an N-box which binds the same protein asprotein factor that binds the N-box. The screening of
the N-boxes from thed and e-subunits (unpublished several muscle expression libraries did not lead to the
results); in the utrophin gene promoter, an N-box lies in identification of any N-box-binding protein. We then tried
a critical region for the control of gene transcription to purify this activity directly from nuclear extracts of
(Denniset al.,, 1996). C2C12 myoblasts using a DNA affinity chromatography
In this study, we demonstrate that the N-box is functional strategy. After incubation of the extract with three repeats
in cultured myotubes and behaves as a transcriptional of the N-box immobilized on magnetic beads and several
activator. Taking advantage of this property, we identify washes, the proteins were eluted by increasing KCI concen-
the factor that activates transcription upon binding to the tration. The various fractions were analyzed by SDS—
N-box. We show that tha-subunit of GA-binding protein  PAGE and silver staining (Figure 3A). Gel retardation
(GABP) is expressed preferentially at the motor endplate. analysis revealed that an N-box-binding activity is retained
We further demonstrate that heregulin regulates phospho-on the beads and eluted with increasing KCI concentration
rylation of both GABP subunits, increases GABProtein (Figure 3B). The eluted fraction contained three major
levels and activates transcription of AClRand e genes polypeptides of 67, 58 and 43 kDa. The 67 kDa polypeptide
in a GABP-dependent maner. most likely corresponds to a fraction of bovine serum
albumin (BSA) non-specifically adsorbed on the column.
The presence of a 58 kDa band parallels the 58 kDa activity
Results detected by UV cross-linking. However, the presence of
a 43 kDa polypeptide in the purified fraction, undetected
by the UV cross-linking technique, raised the possibility
that the N-box binds a heterooligomeric factor, thus
explaining the failure of the expression library screening
approach.

The N-box mediates transcriptional activation in
cultured myotubes

As a first step, we evaluated the contribution of the
TTCCGG sequence of the N-box to transcriptional regula-
tion in cultured myotubes. For this purpose, we constructed

synthetic promoters containing three repeats of the N-box The N-box binds two p p
2. - polypeptides correspondin
(N3) placed upstream of a minimal promoter (M2) from to the a- and f-subunits of GABP g

the Ch.i(?k AChRa-subunit gene (Bess.,e.rem.u al, 1993). The N-box sequence contains the GGAA/T core sequence
Quantification of the luciferase activity in transfected common to all known Ets-binding sites (Macleetl al
C2C12 myotubes revealed a 50-fold higher expression of 1992). We thus tested the possibility that the N-box-
the reporter gene when thegM2 promoter was used binding activity corresponds to a member of the Ets

instead of M2 (Figure 1A). The increase in Iuciferase ..nqerintion factor family. We first determined which
activity did not occur when the N-box had been replaced members of the Ets family are present in muscle. We

by a mutatedin vivo inactive version (Nmu) (Koike ado :
: . . pted an RT-PCR approach using adult mouse muscle
et al,, 1995). Chick primary myotubes yielded comparable poly(A) RNA and degenerate oligonucleotides matching

results (Figure 1A). These data demonstrate that the N-i, "¢ nserved sequences of the Ets DNA-binding motif.
box behaves as a transcriptional activator in cultured Cloning and sequencing of the amplified sequences
myotubes. revealed the presence of fragments corresponding to either
Ets-2 or GABR. Interestingly, GABP is the only known
The N-box binds a 58 kDa ubiquitous polypeptide multimeric Ets factor. The apparent molecular weights of
We next undertook the characterization of the N-box- the GABP subunits are 58 and 43 kDa in the mouse
binding activity previously identified in adult mouse (Brown and McKnight, 1992). All the other Ets factors
muscle (Koikeet al, 1995; Duclertet al, 1996). Gel bind DNA as monomers (Cpéeux et al., 1994). GABP
retardation experiments using extracts from various tissuesis composed of a large-subunit, which contains the
or cell types revealed the presence of an N-box-binding conserved DNA-binding Ets motif, and a smallgF
activity in adult muscle, chick primary myotubes, mouse subunit. The B-subunit has no intrinsic DNA-binding
C2C12 and Sol8 myotubes and non-differentiated C2C12 activity but is required to obtain efficient DNA binding
myoblasts. A similar activity was also detected in HeLa and nuclear localization of the-subunit (LaMarceet al.,
cells, 3T3 fibroblasts and neuroblastoma extracts, but was1991; Sawaet al, 1996). GABPB binds to GABPR
low in spleen extracts. through a domain composed of repeats of a 33 amino acid
The molecular weight of the N-box-binding activity ankyrin motif. This ankyrin motif is present in several
was determined by UV-induced covalent cross-linking developmentally important factors, including tBeoso-
to a bromodeoxyuridine-substituted N-box (Figure 2B). phila proteins Notch, *B and lin12 (LaMarcoet al,
Autoradiography revealed a 68 kDa band. Since the 1991). In mouse, GABPRis encoded by two distinct but
molecular weight of the double-stranded oligonucleotide closely related genes, namely GABPand GABBB2 (de
used for the UV cross-linking was 10 kDa, the cross- la Brousseet al, 1994). Since both forms of GAHP
linked protein may plausibly correspond to either a single yield transcriptional activation (Sawet al, 1996), the
58 kDa polypeptide or to several smaller polypeptides functional significance of two highly homologous forms
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Fig. 1. The N-box and GABP activate transcription in cultured myotub&3.N-box-mediated transcription activation in C2C12 and chick primary
myotubes. C2C12 and chick primary myotube cultures were transfected with eitheghtedd NmugM2 constructs (1ug/600pl). Luciferase

activity was measured after differentiation of the cells into myotubes. The results were normalized to the luciferase activity obtained with the M2
construct. B) An antisense oligonucleotide directed against GBBfbcks the N-box-mediated transcriptional activation in C2C12 myotubes.

C2C12 myoblasts were co-transfected with either GRBIRtisense (light gray bars) or scramble (black bars) oligonucleotideu0)%nd either

the NsM2 or NmugM2 constructs (Jug/600pl). Luciferase activity was measured after differentiation of the cells into myotubes. The results were
normalized to the activity of the M2 construct co-transfected with the appropriate oligonucleotide, and are presented as a percentage of this value.
(C) Dominant-negative mutants of GABPand GABR inhibit the N-box-mediated transcriptional activation in C2C12 myotubes. C2C12 myoblasts
were co-transfected with either GABP™ or GABPBD™ mutants, or control (Jug/600pl), and either the BM2 or NmugM2 constructs (lug/

600 pl). The mutants and control were placed downstream of the MSV promoter. Luciferase activity was measured after differentiation of the cells
into myotubes. The results were normalized to the activity of the M2 construct. The results presented for the C2C12 myotubes are the average of at
least three experiments in which each point was repeated in triplicate. For the chick primary myotubes, the experiments were repeated at least three
times in triplicate, and the results of a typical experiment are presented. The error bars represent the standard deviation.

of GABP is still unknown. In this work, GABP refers our purified GABP fraction or in the endogenous N-box-
to GABPB1, since the antibodies, the antisense oligo- binding activity (data not shown). Moreover, the complete
nucleotide and the recombinant proteins we used all displacement of the N-box-binding activity by the anti-
correspond to GABRL. We have tested a rabbit serum GABPB1 antibody and the extent of the inhibition by the
directed against GABB2 in Western blot and in supershift anti-GABRB1 antisense oligonucleotide (described in the
experiments, and we could not detect GARPeither in following results) suggest that GABR participates
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Fig. 2. The N-box binds a factor, present in various cell types, which
contains a 58 kDa componenf) Gel retardation experiments using
the N-box sequence, eithé#P labeled as a probe (2 ng/lane), or
unlabeled as a cold competitor. The protein extractsy@tane) used

PAGE and protein silver staining (0.5, 2.5, 50 andiB0respectively)
(A), and gel retardation experiments using the N-box sequence as a
probe (0.5, 2.5, 5 and fil, respectively) B). The sizes of the
molecular weight markers and of the purified polypeptides are
indicated in kDa on the left and right of (A), respectively; the band
corresponding to BSA is also indicated. In (B), the retarded complex
(top) and free probe (bottom) are indicated on the left.

are indicated at the top of the geB)(Autoradiogram of denaturing

SDS—polyacrylamide gel analysis of the UV cross-linked N-box- . .
binding activity present in C2C12 myotubes. The same probe was retained by our aﬁm'ty column correspond to GAdBP

used as for the gel retardation experiments except that the three centraland GABHB, respectively.
thymidine residues were substituted by bromodeoxyuridine. The The definitive proof concerning the identity of our

presence or absence of competitor DNA (20-fold molar excess) is endogenous N-box-binding activity came from supershift
indicated at the bottom of each lane. experiments. Incubation of the probe and nuclear extract of
C2C12 myotubes along with a polyclonal rabbit antibody
directed against either GABPor GABPB resulted in a

neither in the endogenous N-box-binding activity, nor in decreased mobility of the N-box complex, whereas a pre-

the transcriptional activation by GABP. immune serum had no effect (Figure 4C). The anti-
Given that our low stringency PCR approach revealed GABPa and anti-GABB antibodies also inhibited binding

the presence of GABP and that the apparent molecularto the probe as shown by the decreased intensity of the

weight of its subunits fits the size of the polypeptides we supershifted complex compared with the signal obtained

purified, it became legitimate to propose that the purified in the controls. This demonstrates that the endogenous N-

N-box-binding activity corresponds to GABP. To evaluate box-binding activity contains both GABPand GABH

this possibility, we compared the mobilities obtained with subunits. Since incubation with either the anti-GAB&r

the endogenous activity and with recombinant GABP the anti-GABM antibody affected the totality of the N-

andp proteins in gel retardation experiments with the N- box-bound complex (either supershifted or inhibited), we

box (Figure 4B). The retarded complexes we obtained conclude that the endogenous N-box-binding activity we

were indistinguishable. Moreover, the N-box-binding observe is composed primarily of GABRand GABH.

activity was competed by an oligonucleotide containing

the consensus binding site for GABP (Watanadteal., Antisense oligonucleotides directed against

1990), whereas an oligonucleotide containing an Ets-2 GABPS and dominant-negative mutants of GABP«

(Macleodet al., 1992) or EIf-1 (Wanggt al., 1992) binding or GABPS block the N-box-mediated

site had no significant effect (Figure 4A). In addition, an transcriptional activation in cultured myotubes

antibody directed against Ets-2 (Santa Cruz) did not affect To demonstrate thain vivo, the N-box is the target of

the mobility of the N-box-containing complex in supershift GABP, we co-transfected C2C12 cells with the constructs

experiments (Figure 4C). Altogether, these results strongly described above and an antisense oligonucleotide directed

support the notion that the 58 and 43 kDa polypeptides against GABB (Figure 1B). This resulted in a 5-fold
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Fig. 4. The N-box-binding activity corresponds to the transcription
factor GABP. f\) Gel retardation analysis of the DNA-binding
specificity of the N-box-binding factor. C2C12 myotube nuclear
extracts (1Qug/lane) were incubated with ¥P-labeled probe (1 ng/
lane) containing either the N-box sequence or the consensus binding
sequence for GABP (the probe used in each lane is indicated at the
bottom of the gel). Various competitor oligonucleotides (indicated at
the top of the gel) were added to the reactions. (=), no competitor
DNA; N1-N6, mutant N-boxes; Ets-2 and Elf-1, binding sites for Ets-
2 and EIf-1, respectively.B) Gel retardation comparison of the C2C12
N-box-binding activity and recombinant GABP migration profiles. The
presence ) or absence (-) of competitor DNA (20-fold molar excess
of non-labeled probe) and the protein(s) used for each lane are
indicated at the top of the gel. rGABPand rGABM: baculovirus-
produced recombinant mouse GABRnd GABH (100 ng/assay),
respectively. C2C12 extract: 1@y of C2C12 myotube nuclear extract.
(C) The N-box-binding activity is supershifted by antibodies directed
against GABR or GABPB. Gel retardation experiments were
performed using C2C12 myotube nuclear extractsy(@0ane),32P-
labeled N-box as a probe and in the presence of either an anti-GABP
(anti a), anti-GABRB (anti 3), pre-immune or anti-Ets 2 rabbit serum
(0.5 pl/lane). The proteins added in each lane are indicated at the top
of the gel. The supershifted bands are pointed out on the left and the
bold arrow indicates the non-supershifted N-box-binding activity. The
star indicates a non-specific band due to the antibodies.

caused only a 2-fold negative effect on luciferase levels.
This 2-fold inhibition was most likely non-specific since
most of the numerous phosphorothioate oligonucleotides
we tested also yielded a small amount of inhibition of
luciferase expression (data not shown). These results
demonstrate that GAHR and thus GABRB which carries

the DNA-binding motif of the complex, are necessary to
activate transcription through the N-box in myotubes.

To specify further the contribution of GABP, we
designed mutants of both GABPand GABM. The
mutant of GABR (GABPaD~) was obtained by deletion
of the 56 C-terminal amino acids which are required
for the formation of the GABB—GABPB heterodimer
(Thompsonet al, 1991; Saweet al, 1996). The mutant
of GABPB (GABPBD") was obtained by deletion of the
52 C-terminal amino acids which constitute the transactiv-
ation domain (Thompsoat al., 1991; Sawaet al,, 1996).
These mutants were placed under the control of a 400 bp
fragment of the Moloney murine sarcoma virus promoter
(MSV; van Beverenet al., 1982) and co-transfected in
C2C12 myotubes together with the;M2 or NmugM2
constructs. As found with the anti-GABPantisense
oligonucleotide, we observe a blocking of the N-box-
mediated transcriptional activation (Figure 1C).

Parallel effects of N-box mutations in vivo and

in vitro on GABP binding

We next checked whether the sequence requirements
for recombinant GABP binding fit those we determined
previously for then vivoactivity of the N-box in subsynap-

tic compartmentalized expression (Koilet al., 1995;
Duclertet al., 1996). We compared the effects of various
mutations in the N-box on botB-galactosidase reporter
gene expression at the neuromuscular junction using an
in vivo DNA injection technique (Ducleret al, 1993)

and the DNA-binding activity of recombinant GABP
protein in gel retardation experiments (Figure 5). In the
in vivo experimentsB-galactosidase was placed under the
control of the AChRb- or € subunit gene promoter to test
the N-box activity in its original context. The results show
that each time a mutation in the N-box hindered the
binding of GABP to its cognate site, the ability of te

or € promoter to restrict the expression of the reporter
gene to the subsynaptic zone was altered. In addition, the
parallel extends to the strength with which the mutations
affect both GABP binding and synaptic expression: the
more the DNA binding was affected, the less the expression
was synaptic. This confirms tham, vivo, GABP binds the
N-box and influences transcription of theande-subunit
genes, as it does in cultured myotubes.

Expression patterns of GABP« and GABPS in

muscle

We have shown that GABP activates transcription via the
N-box and thatjn vivo, the N-box specifically activates
transcription in the subsynaptic nuclei. We thus examined
GABPa and 3 mRNA distribution in mouse diaphragm
muscles usingn situ hybridization techniques (Figure 6).
At embryonic day (ED) 18.5, the AChR-subunit tran-

inhibition of luciferase expression in C2C12 myotubes scripts are already compartmentalized under the motor
when using the BM2 promoter, whereas expression driven endplates of the diaphragm. At this stage, both GABP

by NmugM2 or M2 was only slightly affected. Under the

subunits are expressed. The GABMRNA level was

same conditions, the control scrambled oligonucleotide found to be evenly distributed throughout the fiber. On

3082



Role of GABP and the N-box in AChR expression

A
B N box N box
| e |
-839 -50 +4 -10 +65
ﬁﬁf‘mﬂ:ﬁﬂ[ﬁﬂffg #}{AGCFOGGAA“{L
LacZ
‘.?‘?T
912 3 456 £:1234
/” \\ / \\
. \
//./ \\\\ // \,
St B o ,
Vd S
competitor BWT b1 62 03 o4 b5 b6 eWT el €2 €3 &4
DNA (ng) 2 20 220 2 220 2 020 220 220 220
_]_].4.4._1 _1._] .il..----;]_-_.-__l;

| S - o el b b Bk B Bl b bl bl e e

b il bihs s e b b

- el M MW

probe:eWT
120 1 120

iy
55 100 { 100
2.8 L

= > A
éo 60 |, ) 1 60

oy J
oo
235 i
gz :
:;3“2: 40 2 40
=a 3 4 1.5
b 1n
& F 20 20
om i b

OWT b1 62 83 o4 b5 o6 eWT £l €2 e3 e4

Fig. 5. Comparison of the effects of mutations in the N-box on the DNA binding of recombinant GABP and onwive compartmentalization of

reporter gene expressiorA) Muscle fibers expressing-galactosidase after DNA injection. Left panel: synaptic expression. Right panel:

extrasynaptic expression. The arrows indicate the acetylcholinesterase staining which marks the motor endplate. |Bar§B1@halysis of

N-box mutation effects in gel retardation amdvivo using the muscle DNA injection technique. The various mutations introduced into the N-box of
the AChRd ande promoters are indicated by the vertical arrows and natn&d6 ande 1-4, respectively. For the gel retardation analysis,
baculovirus-produced recombinant GA®RNd (100 ng/assay) were incubated wittP-labeled probe (2 ng/assay), eitleWT or e WT as

indicated at the bottom of the pané&WT, 5-GGCCGCGTTTCCGGCCTCT:3¢ WT, 5'-CTAGCCCGGAACT-3. Binding to the probes was

competed with non-labeled probe, either wild-type or containing the different mutafidhss(ande 1-4). The type and amount (2 or 20 ng) of
competitor DNA added to each reaction are indicated at the top of each lane. The results of a typical experiment were quantified (gray bars). They
were expressed as the percentage competition yielded by the various mutants (which is proportional to their ability to bind GABP), competition by
the wild-type probe being considered as 100%. Forittheivo analysis, the wild-type and mutant mouse ACBRnde promoters (from —839 to

+45 and —-83 tot+65 for the AChRS ande promoter, respectively) were placed upstream offfgalactosidase gene and a nuclear localization

signal. The results of the injection of these constructs in the mouse tibialis anterior muscle are presented as the percentage of synaptic expression
obtained with a given construct (black bars), and the average number of events per muscle obtained for each construct is indicated at the top of the
corresponding bar. The values are derived from Kakal. (1995) and Ducleret al (1996). Each construct was injected at least three times in

12-24 muscles. The error bars represent the SEM.

the other hand, GAB® transcripts, although present in  Heregulin enhances GABPo expression and the

all the muscle fiber nuclei, showed a slight but significant phosphorylation of both GABPo: and GABPS
compartmentalized expression in the subsynaptic nuclei. We next investigated the possibility that GABP could be
The same observations were made in the diaphragm of 3-controlled by neural factors promoting the subjunctional
day-old mice. transcription of the AChR genes, the best documented
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Fig. 6. Expression pattern of AChB-subunit, GABR and GABH
genes in mouse muscle. Diaphragm muscles from 18.5-day old mice
embryos (E 18.5) and post-natal day 3 mice (PN 3) were hybridized
with antisense and sense riboprobes to the AGhBABPa and

GABPB mRNAs. The boxed picture shows a higher magnification of a
PN 3 diaphragm hybridized with the GABPantisense probe. The
synaptic and extrasynaptic regions are indicated by arrows. The bar
corresponds to 5Qim. The lower panel shows a portion of a
diaphragm successively stained for acetylcholinesterase activity
(AChE) and hybridized with the anti-GABPprobe (GABRr). On the
right of the panel, both stainings were superimposed (AGhE
GABPu).

being heregulin (see Sandroekal,, 1997, and references
therein). To identify potential effects of heregulin on
GABP, we first investigated its effects on GABRNd 3
protein levels in primary cultures of chick myotubes, an
in vitro system reproducibly responsive to heregulin
(Altiok et al, 1995). Western blot analysis of heregulin-
treated and non-treated cells revealed that heregulin treat
ment resulted in a 2-fold increase (average of six experi-
ments, 25% variation between the experiments) in the
GABPa protein level, while the GAB protein level was
unaffected (Figure 7A).

GABP subunits contain putative sites for phosphoryla-
tion by MAP kinases, and these kinases mediate the
heregulin-elicited stimulation of transcription of AChR
genes in cultured chick myotubes (Altigk al., 1997). In
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Fig. 7. Heregulin increases the GABFprotein level and modulates
the phosphorylation of both GABPand GABRB. (A) Heregulin
increases the GABPbut not the GABPB protein level. Chick primary
myotubes were either treated or not treated with 5 nM heregulin
(HRG) for 24 h and analyzed in Western blot for the presence of
GABPa and GABM (20 pg of total proteins per lane). The bands
corresponding to GAB#® and GABRB are indicated on the left.

(B) GABPa and GABR are phosphorylated in myotubes, and
heregulin enhances their phosphorylation. Chick primary myotubes,
treated or not with heregulin (HRG) in the presencé®t, were lysed
and incubated with a rabbit pre-immune serum (PI), an anti-GiABP
rabbit serum or an anti-GABPrabbit serum (GABB and GABB).
The immunoprecipitates were analyzed by SDS—-PAGE and
autoradiography or by Western blot using antibodies directed against
GABPa andf3. The molecular weights and the proteins visualized in
the Western blot are indicated on the righ@) (MAP kinases
phosphorylate GAB& and GABR and are stimulated by heregulin.
MAP kinases were immunoprecipitated from non-treated and from
10 min or 2 h heregulin-treated (5 nM) chick primary myotubes.

Immunoprecipitated MAP kinases were incubated in the presence of

[y-32P]ATP (1 mCi/assay) with either GST-GABRor GST-GABMB

fusion proteins (200 ng/assay, upper panel, left and right side,
respectively) or MBP (middle panel). After electrophoresis through an
SDS—polyacrylamide gel and transfer to nitrocellulose membrane, the
reactions were analyzed by autoradiography. The membrane was also
Western blotted for the presence of MAP kinases (MAPK, lower
panel). The duration of the heregulin (HRG) treatment is indicated

in minutes at the top (0, 10 and 120), and the molecular weights are
given in kDa in the middle of the upper panel.
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addition, GABP phosphorylation by MAP kinases has A o B o stimulation of
already been reported in different cell systems (Flory — 'erensimaion ot Ac® ACHR 5 one oxprovsion
et al, 1996; Ouyanget al, 1996). We thus investigated
the phosphorylation of GABP subunits in chick primary
myotubes. After a 2 h period 6P metabolic labeling,
GABP a- and (3-subunits were immunoprecipitated from 70 30
the cell lysates, submitted to SDS—-PAGE and transferred
to nitrocellulose membranes. Autoradiography revealed _ [ 0
that an anti-GABR antibody, but not a pre-immune serum,
immunoprecipitated a phosphorylated 58 kDa polypeptide.
Moreover, a 2 h heregulin treatment of the cells increased
phosphorylation of this polypeptide by 170% (average of
four experiments, standard deviatien20%) (Figure 7D).
Thus, heregulin stimulated GABP phosphorylation. 20
Immunoprecipitations with an antibody directed against
GABPp revealed that phosphorylation of GABRwvas 10 10
enhanced by 60% by heregulin treatment (average of four ]
experiments, standard deviatien 10%) (Figure 7B). Control  GABPaD” GABPBD’ Control GABPaD” GABPD"
To confirm this result, we immun(_)precipitated MAP Ei A) Dominant-neaative mutants of GABP block hereaulin
kinases fr(_)m he_regulln-treated (10 min and 2 h) and non- stigr]nuslat(i021 o?the ?A(t:hlggaazdea pgagfe?s.%omingrﬁ?negzt?\?eu
treated chick primary myotubes using an anti-MAP kinase mutants of GABP block heregulin stimulation of luciferase expression
antibody (anti-ERK2; Santa Cruz) (Figure 7C). The activ- controlled by the AChR gene promoter. Chick primary myotubes
ity of the immunoprecipitated kinases was tested on either Were co-transfected with either the mutants GABP or GABRED™,

e N » : : or control (1pg/60Qul), and the luciferase gene controlled by a
a purlfled GST-GABR or GST GABFB fusion protein 2200 bp fragment of the mouse AChRpromoter (1ug/600pl). The

or with myelin basic protein (MBP). Autoradiography of mutants and control were placed downstream of the MSV promoter.
the reactions performed with MBP and Western blotting Luciferase activity was measured after differentiation of the cells into
showed that upon heregulin treatment, the activity of the myotubes. The results are presented as the average ratio of the
MAP kinases increased while their protein level remained Iumfel"ase activity from n_on-trgated_and heregulin-treated cells. The

. . experiments were done in quintuplicate and repeated at least three
constant. The GST—GABPfUSIOH p_rOtem was also phOS- times. The error bars correspond to the SEM. Analysis of variance was
phorylated, and a 10 min heregulin treatment sufficed to performed using a one-way ANOVAP(<0.01). @) Dominant-
increase its phosphorylation by 65% (average of six negative mutants of GABP block heregulin stimulation of the
experiments, standard deviation 15%). The phospho- - o e O megaive mutants GABFor
rylatlon Ie\{el of GA.BRX m.the. 2 h heregulln-treated MAP GABPBD™, or control (2ug/600pl). The mutants and control were
kinases did not differ significantly from that in those pjaced downstream of the MSV promoter. The amount of AGhR
treated for 10 min. Conversely, with the GST-GABP  mRNA was measured in Northern blot and normalized to the amount
fusion protein, no phosphorylation could be detected with of MCK mRNA. The results are presented as the ratio of the AGhR
either the non-treated or 10 min heregulin-treated MAP mRNA in nc_)n-treaﬁed and heregulin-treated cells. The experiments
kinases. However, when the 2 h heregulin-treated MAP gvaerffo"r?;'”oﬂﬁptffﬁi asrédmiiggaggj atleast three fmes. The error
kinases were used, GABFbecame phosphorylated. The P
same experiments were also performed using baculovirus-
produced GABRB and GABM instead of the GST fusion mRNA induced by heregulin. We next analyzed the effect
proteins, and similar results were obtained (data not of the mutants on the stimulation of AChRsubunit gene
shown). These data demonstrate that both subunits ofexpression. In avians, no homolog of the mammalian
GABP are phosphorylateih vivo by MAP kinases and  AChR ¢ gene has ever been reported. We thus co-

that heregulin enhances their phosphorylation, but with transfected the mutants together with the luciferase gene

80

50
40 30

30

% Stimulation by heregulin
% Stimulation by heregulin

20

different kinetics. placed under the control of a 2200 bp fragment of the
mouse AChRe gene promoter (Duclert al, 1993). In

Dominant-negative mutants of GABPa and GABPS this case also, the two mutants blocked the heregulin-

block heregulin-elicited transcriptional activation dependent increase in luciferase expression.

of the AChR 6 and ¢ genes These results demonstrate that in chick primary

Since a link could be established between heregulin and myotubes, GABP is required for heregulin stimulation of
GABP, we next investigated whether GABP contributes endogenous AChR gene transcription. In addition, this
to the heregulin-elicited transcriptional stimulation of the result extends to the stimulation of genes driven by the
AChR genes observed in chick primary myotubes. Our AChR € gene promoter.

antisense oligonucleotide was initially designed for mouse
GABPB and did not match chicken GABP We thus
turned to the dominant-negative mutants of GABénd

3 we had constructed. First, the increase in AGRRNA In this report, we have demonstrated that the N-box, which
after heregulin treatment was measured by Northern blot we previously had shown to be a crucial element for the
in myotubes transfected with either one of the mutants. subsynaptic expression of the AClRande-subunits, is
As a control, we used the same vector in which the inserts also an activating element in cultured myotubes. Taking
downstream of the MSV promoter were removed. Figure 8 advantage of thén vitro activity of the N-box, we have
shows that both mutants block the increase in AGhR further demonstrated that activation via the N-box is due

Discussion
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to the binding of the transcription factor GABP. In Ets other than GABP. Finally, the complete displacement
unraveling the mechanisms by which GABP promotes the of the N-box-binding complex by the anti-GABPand
compartmentalized expression of the AChRvivo, we B antibodies confirms that, at least in gel retardation
reveal a preferential expression of GABMMRNA at the experiments, GABP is the only muscle-derived protein
endplate, and the stimulation of GABPexpression by  which binds significantly to the N-box.
the neurotrophic factor heregulin. The inhibition of the N-box-dependent activation by
After this manuscript was submitted, Sajetial. (1998) the anti-GABM antisense oligonucleotide and the effect
reported studies with the AChR promoter from rat, of the dominant-negative mutants demonstrate the implica-
which is highly homologous to its mouse counterpart. tion of GABP in this process. However, it is still possible
They showed that a 15 bp region, which contains the N- that other factors also contribute to the transactivation
box, contributes to the heregulin-stimulated expression of through the N-box in cultured myotubes. However, none
a reporter gene regulated by the rat AChRpromoter. could be detected using the gel retardation technique.
They also showed that this effect is mediated by an Moreover, the antisense oligonucleotide decreased the
unidentified Ets and involves the MAP kinase pathway. expression of the §2 construct to levels comparable
Here, we show that both subunits of GABP are phosphoryl- with those obtained with M2 or Nmg12, thus suggesting
ated by MAP kinases and that their phosphorylation that GABP alone is responsible for the N-box-mediated
increases upon heregulin treatment. Finally, using transcriptional activation.
dominant-negative mutants of GABPand GABH3, we
demonstrate that GABP is required for heregulin- Possible mechanisms for GABP-mediated

stimulated transcription of the AChR- and e-subunit
genes.

GABP binds to the N-box and activates
transcription in cultured myotubes

compartmentalized transcription of AChR genes at

the neuromuscular junction

In previous studies, we have established the pivotal role
of the N-box in restricting the transcription of the AChR
o- and e-subunit genes at the neuromuscular junction in

The 50-fold increase in luciferase expression observedadult muscle (Koikeet al, 1995; Duclertet al., 1996).

upon grafting the three repeats of the N-box to a minimal We now demonstrate that GABP binding to the N-box
promoter clearly demonstrates that the N-box behaves asenhances transcription in myotubes and that GABP is
an activator in cultured myotubes. This property is not involved in the heregulin-dependent transcriptional activa-
specific to C2C12 mouse myotubes as the N-box is alsotion of the AChRd ande genes.
functional in chick primary myotubes. Comparison of N-box mutation effects on the synaptic
The low stringency PCR approach we have used to expression of a reporter gene in adult mouse muscle and
identify the various Ets genes expressed in muscle yieldedon the binding of recombinant GABP shows that the GABP
a majority of sequences corresponding to Ets-2; others DNA-binding specificity strictly parallels the sequence
indicated the presence of GABPbut no new Ets motif requirements necessary to obtain an N-box-dependent
was ever amplified. Although not exhaustive, this approach synaptic expression pattelin vivo. Indeed, there is a
has already been used successfully to identify new mem-robust correlation between the extent to which a mutation
bers of the Ets family (Brown and McKnight, 1992; alters GABP binding to the probe and the relevant synaptic
Giovaneet al, 1994; Lopezet al, 1994). Our results  expression of the reporter gene. Moreover, GABP is
suggest that Ets-2 and GABPare the best represented involved in the transcriptional response of AChR genes
members of the Ets family in adult mouse muscle. to heregulin, which is concentrated at the neuromuscular
Supershift experiments show that Ets-2 does not seem tojunction (Joet al, 1995). In addition, GABE mRNA
be present in the N-box-binding activity. In addition, the shows preferential accumulation in the synaptic region
mobility of GABP in gel retardation experiments differs in vivo. These observations support the conclusion that,
greatly from that of the other Ets proteins (including Ets- in adult muscle, GABP is the factor which binds to the N-
2) which exhibit a much higher mobility (Jousset al., box and stimulates subsynaptic transcriptional activation.
1997, and references therein). This is most likely due to  The in situ hybridization experiments have further
the unique multimeric nature of GABP among the members revealed that, although GABRexpression is higher in the
of the Ets family. Two other Ets have a migration pattern subsynaptic nuclei, GABPmRNA is evenly distributed
that might correspond to GABP: EIfl and ERF. However, throughout the muscle fiber. This observation can be
Elf-1 and GABP preferentially bind to different sites correlated with the fact that, in cultured myotubes, heregu-
(Brown and Mc Knight, 1992; Wangt al., 1992), and lin treatment specifically increases the GABRProtein
Figure 4A shows that competition by an oligonucleotide levels. Since,in vivo, heregulin is concentrated at the
containing a strong binding site for EIf-1 is not efficient. neuromuscular junction (Jet al, 1995), a plausible
In addition, Elf-1 and ERF have molecular weights (68 hypothesis is that it accounts for the synaptic increase in
and 75 kDa, respectively) which are too different from GABPa expression. If the amount of GABRwvas limiting
GABPu to fit the results from the affinity purification or  for GABP activity, the compartmentalization of the
the UV cross-linking. Moreover, ERF is a repressor GABPa subunit would suffice to enhance the GABP
(Sgouraset al, 1995), and we observe activation in transcriptional activity in the subsynaptic nuclei.
myotubes. The combination of the site mutagenesis data, Several alternative or complementary mechanisms may
the migration profile of GABP, the composition of the also contribute to the regulation of GABP activity. For
affinity-purified fraction and the UV cross-linking experi-  instance, GABR may bind different regulatory subunits
ment supports the conclusion that the N-box-binding according to its localization in the muscle fiber. Since
activity we observe does not correspond to any known GABPa dimerizes with proteins containing ankyrin
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repeats, one has to consider the possibility that, in the which its binding site is located (Genuario and Perry,
extrasynaptic areas, GABRiInds to a subunit that seques- 1996).
ters it into the cytoplasm, as does the ankyrin repeat- In both the AChR3- ande-subunit gene promoters, the
containing protein KB with the transactivator NkB N-box is located in the vicinity of an E-box and a
(Blank et al., 1992). This possibility will be tested using CCCACCCC box (Baldwin and Burden, 1988; Duclert
suitable antibodies for immunofluorescence analysis. It is et al, 1993). The conservation of the immediate context
also plausible that different forms of GABPassociate  of the N-box might be relevant and give additional
with GABPa: an active form at the endplate and an cues concerning the modes of action of GABP in these
inactive form in the extrajunctional areas. Indeed, the promoters. Indeed, the Ets transcription factors are known
GABPB1 gene is alternatively spliced to produce two to function most of the time in cooperation with other
forms of the protein (de la Broussgt al, 1994). The transcription factors (Cpeux et al,, 1994). Moreover, a
smaller form has a shortened C-terminal end and seemsdomain conserved among various Ets, including GABP
to be transcriptionally inactive (Sawet al., 1996). The has been proposed to form a basic helix-loop—helix
probe we used for theén situ experiments does not (bHLH)-like motif (Seth and Papas, 1990) and thus to
discriminate between the two spliced forms, but the promote interactions with members of the bHLH family,
possibility of distinct distributions of the various spliced among which are the E-box-binding myogenic factors.
forms will be tested with suitable probes and antibodies. Synergism between Ets and bHLH proteins has been
Alternatively, the composition of GABP might remain described in immunoglobulin gene expression (Rivera
unchanged throughout the fiber, with nerve-derived signals et al.,, 1993). Future studies will reveal if such interactions
modulating its transcriptional activity. Heregulin, secreted are relevant for the regulation of AChR expression.
by the nerve terminal or even by the muscle (Moscoso Since the implication of the myogenic factors in AChR
et al, 1995), accumulates in the basal lamina of the transcription regulation was shown (Piete al., 1990),
neuromuscular junction where it stimulates AChR expres- GABP has been the first transcription factor to be found
sion (Joet al, 1995; Sandroclet al, 1997). Our results ~ that might play a pivotal role in AChR transcription
demonstrate that, in addition to increasing GABftotein compartmentalization to the subsynaptic nuclei. Moreover,
levels, heregulin stimulates transcription of ACBRand GABP is regulated by the presynaptic trophic factor
€ genes via GABP and influences the phosphorylation of heregulin. These results will undoubtedly open new
both GABP subunits via the MAP kinase signaling path- avenues of investigation towards the understanding of
way previous|y shown to be required for the stimulation nel_,lral control of tranSC_I’Iptlon. |n_ addltlon, the Val_'lOUS
of AChR expression (Tansest al, 1996; Altiok et al., spliced forms of heregulin and their ErbB tyrosine kinase
1997). As heregulin is compartmentalized, the phospho- receptors are expressed in a wide variety of tissues in
rylation state of GABP most probably differs in the which the'y are actively involved in cell communication
subsynaptic and extrasynaptic nuclei. Regulation of the (for a review see Burden and Yarden, 1997). As GABP
transcriptional activity of GABP by heregulin-induced 1S Most probably expressed in the various ErbB-containing
phosphorylation would be a means of obtaining synaptic fissues (LaMarcet al, 1991; de la Brousset al.,, 1994),
specificity. This regulation could be achieved by affecting it might participate in the many aspects of the heregulin/
GABP stability, DNA-binding activity, heterodimerization, EbB signaling network.
or its ability to regulate transcription by affecting its
interactions with the basal transcriptional machinery or .
with transcriptional regulators. Interestingly, we have Materials and methods
shown that GABR and {3 display different phosphoryla-  cel cultures and transient transfection assays
tion kinetics. This suggests that although MAP kinases Chick primary myotube cultures were obtained and cultured as previously
are implicated in both cases, the phosphorylation of described (Tansegt al, 1996). They were plated on 60 mm plates and

; e transfected the next day for 3 h with 23 of DNA and 20 ul of
GABPa andB may involve additional partners. lipofectamine (Gibco-BRL) in 2 ml of optiMEM (Gibco-BRL) according

to the manufacturer’s instructions. For the experiments of heregulin-

. . . stimulated transcription, the cells were treated with 5 nM recombinant
A possible negative regulatory role for GABP in heregulin 24 h before harvest. C2C12 cells (Genuario and Perry, 1996)

extrasynaptic nuclei (2x10P) were plated on 35 mm dishes in Dulbecco’s modified Eagle’s

In a previous study, we have demonstrated that, on onemedium (DMEM; Gibco-BRL) containing 20% fetal calf serum (FCS;

hand, in a truncated version of the ACRRsubunit gene dGibcfo-BRL) and antibiotics. The myoblasts were transfected the next

; : ay for 3 h with 1ug of DNA (or 0.5 mM double-stranded antisense

promOter’ the N-box be.haves as a SUbsynaptlc aCtlvator’oligonucleotides) al;% 12 of Ii(pofectamine in 600ul of optiMEM,

as in the AChRe-subunit gene promoter. On the other according to the manufacturer’s recommendations. The cells were next

hand, in a larger version of th& promoter, the N-box differentiated into myotubes for 2 days by replacing the FCS by 10%

gains the ability to function as an extrasynaptic silencer. horse serum. For the experiments with the GABP dominant-negative

This additional role of the N-box suggested the presence mutants, no insert was placed between the MSV promoter and the SV40

. poly(A) for the control.

of an upstream element in thé promoter, located

between —839 ant_j —60 and absent f_ro_m stheromot_er, " Northern blot

that COOperateS with the N-box to inhibit tl’anSCI’Iptlon IN RNA was purified according to Chomsky and Sacchi (1987), andg20

the extrajunctional nuclei (Koikeet al, 1995; Duclert of total RNA was loaded in each lane. Probes were radiolabeled with

et al, 1996). One possibility is that GABP confers such [TS;P]%E Fggoo gi&ncn&ol, AETGVSham)'gtSi_”g (tjhfe Pf(’;‘eg% ';:aggmbetkit-
: : e an probes were obtained from the p vector

6! dual funcnon.on the N-box. Indeed, in the case Of the (Promega), in which 1.6 kb and 520 Iifst fragments of the chicken

ribosomal protein genes, GABP serves both as an activatorachr s and MCK genes, respectively, were cloned (Nefal, 1984:

and as a repressor, depending on the promoter context irklarsfeld and Changeux, 1985)
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Plasmid constructs and oligonucleotides

Constructs were made in KS-Bluescript vector (stratagene) in which
the M2 minimal promoter (fragment —45 tol from the chicken AChR

o gene promoter) and the luciferase gene (Bessegtal, 1993) were
introduced as previously described (Duclett al., 1991). The three
repeats of the wild-type () and mutated N-box (Nmgjt were intro-
duced upstream of M2 by cloning double-stranded synthetic oligo-
nucleotides in thexba and Sal sites: N;, (sense) 5GGCCGCGT-
TTCCGGCCTCGTTTCCGGCCTCGTTTCCGGCCTCT:-Jantisense)
5’-CTAGAGAGGCCGGAAACGAGGCCGGAAACGAGCCGGAAA-
CGC-3; Nmuts, (sense) 5GGCCGCG TTTCCAACCTCGTTTCC-
AACCTCGTTTCCAACCTCT-3, (antisense) BCTAGAGAGGTTG-
GAAACGAGGTTGGAAACGAGGTTGGAAACGC-3. All the oligo-
nucleotides were from Genset (France). In the antisense oligonucleotides
the nucleotides were phosphorothioates.

Protein extracts

Extracts from tissues were obtained as previously described (Koike
et al, 1995). Extracts from cultured cells were obtained using the
technique described by Dignam (Changamal., 1990).

Mobility shift and supershift assays

Mobility shift assays were performed using 2 ng8P-labeled probe
in 20 pl at room temperature in 20 mM HEPES, pH 8.0, 50 mM KClI,
0.2 mM EDTA, 1 mM dithiothreitol (DTT), 4 mM spermidine, 0.1%
NP-40, 15% glycerol, Jug of polydl-dC. After a 30 min incubation,
the reactions were electrophoresed on 6% polyacrylamide gels ¥ 0.5

esterase was detected using the method described by Koelle and
Fiedenwald (1949).

In vivo DNA injection

The detailed protocol is described in Duclettal. (1993). Briefly, 30ul

of a 20% sucrose solution, containing 3 mg/ml or 1 mg/ml of plasmid,
respectively, carrying the AChR promotersr , was injected into both
tibialis anterior muscles of 3-week-old mice. One week after injection,
the muscles were dissected and the fibers expregdigalactosidase
were stained for acetylcholinesterase to localize the synaptic zone (Koelle
and Fiedenwald, 1949). Microscopic observation indicated whether or
not the B-galactosidase-expressing nuclei were co-localized with the
motor endplates. Synaptic events corresponded to those for which co-

'localization was observed, and the percentage of synaptic events is given

by the ratio of the number of synaptic events to the total number of
events.

Generation of a polyclonal GABP« antibody

A GABPo-GST fusion protein was generated by inserting the mouse
GABPa cDNA into the Ncd-EcadRl sites of the pGEX3X vector
(Pharmacia). The fusion protein was produce&scherichia colistrain

XL-1 blue, Stratagene) and purified on a glutathione—Sepharose column
(Pharmacia) according to the manufacturer’s instructions. The purified
protein was used to immunize rabbits following a standard protocol. In
Western blot, a major band at 58 kDa was detected in C2C12 nuclear
extracts. A band of the same size was also detected in extracts from

TBE. The gel was then dried and autoradiographed on a phosphorimagercells infected with GABR-expressing baculovirus, whereas no band

screen (Molecular Dynamics). For the supershift experimentspioos
polyclonal antiserum was added after the 30 min incubation at room
temperature and the reaction was incubated for a further 20 min on ice
prior to loading on gel.

was detected when the cells were infected with GRERpressing
baculovirus. For the immunoprecipitations, the anti-GAB&ntibody
was affinity purified on blots as previously described (Beall and
Mitchell, 1986).

The probes and competitor double-stranded oligonucleotide sequences

(upper strand) were as follows: the N-box oligonucleotide sequence is
derived from the mouse AChRS-subunit gene promoter, &G-
CCGCGTTTCCGGCCTCT-3 N1-N6 mutants were as previously
described (Koikeet al,, 1995); GABP consensus,-53TGGAAAACGG-
AAGTGACG-3'; Ets-2, B-TTGGTGGAGGAAGT-3; Elf-1, 5'-TTGG-
TTTTTCCTCCTT-3.

UV cross-linking

The binding to the probe and the electrophoresis of the resulting complex
were performed as described for the mobility shift assay except that
the three central T residues of the probe were substituted by three
bromodeoxyuridine residues. After electrophoresis, the gel was UV
iradiated at 320 nm (128 mW/cnior 15 min) and autoradiographed.

The gel slice containing the retarded complex subsequently was excised

and the latter was eluted from the gel in 50 mM Tris pH 7.5, 150 mM
NaCl, 0.1 mM EDTA, 5 mM DTT, 0.1% SDS and migrated through a
denaturing SDS—polyacrylamide gel. Once dried, the gel was autoradio-
graphed on a phosphorimager screen (Molecular Dynamics).

DNA affinity purification of GABP

Biotinylated double-stranded3Mligonucleotide (200 pmol) was coupled

to 1 mg of streptavidin magnetic beads (Dynal) according to the
manufacturer’s instructions. The beads were then incubated witn@00

of nuclear extract of C2C12 myoblasts for 30 min at 4°C in 406f gel
retardation assay buffer supplemented with 0.5 mM phenylmethylsulfonyl
fluoride (PMSF) and 5 mg/ml BSA (fraction V, Sigma). The beads
subsequently were washed three times with 400f the same buffer
except that the KCI concentration was increased to 100 mM and the

BSA was removed for the last two washes. The proteins retained on the

beads were then eluted in 50 by increasing the KCI concentration of
the buffer to 400 mM.

Low stringency PCR for the Ets gene family

Metabolic labeling and immunoprecipitations

Chick primary myotube cultures on 60 mm plates were incubated for
2 h in phosphate-free MEM (ICN), the medium was then changed and
0.8 mCi/ml of 3P (Amersham) were added. After 2 h, the cells were
harvested in the immunoprecipitation buffer: 50 mM HEPES pH 8.0,
150 mM NacCl, 1% Triton X-100, 1.5 mM MgG| 1 mM EGTA, 10%
glycerol, 1 mM sodium orthovanadate, 50 mp4glycerophosphate,

10 mM NaF, 1 mM PMSF, 1@ug/ml aprotinin for GABR immunopre-
cipitations, and 50 mM Tris pH 8.0, 150 mM NacCl, 0.1% SDS, 1% NP-
40, 0.5% sodium deoxycholate, 2 mM EDTA, 10% glycerol, 1 mM
sodium orthovanadate, 50 mptglycerophosphate, 10 mM NaF, 1 mM
PMSF, 10ug/ml aprotinin for GABB immunoprecipitation. The lysate
supernatant was incubated with either 100 ng of purified GABP
antibody or 1ul of anti-GABPB serum, for 90 min at 4°C. Then 20 ml

of protein A—agarose beads (Santa Cruz) were added and the incubation
was continued for a further 60 min. The beads were then washed five
times in the GABR immunoprecipitation buffer and resuspended in
denaturing polyacrylamide gel loading buffer (Laemmli, 1970). Half of
the reactions were loaded on SDS gels and transferred to nitrocellulose
membranes for autoradiography on a phosphoimager screen (Molecular
Dynamics) and Western blotting using chemiluminescent detection (ECL,
Amersham). To avoid the introduction of errors due to variations in
GABPa or B levels from lane to lane, the level of phosphorylation of
GABPa or GABPB measured in each lane was normalized to the amount
of the corresponding protein estimated by scanning the result of the
Western blot.

The MAP kinase immunoprecipitations were performed as for GABP
except that Jug of anti-ERK2 goat antibody (Santa Cruz) and protein
G-—agarose beads (Santa Cruz) were used and the two final washes were
performed in the MAP kinase assay buffer.

MAP kinase assays

The degenerate primers were designed in the most conserved regions ofOne-third of the immunoprecipitated MAP kinases was used in each

the Ets domain (Macleoet al., 1992) and their sequences were as follows:
5-YTITGGSAITTYYTIYTISA-3’ and B-AIYTTITCRTARTTCAT-3'".

In situ hybridization studies and riboprobes

Diaphragm muscles were dissected from OF1 mice and hybridized with
riboprobes as previously described (Piadteal, 1993). The riboprobes
for the mouse AChRS-subunit, GABRr and GABHB1 were obtained
using cDNA fragments spaning from nucleotidéd to +420, +1 to
+553 and+485 to +990, respectively. The presence of acetylcholin-
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assay. The reactions was performed for 30 min at 30°C irul56f

25 mM HEPES pH 8.0, 10 mM Mggl 1 mM DTT, 10% glycerol,

50 uM ATP and 10uCi of [y-32P]ATP as previously described (Skolnik
etal, 1993). MBP (0.5 mg) (Sigma) or 100 ng of purified GST-GABP

or GST-GABM fusion proteins were used as substrates. The reactions
were stopped by addition of denaturing gel loading buffer (Laemmli,
1970); one half was loaded on denaturing polyacrylamide gels and
transferred to nitrocellulose membranes for autoradiography on a phos-
phorimager screen (Molecular Dynamics) and Western blotting.
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