
Synapse-specific and neuregulin-induced
transcription require an Ets site that
binds GABPa/GABPb

Larry Fromm and Steven J. Burden1

Molecular Neurobiology Program, Skirball Institute, New York University Medical Center,
New York, New York 10016 USA

Localization of acetylcholine receptors (AChRs) to neuromuscular synapses is mediated by multiple pathways.
Agrin, which is the signal for one pathway, stimulates a redistribution of previously unlocalized AChRs to
synaptic sites. The signal for a second pathway is not known, but this signal stimulates selective transcription
of AChR genes in myofiber nuclei located near the synaptic site. Neuregulin (NRG) is a good candidate for the
extracellular signal that induces synapse-specific gene expression, since NRG is concentrated at synaptic sites
and activates AChR gene expression in cultured muscle cells. Previous studies have demonstrated that 181 bp
of 5* flanking DNA from the AChR d-subunit gene are sufficient to confer synapse-specific transcription in
transgenic mice and NRG responsiveness in cultured muscle cells, but the critical sequences within this
cis-acting regulatory region have not been identified. We transfected AChR d-subunit–hGH gene fusions into a
muscle cell line, and we show that a potential binding site for Ets proteins is required for NRG-induced gene
expression. Furthermore, we produced transgenic mice carrying AChR d-subunit–hGH gene fusions with a
mutation in this NRG-response element (NRE), and we show that this NRE is necessary for synapse-specific
transcription in mice. The NRE binds proteins in myotube nuclear extracts, and nucleotides that are
important for NRG responsiveness are likewise critical for formation of the protein–DNA complex. This
complex contains GABPa, an Ets protein, and GABPb, a protein that lacks an Ets domain but dimerizes with
GABPa, because formation of the protein–DNA complex is inhibited by antibodies to either GABPa or
GABPb. These results demonstrate that synapse-specific and NRG-induced gene expression require an
Ets-binding site and suggest that GABPa/GABPb mediates the transcriptional response of the AChR
d-subunit gene to synaptic signals, including NRG.
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Shortly after contact between a growing motor axon and
a differentiating myotube is established, signals are ex-
changed between nerve and muscle that initiate the for-
mation and assembly of a highly differentiated presyn-
aptic nerve terminal and a highly specialized postsynap-
tic apparatus (Hall and Sanes 1993; Burden 1998).
Acetylcholine receptors (AChRs) are among the proteins
that become localized to this small patch of the muscle
fiber membrane, and their localization to synaptic sites
during development is a hallmark of the inductive
events of synapse formation.

Current data suggest that postsynaptic differentiation,
including clustering of AChRs, is initiated and main-
tained by two different ligands that stimulate distinct
signaling pathways. Agrin, an ∼200-kD protein that is
synthesized by motor neurons and deposited into the
extracellular matrix at synapses is the signal for one of

these pathways (McMahan 1990). Agrin stimulates the
reorganization of proteins, including AChRs, associated
with the muscle cell membrane and has a critical role in
synapse formation, because mice lacking agrin or MuSK,
a component of its receptor complex, are unable to form
neuromuscular synapses (DeChiara et al. 1996; Gautam
et al. 1996).

Studies with transgenic mice that harbor gene fusions
between regulatory regions of AChR subunit genes and
reporter genes have shown that AChR genes are tran-
scribed at a higher rate in myofiber nuclei positioned
near the synaptic site than in nuclei in nonsynaptic re-
gions of the myofiber (Klarsfeld et al. 1991; Sanes et al.
1991; Simon et al. 1992). This second signaling pathway
for postsynaptic differentiation leads to the accumula-
tion of AChR mRNAs at synaptic sites (Merlie and Sanes
1985; Fontaine and Changeux 1989; Goldman and Staple
1989), resulting in increased AChR protein synthesis in
the synaptic region of the myofiber.

RNAs encoding other synaptic proteins, including
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AChE, MuSK, rapsyn, s-laminin, N-CAM, utrophin, and
the regulatory subunit of protein kinase A are also con-
centrated at synaptic sites (Jasmin et al. 1993; Valenzu-
ela et al. 1995; Moscoso et al. 1995a; Imaizumi-Scherrer
et al. 1996; Gramolini et al. 1997), and these results raise
the possibility that these genes are also transcribed pref-
erentially in synaptic nuclei. In support of this idea, a
recent study reported that the utrophin gene is tran-
scribed preferentially in synaptic nuclei (Gramolini et al.
1998). Thus, synapse-specific gene expression may be a
general and important mechanism for clustering pro-
teins at developing and adult neuromuscular synapses
(Chu et al. 1995a; Duclert and Changeux 1995; Burden
1998).

Neuregulin (NRG) is currently the best candidate for
the signal that activates synapse-specific transcription.
NRG was purified initially on the basis of its activity as
a growth factor that stimulates tyrosine phosphorylation
of ErbB2 (Neu), a member of the epidermal growth factor
(EGF) receptor family, and was termed NDF (Neu differ-
entiation factor) or HRG (heregulin) (Holmes et al. 1992;
Peles et al. 1992; Wen et al. 1992). Independent studies,
which led to the purification and cloning of GGF (glial
growth factor), a series of ligands that regulate Schwann
cell survival and proliferation (Marchionni et al. 1993),
and ARIA (acetylcholine receptor inducing activity), a
factor that stimulates AChR synthesis in muscle cells
(Falls et al. 1993), revealed that a single gene encodes
NDF, GGF, and ARIA (Peles and Yarden 1993; Carraway
and Burden 1995; Fischbach and Rosen 1997).

Four lines of evidence support the idea that NRG may
be the signal that activates synapse-specific transcrip-
tion. First, NRG activates AChR gene expression in cul-
tured muscle cells, and the NRG response element is
contained in the same cis-acting region that confers syn-
apse-specific expression in mice (Gundersen et al. 1993;
Tang et al. 1994; Chu et al. 1995b; Jo et al. 1995). Second,
NRG is concentrated at synaptic sites (Chu et al. 1995b;
Goodearl et al. 1995; Jo et al. 1995), and like the signal
that activates synapse-specific gene expression, NRG is
present in the synaptic basal lamina (Goodearl et al.
1995; Jo et al. 1995). Third, ErbB3 and ErbB4, two mem-
bers of the EGF receptor family, are receptors for NRG,
and both ErbB3 and ErbB4 are concentrated in the post-
synaptic membrane at neuromuscular synapses (Altiok
et al. 1995; Moscoso et al. 1995b; Zhu et al. 1995). Be-
cause mice lacking NRG, ErbB2, or ErbB4 die because of
defects in cardiac development at embryonic day 10.5
(E10.5), ∼4 days prior to neuromuscular synapse forma-
tion (Gassmann et al. 1995; Lee et al. 1995; Meyer and
Birchmeier 1995), it has been difficult to determine
whether NRG-mediated signaling is required for syn-
apse-specific gene expression. Nevertheless, adult mice
that are heterozygous for the immunoglobulin allele of
NRG (NRGIg+/−) have a mild deficiency in synaptic
transmission and fewer (50%) AChRs at their neuromus-
cular synapses (Sandrock et al. 1997), providing further
evidence that NRG may have the suspected role in syn-
apse formation.

The sequences in AChR subunit genes that confer syn-

apse-specific gene expression in transgenic mice and
NRG responsiveness in cultured muscle cells are con-
tained in <200 bp of 58 flanking DNA (Gundersen et al.
1993; Tang et al. 1994; Chu et al. 1995b; Jo et al. 1995).
A DNA injection assay, in which adult muscle fibers are
transfected with gene fusions between an AChR regula-
tory region and a reporter gene, has been used to further
delineate regulatory sequences for synapse-specific ex-
pression (Duclert et al. 1993, 1996; Koike et al. 1995).
Although this assay allows for rapid analysis of regula-
tory sequences, there is an imperfect correspondence be-
tween results obtained with transgenic mice and with
transfected adult muscle fibers, because AChR se-
quences that confer synapse-specific transcription in
transgenic mice direct both synaptic and nonsynaptic
expression in transfected muscle fibers (Duclert et al.
1993, 1995; Koike et al. 1995). Thus, although these
AChR gene fusions are expressed preferentially in syn-
aptic nuclei of transfected muscle fibers, transfected
DNA appears to be subject to less stringent regulation
than either endogenous AChR genes or transgenes con-
taining regulatory elements from AChR genes. Never-
theless, DNA injection experiments indicate that a CG-
GAA sequence, which conforms to a consensus binding
site (C/AGGAA/T) for Ets proteins (Koike et al. 1995;
Duclert et al. 1996), is required for synaptic expression of
the mouse AChR d and e subunit genes (Koike et al.
1995; Duclert et al. 1996). We used a cell-culture assay to
identify NRG response elements (NRE) in the AChR d
subunit gene, and we produced transgenic mice carrying
AChR genes with a mutated NRE to determine whether
NREs are required for synapse-specific gene expression.
We demonstrate that a CGGAA sequence in the AChR d
subunit gene is an NRE, and we show that this NRE is
required for synapse-specific gene expression. Moreover,
we show that GABPa, an Ets protein, and GABPb, a pro-
tein that lacks an Ets domain but dimerizes with GABPa
(Thompson et al. 1991), bind this NRE. These results,
together with similar findings reported by Schaeffer and
colleagues (Schaeffer et al. 1998), demonstrate that syn-
apse-specific and NRG-induced gene expression require
an Ets-binding site and suggest that GABPa/GABPb bind
the NRE and respond to NRG signaling by stimulating
transcription of the AChR d subunit gene.

Results

Identification of a NRG response element

In previous studies we demonstrated that 181 bp of 58
flanking DNA from the AChR d subunit gene is suffi-
cient to confer synapse-specific transcription in trans-
genic mice and NRG-induced transcription in cultured
muscle cells (Simon et al. 1992; Tang et al. 1994; Jo et al.
1995). A subsequent study reported that a sequence in
the AChR d subunit gene (CGGAA; nucleotides −54 to
−58), which conforms to a consensus Ets-binding site
(C/AGGAA/T), is important for synapse-specific expres-
sion (Koike et al. 1995). To determine whether this po-
tential binding site for Ets proteins is required for NRG-
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induced transcription, we transfected Sol8 muscle cells
with wild-type or mutant AChR d subunit–human
growth hormone (hGH) gene fusions and measured the
amount of hGH expression from untreated or NRG-
stimulated myotubes. Figure 1 demonstrates that the po-
tential binding site for Ets proteins is required for NRG-
induced transcription. NRG induces an ∼10-fold increase
in hGH expression from myotubes transfected with a
wild-type AChR d regulatory region (−1823/+25). In con-
trast, NRG stimulation causes only a modest (1.8-fold)
increase in hGH expression from myotubes transfected
with an AChR d regulatory region containing mutations
(CAAAA) in nucleotides that are critical for binding Ets
proteins.

Ets proteins bind sequences containing a C or an A,
but not a T (C/AGGAA/T) at the 58 end of a core Ets-
binding site (Wasylyk et al. 1993). To determine whether
the sequence requirements for NRG-induced transcrip-

tion conform to the sequence specificity for binding Ets
proteins, we transfected myotubes with gene fusions
containing a C, A, or T at the 58 end of the core Ets-
binding site. Figure 1 shows that mutation of the C to an
A results in a reduced but substantial (fivefold) response
to NRG, whereas mutation of the C to a T results in a
weak NRG response (1.7-fold). Thus, these results are
consistent with the idea that this NRE binds Ets proteins
and that this binding is important for NRG-induced ex-
pression of the AChR d subunit gene.

This NRE is also required for maximal expression
from myotubes not treated with NRG, because mutation
of the NRE reduces expression from untreated cells by
about sevenfold (Fig. 1). Although expression from un-
treated cells may indeed be NRG-independent, muscle
cells synthesize NRG (Moscoso et al. 1995b; Rimer et al.
1998), raising the possibility that AChR gene expression
from untreated cells is nevertheless NRG-dependent and
regulated by autocrine signaling. In either case, these
results indicate that this NRE has a role in stimulating
AChR transcription in noninnervated myotubes.

The NRE is required for synapse-specific transcription

In previous studies we analyzed synapse-specific tran-
scription by producing transgenic mice carrying gene fu-
sions between the mouse AChR d subunit gene and the
hGH gene (Simon et al. 1992; Tang et al. 1994). Because
hGH is processed in the endoplasmic reticulum and
Golgi apparatus and because these organelles are associ-
ated closely with nuclei, we were able to infer the
nuclear source of hGH transcription by studying the spa-
tial pattern of intracellular hGH using immunohisto-
chemistry. We showed that 181 bp of 58 flanking DNA
from the AChR d subunit gene is sufficient to confer
synapse-specific expression (Tang et al. 1994). To deter-
mine whether the NRE is required for synapse-specific
transcription, we produced transgenic mice carrying
transgenes, containing either 1823 or 181 bp of 58 flank-
ing DNA from the AChR d subunit gene, with a muta-
tion in the NRE. Figure 2 shows that transgenes contain-
ing a mutation in the NRE, unlike wild-type transgenes,
are not expressed selectively from synaptic nuclei (Ma-
terials and Methods), demonstrating that the NRE is re-
quired for synaptic expression.

An absence of synaptic expression in these transgenic
mice could be caused by a specific role for this NRE in
synapse-specific transcription. Alternatively, this NRE
may be a basal element that is required in vivo for tran-
scription per se. To determine whether transgenes con-
taining a mutant NRE are transcriptionally competent or
simply inactive, we asked whether the mutant trans-
genes could be activated following denervation. AChR
gene expression in nonsynaptic nuclei increases substan-
tially following denervation, causing an increase in the
abundance of AChR mRNA (Hall and Sanes 1993). Pre-
viously, we showed that 181 bp of 58 flanking DNA from
the AChR d subunit gene is sufficient to confer electri-
cal-activity-dependent regulation, because hGH mRNA
levels are ∼25-fold higher in denervated than in inner-

Figure 1. A potential binding site for Ets proteins is required
for induction of the AChR d subunit gene by NRG. Sol8 myo-
tubes were stably transfected with AChR d subunit–hGH or
thymidine kinase (TK)–hGH gene fusions and stimulated with
NRG. The amount of hGH secreted into the culture media from
NRG-stimulated and untreated myotubes is indicated. NRG in-
duces an ∼10-fold increase in hGH expression from myotubes
transfected with an AChR d (−1823/+25)–hGH gene fusion. In
contrast, NRG induces a weak (1.8-fold; 1.7-fold) increase in
hGH expression from myotubes transfected with AChR d sub-
unit–hGH gene fusions containing mutations (underlined) in
nucleotides that are critical for binding Ets proteins. A mutated
sequence (AGGAA), which still conforms to a consensus bind-
ing site (C/AGGAA/T) for Ets proteins, retains a weakened but
substantial (fivefold) response to NRG. The mean induction
±S.E.M. is given.
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vated muscle from mice carrying an AChR d (−181/+25)–
hGH transgene (Simon et al. 1992; Tang et al. 1994). We
denervated muscle from mice carrying transgenes with a
mutated NRE, and we measured the level of hGH
mRNA in innervated and denervated muscle. Figure 3
shows that the mutant transgenes, like wild-type trans-
genes are induced following denervation and that the
extent of induction following denervation is similar
from wild-type and mutant transgenes. Because expres-
sion from wild-type and mutant transgenes is identical
in denervated muscle, these results demonstrate that the
transgenes containing a mutation in this NRE are tran-
scriptionally competent and indicate that the NRE is
required specifically for synapse-specific transcription.
Furthermore, these results show that the NRE is not
required for electrical activity-dependent gene expres-
sion.

Protein binding to the NRE

We used an electrophoretic mobility shift assay (EMSA)
to identify proteins that might interact with the NRE.
Figure 4 demonstrates that protein(s) in myotube nuclear

extracts bind an oligonucleotide probe containing the
NRE; binding is specific, because an excess of unlabeled,
competitor DNA containing a wild-type NRE competes
efficiently for binding to the probe. In contrast, competi-
tor DNA containing mutations in nucleotides that are
important for NRG responsiveness fail to compete for
binding. Because a mutant NRE, in which the C is mu-
tated to an A, retains a weakened, but substantial NRG
response, we asked whether this mutant NRE might
likewise retain reduced but detectable protein binding.
Figure 4 shows that this mutant (AGGAA) NRE indeed
has an attenuated but detectable affinity for the DNA-
binding protein(s), as a 100-fold but not a 10-fold excess
of mutant competitor DNA inhibits binding to the
probe. Thus, there is a good correlation between nucleo-
tides required for NRG responsiveness and protein bind-
ing.

To determine whether NRG stimulates binding of pro-
teins to the NRE we isolated nuclear extracts from NRG-
stimulated and untreated myotubes and used an EMSA
to measure protein binding. Figure 4 shows that extracts
from untreated myotubes contain a protein(s) that binds
to the NRE and that NRG stimulation does not appear to
alter the capacity of the protein(s) to bind to the NRE.
These data favor the idea that NRG stimulation in-
creases the transcriptional activity rather than the DNA-
binding activity of the protein(s) that bind to the NRE in
the AChR d subunit gene.

GABPa/GABPb bind the NRE

Because the sequence of the NRE conforms to a consen-
sus Ets-binding site, we asked whether known Ets pro-
teins are present in the protein–DNA complex detected

Figure 3. The NRE is not required for electrical activity-de-
pendent regulation of the AChR d subunit gene. The level of
AChR d subunit mRNA is low in innervated muscle and in-
creases ∼25-fold following denervation. This increase in AChR
mRNA expression is largely caused by transcriptional mecha-
nisms, because hGH mRNA expression increases ∼25-fold fol-
lowing denervation of muscle from mice carrying a wild-type
AChR d subunit–hGH transgene (Simon et al. 1992). Likewise,
hGH expression increases ∼25-fold following denervation of
muscle from mice carrying AChR d subunit–hGH transgenes
with a mutation (underlined) in the NRE. The positions of the
protected RNA probes are indicated by arrows.

Figure 2. The NRE is required for synapse-specific transcrip-
tion. hGH expression is restricted to synaptic sites in muscles
from mice carrying an AChR d subunit (−1823/+25)–hGH trans-
gene. In contrast, hGH expression is not detected at synaptic
sites in muscle from mice carrying AChR d–hGH transgenes
with a mutation (underlined) in the NRE. Synaptic sites (A,C,E)
were identified by staining with Texas Red a-bungarotoxin, and
hGH (B,D,F) was detected by indirect immunofluorescence.
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in the EMSA. We incubated nuclear extracts from NRG-
stimulated myotubes with antibodies to Ets proteins and
determined whether these antibodies inhibit and/or su-
per-shift the protein–DNA complex. Antibodies that are
specific for GABPa (Brown and McKnight 1992) largely,
if not entirely inhibit the formation of the protein–DNA
complex and super-shift the complex (Fig. 5). In contrast,

antibodies that are selective for other Ets proteins and
that can inhibit their ability to bind DNA (Leiden et al.
1992; Monté et al. 1995; Akbarali et al. 1996; Watson et
al. 1997; see Materials and Methods), fail to alter the
protein–DNA complex.

Importantly, antibodies against GABPb1, a protein
that dimerizes selectively with GABPa but lacks an Ets
domain (Thompson et al. 1991; Brown and McKnight
1992), likewise inhibits the formation of the protein–
DNA complex (Fig. 5). Because GABPb1 interacts with
GABPa and not with other Ets proteins (Brown and
McKnight 1992; Batchelor et al. 1998) and because these
antibodies to GABPb1 are highly selective for GABPb1
and cross-react only very poorly even with GABPb2, a
GABPb1-related protein that also interacts selectively
with GABPa (de la Brousse et al. 1994), inhibition of the
protein–DNA complex by the antibodies to GABPb1 pro-
vides independent evidence that GABPa is the major, if
not the only Ets protein in the protein–DNA complex.

Discussion

Our results demonstrate that a binding site for Ets pro-
teins in the AChR d subunit gene is required for tran-
scriptional induction of the AChR gene by NRG. We
show that this NRE is required for synapse-specific gene
expression, and these data provide further evidence for
the idea that NRG is a signal for synapse-specific tran-
scription. We show that GABPa, an Ets protein, and
GABPb, a protein that lacks an Ets domain but dimerizes
with GABPa, bind this NRE, and these results suggest
that GABPa/GABPb respond to NRG signaling by
stimulating transcription of the AChR d subunit gene.

GABP was identified as a multisubunit transcription
complex that binds to a cis-acting regulatory element
required for activation of herpes simplex virus immedi-

Figure 4. Myotube nuclear extracts contain a
protein(s) that binds specifically to the NRE.
(A) EMSA was performed with nuclear ex-
tracts prepared from Sol8 myotubes (MT nx)
treated with NRG two days. The radiolabeled
oligonucleotide probe and unlabeled competi-
tor DNA extend from nucleotides −62 to −47
of the AChR d subunit gene. The arrow indi-
cates the position of the major protein–DNA
complex. Formation of the complex is inhib-
ited by an excess (∼10- or 100-fold) of wild-
type competitor DNA. In contrast, unlabeled
DNA containing mutations in nucleotides
(underlined) that are critical for NRG respon-
siveness fail to compete for binding. A mutant
NRE (AGGAA) that confers a reduced but
substantial response to NRG has a reduced
but detectable affinity for the DNA-binding
protein(s), because a 100-fold but not a 10-fold
excess of the mutant competitor inhibits for-
mation of the complex. (B) An indistinguish-
able protein–DNA complex (arrow) is de-
tected in EMSAs with nuclear extracts from
NRG-stimulated or untreated myotubes.

Figure 5. GABP binds to the NRE. EMSAs were performed
with nuclear extracts from NRG-stimulated Sol8 myotubes
(MT nx) and a radiolabeled oligonucleotide containing the NRE.
Binding reactions were performed either in the absence of anti-
bodies or after preincubation of nuclear extracts with the indi-
cated antisera or control serum. Antisera directed against either
the a or b subunits of GABP inhibit the formation of the major
protein–DNA complex (large arrow) and cause the appearance of
a super-shifted complex (small arrow). In contrast, antibodies to
other Ets proteins, such as ERP and ER81, which are shown
here, as well as Elf-1, Erg-1, Ets-1, Ets-2, Fli-1, PEA3, NERF, do
not alter the protein–DNA complex.
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ate-early genes by the virion protein VP16 (Triezenberg
et al. 1988; LaMarco and McKnight 1989). The structure
of the multisubunit complex demonstrates that the
Notch-like repeats in GABPb contact an inhibitory do-
main in GABPa and suggests that this positioning of the
inhibitory domain allows the Ets domain in GABPa to
bind DNA (Batchelor et al. 1998). Both GABP subunits
are expressed widely in different tissues (LaMarco et al.
1991), but little is known about the cellular genes that
are regulated by GABP.

GABP may be a component of the NRG signaling path-
way in skeletal muscle that activates transcription of
AChR genes. NRG stimulation results in activation of a
Ras/Raf/MAP kinase signaling cascade (Ben-Levy et al.
1994; Marte et al. 1995), and both Ras and MAP kinase
kinase are required for induction of AChR genes by NRG
(Si et al. 1996; Tansey et al. 1996; Altiok et al. 1997). Ets
proteins, including GABPa, are known targets of Ras/
MAP kinase (MAPK) signaling (Marais et al. 1993; Brun-
ner et al. 1994; Flory et al. 1996; Ouyang et al. 1996;
O’Hagan and Hassell 1998), and in vitro studies have
shown that Ets proteins, including GABPa, can be phos-
phorylated directly by MAPK (Flory et al. 1996). Since
GABPb, which contains the transactivation domain in
GABP (Gugneja et al. 1995), is likewise phosphorylated
by MAPK (Flory et al. 1996), phosphorylation of GABPa
and/or GABPb may be required for transcriptional acti-
vation of GABP. Taken together, these studies raise the
possibility that Ras signaling leads to transcriptional ac-
tivation of GABP and induction of AChR genes. The
mechanisms that lead to activation of Ets-mediated tran-
scription have been best studied for Elk-1, and these
studies indicate that phosphorylation of Elk-1 stimulates
the transcriptional activity of Elk-1 without affecting its
capacity to bind DNA (Marais et al. 1993). Our studies
suggest that GABP is activated without altering its ca-
pacity to bind DNA, and these results suggest that phos-
phorylation of GABP may be an important step in stimu-
lating its transcriptional activity.

Our results indicate that a complex of GABPa/GABPb
is present in myotube nuclear extracts and binds to the
NRE in the AChR d subunit promoter. Because the major
protein–DNA complex is absent following treatment
with antibodies to either GABPa or GABPb, GABPa ap-
pears to be the major, if not the only Ets protein in this
complex. Because Elf-1, Elf-2, ERP, NERF, ER81, Ets-2,
and GABP are known to be expressed in skeletal muscle
(LaMarco et al. 1991; Lopez et al. 1994; Monté et al.
1995; Oettgen et al. 1996; Wilkinson et al. 1997; Sapru et
al. 1998), it is interesting that GABPa/GABPb appears to
be the major, if not only Ets protein detected by EMSAs
with the NRE. In principle, the predominance of GABP
in this complex could be caused by a greater abundance
of GABPa and GABPb than other Ets proteins in skeletal
muscle. Alternatively, GABPa/GABPb may bind the
NRE with greater affinity than other Ets proteins. Al-
though all known Ets proteins require the same core se-
quence for DNA binding (C/AGGAA/T) (Wasylyk et al.
1993), there is evidence that the sequence of nucleotides
that flank this core sequence can influence the binding

affinity for certain Ets proteins. For example, nucleotides
that are 38 to a core Ets binding site have a role in deter-
mining whether the site prefers Ets-1 or Elf-1 (Wang et al.
1992). Because the sequence of the NRE conforms per-
fectly to a 9-bp sequence for GABPa identified in site-
selection experiments (Brown and McKnight 1992), the
NRE appears to be a particularly favorable binding site
for GABP. Comprehensive studies of the binding sites
preferred by other Ets proteins expressed in skeletal
muscle may reveal whether GABP has the highest affin-
ity for the NRE.

GABP recognizes DNA as a heterotetramer that binds
to two directly repeated Ets sites (Thompson et al. 1991),
resulting in an increased avidity of GABP for its target
site. The 181-bp regulatory region of the AChR d subunit
gene, however, contains only a single Ets site; neverthe-
less, an increased avidity and specificity could be
achieved by interactions between a GABP heterodimer
and another transcription factor that binds to an adjacent
site in the d subunit regulatory region.

This is the first study to demonstrate a role for an Ets
site in synapse-specific expression using transgenic
mice. Changeux and colleagues, using a DNA-injection
assay, reported that a potential Ets-binding site, which
they termed an N-box, is required for synaptic expres-
sion of AChR genes (Koike et al. 1995; Duclert et al.
1996). Because DNA injected into adult myofibers is
taken up by a subset of myofiber nuclei in a small num-
ber of muscle fibers, the expression pattern of the in-
jected DNA is unintentionally but inevitably restricted
to a subset of nuclei. Consequently, interpretation of the
expression pattern of the injected DNA requires exten-
sive quantitation and statistical analysis. We believe
that transgenic mice provide important advantages for
studying synapse-specific gene expression. First, because
the transgene is integrated in all myofiber nuclei, selec-
tive expression from synaptic nuclei cannot be caused by
DNA integration in a subset of nuclei. Second, because
wild-type AChR transgenes are expressed in all synaptic
nuclei in all myofibers (Sanes et al. 1991; Simon et al.
1992), the significance of mutations that lead to a loss of
synaptic expression is readily apparent and requires little
quantitation. Third, electrical activity-dependent gene
expression can also be studied readily in transgenic mice
(Simon et al. 1992; Tang et al. 1994), and we were able to
show that transgenes with a mutated Ets-binding site,
which are not expressed at synaptic sites, are neverthe-
less expressed at wild-type levels following denervation.
Such control experiments, which would be difficult us-
ing a DNA-injection assay, demonstrate that the Ets-site
in the AChR d subunit gene is required selectively for
synapse-specific expression and not for gene expression
per se.

Our results show that the NRE in the AChR d subunit
gene is a positive regulatory element for NRG-stimu-
lated transcription and for synapse-specific transcrip-
tion. DNA injection experiments suggest that these Ets-
binding sites also function as negative regulatory ele-
ments to repress AChR expression in nonsynaptic
nuclei, because mutation of an Ets-binding site in the
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mouse AChR d subunit gene or rat AChR e subunit gene
results in increased expression in nonsynaptic nuclei
(Koike et al. 1995; Sapru et al. 1998). In our experiments
with transgenic mice, mutation of the Ets-binding site
results in a loss of synaptic expression and no increase in
nonsynaptic expression. Consistent with these results in
transgenic mice, our cell-culture studies show that mu-
tation of the Ets-binding site results in reduced expres-
sion from NRG-treated and untreated myotubes. Thus,
our data support the idea that this cis-acting sequence
has a selective role in activating AChR gene expression.

An Ets-binding site in the rat AChR e subunit gene is
likewise important for NRG responsiveness (Sapru et al.
1998). Although this study did not attempt to identify
the proteins that bind this site, overexpression of Ets-2
increases e expression (Sapru et al. 1998), raising the pos-
sibility that Ets-2 binds this NRE and regulates e subunit
gene expression. It remains unclear, however, whether
endogenous Ets-2 binds this site or whether Ets-2 bind-
ing and activation occur only after forced overexpression
of Ets-2. Sequences in addition to an Ets-binding site
may regulate NRG-responsiveness and synapse-specific
expression. One study reported that the Ets-site in the e
subunit gene is not required for NRG responsiveness and
that a different sequence, termed an ARE, is necessary
for a twofold induction by NRG (Si et al. 1997). Other
studies, however, have reported that the ARE is not re-
quired for NRG responsiveness or synapse-specific ex-
pression, using a DNA-injection assay (Duclert et al.
1996; Sapru et al. 1998). The potential role for the ARE in
synapse-specific expression may be studied best in trans-
genic mice.

Previous studies demonstrated that a binding site (E-
box) for myogenic basic helix–loop–helix (bHLH) pro-
teins is important for electrical activity-dependent but
not synapse-specific transcription of AChR genes (Tang
et al. 1994; Bessereau et al. 1994). Here, we show that an
Ets-binding site is required for synapse-specific but not
electrical activity-dependent transcription. Taken to-
gether, these studies provide further support for the idea
that two separate pathways regulate innervation-depen-
dent transcription: An electrical activity-dependent

pathway that is thought to lead to a decrease in the ac-
tivity and/or expression of myogenic bHLH proteins and
a synapse-specific pathway that we propose leads to the
activation of GABPa/GABPb (Fig. 6). Because our experi-
ments that implicate GABP in synapse-specific expres-
sion have relied upon in vitro binding studies, the pro-
posed role for GABP in synapse-specific expression
clearly needs to be determined by interfering with GABP
function in vivo.

Utrophin, which is related structurally to dystrophin,
is concentrated in the postsynaptic membrane at neuro-
muscular synapses, and the utrophin gene is expressed
selectively in synaptic nuclei of adult muscle fibers (Gra-
molini et al. 1997). Moreover, synapse-specific expres-
sion of the utrophin gene requires an Ets-binding site
(Gramolini et al. 1998), and these results raise the pos-
sibility that utrophin gene expression is stimulated by
NRG activation of GABPa/GABPb. Duchenne muscular
dystrophy, a severe muscle-wasting disease, is caused by
a lack of dystrophin, a large intracellular protein associ-
ated normally with synaptic and nonsynaptic muscle
membranes. Because muscle-wasting is far milder in
mice lacking dystrophin and because dystrophin mutant
mice express utrophin at high levels at the nonsynaptic
membrane, others have proposed that muscle wasting in
Duchenne muscular dystrophy may be ameliorated by
increasing utrophin expression (Deconinck et al. 1997;
Grady et al. 1997). The mechanisms that are responsible
for increasing utrophin expression in dystrophin mutant
mouse muscle are not known but could require NRG
and GABPa/GABPb signaling. Thus, reagents that
stimulate NRG or GABPa/GABPb signaling may be
therapeutic for Duchenne muscular dystrophy.

Materials and methods

Sol 8 myoblasts were transfected, selected, and induced to dif-
ferentiate into myotubes as described previously (Simon and
Burden 1993; Jo et al. 1995). Stably transfected cells were treated
with NRG for 48 hr, and the amount of hGH secreted from
treated and untreated cells was measured by a radioimmunoas-
say as described previously (Jo et al. 1995).

Nuclear extracts from Sol8 myotubes were prepared and in-

Figure 6. Separate pathways regulate
synapse-specific and electrical activity-de-
pendent transcription. NRG, which is pre-
sent in the synaptic basal lamina, acti-
vates ErbB receptors in the postsynaptic
membrane and leads to activation of a Ras
signaling pathway. Our experiments sug-
est that this pathway leads to activation of
GABPa/GABPb and an increase in AChR
gene expression selectively in synaptic nu-
clei. The pathway activated by electrical
activity is thought to result in a decrease
in the activity and/or abundance of tran-
scriptional activators that bind E-boxes,
such as myogenin and E12, leading to a
decrease in AChR gene expression in nu-
clei throughout the muscle fiber.
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cubated with a radiolabeled oligonucleotide probe (nucleotides
−62 to −47) as described previously (Simon and Burden 1993).
The reactions were allowed to proceed for 10 min at room tem-
perature, placed on ice for 5 min, and complexes were resolved
by electrophoresis (1.5 hr at 200 V) in a 5% polyacrylamide gel
(0.5× Tris-borate-EDTA). The specificity of the binding reaction
was determined by the addition of unlabeled competitor DNA
(nucleotides −62 to −47) to the reaction mixture. Gels were
fixed, dried, and exposed to X-ray film.

Antibodies to Ets proteins were either supplied by colleagues
who have characterized these antibodies in previous studies
(anti-ERP, Akbarali et al. 1996; anti-ER81, Monté et al. 1995;
anti-PEA3, Baert et al. 1997; anti-Elf-1, Leiden et al. 1992; anti-
Fli-1, Watson et al. 1997; anti-GABPa and anti-GABPb, Brown
and McKnight 1992; de la Brousse et al. 1994), or were pur-
chased from Santa Cruz Biotechnology (anti-Ets-1; anti-Ets-2;
anti-PEA3; anti-Erg-1; anti-Fli-1). In addition, we found that the
antibodies to Ets-1, NERF, ERP, and Fli-1 inhibit the gel shift
detected between the NRE and the appropriate recombinant Ets
protein expressed either in reticulocyte lysates (NERF, ERP, Fli-
1) or as recombinant protein in Escherichia coli (Ets-1) (data not
presented). Antibodies (0.1–0.5 µl of serum or 0.6–4 µg of puri-
fied antibodies) were incubated with nuclear extracts for 2 hr on
ice prior to the addition of the labeled probe (Simon and Burden
1993).

Founder mice carrying AChR d subunit–hGH transgenes with
a mutation in the NRE were produced using methods similar to
those described previously (Simon et al. 1992; Tang et al. 1994).
We studied two lines carrying AChR d subunit–hGH transgenes
with a mutation (CAAAA) in the NRE in detail; one line carries
an AChR d (−1823/mutant NRE/+25)–hGH transgene and the
other line carries an AChR d (−181/mutantNRE/+25)–hGH
transgene. These two lines were chosen for study, because hGH
expression in denervated muscle from these lines is similar to
that from lines carrying wild-type AChR transgenes (see above);
thus, a lack of synaptic expression in these lines could not be
caused by a low level of transgene expression per se. Two other
AChR d (−1823/mutant NRE/+25)–hGH lines expressed hGH
and responded to denervation, but the absolute level of hGH
expression in these lines was lower than the wild-type lines and
the two NRE-mutant lines studied here in detail. We excluded
these lines from further study because an absence of synaptic
expression in these mice could be caused by a low level of trans-
gene expression. We stained diaphragm muscles for hGH ex-
pression as described previously (Simon et al. 1992; Tang et al.
1994). The wild-type transgene was expressed at 100% of syn-
aptic sites (>300 synaptic sites in three muscles from three
mice); in contrast, synaptic expression was not detected in
muscles from mice carrying either the −1823/+25 mutant trans-
gene (>300 synaptic sites in two muscles from two mice) or the
−181/+25 mutant transgene (>300 synaptic sites in three
muscles from three mice). The levels of hGH, AChR d subunit,
and actin mRNA expression in innervated and five-day dener-
vated leg muscles were measured by RNase protection and
quantitated with a PhosphorImager (Simon et al. 1992; Tang et
al. 1994).
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