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The Ets Transcription Factor GABP Is Required for Postsynaptic

Differentiation In Vivo
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At chemical synapses, neurotransmitter receptors are concen-
trated in the postsynaptic membrane. During the development of
the neuromuscular junction, motor neurons induce aggregation
of acetylcholine receptors (AChRs) underneath the nerve terminal
by the redistribution of existing AChRs and preferential transcrip-
tion of the AChR subunit genes in subsynaptic myonuclei. Neural
agrin, when expressed in nonsynaptic regions of muscle fibers
in vivo, activates both mechanisms resulting in the assembly of a
fully functional postsynaptic apparatus. Several lines of evidence
indicate that synaptic transcription of AChR genes is primarily
dependent on a promoter element called N-box. The Ets-related
transcription factor growth-associated binding protein (GABP)
binds to this motif and has thus been suggested to regulate
synaptic gene expression. Here, we assessed the role of GABP in

synaptic gene expression and in the formation of postsynaptic
specializations in vivo by perturbing its function during postsyn-
aptic differentiation induced by neural agrin. We find that neural
agrin-mediated activation of the AChRe subunit promoter is abol-
ished by the inhibition of GABP function. Importantly, the number
of AChR aggregates formed in response to neural agrin was
strongly reduced. Moreover, aggregates of acetylcholine ester-
ase and utrophin, two additional components of the postsynaptic
apparatus, were also reduced. Together, these results are the first
direct in vivo evidence that GABP regulates synapse-specific
gene expression at the neuromuscular junction and that GABP is
required for the formation of a functional postsynaptic apparatus.
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Chemical synapses are highly specialized subcellular structures
destined for communication between cells in the nervous system.
To warrant efficient signal transmission, neurotransmitter receptors
are clustered underneath the nerve terminal. Motor neuron-
induced differentiation of the postsynaptic apparatus, and in par-
ticular clustering of the acetylcholine receptors (AChRs), is based
on at least two different mechanisms. First, existing molecules are
reorganized to accumulate underneath the nerve terminal. Second,
transcription of synaptic genes is restricted to the myonuclei un-
derlying the presynaptic nerve terminal. The signals for activating
both mechanisms are derived from motor neurons (Sanes and
Lichtman, 1999). Recent evidence strongly suggests that certain
splice variants of the large heparan sulfate proteoglycan agrin are
sufficient to activate both mechanisms (for review, see Ruegg and
Bixby, 1998). Clustering of existing molecules is mediated directly
by the binding of neural agrin to a receptor complex combining the
muscle-specific receptor tyrosine kinase (MuSK) (Glass et al.,
1996). Alterations in gene transcription in turn are thought to be an
indirect effect of agrin affecting activation of a second signaling
system, including the neuregulins and their receptors, the erbB
receptors (Fischbach and Rosen, 1997; Meier et al., 1998b; Rimer
et al., 1998).

Expression of synaptic genes in the polynucleated muscle fiber
changes during development. First, as myoblasts fuse, most of these
genes are transcribed throughout the myofiber in a tissue-specific
manner as part of the myogenic program driven by basic helix-loop-
helix (b HLH) transcription factors of the MyoD family (for review,
see Edmondson and Olson, 1993). Upon innervation and initiation
of electrical activity, transcription of synaptic genes is downregu-
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lated throughout the myofiber (Eftimie et al., 1991; Witzemann and
Sakmann, 1991; Buonanno et al., 1992; Huang et al., 1992; Neville
and Schmidt, 1992; Huang et al., 1993; Mendelzon et al., 1994;
Merlie et al., 1994). At synaptic sites, expression of many synaptic
genes, including AChR «, B, 8, and vy subunits (Goldman and
Staple, 1989; Brenner et al., 1990), rapsyn, N-CAM (Moscoso et al.,
1995), and MuSK (Bowen et al., 1998), is maintained. Moreover,
transcription of the AChRe subunit (Brenner et al., 1990) and
expression of the laminin B2 chain (Patton et al., 1997) are selec-
tively initiated upon innervation. Persistent transcription of synap-
tic genes in subsynaptic myonuclei implies the existence of mech-
anisms that are able to locally activate gene transcription in
electrically active myofibers.

Activation of gene transcription by bHLH transcription factors
requires the E-box promoter element (Weintraub, 1993; Duclert
and Changeux, 1995). However, synapse-specific gene expression is
independent of this motif (Duclert et al., 1993; Chu et al., 1995).
Efforts to map the motif necessary for the synaptic gene expression
have led to the identification of the N-box (Koike et al., 1995). In
cultured muscle cells, this N-box motif (CCGGAA) is necessary for
neuregulin-induced upregulation of the genes encoding AChR &
and e subunits (Duclert et al., 1996), utrophin (Gramolini et al.,
1999; Khurana et al., 1999), and acetylcholine esterase (AChE)
(Chan et al., 1999). The transcription factor that binds to this motif
is the Ets-related growth-associated binding protein (GABP)
(Fromm and Burden, 1998; Schaeffer et al., 1998). Cotransfection
of dominant-negative mutants of GABP inhibits neuregulin-
induced expression of reporter constructs of the AChRe and the
AChRGS promoter in cultured muscle cells (Schaeffer et al., 1998).
GABP is an ubiquitously expressed transcription factor composed
of two subunits, GABPa and GABPS (LaMarco et al., 1991). The
GABP « subunit, a member of the Ets family of transcription
factors, mediates DNA binding (Thompson et al., 1991). The
GABP B subunit has no intrinsic DNA-binding property but has an
N-terminal domain that mediates highly specific interaction with
GABP« (Thompson et al., 1991; Brown and McKnight, 1992;
Batchelor et al., 1998). In addition, the C-terminal part of GABPS3
is required for GABP-induced transcriptional activation (Sawa et
al., 1996). Because GABP binds to the N-box and the N-box is
involved in the synaptic expression of the AChR e and 6 subunits,
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utrophin, and the AChE gene, it has been proposed that GABP
may serve as the transcriptional activator for synaptic gene expres-
sion. To test this hypothesis, it is necessary to study the role of
GABP during postsynaptic differentiation in vivo. This is particu-
larly important because muscle fibers are electrically active and
electrical activity strongly influences transcription of synaptic
genes. Here, we induce postsynaptic differentiation in innervated
muscle fibers by ectopic expression of neural agrin and investigate
the function of GABP during this process.

MATERIALS AND METHODS

Constructs. The expression construct encoding full-length chick agrin
cAgrin,a4ps has been described previously (Denzer et al., 1995). The NLS-
GFP construct encoding green fluorescent protein (GFP) with a nuclear
localization sequence (NLS) has been described by Jones et al. (1999). The
GABPa and GABPB cDNAs were amplified by PCR from a C2C12 mouse
muscle cells cDNA library using the following primers: sGABP«, 5’
GGAATTCGTCTTCAACCATGACTA 3'; asGABPa, 5" TGCATGCAT-
GGTCCTAGGTCTCAAATC 3'; sGABPB, 5" GGAATTCGAAGCTTT-
TCCAGATGT 3'; and asGABPB, 5 TGCATGCATGTTCATG-
GCAGCTAAAC 3'. The PCR products were cloned into pcDNAI1
(Invitrogen, Carlsbad, CA) opened with EcoRI and EcoRV. The dominant-
negative construct of GABPB (GABPB™Y) was generated by PCR using
primers 5" GGAATTCGAAGCTTTTCCAGATGT 3’ (sGABPB) and 5’
CTATCATTCTGCACATTCCACCC 3’ (asGABPBPY) and cloning the
PCR product into pcDNA1 opened with EcoRI and EcoRV. The
GABPoa_myc construct was made by PCR using primers 5 GGAAT-
TCGTCTTCAACCATGACTA 3" (sGABPa) and 5 GCTCTA-
GAAATCTCTTTGTCTGCCTGT 3’ (asGABPaXbal) and cloning the
PCR product into the EcoRI and Xbal sites of p_myc, a pcDNA1-based
vector that includes five copies of the myc epitope (Meier et al., 1998a). The
NLS-LacF plasmid was constructed by cloning a Sall-Sphl fragment of the
pnlacF plasmid (Lanford et al., 1988) into pcDNA1 opened with Xhol and
Sphl. The AChRe subunit reporter construct has been described previously
(Jones et al., 1996). Plasmids were purified using a Nucleobond AX 500 kit
(Macherey-Nagel, Diiren, Germany). PCR and DNA manipulations for
cloning were performed according to standard protocols. All constructs
were verified by DNA sequencing.

Transfection of GABP constructs in COS-7 cells. COS-7 cells (Gluzman,
1981) were transiently transfected with GABP expression constructs using
the Fugene 6 transfection reagent (Roche Diagnostics, Rotkreuz, Switzer-
land). The cells were then processed for intracellular anti-myc staining as
follows. After washing with PBS, the cells were fixed for 30 min at room
temperature with 4% paraformaldehyde and 11% sucrose in 0.1 M potas-
sium phosphate buffer, pH 7.2. After rinsing with PBS and 20 mm glycine
in PBS, cells were permeabilized with PBS containing 0.1% saponin
(PBSS) and 10% normal goat serum (NGS) for 20 min at room tempera-
ture. The cells were then incubated with the anti-myc monoclonal antibody
9E10 (Evan et al., 1985) diluted to 1 ug/ml in PBSS and 10% NGS. After
four washes with PBSS, cells were incubated with a Cy3-conjugated goat
anti-mouse IgG (Molecular Probes, Eugene, OR), diluted to 0.5 pug/ml in
PBSS and 10% NGS for 1 hr at room temperature. After washing, cultures
were mounted on glass coverslips with citifluor (Plano) and examined with
a microscope equipped with epifluorescence (Leica, Nussloch, Germany).

Injection of ¢cDNA into muscle fibers. The expression plasmids were
injected into single muscle fibers of young adult rats (120 gm) as described
previously (Jones et al., 1997; Meier et al., 1997). In the AChRe subunit
reporter experiment, the NLS-LacF construct and the AChRe reporter
were injected at 100 ng/ul, the agrin construct was injected at 4 ng/ul, and
the GABPBPN construct was injected at 50 ng/ul. The total amount of
plasmid injected was kept constant in each experiment by complementing
with pcDNA1 vector (Invitrogen). Two weeks after injection, the soleus
muscle was taken out and frozen in liquid nitrogen, the injected region was
homogenized in 500 ul reporter lysis buffer (Promega, Madison, WI), and
luciferase activity was measured using the luciferase assay system (Pro-
mega). Reporter gene activity was normalized to the [B-galactosidase
activity derived from the coinjected NLS-LacF plasmid. In all remaining
experiments, the agrin construct was injected at 4 ng/ul, the NLS-GFP
construct at 50 ng/ul, and the NLS-LacF construct or the GABPBPN
construct at 50 ng/ul.

Immunohistochemistry and antibodies. To visualize AChRs, the entire
soleus muscle was bathed for 1 hr at 4°C in L-15 medium (Life Technolo-
gies, Gaithersburg, MD) containing 1 ug/ml alexa_a-bungarotoxin or
rhodamine_a-bungarotoxin (Molecular Probes). For the utrophin staining,
14-pm-thick frozen cross-sections were first fixed with 1% paraformalde-
hyde for 5 min, washed briefly with PBS, and preincubated for 15 min in
PBS supplemented with 5% horse serum, 1% bovine serum albumin, and
0.01% Triton X-100. Sections were incubated overnight at 4°C with the
anti-utrophin monoclonal antibody NCL-DRP2 (Novocastra, Newcastle
upon Tyne, UK) diluted 1:200 in PBS, 5% horse serum, 1% bovine serum
albumin, and 0.01% Triton X-100. For detection, Cy3-conjugated goat
anti-mouse IgG was used. Acetylcholinesterase was detected on cross-
sections according to Pestronk and Drachman (1978). Whole-mount prep-
arations were examined with a confocal microscope (Leica) and cross-
sections with a microscope equipped with epifluorescence (Leica).
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Figure 1. Structure of GABP « and B subunits and expression in COS-7
cells. A, Scheme of the a and B subunits of GABP and the dominant-
negative construct. The black region (aa 318-399) indicates the Ets-related
DNA binding domain of GABPa. The region between aa 318-454 is
necessary for the binding to GABPB. In GABP, the gray region (aa 1-130)
represents four tandem repeats of a Notch/ankyrin motif required for
heterodimerization with GABPa. The black bar indicates the approximate
location of a nuclear localization sequence. The hatched region (aa 341-
370) represents the transactivation domain. In the dominant-negative mu-
tant (GABPBP™) used in this study, the last 52 amino acids of GABPS were
deleted. B, Intracellular anti-myc staining of COS cells transfected with
myc-tagged GABPa constructs. GABPa is localized in the cytoplasm
(left). Upon cotransfection with GABPBPY, GABP« accumulates in the
cell nucleus (right). This indicates that the truncated GABPBPN protein
dimerizes with the « subunit and translocates into the cell nucleus. Scale
bar, 20 pm.

Quantification. Quantification of AChR clustering is presented as the
number of fibers that are AChR cluster-positive on each consecutive
cross-section made across entire injection sites. Cross-sections were pre-
ferred to whole-mount preparations for the evaluation because they allow
to attribute clusters to individual fibers unequivocally. A muscle fiber was
defined cluster-positive when a clear and sharp rhodamine_a-bungarotoxin
staining was detected on its membrane. A given muscle fiber was defined
cluster-positive independently of the size or of the number of the AChR
clusters.

RESULTS

A dominant-negative mutant of GABP abrogates
activation of the AChRe subunit promoter in vivo

Transcriptional activation of genes by GABP requires het-
erodimerization of GABPa and GABPB. Whereas the « subunit
contains the DNA-binding domain (Fig. 14, Ets domain), GABPS
provides the signals for nuclear localization and transactivation of
gene transcription. The N-terminal region of the 8 subunit contains
Notch/ankyrin-like repeats that mediate heterodimerization. To
generate a dominant-negative mutant of GABP (GABPB"Y), we
deleted the 52 most C-terminal amino acids (aa) of the B8 subunit.
This region contains a leucine-zipper-like structure that is neces-
sary for transcriptional activation and for homodimerization (Fig.
1A4). A similar deletion construct has been shown to act as a
dominant-negative for GABP-mediated transcription in cultured
chick muscle cells (Schaeffer et al., 1998). To test whether
GABPBP™ still dimerizes with the GABP « subunit, which is
requisite for its acting as a dominant-negative mutant, we trans-
fected COS cells with GABPBP™ and a myc-tagged GABP« con-
struct. Whereas GABPa-myc, when transfected alone, was local-
ized in the cytoplasm (Fig. 1B, left), most of the « subunit was
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Figure 2. Agrin induces the expression of an AChRe subunit reporter
construct via a GABP-dependent mechanism in vivo. A, Diagram of the
AChREe subunit reporter construct used in this study. A fragment of the e
subunit gene ( gray) extending 216 bp upstream from the transcription start
site drives the expression of a luciferase gene. This fragment contains two
E-boxes (E), putative binding sites for basic helix-loop-helix myogenic
factors, and one N-box (N). B, In each individual experiment, luciferase
activity of the AChRe reporter construct injected alone was set as 100%
(first column). Coinjection of expression constructs encoding full-length
neural agrin (CAgrin, ,4pg ) increases luciferase activity more than threefold
(second column; p < 0.01). This increase is abolished by expression of the
dominant-negative mutant of GABPB (third column; p < 0.01). Data
represent mean = SDs of three independent injections (3 injected rats).
Note that, in each individual injection, luciferase activity was normalized to
the B-galactosidase activity derived from the coinjected NLS-LacF con-
struct. The effect of neural agrin and GABPBP™ is specific for the AChRe
promoter because a muscle creatine kinase promoter construct was not
affected by either condition (reporter alone, 100%; reporter plus
cAgring upg, 88.3%; reporter plus cAgrin, augs plus GABPBPY, 87.2%).

localized in the cell nucleus when GABPBPN was cotransfected
(Fig. 1B, right). Thus, GABPBPN oligomerizes with GABPa and
translocates the protein complex into the cell nucleus.

It has been demonstrated previously that expression of neural
agrin in extrasynaptic regions of muscle fibers induces the forma-
tion of ectopic postsynaptic-like apparatus with mature functional
properties, including upregulation of AChRe mRNA (Cohen et al.,
1997; Jones et al., 1997; Meier et al., 1997; Rimer et al., 1997).
Thus, this model system is suitable for assessing the function of
candidate genes in the development of postsynaptic specializations
in vivo. In particular, it allows the study of mechanisms locally
activating the transcription of synaptic genes in innervated muscle
fibers. We therefore used this paradigm to determine whether
GABP is responsible for the upregulation of the AChRe subunit
during postsynaptic differentiation. To this aim, we tested whether
GABPBPN was able to block induction of the AChRe subunit
expression using a reporter construct in which a promoter fragment
of the mouse AChRe subunit gene drives the expression of a
luciferase gene (Fig. 24). This reporter construct is activated by
substrate-bound agrin and by neuregulin in a mouse muscle cell
line (Jones et al., 1996). The e subunit reporter construct was
injected into extrasynaptic regions of 30 individual innervated
myofibers of the rat soleus muscle together with a construct in
which B-galactosidase is expressed under the control of the cyto-
megalovirus promoter (NLS-LacF). Luciferase activity was mea-
sured 2 weeks later in homogenates of the injected muscles and
normalized to the B-galactosidase activity derived from the NLS-
LacF construct. The normalized luciferase activity measured in
muscles injected with the AChR e subunit reporter alone was set as
100% (Fig. 2B, first column). Coinjection of an expression plasmid
encoding full-length neural agrin (cAgrin,,4pg) (Denzer et al.,
1995) increased the expression of the reporter more than threefold
(Fig. 2B, second column). Upon coinjection of GABPBPY, lucif-
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erase activity dropped to the level of the noninduced situation (Fig.
2B, third column). These results show that upregulation of the
AChRe gene by neural agrin in vivo requires a functional GABP
o/B complex, and they suggest that the basal activity of the AChRe
promoter does not depend on GABP. Indeed, an AChRe promoter
construct in which the N-box is mutated shows the same basal
activity as the wild-type promoter in innervated muscle fibers
(A. Briguet, A. Abicht, M. A. Ruegg, and H. Lochmiiller, unpub-
lished observation). Moreover, GABP-dependent induction of
gene transcription by neural agrin is specific for the AChRe pro-
moter because we did not observe any alterations in the level of
expression of a luciferase reporter driven by a 1.3 kb fragment of
the muscle creatine kinase (MCK) promoter (Jaynes et al., 1986).
In these experiments, normalized expression of the MCK reporter
was 100% (reporter alone), 88% (reporter plus cAgrin, ,,pg), and
87% (reporter plus cAgrin, s plus GABPSPN).

GABPPN prevents the induction of ectopic
postsynaptic structures in innervated muscle fibers

To address the question whether a functional GABPa/B complex is
required for the formation of agrin-induced postsynaptic structures
in vivo, we examined next the influence of the dominant-negative
construct of GABP on the induction of ectopic AChR clusters. In
control experiments, cDNA encoding full-length neural chick agrin
(cAgrin,a4pg) Was injected together with an expression construct
for nuclear-targeted B-galactosidase (NLS-LacF) to adjust the
amount of protein synthesized by the injected fiber. To identify the
injected muscle fibers, a third construct encoding nuclear-targeted
GFP (NLS-GFP) was always included. Two weeks after injection,
ectopic postsynaptic specializations were visualized using rhoda-
mine-labeled a-bungarotoxin (R2  abgt). As shown in Figure 34,
control-injected muscle fibers expressed many AChR clusters.
Myonuclei often aggregated underneath such AChR clusters (ar-
rowheads), indicating that these ectopic postsynaptic structures
show also signs of synaptic maturation (Jones et al., 1997). In
muscle fibers injected with the dominant-negative GABP3 mutant,
no or only a few AChR clusters were associated with the injected
fibers (Fig. 3B, GABPB”"). Under these and control conditions,
neural agrin is able to diffuse to adjacent fibers; therefore, we often
observed AChR clusters in nearby, noninjected muscle fibers (Fig.
3, asterisks).

To quantify the effect of GABPBPN on AChR clustering, we
made consecutive cross-sections through the entire injection sites
and determined the number of GFP-positive fibers (GFP), the
number of GFP-positive fibers that expressed AChR clusters (C/
GFP) and the total number of fibers with AChR clusters (Ctot), on
individual sections (Fig. 44,B). Cross-sections were used for this
quantification because only this method allows to assign AChR
clusters unequivocally to individual injected or neighboring, non-
injected muscle fibers (see Fig. 4C as an example). Figure 4, 4 and
B, shows the counts for one muscle from control (Fig. 44) and
GABPBP N-injected (Fig. 4B) animals. In the examples shown in
Figure 4, A and B, the injection sites extended over 50 consecutive,
14-pum-thick cross-sections. Although the number of GFP-positive
fibers was approximately the same in both cases (15-17 vs 16-19),
the total number of fibers with AChR clusters and the number of
GFP-positive muscle fibers with AChR clusters clearly decreased in
muscle injected with the dominant-negative GABPf construct. To
compare the proportion of injected fibers that developed AChR
clusters in the control injection versus the GABPBPN injection, we
summed the numbers obtained on individual cross-sections
throughout the injection sites and set the number of injected fibers
(GFP-positive) as 100%. The counts obtained from three control
and three GABPBPN injections are listed in Table 1. Whereas in
the controls 29.6 = 3.4% of the injected muscle fibers developed
AChHR clusters, in the GABPBP™ injections only 12.3 = 1.6% of
the injected muscle fibers developed AChR clusters. The number
of adjacent, noninjected muscle fibers that formed AChR clusters
was not significantly different in the GABPBP™-injected compared
with the control-injected muscles. This shows that the capability of
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Control

Figure 3. Whole-mount confocal views of cDNA-
injected muscle fibers. A, Two representative examples
of control muscle fibers that were injected with a con-
struct encoding NLS-LacZ, full-length neural agrin and
NLS-GFP. The injected fibers are identified by the
presence of GFP-positive nuclei (GFP). AChR clusters are
stained with rhodamine_a-bungarotoxin (Rh_a-bgt).
Many injected fibers form AChR clusters in response to
neural agrin and aggregates of GFP-positive nuclei are
found underneath the AChR clusters (arrowheads). B,
Two representative examples of muscle fibers express-
ing the dominant-negative mutant of GABPp, neural
agrin, and NLS-GFP. GFP-positive muscle fibers are
devoid of AChR clusters and aggregates of myonuclei.
Note that, in neighboring noninjected muscle fibers,
AChHR aggregates were formed (asterisks). The fluores-
cence spots that appear in both channels are unspecific
staining. Scale bar, 50 um.

GABPB™N

neural agrin to induce AChR clustering remained unaffected in the
noninjected muscle fibers. In summary, these experiments show
that GABP function is required to form clusters of AChRs in
innervated muscle fibers.

Utrophin and AChE aggregates are also reduced in
muscle fibers that express GABPSP°N

The previous experiments suggest that GABP-mediated transcrip-
tional activation is required for agrin-induced clustering of AChRs
and that the AChRe subunit is one postsynaptic molecule locally
upregulated by GABP during postsynaptic differentiation. To de-
termine whether clustering of other components of the postsynap-
tic apparatus also depends on GABP, we analyzed the distribution
of two other synaptic molecules: AChE and utrophin. AChE is an
enzyme concentrated in the synaptic basal lamina of the muscle
fibers. Whereas the association of other synaptic proteins with the
postsynaptic apparatus requires the continuous presence of the
AChRs, the localization of AChE to the neuromuscular junction
(NMJ) persists even if AChRs are lost (Missias et al., 1997).
Moreover, in rapsyn-deficient mice, AChE aggregates form under-
neath the nerve terminal, although AChR clusters fail to form in
the postsynaptic membrane (Gautam et al., 1995). AChE could
therefore have formed aggregates devoid of AChRs in myofibers
injected with GABPBPY. Utrophin is an intracellular protein
tightly associated with AChRs at the NMJ. However, mice deficient
in utrophin still develop a postsynaptic apparatus, including aggre-
gates of AChRs (Grady et al., 1997). Therefore, GABPBP™-
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mediated perturbation of synaptic gene transcription may have led
to the formation of AChR clusters devoid of utrophin. As shown in
Figure 5, the number of utrophin and AChE aggregates was also
decreased in the GABPBPN injection. Both utrophin (Fig. 54,B)
and AChE (Fig. 5C) were always associated with AChR clusters in
control-injected and GABPB™N-injected muscle fibers. Thus, in-
terfering with GABP function inhibits the formation of the entire
postsynaptic apparatus but does not affect the molecular composi-
tion of the postsynaptic structures per se.

DISCUSSION

Two distinct mechanisms contribute to the formation and mainte-
nance of postsynaptic specializations at the neuromuscular junc-
tion. First, molecules expressed by noninnervated muscle fibers are
clustered underneath the motor nerve terminal and assemble into
an intricate network of proteins. Second, synaptic genes are pref-
erentially transcribed in subsynaptic myonuclei. Studies on cultured
myotubes suggested that neural agrin is responsible for the aggre-
gation of existing molecules (Wallace, 1988), whereas ARIA, a
member of the neuregulins, increases AChR synthesis (Fischbach
and Rosen, 1997). However, studies in vivo have provided strong
evidence that both mechanisms are triggered by the sole action of
neural agrin (Cohen et al., 1997; Jones et al., 1997; Meier et al.,
1997; Rimer et al., 1997). The requirement of neural agrin for
activating gene transcription is supported by the finding that mice
deficient of agrin or its signaling receptor MuSK do not express
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Figure 4. Quantification of the influence of GABPBPN on AChR clustering. 4, B, Quantitative assessment of the effect of GABPBPYN in one individual
c¢DNA injection experiment. Histograms of the number of GFP-positive fibers that formed AChR clusters (C/GFP; yellow bars), GFP-positive muscle fibers
(GFP; green line), and the total number of fibers that formed AChR aggregates (Ctot; red line) counted on 14-um-thick consecutive cross-sections through
the entire injection sites. For illustration, a camera lucida drawing of section 37 (#37) is shown in A. In this particular section, 16 GFP-positive muscle
fibers (GFP) were counted, and seven fibers formed AChR clusters (Crot). Five of these fibers were also GFP-positive (C/GFP). Scale bar, 50 um.
C, Confocal views of cross-sections of a control-injected muscle fiber (leff) and a GABPB”N-injected muscle fiber (right). Injected fibers are identified by
the expression of GFP (green). In the control, AChR clusters (red) are associated with myofibers containing GFP-positive nuclei. In contrast, in the
GABPBPM-injected muscle, AChR clusters are found in adjacent, GFP-negative myofibers. Scale bar, 20 wm.

Table 1. Quantification of AChR clustering in three control and GABPBPY injection experiments

GFP Ctot C/GFP C/N
Counts Counts % Counts % Counts %
Experiment 1 Control 391 197 50.4 120 30.7 77 19.7
GABPBPN 772 250 324 82 10.6 168 21.8
Experiment 2 Control 833 381 45.7 269 323 112 134
GABPBPN 918 251 273 126 13.7 125 13.6
Experiment 3 Control 396 177 44.7 102 25.8 75 18.9
GABPBPN 600 146 24.3 76 12.7 70 11.7
Mean % * SD Control 100 469 = 3.0 29.6 = 3.4 174 =34
GABPBPN 100 28.0 = 4.1 12.3 + 1.6* 15.7 £ 5.4%*

GFP, Number of GFP-positive (injected) muscle fibers; Ctot, total number of muscle fibers with AChR clusters; C/GFP, number of GFP-positive muscle fibers with AChR
clusters; C/N, number of noninjected muscle fibers with AChR clusters. In each experiment, these numbers were counted on consecutive cross-sections through the entire

injection site. The counts represent the sum for an entire injection site. GFP was set as 100%. *p < 0.01; **p > 0.5 versus control (unpaired ¢ test).

ACHR subunits in distinct myonuclei (DeChiara et al., 1996; Gau-
tam et al., 1996). Several lines of evidence strongly suggest that the
function of neural agrin in regulating gene transcription at
the NMJ involves the neuregulins and their cognate receptors, the
erbB receptors (Meier et al., 1998b). Indeed, mice in which one
allele of the neuregulin-1 gene has been deleted are myasthenic as
a result from a decrease in postsynaptic AChR density (Sandrock
et al., 1997). In addition, the neuregulin-induced increase in AChR
subunit expression is inhibited by erbB kinase inhibitor in cultured
muscle cells (Si and Mei, 1999). These data strongly suggest a role
of neuregulin/erbB-signaling in the formation and maintenance of
postsynaptic specializations.

The evidence that the Ets-related transcription factor GABP is a
downstream target of agrin and of neuregulin is so far solely based
on experiments using cultured muscle cells. Moreover, Sapru et al.
(1998) have shown that overexpression of Ets-2, another Ets tran-
scription factor expressed in muscle, is able to activate transcrip-
tion of an AChRe reporter construct in cultured muscle cells. To
investigate the involvement of GABP in regulating gene transcrip-
tion at the NMJ in vivo, we have used the paradigm of injecting

cDNA constructs encoding neural agrin into extrasynaptic regions
of innervated muscle fibers, an experimental approach that reiter-
ates the events occurring in the motor neuron-induced develop-
ment of postsynaptic structures. We found that a dominant-
negative mutant of GABPS blocks (1) the upregulation by agrin of
the AChRe subunit gene and (2) the formation of postsynaptic
structures. Thus, our data are the first in vivo evidence that GABP
is required for the local activation of gene transcription in subsyn-
aptic myonuclei. These data, together with the strong evidence that
the N-box motif is important for synaptic expression of the AChR
€ and 6 subunits (Koike et al., 1995; Duclert et al., 1996), utrophin
(Gramolini et al., 1999; Khurana et al., 1999), and AChE (Chan et
al., 1999), make GABP a key transcription factor for the regulation
of gene transcription at the NM1J.

Our findings are of particular interest because GABP is an
ubiquitously expressed transcription factor that has been impli-
cated in many different processes, such as regulation of cytochrome
oxidase genes (Carter and Avadhani, 1994; Sucharov et al., 1995)
and induction of interleukin-2 during T-cell activation (Hoffmeyer
et al., 1998). The broad range of GABP function and the fact that
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Figure 5. Distribution of utrophin and AChE in
GABPB N-injected muscles. 4, B, The distribution of
utrophin was examined by immunostaining and compared
with that of AChRs on cross-sections made through the
injected muscle fibers. The evaluation was made as de-
scribed in Figure 4. Utrophin and AChR clusters colocal-
ized on each cross-section, throughout the in]Lection site,
in the control as well as in the GABPBP™ situation.
C/GFP, GFP-positive fibers that have AChR clusters;
U/GFP, GFP-positive fibers that have utrophin clusters;
GFP, GFP-positive (injected) fibers; Ctot, total number of
fibers having AChR clusters. C, The distribution of
AChE was examined by choline esterase staining and
compared with that of AChRs stained with alexa a-
bungarotoxin ( green). Both proteins colocalized on each
analyzed cross-section. Scale bar, 20 um.

several Ets-related transcription factors have been identified, some
of which have similar specificities like GABP, may hamper the
chance to gain insights into GABP function at the NMJ by con-
ventional knock-out techniques. Because we interfere locally and at
a precise time point with GABP function, these pleiotropic effects
do not affect our results. Thus, the system used here can be made
highly specific and can be used to test the role of several other
candidate genes in forming postsynaptic structures at the NMJ. In
our study, we specifically interfere with GABP function because
the dominant-negative GABPf interacts with the DNA target only
indirectly by its binding to the GABP« subunit (Brown and Mc-
Knight, 1992). This binding is highly specific and of high affinity
(K4 of 7.8 = 0.63 X 10 ' M) (Suzuki et al., 1998). Therefore, the
dominant-negative GABP will not interfere with the function of
other Ets transcription factors recognizing similar sequences on
the DNA.

Blocking GABP function inhibits the development of the
entire postsynaptic apparatus

We show that the total number of postsynaptic-like apparatus
induced by neural agrin is reduced in muscle fibers expressing a
dominant-negative GABPB. Whereas ~30% of the injected muscle
fibers developed postsynaptic structures in the control situation,
only ~12% of the GABPBP™-injected fibers developed postsynap-
tic structures (Table 1). Experimental and biological circumstances
could account for the appearance of these remaining specializations
on the GABPB N-expressing fibers. First, although GABPBPN
blocks the induction by agrin of synaptic gene expression, a re-
maining basal level of transcription independent of GABP may
allow the synthesis of an amount of synaptic components sufficient
to form some postsynaptic specializations. Second, injury caused to
the muscle fibers by the injection procedure may activate myogenic
transcription factors that are known to drive the expression of
synaptic genes during preinnervation stages of development. Third,
the amount of GABPBPYN may not be high enough to inhibit
expression of synaptic genes completely. This is of particular im-
portance at distances far from the injection site. There, the con-
centration of agrin may still by high because agrin is secreted from
the injected muscle fiber and accumulates in the muscle cell basal
lamina. In contrast, the effect of GABPB™™ is critically dependent
on the intracellular concentration of the dominant-negative acting
construct.

| !I‘\|||159|||

19 28 37 46 1 10 19 28 37 46
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Whenever we found AChR clusters in GABPBPN-expressing
muscle fibers, they always included other components of the
postsynaptic apparatus. Reciprocally, these other components
never formed aggregates devoid of AChRs. For example, utrophin
and AChE were always associated with the ectopic AChR clusters,
as it is the case at normal NMJs (Fig. 5). This suggests that
GABPBPN inhibits the formation of the entire postsynaptic appa-
ratus without affecting the mechanism governing the assembly of
postsynaptic proteins into a complex per se. There are two distinct
possibilities to explain this phenomenon. First, GABP may be
involved in the regulation of all genes preferentially expressed at
the NMJ. We think that this possibility is rather unlikely. Second,
interfering with the expression of some of the key components of
the postsynaptic apparatus may preclude the development of the
entire complex. This latter possibility is accredited by the profound
perturbation of synaptic protein distribution observed in mice in
which single components of the postsynaptic apparatus were
knocked-out. For example, animals deficient of AChRe subunit
gene show degeneration of the entire postsynaptic apparatus be-
cause of the failure of these animals to assemble enough functional
AChRs (Missias et al., 1997). Moreover, in rapsyn-deficient mice,
all of the components normally concentrated in the postsynaptic
membrane and cytoskeleton fail to aggregate underneath the mo-
tor nerve terminal, except the receptor tyrosine kinase MuSK
(Gautam et al., 1995; Apel et al., 1997). However, in these mice,
AChR subunit genes remain selectively transcribed in synaptic
myonuclei. Thus, absence of rapsyn is sufficient to prevent the
assembly of the entire postsynaptic complex but does not interfere
with local induction of synaptic gene transcription. These experi-
ments support the view that removal of one single component can
destabilize the entire postsynaptic complex, although synthesis of
other components is unaffected. To distinguish between the pos-
sibilities of GABP regulating all synaptic genes or activating the
transcription of few essential components of the postsynaptic ap-
paratus, it will be necessary to investigate the influence of GABP
on the expression of the other synaptic genes at the mRNA level.

Role of GABP in the maintenance of adult
postsynaptic structures
The adult postsynaptic apparatus is a very stable structure that is

linked to both the extracellular basal lamina and the cytoskeleton.
Moreover, in adult NMJs, AChRs have an increased half-life of
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~10 d (Levitt et al., 1980). It will therefore be interesting to
investigate whether GABP is also required for the maintenance of
adult postsynaptic structures. A role of GABP in the maturation
and the maintenance of the postsynaptic apparatus is supported by
the fact that single base pair mutations in the N-box of the AChRe
subunit promoter are associated with a particular form of congen-
ital myasthenic syndromes (Nichols et al., 1999; Ohno et al., 1999).
Thus, failure to activate synaptic transcription of the AChRe sub-
unit may cause a decrease of AChR density and a subsequent
impairment of neuromuscular transmission. In line with this, in the
muscle biopsy of one patient with a 1 bp mutation in the N-box, the
number of endplate AChRs quantified by '?*I-a-bungarotoxin
binding is reduced (Nichols et al., 1999). We are currently investi-
gating whether this mutation in the e promoter affects its respon-
siveness to neural agrin in innervated muscle fibers.
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