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he formation of the neuromuscular junction (NMJ) in-
olves a series of inductive interactions between motor
eurons and muscle fibers. The neural signals proposed

o induce the mRNA expression of acetylcholine receptors
n muscle include neuregulin (NRG). In the present study,
e have employed RNA fingerprinting by arbitrarily primed
CR analysis to identify the differentially expressed tran-
cripts following NRG treatment in cultured myotubes.
ine partial cDNA fragments were isolated; the mRNA
xpression of eight of these genes was found to be
p-regulated by NRG. The spatial and temporal expres-
ion profiles of these NRG-regulated genes in rat tissues
uring development suggest potential functional roles
uring the formation of NMJ in vivo. Our findings not only
llowed the identification of novel genes, but also sug-
ested possible functions for some known genes that are
onsistent with their potential roles at the NMJ. Further-
ore, the identification of G-protein b1 subunit and G-
rotein-coupled receptor as NRG-regulated genes has
rovided the first demonstration that activation of the NRG
ignaling pathway can induce the expression of compo-
ents in the G-protein signaling cascade.

NTRODUCTION

The formation of the neuromuscular junction (NMJ)
nvolves a series of dynamic changes that occur at both
re- and postsynaptic cells. Anterograde signals from
otor neurons act on their target muscle cells to initiate

he process of postsynaptic specialization. One of the
mportant processes involved in postsynaptic differen-
iation is the regulation of the synapse-specific genes at
he subsynaptic regions during NMJ formation. There
re at least two controlling mechanisms: electrical stimu-
ation of the motor nerves suppresses the expression of
enes in the extrasynaptic regions, while one of the
erve-derived factors, acetylcholine receptor-inducing

ctivity (ARIA), up-regulates the synapse-specific genes
t the subsynaptic regions (Apel and Sanes, 1995).

s
(
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ARIA is a 42-kDa protein released from motor neu-
ons which can regulate the transcription of genes
ncoding acetylcholine receptor (AChR) subunits in
uscle fibers (Usdin and Fischbach, 1986). ARIA is the

roduct of the nrg-1 gene that encodes different pro-
eins, including heregulins (Holmes et al., 1992), glial
rowth factor (Marchionni et al., 1993), neu differentia-
ion factor (Wen et al., 1992), and sensory- and motor-
erived factor (Ho et al., 1995). Different isoforms of

hese proteins, result by alternative mRNA splicing
rom a single gene. They are collectively referred to as
euregulins (NRGs; Fischbach and Rosen, 1997); NRG

herefore designates transcripts or proteins encoded by
he nrg-1 gene irrespective of species or isoforms (Meier
t al., 1998). All members in the NRG family are
haracterized by a conserved EGF-like domain encod-
ng a peptide that is sufficient for the functional activity
f NRGs (Loeb and Fischbach, 1995; Yang et al., 1997).
Several lines of evidence indicate that the regulation

f gene expression of postsynaptic proteins by the
otor nerve is mediated, at least in part, by NRGs. The

xpression of NRGs in the motor neurons is confined to
he synaptic terminals. Upon release from motor neu-
ons, NRGs are deposited at the basal lamina to trigger
he synthesis of synapse-specific genes, such as AChRs
nd sodium channels (Corfas and Fischbach, 1993;
o et al., 1995). Recent gene targeting studies support
he notion that NRG plays an important role in the
nduction of synapse-specific gene expression. Mutant

ice that lack NRG expression die of cardiovascular
alformations by embryonic day 11.5, prior to the stage

f NMJ formation as well as muscle development
Meyer and Birchmeier, 1995; Lemke, 1996). A signifi-
ant reduction of AChRs (,50%) was observed in
eterozygous mice, suggesting that NRG is a neural

ignal that regulates AChR gene transcription in vivo
Sanes, 1997).
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242 Fu et al.
Receptors that mediate the actions of NRGs are
embers of the epidermal growth factor receptor-

elated (ErbB) family of tyrosine kinases, including
rbB2, ErbB3, and ErbB4. NRGs and the three ErbB
eceptors have been reported to be localized and en-
iched at the neuromuscular endplates (Moscoso et al.,
995). Although NRGs were first identified based on
heir ability to activate ErbB2, they are not direct ligands
or ErbB2. The other receptors, ErbB3 and ErbB4, show
igh affinity to NRGs but ErbB3 has little tyrosine kinase
ctivity. NRG stimulates the tyrosine phosphorylation
f ErbB receptors via a ligand-activated receptor ho-
odimerization or heterodimerization mechanism (Car-

away and Burden, 1995). The activation of signaling
ascades involving kinases such as ras, raf, erk, mitogen-
ctivated protein (MAP) kinase, and phosphatidylinosi-
ol 3-kinase leads to changes in the expression of specific
enes (Si et al., 1996; Tansey et al., 1996). The detailed
olecular mechanism underlying the action of NRG,

owever, remains to be elucidated.
As part of an effort to dissect the signaling molecules

hat mediate the actions of NRG, we have employed the
echnique of RNA fingerprinting by arbitrarily primed
CR (RAP-PCR) to identify candidate genes that are
egulated by NRG. Based on this analysis, eight differen-
ially expressed transcripts and one constitutive tran-
cript were identified in C2C12 myotube culture upon
reatment with recombinant NRG. Studies on the devel-
pmental expression profile of some of these genes
uggest potential functions during NMJ formation and

IG. 1. Recombinant NRG increased the mRNA expression of AChR

ollected after treatment with NRG-b1 (0–48 h for cultured C2C12 myotu
ChRe expression (top) and GAPDH (bottom) in C2C12 myotubes. (B) N
rimary muscle. Ribosomal RNA bands (18S and 28S) are indicated on the r
rovide insight into our understanding of the molecular
echanism involved in synapse formation.

ESULTS

dentification of NRG-Regulated Genes in Myotube
ulture by RNA Fingerprinting

To identify the genes that were transcriptionally
egulated by NRG, RNA fingerprinting was performed
sing total RNA collected from C2C12 myotube culture
fter treatment with recombinant NRG-b1 (4 nM). The
unctional activity of recombinant NRG was assessed by
xamining the up-regulation of AChRe and AChRa
RNA expression in C2C12 myotube and primary chick
uscle culture, respectively (Fig. 1). Induction of mRNA

xpression of AChRs in both muscle cultures was
bserved after treatment with recombinant NRG.
Total RNA prepared from C2C12 myotube culture

ollowing treatment with or without recombinant
RG-b1 (4 nM) for 48 h was subjected to the RAP-PCR

nalysis. RAP-PCR consists mainly of a reverse transcrip-
ion and two polymerase chain reactions. The first PCR
llows the generation of fingerprints from the samples
y low-stringency amplification, while the subsequent
igh-stringency PCR cycles allow the amplification of

he fingerprints resulted from the first amplification (for
etails, see Experimental Methods). RAP-PCR analysis
as performed on RNA samples with two dilutions (50

C2C12 myotube and chick primary muscle culture. Total RNAs were
s in

bes; 48 h for chick primary muscle culture). (A) RT-PCR analysis of
orthern blot analysis of AChRa (top) and GAPDH (bottom) in chick
ight.
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Identification of Neuregulin-Regulated Genes in Muscle 243
nd 150 ng). Only differentially expressed bands repro-
ucibly obtained in both dilutions were used for subse-
uent analysis. One constitutively expressed fragment
clone 19.4, see below) was selected for further analysis
o serve as a control for the equal loading of RNA.

nalysis of Differentially Expressed Transcripts
ollowing NRG Treatment

Based on the results of RAP-PCR analysis, a total of
ine cDNA fragments were cloned. Eight of these genes
howed differential expression profile following NRG
reatment while the constitutively expressed gene served
s control. The identity of these cDNA fragments was
nferred by comparison with known genes in the data-
ase (summarized in Table 1). The identified genes
ould be classified according to their cellular functions.
wo skeletal muscle structural proteins identified in-
lude clone 10.15, which shares 100% amino acid iden-
ity with rat fibronectin, and clone 13.3, which encodes

ouse skeletal muscle b-tropomyosin. Two signaling
egulators were identified, including clone 9.2 that
hares 100% amino acid identity with rat G-protein b1
ubunit (Gb1) and clone 10.7 that encodes mouse pro-
ein tyrosine phosphatase (SHP-2). Clone 11.1, sharing
00% amino acid identity with rat ribophorin I, was also
dentified. Two membrane-bound receptors were found
o be induced by NRG, i.e., clone 7.7 that shares 100%
mino acid identity with rat N-methyl-D-aspartate
NMDA) receptor glutamate-binding subunit (GBP) and
lone 26.1 that encodes a G-protein-coupled receptor

ABLE 1

euregulin-Regulated Genes Identified by RAP-PCR Analysis

lone Expression profile Gene identity

7.7 Up-regulated NMDA receptor glutamate
binding subunit (GBP)

8.6 Up-regulated Novel
9.2 Up-regulated G-protein b subunit (Gb1)

10.7 Up-regulated Phosphotyrosine phosphatase
(SHP-2)

10.15 Up-regulated Fibronectin
11.1 Up-regulated Ribophorin I
13.3 Up-regulated b-Tropomyosin
19.4 Constitutively expressed Novel
26.1 Up-regulated G-protein-coupled receptor,

RDC-1

Note. The mRNA expression profile of C2C12 myotubes following
euregulin treatment was obtained using Northern blot analysis.
i

ene identity of RAP-PCR clones was inferred by comparison of the
educed amino acid sequence of cloned cDNA fragments with known
enes as mentioned under Experimental Methods.
GPCR), RDC-1. Finally, two novel clones, 8.6 and 19.4,
hich show no homology with known genes, were

dentified.

orthern Blot Analysis of the Differentially
xpressed cDNA Fragments in C2C12 Myotubes

The mRNA expression profile of the cloned cDNA
ragments in C2C12 myotube culture was examined by
orthern blot analysis. Two transcripts (,11.5 and 9 kb)

or clone 10.15 (fibronectin), and two transcripts (,2.2
nd ,1.4 kb) for clone 13.3 (skeletal muscle b-tropomyo-
in), were detected in control C2C12 myotube; these
ranscripts were prominently up-regulated after NRG
reatment (Figs. 2A and 2B).

Northern blot analysis of clone 9.2 (Gb1) and clone
0.7 (SHP-2) revealed an up-regulation of mRNA expres-
ion following NRG treatment. One major transcript of
3.5 kb for clone 9.2 was detected in C2C12 myotube
NA and ,10-fold induction was observed following
RG treatment (Fig. 2C). For clone 10.7, one major

ranscript (,7 kb) was detected in C2C12 myotube and
as up-regulated by NRG (Fig. 2D). Similarly, the

ranscript (,2.5 kb) for clone 11.1 (ribophorin I) was
etected in C2C12 myotube RNA and induced follow-

ng NRG treatment (Fig. 3A).
Increased expression of the two membrane receptors
as observed following NRG treatment. Multiple tran-

cripts (,7, 4, and 1.8 kb) for clone 7.7 (GBP) were
etected in C2C12 myotube; the expression was in-
uced following NRG treatment (Fig. 3B). It is notewor-

hy that GBP transcript was prominent in the brain. An
ncrease (,twofold) in the mRNA expression for clone
6.1 (RDC-1; transcripts of 3, 2, and 1.5 kb) was detected
n C2C12 myotube after 2 days of NRG treatment (Fig.
C). Prominent expression for RDC-1 could be detected
n brain and muscle.

Three transcripts (,10, 4, and 2.3 kb) for the novel
lone 8.6 were detected in C2C12 myotube; induction
as observed after treatment with NRG for 2 days (Fig.

D). The expression of this novel gene was also detected
n rat adult brain and muscle but not liver. The mRNA
xpression of another novel clone, 19.4, was not regu-
ated in myotube following NRG treatment (Fig. 4). This
ovel gene served as a control for the equal loading of
NA.

orthern Blot Analysis of Some of the Differentially
xpressed cDNA Fragments in Chick Myotubes
The mRNA expression profiles of several NRG-
nduced genes identified in C2C12 myotubes were
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244 Fu et al.
xamined in primary chick muscle culture. The tran-
cripts corresponding to clones 10.7, 10.15, 13.3, and 8.6
ould be detected in primary chick muscle culture using
ouse cDNA fragments that were cloned based on the
AP-PCR analysis described above. Increased mRNA
xpression of all four clones following NRG treatment
as also observed in primary chick muscle culture

Fig. 5).

evelopmental Expression of the NRG-Regulated
enes in Different Rat Tissues

To further investigate the functional roles of the
RG-regulated candidate genes in postsynaptic differ-

IG. 2. Northern blot analysis for RAP-PCR clones 10.15, 13.3, 9.2, an
bronectin (A), clone 13.3 encodes skeletal muscle b-tropomyosin (B)
rain; M, muscle. Arrowheads indicate the detectable transcripts enco
ight.
ntiation events, developmental expression of these
enes was examined in rat muscle, brain, and liver. s
hree transcripts were detected by the partial cDNA
ragment encoding b-tropomyosin in rat muscle during
evelopment (Fig. 6). Differential regulation of these

ranscripts was observed: expression of the ,2.2-kb
ranscript increased along the course of development

hile the ,1.4-kb transcript increased during the early
ostnatal stages (P1 and P7) and then down-regulated
ntil adult (Fig. 6). Interestingly, while the ,2.2-kb

ranscript could not be detected in brain, it could be
etected in liver during early embryonic development.
aken together, these findings suggest that the isoforms
ncoded by b-tropomyosin may play different func-
ional roles in muscle development and/or NMJ forma-
ion.

.7 following NRG treatment of C2C12 myotubes. Clone 10.15 encodes
encodes Gb1 subunit (C), and 10.7 encodes SHP-2 (D). L, rat liver; B,
y the gene. Ribosomal RNA bands (18S and 28S) are indicated on the
d 10
Prominent expression of Gb1 and SHP-2 was ob-
erved in rat muscle during the stages of embryonic
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Identification of Neuregulin-Regulated Genes in Muscle 245
evelopment that coincide with the period of NMJ
ormation. The expression of Gb1 in muscle decreased
fter birth and remained at low level until adult (Fig. 7).
or SHP-2, mRNA expression was down-regulated from
ostnatal day 14 to day 21 (corresponding to the period
f synapse elimination), was induced at later postnatal
tages, and remained at high level in adult muscle (Fig.
). Interestingly, a similar expression pattern for both
enes, i.e., prominent expression during early embry-
nic development, was observed in both brain and liver
Figs. 7 and 8). On the other hand, the NMDA receptor

IG. 3. Northern blot analysis for RAP-PCR clones 11.1, 7.7, 26.1, a
ibophorin I (A), clone 7.7 encodes GBP (B), clone 26.1 encodes RDC-1
rrowheads indicate the detectable transcripts encoded by the gene. R
BP showed a ubiquitous expression pattern in rat
issues; the level of transcript slightly increased in p
uscle during early postnatal stages (P1–P14) and the
pposite expression profile was observed in liver along
he course of development (Fig. 9). It is noteworthy that
he expression of GBP was significantly up-regulated in
he brain during postnatal stages. The results obtained
or GAPDH as a control gene and EtBr-stained gels are
lso depicted in Fig. 9.

ISCUSSION

6 following NRG treatment of C2C12 myotubes. Clone 11.1 encodes
nd clone 8.6 encodes a novel gene (D). L, rat liver; B, brain; M, muscle.
mal RNA bands (18S and 28S) are indicated on the right.
In the present study, we have identified genes that are
otentially involved in NRG signaling in muscle using
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246 Fu et al.
AP-PCR analysis. This type of analysis has been used
o isolate a number of differentially expressed genes in a
ariety of experimental systems (reviewed in McClel-

and et al., 1995; Cheung et al., 1997; Schweitzer et al.,
998). We report here that a total of nine cDNA frag-
ents were cloned and analyzed based on the RNA

ngerprints of differentially expressed transcripts follow-
ng NRG treatment of cultured muscle cells. Two novel
enes have been identified in this study. Most impor-
antly, we have provided evidence that the expression of
everal known genes, such as b-tropomyosin, fibronec-
in, SHP-2, and GBP, are induced by NRG in cultured

yotubes. Furthermore, the identification of Gb1 and
PCR as NRG-regulated genes has provided the first
emonstration that activation of the NRG signaling

IG. 4. Clone 19.4 was constitutively expressed in C2C12 myotubes
ollowing NRG treatment. Equal loading of RNA for C2C12 myotubes

as depicted in the ethidium bromide-stained gel (bottom). L, rat
iver; B, brain; M, muscle. Arrowheads indicate the detectable tran-
cripts of clone 19.4. Ribosomal RNA bands (18S and 28S) are
ndicated on the right.
athway can induce the expression of components in
he G-protein signaling cascade. Taken together, our

g
b

ndings suggest that these NRG-induced genes are
nvolved in NRG signaling and may play important
oles in muscle development and NMJ formation.

While not much is known about the signaling cascade
ownstream of NRG-activated ErbB receptors, some of

he signaling molecules are likely to be analogous to
hose activated by epidermal growth factor, a ligand
hat also utilizes receptors of the ErbB family. For
xample, similar to the EGF-activated signaling cascade,
ecent studies have demonstrated that MAP kinase is
ctivated upon NRG stimulation of target cells (Si et al.,
996; Tansey et al., 1996). The protein tyrosine phospha-
ase SHP-2, acting upstream of MAP kinase, is a positive

ediator of EGF signaling and plays a critical role in
GF-induced responses (Xiao et al., 1994). SHP-2 is able

o dephosphorylate the inhibitory phosphotyrosine sites
nd allows the activation of downstream tyrosine ki-
ases (Feng et al., 1993). Recently, it has been shown that
HP-2 is also required for NRG-stimulated MAP kinase
ctivation and represents a converging point in signal-
ng subsequent to ligand-stimulated activation of the
rbB family of receptors (Deb et al., 1998). Our finding
n the NRG-induced expression of SHP-2 in cultured
yotubes provides additional evidence that this phos-

hatase plays an important role in NRG signaling
ubsequent to the activation of ErbB receptors.

Another signaling molecule, Gb1, is also up-regulated
y NRG in myotube culture. Gb1 has been demon-
trated to stimulate MAP kinase activation when it
imerizes with its g2 subunit (Lopez-Ilasaca, 1998).
revious studies have revealed that the activation of
AP kinase by Gbg is mediated by a common signaling

athway shared with receptor tyrosine kinase (RTK; van
iesen et al., 1995; Daub et al., 1996). Cross-talk between

he signal transduction pathways of GPCR and RTK,
oth converging on MAP kinase activation, can result in
ynergistic interactions. Recent evidence indicates that
verexpression of EGF receptor potentiates the MAP
inase activation induced by GPCR ligands (Buist et al.,
998). Our study provides the first demonstration that
he activation of the RTK signaling pathway can induce
he expression of components in the G-protein signaling
athway, such as Gb1.
An additional evidence supporting the involvement

f GPCR activation in the NRG signaling pathway in
uscle is our identification of a GPCR as one of the
RG-regulated genes. RDC-1, an orphan chemokine

eceptor cloned in the present study, belongs to the
uperfamily of GPCR (Horuk, 1994). Previous studies
uggest that RDC-1 can be activated by calcitonin

ene-related peptide (CGRP) and has been proposed to
e a potential candidate for the CGRP receptor (Kapas
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Identification of Neuregulin-Regulated Genes in Muscle 247
nd Clark, 1995). The ability of CGRP to stimulate the
RNA expression of AChRs in cultured myotubes

Fontaine et al., 1987) together with the expression
rofile of this peptide suggests that CGRP is one of the
eural factors that is critical in directing the formation of
ostsynaptic specializations. The identification of RDC-1
s a NRG-regulated gene in our study is of interest in
ight of a recent observation that CGRP-induced re-
ponse in muscle is probably mediated by a GPCR that
urns on cAMP (Choi et al., 1998). It is possible that
DC-1 may well be the GPCR that mediates the action
f CGRP in cultured myotubes. The NRG-induced
xpression of RDC-1 may provide a potential mecha-
ism to allow for an enhanced response to CGRP and
ltimately lead to synergistic cellular responses at the
MJ. Taken together, our finding raises an intriguing
ossibility that the two neural signals, NRG and CGRP,
ay indeed collaborate to bring about amplified re-

ponses, such as regulation of gene expression, in
uscle.
Two membrane-bound and ion-gated channel recep-

ors, AChRs and sodium channels, are well documented
o be regulated by NRG in muscle during the formation

IG. 5. NRG increases the mRNA expression of (A) clone 10.7, SHP-2
nd (D) clone 8.6 in primary chick muscle culture. Northern blot analy
RG treatment. Arrowheads indicate the detectable transcripts of the g
f NMJ. A recent study demonstrated that NRG can also
egulate the composition of neurotransmitter receptor in

p
fi

euronal synapses in the brain, in a manner analogous
o that observed at the NMJ (Ozaki et al., 1997). While
ne of the NMDA receptor subunits, NR2C, was found
o be up-regulated by NRG in the CNS, we have
dentified another membrane-bound receptor that can
e regulated by NRG, i.e., the NMDA receptor GBP.
hile structurally unrelated to other subunits of gluta-
ate receptor channels, GBP was hypothesized to be a
MDA receptor subunit involved in native NMDA

eceptor channels (Sato et al., 1995). Our finding sup-
orts the hypothesis that NRG may regulate the NMDA
eceptor subunits in skeletal muscle in a manner similar
o that observed in the cerebellum. The expression
rofile of GBP in CNS during development is consistent
ith the suggestion that GBP may be involved in

ynapse differentiation and maintenance (Schweitzer et
l., 1998).

It is well accepted that the assembly of a cytoskeleton
pecialization in postsynaptic muscle cells is an integral
art of AChR aggregation and NMJ formation. Two
enes encoding for structural proteins, skeletal muscle
-tropomyosin and fibronectin, are among the NRG-
egulated genes identified in the present study. It is

lone 10.15, fibronectin; (C) clone 13.3, skeletal muscle b-tropomyosin;
as performed with RNA prepared from primary chick myotubes after
Ribosomal RNA bands (18S and 28S) are indicated on the right.
ossible that b-tropomyosin may stabilize the actin
laments in skeletal muscle and that this protein may
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248 Fu et al.
ctively polymerize the newly formed AChR aggregates
n muscle. The putative functional role of tropomyosin

n AChR clustering is further supported by the cellular
ocalization of this molecule, i.e., its concentration at the

ammalian NMJs. Absence of tropomyosin was previ-
usly demonstrated to prevent the formation of new
ChR aggregates on muscle (Marazzi et al., 1989). Our
nding is therefore consistent with the suggestion that

ropomyosin is one of the proteins involved in the
nsertion of newly formed AChRs into muscle. The
ther structural protein identified in our study, fibronec-
in, may have similar functions in enhancing the stabili-
ation of the scaffold of AChRs in muscle. Ribophorin I,

IG. 6. Northern blot analysis of b-tropomyosin in different rat tissu
ajor transcripts (,2.2 and ,1.4 kb) were detected in rat muscle; th
uscle development.
ne of the NRG-regulated genes, has been demon-
trated to enhance protein synthesis by incorporating

t
m

he newly synthesized protein to the endoplasmic retic-
lum (Yu et al., 1990). It is possible that ribophorin I is

nvolved in NRG signaling to enhance the synthesis and
resentation of AChR subunits and sodium channels on
uscle membrane.
RAP-PCR analysis provides a useful approach to

dentify differentially expressed genes that are involved
n many cellular responses. As demonstrated in the
resent study, this type of analysis can also reveal the
nexpected roles for some candidate proteins that are
nown for their roles in other physiological functions.
he panel of NRG-regulated genes identified indicates

he complexity of the NRG-mediated signaling cascade

ring development (from embryonic day 14 to postnatal day 90). Two
ger transcript was muscle specific and prominently induced during
hat ultimately leads to well-orchestrated responses in
uscle cells. Dissecting the precise functions subserved
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Identification of Neuregulin-Regulated Genes in Muscle 249
y these genes, and identifying other NRG-regulated
enes, should facilitate our understanding of the molecu-

ar mechanism underlying NRG-mediated responses at
he NMJ.

XPERIMENTAL METHODS

ecombinant Neuregulin

The EGF-like domain of NRG-b1 was constructed by
CR using a pair of primers flanking S to K of the

IG. 7. Northern blot analysis of Gb1 in different rat tissues during d
etected in embryonic muscle, decreased after birth, and remained at l
136 205

GF domain of ARIA/NRG (Yang et al., 1997). The
DNA fragment (,210 bp) was subcloned into pGEX

C
n

ector (Amersham–Pharmacia Biotech, UK). Recombi-
ant NRG-b1 was purified according to the supplier’s
rotocol.

ell Culture

Mouse C2C12 cells were normally maintained as
yoblasts in DMEM supplemented with 10% FBS as

reviously described (Fu et al., 1997). Differentiation of
yoblasts to myotubes was induced by switching the

ulture medium to DMEM supplemented with 2% HS.

pment (from embryonic day 14 to postnatal day 90). Gb1 mRNA was
vel until adult.
ultured C2C12 myotubes were treated with recombi-
ant NRG-b (4 nM) for 48 h prior to preparation of
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250 Fu et al.
NA. Primary chick muscle cultures were prepared
rom hindleg muscles of E13 chicks and maintained in

EM supplemented with 10% HS and 2% (v/v) chick
mbryo extract (Fu et al., 1999). After fusion of myo-
lasts for 3 days, arabinoside cytosine (10 µM) was
dded to the muscle culture for 1 day.

otal RNA Extraction and the Northern Blot Analysis

Total RNAs of C2C12 myotubes (control or treated

IG. 8. Northern blot analysis of SHP-2 in different rat tissues durin
rominently expressed in early embryonic muscle (E14). The expressio
tages.
ith recombinant NRG-b1) were prepared by guanidin-
um thiocyanate extraction. The lithium chloride/urea t
xtraction method was used for preparation of total
NAs from rat tissues. Northern blot analysis was
erformed as previously described (Ip et al., 1995).
ylon filters were hybridized with random-primed

2P-labeled cDNA fragments in phosphate buffer at
5°C, washed at high stringency, and exposed to X-ray
lm (Fuji) with intensifying screen at 280°C.

everse Transcription and Polymerase Chain Reaction

velopment (from embryonic day 14 to postnatal day 90). SHP-2 was
creased after birth (P14 to P21) and was up-regulated in the postnatal
Single-stranded cDNA was prepared from 2 µg of
otal RNA using Superscript II RNase H2 reverse trans-
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riptase (Gibco BRL, NY) according to the supplier’s
nstruction. Amplification of DNA was performed in a
hermocycler (Robocycler; Stratagene, CA) with 10% of
he reverse transcription product in a total volume of 20
l using the following parameters: 1 min at 94°C, 1 min
t 55°C, and 1 min at 72°C for 25 cycles. PCR products
ere analyzed by 1% agarose gel electrophoresis. The

orward and reverse primers used for amplification of
at AChRe cDNA were 58-GCAATACCATCAACAAG-38
nd 58-CAGCAGCTCTAATAAAA-38, respectively.

NA Fingerprinting by Arbitrary Primed PCR

RAP-PCR was performed as described (Cheung et al.,
997). Briefly, reverse transcription was performed at
7°C for 1 h using total RNA (50 and 250 ng) and a first
rbitrary primer (designated RT-primer). Arbitrarily
rimed PCR mix was prepared by combining 23 Taq
olymerase buffer, 4 µM MgCl2, 200 µM dNTP, two
rimers at 1 µM each (i.e., RT-primer and AP-PCR
rimer), 0.1 U Taq polymerase, and 4 µCi [32P]dCTP. The
rimers used include KS primer and M13-forward
rimer. AP-PCR consisting of low-stringency amplifica-

ion followed by 30 normal PCR cycles was performed.
uring the low-stringency cycle, the reaction was an-
ealed at 35°C for 5 min. After PCR, 4 µl of amplified
roducts was mixed with 18 µl of 95% formamide and
eated at 94°C for 2 min, and 2.5 µl of this heated
ixture was electrophoresed in denaturing 6% polyacryl-

mide gel. Differentially expressed PCR bands were
xcised from the gel and reamplified with the same
rimers for 20 cycles in the absence of radioactive

sotopes. The cDNA fragments cloned in this study were
300–500 bp.

loning of DNA Fragments and Sequence Analysis

Reamplified cDNA was gel-purified with Qiaex (Qia-
en, U.S.A.) according to the supplier’s instruction.
urified cDNA fragments were subcloned using
CRScript SK(1) cloning kit (Stratagene). Double-
tranded sequencing of the plasmids was performed
ith T3 and T7 primers using T7 DNA polymerase

equencing kit (Amersham–Pharmacia Biotech). Five
ndividual clones from each amplified product were
equenced. The nucleotide sequences were compared
ith the GenBank and EMBL databases. Deduced amino

cid sequences were compared with the CDS transla-
ions of the GenBank databases and the amino acid
equences from the PDB, SwissProt, Spudate, and PIR

atabases. In both cases, the BLAST server provided by

he National Center for Biotechnology Information (Na-
ional Library of Medicine, National Institutes of Health)
as used for performing the sequence analysis.
BLASTX was also attempted with the dbEST database
t the National Center for Biotechnology Information.
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