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XPRESSION OF G PROTEIN � SUBUNITS IN RAT SKELETAL
USCLE AFTER NERVE INJURY: IMPLICATION IN THE REGULATION

F NEUREGULIN SIGNALING
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bstract—Tight regulation of gene transcription is critical in
uscle development as well as during the formation and
aintenance of the neuromuscular junction (NMJ). We previ-
usly demonstrated that the transcription of G protein �1
G�1) is enhanced by treatment of cultured myotubes with
euregulin (NRG), a trophic factor that plays an important
ole in neural development. In the current study, we report
hat the transcript levels of G�1 and G�2 subunits in skeletal

uscle are up-regulated following sciatic nerve injury or
lockade of nerve activity. These observations prompted us
o explore the possibility that G protein subunits regulate
RG-mediated signaling and gene transcription. We showed

hat overexpression of G�1 or G�2 in COS7 cells attenuates
RG-induced extracellular signal-regulated kinase (ERK) 1/2
ctivation, whereas suppression of G�2 expression in C2C12
yotubes enhances NRG-mediated ERK1/2 activation and

-fos transcription. These results suggest that expression of
� protein negatively regulates NRG-stimulated gene tran-
cription in cultured myotubes. Taken together, our observa-
ions provide evidence that specific heterotrimeric G proteins
egulate NRG-mediated signaling and gene transcription dur-
ng rat muscle development. © 2007 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: G protein, ErbB receptor, MAP kinase, neuromus-
ular junction, nerve activity.

he neuregulins (NRGs) are a family of growth factors that
lay functional roles in proliferation, differentiation, migra-
ion and survival of a number of cell types (Esper et al.,
006). The biological functions of NRG are mediated by
rbB receptors, and NRG-ErbB signaling has been impli-
ated in myogenesis, survival of Schwann cell precursors,
aturation of Schwann cells, differentiation of the postsyn-
ptic muscle cell at the neuromuscular junction (NMJ) and
uscle spindle formation (Falls, 2003). Importantly, NRG
as been suggested to induce the gene expression of
trophin and acetylcholine receptor (AChR) subunits in

Corresponding author. Tel: �852-2358-7304; fax: �852-2358-2765.
-mail address: boip@ust.hk (N. Y. Ip).
bbreviations: AChR, acetylcholine receptor; Cdk, cyclin-dependent
inase; CGRP, calcitonin gene-related peptide; EGF, epidermal
rowth factor; ERK, extracellular signal-regulated kinase; FBS, fetal
ovine serum; G�, G protein �; JNK, c-Jun N-terminal kinase; MAPK,
itogen-activated protein kinase; NMJ, neuromuscular junction; NRG,
m
euregulin; PTX, pertussis toxin; SHP2, phosphotyrosine phospha-
ase; TTX, tetrodotoxin.
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yotube cultures or of immediate early genes in myoblasts
Gramolini et al., 1999; Kim et al., 1999; Rimer, 2003;
acobson et al., 2004). Upon binding to ErbBs, NRG

nduces receptor autophosphorylation followed by the
ctivation of Ras/Raf/mitogen-activated protein kinase
MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt sig-
aling (Buonanno and Fischbach, 2001). Interestingly,
RG-mediated signaling and gene transcription can be

egulated by cyclin-dependent kinase (Cdk) 5, a member
f the Cdk family (Fu et al., 2001, 2004). Our work on
elineating the plethora of NRG-regulated gene transcripts
reviously revealed that the transcript level of a guanine
ucleotide binding protein (G protein) subunit, G�1, and a
protein-coupled receptor, RDC1, is up-regulated follow-

ng NRG treatment of cultured myotubes (Fu et al., 1999a).
hese findings raise the interesting possibility that specific

proteins might be involved in modulating NRG-ErbB
ignaling in muscle.

Heterotrimeric G proteins are associated with various
ellular responses such as cell proliferation and differenti-
tion. There are 20 distinct G protein � (G�) subunits

dentified to date. Together with five types of G� subunits
nd 12 G� subunits, these subunits constitute a diverse
rray of heterotrimeric G proteins. G� and G� subunits

orm stable functional complexes which play important
oles in mediating proliferation and survival signals
Schwindinger and Robishaw, 2001). G�� can regulate a
umber of effectors ranging from ion channels, enzymes,
o various kinases. The ability of G�� subunits to regulate
APKs provides a link to transcriptional regulation. Over-
xpression of G�� dimers in HEK 293 cells has been
eported to activate MAPKs such as extracellular signal-
egulated kinase (ERK), c-Jun N-terminal kinase (JNK),
nd p38 MAPK (Ito et al., 1995; Coso et al., 1996; Yam-
uchi et al., 1997). Insulin-like growth factor-I has been
hown to activate a pertussis toxin (PTX)-sensitive G pro-
ein, leading to G��-mediated and Ras-dependent MAPK
timulation in rat 1 fibroblasts (Luttrell et al., 1995) and
uman intestinal smooth muscle cells (Kuemmerle and
urthy, 2001). Moreover, the PTX-sensitive G proteins
lso appear to participate in the activation of ERK by nerve
rowth factor in PC12 cells (Rakhit et al., 2001). These and
umerous other studies attest to the fact that substantial
rosstalk exists between receptor tyrosine kinases and G
rotein-regulated signal transduction pathways (Lowes et
l., 2002). Our previous observation on the upregulation of
�1 by NRG (Fu et al., 1999a) suggests a potential in-
olvement of G proteins in NRG-mediated signaling in

uscle development. Indeed, repression of terminal differ-

ved.
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ntiation of skeletal muscle cells by fibroblast growth factor
ppears to be mediated via G�� subunits (Fedorov et al.,
998).

The aim of the present study is to investigate the
egulation of G� subunits in skeletal muscle after nerve
njury and during development, and its potential involve-

ent in NRG-regulated gene expression. Here, we report
he up-regulation of G�1 and G�2 mRNA in rat muscle
fter nerve injury or in vivo application of tetrodotoxin
TTX). Moreover, we provide evidence that overexpression
f G� subunits modulates NRG-mediated downstream sig-
aling, i.e. activation of MAPKs and expression of imme-
iate early genes, such as c-fos. Our findings reveal a new
egulatory mechanism for NRG-ErbB signaling in muscle,
roviding additional insights into the crosstalk between
TK and G protein signaling.

EXPERIMENTAL PROCEDURES

ll experiments were performed in accordance with the guidelines
f the Animal Care Facility at the Hong Kong University of Science
nd Technology, in conformance with international guidelines on
he ethical use of animals. All efforts were taken to minimize the
umber of animals used and their suffering.

hemicals, constructs and antibodies

ecombinant fusion protein encoding the EGF domain of NRG-�1
as purified as previously described (Fu et al., 1999a). CGRP was
btained from Calbiochem (La Jolla, CA, USA) and TTX from
igma (St. Louis, MO, USA). Antibodies specific for G�1 (c-16),
�2 (c-16), and ErbB4 were purchased from Santa Cruz Biotech-
ology (Santa Cruz, CA, USA). Antibodies specific for p-ERK1/2,
-MEK1/2, p-JNK, and MEK1/2 were purchased from Cell Signal-

ng Technology (Beverly, MA, USA), while antibodies against
RK1/2 and FLAG were purchased from Upstate (Lake Placid,
Y, USA) and Sigma, respectively. The pcDNA3/ErbB4 plasmid
as kindly provided by Dr. L. Mei (University of Georgia, Athens,
A, USA).

loning of cDNA fragments, total RNA extraction
nd Northern blot analysis

he cDNA probes for G�1–5 used in Northern blot analysis were
loned by RT-PCR. Forward and reverse primers for rat G�1–5
ubunits were designed as previously described [G�1 (Fu et al.,
999a); G�2–5 (Betty et al., 1998)]. For G�1–4, cDNA fragment of
= untranslated region was amplified while for G�5, cDNA for the
oding region was amplified. Primer sequences were as follows:
�1; 5=-CAGTAGCAGGTGGATG-3= and 5=-AATGCATCAGT-
ACAGTCAGA-3= (586 bp, 1062–1647 nt; U88324), G�2; 5=-
GCCCAGGCAGGGAGCAG-3= and 5=-AGTTGGAAGTGGTT-
CTTTATGGA-3= (350 bp; 106–456 nt; AF022084), G�3;
=-GGCTGGAGGAAGAGGTGGGAA-3= and 5=-AGGTAATAA-
AGAGAACAAAA-3= (394 bp, 1104–1500nt; L29090), G�4; 5=-
TG CAGATGAAGTTCTTCTATTGAGG-3= and 5=-TTGTGC-
AGTTGAATGGATGAGTT-3= (898 bp, 149–1047 nt; AF022085)
nd G�5,5=-AGCCTCAAGGGCAAGCTAGAGGAG-3= and 5=-
CGTCAGCCCCATGGCCATGGAAG-3= (532 bp, 33–565
t; AF022086). Single-stranded cDNA was prepared from 2 �g of rat
dult brain total RNA using Superscript II RNase H� reverse
ranscriptase (Invitrogen, Carlsbad, CA, USA) according to the
upplier’s instruction. For analysis of chick G�1 and CKM tran-
cripts, rat cDNA probes were used since G�1 and CKM gene
hare �80% identity in nucleotide sequence between rat and
hick, whereas a chick AChR� probe was used for AChR� tran-

cripts (Ip et al., 2000b). s
Total RNAs from C2C12 myotubes and rat muscle were pre-
ared by guanidinium thiocyanate extraction and lithium chloride/
rea extraction methods (Ip et al., 1996; Fu et al., 1999a). Twenty
icrograms of total RNAs were electrophoresed on a 1% agar-
se–formaldehyde gel, transferred onto a nylon membrane, and
ross-linked by UV irradiation. Northern blot analysis was per-
ormed as previously described (Ip et al., 1995). The DNA probes
ere purified and labeled with [�-32P]dCTP using Megaprime

abeling kit (GE Health Care). Nylon filters were then hybridized at
5 °C with radiolabeled probes in 0.5 M sodium phosphate buffer
pH 7), 1% bovine serum albumin, 7% SDS, 1 mM EDTA, and
0 �g/ml sonicated salmon sperm DNA. Filters were washed at
5 °C with 2� SSC/0.1% SDS and exposed to X-ray film with

ntensifying screen at �80 °C.

enervation and in vivo paralysis by TTX

rocedures for nerve denervation and in vivo TTX paralysis were
s previously described (Fu et al., 2002b). Briefly, adult rats were
nesthetized and the upper thigh of animals was opened and a
mall segment (�0.5 cm) of sciatic nerve was removed in the
erve cut experiment. Nerve crush was performed by pinching the
ciatic nerve with a pair of fine forceps for at least 5 s. Animals
ere killed at different times following surgery and the gastrocne-
ius muscles were collected for analysis. For in vivo TTX paral-

sis, an osmotic pump containing 180 �g/ml TTX in Hanks’ solu-
ion supplemented with penicillin and streptomycin was implanted
.c. and fixed below the rib cage of anesthetized rats. TTX was
elivered to the sciatic nerve by Silastic tubing at a rate of 4.5
g/day. Muscle paralysis was induced by the action of TTX which
locks the nerve-evoked contraction of the gastrocnemius muscle.
ontrol experiment was performed using Hanks’ solution.

ell culture, primary chick muscle culture, transient
ransfection

OS7 cells were cultured in DMEM with 10% FBS, 100 U/ml
enicillin and 100 �g/ml streptomycin, and maintained at 37 °C
ith 5% CO2 atmosphere. Mouse C2C12 myoblasts were main-

ained in DMEM supplemented with 20% fetal bovine serum
FBS), 100 U/ml penicillin and 100 �g/ml streptomycin as previ-
usly described (Fu et al., 1997). Differentiation of myoblasts to
yotubes was induced by switching the culture medium to DM

DMEM supplemented with 2% horse serum). Cultured C2C12
yotubes were treated with recombinant NRG (4 nM) for 48 h
rior to preparation of RNA. Primary chick muscle cultures were
repared from the hind limbs of E11 chick embryos as previously
escribed (Fu et al., 1999b). Suspended muscle cells (5�105)
ere plated onto collagen-coated 35 mm dishes, and maintained

n Eagle’s minimal essential medium containing 10% horse serum,
% chick embryo extract, 100 U/ml penicillin and streptomycin.
yoblasts began to fuse by 3 days after plating and 10 �M

ytosine arabinoside was added and treated for 1 day.
COS7 cells were transiently transfected with ErbB4 receptor

0.5 �g), FLAG-tagged G� (0.5 �g) or G� (1 �g) plasmids as
ndicated using Lipofectamine Plus reagents (Invitrogen). Each
ransfection was performed with 3�106 cells in 60 mm culture
ish. Twenty-four hours after transfection, the medium was re-
laced by serum-free DMEM medium and 16 h later, COS7 cells
ere treated with NRG (4 nM) for various durations followed by
rotein extraction. A chemically modified siRNA targeting mouse
�2 subunit was designed according to the manufacturer’s in-
truction using the Stealth RNAi technology (Invitrogen). Its cor-
esponding scramble siRNA was used as the controls. C2C12
yotubes were differentiated for 2 days and transfected with the
iRNA using Lipofectamine 2000 (Invitrogen).
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rotein extraction, Western blot analysis and
mmunohistochemical analysis

OS7 cells and rat muscle tissues were lysed with RIPA lysis
uffer (25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
odium deoxycholate and 0.1% SDS; with protease inhibitors
ncluding 1 mM PMSF, 1 mM sodium orthovanadate and 10 �g/ml
eupeptin and aprotinin) and then incubated for 30 min at 4 °C. The
ysates were centrifuged at 20,800�g at 4 °C for 10 min. The
upernatants were saved and the pellets were discarded. Western
lot analysis was performed as previously described (Fu et al.,
001). Briefly, all samples were separated on SDS-PAGE and
ubsequently transferred onto nitrocellulose membranes which
ere then incubated with the primary antibody indicated, washed
nd incubated with the appropriate secondary antibody. Signals
ere detected using the SuperSignal® West Pico Chemilumines-
ent Substrate kit (Pierce, Rockford, IL, USA).

Adult rat muscle sections, or denervated muscle sections
aken from various periods after sciatic nerve cut (10 �m), were
xed with 2% paraformaldehyde/5% sucrose in PBS for 15 min at
oom temperature, washed and permeabilized with 0.4% Triton
-100. Double staining was performed by incubating the sections
ith rhodamine-conjugated �-bungarotoxin (10 nM; Molecular
robes, Eugene, OR, USA) and primary antibodies specific for
�1 and G�2 at 4 °C overnight followed by FITC-conjugated goat
nti-rabbit antibody in DMEM/10% FBS for 1 h at 37 °C as
escribed (Ip et al., 2000a). The sections were then washed and
ounted for fluorescence microscopy.

tatistical analysis

esults in the current study were analyzed by two-tailed Student’s
-test. All experiments have been repeated for at least three times.

P value of less than 0.05 was considered to be statistically
ignificant.

ig. 1. The transcript levels of G�1 and G�2 subunits were up-regul
nalysis for G�1, G�2 and G�5 in muscle after nerve cut and nerve c
s controls. Arrowheads indicate the detectable transcripts. Fold inc
ean�S.D. (bottom panel). (B) The mRNA expression of G�1, G�2
ctivity (upper panels). Total RNA from gastrocnemius muscle after

ollected. CKM transcripts were included as control. The fold change in the inte
oints (mean�S.D.; bottom panels).
RESULTS

pregulation of G�1 and G�2 subunits in rat skeletal
uscle after nerve injury and by neural activity

espite being a critical component of G protein–regu-
ated signaling pathways, the expression of G� subunits
n skeletal muscle has not been well characterized. We
herefore began our studies by examining the expres-
ion of different G� isoforms in the adult rat skeletal
uscle. Among the five G� subunits examined, G�1,
�2, and G�5 transcripts could be detected by Northern
lot analysis using G� isoform-specific probes. Given

hat denervation increases subsynaptic gene transcrip-
ion in muscle (Ip et al., 1996; Schaeffer et al., 2001), we
sked if the expression of G� subunits is similarly reg-
lated. The mRNA expression of G� subunits in muscle

ollowing nerve injury was first examined. The sciatic
erve was damaged by either nerve cut or nerve crush,
nd the levels of mRNA expression of G�1, G�2 and
�5 subunits in skeletal muscle following nerve injury
ere compared using Northern blot analysis. We found

hat G�1 mRNA expression was increased by �twofold
t day 4 following nerve cut and remained elevated until
ay 20, while the transcript was slightly up-regulated at
ay 10 after nerve crush and returned to the basal level
y day 20 (Fig. 1A). For G�2, mRNA level increased by
threefold at day 4 following either nerve cut or crush,
nd remained elevated through day 20 (Fig. 1A). The
xpression of G�5 transcript was found to be relatively

uscle after nerve injury or in vivo TTX application. (A) Northern blot
per panels). Muscle creatine kinase (CKM) transcripts were included
mRNA transcripts was quantified by densitometry and depicted as
� subunits in muscle was up-regulated following blockade of neural

t (Cut), in vivo TTX treatment (TTX) or buffer treatment (PBS) was
ated in m
rush (up
rease of
and AChR
nerve cu
nsity of transcript is normalized to that of CKM at corresponding time
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nchanged in muscle after nerve injury. Our observa-
ions suggest that denervation increases the transcrip-
ion of G�1 and G�2 subunits in skeletal muscle.

Since G�1 and G�2 subunits were differentially reg-
lated after nerve injury, it is of interest to further delin-
ate if the upregulation of G� subunits transcription was
ue to loss of neural activity, or loss of trophic factor
upport. To examine if loss of nerve activity is sufficient
o induce the upregulation of G� subunits transcription,
n effective blocker of voltage-dependent sodium chan-
el, TTX, was continuously delivered to muscle via an
uto-osmotic pump implanted in the gastrocnemius
uscle of an adult rat (Fu et al., 2002a). We found that

he level of G�1 transcript increased by �threefold after
-day TTX treatment in vivo, comparable to the increase
bserved in muscle after nerve cut. Similarly, the
hanges in mRNA expression for G�2 after TTX treat-
ent (�fivefold) paralleled that observed following
erve cut (Fig. 1B). The transcription of AChR� subunit
as also up-regulated at day 4 after nerve cut and TTX

reatment. The relative slight change in the mRNA levels
f G�1, G�2 and AChR� in muscle after PBS treatment

ig. 2. G�1 and G�2 subunits remained localized at the NMJs after ne
mmunostaining indicated the co-localization of G�1 or G�2 and AChR
ITC-conjugated secondary antibodies while AChRs were stained wit
t NMJ could not be detected when the antibodies were pre-incubate
erformed on adult rat gastrocnemius muscle sections at days 4, 10 a
right panels) and rhodamine-conjugated �-bungarotoxin. Normal mus
ay be induced by the implantation of Silastic tubing. W
ogether, these findings suggest that the increase in the
xpression of G� subunits observed following nerve

njury was, at least in part, caused by the loss of neural
ctivity.

�1 and G�2 were localized to the post-synaptic
egion of NMJ following nerve injury

ince the regulatory profile of G�1 and G�2 transcripts
s similar to that of most synaptic genes, we examined
hether G�1 and G�2 subunits are indeed localized to

he post-synaptic site. Frozen sections of the gastroc-
emius muscle were subjected to immunohistochemical
nalysis. It has been demonstrated that the axon termi-
al at the NMJ degenerates by day 4 following nerve
ection (Lai et al., 2001). Comparison of G�1 and G�2

ocalization in normal and denervated muscle will there-
ore help to identify if the immunoreactivity observed is
ocated mainly at the post-synaptic muscle membrane or
resynaptic nerve terminal. At normal NMJ, G�1 and
�2 immunoreactivity was co-localized with AChR at

he NMJs in adult rat gastrocnemius muscle (Fig. 2A).

. (A) Localization of G�1 and G�2 subunits to adult rat NMJs. Double
units were detected with G�1 or G�2 specific antibodies followed by
ine-conjugated �-bungarotoxin. The specific staining for G� subunits
eir corresponding blocking peptides. (B) Double immunostaining was
er sciatic nerve cut using antibodies against G�1 (left panels) or G�2
on (day 0) was included as control. Scale bar�20 �m.
rve injury
. G� sub

h rhodam
d with th
nd 21 aft
cle secti
e found that up to 21 days post–nerve injury, G�1 and
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�2 (Fig. 2B) immunoreactivities remained concen-
rated and co-localized with that of AChR. The post-
ynaptic compartmentalization of G�1 and G�2 proteins

s consistent with a potential role of G�1 and G�2 in
egulating the development/functions of NMJ.

evelopmental expression of G�1 and G�2 subunits
n rat skeletal muscle

o further characterize the regulation of G� subunits at
ostsynaptic muscle, the expression of G�1, G�2 and G�5
ranscripts and proteins at various developmental stages
as determined. A prominent level of G�1 (�3.6 kb) and
�2 (�1.6 kb) transcripts was detected in rat muscle (Fig.
A), especially in late embryonic stages (E16 to E18)
uring the period of NMJ formation. The expression of
hese transcripts was down-regulated from P14 and re-
ained at a low level until adulthood, while G�5 mRNA
as detected in E16 muscle and was relatively unchanged
long the course of development. Similarly, Western blot
nalysis revealed that G�1 and G�2 proteins were prom-

nently expressed in membrane fractions of E19 rat mus-
le, maintained at high level during postnatal stages of P8

ig. 3. The mRNA and protein expression of G�1 and G�2 subunits w
nd G�2 were prominently expressed in rat muscle during E stages an

he detectable transcripts. The relative positions of ribosomal RNA ban
as included as control. (B) Western blot analysis of G�1 and G
, embryonic; P, postnatal.
nd P14, and decreased at P30 (Fig. 3B). n
TX and NRG treatment up-regulated the mRNA
xpression of G�1 and G�2 subunit in myotube
ultures

imilar to G�1 transcript, the mRNA expression of G�2 in
2C12 myotubes was also induced by NRG treatment [(Fu
t al., 1999a); Fig. 4A]. Using chick primary muscle culture
ystem, we further confirmed that either blockade of neural
ctivity or NRG could up-regulate the expression of the
�1 subunit. Northern blot analysis was performed to
etermine the expression profile of G�1 mRNA after treat-
ent of chick myotube culture with TTX or NRG (Fig. 4B).
ince extensive studies have been conducted on the reg-
lation of AChR� mRNA in cultured chick myotubes
reated with pharmacological agents (Klarsfeld and Chan-
eux, 1985), the mRNA expression of AChR� was simul-

aneously examined as control. Treatment with TTX re-
ulted in a rapid and complete cessation of spontaneous
ontractions of cultured myotubes. The level of G�1 tran-
cripts was induced by �twofold in TTX-treated myotubes.
xperiments performed with two nerve-derived trophic fac-

ors, NRG and calcitonin gene-related peptide (CGRP),
evealed that G�1 transcript was up-regulated by NRG but

pmentally regulated in rat skeletal muscle. (A) The transcripts of G�1
ession gradually decreased along development. Arrowheads indicate

and 28S) are indicated on the right. Northern blot analysis for GAPDH
rat muscle membrane fractions. Actin served as loading control.
as develo
d its expr
ds (18S
ot by CGRP (Fig. 4B).
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verexpression of G�� subunits negatively
egulated NRG-induced MEK-ERK
ctivation in COS7 cells

RG has been demonstrated to induce the transcription of
ynapse-specific genes or immediate-early genes in myo-
ubes via activation of MAPK signaling pathway (Si et al.,
999). The up-regulation of G� subunits by NRG suggests

hat G protein–mediated signaling may take part in modu-
ating NRG-regulated gene transcription in myotubes.
ince G�� acts as a functional monomer where the � and
subunit never dissociates from each other, we expressed
�2 with G�1 or G�2 subunit to examine how G�� pro-

eins modulate ERK1/2 and JNK signaling pathways down-
tream of NRG. COS7 cells were transfected with ErbB4
eceptor, and FLAG-tagged G�2 subunit and G�1 or G�2
ubunits as indicated, and then treated with NRG for 5–30
in (Fig. 5). The phosphorylation of ERK1/2 was up-reg-
lated in pcDNA3, G�1�2 or G�2�2-overexpressed COS7
ells following NRG treatment (Fig. 5A). However, the
bserved increase of ERK1/2 phosphorylation was atten-
ated in G�1�2 or G�2�2-transfected COS7 cells, where
hospho-ERK1/2 was reduced to the basal level after 30
in of NRG treatment (Fig. 5A). Thus, overexpression of
�1�2 or G�2�2 in COS7 cells reduced NRG-stimulated
RK activation. Similar to that observed with ERK1/2,
RG-induced phosphorylation of the upstream regulator of
RK1/2, MEK1/2, was up-regulated at 5 min and main-

ained until 30 min. The increase of MEK1/2 phosphoryla-
ion was found to be reduced in COS7 cells overexpress-
ng G�1�2 or G�2�2 following NRG treatment (Fig. 5B).
imilarly, phosphorylation of JNK was increased by NRG,
ut the increase was not attenuated by the G�� expression
Fig. 5C). It is interesting to note that the basal phosphor-
lation of JNK was elevated in cells overexpressing G��
roteins. The phosphorylation of p38, another MAP kinase
ownstream of Ras, was not affected by NRG treatment
data not shown). Re-probing the membranes with anti-

ig. 4. The up-regulation of G� transcripts in primary muscle culture
p-regulated after NRG treatment. Total RNA of C2C12 myotubes with
orthern blot analysis for G�1 and G�2 subunits was performed. L, live
culture by TTX or trophic factors. Day 4 chick myotube culture was

or 48 h. The Northern blots were hybridized with chick AChR�, rat G�
ibosomal RNA bands (18S and 28S) are indicated on the right.
LAG antibody confirmed that exogenous G� subunits G
ere indeed expressed in G��-transfected cells (Fig. 5D).
xpression of ErbB4 was comparable, suggesting that the
ifferences observed were not due to differential amount of
rbB4 expressed. Interestingly, we found that overexpres-
ion of G� subunit alone could attenuate NRG-stimulated
RK1/2 activation to a similar extent as that observed with
�� overexpression (Fig. 5E), suggesting that G� subunit
onfers G�� specificity in coupling ErbB4-activated down-
tream signaling events. Together, our results showed that
verexpression of G� subunits attenuates the NRG-stim-
lated phosphorylation of MEK1/2 and ERK1/2, but not the
hosphorylation of JNK.

uppression of G�2 expression increased the
RG-mediated ERK activation and c-fos

ranscription in C2C12 myotubes

o further investigate whether G� signaling is involved in
egulating NRG-induced gene transcription, we examined
he ability of NRG to induce the transcription of an imme-
iate early gene, c-fos, in cultured myotubes with sup-
ressed G�2 expression. The activation of MEK-ERK sig-
aling and induction of c-fos transcription was observed in
2C12 myotubes after NRG stimulation (Si et al., 1999).
ince G�2 expression is higher than that of G�1 in muscle
nd overexpression of G�1 or G�2 exerts similar effect on

he NRG-mediated signaling (Fig. 5), we examined
hether knockdown of G�2 regulates the NRG-stimulated
ene regulation in C2C12 myotubes. Transfection of
2C12 myotubes with the siRNA targeting G�2 resulted in

educed expression of G�2 mRNA and protein (�60%;
ig. 6D and E), whereas the protein expression of G�1

emained unchanged (Fig. 6D). In agreement with the
esults of the overexpression studies in COS7 cells, sup-
ressing G�2 expression in C2C12 myotubes led to an

ncrease in the NRG-mediated MEK and ERK1/2 activation
at 30 min; Fig. 6A and B). Furthermore, the NRG-induced
RNA expression of c-fos in these myotubes with reduced

or TTX treatment. (A) The mRNA expression of G�1 and G�2 was
t NRG treatment for 48 h was collected (�, NRG treated; �, Control).
; M, muscle. (B) Regulation of G�1 mRNA transcripts in primary chick

ith TTX (1 �M) or trophic factors, NRG (10 nM) and CGRP (100 �M),
M. Arrowheads indicate the transcripts detected by the cDNA probes.
after NRG
or withou
r; B, brain
treated w
1 and CK
�2 expression was increased when compared with that
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ransfected with the control siRNA (Fig. 6E). Together,
hese results suggest that G�2 subunit negatively regu-
ates NRG-mediated signaling and transcription in cultured
2C12 myotubes.

DISCUSSION

ur findings provide the first extensive analysis on the
egulation of transcript levels of G protein � subunits in rat
uscle during development, and in adult muscle following
erve injury. Among five G� subunits, transcripts of G�1,
�2 and G�5 can be detected in muscle, but only the

ranscription of G�1 and G�2 is up-regulated after nerve
njury. In addition, we found that G�1 and G�2 are local-
zed to the post-synaptic compartment, suggesting that

�-mediated signaling may be important for synapse for-
ation and/or function.

The accumulation of G�1 and G�2 subunits in the
ost-synaptic compartments may be attributed by two
echanisms, either the proteins are synthesized in the

ubsynaptic nuclei or being synthesized at distinct sites
nd transported subsequently to synapses. Further analy-
is is required to examine whether the mRNA of G� sub-

ig. 5. Overexpression of G� subunits attenuated NRG-induced MA
ogether with expression constructs as indicated. Western blot analyse

and C). The G��-overexpressing cells were treated with NRG for 5
re presented as mean�S.D. of three independent experiments. �#, �

.e. 0, 5, 15 and 30 min following NRG treatment. (D) Expression of exo
nd FLAG specific antibodies. (E) Overexpression of G� subunits sim

ysates were collected from transfected cells treated with or without N
nits is concentrated at subsynaptic nuclei. However, the p
egulation of G� transcripts is similar to that of most syn-
ptic genes. It has been shown that the synaptically en-
iched transcripts, such as AChR subunits, N-CAM and
uSK, share distinct features: their abundance in muscle
ecreases upon development and increases after dener-
ation. Consistent with this notion, we found that the tran-
cripts of G�1 and G�2 share a similar regulatory pattern.
erve activity represses synaptic gene expression in the
xtrasynaptic areas of skeletal muscle during development
r in adult. Thus, the up-regulation of G� transcript levels

s likely representative of an increase of G� transcripts in
he extrasynaptic regions, reminiscent of the ability of neu-
al activity to suppress transcription of AChR subunits in
he extrasynaptic region (Goldman et al., 1988). Our in
itro culture studies provide further evidence that the ex-
ression of both G�1 and G�2 can be regulated by neural
ctivity or NRG. This observation is consistent with existing
echanisms implicated in the regulation of gene transcrip-

ion at synapses. Accumulating evidence indicates that the
ost-synaptic apparatus is organized by signals from the
re-synaptic nerve terminal through two distinct mecha-
isms. First, electrical activity from motor neuron re-

phorylation in COS7 cells. COS7 cells were transfected with ErbB4
sphorylated and total ERK1/2, MEK1/2 and JNK were performed (A,
Quantitative analysis was depicted in the right panels and all results
.05 versus pcDNA3-transfected cells at corresponding time intervals,
rbB4 receptor and FLAG-tagged G�� subunits was detected by ErbB4
tenuated ERK activation as that observed for G�� subunits. Protein
0 min (�, NRG treated; �, Control).
PK phos
s for pho

–30 min.
, #, ‘ P�0
genous E
resses transcription of AChR genes in the extrajunctional
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rea of muscle fiber (Goldman et al., 1988). Second, tro-
hic factors such as agrin or NRG, induce the AChR
xpression and rearrange AChR and other cytoskeletal
roteins at the post-synaptic domain. Upon binding of NRG
o its receptors, ErbB tyrosine kinase receptors become
hosphorylated and stimulate downstream signaling path-
ays including Ras-Raf-MEK-ERK, JNK, Cdk5 and PI3
inase. The rapid and transient activation of ERK and JNK
nduces the expression of two immediate early genes,
-fos and c-jun and other critical genes in muscle
Sunesen and Changeux, 2003; Krag et al., 2004). Al-
hough recent studies examining the role of NRG on NMJ
evelopment using mice deficient in NRG or ErbB cast
oubt on the requirement of NRG in NMJ development in
ivo (Yang et al., 2001; Escher et al., 2005), NRG has
een observed to regulate a myriad of genes in myotubes,

ncluding sodium channels, utrophin and various members
f the early growth response family of transcription factors
Corfas and Fischbach, 1993; Gramolini et al., 1999; Ja-

ig. 6. Suppressing G�2 expression increased NRG-stimulated MEK
ere transfected with G�2 siRNA and treated with NRG. Western blo
uantification is shown at the right panels. NRG was added to the myo
hosphorylation level refers to the fold change of phosphorylated signa
mock-transfected) cells after NRG treatment. All results are present
nalysis for c-fos. Quantitative analysis is shown at the right panels. G�
ranscripts.
obson et al., 2004). These findings suggest that NRG- o
ediated gene transcription may take part in regulating
ther aspects of muscle maturation and synaptic functions
t the NMJ, such as muscle spindle development (Leu et
l., 2003).

In addition to the upregulation of G�1 and G�2 expres-
ion by NRG, we observed that G-proteins can in turn
ttenuate signaling and gene transcription downstream of
RG signaling. Previous studies have identified several
roteins including phosphotyrosine phosphatase (SHP2)
nd erbin which could also negatively regulate NRG sig-
aling in muscle (Tanowitz et al., 1999; Huang et al.,
003). Interestingly, like G� subunits, SHP2 is also up-
egulated in myotubes in response to NRG (Fu et al.,
999a; Tanowitz et al., 1999). These observations collec-
ively suggest that signaling proteins, the transcript levels
f which are regulated by NRG, are able to regulate NRG-
ediated downstream signaling.

Previous studies have demonstrated that overexpres-
ion of G�� subunits can robustly stimulate the activation

ivation and c-fos transcription in C2C12 myotubes. C2C12 myotubes
for phosphorylated and total ERK1/2 (A), MEK1/2 (B) and JNK (C).

re for 30 min to stimulate the MEK-ERK activation. Change of relative
in normalized with the total protein level. * P�0.05 versus the control
an�S.D. (D) Protein expression of G�2 and G�1. (E) Northern blot
APDH served as loading controls. Arrowheads indicate the detectable
-ERK act
t analysis
tube cultu
ling prote

ed as me
f ERK1/2 and JNK (Faure et al., 1994; Ito et al., 1995;
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oso et al., 1996). However, we found that when ErbB4
eceptor was co-transfected with G�� subunits in COS7
ells, differential effects were observed for the regulation of
hosphorylation status of ERK1/2 and JNK. While overex-
ression of G�� complexes significantly reduced the NRG-
timulated activation of ERK1/2 and MEK1/2, an elevated
asal activity for JNK, but not ERK, was observed. The
etailed mechanisms underlying the attenuation of ERK1/2
nd MEK1/2 activation are unclear. Nonetheless, our iden-
ification of an important role of G�� in NRG-mediated
RK1/2 signaling adds it to the list of cross-talks observed
etween receptor tyrosine kinases and G proteins. For
xample, G�� subunits, associated with insulin-like growth
actor 1 (IGF1) receptor, are involved in IGF-1 mitogenic
ignaling (Luttrell et al., 1995; Dalle et al., 2001). G�s

ubunits can be directly activated by the epidermal growth
actor (EGF) receptor upon EGF treatment (Poppleton et
l., 1996; Sun et al., 1997). Future studies directed toward
nderstanding the detailed mechanism of G�� in NRG-
ediated synapse-specific gene transcription in myotubes
re required to delineate the functional roles of G�� sub-
nits in NRG-regulated muscle differentiation or NMJ
ormation.

Since different G�� complexes have differential abili-
ies in coupling G� subunits to receptors, or regulating
ffectors, the selective regulation of G� subunits during
erve injury may contribute to the triggering of specific
ignaling cascades in muscle following nerve denervation.
or example, the endothelin B receptor couples effectively

o both G�i and G�q subunits in the presence of the G�1�2
imer, but to G�q alone in the presence of G�5�2 (Lindor-
er et al., 1998). In terms of regulating downstream effec-
ors, G�1 and G�5 exert differential effects on the MAPK
nd JNK pathways in COS cells (Zhang et al., 1996).
herefore, G�1 and G�2 may be specifically required in
ecruiting signaling molecules at the post-synaptic region
fter nerve injury. Our study reveals the synaptic localiza-
ion of G�1 and G�2 subunits at the NMJ. Such subcellular
ompartmentalization of G proteins may facilitate interac-
ions between proteins expressed in the same cell. In
articular, the G�1 and G�2 may be required to target
pecific G� subunits to the post-synaptic membrane region
t synapses, which, in turn allows the G� subunits to
ctivate signaling in muscle.

CONCLUSION

n summary, we have shown that both transcripts and
roteins of G� subunits are specifically localized at the
MJ, indicating the possible involvement of G protein–

egulated pathways in muscle. G proteins can perhaps
articipate in synaptic functions via crosstalk with RTK
ignaling pathways. Using the RNAi approach, we have
hown that G� proteins negatively regulate NRG-mediated
EK-ERK activation and affect subsequent immediate
ene transcription. However, the precise roles of G� in
uscle and/or NMJ, and the possible signaling crosstalk
etween RTKs and heterotrimeric G proteins at the syn-

pse remain to be determined.
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