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ABSTRACT

Skeletal muscle precursor cells are adult stem cells located among muscle fibers. Proliferation, migration, and
subsequent differentiation of these cells are critical steps in the repair of muscle injury. We document in this
study the roles and mechanisms through which the NAPDH oxidase complex regulates muscle precursor cell
proliferation. The NADPH oxidase subunits Nox2, Nox4, p22Phox, p47Phox and p67Phox were detected in pri-
mary human and murine skeletal muscle precursor cells. In human muscle precursor cells, NADPH oxidase-
fusion proteins were localized in the cytosolic and membrane compartments of the cell, except for p47rhox,
which was detected in the nucleus. In proliferating subconfluent precursor cells, both Nox2 and Nox4 con-
tributed to O, production. However, Nox4 expression was significantly attenuated in differentiated myotubes.
Proliferation of precursor cells was significantly reduced by antioxidants (N-acetylcysteine and apocynin), in-
hibition of p22Ph°X expression by using siRNA oligonucleotides, and reduction of Nox4 and p47PhoX activities
with dominant-negative vectors and siRNA oligonucleotides resulted in attenuation of activities of the Erk1/2,
PI-3 kinase/AKT and NF«B pathways and significant reduction in cyclin D1 levels. We conclude that NADPH
oxidase is expressed in skeletal muscle precursor cells and that its activity plays an important role in pro-
moting proliferation of these cells. Antioxid. Redox Signal. 10, 559-574.

INTRODUCTION

IT HAs BEEN well established that relatively low levels of re-
active oxygen species (ROS) play important roles as sig-
naling molecules in a wide range of physiologic and patho-
physiologic responses. However, excessive production of ROS
leads to cell injury and apoptosis and is involved in the patho-
genesis of many diseases, including diabetes, hypertension, and
atherosclerosis (9). ROS are primarily generated as byproducts
of mitochondrial oxidative phosphorylation, with O,™ as the
main product. Endoplasmic reticulum cytochrome P-450 en-

zymes, xanthine, and aldehyde oxidases, nuclear electron-trans-
port systems, flavoproteins, and lipooxygenases are also capa-
ble of producing ROS.

In phagocytes, NADPH oxidase is a multimeric enzyme com-
plex consisting of four essential subunits (p22Phx, gp9]phox
(Nox2), p47Phox and p67Pho%) and two additional subunits
(p40Phox and Rac?2). p22Ph°x and Nox2 form an integral mem-
brane-bound complex (flavocytochrome bssg) that is responsi-
ble for catalytic activity, whereas p47P"°% and p67Ph°% are nor-
mally localized in the cytosol (2). On phagocyte stimulation,
activation of Rac2 and phosphorylation of p47Ph°* triggers as-
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sembly of p47PP°% and p67Ph°* subunits with p40P"°* and Rac2,
as well as translocation of these subunits to flavocytochrome
bssg, leading eventually to the formation of a functional
NADPH oxidase complex.

Recent studies have indicated that NADPH oxidase is also a
major source of ROS in nonphagocytes, including vascular and
airway smooth muscles, fibroblasts, and endothelial and ep-
ithelial cells [for review, see (4)]. In these cells, NADPH oxi-
dase produces ROS under basal conditions, but, on stimulation,
ROS are produced intracellularly at much lower levels than they
are in phagocytes. Another difference between phagocytes and
nonphagocytes relates to the fact that several homologues of
Nox2 (including Nox1, Nox3, Nox4, and Nox5), and of p47°hox
(NOXO1) and p67Phox (NOXOAL), are expressed in various
nonphagocytic cells, indicating that multiple NADPH oxidase
forms might exist in these cells (3, 10). In addition, increasing
evidence indicates that in nonphagocytes, Nox-derived ROS
function as second messengers in the signaling of tyrosine ki-
nase growth factor receptors, cytokine receptors, and G pro-
tein—coupled receptors, such as those associated with angio-
tensin II (4).

Skeletal muscles have a relatively high regenerative capac-
ity because of the presence of satellite (muscle precursor) cells,
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which are mononuclear progenitor cells located between the ba-
sal lamina and cell membranes of mature muscle fibers. Under
normal conditions, satellite cells are quiescent. However, in re-
sponse to muscle injury or during degenerative muscle diseases,
precursor cells are activated and go through rounds of cell di-
vision to produce a pool of myogenic precursors known as myo-
blasts. A number of these myoblasts replenish satellite cell re-
serves, but the majority proliferate further, fuse, and finally
differentiate into multinucleated myotubes and, eventually, my-
ofibers (19).

Little information is available regarding the expression and
functional significance of NADPH oxidase—derived ROS in
skeletal muscle precursor cells. Two recent studies have con-
firmed the presence of Nox2, p47PP°* and p67°PP°* mRNA
and proteins in immortalized rat L6 myoblasts and myotubes
and that the activity of NADPH oxidase in these cells gen-
erates ROS to regulate insulin signaling and Ca>* flux (12,
41). Others, however, have failed to detect NADPH oxidase
expression in either immortalized mouse C2C12 or L6 myo-
blasts (21). The reasons behind these discrepancies are un-
clear, but may be related to methodologic issues, including
differences in the type of immortalized precursor cells under
investigation.

TaBLE 1. LisT oF OLIGONUCLEOTIDES PRIMERS USED FOR RT-PCR anD REAL-TIME PCR AmpLIFICATION OF NADPH OXIDASE
SUBUNITS AND NOX PROTEINS IN HUMAN AND MURINE SKELETAL MYOBLASTS AND MYOTUBES

Product size

Target bp Sequences Reference Species

p22phox 164 Forward-GTACTTTGGTGCCTACTCCA (1) H*
Reverse-CGGCCCGAACATAGTAATTC

p22phox 176 Forward-TCTATCGCTGCAGGTGTGCT M
Reverse-AGGCACCGACAACAGGAAGT

Nox1 281 Forward-CTTCCTCACCGGATGGGACA (1 M&H
Reverse-TGACAGCATTTGCGCAGGCT

Nox2 321 Forward-TGTCCAAGCTGGAGTGGCAC (1) H
Reverse-GCACAGCCAGTAGAAGTAGAT

Nox2 156 Forward-CCAGTGAAGATGTGTTCAGCT H*
Reverse-GCACAGCCAGTAGAAGTAGAT

Nox3 708 Forward-GAGTGGCACCCCTTCACCCT (1) H
Reverse-CTAGAAGCTCTCCTTGTTGT

Nox4 1741 Forward-GCCGCCGCCATGGCTGTGTCCTGG (13) H
Reverse-GGCATAACACAGCTGATTGATTCCGCTGAG

Nox4 211 Forward-AGTCAAACAGATGGGATA (1) M&H
Reverse-TGTCCCATATGAGTTGTT

Nox4 285 Forward-TTGTCTTCTACATGCTGCTG M&H*
Reverse-AGGCACAAAGGTCCGHAAAT

Nox4 240 Forward-AAGCATACTTGCCCCAGCTG () M&H
Reverse-CAGGCCAATGGCCTTCATGT

p47phox 207 Forward-TTGAGAAGCGCTTCGTACCC (1) H
Reverse-CGTCAAACCACTTGGGAGCT

p47phox 93 Forward-CCCAGCCAGCACTATGTGTA M&H*
Reverse-GGAACTCGTAGATCTCGGTG

p67Phox 245 Forward-CAGTTCAAGCTGTTTGCCTG (1) M&H*
Reverse-TTCTTGGCCAGCTG

CyclophilinB 265 Forward-ATGGCACAGGAGGAAAGAGC (1) M&H
Reverse-ATGATCACATCCTTCAGGGG

GADPH 166 Forward-AAGAAGGTGGTGAAGCAGGCG M&H*

Reverse-ACCAGGAAATGAGCTTGACAA

*Primers used for Real-time PCR.
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In our attempts to evaluate the expression, intracellular lo-
calization, and functional importance of various subunits of
NADPH oxidase enzyme complex in skeletal precursor cells,
we performed several pilot experiments in which we used cul-
tured primary human and murine muscle precursor cells. Based
on these preliminary results and the well-documented involve-
ment of Nox proteins in the regulation of proliferation of sev-
eral nonphagocytic cell types, we tested in this study the fol-
lowing hypotheses: (a) The NAPDH oxidase enzyme complex
is present in mature skeletal muscle fibers and skeletal muscle
precursor cells; (b) both Nox2 and Nox4 contribute to total
NAPDH oxidase activity in proliferating primary skeletal mus-
cle precursor cells; (c) NADPH oxidase—derived ROS promote
proliferation of muscle precursor cells by activating the Erk1/2,
PI-3 kinase/AKT, and the NF-«kB pathways.

MATERIALS AND METHODS

Animal preparation

Six-week-old male C57/BL6 mice were killed with an over-
dose of pentobarbital sodium. Diaphragm, extensor digitorum
longus (EDL), tibialis anterior, and soleus muscles were im-
mediately excised, frozen in liquid nitrogen, and stored at
—80°C until further analysis.

Cell culture

Primary human myoblast culture. Primary human
muscle precursor cells (human myoblasts), immortalized by ex-
pression of the E6E7 early region from human papillomavirus
type 16, were generously provided by Dr. E. Shoubridge
(McGill University, Montréal, QC) and cultured in SkBM cul-
ture medium (SkBM Bullet Kit; Cambrex, East Rutherford, NJ),
supplemented with 15% inactivated fetal bovine serum (FBS)
(28). To induce differentiation into myotubes, myoblasts (90%
confluent) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Inc., Carlsbad, CA) supplemented with
2% inactivated horse serum (HS) for 6 days. Differentiation
was evaluated, with immunoblotting, by the morphologic ap-
pearance of cells and by measuring the expression of myogenin
and muscle-specific proteins, including myosin heavy chain and
creatine kinase.

Primary murine myoblast culture. Primary murine
muscle precursor cells (mouse myoblasts) derived from di-
aphragm and tibialis anterior muscles were established as de-
scribed by Rosenblatt e al. (33). In brief, diaphragm and tib-
ialis anterior muscle strips were extracted from 6-week-old
C57/BL6 mice, digested with collagenase (0.2% at 37°C for 60
min), and then triturated to break muscle tissues into single
fibers. Individual fibers were washed in DMEM and phosphate-
buffered saline, transferred into matrigel-coated (1 mg/ml in
DMEM) six-well plates, and maintained in DMEM supple-
mented with 1% penicillin/streptomycin and 0.2% amphotericin
B, 10% HS, and 0.5% chick embryo extract (MP Biomedicals,
Aurora, OH) for 4 days, which allowed myoblasts to attach to
the substratum. Myoblasts were then grown in growth medium
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(DMEM supplemented with 20% fetal bovine serum, 10% HS,
1% chick embryo extract) for 6 days. We should emphasize that
this method of myoblast isolation yields >95% pure muscle
myoblast population. Identical growth medium was used to
maintain immortalized murine C2C12 cells. Total RNA was ex-
tracted from primary human and murine as well as C2C12 myo-
blasts.

Reverse transcriptase-PCR (RT-PCR) and
real-time PCR

Total RNA from mouse diaphragm, EDL, tibialis anterior,
and soleus muscles and mouse and human myoblasts and my-
otubes was extracted by using a GenElute Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich Co., Oakville, ON, Canada).
Total RNA (2 ng) was reverse transcribed by using 200 Su-
perscript II Reverse Transcriptase (Invitrogen) in a reaction
mixture containing 0.5 mM dATP, dCTP, dGTP, and dTTP, 40
units of RNase inhibitor, 50 pmol random hexamers, 3 mM
MgCl,, 75 mM KCl, 50 mM Tris-HC1 (pH 8.3), and DTT 20
mM in a total volume of 20 ul. The resultant cDNA was PCR
amplified by using TagDNA polymerase (Invitrogen) and oli-
gonucleotide primers specific for murine and human p22pPhox,
p47Phox p67Phox - Nox1-Nox5, and cyclophilin B transcripts
(control) (Table 1). For all genes, except Nox4, the amplifica-
tion cycles consisted of initial denaturation at 94°C for 3 min
followed by 35 cycles of 30 sec at 94°C, 30 sec at 57°C, and
30 sec at 72°C. For Nox4, the annealing temperature was 50°C.
RT- PCR products were analyzed on a 2% agarose gel.

Real-time PCR was performed by using a 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA) and
primers designed to amplify human and mouse transcripts of
Nox2, Nox4, p22phox pg7phox pe7phox and GAPDH (see Table
1). One microliter of the reverse-transcriptase reaction was
added to 25 ul of SYBR Green PCR Master Mix (Qiagen Inc.,
Valencia, CA) and 3.5 ul of each 10 uM primer. The thermal
profile was as follows: 95°C for 10 min and 40 cycles of 95°C
for 15 sec, 57°C for 30 sec, and 72°C for 33 sec. A melt anal-
ysis for each PCR experiment was used to assess primer-dimer
formation or contamination. Results were analyzed by using the
comparative threshold cycle (Cr), the value at which the am-
plification curve crosses the threshold line. Ct values were then
used to calculate absolute copy numbers based on standard
curves generated by plasmids containing full-length coding se-
quences of NADPH oxidase subunits. All real-time PCR ex-
periments were performed in triplicate.

Measurements of O, production

Production of O, in muscle precursor cells was measured
by using lucigenin and coelenterazine chemiluminescence as-
says in 96-well plates with an LMax II luminometer (Molecu-
lar Devices Corp., Sunnyvale, CA). In brief, 70% confluent
myoblasts or myotubes were washed with PBS and scraped off
the plate into cold HBSS buffer. Cells (50 X 10%) were loaded
in each well of a 96-well plate. NADH or NADPH (100 uM)
and lucigenin (10 uM) or coelenterazine (10 wM) were added
to each well, and luminometer output (relative light unit) was
measured for a 20-min period. Production of O, (total signal
minus background signal) was measured as the area under the
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TaBLE 2. ExPrEsSION oF MRNA orF NADPH OXIDASE SUBUNITS IN MOUSE
SKELETAL MuscLES EXPRESSED IN CoPIES/NG ToTaL RNA

Gp917"%/Nox2 p22rhox p47Phox p67Phox Nox4
Diaphragm 61 = 187 314 = 12 33 = 5t 14 + 31 27 + 3t
Extensor digitorium longus 1.6 = 0.7%F 17 + 10% 2.4 *+ 0.8*F 0.1 = 0.7%F 1.1 = 0.2%F
Tibialis anterior 10 = 2%t 162 = 14% 9 =+ 4f 2.2 + 0.4%F 5.1 = 0.3%F
Soleus 7.0 = 0.8%F 233 *+ 15% 8 + 2 52 + 1.2%t 4 + 0.8%F

Values are means (six independent samples) = SEM.

*p < 0.05 compared with the diagphragm (using two-way ANOVA).

fp < 0.05 compared with p22Phox,

curve. In a few experiments, polyethylene glycol superoxide
dismutase (PEG-SOD) (250 U/ml), N-acetylcysteine (NAC, 10
mM), which is a general antioxidant, apocynin (1 mM), which
is an inhibitor of the association of p47Ph°* with p22Phox and
Nox2, and diphenyleneiodonium (DPI, 10 uM), which is an in-
hibitor of electron transporters, were added 1 h before the ad-
dition of NADPH and lucigenin. To evaluate the contribution
of other sources of O, production other than NAPDH oxidase,
cells were preincubated for 30 min with rotenone (100 uM, in-
hibitor of mitochondrial complex I activity), indomethacin (10
M, inhibitor of cyclooxygenase), oxypurinol (100 wM, inhib-
itor of xanthine oxidase), and NU-nitro-L-arginine methyl ester
(L-NAME; 100 uM, inhibitor of nitric oxide synthases) before
O, measurements by using lucigenin chemiluminescence.

Subcellular fractionation

Confluent human myoblasts were washed twice with ice-cold
PBS and lysed on ice in HEPES buffer (HEPES, 50 mM; NaCl,
150 mM; NaF, 100 mM; EDTA, 5 mM; and triton X-100, 0.5%)
containing protease inhibitors (aprotinin, Smg/ml; leupeptin, 2
mg/ml; and PMSF, 100 mM) and sonicated at 100W for 15 sec
on ice. The homogenate was centrifuged at 250 g for 5 min fol-
lowed by 20-min centrifugation at 20,000 g to separate the mi-
tochondria. The supernatant was then centrifuged for 60 min at

100,000 g to obtain detergent-resistant proteins in the pellet and
detergent-soluble proteins in the supernatant. All fractions were
stored at -80°C until further analysis.

Transfection with plasmids and
fluorescence microscopy

To identify subcellular targeting of NADPH oxidase subunit
proteins in human skeletal myoblasts, expression vectors con-
taining enhanced cyan (ECFP), and enhanced yellow (EYFP)
fluorescence proteins were used following methods for the con-
struction of ECFP-Nox2, EYFP-p22PP°% and EYFP-Nox4 ex-
pression vectors that were previously described (32). ECFP-
p47Phox and EYFP-p67PRo% expression vectors were generated
by cloning human p47P"°% and p67Ph°x cDNA into pECFP-C1
and pEYFP-C1 vectors, respectively (BD Biosciences Inc., Mis-
sissauga, ON, Canada). Expression vectors for subcellular lo-
calization markers; pECFP-ER for endoplasmic reticulum,
pECFP-Mito for mitochondria, pECFP-Peroxi for peroxisomes,
and pECFP-Endo for endosomes were obtained from Clontech
(Palo Alto, CA). These vectors encode fusion proteins consist-
ing of ECFP and targeting sequences of calreticulin (ER), sub-
unit VIII of cytochrome ¢ oxidase (mitochondria), peroximal
targeting signal 1 (peroxisomes), and rhoB GTPase (endo-
somes), respectively. Transient transfections were performed
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FIG. 1. (A) RT-PCR amplification of p22phox,

Nox2 Nox2, p47°h°% and p67P"°* transcripts in human
skeletal myoblasts. In each panel, PCR products
p47ph0x are shown on the right side, whereas the DNA ladder
is shown to the left. (B) RT-PCR amplification of
p22°Phox Nox2, p47PhoX and p67PPOX transcripts in
p67ph°x mouse tibialis anterior and diaphragm muscles. (C,

D) Amplification of Nox4 mRNA by using RT-PCR
in human myoblasts (C) and in murine myoblasts de-
rived from diaphragm and tibialis anterior muscles
(D). Human umbilical vein endothelial cells (HU-
VECs) were used as positive controls.
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TABLE 3.
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ExprEssION oF MRNA ofF VaArious NADPH OXIDASE SUBUNITS IN

SKELETAL MYOBLASTS EXPRESSED IN CoPIES/NG ToTaL RNA

Gp91Ph*/Nox2 p22rhox p47phox po7Phox Nox4
Primary human myoblasts 0.1% 1444 0.05* 0.3% 16*
Primary mouse diaphragm myoblasts 0.8* 1260 0.1* 0.3* 42%
Primary mouse tibialis myoblasts 0.2* 426 0.1* 0.3* 13*
C2C12 myoblasts 0.7* 0.1 0.03* 6.1% 42%

Values are means of four independent samples.

*p < 0.05 compared with p22P"°% (using Two-Way ANOVA).

with human skeletal myoblasts cells seeded on 22-mm? cover
slips in 24-well tissue-culture plates by using Lipofectamine
LTX (Invitrogen) at a 1:2 ratio of DNA/Lipofectamine in Opti-
MEM I Medium (Invitrogen), in accordance with the manu-
facturer’s recommendations. Fluorescence was visualized 48 h
later by using a Zeiss LSM-510 META laser scanning micro-
scope with a 40X oil immersion lens in a multitrack mode with
dual excitation (458 nm for ECFP and 514 nm for EYFP) and
emission (BP 470-500 nm for ECFP, and BP 530-600 nm for
EYFP) filter sets.

Adenoviral infection of myoblasts

Human skeletal myoblasts (15 X 10*) were seeded in 24-well
plates and infected for 5 h with adenoviruses (multiplicity of
infection was 500-1,500) in basal medium. These conditions
resulted in uniform expression of transgenes in ~90% of the
cells, as assessed by green fluorescence protein (GFP) fluores-
cence. The viruses were then removed, and cells were allowed
to recover in complete medium for 24 h. To inhibit p47Phox,
adenoviruses expressing a mutant form of p47Ph°X, which is
defective in the first Src homology 3 (SH3) domain
[p47W(193)R], were used (15). To evaluate the functional im-
portance of Nox4, myoblasts were infected with dominant-neg-
ative Nox4 adenoviruses lacking FAD-NAD(P)H binding do-
mains (Ad-AFAD/NADPH-Nox4), which were generously
provided by B.J. Goldstein (Thomas Jefferson University, Phil-
adelphia, PA) (29). To evaluate involvement of the NF-«B path-
way in myoblast proliferation, myoblasts were infected with
adenoviruses expressing dominant-negative mutant forms of
IxB kinase (IKK) a (Ad-dnIKKa) and IKKB (Ad-dnIKKp), as
previously described (34). Adenoviruses expressing GFP were
used as controls in all experiments involving adenoviruses.

Transfection with small inhibitory RNA
(siRNA) oligonucleotides

Double-stranded siRNA oligos targeting the 5'-AAT TAC
TAT GTT CGG GCC GTC-3' region of the human p22phox
coding sequence were synthesized and purified by Qiagen. To
inhibit Nox4 expression, we used a pool of three commercially
designed siRNA oligos (Dharmacon Inc., Chicago, IL). A flu-
orescein-labeled nonsilencing control siRNA oligo (Alexa
Fluor488; Qiagen) was used as a control. Myoblasts were trans-
fected with siRNA oligos by using HiPerFect Transfection
Reagent (Qiagen) in skeletal muscle growth serum (SkGM) and

were examined 24 h later for mRNA expression and 48 h later
for protein expression.

Myoblast proliferation

Myoblast proliferation was assessed by using two different as-
says: cell count and bromodeoxyuridine (BrdU) incorporation. For
the cell count, myoblasts (15 X 10° cells) were plated into 12-
well plates and maintained for 24 h in complete culture medium
containing 15% FBS in the absence and presence of NAC (10
mM), apocynin (1 mM), PI-3 kinase inhibitors (L.Y294002 at 300
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FIG. 2. (A, B) Detection of Nox2, p22Phox  pq7phox pg7phox
and Nox4 in total cell lysates of human myoblasts using im-
munoblotting and selective antibodies. -+, Human neu-
trophil lysates. (C) Expression of NADPH oxidase subunits in
crude lysates, detergent-soluble (DS), mitochondrial, and de-
tergent-resistant (DR) fractions of human myoblasts. +M and
+C, Membrane and cytosolic fractions of human neutrophils.
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nM and wortmannin at 100 nM), a mammalian target of the ra-
pamycin (mTOR) pathway inhibitor (rapamycin at 50 ng/ml), an
Erk1/2 inhibitor (PD98059 at 30 uM), and an NF-«B inhibitor
(BAY11-7082 at 1 uM). Cells were then trypsinized (0.5%
trypsin-EDTA) and stained with trypan blue. Viable cells were
counted by hematocytometer. For BrdU incorporation, a Cell Pro-
liferation ELISA, BrdU colorimetric kit was used (Roche Applied
Science, Laval, Quebec, Canada). Myoblasts were plated into 96-
well plates at a density of 5 X 103 cells/well in 100 ul of full cul-
ture medium for 24 h in the absence and presence of antioxidants
and various inhibitors. Cells were then pulsed with 10 uM BrdU
for 4 h, fixed and then labeled, according to the manufacturer’s
instructions. Absorbance (370 nm) was measured 10 min after the
addition of substrate.

Immunoblotting

Crude cell lysates or cell fractions (30 to 80 ug total protein)
were boiled for 5 min and then loaded onto tris-glycine SDS-
polyacrylamide gels. Proteins were electrophoretically trans-
ferred onto polyvinylidene difluoride membranes, blocked for
1 h with 5% nonfat dry milk, and incubated overnight at 4°C
with primary antibodies. Nox2, p47P"°%, and p67P"°* proteins
were detected with polyclonal antibodies (22), whereas p22Phox

MOFARRAHI ET AL.

protein was identified by using a monoclonal antibody
(mADb48), generously provided by Dr. D. Roos (University of
Amsterdam, The Netherlands). Nox4 protein was detected with
an affinity-purified polyclonal antibody (13). Activation of
Erk1/2 was assessed with polyclonal antibodies specific to ac-
tive (dually phosphorylated at Thre!3 and Tyr!'8%) and total
Erk1/2. The p38 and stress-activated protein kinase/c-Jun NH,-
terminal kinase (SAPK/JNK) phosphorylation was monitored
with polyclonal phospho-p38 (Thre!8%/Tyr!82), phospho-SAPK/
JNK (Thre!#3/Tyr!83), and total p38 and total SAPK/INK anti-
bodies. Phosphorylation of the p65 subunit of NF-kB (RelA)
was assessed by using a phospho-Ser>3® antibody. Phosphory-
lation of mTOR at Ser?**® and AKT at Ser*’? was detected with
polyclonal antibodies. All antibodies were purchased from Cell
Signaling Technology (Danvers, MA). Myogenin (A4.74) and
myosin heavy-chain (MF20) protein levels were assessed by
using monoclonal antibodies (Developmental Studies Hybri-
doma Bank, University of Iowa). Proteins were detected with
horseradish peroxidase—conjugated anti-mouse or anti-rabbit
secondary antibodies and ECL reagents (Chemicon Inc.,
Temecula, CA). Blots were scanned with an imaging densito-
meter, and optical densities of the protein bands were quanti-
fied with ImagePro software (Media Cybernetics, Carlsbad,
CA). Predetermined molecular weight standards were used as
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FIG. 3. (A, B) Representative examples of O, production

measured with lucigenin (A) and coelenterazine (B) chemiluminescence.

in the presence of NADPH and NADH in human myoblasts
(C) Effects of NAC, DPI, apocynin, and PEG-

SOD on O,~ production in human myoblasts. Values were obtained with lucigenin and coelenterazine chemiluminescence and
are expressed as percentage of those measured in the presence of vehicle (DMSO). (D) Effects of oxypurinol, rotenone, in-
domethacin, and L-NAME on O, production (measured with lucigenin chemiluminescence) in human myoblasts. *p < 0.05

compared with vehicle.
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markers. Protein concentration was measured by the Bradford
method, with bovine serum albumin as a standard.

Measurement of serum-induced proliferation in
myoblasts

To evaluate the mechanisms through which oxidants influ-
ence serum-induced proliferation of human skeletal myoblasts,
the activation status of the p38 and Erk1/2 members of mito-
gen-activated protein kinases (MAPKs), protein kinase B
(AKT), mTOR, and NF-kB pathways were measured. Subcon-
fluent human skeletal myoblasts plated into six-well plates were
serum starved for 4 h in serum-free medium (SkBM) and then
exposed to 15% FBS for 5, 15, and 60 min. Cells were then
lysed and underwent immunoblotting for total and phosphory-
lated p38, Erk1/2, AKT, mTOR, and the p65 subunit of NF-
kB. Some serum-starved myoblasts were stimulated for 15 min
with 15% FBS in the presence 0.02% dimethyl sulfoxide
(DMSO, vehicle), NAC (10 mM), or apocynin (1 mM). Cells
were then collected, and phosphorylation of the previously men-
tioned pathways was evaluated by using immunoblotting.

Data analysis

Results are shown as means = SEM. For immunoblotting ex-
periments, at least three independent measurements were per-
formed within each group. Six independent measurements of cell

CFP-ER

YFP-p22

YFP-Nox4

FIG. 4. Intracellular localization of fusion proteins of Nox2,
Nox4, and p22Ph°* in human myoblasts. In few experi-
ments, cells were double-transfected with p-EYFP-p22Phox and
p-ECFP-ER vectors (see Methods). Note the endoplasmic retic-
ulum-like distribution of Nox2, Nox4, and p22P"°*, This was
confirmed by cotransfection of p-EYFP-p22PP°* and p-ECFP-
ER vectors in the same cells. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the
web version of this article at www.liebertonline.com/ars).
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CFP-p47

CFP-pdT

YFP-p67

YFP-p67

FIG. 5. Intracellular localization of fusion proteins of
p47°hox and p67PhoX,  Note the diffuse cytosolic distribution
of p47Phox and p67PPX, Also note the nuclear localization of
p47Phox (upper right) and membrane-associated distribution of
p67PP% (lower right). (For interpretation of the references to
color in this figure legend, the reader is referred to the web ver-
sion of this article at www.liebertonline.com/ars).

proliferation and O, production were performed. Comparisons
of ROS generation between vehicle-treated cells and those treated
with various inhibitors and ROS generation between myotubes
and myoblasts were performed with a one-way analysis of vari-
ance where probability (p) values <0.05 were considered sig-
nificant. Similar analysis was used to compare the effects of ve-
hicle versus apocynin and NAC on cell number and BrdU
incorporation and the effects of scrambled siRNA oligos versus
Nox4 and p22Phox siRNA oligos and GFP versus dominant neg-
ative forms of p47PP°* and Nox4 on these parameters. For com-
parison of NAPDH oxidase mRNA abundance between various
mouse muscles and between different types of primary muscle
precursor cells, we used two-way analysis of variance where
probability (p) values <0.05 were considered significant.

RESULTS

Expression of NADPH oxidase subunits

Transcripts of Nox2, Nox4, p22Phox, p47phox and p67phox
subunits were detected in the diaphragm, EDL, and tibialis an-
terior and soleus muscles of normal mice by using RT-PCR.
Table 2 lists the expression levels of these subunits expressed
as copies per nanogram total RNA and reveals two main ob-
servations: First, the abundance of NADPH oxidase subunits in
the diaphragm was relatively higher than that measured in other
muscles; second, in a given muscle, the p22P"°* subunit was the
most abundant, as compared with other subunits. Transcripts of
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Nox2, Nox4, p22Phox p47phox - and p67Phox subunits were also
detected in primary human and murine muscle precursor cells
(myoblasts) derived from the diaphragm and tibialis anterior
muscles (Fig. 1). In these cells, the relative abundance of the
p22rhox mRNA was substantially higher than in other subunits.
Nox4 was the second most abundant subunit in terms of mRNA
expression (Table 3). In addition, between murine and human
myoblasts, relative mRNA expressions of NADPH oxidase sub-
units were similar, although murine C2C12 myoblasts showed
substantially lower p22PP°* mRNA expression than did primary
myoblasts (see Table 3). No detectable mRNA transcripts of
Nox1, Nox3, and Nox5 were observed in either murine or hu-
man myoblasts (data not shown). Immunoblotting analysis of
primary murine and human myoblasts using specific antibod-
ies confirmed the presence of 91-, 22-, 47-, and 67-kDa pro-
tein bands equivalent to Nox2, p22Phox, p47phox  and p67phox
subunits, respectively (Fig. 2A). In addition, anti-Nox4 anti-
body detected a strong band at 64 kDa, which disappeared when
the antibody was preincubated with the immunizing peptide. A
nonspecific band was also detected at 55 kDa (Fig. 2B).

Localization of NADPH oxidase

Fractionation of human myoblast lysates into subcellular
fractions revealed the presence of Nox2, Nox4, p22Ph"",
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p67PhoxXand p47PhoX proteins in the detergent-soluble fraction.
Only weak expressions of Nox2, p67P%, and p47PP% were de-
tected in the detergent-resistant fraction (Fig. 2C). Nox2 pro-
tein was also detected in the mitochondrial fraction (Fig. 2C).

Production of O~

Measurements of O, anion levels in human myoblasts us-
ing lucigenin and coelenterazine chemiluminescence revealed
an activity that was dependent on the presence of NADPH rather
than NADH (Fig. 3A and B). Preincubation with PEG-SOD,
NAC, DPI, or apocynin for 1 h significantly attenuated O,~
production in these cells (Fig. 3C). In addition, inhibition of
mitochondrial complex I and xanthine oxidases with rotenone
and oxypurinol, respectively, had no effects on O,~ produc-
tion. By comparison, indomethacin (inhibitor of cyclooxyge-
nases) mildly attenuated O, production, whereas L-NAME
(inhibitor of nitric oxide synthases) significantly enhanced O,~
levels (Fig. 3D).

Localization of NAPDH oxidase fusion proteins

To investigate the targeting of NADPH oxidase subunits to
various intracellular compartments, human myoblasts were
transfected with vectors that express ECFP and EYFP fused to
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FIG. 6. (A, B) Regulation of NADPH oxidase expression during myoblast differentiation into myotubes.

Myoblasts grown

in differentiation medium (DF) for 1-6 days, and expression of NADPH oxidase subunits, myogenin, and myosin heavy-chain
(MyHCY) proteins measured with immunoblotting. Day 0 designates undifferentiated myoblasts. Representative immunoblots are
shown in (A). Mean values of protein optical density (expressed as percentage of those measured in myoblasts) are shown in (B).
(C, D) Representative and mean values of O, production (n = 4) in proliferating myoblasts and differentiated myotubes (day

6) by using lucigenin-enhanced chemiluminescence.
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NADPH oxidase subunit proteins. Nox2, Nox4, and p22Phox
proteins primarily exhibited an endoplasmic (ER)-like expres-
sion pattern (Fig. 4). In addition, nuclear membranes stained
positive for p22Phx (see Fig. 4). This was confirmed by using
the ECFP-ER vector, which encodes a fusion protein with ECFP
and calreticulin (localized in the ER; see Fig. 4). The p67phox
protein was localized to the cytosol in a pattern similar to that
of the cytoskeleton, with weak membrane-associated staining
evident in a few cells (Fig. 5). In comparison, diffuse cytoso-
lic staining in addition to strong nuclear staining was detected
for the p47P"°X fusion protein (see Fig. 5).

NADPH oxidase expression and
myoblast differentiation

Differentiation into myotubes was induced by incubation of
myoblasts in differentiation medium (DMEM plus 2% HS) and
was associated with the appearance of myogenin transcription
factor and myosin heavy-chain protein within 1 and 4 days, re-
spectively (Fig. 6A). Differentiation into myotubes elicited a
rapid decline in Nox4 and p67PP°X levels, a slower reduction in
p47Phox expression, and a rapid increase in p22P"°* and Nox2
expression (see Fig. 6A and B). In addition, differentiation into
myotubes was associated with a significant decline in O, pro-
duction, as measured by lucigenin-enhanced chemilumines-
cence (Fig. 6C and D).

Regulation of cell proliferation by ROS

Figure 7 shows that NAC and apocynin significantly atten-
uated cell number and BrdU incorporation in skeletal myoblasts
grown for 24 h in the presence of 15% FBS (p < 0.05 com-
pared with vehicle). Transfection with p22PP°% siRNA oligonu-
cleotides reduced p22PP°* protein expression by 75%, attenu-
ated myoblast O, production, and reduced cell number and
BrdU incorporation by 26 and 24%, respectively (Fig. 8). Sim-
ilarly, expression of dominant-negative p47Ph°* [p47W(192)R]
protein attenuated O,~ production, cell number, and BrdU
incorporation, as compared with cells expressing GFP (Fig.
9). Finally, expression of dominant-negative Nox4 (AFAD/
NADPH Nox4) protein also attenuated O, production and sig-
nificantly reduced BrdU incorporation by 26% in human myo-
blasts (Fig. 10). Similarly, transfection of myoblasts with Nox4
siRNA oligos attenuated Nox4 protein expression and reduced
cell number by about 29% (see Fig. 10).

To evaluate the pathways involved in serum-induced prolif-
eration of myoblasts and the influence of NADH oxidase—de-
rived ROS on these pathways, serum-starved myoblasts were
first exposed to 15% FBS, which triggered a rapid (within Smin)
increase in phosphorylation of p38, Erk1/2, AKT, and mTOR
proteins and a delayed (within 60 min) augmentation of phos-
phorylation of the p65 subunit of NF-«kB (Fig. 11A). Serum-in-
duced phosphorylation of Erk1/2, AKT, mTOR, and p65 NF-
kB proteins was significantly attenuated, whereas that of p38
protein increased substantially when NAC and apocynin were
present (Fig. 11B and C). These results indicate that serum-in-
duced activation of the Erk1/2, PI-3 kinase/AKT, mTOR, and
the p65 NF-«B pathways is redox sensitive. To evaluate the
roles of these pathways in myoblast proliferation, cell counting
of myoblasts cultured in full culture medium in the presence of
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FIG. 7. Regulation of proliferation in human skeletal myo-
blasts grown for 24 h in full medium in the presence of
DMSO (vehicle), NAC, or apocynin. Cell count and BrdU
incorporation mean values are shown in (A) and (B). *p < 0.05
compared with DMSO.

DMSO (vehicle) or selective inhibitors of Erk1/2 (PD98059),
PI-3 kinase (wortmannin and LY924002), mTOR (rapamycin),
and NF-«B (Bay11-7082) pathways was performed. All inhib-
itors significantly attenuated cell numbers, as compared with
cells treated with vehicle (Fig. 11D). In addition, expression of
dominant-negative IKKa and IKKf proteins significantly re-
duced cell counts, as compared with cells expressing GFP (Fig.
11D). Previous studies confirmed that oxidants regulate cell
proliferation in response to serum or mitogen exposure by in-
ducing the expression of cyclin D1, a protein that induces the
transition of the cell cycle from the quiescent Gy phase to G
phase. Figure 12 indicates that this was the case in human skele-
tal myoblasts, where p22P"°* expression was knocked down by
using siRNA oligonucleotides or where inhibition of p47°hox
and Nox4 activities using dominant-negative forms resulted in
significant attenuation of cyclin D1 expression.

DISCUSSION

The main findings of this study are as follows: (a) The
NADPH oxidase subunits Nox2, Nox4, p22Phox p47phox and
p67Phox are expressed in murine skeletal muscles and in pri-
mary murine and human skeletal muscle precursor cells (myo-
blasts); (b) NADPH oxidase—fusion proteins are localized in the
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FIG. 8. Expression of p22Ph°x (A), O, production (B, C), cell count (D), and BrdU incorporation (E) in human myoblasts
transfected with siRNA oligonucleotides selective to p22Ph°* or scrambled siRNA oligonucleotides. *p < 0.05 compared

with cells transfected with scrambled siRNA oligonucleotides.

endoplasmic reticulum, membrane, and nuclear compartments;
(c) both Nox2 and Nox4 contribute to O, production in pro-
liferating human skeletal myoblasts, whereas the contribution
of Nox4 is reduced significantly during differentiation of myo-
blasts to myotubes; and (d) NADPH oxidase—derived oxidants
promote myoblast proliferation through activation of the
Erk1/2, PI-3 kinase/AKT, mTOR, and NF-«B pathways, even-
tually resulting in the induction of cyclin D1 expression and
progression of the cell cycle.

Methodologic considerations

The use of lucigenin chemiluminescence as a measure of O~
production in cellular preparations has been criticized because
of the generation of O, radicals by redox recycling of luci-
genin itself, particularly when used at relatively high concen-
trations (27). We propose that redox recycling did not contrib-
ute to lucigenin chemiluminescence signals measured in our
study for the following reasons: (a) we used lucigenin at 10
1M, a concentration that is not associated with redox recycling
(26); (b) measurements of O, production in myoblasts by us-
ing coelenterazine, which does not undergo redox recycling,
produced similar patterns than those measured with lucigenin
(see Fig. 3); (c) pharmacologic (DPI and apocynin) and mo-
lecular (siRNA oligos and dominant-negative proteins) inhibi-
tion of NAPDH oxidase significantly attenuated lucigenin
chemiluminescence signals. We should emphasize that although
we used an assay in which NADPH or NADH was added to in-

tact cells, it remains unclear exactly how this affects NADPH
oxidase activity. Nevertheless, previous studies suggest that this
assay correlates quite well with NADPH oxidase assays per-
formed in cell homogenates.

Expression of NADPH oxidase in skeletal muscles

Little information is available regarding the activity and func-
tional significance of NADPH oxidase in skeletal muscles. Our
group was the first to report the presence of Nox2, p47Phox,
p67PPoxand p22Ph°X proteins in rat skeletal muscle samples
(22). More recently, Hidalgo et al. (20) identified Nox2,
p47Phox p67PRox and p22Phox proteins in the transverse tubules
of mouse and rabbit skeletal muscles and proposed that oxi-
dants derived from NADPH oxidase activate ryanodine recep-
tors through redox modifications. Our results (see Table 2) con-
firm that murine skeletal muscles contain not only Nox2, but
also Nox4 protein in addition to p22P"oX, p47Phox and p67phox,
Furthermore, we report here that the relative mRNA expression
of all NADPH oxidase subunits in the diaphragm is higher than
that in limb muscles (see Table 2). Although the reasons be-
hind this particular distribution of NADPH oxidase mRNA ex-
pression remain unclear, we speculate that many factors such
as myosin heavy-chain composition, vascularity, and the pat-
tern of muscle recruitment might be important factors in deter-
mining NAPDH oxidase abundance. For example, myosin
heavy-chain composition, which influences many aspects of
skeletal muscle physiology, is different among the muscles
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FIG. 9. Expression of p47Ph°x (A), O, production (B, C), cell count (D), and BrdU incorporation (E) in human myoblasts

infected with adenoviruses expressing GFP or a dominant-negative form of p47Ph°* (p47W193R).

with cells infected with GFP adenoviruses.

listed in Table 2. The diaphragm and soleus muscles express
mainly type I myosin heavy-chain isoform (39). Both of these
muscles have relatively higher abundance of NAPDH oxidase
subunits compared with the EDL and tibialis anterior muscles,
which express mainly type 2 myosin heavy-chain isoform (see
Table 2). In addition, vascular cells also could have contributed
to total NAPDH oxidase expression of intact muscle samples.
These cells express Noxl, Nox2, and Nox4 in addition to
p22rhox | p67Phox and p47Phox (23). Relatively higher NAPDH
oxidase expression in the diaphragm and soleus muscles could,
therefore, be attributed in part to higher capillary densities in
these muscles compared with the EDL and tibialis anterior mus-
cles (11). Finally, it is also possible that elevated NADPH ox-
idase expression in the diaphragm might be an adaptive re-
sponse designed to provide an abundance of ROS to facilitate
optimal Ca®" release from ryanodine receptors during repeti-
tive activation of the diaphragm across breathing cycles.
Another important finding regarding NADPH oxidase ex-
pression in murine skeletal muscles is that the relative abun-
dance of the p22P"°* mRNA in various murine skeletal muscles
is substantially higher than that of other subunits (see Table 2).

*p < 0.05 compared

We attribute this finding to the fact that p22P** protein binds
to more than one Nox isoform, and its presence is required for
stabilization and optimal activity of Nox proteins, except for
Nox5 (23). The presence of two Nox proteins (Nox2 and Nox4)
inside muscle fibers would, therefore, justify the relatively high
abundance of p22PP°% subunits in these fibers. However, as-
suming 1:1 stoichiometry in the NADPH oxidase complex, the
relatively high abundance of p22P"°* mRNA could not simply
be explained by the association of this subunit with more than
one Nox isoform. An alternative explanation for the relatively
high abundance of p22P"* mRNA expression in muscle pre-
cursor cells is that this protein may have functions other than
regulation of Nox-derived ROS production. The nature of these
functions remains to be elucidated.

As in skeletal muscle fibers, little is known regarding the
structure and biologic roles of NADPH oxidase in skeletal mus-
cle satellite cells. Two recent studies confirmed the presence of
Nox2, p47P"°x and p67PP°* mRNA and proteins in immortal-
ized rat L6 myoblasts and myotubes and also reported the in-
volvement of NADPH oxidase-derived ROS in insulin signal-
ing and Ca?" flux (12, 41). Others, however, have failed to
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FIG. 10. (A) Expression of Nox4 protein in human myoblasts infected with adenoviruses expressing GFP and dominant-

negative Nox4 (AFAD/NADPH Nox4) and in myoblasts transfected with scrambled and Nox4 siRNA oligos.

(B) BrdU

incorporation in myoblasts infected with GFP and dominant negative Nox4 viruses. (C) Cell number after 48 h of transfection
with scrambled and Nox4 siRNA oligos. (D, E) Representative and mean values of O,~ production (measured with lucigenin
chemiluminescence) in human myoblasts infected with GFP and dominant-negative Nox4 viruses. *p << 0.05 compared with cells

infected with GFP adenoviruses and cells transfected with scrambled siRNA oligos.

detect mRNA expression of Nox4, Nox2, p22Phox and p47°hox
in C2C12 and L6 immortalized murine myoblasts but have de-
tected p47PP°% and Nox4 mRNA in primary skeletal myoblasts
(21). The present study indicates that primary human and
murine myoblasts derived from the diaphragm and tibialis an-
terior muscles express both Nox2 and Nox4, in addition to
p22Phox - pq7phox - and p67PhoX at mRNA and protein levels.
These results suggest that failures to detect NADPH oxidase
expression in immortalized myoblasts from C2C12 and L6 ori-
gins might be due to the relatively low expression of oxidase
subunits, particularly p22Ph°x, These cells may not, therefore,
be ideally suited to the study of the biologic roles of the NADPH
oxidase (see Table 3).

Although we did not use immunocytochemistry to assess sub-
cellular localization of endogenous Nox isoforms and subunits,
we attempted to identify intracellular localization of the
NADPH oxidase by using two indirect approaches: subcellular

fractionation and expression of NADPH oxidase fluorescent-
fusion proteins. Both approaches revealed prominent ER-like
distributions for Nox2, Nox4, and p22PP°* and more diffuse
staining for p47PP°% and p67P"°* (see Figs. 4 and 5). We also
identified membrane-associated Nox2, p47Phox, and p67Phox
(Fig. 5). The ER-like distribution of Nox2, Nox4, and p22prhox
in proliferating myoblasts is similar to that reported in endo-
thelial cells (32). Moreover, the membrane-related expression
of NADPH oxidase subunits in the present study is similar to
that described at the leading edge of migrating endothelial cells,
suggesting that, as in vascular cells, NADPH oxidase—derived
ROS may be involved in regulating myoblast motility (42). An-
other interesting observation in the present study is that p47°Phox
fluorescence fusion protein was frequently detected in the nu-
clei of human skeletal myoblasts (see Fig. 5). Although the
mechanisms and functional significance of this nuclear local-
ization remain to be determined, we speculate that p47Phox is
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FIG. 11. (A) Phosphorylation of p38, mTOR, Erk1/2, AKT, and the p65 subunit of NF-«B after 5, 15, and 60 min of ad-

dition of 15% FBS in serum-starved human myoblasts.

(B, C) Influence of vehicle (DMSO), NAC, and apocynin on the

intensity (representative example in B and mean values in C) of p38, mTOR, Erk1/2, AKT, and p65 NF-«kB phosphorylation
measured after 15 min of serum exposure in serum-starved myoblasts. (D) Influence of inhibitors of PI-3 kinase (LY294002,
wortmannin), mTOR (rapamycin and LY294002), Erk1/2 (PD98059), and NF-«B (Bay11-7082 and dominant-negative forms of
IKKa and IKKf) pathways on myoblast cell number counted after a 24-h period. Results are normalized as percentage of val-
ues measured in the presence of vehicle (DMSO) or in cells infected with GFP viruses.

targeted to the nucleus because of specific interactions of the
tandem SH3 domains of p47P"* with the proline-rich mid re-
gion of the p65 subunit of NF-«B (RelA) (14). This associa-
tion results in potentiation of NF-«B activation in response to
IL-18 exposure (14).

Contribution of NADPH oxidase subunits to
O,~ production

The present study reveals for the first time that both Nox2
and Nox4 contribute to O, production in proliferating human
skeletal myoblasts. This conclusion is based on the observa-
tions that knocking down p22Ph% expression by using siRNA
and inhibiting p47PP°* and Nox4 activities by using dominant-

negative proteins attenuates O, production in proliferating hu-
man myoblasts (see Figs. 8—10). However, the differential con-
tribution of Nox2 and Nox4 to total O, production in myo-
blasts remains unclear in our study because we did not directly
compare the effects of Nox2 and Nox4 knockdown by using
siRNA oligos. Our results also reveal that myoblast differenti-
ation to myotubes coincided with a significant decline in Nox4
expression and simultaneous increase in Nox2 and p22P"°X Jevy-
els (see Fig. 6). These alterations in Nox expression were as-
sociated with overall decline in O, production in myotubes
compared with myoblasts (see Fig. 6). We reason that this de-
cline in O, production in differentiated myotubes is a response
designed to promote myogenesis because previous reports doc-
umented that oxidants inhibit myogenesis (5, 24). We should
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emphasize, however, that alternative explanations exist for the
reduction in O,~ production in myotubes compared with myo-
blasts, other than reduction in NAPDH oxidase activity. These
include alteration of cell number (because absolute O, pro-
duction is dependent on cell number), reduced contribution of
other ROS-producing enzymes, and differences in the antioxi-
dant levels between myotubes and myoblasts.

Regulation of myoblast proliferation by NADPH
oxidase—derived ROS

It has long been established that relatively low concentrations
of oxidants stimulate proliferation of mammalian cells (8). More-
over, many mitogens and growth factors acting through tyrosine
kinase and G-protein—coupled receptors stimulate cell prolifera-
tion through the release of ROS, particularly from nonphagocytic
NADPH oxidase (4). The present study extends these observa-
tions to skeletal muscle precursor cells and confirms that NADPH
oxidase—derived ROS promote serum-induced proliferation of hu-
man skeletal precursor cells and that this effect is mediated
through selective signaling pathways, including the Erk1/2, PI-3
kinase/AKT/mTOR, and the NF-«B pathways.

Many reports have confirmed that activity of the Erk1/2 path-
way is redox sensitive when cells are exposed to growth factors

such as PDGF, VEGF, angiotensin II, and to exogenous H,O,
(16, 17, 38). Likewise, our results show a strong redox-sensitive
activation of the Erk1/2 pathway within 5 min of serum expo-
sure in human skeletal myoblasts. The exact mechanisms through
which the Erk1/2 pathway promotes cell proliferation are com-
plex and include the activation of activator protein 1 (AP-1) tran-
scription factors, which consist of homo- or heterodimers of Fos,
Jun, and the ATF family of proteins. The Erk1/2 pathway pro-
motes AP-1 activation through selective phosphorylation of c-
Fos protein, which eventually leads to the entry of cells into the
S phase (37). Our results also indicate that another member of
the mitogen-activated protein kinases (MAPKSs), the p38 path-
way, was also activated in response to serum exposure. How-
ever, unlike the Erk1/2 protein, phosphorylation of p38 actually
increased when cells were pretreated with NAC and apocynin
(see Fig. 11). We propose that this increase in p38 phosphoryla-
tion might be related to the well-documented negative cross-talk
between the Erk1/2 and p38 pathways, in which activation of one
pathway by growth-factor receptors results in dephosphorylation
and inactivation of the other pathway (18, 25, 40). It is possible;
therefore, that attenuation of serum-induced Erk1/2 activation by
NAC and apocynin might have also attenuated the inhibitory ef-
fect of Erk1/2 on p38 phosphorylation, resulting in further phos-
phorylation of the latter.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1792&iName=master.img-011.jpg&w=335&h=365

NADPH OXIDASE AND SKELETAL MUSCLE SATELLITE CELLS

Our results also indicate that the PI-3 kinase/AKT pathway
is redox sensitive in human skeletal myoblasts and that this
pathway promotes serm-induced myoblast proliferation. The re-
dox dependence of the PI-3 kinase/AKT pathway has been at-
tributed to inactivation by ROS of the tyrosine phosphatase
PTEN (31). The PI-3 kinase/AKT pathway regulates cell prolif-
eration, in part, through the mTOR protein, which is a serine/
threonine kinase that exists as two complexes, the rapamycin-
sensitive mTORC1 complex and the rapamycin-insensitive
mTORC2 complex (43). The PI-3 kinase/AKT pathway acti-
vates the mTOR complex by selectively inactivating the inhib-
itor of mTOR, resulting in enhanced mTOR phosphorylation
on Ser?*8 and an increase in mTOR activity (30, 36). Our re-
sults confirm that serum-induced phosphorylation of mTOR on
Ser?*3 is dependent on NADPH oxidase—derived ROS and that
mTOR activity promotes myoblast proliferation (see Fig. 11).

In addition to the described pathways, we report here that
NF-«B transcription factor is a target for NADPH oxidase-de-
rived ROS in skeletal myoblasts. Previous studies attributed this
phenomenon to the activation by ROS of upstream regulators
of this pathway, the Ik kinases (IKKe, IKKB and IKKy), which
triggers an increase in phosphorylation and degradation of IkBa
and phosphorylation and nuclear mobilization of the p65 pro-
tein (35). We confirmed that p65 phosphorylation increased sig-
nificantly after 60 min of serum exposure in human skeletal
myoblasts and that this phosphorylation is strongly attenuated
by NAC and apocynin (see Fig. 11). Our observation that se-
lective inhibition of NF-«B reduces myoblast proliferation sug-
gests that NADPH oxidase—derived ROS promote proliferation
of these cells, in part through the NF-«kB pathway.

It should be emphasized that the targeted pathways by
NADPH oxidase—derived oxidants (Erk1/2, PI-3 kinase/AKT/
mTOR, and NF-«B pathways) all converge on cyclin D1 in reg-
ulating cell-cycle phases. This labile protein is required for pro-
gression through the G phase in the cell cycle, and several re-
ports have confirmed that its expression is regulated by
mitogen-stimulated oxidants (6, 7). In our study, the expression
of cyclin D1 was significantly reduced in human satellite cells
transfected with siRNA oligos for p22P"°* and in cells infected
with viruses expressing dominant-negative forms of p47P"°* and
Nox4, confirming the dependence of cyclin D1 expression in
these cells on NADPH oxidase—derived ROS (see Fig. 12).

In summary, our study reveals that skeletal muscle fibers and
skeletal muscle precursor cells express two Nox isoforms (Nox2
and Nox4) along with p22P"oX, p67Phox and p47PPX and that both
Nox isoforms contribute to the production of O, in proliferating
myoblasts. Furthermore, ROS derived from NADPH oxidase ac-
tivate several pathways, including the Erk1/2, PI-3 kinase/AKT,
mTOR, and NF-«B pathways, resulting in significant activation
of the cell-cycle machinery and increased cell proliferation.

ACKNOWLEDGMENTS

This study is supported by a grant from the Canadian Insti-
tute of Health Research and U.S. National Institute of Health
grant AR42426. We are grateful to Mr. L. Franchi for his tech-
nical assistance, Dr. S. Magder for his scientific feedback, and
Ms. A. Gatensby for her editorial help.

573

ABBREVIATIONS

AKT, protein kinase B; BrdU, bromodeoxyuridine; Cr, thresh-
old cycle; DMEM, Dulbecco’s modified Eagle’s medium; DPI,
diphenyleneiodonium; DTT, dithiothreitol; ECFP, enhanced cyan
fluorescence protein; ECL, enhanced chemiluminescence; EDL,
extensor digitorum longus; EDTA, ethylenediaminetetra acetate;
ELISA, enzyme-linked immunosorbent assay; Erk1/2, extracel-
lular regulated kinase 1 and 2; EYFP, enhanced yellow fluores-
cence protein; FBS, fetal bovine serum; GAPDH, glyceraldehyde
phosphate dehydrogenase; GFP, green fluorescence protein; HS,
horse serum; IKK, I«kB kinase; mTOR, mammalian target of ra-
pamycin; NAC, N-acetylcysteine; NF-«B, nuclear factor k B; PI-
3 kinase, phosphatidyl inositol 3 kinase; PMSF, phenylmethyl-
sulfonyl fluoride; ROS, reactive oxygen species; SAPK/INK,
stress-activated protein  kinase/c-Jun NHj-terminal kinase;
SiRNA, small inhibitory RNA.
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