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EDITORIAL FOCUS
S-nitrosylation/denitrosylation regulate myoblast proliferation. Focus on “Balance between
S-nitrosylation and denitrosylation modulates myoblast proliferation independently of soluble
guanylyl cyclase activation”
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MYOGENESIS INVOLVES A COMPLEX SERIES of signaling events that will result in
the formation of muscle fibers (3). The participation of nitric oxide (NO) in myogenesis has
been evidenced over the years. Most of the endogenous production of NO in skeletal muscle
comes from the neuronal isoform of the NO synthase (nNOS) (5). Sub cellular
compartmentalization of nNOS is essential to enable site specific generation of NO and
signaling through cGMP production and s-nitrosylation of proteins in skeletal muscle (8). It
was earlier suggested that in skeletal muscle, nNOS interacts with two domains of caveolin-3
which is part of caveolae an invagination of the sarcolemma. At the caveolae nNOS and
caveolin-3 forms a signaling complex through additional interactions with Src kinase and
p21Ras (8).
Specific NO targets in skeletal muscle development include the ryanodine receptor
calcium release channel (Ryr) and soluble guanylyl cyclase (sGC). Xu et al. (9) showed that
Ryr purified from canine hearts was endogenously S-nitrosylated. In myoblasts, the
mechanisms by which NO acts during the transition between myoblast proliferation and
fusion have been reported to be regulated by a transient generation of cGMP (4). Most
importantly, sGC activity potentially is down regulated by s-nitrosylation (6). S-nitrosylation
which is characterized by the covalent attachment of a NO group to a Cys thiol side chain,
regulates the cellular responses mediated by ligand-gated ion channels, G protein coupled
receptors, cytokine receptors and receptor tyrosine kinases. In the context of signal
transduction, reversibility of S-nitrosylation is achieved through denitrosylation of GSNO
and s-nitrosylated proteins which is carried out by two specific enzymatic systems: the
Thioredoxin/Thioredoxin reductase system and the GSH/GSNO reductase (GSNOR) system
(1).
GSNO is the most physiologically relevant s-nitrosothiol (SNO) initially isolated in
human airways. GSNO is formed in cells by the reaction between NO (or another SNO) with
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GSH, or through GSH-mediated denitrosylation of S-nitrosylated proteins and other cellular
SNOs. The metabolism of GSNO is carried out by the GSNOR, an evolutionary conserved
and widely expressed enzyme in prokaryotic and eukaryotic organisms. GSNOR specifically
catalyses the denitrosylation of GSNO. Nevertheless, studies using GSNOR knockouts in
yeast and in mammalian cells clearly indicated that GSNO is in equilibrium with Snitrosylated proteins (1).
In this issue of the American Journal of Physiology-Cell Physiology, Yamashita and
coworkers convincingly demonstrate that in primary cultures of chick embryonic skeletal
muscle cells, the effects of NO on myogenesis are importantly mediated by snitrosylation/denitrosylation (10). Another important conclusion drawn from the studies was
the role played by nNOS as the solely NO source in myogenesis. Together with GSNOR,
nNOS activities were shown to determine the intracellular SNO levels. Indeed,
pharmacological inhibition or knocking-down of GSNOR on myoblasts promoted an increase
on the SNO levels during myogenesis. On the other hand, inhibition of nNOS strongly
inhibited the generation of SNO in myoblasts. Increasing intracellular SNO levels during
myogenesis stimulates cell proliferation in both myoblasts and fibroblasts, and diminishes
myoblast fusion. Importantly, authors also demonstrate that myoblast fusion only occurred
after increase on GSNOR activity. In addition, by stimulating myoblasts with CysNO,
Yamashita et al (10) were able to recapitulate the pro-proliferative effects derived from the
enhanced intracellular SNO levels. Most important, Yamashita et al (10) showed for the first
time that NO-stimulated myoblast proliferation occurs without the participation of cGMP.
However, fibroblasts behaved like other cells and cGMP levels have to rise for SNO-induced
proliferation to proceed. Yamashita et al (10) also demonstrated that an increase on the
intracellular SNO pool drives myoblast proliferation but not fusion. Their findings clearly
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indicate that optimal intracellular SNO levels have to be maintained to regulate proliferation
of myoblasts and their differentiation to myotubes.
The use of primary cultures of skeletal muscle progenitor cells from chick embryos by
Yamashita et al (10) provides an environmental condition that is similar to the in vivo
condition. These primary cultures contain both myoblasts and fibroblasts which proliferate in
different phases of myogenesis. Myoblasts proliferate before they withdraw from the cell
cycle to fuse, forming myotubes, whereas fibroblasts will continuously proliferate (3).
Although the data presented support a major role for NO and s-nitrosylation as key regulators
of myoblast proliferation, some questions related to the signaling pathway associated with the
NO/SNO-driven proliferation of myoblasts, remain unanswered. The first question was asked
by the authors when they suggested that p21Ras could be trans-nitrosylated and activated by
GSNO, triggering cell cycle progression and proliferation (7). Second, could s-nitrosylation
and activation of Src kinase be important to the overall mechanism of NO/SNO-induced
proliferation of myoblast? S-nitrosylation of Src kinase was earlier shown to be important for
the assembling of the focal adhesion complex in mouse fibroblasts, stimulating their
proliferation (2). S-nitrosylated Src and p21Ras, nNOS, and caveolin-3 (2,7,8), could be
organized as a signaling complex that is associated with myoblast proliferation. A general
scheme of this putative signaling complex is shown in Fig. 1.
In summary, Yamashita et al. presented compelling evidence that manipulation of
GSNOR activity with consequent modulation of the intracellular s-nitrosylation levels in
myoblasts is important for myoblast proliferation and fusion. These findings may have
consequences on the promotion of muscle repair and prevention of skeletal muscle wasting.

4

AUTHOR CONTRIBUTIONS
HPM and FTO drafted and revised manuscript; HPM and FTO prepared figure.

DISCLOSURES
No conflict of interest, financial or otherwise, are declared by the authors.

5

REFERENCES
1. Benhar M, Forrester MT, Stamler JS. Protein denitrosylation: enzymatic mechanisms
and cellular functions. Nature Rev Mol Cell Biol 10: 721-732, 2009. doi: 10.1038/nrm2764.
2. Curcio MF, Batista WL, Linares E, Nascimento FD, Moraes MS, Borges RE, Sap J,
Stern A, Monteiro HP. Regulatory effects of nitric oxide on Src kinase, FAK, p130Cas, and
receptor protein tyrosine phosphatase alpha (PTP-alpha): a role for the cellular redox
environment. Antioxid Redox Signal. 13: 109-125, 2010. doi: 10.1089/ars.2009.2534.
3. Hirst CE, Marcelle C. The avian embryo as a model system for skeletal myogenesis.
Results Probl Cell Differ 56: 99-122, 2015. doi: 10.1007/978-3-662-44608-9_5.
4. Lee KH, Baek MY, Moon KY, Song WK, Chung CH, Ha DB, Kang MS. Nitric oxide
as a messenger molecule for myoblast fusion. J Biol Chem 269: 14371-14374, 1994.
5. Lück G, Oberbäumer I, Blottner D. In situ identification of neuronal nitric oxide
synthase (NOS-1) mRNA in mouse and rat skeletal muscle. Neurosci Lett. 246:77-80, 1998.
doi.org/10.1016/S0304-3940(98)00237-7
6. Mayer B, Kleschyov AL, Stessel H, Russwurm M, Munzel T, Koesling D, Schmidt K.
Inactivation of soluble guanylate cyclase by stoichiometric s-nitrosation. Mol. Pharmacol.
75: 886-891, 2009. doi: 10.1124/mol.108.052142.
7. Oliveira CJ, Curcio MF, Moraes MS, Tsujita M, Travassos LR, Stern A, Monteiro
HP. The low molecular weight S-nitrosothiol, S-nitroso-N-acetylpenicillamine, promotes cell
cycle progression in rabbit aortic endothelial cells. Nitric Oxide 18: 241-255, 2008. doi:
10.1016/j.niox.2008.02.001.
8. Stamler JS, Meissner G. Physiology of Nitric Oxide in Skeletal Muscle. Physiol Rev 81:
209–237, 2001.

6

9. Xu L, Eu JP, Meissner G, Stamler JS. Activation of the cardiac calcium release channel
(ryanodine receptor)

by

poly-S-nitrosylation.

Science

279:

234–237,

1998.

doi:

10.1126/science.279.5348.234.
10. Yamashita AM, Ancillotti MT, Rangel LP, Fontenele M, Figueiredo-Freitas C,
Possidonio AC, Soares CP, Sorenson MM, Mermelstein C, Nogueira L. Balance between
S-nitrosylation and denitrosylation modulates myoblast proliferation independently of soluble
guanylyl

cyclase

activation.

Am

J

Physiol

Cell

Physiol.

2017.

doi:

10.1152/ajpcell.00140.2016.

Figure Legend
Fig.1: A schematic overview of a proposed signaling pathway associated with myoblast
proliferation. In caveolae, caveolin-3, nNOS, Src kinase, and p21ras form a signaling
complex. Neuronal NOS (nNOS) generates NO and NO nytrosilates GSH, and the signaling
proteins Src kinase e p21Ras. S-nitrosylation of Src kinase and p21Ras may also occur
through trans-nitrosylation mediated by GSNO and modulated by GSNO reductase. Snitrosylation of Src kinase and p21Ras activate them and promote their engagement in a
signaling pathway that results in stimulation of myoblast proliferation and diminishing
myoblast fusion.
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