54 Y. Miyagoe-Suzuki and S. Takeda

Membrane Electric
disruption stimulation =
mo @ TEPT PTISTATT R AT reA T e
§7 31 3 0514 L i H
&dad i &%?ﬁ o &éé%é Sbo & bbd Hodd b
Activation of SACs V '”‘eg””
FAK
\> Ca2+ influx k
v o,
¢ FoxO3 Decreased ;""ﬂ .
€—— piKAKk —] ggas  protein
l degradatlon
TSC2/TSCH ?
jysatelhte cells 1 —_—
o Rheb A T )
?
TOR sarcomere

\

p70S6K  4E-BP1 PGC1a Flbertype transntlon

Pr 6téiiri syn'thyels"‘i s MltocondrlogeneSls

Fig. 4.1 Mechanical load and muscle hypertrophy. Stretching of myofibers activates sarcolemmal
stretch-activated channels (SACs), disrupts the cytoplasmic membrane, starts a cascade of ana-
bolic signal transduction, and through activation of mTOR increases its mass and contractile force.
Active muscle contraction also activates the Akt/mTOR pathway. The sarcomere structure might
work one of the sensors of muscle contraction, and convert the mechanical information into
biochemical signals. Several studies suggest that a variety of mechanical information converge on
mTOR, which in turn activates downstream targets (S6K, 4E-BP1, or PGC-1alph) to adapt the
mechanical load. Note that some parts are not fully supported by experimental evidence

ablation of the gene in skeletal muscle would greatly accelerate the elucidation
of the role of SACs in mechanotransduction in skeletal muscle, and would help
develop pharmacological intervention of disuse-related muscle atrophy.

4.2.4 Neuronal Nitric Oxide Synthase and Mechanotransduction

Neuronal nitric oxide synthase (nNOS) is a peripheral member of the dystrophin—
glycoprotein complex at the sarcolemma (Brenman et al. 1996), and especially
concentrated at myotendinous junctions, which are specialized for force transduc-
tion across the muscle cell membrane (Chang et al. 1996).The expression and activity
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of nNOS are upregulated by exercise (Roberts et al. 1999), mechanical loading,
electrical stimulation of muscle, and passive stretching (Reiser et al. 1997; Tidball
et al. 1998). Criswell and co-workers reported that inhibition of NOS by L-NAME
(a wide inhibitor of NOS) during functional overload attenuated the increase of
muscle mass and fiber-type transition (Smith et al. 2002; Soltow et al. 2006). The
same group further showed that NO upregulated contractile protein mRNAs includ-
ing a-actin and type 1 myosin heavy chain (Sellman et al. 2006). Steensberg et al.
reported that L-NAME treatment inhibited exercise-induced mRNA expression of
IL-6, HO-1 and PDK4 (Steensberg et al. 2007). Tidball et al. showed that talin and
vinculin mRNA expressions induced by mechanical stimulation are mediated by
NO (Tidball et al. 1999). Koh and Tidball showed that NO positively modulates
sarcomere addition in immobilized—remobilized muscles (Koh and Tidball 1999).
Together, these data strongly suggest that nNOS plays an important role in mecha-
notransduction in skeletal muscle.

Nitric oxide (NO) gas is reported to be released from myofibers when myofibers
are stretched in vitro, and activate satellite cells via release of HGF (Tatsumi et al.
2002). Furthermore, Tatsumi et al. demonstrated that stretching of myofibers
in vivo indeed activates satellite cells via production of NO (Tatsumi et al. 2006).
The nitric gas is supposed to be generated by nNOS. Together, these findings sug-
gest that the mechanosensor in skeletal muscle is directly or indirectly linked with
nNOS and activate nNOS when the fibers are stretched. Alternatively, nNOS itself
might sense the change in mechanical stimuli and be activated.

4.2.5 nNOS and Unloading

Suzuki et al. recently reported that nNOS acts as an upstream regulator of forkhead
box O (FoxO) transcription factors in unloading-induced muscle atrophy (Suzuki
et al. 2007) (Fig. 4.2). The study showed that during hind limb suspension, nNOS
was lost from the sarcolemma, and cytoplasmic nNOS produced high levels of NO
and activated FoxO3a, which in turn upregulated MuRF-1 and atrogin-1/MAFbx,
two major muscle-specific E3 ligases. Although the data suggest that nNOS is a
mediator of mechanotransduction in skeletal muscle, the mechanism by which
nNOS is activated remains unknown. It is also still to be determined how NO gas
activates FoxO transcription factors. One possibility is that NO controls FoxO tran-
scription factors via S-nitrosylation. NO reacts with thiol of protein cysteine residues
to form S-nitrosothiol. This posttranslational modification affects the functions of a
wide range of proteins, and regulates protein—protein interactions and DNA-binding
activity of transcription factors (Hess et al. 2005). Recent studies show that FoxO
transcription factors are necessary and sufficient for induction of autophagy in skel-
etal muscle (Mammucari et al. 2007; Zhao et al. 2007). Whether nNOS activates the
autophagy-lysosome system through activation of Fox(Q3a in unloaded muscle is to
be determined.
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Fig. 4.2 A mechanism by which an unloaded signal activates nNOS and promotes muscle atrophy
(hypothetical). In skeletal muscle, a major fraction of nNOS exists as a member of the dystrophin—
glycoprotein complex at the sarcolemma. nNOS interacts directly with al-syntrophin through its
N-terminal PDZ domain. In unloading condition, nNOS is lost from the sarcolemma, and cyto-
plasmic nNOS is activated, produces nitric oxide and activates FoxO3a transcription factor
(Suzuki et al. 2007). FoxO3a activates the ubiquitin-proteasome-mediated proteolysis and
autophagy. How nNOS is activated and how it activates FoxO3a transcription factor remain to be
determined in a future study

4.2.6 Phospholipase D and Phosphatidic Acid

Hornberger et al. showed that mechanical stimulation causes phospholipase D
(PLD)-dependent increase in phosphatidic acid (PA), which binds to mTOR in the
FRB domain and activates mTOR signaling (Hornberger et al. 2006). Although the
observation is exciting, it remains to be determined whether elevation of PA con-
- centration is necessary and sufficient for mechanical load-induced muscle
hypertrophy.

4.2.7 Integrins/FAK Signaling and Mechanotransduction

The mechanical signal may be partly transmitted by focal adhesion complexes
(FACs) in skeletal muscle. FACs connect cytoskeletal proteins to the extracellular
matrix and therefore transmit force across the cell membrane. Beta-1 integrin in
FACs is bound by focal adhesion kinase (FAK) and paxillin (Carson and Wei 2000;
Fliick et al. 1999). Mechanical loading on skeletal muscle results in phosphoryla-
tion of FAX or paxillin (Gordon et al. 2001). Furthermore, FAK is shown to affect
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activation of Akt/mTOR independent of PI3K activity in fibroblasts (Xia et al. 2004).
At present, however, there is no direct evidence that integrin/FAK signaling activates
protein synthesis in mechanically stimulated skeletal muscle.

4.2.8 Sarcomere and Mechanotransduction

The sarcomere is a candidate mediator of mechanical transduction. The M-band is
proposed to be a hub mainly for protein kinase-regulated ubiquitin signaling and
protein turnover, and the I-band and Z-disk contain stretch-sensitive pathways
involving transcriptional modifiers (Gautel 2008). It is highly likely that signals
from the sarcomere modify mass and contractile properties of overloaded muscle.

4.2.9 Growth Factors and Overload

It has been suggested that a number of cytokines, including LIF (Spangenburg and
Booth 2006), IGF-1 (Rommel et al. 2001; Ohanna et al. 2005), or a variant of IGF-1
termed mechano-growth factor (MGF) (Goldspink et al. 2008), are produced locally
in overloaded muscle, and contribute to muscle hypertrophy. Since these cytokines
activate the PI3K/Akt/mTOR/p70S6K pathway, mechanical loading is thought to
induce the muscle hypertrophy, through production of growth-promoting autocrine/
paracrine factors. For example, IGF-1 is shown to be a potent activator of the Akt/
mTOR signaling pathway (Adams 2002; Glass 2005), and forced overexpression of
IGF-1 in skeletal muscle increased muscle mass (Musaro et al. 2001; Barton 2006).
If so, is IGF-1 production a trigger of overload-induced muscle hypertrophy?
Upregulation of IGF-1 is, however, observed between 24 and 72 h after the onset of
the mechanical load on muscle, whereas Akt/mTOR is activated a few hours after the
onset of mechanical load. Furthermore, a recent study using transgenic mice express-
ing a dominant negative IGF-I receptor, suggested that IGF-1 signaling is dispensable
in mechanical load-induced skeletal muscle hypertrophy (Spangenburg et al. 2008).
Therefore, although IGF-1 would augment the hypertrophy by accelerating protein
synthesis, it is not likely the trigger of increased protein synthesis. In contrast, the loss
of leukemia inhibitory factor (LIF) is reported to result in a failed hypertrophic
response after mechanical loading (Spangenburg and Booth 2006). The mechanisms
by which LIF promotes muscle hypertrophy process remain to be determined.

4.3 Signaling Pathways in Mechanotransduction

Although how mechanical stimuli are converted into biochemical events in skeletal
muscle remains to be determined, several downstream signaling pathways are
shown to be involved in the mechanotransduction.
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4.3.1 mTOR Is a Key Signaling Molecule for Mechanical
Overload-Induced Muscle Hypertrophy

How mechanical loading on skeletal muscle activates the Akt/mTOR signaling
pathway remains largely unknown. Nonetheless, the importance of mTOR in
mechanical load-induced hypertrophy was generally accepted due to the findings
that rapamycin administration (a potent and selective inhibitor of mTOR) com-
pletely abolished the hypertrophy under overload conditions (Bodine et al. 2001;
Hornberger et al. 2003; Bodine 2006).

mTOR activates p70S6K (ribosomal protein kinase S6) and 4E-BP1. p70S6K
phosphorylated by mTOR, increases the translation of mRNAs with a 5'-tract of
pyrimidine, which is contained in all known ribosomal proteins. 4E-BP1 regulates
the initiation of protein synthesis by sequestering elF4E. When phosphorylated,
AE-BP1 releases elF4E, which in turn complexes with eIF4G and eIF3 and initiates
translation (Rennie et al. 2004). Once again, we emphasize that we have a very
limited understanding of how physical loading of the muscle fibers activates the
mTOR signaling pathway.

4.3.2 Unload (Inactivity or Disuse) and the Catabolic
Signaling Pathway

When the activity of skeletal muscle is reduced by spaceflight (microgravity), pro-
longed bed rest, immobilization, denervation, or hindlimb suspension, skeletal
muscle loses its weight and contractile force. Two major signaling pathways are
reported to play major roles in unload-induced skeletal muscle atrophy: nuclear
factor-kappa B (NF-xB) and FoxO pathways.

Genetically modified animal models confirmed that NF-kB is one of most impor-
tant signaling pathways linked to the loss of skeletal muscle in both physiological
and pathophysiological conditions. Hunter et al. reported that skeletal muscle
inactivity leads to increased NF-«B transcriptional activity (Hunter et al. 2002).
Later, it was reported that a specific NF-kB pathway (p50 and Bcl3), but not a clas-
sical p50-p65 NF-xB dimer, is required for disuse muscle atrophy (Hunter and
Kandarian 2004; Judge et al. 2007). NF-kB activates the transcription of many
genes, including skeletal muscle-specific E3 ligases, MuRF]1. But how these target
molecules induce muscle atrophy remains poorly defined.

Under atrophic conditions, it is proposed that the inhibition of FoxO activity by
phosphorylation (possibly by Akt) is relieved, and the dephophorylated FoxO tran-
scription factors accumulate in the nucleus, activate an atrophy-related ubiquitin E3
ligase, atrogin-1/MAFbx-1 and induce skeletal muscle wasting (Sandri et al. 2004;
Stitt et al. 2004).

Although the upstream events of NF-kB or FoxO activation are not clarified,
candidate molecules which link disuse and activation of NF-kB or FoxO are reactive
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oxygen species (ROS) (Powers et al. 2007; Dodd et al. 2010). But, how ROS activate
NF-kB or FoxO transcription factors is not clearly defined.

4.3.2.1 Downstream Targets of NF-xB and FoxO Transcription Factors

Downstream of these signaling pathways, three major proteolytic systems, (1) lyso-
somal proteases (cathepsins), (2) Ca**-activated proteases (i.e., calpains), and (3)
the ubiquitin-proteasome system, are thought to contribute to the degradation of
muscle proteins. Unloading skeletal muscle also causes caspase-3 activation and
myonuclear apoptosis, maintaining a constant ratio of cytoplasm to nuclei (myonu-
clear domain) (reviewed in Powers et al. 2007).

NF-«B is reported to activate muscle RING finger protein 1 (MuRF1) E3 ligase
(Cai et al. 2004; Mourkioti et al. 2006). FoxO3 is shown to activate atrogin-1/
MAFDbX to activate the ubiquitin-proteasome pathway (Sandri et al. 2004). Increased
FoxO3 function also leads to decreased myocyte cell size through induction of
autophagy pathway genes, including LC3, Gabarapll, and Atgl2 (Zhao et al. 2007;
Mammucari et al. 2007).

44 Conclusion

Skeletal muscle is sensitive to mechanical load, and adapts the demand by increasing
or decreasing its mass and contractile force. Muscle hypertrophy and wasting are
accompanied by changes in fiber compositions and metabolic properties. Thanks to
advances in gene manipulation techniques in mice, major players in signal trans-
duction regulating muscle hypertrophy and atrophy have been identified. But how
myofibers sense change in mechanical load, and how the information is translated
into biochemical signaling pathways, remain to be determined.
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remudy.jp/index.html) , B&IZFE L T,
£fIZ multiplex ligation-dependent probe
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BOU R AMRERGRETS D, BRI
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recruitment) BA 5N B, FABMIZITE
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AFIANRNF-DEHLIPOERMIPIEETH
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TV F = Al E BRI BRI B A IR
REL, THOEMBEMOBIET - HERE
#2959, HEHD S UETHESIF
7zt IS CKIEIRET ¥ 5,

7. EEBEEEUNEUF—=Y3Y
SHEHISERMEMGELS O EETET 5,
TER SR, RAMGESE, HEil
FETFHID 7= OEFREEFHICHRGET 5,

B AROREILHLVEELTHE L
BB REEER SR TR f8NE B
ARAGE, EBER - &tV 4 — Kk
FRENRL ARERE, FiE BEH v vy
VIR MEREEEIY Y T —ITEBEL
9,

X ®'

1) Moxley RT 3rd, et al. : Practice parameter : cor-
ticosteroid treatment of Duchenne dystrophy ;
report of the Quality Standards Subcommittee of
the American Academy of Neurology and the
Practice Committee of the Child Neurology
Society. Neurology, 64 : 13-20, 2005.

2) Bohan A & Peter JB : Polymyositis and dermato-
myositis. N Engl ] Med, 292 © 344-347, 1975.

3) Dalakas MC : Therapeutic targets in patients
with inflammatory myopathies ; present app-
roaches and a look to the future. Neuromuscul
Disord, 16 : 223-236, 2006.
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B GO DIRRBIZH 52°, HiEERICIFEELE
h, BELTHEELZBET S, EEBIEIEE
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—, odz4 %) VA MIMbo TE/. i
2RIl ZERE OB O HEEM
fa% & I CHBET A FESERZN, sk
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456  II. B. {RiESE & HGIBE

Bk Curr Opin Neurol 20(5) : 577-582, 2007.

1) Ferrari G, Cusella-De Angelis G, Coletta M, et 3) Arnold L, Henry A, Poron F, et al: Inflam-
al : Muscle regeneration by bone marrow-de- matory monocytes recruited after skeletal muscle
rived myogenic progenitors. Science 279(5356) : injury switch into antiinflammatory macrophages
1528-1530, 1998. ‘ to support myogenesis. ] Exp Med 204(5) : 1057

2) Boldrin L, Morgan JE : Activating muscle stem -1069, 2007.

cells ! therapeutic potential in muscle diseases.
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(DA six-minute walk test for assessing exercise tolerance
in severely ill children. Nixon PA, Joswiak ML, Fricker FJ.
J Pediatr. 1996 Sep;129(3):362-6.

(Z)The six~minute walk test in healthy children: reliability
and validity.Li AM, Yin J, Yu CC, Tsang T, Sung R et al.
Eur Respir J. 2005 Jun;25(6):1057-60
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LETTER

doi:10.1038/nature10456

Pathogenic exon-trapping by SVA retrotransposon
and rescue in Fukuyama muscular dystrophy

Mariko Taniguchi-Ikeda"?*, Kazuhiro Kobayashi'*, Motoi Kanagawa', Chih-chieh Yu', Kouhei Mori', Tetsuya Oda',
Atsushi Kuga', Hiroki Kurahashi®, Hasan O. Akman®, Salvatore DiMauro?, Ryuji Kaji®, Toshifumi Yokota®, Shin’ichi Takeda’

& Tatsushi Toda'

Fukuyama muscular dystrophy (FCMD; MIM253800), one of the
most common autosomal recessive disorders in Japan, was the first
human disease found to result from ancestral insertion of a SINE-
VNTR-Alu (SVA) retrotransposon into a causative gene'™. In
FCMD, the SVA insertion occurs in the 3’ untranslated region
(UTR) of the fukutin gene. The pathogenic mechanism for
FCMD is unknown, and no effective clinical treatments exist.
Here we show that aberrant messenger RNA (mRNA) splicing,
induced by SV A exon-trapping, underlies the molecular pathogen-
esis of FCMD. Quantitative mRNA analysis pinpointed a region
that was missing from transcripts in patients with FCMD. This
region spans part of the 3’ end of the fukutin coding region, a
proximal part of the 3" UTR and the SVA insertion. Corres-
pondingly, fukutin mRNA transcripts in patients with FCMD
and SVA knock-in model mice were shorter than the expected
length. Sequence amalysis revealed an abnormal splicing event,
provoked by a strong acceptor site in SVA and a rare alternative
donor site in fukutin exon 10. The resulting preduct truncates the
fukutin carboxy (C) terminus and adds 129 amino acids encoded
by the SVA. Introduction of antisense oligonucleotides (AONs)
targeting the splice acceptor, the predicted exonic splicing enhancer
and the intronic splicing enhancer prevented pathogenic exon-
trapping by SVA in cells of patients with FCMD and model mice,
rescuing normal fukutin mRNA expression and protein produc-
tion. AON treatment also restored fukutin functions, induding
O-glycosylation of e-dystroglycan (¢-DG) and laminin binding by
a-DG. Moreover, we observe exon-trapping in other SVA jnser-
-tions associated with disease (hypercholesterclemia®, neutral lipid
storage disease®) and human-specific SVA insertion in a novel gene.
Thus, although splicing into SVA isknown®®, we have discovered in
human disease a role for SV.A-mediated exon-trapping and demon-
strated the promise of splicing modulation therapy as the first
radical clinical treatment for FCMD and other SVA-mediated
diseases.

FCMD (incidence 1/34,000 births) shares phenotypic similarities
with other severe muscular dystrophies, including muscle-eye-brain

disease and Walker-Warburg syndrome. All show deficiencies in -

O-glycosylation of o-DG, an extracellular protein anchored on the
plasma membrane. Insufficient O-glycosylation interferes with the
ability of o-DG to interact with extracellular matrix proteins such as
laminin®'®. For this reason, FCMD, muscle-eye-brain disease and
Walker-Warburg syndrome are categorized as ‘o-dystroglycanopa-
thies (o-DGpathy)® so far, no effective treatments exist for these
conditions. SVA is a hominid-specific, composite non-coding retro-
transposon that contains SINE (short interspersed sequence), VNTR
(variable number of tandem repeat), and Alu sequences. It is still active

in humans, polymorphic and mobilized by the human LINE-1 in
transﬁ,ll—lS.

In previous work, we showed that fukutin mRNA (10 exons, 7.4-
and 6.4-kilobase (kb) cDNAs in size with two poly-A sites, 461 -amino-
acid protein with calculated molecular mass of 53.7 kDa) was not
detectable by northern blot analysis in patients with FCMD carrying
the SVA insertion’. To investigate the aetiology of this decreased
expression, we have now analysed whole fukutin mRNA in lympho-
blasts from patients with FCMD using quantitative PCR with reverse
transcription (QRT-PCR). PCR products corresponding to the
protein-coding region of fukutin, as well as those including sequences
in the distal part of the 3’ UTR (and thus downstream of the SVA
insertion), were similar in abundance to those from an unaffected
control (Fig. 1a). However, products located at sequence positions
within the 3" UTR were markedly decreased relative to the control.
From these results and along with previous reports of many 3’ and 5
splice sites within SVA elements®®, we hypothesized that abnormal
splicing occurs somewhere between the end of the fukutin protein-
coding region and the SVA insertion.

We then performed long-range RT-PCR using primers that flank
the region corresponding to decreased expression. In patients with
FCMD, we detected a single 3-kb PCR product, which is shorter than
the 5-kb product seen in the normal control (Fig. 1b). This observation
was consistent in several tissue types from patients with FCMD
(Supplementary Fig. 1). PCR from genomic DNA produced an 8-kb
product in patients with FCMD, compared with a 5-kb product in the
control (Fig. 1b). Sequence analysis of the 3-kb product from FCMD
cDNA revealed a splicing event (Supplementary Fig. 2). This event
generates a new donor-side breakpoint within the final coding exon
(exon 10), located 116 base pairs (bp) upstream from the authentic
stop codon. A rare alternative donor site at that position is activated
and trapped by an alternative acceptor site located within the inserted
SV, creating an additional and aberrant exonic sequence (exon 11)
(Fig. 1c). The acceptor-side breakpoint is located 274 bp downstream
from the start of the SVA insertion, between ag and TC (Fig. 1c). The
acceptor site has not been described in the previous reports of SVA
splicing®”. This location is preceded by a pyrimidine-rich stretch, the
SVA (TCTCCC)y; hexamer at the 5' end of the SVA element, with a
possible favourable branch point. Predicted exonic splicing enhancer
sites occur around 70 bp downstream from the new acceptor site. We
confirmed that the aberrant splicing event can be abolished by repla-
cing AG with GG at the acceptor junction in cultured cells transfected
witha fukutin construct carrying SVA insertion (Supplementary Fig. 3).
Fukutin expression was not altered by cycloheximide treatment, indi-
cating that the transcript was not subject to nonsense-mediated mRNA
decay, possibly because this exon-trapping occurred within the last
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