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INTRODUCTION

, Yimin Hua®, John Erby Wilkinson®, Tomoki Nomakuchi?,

, Ya-Ping Jiang®, Richard Z. Lin®, Chien-Ping Ko, C. Frank Bennett?,

Loss-of-function mutations in SMN1 cause spinal muscular atrophy (SMA), a
leading genetic cause of infant mortality. The related SMN2 gene expresses
suboptimal levels of functional SMN protein, due to a splicing defect. Many SMA
patients reach adulthood, and there is also adult-onset (type IV) SMA. There
is currently no animal model for adult-onset SMA, and the tissue-specific
pathogenesis of post-developmental SMN deficiency remains elusive. Here,
we use an antisense oligonucleotide (ASO) to exacerbate SMN2 mis-splicing.
Intracerebroventricular ASO injection in adult SMN2-transgenic mice pheno-
copies key aspects of adult-onset SMA, including delayed-onset motor
dysfunction and relevant histopathological features. SMN2 mis-splicing
increases during late-stage disease, likely accelerating disease progression.
Systemic ASO injection in adult mice causes peripheral SMN2 mis-splicing and
affects prognosis, eliciting marked liver and heart pathologies, with decreased
IGF1 levels. ASO dose-response and time-course studies suggest that only
moderate SMN levels are required in the adult central nervous system, and
treatment with a splicing-correcting ASO shows a broad therapeutic time
window. We describe distinctive pathological features of adult-onset and early-
onset SMA.

humans. Although SMN2 exon 7 is predominantly skipped by
alternative splicing, which results in a truncated defective

SMA is characterized by skeletal-muscle weakness and wasting,
due to a-motor neuron degeneration, and no effective therapy is
currently available. Loss-of-function mutations or deletion of
SMN1 and the resulting deficiency in the encoded SMN protein,
which mediates snRNP assembly, cause SMA, although how this
specifically affects a-motor neurons remains unclear (Burghes &
Beattie, 2009). A closely related gene, SMN2, is present only in
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protein, called SMNA7, SMN2 acts as a disease modifier and
reduces SMA severity as its copy number increases (McAndrew
et al, 1997). Based on the age of onset and clinical severity, SMA
is subdivided into types I, II, IIl and IV, with type I being the most
severe form. Types I-III affect infants and children usually under
the age of 3, whereas type IV shows adult onset (Lunn &
Wang, 2008).

Several SMA models have been generated to reproduce SMA
with various severities. Knockout of the murine Smn gene
results in embryonic lethality (Schrank et al, 1997). Introduc-
tion of a human SMN2 transgene rescues this phenotype, such
that Smn~/~ SMNZ2 mice have SMA-like phenotypes whose
severity inversely correlates with the SMNZ2 copy number
(Hsieh-Li et al, 2000; Monani et al, 2000). Severe-SMA mice
harbouring two SMN2 copies, or with an extra SMNA7 cDNA
transgene (SMA A7 mouse model), develop early and rapidly
progressive pathology, dying within 1-2 weeks postnatally
(Hsieh-Li et al, 2000; Le et al, 2005; Monani et al, 2000;
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Riessland et al, 2010). In contrast, SMA mice harbouring four
SMN?2 copies survive normally and do not develop paralysis,
but have an abnormal, short and thick tail and develop tail
and ear necrosis, beginning around 3 weeks and 3 months
postnatally, respectively (Hsieh-Li et al, 2000). These
models provide distinct advantages, including the testing of
therapeutic strategies based on targeting the human SMN2
transgene by means of splicing correction or upregulation (Park
et al, 2010a).

RNA splicing requires pre-mRNA cis-acting elements recog-
nized by trans-acting factors, such as spliceosome components
and auxiliary RNA-binding proteins (Cartegni et al, 2002).
Antisense oligonucleotides (ASOs) can be designed to target
cis-element(s) on a given pre-mRNA, so as to preclude binding
of trans-acting factors and thereby modulate splicing patterns.
These properties enable the development of RNA-targeted
therapeutics to correct disease-associated splicing defects or
restore the translational reading frame (Bennett & Swayze,
2010). We previously reported that a 2’-O-(2-methoxyethyl)
(MOE) therapeutic ASO (ASO-10-27 or ISIS-SMNg,) that
promotes exon 7 inclusion in SMNZ2, rescues the phenotypes
of several SMA mouse strains (Hua et al, 2010, 2011; Passini
et al, 2011; Sahashi et al, 2012). Recently, a phase Ib/IIa clinical
study of ASO-10-27 has been initiated in children with
intermediate SMA.

We have also employed ASO technology to phenocopy SMA
in transgenic mice, utilizing ASOs that exacerbate the SMN2
splicing defect and persistently promote pathogenesis. Intra-
cerebroventricular (ICV) administration of an exon-7-comple-
mentary MOE ASO (ASO-20-37) that promotes SMNZ2 exon 7
skipping in neonatal four-copy SMN2-transgenic mice success-
fully phenocopies intermediate SMA, including ~1-month
lifespan and progressive motor dysfunction, with «-motor
neuron loss and abnormal neuromuscular junctions (NMlJs)
(Sahashi et al, 2012). These phenotypes are shared by other
intermediate SMA models with point mutations (Smn?®~ mice)
or exon deletions (Smnt”/A7, NSE-Cre mice) in murine Smn,
although these strains lack an SMN2 transgene, which is being
actively pursued as a therapeutic target in human SMA (Park
et al, 2010a).

Available SMA mouse strains, including those with inducible
expression of SMN, are extremely useful for studying the
temporal and spatial requirements for SMN (Gavrilina et al,
2008; Le et al, 2011; Lutz et al, 2011; Park et al, 2010b), although
the physiological roles of SMN and pathological roles of SMN
deficiency after the developmental stages, remain unclear. A
recent report showed that removal of ectopic SMN induction
after postnatal Day 28 in an SMA A7 mouse background resulted
in some of the mice surviving for >8 months (Le et al, 2011).
However, the tissue-specific effects of adult-onset SMN
deficiency have not been addressed. Many SMA patients reach
adulthood, and there is an adult-onset form of the disease,
namely type IV SMA, characterized by progressive paralysis
and decline in daily-living activities. Therefore, addressing the
effect of SMN levels and the phenotypic effects of SMN
deficiency/restoration in adult mice should contribute to the
understanding of SMA pathogenesis and to the development of
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targeted therapies. Animal models of adult-onset SMA would be
extremely valuable for such studies.

Here we extended our antisense exon-skipping approach
to adult mice with four copies of an SMN2 transgene. We found
that ICV-administered ASO phenocopies adult-onset SMA. The
extent of SMN2 mis-splicing in the central nervous system (CNS)
determined the severity of the SMA-like motor symptoms. SMN2
mis-splicing was exacerbated during late-stage disease, which
should accelerate the decline. In addition, systemically adminis-
tered exon-skipping ASO also affected survival, resulting in
striking liver and heart lesions, and the combination of central
and peripheral administration exacerbated the pathology.
We demonstrated effective rescue with therapeutic ASO-10-
27, suggesting that there is a broad temporal therapeutic window
for treatment of adult-onset SMA. The ability to persistently
modulate splicing of a target gene using ASOs provides a
powerful method to model and characterize diseases in animals.

RESULTS

Inhibition of SMN2 splicing in mouse tissues

To address the post-developmental roles of SMN deficiency in
SMA pathogenesis, and to develop a mouse model for adult-
onset SMA, we attempted to increase skipping of exon 7 in SMN2
transgene pre-mRNA in transgenic mice with four SMN2 copies
(Smn~/~ SMN2"/") using ASOs. This mouse model has normal
motor function and >2-year lifespan, but develops postnatal,
progressive necrosis of the tail and ear pinna (Hsieh-Li
et al, 2000). We could then assess the tissue-specific effects of
SMN_2 mis-splicing in this adult-mouse context.

Based on a screen of overlapping ASOs tiled along SMNZ2 exon
7 and the flanking introns (Hua et al, 2007, 2008), we previously
characterized ASO-20-37, which targets splicing enhancer
elements recognized by TRA2-B1 and another presumptive
activator in exon 7 (Fig 1A; Supporting Information Table S1;
Hofmann et al, 2000; Hua et al, 2007; Sahashi et al, 2012). This
ASO substantially inhibits SMN2 exon 7 inclusion in neonatal
tissues of the transgenic mouse, and accurately phenocopies
intermediate SMA when administered by ICV injection on
postnatal Day 1 (P1). Moreover, the phenotype is ameliorated
by ICV administration of therapeutic ASO-10-27 (Supporting
Information Table S1), which targets a silencer in intron 7 and
restores SMN2 splicing (Sahashi et al, 2012). We routinely use
synthetic ASOs with 2’-MOE modification of the ribose and
phosphorothioate backbone, which do not trigger cleavage of
the target RNA by RNase H or RNAi (Crooke, 2007).

Because SMA primarily affects «-motor neurons in the
brainstem and spinal cord, and the blood-brain barrier (BBB)
prevents the access of systemically administered MOE ASO to
the CNS in adult mice (Crooke, 2007), we again used direct
administration into the cerebral ventricles, such that the ASOs
circulate in cerebrospinal fluid and distribute throughout the
CNS. We used stereotaxic surgery to administer 10, 25 or 100 pg
of ASO-20-37 as a single ICV injection, in 2-month-old adult
SMN2-transgenic mice. We also injected 100 ug of a control
ASO with six mismatches relative to ASO-10-27 (Supporting
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Figure 1. ASO-induced inhibition of SMN2 splicing and SMN expression.
FL and A7: full-length and exon-7-skipped transcripts, respectively. %
Inclusion: the percentage of FL in total transcripts. C: ICV injection of 100 pg
control ASO. We analysed data using two-tailed t tests.

A. SMN2 exon 7 sequence and schematic representation of ASO-20-37. The
splicing-enhancer region is in bold—italic font, and the bar depicts ASO-
20-37 above its complementary sequence.

B,C. Dose-response study of ASO-20-37 effects (n = 3). RT-PCR shows
inhibition of exon 7 inclusion in PS7 spinal cord (B) and other tissues (C).

D. Western analysis shows reduction in SMN expression at PS7 and
especially at PS30. For full-length SMN, the upper band in each doublet
was quantitated as described (n=3. *p=0.0029; **p = 0.0005; Sahashi
et al, 2012).

Information Table S1). We analysed the effect of the ASOs on
SMN_2 splicing in the spinal cord 7 days post-surgery (PS7). Semi-
quantitative radioactive RT-PCR showed that ASO-20-37 gave
dose-dependent increases in exon 7 skipping at PS7, whereas
the control ASO had no effect at either PS7 or PS14 (Fig 1B;
Supporting Information Fig S1A). Immunoblot analysis showed
a corresponding decrease in SMN protein expression in the
spinal cord (Fig 1D). ICV-injected ASO-20-37 inhibited SMN2
splicing in both the brain and spinal cord to a considerably
higher extent than in peripheral tissues (Fig 1B and C),
consistent with the ASO-uptake patterns observed in these
tissues at PS7 by immunohistochemical (IHC) staining (Support-
ing Information Fig S2A).

A time-course analysis showed that the splicing effect in the
CNS of treatment with 100 wg ASO-20-37 was similar between
PS7 and PS14 (Fig 2A), as seen also with therapeutic ASO-10-27,
which has the same length and chemical modifications

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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(Supporting Information Fig S1B). In the spinal cord, the effect
of treatment with 25 pg ASO-20-37 on SMN2 splicing plateaued
after PS7. As expected, this dose had no significant effect on
splicing in the liver, which we analysed until PS30 (Fig 2B). A
lower dose, 10 g, gave a correspondingly weaker effect on
splicing (Fig 1B; Supporting Information Fig S1C).

We previously found that SMN2 mis-splicing is exacerbated
during end-stage SMA, partly as a result of malnutrition (Sahashi
etal, 2012). In mice treated with 100 ug ASO, when body weight
began to decline at PS30 (Fig 3B), both the levels of exon 7
inclusion and overall SMN expression were further suppressed
in the spinal cord, despite an apparent reduction in ASO
uptake/accumulation in the CNS (Figs 1D and 2A; Supporting
Information Fig S2B). SMNZ2 mis-splicing was also exacerbated
in the liver and muscle, even though there was only minimal
ASO uptake in these tissues (Fig 2A; Supporting Information
Fig S2B). Splicing suppression was also observed in late-stage
mice that had been injected with 25 g ASO, but not in mice that
were injected with 10 pg ASO (Fig 2B). Simultaneous skipping of
exons 5 and 7 in the CNS also increased in late-stage mice
injected with 100 wg ASO, and in the spinal cord and liver in
the case of mice injected with 25 pg ASO (Fig 2A and B). These
observations are consistent with indirect inhibition of SMN2
splicing in response to ASO treatment, during late-stage disease
(Sahashi et al, 2012).

We recently showed that SMN restoration in peripheral
tissues is necessary for efficient phenotypic rescue in a severe-
SMA mouse model, implying a strong peripheral contribution to
SMA pathogenesis (Hua et al, 2011). To study this further in
adult mice, we systemically administered ASO-20-37 or control
ASO by intraperitoneal (IP) injection, and analysed the resulting
SMN2 splicing patterns in tissues. IP injection of 200 mg/kg/day
ASO for 2 consecutive days in 2-month-old mice inhibited SMN2
splicing markedly in the liver, slightly in the heart and muscle
and had no effect in the spinal cord at PS7 (Fig 2C), whereas the
control ASO had no effect on splicing in the liver at either PS7
or PS14 (Supporting Information Fig S1A). To establish a dose-
dependence, we also injected 20 or 50mg/kg/day ASO for
2 days. Both doses gave similar effects on splicing in the liver at
PS7 or at PS30, and the effects were smaller than with the larger
dose of 200 mg/kg/day (Fig 2D).

Phenotypic effects of exon-skipping ASO

We next studied ASO-20-37’s effect on the phenotype of adult
SMN_2-transgenic mice. ICV injection of 25 or 100 wg ASO in 2-
month-old mice strikingly shortened their lifespan (median
survival: 70 and 34 days post-surgery, respectively; p < 0.0001),
whereas 10 pg ASO did not (median survival >434 days post-
surgery; p=0.8195; Fig 3A). There was also a dose-dependent
inhibition of body weight gain, even though the mice were
well fed (Fig 3B; Supporting Information Fig S3A). 25 pg ASO-
treated mice also displayed kyphosis, a characteristic of SMA
(Supporting Information Fig S3A).

In mice injected with 100 g ASO, body weight and locomotor
activity decreased notably after PS30. We observed gait
disturbance only late, ~PS30, after which it progressed further.
Some mice were eventually unable to rear themselves, and

EMBO Mol Med (2013) 5, 1586-1601
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Figure 2. Time-course RT-PCR analysis of SMN2 mis-
splicing. A5 + A7: mRNA lacking both exon 5 and exon 7.
C:1CV injection of 100 wg in (A and B) or C-IP: IP injection
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displayed facial and paw oedema, culminating in death. Other
mice died suddenly, before presenting severe paralysis. Serial
grip-strength and rotarod tests showed late-onset motor
dysfunction (Fig 3C). Automated analysis of home-cage
behaviours (Steele et al, 2007) at PS28 revealed significant
decreases in digging, hanging and rearing, reflecting limb-
muscle weakness (Fig 3D). However, the distance travelled
during the recording was not significantly decreased at PS28
(Fig 3D).

Mice injected with 25 pg ASO also showed gait disturbance,
typically evident after PS60, and late-onset motor dysfunction
was demonstrated by rotarod tests, but not by grip-strength tests
(Fig 3C). Although injecting 10 p.g ASO reduced exon 7 inclusion
to at most 60% of the control level in the spinal cord (Fig 2B),
the mice gained weight normally (Fig 3A) and did not have
overt motor deficits in walking, rearing and hanging. We did
not observe declines in grip strength or rotarod performance
at PS120 (Supporting Information Fig S3D). These results

EMBO Mol Med (2013) 5, 1586-1601
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demonstrate that ICV injection of ASO-20-37 elicited SMA-like
motor dysfunction, growth impairment and shortened lifespan
in a dose-dependent manner, even in adult mice, similar to
what we previously observed in neonatal mice (Sahashi
et al, 2012).

IP injection of 50 mg/kg/day ASO-20-37 for 2 days in adult
SMA transgenic mice had no effect on survival (p=0.2918;
Fig 3E). However, IP injection of ASO-20-37—but not the control
ASO—at a higher dose, 200 mg/kg/day, shortened the lifespan
(median survival 29 days post-surgery; p < 0.0001; Fig 3E).
The body weight began to drop around PS20 (Supporting
Information Fig S3B). Locomotor activity also decreased, but the
grip-strength or rotarod tasks showed no decline at PS21
(Supporting Information Fig S3C) and no overt paralysis was
observed even during end-stage disease. In addition, neither ICV
injection of 100 pg nor IP injection of 200 mg/kg/day ASO-20-37
affected normal adult mice with an intact murine Smn gene,
ruling out off-target effects. Moreover, we observed no

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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impairment in body weight gain for 3-4 months post-surgery in
these control mice, and no premature death or overt motor
dysfunction during at least 1 year post-surgery.

ICV or IP injection of ASO-20-37 exclusively inhibited SMN2
splicing in the CNS or peripheral tissues, respectively (Fig 2A and
C). Next, we combined ICV and IP injections of ASO-20-37, to
elicit more ubiquitous SMN2 mis-splicing. IP injection of 50 or
200 mg/kg/day ASO for 2 days at PS1 and PS2, after PSO ICV
injection of 25png ASO, further reduced survival by ~30 or
~60%, respectively, compared with the ICV injection alone
(median survival 50 or 27 days post-surgery; p=0.2224 and

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

p<0.0001, respectively). IP injection of 200 mg/kg/day after
ICV injection of 100 ng ASO also reduced survival by ~25%
(median survival 25 days post-surgery; p < 0.0001; Fig 3F).
These results are again consistent with the contribution of
peripheral tissues to SMA pathogenesis. The possibility of a
direct effect of IP-injected ASO in the CNS, through retrograde
axonal transport of ASO to spinal-cord neurons (Crooke, 2007),
cannot be completely excluded, although the effect on SMN2
splicing in the spinal cord was similar between ICV injection of
25 ng ASO with and without IP injection of 200 mg/kg/day ASO
(Supporting Information Fig S1D).
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Supportive SMA features

Motor neuron pathology

Progressive degeneration of a-motor neurons is a pathological
hallmark of SMA (Lunn & Wang, 2008), and indeed, we
observed motor-neuron pathology in ICV-injected mice. In
accordance with efficient splicing inhibition in the spinal cord
(Fig 2A), we observed a marked decrease in the number of
SMN-positive nuclear gems—which correlates directly with
functional SMN level, and inversely with disease severity
(Coovert et al, 1997) in spinal a-motor neurons after ICV
injection of 100 or 25ug ASO (Fig 4A). A significant (>40%)
reduction in a-motor-neuron number and shrinkage of motor
neurons, indicative of degeneration, were evident in L1-2 spinal
cord of mice treated with the lower dose of 25 pg that results in
longer survival, when assayed at PS60, but not in mice treated
with 100 ng and assayed at PS30 (Fig 4A and B). IHC showed
predominant ASO uptake/accumulation in the CNS, including
a-motor neurons, rather than in peripheral tissues, in mice
ICV-injected with 100 wg ASO at PS7, though the ASO levels
declined by PS30 (Fig 4C; Supporting Information Fig S2A and
B). Taken together, these results suggest that in the context of
ASO-induced SMN deficiency, a rapid disease course in adult
mice does not allow sufficient time for motor-neuron degenera-
tion, which proceeds at a lower rate.

Muscle histology

We observed little or no cellular ASO uptake in peripheral
tissues, such as liver, heart, lung and muscle of mice treated with
ICV injection of 100 g ASO-20-37, at both PS7 and PS30,
although we could detect some ASO in liver sinusoids
(Supporting Information Fig S2A and B).

Groups of atrophic fibres associated with hypertrophic fibres
are typically observed in severe-SMA mice (Hsieh-Li et al, 2000).
However, in mice ICV-injected with 25 ug ASO at PS70 or with
100 pg ASO at PS30 (Supporting Information Fig S4), which
showed gait disturbance, quadriceps or tibialis anterior sections
stained with H&E, acetate non-specific esterase for analysis of
denervated fibres or NADH dehydrogenase for analysis of
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muscle fibre type, showed no SMA-like pathology of fibre-type
grouping or atrophy. In light of the marked SMN deficiency
restricted to the CNS, these mice may be in a pre-pathological
stage in the context of a rapid disease course after induction
(Dubowitz & Sewry, 2007), or their phenotype may correspond
to late-onset muscle pathology at the adult stages. Alternatively,
the limited effects of ASO on SMNZ2 mis-splicing in muscle
(Fig 2A) may provide a plausible explanation for the lack
of overt muscle and heart phenotypes (see below) in the ICV-
injected mice.

NM]J pathology

NMJ defects, including denervation and delayed maturation,
have been described in severe, early-onset SMA (Kariya
et al, 2008; Kong et al, 2009; Lee et al, 2011; Ling
et al, 2010, 2012; Murray et al, 2008). We first assessed NMJ
structure in the vulnerable muscle longissimus capitus (LC)
(Ling et al, 2012) in mice that were ICV-injected with 25 or
100 g ASO, at late-stage PS70 or PS30, respectively. Immuno-
fluorescence staining of NMJs in mice injected with 25 pg ASO,
but not with 100 ug ASO, showed abnormal structures in the
form of varicosities in the nerve terminals and fragmentation
of the endplates (Fig 4D), similar to those reported in aged,
damaged, regenerating or diseased muscles in which NMJs
undergo extensive remodelling (Couteaux et al, 1988; Duchen
et al, 1974; Li & Thompson, 2011; Li et al, 2011; Lyons &
Slater, 1991). However, the differences were not statistically
significant, probably because of the small sample size (n=3.
p=0.1888 and 0.0780, respectively). Postsynaptic acetylcholine
receptor (AChR) topology assessed by counting the proportion of
mature-pretzel or branched forms (Kummer et al, 2004) was not
significantly affected at either ASO dose. In addition, almost all
NMJs were fully innervated at both doses, and we did not
observe any effects of the presynaptic change, such as
denervation atrophy, on postsynaptic LC muscle at PS70 in
mice injected with 25 ug ASO (Fig 4D and E). However, the LC
muscle of these mice revealed a >40% reduction in muscle fibre
area, potentially attributable to the smaller mouse size
(Alnageeb & Goldspink, 1987; Layman et al, 1980).

Figure 4. ASO-induced histopathology in motor units. For (A-F), C: 100 p.g control ASO, 5 pl saline, 25 or 100 g ASO-20-37 was ICV-injected. We analysed data

using two-tailed t tests.

A. Decreased nuclear gems. (Left) Dual ChAT and SMN staining of a-motor neurons in PS60 lumbar spinal cord. a-Motor neurons are also displayed at higher
magnification in the insets. Scale bar: 50 wm. (Right) Nuclear gem counts in a-motor neurons (n=3. *p=0.0031; **p=0.0021).

B. a-Motor neuron loss. (Left) ChAT staining of a-motor neurons in PS60 lumbar spinal cord. Scale bar: 500 pm. (Right) a-Motor neuron counts (n=6.
*p=0.0005; n.s., p=0.9620). (A and B) also show motor-neuron shrinkage in ASO-20-37-treated mice.

C. ASO uptake in PS7 lumbar spinal cord cells, including a-motor neurons.

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

. NM) defects in longissimus capitus (LC) muscle. (Top) NMJs were labelled with a-bungarotoxin (red) for AChRs, anti-synaptophysin (green) for nerve terminals

and anti-neurofilament (blue) for nerves. NMJs with a mature pretzel form of AChRs, and NM] defects of varicosities in the nerve terminals (arrowhead) and
fragmented endplates (arrow) are shown. Scale bar: 40 um. (Bottom) Percentages of varicosities in the nerve terminals, fragmented endplates, AChR topology,
and NM] innervation were quantified in mice treated with: ICV injection of 100 g control ASO (C) at PS30 (n = 3), PS70 (n =4) or PS ~ 120 (n = 3); ICV injection
of ASO-20-37 (25 or 100 pg) at PS70 or PS30 (n = 4), respectively; ICV injection of 100 ug plus IP injection of 200 mg/kg/day ASO-20-37 (ICV + IP), at PS25
(n=3); or ICV injections of 100 ug ASO-20-37 plus PS22 100 pug ASO-10-27 (+PS22 ICV therapy), at ~PS130 (n=3).

. Decreased muscle fibre sizes. (Left) PS70 LC muscle labelled with anti-mouse IgG (green) and DAPI (red). Scale bar: 200 um. (Right) Distribution of fibre sizes

(n=3).

. Reduced central synapses onto motor neurons. (Left) VGLUT 1 (green) and ChAT (red) staining of nerve terminals and a-motor neurons, respectively, in PS30

spinal cord. Arrowhead represents C-boutons. Scale bar: 10 um. (Right) The number of VGLUT 1-positive synaptic boutons or C-boutons per motor neuron is
shown (n=3. *p=0.0096 and 0.0010, respectively). The mean value + standard deviation is shown for each group.
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To analyse the contribution of peripheral SMNZ2 mis-
splicing to NMJ structure, we also analysed the mice treated
with the combination of ICV injection of 100wg and IP
injection of 200mg/kg/day ASO-20-37 at PS25, when gait
disturbance was observed. We observed a significantly higher
incidence of varicosities in the nerve terminals, fragmented
endplates and branched forms of AChR (n=3. p=0.0423,
0.0400 and 0.0015, respectively; Fig 4D), although, similar to
the ICV injection alone, the combined treatment did not
cause significant NMJ denervation. These findings suggest
that peripheral SMNZ2 mis-splicing additively exacerbates
some NMJ pathology.

Considering that morphologically abnormal a-motor neurons
and NMJs were observed at the late stages in mice injected with
25pg ASO, which have relatively slow disease progression,
post-developmental NMJ pathology may appear late in the
disease course. To address this further, we analysed the NMJs
in mice treated with therapeutic ASO-10-27 22 days after ICV
injection of ASO-20-37; these mice showed longer disease
duration and progressive paralysis (see below). Although
denervation was still absent, more extensive NMJ defects were
now evident at PS130, which may also be due to muscle
regeneration (Fig 4D).

Reduction of central synapses on spinal motor neurons

We and others previously showed early defects in central
synapses in SMA mice, particularly in the proprioceptive afferent
inputs to lumbar motor neurons, which could potentially affect
motor-neuron excitability and motor circuitry (Ling et al, 2010;
Mentis et al, 2011). To further address the origin of the motor
deficits in mice ICV-injected with 100wg ASO-20-37, we
examined the synaptic connectivity between sensory afferents
and motor neurons by anti-vesicular glutamate transporter 1
(VGLUT 1) immunostaining for glutamatergic excitatory synap-
ses (Oliveira et al, 2003). We found a significant ~25% reduction
in the number of synaptic boutons on the membranes of motor-
neuron soma and proximal dendrites in L1-2 spinal segments at
PS30 (Fig 4F).

Cholinergic input from spinal interneurons to motor neurons
modulates motor neuron activity (Witts et al, 2013). At
C-boutons, a major source of this input, acetylcholine activates
muscarinic M2 receptors on motor neurons, and increases the
frequency of motor-neuron firing (Miles et al, 2007). Anti-
choline acetyltransferase (ChAT) immunostaining also revealed
a significant ~35% reduction in the number of C-boutons
on motor neurons (Fig 4F). These results suggest that a partial
loss of central synapses could precede motor-neuron degenera-
tion and also play an important role in adult-onset SMA
pathogenesis.

Heart and liver pathology

Cardiac defects have been reported in severe SMA (Bevan
et al, 2010; Heier et al, 2010; Rudnik-Schoneborn et al, 2008).
Some of our mice that received ICV injection of 100 ug ASO-20-
37 died suddenly, indicating potential cardiac involvement.
However, we saw no evidence of cardiomyocyte hypertrophy or
atrophy or inflammation, such as cell infiltration and increased
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interstitial fibrosis in H&E-stained heart sections at PS25
(Fig SA), prior to the steep physiological decline. We also
harvested hearts and weighed them at PS25, but the cardiac
mass normalized to femoral length was not significantly altered
(Fig 5A). High-resolution echocardiography did not reveal
significant alterations in heart rate, contractility, or internal size
of the left ventricle (LV), or in the thickness of the interventricu-
lar septum (IVS) or LV posterior wall at PS25 (Table 1). In
contrast, the normalized heart mass was reduced in the mice
treated with IP injection of 200 mg/kg/day ASO-20-37 at PS25,
and echocardiography detected a significant LV size reduction
and IVS hypertrophy (Fig 5A; Table 1). These changes on
echocardiography were confirmed by time-course analysis
before and after IP injection of ASO-20-37 (Supporting
Information Table S2), which partly reflects the growth
impairment. However, the H&E-stained heart sections did not
show cellular abnormalities.

Insulin-like growth factor 1 (IGF1) is a potent trophic factor
with therapeutic potential for several motor-neuron diseases,
including SMA (Bosch-Marce et al, 2011; Dodge et al, 2010;
Palazzolo et al, 2009; Shababi et al, 2011). We previously
demonstrated that severe-SMA mice have low levels of serum
IGF1, attributable to decreased levels of mRNA encoding hepatic
Igfals (Hua et al, 2011). The liver, where synthesis of IGFALS
mainly occurs, contributes most of the circulating IGF1, whose
stability depends on forming a ternary complex with IGFALS
and IGF-binding protein 3 (IGFBP3; Baxter & Dai, 1994; Dai &
Baxter, 1994; Sjogren et al, 1999). These findings suggested the
importance of liver pathogenesis in SMA. Consistent with this
notion, IP injection of 200mg/kg/day ASO-20-37 markedly
inhibited SMN2 splicing in the liver and decreased lifespan
(Figs 2C and 3E). Compared with separate ICV or IP injection of
ASO-20-37, the combination of ICV and IP injections further
reduced lifespan (Fig 3E and F). These results suggest that the
ASO-mediated induction of liver pathology may additively
contribute to the poor prognosis.

To further address this supposition, we assessed liver
histology, focusing on late-stage disease. Remarkably, H&E-
stained liver sections at PS25, from the mice treated with IP
injection of 200mg/kg/day, showed prominent multifocal
hepatocellular necrosis, degeneration, many enlarged hepato-
cytes with large nuclei—indicative of mitotic defects—and oval-
cell proliferation—indicative of regeneration—accompanied by
a massive influx of inflammatory cells (Fig 5B). With the lower-
dose of 50 mg/kg/day, we observed milder but significant liver
histopathology at PS25. There were no significant pathological
changes in the liver at PS14 in these mice, at PS30 in SMA
transgenic mice treated with IP injection of 200 mg/kg/day
control ASO (Fig 5B), or in normal (Smn™/") mice treated with IP
injection of 200 mg/kg/day ASO-20-37, or even during end-stage
disease at PS35 in the mice injected ICV with 100 g ASO-20-37.
These findings rule out the possibility of chemistry-related toxic
effects in the liver of SMA mice. The IP-injected transgenic
mice had marked elevation of serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT), which reflect liver
damage, and, similarly to severe-SMA mice, they showed
a significant decline in serum IGF1 levels at PS30 (Fig 5C). Time-

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 5. ASO-induced heart and liver pathology.
We analysed data using two-tailed t tests.

HWIFL A. Reduced cardiac mass at PS25 in mice that
= S* received IP injection of 200 mg/kg/day ASO-20-
109 " | 37, but not in mice that received ICV injection of

100 g ASO-20-37. (Left) H&E staining. Scale bar:
1000 pm. (Right) Cardiac mass normalized to
femoral length (n=3. *p=0.0088; n.s., p
=0.1565). HW/FL: cardiac mass/femoral length.

B. Robust liver pathological changes. H&E staining of
PS25 liver after IP injection of 200 mg/kg/day
ASO-20-37. Hepatocellular necrosis (*), abnormal
hepatocytes with large nucleus, oval-cell prolif-
eration (arrowhead) and inflammatory-cell infil-
tration, particularly neutrophils (arrow), were
observed. Scale bar: 200 and 50 pm for 10 and
40x magnification, respectively.

C. Significant elevation in serum AST and ALT levels,
markers of liver damage (n=5. *p=0.0064 and
0.0028, respectively) and decrease in serum IGF1
levels (n=5. *p <0.0001) at PS30 in the IP ASO-
20-37-injected mice.

D. Decline in mRNA levels of hepatic Igf1 and Igfals,
but not in Igfbp3, at PS25 in the IP-injected mice.
In contrast, there was no decline in these mRNAs
at PS30 in mice that received ICV injections of
100 pg ASO-20-37. For PS25 Igfals in the IP-
injected mice, the lower band in each doublet was
quantitated. Time-course RT-PCR analysis was
performed at PS14, and PS25 or PS30 (n=3).
Control or C: ICV injection of 100 g control ASO;
C-IP: IP injection of 200 mg/kg/day control ASO;
ICV100: ICV injection of 100 wg ASO-20-37;
IP200: IP injection of 200 mg/kg/day ASO-20-37.

0
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course RT-PCR analysis of liver mRNA from IP-injected mice
showed significant reductions at PS25 in the mRNAs encoding
Igf1 and especially Igfals, but not Igfbp3; in contrast, there was
no such reduction in the liver mRNAs from ICV-injected mice at
PS30. The Igf1 and Igfals mRNA levels did not decline at PS14 in
the IP-injected mice (Fig 5D). These results indicate marked liver
pathogenesis with consequently decreased levels of circulating
IGF1, caused by hepatic SMN deficiency at the advanced-disease
stages in this adult-onset SMA context.

Amelioration of SMA-like symptoms by a therapeutic ASO

Therapeutic ASO-10-27 complementary to positions +10 to +27
in SMN2 intron 7 (Supporting Information Table S1)—non-
overlapping with the ASO-20-37-binding site in exon 7—blocks a
splicing silencer element (ISS-N1; Singh et al, 2006) and can
efficiently increase exon 7 inclusion (Hua et al, 2008; Singh
et al, 2006). This ASO, when administered through neonatal ICV
and/or systemic injection, efficiently ameliorates the phenotypes

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

1P200 ICV
l 1

Igfbp3 | Gapdh
o o o @

C1425 C1430
Post (day)

of several SMA mouse strains, as well as of our ASO-20-37-
induced SMA-phenocopy mice (Hua et al, 2010, 2011; Passini
et al, 2011; Sahashi et al, 2012). Here we tested this therapeutic
ASO in the adult-onset SMA-phenocopy mice. After ICV injection
of 100 pg ASO-20-37 in 2-month-old mice, we administered
AS0-10-27 by either ICV injection of 100 w.g at PS6 or PS22, or by
IP injection of 200 mg/kg/day at both PS5 and PS6. At PS5, we
already observed pathology in the form of impaired weight gain
(p=0.0003; Fig 3B). In the context of the SMA mice with a
lifespan of ~1-month post-surgery (Fig 3A), ICV injection of
ASO-10-27 markedly extended lifespan, even when adminis-
tered at PS22, although early PS6 treatment was more beneficial
(median survival, PS6 and PS22 ICV treatment: 409 and
314.5 days, respectively; p<0.0001; Figs 2A and 6A). The
PS6 treatment resulted in sustained body weight (Fig 6B),
delayed the onset of motor dysfunction—as shown by grip-
strength and rotarod tests (Fig 6C)—and preserved o«-motor
neuron counts and nuclear-gem number in a-motor neurons

EMBO Mol Med (2013) 5, 1586-1601
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Table 1. Echocardiographic measurements at PS25 in control or ASO-20-37-treated mice

Control (n=3)

Units Average SD
HR b/min 523 23
IVS; d mm 0.13 0.03
LVID; d mm 3.78 0.08
LVPW; d mm 0.99 0.12
IVS; s mm 0.13 0.03
LVID; s mm 2.12 0.10
LVPW; s mm 1.47 0.10
LV vol; d wl 61.40 3.00
LV vol; s wl 14.95 1.81
% EF % 75.76 3.20
% FS % 43.95 2.94
LV mass mg 67.08 10.07

ICV (n=3) IP (n=6)

Average SD Average sD
497 14 445 78
0.15 0.02 0.19 0.03
3.90 0.09 2.93 0.08
0.82 0.08 0.86 0.07
0.15 0.03 0.21 0.04
2.39 0.06 1.62 0.08
1.29 0.07 1.29 0.09
66.48 3.74 33.86 2.16
20.35 141 8.17 0.88
69.93 2.18 77.84 2.59
39.01 1.83 45.48 2.60
59.04 6.65 40.58 4.06

HR, heart rate; IVS, interventricular septum; LVID, left ventricular end-diastolic internal dimension; LVPW, left ventricular posterior wall; % EF, ejection fraction:
% of (end-diastolic volume — end-systolic volume)/end-diastolic volume; % FS, fractional shortening: % of (end-diastolic dimension — end-systolic dimension)/

end-diastolic dimension; d/s, systolic/diastolic; vol, volume.

Control, a single ICV injection of 100 pg control ASO; ICV, a single ICV injection of 100 ug ASO-20-37; IP, 2-day IP injection of 200 mg/kg/day ASO-20-37.

(Fig 6D). However, the mice were smaller and thinner than the
control mice, and had slowly progressive motor dysfunction and
locomotor decline, finally resulting in nearly full paralysis. This
terminal state of motor deficits could be partly due to the more
severe NMJ defects (Fig 4D).

In contrast, IP injection of ASO-10-27 did not improve survival
(median survival 34 days; p=0.2393; Fig 6A). RT-PCR at PS13
showed that ICV injection of ASO-10-27 at PS6 restored SMN2
splicing in the spinal cord, but had little or no effect on SMN2
splicing in the liver, heart and muscle. In contrast, IP injection of
ASO-10-27 had no splicing effect in the spinal cord, but a
significant effect in peripheral tissues (Fig 6E). At PS60, the
splicing effect of the ICV-injected therapeutic ASO declined, but
remained significant in the spinal cord (Fig 6F).

To further analyse peripheral therapeutic effects, we
administered 200 mg/kg/day ASO-10-27 IP 14 and 15 days after
IP injection of 200 mg/kg/day ASO-20-37 for 2 days. Even this
late treatment showed significant rescue of the mouse lifespan
and body weight (Supporting Information Fig SSA and B). With
the resulting ameliorated SMN2 splicing, there was only mild
hepatocellular necrosis and inflammatory-cell infiltration in
PS30 liver, without an increase in serum AST and ALT levels, a
decrease in serum IGF1 levels, and hepatic mRNA levels of IgfI
and Igfals (Supporting Information Fig S5C-F), which clearly
demonstrates the therapeutic effects of ASO-10-27 on hepatic
pathology.

Taken together, these results indicate that, even after
development, the extent of exon 7 skipping in the CNS can be
the main determinant of the elicited SMA-like motor symptoms,
as is the case during neonatal mouse development (Sahashi
et al, 2012). The results also support ASO-10-27 as a drug
candidate for adult-onset SMA. The earlier treatment has a better
therapeutic outcome, but even delayed treatment appears to be
effective.

EMBO Mol Med (2013) 5, 1586-1601

DISCUSSION

Severe type I-Il SMA patients show symptoms during the
newborn and early-infant periods, suggesting a potential
developmental component of SMA pathogenesis. On the other
hand, many type II-IIl SMA patients reach adulthood, and there
are also adult-onset type IV SMA patients. The pathological
impact of post-developmental SMN deficiency remains unclear,
which prompted us to address the spatiotemporal requirements
for SMN in adult mice.

We have shown that exon-skipping ASOs can be used to
phenocopy certain diseases by gene-targeted modulation of
alternative splicing. By inhibiting SMN2 exon 7 inclusion with an
appropriate ASO in neonatal (Sahashi et al, 2012) or adult (this
study) transgenic mice, we elicited phenotypes resembling
canonical SMA. We first used ICV delivery of exon-skipping
AS0-20-37 in adult SMA mice with four copies of an SMN2
transgene, a method whose effectiveness we previously showed
in neonates of the same strain (Sahashi et al, 2012). A single
injection had dose-dependent effects on SMN2 splicing in the
CNS, correlating with lifespan, growth and motor-function
phenotypes (Figs 1 and 3). Notably, compared with our previous
finding that neonatal ICV injection causes progressive paralysis,
beginning after 2 weeks (Sahashi et al, 2012), in the present
study, abnormal gait or rearing became apparent only 1 month
after ASO injection. One hundred micrograms of ASO-20-37
robustly inhibited SMN2 exon 7 splicing as early as PS7 (Fig 1),
revealing a time lag between SMN depletion and the motor-
phenotype onset. Importantly, our results suggest that the late-
onset paralysis reflects a tolerance of mature motor units against
SMN deficiency (discussed below), although it is accompanied
by motor-unit pathologies. IP injection failed to elicit overt
paralysis (Supporting Information Fig S3), even during end-stage
disease, revealing that motor dysfunction is not merely

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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secondary to end-stage disease conditions. However, adult-onset
paralysis in type IV SMA also reflects compensatory sprouting of
nerve terminals, which is not seen in our mice, likely because of
the rapid disease course (Dubowitz & Sewry, 2007) as well as the
small reduction in muscle SMN.

ICV injection of 10 wg ASO, which reduced the proportion of
exon 7 inclusion in the spinal cord of mice with four SMN2 copies
by at most ~60%, failed to elicit overt phenotypes (Figs 2 and 3).
This implies that a threshold for the adult-onset phenotypes
would be less than two transgene copies, in this strain
background. Another explanation is that ICV injection of
10 wg ASO might elicit only minimal phenotypes that are hardly
detectable, or might not sustain SMN2 mis-splicing to result in
significant phenotypic defects, although mis-splicing was
evident until at least PS120 (Fig 2). Considering the severity

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 6. Phenotypic amelioration of ASO-20-37-treated mice by
therapeutic ASO. C: ICV injection of 100 pg control ASO; 100 p.g: ICV injection
of 100 wg ASO-20-37; +PS6 or PS22 ICV therapy: ICV injections of 100 pg
ASO-20-37 at PSO and ICV injection of 100 ug ASO-10-27 at PS6 or PS22,
respectively; +PS5/6 IP therapy: ICV injection of 100 ug ASO-20-37 at PSO
and IP injections of 200 mg/kg/day ASO-10-27 at PS5 and PS6. We analysed
data using two-tailed t tests, except for the logrank test for survival analysis.
A. Extended survival. Mice without therapy, with ICV injection of ASO-10-27
(n=20), and with IP injection of ASO-10-27 (n=11) were analysed. The
median survival days after the first injection are given in parentheses for
each group.
B. Retained body weight. Control mice (n=5) and mice with ICV injection of
ASO-10-27 (n=10) were analysed.

C. Improved motor function. Grip strength (n=10. *p = 0.0014) and rotarod
task (n=10. *p=0.0048; **p < 0.0001) were measured at PS30 or 60.
D. Retained a-motor neurons and nuclear gems by ICV injection of ASO-10-
27. (Left) a-Motor neuron counts in PS60 lumbar spinal cord (control,

n=6.AS0-10-27, n=4.n.s., p=0.5244). (Right) Nuclear gem counts in a-
motor neurons in PS30 or PS60 lumbar spinal cord (n = 3. *p =0.0146; n.s.,
p=0.0689).

E. Restored SMN2 exon 7 splicing in PS13 tissues (n= 3).

F. Retained splicing effect of ICV-injected ASO-10-27 at PS60 (n=3. n.s.,
p=0.1486).

of SMA in neonatal mice with two SMNZ2 copies, our results
indicate that the SMN levels required for healthy adult mice,
especially in the CNS, are less than for neonatal mice. This
notion is partly supported by our previous study in severe-SMA
mice rescued by therapeutic ASO-10-27: high levels of correction
of SMN?2 splicing are not persistently required, at least in the
liver, for long-term survival (Hua et al, 2011). Also, for SMN2, a
minimum of two copies are thought to be necessary after
1 month postnatally in SMA A7 mice (Le et al, 2011), which in
turn indicates a lower post-developmental demand for SMN.

ICV injection of ASO-20-37 resulted in a marked decrease in
the number of SMN-containing nuclear gems—an indicator of
SMN protein abundance (Coovert et al, 1997) in a-motor neurons
(Fig 4), which is expected to cause neuronal dysfunction. A dose
of 25pg ASO caused o-motor neuron loss and shrinkage, by
2 months post-injection (Fig 4). A dose of 100 ng ASO did not
cause such changes by 1 month post-injection, although we
observed a loss of glutamatergic or cholinergic excitatory
synapses onto motor neurons, which should affect neuronal
circuits and in turn motor function (Fig 4). Glutamatergic
synaptic pathology occurs early in the course of disease (Ling
et al, 2010; Mentis et al, 2011), and cholinergic synaptic
pathology may also play a role in the motor deficits (Zagoraiou
et al, 2009). Considering that neonatal ICV injection of the ASO
leads to significant motor-neuron loss at P30 (Sahashi et al, 2012),
morphological defects in a-motor neurons and also NMJs (Fig 4,
see below), once their maturation is complete, might only occur
to a limited extent and in a delayed manner in the context of SMN
deficiency, which may account for the lack of muscle denervation
(Fig 4; Supporting Information Fig S4).

ICV injection of ASO-20-37 elicited motor-neuron pathology,
and especially when combined with IP injection, it led to NMJ
pathology, as well as overt motor-function deficits. These
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findings reveal that SMN function is required for a-motor neuron
and NMJ maintenance even after embryonic development,
although the threshold levels of SMN appear to be lower than for
neonate mice, meaning that mature motor units can tolerate
relatively low SMN levels.

Whether SMN deficiency in adulthood affects NMJ function
has not been determined. Removal of SMN at 1 month
postnatally in the SMA A7 mouse results in no impairment in
synaptic transmission at NMJs, 1 month later, at a time when
the mice are dying (Le et al, 2011). Thus, it is unlikely that
neuromuscular transmission was impaired in the mice in which
we ICV-injected 100 pg of ASO-20-37, which also die in 1 month.
Instead, pathology in the motor-neuron circuitry, as reported
previously (Ling et al, 2010; Mentis et al, 2011; Park et al, 2010b),
could explain the motor phenotypes in our model.

A higher proportion of abnormal NMJ structures were
observed with a longer disease course (Fig 4), indicating a
temporal requirement for the defects to arise in adults with SMN
deficiency. The delayed-onset motor neuron dysfunction may
also affect efferent nerve terminals and endplates (Gogliotti
et al, 2012; Park et al, 2010b). In contrast, our finding that
combined ICV and IP injection of ASO exacerbated NMJ
defects suggests additional NMJ pathology with peripheral
SMN deficiency (Fig 4). We demonstrate that relatively mild
NMJ pathology could be seen in adult-onset SMA mice, in
contrast to early-onset SMA mice (Kariya et al, 2008; Kong
et al, 2009; Lee et al, 2011; Ling et al, 2010, 2012; Murray
et al, 2008; Park et al, 2010a; Sahashi et al, 2012) whose endplate
maturity or NMJ innervation is affected. These motor-unit
pathologies in mouse models imply that SMN is especially
important during development, which in turn suggests that the
pathogenesis of SMA has important developmental components.

Because of the inability of MOE ASOs to cross the mature BBB,
systemic IP injection of ASO-20-37 inhibited SMN2 splicing only
in peripheral tissues, especially liver. However, we observed
only limited splicing effects of ASO-20-37 in muscle and heart
(Fig 2), presumably reflecting the limited ASO biodistribution in
these tissues and/or different levels of trans-acting factors that
regulate SMN2 splicing. As IP administration affected survival
and unveiled some heart and liver pathology (Figs 3 and 5),
analysing the effect of enhanced, persistent SMN2 mis-splicing in
muscle or heart may further help to address post-developmental
pathogenesis, especially using different administration routes
and/or different ASOs.

Echocardiography before end-stage disease showed no
significant defects in mice injected ICV with ASO-20-37 to
substantially inhibit SMNZ splicing in the CNS (Table 1; Fig 2).
However, despite the absence of a significant decline in heart
rate, our finding that some mice suddenly died suggests a
possible end-stage involvement of severe central autonomic
dysfunction, which has been implicated in cardiac dysfunction
in severe SMA (Bevan et al, 2010; Heier et al, 2010). In contrast
to ICV injection of ASO-20-37, IP injection induced cardiac
hypertrophy and a reduction in cardiac mass (Fig 5; Table 1;
Supporting Information Table S2). Because there was no cellular
pathology, impairments in cardiac growth should be considered
in this case. SMN deficiency in other tissues could also
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contribute to cardiac complications. In particular, liver dysfunc-
tion might induce cardiomyopathy, in part by hyperdynamic
circulation (Ma & Lee, 1996; Moller & Henriksen, 2010), and/or
an accompanying decrease in circulating IGF1 levels (see below)
might affect cardiac function (Juul et al, 2002; Vasan et al, 2003).

We identified pronounced liver pathology in mice that
received IP injection of ASO-20-37, but not in mice that received
ICV injection. Accordingly, in the IP-injected mice, the mRNA
levels of hepatic Igf1 and Igfals decreased (Fig 5). Most of the
circulating IGF1 is in the form of stable complexes with IGFALS
and IGFBP3 (Baxter & Dai, 1994). Therefore, the reduction in
IGF1 and IGFALS would account for the observed low levels of
circulating IGF1 (Fig 5; Sjogren et al, 1999). These liver
pathologies must be a consequence of hepatic SMNZ2 mis-
splicing, because they were prevented by subsequent IP
injection of splicing-correcting ASO-10-27 (Supporting Informa-
tion Fig S5). They may contribute to SMA progression (Hua
et al, 2011), underscoring the importance of SMA pathology in
peripheral tissues. Knockout of SMN in mouse liver results in
defective liver development, with lack of regeneration (Vitte
et al, 2004). In contrast, our approach did not completely
suppress SMNZ splicing at the adult disease stages, and resulted
in distinctive liver pathology, including oval cell-mediated
regeneration (Figs 2 and 5). The combination of ICV and IP
injections of ASO-20-37 further shortened lifespan, compared to
either injection alone, emphasizing that hepatic and cardiac
complications should be also considered as features of adult
SMA, especially at the advanced stages, when SMN2 mis-splicing
is exacerbated (see below; Fig 2; Sahashi et al, 2012).

SMNZ2 was further mis-spliced in both the CNS and peripheral
tissues in the late-stage mice that were ICV-injected with ASO-
20-37 (Fig 2), in a manner that did not correlate with the extent of
ASO uptake in various tissues. This finding is indicative of
progressive SMN2 mis-splicing in the context of end-stage SMA
(Sahashi et al, 2012). ASO-induced SMN deficiency may trigger a
further decrease in SMN2 splicing through a feedback loop
(Jodelka et al, 2010; Ruggiu et al, 2012), on top of which, end-
stage-disease conditions, such as nutritional deficiency and
hypoxia may cause widespread splicing alterations, including in
SMNZ2 (Bebee et al, 2012; Sahashi et al, 2012), each of which may
potentially accelerate SMA progression. Thus, controlling stress
conditions caused by SMA progression and/or other complica-
tions may be very important for its prognosis.

ASO-20-37, which specifically targets the human SMN2
transgene, did not affect normal mice with an intact Smn gene.
We previously showed that neonatal ICV injection of ASO-20-37
phenocopies SMA in SMNZ2-transgenic mice (Sahashi
et al, 2012), and here, we similarly recapitulated this phenotype
in adult mice of the same strain. The phenotypic amelioration of
these ASO-20-37-treated mice by a therapeutic ASO that restores
SMN?2 splicing (Fig 6) demonstrates that the SMA-like pheno-
types were elicited through SMNZ2 mis-splicing, excluding
potential off-target effects as contributors to disease onset.

Compared with RNAi-based or antisense-knockdown
approaches, our method, which we previously dubbed TSUNA-
MI (for targeting-splicing using negative ASOs to model illness),
retains the primary transcript and thus enables testing of

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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therapeutics that correct splicing of the target pre-mRNA
(Sahashi et al, 2012). By targeting the human SMN2 transgene,
we were able to use therapeutic ASO-10-27 for splicing-rescue
experiments in the SMA-phenocopy mouse model. Its ability to
correct splicing in the CNS or peripheral tissues correlated with
phenotypic and histological amelioration in ASO-20-37-treated
mice (Fig 6; Supporting Information Fig S5).

We reported that neonatal systemic injection of ASO-10-27
efficiently rescues severe-SMA mice (Hua et al, 2011). Howev-
er, this systemic treatment had no therapeutic benefit in adult
mice that were first administered ASO-20-37 by ICV injection
(Fig 6). This is similar to what we observed with neonatal mice
sequentially treated with these ASOs (Sahashi et al, 2012). As
we discussed in that study, the inconsistency in the effect of
systemic ASO treatment among these studies may reflect spatial
and temporal differences in SMN2 splicing patterns; here SMN2
splicing (from four copies of SMNZ2) was predominantly
inhibited in the CNS at the adult stages, whereas in severe-
SMA mice SMN2 mis-splicing (from two copies of SMN2) is
ubiquitous and begins embryonically. Another important
difference between neonatal and adult mice is the extent of
BBB closure (Stewart & Hayakawa, 1987), which determines
whether a systemically administered MOE ASO reaches the
CNS. However, the present results do suggest that SMN levels
in CNS tissues determine SMA-like motor phenotype at the
adult stage, whereas those in both CNS and peripheral tissues
correlate with overall prognosis. Our results also underscore a
potentially wider therapeutic time window for adult SMA
than previously believed based on studies in severe-SMA
mice (Foust et al, 2010; Hua et al, 2011; Le et al, 2011; Lutz
et al, 2011).

Except for the tail and ear necrosis, our model has an
asymptomatic phase before disease onset at the adult stage, as
seen in type IV SMA. Although basal SMN levels are below
normal, due to the mouse genotype, SMN is further reduced in a
tissue-specific manner, by ASO treatment, which is distinct from
the situation in SMA patients. The disease progression after
onset in our model is more acute, and without chronic
compensation. However, here and also in our previous study
(Sahashi et al, 2012), TSUNAMI can help to elucidate relevant
phenotypes, and our spatial and temporal analyses of SMN’s
roles provide new insights into SMA pathogenesis and targeted-
therapeutic strategies.

Here, we have shown that a single injection of an exon-
skipping ASO into the cerebral ventricles phenocopies adult-
onset SMA. Compared with neonatal administration, this
procedure elicited late-onset motor phenotypes. In adult mice
with Smn-null background, the SMN levels required for normal
CNS function correspond to an SMN2 copy number less than
two, suggesting that only moderate SMN levels are necessary for
therapy in adult-onset SMA. The effects of peripheral SMN2 mis-
splicing induced by TSUNAMI highlight the potential impor-
tance of specific pathogenesis in the liver and heart. We also
showed a ubiquitous exacerbation of SMIN2 mis-splicing during
late-stage disease, which likely accelerates disease progression.
Finally, our results suggest a broad therapeutic time window for
ASO-10-27.

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Compared with early-onset SMA, adult-onset SMA may
have distinct pathology, as well as therapeutic responses and
requirements, perhaps reflecting key differences between
development and post-development.

MATERIALS AND METHODS

Oligonucleotides

2’-MOE oligonucleotides with a phosphorothioate backbone and all
5-methylcytosines were synthesized and purified as described (Hua
et al, 2010). The ASO sequences are listed in Supporting Information
Table S1.

Animals

Mouse protocols were approved by Cold Spring Harbor Laboratory’s
Institutional Animal Care and Use Committee. SMA transgenic mice
(Smn~'= SMN2%"*) with four SMN2 copies were purchased from The
Jackson Laboratory (strain FVB.Cg-Tg(SMN2)2Hung Smn1tmiHung)),
Mice were fed a normal chow diet (PicoLab Rodent Diet 20, LabDiet)
and, when required, a nutrient-fortified water gel diet (DietGel
Recovery, ClearH20).

ICV injection

Two-month-old (~60 days postnatally) mice were anaesthetised with
2% isoflurane and held by the head in a stereotaxic instrument. Five
microliters of each ASO in saline was injected into the right lateral
ventricle. The coordinates for injection were: 1 mm lateral from the
sagittal suture, 0.2 mm posterior from the bregma and 3 mm deep from
the brain surface.

RNA and protein analyses

For each experimental group, RT-PCR with 32P-dCTP was performed
with tissues from three mice. Total RNA extraction and RT-PCR were
performed to analyse SMN2, Igf1, Igfals, Igfbp3 and Gapdh transcripts,
as described (Hua et al, 2008, 2011). The brain cortex, thoracic spinal
cord, heart, liver and quadriceps muscle were used. PCR products were
analysed as described (Sahashi et al, 2012). The expression of human
SMN or a-tubulin protein in the thoracic spinal cord was analysed by
Western blotting, as described (Sahashi et al, 2012). Serum IGF1 levels
were measured with a Mouse/Rat IGF-I Quantikine ELISA kit (R&D
Systems).

Mouse physiology

The rotarod task and grip-strength test were carried out as
described (Sahashi et al, 2012). Mouse behaviour phenotyping
was performed using a video-based behaviour recording setup
(Steele et al, 2007). Mice entered the recording cages at 4 pm and
were continuously recorded through the dark phase (7 pm-7am).
Data were analysed using HomeCageScan software (Clever Sys). The
unit for travel distance is metres, and that for behaviours is the
number of times (bouts). Transthoracic echocardiography was
performed on anaesthetised mice with 1-2% isoflurane using a
Vevo 770 ultrasound device (VisualSonics, Canada) with a 30-MHz
transducer. The Vevo Measurement and Calculations software
package was used to generate left-ventricular measurements and
calculations.
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PROBLEM:

Spinal muscular atrophy (SMA), a leading genetic cause of infant
mortality, is caused by reduced levels of SMN protein. Patients
with severe SMA show symptoms shortly after birth, suggesting a
potential developmental component of SMA pathogenesis.
However, many SMA patients reach adulthood, and there is also
an adult-onset form of SMA. There is a lack of animal models of
adult-onset SMA, and the post-developmental components of
SMA pathogenesis remain elusive.

RESULTS:

We used antisense-oligonucleotide (ASO) technology to disrupt
splicing of SMN2 mRNA, which encodes SMN protein. ASO
injection into the CNS of adult SMN2-transgenic mice mimicked
adult-onset SMA, with a characteristic late-onset motor
phenotype. Systemic ASO injection elicited marked liver and

Mouse histology

After staining with ChAT or SMN antibodies, the number of a-motor
neurons or nuclear gems was counted as described (Sahashi
et al, 2012). ASO uptake in tissues was assessed with antibody against
the phosphorothioate backbone. NMJs were immunolabelled, and the
proportion of innervated NMJs or the percentage of each AChR
topology was quantified as described (Sahashi et al, 2012). After
obtaining 80-wm sections from L1-2 spinal segments, the 3rd and 6th
sections were immunostained with anti-VGLUT 1 antibody (1:1000,
Synaptic Systems) and anti-ChAT antibody (1:100, Chemicon) for
synapses and motor neurons, respectively. Z-stacks of images with a
1-pwm interval were taken, and the number of synaptic boutons around
motor-neuron soma and proximal dendrites was counted. Flash-frozen
muscle and formalin-fixed heart and liver were cut for staining. Muscle
fibre sizes were quantified using Image) software (http://rsb.info.nih.
gov/ij). Images were acquired with an Axio Observer.Z1 microscope and
an LSM 710 confocal microscope (Carl Zeiss, Germany) for bright-field
and immunofluorescence imaging, respectively.

Statistical analysis

We analysed data using two-tailed t tests, and considered p values
<0.05 to be statistically significant. For analysis of home-cage
behaviours, Levene’s, Kolmogorov—Smirnov and Shapiro-Wilk tests for
normality were used. Multivariate ANOVA was used to observe any
statistical differences for each behaviour. All tests were performed in
the PASW Statistics system (SPSS, Inc.). Kaplan—Meier survival curves
were prepared with Prism 5 (GraphPad Software) and statistical
significance was calculated with the logrank (Mantel-Cox) test. The
various histograms and plots show mean values + standard deviation.
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heart pathologies, and resulted in decreased levels of circulating
IGF1. SMN2 mis-splicing increased during late-stage disease. Our
study also suggests that high SMN levels are not as critical in
adults, and there is a broad therapeutic time window for
treatment of adult-onset SMA.

IMPACT:

In this study, we successfully generated an adult-onset SMA
mouse model. Compared with early-onset SMA, adult-onset SMA
may have distinct pathology, as well as therapeutic responses
and requirements, potentially reflecting important differences
between development and post-development. We also report
that the adult-SMA model—like the early-onset model—displays
late-stage exacerbation of SMN2 mis-splicing, which likely
accelerates disease progression.
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protocols, or analysis tools and read and approved the
manuscript. KS, KKYL, C-PK and ARK wrote the paper.

Acknowledgements

We are grateful to Dr. Andrew G. Engel for performing
histochemical preparation of muscle specimens. We thank Lisa
Bianco for assistance with mouse studies, Raisa Puzis, Aigoul
Nourjanova and Denise Hoppe for help with histological
analysis, and Stephen Hearn for assistance with microscopy
imaging. We acknowledge support from the National Institutes
of Health, the Muscular Dystrophy Association, the SMA
Foundation and the St. Giles Foundation.

Supporting Information is available at EMBO Molecular
Medicine Online.

Conflict of interest statement: GH, FR and CFB are employees
of Isis Pharmaceuticals and own stock options. ARK is a paid
consultant to and recipient of research support from Isis
Pharmaceuticals.

For more information
OMIM for Spinal Muscular Atrophy:
http://omim.org/entry/253300

Families of SMA:
www.fsma.org

SMA Foundation:
www.smafoundation.org

FightSMA:
http://www.fightsma.org

Muscular Dystrophy Association:
www.mda.org

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

1599


http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://omim.org/entry/253300
http://omim.org/entry/253300
http://omim.org/entry/253300
http://omim.org/entry/253300
http://omim.org/entry/253300

1600

Research Article
Post-developmental pathology in SMA

References

Alnageeb MA, Goldspink G (1987) Changes in fibre type, number and diameter
in developing and ageing skeletal muscle. ] Anat 153: 31-45

Baxter RC, Dai ] (1994) Purification and characterization of the acid-labile
subunit of rat serum insulin-like growth factor binding protein complex.
Endocrinology 134: 848-852

Bebee TW, Dominguez CE, Samadzadeh-Tarighat S, Akehurst KL, Chandler DS
(2012) Hypoxia is a modifier of SMN2 splicing and disease severity in a
severe SMA mouse model. Hum Mol Genet 21: 4301-4313

Bennett CF, Swayze EE (2010) RNA targeting therapeutics: molecular
mechanisms of antisense oligonucleotides as a therapeutic platform. Annu
Rev Pharmacol Toxicol 50: 259-293

Bevan AK, Hutchinson KR, Foust KD, Braun L, McGovern VL, Schmelzer L, Ward
]G, Petruska JC, Lucchesi PA, Burghes AH, et al (2010) Early heart failure in
the SMNDelta7 model of spinal muscular atrophy and correction by
postnatal scAAV9-SMN delivery. Hum Mol Genet 19: 3895-3905

Bosch-Marce M, Wee CD, Martinez TL, Lipkes CE, Choe DW, Kong L, Van
Meerbeke JP, Musaro A, Sumner CJ (2011) Increased IGF-1 in muscle
modulates the phenotype of severe SMA mice. Hum Mol Genet 20: 1844-
1853

Burghes AH, Beattie CE (2009) Spinal muscular atrophy: why do low levels of
survival motor neuron protein make motor neurons sick? Nat Rev Neurosci
10: 597-609

Cartegni L, Chew SL, Krainer AR (2002) Listening to silence and understanding
nonsense: exonic mutations that affect splicing. Nat Rev Genet 3: 285-298

Coovert DD, Le TT, McAndrew PE, Strasswimmer |, Crawford TO, Mendell JR,
Coulson SE, Androphy EJ, Prior TW, Burghes AH (1997) The survival motor
neuron protein in spinal muscular atrophy. Hum Mol Genet 6: 1205-1214

Couteaux R, Mira JC, d’Albis A (1988) Regeneration of muscles after
cardiotoxin injury. I. Cytological aspects. Biol Cell 62: 171-182

Crooke ST (2007) Antisense Drug Technology: Principles, Strategies, and
Applications, second edition, Boca Raton, FL: CRC Press

Dai ), Baxter RC (1994) Regulation in vivo of the acid-labile subunit of the rat
serum insulin-like growth factor-binding protein complex. Endocrinology
135: 2335-2341

Dodge JC, Treleaven CM, Fidler JA, Hester M, Haidet A, Handy C, Rao M, Eagle A,
Matthews |C, Taksir TV, et al (2010) AAV4-mediated expression of IGF-1 and
VEGF within cellular components of the ventricular system improves
survival outcome in familial ALS mice. Mol Ther: ] Am Soc Gene Ther 18:
2075-2084

Dubowitz V, Sewry CA (2007) Muscle Biopsy: A Practical Approach, third
edition, Amsterdam, Netherlands: Elsevier

Duchen LW, Excell BJ, Patel R, Smith B (1974) Changes in motor end-plates
resulting from muscle fibre necrosis and regeneration. A light and electron
microscopic study of the effects of the depolarizing fraction (cardiotoxin) of
Dendroaspis jamesoni venom. ] Neurol Sci 21: 391-417

Foust KD, Wang X, McGovern VL, Braun L, Bevan AK, Haidet AM, Le TT, Morales
PR, Rich MM, Burghes AH, et al (2010) Rescue of the spinal muscular
atrophy phenotype in a mouse model by early postnatal delivery of SMN.
Nat Biotechnol 28: 271-274

Gavrilina TO, McGovern VL, Workman E, Crawford TO, Gogliotti RG, DiDonato
CJ, Monani UR, Morris GE, Burghes AH (2008) Neuronal SMN expression
corrects spinal muscular atrophy in severe SMA mice while muscle-specific
SMN expression has no phenotypic effect. Hum Mol Genet 17: 1063-1075

Gogliotti RG, Quinlan KA, Barlow CB, Heier CR, Heckman CJ, Didonato CJ
(2012) Motor neuron rescue in spinal muscular atrophy mice demonstrates
that sensory-motor defects are a consequence, not a cause, of motor
neuron dysfunction. ] Neurosci 32: 3818-3829

Heier CR, Satta R, Lutz C, DiDonato CJ (2010) Arrhythmia and cardiac defects
are a feature of spinal muscular atrophy model mice. Hum Mol Genet 19:
3906-3918

Hofmann Y, Lorson CL, Stamm S, Androphy EJ, Wirth B (2000) Htra2-beta 1
stimulates an exonic splicing enhancer and can restore full-length SMN
expression to survival motor neuron 2 (SMN2). Proc Natl Acad Sci USA 97:
9618-9623

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

www.embomolmed.org

Hsieh-Li HM, Chang G, Jong Y], Wu MH, Wang NM, Tsai CH, Li H (2000) A
mouse model for spinal muscular atrophy. Nat Genet 24: 66-70

Hua Y, Sahashi K, Hung G, Rigo F, Passini MA, Bennett CF, Krainer AR (2010)
Antisense correction of SMN2 splicing in the CNS rescues necrosis in a type
11l SMA mouse model. Genes Dev 24: 1634-1644

Hua Y, Sahashi K, Rigo F, Hung G, Horev G, Bennett CF, Krainer AR (2011)
Peripheral SMN restoration is essential for long-term rescue of a severe
spinal muscular atrophy mouse model. Nature 478: 123-126

Hua Y, Vickers TA, Baker BF, Bennett CF, Krainer AR (2007) Enhancement of
SMN2 exon 7 inclusion by antisense oligonucleotides targeting the exon.
PLoS Biol 5: e73

Hua Y, Vickers TA, Okunola HL, Bennett CF, Krainer AR (2008) Antisense
masking of an hnRNP A1/A2 intronic splicing silencer corrects SMN2
splicing in transgenic mice. Am | Hum Genet 82: 834-848

Jodelka FM, Ebert AD, Duelli DM, Hastings ML (2010) A feedback loop
regulates splicing of the spinal muscular atrophy-modifying gene, SMN2.
Hum Mol Genet 19: 4906-4917

Juul A, Scheike T, Davidsen M, Gyllenborg |, Jorgensen T (2002) Low serum
insulin-like growth factor | is associated with increased risk of ischemic
heart disease: a population-based case-control study. Circulation 106: 939-
944

Kariya S, Park GH, Maeno-Hikichi Y, Leykekhman O, Lutz C, Arkovitz MS,
Landmesser LT, Monani UR (2008) Reduced SMN protein impairs
maturation of the neuromuscular junctions in mouse models of spinal
muscular atrophy. Hum Mol Genet 17: 2552-2569

Kong L, Wang X, Choe DW, Polley M, Burnett BG, Bosch-Marce M, Griffin JW,
Rich MM, Sumner CJ (2009) Impaired synaptic vesicle release and
immaturity of neuromuscular junctions in spinal muscular atrophy mice. |
Neurosci 29: 842-851

Kummer TT, Misgeld T, Lichtman JW, Sanes JR (2004) Nerve-independent
formation of a topologically complex postsynaptic apparatus. | Cell Biol
164: 1077-1087

Layman DK, Hegarty PV, Swan PB (1980) Comparison of morphological and
biochemical parameters of growth in rat skeletal muscles. ] Anat 130: 159-
171

Le TT, McGovern VL, Alwine IE, Wang X, Massoni-Laporte A, Rich MM, Burghes
AH (2011) Temporal requirement for high SMN expression in SMA mice.
Hum Mol Genet 20: 3578-3591

Le TT, Pham LT, Butchbach ME, Zhang HL, Monani UR, Coovert DD, Gavrilina
TO, Xing L, Bassell G, Burghes AH (2005) SMNDelta7, the major product of
the centromeric survival motor neuron (SMN2) gene, extends survival in
mice with spinal muscular atrophy and associates with full-length SMN.
Hum Mol Genet 14: 845-857

Lee YI, Mikesh M, Smith I, Rimer M, Thompson W (2011) Muscles in a mouse
model of spinal muscular atrophy show profound defects in neuromuscular
development even in the absence of failure in neuromuscular transmission
or loss of motor neurons. Dev Biol 356: 432-444

Li Y, Lee Y, Thompson W] (2011) Changes in aging mouse neuromuscular
junctions are explained by degeneration and regeneration of muscle fiber
segments at the synapse. ] Neurosci 31: 14910-14919

Li Y, Thompson WJ (2011) Nerve terminal growth remodels neuromuscular
synapses in mice following regeneration of the postsynaptic muscle fiber.
Neurosci 31: 13191-13203

Ling KK, Gibbs RM, Feng Z, Ko CP (2012) Severe neuromuscular denervation of
clinically relevant muscles in a mouse model of spinal muscular atrophy.
Hum Mol Genet 21: 185-195

Ling KK, Lin MY, Zingg B, Feng Z, Ko CP (2010) Synaptic defects in the spinal
and neuromuscular circuitry in a mouse model of spinal muscular atrophy.
PLoS ONE 5: e15457

Lunn MR, Wang CH (2008) Spinal muscular atrophy. Lancet 371: 2120-
2133

Lutz CM, Kariya S, Patruni S, Osborne MA, Liu D, Henderson CE, Li DK,
Pellizzoni L, Rojas |, Valenzuela DM, et al (2011) Postsymptomatic
restoration of SMN rescues the disease phenotype in a mouse model of
severe spinal muscular atrophy. | Clin Invest 121: 3029-3041

EMBO Mol Med (2013) 5, 1586-1601



www.embomolmed.org

Lyons PR, Slater CR (1991) Structure and function of the neuromuscular
junction in young adult mdx mice. ] Neurocytol 20: 969-981

Ma Z, Lee SS (1996) Cirrhotic cardiomyopathy: getting to the heart of the
matter. Hepatology 24: 451-459

McAndrew PE, Parsons DW, Simard LR, Rochette C, Ray PN, Mendell JR, Prior
TW, Burghes AH (1997) Identification of proximal spinal muscular atrophy
carriers and patients by analysis of SMNT and SMNC gene copy number. Am
] Hum Genet 60: 1411-1422

Mentis GZ, Blivis D, Liu W, Drobac E, Crowder ME, Kong L, Alvarez FJ, Sumner
CJ, O’'Donovan M] (2011) Early functional impairment of sensory-motor
connectivity in a mouse model of spinal muscular atrophy. Neuron 69: 453-
467

Miles GB, Hartley R, Todd AJ, Brownstone RM (2007) Spinal cholinergic
interneurons regulate the excitability of motoneurons during locomotion.
Proc Natl Acad Sci USA 104: 2448-2453

Moller S, Henriksen JH (2010) Cirrhotic cardiomyopathy. ] Hepatol 53: 179-
190

Monani UR, Sendtner M, Coovert DD, Parsons DW, Andreassi C, Le TT,
Jablonka S, Schrank B, Rossoll W, Prior TW, et al (2000) The human
centromeric survival motor neuron gene (SMN2) rescues embryonic
lethality in Smn(—/—) mice and results in a mouse with spinal muscular
atrophy. Hum Mol Genet 9: 333-339

Murray LM, Comley LH, Thomson D, Parkinson N, Talbot K, Gillingwater TH
(2008) Selective vulnerability of motor neurons and dissociation of pre- and
post-synaptic pathology at the neuromuscular junction in mouse models of
spinal muscular atrophy. Hum Mol Genet 17: 949-962

Oliveira AL, Hydling F, Olsson E, Shi T, Edwards RH, Fujiyama F, Kaneko T,
Hokfelt T, Cullheim S, Meister B (2003) Cellular localization of three
vesicular glutamate transporter mRNAs and proteins in rat spinal cord and
dorsal root ganglia. Synapse 50: 117-129

Palazzolo I, Stack C, Kong L, Musaro A, Adachi H, Katsuno M, Sobue G, Taylor JP,
Sumner CJ, Fischbeck KH, et al (2009) Overexpression of IGF-1 in muscle
attenuates disease in a mouse model of spinal and bulbar muscular
atrophy. Neuron 63: 316-328

Park GH, Kariya S, Monani UR (2010a) Spinal muscular atrophy: new and
emerging insights from model mice. Curr Neurol Neurosci Rep 10: 108-
117

Park GH, Maeno-Hikichi Y, Awano T, Landmesser LT, Monani UR (2010b)
Reduced survival of motor neuron (SMN) protein in motor neuronal
progenitors functions cell autonomously to cause spinal muscular atrophy
in model mice expressing the human centromeric (SMN2) gene. ] Neurosci
30: 12005-12019

Passini MA, Bu |, Richards AM, Kinnecom C, Sardi SP, Stanek LM, Hua Y, Rigo F,
Matson |, Hung G, et al (2011) Antisense oligonucleotides delivered to the
mouse CNS ameliorate symptoms of severe spinal muscular atrophy. Sci
Transl Med 3: 72ral8

Riessland M, Ackermann B, Forster A, Jakubik M, Hauke J, Garbes L, Fritzsche |,
Mende Y, Blumcke I, Hahnen E, et al (2010) SAHA ameliorates the SMA

EMBO Mol Med (2013) 5, 1586-1601

Research Article
Kentaro Sahashi et al.

phenotype in two mouse models for spinal muscular atrophy. Hum Mol
Genet 19: 1492-1506

Rudnik-Schoneborn S, Heller R, Berg C, Betzler C, Grimm T, Eggermann T,
Eggermann K, Wirth R, Wirth B, Zerres K (2008) Congenital heart disease is
a feature of severe infantile spinal muscular atrophy. ] Med Genet 45: 635-
638

Ruggiu M, McGovern VL, Lotti F, Saieva L, Li DK, Kariya S, Monani UR, Burghes
AH, Pellizzoni L (2012) A role for SMN exon 7 splicing in the selective
vulnerability of motor neurons in spinal muscular atrophy. Mol Cell Biol 32:
126-138

Sahashi K, Hua Y, Ling KK, Hung G, Rigo F, Horev G, Katsuno M, Sobue G, Ko CP,
Bennett CF, et al (2012) TSUNAMI: an antisense method to phenocopy
splicing-associated diseases in animals. Genes Dev 26: 1874-1884

Schrank B, Gotz R, Gunnersen |M, Ure JM, Toyka KV, Smith AG, Sendtner M
(1997) Inactivation of the survival motor neuron gene, a candidate gene for
human spinal muscular atrophy, leads to massive cell death in early mouse
embryos. Proc Natl Acad Sci USA 94: 9920-9925

Shababi M, Glascock ], Lorson CL (2011) Combination of SMN trans-splicing
and a neurotrophic factor increases the life span and body mass in a severe
model of spinal muscular atrophy. Hum Gene Ther 22: 135-144

Singh NK, Singh NN, Androphy EJ, Singh RN (2006) Splicing of a critical exon of
human Survival Motor Neuron is regulated by a unique silencer element
located in the last intron. Mol Cell Biol 26: 1333-1346

Sjogren K, Liu JL, Blad K, Skrtic S, Vidal O, Wallenius V, LeRoith D, Tornell J,
Isaksson OG, Jansson ]O, et al (1999) Liver-derived insulin-like growth
factor | (IGF-I) is the principal source of IGF-1in blood but is not required
for postnatal body growth in mice. Proc Natl Acad Sci USA 96: 7088-
7092

Steele AD, Jackson WS, King OD, Lindquist S (2007) The power of automated
high-resolution behavior analysis revealed by its application to mouse
models of Huntington’s and prion diseases. Proc Natl Acad Sci USA 104:
1983-1988

Stewart PA, Hayakawa EM (1987) Interendothelial junctional changes
underlie the developmental ‘tightening’ of the blood-brain barrier. Brain
Res 429: 271-281

Vasan RS, Sullivan LM, D’Agostino RB, Roubenoff R, Harris T, Sawyer DB, Levy D,
Wilson PW (2003) Serum insulin-like growth factor | and risk for heart
failure in elderly individuals without a previous myocardial infarction: the
Framingham Heart Study. Ann Intern Med 139: 642-648

Vitte M, Davoult B, Roblot N, Mayer M, Joshi V, Courageot S, Tronche F, Vadrot
J, Moreau MH, Kemeny F, et al (2004) Deletion of murine Smn exon 7
directed to liver leads to severe defect of liver development associated with
iron overload. Am | Pathol 165: 1731-1741

Witts EC, Zagoraiou L, Miles GB (2013) Anatomy and function of cholinergic C
bouton inputs to motor neurons. ) Anat DOI: 10.1111/j0a.12063

Zagoraiou L, Akay T, Martin JF, Brownstone RM, Jessell TM, Miles GB (2009) A
cluster of cholinergic premotor interneurons modulates mouse locomotor
activity. Neuron 64: 645-662

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

1601



