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SUMMARY

Muscle denervation at the neuromuscular junction (NMJ), the essential synapse
between motor neuron and skeletal muscle, is associated with age-related motor
impairment. Therefore, improving muscle innervation at aged NMJs may be an
effective therapeutic strategy for treating the impairment. We previously
demonstrated that the muscle protein Dok-7 plays an essential role in NMJ forma-
tion, and, indeed, its forced expression in muscle enlarges NMJs. Moreover,
therapeutic administration of an adeno-associated virus vector encoding human
Dok-7 (DOK7 gene therapy) suppressed muscle denervation and enhanced motor
activity in a mouse model of amyotrophic lateral sclerosis (ALS). Here, we show
that DOK7 gene therapy significantly enhances motor function and muscle
strength together with NMJ innervation in aged mice. Furthermore, the treated
mice showed greatly increased compound muscle action potential (CMAP) ampli-
tudes compared with the controls, suggesting enhanced neuromuscular transmis-
sion. Thus, therapies aimed at enhancing NMJ innervation have potential for
treating age-related motor impairment.

INTRODUCTION

Age-related decline in motor function has a major impact on quality of human life (Hunter et al., 2016). The motor
impairment involves age-related changes at least in the nerve and muscle systems, including a pathogenic loss
of skeletal muscle mass and strength, known as sarcopenia. Accumulating evidence raises the possibility that the
age-related decline in motor function is caused, at least in part, by functional impairment of the neuromuscular
junction (NMJ), a cholinergic synapse essential for motoneural control of skeletal muscle contraction (Gonzélez-
Freire etal., 2014; Liu et al., 2017, Punga and Ruegg, 2012; Tintignac et al., 2015). Many studies with rodents have
shown age-related denervation at NMJs in addition to degeneration of the presynaptic motor nerve terminals,
where the neurotransmitter acetylcholine is released, and the postsynaptic endplate, where acetylcholine recep-
tors (AChRs) densely cluster, suggesting an impaired neuromuscular transmission with aging (Chai et al., 2011;
Valdez et al., 2010); however, despite NMJ denervation inevitably leading to the loss of NMJ function, age-
related fragmentation of the AChR clusters is not directly associated with the impairment of neuromuscular
transmission, indicating that morphological remodeling of the endplate per se is not an accurate predictor of
its functional properties (Willadt et al., 2016, 2018). In humans, electrophysiological and muscle fiber-type studies
suggested age-related denervation at NMJs (Campbell et al., 1973; Lexell and Downham, 1991; Spendiff et al.,
20716). Indeed, it is reported that the denervation rate at NMJs increases upon aging, although age-related
morphological changes at NMJs remain controversial (see below; Jones et al., 2017; Oda, 1984; Wokke et al.,
1990). Moreover, a recent study suggests that the increased rate of NMJ denervation contributes to the reduc-
tion in muscle strength in patients with sarcopenia (Piasecki et al., 2018), supporting the idea that the NMJ is a
possible therapeutic target for treating age-related motor dysfunction.

In mammals, the muscle-specific receptor tyrosine kinase MuSK is essential for the formation and mainte-
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defective NMJ structure or NMJ synaptopathy (Beeson et al., 2006). In addition, we previously generated
AAV-D7, a recombinant muscle-tropic adeno-associated virus (AAV) serotype 9 vector carrying the human
DOK7 gene under the control of the cytomegalovirus promoter, and demonstrated that therapeutic
administration of AAV-D7—DOK?7 gene therapy—enlarges NMJs, improves the impaired motor activity,
and ameliorates the shortened lifespan in mouse models of DOK7 myasthenia and autosomal dominant
Emery-Dreifuss muscular dystrophy, a disease associated with defective NMJs due to genetic mutations
in the lamin A/C gene (Arimura et al., 2014; Méjat et al., 2009). Moreover, DOK7 gene therapy suppressed
denervation at NMJs and enhanced motor activity and life span in a mouse model of familial amyotrophic
lateral sclerosis (ALS), a fatal neuromuscular disease with motor neuron degeneration (Miyoshi et al., 2017).
These findings demonstrate potential for DOK7 gene therapy in various motor neuron diseases as well as
myopathies with NMJ defects. Given that NMJ denervation appears to play a crucial role in age-related
decline in motor function similar to that observed in ALS model mice (Valdez et al., 2012), DOK7 gene ther-
apy might also ameliorate age-related motor impairment by suppressing denervation at NMJs. Thus, in the
present study, we examined whether DOK7 gene therapy improves the motor function in aged mice.

RESULTS
DOK7 Gene Therapy Enhances NMJ Innervation in Aged Mice

Several mouse models with an accelerated aging phenotype have been developed, enabling studies of
motor dysfunction and muscle weakness as aging-like phenotypes (Butikofer et al., 2011; Didier et al.,
2012; Hirofuji et al., 2000). However, it remains unclear whether the morphological and functional alter-
ations of NMJs in these mouse models faithfully represent those in aged mice. C57BL/é mice exhibit
morphological NMJ abnormalities and decreased motor function at 24 months of age as compared with
those in adulthood (e.g., at 2 or 6 months of age) (Cheng et al.,, 2013; Graber et al.,, 2013; Valdez et al.,
2010). Because approximately 25% and 90% of C57BL/6 male mice have been reported to die by 24 and
32 months of age, respectively (Turturro et al., 1999), we defined male mice at 24 months of age or older
as aged mice in the current study. Indeed, other groups also utilized 24-month-old (“mo” hereafter)
mice as aged mice for their studies on age-related alterations of NMJs and motor function (Andonian
and Fahim, 1987; Valdez et al., 2010). In addition, it has been reported that motor function declines over
time even after 24 months of age (Cheng et al.,, 2013; Graber et al,, 2013).

Here, we first examined whether therapeutic administration of AAV-D7 (DOK7 gene therapy) enhances the acti-
vation of MuSK in muscle and the subsequent formation of NMJs in aged mice. Note that, although AAV9 vector
targets several tissues, including skeletal muscle, heart, and liver in mice when delivered intravenously (Zincarelli
et al., 2008), we previously reported that such systemic administration of AAV-D7 at postnatal day 5 caused no
obvious abnormalities in motor function and histology of the major target tissues at 3 months of age (Arimura
et al,, 2014). Also, we reported that AAV-D7-treated DOK7 myasthenia mice survived for at least 1 year with
no apparent abnormality. AAV-D7 or control empty vector (AAV-g) was intravenously administered to 24-mo
male mice with a single dose of 4.8 x 10" viral genomes per kilogram of body weight (vg/kg BW). Four months
after the administration, we confirmed that, compared with non-treated 24-mo and AAV-g-treated 28-mo mice,
AAV-D7-treated 28-mo mice showed robust enhancement of MuSK activation, as judged by phosphorylation of
MuSK and AChR in the hindlimb muscle (Figure 1A). Phosphorylation of the latter is known to be triggered by
activation of MuSK (Fuhrer et al., 1997). To evaluate the effect of AAV-D7 treatment on the morphology of NMJs
in aged mice, we stained frozen sections of the tibialis anterior (TA) muscle with a-bungarotoxin (a-Btx) to visu-
alize AChR clusters (endplates) in myofibers, and with antibodies against synapsin-1 to label presynaptic motor
nerve terminals (Figure 1B). Consistent with our previous reports on much younger mice (Arimura et al., 2014;
Miyoshi et al., 2017), AAV-D7 treatment significantly increased the postsynaptic area characterized by clustered
AChRs as well as the area of presynaptic, synapsin-1-positive motor nerve terminals at NMJs (Figures 1C and 1D),
demonstrating that AAV-D7 treatment enlarges NMJs in aged mice. Furthermore, we found that AAV-D7 treat-
ment did not significantly change the cover ratio of presynaptic motor nerve terminals to AChR clusters (Fig-
ure 1E). In addition, we also evaluated AChR cluster fragmentation, a structural hallmark of NMJs in aged rodents
(Valdez et al., 2010), and found that AAV-D7 treatment did not significantly affect fragmentation of AChR clusters
(Figure 1F). It is of note that a gradual increase in the percentage of denervated NMJs is also one of the typical
alterations of NMJs with aging in mice, as itis in a mouse model of ALS (Valdez et al., 2010, 2012). Since AAV-D7
treatment not only enlarges NMJs but also suppresses NMJ denervation in ALS model mice (Miyoshi et al.,
2017), we asked whether AAV-D7 treatment might also suppress NMJ denervation in aged mice. Indeed, the
percentage of denervated NMJs in AAV-g-treated 28-mo mice increased 4 months after the administration of
AAV, whereas AAV-D7-treated 28-mo mice showed greatly reduced NMJ denervation compared with
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Figure 1. AAV-D7 Treatment Activates MuSK and Enhances NMJ Innervation in Aged Mice

Twenty-four month-old (mo) male mice were treated with AAV-D7 or the control empty vector (AAV-g) and subjected to
the following assays at 28 months of age (4 months after the administration of AAV).

(A) Anti-MuSK or anti-AChRB1 immunoprecipitates (IP: MuSK or IP: AChRB1, respectively) from the hindlimb-muscle
lysates of non-treated (=) 24-mo mice, or 28-mo mice treated with AAV-D7 or AAV-g, together with whole-tissue lysates
(WTLs), were subjected to immunoblotting (IB) with the indicated antibodies. P-Tyr, phosphotyrosine.

(B-G) Longitudinal sections of tibialis anterior (TA) muscles of non-treated (NT) 24-mo mice or 28-mo mice treated with
AAV-D7 or AAV-g were stained with a-bungarotoxin (AChR) and antibodies to synapsin-1 (Nerve terminal), and
representative images are shown (B) (scale bar, 50 pm). The area of AChR clusters (C) and motor nerve terminals (D), the
cover ratio (E), and the percentage of fragmented AChR clusters (F), and denervated AChR clusters (G) were quantified.
Error bars indicate means + SEM (n = 15 mice for NT 24-mo mice; n = 8 mice for AAV-g-treated 28-mo mice; n = 8 mice for
AAV-D7-treated 28-mo mice). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by Student’s t test post hoc
analysis. N.S., not significant. See also Figure S1.

AAV-g-treated 28-mo mice (Figure 1G). Moreover, AAV-D7-treated mice showed significantly lower denervation
than non-treated 24-mo mice, suggesting that AAV-D7 treatment promotes reinnervation of denervated myo-
fibers. In addition to the fast-twitch TA muscle, we assessed the effect of AAV-D7 treatment on the morphology
of NMJs in the slow-twitch soleus muscle and found that AAV-D7 treatment also increased the areas of presyn-
aptic motor nerve terminals and AChR clusters and reduced the percentage of denervated NMJs, without signif-
icantly changing the cover ratio and fragmentation levels of AChR clusters in soleus muscle (Figure S1), demon-
strating similar effects of AAV-D7 treatment on fast- and slow-twitch muscles. Together, these findings indicate
that DOKY gene therapy activates MuSK, enlarges NMJs, and enhances NMJ innervation in aged mice.

DOK7 Gene Therapy Enhances Compound Muscle Action Potential Amplitudes in Aged Mice

Motor neurons, when electrically excited by a nerve impulse, release the neurotransmitter acetylcholine to
activate AChRs clustered on the postsynaptic membrane at the NMJ, leading to the generation of com-
pound muscle action potentials (CMAPs), the amplitude of which depends on the number of myofibers
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Figure 2. AAV-D7 Treatment Enhances the Maximal Amplitudes of CMAPs in Aged Mice

Twenty-four month-old male mice were treated with AAV-D7 or the control empty vector (AAV-g), and the maximal
amplitudes of compound muscle action potentials (CMAPs) of TA muscles at 10 Hz stimulations were measured at 24 (NT,
non-treated) or 28 months of age (AAV-D7- or AAV-g-treated). Representative traces (A) and quantitative data (B) are
shown. Error bars indicate means + SEM (n = 15 mice for NT 24-mo mice; n = 10 mice for AAV-g-treated 28-mo mice; n =
14 mice for AAV-D7-treated 28-mo mice). *p < 0.05 by one-way ANOVA followed by Student's t test post hoc analysis.

firing action potentials (Willadt et al., 2018). Of note, several studies have reported that the maximal ampli-
tude of CMAPs decreases with aging in mammals (Kurokawa et al., 1999; Pannérec et al., 2016), consistent
with the increased percentage of denervated NMJs (Wu et al., 1996). Since NMJ innervation in aged mice
was enhanced by AAV-D7 treatment (Figures 1G and S1F), we hypothesized that neuromuscular transmis-
sion and subsequent firing of muscle action potentials would also be enhanced in AAV-D7-treated 28-mo
mice. Thus, we tested whether the maximal amplitude of CMAPs increases upon the AAV-D7 treatment in
aged mice. The CMAPs were obtained with recording electrodes inserted into the TA muscle upon sciatic
nerve stimulation. The maximal amplitude of CMAPs in control AAV-g-treated 28-mo mice was lower than
that in non-treated 24-mo mice, whereas AAV-D7-treated 28-mo mice displayed a higher amplitude
compared with non-treated 24-mo and AAV-g-treated 28-mo mice (Figure 2). Together with the enhanced
NMJ innervation in AAV-D7-treated mice (Figures 1G and S1F), these results indicate that AAV-D7 treat-
ment enhances muscle action potentials evoked by nerve stimulation in aged mice, most likely due to
enhanced neuromuscular transmission.

DOK7 Gene Therapy Enhances Motor Function and Muscle Strength in Aged Mice

To determine whether AAV-D7 treatment improves motor function in aged mice, we compared the motor
performance of AAV-D7-treated mice with that of AAV-g-treated mice using the rotarod test, in which the
latency of mice to fall off the rod rotating under continuous acceleration was measured. Figure 3A shows
that AAV-D7-treated mice significantly outperformed AAV-g-treated mice in motor performance at each
time point from 25 to 26.5 months of age (from 1 to 2.5 months after the administration of AAV), whereas
no significant difference was observed between the two tested groups before AAV-g or AAV-D7 treatment
at 24 months of age (Figure 3B). Furthermore, although the rotarod test score in AAV-g-treated mice was
similar to or lower than that before treatment (at 24 months of age) at each time point throughout the test
period, AAV-D7-treated mice showed a significant increase in their motor performance even at 24.5 months
of age, or 0.5 months after treatment, in comparison with that before treatment. Given that no significant
difference was observed in body weight between the AAV-g- and AAV-D7-treatment groups throughout
the test period (Figure 3C), these results together indicate that DOK7 gene therapy enhances motor func-
tion in aged mice.

However, given that the motor performance determined by rotarod test (the ability of mice to maintain
their balance on the rotating rod) is affected by many factors including altered cerebellar or spinal cord
function (Gunther et al., 2012; Sadakata et al., 2007), we cannot completely exclude the possibility that
DOK?7 gene therapy improved motor performance in aged mice via altered function of non-skeletal muscle
tissues. Thus, to directly test muscle strength, we measured the in vivo twitch force of hindlimb muscle upon
electrical stimulation. By directly stimulating gastrocnemius muscle using electrodes in contact with skin
over the muscle, we measured the force of plantarflexor muscles with minimal invasiveness before and after
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Figure 3. AAV-D7 Treatment Enhances Motor Function and Muscle Strength in Aged Mice

Twenty-four month-old male mice were treated with AAV-D7 or AAV-g and subjected to the following assays at the indicated ages.

(A and B) Motor performance of pre-dose aged mice or those treated with AAV-D7 or AAV-g were evaluated by rotarod test at the indicated ages (pre-dose
mice, 24 months of age; treated mice, 24.5-26.5 months of age). Each score is expressed as relative value (%) of the latency to fall off the rotarod to pre-dose
value of the individual mice at 24 months of age (A), and the absolute values of pre-dose mice are shown (B). Error bars indicate means + SEM (n = 20 mice for
AAV-g-treated mice; n = 21 mice for AAV-D7-treated mice).

(C) Body weight of pre-dose aged mice or those treated with AAV-D7 or AAV-g at the indicated ages (pre-dose mice, 24 months of age; treated mice, 24.5—
26.5 months of age) was measured. Error bars indicate means + SEM (n = 20 mice for AAV-g-treated mice; n = 21 mice for AAV-D7-treated mice). There is no
statistically significant difference between the two tested groups at each time point (Student's t test).

(D and E) Maximal isometric torque of pre-dose aged mice at 24 months of age or those treated with AAV-D7 or AAV-g at 28 months of age (4 months after
the administration of AAV) was measured. Each score is expressed as relative value (%) of the plantarflexion torque to pre-dose value of the individual mice at
24 months of age (D), and the absolute values of pre-dose mice are shown (E). Error bars indicate mean + SEM (n =7 mice for AAV-g-treated mice; n =9 mice
for AAV-D7-treated mice).

(F and G) Transverse sections of TA muscle of non-treated (NT) 4-mo mice and 28-mo mice treated with AAV-D7 or AAV-g were stained with hematoxylin and
eosin (F), and the myofiber cross-sectional area (CSA) was quantified (G). Scale bar, 100 pm. Error bars indicate means + SEM (n = 10 mice for NT 4-mo mice;
n = 8 mice for AAV-g-treated 28-mo mice; n = 8 mice for AAV-D7-treated 28-mo mice). *p < 0.05, **p < 0.01, ***p < 0.001 by Student's t test. *p < 0.05, #p <
0.01, ¥ < 0.001 by paired Student's t test. fo < 0.05 by one-way ANOVA followed by Student's t test post hoc analysis. N.S., not significant.

administration of AAV-D7 or AAV-g. As evident in Figure 3D, AAV-D7-treated 28-mo mice showed signif-
icantly higher muscle strength than AAV-g-treated 28-mo mice, whereas no significant difference was
observed between pre-dose twitch forces of the two tested groups obtained before AAV-g or AAV-D7
treatment at 24 months of age (Figure 3E). Furthermore, the muscle strength in AAV-g- or AAV-D7-treated
28-mo mice was reduced to 83% or increased to 132%, significantly and respectively, as compared with
each strength before treatment (at 24 months of age) (Figure 3D). Together these results indicate that
DOK? gene therapy enhances both motor function and muscle strength in aged mice.

Consistent with numerous studies demonstrating that denervation induces not only loss of NMJs but also
muscle atrophy (Guth et al., 1964), AAV-D7 treatment suppressed NMJ denervation and myofiber atrophy
in a mouse model of ALS (Miyoshi et al., 2017). Thus, we thought that DOK7 gene therapy would suppress
the loss of muscle mass in aged mice and examined transverse sections of TA muscle in non-treated 4-mo
and AAV-g- or AAV-D7-treated 28-mo mice (Figure 3F). As expected, the myofiber cross-sectional area
(CSA) was significantly reduced in AAV-g-treated 28-mo mice compared with that in non-treated 4-mo
mice (Figure 3G). However, the CSA in AAV-D7-treated 28-mo mice was similar to that in AAV-g-treated
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28-mo mice (Figure 3QG), indicating that the enhancement of motor function and muscle strength does not
need detectable muscle hypertrophy. Given that muscle strength is affected not only by muscle mass but
also by its mechanical property (Gonzélez et al., 2000), AAV-D7 treatment may enhance muscle strength by
altering an as yet unidentified mechanical property of myofibers in aged mice (see below).

DISCUSSION

A growing body of evidence indicates that rodent NMJs undergo age-related structural alterations
including fragmentation of AChR clusters and NMJ denervation (Valdez et al., 2010). Although the
fragmentation of AChR clusters per se is not directly associated with the impairment of neuromuscular
transmission (Willadt et al., 2016, 2018), NMJ denervation inevitably leads to the loss of NMJ functions
and muscle weakness, highlighting the NMJ as a potential therapeutic target for age-related motor
dysfunction (Taetzsch and Valdez, 2018). However, in contrast to intensive studies performed on the effects
of aging on rodent NMJs, only a limited number of studies are reported on human NMJs. Two studies on
postmortem human muscle tissues revealed age-related fragmentation of endplates, which is common in
agedrodents (Oda, 1984; Wokke et al., 1990). Contradicting this, another group studied the morphology of
human NMJs using lower limb muscle tissues after amputation surgery and reported that human NMJs
throughout the adult lifespan (mean age, 67 years old; range, 34-92 years old) remain devoid of any of
the age-related changes studied such as fragmentation of endplates, although denervation rate per se
was not investigated (Jones et al., 2017). However, it might be better to interpret the data with some
caution, because (1) the analyzed tissues were from patients with peripheral vascular disease or diabetes
mellitus and thus probably affected by their pathological conditions, and (2) the diameter of myofibers
or of motor axons in older age groups was not decreased, whereas it is established that myofibers and mo-
tor axons degenerate as humans advance into old age (Azzabou et al., 2015; Cartee et al., 2016; Galban
et al., 2007). Furthermore, a recent study suggests that failure to reinnervate denervated myofibers leads
to reduced muscle strength in patients with sarcopenia (Piasecki et al., 2018). Consistent with this, in ro-
dents, it has been established that progressive NMJ denervation and reduction of muscle strength occur
with aging (Chai et al., 2011; Valdez et al., 2010). These observations suggest that age-related motor im-
pairments are caused, at least in part, by NMJ denervation in mammals, although further investigations
are required to fully understand age-related alterations of human NMJs.

As mentioned above, we previously demonstrated that AAV-D7 treatment enlarges NMJs, ameliorates the
shortened life span, and improves the impaired motor activity in mouse models of neuromuscular disorders
with NMJ defects, such as DOK7 myasthenia, autosomal dominant Emery-Dreifuss muscular dystrophy,
and ALS (Arimura et al., 2014; Miyoshi et al., 2017). In addition, other groups have shown that treatment
with an agonist antibody to MuSK preserves NMJ innervation in a mouse model of ALS, although its effects
on neuromuscular transmission and survival are controversial (Cantor et al., 2018; Sengupta-Ghosh et al.,
2019). Furthermore, administration of a stabilized form (NT-1654) of the C-terminal 44 kDa fragment of mo-
tor neuron-derived agrin, a MuSK activator, enhances NMJ formation and improves motor behavior and
survival of a mouse model of spinal muscular atrophy (Boido et al., 2018). These data together demonstrate
that the NMJ is a promising therapeutic target in an array of neuromuscular diseases with NMJ defects.
However, the effect of DOK7 gene therapy on age-related motor dysfunction was unknown. In the present
study, we demonstrated that a single-dose systemic administration of AAV-D7 to 24-mo mice enhanced
MuSK activation and NMJ innervation in the aged mice (Figures 1A, 1B, 1G, S1A, and S1F) and augmented
motor function and muscle strength (Figures 3A and 3D). Therefore, DOK7 gene therapy exerts therapeutic
effects on the muscle weakness and motor dysfunction of aged mice, although the mechanisms by which
AAV-D7 treatment enhances NMJ innervation remain to be elucidated. We have previously shown that
muscle-specific overexpression of Dok-7 induces the enlargement of not only the postsynaptic area but
also the presynaptic motor nerve terminal (Inoue et al., 2009; Tezuka et al., 2014), suggesting that Dok-7
expression in muscle activates retrograde signaling from muscle to motor neurons. This retrograde
signaling may contribute to NMJ innervation in aged mice by suppressing the degeneration of presynaptic
motor nerve terminals and/or by accelerating the reinnervation of denervated myofiber. Interestingly, mice
overexpressing Dok-7 specifically in muscle or those treated systemically with AAV9 expressing Dok-7-
EGFP showed normal motor activity at 3 months of age (Arimura et al., 2014), when little or no denervation
of NMJs is observed in wild-type mice.

The formation and maintenance of NMJs require not only Dok-7 but also Lrp4, a receptor of agrin for MuSK
activation and also an important retrograde signal to induce presynaptic specialization of motor nerve
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terminals at NMJs (Wu et al., 2012; Yumoto et al., 2012). A paper recently reported reduced levels of Lrp4
protein expression and MuSK activation in muscle of aged mice, suggesting impaired MuSK-mediated
signaling due to loss of Lrp4 protein. Indeed, the authors demonstrated that transgenic expression of
Lrp4 in skeletal muscle from the embryonic stage alleviates NMJ denervation and improves neuromuscular
transmission and muscle strength in aged mice (Zhao et al., 2018). Also, they found that Lrp4 interacts with
sarcoglycan a (SGa) and demonstrated that intramuscular injection with an AAV serotype 9 vector express-
ing SGa fused with green fluorescent protein (GFP) (AAV9-SGa-GFP) at 22.5 months of age resulted in
increased NMJ innervation, neuromuscular transmission, and muscle strength as compared with the
AAV9-GFP-treated controls in 24-mo mice. However, they did not examine any enhancement of these
values in comparison with each pre-dose value. Also, they examined neither MuSK activation nor motor
function upon AAV9-SGa-GFP treatment or transgenic expression of Lrp4, unlike the present study on
DOK?7 gene therapy (Figures 1A and 3A). Interestingly, the transgenic expression of Lrp4 in muscle or
administration of AAV9-SGa-GFP induced a significant increase in the CSA of the TA muscle in aged
mice, in contrast to DOK7 gene therapy (Figures 3F and 3G), suggesting distinct mechanisms by which
AAV-D7 administration enhances muscle strength. As mentioned, the decrease in muscle strength with ag-
ing is known to be attributed not only to the decrease in muscle mass but also to altered mechanical prop-
erties of the myofiber; the force generated by myofibers normalized to their CSA (specific force) declines
with aging (Bruce et al., 1989; Gonzélez et al., 2000; Morse et al., 2005; Urbanchek et al., 2001). Given that
AAV-D7 treatment enhanced muscle strength in response to direct muscle stimulation (Figure 3D), DOK7
gene therapy likely increases the specific force per se by improving such mechanical properties of myofib-
ers, which could be due to fiber type alteration of the muscle. In addition, because AAV-D7-treated aged
mice showed increases in NMJ innervation and CMAP amplitude (Figures 1B, 1G, 2A, 2B, S1A, and S1F),
this treatment likely increases the number of functional NMJs, leading to enhanced muscle strength.
Furthermore, because overexpression of Dok-7 in skeletal muscle enhances neuromuscular transmission
at individual NMJs (Eguchi et al., 2020), AAV-D7 treatment may also strengthen neuromuscular transmis-
sion at individual NMJs in aged mice. The precise mechanisms underlying AAV-D7-mediated enhance-
ment of muscle strength without significant muscle hypertrophy in aged mice awaits further studies.

Limitations of the Study

Our findings established proof of principle that DOK7 gene therapy, or potentially other methods that are
able to enhance NMJ innervation, may be a novel treatment approach for age-related motor dysfunction.
However, DOK7 gene therapy has limitations in precise control of the duration and level of therapeutic
intervention. Although this gene therapy benefited DOK7 myasthenia or aged mice for at least 12 or
4 months, respectively, with no apparent abnormality (Arimura et al., 2014; the present study), there re-
mains a potential risk of sustained adverse side effects, such as genotoxicity, in aged humans (Wang
etal., 2019). Thus, it would be important to develop compound-based treatment in parallel with gene ther-
apy. However, because age-related motor dysfunction is a progressive, multifactorial disorder, NMJ-tar-
geting therapy per se can serve only as a symptomatic treatment for the age-related dysfunction, but
not as a cure. Indeed, age-related loss of skeletal muscle mass and function is associated with many factors
including reduced synthesis of myofibrillar proteins, mitochondrial dysfunction, decreased contractile
properties, a shift to slower fiber types, and abnormal energy metabolism (Larsson et al., 2019). Given
that several groups have developed treatments aimed at inducing muscle hypertrophy for age-related
loss of skeletal muscle mass and subsequent motor dysfunction (Fujii et al., 2017; Vinel et al., 2018),
DOK?7 gene therapy or other NMJ-targeted therapies might be more effective for age-related motor
dysfunction when used in combination with other non-NMJ-targeting therapeutics, such as those aimed
at inducing muscle hypertrophy.
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Figure S1. AAV-D7 treatment enhances NMJ innervation in soleus muscle of aged
mice, Related to Figure 1.

Twenty-four month-old (mo) male mice were treated with AAV-D7 or the control empty
vector (AAV-g@), and subjected to the following assays at 28 months of age (4 months after
the administration of AAV).

(A-F) Longitudinal sections of soleus muscles of non-treated (NT) 24 mo mice or 28 mo
mice treated with AAV-D7 or AAV-g were stained as in Figure 1B, and representative
images are shown (A) (Scale bar, 50 um). The area of AChR clusters (B) and motor nerve
terminals (C), the cover ratio (D), and the percentage of fragmented AChR clusters (E) and
denervated AChR clusters (F) were quantified. Error bars indicate means £ SEM (n =4
mice for NT 24 mo mice; n = 4 mice for AAV-g-treated 28 mo mice; » = 4 mice for AAV-
D7-treated 28 mo mice). *P < 0.05, **P <0.01, ***P <(0.001 by one-way ANOVA
followed by Student’s #-test post-hoc analysis. N.S., not significant.



Transparent Methods

Mice

Male C57BL6/N were purchased from Japan SLC and maintained in the Experimental
Animal Facility of the National Center for Geriatrics and Gerontology (NCGQG) until
experimental use. Mice were housed on a 12/12-hour light/dark cycle in specific pathogen-
free conditions with free access to water and standard mouse chows. All animal
experiments were conducted in the Laboratory Animal Research Center of The Institute of
Medical Science, The University of Tokyo, in the Experimental Animal Facility of NCGG,
or in the Experimental Animal Facility of Kao Corporation's R&D Department. All animal
studies were performed in accordance with the guidelines for animal care and use of each

institute, and approved by the institutional animal care and use committees.

AAV production and injection

The ¢cDNA encoding human Dok-7 cDNA tagged with c-myc epitope was cloned into
PAAV-MCS (Agilent Technologies), which carries the cytomegalovirus promoter, to
obtain pAAV-Dok-7-myc plasmid. For production of AAV-D7, HEK293EB cells were co-
transfected with the AAV9 chimeric helper plasmid pRep2Cap9, the adenovirus helper
plasmid pHelper (Agilent Technologies), and pAAV-MCS or pAAV-Dok-7-myc in a
HYPERF]lask vessel (Corning) using polyethylenimine, and cultured for 5 days (Lin et al.,
2007; Matsushita et al., 2004). The AAYV particles were purified by density-gradient
ultracentrifugation (Tomono et al., 2016). The viral titers were determined by real-time
quantitative PCR using AAVpro Titration Kit (Takara Bio). 4.8 x 10'3 vg/kg body weight

of AAV-D7 or AAV-g were intravenously injected by a single dose via the tail vein.

Immunoprecipitation and Western blotting

Tissue lysates were prepared from hindlimb muscle with alkaline lysis buffer [S0 mM
Tris-HCI (pH 9.5), 1% sodium deoxycholate, Complete protease inhibitor (Roche),
PhosSTOP phosphatase inhibitor (Roche) ]. For immunoprecipitation, lysates were
incubated with antibodies to MuSK (N-19 and C-19) (Santa Cruz Biotechnology) or
AChRPB1 (H-101) (Santa Cruz Biotechnology), followed by incubation with protein G-
Sepharose (GE Healthcare). The immune complexes were washed five times and collected

as immunoprecipitates. For Western blotting, immunoprecipitates or lysates were separated



by SDS-PAGE on 6 or 9% gels and transferred to a PVDF membrane (Merck Millipore),
which was then incubated with antibodies to phosphotyrosine (4G10) (Merck Millipore),
MuSK (AF562) (R&D Systems), AChRB1 (H-101) (Santa Cruz Biotechnology), Dok-7 (A-
7) (Santa Cruz Biotechnology), or actin (I-19) (Santa Cruz Biotechnology), washed, and
incubated with horseradish peroxidase-labeled anti-mouse (GE Healthcare) or anti-goat
(Santa Cruz Biotechnology) IgG. The blots were visualized using a LAS4000 imager with
ECL Prime Western Blotting Detection Reagent (GE Healthcare).

Immunohistochemistry of NMJs

Mice were anesthetized and perfused through the heart with PBS. Skeletal muscles were
dissected out, embedded in Tissue-Tek OCT compound (Sakura Finetek) and processed for
cryostat sectioning. 30-um longitudinal cryosections were blocked in PBS containing 2%
BSA and 0.1% Triton X-100. No fixation was performed at any point in the process.
Sections were sequentially incubated with primary antibodies overnight at 4 °C, washed
with PBS, and incubated in a mixture of Alexa Fluor 488-conjugated secondary antibodies
(Thermo Fischer Scientific) and CF 594-conjugated a-Bungarotoxin (Biotium) overnight at
4 °C. After washing, the sections were mounted with Vectashield (Vector Laboratories).
Confocal Z serial images were collected with an FV1000 Confocal Laser Scanning
Microscope (Olympus) and collapsed into a single image. Images were captured with the
same settings and exposure time in each experimental group for comparison. The sizes
(areas) of presynaptic motor nerve terminals and postsynaptic AChR clusters, and the cover
ratio of presynaptic motor nerve terminals to AChR clusters were quantified using cellSens
Digital Imaging Software (Olympus). For quantification, seven to thirty microscopic fields
with the 20x objective were chosen at random on the tibialis anterior and soleus muscle
from each mouse, and more than 100 synaptic sites were analyzed per muscle for each
mouse. The AChR cluster was scored as fragmented when it consisted of five or more
segments, and the NMJ was scored as denervated when no presynaptic, synapsin-1-positive
area was detected on the AChR cluster area. These experiments were conducted in a
blinded fashion.

Electromyography
Compound muscle action potentials (CMAPs) were studied using a PowerLab 26T data

acquisition system (ADInstruments). Mice were anesthetized using isoflurane inhalation,



and the sciatic nerve was exposed at the left mid-thigh. Paired stimulating electrodes
separated by 3 mm were kept in contact with the exposed sciatic nerve at 10 mm from the
midline for supramaximal stimulation at 10 Hz. The recording electrodes were inserted in
the middle of the left tibialis anterior muscle whereas the reference one was inserted 5S-mm
distally, both of which were connected via an MPASI preamplifier (Multi Channel
Systems) to an SC8x8BC signal collector (Multi Channel Systems). To isolate stimulus
artifacts, a ground electrode was placed between the stimulus and recording electrodes.
CMAPs were recorded for 1 second, and peak—peak amplitudes were determined in
LabChart software (ADInstruments). The CMAP amplitude for the first stimulation was

analyzed. These experiments were conducted in a blinded fashion.

Rotarod test

Mice were placed on a rotating cylinder (MK-610A) (Muromachi Kikai), and the latency to
fall was recorded. The device was set to accelerate from 4 to 40 rpm over a 5-min period.
Before testing, each mouse was acclimated to the rotarod device for three trials per day on
three consecutive days to familiarize the mice with the device and test protocols. The test
was performed immediately before administration of the AAV and every 0.5 months
thereafter until 2.5 months after the administration. The measurement was performed three
times each day, and the average of the individual mice’s measured values was calculated

and estimated as the index of motor performance. These experiments were conducted in a
blinded fashion.

Measurement of maximal plantarflexion isometric torque

Maximal plantarflexion isometric torque was measured with a slight modification of the
method previously described (Itoh et al., 2017). Briefly, under anesthesia with isoflurane,
electrical stimulation was applied to the posterior surface of the skin of the lower limbs. To
attach surface stimulation electrodes (Bio Research Center) to the skin, viscous electrical
conductive gel (CR) (Sekisui Plastics) was applied between the electrodes and the skin. The
electrodes were fixed with adhesive tape to the surface of the myotendinous junction and a
5-mm proximal locus. Plantarflexor muscles were percutaneously stimulated via surface
stimulation electrodes, and maximal plantarflexion was evoked using a supramaximal
twitch current (100-Hz frequency, 1.0-msec duration, and 10.0-mA current). [sometric

plantarflexion torque (T) was calculated from the pressure applied to a footplate (F) and the



distance from the axis of the ankle joint to the sensor (r) as follows: T= Fr. These

experiments were conducted in a blinded fashion.
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