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Naratriptan mitigates CGRP1-associated motor neuron
degeneration caused by an expanded polyglutamine

repeat tract

Makoto Minamiyamal-3, Masahisa Katsuno!-3, Hiroaki Adachil, Hideki Doi!, Naohide Kondo!, Madoka lida!,
Shinsuke Ishigaki!, Yusuke Fujiokal, Shinjiro Matsumoto!, Yu Miyazaki!, Fumiaki Tanaka!, Hiroki Kurihara? &

Gen Sobue!

Spinal and bulbar muscular atrophy (SBMA) is a motor neuron disease caused by the expansion of the CAG ftriplet repeat
within the androgen receptor (AR) gene. Here, we demonstrated that pathogenic AR upregulates the gene encoding calcitonin
gene-related peptide « (CGRP1). In neuronal cells, overexpression of CGRP1 induced cellular damage via the activation of
the c-Jun N-terminal kinase (JNK) pathway, whereas pharmacological suppression of CGRP1 or JNK attenuated the
neurotoxic effects of pathogenic AR. The depletion of CGRP1 inactivated JNK and suppressed neurodegeneration in a mouse
model of SBMA. Naratriptan, a serotonin 1B/1D (5-hydroxytryptamine 1B/1D, or 5-HT1B/1D) receptor agonist, decreased
CGRP1 expression via the induction of dual-specificity protein phosphatase 1 (DUSP1), attenuated JNK activity and
mitigated pathogenic AR-mediated neuronal damage in cellular and mouse SBMA models. These observations suggest that
pharmacological activation of the 5-HT1B/1D receptor may be used therapeutically to treat SBMA and other polygiutamine-

related neurodegenerative diseases.

The expansion of a genomic trinucleotide CAG repeat causes heredi-
tary neurodegenerative disorders such as Huntington’s disease, SBMA,
dentatorubral-pallidoluysian atrophy and six forms of spinocerebellar
ataxial2. SBMA, or Kennedy’s disease, is a late-onset motor neuron
disease characterized by progressive weakness and atrophy of bulbar,
facial and limb muscles, which is attributable to the degeneration of
lower motor neurons in the spinal cord and brainstem?#. This disease
is caused by an abnormal expansion of CAG repeats encoding the
amino acid glutamine within the gene encoding AR, and it exclu-
sively affects males carrying this type of mutation®®. The pathogenic
AR protein accumulates in the nucleus of motor neurons and causes
several molecular changes, including transcriptional dysregulation,
axonal transport defects, mitochondrial dysfunction and disruption
of the transforming growth factor- signaling pathway’-17.

Dysregulation of the transcriptional machinery associated with his-
tone hypoacetylation has been reported in cellular and animal models
of polyglutamine diseases'®1. In addition to downregulation of genes
that are necessary for the maintenance of normal cellular function,
upregulation of certain molecules has also been observed in affected
tissues in polyglutamine diseases??2!. These alterations of the normal
gene expression profile seem to mediate polyglutamine toxicity in
neuronal and non-neuronal cells and are partially reversed by histone
acetylation!4?2-23, However, it is unknown which genes are dysregu-
lated and directly contribute to neurodegeneration.

Here, we performed a microarray analysis of the spinal cord of a
mouse model of SBMA to identify the changes in gene expression that
play a crucial part in polyglutamine-mediated neurodegeneration. We
also examined whether genetic and pharmacological modulation of
the expression of the identified genes could mitigate the histopatho-
logical and symptomatic effects of motor neuron degeneration.

RESULTS

Calcitonin gene-related peptide is upregulated in SBMA

To identify the gene expression changes that are specific to SBMA,
we prepared total mRNA samples from the spinal cords of transgenic
mice carrying a full-length human AR with 97 CAGs (AR-97Q),
transgenic mice bearing a wild-type allele of AR with 24 CAGs
(AR-24Q) and the wild-type littermates of the AR-97Q mice. Using
microarray analysis, we identified genes with significantly altered
expression among the three types of mice (P < 0.005). The expres-
sion of 124 genes were increased (>150%) or decreased (<67%) in
male AR-97Q mice compared with their AR-24Q counterparts at the
before-onset stage (7-9 weeks old). The expression of 12 of the 124
genes also showed a considerable difference between the AR-97Q
and wild-type littermates but not between the AR-24Q and wild-
type littermates (Fig. 1a and Supplementary Table 1). Among these
candidates, we focused on the gene encoding calcitonin gene-related
peptide 1 (Cgrp1) for the following reasons: (i) this gene, Calca, was
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Figure 1 Upregulation of CGRP1 in AR-97Q mice and patients with SBMA.
(a) Number of genes with expression levels that were significantly altered
before the onset of symptoms. The overlap represents genes commonly up-
or downregulated. (b) The relative levels of Calca mRNA to Gapdh

mRNA in the spinal cord of the AR-24Q and AR-97Q mice measured using

e Control subjects

RT-PCR before the onset of disease and at the advanced stage (n = 3 per f g

group). {c) The concentrations of Cgrpl protein in the spinal cord of P =0.003 P =0.006
wild-type, AR-24Q and AR-97Q mice, as measured by ELISA (n = 3 per £ 33 7" 4 20 £
group). (d) Cgrpl immunohistochemistry (left) and the intensity of the ;‘TZ 15 Zx B

Cgrpl immunoreactivity (right) in the spinal cord from the wild-type, AR-24Q g% 10 8 g 1(5]

and AR-97Q mice at the before-onset stage (n = 6 per group). (e) CGRP1 ] g 5
immunohistochemistry of the spinal cords from subjects with SBMA and control S S
subjects. (f) Cgrpl immunohistochemistry (left) and the intensity of %&“ Zq?

immunoreactivity to Cgrpl (right) in spinal cords from sham-operated and castrated AR-97Q mice (n = 3 per group).
(g) The levels of Calca mRNA in spinal cords of sham-operated and castrated AR-97Q mice at the advanced stage (n = 3 per group). The scale bars
indicate 20 um (d,e) or 50 um (f). The error bars indicate the s.e.m. *P < 0.05 by analysis of variance (ANOVA) and Dunnett’s test (c).

significantly upregulated in the AR-97Q mice compared with the
other types of mice; (ii) the expression of this gene showed a further
increase at the advanced stage (13-15 weeks old) (Supplementary
Table 1); and (iii) this gene is expressed chiefly in lower motor
neurons and dorsal root ganglion sensory neurons, not in glial or
vascular endothelial cells?4. We confirmed the results of the microarray

using RT-PCR, which also showed strain- and stage-dependent
upregulation of Calca mRNA (Fig. 1b).

The concentration of Cgrpl in spinal cord tissue measured by
ELISA was significantly higher in AR-97Q mice compared with
AR-24Q or wild-type counterparts (Fig. 1c). Inmunohistochemistry
with Cgrpl-specific antibodies showed that Cgrpl immunoreactivity
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were treated with or without 0 -
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CGRP1 brotein in SH-SY5Y SIRNA  SIRNA SIRNA  SIRNA SIANA  siRNA
P DHT(=)  DHT(+) DHT(-)  DHT(+) DHT() DHT(+)

cells stably expressing AR-24Q

or AR-97Q. (c) Luciferase activity transcriptionally regulated by the CALCA promoter in SH-SY5Y cells stably expressing AR-24Q or AR-97Q (n = 6 per
group). (d) The concentrations of CGRP1 protein in SH-SYBY cells transfected with a mock or CGRP1 vector (n = 3). (e) The viability as measured by
cell viability WST-1 assay (left) and LDH release (right) of SH-SY5Y cells transfected with mock or CGRP1 vector (n = 6 per group). (f) The levels of
CGRP1 protein in SH-SY5Y cells stably expressing AR-97Q transfected with control or CALCA siRNA (n = 3 per group). (g) The viability, LDH release

and cell death (measured by Trypan blue dye exclusion) of SH-SYBY cells stably expressing AR-97Q that were transfected with control or CALCA siRNA
and treated with or without DHT (n = 6 per group). (h) The viability of SH-SYBY cells treated with or without synthetic CGRP1 (n = 6 per group). (i) The
viability of SH-SYBY cells stably expressing AR-97Q treated with or without CGRP8-37, a CGRP1 receptor antagonist (n = 6 per group). *P < 0.05 and
**P < 0.01 by ANOVA with Dunnett’s test (h,i). The error bars indicate the s.e.m. NS, not significant.
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in the spinal motor neurons was significantly stronger in the AR-
97Q mice at both the before-onset and advanced stages (Fig. 1d and
Supplementary Fig. 1a,b). Although we also detected Cgrpl in the
spinal dorsal horn, the expression of Cgrpl was not different among
the AR-97Q, AR-24Q and wild-type mice (data not shown). Cgrpl is
also expressed in other regions of the central nervous system, although
the expression levels in these tissues are much lower than in the spinal
cord (Supplementary Fig. 2a). Besides the spinal motor neurons,
hypoglossal motor neurons and cerebellar granular cells also had high
expression of Cgrpl, which accumulated in the cytoplasm of neurons
with nuclear accumulation of the pathogenic AR (Supplementary
Fig. 2b,c). Moreover, immunohistochemical analysis of autopsied
human specimens showed higher expression of CGRP1 in the spinal
motor neurons of subjects with SBMA compared to controls (Fig. 1e
and Supplementary Fig. 3a,b). Because surgical or pharmacological
suppression of testosterone release ameliorates the symptomatic and
neuropathological changes in male AR-97Q mice! 12>, we examined
the effects of the male sex hormone on the expression of CGRP1
in the mice. Surgical castration significantly decreased the immu-
noreactivity of Cgrpl in the male AR-97Q mice (Fig. 1f), which is
consistent with prior reports demonstrating the expression of CGRP1
is negatively regulated by testosterone?%. The mRNA levels of Calca
also decreased as a result of the castration (Fig. 1g).

CGRP1 mediates polyglutamine-dependent cytotoxicity

We further investigated the role of CGRP1 in polyglutamine-
mediated neurotoxicity in differentiated human neuroblastoma
SH-SY5Y cells stably expressing human AR containing 24 or
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97 glutamines (AR-24Q and AR-97Q). In this cellular model,
polyglutamine-expanded AR induced neurotoxicity and cell death
in a testosterone-dependent manner (Supplementary Fig. 4a-f).
In agreement with the data from the mouse model, cells express-
ing AR-97Q that were treated with dihydrotestosterone (DHT)
had higher levels of CALCA mRNA than those bearing AR-24Q
(Fig. 2a). SH-SY5Y cells expressing the pathogenic AR had higher protein
amounts of CGRP1 and luciferase activity under control of the CALCA
promoter (Fig. 2b,c).

We next investigated the relationship between expression of CGRP1
and viability of neuronal cells. Transient overexpression of CGRP1
in SH-SY5Y cells reduced viability and increased cellular damage as
measured by the lactate dehydrogenase (LDH) assay (Fig. 2d,e). In
contrast, siRNA-mediated knockdown of CALCA expression dimin-
ished the damage and death of cells stably expressing AR-97Q that
were treated with DHT (Fig. 2f,g). CGRP1 is secreted from neurons,
binds its receptors on the cell surface and functions as an autocrine
and paracrine factor?”. We thus examined the effect of CGRP1 on
cellular viability via stimulation of its receptor. Administration of
synthetic CGRP1 peptides dose-dependently decreased the viability
of SH-SY5Y cells (Fig. 2h). In contrast, treatment with CGRPS8-37,
which is an antagonist of the CGRP receptor, attenuated the cytotoxic-
ity caused by the pathogenic AR (Fig. 2i).

To confirm the result obtained in SH-SY5Y cell line, we examined
the levels of Cgrpl in mouse primary motor neurons infected with
lentiviral vectors containing an N-terminal fragment of human AR
with 24 or 97 glutamines (AR-24Q and AR-97Q)!7. The pathogenic
AR formed aggregales (Supplementary Fig. 5a) and increased the
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Figure 3 CGRP1 induces neuronal cell damage via activation of the JNK pathway. (a,b) Immunoblots for c-Jun (a) and JNK (b) and the relative
intensities of immunoreactive bands from SH-SY5Y cells stably expressing AR-24Q and AR-97Q (n = 6 per group). (c,d) Immunoblots for ¢-Jun (¢) and
JNK (d) and the relative intensities of immunoreactive bands from SH-SY5Y cells transfected with the mock or CGRP1 vector (n = 6 per group).

(e,f) Immunoblots for c-Jun (e) and JNK (f) and the relative intensities of immunoreactive bands from SH-SYBY cells stably expressing AR-97Q
transfected with control and CALCA siRNA (n = 6 per group). (g) The viability of (left) and LDH release from (right) SH-SY5Y cells stably expressing
AR-97Q treated with a JNK inhibitor, SP-600125 (n = 6 per group). (h) Immunoblots and relative intensities of p~c-Jun immunoreactive bands from
SH-SYBY cells stably expressing AR-97Q and treated with SP-600125 (n = 6 per group). (i) Immunoblots (left) and the relative signal intensities (right)
of the p—c-Jun immunoreactive bands for spinal cords from the AR-24Q and AR-97Q mice (n = 6 per group). (j) p~c-Jun immunchistochemistry (left)
and the intensity of immunoreactivity to p-c-Jun (right) in spinal motor neurons of AR-24Q and AR-97Q mice (n = 6 per group). The scale bar indicates
20 pum. The error bars indicate the s.e.m. *P < 0.01 by ANOVA with Dunnett’s test (g).
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mRNA levels of Calca in motor neurons (Supplementary Fig. 5b).
Furthermore, administration of CGRP1 peptides decreased the viabil-
ity of primary motor neurons (Supplementary Fig. 5¢).

CGRP1 induces toxicity via the activation of c-Jun

CGRP1 is known to regulate various cellular signaling pathways, such
as nuclear factor-kB (NF-kB) and JNK?8. We next investigated the
molecular mechanism by which CGRP1 elicited neuronal damage
(Supplementary Note and Supplementary Fig. 6a-c). We found that
AR-97Q increases the phosphorylation of c-Jun and JNK in neuronal
cells treated with DHT (Fig. 3a,b and Supplementary Figs. 7 and 8a).
We also observed activation of the JNK pathway by pathogenic AR
in primary motor neurons (Supplementary Fig. 8b). Overexpression
of CGRP1 also enhanced activation of the JNK pathway in SH-SY5Y
cells (Fig. 3¢,d and Supplementary Fig. 7b,f).

To determine whether pathogenic AR stimulates the JNK pathway via
the upregulation of CGRP1, we knocked down expression of CALCA
using siRNA in SH-SY5Y cells stably expressing AR-97Q that are treated
with DHT. Transfection of CALCA siRNA suppressed activation of the
JNK pathway (Fig. 3e.f and Supplementary Fig. 7¢,g). Furthermore,
pharmacological inhibition of [NK by SP-600125 increased cell viabil-
ity and suppressed cytotoxic damage in SH-SY5Y cells stably express-
ing AR-97Q (Fig. 3g,h) and in those treated with CGRP1 peptides
(Supplementary Fig. 8¢). Immunoblot and histopathological analyses
also demonstrated activation of the JNK pathway in the AR-97Q mice
(Fig. 31,j and Supplementary Fig. 7d).

Calca depletion anieliorates motor neuron degeneration
To clarify the role of CGRP1 in the pathogenic processes of SBMA,
we next investigated the biological effects of depletion of Calca in

male AR-97Q mice. Homozygous deletion of the Calca gene improved
motor function, as assessed by the rotarod task and grip strength,
increased body weight and extended the lifespan of the AR-97Q
Calca™'~ mice (Fig. 4a). We confirmed that the Cgrpl protein was
depleted in the spinal motor neurons of male AR-97Q Calca™/~ mice
(Fig. 4b,c). Histopathological analyses of the skeletal muscles
showed that neurogenic amyotrophy was attenuated by depletion of
Calca (Fig. 4d).

Depletion of Calca mitigated reactive astrogliosis in the spinal
cord of AR-97Q mice, as assessed by GFAP staining at the advanced
stage (Fig. 4e). Depletion of Calca also upregulated the expression of
choline acetyltransferase (ChAT), a marker of motor neuronal func-
tion (Fig. 4f,g). We confirmed that Calca depletion had no detect-
able effects on motor function or ChAT expression in wild-type
mice (Supplementary Fig. 9a-h). In addition, histopathological and
immunoblot analyses showed that deletion of the Calca gene sup-
pressed the phosphorylation of ¢c-Jun in the spinal motor neurons of
male AR-97Q mice (Fig. 4h and Supplementary Fig. 9i).

CGRP1 suppression mitigates polyglutamine toxicity

CGRP1 has been implicated in the molecular pathogenesis of
migraines, and 5-HT1B/1D receptor agonists have been shown to
suppress the expression and secretion of CGRP1 in neurons?®. We
thus determined whether these antimigraine drugs could alleviate
polyglutamine-mediated neurotoxicity by decreasing the expres-
sion of CGRP1 in neuronal cells. The 5-HT1B/1D receptor agonists
sumatriptan, naratriptan and rizatriptan reduced the cellular damage
and restored the viability of SH-SY5Y cells that stably expressed AR-
97Q (Fig. 5a). Given that naratriptan has the longest half-life among
these drugs, it may be an appropriate candidate for the treatment
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Figure 4 Deletion of CGRP1 attenuates symptoms and gi’:? 0.2

histopathology in SBMA mice (a) Rotarod task, grip strength, p-c-Jun
body weight and survival rate of wild-type (n = 15), AR-97Q
(n=16) and AR-97Q Calca~~ (n = 16) mice. There are
significant differences in all parameters between the AR-S7Q
Calca*’* and AR-97Q Calca”- mice; P = 0.005 at 25 weeks
(Rotarod); P=0.007 at 25 weeks (grip); P = 0.020 at 15 weeks
(body weight); and P = 0.003 (survival). (b) Cgrpl immunohistochemistry of spinal cords from AR-97Q Calca*™* and AR-97Q Calca™~ mice

(15 weeks old). {¢) The concentrations of Cgrpl protein in the spinal cord of AR-97Q Calca*’+ and AR-97Q Calca’~ mice as measured by ELISA(n=3
per group). (d) H&E staining of skeletal muscle from AR-97Q Calca*’*, AR-97Q Calca™~ and AR-24Q mice. (e) Gfap immunohistochemistry (left)

and intensity of immunoreactivity to Gfap (right) in spinal cord sections from AR-97Q Calca*'*, AR-97Q Calca’ and AR-24Q mice (n = 6 per group).

(f) ChAT immunohistochemistry in spinal cord sections from AR-97Q Calca*'+ and AR-97Q Calca- mice. (g) Immunoblots (left) and relative signal
intensities of ChAT-immunoreactive bands (right) of spinal cords from the AR-97Q Calca*'* and AR-97Q Calca’- mice (n = 6 per group). (h) c-Jun
immunochistochemistry (left) and intensity of immunoreactivity to p-c-Jun (right) in spinal cords from AR-97Q Calca*"* and AR-97Q Calca’- mice (n=6
per group). The scale bars indicate 20 um (b,f,h) or 50 um (d,e). The error bars indicate the s.e.m. *P < 0.01 by ANOVA with Dunnett’s test (e).
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relative to GAPDH mRNA (c) and

concentration of CGRP1 (d) in SH-SY5Y cells that stably express AR-97Q and were treated with naratriptan (n = 6 per group). (e) The viability, LDH
release and cell death of SH-SYBY cells stably expressing AR-97Q that were treated with naratriptan and DHT (n = 6 per group). (f) Immunoblots (top)
and relative signal intensities of DUSP1-immunoreactive bands (bottom) of SH-SYBY cells stably expressing AR-97Q that were treated with or without
naratriptan (n = 3 per group). (g) Immunoblots (top) and relative signal intensities of DUSP1-immunoreactive bands (bottom) of SH-SYBY cells stably
expressing AR-97Q that were transfected with the control or DUSPI siRNA and treated with or without naratriptan (n = 3 per group). (h,i) Relative
levels of CALCA mRNA to GAPDH mRNA (h) and CRGP1 protein concentration (i) in SH-SY5Y cells stably expressing AR-97Q that were transfected with
control or DUSPI siRNA and treated with naratriptan (n = 3 per group). (j) Viability, LDH release and cell death of SH-SY5Y cells stably expressing
AR-97Q that were transfected with control or DUSP1 siRNA and treated with naratriptan (n = 6 per group). The error bars indicate the s.e.m. *P < 0.05
and **P < 0.01 by ANOVA with Dunnett’s test (a—c). Statistical analysis was performed using ANOVA with Tukey's test (g-j). NS, not significant.

of SBMA30, Therefore, we investigated the effects of naratriptan on
the expression of CGRP1 and on polyglutamine-mediated cytotoxicity
in neuronal cells. Administration of naratriptan reduced luciferase
activity under control of the CALCA promoter as well as the mRNA
and protein levels of CGRP1 in SH-SY5Y cells stably expressing AR-
97Q (Fig. 5b—d). Naratriptan restored cell viability and suppressed
the release of LDH, which is a marker of cytotoxicity, in cells treated
with or without DHT, although the effects were more pronounced in
the presence of DHT (Fig. 5¢). Moreover, the effects of naratriptan on
cell death were observable only when the SH-SY5Y cells expressing
AR-97Q were treated with DHT (Fig. 5e).

Previous studies have suggested that 5-HT1B/1D receptor agonists
suppress the expression of CGRP1 via the induction of DUSP1, a
suppressor of the mitogen-activated protein kinase pathway3!.
We thus examined whether the neuroprotective effects of nar-
atriptan are mediated by DUSP1. Naratriptan increased the expres-
sion of DUSP1 (Fig. 5f). SiRNA-mediated knockdown of DUSPI
attenuated the effects of naratriptan on CGRP1 expression and

neuroprotection in SH-SY5Y cells expressing AR-97Q (Fig. 58-j).
Pharmacological inhibition of DUSP1 with Ro-31-8220 in SH-SY5Y
cells and primary motor neurons also attenuated naratriptan-
mediated neuroprotection (Supplementary Fig. 10a-g). Further-
more, pharmacological inhibition of the 5-HT1B/1D receptor also
inhibited the effects of naratriptan on CGRP1 expression and neuro-
protection (Supplementary Fig. 11a,b), confirming that this recep-
tor is involved in naratriptan-mediated suppression of the toxicity
of the pathogenic AR.

We next investigated the effects of pharmacological stimulation of
the 5-HT1B/1D receptor in a mouse model of SBMA. Oral admin-
istration of naratriptan improved grip strength and performance in
the rotarod task of male AR-97Q mice in a dose-dependent manner
as compared to vehicle-treated control AR-97Q mice (Fig. 6a).
This pharmacological intervention also increased body weight and
lifespan, although it showed no detectable effects on these pheno-
types in wild-type mice (Fig. 6a and Supplementary Fig. 12).
In agreement with the results of the cellular experiments, expression
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n=22; 18 uM, n = 22). Significant differences were observed in all parameters between the untreated (n = 22) and 18 uM naratriptan-treated

AR-97Q mice: P < 0.01 at 25 weeks (rotarod); P < 0.01 at 25 weeks (grip);

P < 0.05 at 15 weeks (body weight); and P < 0.0001 (survival).

(b) Relative levels of Calca mRNA to Gapdh mRNA in the spinal cords of AR-97Q mice treated with or without naratriptan (n = 3 per group).

{c) Cgrpl immunohistochemistry and intensity of immunoreactivity to Cgrpl in spinal cords from AR-97Q mice treated with or without naratriptan
(n =6 per group). (d) The concentrations of Cgrp1 protein in the spinal cord of AR-97Q mice treated with or without naratriptan (n = 3 per group).
(e) H&E staining of skeletal muscle from AR-97Q mice treated with or without naratriptan. (f) Gfap immunohistochemistry (left) and intensity

of immunoreactivity to Gfap (right) in spinal cord sections from AR-97Q mice treated with or without naratriptan (n = 6 per group). (g) ChAT
immunohistochemistry in spinal cord sections from AR-97Q mice treated with or without naratriptan. (h) Immunoblots and relative intensities of
ChAT-immunoreactive bands of spinal cords from AR-97Q mice treated with or without naratriptan (n = 6 per group). The scale bars indicate 20 um
(c,g) or 50 um (e,f). The error bars indicate the s.e.m. *P < 0.01 by ANOVA with Dunnett’s test (f).

of Calca was lower in the spinal cords of male AR-97Q mice treated
with naratriptan as compared to vehicle-treated controls (Fig. 6b).
Immunohistochemistry and ELISA revealed that naratriptan sup-
pressed expression of Cgrp1 at the protein level in the spinal motor
neurons of SBMA mice (Fig. 6¢,d). Histopathological analyses indi-
cated that oral naratriptan also reduced muscle wasting, suppressed
reactive astrogliosis and increased expression of ChAT in the spinal
motor neurons of AR-97Q mice (Fig. 6e-h).

Naratriptan suppresses the JNK pathway

To elucidate the molecular basis for the neuroprotection induced by
naratriptan, we investigated the effects of this drug on the activity
of the JNK pathway. Naratriptan treatment decreased the phosphor-
ylation of c-Jun in SH-SY5Y cells stably expressing AR-97Q and
treated with DHT (Supplementary Fig. 13a,b). Immunoblotting and
immunohistochemistry showed that oral naratriptan also reduced the
phosphorylation of ¢-Jun in the spinal cords of male AR-97Q mice
(Supplementary Fig. 14a,b). Since the activation of JNK by patho-
genic AR disrupts axonal transport, which contributes to the patho-
genesis of SBMA!7:32, we investigated the effects of naratriptan on
axonal transport. Naratriptan increased the number of motor neurons
labeled with FluoroGold, a tracer used to measure retrograde axonal
transport in mice (Supplementary Fig. 15a,b). As for the safety of
naratriptan, we did not observe any adverse effects of oral treatment
with naratriptan at 18 pM for 8-10 weeks on liver or renal function
(Supplementary Fig. 15c¢).

DISCUSSION
Here we showed that the pathogenic AR protein dysregulates tran-
scription in a mouse model of SBMA before the onset of motor
impairment. Among the disease-specific transcriptional changes,
CGRP1 was upregulated as the disease progressed and was also found
to be upregulated in humans with SBMA and in a cellular model
of SBMA. Alterations of gene expression have been demonstrated
by microarray analyses of human postmortem specimens and in
cellular and animal models of polyglutamine diseases, suggesting
that transcriptional dysregulation is central to the pathogenesis of
polyglutamine diseases that is independent of the context of the causa-
tive protein?233:34. We found that pathogenic AR proteins increase
activity at the CALCA gene promoter, which indicates that the tran-
scription of CGRP1 is upregulated by pathogenic AR in SBMA.
CGRP1 is known to be upregulated upon neuronal injury, which
suggests a potential neuroprotective role of this molecule3’. On the
contrary, elevated expression of CGRP1 is reported to be correlated
with increased vulnerability of motor neurons in a mouse model of
amyotrophic lateral sclerosis linked to a mutation in the gene encod-
ing superoxide dismutase 1 (SOD1)3%. Depletion of Calca, however,
has no effect on the disease progression in mutant SodI mice, sug-
gesting that the basal expression of CGRP1 has neither neurotoxic
nor neuroprotective effects3’. Alternatively, other molecules may
overwhelm the effects of CGRP1 on motor neuron degeneration
in amyotrophic lateral sclerosis. In contrast, our study shows that
increased expression of CGRP1 reduces the viability and induces
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damage of neuronal cells. Moreover, genetic suppression of the
pathogenic AR-induced upregulation of CGRP1 mitigated neu-
ronal damage in mice. Our findings thus indicate that increased
expression of CGRP1 contributes to motor neuron degeneration
in SBMA.

CGRP1 is a multifunctional neuropeptide that has a potent vasodila-
tory effect and is believed to have a key role in vascular headaches®4.
In the nervous system, CGRP1 is also known to regulate nociceptor
activation, neuroinflammation and neuronal nicotinic receptor func-
tions38:3%, Our study shows that overexpression of CGRP1 induces
cytotoxicity in neuronal cells, and deletion of Calca ameliorates
motor neuron damage in the mouse model of SBMA. We also found
that pathogenic AR activates the JNK pathway via upregulation of
CGRP1 in cellular and mouse models of SBMA. In agreement with
our results, CGRP1 was previously shown to activate the JNK pathway
in neuroblastoma cells*C. In addition, we have found that activation
of the JNK pathway enhances neuronal damage and that pharma-
cological inhibition of JNK mitigates the toxicity of pathogenic AR
in neuronal cells. Abnormal activation of the JNK pathway has also
been implicated in the pathogenesis of neurodegenerative disorders,
including SBMA3241-44,

On the basis of its potent effects on neuroinflammation, CGRP1
has been identified as a therapeutic target for migraines*. Agonists
of the 5-HT1B/1D receptor, which are clinically used for the sup-
pression of migraines, reduce the serum levels of CGRP1 (ref. 29).
Here we showed that the antimigraine drug naratriptan and other
5-HT1B/1D receptor agonists reduce promoter activity of the gene
encoding CGRP1 and decrease mRNA levels of CALCA in neuronal
cells via the induction of DUSP1. Oral administration of naratriptan
also decreased the expression of Cgrpl and ameliorated the motor
impairment in a mouse model of SBMA. Furthermore, our study
also showed that naratriptan treatment inhibits the JNK pathway in
cellular and mouse models of SBMA. These observations indicale
that stimulation of the 5-HT1B/1D receptor suppresses the neuro-
toxicity of polyglutamine-expanded AR by downregulating CGRP1
resulting in inactivation of the JNK pathway. As naratriptan is widely
used in patients with migraine, this drug is a potential candidate for
SBMA therapy. However, the efficacy awaits further clinical trials in
patients given the limited efficacy of androgen ablation trials, despite
the complete suppression of neurodegeneration in AR-97Q mice by
leuprorelin?>4547. As naratriptan showed limited effects on survival
and motor function in the SBMA model mice, further studies are
needed to evaluate the efficacy and safety of long-term treatment
with naratriptan in humans.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Microarray data have been deposited in the Gene
Expression Omnibus (GEQO) with accession code GSE39865.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Generation, maintenance and treatment of transgenic mice. We gener-
ated AR-24Q and AR-97Q male mice as previously described!!48, We used
AR-97Q (Line #7-8) male mice because they show progressive muscular atro-
phy and weakness as well as SBMA-like pathology?>*°. In the appropriate
experiments, we administered naratriptan hydrochloride in drinking water
(CAS No. 143388-64-1, Toronto Research Chemicals) to mice at a concen-
tration of 1.8 or 18 uM in distilled water from 5 weeks of age until the end
of the analysis, as described previously!4. We performed castration or sham
operations on male AR-97Q mice at the age of 5 weeks, as described pre-
viously! 17, We generated Calca-knockout mice (genetic background: 129/8v x
C57BL/6, backcrossed to C57BL/6) as previously described®® and crossed
them with the AR-97Q mice (genetic background: C57BL/6). We also used
the littermates for phenotypic analyses. We used only males in this study.
Background strain analyses using 96 genome-wide microsatellite markers
(Aoba Genetics) demonstrated that the percentage of C57BL/6 was 99.2
0.7% in the Calca-knockout mice used in this study. We performed all the
animal experiments in accordance with the US National Institutes of Health
Guide for the Care and Use of Laboratory Animals and under the approval
of the Nagoya University Animal Experiment Committee.

Microarray analysis of mouse spinal cord. We analyzed alterations in gene
expression using a GeneChip Mouse Genome 430 2.0 Array (Affymetrix) in
male AR-97Q mice because they show a progressive motor dysfunction, muscle
weakness and wasting, and they show histopathological evidence of the abnor-
mal accumulation of the pathogenic AR within the nucleus of motor neurons,
as is seen in patients with SBMA?2. For each group (wild-type, AR-24Q and
AR-97Q), we examined the male mice at 7-9, 10-12 and 13-15 weeks of age.
We chose these stages because the AR-97Q mice are generally asymptomatic at
7-9 weeks of age (before-onset stage), present with mild motor impairment at
10-12 weeks (early stage) and are severely weakened with profound muscle atro-
phy at 13-15 weeks (advanced stage). RNA {rom the total spinal cord, excluding
the dorsal root ganglia, was isolated from three mice of each genotype at each
stage using Trizol reagent (Invitrogen) according to the manufacturer’s specifica-
tions. The RNA samples were purified over RNeasy columns (Qiagen). TAKARA
BIO performed the cDNA preparation, hybridization process and microarray
data analysis (GEO accession GSE39865). The probe sets were extracted by the
present detection call. We normalized the signals by the trimmed mean method
and identified significantly different probe sets (P < 0.005) among the strains of
mice and stages with a two-way repeated ANOVA. The criterion used to detect
the differences in gene expression was a 1.5-fold change.

Assessment of motor ability. We assessed rotarod performance weekly using
an Economex Rotarod (Ugo Basile) as described previously®!. To measure grip
strength, the same examiner (M.M.) placed the mice on wire netting with a
Grip Strength Meter (MK-380M, Muromachikikai) and pulled them. We per-
formed three trials weekly and recorded the best performance of the grasping
power for each mouse with the examiner blinded with respect to the genotype
and treatments.

Retrograde FluoroGold neurotracer labeling. We anesthetized the mice with
pentobarbital and made a small incision in the skin of the left calf to expose the
gastrocnemius muscle. We injected a total volume of 4.5 pl of 2.5% FluoroGold
solution (Biotium) in PBS into three different parts of the muscle (proximal,
middle and distal) using a 10-pl Hamilton syringe. We removed spinal cords
44 h after FluoroGold administration and post-fixed them with 4% parafor-
maldehyde in phosphate buffer. We counted the total number of FluoroGold-
labeled motor neurons in serial 30-pm spinal cord sections with an Axio Imager
M1 (Carl Zeiss).

Hematological analyses of the AR-97Q mice. We collected the blood from
the mice at the advanced stage (13-15 weeks) during the dissection performed
for the immunohistochemistry and immunoblotting. We measured the ALT
and creatinine levels in the serum of the treated mice with the Japan Society
of Clinical Chemistry standardization method (MDH-UV method) and the
enzymatic method of Mitsubishi Chemical Medicine, respectively.

Plasmids, cell culture and transfection. We isolated SH-SY5Y (American
Type Culture Collection No. CRL-2266) mRNA with the RNeasy Mini Kit
(Qiagen) and reverse transcribed to yield cDNA. We amplified human CALCA
¢DNA from the SH-SY5Y ¢DNA with the PrimeStar HS DNA polymerase
(Takara Bio) and Takara PCR Thermal Cycler Dice (Takara Bio). We used
the following primers: 5-AGAGGTGTCATGGGCTTCCA-3" and 5-GTT
GGCATTCTGGGGCATGC-3". We determined the sequence of the amplified
¢DNA with a CEQ8000 device (Beckman Coulter). We then cloned the human
CALCA cDNA into pcDNA3.1/V5-His-TOPO (Invitrogen). For the promoter
assay, we transfected GoClone and the pGL4 Luciferase Reporter Vector encod-
ing the CALCA promoter (SwitchGear Genomics) into SH-SY5Y cells stably
expressing human AR-97Q with Lipofectamine 2000 (Invitrogen). We used the
Steady-Glo Luciferase Assay System (Promega) for the measurement of expres-
sion with POWERSCAN 4 (DS Pharma Biomedical). The CALCA promoter
genomic coordinates were chrl1-: 14950336-14951268. We plated the wild-type
SH-SY5Y cells and those stably expressing the human AR-24Q or AR-97Q and
maintained them in DMEM/F12 medium containing 10% FBS with penicillin
and streptomycin. We transfected the cells in each dish with the CGRP1 or mock
vector using OPTI-MEM (Invitrogen) and Lipofectamine 2000 (Invitrogen) and
then differentiated them in DMEM/F12 supplemented with 20 uM retinoic
acid and 1 nM 5a-dihydrotestosterone. We added FCS (5%) to the medium
for the cell viability assay, but no serum was used for the cell toxicity assay
because of the properties of the LDH measurement. We transfected the cells with
the CGRP1 vector on days 0 and 2 for the cell viability assay and on day 0 for the
LDH assay. We performed both evaluations on day 4. We selected the CGRP1-
transfected SH-SY5Y cells for immunoblotting by adding 500 ug ml~! of the
antibiotic G418 (Sigma-Aldrich) to the medium 2 d after transfection because
of the low transfection efficiency of the cells. We used nontransfected SH-SY5Y
cells as selection controls. By 2 weeks after the addition of G418, the control SH-
SY5Y cells had died, and we extracted the protein from the surviving CGRP1-
transfected SH-SY5Y cells. We isolated human truncated AR cDNAs containing
24 or 97 CAGs (1-645 bp and 1-864 bp, respectively) from pCR3.1-full-length
AR-24Q or AR-97Q vector®” and subcloned them into the pLenti6.3/V5-
DEST vector (Invitrogen), of which V5 tag was switched with EmGFP isolated
from pcDNAG6.2/C-EmGFP-DEST vector (Invitrogen). We transfected 293FT
cells (Invitrogen) with the lentivirus vectors using the Virapower lentiviral
system (Invitrogen).

SiRNA. We transfected the SH-SY5Y cells stably expressing AR-97Q
with the siRNA oligonucleotide duplex at a concentration of 10 nM
using Lipofectamine RNAIMAX (Invitrogen), according to the manufac-
turer’s instructions. For knockdown of CALCA, we used the following oligo-
nucleotide siRNA duplexes (Takara Bio) to transfect the SH-SY5Y AR-97Q
stable cell line: against CALCA, sense sequence GUAAUCUGAGUACUUGCA
UTT, antisense sequence AUGCAAGUACUCAGAUUACTT; control,
sense sequence UCUUAAUCGCGUAUAAGGCTT, antisense sequence
GCCUUAUACGCGAUUAAGATT. For knock-down of DUSP1, we used the
following oligonucleotide siRNA duplexes (Stealth RNAI) to transfect the
SH-SY5Y AR-97Q stable cell line: against DUSPI (1), sense sequence GACA
UGCUGGAUGCCUUGGGCAUAA, antisense sequence UUAUGCCCAAG
GCAUCCAGCAUGUG; against DUSPI (2), sense sequence GCCAUUGAC
UUCAUAGACUCCAUCA, antisense sequence UGAUGGAGUCUAUGAA
GUCAAUGGC. We used Stealth RNAI negative control duplex (Invitrogen)
as the control for DSUPI siRNA.

Primary motor neuron culture. We dissected the spinal cord from C57BL/6
mouse embryos at E13. After removing meninges, dorsal root ganglia and the
dorsal half of the spinal cord, we dissociated ventral part tissue into a single-cell
suspension by Sumilon dissociation solution (Sumitomo Bakelite). We plated
the cells at a density of 2 x 107 cells in a 24-well culture plate with Sumilon
nerve-culture medium (Sumitomo Bakelite). On day 4, we infected the neu-
rons with 3 x 10° copies pl™! of lentivirus expressing truncated human AR
with 24Q or 97QY7. After 3 h of infection, we removed the virus medium. We
then cultured the neurons for 3 additional days and harvested them on day 7
followed by RNA extraction, cDNA synthesis, protein extraction, viability assay
and immunocytochemistry.
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Cell viability and toxicity assays. We performed the cell viability and LDH assays
using WST-1 (Roche Diagnostics, Mannheim) and the Cytotoxicity Detection
Kit PLUS (Roche Diagnostics), according to the manufacturer’s instructions. We
determined the number of dead cells using a Countess cell counter (Invitrogen)
after staining with Trypan blue. We cultured the cells in 24-well plates. After each
treatment, we incubated the cells with the WST-1 substrate for 3-4 h and spec-
trophotometrically assayed them at 440 nm using a plate reader (Powerscan HT,
Dainippon Pharmaceutical). For the toxicity assays, we plated the wild-type SH-
SY5Y cells and those stably expressing AR-97Q in the same medium used before
transfection. The next day, we differentiated the cells in DMEM/F12 with the
same supplement used after transfection. We administered the CGRP1 peptide
and the CGRP1 antagonist, CGRP-1 8-37 (Peptide Institute), to the wild-type
SH-SY5Y cells and those stably expressing AR-97Q in a serum-free medium for
3 d after differentiation. Two hours after treatment, we performed the cell viability
assay. We also administered naratriptan hydrochloride (CAS No. 143388-64-1,
Toronto Research Chemicals), rizatriptan benzoate (CAS No. 145202-66-0,
Toronto Research Chemicals), sumatriptan succinate (CAS No. 103628-48-4,
LKT Laboratories), SP-600125 (Merck), DUSP1 inhibitor (1 uM, Ro-31-8220,
Calbiochem) and 5-HT inhibitor methiothepin mesylate (1 uM, sc-253005) in
serum-free medium 3 d after differentiation. We administered naratriptan and
other triptans at a concentration of 10 uM, unless otherwise mentioned. We per-
formed the cell viability and cytotoxicity assays 24 h after drug administration.

Immunohistochemistry. We deeply anesthetized the mice and removed the
entire spinal cord and skeletal muscles. We embedded the mouse samples and the
autopsy specimens of the human lumbar spinal cord in paraffin!” and performed
immunohistochemistry and H&E staining as described previously*”>2. We pho-
tographed the immunohistochemical sections with an optical microscope (Axio
Imager M1, Carl Zeiss AG, Gottingen, Germany). For blocking/competition,
we combined antibody (sc-8856, Santa Cruz, 1:50) with a fivefold (by weight)
excess of blocking peptide (Peptide Institute). We obtained the autopsy speci-
mens of the lumbar spinal cord from genetically diagnosed subjects with SBMA
(52- and 77-year-old males) and from neurologically normal subjects (53- and
75-year-old males). The Ethics Committee of Nagoya University Graduate
School of Medicine approved the collection of human tissues and their use in
this study, and we obtained the written informed consent from the subjects’
next of kin. We prepared 6-pum-thick sections from paraffin-embedded tissues
and used the following primary antibodies: CGRP1 (sc-8856, Santa Cruz, 1:50);
p-c-Jun (2361, Cell Signaling Technology, 1:100); c-Jun (#9165, Cell Signaling
Technology, 1:400); GFAP (#2301- 1, Epitomics, 1:250); and choline acetyltrans-
ferase (ab68779, Abcam, 1:1,000). Primary antibody binding was probed with
a secondary antibody labeled with a polymer as part of the Envision+ system
containing horseradish peroxidase (Dako). We measured the immunoreactivity
of CGRP1 in the spinal motor neurons of SBMA and control subjects within five
nonconsecutive sections with an interval of 30 m from three subjects of each
group. For the purposes of counting, we defined a motor neuron by its pres-
ence within the anterior horn and the obvious nucleolus in a given 6-um-thick
section. We calculated the intensities by multiplying the staining concentration
by cell sizes using WinROOF (Mitani). We measured the immunoreactivity of
p-c-Jun in more than 20 neurons within three nonconsecutive sections from
each mouse (1 = 6). For the purposes of counting, we defined a motor neuron
as described above. We quantified the intensities and cell sizes with WinROOF.
The means + s.e.m. were expressed in arbitrary units.

Immunocytochemistry. We fixed mouse primary motor neurons with
4% paraformaldehyde, treated with 5% Triton X-100 and incubated
them with the following primary antibodies: neurofilament H (SMI32,
Covance, 1:500), GFP (598 or M048-3, MBL, 1:500) and p-c-Jun (2361, Cell
Signaling Technology, 1:500).

Immunoblotting. We deeply anesthetized the mice with pentobarbital anesthesia,
dissected the tissues (whole brains, spinal cords, brainstems and skeletal
muscles), snap-froze them with powdered CO, in acetone and homogenized them
in PhosphoSafe Extraction Reagent (Merck Chemicals) containing phosphatase
inhibitor and HALT, which is a protease inhibitor cocktail (Thermo Scientific).
We lysed the cultured cells in the same reagent after intervention. We used
NE-PER Nuclear Cytoplasmic Reagents (Thermo Scientific) for the analysis of

the NF-xB pathway. We separated the samples on 5-20% SDS-PAGE gels and
then transferred them to Hybond-P membranes (GE Healthcare) using 25 mM
Tris, 192 mM glycine, 0.1% SDS and 10% methanol as the transfer buffer. We
diluted the primary and secondary antibodies with Can Get Signal, which is a
signal enhancer solution (NKB-101, Toyobo). We digitized the immunoblots
with an LAS-3000 imaging system (Fujifilm), quantified the signal intensities of
the independent blots with Image Gauge software, version 4.22 (Fujifilm), and
expressed the means * s.e.m. in arbitrary units. We used the following primary
antibodies: p-c-Jun (#2361, Cell Signaling Technology, 1:1,000); ¢-Jun (ab16777,
Abcam, 1:40); p-JNK (NB110-66666, Novus Biologicals, 1:1,000); JNK (#9252,
Cell Signaling Technology, 1:1,000); choline acetyltransferase (ab68779, Abcam,
1:1,000); DUSP1 (sc-1199, Santa Cruz, 1:100); p-NFKBIA (#9241, Cell Signaling
Technology, 1:1,000); NFKBIA (#1130-1, Epitomics, 1:10,000); NF-kB p65
(sc-8008, Santa Cruz, 1:200); NF-kB p50 (sc-8414, Santa Cruz, 1:200); histone
H1 (s¢-8030, Santa Cruz, 1:100); a-tubulin (T5168, Sigma-Aldrich, 1:5000);
phospho-ERK1/2 (4370, Cell Signaling Technology, 1:2,000); and ERK1/2
(#4695, Cell Signaling Technology, 1:1,000). We probed the primary anti-
body binding using horseradish peroxidase-conjugated secondary antibodies
(GE Healthcare) at a dilution of 1:5,000, and detected the bands using the ECL
Plus kit (GE Healthcare).

Quantitative real-time PCR. We determined the mRNA levels of the exam-
ined genes by real-time PCR as described previously!>%2, Briefly, we extracted
total RNA from the mouse spinal cords using TRIzol Reagent (Invitrogen) and
from the cells using the RNeasy Mini Kit (Qiagen). We then reverse transcribed
the extracted RNA into first-strand ¢cDNA using SuperScript III reverse tran-
scriptase (Invitrogen). We performed real-time PCR in a total volume of 50 pl
that contained 25 pl 2x QuantiTect SYBR Green PCR Master Mix and 0.4 uM
of each primer (Qiagen), and we detected the amplified products by the iCycler
system (Bio-Rad Laboratories). The reaction conditions were 95 °C for 15 min,
followed by 45 cycles of 15 s at 95 °C, 30 sat 55 °C and 30 sat 72 °C. As an internal
control, we simultaneously quantified the expression level of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). We used the following primers:
5-GAAGAAGAAGTTCGCCTGCT-3" and 5-GATTCCCACACCGCTTA
GAT-3' for mouse Calca, 5-CCTGGAGAAACCTGCCAAGTAT-3" and
5"-TGAAGTCGCAGGAGACAACCT-3’ for mouse Gapdh, 5-ACTGGTGCA
GGACTATGTGC-3’ and 5'-CTTGTTGAAGTCCTGCGTGT-3" for human
CALCA, and 5'-AGCCTCAAGATCATCAGCAAT-3" and 5-GGACTGTGG
TCATGAGTCCTT-3’ for human GAPDH. The weight of the gene contained
in each sample was equal to the log of the starting quantity, and the standard-
ized expression level of each mouse was equal to the weight ratio of each gene
to that of Gapdh. We repeated the PCRs three times for each of the indicated
numbers of samples.

ELISA. We extracted the lysates of the SH-SY5Y cells stably expressing
AR-24Q and AR-97Q with CelLytic-M (Sigma-Aldrich) after each interven-
tion. We used the CGRP EIA kit (Phoenix Pharmaceuticals), and corrected
the loading dose with a PathScan Total o-Tubulin Sandwitch Elisa Kit (Cell
Signaling Technology).

Statistical analyses. We analyzed the data using the Kaplan-Meier and log-rank
tests for the survival rate, the unpaired t-test for two-group comparisons, and
ANOVA with Dunnett’s or Tukey’s post hoc tests for multiple comparisons. We
performed the statistical analyses using Statview software version 5 (HULINKS)
and Prism version 4 (GraphPad Software).
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Viral delivery of miR-196a ameliorates the SBMA
phenotype via the silencing of CELF2

Yu Miyazakil, Hiroaki Adachil, Masahisa Katsuno!, Makoto Minamiyamal, Yue-Mei Iiangl, Zhe Huangl,
Hideki Doil, Shinjiro Matsumoto!, Naohide Kondo!, Madoka Iida', Genki Tohnai!, Fumiaki Tanakal,

Shin-ichi Muramatsu? & Gen Sobue!

Spinal and bulbar muscular atrophy (SBMA) is an inherited
neurodegenerative disorder caused by the expansion of

the polyglutamine (polyQ) tract of the androgen receptor
(AR-polyQ)1+2, Characteristics of SBMA include proximal
muscular atrophy, weakness, contraction fasciculation and
bulbar involvement3. MicroRNAs (miRNAs) are a diverse class
of highly conserved small RNA molecules that function as
crucial regulators of gene expression in animals and plants4.
Recent functional studies have shown the potent activity of
specific miRNAs as disease modifiers both in vitro and

in vivo®-8, Thus, potential therapeutic approaches that target
the miRNA processing pathway have recently attracted
attention?'1°. Here we describe a novel therapeutic approach
using the adeno-associated virus (AAV) vector-mediated
delivery of a specific miRNA for SBMA. We found that miR-
196a enhanced the decay of the AR mRNA by silencing
CUGBP, Elav-like family member 2 (CELF2). CELF2 directly
acted on AR mRNA and enhanced the stability of AR mRNA.
Furthermore, we found that the early intervention of miR-
196a delivered by an AAV vector ameliorated the SBMA
phenotypes in a mouse model. Our results establish the proof
of principle that disease-specific miRNA delivery could be
useful in neurodegenerative diseases.

A mouse model of SBMA has been developed!!, and several thera-
peutic approaches for SBMA have been presented using this mouse
model'!~15. Among these approaches, the reduction of mutant AR
protein levels in male mice ameliorated disease manifestations,
suggesting a potential therapy for SBMA. miRNAs guide the RNA-
induced silencing complex to mRNAs that have a target sequence
complementary to that of the miRNA. The interaction between
the miRNA and the target can occur with an incomplete comple-
mentary sequence; thus, a single miRNA can modulate complex
physiological functions or disease phenotypes by regulating wide-
spread networks!®. Over the last several years, an important role of
miRNAs in the pathogenesis of neurodegenerative disorders has
been reported>-817:18,

In this study, we used a miRNA microarray analysis to compare
the miRNA expression in the spinal cords of male transgenic SBMA
model mice expressing full-length human AR with 97 glutamine resi-
dues (AR-97Q) and in male mice expressing wild-type human AR
(AR-24Q)!!. Of more than 500 miRNAs tested, miR-196a (accession
number MIMAT_0000518), miR-196b (accession number MIMAT _
0001081), miR-496 (accession number MIMAT_0003738), miR
miR-323-3p (accession number MIMAT_0000551) and miR-29b*
(accession number MIMAT_0004523) showed a greater than two-
fold upregulation in the spinal cord of AR-97Q mice at an advanced
disease stage relative to the AR-24Q mice (Fig. 1a).

To examine the effects of these five miRNAs on the expression
levels of AR mRNA transcribed from the AR gene, we co-transfected
synthetic miRNAs with vectors expressing human AR-24Q or AR-97Q
into HEK293T cells. Among these five miRNAs, miR-196a and miR-
196b downregulated the AR mRNA and protein (Fig. 1b,c), although
the transgene used in both the in vitro and in vivo experiments lacked
the DNA sequence that encodes the AR mRNA 3’ untranslated region
(UTR) (Supplementary Fig. 1). To determine whether the decrease
in the AR mRNA level was due to the enhancement of mRNA degra-
dation or a decrease in mRNA synthesis, we assessed the turnover of
AR mRNA using an RNA stability assay with actinomycin D. In the
absence of miR-196a and miR-196b, the AR mRNA had a half-life
of >1.5 h. The AR mRNA had a half-life of <0.5 h in the presence
of miR-196a and miR-196b (Fig. 1d). These findings indicated that
miR-196a and miR-196b enhanced the degradation of AR mRNA
via an interaction with cofactors thal were able Lo stabilize both the
wild-type and mutant AR mRNAs.

To elucidate the molecular mechanisms by which miR-196a and
miR-196b regulate the stability of AR mRNA, we analyzed their poten-
tial targets using the bioinformatics program TargetScan Release 6.0.
Among the hundreds of mRNAs targeted by miR-196a and miR-196b,
CELF2 mRNA has a common binding site for miR-196a and miR-196b
that is broadly conserved among vertebrates (Supplementary Fig. 2).
We found that CELF2 mRNA and protein levels were significantly
reduced by treatment with miR-196a and miR-196b in HEK293T
cells (Fig. 1e) and that CELF2 was required for AR mRNA stability

IDepartment of Neurology, Nagoya University Graduate School of Medicine, Nagoya, Japan. 2Division of Neurology, Department of Medicine, Jichi Medical University,
Tochigi, Japan. Correspondence should be addressed to G.S. (sobueg@med.nagoya-u.ac.jp).

Received 3 October 2011; accepted 18 April 2012; published online 3 June 2012; d0i:10.1038/nm.2791

1136

VOLUME 18 | NUMBER 7 | JULY 2012 NATURE MEDICINE

-228 -



g
[
>
i
Q
0
[
-
2]
-
Ky
o
-
<
5]
£
3
2
i
(7]
£
<
g
=
-
©
=
o
-~
[=]
o
©

LETTERS

O-tubUNIN i s 905 4

F
’ -
=
-
=

a b
Upregulation (fold change) <
0 1 2 3 4 Z 2
mmu-miR-186a § @
<
mmu-miR-196b
mmu-miR-496
mmu-miR-323-3 < - N
) P Z2 10
mmu-miR-29b* £2 05
TY O g o
I & P
d e
© AR-24Q @ AR-24Q -
2 1.0 2 1.0 °
g 0.8 ie 0.8 1 %5 0
0.6 0.6 o< 5] .:) -j
& o4 £ 041 62 0
£ 02 € 0.2 £ NC 196a NC 196b
T 0 T o0 .
0 30 60 120 0 30 60 120
Time (min) Time (min)
P AR-97Q @ AR-97Q
2 1.0 2 1.0
2 0.8 . 2 0.8 f
< 06 N S 06 » AR-24Q
c 0.4 c 0.4 10
E 0.2 E 0.2 3gs
g 01— - — Et: 0 . . — < 06
0 30 60 120 0 30 60 120 Z 04
Time (min) Time (min) £ 02
o«
NC iR-1 N iR-1 0
[m] ® miR-196a ONC A miR-196b < 30 60 120
Txme (min)
aoc

Figure 1 Treatment with miR-196a and miR-196b and the knockdown of CELF2

expression decreased the expression of AR mRNA and protein in HEK293T cells. (a) A list

of five miRNAs that showed a greater than twofold upregulation in the thoracic spinal cord

of AR-97Q mice durmg ‘the advanced stage of SBMA relative to the AR-24Q mice (n = 2).

(b) The expression levels of AR mRNA in HEK293T cells treated with five miRNAs or a
negative control miRNA (NC) (n = 5). (c) Western blot and densitometric analyses showing
AR protein expression in HEK293T cells that had been treated with five miRNAs or NC (n = 5).
(d) RNA stability assays in HEK293T cells freated with miR-196a, -196b or NC (n = 5).

(e) The effects of miR-196a and -196b on the expression levels of CELF2 mRNA and protein
5). (f) RNA stability assays in HEK293T cells treated with a siRNA for CELF2 (si-SELF2) QA
5). (g) The expression levels of AR mRNA and protein treated

with si-CELF2 and the reversal of the effect by treatment with a DNA plasmid expressing siRNA-resistant-
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CELF2 (si-R-CELF2) (n = 5). All data are means £ s.e.m. *P < 0.05 and **P < 0.01. We analyzed the results by unpaired t tests in b, ¢ and e; by two-way
ANOVA followed by the Bonferroni test comparing HEK293T cells treated with miR-196a or miR-196b to cells treated with NC in d; by two-way ANOVA
followed by the Bonferroni test comparing HEK293T cells treated with si-CELF2 to cells treated with control siRNA in f; and by the Dunnett test in g.

(Fig. 1f). The knockdown of CELF2 expression with specific small
interfering RNAs (siRNAs) silenced CELF2 protein, accelerated the
degradation of AR mRNA and led to a decrease in AR protein expres-
sion levels (Fig. 1g). These downregulating effects were reversed in
rescue experiments using a DNA plasmid that expressed siRNA-
resistant CELF2, thus confirming the interaction between CELF2
and AR mRNA (Fig. 1g). In contrast to the knockdown and rescue
results, the overexpression of CELF2 increased the expression levels
of AR mRNA and protein (Fig. 2a) and increased the stability of the
AR mRNA (Fig. 2b). To determine the region of the AR mRNA that
interacts with CELF2, we prepared several constructs of the mutated
AR transgene thatlacked the CAG repeats (AR-0Q) or the three triplet
repeats of the CUGCUGCUG sequence (ACUG-AR-24Q and ACUG-
AR-97Q), which is immediately proximal to the CAG repeats in exon 1
of the AR mRNA and is conserved in the endogenous human AR
mRNA (Fig. 2¢). Although the overexpression of CELF2 increased
the expression levels of AR mRNA and protein transcribed from the
mutated transgene lacking CAG repeats, the expression levels of AR
mRNA and protein transcribed from the mutated transgene lack-
ing the three triplet repeats of the CUGCUGCUG sequence were
not increased relative to controls by CELF2 (Fig. 2d). In addition,

immunoprecipitation-coupled quantitative real time-PCR (qRT-PCR)
revealed the binding affinity of CELF2 to the three triplet repeats of
the CUGCUGCUG sequence in exon 1 of the AR mRNA (Fig. 2e).
On the basis of these findings, we concluded that miR-196a and
miR-196b were able to decrease the expression levels of AR mRNA
and protein by silencing CELF2, a protein that enhances the stabil-
ity of AR mRNA through direct binding to the CUG triplet repeat
sequence in exon 1 of the AR mRNA.

To examine the effects of CELF2 silencing on the motor impairment
of SBMA mice, we constructed an in vivo delivery system based on an
AAV vector that allowed for the simultaneous expression of enhanced
green fluorescent protein (EGFP) and either miR-196a (AAV-miR-196a)
or a nonspecific miRNA, miR-mock (AAV-miR-mock). We chose to
use miR-196a instead of miR-196b because the expression of miR-196a
was highly upregulated in the cytoplasm of the motor neurons of
AR-97Q mice (Supplementary Fig. 3). A viral load of 10! vec-
tor genomes (vg) of each of these constructs was injected into the
skeletal muscle of the left quadriceps femoris of AR-97Q mice. The
AAV vector can be transported efficiently in a retrograde manner
from muscle to the motor neurons of the spinal cord!®? and can
spread hematogenously?!?2. Two weeks after AAV vector injection,
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Figure 2 CELF2 recognizes the sequence CUGCUGCUG in exon 1 of the AR mRNA and increases the stability of the AR mRNA. (a) The expression
levels of AR mRNA and protein in HEK293T cells treated with the DNA plasmid expressing human CELF2 (CELF2) or the original pcDNA3.1/HisC
vector (control) (n = 5). (b) RNA stability assays in HEK293T cells treated with CELF2 or control (n = 5). (¢) Schematic diagrams of the AR mRNA
structure near the hairpin loop of the CAG repeats (red) transcribed from wild-type and mutated DNA plasmids. AR-0Q lacks the CAG repeats, and
ACUG-AR-24Q and ACUG-AR-97Q lack the sequence CUGCUGCUG (blue) immediately adjacent to the CAG repeats. (d) AR mRNA and protein
expression levels in HEK293T cells co-transfected with CELF2 and the mutated DNA plasmids expressing AR (n = 5). (e) The amount of AR-97Q and
ACUG-AR-97Q mRNA binding to CELF2 that was immunoprecipitated using an antibody against CELF2 or a control immunoglobulin (1gG) (n = 5). All
data are means £ s.e.m. **P < 0.01 (we analyzed the results by unpaired ttests in a,d and e and by two-way ANOVA followed by the Bonferroni test
comparing HEK293T cells treated with CELF2 to cells treated with control in b).

a widespread transduction of the viral particles throughout the brain,
spinal cord and the skeletal muscle of the upper and lower limbs
was observed (Supplementary Fig. 4a). There was no difference in
the expression of EGFP between the left and right sides of the spinal
cord (Supplementary Fig. 4b). The presence of the AAV vector in
the motor neurons of infected mice was visually confirmed by the
colocalization of EGFP and staining for choline acetyltransferase
(ChAT), a motor neuron marker (Supplementary Fig. 4c). Because
the widespread viral transduction throughout the entire body was also
detected in mice in which virus was injected into a cardiac chamber
(Supplementary Fig. 4d), we deduced that the viral particles injected
into the hind limb skeletal muscle spread hematogenously through-
out the entire body of the mouse. In addition to viral distribution, a
tyrosine mutation of the adeno-associated viral capsid protein may
contribute to the enhanced transgene expression levels delivered by
AAV?3. We then did an AAV vector injection into the quadriceps
femoris of a 5-week-old mouse, before the onset of motor impairment
in the SBMA mice (approximately 7 weeks of age), because transgene
expression stabilizes approximately 2 weeks after vector delivery.
The disease progression in the AR-97Q mice treated with AAV-
miR-196a (AR-97Q-miR-196a mice) was ameliorated compared with
AAV-miR-mock-treated mice. The AR-97Q mice treated with AAV-
miR-mock (AR-97Q-miR-mock mice) showed motor impairment, as
assessed by the rotarod task, as early as 7 weeks after birth. By con-
trast, the AR-97Q-miR-196a mice showed an initial impairment at
13 weeks after birth but showed less deterioration than their AR-97Q-
miR-mock counterparts (P < 0.001) (Fig. 3a). The locomotor cage
activity of the AR-97Q-miR-mock mice was also markedly decreased

at 7 weeks compared with that of the AR-97Q-miR-196a mice
(P < 0.001), which showed decreased activity at 13 weeks of age
(Fig. 3b). Moreover, the AR-97Q-miR-mock mice lost weight sig-
nificantly earlier and more profoundly than the AR-97Q-miR-196a
mice (P < 0.001) (Fig. 3¢). Treatment with miR-196a significantly
prolonged the survival of the AR-97Q-miR-196a mice (P < 0.001)
compared with the AR-97Q-miR-mock mice (Fig. 3d). By 12 weeks
of age, the AR-97Q-miR-mock mice showed obvious differences in
body size, muscular atrophy and kyphosis compared with the AR-
97Q-miR-196a mice (Fig. 3e). In addition, the AR-97Q-miR-mock
mice showed motor weakness, as indicated by short steps and leg
dragging, whereas the AR-97Q-miR-196a mice showed almost normal
ambulation (Fig. 3f). Immunohistochemical examination of mouse
tissues using 1C2 antibody, which specifically recognizes the expanded
polyQ region in the mutant AR, showed a marked reduction in 1C2-
positive nuclear accumulation in the anterior horn of the thoracic
spinal cord and in the skeletal muscles of the right quadriceps
femoris of the AR-97Q-miR-196a mice compared with those of the
AR-97Q-miR-mock mice. Glial fibrillary acidic protein (GFAP)-specific
antibody staining showed that the AAV vector-mediated delivery of
miR-196a reduced reactive astrogliosis in the thoracic spinal anterior
horn of the AR-97Q mice, thereby suggesting that miR-196a attenu-
ated neurodegenerative changes. Histopathological examination of the
skeletal muscle showed marked amelioration of neurogenic muscle
atrophy in the AR-97Q-miR-196a mice compared with the AR-97Q-
miR-mock mice (Fig. 3g). By quantitative assessment, we confirmed
that AAV-miR-196a significantly reduced 1C2-positive nuclear accu-
mulation in the anterior horn of the thoracic spinal cord (P <0.01) and
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Figure 3 The effects of miR-196a on the
phenotype of male AR-97Q mice. (a~d) A rotarod
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that of AR-97Q-miR-mock mice (n = 5). Scale bar, 20 um. All data are means = s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 (we analyzed the
results by two-way ANOVA followed by the Bonferroni test comparing the mock to 196a in a—c and by unpaired t test in f, h—j).

in the skeletal muscle of the right quadriceps femoris (P < 0.001) of the
AR-97Q-mice (Fig. 3h). Western blot analyses and quantification of
the immunohistochemical signal intensities revealed that treatment
with miR-196a downregulated the expression levels of GFAP (Fig. 3i
and Supplementary Fig. 5). In addition, treatment with miR-196a sig-
nificantly suppressed motor neuron shrinkage (P < 0.001) (Fig. 3j).
At 3 weeks after injection of a viral load of 10!! vg, we killed the
mice and harvested the RNA and protein in the thoracic spinal cord
for analysis. The AR-97Q-miR-196a mice showed high expression
levels of miR-196a and low expression levels of CELF2 mRNA, mutant
AR mRNA and the endogenous mouse AR mRNA in the thoracic
spinal cord compared with AR-97Q-miR-mock mice (Fig. 4a). The
mouse AR mRNA lacks a CUGCUGCUG tract; however, it has the
CUGCUG sequence in its coding region that would interact with
CELF2. Western blotting analyses of thoracic spinal cord lysates of
the AR-97Q-miR-mock mice showed that the high-molecular-weight
mutant AR protein complex was retained in the stacking gel and that
a monomeric AR migrated as a band through the separating gel
(Fig. 4b). Treatment with AAV-miR-196a notably reduced both the
high-molecular-weight complex and the monomer of AR and CELF2
in the thoracic spinal cord (Fig. 4b). We observed the elevated expres-
sion levels of miR-196a achieved by AAV vector-mediated expres-
sion and the decreased expression levels of mutant AR mRNA in the
thoracic spinal cord throughout the follow-up period of 15 weeks
(Fig. 4¢). Although we detected the effects of the miR-196a treat-
ment in the skeletal muscle, we found that the increase in the levels of
miR-196a expression and the downregulation of mutant AR mRNA
and protein were more prominent in the spinal cord than in the

skeletal muscle (Supplementary Fig. 6). The skeletal muscle of the
right quadriceps femoris, contralateral to the site of the AAV vector
injection, also showed treatment effects (Supplementary Fig. 6).
AR-97Q-miR-196a mice showed no detectable reduction in the
normal serum testosterone levels, which has been shown to directly
affect the levels of AR expression (Fig. 4d)!L.

To address whether miR-196a-mediated treatment can be useful
in the therapy of patients with SBMA, we examined the effects of
miR-196a on AR mRNA and protein in fibroblasts obtained from
patients with SBMA and from disease control subjects. Treatment
with miR-196a downregulated both the AR and CELF2 mRNAs
and proteins in the fibroblasts obtained from patients with SBMA
(Fig. 4e) and disease control subjects (Supplementary Fig. 7). We
also observed similar effects for AR mRNA and protein in fibroblasts
treated with CELF2 siRNA (Fig. 4f). Taken together, these find-
ings suggest that miR-196a-mediated treatment might be useful in
the therapy of patients with SBMA. Furthermore, we measured the
expression levels of miR-196a, miR-196b and CELF2 mRNA in the
thoracic spinal cord of patients with SBMA. Both of the two miRNAs
were upregulated and the CELF2 mRNA was downregulated in the
thoracic spinal cord of patients with SBMA compared with those
of disease control subjects (Fig. 4g). qRT-PCR revealed that the
expression levels of CELF2 mRNA were lower in the thoracic spinal
cord of AR-97Q mice than in AR-24Q mice (Supplementary Fig. 8),
thereby confirming the correlations between the in vivo levels of the
two miRNAs and CELF2 mRNA. We also showed the ir1 vivo correlation
between miR-196a and mutant AR mRNA levels and monitored the
side effects of mice treated with AAV-miR-196a (Supplementary Note
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Figure 4 The effects of miR-196a on mutant AR expression in male AR-97Q mice and patients with SBMA. (a) The levels of miR-196a, CELF2 mRNA,
mutant AR mRNA and the endogenous mouse AR mRNA expression in the thoracic spinal cord of AR-97Q-miR-mock (mock) and AR-97Q-miR-196a
(196a) mice (n = 5). (b) Western blot and densitometric analyses showing the expression levels of mutant AR both in the stacking and separating gels
as well as those of CELF2 (n = 5). (c) A temporal change in the levels of miR-196a and mutant AR mRNA expression in the thoracic spinal cord of
AR-87Q-miR-mock and AR-37Q-miR-196a mice (n = 3 to 4). (d) The serum testosterone levels of AR-97Q-miR-mock and AR-97Q-miR-196a mice

(n =5). (e) The expression levels of mutant AR mRNA, CELF2 mRNAs and their proteins in the fibroblasts of patients with SBMA (n=5). NC, a
negative control miRNA. (f) The effects of CELF2 silencing on mutant AR mRNA and protein in the fibroblasts of patients with SBMA (n=5).C, a
scrambled control siRNA. (g) The expression levels of miR-196a, -196b and CELF2 mRNA in the thoracic spinal cord of patients with SBMA (n = 3).
C, disease control subjects. All data are means £ s.e.m. *P < 0.05, **P< 0.01 and ***P < 0.001 (we analyzed the results by unpaired t tests in a,b,d
and g and by two-way ANOVA followed by the Bonferroni test comparing the mock to 196a in ¢, and by the Dunnett test in e,f).

and Supplementary Fig. 8). In addition, we examined the post-
translational effects of miR-196a in HEK293T and the effects of
miR-196a on apoptosis in Neuro2a cells (Supplementary Note and
Supplementary Fig. 9). We also showed the effects of miR-196a
downregulation on mutant AR mRNA and protein in HEK293T cells
(Supplementary Note and Supplementary Fig. 10).

In this study, we showed that miR-196a is upregulated in the spinal
cord of a transgenic mouse model of SBMA during the symptomatic
stage and that early intervention by the transduction of mice with
miR-196a via an AAV vector can markedly ameliorate the motor
impairment of SBMA mice. We further showed that miR-196a silences
CELF2, which then directly acts on AR mRNA to affect its stability.
Although polyQ models have been shown to have altered miRNA
profiles”!7 and miRNAs targeting of the polyQ disease gene have been
proposed as disease modifiers %7, the miRNA-mediated therapeutic
approach targeting a regulator of the disease transcript described in
our study is conceptually novel and could be strategically applied to
other polyQ-related diseases.

The upregulation of miR-196a has been reported in a wide variety
of cancers?*? and has also been shown to be involved in differentia-
tion?6?7 and the development of the immune system?8. Hence, miR-
196a has previously been proposed as a therapeutic target for these
ailments. Similarly, the modulation of CELF2 has known implications
for myotonic dystrophy?® and several cancer types30:31.

Our results show that the strong and continuous inhibition of the
expression of CELF2 by the AAV vector-mediated delivery of miR-196a

has a substantial effect on the SBMA phenotype. Although the reason
for the natural upregulation of miR-196a in the spinal cord of SBMA
mice and patients with SBMA is unknown, it may indicate a protec-
tive mechanism that is insufficient alone but sufficiently beneficial
when amplified by AAV-mediated overexpression. However, whether
similarly effective therapy would result from injections to an isolated
skeletal muscle in patients with SBMA must be verified. The appro-
priate route and the required dose of AAV administration should be
determined in future studies. Our findings indicate that the miRNA-
mediated regulation of RNA metabolism is a logical target for the
therapeutic intervention of SBMA and they suggest a new therapeutic
approach using an AAV vector-mediated miRNA delivery system for
the treatment of neurodegenerative disease.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Construction of DNA plasmids. We constructed cDNA expression plasmids
encoding full-length AR by subcloning AR ¢DNA derived from pSP64-AR24
and pSP64-AR97 (ref. 32) into the pCR3.1 mammalian expression vector (Life
Technologies). We carried out an L55 L56 L57 (CTGCTGCTG) deletion of
AR-24Q and AR-97Q as follows: the pBS+Aflll plasmid was generated by
the insertion of an Aflll linker into the EcoRV site of pBluescript 1l KS(-).
We excised the 417-bp fragment of 24Q and the 636-bp fragment of 97Q
from pCR3.1-AR-24Q and -97Q using Smal and Aflll and cloned it into the
Smal and Aflll sites of pBS+A(flll to create pBS-24Q and -97Q. pBS-ACUG-
24Q and -97Q were constructed by inserting the double-stranded oligomer
CCAGTTTGCA into pBS-24Q and -97Q digested with Narl-Pstl (blunted).
Finally, we re-excised the pBS-ACUG-24Q and -97Q with Smal-Aflll and
inserted this fragment between the Smal and Aflll sites of pCR3.1-AR to form
pCR3.1-AR ACUG-24Q and -97Q.

The CAG repeat deletion of the AR construct was generated using a
KOD-Plus-Mutagenesis kit (Toyobo) with the forward primer 5-CAAGAG
ACTAGCCCCAGGCAGCAGC-3" and the reverse primer 5-CAGCAGCA
GCAAACTGGCGCCG-3". The DNA plasmid expressing human CELF2
was kindly provided by T. Cooper (Professor, Department of Pathology and
Immunology, Baylor College of Medicine). The siRNA-resistant construct was
generated by changing the siRNA targeted sequence (5- GAATGCACTGCACA
ATATT -3') of pcDNA3.1/HisC-CELF2 to 5'- AAACGCGCTACATAACATC -3/
(mutated nucleotides are underlined) using a KOD-Plus-Mutagenesis kit
(Toyobo) with the forward primer 5-ACATAACATCAAAACTTTACCTGG
GATGCATCATCCCA-3’ and the reverse primer 5-AGCGCGTTTTGGGCC
TCAAGTGCAGCTTTTCTTGTATA-3". The sequences of all mutations and the
CAG repeat length were confirmed using a CEQ 8000 Genetic Analysis System
(Beckman Coulter). We used the original pcDNA3.1/HisC vector lacking the
insertions in the multiple cloning sites as a mock vector.

Co-transfection of DNA plasmids with either synthetic miRNA or siRNA
into cultured cells. The sequences of the siRNA target for CELF2 mRNA are
5-GAATGCACTGCACAATATT-3’ (accession number NM_001025076),
5.CACCTATCGTGGTGAAGTT-3’ (accession number NM_001025076)
and 5’- CACAGTATCTGGCGCTCCT-3’ (accession number NM_001025076).
All of the siRNAs were purchased from Sigma-Aldrich. A scrambled con-
trol siRNA (MISSION siRNA Universal Negative Control SIC-001; Sigma-
Aldrich), synthetic miR-196a (MISSION microRNA Mimics -hsa-miR-196a;
Sigma-Aldrich), synthetic miR-196b (MISSION microRNA Mimics -hsa-miR-
196b; Sigma-Aldrich), synthetic miR-496 (MISSION microRNA Mimics -hsa-
miR-496; Sigma-Aldrich), synthetic miR-323-3p (MISSION microRNA Mimics
-hsa-miR-323-3p; Sigma-Aldrich), synthetic miR-29b* (Syn-mmu-miR-29b-1*
miScript miRNA Mimic; Qiagen), anti-miR-196a antisense (anti-hsa-miR-
196a miScript miRNA Inhibitor; Qiagen) and negative control miRNA
(MISSION microRNA Mimic, Human, Negative Control 1; Sigma-Aldrich) were
purchased. We plated HEK293T cells onto six-well dishes and co-transfected
each dish with 0.5 pg of the vector containing the following: AR-24Q,
AR-97Q, ACUG-AR-24Q, ACUG-AR-97Q or AR-0Q; 2.0 pug of the vector
containing CELF2, siRNA-resistant CELF2 or mock; and either 25 nM syn-
thetic miRNA or 25 nM siRNA molecules. We used Lipofectamine 2000 (Life
Technologies) as a transfection reagent in the cases in which all of the RNAi
molecules purchased from Sigma-Aldrich were transfected into the HEK293T
cells or Neuro2a cells. For the transfection of synthetic miR-29b* (Syn-mmu-
miR-29b-1* miScript miRNA Mimic; Qiagen) and anti-miR-196a antisense
(anti-hsa-miR-196a miScript miRNA Inhibitor; Qiagen) into HEK293T
cells, we used the Attractene Transfection Reagent (Qiagen) as a transfec-
tion reagent. Neither the scrambled control siRNA nor the negative control
miRNA matched any human or mouse mRNA. For the transfection of all of
the RNAi molecules purchased from Sigma-Aldrich into human fibroblasts,
we used jetPRIME (Polyplus-transfection SA) as a transfection reagent with
a high amount of RNAi molecules because the human fibroblasts exhibited a
lower transduction efficiency of RNAi molecules compared with those of the
HEK293T cells and Neuro2a cells, for which we used Lipofectamine 2000 (Life
Technologies) as a transfection reagent. The transfected cells were cultured for
48 h before being processed for western blotting and RNA analysis.

Protein expression analysis. We did western blotting and densitometric analy-
ses as previously described!>!1. We used the following primary antibodies:
AR-specific antibody (1:5,000, N20 or 1:5,000, H280; Santa Cruz), CELF2-
specific antibody (1:5,000, ab50734; Abcam), o.-tubulin-specific antibody
(1:5,000, T9026; Sigma-Aldrich), GFP-specific antibody (1:5,000, M048-
3; MBL), GFAP-specific antibody (1:2,000, 814369; Bochringer Manheim
Biochemica), IGF-1-specific antibody (1:1,000, ab9572; Abcam) and cleaved
caspase-3-specific antibody (1:2,000, 9661s; Cell Signaling Technology).

Quantitative real-time PCR. For cultured cells, the total RNA was extracted
from HEK293T cells using the QIAzol Lysis Reagent (Qiagen) and reverse
transcribed using Superscript VILO (Life Technologies). The complemen-
tary DNAs were then used for real time PCR using the SsoFast EvaGreen
Supermix (Bio-Rad Laboratories). For mouse tissue analysis, the total RNA
was isolated from the thoracic spinal cord and skeletal muscles of mice using
the QIAzol Lysis Reagent (Qiagen) and reverse transcribed with the miScript
Reverse-Transcription Kit (Qiagen). The complementary DNAs were then
used for real time PCR using the SYBR Green Supermix (Qiagen). We did the
amplification, detection and data analysis using a Bio-Rad iCycler system
(Bio-Rad Laboratories). The crossing threshold values for the mRNAs of the
individual genes were normalized to B-2-microglobulin (B2MG). The crossing
threshold values for the miRNA of the individual genes were normalized to
the U6 small nuclear RNA 2. Changes in the expression of mRNA and miRNA
were expressed as a fold change relative to the control.

We used the following primers in this study. The sequences of the hsa-AR prim-
ers were: forward, 5-GGCTATGAATGTCAGCCCAT-3; reverse, 5-TTGAGG
CTAGAGAGCAAGGC-3". These hsa-AR primers discriminated between the
human AR mRNA and the mouse AR mRNA. The sequences of the mmu-AR
primers were: forward, 5-TGGGACCTTGGATGGAGAACTA-3; reverse,
5-ACAGATCAGGCAGGTCTTCTGG-3". These mmu-AR primers discriminated
between the mouse AR mRNA and the human AR mRNA. The sequences of the
hsa-CELF2 primers were: forward, 5-CTGGCGGGAAACAAACTCTG-3'; reverse,
5-TCTAAGCCCTTGGCCTCCTC-3". The sequences of the mmu-CELF2 primers
were: forward, 5-GCTGTGCGTTTGTCACATTTTC-3'; reverse, 5-TGTCAGC
AAACTTCACCACGAT-3". The sequences of the hsa-B2MG primers were: for-
ward, 5-CTGAAGCTGACAGCATTCGG-3; reverse, 5'-GTCAACTTCAATGT
CGGATGGATG-3". The sequences of the mmu-B2MG primers were: forward,
5"-AAGCCGAACATACTGAACTGC-3'; reverse, 5-GTGTGAGCCAGGATATA
GAAAGAC-3". The sequences of the hsa-IGF-1 primers were: forward, 5-GCTGT
GATCTAAGGAGGCTGGA-3; reverse, 5'- TTCCTGCACTCCCTCTACTTGCA
TGGATG-3". The primers used for the detection of miR-196a, miR -196b and U6
small nuclear RNA 2 were the Hs_miR-196a_1 miScript Primer Assay (Qiagen),
the Hs_miR-196b_2 miScript Primer Assay (Qiagen) and the Hs_RNU6-2_1 miS-
cript Primer Assay (Qiagen), respectively.

Immunoprecipitation-coupled qRT-PCR. We did coimmunoprecipita-
tion using an affinity-purified CELF2 antibody (15 pg per sample, ab50734;
Abcam) followed by RNA isolation using the RiboCluster Profiler RIP-Assay
kit (MBL International Corporation) according to the manufacturer’s sug-
gested protocols. Rabbit immunoglobulin G, supplied by the manufacturer,
was used as a control, and the immunoprecipitated RNA was converted to
cDNA using Superscript VILO (Life Technologies) and analyzed by qRT-
PCR for the differential expression of AR mRNA using the following prim-
ers: forward, 5-GGCTATGAATGTCAGCCCAT-3'; reverse, 5-TTGAGGCT
AGAGAGCAAGGC-3'.

RNA stability assay. We added actinomycin D (10 mg ml™! final concentra-
tion), a potent inhibitor of mRNA synthesis, to the HEK293T cells at 24 h
after co-transfection of DNA plasmid and RNAi molecules. The total RNA
was extracted from the cells at 0-4 h after treatment, and the RNA was then
subjected to qRT-PCR as described above. The data are presented as values
relative to the levels of expression detected in the transfected cells harvested
at the time of actinomycin D treatment.

miRNA microarray analysis. The total RNA was extracted from the thoracic
spinal cord of transgenic SBMA mice (AR-97Q) and wild-type mice (AR-24Q)
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at 15 weeks of age and used for the miRNA microarray analysis conducted by
TaKaRa Bio. Each group consisted of two mice.

miRNA in situ hybridization. To investigate the cell-specific distribution
of miRNA in mouse spinal tissues, we did in situ hybridization using 5'-
and 3’-end digoxigenin (DIG)-labeled locked nucleic acid (LNA)-modified
DNA oligonucleotides complementary to the mature miRNA (Exiqon). In
this study, we examined the global expression of miR-196a in mouse tissue
sections that had been prepared as previously described!3-1533 The LNA-
miR-196a and LNA-scrambled oligonucleotides (negative control) were used
in this analysis.

We did the in situ hybridization of mouse tissue sections using a Ventana
Discovery system (Ventana Medical Systems). Briefly, 5'- and 3’-end DIG-
labeled LNA probes were stained with digoxigenin-AP-specific Fab fragments
(1:800, 1093274; Roche). The sections were then counterstained using Red
Counterstain II (780-2218; Ventana), and the signals were visualized under a
standard light microscope.

Development of the AAV vector with simultaneous expression of miRNA
and EGFP. The AAV vector plasmids contained an expression cassette con-
sisting of a human cytomegalovirus immediate-early promoter, followed by
c¢DNA encoding EGFP, miR-196a or the miR-mock sequence, and a wood-
chuck hepatitis virus post-transcriptional regulatory element between the
inverted terminal repeats of the AAV3 genome. We synthesized the AAVY vp
cDNA, and this sequence was identical to that previously described except
for the substitution of adenine with thymidine at position 1337, which intro-
duced an amino acid change from tyrosine to phenylalanine at position 446
(ref. 23). The recombinant AAV vectors were produced by transient transfec-
tion of HEK293 cells.using the vector plasmid, an AAV3 rep and AAV9 vp
expression plasmid and an adenoviral helper plasmid, pHelper (Stratagene),
as previously described?®. We purified the recombinant viruses by isolation
from two sequential continuous CsCl gradients, and then the viral titers were
determined by qRT-PCR. The cDNA sequences of miR-196a and miR-mock
are as follows. miR-196a: 5-TGAGCCGGGACTGTTGAGTGAAGTAGGT
AGTTTCATGTTGTTGGGCCTGGCTTTCTGAACACAACGACATCAAA
CCACCTGATTCATGGCAGTTACTGCTTC-3". miR-mock: 5-GTATTGC
GTCTGTACACTCACCGTTTTGGCCACTGACTGACGGTGAGTGCAG
ACGCAATA-3".

The neurological and behavioral assessment of the SBMA model mice.
We generated and maintained the AR-24Q and AR-97Q mice as previously
described!2. All of the animal experiments were carried out in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Nagoya University Animal Experiment
Committee. We did the mouse rotarod task and cage activity assessment as
described previously'>!4, The investigators who carried out the behavioral
assessments were blinded to the treatment conditions.

Immunohistochemistry, immunofluorescence, histochemistry
and histopathology. The preparation of the tissue sections, immuno-
histochemistry, immunofluorescence and histopathology were done as
previously described!!-1% 33,

To quantify the 1C2-positive cells, we counted the 1C2-positive cells
within the thoracic spinal cord and quadriceps femoris muscle for each
individual mouse as previously described'>!. For choline acetyltrans-
ferase immunolabeling, the sections were first microwaved for 20 min in
50 mM citrate buffer, pH 6.0. For polyglutamine (1C2 antibody) immu-
nolabeling, the sections were treated with formic acid for 5 min at room
temperature. We treated all of the specimens with TNB blocking buffer
(PerkinElmer) before incubation with primary antibodies. The immu-
nohistochemical sections were then imaged using an optical microscope
(BX51, Olympus), and the immunofluorescent specimens were photo-
graphed using an upright microscope (LSM710, Zeiss). We used the fol-
lowing primary antibodies: choline acetyltransferase-specific antibody
(1:100, AB144; Millipore), mouse GFP-specific antibody (1:200, M048-3;

MBL), mouse expanded polyQ antibody (1:10,000, 1C2; Millipore) and
mouse GFAP-specific antibody (1:1,000, 814369; Boehringer Manheim
Biochemica). The primary antibodies were probed with biotinylated anti-
species-specific IgG secondary antibodies (Vector Laboratories), and the
immune complexes were visualized using streptavidin-horseradish peroxidase
(Dako) and 3,3’-diaminobenzidine as a substrate. We used Alexa-conjugated
secondary antibodies (Life Technologies) for immunofluorescence. We
assessed the size of the motor neuron in the thoracic spinal cord of the
SBMA mice treated with AAV-miR-196a or AAV-miR-mock as previously
described?. The stained sections were then examined and imaged using a
BIOREVO BZ-9000 system (Keyence). To assess the GFAP expression levels
in the thoracic spinal anterior horn cells, we quantified the immunohis-
tochemistry signal intensities in at least ten transverse sections obtained
from each mouse. The images of individual anterior horn on transverse
sections of thoracic spinal cord with signals for GFAP were captured at the
desired magnification and stored using image software (Keyence). The levels
of GFAP staining in the images were quantitatively analyzed using image
analysis software (Dynamic cell count BZ-HIC software, Keyence). The
signal intensities were expressed as individual intracellular areas of GFAP
staining (Wm?) in the unilateral thoracic spinal anterior horn.

Assay of serum testosterone levels in SBMA mice. We sacrificed SBMA
mice treated with AAV-miR-196a or AAV-miR-mock at 12 weeks of age,
collected 1 ml of blood by cardiocentesis and conducted an assay for serum
testosterone levels using a radioimmunoassay (Mitsubishi Kagaku Bio-
Clinical Laboratories).

The fibroblasts and thoracic spinal cords of patients. We obtained biopsy
specimens of fibroblasts of scrotal skin from three patients genetically
diagnosed with SBMA and three disease control subjects. The CAG repeat
lengths of the patients with SBMA were 48, 50 and 52. The disease control
subjects included three male individuals who were diagnosed with a cere-
brovascular disease.

We obtained autopsy specimens of the thoracic spinal cord from three patients
genetically diagnosed with SBMA (52-, 66- and 78-year-old males) and from dis-
ease control subjects (58-, 61- and 75-year-old males). The CAG repeat lengths
of three patients with SBMA were 48, 49 and 50, respectively. The disease con-
trol subjects included individuals diagnosed with Parkinson’s disease (n = 2)
and dementia with Lewy body disease (n = 1). The collection of human tissues
and their use for this study were approved by the Ethics Committee of Nagoya
University Graduate School of Medicine. We obtained informed consent from
the patients.

The pulse-chase labeling assay. HEK293T cells were transfected as previ-
ously described, starved for 1 h and then labeled for an additional 1 h with
150 mCi mI™! of EXPRE?>S%3S Protein Labeling Mix [**S] (PerkinElmer Life &
Analytical Sciences). We chased the HEK293T cells for the indicated time
intervals. We then did immunoprecipitation using equivalent amounts of pro-
tein lysates as previously described!? and analyzed the expression levels using
phosphorimaging (Typhoon 8600 phosphorimager; Amersham) and Image
Gauge software, version 4.22 (Fujifilm).

The apoptosis assay. We plated Neuro2a neuronal lineage cells onto six-well
dishes and co-transfected each dish with 25 nM synthetic miR-196a using
Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
instructions. After 24 h, we treated the Neuro2a cells with 1 LM staurosporine,
a major inducer of apoptosis, for 6 h. Next, we processed and probed the
western blots with a cleaved caspase-3 antibody. The effect of miR-196a on
apoptosis in the Neuro2a cells was then assessed by the change in the relative
expression levels of cleaved caspase-3 protein.

Statistical analyses. We analyzed the results by unpaired ¢ tests, Dunnett tests
and two-way ANOVA followed by Bonferroni tests for individual paired com-
parison using IBM SPSS statistics version 19 for Windows (IBM). We used
log-rank tests for the assessment of the survival rate in Fig. 3d using IBM
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SPSS statistics version 19 for Windows (IBM). P values of less than 0.05 were  33. Katsune, M. et al. Disrupted transforming growth factor- signaling in spinal and
bulbar muscular atrophy. J. Neurosci. 30, 5702-5712 (2010).

considered statistically significant. C ] 4 ! . )
34. Gao, G. et al. Clades of adeno-associated viruses are widely disseminated in human

32. Kobayashi, Y. et al. Chaperones Hsp70 and Hsp40 suppress aggregate formation and tissues. J. Viro/. 78, 6381-6388 (2004).
apoptosis in cultured neuronal cells expressing truncated androgen receptor protein 35, Li, X.G. et al. Viral-mediated temporally controlled dopamine production in a rat
with expanded polyglutamine tract. J. Biol. Chem. 275, 87728778 (2000). model of Parkinson disease. Mol. Ther. 13, 160-166 (2006).
o
)
>
S
@
0
]
B
£
£
2
E
<
%)
£
@
L
S
[
£
<
[
e
5
et
©
2
o~
™~
o
I
©
NATURE MEDICINE doi:10.1038/nm.2791

-236 -



