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Spinal and bulbar muscular atrophy (SBMA) is a cur-
rently untreatable adult-onset neuromuscular disease 
caused by expansion of a polyglutamine repeat in the 
androgen receptor (AR). In SBMA, as in other polyglu-
tamine diseases, a toxic gain of function in the mutant 
protein is an important factor in the disease mechanism; 
therefore, reducing the mutant protein holds promise as 
an effective treatment strategy. In this work, we evalu-
ated a microRNA (miRNA) to reduce AR expression. 
From a list of predicted miRNAs that target human AR, 
we selected microRNA-298 (miR-298) for its ability to 
downregulate AR mRNA and protein levels when trans-
fected in cells overexpressing wild-type and mutant AR 
and in SBMA patient-derived fibroblasts. We showed 
that miR-298 directly binds to the 3’-untranslated region 
of the human AR transcript, and counteracts AR toxic-
ity in vitro. Intravenous delivery of miR-298 with adeno-
associated virus serotype 9 vector resulted in efficient 
transduction of muscle and spinal cord and amelioration 
of the disease phenotype in SBMA mice. Our findings 
support the development of miRNAs as a therapeutic 
strategy for SBMA and other neurodegenerative disor-
ders caused by toxic proteins.

Received 24 August 2015; accepted 4 January 2016; advance online  
publication 9 February 2016. doi:10.1038/mt.2016.13

INTRODUCTION
Spinal and bulbar muscular atrophy (SBMA, Kennedy’s disease; 
OMIM #313200) is one of at least nine human neurodegenera-
tive conditions caused by expansion of CAG repeats encoding 
extended polyglutamine tracts.1 In SBMA, as in the other polyglu-
tamine diseases, toxicity likely arises from a mechanism of toxic 
gain of function of the mutant protein.2 Cell death ultimately 
results from disruption of multiple cellular processes, including 
transcription, axonal transport, and mitochondrial function.3–7 
No disease-modifying treatment is currently available for these 
disorders.

In recent years, gene silencing with antisense oligonucle-
otides or RNA interference (RNAi) has shown potential for the 
treatment of polyglutamine diseases and other disorders caused 
by toxic proteins. In this work, we developed a therapeutic strat-
egy using microRNA (miRNA) to reduce AR expression in mus-
cle and motor neurons. MiRNAs are a class of small noncoding 
RNAs that regulate expression levels of target mRNAs, usually by 
suppressing their translation.8 Increasing evidence indicates that 
miRNAs play an important role in many aspects of biology9 and 
contribute to a variety of human diseases ranging from cancer10 
to neurodegeneration.11–14 MiR196a overexpression has recently 
been shown to have benefit in SBMA models,15 a result that was 
indirectly achieved by silencing CELF2, a RNA-binding protein 
implicated in the regulation of post-transcriptional events.

Here, we identified a miRNA that directly targets human 
AR mRNA, miR-298 (accession number MIMAT0004901),16 
and we found that it suppresses AR protein levels in cell culture 
and in a SBMA mouse model. Viral delivery of miR-298 with an 
adeno-associated virus (AAV)9 vector resulted in efficient trans-
duction of muscle and spinal cord and significantly ameliorated 
disease manifestations in SBMA mice. Our findings support the 
development of treatments aimed at reducing AR levels and viral 
delivery of miRNA as a therapeutic strategy for SBMA and other 
polyglutamine diseases.

RESULTS
MiR-298 suppresses AR expression by directly binding 
the 3′UTR of the mRNA and counteracts AR toxicity 
in vitro
We sought to test a miRNA approach to directly target AR expres-
sion. From a list of predicted miRNAs that target human AR 
3’UTR drawn up using the miRWalk database17 and other predic-
tion tools (miRanda, miRDB, Targetscan) (Supplementary Table 
S1), we tested the top candidates for their ability to downregulate 
AR when transfected in a human cell line endogenously express-
ing AR (Supplementary Figure S1). Among those, we selected 
miR-298 (GFCh38: NC_000020.11; chr20:58818226-58818313) 
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Figure 1  MiR-298 suppresses AR mRNA and protein levels by directly binding to the 3′-UTR region and counteracts AR toxicity in vitro. (a) 
Multiple sequence alignment of miR-298 seed region in the 3’UTR of human AR. (b) MCF7 cells were cotransfected with miR-298 and empty vec-
tor (mock), a construct containing the first 4,000 bp of wild-type human AR 3’UTR (hAR 3’UTR) and the same construct with mutations in the seed 
region (hAR 3’UTR mut) for the renilla-luciferase assay. **P < 0.01. (c) Western blot and densitometric analyses showing AR protein expression in 
AR24Q and AR65Q MN1 cells that had been treated with miR-298 (miR) or scrambled control (scr), in presence of dihydrotestosterone (DHT) (10 
nmol/l) or ethanol. AR was detected with H-280 antibody. α-tubulin is shown as loading control (n = 5). *P < 0.05, **P < 0.01. (d) Western blot and 
densitometric analyses showing AR protein expression in human fibroblasts from an affected and an unaffected subject that had been treated with 
miR-298 (miR) or scrambled control (scr), in presence of DHT (10 nmol/l) or ethanol. AR was detected with H-280 antibody. α-tubulin is shown as 
loading control (n = 3). *P < 0.05, **P < 0.01. (e) Western blot and densitometric analyses showing AR protein expression in AR24Q and AR65Q MN1 
cells that had been treated with anti-miR-298 (anti-miR) or scrambled control (scr), in presence of DHT (10 nmol/l) or ethanol. AR was detected with 
H-280 antibody. α-tubulin is shown as loading control (n = 5). **P < 0.01. (f) AR expression was assessed by real-time reverse transcription-PCR (qRT-
PCR) using total RNA extracted from MCF7 cells treated with actinomycin D and miR-298 or scramble for the indicated times (n = 5). **P < 0.01. 
(g) Viability of AR65Q MN1 cells treated with miR-298, scrambled control (scr), or staurosporine was measured by XTT assay. *P < 0.05, **P < 0.01.
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because it had the highest efficacy in reducing AR protein lev-
els (Supplementary Figure S1). The predicted miR-298 binding 
sites in the 3′UTR of AR, together with the flanking sequence, 
are conserved across species as shown by the multiple sequence 
alignment (Figure 1a). Direct binding of miR-298 to the putative 
seed region on the AR 3’UTR was tested with a luciferase assay 
system. Co-transfection of miR-298 and a construct containing 
the first 4 kb of the AR 3’UTR yielded more than 65% decrease 
in reporter activity compared to vector alone. The effect was lost 
when the miRNA target site was mutated (Figure  1b). To vali-
date the effect of miR-298 on AR levels, we used murine motor 
neuron-neuroblastoma (MN1) cells stably transfected with nonex-
panded (AR24Q) or pathologically-expanded (AR65Q) polyglu-
tamine tract in the human AR.18 The predicted region of binding 
is present within the first 50 bases of the AR 3’UTR and is included 
in the transgenes. Forty-eight hours after transfection with a 
miR-298 mimic, AR protein levels were significantly decreased 
both in the presence and absence of the ligand dihydrotestoster-
one (DHT) (Figure  1c). In the presence of DHT, the reduction 
was up to 45% for AR24Q and 80% for AR65Q (Figure 1c). We 
next investigated the effect of miR-298 on endogenous AR protein 
levels in fibroblasts obtained from a healthy control and from an 
SBMA patient with a 68 CAG repeat,19 and we observed a simi-
lar effect (Figure 1d). Transfection with a miR-298 inhibitor, an 
antisense RNA oligonucleotide that inhibits endogenous miR-
298, resulted in an increase in AR65Q protein levels in the MN1 
cells, suggesting that the effect is specific (Figure  1e). The dis-
crepancies in the results from MN1 AR24Q and AR65Q could be 
ascribed to the different levels of baseline AR expression between 
the cell lines, which are lower in the mutant clone (Figure 1c,e). 
AR mRNA levels were also reduced by miR-298 in MCF7 cells 
(Supplementary Figure S2). To determine whether the decrease 
in the AR mRNA was due to the enhancement of mRNA degra-
dation or a decrease in mRNA synthesis, we assessed AR mRNA 
turnover by incubating the cells with the transcription blocker 
actinomycin D: miR-298 significantly enhanced AR mRNA deg-
radation compared to scrambled control (Figure  1f). An XTT 
assay showed that cell viability in the presence of DHT was sig-
nificantly increased in AR65Q MN1 cells treated with miR-298 as 
compared to a scrambled control with random sequence that does 
not affect miRNA levels (Figure 1g). Staurosporine treatment was 
used as a positive control in this experiment (Figure 1g).

Together, these data indicate that miR-298 reduces AR protein 
at least in part by promoting degradation of AR mRNA and pro-
tects against mutant AR toxicity in vitro.

Expression of miR-298 is altered in SBMA
Levels of endogenous miR-298 were examined in SBMA mod-
els. We found that the levels of miR-298 are reduced by approxi-
mately 50% in MN1 cells expressing AR65Q compared to AR24Q 
(Figure  2a). We next examined endogenous miR-298 levels 
in vivo in wild-type mice and in a transgenic SBMA mouse model 
carrying a full-length human AR with a pathologically expanded 
polyglutamine tract (AR97Q).20 Real-time reverse transcription-
PCR (qRT-PCR) analysis in adult wild-type C57Bl6 mice showed 
that miR-298 is enriched in spinal cord and brain, modestly 
expressed in skeletal muscle (<10% of spinal cord expression), and 

virtually absent in other tissues collected (Figure 2b). Ingenuity 
pathway analysis on predicted miR-298 targets showed enrich-
ment in genes expressed in neurons and linked with neuromuscu-
lar diseases (Supplementary Table S2). Spinal cord and muscle, 
tissues that are relevant for SBMA, were then harvested at early 
(8 weeks) and late (16 weeks) disease stages from male mice car-
rying the wild-type (AR24Q) or mutant (AR97Q) AR transgene. 
Interestingly, miR-298 levels were reduced in muscle at late stage 
in AR97Q mice compared to AR24Q (Figure 2c). No reduction 
was observed in spinal cord (Supplementary Figure S3). No dif-
ference was found in either tissue in the levels of the primary miR-
298 (pri-miR-298) (Figure 2c and Supplementary Figure S3) and 
of miR-296, a miRNA which arises from the same transcript as 
miR-298 (not shown), indicating a specific dysregulation in levels 
of mature miR-298 in SBMA.

AAV9-mediated delivery of miR-298 in wild-type mice
In order to increase expression levels of miR-298 in vivo, we used 
a delivery system with an adeno-associated virus 9 (AAV9) dual 
promoter vector in a back-to-back configuration for simultaneous 
expression of either miR-298 (AAV9-miR-298) or a nonspecific 
miRNA, miR-mock (AAV-miR-mock), and green fluorescent pro-
tein (GFP) (Figure 3a). The AAV9 vector was chosen because it 
efficiently crosses the blood–brain barrier and has been shown to 
transduce neurons.21 To characterize the efficiency of viral deliv-
ery in mice, we injected a viral load of 1011 vg of AAV9-miR-298 
or AAV-miR-mock in C57Bl6 mice by single tail–vein injection at 
5 weeks of age. Two weeks after the administration, we observed 
widespread expression of human miR-298 in skeletal muscle, 
which peaked 8 weeks after the injection (six times more than 
baseline) in the mice treated with AAV9-miR-298 (Figure 3b). In 
spinal cord, an increase in miR-298 expression was observed only 
after 4 weeks and peaked 12 weeks after the injection (15 times 
more than baseline) (Figure  3c). The virus delivered by intra-
venous injection efficiently and homogenously transduced the 
quadriceps muscle (Figure 3d) and the spinal cord (Figure 3e), 
as indicated by GFP expression levels in transverse sections of 
lumbar spinal cord and quadriceps muscle from treated adult 
wild-type mice. The widespread transduction of the AAV vec-
tor in motor neurons was confirmed by colocalization of staining 
for GFP and the motor neuron marker choline acetyltransfer-
ase (ChAT) (Figure 3f and Supplementary Figure S4). Human 
miR-298 levels were undetectable in infected mice 20 weeks after 
administration (not shown).

MiR-298 overexpression ameliorates disease 
phenotype in SBMA mice
To determine the effects of miR-298 expression in SBMA, a 
cohort of male AR97Q mice was randomized to receive either 
AAV-miR-mock or AAV-miR-298 with the same dosage regimen 
used for the wild-type mice. Ten weeks after the injection, levels of 
human miR-298 were >5-fold higher in muscle (Supplementary 
Figure S5) and >15-fold higher in spinal cord (Supplementary 
Figure S6) compared to mock-treated mice, in line with the 
levels in wild-type mice at the same age (Figure  3b,c). By 16 
weeks of age, miR-298-treated mice showed reduced over-
all atrophy compared to mock-treated littermates (Figure  4a). 
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MiR-298 administration, although not increasing overall sur-
vival (Supplementary Figure S7), resulted in significant reduc-
tion of the weight loss (Figure 4b) and improved motor function 
(Figure 4c) as assessed by the hanging wire test; body weight and 
muscle strength of mock-treated mice declined rapidly after 10 
weeks of age (Figure  4b,c). Levels of human AR mRNA were 
reduced by 50% in both skeletal muscle and spinal cord extracts of 
miR-298-treated mice compared to mock-treated mice, indicating 
that miR-298 is able to target AR expression in vivo (Figure 4d,e). 
We next investigated whether AAV-delivery of miR-298 also 
has an effect on AR protein levels and aggregates in the SBMA 
mice. Here, we define aggregates as high-molecular weight oligo-
mers that can be detected as a smear in the stacking portion of 
sodium dodecyl sulfate (SDS)–polyacrylamide gels, as previously 
described.22,23 Western blot analysis showed that miR-298 reduces 
the accumulation of both monomeric and aggregated mutant AR 
in the skeletal muscle of AR97Q mice (Figure 4f). A strong linear 
inverse relationship was found between the miR-298 fold change 
and AR protein levels in muscle, indicating a dose–response effect 
of miR-298 on AR expression (Figure 4g). We next investigated 
the effects of miR-298 treatment on SBMA pathology. Quadriceps 
muscles from 16-week-old SBMA mice treated with miR-298 
or mock were collected for histopathological analyses. Muscle 
cross-sections stained with hematoxylin and eosin and nicotin-
amide adenine dinucleotide showed the presence of angulated 
myofibers, grouped atrophic fibers, and enlarged fibers with cen-
tral nuclei in mock-treated AR97Q mice, as previously reported23 
(Figure  4h). These neuropathic and myopathic changes were 
reduced in miR-298 treated mice (Figure 4h).

A pathological hallmark in polyglutamine dis-
eases is the formation of nuclear and cytoplasmic inclu-
sions of polyglutamine-containing proteins in affected cells. 
Immunohistological staining of mouse tissues with 1C2 anti-
body, which recognizes the expanded polyglutamine,24 showed 

a marked reduction in 1C2-positive nuclear accumulation in 
the anterior horn of the lumbar spinal cord and in the skeletal 
muscle of miR-298 treated compared with mock-treated mice 
(Figure 4i,j and Supplementary Figures S8 and S9). To examine 
the effects of miR-298 on motor neurons of SBMA mice, we ana-
lyzed the anterior horn of lumbar spinal cord transverse sections 
using Nissl staining and blindly assessed motor neuron number 
and cross-sectional area (Figure 4k). The average cross-sectional 
area of motor neurons was significantly increased compared to 
mock-treated mice, suggesting a healthier status (Figure  4l). 
AAV9-miR treatment did not affect the number of motor neu-
rons in these mice (Supplementary Figure S10), however, unlike 
in patients, disease pathology is not associated with a significant 
loss of motor neurons in this mouse model.20 Spinal cord sections 
from both treatment groups showed a similar, low baseline level of 
glial fibrillary acidic protein-positive astrocytes (Supplementary 
Figure S11); in addition, staining for the microglial marker Iba1 
was also similar in all mouse groups, showing that mir-298 treat-
ment did not induce gliosis (Supplementary Figure S11).

Collectively, these results show that systemic administration 
of AAV9-miR-298 efficiently transduces muscle and spinal cord, 
downregulates AR expression in vivo, and ameliorates the disease 
phenotype in SBMA mice.

DISCUSSION
In the last decade, miRNAs have become a viable option for the mit-
igation of disease manifestations in vivo, and many miRNA-based 
therapies, both mimics and inhibitors, are currently in preclinical 
or clinical development for a variety of conditions, including poly-
glutamine diseases.25–28 Compared to other RNA inhibition strate-
gies, miRNAs are likely to be less toxic and less immunogenic, 
given that they make use of naturally occurring RNA interference 
mechanisms and can be easily delivered into cells due to their 
small size.29 A miRNA approach using miR196a overexpression 

Figure 2 MiR-298 expression is altered in in vitro and in vivo models of spinal and bulbar muscular atrophy (SBMA). (a) Endogenous miR-298 
levels were assessed by qRT-PCR using total RNA extracted from AR24Q and AR65Q MN1 cells, in the presence of dihydrotestosterone (10 nmol/l). 
Transcript levels were normalized to snoRNA202 (n = 5). **P < 0.01. (b) Endogenous miR-298 levels were assessed by qRT-PCR using total RNA 
extracted from the indicated tissues of 16-week-old wild-type mice. Transcript levels were normalized to snoRNA202 (n = 3 per group). (c) Endogenous 
miR-298 and pri-miR-298 levels were assessed by qRT-PCR using total RNA extracted from the quadriceps femoris of AR24Q and AR97Q SBMA mice 
of the indicated ages. Transcript levels were normalized to snoRNA202 (n = 5 per group). **P < 0.01. qRT-PCR, real-time reverse transcription-PCR.
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has recently shown some benefit in SBMA models;15 in this study, 
AR suppression was indirectly achieved via silencing of the RNA 
binding protein CELF2. MiR196a has been shown to play a role 
in the progression of a variety of cancers,30,31 and this may raise 
concerns about the safety of bringing this agent into the clinic.

Here, we identified a miRNA, miR-298, that directly targets 
and suppresses AR in cell culture and in an animal model of SBMA. 
MiR-298 is a poorly characterized miRNA known to be expressed 
in brain.16 Interestingly, an increase in serum levels of miR-298 
has been detected in mice and subjects with androgen-responsive 
prostate cancer, suggesting a role of miR-298 in androgen receptor 
biology.32

First, we determined its expression levels in various tis-
sues from adult wild-type mice. We found that miR-298 is par-
ticularly enriched in spinal cord and brain, and at lower levels 

in muscle, tissues that are relevant in SBMA pathogenesis, and 
virtually absent in all other tested tissues. The endogenous lev-
els of miR-298 were reduced in muscle tissue and, although not 
significantly, in spinal cord of SBMA mice in late-stage disease. It 
is noteworthy that this mouse model shows a muscle pathology 
with limited involvement of motor neurons in spinal cord, sug-
gesting a functional correlation with the disease state. No changes 
were found in the pri-miR-298, the upstream transcript in the 
microRNA biogenesis pathway, ruling out decreased transcrip-
tion as a possible explanation. To evaluate the specificity of this 
finding, we measured the abundance of miR-296 in the same tis-
sues, and found no difference in SBMA compared to wild-type 
mice (data not shown). Both miR-298 and miR-296 arise from a 
long, antisense transcript, Nespas, a noncoding macroRNA with 
a promoter in the imprinting control region, a discrete DNA 

Figure 3 AAV9-mediated delivery of miR-298 in mice. (a) Schematic representation of the AAV plasmid constructs used. Dual promoter AAV vec-
tor plasmids contained an expression cassette consisting of a human elongation factor-1α (EIF1α) promoter followed by miR-298 or mock sequence 
and human cytomegalovirus (CMV) promoter followed by cDNA encoding GFP. (b) Temporal changes in the levels of human miR-298 expression 
in the quadriceps femoris and (c) spinal cord of wild-type mice, after single tail-vein injection at 5 weeks of age of AAV9-mock-GFP of AAV9-miR-
298-GFP (n = 2 per group). (d) Representative transverse sections of the right quadriceps femoris and (e) lumbar spinal cord of miR-298-treated 
wild-type mice, stained with GFP (green) and DAPI (blue). Original magnification, ×10. Scale bar, 100 μm. (f) A representative motor neuron of 
miR-298-treated wild-type mouse, stained with GFP (green), ChAT (red) and DAPI (blue). Original magnification, ×40. Scale bar, 10 μm.
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Figure 4 MiR-298 overexpression ameliorates disease phenotype in spinal and bulbar muscular atrophy (SBMA) mice. (a) A representative photo-
graph of a 16-week-old AR97Q mock-treated mouse (right) and an age-matched AR97Q miR-298-treated mouse (left). (b) Body weight and (c) hanging 
wire performance of SBMA mice (n = 15 per group). P < 0.01, two-way analysis of variance. (d) AR expression was assessed by real-time reverse transcrip-
tion-PCR using total RNA extracted from quadriceps muscle and (e) lumbar spinal cord of 16-week-old AR97Q mice. Transcript levels were normalized 
to snoRNA202 (n = 5 per group). *P < 0.05, **P < 0.01. (f) Representative western blot of AR protein levels in quadriceps femoris of 16-week-old AR97Q 
mice. AR was detected with H-280 antibody. α-tubulin was used as a loading control. Shown is one experiment representative of 4. (g) Regression analy-
sis between the miR-298 fold change and AR protein levels in skeletal muscle of miR-298-treated ASBMA mice. (h) Representative pictures of hematoxylin 
and eosin (H&E) (top) and nicotinamide adenine dinucleotide (NADH) (bottom) staining of skeletal muscle transverse sections of the right quadriceps 
femoris of 16-week-old AR97Q mice. Original magnification, ×40. Scale bar, 100 μm. (i) Quantification of 1C2-positive cells in skeletal muscle of the 
right quadriceps femoris and (j) lumbar section of spinal cord of 16-week-old AR97Q mice (n = 5 per group). **P < 0.01. (k) Representative pictures of 
Nissl-stained transverse sections of lumbar spinal cords of 16-week-old AR97Q mice. Original magnification, ×20. Scale bar, 100 μm. (l) Quantification 
of the areas of motor neurons in transverse sections of lumbar spinal cords of 16-week-old AR97Q mice (n = 5 per group). **P < 0.01.
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sequence with cis-acting regulatory elements which controls 
parental-specific expression of a subset of genes.33 Both miRNAs 
show imprinted expression and are expressed from the paternally 
derived allele, but not the maternal allele,33 suggesting a parental-
specific regulation of their target genes.

We next proceeded to test the efficacy of miR-298 overex-
pression in SBMA transgenic mice. As a delivery tool we chose 
adeno-associated virus (AAV), which is a vector of choice in gene 
therapy,34 due to its safety, low immunogenicity, long-term gene 
transfer, and broad spectrum of tropism in dividing and nondi-
viding cells.35 Currently, recombinant AAV (rAAV) vectors are 
being evaluated in phase 1/2 clinical trials for a variety of diseases, 
including cystic fibrosis, Parkinson’s disease, muscular dystrophy, 
and Leber’s congenital amaurosis.36 A rAAV vector expressing 
lipoprotein lipase was recently approved for treatment of patients 
with lipoprotein lipase deficiency in Europe.37 Among the different 
serotypes, we selected rAAV9, which, perhaps because of its cap-
sid composition,38 has robust and sustained transduction through-
out the central nervous system in animal models with peripheral 
administration.39,40 Usually greater neuronal transduction has been 
observed in neonatal animals compared to adult animals, where 
glial transduction prevails.41,42 This discrepancy has been attributed 
to factors such as differences in extracellular matrix composition, 
neuron-to-glia ratio, and blood–brain barrier maturity.41,42

Peripheral injections at 5 weeks of age led to increased miR-298 
expression in spinal cord and muscle after 2–4 weeks, in conjunc-
tion with the appearance of the first signs of disease manifestations 
in this mouse model.20 Delayed transduction is well documented 
when using single-stranded genome AAV vectors and is likely due 
to the rate-limiting step involving the de novo synthesis of the sec-
ond DNA strand. Non-cell-autonomous neurotoxicity has been 
increasingly recognized as a component of SBMA and other neu-
rodegenerative disorders.43 In particular, muscle has been shown to 
be primarily involved in SBMA pathogenesis,44,45 therefore, thera-
pies simultaneously targeting motor neurons in spinal cord and 
muscle, may be an ideal strategy for this disease.

Each miRNA targets many gene transcripts, and the rules gov-
erning imperfectly complementary miRNA-target interactions 
are not completely understood, which poses a risk to the safety 
of this approach. Nevertheless, the direct downstream targets of a 
single miRNA are commonly related genes that function in con-
vergent cellular pathways, potentially resulting in a synergistic 
effect. Addressing these issues carefully is important in translating 
a miRNA strategy into a safe and effective therapy. Although the 
biological significance of the miR-298-mediated suppression of 
targets other than AR still remains to be demonstrated, treatment 
in SBMA mice resulted in increased body weight, better motor 
performance and amelioration of the histopathological features in 
muscle and spinal cord. Viral delivery of miR-298 did not alter life 
expectancy and did not lead to signs of increased gliosis, microg-
lial activation, or decrease motor neuron number in SBMA mice. 
The lack of effect on survival could be ascribed to the fact that 
human miR-298 becomes undetectable in mouse tissues 20 weeks 
after administration, at which point more than 50% of the mice in 
our cohort were still alive.

A number of solutions are now being implemented to 
address these concerns,46 such as designing RNAi sequences that 

minimize interaction with off-target transcripts and using non-
canonical miRNAs, such as mirtrons, which bypass the micro-
processor complex.47 Extensive long-term safety and tolerability 
studies are critical to assess the effects of long-term transcript sup-
pression which may exacerbate symptoms of loss of function in 
SBMA. With a growing understanding of AAV as a vector and of 
the mechanisms of RNAi, this approach has the potential to safely 
and effectively treat not only SBMA but also other neurodegen-
erative disorders caused by toxic proteins.

MATERIALS AND METHODS
Cell culture. Human fibroblasts, MN1 and MCF7 cells were maintained in 
Dulbecco's Modified Eagle's medium containing 10% fetal bovine serum 
in a humidified chamber at 37 °C and 5% CO2. The cells were plated before 
transfection in six-well plates. The following day, 150 pmoles of miRNA 
duplexes were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA) according to the manufacturer’s instructions, and cells were cultured 
in Dulbecco's Modified Eagle's medium with 10% fetal bovine serum 
for 48 hours. The miRNA mimics hsa-miR-298 (MC12574) and mmu-
miR-298 (MC12525), the miRNA inhibitor mmu-miR-298 (AM12525), 
and negative controls (AM17110 and 4464076, respectively) were obtained 
from Applied Biosystems (Foster City, CA).

Luciferase constructs and assays. First, 4126 bp of the human AR- 
3’UTR sequence was amplified by polymerase chain reaction and 
cloned in the psicheck2 plasmid (Promega, Madison, WI) down-
stream from the renilla luciferase gene. The same plasmid also 
contains firefly luciferase to normalize transfection efficiency. The fol-
lowing primers, designed to have XhoI and NotI restriction sites at 5′ 
and 3′ ends of polymerase chain reaction (PCR) products, were used: 
5′-AGCTGCTCGAGGCATCAGTTCACTTTTGACCTG-3′ (forward 
primer) and 5′-ACCTGCGGCCGCACATGAAAACCACTCCCTTGG-3′  
(reverse primer). Mutations were made by altering two bases within the 
seed region of the predicted miRNA binding site using QuickChange II 
XL Site-directed Mutagenesis Kit (Roche, Indianapolis, IN). Luciferase 
assays were performed on 10 μl of MCF7 cell lysate in 96-well assay plates 
using the dual luciferase assay (Promega) according to the manufacturer’s 
instructions in a Victor Wallac plate reader (PerkinElmer, Waltham, MA).

Cell death assay. Cell proliferation and viability (XTT assay) was mea-
sured using the Cell Proliferation Kit II (Roche Diagnostics). MN1 
cells were transfected with 150 pmoles of miRNA duplexes and cul-
tured in serum-free media, DHT (10 nmol/l), and aphidicolin (1 µg/ml, 
Calbiochem) in 96-well plates. Treatment with 1 µmol/l staurosporine for 6 
hours (Sigma) was used as a positive control. Absorbance was measured at 
time 0, 48, and 72 hours after transfection at 450 and 650 nm wavelengths 
using a microtiter plate reader, as per manufacturer’s instructions.

Animal model. Wild-type C57Bl6 and SBMA mice were used for the 
experiments. The SBMA mice, which express a transgene consisting of 
human AR with a 24 (AR24Q) or 97 (AR97Q) glutamine repeat, have been 
described.20 All experiments were performed in the F1 generation derived 
from crossing the AR97Q line in a C57Bl6 background to BDF1 mice. The 
mice were genotyped by PCR with tail DNA as previously described,20 
by using a REDExtract-N-Amp Tissue PCR kit (Sigma, St. Louis, MO) 
according to the manufacturer’s instructions. Dual promoter AAV vector 
plasmids containing an expression cassette consisting of a human elonga-
tion factor-1α (EIF1α) promoter followed by miR-298 or mock sequence 
and human cytomegalovirus (CMV) promoter followed by cDNA encod-
ing GFP, were provided by SignaGen Laboratories (Rockville, MD). A viral 
load of 1011 vector genomes (vg) of each of these constructs was injected 
into the tail veins of AR97Q mice at 5 weeks of age. Body weight and 
grip strength determined using hanging wire test were recorded weekly 
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as previously described.22 The treatments were administered and analyses 
performed by blinded investigators.

Taqman quantitative PCR analysis. Total RNA was extracted from cul-
tured cells or mouse tissues using Qiazol reagent (QIAGEN, Gaithersburg, 
MD) and reverse-transcribed with the TaqMan MicroRNA Reverse 
Transcription kit according to manufacturer’s instructions. Transcript 
levels were determined by qRT-PCR using TaqMan reagents with an 
ABI9900 Sequence Detector System using the threshold cycle method and 
snoRNA202 (001232) as a reference gene. The Taqman assays used were 
has-miR-298 (002190), mmu-miR-298 (AM12525), and mmu-pri-miR-298 
(Mm03306612_pri), all from Life Technologies (Grand Island, NY).

RNA stability assay. We added 10 mg/ml actinomycin D, a potent inhibitor 
of mRNA synthesis, to MCF7 cells at 24 hours after transfection of RNAi 
molecules. The total RNA was extracted from the cells at 0, 3, 6, and 12 
hours 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 actino-
mycin D treatment.

Protein analyses. For quantification of proteins, cells were washed twice in 
ice-cold PBS and scraped in 150 μl lysis buffer (150 mmol/l NaCl, 6 mmol/l 
Na2HPO4, 12 mmol/l NaH2PO4, 5 mmol/l ethylenediaminetetraacetic acid, 
1% Na-deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate) plus 
protease inhibitor cocktail (Roche Diagnostics). The lysates were soni-
cated and centrifuged at 15,700 g for 10 minutes at 4 °C. Cell lysates were 
denatured at 95 °C in 4× sample buffer (60 mmol/l Tris, pH 6.8, 2% SDS, 
25% glycerol, 0.1% bromophenol blue, 20% β-mercaptoethanol) and pro-
cessed for 10% SDS–polyacrylamide gel electrophoresis (SDS–PAGE), 
and electro-transferred to polyvinylidene fluoride membrane (Millipore, 
Billerica, MA). Quadriceps muscles and spinal cord were dissected and 
snap frozen in liquid nitrogen. The tissue samples were processed with a 
polytron homogenizer in ice-cold homogenization radioimmunoprecipita-
tion assay buffer (150 mmol/l NaCl, 50 mmol/l Tris, 2 mmol/l ethylenedi-
aminetetraacetic acid, 1% sodium deoxycholate, 0.5% Triton X-100, 0.1% 
SDS) containing 1× protease inhibitor and phosphatase inhibitor cocktails 
(Roche). Homogenates were sonicated and precleaned at 4,000g for 10 
minutes at 4 °C. The soluble fraction was collected and protein concen-
tration was determined using Bradford reagent (Bio-Rad, Hercules, CA). 
Membranes were probed with antibodies for AR (1:1,000; H-280, sc-13062, 
Santa Cruz, Santa Cruz, CA) and α-tubulin (1:5,000; T6199, Sigma-Aldrich) 
in Tris-buffered saline and 5% (weight/vol) non-fat dry milk overnight at 4 
°C. Immunoreactivity was detected using peroxidase-conjugated AffiniPure 
Goat Anti-Rabbit or Anti-Mouse IgG (1:5,000; Jackson ImmunoResearch, 
West Grove, PA), and visualized using chemiluminescence reagent (Perkin-
Elmer) following the manufacturer’s instructions.

Immunohistochemistry and histopathology. Quadriceps muscles from 
16-week-old mice were snap frozen in isopentane. Sections of unfixed 
muscle tissue were cut at 8 μm in a -20 °C cryostat and processed for 
hematoxylin and eosin, and nicotinamide adenine dinucleotide staining. 
For immunofluorescence analysis, sections were fixed with 4% parafor-
maldehyde and incubated overnight at 4 °C with GFP (1:1,000; ab290, 
Abcam, San Francisco, CA). To visualize the inclusions, fixed tissue sec-
tions were stained with 1C2 antibody (1:20,000; EMD Millipore) followed 
by biotinylated mouse IgG (R&D Systems, Minneapolis, MN), streptavi-
din-HRP and 3,3′-diaminobenzidine substrate (Life Technologies); nuclei 
were counterstained using hematoxylin. For each mouse, the number of 
1C2-positive nuclei was determined in at least 500 muscle fibers in ran-
domly selected views. Paraffin-embedded spinal cords were serially sec-
tioned at 6-μm steps, mounted on slides and processes for Nissl staining. 
Images of 10 contiguous sections, 100 μm apart (original magnification 
10×), were analyzed. Motor neurons were identified in the anterior horn 
of the spinal cord as cells positive for Nissl staining, with clear nucleus and 

nucleolus, and a maximum diameter greater than 25 μm. Counting was 
performed in blinded fashion. For immunofluorescence analysis, sections 
were fixed with 4% paraformaldehyde and incubated overnight at 4 °C 
with antibodies for GFP (1:1,000; ab290, Abcam), choline acetyltransfer-
ase (ChAT; 1:1,000; AB144P, Chemicon, Billerica, MA), anti-glial fibrillary 
acidic protein (1:500; MAB360, Chemicon), and ionized calcium-binding 
adapter molecule 1 (Iba1; 1:1,000; 019-19741, Wako, Richmond, VA). 
Digital images were captured with a Zeiss Axiovert 100 M microscope and 
analyzed with NIS Elements software for total cross-sectional area.

Experimental design. All experiments were conducted blindly by third 
party concealment of treatments with individually uniquely coded vials. 
Order of treatments was randomized.

Study approval. The study was carried out in accordance with the National 
Institute of Health Guide for the Care and Use of Laboratory Animals and 
was approved by the National Institute of Neurological Disorders and 
Stroke Animal Care Committee.

Statistics.  All experiments were carried out at least three times indepen-
dently. Western blots were quantified using the Image J software package 
(http://imagej.nih.gov/ij/). Statistical significance of differences between 
control and experimental values was determined using two-tailed Student’s 
t test or two-way analysis of variance, where indicated. A log-rank test 
was used to compare Kaplan-Meier survival. All data are reported as 
means ± standard errors, and statistical significance is indicated by aster-
isks. P values of less than 0.05 were considered significant.

SUPPLEMENTARY MATERIAL
Table  S1.  List of evolutionarily conserved predicted miRNA-binding 
sites in the 3’UTR of human AR using the miRanda, miRDB, miRWalk, 
and Targetscan databases.
Table  S2.  Ingenuity pathway analysis was performed on predicted 
targets of miR-298 using the Targetscan v6 algorithm.
Figure  S1.  AR/tubulin fold change protein expression in MCF7 cells 
transfected with the indicated miRNAs or a scrambled control (n = 3).
Figure  S2.  AR expression was assessed in presence of DHT (10 nM) 
by qRT-PCR using total RNA extracted from MCF7 cells treated with 
scramble (scr) or miR-298 (n = 5).
Figure  S3.  Endogenous miR-298 and pri-miR-298 levels were 
assessed by qRT-PCR using total RNA extracted from the lumbar spinal 
cord of AR24Q and AR97Q SBMA mice of the indicated ages.
Figure  S4.  Representative pictures of the anterior horn of the lum-
bar spinal cord of miR-298-treated wild-type mouse, stained with GFP 
(green), ChAT (red) and DAPI (blue).
Figure  S5.  Human miR-298 levels were assessed by qRT-PCR 
using total RNA extracted from the quadriceps femoris of 16-week-
old AR97Q SBMA mice treated with AAV-miR-mock (mock) or AAV-
miR-298 (miR-298).
Figure  S6.  Human miR-298 levels were assessed by qRT-PCR 
using total RNA extracted from the lumbar spinal cord of 16-week-
old AR97Q SBMA mice treated with AAV-miR-mock (mock) or AAV-
miR-298 (miR-298).
Figure  S7.  Kaplan-Meier survival curves of mice treated with 
AAV-miR-mock or AAV-miR-298 (n = 15 per group).
Figure  S8.  Representative pictures of 1C2 staining of the right quad-
riceps femoris of 16-week-old mock-treated (left) and miR-treated 
(right) AR97Q mice Original magnification, ×40.
Figure  S9.  Representative pictures of 1C2 staining of lumbar spi-
nal cords of 16-week-old mock-treated (left) and miR-treated (right) 
AR97Q mice.
Figure  S10.  The average number of the motor neurons of the lum-
bar spinal cord obtained from miR-298-treated mice were compared 
with that of mock-treated mice (n = 5).
Figure  S11.  Representative pictures of a section of lumbar spinal 
cord of mock-treated and miR-298-treated SBMA mice stained with 
GFP (green), microglia marker Iba1 (red), astrocyte marker GFAP (yel-
low), and DAPI (blue).
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