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Neurobiology of Disease
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Spinal and bulbar muscular atrophy (SBMA) is a late-onset lower motor neuron disease caused by the expansion of a trinucleotide CAG
repeat, which encodes a polyglutamine tract in androgen receptor (AR). Although it is commonly held that the pathogenic polyglutamine
proteins accumulate in neurons and thereby induce transcriptional dysregulation, the downstream molecular events have remained
elusive. Here, we examined whether TGF- 3 signaling is dysregulated in SBMA. Nuclear translocation of phosphorylated Smad2/3, a key
step in TGF- signaling, is suppressed in the spinal motor neurons of male transgenic mice carrying the mutant human AR. A similar
finding was also observed in the motor neurons, but not in Purkinje cells, of SBMA patients. The pathogenic AR, the causative protein of
SBMA, inhibits the transcription of TGF- 8 receptor type II (T BRII) via abnormal interactions with NF-Y and p300/CBP-associated factor.
Furthermore, overexpression of T3RII dampens polyglutamine-induced cytotoxicity in a neuroblastoma cell line expressing the patho-
genic AR. The present study thus indicates that disruption of TGF-3 due to the transcriptional dysregulation of TBRII is associated with

polyglutamine-induced motor neuron damage in SBMA.

Introduction

Polyglutamine disease is a group of hereditary neurodegenerative
disorders resulting from the expansion of a genomic trinucleotide
CAG repeat, which encodes a polyglutamine tract in causative pro-
teins (Gatchel and Zoghbi, 2005). To date, nine polyglutamine dis-
eases are known: Huntington’s disease (HD), spinal and bulbar
muscular atrophy (SBMA), dentatorubral-pallidoluysian atro-
phy, and six forms of spinocerebellar ataxia (SCA1, 2, 3, 6, 7, and
17). SBMA is a lower motor neuron disease caused by an abnor-
mal expansion of a CAG repeat within the androgen receptor
(AR) gene (La Spada et al., 1991). Although the causative genes
are unrelated except for the expanded CAG repeats, polyglu-
tamine diseases share a common molecular pathogenesis. The
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expanded polyglutamine tracts alter the conformations of the
causative gene products, which then have a strong propensity
to accumulate within neurons. It is now commonly held that
the accumulation of causative proteins is a pivotal molecular
event that triggers the pathogenesis of polyglutamine-mediated
neurodegeneration.

Although the molecular mechanism of polyglutamine-
induced neuron damage has not been completely elucidated,
there is increasing evidence that the accumulation of pathogenic
polyglutamine proteins leads to transcriptional dysregulation.
This hypothesis has been forwarded by the observation that the
polyglutamine aggregates sequester a wide range of transcription
factors and coactivators, such as Spl and cAMP response
element-binding protein-binding protein (CBP) (Nucifora et al.,
2001; Dunah et al., 2002). The pathogenic polyglutamine pro-
teins suppress a histone acetyltransferase (HAT) activity of these
nuclear proteins, resulting in histone hypoacetylation and even-
tual downregulation of various gene expressions (Palhan et al.,
2005; Sadri-Vakili et al., 2007). In support of this view, pharma-
cological augmentation of histone acetylation by histone deacety-
lase (HDAC) inhibitors mitigates the neurodegeneration in
cellular and animal models of polyglutamine diseases (Butler and
Bates, 2006). Even though it remains unclear which genes are
responsible for the pathogenesis of polyglutamine-mediated
neurodegeneration, a cDNA microarray study of cultured cells
identified a set of genes whose expressions are specifically regu-
lated by HDAC inhibitors (Peart et al., 2005). These genes are
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components of Myc, transforming growth factor- (TGF-f3), or
cycline/cycline-dependent kinase pathways and are relevant to
cell survival and proliferation.

Among these HDAC inhibitor-regulated pathways, TGF- sig-
naling was demonstrated to play a crucial role in the survival and
function of adult neurons (Flanders et al., 1998). TGF-B knock-out
mice show prominent neuronal cell death together with reduced
synaptic density in various parts of the brain (Brionne et al., 2003).
TGF-f signaling regulates axon guidance in Caenorhabditis el-
egans and is required for synaptic growth, neurotransmitter re-
lease, and neuron morphogenesis in Drosophila (Colavita et al.,
1998; Zheng et al., 2006). These observations suggest that an
impaired TGF-B signaling leads to neuron damage. In the present
study, we examined whether TGF-f3 signaling was dysregulated
in SBMA, a polyglutamine-induced motor neuron disease, and
how this signaling was involved in the molecular underpinnings
of polyglutamine-mediated neurodegeneration.

Materials and Methods

Generation, maintenance, and treatment of transgenic mice. AR-24Q and
AR-97Q mice were generated as described previously (Niwa et al., 1991;
Katsuno et al., 2002). We used AR-97Q (line 7-8) male mice because they
show progressive muscular atrophy and weakness as well as SBMA-like
pathology (Katsuno et al., 2003; Waza et al., 2005). In the experiments
where it was required, sodium butyrate (a HDAC inhibitor) was admin-
istered at a concentration of 4 g/L in distilled water from 5 weeks of age
until the end of the analysis, as described previously (Minamiyama et al.,
2004). Castration or sham operations were performed on male AR-97Q
mice via the abdominal route under pentobarbital anesthesia (40 mg/kg,
i.p.) at the age of 5 weeks as described previously (Katsuno et al., 2002).
All animal experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
under the approval of the Nagoya University Animal Experiment Com-
mittee (Nagoya, Japan).

Immunohistochemistry and immunofluorescence histochemistry. Mice
were deeply anesthetized with pentobarbital and perfused with PBS fol-
lowed by 4% paraformaldehyde fixative in phosphate buffer, pH 7.4.
Whole brains, spinal cords, brainstems, and skeletal muscles were re-
moved and embedded in paraffin. Autopsy specimens of lumbar spinal
cord were obtained from genetically diagnosed SBMA patients (52- and
78-year-old males) and from neurologically normal patients (58- and
75-year-old males). The collection of human tissues and their use for this
study were approved by the Ethics Committee of Nagoya University
Graduate School of Medicine. Six-micrometer-thick sections were pre-
pared from paraffin-embedded tissues, and immunohistochemistry and
immunofluorescence were performed as described previously (Katsuno
et al.,, 2006b; Tokui et al., 2009). Sections to be immunostained for
TGEF-p receptor type II (TBRII) or TGE- 3 were first microwaved for 20
min in 50 mu citrate buffer, pH 6.0. Sections to be immunostained for
polyglutamine (1C2 antibody) were treated with formic acid for 5 min at
room temperature. Cells to be immunostained were fixed with 4% para-
formaldehyde fixative in phosphate buffer, pH 7.4, and treated with PBS
containing 0.1% Triton X-100. All the specimens were treated with TNB
blocking buffer (PerkinElmer) before incubation with primary antibod-
ies, and immunoreactivity was detected using EnVision+ System-HRP
(DakoCytomation). The immunohistochemical sections were photo-
graphed with an optical microscope (BX51, Olympus), and immunoflu-
orescent specimens were photographed with an upright microscope
(Axio Imager M1, Zeiss). Fluorescent intensities were measured as de-
scribed previously (Adachi et al., 2001; Katsuno et al., 2006b). Briefly,
fluorescent intensities were measured in >20 neurons within three non-
consecutive sections from each of three AR-97Q mice. For the purposes
of counting, a motor neuron was defined by its presence within the
anterior horn and the obvious nucleolus in a given 6-um-thick section.
The intensities and cell sizes were quantified with Image Gauge software
version 4.22 (Fujifilm). The following primary antibodies were used:
anti-pSmad2/3 (3101, Cell Signaling Technology, 1:5000), anti-poly-

J. Neurosci., April 21,2010 - 30(16):5702-5712 + 5703

glutamine (1C2) (MAB1574, Millipore, 1:20,000), anti-choline acetyl-
transferase (AB144, Millipore, 1:1000), anti-pan-specific TGF-f3 (AB-
100-NA, R & D Systems, 1:1000), anti-TBRI (RB-10455, Thermo
Scientific, 1:200), anti-TBRII (RB-10345, Thermo Scientific, 1:200),
anti-NF-Y (sc-17753, Santa Cruz Biotechnology, 1:500), and anti-p300/
CBP-associated factor (P/CAF) (ab12188, Abcam, 1:200). Alexa-
conjugated secondary antibodies (Invitrogen) were used for immuno-
fluorescence. Fluorescent Nissl staining was performed using NeuroTrace
(Invitrogen, 1:200).

Immunoblotting, immunoprecipitation, and filter trap assay. Mice were
killed under pentobarbital anesthesia. Tissues (whole brains, spinal cord,
brainstem, and skeletal muscles) were dissected free, snap frozen with
powdered CO, in acetone, and homogenized in CelLytic lysis buffer
(Sigma-Aldrich) containing a phosphatase inhibitor mixture (Sigma-
Aldrich) and a protease inhibitor mixture (Thermo Scientific). SH-SY5Y
cells were lysed in CelLytic lysis buffer containing a protease inhibitor
mixture 36 h after transfection. Nuclear and cytoplasmic fractions were
extracted using NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Scientific). The homogenates were centrifuged at 2500 X g for
15 min at 4°C. The supernatant fractions were separated on 5-20% SDS-
PAGE gels and then transferred to Hybond-P membranes (GE Health-
care) using 25 mm Tris, 192 mm glycine, 0.1% SDS, and 10% methanol as
transfer buffer. Primary and secondary antibodies were diluted with Can
Get Signal, a signal enhancer solution (NKB-101, Toyobo). The immu-
noblots were digitalized (LAS-3000 imaging system, Fujifilm), signal in-
tensities of three independent blots were quantified with Image Gauge
software version 4.22 (Fujifilm), and the means = SEM were expressed in
arbitrary units. The following primary antibodies were used: anti-pS-
mad2/3 (3101, Cell Signaling Technology, 1:200), anti-Smad2/3 (3102,
Cell Signaling Technology, 1:300), anti-pSmad1/5/8 (9511, Cell Signal-
ing Technology, 1:300), anti-histone H1 (05-457, Millipore, 1:300), anti-
a-tubulin (T5168, Sigma-Aldrich, 1:5000), anti-pan-specific TGF-3
(AB-100-NA, R & D Systems, 1:200), anti-TBRI (RB-10455, Thermo
Scientific, 1:200), anti-TBRII (RB-10345, Thermo Scientific, 1:200),
anti-V5 (R960-25, Invitrogen, 1:1000), anti-AR (N-20) (sc-816, Santa
Cruz Biotechnology, 1:1000), anti-P/CAF (ab12188, Abcam, 1:500),
anti-NF-Y (sc-17753, Santa Cruz Biotechnology 1:500), and anti-acetyl
histone H3 (06-599, Millipore, 1:500). Primary antibody binding was
probed using horseradish peroxidase-conjugated secondary antibodies
(GE Healthcare) at a dilution of 1:5000, and bands were detected using
the ECL Plus kit (GE Healthcare). Immunoprecipitation was performed
as described previously (Adachi et al., 2003). Briefly, AR-containing im-
mune complexes were precipitated using 300 ug of the total protein
lysate in radioimmunoprecipitation assay buffer, 30 ul of protein
G-Sepharose (GE Healthcare), and 5 ug of antibody anti-P/CAF (sc-
13124, Santa Cruz Biotechnology), anti-NF-Y (sc-17753, Santa Cruz
Biotechnology) or normal mouse IgG (Thermo Scientific). Proteins were
eluted from beads and loaded on SDS-polyacrylamide gels. Blots were
sequentially probed with an anti-AR antibody (sc-816, Santa Cruz Bio-
technology, 1:1000) and then with anti-rabbit IgG (TrueBlot, eBio-
science, 1:1000). Signal intensities of three independent blots were
quantified with Image Gauge software version 4.22 (Fujifilm), and per-
centage input was calculated. Filter trap assay was performed as described
previously (Adachi et al., 2003, 2007). Briefly, SH-SY5Y cells were lysed
in 50 mm Tris pH 8.0, 150 mm NaCl, 1% Nonidet P-40, 0.5% deoxy-
cholate, 1 mm 2-mercaptoethanol, and 2% SDS, and samples of protein
(100 pg) were filtrated through an upper 0.2 um cellulose acetate mem-
brane (Sartorius) and a lower 0.45 wm nitrocellulose membrane (Bio-
Rad) using a Bio-Dot apparatus (Bio-Rad). Blots were probed as
described for immunoblots.

Quantitative real-time PCR. TGF-f3 inducible early gene (TTEG) and
TPRII1 mRNA levels were determined by real-time PCR as described
previously (Katsuno et al., 2006b). Briefly, total RNA was extracted from
mouse spinal cord using TRIzol reagent (Invitrogen) and from cells using
the RNeasy Mini kit (Qiagen). The extracted RNA was then reverse tran-
scribed into first-strand cDNA using SuperScript IIl reverse transcriptase
(Invitrogen). Real-time PCR was performed in a total volume of 50 ul
containing 25 ul of 2X QuantiTect SYBR Green PCR Master Mix and 0.4
uM each primer (Qiagen), and the amplified products were detected by
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isolated from pCR3.1 full-length AR-24Q or a-tubulin m

AR-97Q vectors (Waza et al., 2005), and sub-
cloned into pcDNA 6.2/V5-GW/D-TOPO (In-
vitrogen). The fragments were then subcloned
into the pcDNA6.2/c-EmGFP vector (Invitro-
gen). Human TBRII cDNA was also subcloned
into pcDNA6/V5-His (Invitrogen). For the lu-
ciferase assay, the pTBRII-219/+36 vector en-
coding firefly luciferase, kindly provided by Dr. Seok Hee Park
(Department of Biological Science, Sungkyunkwan University, Korea),
and the pRL-TK vector encoding Renilla luciferase (Promega) were
transfected into SH-SY5Y cells.

Human neuroblastoma cells (SH-SY5Y, American Type Culture Col-
lection No. CRL-2266) were plated in DMEM/F12 containing 10% fetal
bovine serum with penicillin and streptomycin. Each dish was trans-
fected with the indicated vectors using Opti-MEM (Invitrogen) and
Lipofectamine 2000 (Invitrogen) and then differentiated in DMEM/F12
supplemented with 2% fetal calf serum, 10 uMm retinoic acid, and 2 ng/ml
recombinant human TGF-B2 (302-B2, R & D Systems) for 36 h. Sodium
butyrate (NaB) dissolved in PBS was added to the differentiation medium at
the indicated concentrations. The anti-pan-specific TGF-B antibody (R & D
Systems) was applied at a concentration of 5 ug/ml to neutralize TGF-
signaling. The oligonucleotide small interfering RNA (siRNA) duplex
against TBRII (Stealth RNAi duplex, HSS 110701) and that against
P/CAF (Stealth RNAi duplex, HSS 113059) were synthesized by Invitrogen.
SH-SY5Y cells were transfected with either of these siRNAs or with control
oligonucleotide (Stealth RNAi negative control duplex, Invitrogen) by using
Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s in-
structions. Each siRNA was transfected at a concentration of 30 nm.

Luciferase activity and cell viability assay. For the luciferase assay, cell
extracts were prepared 36 h after transfection by a detergent lysis method
(Promega). Luciferase activity was measured with a luminometer (Lumi-
Counter 2500, Microtec) and the Dual-Luciferase reporter assay system
(Promega). The ratio of firefly luciferase activity to Renilla luciferase
activity in each sample served as a measure of the relative luciferase
activity. Each construct was transfected at least three times, and data for
each construct are presented as means == SEM.

Cell death analysis was performed as described previously (Katsuno et al.,
2006b). Briefly, 36 h after transfection, cells were stained with propidium
iodide (Invitrogen) and mounted with VECTASHIELD mounting me-

Figure 1.

Nuclear translocation of Smad2/3 in SBMA mice. 4, Anti-phosphorylated Smad2/3 (pSmad2/3) immunohistochem-
istry of the spinal cords from wild-type, AR-24Q, and AR-97Q mice. Scale bar, 100 wm. B, The frequency of pSmad2/3 staining in
spinal motor neurons of AR-24Q and AR-97Q mice. Error bars indicate SEM; *p << 0.05, **p << 0.01. C, Immunoblots of the nuclear
and cytoplasmic fractions from the spinal cords of wild-type, AR-24Q, and AR-97Q mice (7 weeks old).

dium (Vector Laboratories). Quantitative analyses were made from trip-
licate determinations. Duplicate slides were graded blindly in two
independent trials as described previously (Katsuno et al., 2005). The cell
viability assay was performed using WST-1 (Roche Diagnostics) accord-
ing to the manufacturer’s instructions. Briefly, cells were cultured in
24-well plates. After treatments, cells were incubated with WST-1 sub-
strate for 2-3 h and spectrophotometrically assayed at 440 nm using a
plate reader (Powerscan HT, Dainippon Pharmaceutical).

Statistical analyses. Data were analyzed using the Kaplan—Meier and
log-rank tests for survival rate, ANOVA with a post hoc test (Dunnett or
Turkey—Kramer) for multiple comparisons, two-way ANOVA with re-
peated measures for mouse behavior analysis, Pearson’s coefficient for
correlation, and an unpaired ¢ test from StatView software, version 5
(Hulinks).

Results

Pathogenic AR inhibits nuclear translocation of
phosphorylated Smad2/3

The biological properties of TGF-3 are mediated by a high-
affinity transmembrane receptor serine/threonine kinase com-
plex consisting of TBRI and TBRII. Ligand interaction with a
homodimer of TBRII recruits and activates T BRI, which in turn
phosphorylates the receptor-regulated Smad proteins (Smad2
and 3). Phosphorylated Smad2/3 (pSmad2/3) then translocate
into the nucleus, where the molecules regulate target gene tran-
scription (Shi and Massague 2003). To examine whether TGF-3
signaling is altered in SBMA, we first investigated the nuclear
translocation of Smad2/3 in a transgenic mouse model of SBMA
(Katsuno et al., 2002). In immunohistochemistry, pSmad2/3 was
intensely stained in the nuclei of almost all neurons and glial cells
within the spinal anterior horn of wild-type mice and AR-24Q
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of TIEG mRNA, the expression of which is
controlled by TGF-B. The mRNA levels of
TIEG normalized to GAPDH were signif-
icantly decreased in the spinal cord of AR-
97Q mice (AR-24Q, 3.66 * 0.59 X 10 %
AR-97Q,2.22 = 0.77 X 10 "% p < 0.01; 7
weeks old; n = 4), suggesting that TGF-f3
signaling is inhibited in the transgenic
mouse model of SBMA.

To confirm that the decreased nu-
clear translocation of pSmad2/3 is spe-
cific to the affected brain regions in
SBMA, we compared immunohisto-
chemistry in different areas of the
mouse brain. These results showed that
nuclear translocation of pSmad2/3 was
inhibited in the brainstem, where anti-
polyglutamine immunoreactivity is strongly

58-year-old 75-year-old
(R A i

=
pe

Figure 2.

the nucleus. Scale bars, 100 pm.

transgenic mice bearing normal human AR containing 24 CAGs
(Fig. 1 A, B). By contrast, immunoreactivity of pSmad2/3 was no-
tably diminished in nuclei of AR-97Q transgenic mice carrying
the disease-related mutant AR with 97 CAGs (Fig. 1 A). Although
the onset of motor impairment in AR-97Q mice is ~8-10 weeks,
decreased pSmad2/3 was evident at 7 weeks, a preonset stage in
these mice (Fig. 1 A, B). Immunoblotting confirmed a significant
reduction in pSmad2/3 protein from the nuclear fractions of the
AR-97Q mouse spinal cords (Fig. 1C). Signal intensities of the
pSmad2/3-immunoreactive bands normalized to histone H1
were significantly decreased in the spinal cord of AR-97Q mice
(AR-24Q, 0.89 £ 0.12; AR-97Q, 0.28 = 0.05; p < 0.0005; 7 weeks
old; n = 3). This profound decrease in pSmad2/3 signal in im-
munoblot may result from both neuronal and glial accumulation
of pathogenic AR due to a wide expression of the transgene driven
by a potent promoter in the mouse model (Katsuno et al., 2002).
Despite a significant decrease in nuclear pSmad2/3, AR-97Q mice
showed no alterations in phosphorylated Smad1/5/8, the down-
stream signal molecules regulated by bone morphogenetic pro-
tein (BMP) (Fig. 1C). To test whether TGF-B signaling is
disrupted in the mouse model of SBMA, we measured the levels

Specificity of Smad2/3 hypophosphorylation in SBMA mice and patients. 4, Anti-expanded polyglutamine (1€2) and
anti-pSmad2/3 immunohistochemistry of the brainstem and cerebral cortex from AR-24Q, and AR-97Q mice (13 weeks old).
Phosphorylation of Smad2/3 is decreased in motor neurons within the motor trigeminal nucleus in the pons, but not in neurons
within the visual cortex. B, Anti-pSmad2/3 and anti-choline acetyltransferase (ChAT) immunohistochemistry of serial sec-
tions of the spinal cord from control subjects and SBMA patients. Arrows indicate identical neurons in each patient.
ChAT-positive motor neurons of the SBMA patient are atrophied and show a decreased immunoreactivity for pSmad2/3 in

detected, but not in the visual cortex,
which is not affected in AR-97Q mice (Fig.
2A). As pathogenic AR also accumulates
in the nuclei of non-neural tissues in AR-
97Q mice (Katsuno et al., 2002), we also
examined TGF-f3 signaling in skeletal
muscle. Phosphorylated Smad2/3 was de-
creased in the nuclei of skeletal muscle
cells from AR-97Q mice, suggesting a
noncell type-specific disruption of TGF-f
signaling (supplemental Fig. 1A,B). On
the contrary, nuclear staining of pS-
mad2/3 was not diminished in motor
neurons within the spinal anterior horn of
the mutant superoxide dismutase 1
(SOD1) G93A transgenic mouse, an ani-
mal model of amyotrophic lateral sclero-
sis (ALS), at an early symptomatic stage
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
We further examined whether TGF-f3 sig-
naling is impaired in patients with SBMA.
In autopsied spinal cords from SBMA
patients, nuclear immunoreactivity of
pSmad2/3 was notably diminished in motor neurons (Fig. 2B).
By contrast, nuclear staining of pSmad2/3 was not diminished in
the patients’ glial cells, in which pathogenic AR accumulation
has rarely been observed (Li et al., 1998; Adachi et al., 2005).
Furthermore, nuclear translocation of pSmad2/3 was not in-
hibited in the cerebellar Purkinje cells, which are not affected
in SBMA, suggesting that the impairment of TGF-f3 signaling
is specific to pathological lesions of this disease (supplemental
Fig. 3, available at www.jneurosci.org as supplemental
material).

The accumulation of pathogenic AR in the nuclei of motor
neurons is the pivotal step leading to neurodegeneration in
SBMA. To test the relationship between the nuclear accumula-
tion of pathogenic AR and the reduced activation (i.e., phosphor-
ylation and nuclear translocation) of Smad2/3, we performed
immunohistochemistry on the spinal cords of AR-97Q mice us-
ing antibodies against expanded polyglutamine (1C2) and
pSmad2/3. In the spinal anterior horn, there was significantly less
pSmad2/3 immunoreactivity in the motor neurons showing nu-
clear accumulation of pathogenic AR than in those without 1C2
nuclear staining (Fig. 3A). Quantitative analysis showed that the
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intensity of pSmad2/3 immunoreactivity
in 1C2-positive motor neurons from AR-
97Q mice was reduced to 36.1 = 40.1% of
that from 1C2-negative neurons (p <
0.05; 8-9 weeks old; n = 3 for each
group). The pSmad2/3 immunoreactivity
was positively correlated with the size of
spinal motor neurons (r = 0.689, p <
0.0001), suggesting a link between TGF-3
signal disruption and neuronal dysfunc-
tion (Fig. 3B). As observed in the mice,
there was less pSmad2/3 immunoreactiv-
ity in 1C2-positive motor neurons than in
those without nuclear accumulation of
pathogenic AR in the autopsied spinal
cord of an SBMA patients (Fig. 3C). These
observations suggest that TGF-f signaling
is interrupted in the neurons bearing nu-
clear accumulation of pathogenic AR.

To investigate the cause of TGF-f3
signal disruption, we first examined the
levels of the ligand using an antibody
against pan TGF-B isoforms. TGF-f
immunoreactivity was not decreased in
AR-97Q mouse spinal cord (Fig. 3D).
This finding was consistent with immu-
noblotting that demonstrated no reduc-
tion in the amount of TGF-Bin AR-97Q
mice at both preonset and symptomatic
stages (Fig. 3E).

Expression of TBRII is decreased

in SBMA

The diminished nuclear translocation
of pSmad2/3 along with an intact level
of TGF-B suggests the involvement of
TGF-B receptors. It is known that the
TGF-B receptors TBRI and TPRII are
widely expressed in the CNS, both during
development and in adulthood (Vivien
and Ali, 2006). Immunoreactivities for
both TBRI and TBRII were detected in
the spinal motor neurons of wild-type
mice (Fig. 4A); however, spinal motor
neuron staining for TBRII, but not for
TPBRI, was decreased in AR-97Q mice
even before the onset of neuromuscular
symptoms (Fig. 4A). Immunoblotting con-
firmed a significant reduction in TBRII pro-
tein in the spinal cords of AR-97Q mice
(Fig. 4 B). Signal intensities of the TBRII-
immunoreactive bands normalized to
a-tubulin were significantly decreased in
the spinal cords of AR-97Q mice (AR-
24Q), 0.27 £ 0.03; AR-97Q), 0.16 = 0.04;
p < 0.05; 7 weeks old; n = 3). The mRNA
levels of TBRII normalized to GAPDH
were significantly decreased in the spinal
cords of AR-97Q mice (AR-24Q, 1.38 =
0.16 X 107 AR-97Q, 0.93 * 0.33 X
10 7% p < 0.001; 7 weeks old; n = 4), sug-
gesting that the expression of this receptor
is suppressed.
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Figure 3.  Phosphorylated Smad2/3 and TGF-3 expression in SBMA mice. A, Anti-expanded polyglutamine AR (1C2, red) and
anti-phosphorylated Smad2/3 (green) double immunofluorescence histochemistry in the spinal cord from an AR-97Q mouse (8
weeks old). Immunoreactivity for pSmad2/3 is detected in 1C2-negative neurons (arrowheads), but not in 1C2-positive cells
(arrows). B, Correlation between the intensity of pSmad2/3 immunoreactivity and the size of motor neurons in the spinal cord of
AR-97Q mice (8 -9 weeks old, n = 4). C, 1C2 and anti-phosphorylated Smad2/3 double immunofluorescence histochemistry
in the spinal cord of an SBMA patient. D, Inmunohistochemistry in the spinal cords from AR-24Q and AR-97Q mice using a
pan-specific antibody against TGF-3 isoforms (13 weeks old). E, Inmunoblots of the spinal cords of AR-24Q and AR-97Q
mice. Scale bars, 100 m.
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but not in 1C2-positive cells (arrows). Scale bars, 100 wm.

To confirm that the decreased TBRII expression is specific to
affected neurons, we performed double immunofluorescence
histochemistry using 1C2 together with an antibody against
TPBRII (Fig. 4C). Quantitative analysis showed that the intensity
of TPRRII immunoreactivity in 1C2-positive motor neurons was
reduced to 25.8 = 37.1% of that from 1C2-negative neurons
(p < 0.0001; 8—9 weeks old; n = 3 for each group). Reduced
TBRII immunoreactivity was also detected in an autopsied spinal
cord from an SBMA patient (Fig. 5A). Furthermore, TSRII im-
munofluorescence in this SBMA patient was more reduced in
1C2-positive motor neurons than in those without nuclear accu-
mulation of the pathogenic AR (Fig. 5B).

SBMA only affects males, whereas females carrying the AR
mutation scarcely show symptoms (Katsuno et al., 2006a).
Previous studies showed that the pathogenic AR containing an
expanded polyglutamine tract accumulates in the nuclei of motor
neurons in a testosterone-dependent manner, and that inhibition of

Expression of TGF-3 receptors in SBMA mice. 4, Inmunohistochemistry in the spinal cords from wild-type, AR-24Q,
and AR-97Q mice using antibodies against the TGF- 3 receptors T3RIand TBRII. B, Inmunoblots of the cytoplasmic fractions of the
spinal cords from AR-24Q and AR-97Q mice (7 weeks old). €, 1C2 and anti-T BRIl double immunofluorescence histochemistry in the
spinal cord from an AR-97Q mouse (8 weeks old). Immunoreactivity for TB3RIl is detected in 1C2-negative neurons (arrowheads),

mulation (Katsuno et al., 2002; Takeyama et
al., 2002). Furthermore, testosterone reduc-

{  tion, by castration or medication, mitigates
E neurodegeneration in SBMA mice and pa-
tients (Katsuno et al., 2003; Chevalier-
Larsen et al., 2004; Banno et al., 2009). We
thus examined whether castration restores
the TGF--Smad2/3 signal pathway in male

13 weeks

--‘—i . AR-97Q mice. Both immunohistochemis-

ol try and immunoblotting demonstrated that
- castration increased the expression of
By TBRII and restored the nuclear translo-
cation of pSmad2/3 (supplemental Fig.
4 A, B). Together, these findings suggest
that the accumulation of the pathogenic AR
proteins interferes with TGF-B signaling
through downregulation of TSRII expres-
sion in SBMA mice and patients.

Pathogenic AR dysregulates
transcription of T3RII

To clarify the molecular mechanism by
which pathogenic AR suppresses the ex-
pression of TPRII, we studied its tran-
scriptional regulation in a cultured cell
model of SBMA, SH-SY5Y cells harboring
an N-terminal fragment of human AR
containing an expanded polyglutamine
tract and a part of AF-1 domain [trun-
cated AR-97Q (tAR97Q)]. Phosphory-
lated Smad2/3 was significantly lower in
the nuclear fraction of these cells than in
cells bearing tAR24Q (Fig. 6 A, B; supple-
mental Fig. 5, available at www.jneurosci.
org as supplemental material), and TSRII
protein was reduced in the cytoplasmic
fraction of cells carrying tAR97Q (Fig.
6A,C). Quantitative RT-PCR analysis
showed that TBRII mRNA normalized to
GAPDH was also significantly diminished
in tAR97Q-transfected cells compared
with those transfected with tAR24Q
(tAR24Q, 1.80 * 0.17 X 10 % tAR97Q,
1.11 £ 0.02 X 10 % p < 0.0005; n = 4 per
group). To test whether pathogenic AR
suppresses the expression of TBRII at the transcriptional level, we
investigated TBRII promoter activity using a luciferase reporter
assay. The activity of luciferase, controlled by the TBRII pro-
moter, was significantly decreased in a dose-dependent manner
in tAR97Q-transfected cells compared with those transfected
with tAR24Q (Fig. 6 D), suggesting that the pathogenic AR pro-
tein bearing an expanded polyglutamine tract downregulates the
transcription of TBRIL.

Recent reports indicated that the transcription of TBRII is
regulated by the transcription factor NF-Y, which binds to the
inverted CCAAT box within the promoter region of TRII, and
by P/CAF, a transcriptional coactivator with HAT activity (Park
et al., 2002). Therefore, we next examined whether pathogenic
AR interferes with NF-Y and P/CAF in cultured cells. Immuno-
cytochemical analysis demonstrated that green fluorescent pro-
tein (GFP)-tagged pathogenic AR was confined to inclusion
bodies, to which NF-Y or P/CAF were colocalized (Fig. 7 A, B).
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SBMA patients

were coimmunoprecipitated with P/CAF
or NF-Y (Fig. 7C). Quantitative analyses
showed that the pathogenic AR preferably
binds to P/CAF, although this was not the
case for NF-Y (Fig. 7D).

To confirm the interaction between
the pathogenic AR aggregates and the nu-
clear proteins P/CAF and NF-Y, we per-
formed filter trap assay. In this analysis,
the larger-sized protein complex was re-
tained on the cellulose acetate membrane
(pore diameter, 0.2 um), whereas the ni- |<T:

=
o

TBRII

trocellulose membrane captured proteins
of all sizes (Adachi et al., 2003). The re-
sults showed that both P/CAF and NF-Y
were retained on a cellulose acetate mem- ~
brane together with tAR97Q, but not with B
tAR24Q, suggesting that these nuclear
proteins were confined in a large molecu-
lar weight complex of tAR97Q (Fig. 7E).
Additionally, the amounts of NF-Y and
P/CAF in soluble fraction were decreased
(Fig. 7F).

We showed previously that oral ad-
ministration of NaB, a potent HDAC in-
hibitor, facilitates histone acetylation and
thereby improves motor functions of AR-
97Q mice (Minamiyama et al., 2004). Be-
cause the induction of histone acetylation
was shown to upregulate the TBRII pro-
moter activity (Park et al., 2002), we fur-
ther tested whether NaB restores TGF-3
signaling. In the SH-SY5Y cells expressing tAR97Q, NaB in-
creased the amounts of TBRII and pSmad2/3 (supplemental Fig.
6A, available at www.jneurosci.org as supplemental material).
These effects were suppressed by knock-down of P/CAF, suggest-
ing that NaB-mediated facilitation of TGF-f signaling at least
partially depends on P/CAF activity (supplemental Fig. 6 A, avail-
able at www.jneurosci.org as supplemental material). Moreover,
the expressions of TBRII and nuclear pSmad2/3 were higher in
AR-97Q mice treated with NaB than in untreated mice (supple-
mental Fig. 6 B,C).

Figure5.

TGF-f signaling protects neurons against pathogenic

AR toxicity

We next investigated whether the disruption of TGF- 3 signaling
has a causative impact on polyglutamine-mediated neurotoxic-
ity. To this end, we cotransfected SH-SY5Y cells with tAR24Q or
tAR97Q and with or without a plasmid vector of TBRIIL The
cotransfection of TBRII increased the amount of pSmad2/3 in the
SH-SY5Y cells expressing tAR97Q (Fig. 8A). Propidium iodide
staining demonstrated that overexpression of TSRII inhibited
the cell death induced by tAR97Q (Fig. 8 B). Inclusion body for-
mation, however, was not suppressed by the coexpression of TBRII
(Fig. 8C), suggesting that TGF- signaling attenuates the pathogenic
AR-mediated cell damage without inhibiting the accumulation of
abnormal polyglutamine protein.

To confirm these findings, we evaluated the effects of TSRII
knock-down in SH-SY5Y cells. Suppression of TBRII expression
using siRNA decreased nuclear pSmad2/3 and cytoplasmic TBRII
(Fig. 8D) and significantly increased the number of dead cells
detected by propidium iodide staining (control siRNA, 1.19 =*

58-year-old (M) 75-year-old (M) 52-year-old (M) 78-year-old (M)

TBRIl expression in SBMA patients. A, Anti-T BRIl immunohistochemistry in the spinal cords of an SBMA patients and
control subjects. Arrows indicate identical neuronsin each patient. B, Immunofluorescence of the spinal cord from an SBMA patient
using 1C2 in combination with an antibody against TBRII. Immunoreactivity for TBRII is detected in a 1(2-negative neuron
(arrowhead) but decreased in a 1C2-positive neuron (arrow). Scale bars, 100 wm.

0.62%; TPRII siRNA, 3.08 = 0.54%; p < 0.0005; n = 6 per
group). In addition, TBRII knock-down decreased cell viability
to 77.4 £ 7.7% of control ( p < 0.05; n = 6 per group). Given that
both pharmacological and genetic suppression of TGF-f signal-
ing was shown to induce degeneration of cultured neuroblastoma
cells (Tesseur et al., 2006), our findings suggest that the mutant
AR-mediated blockade of TGF-f signaling has cytotoxic ef-
fects on neuronal cells and thus is associated with poly-
glutamine-mediated cellular damage.

Discussion

TGF-f3 signal perturbation in polyglutamine-mediated
neurodegeneration

The present study demonstrated that the accumulation of patho-
genic AR proteins containing an expanded polyglutamine tract
reduced the expression of TBRII and hampered the nuclear
translocation of pSmad2/3 proteins. We also demonstrated that
the deficiency in TGF- signaling had causative effects on neuro-
nal cell damage that was mitigated by the overexpression of
TBRIL In support of our findings, the blockade of TGF- signal-
ing via neuron-specific expression of dominant-negative TSRII
was shown to induce an age-dependent neurodegeneration and
exacerbate neuropathology in a mouse model of Alzheimer’s dis-
ease (AD) (Tesseur et al., 2006).

The TGEF- superfamily contains two subfamilies: the TGE- 3/
Activin/Nodal subfamily and the BMP/growth and differentia-
tion factor/Muellerian inhibiting substance subfamily. TGF-8, a
pleiotropic cytokine, regulates a diverse set of cellular responses,
including proliferation, differentiation, migration, and apopto-
sis. TGE-B isoforms TGF-B1, - 32, and - 33 are expressed by both
neurons and glial cells, and their receptors are expressed through-
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Figure6. TGF-B-Smad2/3 pathway alteration in cellular model of SBMA. A, Inmunoblots of

nuclearand cytoplasmic fractions from SH-SY5Y cells transfected with mock, tAR24Q, or tAR97Q
vector. B, Signal intensities of the pSmad2/3-immunoreactive bands from the nuclear fractions
of SH-SY5Y cells (n = 3 per group). C, Signal intensities of the TBRIl-immunoreactive bands
from the cytoplasmic fractions of SH-SY5Y cells (n = 3 per group). D, The activity of luciferase,
controlled by the TBRII promoter, in SH-SY5Y cells transfected with the indicated amounts of
tAR24Q or tAR97Q (n = 3 per group). Error bars indicate SEM; *p < 0.01.

out the CNS, including adult human neurons (Flanders et al.,
1998). A number of studies have shown that the TGF-3-Smad2/3
pathway has potent neuroprotective effects. The observation that
viral vector-mediated overexpression of TGF-f3 attenuates isch-
emic brain damage lends support to this view (Zhu et al., 2002). It
was postulated that TGF-f signaling plays a fundamental role in
neural activity through the regulation of synaptic function (Heu-
pel et al., 2008). TGF-B was also shown to protect neurons from
glutamate-mediated excitotoxicity, a putative molecular mecha-
nism underlying the pathogenesis of a variety of neurodegenera-
tive disorders, including polyglutamine diseases (Vivien and Alj,
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Figure7. Pathogenic AR interferes with P/CAF and NF-Y. 4, Anti-NF-Y immunocytochemis-
try of SH-SY5Y cells expressing tAR97Q tagged with GFP. B, Anti-P/CAF immunocytochemistry
of SH-SY5Y cells expressing tAR97Q tagged with GFP. Scale bars, 10 wm. €, Inmunoprecipita-
tion (IP)/immunoblot (IB) of soluble fraction from SH-SY5Y cells transfected with tAR24Q or
with tAR97Q. Coimmunoprecipitation of tAR and the nuclear proteins P/CAF and NF-Y was
detected. D, Quantification of the amount of tAR proteins that are coimmunoprecipitated with
P/CAF or NF-Y. Data are shown as a ratio to input. Error bars indicate SEM *p << 0.01. E, Filter
trap assay of the protein lysate from SH-SY5Y cells transfected with tAR24Q or tAR97Q.
F, Immunoblots of soluble fraction from SH-SY5Y cells transfected with tAR24Q or tAR97Q.

2006; Fernandes et al., 2007). Furthermore, several studies dem-
onstrated that TGF-f3 protects neurons from amyloid 3-protein, the
causative protein of AD (Flanders et al., 1998; Vivien and Ali, 2006).
By contrast, genetic reduction of the TGF-[32 isoform was shown to
induce a loss of dopaminergic neurons in mice, suggesting a link
between TGF-f signaling and Parkinson’s disease (Andrews et al.,
2006). In the present study, we showed that the expression of TBRII
and nuclear translocation of pSmad2/3 are suppressed in the affected
neurons of patients with SBMA. A similar decrease in TBRII
expression was also reported in AD patients, suggesting that
this molecule plays an important role in various pathogeneses of
neurodegeneration (Tesseur et al., 2006). Together, these find-
ings indicate that the decreased expression of TBRII and the re-
sulting perturbation of TGF-B signaling appear to underlie
polyglutamine-dependent neurodegeneration in SBMA.

Transcriptional dysregulation in polyglutamine diseases
Dysregulation of cellular transcriptional machinery is considered
the major molecular mechanism whereby pathogenic polyglu-
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enates from SH-SY5Y cells transfected with tAR24Q or tAR97Q and with or without the coex-
pression of V5-tagged T3RII. Anti-TGF-[3 treatment was used to neutralize TGF-3 signaling.
B, Frequency of cell death detected by propidium iodide staining in SH-SY5Y cells transfected
with tAR24Q or tAR97Q (n = 6 per group) with or without the coexpression of TBRII (n = 6 per
group). €, Percentage of SH-SY5Y cells carrying inclusion hodies (IB) containing overexpressed
AR protein (n = 6 per group). Error bars indicate SEM; *p << 0.01. D, Immunoblots of the
nuclear and cytoplasmic fractions from SH-SY5Y cells transfected with siRNA against T BRIl or
control oligonucleotide.

tamine proteins induce neuron damage (Riley and Orr, 2006).
However, it has yet to be elucidated which molecules are critically
implicated in the pathophysiology of polyglutamine-dependent
neurodegeneration. In the present study, we demonstrated that
the transcription of TBRII, the mediator of TGF-f3 signaling, is
dysregulated by the pathogenic AR protein. This finding was
demonstrated in both cellular and animal models of SBMA. Fur-
thermore, a similar finding was also revealed in an SBMA patient,
suggesting that transcriptional perturbation of TBRII is a funda-
mental molecular event in SBMA.

Previous reports demonstrated that transcriptional alteration
is an early change in the pathogenesis in mouse models of other
polyglutamine diseases as well (Lin et al., 2000; Luthi-Carter et
al., 2000). For example, the expression levels of various heat
shock proteins were substantially decreased in animal models of
SBMA, SCA3, and HD (Hay et al., 2004; Katsuno et al., 2005;
Chou et al., 2008). Recent studies also demonstrated that patho-
genic polyglutamine proteins repress the transcription of sub-
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units of PGC-1 (peroxisome proliferator-activated receptor
gamma coactivator-1), a transcriptional coactivator that regu-
lates the expression of various nuclear-encoded mitochondrial
proteins (Cui et al., 2006; Ranganathan et al., 2009). Moreover,
we have demonstrated that pathogenic AR impairs retrograde
axonal transport via transcriptional dysregulation of dynactin 1
in the mouse model of SBMA (Katsuno et al., 2006b). Given that
activated Smads are retrogradely transported in motor axons,
pathogenic AR-mediated axonal transport impairment may en-
hance TGF-P signal disruption in SBMA (Sanyal et al., 2004).
Collectively, the pathogenic polyglutamine proteins perturb the
transcription of a wide range of genes that play substantial roles in
the maintenance of neuronal function, leading to neuronal dys-
function and cell death. Of note is that some of these transcrip-
tional alterations are shared by different diseases, suggesting a
common target of therapy development against polyglutamine-
mediated neurodegenerative disorders.

Inhibition of histone deacetylase restores TGF- signaling
The present study showed that the pathogenic AR aggregates
sequestrate NF-Y and P/CAF, both of which regulate the tran-
scription of TBRII (Park et al., 2002). This finding should be
interpreted cautiously, since our cellular experiments were not
performed using the full-length AR or on the gene’s endogenous
promoter. However, it has been particularly emphasized that a
pivotal molecular event in polyglutamine diseases is an abnormal
interaction between the respective pathogenic protein and nu-
clear proteins that regulate transcription. A recent study demon-
strated that the components of NF-Y are sequestrated by the
aggregates of pathogenic huntingtin in the brains of HD model
mice (Yamanaka et al.,, 2008). P/CAF also interacts with an
N-terminal fragment of huntingtin that contains an expanded
polyglutamine tract (Steffan et al, 2001). Like other poly-
glutamine-interacting proteins, P/CAF possesses an intrinsic
HAT activity that activates an NF-Y-dependent gene transcrip-
tion (Jin and Scott, 1998). HDAC inhibition has been shown to
upregulate this HAT activity of P/CAF, resulting in mitigation of
polyglutamine-dependent neuropathology in a fly model of HD
(Steffan et al., 2001). Although augmentation of histone acetyla-
tion was shown to attenuate neurodegeneration in several animal
models of polyglutamine disease, the genes regulated by HDAC in-
hibitors in the affected neurons remained elusive (Minamiyama et
al.,, 2004; Hockly et al., 2003; Ying et al., 2006). On the basis of our
present findings, it appears reasonable to infer that the therapeutic
effects of NaB, a potent HDAC inhibitor, in SBMA mice might stem
from the restoration of TBRII expression.

Roles of TGF- in non-neuronal cells

The present study showed that the pathway whereby Smad2/3 is
phosphorylated and translocated to the nucleus is disrupted not
only in the CNS but also in skeletal muscle of SBMA mice, sug-
gesting that pathogenic AR disrupts TGF-f signaling in a cell
type-independent manner. The TGF-B-Smad2/3 pathway func-
tions in virtually all cell types, including muscle. TGF- (3 signaling
was shown to have negative effects on muscle growth. Myostatin,
a member of the TGF-S superfamily, has gained attention as a
potential therapeutic target for myopathies, because genetic de-
letion of this factor results in an increased muscle volume
(McPherron et al., 1997). Therefore, disrupted TGF-f signaling
in skeletal muscle might play a protective role against muscular
damage in SBMA mice. This protection, however, is likely not
capable of compensating for the muscle damage due to the
polyglutamine-induced degeneration of spinal motor neurons,
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given the severe muscular atrophy present in the AR-97Q mice
(Katsuno et al., 2002). In support of this view, a previous study
showed that inhibition of myostatin has little effect on muscle
damage in rodent models of ALS (Holzbaur et al., 2006).

The TGF-B-Smad2/3 pathway is also known to regulate the
function of glial cells. However, a great deal of debate has been
waged on how glial TGF- signaling modulates the pathogen-
esis of neurodegeneration. TGF-3 was shown to activate as-
trocytes and to protect against neuron damage caused by brain
injury, while the overexpression of TGF-f in astrocytes pro-
motes brain inflammation and AD-like microvascular degen-
eration (Flanders et al., 1998; Wyss-Coray et al., 2000). In
polyglutamine diseases, the pathogenic proteins accumulate
exclusively in neurons, suggesting that neuronal involvement
is the primary molecular event triggering neurodegeneration.
In accordance with this hypothesis, the present study suggests
that the neuronal TGF-3-Smad2/3 pathway plays a substantial
role in the molecular mechanisms underlying polyglutamine-
mediated neurodegeneration, given that TGF- signaling was
disturbed both in transfected cultured neuronal cells and in
neurons of diseased patients and mice.

In conclusion, the present study showed that polyglutamine-
dependent neuron damage in SBMA is associated with the dis-
ruption of TGF-f3 signaling due to transcriptional dysregulation
of TPRIL Our findings further suggest that restoration of the
brain TGF-B-Smad2/3 pathway might be a potential therapeutic
approach to polyglutamine-induced neurodegenerative diseases.
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