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Sigma), NANOG (1:100, ReproCELL), OCT3/4 (1:200,
Santa Cruz Biotechnology), SSEA-4 (1:200, Millipore),
TRA-1-60 (1:200, Millipore), TH (1:100, Millipore), a-
synuclein (1:500, Invitrogen), pa-synuclein (1:1000, Wako),
cleaved-Caspase3 (1:500, Cell Signaling) and ComplexIII
(C-I)-core I (1:200, Invitrogen). Cells were washed with
PBS after incubation with the primary antibody, followed
by incubation with an Alexa Fluor 488-, Alexa Fluor 555-,
or Alexa Fluor 647-conjugated secondary antibody (1:500,
Invitrogen). Images were obtained using Apotome (Zeiss)
or LSM-710 confocal (Zeiss) microscopes.

PCR amplification of genomic DNA

Genomic DNA was purified from HDFs and iPSCs using
a DNeasy kit (Qiagen). The PCR conditions used have
been previously described [2,42].

Reverse transcription (RT)-PCR

RNA isolation and reverse transcription (RT)-PCR were
performed as previously described [44]. The amount of
c¢DNA was normalized to S-actin mRNA. Real-time RT-
PCR was performed on a ABI PRISM Sequence detection
System 7900HT (Applied BioSystems) using SYBR premix
ExTaq (Takara). Primers for the detection of Oct4, the
transgenes Octd-tg, Sox2-tg, Klfd-tg and c-Myc-tg, and
MAO-A, and -B have been previously described [10,15].

Teratoma assay

To assess teratoma formation, iPSCs were injected into
the testis of 8-week-old NOD/SCID mice (OYG Inter-
national) as previously described [14]. Eight weeks after
transplantation, tumors were dissected and fixed with 4%
PFA in PBS. Paraffin-embedded tissue was sectioned and
stained with H&E. Images were obtained using a BZ-9000
(Keyence) microscope.

CGH array

Genomic DNA was restricted, labeled, and purified using
the Agilent Oligo CGH Microarray Kit (Agilent Techno-
logies) according to the manufacturer’s protocol. Labeled
genomic DNA was processed for hybridization on a 4x
180K microarray (Agilent Technologies). Processing was
performed as instructed by the manufacturer. The gen-
omic analysis was performed using Agilent Genomic
Workbench ver. 6.0 software (Agilent Technologies).

Metabolism assays

Reduced GSH levels were measured according to the kit
manufacturer’s protocol (GSH-Glo Glutathione Assay;
Promega). Chymotrypsin-like proteasome activity was
measured using a Cell-Based Proteasome-Glo Assay
according to the manufacturer’s instructions (Promega).
Briefly, neural cells (1.0 x 10%) derived from neurospheres
were seeded in triplicate into a white 96-well plate (Nunc).
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Prepared reagent (100 pl) was added to each well. After
incubation for 10 min at RT, luminescence intensity was
recorded. ROS levels were determined by measuring
DCFH-DA fluorescence (Invitrogen). Briefly, neurons
were incubated with 5 uM DCFH-DA and Hoechst
(1:2000) for 30 min at 37°C, after which they were washed
with PBS and then incubated in differentiation media.
Fluorescence was measured by an In Cell Analyzer 2000
system (GE Healthcare Biosciences).

Protein analysis

Differentiated neurons were harvested in MAPK lysis buffer
containing proteinase inhibitor, and protein concentrations
were measured by BCA assay (Thermo Scientific). Samples
were diluted to yield equivalent protein concentrations and
then 4 pg was denatured by the addition of 4X sample
buffer (Invitrogen) supplemented with B-mercaptoethanol
followed by boiling. Samples (7 pl/lane) were loaded onto a
4-20% SDS-polyacrylamide gradient gel. Membranes were
incubated in blocking solution with the indicated primary
antibodies at 4°C overnight. Immunoreactive proteins were
detected with horseradish peroxidase (HRP)-conjugated
secondary antibodies and then visualized by chemilumines-
cence (Pierce, Rockford, IL, USA) according to the manu-
facturer’s instructions. Quantification of band intensities
was performed using an RAS4000 system. The primary
antibodies used were anti-NQO1 (1:1000, Abcam), anti-
NRF2 (1:1000, Santa Cruz Biotechnology) and B-actin
(1:5000, Cell Signaling).

CCCP and Baf A, treatments

Neurons were cultured with 30 pM CCCP (Sigma-Aldrich)
or DMSO, with or without 5 pM Baf A; (Sigma-Aldrich),
for 48 h. The cells were then fixed and stained for BIII-
tubulin and C-III Core I, and counterstained with Hoechst.
To quantify the IMM area of the neurons, the cytoplasmic
area was extracted as shown in Figure 3C. The C-III Core
I-positive signals within the extracted area were then con-
verted to gray-scale and digitized. The IMM area was quan-
tified from the digitized values using Image ] software.

Tetramethylrhodamine ethyl ester (TMRE) staining
iPSC-derived neurons were incubated with 1nM TMRE
(Invitrogen) for 15 min at 37°C and then observed under
an Olympus IX81 microscope.

Electron microscopy

Cells were fixed with 2% glutaraldehyde/2% PFA in 0.1 M
phosphate buffer (PB) (pH7.2), post-fixed with 1% OsO4 in
0.1 M PB (pH 7.2), blocked and stained with a 2% aqueous
solution of uranyl acetate, dehydrated with a graded series
of ethanol, and then embedded in Epon 812 (TAAB).
Coverslips were detached and the embedded samples were
placed under a stereomicroscope to identify the cells of
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interest. Ultrathin sections were cut with a Leica UC6
or UC7 ultramicrotome (Leica Microsystems) and then
stained with uranyl acetate and lead citrate. Samples
were observed with a Hitachi H7100 or HT7700 elec-
tron microscope.

Morphometry

Morphometric analysis was used to measure the volume
density of mitochondria in the neuronal perikarya as pre-
viously described [45]. Briefly, electron micrographs of neu-
rons (n = 20, 23, 41, and 44 for control A (B7), control B
(WD39), PA9 and PB2, respectively) were obtained at a
magnification of x7000. After enlarging to three times the
original magnification, point-counting was carried out to
determine the volume density using a double-lattice test
system with 1.5 cm spacing. Mitochondria were classified
as normal, abnormal, or undetermined. The abnormal
mitochondria were defined as those with irregularly
arranged cristae, or with a high electron-dense matrix. The
volume density (Vv) of each type of mitochondrion was
expressed as percent volume according to the following
formula: Vv = (Pi/Pt) x 100 (%), where Pi is the number of
points falling on each mitochondrial structure and Pt is the
number of points falling on the neuronal perikarya.

Immunohistochemical analysis of autopsied brain tissue
The ethical committee of the Kitasato University School of
Medicine and Juntendo University School of Medicine
reviewed and approved the protocol for analysis of autop-
sied brain tissue. Patients and control subjects were
informed of the study and gave written informed consent.
Brain tissue from patient PA was obtained following her
death at age 72; brain tissue from the father of patient PB
was obtained when he died at age 70 [46]. Tissue was fixed
with 10% formalin and then embedded in paraffin. Mid-
brain sections (6 pm thick) were cut, deparaffinized with
xylene, and then rehydrated in ethanol. After being boiled
and treated with HyO,, sections were subjected to im-
munofluorescence staining with antibodies to the following
proteins: o-synuclein (1:500, Invitrogen), pa-synuclein
(1:1000, Wako), and TH (1:1000, Calbiochem). After was-
hing with PBS, sections were incubated with a biotinylated
secondary antibody (1:500; Vector Laboratories Inc.) at RT
for 1 hr followed by incubation with an avidin-biotin pe-
roxidase complex (Vector Laboratories Inc.) for 1 hr.
Immunoreactive proteins were visualized using 3,3-diami-
nobenzidine (DAB; Wako Pure Chemical Industries) and
nuclear fast red staining, For immunofluorescence, FITC-
conjugated and Cy3-conjugated secondary antibodies
(1:500; Jackson Immunoresearch Laboratories) were used.
Images were obtained using a BIOREVO (Keyence) and a
confocal laser-scanning LSM710 (Zeiss) microscope.
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Statistical analysis

Values represent the mean + SEM. The Mann—Whitney
U-test was used to evaluate differences between groups. A
P value of < 0.05 was considered significant.

Additional files

Additional file 1: Genetic studies of family. (A) An arrow indicates PA
patient. (B) An arrow indicates PB patient. Filled circles and squares,
women and men with PARK2 mutation; Open circles and squares, normal
women and men; Diamond shapes, family members whose DNA
samples were not analyzed. Symbols with lines through them represent
the deceased.

Additional file 2: Characterization of control and PARK2 iPSCs. (A)
Control A (YA9), Control B (WD39), PA (PA9), and PB (PB2) iPSCs
expressed the pluripotency markers SSEA4 (red) and TRA1-60 (green).
Scale bar, 100 pm. (B) iPSCs established from patients PA (PA1, PA22) and
PB (PB1, PB18, and PB20) were positive for the pluripotency markers
Nanog (red), Oct4 (green), SSEA4 (red), and TRA1-60 (green). Scale bars:
phase images, 200 ym; immunofluorescence images, 100 pm. (C) Levels
of endogenous Oct4 mRNA in the generated iPSCs were similar to those
in KhES1 cells, a human embryonic stem cell (hESQ) line [42]. Expression
levels were normalized to that of KhES1 (set as 1). (D) Cont A (YA9), Cont
B (WD39), PA (PA1, 9 and 22), and PB (PB1, 2, 18 and 20) iPSCs gave rise
to teratomas with all three germ layers, confirming pluripotency. Scale
bar, 100 um. (E) Silencing of transgenes in control and PARK2 iPSC
clones. Expression levels were normalized to the positive control of
fibroblasts in cultures assayed 6 days after retroviral infection (= 100).
Cont A, Control A; Cont 8, Control B.

Additional file 3: Confirmation of parkin deletions and genomic
stability of PARK2 iPSCs using comparative genomic hybridization
(CGH) microarray analysis. (A) Exons 2-4 were deleted in the PA9 and
PA22 iPSC lines. Exons 6 and 7 were deleted in the PB2, 18, and 20 iPSC
lines. (B) Copy number profiles of whole chromosomes in PARK2 iPSCs
assessed by CGH microarray analysis revealed that no genomic
aberrations were introduced during the process of establishing PARK2
iPSCs.

Additional file 4: Expression level of MAO-A and -B showed no
difference among Control and PARK2 iPSC-derived neurons. (AB)
gRT-PCR measurement of MAO-A and -B transcripts in PARK2 (PA (1,9
and 22) and PB (1, 2 and 20)) iPSC-derived neurons showed no difference
compared to those in Cont A (B7 and YA9). ContA; Control A, ContB;
Control B.

Additional file 5: Healthy mitochondria in PARK2 fibroblasts and
iPSCs. (A, B) Electron micrographs of fibroblasts (upper panels) and iPSCs
(lower panels) from Control (Cont A and Cont B) and PARK2 patients (PA
and PB). Mitochondria in the fibroblasts and iPSCs from both groups
showed long, cylindrical profiles with well-organized cristae, and the
electron density of the matrix was relatively low (asterisks). Scale bar, 0.25
um. Cont A, Control A; Cont B, Control B. (C) Fibroblasts were treated
with 30pM CCCP or DMSO for 48 h, followed by staining for Clli corel
(magenta) to label the internal mitochondrial membrane (IMM) and
counterstaining with Hoechst (Ho, blue). Mitochondrial size decreased
after CCCP treatment in both Control (Cont A and Cont B) and PARK2
(PA and PB) fibroblasts. Scale bar, 20 um. (D) iPSCs were treated with 30
UM CCCP or DMSO for 48 h and then stained for Clll corel (magenta) to
label IMM, Oct4 (blue) to label iPSCs, and Hoechst (Ho, white).
Mitochondrial size in Control (Cont A (B7), Cont B (WD39)), and PARK2
(PAS and PB2) iPSCs decreased after CCCP treatment. Scale bar, 20 um
(E) CCCP/DMSO ratios in Control (Cont A (B7, YA9), Cont B (WD39)), and
PARK2 (PA9 and 22 and PB2 and 20) iPSCs (Mann Whitney U-test). Data
represent the mean and SEM (n > 3 for each group).

Additional file 6: Mitochondrial membrane potential after

CCCP treatment in control and PARK2 iPSC-derived neurons. (A)
iPSC-derived neurons were treated with 30 uM CCCP or DMSO for 48 h,
after which they were stained for the mitochondrial membrane potential
marker, TMRE. The intensity of TMRE (yellow) was clearly reduced in
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Fcontroi (Cont A (B87), Cont B (WD39)), and PARK2 (PA9 and PB2)

iPSC-derived neurons. Scale bar, 50 pym.

Additional file 7: Confirmation of parkin deletions carried by the
father of patient PB. (A) Deletion of exons 6 and 7 was confirmed in
blood samples from PB and the father of PB by PCR.

Additional file 8: a-Synuciein signals are not seen in PARK2 iPSCs.
(A) Quantitative genomic PCR analysis for SNCA exons 1 and 4
demonstrated a normal copy number in PARK2 (PA1, 9 and 22, and PB1,
2, 18 and 20) iPSCs. The copy number was the same as that observed for
Cont A (B7 and YA9) and Cont B (WD39). The SNCA gene copy number
was normalized to B-globin (HBB) and B2-microglobulin (B2MG). (B) iPSCs
were stained for a-synuclein (red), Oct4 (green; to label iPSCs) and
Hoechst (blue). No a-synuclein signals were observed in Cont A (B7 and
YA9), Cont B (WD39), or PARK2 (PA9 and 22, PB2 and 20) iPSCs. Scale bar,

50 pm.
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ABSTRACT

Background: We report neuropathologic findings in a
patient with homozygous deletions of exons 2 to 4 of
parkin.

Results: Although the absence of Lewy bodies has
been considered a neuropathologic characteristic of
parkin mutation, here we report a pathologic finding
with the presence of Lewy bodies.

Methods: The patient was a 72-year-old woman with
onset of the disease at age 61. Her autopsy revealed
marked decrease in melanized neurons in the substan-
tia nigra and the locus coeruleus. Lewy bodies were
found in the substantia nigra, the locus coeruleus, the
dorsal motor nucleus of the vagus, the basal nucleus
of Meynert, the amygdaloid nucleus, and the sympa-
thetic nerve bundles in the myocardium.

Conclusions: Only 3 previous case reports described
Lewy body formation in patients carrying parkin muta-
tions. The distribution of Lewy bodies in our patient
appeared 1o be reminiscent of sporadic Parkinson’s
disease. © 2013 Movement Disorder Society

Key Words: PARK2; Lewy body; a-synuclein; parkin;
neuropathology
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Parkinsonism associated with parkin mutations
(PARK2) is characterized by early onset (age < 40
years), slow progression, good response to levodopa,
sleep benefit, levodopa-induced motor fluctuations,
and dyskinesias."™ Selective neuronal degeneration in
the pigmented neurons of the substantia nigra (SN)
without Lewy body formation is considered a patho-
logic characteristic of PARK2-linked Parkinson’s dis-
ease (PD)*%; however, Lewy body-positive cases
have also been reported.’>** We had a chance to see
an autopsied case of a PARK2 patient who had
numerous Lewy bodies in the brain.

Case Report

The patient was a 72-year-old woman. She noted
onset of difficulty in walking in her left leg at age 61.
At age 64, difficulty in walking spread to her right leg
with start hesitation. She was seen at Juntendo Univer-
sity Hospital on December 13, 2001. She showed
tremor in her left hand, mild rigidity, bradykinesia, gait
disturbance, and postural instability. Her parents were
first cousins. Her mother was said to have PD, but the
details were not clear. Her father did not have PD.

Her brain MRI was unremarkable. Cardiac MIBG
scintigraphy at age 66 was normal (heart-to-mediasti-
num uptake ratio was 2.27 in the early phase and
2.14 in the delayed phase; normal value for the insti-
tute, >1.45). Genetic analysis revealed homozygous
deletions of exons 2—4 of parkin.

She was at Yahr stage I to II with cabergoline. At
age 67, levodopa/carbidopa was started because of
postural instability. She had no orthostatic hypoten-
sion or dementia. She began to have wearing-off and
dyskinesia at age 68. She received bilateral STN-
DBS at age 71 with improvement in her motor fluc-
tuation. At age 72, she was admitted to our hospital
because of severe pneumonia. Shortly after admis-
sion, her clinical status deteriorated, and she died of
respiratory failure. Autopsy was performed 2 hours
after death.
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Neuropathologic Findings

The brain samples were embedded in paraffin, and
sections 4 um thick were made. They were stained with
hematoxylin-eosin (HE), Kliwver-Barrera, and Gallyas-
Braak and immunostained with the following
antibodies: antiphosphorylated a-synuclein (psyn #64,
Dako, Kyoto, Japan), antiphosphorylated tau (ATS;
Innogenetics, Temse, Belgium), and anti-amyloid-beta
protein (11-28; IBL, Fujioka, Japan). The anterior walls
of the left ventricles of the hearts of this patient, a
patient with sporadic PD, and a control patient were
stained with HE and immunostained with psyn #64,
antityrosine hydroxylase (TH; Calbiochem, Darmstads,
Germany), and antiphosphorylated neurofilament
(SMI31; Sternberger Immunochemicals, Bethesda,
MD). Brains of the 3 patients with PD and dementia
(PDD) were also stained for a-synuclein pathology for
comparison.

The weight of the brain was 1260 g with no atro-
phy. The serial coronal sections of the brain and hori-
zontal sections of the brain stem showed severe loss of
pigmentation in the SN (Fig. 1a) and locus coeruleus
(LC; Fig. 1b). Microscopically, the numbers of mela-
nin-containing neurons were decreased in the SN (Fig.
1c) and LC. Lewy bodies were seen in the SN (Fig. 1c¢)
and LC. Immunostaining with psyn #64 showed Lewy
bodies and Lewy neuritis in the remaining neurons of
the SN, LC (Fig. 1d), dorsal motor nucleus of the
vagus (Fig. le), amygdaloid nucleus, basal nucleus of
Meynert (nbM; Fig. 1f), striatum, and anterior cingu-
late cortex. Semiquantitative observation of Lewy-
related pathology in 3 sporadic PD patients based on
the scoring system of the Third Report of the DLB
Consortium®® revealed 3 (severe) in the SN and nbM
in all 3 patients, and 3.7 = 0.58 (4 [very severe], 4,
and 3) in the amygdaloid nucleus (central), although
in our patient, it was 3 in the SN, nbM, and amygda-
loid nucleus (central). From the distribution of Lewy
bodies, her brain corresponded to stage IV of Braak’s
classification.'® Tau-positive inclusions were observed
only in the entorhinal cortex. B-Amyloid plaques were
absent.

Lewy bodies were also found in the adrenal me-
dulla (Fig. 1g). The nerve fibers in the epicardium
were shown to contain eosinophilic inclusions with
HE staining, which were recognized by immuno-
staining with psyn #64 (Fig. 1h). Immunostaining
for TH of the nerve fibers in the epicardium showed
intense staining in the control patient, no immuno-
staining in the patient with sporadic PD, and inter-
mediate staining in this patient. Immunostaining
with phosphorylated neurofilament in the nerve
fibers of the epicardium was the same intensity as
the staining with TH immunostaining, indicating
intermediate degeneration of the cardiac sympathetic
nerve bundles.

A PARK2

PATIENT WITH LEWY BODIES

Discussion

We have reported the pathology of a patient with
homozygous deletions of exons 2-4 of parkin who
had Lewy bodies in many areas of the brain. Until
now, 3 cases of PARK2 with Lewy bodies have been
reported in the literature (Table 1).**7* The case
reported by Farrer et al was a man who had onset of
the disease at age 41 and died at age 52."* He had
compound heterozygous mutations of parkin (R275W
at exon 7 and 40-base-pair deletion in exon 3). Loss
of pigmented neurons and Lewy bodies were seen in
the SN and LC. Immunostaining for a-synuclein
revealed no Lewy bodies in other areas of the brain,
except for a few Lewy bodies in the nbM and the
amygdala-parahippocampal region and the occasional
Lewy neurites in the dorsal motor nucleus of the
vagus. Farrer et al stated that their case did not differ
in any respect from that seen in mild to moderate idio-
pathic PD. The case reported by Sasaki et al was a
woman who had onset of the disease at age 33 and
died at age 70.'® She had homozygous deletion of
exon 3 in parkin. There was moderate loss of pig-
mented neurons in the SN and LC. Lewy bodies were
not observed in the SN or the LC. Inclusion bodies
resembling Lewy bodies but more basophilic were
noted in the neuropil of the pedunculopontine nucleus.
The case reported by Pramstaller et al was a man who
had onset of the disease at age 49 and died at age
73."* Marked loss of neurons was found in the SN
and LC. A small number of Lewy bodies were seen in
the SN and LC. They could detect truncated Parkin
protein in the SN of this patient. The presence of trun-
cated Parkin may be a reason for the presence of
Lewy bodies in our case. We confirmed the absence of
full-length parkin in our case; however, the presence
of truncated Parkin cannot be excluded completely.

Thus, the case reported by Farrer et al'® is similar
to our case, and the case reported by Parmstaller et
al'® has some resemblance, even though the number
of Lewy bodies was smaller. In our patient, Lewy
bodies were detected in many areas of the brain. This
distribution of Lewy bodies may well be seen in spo-
radic PD. Until now 9 cases of autopsied PARK2
patients have been reported including ours,”** of
which 4 cases including ours had Lewy bodies.'*™**

Cardiac uptake of *’I-MIBG scintigraphy was nor-
mal in our case 5 years after onset when the patient was
in stage III of Hoehn and Yahr. Pathological examina-
tion showed relatively preserved sympathetic nerve
fibers in the epicardium compared with patients with
sporadic PD.'” But Lewy body formation was found in
the epicardial nerve fibers. According to the literature,
cardiac TH-positive fibers show marked degeneration in
sporadic PD with a-synuclein deposition,!” whereas
TH-positive fibers were retained in PARK2.'® In our
patient, TH-positive fibers and epicardial axonal fibers
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FIG. 1. Neuropathologic findings of the patient. The substantia nigra shows marked depigmentation in the macroscopic view (a). HE staining of the
substantia nigra shows a Lewy body (arrow) in the remaining neuron (¢), severe loss of pigmented neurons, and melanophagia (arrowhead). The
locus coeruleus cannot be identified because of severe depigmentation in the macroscopic view (b). Immunostaining for a-synuclein shows a Lewy
body in the remaining neurons and Lewy neuritis in the LC (d). Immunostaining for a-synuclein in the dorsal motor nucleus of the vagus (e), and the
nbM (f) shows Lewy bodies and Lewy neuritis. The adrenal medulla also shows Lewy bodies by a-synuclein immunostaining (g). Immunostaining for
a-synuclein of the nerve fibers in the epicardium shows Lewy bodies (h).
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A PARK?2

PATIENT WITH LEWY BODIES

TABLE 1. Summary of Lewy body-positive and —-negative cases of PARK2

Sex Age at onset Age at death Mutation LB distribution

Lewy body-positive cases of PARK2

Farrer et al, 2001 M 41 52 R275W, del 40 bp in Exon3 Transitional

Sasaki et al, 2004 F 33 70 Homozygous delExon3 Pedunculopontine

Pramistaller et al, 2005 M 49 73 delExon7, del1072T Brain stem

Our patient F 61 72 Homozygous delexon2-4 Transitional

Lewy body-negative cases of PARK2

Yamamura et al, 1998 F 20 52 delExon3, delExon3 No LB

Mori et al, 1998 M 24 62 Homozygous delExon4 No LB

Hayashi et al, 2000 M 32 70 Homozygous delExon4 No LB

van de Warrenburg et al, 2001 m 18 75 Lys211Asn, delExon3 No LB

Gouider-Khouja et al, 2003 M 34 47 Homozygous dibp101-102 in Exon2 No LB
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Heat shock factor-1 influences pathological lesion
distribution of polyglutamine-induced
neurodegeneration
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A crucial feature of adult-onset neurodegenerative diseases is accumulation of abnormal
protein in specific brain regions, although the mechanism underlying this pathological
selectivity remains unclear. Heat shock factor-1is a transcriptional.regulator of heat shock
proteins, molecular chaperones that abrogate neurodegeneration by refolding and solubilizing
pathogenic proteins. Here we show that heat shock factor-1 expression levels are associated
with the accumulation of pathogenic androgen receptor in spinal and bulbar muscular atro-
phy, a polyglutamine-induced neurodegenerative disease. In heterozygous heat shock factor-1-
knockout spinal and bulbar muscular atrophy mice, abnormal androgen receptor accumulates
in the cerebral visual cortex, liver and pituitary, which are not affected in their genetically
unmodified counterparts. The depletion of heat shock factor-1 also expands the distribution of
pathogenic androgen receptor accumulation in other neuronal regions. Furthermore, lenti-
viral-mediated delivery of heat shock factor-1 into the brain of spinal and bulbar muscular
atrophy mice topically suppresses the pathogenic androgen receptor accumulation and
neuronal atrophy. These results suggest that heat shock factor-1 influences the pathological
lesion selectivity in spinal and bulbar muscular atrophy.
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eat shock proteins (Hsps), including Hsp70 and Hsp40,
are stress-induced molecular chaperones that have
important roles in maintaining correct folding, the
assembly of newly synthesized proteins and the intracellular
transport of proteins. There are various lines of evidence
indicating that Hsps abrogate neurodegeneration by refolding and
solubilizing pathogenic proteins>*. Particularly, Hsp70 facilitates
the proteasomal degradation of abnormal proteins and thereby
ameliorates neuronal damage in cellular and animal models of
adult-onset neurodegenerative disorders, including Alzheimer’s
disease, amyotrophic lateral sclerosis and Huntington® disease
(HD)Y*7 and other polyglutamine diseases caused by the
expansion of a genomic CAG repeat®™'%. Among several
molecules that control the expression of Hsps, heat shock
factor-1 (Hsf-1) is shown to strong]g regulate the expression of
Hsp70 by activating its promoter'>!2,

To develop effective treatments for neurodegenerative dis-
orders, it is important to elucidate the molecular mechanism by
which only specific cells are affected, despite the broad expression
of the disease-causing mutant genes. The selectivity of the
pathogenic lesions in neurodegenerative diseases may be
influenced by several factors. For example, the length of
the CAG triplet repeat in the causative gene influences the
distribution of pathological lesions of spinocerebellar ataxia type
7 and dentatorubral pallidoluysian atrophy'>!%. Given that
the length of the polyglutamine tract increases the propensity of
the protein to aggregate, the pathological lesion selectivity of
spinocerebellar ataxia type 7 appears to be influenced by the
biological properties of the causative protein'®. Alternatively, the
expression of molecules that interact with the disease-causing
proteins, such as PQBP-1 and Rhes, is also associated with the
distribution of selective neuronal cell loss in polyglutamine
diseases!®17, Furthermore, transcriptional factors such as nuclear
transcription factor Y subunit alpha (NF-YA) and p53 were
shown to, at least partially, determine the vulnerability of cells to
polyglutamine-expanded proteins by regulating the expression of
Hsps in cellular models of HD'$1°.

The accumulation of polyglutamine-expanded proteins is
detected histopathologically as diffuse nuclear staining or as
intraneuronal inclusion bodies, the distribution of which corre-
sponds to that of pathological involvement and symptomatic
phenotypes?®?!, The intranuclear accumulation of disease-causing
misfolded proteins is thought to trigger neurodegeneration by
various mechanisms such as transcriptional dysregulation,
impairment of axonal transport and mitochondrial dysfunction??~24,
This view is supported by animal studies showing that the prevention
of pathogenic protein accumulation successfully rescues the
phenotype in model mice of polyglutamine diseases® 25,

Here, we investigated the role of Hsf-1 in pathogenic lesion
selectivity in spinal and bulbar muscular atrophy (SBMA), an
adult-onset motor neuron disease caused by the expansion of a
CAG repeat in the gene coding androgen receptor (AR)?*~L. This
disease affects susceptible regions, such as spinal anterior horn,
brainstem and pancreas, despite the ubiquitous expression of the
causative protein®2. In the present study, we found that the
heterozygous knockout of Hsf-1 in SBMA model mice led to the
extended distribution of pathogenic AR accumulation in neuronal
and non-neuronal tissues as well as exacerbated neuromuscular
phenotype, whereas the lentiviral overexpression of HSF-1 locally
precludes pathogenic AR accumulation and neuronal atrophy in
the brain of the SBMA mice.

Results
Hsf-1 levels are associated with pathogenic AR accumulation.
To examine whether the expression levels of Hsf-1 are associated

with the distribution of pathogenic AR accumulation in SBMA,
we performed immunohistochemistry on the central nervous
system (CNS) of a transgenic SBMA mouse model carrying
human AR with 97 CAGs (AR-97Q). In this model animal, the
full-length  human AR was expressed ubiquitously
(Supplementary Fig. Sla). The results showed that low expression
levels of Hsf-1 were associated with a high frequency of patho-
genic AR accumulation (Fig. 1a,b). For example, the accumula-
tion of pathogenic AR is frequently observed in spinal motor
neurons that show weak immunoreactivity for Hsf-1. In contrast,
neurons in the cerebral cortex and striatum, most of which are
Hsf-1-positive, were rarely stained with 1C2, a specific antibody
against the expanded polyglutamine tract. In the cerebellum of
AR-97Q mice, there was a scarce accumulation of pathogenic AR
in Purkinje cells, where Hsf-1 was expressed at a high level.
Conversely, there were abundant 1C2-positive cells in the cere-
bellar granular cell layer, which showed scarce immunoreactivity
for Hsf-1 (Fig. 1a). There was little difference in the expression
pattern of Hsf-1 between AR-97Q and wild-type mice, except for
the spinal anterior horn, where the nuclear expression of Hsf-1
was decreased in AR-97Q mice compared with wild-type mice
(Fig. 1a). Quantitative analysis of the relationship between the
expression levels of Hsf-1 and the frequency of 1C2-positive cells
in various parts of the CNS confirmed that higher expression
levels of Hsf-1 are associated with the reduced accumulation of
pathogenic AR (Fig. 1b). This relationship, however, was not
clearly observed for Nfya, p53, TATA box-binding protein (Tbp)
or Spl, which are other potential inducers of Hsp70
(Supplementary Fig. S1b,c). These findings led us to focus on Hsf-
1 as a possible regulator of the pathogenic lesion selectivity,
especially in the CNS, of the SBMA model mouse.

Previous studies showed that AR-97Q mice show pathogenic
AR aggregation in non-neuronal tissues, such as the heart, lung,
pancreas and skeletal muscle, in addition to the CNS*. To
examine whether the expression levels of Hsf-1 are also associated
with pathogenic AR accumulation outside the CNS, we
performed immunohistochemistry using anti-Hsf-1 and 1C2
antibodies on non-neuronal tissues of the AR-97Q mice. The
results demonstrated that a similar relationship as seen in CNS
was observed in the pancreas, liver and testis. There was
unequivocal pathogenic AR accumulation in the pancreas,
where Hsf-1 is expressed at a low level (Supplementary
Fig. S1d). In contrast, no visible pathogenic AR accumulation
was observed in the liver or testis, where Hsf-1 is expressed at a
relatively high level (Supplementary Fig. S1d).

We further verified this relationship in autopsied specimens
from SBMA patients. 1C2-positive cells were frequently detected
in spinal motor neurons and pancreatic islet cells, where HSF-1 is
expressed at a low level, compared with control subjects. In
contrast, there were no 1C2-stained cells in the neuronal and
non-neuronal tissues in which HSF-1 was expressed at a high -
level (Supplementary Fig. S2a,b).

Taken together, these results indicate that high expression
levels of Hsf-1 are associated with reduced pathogenic AR
accumulation in neuronal and non-neuronal tissues of the SBMA
mouse model and SBMA patients.

Hsf-1 depletion expands distribution of AR accumulation. To
clarify whether low expression levels of Hsf-1 have a causative
role in the accumulation of pathogenic AR in vivo, we depleted
Hsf-1 in AR-97Q mice by crossing them with heterozygous Hsf-1-
knockout mice®>, As Hsf-I-null AR-97Q (AR-97Q Tg/—,
Hsf-1 ~ /) mice were not obtained, presumably owing to their
early death during embryonic development, we performed
immunohistochemistry on various tissues from wild-type

2 . NATURE COMMUNICATIONS | 4:1405 | DOI: 10.1038/ncomms2417 | www.nature.com/naturecommunications
© 2013 Macmillan Publishers Limited. All rights reserved.
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Figure 1 | Hsf-1 expression is associated with pathogenic AR accumulation. (a) Immunohistochemistry for Hsf-1 and expanded polyglutamine (1C2) in
the spinal anterior horn, visual cortex, striatum and cerebellum from wild-type and AR-97Q mice (13 weeks old). Arrows indicate motor neurons within the
spinal anterior horn. M, molecular layer; P, Purkinje cell layer; G, granular layer. (b) Quantification of the relationship between the nuclear immunoreactivity
of Hsf-1 and the frequency of 1C2-positive cells in different parts of the CNS. More than 500 neurons in each part from three brains were analysed (b).

Error bars indicate s.e.m. (b). Scale bars, 50 um (a).

(AR-97Q—/—, Hsf-1 +/4), AR97Q (AR-97Q Tg/—,
Hsf-1 +/+ ) and heterozygous Hsf-1-knockout AR-97Q (AR-97Q
Tg/ —, Hsf-1 +/ —) mice, to examine whether Hsf-1 inactivation
expands the distribution of pathogenic AR accumulation. The
nuclear accumulation of pathogenic AR is not detected in the
liver and pituitary gland of AR-97Q mice, even at an advanced
stage (Supplementary Fig. S3). Surprisingly, we observed the
nuclear accumulation of pathogenic AR in the liver of the
heterozygous Hsf-1-knockout SBMA mice (Fig. 2a). Quantitative
analysis showed that 1.40 £0.35% (1.0-2.1) of hepatocytes were
positive for 1C2 in the Hsf-1-depleted AR-97Q mice, while no
positive cells were observed in the AR-97Q mice (n=3 per
group). To confirm the effects of Hsf-I depletion on the
metabolism of pathogenic AR, we performed immunoblotting
of the liver samples using an anti-AR antibody. The results
revealed that the expression level of AR monomer, which aéppears
to be one of the toxic species of polyglutamine protein>®, was
increased by the heterozygous knockout of Hsf-I in the liver of
AR-97Q mice (Fig. 2b,c). Insoluble high-molecular-weight AR
complexes, which may have a protective property, were not
detected in the liver of either type of mice, presumably because of
the relatively low expression levels of AR in this tissue.

To assess whether the accumulation of pathogenic AR due to
Hsf-1 depletion impairs liver function, we performed histology
and blood tests on each mouse group. The serum levels of liver
enzymes, such as aspartate aminotransferase and alanine

aminotransferase, which are indicative of liver dysfunction,
were significantly elevated in heterozygous Hsf-1-knockout AR-
97Q mice compared with the genetically unmodified AR-97Q
mice (Fig. 2d,e), while this was not the case for wild-type mice
(Fig. 2fg). Furthermore, immunohistochemistry demonstrated
that the liver became atrophied in the heterozygous Hsf-I-
knockout AR-97Q mice, but not in their wild-type counterparts
(Fig. 2h-j). Similarly, pathogenic AR accumulation was also
detected in the pituitary gland of the heterozygous Hsf-1-
knockout SBMA mice (Fig. 2a). A total of 0.67+0.17%
(0.5-1.0) of the cells in the pituitary gland of the heterozygous
Hsf-1-knockout AR-97Q mice exhibited the nuclear accumulation
of pathogenic AR, although there were no 1C2-positive cells in
the pituitary gland of genetically unmodified AR-97Q mice (n =3
per group). These findings indicate that Hsf-1 prevents the
accurnulation of pathogenic AR in the liver and pituitary gland of
AR-97Q mice.

A similar phenomenon was observed in certain parts of the
CNS in AR-97Q mice. Interestingly, the accumulation of
pathogenic AR was detected in the cerebral visual cortex of
heterozygous Hsf-1-knockout SBMA mice (Fig. 3a), where the
accunulation of pathogenic AR was not observed in the AR-97Q
'mice, even at an advanced stage (Supplementary Fig. S3).
Furthermore, the heterozygous knockout of Hsf-1 also
augmented the accumulation of pathogenic AR in spinal motor
neurons and Purkinje cells as well as the neurons of the striatum
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Figure 2 | Pathogenic AR accumulates in the liver and pituitary gland of heterozygous Hsf-1-knockout AR-97Q mice. (a) Immunohistochemistry of
AR-97Q and Hsf-1-knockout AR-97Q mice using anti-Hsf-1, anti-Hsp72 and anti-polyglutamine (1C2) antibodies (13 weeks old). The Hsf-1-knockout AR-
97Q mice showed the nuclear accumulation of pathogenic AR (yellow arrows) and decreased levels of Hsf-1 and Hsp72, an inducible form of Hsp70, in the
liver and pituitary gland. (b) Immunoblotting for AR in wild-type, AR-97Q and Hsf-1-knockout AR-97Q mice (13 weeks old). (¢) Quantification of
immunoblotting revealed that the expression levels of AR monomer were upregulated in the liver of heterozygous Hsf-1-knockout AR-97Q mice. Unpaired t-
test, n=3. (d-g) Blood tests revealed that the liver enzyme levels, including aspartate aminotransferase (AST) (d) and alanine aminotransferase (ALT) (e),
were elevated in heterozygous Hsf-1-knockout AR-97Q mice compared with AR-97Q mice (13 weeks old). There were no significant differences in the
levels of AST (F) and ALT (g) between wild-type and heterozygous Hsf-T-knockout mice (13 weeks old). (h) Haematoxylin-eosin staining of the liver of
heterozygous Hsf-T-knockout and genetically unmodified AR-97Q mice (13 weeks old). (i) Quantitative analysis showed that the size of hepatocytes was
reduced in heterozygous Hsf-7-knockout AR-97Q mice compared with AR-97Q mice. (j) Depletion of Hsf-1 did not alter the size of hepatocytes in wild-type
mice. Unpaired t-test (n =4) (d-g). More than 1,000 cells from three livers were analysed in each group, unpaired t-test. (i,j). Error bars indicate s.e.m.
(c-g,ij). Scale bars, 50 um (a,h). NS, not significant.

through Hsp70 downregulation (Fig. 3a and Supplementary 1C2-positive cells confirmed that the accumulation of
Fig. S4a). Quantitative analysis of the change in the relationship  pathogenic AR was significantly increased by the heterozygous
between the Hsf-1 expression levels and the frequency of depletion of Hsf-1 (Fig. 3b-e). Although pathogenic AR mainly
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accumulated in the fifth and sixth layers of the cerebral motor
cortex in the AR-97Q mice, where the expression levels of Hsf-1
are relatively lower than in the other layers, the distribution of
pathogenic AR accumulation was expanded to the second and
third layers in the heterozygous Hsf-I-knockout AR-97Q mice
(Fig. 3f). The heterozygous knockout of Hsf-1 also altered the
distribution and frequency of pathogenic AR accumulation in
neuronal and non-neuronal tissues in the AR-97Q mice
(Supplementary Fig. S4b and Supplementary Table S1). To
verify the impact of Hsf-1 depletion upon the pathogenic AR
aggregations, we next analysed immunoblots of the spinal cord,
cerebral cortex, striatum and cerebellum using an anti-AR
antibody. The findings showed that the amount of smearing AR
protein, which corresponds to the toxic oligomers, was increased
by the heterozygous depletion of Hsf-1 in each part of the CNS of
the AR-97Q mice (Fig. 3g-i). These findings suggest that Hsf-1
expression levels influence the degree of pathogenic AR
accumulation in the SBMA mouse model.

Hsf-1 depletion aggravates neurodegeneration in SBMA mice.
To examine whether the decreased expression levels of Hsf-1
leads to increased motor neuronal damage in the SBMA mouse
model, we analysed the effects of Hsf-I depletion on the neuro-
logical and histopathological phenotypes of AR-97Q mice. The
results demonstrated that muscle atrophy was enhanced in the
Hsf-1-knockout AR-97Q mice compared with the genetically
unmodified AR-97Q mice (Fig. 4a and Supplementary Movie 1).
Footprint analysis showed that the stride length was shortened
and the paws were dragged in the heterozygous Hsf-I-knockout
AR-97Q mice (Fig. 4b,c). The heterozygous knockout of Hsf-1 in
AR-97Q mice also shortened their lifespan and decreased their
body weight, and also.exacerbated muscle weakness, as measured
using grip power and the rotarod task (Fig. 4d-g). To exclude
nonspecific effects of Hsf-1 depletion on the motor phenotypes of
wild-type mice, we investigated the lifespan and motor function
of heterozygous Hsf-I-knockout wild-type mice (Supplementary
Fig. S5a~d). The results showed that the heterozygous knockout
of Hsf-1 had no influence on the lifespan, body weight or motor
function of wild-type mice, suggesting that the deleterious effects
of Hsf-1 depletion are disease-specific phenomena.

To investigate the neuropathological changes underlying the
phenotypic aggravation and the increase of pathogenic 1C2-
positive neuronal cells, we performed immunohistochemistry on
the spinal anterior horn, cerebral cortex, striatum and cerebellum
- of heterozygous Hsf-1-knockout and genetically unmodified AR-
97Q mice using antibodies against choline acetyl transferase
(ChAT), NeuN and calbindin. The results showed that neurons in
each part of the CNS were atrophied in the Hsf-I-knockout AR-
97Q mice (Fig. 5a-h). Western blot analysis confirmed the
decreased levels of ChAT, a functional marker of spinal motor
neurons, in the heterozygous Hsf-I1-knockout AR-97Q mice
(Fig. 5i).

To analyse the effects of Hsf-1 depletion on the denervation
at neuromuscular junctions (NMJs) of AR-97Q mice, we per-
" formed immunofluorescent staining of NMJs using a-bungar-
otoxin together with antibodies against synaptophysin and
phospho neurofilament (Fig. 5k). Quantitative analysis showed
that the frequency of denervation at NMJ is increased in the
heterozygous Hsf-1-knockout SBMA mice compared with the
AR-97Q mice (Fig. 51). In addition, immunohistochemistry and
immunoblot analysis using an antibody against glial fibrillary
acid protein (GFAP) showed increased immunoreactivity in the
anterior horn of the spinal cord of the heterozygous Hsf-I-
knockout SBMA mice compared with AR-97Q mice, indicating
that motor neuron degeneration was enhanced by the partial

depletion of Hsf-1 (Fig. 5m-p). Furthermore, haematoxylin and
eosin staining demonstrated that skeletal muscle fibres were
atrophied in the heterozygous Hsf-1-knockout AR-97Q mice
compared with the genetically unmodified AR-97Q mice,
suggesting the aggravation of neurogenic amyotrophy
(Supplementary Fig. S6a,b).

Tissue-specific regulation of Hsps in SBMA mice. To confirm
that the heterozygous knockout of Hsf-I leads to the down-
regulation of Hsps, we performed immunoblotting on several
tissues from each mouse group. We found that the degree of
Hsf-1 downregulation differed in a tissue-specific manner in the
heterozygous Hsf-I-knockout SBMA mice. For example, the
protein levels of Hsf-1 were significantly decreased by the het-
erozygous knockout of Hsf-1 in the spinal cord, liver and skeletal
muscle (Fig. 6a-d). Conversely, the expression levels of Hsf-1
were not changed in the testis of the heterozygous Hsf-1-knock-
out AR-97Q mice compared with the AR-97Q mice (Fig. 6a,e). In
accordance with these findings, Hsp72, the inducible form of
Hsp70, was downregulated in the spinal cord and liver, but not in
the testis, of the heterozygous Hsf-1-knockout AR-97Q mice
(Fig. 6a~c,e). Moreover, Hspl05 was also significantly down-
regulated in the spinal cord and liver of the heterozygous Hsf-1-
knockout mice (Fig. 6a-c). However, the expression levels of Hsps
within skeletal muscle were not changed by Hsf-1 depletion
(Fig. 6a,d). Similar findings were observed in the heterozygous
Hsf-1-knockout wild-type mice compared with wild-type mice
(Supplementary Fig. S7a-d). To confirm that the downregulation
of Hsp72 following Hsf-1 depletion was via the decrease of
messenger RNA levels, we analysed the mRNA expression levels
of Hsp70A1l, the gene encoding Hsp72, in the spinal cord, liver
and skeletal muscle. The results showed that the mRNA levels of
Hsp70A1 were decreased in the spinal cord and liver of the het-
erozygous Hsf-1-knockout AR-97Q mice, in agreement with the
immunoblotting findings (Fig. 6f,g). In contrast, the heterozygous
knockout of Hsf-1 did not alter the mRNA levels of Hsp70A1I in
skeletal muscle (Fig. 6h). There were no detectable changes in the
expression levels of Hsp40 and Hsp90 in all the tissues examined
from heterozygous Hsf-1-knockout AR-97Q mice (Fig. 6a-e).
These findings are compatible with the change in the distribution
of pathogenic AR accumulation, and indicate that the induction
of Hsp70 is dependent on the expression levels of Hsf-1 in the
spinal cord and liver, but not in the skeletal muscle, of the SBMA
model mice.

To elucidate the molecular machinery underlying the Hsf-1-
independent regulation of Hsp70 expression in the skeletal
muscle of AR-97Q mice, we investigated the expression levels of
several major transcription factors, such as Nfya, Tbp, p53 and
Spl, which also regulate the expression of Hsp70 (refs 18,19,
35-37). The results showed that Nfya and Spl, but not Tbp nor
p53, were upregulated in the skeletal muscle of AR-97Q mice
compared with wild-type mice (Fig. 7a). This upregulation was
further enhanced by the partial depletion of Hsf-1 (Fig.7a~c). In
contrast to the skeletal muscle, neither Nfya nor Spl were
upregulated by Hsf-1 depletion in the spinal cord or liver of AR-
97Q mice (Fig. 7d,e). Immunochistochemical analysis showed an
increase in the levels of nuclear Nfya and Spl in the skeletal
muscle of AR-97Q mice, which was further intensified by the
heterozygous knockout of Hsf-1 (Fig. 7f-h). These findings
suggest that proteins such as Nfya and Sp1 appear to regulate the
expression of Hsp70 and this probably underlies the observation
that pathogenic AR accumulation was not increased in the
skeletal muscle of the Hsf-1-depleted AR-97Q mice.

To investigate the effects of Hsf-1 on the pathogenic AR
aggregations in the skeletal muscle, we analysed immunoblots of
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the tissue using an anti-AR antibody. The results showed that the
amount of oligomers or monomer of pathogenic AR was not
increased by the heterozygous depletion of Hsf-I in the skeletal

muscle of AR-97Q mice (Fig. 7ij). In agreement with these
immunoblot analyses, ‘immunohistochemistry demonstrated
no significant difference in the number of 1C2-positive cells
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Figure 4 | Heterozygous Hsf-1-knockout AR-97Q mice have more severe muscle atrophy than AR-97Q mice. (a) Muscle atrophy is enhanced in the Hsf-
1-knockout AR-97Q mice compared with the AR-97Q mice (10 weeks old). (b) Footprints of 13-week-old AR-97Q and Hsf-1-knockout AR-97Q mice. The
front paws are shown in red, while the hind paws are shown in blue. (¢) Quantification of the footprints revealed that the stride length was significantly
shortened in the heterozygous Hsf-T-knockout AR-97Q mouse (13 weeks old). Unpaired t-test (n=3). Cumulative survival (d), body weight (e), grip power
(f) and Rotarod task (g) of AR-97Q and Hsf-T-knockout AR-97Q mice. There were significant differences in all parameters between the AR-97Q (n=12)
and heterozygous Hsf-1-knockout AR-97Q (n=15) mice by unpaired t-test: P<0.05 (d); P<0.05 at 16 weeks (e); P<0.05 at 25 weeks (F); and P<0.05 at
25 weeks (g). Error bars indicate s.em. (c-g).

<4

Figure 3 | Augmentation of pathogenic AR accumulation in the CNS of Hsf-1-knockout AR-97Q mice. (a) Immunohistochemistry for 1C2, Hsf-1 and Hsp72
in AR-97Q and Hsf-T-knockout AR-97Q mice (13 weeks old). Pathogenic AR (yellow arrows) accumulated in the cerebral visual cortex of heterozygous

" Hsf-1-knockout SBMA mice where the accumulation of pathogenic AR was not observed in the AR-97Q mice. (b-e) The change in the relationship between the
expression levels of Hsf-1 and the frequency of 1C2-positive neurons in the spinal anterior horn (b), cerebral visual cortex (e), Purkinje cells of the cerebellum
(d) and striatum (e). () Immunohistochemistry for Hsf-1 and 1C2 in the cerebral motor cortex of AR-97Q and Hsf-T-knockout AR-97Q mice (13 weeks old). In
AR-97Q mice, 1C2-positive cells were observed in the fifth layer of the cerebral motor cortex, where the expression levels of Hsf-1 were relatively lower than in the
other layers. The distribution of pathogenic AR accumulation (red arrows) was expanded to the second and third layers of the cerebral motor cortex in
heterozygous Hsf-7-knockout AR-97Q mice. (g) Immunoblotting for AR in wild-type, AR-97Q and Hsf-T-knockout AR-97Q mice (13 weeks old). Pathogenic AR
oligomers are indicated by a smear from the top of the gel. *Nonspecific bands. (h) Quantitative analysis of immunoblots using densitometry indicated that the
expression levels of abnormal AR protein complexes in the spinal cord, cerebral cortex, striatum and cerebellum were upregulated in heterozygous Hsf-1-knockout
AR-97Q mice compared with AR-97Q mice. (i) Quantification of immunoblotting revealed that the expression levels of AR monomer were upregulated in the
spinal cord, striatum and cerebellum of heterozygous Hsf-T-knockout AR-97Q mice. *P<0.05, **P<0.01 by unpaired t-test. More than 500 neurons from three
brains were analysed in each group (b-e). Unpaired t-test (n=3) (h,i). Error bars indicate s.em. (b-eh,i). Scale bars, 50 um (a). NS, not significant.
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in the skeletal muscle between the heterozygous Hsf-I-knockout
and genetically unmodified AR-97Q mice (Supplementary
Fig. S8a,b).

Spinal cord

Overexpression of Hsf-1 suppresses AR accumulation. To
investigate whether Hsf-1 exerts neuroprotection in the mouse
model of SBMA, we administered a lentiviral vector expressing
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green fluorescent protein (GFP) with or without human HSF-1
into the motor cortex and striatum of the AR-97Q mice
(Fig. 8a,f), as previous reports showed that no line of transgenic
mice of HSF-1 demonstrates an increased expression level of
this protein in the brain3®. We performed stereotaxic injection of
the lentiviral vector into the motor cortex or striatum of
8-week-old SBMA mice. Three weeks after the surgery,
neuronal size and frequency of abnormal AR accumulation
were examined. In both the motor cortex and striatum, the
frequency of pathogenic AR accumulation around the lentiviral
vector-injected area where HSF-1 was highly expressed was
decreased in comparison with that in the contralateral side
without treatment (Fig. 8b,g). In addition, the neuron sizes
of the motor cortex and striatum were significantly increased by
the HSF-1 injecteion (Fig. 8b,g). Quantitative analyses confirmed
these findings, whereas the lentiviral delivery of GFP without
HSF-1 failed to show any neuroprotective effects (Fig. 8c—e,hj
and Supplementary Fig. S9a-j). These results indicated that
HSF-1 overexpression attenuated the accumulation of pathogenic
AR and eventual neurodegeneration in the brain of the
SBMA mice. - .

In summary, we showed that the expression level of Hsf-1
influences the nuclear accumulation of pathogenic AR, and that
the depletion of this transcription factor leads to the expanded
distribution of pathological lesions and phenotypic exacerbation
in the SBMA mouse model. However, these phenomena were not
observed in skeletal muscle, where alternative regulators of Hsps,
such as Nfya and Spl, were upregulated. In addition, exogenous
overexpression of HSF-1 using a lentivirus vector protected the
neurons within the susceptible lesions of SBMA mice. Our results
suggest that Hsf-1 contributes to the pathological lesion selectivity
in SBMA, and that the tissue-specific regulation of Hsps should
be taken into account for the development of therapies that
induce the expression of molecular chaperones.

Discussion

In the present study, the heterozygous knockout of Hsf-1
substantially augmented the nuclear accumulation of pathogenic
AR in the CNS, suppressed the intraneuronal expression of
Hsp70, diminished the size of affected neurons and exacerbated
the neurological symptoms in a mouse model of SBMA. By
contrast, the lentiviral delivery of HSF-1 attenuated pathogenic
AR accumulation and neuronal atrophy in the brain of the SBMA
mice. Hsps, particularly Hsp70, have a protective role in
neurode§eneration by preventing the accumulation of abnormal
proteins®**-43, However, the role of Hsf-1 in the induction of
Hsps is controversial in experiments using cellular models of
polyglutamine diseases'®1%3%44 The results of the present study
demonstrate that the expression of Hsp70, but not Hsp40, is

regulated by Hsf-1 in various neurons including spinal motor
neurons in the SBMA mouse model. As for the neuro-
protective properties of Hsf-1 against cellular stresses, several
studies showed that the overexpression of Hsf-1 suppresses the
toxicity ofllgolyglutamine—expanded proteins in cultured cells and
rodents>® The present study also demonstrated the
neuroprotective effects of the exogenous HSF-1 in the CNS of
SBMA model mice. By contrast, the depletion of Hsf-1 shortens
the lifespan of a mouse model of HD, although the associated
histopathological and biochemical alterations were not
thoroughly examined®, Taken together, our findings indicate
that the Hsf-1-Hsp70 pathway exerts neuroprotective effects via
the suppression of pathogenic protein accumulation in the
pathogenesis of polyglutamine-induced neurodegeneration.

The most intriguing finding of the present study is that the
heterozygous depletion of Hsf-1 altered the histopathological
distribution of pathogenic AR accumulation in the AR-97Q mice,
indicating a role for Hsf-1 in the selectivity of the pathogenic
lesions in SBMA. The selective damage of specific subgroups of

‘neuronal and non-neuronal cells, despite the ubiquitous expres-

sion of the causative protein, is a characteristic of neurodegen-
erative diseases, although the molecular mechanisms underlying
this phenomenon remain unclear?®. In patients with SBMA, the
accumulation of pathogenic AR in each tissue corresponds to
their clinical symptoms and findings, for example, lower motor
neurons for muscle weakness and atrophy, and the pancreas for
diabetes. Nevertheless, the distribution of pathogenic AR
accumulation is not equivalent to the expression pattern of
normal AR?%32, Furthermore, the accumulation of pathogenic
AR is observed in specific tissues of the AR-97Q mice, although
the expression of the transgene, which was regulated by a potent
chicken-B-actin promoter, was also detected in tissues that
showed no histopathological abnormalities?4>. These findings
suggest that factors other than the transcription of mutant AR
may contribute to the tissue-specific accumulation of the
causative protein. In the present study, the heterozygous
knockout of Hsf-1 induced pathogenic AR accumulation in the
cerebral visual cortex, liver and pituitary gland, which were not
affected in genetically unmodified AR-97Q mice. In addition,
the reduction of Hsf-1 expression in hepatocytes resulted in
the exacerbation of liver dysfunction and cellular atrophy in the
SBMA mouse model. Given that the defect of protein turnover
leads to cellular atrophy®S, the impairment of protein quality
control due to pathological AR accumulation induced by Hsf-1
depletion may underlie the hepatocyte atrophy®’. These findings
indicate that endogenous Hsf-1 can clear certain lesions, such as
in the cerebral visual cortex, liver and pituitary gland, of
pathogenic AR accumulation and that the expression levels of
Hsf-1 in each tissue, at least partially, influence the pathogenic
lesion selectivity of SBMA.

<

Figure 5 | Histopathological change in the CNS of Hsf-1-knockout AR-97Q mice. (a-d) Histopathological analyses of AR-97Q and Hsf-7-knockout
AR-97Q mice (13 weeks old). Immunohistochemistry for ChAT in the anterior horn of the spinal cord (a). Immunohistochemistry for calbindin in Purkinje
cells (b). Immunohistochemistry for NeuN in the striatum (¢). Nissl staining of the cerebral cortex (d). (e-h) Quantitative analysis of the size of
neurons revealed that the neurons in each part of the CNS became atrophied in the Hsf-1-knockout AR-97Q mice compared with the AR-97Q mice.

(i) Immunoblotting for ChAT in the spinal cord of AR-97Q and Hsf-1-knockout AR-97Q mice (13 weeks old). (j) Quantitative analysis of the signal intensity
of the ChAT-immunoreactive bands. (k) Immunofluorescent staining of NMJs in 13-week-old AR-97Q and heterozygous Hsf-1-knockout AR-97Q mice (red,
bungarotoxin; green, synaptophysin and phopsho-neurofilament H).The terminal of motor axons (green) are merged with virtually all the acetylcholine
receptors labelled by bungarotoxin (red) in wild-type mice, indicating that NMJs are fully innervated. By contrast, some NMIJs of AR-97Q mice lack
synaptophysin and phopsho-neurofilament H staining owing to denervation (arrowheads), and this phenomenon was further enhanced by Hsf-T depletion.
(I) The frequency of denervation at NMJ is significantly increased in heterozygous Hsf-1-knockout AR-97Q mice. (m) Immunohistochemistry for Gfap in the
anterior horn of the spinal cord. (n) Quantitative analysis of anti-Gfap immunoreactivity. (0) Immunoblotting for Gfap in the spinal cord of AR-97Q and Hsf-
1-knockout AR-97Q mice (13 weeks old). (p) Quantitative analysis of the signal intensity of the Gfap-immunoreactive bands. Unpaired t-test. More than
500 neurons from three brains were analysed in each group (e-h), n=3 (j). Unpaired t-test. n=3 for each group (), n="5 (n). Error bars indicate s.e.m.

(e-hjInp). Scale bars, 50 um (a-d km).
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Figure 6 | Expression levels of Hsps in tissues from Hsf-1-knockout AR-97Q mice. (a) Immunoblotting for Hsf-1, Hsp72, Hsp105, Msp40 and Hsp90 in
wild-type, Hsf-1-knockout wild-type, AR-97Q and Hsf-1-knockout AR-97Q mice (13 weeks old). (b-e) Quantitative analysis using densitometry revealed
that the expression levels of Hsp72 in the spinal cord (b) and liver (€) were downregulated in heterozygous Hsf-7-knockout AR-97Q mice compared with
AR-97Q mice (13 weeks old). No significant alterations in the signal intensity of the Hsp-immunoreactive bands were observed in skeletal muscle (d) or
testis (e). Data are shown as the ratio of the intensity of each molecule to Gapdh. (f-h) Quantification of Hsp70AT mRNA levels using RT-PCR in the spinal
cord (P, liver (g) and skeletal muscle (h). *P<0.05 by unpaired t-test (n="7) (b-e), and (n=3) (f-h). The inter-group differences were not significant,
unless otherwise mentioned. Error bars indicate s.e.m. (b-h).

The results of the present study also revealed the tissue-specific . owing to an incomplete reduction of Hsf-1 protein levels.
regulation of Hsps by Hsf-1. Despite downregulation of Hsps in ~ Furthermore, the inactivation of Hsf-1 did not decrease the
spinal cord and liver, Hsf-1 depletion had no effect on the expression levels of Hsps or enhance the accumulation of
expression of Hsps in the testis of AR-97Q mice, presumably pathogenic AR in the skeletal muscle of SBMA mice, suggesting
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Figure 7 | Expression levels of Hsp70 inducers in skeletal muscle. (a) Immunoblotting for Nfya, Sp1, p53 and Tbp in wild-type, AR-97Q and heterozygous
Hsf-T-knockout AR-97Q mice (13 weeks old). (b,e) Quantitative analysis using densitometry revealed that the expression levels of Nfya and Sp1 in skeletal
muscle were upregulated in heterozygous Hsf-T-knockout AR-97Q mice compared with AR-97Q mice (13 weeks old). (d,e) Immunoblotting for Nfya and
Sp1 in the spinal cord and liver in the mice of each group (13 weeks old). (f) Immunohistochemistry of skeletal muscle in wild-type, AR-97Q and Hsf-1-
knockout AR-97Q mice using anti-Nfya and anti-Sp1 antibodies (13 weeks old). The nuclear uptake of Nfya and Sp1 was upregulated in AR-97Q mice
compared with wild-type mice, and further intensified in heterozygous Hsf-1-knockout AR-97Q mice. (gh) Quantification of immunohistochemistry with
Nfya and Sp1 in the skeletal muscle of heterozygous Hsf-1-knockout AR-97Q mice compared with AR-97Q mice (13 weeks old). (i) Immunoblotting for AR
in wild-type, AR-97Q and Hsf-T-knockout AR-97Q mice (13 weeks old). *Nonspecific bands. Quantitative analysis of immunoblots using densitometry
indicated that the expression levels of abnormal AR aggregations in the skeletal muscle had no significant change in heterozygous Hsf-1-knockout AR-97Q
mice compared with AR-97Q mice (§). Unpaired t-test (n=3). Error bars, s.e.m. (b,c,gh,j). Scale bars, 50 um (). NS, not significant.

that molecules other than Hsf-1 may maintain the expression of Methods
Hsps. The upregulaﬁon of nya and Spl in the skeletal muscle of Animals. AR-97Q mice were %enerated by using the pCAGGS vector and main-

= _ : tained as described previously>>*. The AR-97Q and heterozygous Hsf-I-knockout
the heterozygous Hyf-1 knockout AR-97Q mice appears to AR-97Q mice, as well as the heterozygous Hsf-I-knockout wild-type and wild-type

compensate for the de.leterious effects 9f Hsf-1 depletion on the e yeed in the experiments described here, were derived by crossing
transcriptional regulation of Hsp70, given that these molecules  heterozygous Hsf-1-knockout C57BL6 mice with AR-97Q mice®>. All of the

are capable of inducing the expression of Hsps in certain experiments were performed on male mice deriv2e§13§rom the cross described above.
circumstances>®3748, In contrast, this compensatory mechanism  The mice were genotyped by PCR on tail DNA™.

does not function in the spinal cord, providing another molecular

basis for the vulnerability of motor neurons in SBMA. In support Behavioural analysis. All of the tests were performed weekly, and the data were

. ! ; . analysed prospectively as described in Supplementary Methods. All of the animal
of our findings, a cell-specific compensatory mechanism was experiments were performed in accordance with the National Institutes of Health

shown to influence ﬂzg selectivity (?f pathogenic leSiong In @ Guide for the Care and Use of Laboratory Animals and under the approval of the
mouse model of HD*. As Hsf-1 is known to have diverse Nagoya University Animal Experiment Committee.

functions in healthy and disease conditions, such as longevity and

inﬂammation50’51, further StUdY is needed to thoroughly Autopsy specimens. Autopsy specimens of the CNS, including the spinal cord,
understand the entire effects of Hsf-I depletion on the cerebrum and cerebellum, and non-neuronal tissues, such as the pancreas, spleen
pathogenesis of neurodegenerative  diseases. From the and colon, were obtained from three genetically confirmed SBMA patients (52, 77

. . X . . : : and 78 years old) and three control subjects (58, 64 and 70 years old). Repre-
therapeutlc point ‘Of view, the manip ulation of t1ssue-spec1ﬁc sentative sections are shown in Supplementary Fig. S2. The collection of tissues and
regulatory systems of Hsps may be a key strategy to combat the  their use for this study were approved by the Ethics Committee of Nagoya

toxicity of polyglutamine-expanded proteins. University Graduate School of Medicine.
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Figure 8 | HSF-1 alleviates neuronal atrophy in the motor cortex and striatum of AR-97Q mice. (af) Expression of transgenes in the motor cortex
(a) and striatum (F) of the AR-97Q mice 3 weeks after injection. (b,g) Immunohistochemistry for Hsf-1/HSF-1, 1C2 and NeuN in the motor cortex and striatum
of AR-97Q mice. The regions injected with lentiviral vector expressing hHSF-1 were compared with the contralateral side of the same mouse (13 weeks
old). (c-e, h-j) Quantitative analyses of the frequency of 1C2-positive cells (¢,h), relative expression level of Hsf-1/HSF-1 (d,i) and cell size of neuronal cells
(e)) confirmed the neuroprotection by the lentiviral delivery of HSF-1 into the motor cortex and striatum of AR-97Q mice. Unpaired t-test. More than
300 neurons from three brains were analysed in each group (c-eh-j). Error bars indicate s.e.m. (c-e h-j). Scale bars, 100 um (af) and 50 um (b,g).
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