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Figure 6 | Construction of genetically stabilized proteasomes, (a) Construction of the RP-CP-fused proteasome strain. To stabilize the RP-CP
interaction in vivo, cells expressing Pre6-Rpt1 or Pre6-Rpt2 fusion protein were generated. (b) The RP-CP-fused cells exhibited wild-type growth.
Wild-type (W303-1A), Pre6-Rpti-fused (YYS961), Pre6-Rpt2-fused (YYS972) and rpndd (YAT1894) cells were spotted onto YPD plates containing

0 or 2mM H,0,, and then incubated at 25 °C. (¢) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of RP-CP-fused proteasomes.
Proteasomes from wild-type (YYS40), Pre6-Rptl-fused (YYS961) or Pre6-Rpt2-fused (YYS972) cells were affinity-purified using the 3 x FLAG

tag in the presence (left) or absence of ATP (right). The proteasomes were subjected to SDS-PAGE followed by coomassie brilliant blue (CBB) staining.
Protein bands corresponding to Rptl, Rpt2, Pre6, an'ﬂ3>< FLAG, Pre6-Rptl, Pre6-Rpt2, and CP subunits are indicated. A full scan of the gel is provided in
Supplementary Fig. 8. (d) Three-dimensional structure of the RP-CP-fused proteasome. Two different views of the cryo-EM maps are represented. The
resolution of the wild-type structure is 27 A, and that of the RP-CP-fused structure is 25 A.
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Figure 7 | Nuclear distribution of genetically stabilized proteasomes. (a) Subcellular distributions of RP-CP-fused proteasomes. Wild-type and
RP-CP-fused cells expressing Rpn1-GFP or Rpn7-GFP (YYS1437, YYS1438, YYS1457, YYS1459, YYS1497 and YYS1498) were imaged by confocal
microscopy. Scale bars, 2 um. (b) Assay for nuclear re-import of proteasomes. Wild-type or PRE6-RPTT cells expressing Rpn1-GFP (YYS2117 and
YYS2119) were cultured for 2 days to form PSGs. Immediately after transfer to fresh medium, the cells were mounted on glass slides and imaged by
confocal microscopy at the indicated time points. PSGs are indicated by arrowheads. Scale bars, 2 um.

assembled into the 26S proteasome!®-2l. In contrast to this detect proteasome intermediates by FCS, even in the importin
canonical pathway, our results obtained by FCS/FCCS analysis of mutant, we cannot rule out the possibility of the canonical
the importin mutant and cells expressing genetically stabilized pathway. Clearly, further studies are needed to clarify which
proteasomes (Fig. 5; Supplementary Fig. 7) suggest that the 26S  pathway predominates within cells. Regardless, our results
proteasome is assembled in the cytoplasm. Because we could not  strongly suggest that the nuclear import of the precursors is not
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essential for proteasome assembly (Fig. 5; Supplementary Fig. 6).
Furthermore, the results of nuclear import assays performed on
RP-CP-fused proteasomes suggest that the 26S holoenzyme can
translocate through the NPC (Fig. 7). Because the dimensions of
the 26S proteasome are 20nm x 45nm, we speculate that the
proteasome could be transported along its longitudinal axis
through the 39-nm NPC channel?”. The direction and orientation
of translocation might be governed by Stsl, an NLS-containing
protein that binds the lid subunit Rpnl1 (ref. 22).

In summary, we have demonstrated a method for quantitative
imaging analysis that enables direct observation of proteasome
dynamics in living yeast cells in which all component proteins
expressed at their endogenous levels. We unambiguously
determined the local concentrations of the proteasome in distinct
subcellular compartments, and also characterized the process of
proteasome complex formation. Our live-cell paradigm avoids
the potential artifacts of classical biochemical studies of the
26S proteasome, which is a labile complex in vitro. The 26S
proteasome is an attractive target for pharmaceutical develop-
ment?, and the proteasome dynamics revealed by ‘in vivo
biochemistry’ provide a new perspective that should facilitate the
development of next-generation proteasome inhibitors.

Methods

Yeast strains and media. Strains used in this study are listed in Supplementary
Table 1. Standard protocols were used for yeast manipulation®S. The proteasome
subunits RPNI, RPN7 and PRE6 were chromosomally tagged with yeast enhanced
green fluorescent protein (GFP) or monomeric Cherry fluorescent protein
(mCherry), as described previously?#04°, Genetically stabilized 26S proteasomes
in which the CP subunit PRE6/u4 was fused to the RP subunit RPTI or RPT2
were constructed as follows. The 5'-truncated PRE6 open reading frame (ORF)
(+ 304 to + 762, Notl-BamHI) was inserted into the NotI-BamHI site of the
yeast-integrating vector pRS306. Next, the RPTI ORF with its transcriptional
terminator (+1 to + 1,753, BamHI-Sall) or the RPT2 ORF with its terminator
(+1 to + 1,633, BamHI-Xhol) was inserted into the BamHI-Xhol site of
PRS306-5' dpre6. The resulting plasmids, pOKAS511, pRS306-5 Apre6-RPTI and
pOKA512, pRSSOé-S’ Apre6-RPT2, were linearized at the Sall site within PRE6
and transformed into RPT1/rpt1A::LEU2 and RPT2/rpt2A:HIS3, respectively.
Ura™ transformants were sporulated, and tetrads were dissected. Because RPTI is
an essential gene, Ura™ Leu™ spores did not germinate. However, we could obtain
Ura™ Leu™ cells, indicating that the PRE6-RPT1 fusion gene complements the
RPTI deletion. Likewise, Ura™ His™ spores did not germinate, whereas Ura™
His ™ cells could be obtained, indicating that the PREG-RPT2 fusion gene
complements the RPT2 deletion. To generate p® mutants, cells were cultured in
YPD containing 10 pgml ~ ! ethidium bromide for 24 h, and diluted cells were
streaked onto YPD plates; the resultant colonies were then screened for inability to
grow on YPGly plates.

Fluorescence correlation spectroscopy. Yeast cells chromosomally expressing
GFP- and/or mCherry-tagged proteins were grown in SC medium (0.67% yeast
nitrogen base without amino acids, 0.5% casamino acids, 2% glucose, 20 mg/l
tryptophan, 20 mg/l uracil, 400 mg/l adenine, and 10 mM phosphate buffer, pH 7.5)
at 25 °C to logarithmic phase, and then the cultures were shifted to 37 °C for the
indicated times. The cells were mounted on a glass-bottom dish (MatTek Cor-
poration). FCS and FCCS measurements were all gerformed at 25°C with a
ConfoCor2 (Carl Zeiss) microscope, as described®H°1-33_ The ConfoCor2 consisted
of a CW Ar+ and He-Ne lasers, a water-immersion objective (C-Apochromat,
40 x, 1.2 numerical aperture; Carl Zeiss), and two channels of avalanche
photodiodes (SPCM-200-PQ; EG&G). GFP was excited with the 488-nm laser line,
and RFP with the 543-nm laser line, with the minimal total power that yielded a
sufficient signal-to-noise ratio. The confocal pinhole diameter was adjusted to
70 um for 488 nm and 78 pm for 543 nm. The emission signals were split by a
dichroic mirror (570-nm beam splitter) and detected at 505-530 nm in the green
channel (for GFP) and 600-650 nm in the red channel (for RFP). Simultaneous
excitation of GFP- and mCherry/RFP-tagged proteins was carefully carried out at
minimal and optimal excitation powers, chosen to obtain sufficiently high signal-
to-noise ratios for analysis of diffusion times while preventing artifacts such as
saturation, blinking and photobleaching that might affect the results of such
analyses. Because cell and nuclear sizes differ significantly between yeast mother
and daughter cells, our FCS and FCCS measurements were carried out on mother
cells of similar size throughout the study. However, it should be noted that the
FCS/FCCS results did not differ substantially between large mother cells and small
daughter cells (data not shown).

Data were analysed using the ConfoCor2 software, as described in our previous
study. Briefly, the fluorescence auto-correlation functions of the red and green

channels, G(t) and Gy(z), and the fluorescence cross-correlation function, Gc(t),
were calculated from

(3I,(t) - 8L(t +1))
[GHEION
where 7 denotes the time delay; I; the fluorescence intensity of the red channel

(i=r) or green channel (i= g); and G(1), Gy(t), and G.(r) denote the red
(i=j=x=1r) and green (i =j=x=g) auto-correlation functions and the
cross-correlation function (i=r, j=g, x=c), respectively. The acquired G,(z)
values were fitted using a one-, two- or three-component model:

Gx(‘f)=1+%ZFI.(1+%>‘1(1+#)71/2 )

Gelt) =1+ 1

where F; and 1, are the fraction and diffusion time of component I, respectively;
N is the average number of fluorescent particles in the excitation-detection volume
defined by the radius w, and the length 2zy; and s is the structure parameter
representing the ratio s = zo/w,. The structure parameter was calibrated using
Rhodamine-6G (Rh6G) standard solution at room temperature. The relationship
between absolute concentration and calculated N was calibrated using a known
concentration of Rh6G or recombinant mGFP solution. The effect of photo-
bleaching on evaluation of concentration was determined according to a previous
studysl. Fluorescence correlation functions (FCFs) in live cells were measured
sequentially 5-10 times with duration of 10s to minimize the photobleaching
effect, because gradual photobleaching by cellular depletion of GFP (RFP) affected
diffusion analysis of FCFs obtained from measurements of longer duration
(Supplementary Fig. 1).

The diffusion time of component i, 1, is related to the translational diffusion
coefficient D of component i by
% ®)
4D;

The diffusion of a spherical molecule is related to various physical parameters
by the Stokes-Einstein equation as follows.

7=

. KBT
- 6mnr;

d 4
where T is the absolute temperature, 1; is the hydrodynamic radius of the spherical
molecule, # is the fluid-phase viscosity of the solvent, and «j is the Boltzmann
constant. The diffusion coefficient of GFP-tagged proteins in a solution sample
with 1 cP viscosity was evaluated using the known diffusion coefficients (apparent
molecular weights) of the Rh6G standard and the recombinant mGFP solutions:
respectively, 280 and 78 um?s ~ 1. For live cells, the diffusion coefficient
(apparent molecular weight) of GFP-tagged proteins was evaluated using GFP (or
mCherry) expressed in yeast cells. Data containing severe photobleaching, possibly
resulting from a high proportion of immobilized fluorophores, were excluded
from the diffusion analysis. For FCCS analysis, the amplitude of the cross-
correlation function was normalized to the amplitude of the auto-correlation
function of mCherry to calculate the relative cross-correlation amplitude

([G(0) — 1)/[G,(0) — 1])?85253, Interaction amplitude was represented by the
relative cross-correlation amplitude corresponding to the fraction of associated
molecules (N/Ng). All measured FCFs were globally fitted, using the model
described above, with the software installed on the ConfoCor 2 system. FCFs of
Rh6G, GFP (RFP) and GFP/RFP-tagged molecules in solution were well fitted by a
one-component model (i = 1) with or without a triplet term). In living cells, both
FCS and FCCS analyses revealed that the mobilities of GFP/mCherry-tagged
subunits were well fitted by a two-component model, because the results of
analyses using two- and three-component models did not differ significantly. Thus,
any third (or higher-order) components were either very weak or otherwise
undetectable by these methods. To estimate the diffusion coefficients, FCFs in live
cells were fitted by a two-component model (i = 2, Dg,g and Dgey) With or without
a triplet term. Intriguingly, in the two-component analysis, FCFs of GFP- or
mCherry-tagged subunits frequently exhibited D, values with D>10 pm?s ™1,
much larger than the value calculated from D of Pre6-GFP in solution
(Supplementary Fig. 1) and the apparent viscosity of a yeast cell®!. This fast
component with a large D value was barely detected for FCFs of cross-correlation
functions, which exclude independent photochemical effects (such as blinking)
from the two fluorescent molecules (Supplementary Fig. 4). Therefore, this fast
component for GFP- or mCherry-tagged proteins may be an apparent diffusional
term, caused by blinking of the probes, even though the time scale of the
blinking was different from that reported in a previous study®*. Such data were
excluded from FCS analysis. The details of the simulations of molecular shapes
of various 5proteins from analyses of FCFs were described in our previous
studies?155%6,

Fluorescence microscopy. Cells grown in SC medium, described above, were
mounted on glass slides and observed with a BX52 fluorescence microscope
(Olympus) equipped with a UPlanApo 100 X , 1.45 numerical aperture objective
(Olympus), a confocal scanner unit CSU22 (Yokogawa) and an ORCA-ER CCD
camera (Hamamatsu Photonics), as described previously?!. Images were processed
using the IPLab software (Scanalytics Inc). For proteasome nuclear import assays
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(Fig. 7b), we acquired images at 0.5-pum intervals in the Z focal plane, and then
generated maximal projections of Z stacks.

Purification of 26S proteasomes and cryo-electron microscopy. Intact 26S
proteasomes from wild‘tysge yeast and the RP-CP-fused strain were purified using
the Rpnl1-3 x FLAG tag®’. The cells cultured in YPD medium were lysed with
glass beads in lysis buffer, 50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgCl,,
4mM ATP and 10% glycerol. After removal of the glass beads, extracts were
cleared by centrifugation and incubated with anti-FLAG M2 agarose beads (Sigma)
for 2h at 4 °C. Beads were washed three times with the same buffer and the intact
26S proteasomes were eluted with 400 pgml ~! 3XFLAG peptide (Sigma). For
enrichment of the double-capped 26S proteasomes, the eluted samples were
subjected to a 15-40% sucrose density gradient, subsequently fractionated, and
analysed by SDS-polyacrylamide gel electrophoresis. The vitrified samples were
imaged using a Tecnai F20 transmission electron microscope’. Using XMIPP8, we
computed 25-A and 27-A resolution maps (Fourier-Shell correlation, FSC=0.5)
for the wild-type and RP-CP-fused proteasomes from 43,000 and 15,000 single
particles, respectively.
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ABSTRACT

Sporadic amyotrophic lateral sclerosis (SALS) is
regarded as a multifactorial disease; both genetic
and environmental factors may contribute to the
pathogenesis of SALS. To identify a possible genetic
change that confers risk for SALS, we conducted
whole-genome screening of a copy-number
variation (CNV) with a CNV beadchip and a high-
density oligonucleotide tiling microarray, followed
by real-time quantitative polymerase chain reaction
(gPCR). In the 1.1- to 5.5- kb region within the gene
encoding the proprotein convertase subtilisin/kexin
type 6 (PCSK6) on the chromosome 15q26.3
subtelomere, we found a copy-number loss in a
large proportion (8 of 11; 72%) of SALS patients.
Subsequent tiling microarray validated the results
and revealed the fine structure of segmental loss.
gPCR analysis confirmed the copy-number loss in
13 out of 23 SALS patients, as compared with 7 out
of 44 controls (p = 0.0015, Odds Ratio: 6.63,
95%CI: 1.89-25.72). The present study suggests
that a segmental copy-number loss of the PCSK6
gene may play a role in the pathogenesis of SALS.

KEYWORDS: ALS, amyotrophic lateral sclerosis,
copy-number variation, deletion, motor neuron,
PCSK6, polymorphism, subtelomere

*Corresponding author: tkato@med.id.yamagata-u.ac.jp

1. INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an adult-
onset, fatal neurodegenerative disease which is
characterized neuropathologically by the degeneration
of motor neurons in the brain and spinal cord. ALS
has two subgroups: familial ALS (FALS) and
sporadic ALS (SALS). FALS is a rare disease which
is inherited in a Mendelian fashion, and several
causal genes have been identified [1, 2]. The majority
(90-98%) of ALS cases are SALS. Although the
etiology of SALS remains to be determined, the
“British motor neuron disease twin study”
demonstrated the importance of a genetic component
in SALS [3]. Genome-wide association studies using
single nucleotide polymorphisms (SNPs) have been
performed, and some SNPs showed significant
associations with SALS [4-8]; however, others did
not after correcting for multiple testing [9-11].
Moreover, even the SNPs significantly associated
with SALS were not necessarily replicated in the
later studies [11, 12].

Recently, copy-number variations (CNVs) have been
reported as inter-individual genetic variations {13].
Several CNV abnormalities also seem to be
significant in the etiology of sporadic and inherited
diseases [reviewed in 14]. To identify a possible
genetic change that confers risk for SALS, we
performed a whole-genome analysis for CNV and
found a copy number gain within the region of the
isopentenyl diphosphate isomerase (IDI) genes in
many patients with SALS [15]. Here, we report
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another gene, the proprotein convertase subtilisin/
kexin type 6 (PCSK6) gene, a segmental copy-
number loss of which was significantly associated
with SALS.

2. MATERIALS AND METHODS

2.1. Subjects

Fifty-nine patients with SALS were included in this
study. These patients fulfilled the criteria for probable
or definite ALS according to the 1994 El Escorial
criteria [16]. 104 community-dwelling elderly
individuals with no neurological diseases were
randomly selected as control [17, 18]. No significant
differences in the mean age (SALS/control =

60.6/70.0 years) or the ratio of men to women (SALS/

control = 0.68/0.76) were observed between the two
groups (p > 0.05 in both). One-hundred patients with
Parkinson’s disease were also included as disease-
control [19]. DNA was extracted and purified from
peripheral blood. Written informed consent for genetic
analysis was obtained from all the subjects. The
Medical Ethics Committee of Yamagata University,
Faculty of Medicine approved the present study.

2.2. Screening with a whole-genome CNV beadchip

Whole-genome screening was conducted by using
the deCODE-Illumina CNV beadchip (57K, i-select
format, Illumina Infinium system, deCODE Genetics,
Inc.). The CNV probes were designed to target
CNV-rich regions of the whole genome, such as
megasatellites, duplicons, unSNPable regions and
CNVs registered in the Database of Genomic
Variants. The regions contained 15,559 CNV
segments, which cover 190 Mb or 6% of the human
genome. CNV data were analyzed by using the
DosageMiner program as described previously [20].

2.3. Analysis with high-density oligonucleotide
tiling microarray

Agilent 400K high-density oligonucleotide tiling
microarray assay was conducted on a CNV-enriched
designed microarray (product #ID 02185, Agilent
Technology, Inc.), which targets CNV-rich regions,
median probe spacing 5 kb and average probe spacing
7 kb, in the whole-genome region. HapMap genome
DNA [NA19000, JPN] was used as reference genome
DNA. The intensity data were calculated by
the ratio of the target genome intensities to the
reference genome intensities. Abnormal copy number

(loss or gain) was detected by deviation of probe
log, ratios exceeding a given threshold of 1 SD
from the mean probe ratio [21, 22].

2.4. Real-time quantitative PCR (qPCR)

Copy numbers of the region of the PCSK6 gene
on 15g26.3 were assayed by using TagMan Gene
Copy Number Assays of Life Technologies in
basic gPCR according to the instructions of the
manufacturer. The primers and probes were
designed from the genomic sequence (hgl8/Build
36) using proprietary web-based assay search tools
(https://bioinfo.appliedbiosystems.com/genome-
database/copy-number-variation.html). Each assay
was run as a triplex TagMan real-time qPCR reaction
by using an FAM dye-based assay targeted to the
region of the PCSK6 gene (Hs03912091 cn) and
its flanking region (Hs0393814 cn) and a VIC
dye—based assay for the reference gene, RNase P
(PN 4316844 from Life Technologies). Each
gPCR assay was performed in triplicate. Data were
analyzed as described previously [23].

3. RESULTS

In search of a SALS-associated CNV, we performed
whole-genome screening with the CNV beadchip
for 11 SALS patients and 104 controls. We found

cnv4347PP5
p=5.51x10-6
[ FDR p=0.085]

100%7

80%

40% -

20%

0%~
CN=1

CN=2

SALS (n=11) B
Healthy (n=104) &2

Figure 1. Frequency of copy number (CN) of the marker
cnv4347PP5 in patients with sporadic amyotrophic lateral
sclerosis (SALS) and healthy controls. The cnv4347PPS
is located in 3° exonic region of the PCSK6 gene. CNs
were estimated by the deCODE-Illumina CNV beadchip
(deCODE Genetics). CN=1: one copy, CN=2: two copies.
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several CNV markers that were significantly
associated with SALS. Among them, the marker
cnv4347PPS was located within the region of the
PCSK6 gene on the 15q26.3 subtelomere. Eight of
the 11 SALS patients showed a copy-number loss
at the CNV marker on the PCSK6 gene region,
as compared with 0 out of 104 control samples
(p = 5.51 x 10° by logistic regression, p < 0.1
after false discovery rate correction) (Figure 1).

Chri5

We then analyzed the structure of the copy-
number change along the 15g26.3 subtelomeric
region by using the high-density oligonucleotide
tiling microarray in 50 SALS patients and 20 healthy
controls. A segmental copy-number loss of 1.1-5.5 kb
(Figure 2-A, Figure 2-B) in the 15q26.3 subtelomeric
region was found in 15 of the SALS patients
examined but in none of the control subjects (p =
0.00629, OR = 17.9, 95%CI: 1.02-315.15, Table 1).
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Figure 2. Fine structure of segmental copy-number loss in the PCSK6 gene region in two
representative cases of SALS (A1005 and A1020) (A). The results of two healthy controls (TA321
and TA158) are shown in (B). The vertical red lines show average Log, Ratio. The vertical dot lines

indicate the range of copy-number loss.

- 182 -



Hidenori Sato et al.

Table 1. Segmental copy number loss of PSCK6
gene in SALS and healthy subjects.

CN=1 CN=2
SALS (n = 50) 15 35
Healthy (n = 20) 0 20

p=0.00629, OR=17.9 (1.02-315.15)

CN: estimated copy-number.
SALS: sporadic amyotrophic lateral sclerosis.

p-value 0.0015
OR 6.63 (95%Cl 1.89-25.72)

o)
3
:' CN=3 | N=37 N=10
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£2 oN=2 @ ﬁ % %
— ‘
08 - .
2 gl (@O ?l ®
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Healty SALS
(n=44) (n=23)

Figure 3. Quantitative PCR analysis for estimating the
copy number in the region (Hs03912091 cn) of the
PCSK6 gene. Its flanking region (Hs0393814 cn) is
used as reference.

This region with copy-number loss contained the
3’ exonic region of the PSCK6 gene (NM_138319
and NM_002570). A segmental copy-number loss
in the PSCK6 gene was confirmed in 13 out of 23
(56%) SALS patients by basic real-time qPCR, as
compared with 7 out of 44 controls (p = 0.0015,
OR = 6.63, 95%CI: 1.89-25.72) (Figure 3). To
test whether the copy-number change of the
PSCK6 gene region was specific to SALS, we
analyzed DNA from a total of 100 patients with
Parkinson’s disease. The results showed that no
such change was observed in any cases of
Parkinson’s disease.

We have previously reported a copy-number gain
in the region of the IDI genes on the 10p15.3
subtelomere in many patients with SALS [15].
We combined the present results (PCSK6 gene)
with the previous results (IDI genes) designed
using the same SALS-patients dataset. As shown

Figure 4. Frequency of copy-number loss of the
PCSK6 gene region and/or copy-number gain of the
IDI1-2 gene region in patients with SALS.

IDI1-2: isopentenyl diphosphate isomerase-1 and -2.

in Figure 4, among the 32 patients with SALS,
14 (44%) had a copy-number gain in the region of
the IDI genes, and 6 (19%) showed a copy-
number loss in the region of the PCSK6 gene.
Twenty-five of 32 (78%) patients with SALS had
a copy-number aberration of either gene or both.

4. DISCUSSION

The previously-reported genome-wide association
studies on CNVs in SALS did not show a common
CNV locus associated with SALS [24-26]. Those
studies employed conventional platforms for genome-
wide SNP genotyping, such as HumanHap300 and
HumanHap550, which covered only 25% and 40%
of the CNVs, respectively, resulting in the incapacity
from capturing a large fraction of CNV [27]. CNVs
not covered on the conventional SNP platforms
were needed to do the examination [25]. We used
a “CNV-targeted platform” that contains many
CNV markers in the CNV-rich regions of the
human genome. In the previous study, we reported
a segmental copy-number gain in the IDI gene
region on the 10p15.3 subtelomere in many SALS
patients [15]. In the present study, we found another
gene encoding PCSK6, the 3° region of which
showed a segmental copy-number loss in 6 of 32
(19%) patients with SALS. 78% of the SALS
patients had an aberration of either gene or both.

Many bioactive peptides are first synthesized as
precursors that require proteolytic processing by
the proprotein convertases [28]. The PCSK6
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(also known as PACE4) gene, which is located
on the chromosome 15g26.3 subtelomere, encodes
a proprotein convertase that belongs to the
subtilisin-like proprotein convertase family [29].
The PCSK6 protein has been reported to process
several proteins, including neurotrophins (NTs),
such as nerve growth factor (NGF) [30],
neurotrophin 3 (NT3) [31], and brain-derived
neurotrophic factor (BDNF) [31], from their latent
precursors into biologically active products. The
PCSK6 protein is expressed in various organs,
including the brain and spinal cord [32, 33]. These
NTs have been shown to regulate neuronal survival
and death [34]. For example, NGF binds to its
specific receptor (TrkA) and promotes neurite
elongation and survival. On the other hand, proNGF,
a precursor of NGF, binds to the p75 neurotrophin
receptor (p75NTR) and induces apoptosis [34]. In
the present study, a segmental copy-number loss
was observed in the PCSK6 gene, suggesting that
the function of PCSK6 as a proprotein convertase
may be impaired. This may result in a decrease in
the amount of biologically active, mature NTs and
in an increase in the precursors of NTs. NTs and
their receptors have been implicated as being
involved in the pathological process of a mouse
model of ALS and human SALS [35-39]. Indeed,
a knockdown of p75NTR significantly delayed
locomotor impairment and mortality in a mouse
model of ALS [40, 41]. Taken together, it seems
that neuronal death may be induced by the
dysfunction of the PCSK6 gene in SALS.

CONCLUSION

In conclusion, we found a copy-number loss in the
PCSK6 gene in a considerable number of patients
with SALS. Further studies on the function of
PCSK6 in motor neurons may contribute to the
elucidation of the pathogenesis of SALS, leading
to the identification of a novel therapeutic target
of the disease.
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SIRT1 overexpression ameliorates a mouse model
of SOD1-linked amyotrophic lateral sclerosis via
HSF1/HSP70i chaperone system
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Abstract

Background: Dominant mutations in superoxide dismutase 1 (SOD1) cause degeneration of motor neurons in a subset
of inherited amyotrophic lateral sclerosis (ALS). The pathogenetic process mediated by misfolded and/or aggregated
mutant SOD1 polypeptides is hypothesized to be suppressed by protein refolding. This genetic study is aimed to test
whether mutant SOD1-mediated ALS pathology recapitulated in mice could be alleviated by overexpressing a
longevity-related deacetylase SIRTT whose substrates include a transcription factor heat shock factor 1 (HSF1), the
master regulator of the chaperone system.

Results: We established a line of transgenic mice that chronically overexpress SIRT1 in the brain and spinal cord. While
inducible HSP70 (HSP70i) was upregulated in the spinal cord of SIRT1 transgenic mice (PrP-Sirt1), no neurological and
behavioral alterations were detected. To test hypothetical benefits of SIRT1 overexpression, we crossbred PrP-Sirt1 mice
with two lines of ALS model mice: A high expression line that exhibits a severe phenotype (SOD1°%A-H) or a low
expression line with a milder phenotype (SOD1%*A-L). The Sirt7 transgene conferred longer lifespan without altering
the time of symptomatic onset in SOD1°%**-L. Biochemical analysis of the spinal cord revealed that SIRTT induced
HSP70i expression through deacetylation of HSF1 and that SOD1%*A-L/PrP-Sirt1 double transgenic mice contained less
insoluble SOD1 than SOD1%*A-L mice. Parallel experiments showed that Sirt1 transgene could not rescue a more severe
phenotype of SOD1°%A-H transgenic mice partly because their HSP70i level had peaked out.

Conclusions: The genetic supplementation of SIRT1 can ameliorate a mutant SOD1-linked ALS mouse model partly
through the activation of the HSF1/HSP70i chaperone system. Future studies shall include testing potential benefits of
pharmacological enhancement of the deacetylation activity of SIRTT after the onset of the symptom.

Keywords: Sirtuin 1 (SIRT1), Cu/Zn-superoxide dismutase (SOD1), Heat shock factor 1 (HSF1), Heat shock protein (HSP),
Amyotrophic lateral sclerosis (ALS), Systematic behavioral screening

* Correspondence: kinoshita.makoto@c.mbox.nagoya-u.ac,jp;
kojiyama@riem.nagoya-u.acjp

Equal contributors

Department of Molecular Biology, Division of Biological Sciences, Nagoya
University Graduate School of Science, Furo-cho, Chikusa, Nagoya 464-8602,
Japan

'Department of Neuroscience and Pathobiology, Research Institute of
Environmental Medicine, Nagoya University, Furo-cho, Chikus, Nagoya
464-8601, Japan

Full list of author information is available at the end of the article

© 2014 Watanabe et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative

O Biomed Centrai Commons Attribution License (httpr//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

- 187 -



Watanabe et al. Molecular Brain 2014, 7:62
http://www.molecularbrain.com/content/7/1/62

Background

Pathological protein aggregation is a major hallmark of
neurodegenerative diseases including amyotrophic lateral
sclerosis (ALS), Parkinson’s disease, Alzheimer’s disease and
polyglutamine diseases [1]. In ALS, approximately 10% is
inherited and about 20% of the inherited ALS are caused by
dominant mutations in the gene encoding Cu/Zn-super-
oxide dismutase (SOD1) [2]. Many of ALS causative SOD1
mutants retain the enzymatic activity for catalyzing super-
oxide anion to hydrogen peroxide and deletion of wild-type
SOD1 from mice does not cause ALS phenotype, suggest-
ing that SOD1 mutants provoke motor neuron degener-
ation through “gain of toxic function” mechanisms [3]. It
has been suggested that altered conformations of mutant
SOD1 proteins are linked to the toxicity [4]. Recent studies
demonstrated that accumulation of misfolded SOD1 pro-
teins is not only specific to SOD1-related familial ALS but
also involved in a subset of sporadic ALS [5,6].

Chaperone system is a major cytoprotective mechanism
against proteotoxic stresses. Unfolded or misfolded pro-
teins are restored to their proper conformations with the
help of heat shock proteins (HSPs) including HSP110/
105, constitutive and inducible HSP70s (HSC70, HSP70i).
HSP110/105, HSP70i, and HSP40 directly bind to mutant
SOD1 and facilitate the clearance of SOD1 through the
ubiquitin-proteasome pathway [7-9], suggesting that HSPs
are involved in the neuroprotective mechanisms against
SOD1-mediated neurodegeneration. Indeed, HSP70i co-
expression in motor neurons substantially inhibits the
SOD1-aggregation and improves the cell viability [10].
Moreover, HSP70i is also effective against other neuro-
degenerative diseases, such as Parkinson’s disease [11]
and Alzheimer’s disease [12]. These data suggest that the
induction of HSPs is a promising therapeutic strategy for
neurodegenerative diseases including ALS.

Upon exposure to proteotoxic stresses, heat shock
factor 1 (HSF1) forms a trimer, translocates to the nu-
cleus, binds to regulatory elements of DNA, and upre-
gulates a set of genes including HSP70i whose products
constitute the chaperone system [13]. Deacetylation of
HSF1, which is mediated partly by a sirtuin family dea-
cetylase SIRT1, prolongs its binding to the heat shock
promoters [14]. Recent studies have demonstrated benefi-
cial effects of resveratrol, which is considered to potentiate
the sirtuin cascade, on SOD1-ALS models [15,16]. Given
the pleiotropic effect of resveratrol through non-sirtuin
targets, the role of SIRT1 in motor neuron degeneration is
to be examined. However, the effect of genetic supple-
mentation of SIRT1 in ALS mice has never been directly
tested.

On the basis of the above background, in this study we
establish transgenic mouse lines that express SIRT1 in the
central nervous system (CNS) under control of the murine
prion promoter (PrP). We find that modest overexpression
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of SIRT1 alone does not cause neurological and behavioral
alterations. To test the effects of SIRT1 overexpression, we
crossbred the line with either of the two lines of transgenic
mice which express a high and a low dose of the toxic
SOD1%%** polypeptide that recapitulate selective motor
neuron degeneration. We find that SIRT1 overexpression
consistently endows partial rescue effects with the milder
ALS model with the lower dose of SOD1%%**, Biochemical
analysis of the spinal cord extracts reveals upregulation of
HSP70i and reduced aggregation of SOD1°* in the
SOD19%*/PrP-Sirt] mice, corroborating the beneficial
role of SIRT1 partly through activating the HSF1/HSP70i
system.

Results

Generation of a prion promoter-driven Sirt] transgenic mouse
We generated transgenic mice that chronically express
mouse SIRT1 in the CNS under control of the murine
prion gene promoter (Figure 1A) (see Methods). The
founder transgenic mice were backcrossed with wild-type
C57BL/6 ] mice, and a transgenic line with the highest
SIRT1 protein level in the brain was selected. The off-
spring was further backcrossed for more than ten genera-
tions and established a transgenic line that gave consistent
pan-neural expression of exogenous SIRT1. We compared
the heterozygous Sirtl transgenic mice (PrP-Sirtl) with
their non-transgenic littermates for the expression level of
SIRT1 protein in the brain and spinal cord. Immunoblot
analyses for SIRT1 confirmed the clear induction of ac-
tive SIRT1 in the brain and spinal cord of PrP-Sirtl mice
(Figure 1B) (Additional file 1: Figure S1). In the PrP-Sirtl
mouse spinal cord, the expression level of SIRT1 protein
was about three-fold higher than the one in the non-
transgenic littermates. The lifespan of the PrP-Sirtl mice
was comparable to that of their non-transgenic littermates
(Figure 1C).

Chronic overexpression of SIRT1 in the CNS does not
affect the behavior of mice

As a means of unbiased screening for potential neuro-
logical alterations, PrP-Sirtl mice were subjected to a
battery of physical and behavioral examinations. Over-
all, PrP-Sirtl transgenic and non-transgenic male lit-
termates (n =15 and 20, tested at 5~9 months of age)
did not differ in their physical and behavioral indices
quantified, except for a few minor items (Table 1 and
Additional file 1: Figure $3-S17. The raw data are accessible
at the Mouse Phenotype Database, http://www.mouse-
phenotype.org/). These findings indicate that chronic
overexpression of SIRT1 in the mouse CNS does not
cause major physical or neuropsychiatric alterations up
to that age.
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Figure 1 Generation of a line of transgenic mice that overexpress SIRT1 (PrP-Sirt1). (A) Schematic diagram of transgenes used to generate
PrP-Sirt1 founder mice. Full-length mouse Sirt7 cDNA was subcloned into the MoPrP (mouse prion promoter)-vector [37). The non-coding portion
of exon 2 and 3, and the Sirt7 cDNA insert (with its own start and stop codon) were fused into one exon. The linearized transcription unit was
co-injected with a visual marker, a-crystallin promoter-driven enhanced green fluorescent protein (EGFP) cDNA. (B) SIRT1 expression in PrP-Sirt1
and non-transgenic (nTg) mouse spinal cord. The expression level of Sirt1 was quantified in three independent experiments and shown as

mean + standard error of the mean (SEM). The data was analyzed by Student’s t-test. (C) Survival curve of the PrP-Sirt1 and nTg mice plotted over
time (n = 28 each). Mean survival time (days) was shown with standard deviation (SD).

Endogenous SIRT1 is upregulated in the spinal cord of
SOD1%9%A and SOD1%*7® transgenic mouse

We have previously reported that HSP70i is induced in
the spinal cord of SOD1%%** transgenic mouse [9]. To
test the possible involvement of SIRT1 in the induction
of HSP70i, we investigated the expression level of SIRT1
in the spinal cords of high expression line of SOD1%4
mouse (SOD19%*A_H) and SOD1%*"® transgenic mouse
which expresses human SOD1 gene carrying another
ALS-linked mutation [17,18]. SIRT1 and HSP70i were
clearly upregulated toward the end stage (5 months of
age) of SOD1%%**_H mice (Figure 2A). In SOD1%**.H/
PrP-Sirtl double transgenic mice, the level of HSP70i was
not different from that of SOD1°%*A-H mice (Figure 2A)
(Additional file 1: Figure S1), suggesting that the induc-
tion of HSP70i had peaked out. Similarly, SIRT1 was up-
regulated from around the symptomatic onset (10 months
of age) to the end stage (13 months of age) in the spinal
cords of SOD1%%"R mice (Figure 2B). HSP70i was in-
duced only at the end stage, when HSP90 and HSP110/
105 were downregulated (Figure 2C), consistent with
our previous results on the expression of HSPs in
SOD1%%%A mice [9].

SIRT1 overexpression extends lifespan of the transgenic
mouse expressing low copy of SOD1%%34

To examine putative beneficial effects of SIRT1 overex-
pression on the neurotoxicity by mutant SOD1, we cross-
bred the PrP-Sirtl mice with two lines of SOD1%%4
transgenic mice; SOD1%*A-H and SOD1%®A-L with a
lower copy number . SOD1%%*A-L mice express SOD16%34
transgene approximately 60% of SOD1%%-H mice
(Additional file 1: Figure S2) and survive about 30 days
longer on average (Figure 3A). We found that SIRT1
overexpression significantly extended the lifespan of
SOD1%%34.1, mice (Figure 3A) without altering the on-
set of disease (Figure 3B). In contrast, SIRT1 did not
give any beneficial effects on the lifespan (Figure 3C)
and the disease onset of SOD1%°*A-H mice (Figure 3D).
The disease progression was analyzed by dividing the
total disease duration into the early and late phases
(Figure 4A). SIRT1 extended the total disease duration
in SOD19%*_L mice (74.6 + 18.8 days for SOD1¢%*4.L/
PrP-Sirtl; 63.2 + 12.6 days for SOD199*A-L) (Figure 4B).
Interestingly, while the early phase duration was slightly
reduced (34.3+9.32 days for SOD1%%*.L/PrP-Sirtl;
42.0 £10.3 days for SOD1°*A.L) (Figure 4C), further
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Table 1 Summary of systematic behavioral tests for PrP-Sirt1 mice in comparison with wild-type littermates

Tests

Mental/physical activities

Indices measured

Alteration from wild
type

General health and neurological
screening

(Additional file 1: Figure S3)

Light/dark transition test
(Additional file 1: Figure S4)

Open field test
(Additional file 1: Figure S5)

Elevated plus maze test
(Additional file 1: Figure S6)

Acoustic startle response
(Additional file 1: Figure S7A)
Prepulse inhibition (PPI) test
(Additional file 1: Figure S7B)
Porsolt forced swim test
(Additional file 1: Figure S8)
Home cage monitoring
(Additional file 1: Figure S9)

Social interaction test

(1 chamber, stranger pair)
(Additional file 1: Figure S10)

Social interaction test

(3 chamber, 1-2 caged strangers)
(Additional file 1: Figure S11)
Rota-rod test

(Additional file 1: Figure S12)
Gait analysis

(Additional file 1: Figure S13)

Hot plate test

General health

Exploratory activity
Light avoidance

Exploratory activity

Avoidance from open space
Anxiety-like behavior

Exploratory activity

Height avoidance

Startle reflex to loudness
Sensorimotor gating

Despair-like behavior

Diurnal cycle of locomotor activity

Social behavior

Social behavior, anxiety-like
behavior

Social behavior, anxiety-like
behavior

Motor coordination/learning

Mechanics of limb movement

Aversive response 1o noxious
stimulus

(inexhaustive)

Body weight

Rectal temperature

Grip strength

Hanging persistence

Distance traveled in the light chamber
Distance traveled in the dark chamber

Latency to the first entry to the light
chamber

Time stayed in the light chamber
Number of transitions between chambers
Distance traveled

Center time

Vertical activity

Stereotypic counts

Distance traveled

Entries into open arms

Number of entries

Time stayed on open arms

Ampliture of body motion

Decrement of startle amplitude

Latency to immobility

Activity level (distance traveled)
Mean number of particles

Distance traveled

Number of contacts

Total duration of active contacts
Mean contact duration

Total duration of contacts

Time spent with novel stranger

Distance traveled

Latency to fall

Limb positions and timings

Latency to limb withdrawal
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Table 1 Summary of systematic behavioral tests for PrP-Sirt1 mice in comparison with wild-type littermates (Continued)

(Additional file 1: Figure $14)
Tail suspension test Behavioral despair
(Additional file 1: Figure $15)
Barnes maze Spatial memory
(Additional file 1: Figure S16)
Fear conditioning test

(Additional file 1: Figure $17)

Fear memory

Latency to immobility —
Time spent around each hole —
Conditioning N
Contextual testing —
Cued test with altered context —

Comparative table of behavioral test results with PrP-Sirt1 and wild-type littermate C57BL/6 J mice. Symbols: —, no significant difference; 1, statistically significant
increase and decrease as compared with wild-type control mice. N.D., not determined.

extension was observed in the late-phase (40.3 t
20.2 days for SOD1%%*A.L/PrP-Sirtl; 21.2 +8.92 days
for SOD19%34.1) (Figure 4D). These data indicate that
SIRT1 overexpression was sufficient to slow the disease
progression of SOD19%*A-L mice, but not of SOD1%%%A-
H mice. k

SIRT1 overexpression causes deacetylation of HSF1,
upregulation of HSP70i, and reduction of misfolded
SOD1593A

To assess whether the disease progression is correlated
with the deactylation level of HSF1 and/or the expres-
sion of HSP70i, we performed immunoprecipitation and
immunoblot analysis. In a 5-month-old PrP-Sirtl mouse
spinal cord, the ratio of acetylated HSF1 over total HSF1
was significantly less and the level of HSP70i was signifi-
cantly higher than those of the littermate (Figure 5A and
B). These data suggest direct or indirect activation of the
HSF1/HSP70i pathway by SIRT1 overexpression. Despite
SIRT1 overexpression, however, HSP70i was not further
upregulated in SOD19%A.H, SOD19%A-L mice at the
end stage (Additional file 1: Figure S1), implying that
HSP70i had been peaked out. To test the putative bene-
ficial effects of SIRT1 overexpression against SOD1%%%4-
mediated proteotoxicity, we measured disease-related
dimerization of mutant SOD1. Previous studies showed
that mutant SOD1 forms Triton X-100 insoluble and so-
dium dodecyl sulfate (SDS)-resistant dimer in the spinal
cord of transgenic mice at symptomatic phase whose ac-
cumulation is inversely correlated with proteasome and
chaperone activities [8,19]. We found that the dimerized
SOD1 (approximately 40 kDa) in the spinal cord of a
SOD19%*A.L/PrP-Sirtl mouse was less than that of a
littermate SOD1%%%A-L mouse (Figure 5C). Since SDS-
resistant SOD1 dimer was not detected in a presymp-
tomatic SOD1°%4A-L mouse (60 days of age) (Figure 5C,
left panel), HSP70i induced through the SIRT1/HSF1
pathway might reduce the accumulation of the toxic
SOD1 dimers after the onset of the symptom. These
findings suggest that the SIRT1/HSF1/HSP70i pathway
contributes to the reduction of toxic misfolded and/or

aberrantly dimerized species of SOD1, which accumulate
in the late phase of the disease.

Discussion
In this study, we established a line of transgenic mice
that chronically overexpress SIRT1 in the brain and
spinal cord. As expected, overexpression of SIRT1 gave
partial rescue effect on SOD1%%** mice. Supplementa-
tion of SIRT1 in the CNS slowed the disease progression
and extended the lifespan of SOD1%%*A-L mice with a
reduction of misfolded/aggregated SOD1 presumably
through the activation of the HSF1/HSP70i pathway.
Previous reports from other groups showed that SIRT1
overexpression causes deficits in reference memory in
the novel object recognition test [20], voluntary move-
ment in the open field test, and motor coordination in
the rotating rod test [21]. In contrast, we detected no
significant neurological or behavioral differences be-
tween PrP-Sirtl mice and their non-transgenic litter-
mates with a few minor exceptions (Table 1, Additional
file 1: Figure S3-S17). The discrepancy might be due to
the transgene constructions, genomic position effects,
and epigenetic factors that affect the levels and spatio-
temporal patterns of expression. Our PrP-Sirtl mice
with minimal neurological deficits are suitable for testing
the effects of SIRT1 supplementation on various models
of neurological disorders. In fact, their remarkable resist-
ance against cerebral hypoperfusion has been demon-
strated with a bilateral carotid artery stenosis model [22].
The beneficial role of SIRT1 has been demonstrated in
various neurodegenerative disease models. Neuroprotec-
tive effects of SIRT1 have been reported in Huntington’s
disease [23,24], Parkinson’s disease [25], Alzheimer’s dis-
ease [26,27], and spinal and bulbar muscular atrophy
[28]. In this study, we demonstrated that SIRT1 overex-
pression has partial protective effects on a mouse ALS
model. Previous studies showed that resveratrol, an acti-
vator of SIRT1, extended the lifespan of SOD1%%*A mice
[15,16]. However, given the pleiotropic effects of resvera-
trol through other target proteins, our results provide
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Figure 2 Expression of endogenous SIRT1 and the major heat shock proteins in the spinal cord of SOD1%*4, SOD1%*7 or SIRT1 transgenic
mice. (A) Endogenous SIRT1 and HSP70i were upregulated in high copy SOD
for SIRT1 and HSP70i in the lumbar spinal cord of SOD1%%*-H, SOD1%*-H and PrP-Sirt1 double transgenic (SOD1%A-H/PrP-Sirt1), or non-transgenic (NTg)
mice at designated age. Each lane contained 30 g total protein and the similar results were obtained from three independent experiments. (B) Endogenous
SIRT1 was upregulated in SOD1%*"® mouse spinal cord. A representative immunoblot image for SIRT1 in the lumbar spinal cord of SOD1%37%, PrP-Sirt1, or
nTg mice at designated age. Each lane contained 20 g total protein and the similar results were obtained from three independent experiments. (C) HSP70i
was modestly induced in SOD1%*"F mouse spinal cord. Representative immunoblot images for HSP70i, HSP0, and HSP110 in the same lumber spinal cord
homogenates as in (B). Each lane contained 30 pg total protein and the similar results were obtained from three independent experiments.

14 mouse (SOD15AH) spinal cord. A representative immunoblot image

the first direct evidence for the contribution of SIRT1 to
the alleviation of neurodegeneration in the ALS model.

Our findings suggest that the beneficial effects of SIRT1
depend at least in part on the HSF1/HSP70i pathway. This
is consistent with a previous study demonstrating that
HSF1 overexpression is partially protective against SOD1-
mediated toxicity through the induction of HSP70i and
aB-crystallin [29]. On the other hand, it should be noted
that this study does not exclude possible involvement of
other downstream effectors of SIRT1, such as PGC-1a , or
p53, in the neuroprotective effects.

HSP70i reduces Triton X-100-insoluble SOD1 species
(Figure 5C) [8] and exogenously delivered HSP70i ex-
tends the lifespan of SOD19%* mice [30]. Although it
is unknown whether the mutant SOD1 proteins are
refolded, degraded or both in each case, these data sug-
gest the reduction of toxic SOD1 species contributes to
the amelioration of SOD1-linked ALS model mice by
inducing HSP70i. Since endogenous chaperone system
was not sufficiently activated in SOD1-linked ALS model
mice (Figure 2C) [9], supplementation of HSPs would be
a promising means to cope with the proteotoxicity of
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Figure 3 Effects of SIRT1 overexpression on the lifespan and onset of non-transgenic, and high and low copy SOD1%°* transgenic

mice. (A and B) Survival (A) and the onset of the symptom, determined by weight reduction (B) of SOD1 S3AY (n=19) and SOD1°AL/PrP-Sirt1
(n = 16) mouse cohort plotted over time. (C and D) Survival (C) and the onset of the symptom (D) of SOD1%%A-H (n = 21) and SOD1%*A-H/PrP-Sirt1
(n=15) mouse cohort plotted over time. The data were analyzed by log-rank test and the average onset and survival time are shown with SD.

mutant SOD1. Another study showed that HSP70i overex-
pression does not ameliorate the symptom and pathology
of SOD1%%4, SOD1%*7%, and SOD1%*°® transgenic mouse
lines [31]. We speculate that the differences come from the
severity of the models. As we demonstrated, SIRT1 overex-
pression was effective for the rescue of SOD19%*-L but
not of SOD1¢%*A_H (Figure 3), whose levels of HSP70i
in the end stage were comparable (Additional file 1:
Figure S1). These findings suggest that the refolding cap-
acity of HSP70i against the toxicity of mutant SOD1 is
limited, especially in the presence of excess amounts of
misfolded proteins by overexpression of transgene.

We have previously demonstrated that E6-associated
protein (E6-AP), a dual function steroid hormone receptor
coactivator and ubiquitin-protein ligase, is involved in
SOD1 aggresome degradation and suppresses mutant
SOD1-mediated toxicity [32]. Interestingly, E6-AP ubiqui-
tinates the misfolded proteins that are bound to HSC70
[33], and co-expression of E6-AP and HSC70 gives more
potent neuroprotection [32]. It is also known that C-
terminus of HSP70-interacting protein (CHIP) is involved
in misfolded protein degradation through the ubiquitin-
proteasome system [34,35]. These observations suggest

that the chaperone system and the ubiquitin-proteasome
system are closely coordinated to cope with the proteo-
toxic stress. Proteasomal function is inhibited by mutant
SOD1 [19,36] and the expression of HSP70i has peaked
out at the end stage of the disease even in the case of
SOD19%A.1, (Additional file 1: Figure S1). These data sug-
gest that accumulation of proteotoxic species caused by
proteasomal dysfunction could readily excess the capacity
of the chaperone system. Therefore, coordinated activa-
tion of the chaperone system and protein degradation sys-
tems that include the ubiquitin-proteasome system and
the autophagy system is critical to cope with the proteo-
toxicity of mutant SOD1 or other causative proteins of
neurodegenerative diseases.

Conclusion

The genetic supplementation of SIRT1 can ameliorate a
mutant SOD1-linked ALS mouse model partly through
the positive regulation of the HSF1/HSP70i chaperone
system. Future studies shall include identifying other
downstream effectors and testing potential benefits of
pharmacological enhancement of the deacetylation activ-
ity of SIRT1 after the onset of the symptom.
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Figure 4 Effects of SIRT1 overexpression on the disease duration of non-transgenic, and high and low copy SOD
(A) Definition of the early and late phases of the disease. (B-D) Comparison of the total (B), early (C), and late (D) phases of the disease duration.
SIRT1 overexpression extended the total disease duration in the SOD1%%A-L mice by extending the late phase. The data were analyzed by
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15932 transgenic mice.

Materials and Methods

Generation of SIRT1 transgenic mice and crossbreeding
with mutant SOD1 mice

To generate a line of transgenic mice that chronically over-
express SIRT1 in the central nervous system, we con-
structed a transcription unit by inserting the coding region
of the mouse Sirtl ¢cDNA into the MoPrP (mouse prion
gene promoter)-polyA cassette (Figure 1A) [37]. We in-
jected linearized MoPrP-Sirt]l transcription unit with a
genetic marker (mouse aA-crystallin promoter-driven en-
hanced green fluorescent protein (EGFP)) into C57BL/6 |
mouse oocytes and obtained a founder that transmitted the
transgene in Mendelian manner. The genotyping was done
by polymerase chain reaction for an artificial sequence near
the MoPrP-Sirtl junction. The transgenic line is to be de-
posited to RIKEN Bijoresource Center. Sirtl transgenic and
non-transgenic control mice for behavioral analyses were
bred as littermates. Transgenic mouse lines expressing hu-
man SOD1 gene with ALS-linked mutations, SOD1%%%4.H
[B6.Cg-Tg(SOD1*G93A)1Gur/)] or loxSOD1*® [B6.Cg-
Tg(SOD1-G37R) 1Dwc/]] were previously described
[17,18]. SOD1¢%*A.L was generated by a spontaneous

drop of the copy number of the SOD19%*A-H line, and
has been maintained in our laboratory for several
generations.

Animals and experimental design

All animal procedures were conducted in accordance with
the guidelines of the Animal Use and Care Committees of
Kyoto University, National Institute for Physiological Sci-
ence, Nagoya University, and RIKEN. All comparisons
were made between littermates to minimize confounding
effects of different genetic background and environment.
All behavioral tests were conducted at 5-9 months of age
as described previously [38,39]. Mice were group housed
(4 mice per cage) in a specific pathogen-free room kept at
23 +2°C with a 12 h light/dark cycle (lights on at 7 am.)
with access to food and water. For survival experiments,
SOD1%%** mice were always compared with their litter-
mates with PrP-Sirtl gene. Times of disease onset, early
phase, and end stage were determined respectively as the
time when mice had started losing the maximum body
weight, when denervation-induced muscle atrophy had
produced a 10% loss of maximal weight, and when
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Figure 5 Effects of SIRT1 overexpression on the induction of HSP70i in the spinal cord of SOD1%%*A-L/PrP-Sirt1 transgenic mice.

(A) HSF1 was significantly deacetylated in 5-month-old PrP-Sirt1 mouse spinal cord. Acetylated HSF1 was detected with anti-acetylated lysine
antibody after the immunoprecipitation with anti-HSF1 antibody. (B) HSP70i was significantly induced in the PrP-SirtT mouse spinal cord.

(C) Sirt1 overexpression reduced the insoluble SOD1 species in the end-stage SOD1°%** mouse spinal cord. Triton X-100 insoluble and
SDS-resistant SOD1%%3* dimer (arrowhead, ~40 kDa) was detected by immunoblotting (left panel). The relative densitometric values were shown
as mean = SEM (right panel). SIRT1 overexpression significantly suppressed aggregation and insolubilization of SOD1%%**. Each lane in A, C, and
D contained 15 pg of total protein and the similar results were obtained from three independent experiments.
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animals in lateral position failed in righting within 20 sec-
onds, an endpoint commonly used for mutant SOD1 ex-
pressing mice which is compliant with the requirements
of the Animal Use and Care Committee. Disease progres-
sion was defined by the duration between the onset and
disease end-stage. Statistical analysis of survival time and
disease duration was performed with a log-rank test and
one-way ANOVA following post-hoc t-tests, respectively.
Analyses were carried out by using GraphPad Prism
(GraphPad Software, La Jolla, CA).

Genotyping of mice
Mice harboring PrP-Sirtl transgene were identified by
PCR using following primers; 5'-CAAGAGGTTGT
TAATGAAGC-3" and 5 -TTTCCTGTTGCCTTCAAT
CAGCTATCG-3'.

Mice harboring SOD1%%** or SODI*® transgene were
identified by PCR using following primers; the mouse SODI
gene fragment (850 bp) was amplified by mSOD-A primer:
5'-GTTACATATAGGGGTTTACTTCATAATCTG-3" and
h/mSOD-C primer: 5'-CAGCAGTCACATTGCCCARG
TCTCCAACATG-3', and human SOD1 gene fragment
(750 bp) was amplified by hSOD-B primer: 5'-CCAA
GATGCTTAACTCTTGTAATCAATGGC-3" and h/
mSOD-C primer.

Antibodies

We used the following commercially available antibodies:
anti-SIRT1 from EMD Millipore Corp. (Billerica, MA,
USA), anti-B-actin from Sigma-Aldrich Co. LLC. (St. Louis,
MO, USA), anti-acetylated lysine from Cell Signaling Tech-
nology Inc. (Danvers, MA, USA), anti-HSF1, anti-HSP70i
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