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Dentatorubral-pallidoluysian atrophy (DRPLA} is an autosomal dominant progressive neurodegenerative dis-
order with intellectual deterioration and various motor deficits including ataxia, choreoathetosis, and myoc-
lonus, caused by an abnormal expansion of CAG repeats in the DRPLA gene. Longer expanded CAG repeats
contribute to an earlier age of onset, faster progression, and more severe neurclogical symptoms in DRPLA
patients. In this study, we have established DRPLA transgenic mouse lines (sublines} harboring a single
copy of the full-length mutant hurnan DRPLA gene carrying various lengths of expanded CAG repeats (Q76,
Q96, 113, and Q129), which have clearly shown motor deficits and memory disturbance whose severity in-
creases with the length of expanded CAG repeats and age, and successfully replicated the CAG repeat length-
and age-dependent features of DRPLA patients. Neuronal intranuclear accumulation of the mutant DRPLA
protein has been suggested to cause transcriptional dysregulation, leading to alteration in gene expression
and neuronal dysfunction. In this study, we have conducted a comprehensive analysis of gene expression
profiles in the cerebrum and cerebellum of transgenic mouse lines at 4, 8, and 12 weeks using multiple mi-
croarray platforms, and demonstrated that both the number and expression levels of the altered genes are
highly dependent on CAG repeat length and age in both brain regions. Specific groups of genes and their func-
tion categories were identified by further agglomerative cluster analysis and gene functional annotation anal-
ysis. Calcium signaling and neuropeptide signaling, among others, were implicated in the pathophysiology of
DRPLA. Our study provides unprecedented CAG-repeat-length-dependent mouse models of DRPLA, which
are highly valuable not anly for elucidating the CAG-repeat-length-dependent pathophysiology of DRPLA
but also for developing therapeutic strategies for DRPLA.

© 2012 Elsevier Inc. All vights reserved.
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DRPLA is a progressive neurodegenerative disease with autosomal
dominant inheritance that is caused by an abnormal expansion of CAG
repeats in the coding region of the DRPLA gene at 12p13.31, which en-
codes an abnormally expanded polyglutamine tract in the DRPLA pro-
tein (also called atrophin-1) (Koide et al, 1994; Nagafuchi et al,
1994}. The diseases caused by this mechanism are called polyglutamine
diseases, which so far, besides DRPLA, include spinal and bulbar muscu-
lar atrophy (SBMA) {La Spada et al., 1991), Huntington's disease (The
Huntington's Disease Collaborative Research Group, 1993), spinocere-
bellar ataxia type 1 (SCA1) (Orr et al, 1993), SCA2 (Imbert et al,
1996; Pulst et al, 1996; Sanpei et al., 1996), Machado-Joseph disease
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(MJD/SCA3) (Kawaguchi et al, 1994), SCAG (Zhuchenko et al., 1997),
SCA7 (David et al,, 1997; Lindblad et ak, 1996), and SCA 17 (Koide et
ak, 1999, Nakamura et b, 2001). DRPLA patients show wide varieties
of progressive neurological deficits depending on the age at onset
{Naito and Ovanagl, 1982). The patients with earlier onset (younger
than 20 years old) present a progressive phenotype characterized by in-
tellectual deterioration, behavioral changes, ataxia, myoclonus, and ep-
ilepsy, whereas the patients with later onset characteristically show
cerebellar ataxia, chorecathetosis, dementia, and character changes.
The age at onset inversely correlates with the CAG repeat length in
the mutant allele of the DRPLA gene (tkeuchi et al, 1995: Keoide et al,
1994: Nagafuchi et al, 1994).

Although the physiological functions of the DRPLA protein are not
yet fully understood, recent studies have shown that it Jocalizes in the
nucleus (Sate et al. 2009: Sato et al.. 1999a; Wood et al,, 2000), func-
tions as a transcription coregulator (Shen et al, 2007; Wood et al.,
2000 Zhang et &b, 2002), and plays a role in multiple developmental
processes {Erkner et al, 2002; Zhang et al,, 2002). Mutant proteins with
abnormally expanded polyglutamine tracts have been shown to interact
with coactivators of cAMP-responsible element-binding protein (CREB)-
dependent transcription, such as TAFy130 (Shimehata ef al, 2000) and
CBP (Nucifora et al,, 2001), leading to transcriptional dysregulation.

Neuropathological changes in DRPLA are conventionally considered
to be mainly due to the degeneration of both the dentatorubral and pal-
lidoluysian systems, characterized by neuronal loss associated with
astrogliosis. However, recent studies have revealed that the neuronal
intranuclear accumulation (NIA) of mutant DRPLA proteins is a patho-
logical hallmark in the brains of both DRPLA patients and transgenic
mice, which appears in CAG-repeat-length-dependent, age-
dependent, and region-specific manners, with regional involvement
far beyond the dentatorubral and pallidoluysian systems (Sato et al,,
2009; Yamada et al,, 2001).

In this study, we sought to establish transgenic mouse models that
closely reproduce the pathophysiologic processes in the brain of pa-
tients with DRPLA in order to provide valuable tools for further elucida-
tion of the pathogenetic mechanisms of the disease. To realize this aim,
we inserted a full-length mutant human DRPLA gene carrying expanded
CAG repeats under the control of its own promoter. We initially estab-
lished a mouse strain (Q76) that carried a single copy of the full-
length human DRPLA gene with a mildly expanded CAG repeat length
(76 repeats) (Sato et al., 1999b). The Q76 mice, however, did not exhibit
obvious neurological phenotypes. Owing to infrinsic instabilities of ex-
panded CAG repeats, we serendipitously generated transgenic mice car-
rying highly expanded 129 CAG repeats (Q129), which showed severe
neurclogical phenotypes resembling those observed in juvenile-onset
DRPLA patients carrying largely expanded CAG repeats (Sato et al,
2008). Subsequently, we were able to generate another two DRPLA
transgenic mouse strains carrying different lengths of CAG repeats
(113 and 96) from the Q129 mouse strain. Taken together, one whole
set of DRPLA transgenic mouse strains (Q76, Q96, Q113, and Q129)
have been established. These mouse strains should be ideal models for
investigating CAG-repeat-length-dependent pathologies because of
their two distinctive characteristics. One is that the transgene is driven
by its own promoter and expressed within a physiologically relevant
level [approximately 80% of the expression level of the endogeneous
DRPLA gene {Sato et al, 2009)]. The other is that the four transgenic
strains are genetically identical (the same integration site for the ex-
panded CAG repeats in the DRPLA gene) except for the CAG repeat
length. Hence, the size of the expanded CAG repeats in the transgene
is considered to be solely responsible for the CAG-repeat-length-depen-
dent phenotypic variation across the Q76, Q96, Q113, and Q129 trans-
genic strains, whose genetic difference only lies in the length of the
expanded CAG repeats. To investigate the effects of the different sizes
of expanded CAG repeats on the pathophysiclogic mechanisms caused
by expanded polyglutamine stretches, we have conducted detailed
evaluations of the phenotypic differences in these transgenic mice and

the expression profiles of mRNAs in the brains of these transgenic
mice. Here, we report that differences in the phenotypic and expression
profiles are closely influenced by the size of expanded CAG repeats as
well as disease duration.

Materials and methods

All animal experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals. All behavioral analyses except the Barnes maze test were per-
formed in the University of Tokyo. The Barnes maze test was performed
in the Graduate School of Medicine, Kyoto University. Mice were housed
in a room with a 12-hour light/dark cycle (lights on at 6:00 a.m. in the
University of Tokyo, at 7:00 am. in Kyoto University) with access to
food and water ad libitum. The behavioral phenotype data obtained by
a comprehensive behavioral test battery (Yamasaki et al. 2008) con-
ducted in Kyoto University, which are not described in this article, can
be found in the gene-brain-phenotyping database {(http://www.mouse-
phenotype.org/).

Generation of DRPLA transgenic mice

The generation of Q76 and Q129 DRPLA transgenic mice was previ-
ously described (Sato et al, 2009; Satc et al., 1999b). Because DRPLA
transgenic mice are difficult to reproduce naturally, they were propa-
gated by in vitro fertilization. The sperms of hemizygous transgenic
mice were used to back fertilize the eggs of C57BL/6] mice. The fertilized
eggs were transplanted fo surrogate mother mice, and grown mice
were weaned 20 days after birth. The genotypes of the transgenics
were identified by PCR analysis of tail DNA using two protocols. In one
PCR protocol, to detect the human-derived transgene, genomic DNA
was amplified using the primer pair of h/mDRPLASerstretchf (5~
CIGCCCTGAGACCCCICAAC-3") and h/mDRPLASerstretchR  {5/-FAM-
TGCGATGGGAGAGAAGGCTC-37), which enables the simultaneous am-
plification of both human and mouse DRPLA genes, Taking advantage of
the difference in the length of the serine stretch between the human
DRPLA gene (ATNT) and the mouse DRPLA gene (Atn1), the 391 bp frag-
ment derived from the human DRPLA gene and the 382 bp fragment de-
rived from the murine orthologue were easily identified. After the initial
denaturation at 94 °C for 2 min, PCR was performed for 30 cycles con-
sisting of denaturation at 94 °C for 30 s, annealing at 60 °C for 30s,
and extension at 68 °C for 60 s, followed by a final extension at 68 °C
for 10 min. In the other PCR protocol, only the human mutant fragment
containing the expanded CAG repeats was amplified using the primer
pair of DR1589F (5'-FAM-CACCAGTCTCAACACATCACCATC-3'} and
DR1825R (5'-AGGACACCTGCCTGTGAGGT-3"). After the initial denatur-
ation at 95 °C for 2 min, PCR was performed for 35 cycles consisting of
denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and extension
at 60 °C for 60 s, followed by a final extension at 72 °C for 7 min. The
fragment analysis of PCR products was accomplished using an ABI
3100 genetic analyzer and Genemapper v3.5 software {Applied Biosys~
tems, Foster City, CA, USA).

Analysis of phenotypes

Body weight was measured on Monday morning every two weeks,
Behavioral analyses were performed during when the lights were on.
After each test, all the apparatuses used were washed with water fol-
lowed by 70% ethanol or super-hypochlorous water to remove the
smell of mice. Mice were assessed for morbidity and mortality daily.

Accelerating rotarod test

An accelerating rotarod apparatus (O'Hara Co., Ltd., Tokye, Japan)
was used to measure forehand and hindlimb motor coordination and
balance. The rod has a diameter of 3 cm and is covered with rubber.
Mice were placed on a rotating rod (3.5 rpm), and the rotation
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speed was linearly increased to 35 rpm within a period of 300 s and
maintained at 35 rpm until 600 s. The latency to fall off or to cling
to the rod within the determined time period was recorded. Mice
underwent three trials per day and the maximum latency was used
in subsequent analyses.

Beam walking test

The beam walking apparatus {O'Hara Co., Ltd., Tokyo, Japan) con-
sisted of a 1-m-long beam with a round cross section, which was placed
herizontally 50 cm above the floor, and a safe platform at one end. A
lamp was positioned such that it provided bright illumination at the
starting end of the beam. In each test, a mouse was placed on the
beam at the starting end, and the amount of time required for the
mouse to walk across the beam was recorded. The test was conducted
over three consecutive days. Mice were trained during the first 2 days
to cross the beam to the safe platform on the opposite side. On the
third day, each mouse underwent three trials, and the minimum time
was used in subsequent analyses. Mice were allowed a maximum of
90 s to cross the beam. Mice were returned to their individual home
cages between trials.

Open field test

The open field was a 50 cm square white floor with 40-cm-high
transparent walls, illuminated by a 70 Ix LED light placed above the
field. The entire apparatus was placed in a soundproofed box. The hori-
zontal and vertical movements of individual mice were monitored by a
camera placed above the field and a photobeam sensor placed 7 cm
from the field. Field images were captured every 0.5 s and the difference
between two sequenced images was measured as the moving distance of
the mouse. In each test, the mouse to be tested was placed in a fixed cor-
ner of the field and its spontaneous behavior was monitored for 10 min.
Captured irnages and photobeam sensor interruption data were ana-
lyzed on a Macintosh computer using Image OF circle 1.01x (O'Hara
Co., Ltd., Tokyo, Japan), a modified software platform from the public do-
main NIH image program (http://rsh.info.nih.gov/nih-image/). The field
was conceptually divided into 25 square sections {10x10cm?) in
image analysis. Total moving distance {(cm} and the frequency of rearings
{determined by counting the number of photobeam interruptions) were
recorded.

Barnes maze fest

The Barnes raze was conducted on “dry land”, a white circular sur-
face, 1.0 m in diameter, with 12 holes equally spaced around the perim-
eter (O'Hara Co,, Ltd,, Tokyo, japan). The circular surface was elevated
75 cm from the floor. A black Plexiglass escape box (17x13x7 cm®),
which had paper cage bedding on its bottom, was located under one
of the holes. The hole above the escape box represented the target.
The location of the target was consistent for a given mouse but random-
ized across mice. The maze was rotated daily, with the spatial location of
the target unchanged with respect to the distal visual room cues, to pre-
vent a bias based on olfactory or proximal cues within the maze. Three
trials per day were conducted during the training session. Twenty-four
hours after the 18th training, a probe trial was conducted without the
escape box to confirm that this spatial task was learned on the basis of
navigation by distal environmental room cues. Another probe trial
was conducted 1 week after the initial probe test to evaluate memory
retention. Three days after the memory retention test, the escape box
was moved to a new position opposite to the original for reversal learn-
ing. Mice were then subjected to 15 consecutive trials to locate the new
position of the escape box using the same procedure as described above,
The time spent around each hole was recorded using Image BM soft-
ware, a modified software platform from the public domain NIH
image program.

Expression profile analysis

The Q76, Q113, Q129, and nontransgenic {nTg) mice were sacri-
ficed at 4, 8, and 12 weeks of age. Three littermates were assigned
to each group. Mice were euthanized by cervical dislocation. The
brain was immediately removed and separated into the cerebrum
and cerebellum on ice. They were immediately frozen with dry ice
and deep-frozen at — 80 °C. Total RNA was extracted from the tissue
using TRIZOL reagent {Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer's instructions. PolyA{+) RNA was isolated
from 25 pg of total RNA using an oligotex-dT30 mRNA purification
kit (Takara Bio Inc, Shiga, Japan).

For the single-colored array experiments {Genechip mouse ex-
pression set 430 A and B, Affymetrix, Santa Clara, CA, USA), 200 ng
of polyA(-+) RNA was used for cRNA synthesis by one-cycle amplifi-
cation. Twenty micrograms of cRNA was fragmented and hybridized
with the array. Washing and scanning were performed using Affyme-
trix Fluidics Station 450 in accordance with the manufacturer's in-
structions. The arrays were scanned with an Affymetrix Gene Array
Scanner using Affymetrix Genechip Operating Software.

In the two-colored array experiments (mouse 22K oligo array
G4121A, Agilent, Santa Clara, CA, USA), 125 ng of polyA(+) RNA
was used for ¢cRNA synthesis, and ¢RNA was labeled with Cy3 or
Cy5. One microgram of Cy3-labeled ¢RNA and the same amount of
Cy5-labeled cRNA were fragmented and hybridized with the array.
After washing, the arrays were scanned using an Agilent DNA micro-
array scanner and Agilent feature extraction software ver. 8.1.

Reverse transcription-polymerase chain reaction (RT-PCR)

The expression levels of transgenes in the brains of transgenic
mice were analyzed by RT-PCR as described previously (Sato et al.,
1999b).

Statistical analyses

Statistical analyses of data on body weight and data from the
rotarod test, beam walking test, open field test, and Barnes maze
test were performed by two-way or one-way ANOVA followed by
the post hoc test when appropriate. The difference between the
average time spent around the target hole and that spent around
the adjacent holes in the probe test in the Barnes maze was evalu-
ated using the paired ¢-test. Survival data were analyzed using the
Kaplan-Meier method and compared by the log-rank test. A p-
value of <0.05 was considered significant. Data are shown as
means - SEM.

Statistical analysis of all microarray data was performed using
Rosetta Resolver ver. 6.0 (Rosetta Biosoftware, Kirkland, WA,
USA). The software produces intensity or ratio profiles from
imported scanned data using a processing pipeline that includes
preprocessing (background ceorrection and intrachip normaliza-
tion) and postprocessing of data and error model adjustments. It
also produces intensity experiment profiles or ratic experiment
profiles combining replicates in an error-weighted manner. For
single-color experiment data, Ratio Builder was used to calculate
fold changes and ratio p-values. Detailed information about the
Affymetrix Genechip error model and Ratio Building error model
in the Rosetta Resolver system can be found at http://www.
rosettabio.com/tech. Gene annotation analysis was performed
using a DAVID (http://david.abccnciferf.gov/) annotation tool. Sta-
tistically overrepresented GO terms and KEGG pathways were
identified on the basis of a modified Fisher exact p-value, that is,
EASE score {£0.05) calculated using DAVID (Dennis et al, 2003;
Huang da et al,, 2009) {http://david.abcenciferf.gov/).
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Behavioral analysis revealed significant CAG-repeat-length-dependent
changes in neurclogical phenotypes of Q76, Q96, G113, and (3129 DRPLA
transgenic mice

The lifespan of each transgenic mouse line is demonstrated as a
Kaplan-Meier curve in Fig. 1A, The survival time of the mouse lines
clearly decreased as the CAG repeat length increased in the transgene.
The median survival times of Q129, Q113, Q96, Q76, and nTy mice
were 75, 208.5, 588.5, 830.5, and 891 days, respectively. The Q76
mice survived for over two years, but their survival time was signifi-
cantly shorter than that of nTg mice (p = 0.045 by log-rank test). The
gain of body weight in the transgenic mice over time was significantly
impaired as CAG repeat length increased {¥ig. 1B). The time of onset
of weight loss was also found to be dependent on CAG repeat length.
Significant body weight loss occurred as early as 6 weeks of age in the
Q129 mice {p<0.001), earlier than in other transgenic strains. The
body weights of the Q113, Q96, and Q76 transgenic strains were ini-
tially the same as that of the nTg mice, but a significant body weight
loss was observed from 20, 42, and 48 weeks of age in the Q113,
Q96, and Q76 strains, respectively (p<0.05).

Motor coordination and balance were assessed using the accelerat-
ing rotarod test (Fig. 1C). The nTg mice showed daily and weekly in-
creases in latency to fall off following training over time and showed
stable performance in remaining on the rotating rod from 12 weeks of
age. The performance of the Q76 mice was not significantly different

though it seemed to slightly decline from 24 weeks of age, which was
not statistically significant. By contrast, the Q96, Q113, and Q129 strains
showed poor performance and a progressive decrease in latency to fall
off the rotating rod in a CAG-repeat-length-dependent manner. The
Q129 mice showed a marked decrease in latency to fall off after
9 weeks of age (p<0.001), and at approximately 12 weeks of age they
could not even hang onto the rod (nTg vs Q129 : F; 30=06943,
p<0.0001). The Q113 mice also showed a significant decrease in latency
to fall off from 9 weeks of age (p<0.01), which however was milder and
progressed more slowly than in the Q129 mice (nTg vs Q113:

cline in performance on the rotarod from 9 weeks of age, but the de-
crease in latency to fall off did not reach statistical significance until
18 weeks of age (p<0.01, nTg vs Q96: F; 11,=81.92, p<0.0001). The
abnormalities in motor coordination and balance of the Q129, Q113,
QY6, and Q76 strains were also assessed by the beam walking test
{Fig. 1D} The ability of rodents to traverse a stationary horizontal rod
is assumed to measure both sensorimotor coordination and the integri-
ty of the vestibular sensory system {(Carter et al,, 1999). The Q129 and
Q113 mice had progressively increasing difficulty in traversing the
beam from a very early age, and became incapable of completing the
task from 10 to 16 weeks, respectively. The Q96 mice were able to

complete the task within the determined time window (S0 s) through-
out the observation period, but their performance was significantly

p<0.0001). By contrast, the performance of Q76 mice was not impaired
and even showed better performance than nTg mice at all time points

28 weeks, indicating that motor coordination was not impaired in the
Q76 mice.

Spontaneous locomgtor behavior was monitored using the open
field test at 8§, 14, 20, and 26 weeks of age for all the strains except
the Q129 strain, because the Q128 mice could not complete the
open field task after 8 weeks of age. Horizontal activity was evaluated
by the total moving distance (cm) that the mouse traveled during a
10 min period (Fig. 1E). As early as 8 weeks of age, the Q129 mice
showed severe dysfunction in horizontal movement and moved less
than 1000 cm during the 10 min test period. The total moving dis-
tance of the 9113 mice was much shorter than those of the Q96 and
Q76 mice even at 8 weeks, and tended to decrease thereafter. The
total moving distance of the Q96 mice was not significantly different
from that of the nTg mice at 8 weeks of age, but thereafter it gradually
decreased with age. On the other hand, the total moving distance of
the Q76 mice was significantly longer than that of the nTg mice
until 20 weeks of age (nTg vs Q76: F; 55 =25.86, p<0.0001; p<0.05
at 8 weeks, p<0.01 at 14 weeks, and p<0.05 at 20 weeks), suggesting
that hyperactivity in exploratory behavior at early ages is a character-
istic behavioral change in the Q76 mice. Vertical activity was assessed
by the frequency of rearing (Fig. 1F). Rearing is the standing of ani-
mals on their hindlimbs with the forelimbs up in the air, which is con-
sidered to reflect a reaction to a novel environment. The Q129 mice
could barely rear as early as 8 weeks of age. The Q113 and Q96 mice
also showed inability to rear from an early age (8 weeks), whereas
the horizontal activity of the Q96 mice did not decrease at this age.
This finding may reflect the fact that the rearing movement requires
higher levels of motor skills and muscular power than horizontal
movements. As in the case of horizontal activity, the Q76 mice
showed a higher frequency of rearing than the nTg mice.

To exclude the possibility that the differences in behavioral phe-
notypes ameng the Q76, 096, Q113, and Q129 mice were caused by
the differences in the expression levels of transgenes, we analyzed
the mRNA levels of the mutant human DRPLA transgenes in the brains
of Q76, 096, Q113, and Q128 mice by competitive RT-PCR, which en-
ables simultaneous quantification of the human transgene and en-
dogenous mouse DRPLA gene. The mRNA levels of the mutant
human DRPLA transgenes in these transgenic mice were determined
to be all at ~80% of those of the endogeneous mouse DRPLA gene
{Supplementary Fig. 1). This finding indicates that the differences in
the phenotypes among the Q76, Q96, Q113, and Q129 mice were
not caused by the differences in the expression levels of the trans-
genes but by the differences in the CAG repeat lengths of the
transgenes.

Fig. 1. Phenotypes and behavioral analyses of DRPLA transgenic mouse strains. Squares, triangles, inverse triangles, diamonds, and open circles indicate the Q76, Q96, Q113, Q129,
and nTg mouse strains, respectively. Data on body weight and accelerating rotarod test results include some missing values because of death of mice, which are excluded from sta-

mice were 75, 208.5, 589.5, 830.5, and 891 days, respectively. B. Body weight of DRPLA transgenic and nT'g mice. Symbols indicate the means - SEM of body weight (g} of Q76
{n=:8), Q96 (n=22 63, Q129 {n==23)}, and nTy (n == 18). C-F. Behavioral analyses. The time points of data acquisition were shown in horizontal axis. C. Accelerating
rotarod test. This figure shows significant age- and CAG-repeat-length-dependent changes in the performance of the DRPLA transgenic mice in the accelerating rotarod test. Sym-
bols indicate the means 4 SEM of latency (sec) to fall of the Q76 (n=28), Q96 (n=28), Q113 (n=238}, Q129 (n="7) and nTg (n=§) mice. D. Beam walking test. This figure shows
significant age- and repeat-length-dependent changes in the performance of the DRPLA transgenic mice in the beam walking test, Symbols indicate the means + SEM of time
(sec) to cross the beam (n=_8) of the Q76, Q96, Q113, Q129, and nTg mice. E. Open field test — horizontal activity. The horizontal activity of the Q76, Q96, Q113, Q129, and nTg
mice in the open field test is shown as the total moving distance (cm) during a test period of 10 min. Data are shown as the means - SEM (n=_8}. F. Open field test — vertical ac-
tivity. The vertical activity of the Q76, Q96, Q113, 0129, and nTg mice in the open field test is shown as the frequency of rearing (number of times} during a test period of 10 min.
=9), Q96 {n =10}, and nTg {n =10} mice, The first special
acquisition, the probe test 24 h after the last training, the probe test 7 days after the last training, the reversal learning, and the probe test after reversal learning were serially per-
formed at 23, 25, 26, 27, and 28 weeks of age, respectively. The results were shown as the means 4 SEM. G. Barnes maze test — latency to reach target. The latency to reach the target
is significantly increased in Q96 mice, whereas Q76 did not show an increased latency to reach the target. H. Barnes maze test — probe test 24 h after last training, Discrimination of
the target from the neighboring locations was clearly impaired in Q76 and Q96 mice, 1. Barnes maze test — probe test 7 days after last training. Discrimination of the target from the
neighboring locations was significantly impaired only in Q96 mice, }. Barnes maze test — reversal learning. The latency to the target significantly increased in Q96 mice, K. Barnes
maze test — probe test after reversal learning. Discrimination of the target from both the neighboring locations and original target was impaired in Q96 mice,
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Fig. 1 (continued).
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The transgenic mice with mildly expanded CAG repeats show deficits in
spatial learning and reference memory

We performed detailed analyses focusing on the learning and mem-
ory of Q76 and Q96 mice, which show only mild deficits in the horizon-
tal activity. Figs. 1G-K showed the results of Barnes maze test. In spatial
memory acquisition, the latency to reach the farget is significantly
delayed in Q96 mice, indicating learning disability {Q96 vs nTg:
p<0.01), whereas Q76 mice did not show an increased latency to
reach the target (Q76 vs nTg: p=0.5254) {Fig. 1G, genotype effect:
Fo26=4.731, p=0.179). In the probe test 24 h after the last training,
discrimination of the target from the neighboring locations is clearly
impaired in the Q76 mice (target vs adjacent holes: tz=1.897,
p=0.0944) and Q96 mice (target vs adjacent holes: to=1.616,
p==0.1406), whereas nTg mice were able to discriminate the target
{target vs adjacent holes: ty==4.542, p<0.01) (Fig. 1H}. Q76 and Q96
mice traveled longer distance to reach the target than Q76 although
total moving distance was not significantly different among Q76, G396,
and nTg mice, supporting that the result was not attributable to the
motor impairment of the Q76 and, in particular, the Q96 mice (Supple-
mentary Figs. 2A, B). In the probe test 7 days after the last training, dis-
crimination of the target from the neighboring locations is impaired
only in the QY96 mice (target vs adjacent holes: to=1.138, p=0.2844)
(Fig. 11). The distance to reach the target of Q96 mice was also signifi-
cantly larger than those of other two strains (Supplementary Figs. 2C,
D). A similar learning disability was also confirmed in the Q96 mice by
the reversal learning (genotype effect: F,,6=4.713, p=0.0179; Q96

These findings suggest that the Q96 mice showed impairment in spatial
learning, short-term reference memory, and long-term reference mem-
ory, whereas the Q76 mice showed much milder phenotypes than the
Q96 mice.

Expression profile analysis using multiple platforms vevealed CAG-repeat-
length- and age-dependent changes in the numbers of both upregulated
and downregulated genes in the brains of the DRPLA transgenic imice

Affymetrix platform

To clarify how transcriptional dysregulation occurs depending on
CAG repeat length and age, we conducted microarray-based expression
profile analysis of the cerebrum and cerebellum of the Q76, Q113,
Q129, and nTg mice at 4, 8, and 12 weeks of age. To determine the num-
ber of significantly dysregulated genes in the cerebrum or cerebellum of
the transgenic mice compared with that of the n'Tg mice, we calculated
the ratios of the intensities of individual probe sets of the Q76, Q113,
and Q129 transgenic mice (n=3) to those of the nTg mice (n=3), and
the p-values of each probe set from each single-colored Affymetrix
MOE430 array intensity data set using the Ratic Builder and error
model in the Rosetta Resolver System. Significantly dysregulated genes
were selected on the basis of the cutoff p-value (<0.01). The numbers
of downregulated/upregulated genes in the cerebrum of Q76 (4, 8, and
12 weeks), Q113 (4, 8, and 12 weeks), and Q128 (4, 8, and 12 weeks)
mice were (37/23, 147/190, and 100/51), (254/67, 396/361, and 419/
157), and (676/613, 703/661, and 920/432), respectively (Figs. 2A, B).
The numbers of downregulated/upregulated genes in the cerebellum of
Q76 (4, 8, and 12 weeks), Q113 {4, 8, and 12 weeks), and Q129 (4, 8,
and 12 weeks) mice were (81/46, 517/261, and 80/63), (179/63, 421/
295, and 400/249), and (945/542, 782/560, and 834/532), respectively
{Figs. 2C, D).

Agilent platform

For the two-colored data from the Agilent G4121A arrays, the inten-
sity ratios were directly calculated on the basis of the obtained intensi-
ties of Cy3 and Cy5, which labeled respective cRNAs derived from the
transgenic and nTg mice. For the analyses of three pairs of RNAs from

three transgenic samples (target) and three nTg samples {reference),
six arrays (biological triplicate and dye swapping duplicate) were
used for generating one final intensity ratio. Significantly dysregulated
genes were selected on the basis of the cutoff p-value {(<0.01}. The
numbers of downregulated/upregulated genes in the cerebrum of Q76
(4, 8, and 12 weeks), Q113 (4, 8. and 12 weeks), and Q129 (4, 8, and
12 weeks) mice were {241/199, 304/340, and 422/312), (916/518,
1431/1367, and 1676/1452), and (2618/1912, 2188/2310, and 2660/
2644), respectively {Figs. 2A, B). The numbers of downregulated/
upregulated genes in the cerebellum of Q76 (4, 8, and 12 weeks),
Q113 (4. 8, and 12 weeks), and Q129 {4, 8, and 12 weeks) mice
were {167/171, 1360/1288, and 938/673), (5717707, 1562/1475,
and 1885/1278), and {2759/2377, 2247/2112, and 2620/2187), re-
spectively (Figs. 2C, D). In both the Affymetrix and Agilent platforms,
the number of dysregulated genes tended to increase in a CAG-
repeat-length-dependent manner as well as an age-dependent manner.

Cross-platform analysis

To obtain a confirmatory interpretation, we conducted a compre-
hensive cross-platform analysis using the Affymetrix and Agilent
platforms. To evaluate the validity of cross-platform analysis, correla-
tion coefficients and the number of commenly upregulated/downre-
gulated genes were calculated from the intensity ratio data of each
probe or probe set (on the basis of the Entrez gene) on both plat-
forms. Correlation analysis demonstrated a high degree of correlation
between the two platforms, and the number of correlated genes was
far larger than that of anticorrelated genes. For example, in the Q129
mice at 4, 8, and 12 weeks of age, the correlation coefficients of com-
mon signature genes in both platforms were 0.83, 0.79, and 0.79, and
the numbers of correlated/anticorrelated genes were 814/11, 695/21,
and 801/11 (Supplementary Fig. 3), respectively, thus strongly con-
firming the validity of the cross-platform analysis.

Figs. 2A~D show a surnmary of the numbers of significantly dysregu-
lated genes in the cerebrum and cerebellum of the transgenic mice de-
termined by Affymetrix platform, Agilent platform, and cross-platform
analyses. The significance of dysregulation was determined at a p-
value of <0.01 for both platforms, which was calculated using the
error model in the Rosetta Resolver System. The results showed that
the numbers of downregulated/upregulated genes in the cerebrum of
Q76 (4, 8, and 12 weeks), Q113 {4, 8, and 12 weeks), and Q129 {4, 8,
and 12 weeks) mice were (2/0, 7/9, and 22/8), (121/13, 215/94, and
297/79), and (466/348, 4487247, and 643/267), respectively, and that
the numbers of downregulated/upregulated genes in the cerebellum
of Q76 (4, 8, and 12 weeks), Q113 (4, 8, and 12 weeks), and Q129 (4,
8, and 12 weeks) were (4/8, 97/44, and 41/22), (41/12, 177/103, and
283/141), and (599/351, 444/265, and 558/345), respectively (shown
by red bars in Figs. 2A-D). The number of significantly dysregulated
genes in both the cerebrum and cerebellum tended to increase with
CAG repeat length. In the Q76 mice, which showed only mild phenotyp-
ic changes, the number of significantly dysregulated genes was very
small throughout the period of observation. However, in the Q113 and
Q129 mice, which exhibited severely impaired motor coordination,
the number of significantly dysregulated genes was markedly larger.
Cross-platform analysis also revealed that the number of downregu-
lated genes was much larger than that of upregulated genes. These find-
ings suggest that the CAG-repeat-length-dependent alteration,
especially the downregulation, of gene expression may have a contex-
tual connection with the development of motor phenotypes in the
DRPLA transgenic mice.

Two-dimensional cluster analysis and gene annotation enrichment
analysis revealed functional groups of genes showing CAG repeat length-
and age-dependent changes in expression levels

Besides the number of genes, the biological functions of the genes
whaose expression levels changed depending on the CAG repeat length
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and age are expected to be relevant to the effects of the size of expanded
CAG repeats and age on the pathogenetic process of the disease. To de-
termine the categories of the genes that showed CAG-repeat-length-
and age-dependent changes in expression level, we performed a series
of analyses, namely, ANOVA, agglomerative cluster analysis, and gene
annotation analysis. The gene identification algorithm and outline are
shown in Fig. 3. The genes whose expression levels changed depending
on the CAG repeat length and age were selected at interaction p-values
of less than 0.005 by two-way [strain {Q76, Q113, Q129, nTg) and age
(4, 8, 12 weeks)] ANOVA. According to this criterion, 879, 1412, and
204 genes in the cerebrum were identified to show expression level
changes depending on the CAG repeat length and age by Affymetrix
platform, Agilent platform, and cross-platform analyses, respectively.
Similarly, 1037, 2943, and 431 genes in the cerebellum were identified
by these analyses. Cluster analysis was performed for the genes found to
be commonly altered by the cross-platform analysis using the
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agglomerative clustering algorithm in the Rosetta Resolver system. Re-
sults are shown as an intensity (converted into Z-score) matrix using
the data obtained by Affymetrix platform analysis.

Fig. 4A shows the results of the cluster analysis of the 204 genes
that were found to be significantly altered in the cerebrum by both
the Affymetrix and Agilent platform analyses. The genes were catego-
rized into three clusters. The 102 genes belonging to cluster 1 tended
to be downregulated with increasing CAG repeat length and age. In
contrast to cluster 1, the numbers of altered genes in clusters 2 and
3 were limited. The 45 genes belonging to cluster 2 tended to be upre-
gulated with increasing CAG repeat length and age. The 53 genes be-
longing to cluster 3 were markedly upregulated in the Q129 mice,
which showed the severest phenotype from a very early stage
{4 weeks) of the disease. These genes also tended to be upregulated
in transgenic strains of Q113 mice. The genes included in each cluster
are shown in Supplementary Table 1A.
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Fig. 2. Number of altered genes in the brains of DRPLA transgenic mice across platforms. The data shown in A-D are the numbers of upregulated or downregulated genes identified
by Affymetrix platform (MOE430A) and Agilent platform {mouse 22K oligo array G4121A) analyses in either the cerebrum or the cerebellum of the Q76, Q1 13, and Q129 mice using
a cutoff p-value of £0.01, compared with the nTg control. The numbers of genes identified by cross-platform analyses are shown in red columns. The error model of Roseita Re-
solver is used for analysis of raw data obtained by both Affymetrix and Agilent platform analyses. A. Upregulated genes in the cerebrim of DRPLA transgenic mice, B. Downregulated
genes in the cerebrum of DRPLA transgenic mice. C. Upregulated genes in the cerebellum of DRPLA transgenic mice. D, Downregulated genes in the cerebeflum of DRPLA transgenic

mice.
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Fig. 2 {continued).

To identify relevant biological pathways associated with each
cluster, gene-gene ontology (GO} term and gene-Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis was
performed on the basis of an EASE score (p-value <0,05) calculated
using DAVID (http://david.abccnciferf.gov/). The GO terms in the bi-
ological process and molecular function categories of the genes signif-
icantly enriched in each cluster are shown in Table A. (Complete data
are shown in Supplementary Table 2A).

The expression levels of the genes in cluster 1 gradually decreased
with increasing CAG repeat length and age. Gene annotation enrich-
ment analysis demonstrated that the ion-transportation-related GO
terms, particularly calcium ion transport for the category of the biolog-
ical process, were highly enriched in this gene cluster. In addition, cell-
cell-adhesion-related and signal-transduction-related terms (neurc-
peptide signaling pathway and intracellular signaling cascade) were
also enriched. In the molecular function category, the terms related to
protein binding functions topped the list, and calmodulin binding, in

(including actin) binding was also highly rated. In this context, pathway
enrichment analysis revealed that three KEGG pathways were enriched
in this cluster, namely, the calcium signaling pathway and its two
downstream pathways: the phosphatidylinositol signaling pathway
and the MAPK signaling pathway (Supplementary Table 2A).

By contrast, cluster 2 was highly enriched with the GO terms of
cellular metabolism, particularly protein modification. This finding
was supported by another finding that protein-kinase-activity-relat-
ed terms were highly rated in the molecular function category.
Among others, nuclestide binding, especially RNA binding, topped
the list. Cluster 3 was uniquely characterized by being enriched
with the terms related to cell death and apoptosis, and the regulation
of these processes. This tendency probably reflects the early changes
in gene expression arising from the neuronal degeneration process
and biological responses to the strong disease insult in transgenic
strains with largely expanded CAG repeats.
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Fig. 3. Gene identification across platforms and strategy for cross-platform analysis.
The genes whose expression levels changed depending on the CAG repeat length and
age were selected at an interaction p-value of <0.005 by 2-way [strain {Q76, Q113,
Q129, and vTg) and age {4, & and 12 weeks)] ANOVA. According to this criterion,
879, 1412, and 204 genes in the cerebrum were identified to show expression levef
changes depending on CAG repeat length and age in Affymetrix, Agilent, and cross-
platform analyses, respectively. Similarly, 1037, 2943, and 431 genes in the cerebellum
were identified. Cluster analysis was performed on the genes found to be commonly al-
tered in the cross-platform analysis using the agglomerative clustering algorithm in the
Rosetta Resolver system. The gene ontology terms and biological pathways related to
each cluster are identified using gene-ontology-based annotation analysis.

Fig. 4B shows the result of the cluster analysis of the 431 genes
that were found to be significantly altered in the cerebellum by
both Affymetrix and Agilent platform analyses. Intriguingly, these
genes that were altered in the cerebellum were alse classified into
three clusters, which showed marked similarity to those in the cere-
brum with regard to the trend and pattern of expression. The genes
included in each cluster are shown in Supplementary Table 1B. The
numbers of genes included in clusters 1, 2, and 3 were 153, 167,
and 111, respectively. These three clusters in the cerebellum shared
considerable numbers of genes with the corresponding clusters in
the cerebrum. Indeed, 30, 26, and 30 genes in the clusters 1, 2, and
3 in the cerebellum were also included in the clusters 1, 2, and 3 in
the cerebrum, respectively (Supplementary Fig. 4). Genes commonly
included in the corresponding clusters are indicated by an asterisk in
Supplementary Tables 1A and 1B. The results of annotation analysis
are shown in Table B (Complete data are shown in Supplementary
Table 2B). In contrast to the same cluster in the cerebrum, chuster 1
in the cerebellum was clearly characterized by the overrepresenta-
tion of neuron-~developmental-process-related terms, although a sim-
ilar enrichment of the intracellular-signaling-cascade-related terms
was also ohserved in this cluster in the cerebellum, In the molecular
function category, the overrepresentation of terms related to ion
binding/calcium ion binding was also observed in this cluster in the
cerebellum as observed in the cerebrum. The genes in cluster 2,
which were upregulated with increasing CAG repeat length and age,
were mainly associated with protein metabolism/kinase activity and
nucleic acid binding, most of which are common to those in the
same cluster in the cerebrum both in the biological process and mo-
fecular function categories. Among the genes in cluster 3 in the cere-
bellum, which were also upregulated exclusively in the Q129 strain,
cellular-metabolism-related terms were highly rated. Moreover, the
terms related to transcription (e.g., transcription and regulation of
transcription, DNA-dependent) and their related processes including
the epigenetic regulation system {e.g., RNA splicing, DNA packaging,
and chromatin assembly or disassembly) were uniquely enriched in
this gene cluster. The genes related to cell death/apoptosis were
also included and highly rated in cluster 3 in the cerebellum (30
genes were commonly included in cluster 3 in both the cerebrum
and cerebellum), but the occupancy of these genes was lower than
that in the cerebrum.

A Cerebrum

nTg Q76 Q118 Q129
48124812 4 12"4 812._
Cluster2
{45genes)
Cluster3
(53genes)
Clusteri
(102genes)
B Cerebellum
nTg Q76 Q113 Q129
48124 8124 812 4 812l_
Cluster2
(167genes)
=
Cluster3
(111genes)
Clusteri
(153genes)

fig. 4. Agglomerative cluster analysis of genes found to be significanily altered in both
Affymetrix and Agilent platform analyses. A, Cluster analysis of the 204 altered genes in
the cerebrum of DRPLA iransgenic mice. B. Cluster analysis of the 431 altered genes in
the cerebeltum of DRPLA transgenic mice. The results are shown as an intensity (con-
verted info Z-score) matrix using the data obtained by Affymetrix platform analysis.
Each column represents a single sample at a certain time point for a certain mouse
strain and each time point has three replicates. Each row represents a single gene,
and the gene clusters are shown by the hierarchical cluster trees to the left of the col-
umns. Red represents a higher Z-score {higher expression level) and green represents a
lower Z-score (lower expression level}.

As shown in Fig. 4, the expression profiles in the three clusters of
Q76 in cerebrum (Fig. 4A) and cerebellum (Fig. 4B} look similar to
those of nTg mice, while those of Q113 and Q129 show similar pat-
terns. These observations raise a fundamental question, “Is there a
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significant overlap in the genes changing (trends), or are there funda-
mentally different transcripts changing in between the mice with the
larger expansions {Q113 and Q129) and those with the smaller ex-
pansion {Q76)?" To address this question, we further investigated
the relationships of significantly dysregulated genes in the Q76,
Q113 and Q129 mice at the age of 12 weeks determined by cross-
platform analysis (correspond to the red bars in Figs. 2A-D). Interest-
ingly, over half of downregulated genes in the Q76 mice were also
downregulated both in the Q113 and Q129 mice (Supplementary
Fig. 5), suggesting that downregulated genes were essentially similar
across three transgenic strains although the numbers of them were
drastically increased depending on the size of expanded CAG repeats.
On the other hand, there was no overlap in the upregulated genes in
the cerebrum of the Q76 mice with those of the Q113 and Q123 mice.
In the cerebellum of the Q76 mice, only a limited portion of the upre-
gulated genes overlapped with those of the Q113 mice and Q129
mice. These observations suggest that the upregulated genes are rel-
atively specific to the Q113 and Q129 mice, which can be regarded
as the specific response to the very largely expanded polyglutamine
stretches.

Discussion

DRPLA transgenic mouse lines harboring variable lengths of expanded
CAG repeats exhibit CAG repeat length- and age-dependent phenotypic
changes resembling those in human DRPLA

CAG-repeat-length-dependent phenotypic variation is a cardinal fea-
ture commonly observed in polyglutamine diseases including DRPLA. To
accurately evaluate the CAG-repeat-length-dependent phenotypic varia-
tions in transgenic mice, various parameters including the promoter, the
context, the insertion site, and the copy number of the transgene need to
be identical. To accomplish this, we have generated DRPLA transgenic
mouse sirains carrying various lengths of CAG repeats (Q76, Q96,
Q113, and Q129) on a homogeneous genetic background. The transgenic
mouse strain with the longest CAG repeat expansion (Q129) exhibits
very severe and progressive phenotypes closely resembling those of
early-onset human DRPLA, such as ataxia, epilepsy, and myoeclonus,
whereas the transgenic strain with the shortest CAG repeat expansion
(Q76) shows no cbvious DRPLA phenotype (Sato et al, 2009). The
mouse fines with moderately expanded CAG repeats (Q96 and Q113)
showed intermediate phenotypes depending on the CAG repeat length
{Fig. 1). Thus, we have successfully reproduced the CAG-repeat-length-
dependent phenotypic features of DRPLA in the transgenic models we
generated in this study. This study is the first in vivo demonstration of
the CAG repeat length and age dependence of mouse phenotypes and
gene expression changes in polyglutamine diseases.

The transgenic strains with expanded CAG repeats of 96 and above
showed obvious motor deficits, whereas the strain with 76 CAG repeats
(Q76) did not seem to show any decline in motor performance (Fig. 1),
despite the existence of region-specific accumulation of the mutant
DRPLA protein in the brain (Sato et al., 2009). Seventy-six CAG repeats
are sufficiently long to induce the development of the disease pheno-
types of DRPLA in humans. The number of CAG repeats in DRPLA pa-
tients is generally increased to over 50, whereas that in normal
individuals is usually under 30. The lifespans are tremendously different
between humans and mice. As we have indicated, the accumulation of
the mutant proteins is not only a CAG-repeat-length-dependent but
also a time-dependent process. In the case of our Q76 transgenic strain,
the lifespan of the mice is probably too short to develop motor deficits
resulting from progressive intranuclear accumulation of mutant
DRPLA proteins, which take years or decades to show up in DRPLA
patients.

In this study, we demonstrated that transgenic mice with relatively
short CAG repeats (Q76 and Q86) show deficits in spatial learning and
memory in the early stage of the disease. Previous studies on other

mouse DRPLA models did not pay much attention to memory distur-
bance, while motor phenotypes were mainly highlighted. This study is
the first to show cognitive impairment of DRPLA transgenic mice. Cog-
nitive impairment and character changes are, in fact, major symptoms
in DRPLA patients. Besides DRPLA, cognitive impairment is the common
clinical presentation of polyglutamine diseases, particularly Hunting-
ton's disease. In previous studies, cognitive impairment was reproduced
in transgenic mice with Huntington's disease (Lione et al, 1999; Van
Raamsdonk et al, 2005). Since our series of DRPLA transgenic mice
clearly showed CAG-repeat-length-dependent deterioration of DRPLA
phenotypes, we were able to easily observe the cognitive impairment
{Q76 and Q86) before these phenotypes were masked by motor
impairment.

Cross-platform analyses confirmed CAG-repeat-length- and age-dependent
changes in expression profifes

Microarray-based expression profiling is widely used fo search for
the genes related to disease pathogenesis. In general, the genes identi-
fied as “significantly dysregulated” need to be confirmed by indepen-
dent experiments, usually by real-time RT-PCR or northern blot
analyses. However, it is impractical to confirm a large number of
genes by those approaches. To overcome this limitation, we performed
a comprehensive cross-platform analysis using two different microar-
ray platforms, which employ completely different probe designs and al-
gorithms, to confirm the significantly dysregulated genes identified by
single-platform analysis. The combined use of Affymetrix arrays and
Agilent arrays has shown that there is a high correlation between
these two platforms, and the number of correlated genes is by far larger
than that of anticorrelated genes, strongly supporting the validity of the
cross-platform analysis for the high-throughput confirmation of micro-
array data.

As shown in Fig. 4, two-dimensional cluster analyses of the cross-
platform data revealed three clusters. In cluster 1, genes were down-
regulated with increasing CAG repeat length and age. In contrast to
cluster 1, genes were upregulated with increasing CAG repeat length
and age in cluster 2. In cluster 3, genes were exclusively upregulated
in the Q129 mice at an early stage. These findings further confirm that
the length of expanded CAG repeats and age, which are the major de-
terminants of neuronal intranuclear accumulation of mutant DRPLA
proteins, also play a critical role in the severity of transcriptional
dysregulation.

Although the changes in the expression profiles are very mild in Q76
(Fig. 4), a substantial number of downregulated genes in the Q76 mice
were also downregulated in the Q113 and Q129 mice, confirming that
mice with smaller expansions show essentially the same trends as
with larger ones in terms of downregulation of genes (Supplementary
Fig. 5). In contrast, there was no overlap in the upregulated genes in
the cerebrum of Q76 mice with those of the Q113 or Q129 mice. In
the cerebellum of the Q76 mice, only a limited portion of the upregu-
lated genes overlapped with those of Q113 mice or Q129 mice. Thus,
upregulation of genes is rather specific to the Q113 and Q129 mice, pre-
sumably reflecting the cellular response to the very largely expanded
polyglutamine stretches.

Downregulated genes are associated with calcium signaling, neuropeptide
signaling, and neuronal development

The overrepresentation of gene annotation terms related to calcium
signaling and calcium binding proteins was observed to be the promi-
nent feature of the genes in cluster 1 (Table A). Previous microarray
studies have mainly indicated that neurotransmitters and their recep-
tors are downregulated in animal models of polyglutamine diseases
(Luthi-Carter et al., 2000, 2002), but none of them have identified the
specifically dysregulated genes related to calcium signaling pathways.
in this study, we have specifically identified the downregulated genes
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related to calcium signaling {e.g,, Plcb1, Ppp3Ca, Pdelb, Itpka, Itprl, and
Atp2b2) and calmodulin binding, which, consistent with recent findings
indicating the possible involvement of calcium signaling in the patho-
genesis of Huntington's disease (Panov et al, 2002; Tang et al,, 2003,
2005; Varshney and Ehrlich, 2003), may represent dysfunction in calci-
um signaling and contribute to the molecular mechanism of neurcnal
dysfunction in DRPLA.

Specifically, the downregulation of inositol 1.4,5-triphosphate re-
ceptor 1 (lipr1) deserves special attention. The expression level of
Itpr1 has been demonstrated to be decreased in mouse models of Hun-
tington's disease (Luthi-Carter et al, 2000) and SCA1 (Lin et al., 2000).
The Jtpri-encoded protein forms a complex with Huntingtin, which af-
fects calcium signaling (Tang et al,, 2003), and Itpr1 KO mice show atax-
ia and epileptic seizures (Matsumoto et al, 1996). Large deletions
invelving Itpr1 have recently been identified in patients with SCA15
(Hara et al,, 2008; van de Leemput et al,, 2007). Thus, the downregula-
tion of Itpr1 identified in this study further indicates that the dysfunc-
tion of calcium signaling caused by the downregulation of calcium-
signaling-related genes including Itpr1 is potentially involved in the
pathogenesis of polyglutamine diseases including DRPLA.

Table

Previously, we reporied the downregulation of hypothalamic neu-
ropeptide genes in Q129 mice (Sato et al., 2009). Confirming this find-
ing, our present study also demonstrated the CAG repeat length- and
age-dependent downregulation of hypothalamic neuropeptide genes
in the cerebrum of DRPLA transgenic mice, such as Penk1, Npy, Cart,
and Sst. The downregulation of these hypothalamic neurcpeptide
genes may contribute to the phenotypic manifestations potentially
caused by the dysfunction of the hypothalamus that we have ob-
served in the DRPLA transgenic mice, such as progressive body weight
loss and central diabetes insipidus (Sato et al,, 2009). The downregu-
lation of hypothalamic neuropeptide genes and hypothalamic dys-
function have also been observed in a mouse model of Huntington's
disease (Kotliarova et al, 2005). Previous studies have demonstrated
the decreased expression levels of hypothalamic neuropeptides [i.e.,
proenkephalin {ladarela and Mouradian, 1989) and somatostatin
(Cramer et al,, 1981)] in the cerebrospinal fluid of patients with Hun-
tington's disease. It is possible that the downregulation of hypotha-
lamic neuropeptide genes causes subclinical endocrinological
dysfunctions, which then may contribute to mood changes or psy-
chotic symptoms in DRPLA patients.

Function categories of the gene clusters. A. Function categories of the gene clusters in the cerebrum. B. Function categories of the gene clusters in the cerebellum. The table shows
the gene ontology (GO) terms of the genes significantly enviched in each cluster in either the cerebrum or cerebellum of the DRPLA transgenic mice and their biological process and
malecular function categories, The GO terms were selected on the basis of a p-value <0.05, which is calculated using EASE. Other similar significant terms, cellular componeni cat-
egory terms, and KEGG pathways are not included to minimize redundancy. Terms are considered “similar™ if two terms have the same the parent term or both the parent and child
(or grandchild) terms are included together. Complete data are shown in the Supplementary Table 24, B.

A. Cerebrum
Biological process p value Molecular function p value
Cluster 1
Metal ion transport 0.00549 0.00001
Calcium ion transport 0.01266 0.00014
Cell-cell adhesion 0.01499 Binding 0.00461
Neuropeptide sig 0.01520 § 0.00522
0.01607 Calcmm ion binding 0.00700
Cation transport 0.02138 Jon binding 0.01175
Negative regulation of biological process 0.02405 Metal ion binding 0.01175
Neurotransmitter transport 0.02608 Cation binding 0.01796
Negative regulation of cellular process 0.03944 { 0.02326
Di-, tri-valent inorganic cation transport 0.03974 Catlon transporter acnvxty 0.02351
lon transport m Cell signaling lon binding
Cluster 2
0.00488 0.00057
0.00967 0.00138
0.01282 0.00470
0.02550 Binding 0.01242
002965 |Profein serinejihreonine kinase activit I LT 002170
0.03112 Enzyme regulator activity - 0.04203
0.03273 1 K I 0.04395
0.03417 0.04617
0.04921
m ] : Gk 0.04921
_ Protein modification _ Nucleotide/nucleic acid binding n Protein kinase
Cluster 3
Positive regulation of cellular process 0.00321 Copper ion binding 0.00862
Negative regulation of apoptosis 0.00348 Binding 0.01624
Negative regulation of programmed cell death 0.00365 Insulin-like growth fa 0.04298
Regulation of cell proliferation 0.00369 Integrin binding 0.04498
Negative regulation of cellular process 0.00745
Apop tosis 0.00902
Fatty acid biosynthesis 0.00920
Cell-substrate adhesion 0.00952
Regulation of apoptosis 0.00975
Programmed cell death 0.00978

Cell death/apoptosis
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Table (continued}

B. Cerebellum

Biological process p value Molecularfunction p value
Cluster 1
0.0000 Protein binding 0.0000
0.0001 Calciumion binding 0.0001
0.0001 Receptor binding 0.0005
0.0001 Cation binding 0.0009
0.0001 GTPase regulator activity 0.0010
0.0002 Ion binding 0.0019
0.0003 Metalion binding 0.0019
0.0004 Binding 0.0020
0.0004 Enzyme regulator activity 0.0060
0.0006 Lipid binding 0.0070
lon binding
0.0000 0.0000
0.0000 0.0000
0.0000 0.0002
0.0000 0.0004
0.0001 0.0005
0.0003 0.0011
0.0003 phosphor: 0.0016
0.0004 (A 0.0018
0.0005 0.0043
Cell organization and biogenesis 0.0005 ‘oteinkinaseactivity 0.0052
- Protein modification - Nucleotide/nucleic acid binding _ Protein kinase
Cluster 3
Biopolymer metabolism 0.0002 Obsolete molecular function 0.0001
Cellular physiological process 0.0005 0.3100
0.7000 0.1800
0.0008 0.0319
0.0011 Protein binding 0.0331
0.0014 Chondroitin sulfate proteoglycan 0.0335
Regulationof cell proliferation 0.7100 0.8330
Processi 0.0025 0.0420
0.0029
0.0034

N e splicing

- Regulation of transcripton

- Nucleotide/nucleic acid binding

The genes downregulated in the cerebellum (cluster 1) are found to
be mostly related to neuronal developmental processes. In particular,
the downregulation of the genes related to myelination {e.g., Cldn!1,
Ugt8a, Pipl, and Large) are noteworthy, since these genes may play a
role in the formation of white matter lesions, which are characteristically
observed in DRPLA patients. Our previous morphometric study has also
demonstrated that spine density is reduced in the neurons of Q129
DRPLA mice (Sakai et al., 2006). Neuropathological observations have
long revealed that the entire brain of DRPLA patients is somehow pro-
portionally small in addition to the region-specific neuronal loss in the
dentatorubral and pallidoluysian systems. Considering these findings,
developmental abnormalities of neurons are also considered as impor-
tant pathological processes in DRPLA, besides newronal degeneration,

We previously demonstrated the age-dependent downregulation of

genes in the cerebrum of Q129 DRPLA transgenic mice (Sato et al,
2009). Among the 46 genes from that study, 10 genes were also identi-
fied to be associated with age-dependent as well as CAG-repeat-length-~
dependent downregulation in our present study (included in cluster 1).
Four of the 10 genes encode transcription factors ( Dbp, Egr1, Bhlhib2, and
Mef2c), three encode neuropeptides (Sst, Npy, and Penk7), one encodes
a signaling molecule (Prked), one encodes a vesicular transporter
(Rab33a), and one encodes a cytoskeletal and structural molecule
(Cldn11). Six of the 21 genes listed as CREB-dependent genes are

included in cluster 1 (Sst, Penkl, Egrl, Bidhb2, Mef2c, and Cldn11). In-
triguingly, the genes found to be downregulated in both our present
and previous studies are functionally categorized into the same catego-
ries: neuropeptide genes, transcription factor genes, or CREB target
genes. We previously demonstrated that CREB-dependent transcrip-
tional activation is strongly suppressed by expanded polyQ stretches
in cellular models (Nucifora et al, 2001; Shimohata et al,, 2000, 2005),
which strongly indicates that expanded-polyQ-mediated transcription-
al suppression is involved in the pathogenesis of DRPLA. Cur findings
further support recent studies that demonstrated the therapeutic effec-
tiveness of potent transcriptional activators, such as sodium butyrate
(Ferrante et al, 2003; Ying et al, 2006), SAHA (Hockly et al, 2003),
and phenylbutyrate (Gardian et al, 2005), against polyglutamine
diseases.

Upregulated genes are associated with protein modification, apoptosis,
and transcriptional regulation

The upregulated genes in transgenic models of polyglutamine dis-
eases have been paid less attention than the downregulated genes,
since they were regarded as the result of cellular stress responses and in-
flammation (Luthi-Carter et al., 2000, 2002). In this study, however, we
have identified a cluster of genes that are upregulated with increasing
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CAG repeat length and age (cluster 2), which have important biclogical
functions, such as these encoding nucleotide-binding proteins, kinases,
and phosphatases. Furthermore, most of these genes encode the proteins
localized in the nucleus where the DRPLA protein acts as a transcriptional
coregulator. Therefore, it is likely that the upregulation of these genes in-
dicates their involvement in the intrinsic molecular interactions underly-
ing the neuronal degeneration in the disease (Shen et al., 2007), instead
of being simply a response to stress or inflammation.

It is interesting that the genes classified into cluster 3 in both the
cerebrum and cerebellum in this study, which are exclusively upregu-
fated in the Q129 transgenic strain from a very early stage, are mainly
related to cell death and apoptosis (Cdknla, Sgk, Trp53inp1, Tsc22d3,
and Agt). The Cdknla-encoded protein inhibits cell cycle progression
in G1 by binding to G1 cyclin-CDK complexes, and cell cycle arrest
in the G(0)/G(1) phase has been shown to enhance the cellular toxic-
ity of truncated ataxin-3 with expanded polyQ stretches, which is the
product of MJDT — the causative gene for Machado-Joseph disease/
SCA3 (Yoshizawa et al., 2000). Thus, the upregulation of Cdknla in
the brain of the DRPLA transgenic mice may indicate a similar role
of the gene in enhancing the neuronal toxicity of the mutant DRPLA
protein with expanded polyglutamine stretches. The upregulation of
genes whose function is neuroprotective (negative regulation of apo-
ptosis or programmed cell death), such as Sgk, may indicate a protec-
tive response to the neuronal toxicity of the mutant DRPLA protein
containing expanded polyQ stretches. Interestingly, the expression
level of Sgk has alse been reported to be elevated in the brain of pa-
tients with Huntington's disease {Rangone et al., 2004).

Conclusions

We have unprecedentedly generated DRPLA transgenic mouse
strains carrying various lengths of expanded CAG repeats, and dem-
onstrated significant CAG repeat length- and age-dependent changes
in behavioral phenotypes and gene expression profiles in the trans-
genic mice. We have identified specific gene clusters that are differen-
tially dysregulated in the brains of the animals and new pathways
that are potentially involved in the pathogenesis of DRPLA. This
study is the first to comprehensively reproduce the CAG repeat
length- and age-dependent features of human DRPLA in animal
models, and has provided new insights into the pathogenic mecha-
nisms leading to neuronal degeneration and dysfunction in DRPLA
as well as in other polyglutamine diseases.
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