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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,
(113 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 Q129 mice.
In the cerebelium 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 huinan 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 strains 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 myoclonus,
whereas the transgenic strain with the shortest CAG repeat expansion
(Q76) shows no cbvious DRPLA phenotype {Sato et al, 2009). The
mouse lines 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 polyglutarnine diseases.

The transgenic strains with expanded CAG repeats of 96 and above
showed obvious motor deficits, whereas the strain with 76 CAC 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 Q96) 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 profiles

Microarray-based expression profiling is widely used to 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 {o
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., Plchi, Ppp3Ca, Pdelb, itpka, itpri, and
Atp2b2) and calmedulin 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 neuronal
dysfunction in DRPLA.

Specifically, the downregulation of inocsitol 1,4,5-triphosphate re-
ceptor 1 (ltpr1) deserves special attention. The expression level of
ftpr1 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 ftpri-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 Itpr? identified in this study further indicates that the dysfunc-
tion of calcium signaling caused by the downregulation of calcium-
signaling-related genes including {tpr7 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 CAC repeat length- and
age-dependent downregulation of hypethalamic neuropeptide genes
in the cerebrum of DRPLA transgenic mice, such as Penkl, Npy, Cart,
and Sst. The downregulation of these hypothalamic neurcpeptide
genes may coniribute fo 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., 2069). 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 (ladarola 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 cerebelium. The table shows
the gene ontology {GO) terms of the genes significantly enriched 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, celfular component 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
C ll_ i 0.01499 Binding 0.00461
I 0.01520 0.00522
0.01607 Calcium ion binding 0.00700
Cation transport 0.02138 lon binding 0.01175
N ive regulati 0.02405 Metal ion binding 0.01175
N 0.02608 Cation bindi 0.01796
Negative regulation of cellular process 0.03944 Cytos € rotein ing. 0.02326
Di-, tri-valent inorganic cation transport 0.03974 Cation transporter activity 0.02351
lon transport T cell signaling " Protein binding lon binding
Cluster 2
(Cellular metabolism 0.00488 0.00057
Cell division 0.00967 0.00138
» ; 0.01282 0.00470
0.02550 0.01242
0.02965 0.02170
0.03112 0.04203
0.03273 0.04395
0.03417 0.04617
0.04921
0.04921
rotein modification Nucleotide/nucleic acid binding W 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
el 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 lon 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
Cluster2
ICelfular 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 0.0016
0.0004 0.0018
0.0005 0.0043
Cell organization and biogenesis 0.0005 0.0052
- Protein modification - Nucleotide/nucleic acid binding — Protein kinase
Cluster 3
Biopolymer metabolism 0.0002 Obsolete mol: 0.0001
Cellular physiological process 0.0005 2 03100
0.7000 0.1800
0.0008 RNA £ 0.0319
0.0011 Protein binding 0.0331
0.0014 Chondroitin sulfate proteoglycan 0.0335
Regulationof cell proliferation 0.7100 0.8330
0.0025 0.0420
0.0029
0.0034

- RNA 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., Cldn11,
Ugi8a, 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. Gur 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-
portionaily 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 neuronal degeneration.

We previously demonstrated the age-dependent downregulation of
genes in the cerebrum of Q129 DRPLA transgenic mice (Sato ef 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, Bhihib2, and
Mef2¢), 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
(Cldnt1). Six of the 21 genes listed as CREB-dependent genes are

included in cluster 1 (Sst, Penkl, Egrl, Bhlhb2, MefZc, 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-poly(-mediated transcription-
al suppression is involved in the pathogenesis of DRPLA. Qur findings
further support recent studies that demenstrated 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 those encoding nucleotide-binding proteins, kinases,
and phosphatases. Furthermore, most of these genes encode the proteins
iocalized 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 involverment 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-
lated 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 MIDI — 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 also 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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