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摘要 

        脊髓小腦運動失調症（SCAs）為一群顯性遺傳的神經退化性疾

病，目前已確定的各型中，絕大多數是由致病基因中的三核苷酸或

五核苷酸重複擴增所致。本論文首先建立了臺灣地區族群的 SCAs

致病基因之遺傳資料庫，並且檢測尚未確定的病例。在我們的檢測

結果中，臺灣 SCAs 族群當中最多的為 SCA3；且臺灣的族群分佈頻

率與日本及高加索人群極為相似。此外，我們亦發現五名帕金森氏

症患者具有 SCA8 或是 SCA17 基因的突變，顯示這兩種基因的突變

可能以非小腦症狀的表現型來顯現。 

       SCA8 與其他的 SCAs 不同之處在於其雖然也是由三核苷酸重複

擴增所造成，但其致病基因中的三核苷酸為 CTG，且位於非轉譯

區，而非像其他型 SCAs 絕大多數為轉譯區中的 CAG 擴增。此外，

SCA8 基因所轉錄 RNA 的 5′端，與 KLHL1 基因之 mRNA 的 5′端互

補，即為 KLHL1 基因的反意 RNA。本論文的第二部份為利用細胞

與基因轉殖小鼠模式來探討 SCA8 的可能致病機轉。在細胞模式

中，我們發現 CTG 擴增的 SCA8 對於 KLHL1 基因表現的抑制較不若

正常 SCA8 來得強；此外，雖然之前的研究認為 SCA8 基因並不會進

行轉譯，但我們的研究證實了 SCA8 基因中的開放解讀架構（open 

reading frame，  ORF）確實可以轉譯成蛋白質，且 CTG 擴增的
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SCA8 與 ORF1 都會形成細胞內不可溶的包涵體。因此，SCA8 的反

意調控與可轉譯的開放解讀架構都可能與致病過程相關。我們亦建

立 SCA8 的基因轉殖小鼠模式，雖然行為測定與小腦組織形態上都

未發現異狀，但卻出現四肢緊抱（clasping）的現象。因此，此現象

或許可提供作為致病機轉或是藥物研究之指標。 
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Abstract 

    Spinocerebellar ataxias (SCAs) comprise a heterogeneous 

neurodegenerative disorders that are dominantly inherited. Among the 

identified SCAs, the trinucleotide or pentanucausing mutations have been 

shown to cause most SCAs. However, the prevalence of SCAs varies 

among populations. In the first part, in order to set up a database of the 

trinucleotide- and pentanucleotide-repeat expansions leading to SCA, we 

have assessed the repeat size at the SCA1, SCA2, MJD/SCA3, SCA6, 

SCA8, SCA10, SCA12, SCA17, and DRPLA loci. MJD/SCA3 (46%) 

was the most common autosomal dominant SCA in the Taiwanese cohort, 

followed by SCA6 (18%) and SCA1 (3%). The frequencies of large 

normal alleles are closely associated with the prevalence of SCA1, SCA2, 

MJD/SCA3, SCA6, and DRPLA among Taiwanese, Japanese, and 

Caucasians. In addition, abnormal expansion of SCA8 and SAC17 genes 

were detected in patients with PD, suggesting these two mutations might 

manifest as non-cerebellar symptoms.  

    Unlike most SCAs caused by expansion of a coding CAG trinucleotide 

repeat, SCA8 has been shown to link to CTG triplet repeat expansion in 

the 3' untranslated region of SCA8 gene on 13q21. The 5' end of the SCA8 

transcript overlaps the transcription and translation start sites, as well as 

the first splice donor sequence of the Kelch-like 1 (KLHL1) gene of the 

complementary strand. The aim of the other part is to uncover the 

plausible mechanisms using cell and transgenic mouse as model systems. 

In vitro studies demonstrated that the suppressive activity for KLHL1 was 

significantly different for SCA8 transcripts carrying 157 combined repeats, 
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and that SCA8 RNA was translatable. Both the expressed GFP-tagged 

ORF1 and polyleucine-expansion ORF3 proteins formed aggregates. 

Thus, SCA8 trans effects and polyleucine-containing aggregateds might 

be correlated with the pathogenesis of SCA8. In addition, the SCA8 

overexpression transgenic mouse model showed no difference of motor 

activity and histopathological morphology of Purkinje cells between 

transgenic mice and their control littermates. However, hind-limb 

clasping was observed in transgenic mice with 157 repeats during tail 

suspension. Although no marked pathological phenotypes were found in 

our model, the clasping phenotype might be used to be a characteristic 

evaluation index for drugs screening as in Huntington’s disease mice. 
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Introduction 
 

The word “ataxia” derived from Greek word, “a taxis” in the late 19th 

century and refers to “without order or incoordination”.  This word is used to 

describe the symptom of incoordination that may be caused by trauma, 

infections, other diseases, Vitamin E deficiency or neurodegenerative 

changes. In addition to environmental and dietary factors, ataxia could also 

be caused inherently.   

 

In 1863, Dr. Nikolaus Friedreich first described six patients with a 

recessively inherited ataxia in which the age of onset was below 20-year-old 

and it is known as Friedreich's ataxia. Thirty years later, Dr. Pierre Marie 

noticed another dominantly inherited form clinically distinct from that 

described by Friedreich and began between thirty and forty years of age, and 

patients described here is recently affirm as having spinocerebellar ataxia 

type 3 (SCA3)/Machado-Joseph disease (MJD) (Uchihara et al. 2004). 

Therefore, ataxias at that time were roughly divided into Friedreich's ataxia 

and Marie's ataxia, based on the age of onset.  

 

These ataxias were not further clearly subclassified until in the 1980s, after 

Dr. Harding classifying autosomal dominant cerebellar ataxias (ADCAs) 

into three clinical subgroups types, including ADCA type I, type II, and type 

III. ADCA type I is characterized by a progressive cerebellar syndrome, with 

additional but variable associated features of supranuclear ophthalmoplegia, 

optic atrophy, mild dementia, peripheral neuropathy or extrapyramidal 

dysfunction. SCA1, SCA2, SCA3, SCA4, SCA8, SCA12, SCA17, 

dentatorubral pallidoluysian atrophy (DRPLA) and recently defined SCA27 
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and SCA28 fit in with this type. ADCA type II shows cerebellar ataxia 

accompanied with pigmentary macular dystrophy and only SCA7 is included. 

ADCA type III is a pure cerebellar syndrome and comprises SCA5, SCA6, 

SCA10, SCA11, SCA14, SCA15, SCA22, and SCA26. SCA13 does not fall 

within any categories described above. 

 

Although each SCA is primarily categorized in terms of the clinical 

symptoms, different SCAs may sometimes have overlapping signs and it is 

difficult to distinguish simply on the basis of clinical grounds. However, 

with the advance of molecular biotechnology, mutation analyses have linked 

various genetic loci to the subtypes of SCA and afforded the genetic 

classification of clinical subtypes. Dissimilar to most inherited diseases 

caused by point mutation, deletion, insertion or translocation of causing gene, 

identified SCAs are largely caused by the unexpected prolongation of 

tandem nucleotide repeats. Among the mapped SCAs, SCA1, SCA2, 

SCA3/MJD, SCA6, SCA7, SCA17, and DRPLA have been shown to be 

associated with the expansions of coded CAG repeats translated into 

polyglutamine stretch that adds a toxic gain of function to the respective 

proteins (Orr et al. 1993; Kawaguchi et al. 1994; Koide et al. 1994; Imbert et 

al. 1996; Pulst et al. 1996; David et al. 1997; Zhuchenko et al. 1997; Koide 

et al. 1999), and SCA8, SCA10, and SCA12 are associated with expansions 

of 3' UTR CTG, intronic ATTCT, and promoter CAG, respectively (Holmes 

et al. 1999; Koob et al. 1999; Matsuura et al. 2000). Nevertheless, SCA5, 

SCA14 and SCA27 have been found caused by missense mutations (van de 

Warrenburg et al. 2003; Yabe et al. 2003; Stevanin et al. 2004; Alonso et al. 

2005; Brusse et al. 2006; Ikeda et al. 2006) rather than tandem repeats 
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expansions. Some SCAs involved in this study will be discussed briefly in 

the following and the genetic summary of SCAs is listed in Table 1.   

 

Spinocerebellar ataxia type 1 (SCA1) 

SCA1 is the first mapped SCA in which the mutant gene SCA1 localized on 

chromosome 6p23. It has been found that SCA1 gene carries more than 40 

CAG trinucleotide repeat units in affected individuals (Orr et al. 1993; Banfi 

et al. 1994) and it is now believed that expanded CAG-encoded 

polyglutamine (polyQ) tract within ataxin-1, the SCA1 product, gains a 

novel function. SCA1 usually begins in the 3rd and 4th decade of life 

accompanied with symptoms such as ataxia, slow saccades, increased tendon 

reflexes at knee, and difficulty speaking and swallowing. In the view of 

molecular mechanisms, ataxin-1 interacts with glyceraldehyde-3-

phosphotate dehydrogenase (GAPDH) (Koshy et al. 1996), cerebellar 

Purkinje-enriched leucine-rich acidic nuclear protein (LANP) (Matilla et al. 

1997), calcium binding protein calbindin D28k (CaB) (Vig et al. 1998; Vig 

et al. 2000), proteasome and chaperon proteins (Cummings et al. 1998). 

Most associated proteins are recruited to nuclear aggregates formed under 

the expression of mutant ataxina-1 and this could be explained the fact that 

aberrant interactions involve in the pathogenesis. 

 

Spinocerebellar ataxia type 2 (SCA2)  

The typical clinical features of SCA2 include limb and gait ataxia, slow 

saccades, and hyporeflexia, while levodopa-respinsive parkinsonism is 

occasionally presented or dominant in the family (Gwinn-Hardy et al. 2000; 

Shan et al. 2001; Furtado et al. 2002; Ragothaman et al. 2004). SCA2 is 

caused by the expansion of unstable CAG repeats in SCA2 gene encoding 
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ataxin-2. The most common normal ataxin-2 allele contains 22 glutamines. 

The range of glutamine repeats in mutant ataxin-2 varies from 33 to 77 with 

37 glutamines being most common. Wild type ataxin-2 is primarily localized 

with the Golgi apparatus, whereas expression of mutant ataxin-2 disrupts the 

normal morphology of the Golgi complex (Huynh et al. 2003) and this 

dispersion can be reduced by the overexpression of parkin, an E3 ubiquitin 

ligase mutated in an autosomal recessive form of parkinsonism. In addition, 

ataxin-2 serves as a substrate of parkin for ubiquitination and degradation, 

and mutant ataxin-2 aggregates mask these effects of parkin by sequestrating 

it (Huynh et al. 2007). Thus, the correlation between ataxin-2 and parkin 

needs to be further investigated to uncover the pathogenesis of SCA2 and 

related parkinsonism. 

 

Spinocerebellar ataxia type 3 (SCA3) 

SCA3 is the most common dominantly inherited ataxia worldwide and also 

called Machado-Joseph disease (MJD), named for affected families of 

Azorean extraction, characterized principally by ataxia, spasticity, and 

ocular movement abnormalities. The mutation leading to SCA3/MJD is 

linked to chromosome 14q32.1, and the range of CAG repeats in mutant 

alleles is 45-86 repeats (Kawaguchi et al. 1994). The disease protein, ataxin-

3, of 42kDa is smallest of the polyQ disease so far. Ataxin-3 consists of a 

structured N-terminus with deubiquitinating activity, two ubiquitin-

interacting motifs (UIMs) and a C-terminal polyQ tract (Masino et al. 2003).  

In vitro and in vivo studies have shown that expression of expanded ataxin-3 

induces cell death and results in accumulation of ubiquitinated intranuclear 

inclusions selectively in neurons of affected brain regions (Paulson et al. 
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1997) in which the recruitment of ubiquitin might act via UIM motifs 

(Donaldson et al. 2003). 

 

Spinocerebellar ataxia type 6 (SCA6) 

SCA6 is caused by a very mild CAG repeat expansion in CACNA1A gene 

encoding the α 1A subunit of voltage-gated calcium channels type P/Q 

(Zhuchenko et al. 1997). However, other mutations in this gene have been 

found to cause familial hemiplegic migraine (FMH) and episodic ataxia type 

2 (EA2) (Ophoff et al. 1996), suggesting these diseases are allelic disorders. 

The clinical features of SCA6 include nystagmus, dysarthria, and ataxia, 

while in some cases signs of brainstem and pyramidal tract are also involved. 

It is believed that polyQ expansion in this calcium channel influences the 

trafficking of Ca2+ and a previous study has indicated that polyQ elongation 

caused a proportional negative shift of voltage-dependent inactivation, 

suggesting reduced Ca2+ influx may be associated with neuronal death in 

cerebellum (Toru et al. 2000). 

 

Spinocerebellar ataxia type 7 (SCA7) 

SCA7 is unique to SCAs for the phenotype of retinal degeneration in 

addition to typical cerebellar symptoms. SCA7 was mapped to Chromosome 

3p14-p21.1 (Benomar et al. 1995). Normal SCA7 alleles contain 4-35 CAG 

repeats, while pathological alleles contain over 38 CAG repeats. Ataxin-7, 

encoded by SCA7 gene, is nuclear localized and associates with the nuclear 

matrix and the nucleolus (Kaytor et al. 1999). In addition, ataxin-7 was 

considered as a component of the TATA-binding protein-free TAF-

containing complex (TFTC) and the SPT3-TAF9-GCN5 acetyltransferase 

complex (STAGA) (Helmlinger et al. 2004), which both belong to histone 



 6

acetyltransferase (HAT) complexes, or related complexes. Although mutant 

ataxin-7 did not disturb the assembly of these complexes, it inhibited the 

histone acetylation function in a dominant-negative manner (Helmlinger et 

al. 2004; McMahon et al. 2005; Palhan et al. 2005). Taken together, the 

spatial and proteins interaction patterns help to explain some aspects of 

SCA7 pathogenesis. 

 

Spinocerebellar ataxia type 8 (SCA8) 

SCA8 was first described in 1999 as a novel autosomal SCA caused by CTG 

triplet repeats expansion in the nontranslated SCA8 gene locating on 

chromosome 13q21 (Koob et al. 1999). Dysarthria, eye move disorder, and 

ataxia are commonly observed in patients. Incomplete penetrance is an 

interesting trait observed in SCA8 that expanded CTG repeats do not always 

cosegregate with clinical features. In addition, intergenerational transmission 

of CTG alleles is instable and shows a strong bias toward expansions in 

maternal transmission (Koob et al. 1999; Day et al. 2000; Moseley et al. 

2000). Further description of SCA8 will be presented in the following. 

 

Spinocerebellar ataxia type 10 (SCA10) 

SCA10, characterized by ataxia, dysarthria and seizure not found in other 

SCAs (Grewal et al. 1998; Rasmussen et al. 2001; Grewal et al. 2002), is 

caused by expansion of ATTCT pentanucleotide repeat in intron 9 of a novel 

gene, SCA10, on chromosome 22q13.3. Although little is known about 

ataxin-10, the protein product of SCA10, has been localized to cytoplasmic 

and perinuclear compartments, and knocking it down induces sever neuronal 

loss (Marz et al. 2004). In addition, overexpression of ataxin-10 enhanced 

intracellular glycosylation activity via interaction with O-Linked β-N-
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acetylglucosamine transferase (OGT) (Marz et al. 2006). Accordingly, 

ataxin-10 might play a vital role in cell. 

 

Spinocerebellar ataxia type 12 (SCA12) 

SCA12 was first described in pedigrees of German American and Indian 

descent (Holmes et al. 1999; Fujigasaki et al. 2001b). Patients usually begin 

with action tremor in their 3rd decade, followed clinical symptoms such as 

ataxia, hyperreflexia, dysarthria and bradykinesia (Holmes et al. 1999; 

O'Hearn et al. 2001; Srivastava et al. 2001). The causing mutation lies 5' 

untranslated region (UTR) of the gene PPP2R2B, which produces regulatory 

B subunit of serine/threonine phosphatase, PP2A. PP2A is implicated in 

various cell process including cell growth and differentiation, DNA 

replication, microtubule assembly, and apoptosis (Price and Mumby 1999; 

Virshup 2000). Down regulation of PP2A in brain has been shown to disrupt 

the balance of phosphorylation/dephosphorylaton state, resulting in 

accumulation of hyperphosphorylated tau, a microtubule-associated protein 

(Gong et al. 2000). It is speculated that expansion of CAG repeat 

misregulates the expression of downstream gene, which in turn affects the 

phosphatase activity of PP2A (Holmes et al. 2003). 

 

Spinocerebellar ataxia type 17 (SCA17) 

TATA-box binding protein (TBP) is well-known for its role in the initiation 

of RNA transcription, but it is now also considered associated with SCA17. 

SCA17 was first described in a Japanese family and the clinical features 

consist of ataxia, dementia, hyperreflexia, parkinsonian, and postural reflex 

disturbance (Koide et al. 1999; Fujigasaki et al. 2001a; Nakamura et al. 

2001). Normal individuals carry 25-42 CAG repeats in TBP gene, while 
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those have 43-48 CAG repeats show an incomplete penetrance (Fujigasaki et 

al. 2001a; Nakamura et al. 2001; Silveira et al. 2002). Immunocytochemical 

analysis in SCA17 patients showed neuronal intranuclear inclusion bodies 

(Nakamura et al. 2001), and most neuronal nuclei were diffusely stained 

with 1C2 antibody, which recognizes expanded polyglutamine tracts 

(Nakamura et al. 2001). Expression of the full-length TBP protein resulted in 

repeat-length-dependent inclusion formation in vitro, and overexpression of 

expanded TBP increased Cre-dependent transcriptional activity, suggesting 

that mutant TBP might be involved in aberrant transcription activity (Reid et 

al. 2003). TBP is also found colocalize to neurofibrillary tangle structures in 

Alzheimer's disease (AD) (Reid et al. 2004), implying that ubiquitously 

expressed TBP might contribute to other diseases.  

 

“Anticipation” refers to the phenomena that the disease begins at an earlier 

age and worsens while it is transmitted to the next generation. This 

phenomena is often found in diseases caused by trinucleotide repeat 

expansion, including Huntington's disease, myotonic dystrophy, SCA1, 

SCA2, SCA3, SCA6, SCA7, SCA8, SCA10, SCA12, SCA17, SCA22, and 

DRPLA, as the next generations often have more repeats and move severe 

symptoms.     

 

The prevalence of SCAs varies among populations. Such differences were 

closely associated with the distributions of large normal alleles in Japanese 

and Caucasian populations (Takano et al. 1998). The frequency of SCA has 

been assessed in Chinese patients, with 5% for SCA1, 6% for SCA2, 48% 

for MJD/SCA3, and 0% for SCA6, SCA7, and DRPLA (Tang et al. 2000). A 

study of ethnic Chinese in Taiwan also revealed MJD/SCA3 as the most 
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common type (47%), followed by SCA6 (11%), SCA2 (11%), SCA1 (5%), 

SCA7 (3%), DRPLA (1%), and SCA8 (0%) (Soong et al. 2001). However, 

22% of SCA patients in this study did not have mutations in the above 7 

SCA genes, and there has been no report on SCA10, SCA12, and SCA17 

among Chinese populations. In addition, and with the exception of the 

MJD/SCA3 and SCA6 genes, the distribution of SCA repeats in the Chinese 

population has not been well documented. 

 

Among the growing numbers of the neurodegenerative disorder, expanded 

repetitive DNA sequences contribute some aspects to the pathogenesis. The 

expanded sequence might occur either within or outside of the coding region, 

and the latter includes the regions of introns, 3' untranslated, and 5' 

untranslated region (UTR). The autosomal inherited spinocerebellar ataxia 

type 8 (SCA8) is an example in which trinucleotide CTG repeat expansion 

occurs in the 3' UTR of the SCA8 gene that lacks a significant open reading 

frame. SCA8 was first described in a large family characterized by the 

symptoms including limb ataxia, dysarthria, and horizontal nystagmus 

(Koob et al. 1999). The CTG repeat length is mitotic instably, and often 

interrupted by CTA repeats (CTG/CTA combined repeats) (Koob et al. 1999; 

Moseley et al. 2000; Silveira et al. 2000). In addition, the intergenerational 

changes in CTG repeat number are typically larger for SCA8 than for the 

other SCAs, and most cases are resulted form maternal expansive 

transmission (Koob et al. 1999).  

 

Organization of SCA8 gene 

Human SCA8 gene spans around 32 kb in length on chromosome 13q21 and 

is composed of up to six exons that are alternatively spliced (Figure 2A). 
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The 5' end of SCA8 transcript is variably spliced exon D, D', D'', D4, D5, 

which in turn joins to the variable exon C3, the invariable exons C2, C1, the 

alternative exon B, and terminates at either exon B or A (Nemes et al. 2000; 

Benzow and Koob 2002). Since the last exon is the region where CTG 

repeats reside, the expanded CTG tract might not be included in SCA8 

transcripts, accounting for the incomplete penetrance in some way. Another 

attractive feature of SCA8 gene is that exon D is transcribed in the opposite 

direction through the first exon of KLHL1 transcript (Nemes et al. 2000) 

(Figure 2A). The similar distribution patterns in the brain and the conserved 

sense/antisense organization of SCA8 and KLHL1 (Benzow and Koob 2002) 

indicate that endogenous SCA8 transcripts might act as a natural, or so-called 

cis-encoded antisense transcripts of KLHL1, which further results in SCA8 

neuropathogenesis. 

 

The role of KLHL1 protein 

KLHL1 protein is highly homologous to the Drosophila kelch protein, 

which is responsible for maintaining actin organization of ring canals 

connecting the oocyte to supporting nurse cells during oogenesis (Xue and 

Cooley 1993; Robinson and Cooley 1997). KLHL1 spans a genomic size of 

over 400 kb and comprises of 11 exons encoding the amino-terminal region 

(NTR) following by the BTB/POZ (for Broad-Complex, Tramtrack and Bric 

a brac/Poxvirus and Zinc-finger domain) dimerization domain and the six 

antin-binding Kelch motif repeats (KREPs) separating by the intervening 

amino acid sequence (IVS) (Robinson and Cooley 1997). In addition,  

KLHL1 protein interacts with the α1A subunit of voltage-gated calcium 

channels type P/Q, the product of SCA6 gene, by increasing its current 
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density and channel availability for opening (Aromolaran et al. 2007), 

indicating that KLHL1 might have a role for modulating calcium channel. 

 

Natural antisense transcripts 

Natural antisense transcripts (NATs) are endogenous RNAs complementary 

to sequences of already known function. Although some are transcribed 

from a locus that is different from the locus of the sense RNA, most 

antisense transcripts are issued from the same locus. They were first found in 

prokaryotes and have been considered regulating the expression of specific 

genes, which are often down regulated. In the last two decades, more and 

more NATs have been described in eukaryotes, including human. It is 

widely accepted that NATs might function as templates for translation or 

regulators of sense gene expression (Dolnick 1993; Li et al. 1996). Apart 

from being translation templates, NATs could exert its regulational effects 

via at least three mechanisms. First, the overlapping segments form double 

strand, which leads to the prevention of translation or the digestion to small 

fragments (Lai 2002). Second, NATs involve epigenetic regulations such as 

the methylation of promoters by some unknown mechanisms and the 

conversion of the chromosome structure (Wutz et al. 1997; Tufarelli et al. 

2003). Third, sense and antisense RNAs form two voluminous RNA pol II 

complexes on opposite strands, leading to RNA polymerases clash in the 

overlapping region, which would ultimately interfere the activity of one or 

both protein complexes (Prescott and Proudfoot 2002). 

 

Myotonic dystrophy type 1 (DM1) 

Myotonic dystrophy type 1 (DM1) is also caused by a CTG trinucleotide 

repeat expansion in the 3' UTR of its disease-causing gene, DMPK (Buxton 
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et al. 1992; Harley et al. 1992; Kitsu et al. 1992; Mahadevan et al. 1992). 

The CTG repeat expansion within the DMPK gene primarily affects the 

neuromuscular system, while cardiac conduction defects, smooth muscle 

involvement, mental changes, hypersomnia, ocular cataracts, insulin 

dependent diabetes and testicular atrophy are also involved. At least three 

hypotheses have been proposed to explain the possible mechanisms of DM1. 

First, haploinsufficiency has been proposed to explain the dominant nature 

of DM. However, DMPK levels in adult and congenital patients were not 

significantly changed (Narang et al. 2000), and neither heterozygous nor 

homozygous DMPK knock out mice show the severely multisystemic DM 

phenotypes (Berul et al. 1999), suggesting that haploinsufficiency might not 

be directly involved in DM. Second, the CTG expansion is likely to disrupt 

the chromatin structure nearby the DMPK and further affect the transcription 

DMPK and its neighboring genes (Otten and Tapscott 1995). Third, the 

mutant DMPK transcripts tend to be retained within the nucleus in distinct 

foci, which in turn sequester the RNA-binding proteins, including CUG-

binding proteins (CUGBPs), muscleblind (MBNL) protein family, and some 

other transcription factors, or affect the transport of other CAG repeats-

containing RNA (Taneja et al. 1995; Fardaei et al. 2002; Ebralidze et al. 

2004). In the view of being mediated by CTG expansion, the molecular 

similarity between SCA8 and DM1 should provide an opportunity to further 

define the molecular pathogenesis of SCA8. 

 

Internal ribosome entry segment (IRES)  

Initiation of translation of most eukaryotic mRNAs normally depends on the 

5' m7GpppN cap structure of mRNAs, which recruits 43S ribosome 

preinitiation complex via interaction with the cap binding protein eIF4E 
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(Sonenberg 1994). The translation machinery then migrates downstream 

until it meets the first AUG codon in the optimal context for initiation of 

translation (Kozak 1991). This scanning model predicts that any mRNA with 

long 5'-untranslated region (5'-UTR) and complex secondary structures may 

not be translated efficiently. In an alternative mechanism of translation 

initiation, the ribosome can be directly recruited to an internal site on the 

mRNA that can be some considerable distance from the cap structure 

(Hellen and Sarnow 2001). The latter mechanism requires the formation of a 

complex RNA structural element termed an internal ribosome entry segment 

(IRES). In the presence of trans-acting factors, IRES allows the internal 

ribosome entry (Stoneley and Willis 2004). Up to date, many eukaryotic 

cellular mRNAs have been suggested to contain such IRES activities (see 

http://www.rangueil.inserm.fr/IRESdatabase). Although reported non-coding 

(Koob et al. 1999), small ORFs in the SCA8 transcripts were noted. Among 

them, a 102 amino acids containing-ORF1 and a 41 amino acids plus a 

polyleucine tract containing-ORF3 may be translated if SCA8 RNA 

possesses a cap independent IRES activity. Our previous study had 

demonstrated the possible IRES activity within SCA8 (Lin et al. submitted). 

Therefore, if small ORFs could be translated, the linkage between 

translatable ORFs and pathogenesis remains to be further investigated. 

 

Animal models of SCA8 

Animal models play a crucial role in studying pathological mechanisms of 

human diseases. Several models have been established to investigate SCA8. 

Ectopic expression of SCA8 in the Drosophila retina induces late-onset and 

progressive neurodegeneration, and the neuronally expressed RNA binding 

protein, staufen is found to be recruited to the SCA8 RNA with the presence 
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of 3' CUG-containing region, suggesting that SCA8 may be resulted from 

RNA-mediated molecular pathway (Mutsuddi et al. 2004). Recently targeted 

deletion of a single Sca8 ataxia locus allele in mice leads to degeneration of 

Purkinje cell function, indicating partial loss of Klhl1 function with the 

pathogenesis of the disease (He et al. 2006). In addition, using a transgenic 

mouse model in which the human SCA8 mutation is present on a BAC, a 

newly discovered gene, ataxin 8 (ATXN8), which encodes a nearly pure 

polyglutamine expansion protein in the CAG direction, was reported 

(Moseley et al. 2006). The studies of BAC SCA8 transgenic mice revealed 

1C2-positive intranuclear inclusions in Purkinje and brainstem neurons, 

indicating polyglutamine expansion protein in the CAG direction with the 

pathogenesis of the disease (Moseley et al. 2006). However, BAC clones 

usually insert to the chromosome with relatively low copies, leading to 

lower expression of transgene. Hence, reinforcing transgene expression 

under the control of the specific promoter in replace of expressing low 

copies of artificial chromosome could sometimes get severe phenotypes and 

a earlier age of onset. 
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Aims 
 

The first aim of this study was to set up a database of the trinucleotide- and 

pentanucleotide-repeat expansions leading to SCA, we have assessed the 

repeat size at the SCA1, SCA2, MJD/SCA3, SCA6, SCA8, SCA10, SCA12, 

SCA17, and DRPLA loci in 198 normal controls and 334 patients with 

ataxia and Parkinson's disease (PD) in Taiwanese. In addition, we also 

compared the frequencies of large normal alleles with the relative 

frequencies of SCA1, SCA2, MJD/SCA3, SCA6, and DRPLA among 

Taiwanese, Japanese, and Caucasians. Secondly, in order to uncover the 

molecular mechanisms underlying SCA8, we used in vitro cellular system to 

investigate the plausible pathogenesis, including the antisense effects 

between KLHL1 and SCA8, and the translatable open reading frame in 

SCA8. We also generated stable and inducible SCA8 cell lines carrying 

various CTA/CTG combined repeats to find out the repeats effects on 

stresses. In addition, to get insight the pathogenesis of SCA8 and for further 

potential therapy screening, we also generated transgenic mice harboring the 

human SCA8 cDNA carrying either normal or expanded CTA/CTG 

combined repeats under control of cerebellar Purkinje cell specific promoter, 

Pcp2/L7 promoter. 
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Materials and methods 
 

Subjects 

Seventy patients with ataxia, including 39 patients from 28 families with 

autosomal dominant cerebellar ataxia and 31 patients with sporadic ataxia 

and 264 patients with idiopathic PD, were enrolled in this study. Clinical 

diagnoses of ataxia and PD were made according to the published criteria. 

These 334 patients were recruited from the neurology clinics of Chang Gung 

Memorial Hospital. In addition, 198 unrelated subjects without 

neurodegenerative disorders were recruited as normal controls. All 

examinations were performed after obtaining informed consent from patients 

and control individuals. 

 

Genomic DNA extraction 

Genomic DNA extraction from whole blood is carried out using DNA 

Extraction Kit (Cat. No.200600, Stratagene). Three volume of 1x Solution 1 

was mixed well with the blood sample and incubated on ice for 5 minutes. 

After centrifugation at 2,000 rpm for 10 minutes, the supernatant was 

removed and the pellet was resuspended in 2 ml of Solution 2. Then 10 µl of 

pronase is added to the suspension and incubated at 60˚C for several hours, 

or at 37˚C overnight for several days. The suspension was placed on ice for 

10 minutes, followed by mixing with 0.8 ml of Solution 3 and stood on ice 

for 10 minutes. The protein precipitate was pelleted by centrifugation at 

3,400 rpm for 15 minutes at 4˚C, and the supernatant containing nucleic acid 

was treated with 6 µl of RNase at 37˚C for 15 minutes. DNA precipitate was 

separated out by mixing with 2.5 ml of isopropanol, transferred to a fresh 

tube, and centrifuged at 14,000 rpm for 1 minute. The pellet was rinsed once 
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with 70% ethanol and air-dried. DNA was dissolved in adequate volume of 

ddH2O and the concentration was determined using the spectrophotometer. 

 

Polymerase chain reaction (PCR) and genotyping 

Molecular analyses of tri- or pentanucleotide repeat loci of SCA1, SCA2, 

SCA3, SCA6, SCA8, SCA10, SCA12, SCA17, and DRPLA were carried 

out by polymerase chain reaction (PCR) with the primers and under the 

conditions listed in Table 2. Briefly, 100 ng of genomic DNA, 0.4 µM of 

each primer of which the forward primer was fluorescence labeled, 100-

200 µM dNTPs, 0.8-1.5 mM MgCl2, 10 mM of Tris pH 8.3, 50 mM KCl, 

0.5 U Taq polymerase, and 10% dimethylsulfoxide were prepared in a final 

volume of 25 µl. Amplified products were analyzed in a linear 

polyacrylamide gel on an automated MegaBACE Analyzer and allele sizes 

were determined by comparing migration relative to molecular weight 

standards. DNA sequencing was performed to accurately assess repeat size 

and the presence of interruptions. 

 

Gel extraction 

After separation on the agarose gel, DNA fragment was recovered using 

Gel-M™ Extraction System (Cat. No.EG1001, Viogene). First, the gel slice 

was completely dissolved in 0.5 ml GEX Buffer at 60˚C for 5 to 10 minutes. 

Then the dissolved gel mixture was applied to the Gel-M™ column and 

centrifuged for 1 minute. The column was washed with 0.5 ml of WF Buffer 

followed with centrifugation for 1 minute, and washed with 0.7 ml of WS 

Buffer followed with centrifugation for 1 minute. The residual ethanol was 

removed by one more centrifugation for 1 minute. DNA was dissolved in 30 

µl of ddH2O for 5 minutes and eluted by centrifugation for 1 minute. 
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Statistical analyses 

Possible differences between the normal and patient groups in normal repeat 

frequency distributions were assessed using a non-parametric Mann–

Whitney U-test. Allele frequencies at each locus were estimated by the gene 

count method. Statistical analyses of differences in the frequency of large 

normal alleles (those corresponding to 5 to approximately 10% of the upper 

tails) for each locus were performed with the Fisher's exact test. 

 

SCA8 cDNA cloning 

Human cerebellar polyadenylated RNA (Clontech) was reverse 

transcribed into cDNA by using the SuperScript™ II reverse transcriptase 

(Invitrogen). Sense and antisense primers used for amplification of full 

length SCA8 cDNA were (5'-ATCCTTCACCTGTTGCCT) and (5'-

GCTTGTGAGGACTGAGAATG), respectively. The 1.3-kb full-length, 

(CTA)11(CTG)12 combined repeats (23R) containing cDNA (including 

exons D, C2, C1, B, and A) (SCA8-23R) (Figure 2B) (Nemes et al. 2000) 

was cloned into pGEM-T Easy vector (Promega) and sequenced. The 

NlaIII-DraI fragment containing (CTA)11(CTG)12 repeats was replaced 

with a 290bp fragment from the PCR clone of a patient with SCA8 CTG88 

expansion [(CTA)8CCACTACTGCTACTGCTA(CTG)64CTA(CTG)9] 

(SCA8-88R). The trinucleotide repeat number is further expanded to 

[(CTA)8CCACTACTGCTACTGCTA(CTG)67CTA(CTG)65CTA(CTG)9] 

combined 157 repeats by ligation of Fnu4HI partially digested fragments 

(SCA8-157R) (項，2005). To construct the CTA/CTG deleted SCA8, a 

DraI site was introduced to the 5' end of repeats by site-directed 

mutagenesis [primer 5'-CCCTGGGTCCTTCATGTTAGAAAACCTGG- 
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CTTTAAAA(CTA)8C] as described below and the DraI fragment 

containing CTA/CTG combined repeats was removed (SCA8-0R). 

 

Site-directed mutagenesis 

Site-directed mutagenesis was carried out using QuikChange™ XL Site-

Directed Mutagenesis Kits (Cat. No.200517, Stratagene). The reaction was 

set up in 25 μl of volume including 2.5 μl of 10 × reaction buffer, 10 ng of 

template DNA, 62.5 ng of both sense and antisense primers, 50 μM dNTPs, 

1.5 μl of QuickSolution and 0.5 μl of PfuTurbo DNA polymerase. The 

reaction was temperature cycled with the condition: 1 cycle of denaturation 

at 95˚C for 1 minute, 18 cycles of reaction comprising denaturation at 95˚C 

for 50 seconds, annealing at 60˚C for 50 seconds, and elongation at 68˚C for 

12 minutes, followed by elongation at 68˚C for 7 minutes. Following cycling, 

the reaction was cooled and 0.5 μl of DpnI (10 U/μl) was added to digest the 

parental DNA template at 37˚C for 1 hour. Then 5 μl of the reaction was 

taken to transform the competent cells and the site-directed mutant DNA 

was extracted from the cultured clones and sequenced. 

 

pEF-SCA8 constructs 

To generate SCA8 expression constructs driven by the human polypeptide 

chain elongation factor 1α promoter (the EF promoter), SCA8 cDNA bearing 

0 to 157 CTA/CTG combined repeats was placed in the NotI restricted site 

of pEF-IRES/hrGFP vector (Chung et al. 2002) in which the KpnI fragment 

containing 3' region of the IRES sequence and the humanized Renilla green 

fluorescent protein (hrGFP) gene were removed to result in pEF-SCA8-0R, 

23R, 88R, and 157R constructs (Figure 3A). These constructs were 

sequenced and verified by restriction mapping. 
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KLHL1 cDNA cloning and pEF-KLHL1-EGFP construct 

The 3.2 kb KLHL1 cDNA was amplified also from human cerebellar 

polyadenylated RNA using sense (5'-CATGTCAGGCTCTGGGCGAA- 

AAG) and antisense (5'-TGGGCGATGAGAATATGAAGTCTG) primers. 

After cloning into pGEM-T Easy and sequencing, the 2.2 kb KLHL1 coding 

sequences and the EGFP gene from pEGFP-N1 were fused in-frame and 

inserted into the NotI site of the modified pEF-IRES/hrGFP vector in which 

hrGFP had been removed by KpnI restriction to generate pEF-KLHL1-

EGFP (Figure 3B). The construct was verified by DNA sequencing and 

restriction mapping. 

 

pCMV-(CAG)36-IRES-EGFP construct 

The 1.1 kb TATA binding protein (TBP) cDNA containing 36 CAA/CAG 

repeats [(CAG)3(CAA)3(CAG)9CAACAGCAA(CAG)16CAACAG] was 

amplified using sense (5'-CTGGTTTGCCAAGAAGAAAGTG) and 

antisense (5'-AGGCAAGGGTACATGAGAGCCA) primers (by 王政光). 

After cloning and sequencing, the 5' 254-bp cDNA fragment was placed 

between the EcoRI and PstI sites of the pIRES2-EGFP vector (Clontech) 

(洪， 2005). The resulting pCMV-(CAG)36-IRES-EGFP contains the 5' 

region of TBP cDNA upstream to the IRES and EGFP gene (Figure 3C). 

The construct was verified by DNA sequencing. 

pCMV-ORF1-EGFP construct 

The ORF1 translation termination sequence of SCA8 cDNA (in pGEM-T 

Easy vector) was removed and a SmaI restricted site (underlined) added by 

PCR using primer 5'-GCGCCCGGGACACTTCAACTTCCTATACATACA. 
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The EcoRI (in MCS of pGEM-T Easy vector)-SmaI fragment containing 

SCA8 ORF1 was in-frame fused to the EGFP gene in the pEGFP-N1 vector 

(Clontech) (between the EcoRI and BstUI sites). The Kozak sequence of 

enhanced green fluorescence protein (EGFP) gene was removed by site-

directed mutagenesis (primer 5'-CGGGCCCGGGATCCACCGGTCGCCΔ- 

GTGAGCAAGGGCGAGGAGCTG, Δ = ACCATG) (by 蕭欣杰 ). The 

resulting pCMV-ORF1-EGFP construct (Figure 4A) was verified by DNA 

sequencing and restriction mapping. 

 

pCMV-SCA8-EGFP constructs 

The translation termination sequence of SCA8 ORF3 (with 0R, 23R, 88R 

and 157R) was removed by AflII restriction. A linker sequence (5'-

CGACTCGCG) was added between the filled-in AflII site and the BstUI site 

of pEGFP-N1 vector to fuse SCA8 ORF3 and Kozak-deleted EGFP gene in-

frame. The resulting pCMV-SCA8-EGFP constructs (Figure 4B) were 

verified by DNA sequencing and restriction mapping. 

 

pCMV-K-ORF3-EGFP constructs 

To generate pCMV-K-ORF3-EGFP, SCA8 cDNA sequences 1~1032 in 

pCMV-SCA8-23R-EGFP and pCMV-SCA8-157R-EGFP were removed and 

the bases in front of AUG start codon were modified to match the Kozak 

consensus sequence (CACC) (by Dr. 蘇銘燦). The resulting pCMV-K-

ORF3-23R-EGFP and pCMV-K-ORF3-157R-EGFP constructs (Figure 4C) 

were verified by DNA sequencing and restriction mapping.  

 

Preparation of electro-competent cells 
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The day before preparation, bacteria (TOP 10F', Cat. No.50-0059, Invitrogen) 

were cultured overnight in 100 ml of LB broth containing tetracycline. On 

the day, bacterial culture was aliquot into four 1-liter flasks, each containing 

225 ml of LB broth, and inoculated with shaking at 37˚C until the OD600 

reached 0.7 ~ 0.8. Cells were chilled on ice for 10 minutes and pelleted by 

centrifugation at 4,000 rpm at 4˚C for 5 minutes. The supernatant was 

removed and cells were resuspended and pooled in 250 ml of cold ddH2O 

for pellet from 500 ml culture. Cells were centrifuged at 4,500 rpm at 4˚C 

for 5 minutes and washed with 250 ml of cold ddH20 twice. The supernatant 

was poured off and cells were resuspended in 1 ml of ddH2O containing 

20% glycerol. Finally, cells were aliquot into eppendorf tubes in 40 µl 

amounts and stored at -80˚C. 

Ligation 

The adequate amount of insert DNA fragment was mixed with vector, 0.5 µl 

of 10 × Ligation Buffer, 0.5 µl of PEG 4000 Solution, and 1.25 U of T4 

DNA ligase (Cat. No.EL0331, Fermentas) in a volume of 5 µl. The ligation 

reaction was incubated at room temperature for 1 hour or 16˚C overnight. 

 

Electroporation 

The ligation reaction was inactivated at 65˚C for 10 minutes and kept on ice 

after spinning down. Immediately prior electroporation, 1 µl ligation sample 

was mixed with 20 µl aliquot of electro-competent cells and then added to 

the 1 mm-gap cuvette (Cat. No.4307-000-569, Eppendorf). The 

electroporation was carried out using MicroPulser Electroporator (BIO-RAD) 

with 1.25 Kvolts under the manual program. Chilled LB broth (500 µl) 

which contains no antibiotics was added immediately to the cuvette. The 
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content of curvette was then transferred to the tube, incubated at 37˚C for at 

least 30 minutes, and plated on LB medium with appropriate antibiotic for 

incubation at 37˚C for 16-18 hours. 

 

Minipreparation of plasmid DNA 

A single bacterial colony was transferred into 1ml of LB broth containing 

the appropriate antibiotic. After overnight incubation at 37°C with vigorous 

shaking, the bacteria were harvested by 14,000 rpm centrifugation for 1 

minute. The bacterial pellet was resuspended in 70 μl of Solution I (50 mM 

glucose – 25 mM Tris-HCl pH 8.0 – 10 mM EDTA pH8.0) by vigorous 

vortexing. Then 140 μl fresh Solution II (0.2 N NaOH – 1% SDS) was 

added into the bacterial suspension and the contents was mixed by inverting 

several times followed mixing with 105 μl Solution III (3 M potassium 

acetate). The cell debris and genomic DNA were precipitated at 14,000 rpm 

for 5 minutes, and the supernatant containing plasmid DNA was transferred 

to a fresh tube. The plasmid DNA pellet was precipitated after mixing with 

0.8 volume of isopropanol and centrifuged at 14,000 rpm for 5 minutes. The 

DNA pellet was washed in 70% ethanol and dried in the air. The plasmid 

DNA was dissolved in 40 μl ddH2O containing 10 μg/ml RNase and 

checked by 0.8% agarose gel electrophoresis. 

 

Midipreparation of plasmid DNA 

Large-scale isolation of plasmid DNA was performed with Midi-V100™ 

Ultrapure Plasmid Extraction System (Viogene). A single bacterial colony 

was incubated in 65 ml of LB broth containing the appropriate antibiotic at 

37˚C for 20 hours and then the bacteria cells were harvested by 
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centrifugation at 8000 g for 5 minutes. The cell pellet was resuspended in 4 

ml of VP1 Buffer containing RNase. The cell suspension was mixed with 4 

ml of VP2 Buffer and with 4 ml of VP3 Buffer, sequentially. The cell debris 

was centrifuged at 12,000 g for 15 minutes and the supernatant was applied 

to a Midi-V100™ column, which was pre-equilibrated with 10 ml of VP4 

Buffer. The column was washed with 15 ml of VP5 Buffer and the plasmid 

DNA was eluted with 5 ml of VP6 Buffer. Then DNA was precipitated by 

mixing with 3.75 ml of isopropanol, allotted to 1.5 ml tube, and centrifuged 

at 14,000 rpm for 10 minutes. After removing the supernatant, DNA pellet 

was dissolved in 63 μl of ddH2O for each tube and combined to a tube. To 

eliminate residual salt, DNA was precipitated by mixing with 20 μl of 5 M 

NaCl and 1000 μl of pure ethanol, followed by centrifugation at 14,000 rpm 

for 5 minutes. The supernatant was removed and DNA was allowed to dry in 

the air. Finally, DNA was dissolved in 400 μl of ddH2O and the 

concentration was determined using the spectrophotometer. 

 

Cell cultivation 

Human embryonic kidney (HEK) 293 (ATCC No. CRL-1573) and IMR-32 

(ATCC No.CCL-127) cell lines were maintained in DMEM supplement with 

10% fetal calf serum (FCS), 1.0 mM sodium pyruvate, 1.5 g/L sodium 

bicarbonate, 100 U/ml penicillin, and 100 U/ml streptomycin, at 37°C in an 

atmosphere containing 5% CO2. 

 

Transfection 

The rapid transfection process was carried out without plating cells the day 

before transfection. For transfection performed in the 12-well plate, 2 μg of 
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DNA and 2 ~ 4 μl of Lipofectamine™ 2000 reagent (LF2000) (Cat. 

No.11668-019, Invitrogen) were first diluted into 100 μl Opti-MEM® I 

Reduced Serum Medium (Cat. No.31985-062, Invitrogen), respectively, and 

incubated for 5 minutes at room temperature. Then DNA and LF2000 were 

combined in the well and incubated for 20 minutes at room temperature. At 

the meanwhile of DNA-LF2000 complexes formation, the cell suspension of 

appropriate number per well was prepared in 10% FCS-DMEM without 

antibiotics. The cell suspension was added to the DNA-LF2000, mixed 

gently by rocking back and forth, and incubated at 37˚C for at least 24 hours 

for further expression studies. 

 

Fluorescence activated cell sorting (FACS) analysis 

HEK293 cells cultivated in DMEM containing 10% FCS were transfected 

with the various cDNA constructs using a lipofection procedure. pEGFP-N1 

was used as a negative control to show the specificity of SCA8 trans RNA 

interference. Forty-eight hours later, cells were harvested for fluorescence 

activated cell sorting (FACS) analysis. The amounts of GFP expressed were 

analyzed in a FACSCalibur flow cytometer (Becton-Dickinson), equipped 

with an argon laser operating at 530 nm. A forward scatter gate was 

established to exclude dead cells and cell debris from the analysis. 104 cells 

were analyzed in each sample. 

 

Immunofluorescence analysis 

The transfection process was performed as described above. Before 

transfection, circular coverslips of which the diameter was 15 mm were 

sterilized and coated with poly-L-lysine as noted below. Coverslips were 

first washed in 70% ethanol for 30 minutes twice, incubated in 0.1 N HCl 
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overnight, sterilized by autoclaving and stored in 95% ethanol. Coverslips 

were then placed in each well of 12-well culture plate and coated with poly-

L-lysine (100 μg/ml, Sigma) for 1 hour at room temperature. After removing 

poly-L-lysine, coverslips were briefly washed with sterile ddH2O twice, 

allowed to dry completely, and ready for use after sterilizing under UV light 

for at least 1 hour. After transfection, cells were allowed to grow on 

coverslips for at least 1 day depending on the confluence and/or the gene 

expression level. For immunofluorescence analysis, cells were rinsed briefly 

in PBS and fixed in 4% paraformaldehyde in PBS for 15 minute at room 

temperature. After washing twice with PBS, cells were permeabilized with 

0.25% Triton X-100 in PBS for 10 minutes, followed by washing in PBS 

three times. The intracellular nonspecific binding of the antibodies was 

blocked with PBS containing 1% BSA for at least 1 hour. Cells were then 

incubated with the primary antibodies for 1 hour at room temperature or 

overnight at 4˚C, washed in PBS three times, and a second incubation with 

fluorescence-conjugated antibodies for another 1 hour at room temperature, 

followed by washing in PBS three times. The nuclei were stained using 

0.05% DAPI (4'-6-diamidino-2-phenylindole) and the coverslip was 

mounted on glass slides in Vectashield (Cat. No.H-1400, Vector). The 

stained cells were observed with Leica TCS confocal laser scanning 

microscope. 

 

Cell lysate preparation 

Cells were harvested by centrifugation at 1,000 g for 5 minutes followed 

with cold PBS washing twice. The cell pellet was resuspended in 200 μl 

RIPA buffer (10 mM Tris pH7.5 – 150 mM NaCl – 5 mM EDTA pH8.0 – 

0.1% SDS – 1% DOS – 1% NP-40) containing the protease inhibitor mixture, 
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sonicated 15 pulses three times, and sat on ice for 30 minutes. Protein 

extracts were centrifuged at maximum speed at 4°C for 30 min and the 

supernatant was transferred to a fresh tube. The protein concentration was 

determined using the Bio-Rad Protein Assay (Cat. No.500-0006, Bio-Rad). 

 

Cytoplasmic and nuclear proteins preparation 

Separation and preparation of cytoplasmic and nuclear extracts was 

performed using NE-PER Nuclear and Cytoplasmic Extraction Reagents 

(Cat. No.78833, Pierce). Transfected cells (1 ~ 2 × 106) were harvested, 

resuspended in 100 μl of ice-cold CER I containing protease inhibitor, and 

incubated on ice for 10 minutes. Then 5.5 μl of ice-cold CER II was added to 

the cell suspension, mixing by vortexing for 5 seconds, and incubated on ice 

for 1 minute. After vortexing for another 5 seconds, cell extract was 

centrifuged at 4°C for 5 minutes at maximum speed, and the supernatant, 

which embraces the cytoplasmic fraction, was transferred to a fresh, pre-

chilled tube and stored at -80˚C. The pellet was resuspended in 50 μl of ice-

cold NER, vortexing for 15 seconds, and incubated on ice with vortexing for 

15 seconds every 10 minutes, for a total of 40 minutes. The insoluble 

fraction was precipitated by centrifugation at 4˚C for 10 minutes at 

maximum speed and the supernatant was used for nuclear fraction. The 

protein concentration was determined using the Bio-Rad Protein Assay. For 

subcellular location determination, the protein extracts were reacted with 

antibodies against poly ADP-ribose polymerase (PARP) (sc-7150, Santa 

Cruz Biotechnology), the nuclear marker, and α-tubulin (sc-5286, Santa 

Cruz Biotechnology), the cytoplasmic marker, respectively. 

 

Western blotting (immunoblotting) 
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Equal amount of cell lysates were denatured in 1 × sample buffer (50 mM 

Tris pH 6.8 – 2% SDS – 10% Glycerol – 2.5% β-mercaptoethanol – 0.005% 

bromophenolblue) at 95°C for 10 minutes and separated by SDS-PAGE 

according to the molecular weight and electrophoretic transferred to 

nitrocellulose membrane (Schleicher and Schuell) using XCell II™ Blot 

Module (Cat. No. EI9051, Invitrogen) in transfer buffer (25 mM Tris – 0.2 

M glycine – 20% methanol) at 45 V for 1 hour. The membrane was blocked 

in PBS containing 10% non-fat milk for at least 1 hour at room temperature 

or overnight at 4˚C. The membrane was rinsed with washing buffer (10 mM 

Tris, pH 8.0 – 0.05% tween-20) and incubated with primary antibodies at 

room temperature for at least 1 hour. The membrane was washed three times 

with washing buffer for 5 minutes. Then the membrane was incubated with 

appropriate secondary antibodies conjugated horse radish peroxidase for 1 

hour and washed three times with washing buffer. The immune complexes 

were detected with SuperSignal® West Femto Maximum Sensitivity 

Substrate (Cat. No.34096, Pierce). 

 

RNA isolation 

Total RNA was extracted using Trizol reagent (Cat. No. 15596-018, 

Invitrogen) according to the manufacturer's specifications. After PBS 

washing, 1ml of Trizol reagent was added to the culture dishes and cells 

were scraped from the culture dish. The cell suspension was incubated on ice 

for 5 minutes, mixed well with 1/5 volume of chloroform and incubated on 

ice for another 5 minutes. RNA was separated form DNA and proteins by 

centrifugation at 4˚C for 15 minutes. The colorless, upper aqueous phase 

was carefully removed to a fresh tube avoiding the material that collected at 

the interface, and mixed with 0.8 volume of isopropanol. The mixture was 
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sat at -20˚C for at least 1 hour and centrifuged at 4˚C for 15 minutes to 

precipitate RNA. The supernatant was discarded and RNA pellet was rinsed 

with 70% DEPC-H2O. RNA was air dried and dissolved in adequate volume 

of DEPC-H2O. The quality and quantity of RNA samples were determined 

by the agarose electrophoresis and the absorbance at 260 nm, respectively. 

 

Establishment of SCA8 stably expressing Flp-In T-REx 293 cell lines 

The generation of SCA8 stably expressing Flp-In T-REx 293 cell lines is 

based on the Flp-In™ T-REx™ system (Invitrogen). For constructing stably 

SCA8 expressing vectors, fSCA8-0, 23, 88, and 157R were restricted by 

NotI and inserted to NotI site of pcDNA5/FRT expressing vector. Then each 

of these expressing vectors and pOG44 were co-transfected into the Flp-In 

T-REx 293 cell with the molar ratio of 1:9. One day after transfection, the 

medium was replaced with fresh one. Next day, cells were split into fresh 

medium with the density not more than 25% confluent. Once cells attached 

to the dish, the culture medium was replaced with the selective medium 

containing 100 μg/ml of Hygromycin and 15 μg/ml of Blasticidin.  After 1 

month of Hygromycin selection with replacement of fresh selective medium 

every 4 days, genomic DNA was isolated from each cell line and verified by 

PCR with sense (5’-GCTTGTGAGGACTGAGAATG) and antisense (5’- 

CCCTGGGTCCTTCATGTTAG) primer pair. To induce expression of 

SCA8 integrating into the FRT site, cells were treated with 1 µg/ml 

doxycycline (dox) for varying periods of time. 

 

Cell proliferation assessment (WST-1 assay) 

The extent of cell proliferation was determined with PreMix WST-1 Cell 

Proliferation Assay System (Takara). After doxcycline induction and drugs 
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treating, the cells are added PreMix WST-1 in a final 1:10 dilution and 

incubated for 4 hours. The cell viability is determined by measuring the 

formazan dye formation, cleaved by the succinate-tetrazolium reductase 

which is active in the viable cells, at 450 nm using microplate reader. 

 

Transgene construction and SCA8 transgenic mouse generation 

Full length SCA8 cDNAs carrying 23 and 157 combined repeats were 

subcloned into the NotI site of pCEV expression vector in which SCA8 

expression is under the control of the cerebellar Purkinje cells specific 

pcp2/L7 promoter. The transgene constructs were purified as described 

above and verified. The transgene fragments containing pcp2/L7 promoter, 

SCA8 cDNA, and SV40 polyadenylation signal were excised with 

SphI/BamHI digestion and injected into FVB mouse pronuclei to generate 

transgenic mice (the service of transgenic core facility, Institute of 

Molecular Biology, Academia Sinica). 

 

Transgenic mouse genotyping 

The genomic DNAs from transgenic founders and offspring were isolated 

from tail biopsies and PCR genotyped using transgene-specific primers TG-

F (5'-TATGGTGAGAGCAGAGATGG) and TG-R (5'-CATGTCAGGCTC- 

TGGGCGAAAAG). Briefly, 0.5-1.0 cm of tail biopsies were minced in 200 

μl of tail solution (50 mM EDTA – 1% SDS – 50 mM Tris-HCl pH 8.0 – 

100 mM NaCl – 0.35 mg/ml protease K) and incubated at 65˚C for 4 hours 

or at 37˚C overnight. The mixture then was mixed with 80 μl of 5 M 

potassium acetate and sat at 4˚C for 1 hour followed by centrifugation at 

14,000 rpm at 4˚C for 30 minutes. The supernatant was transferred to the 

fresh tube and mixed well with 500 μl of pure ethanol. DNA was pelleted by 
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centrifugation at 14,000 rpm for 5 minutes and then washed with 70% 

ethanol. DNA pellet was air-dried, dissolved in 50 μl of ddH2O. 0.5 μl of 

DNA was used as the template for PCR, and the amplified fragment spans 

form the pcp2/L7 promoter to the exon D of the human SCA8. The GAPDH 

fragment was PCR amplified with primers GAPDH-F (5'-

CCCTTCATTGACCTCAACTA) and GAPDH-R (5'-

CCAAAGTTGTCATGGATGAC), as the internal control.  

 

Characterization of transgene copy numbers of transgenic mouse lines 

The transgene copy numbers were determined using PCR. Briefly, copy 

standards were prepared by mixing non-transgenic tail DNA with a known 

amount of 1, 10, 50, and 100 copies of transgene DNA. The intensity of 

PCR amplified fragment with TG-F and TG-R primers was compared to 

copy standards to estimate the copy numbers. 

 

RNA isolation from mouse brain tissues and reverse transcription-

polymerase chain reaction (RT-PCR) 

The brain tissues were dissected and 1 ml of Trizol reagent (Invitrogen) was 

added to isolate total RNA form half of the cerebellum. The procedure of 

isolation of RNA was as described above. After RNase-free DNase 

(Stratagene) treatment, 1 μg of RNA was reverse transcribed into cDNA 

using the SuperScriptTM III reverse transcriptase (Invitrogen). The RT-F (5'-

CTTTTCGCCCAGAGCCTGACATG) and RT-R (5'-

CTAACATGAAGGACCCAGGG) primers were used to amplify cDNA 

fragments to assess the expression of transgene transcripts.  

 

Rotarod test 
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The rotarod is used to measure the ability of equilibrium and motor 

improvement with training. Mice are placed on the 38 cm-diameter rotarod 

(IITC Life Science) for three trials per day for four consecutive days with 

the rotarod undergoing a linear acceleration form 2 to 20 rpm over the first 5 

min and maintaining at a maximum speed for another 5 min. The mice were 

allowed to rest for at least 60 min between trials to avoid fatigue and 

exhausting. Mice were scored for their latency to fall for each trial and 

averages of the three trials of the last day.   

 

Immunohistochemical analysis 

Avertin-anesthetized mice were perfused with 0.9% saline followed with 4% 

paraformaldehyde fixation. The brain tissue was dissected and incubated 

with 4% paraformaldehyde overnight. Then the tissue was transferred in 

order from 10% sucrose solution for 1 hour, 20% sucrose solution for 2 hour, 

to 30% sucrose solution fro 2 days. The brain was cryosectioned and 

sections were rinsed in 0.1 M phosphate saline buffer three times (10 

min/wash). Endogenous peroxidase activity was blocked by incubation with 

3% H2O2 for 30 min. Sections were then washed in phosphate saline buffer 

three times (10 min/wash). Nonspecific epitopes were then blocked by 

incubation in 5% normal goat serum and 0.1% Triton X-100 in phosphate 

saline buffer for 2 h. Sections were incubated in primary antibodies 

overnight at room temperature and then washed three times in phosphate 

saline buffer for 10 min/wash. Secondary antibodies were applied to the 

sections by a linking reagent (DAKO) for 1h. Immunostainings were 

highlighted using substrate-chromogen solution and DAB oxidation. All 

sections were mounted on coated slides and cover-slipped for light 

microscopy. 
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RNA cleanup 

Isolated RNA was cleaned up using RNeasy Mini Kit (Cat. No.74104, 

Qiagen). As described in the manufacture, the volume of RNA sample was 

first adjusted to 100 μl with DEPC-H2O, mixed with 350 μl Buffer RLT 

containing 1% β-mercaptoethanol, followed with 250 μl of ethanol. The 

mixture was then applied to the RNeasy mini column and centrifuged for 15 

seconds at ≥8,000g. The column was transferred into a new collection tube, 

added 500 μl Buffer RPE, and centrifuged for 15 seconds at ≥8,000g. 

Another 500 μl Buffer RPE was added to the column and centrifuged for 2 

minutes at ≥8,000g. And another centrifugation for 1 minute was carried out 

to eliminate residual ethanol. Finally, 20 μl of DEPC-H2O was added the 

column which has been transferred to a new tube, stayed at room 

temperature for 3 minutes, and centrifuged at ≥8,000 g for 1 minute. To 

obtain a more yield, another 15 μl of DEPC-H2O can be added to perform 

the second elution. The quality and quantity of cleaned-up RNA samples 

were determined by the agarose electrophoresis and the absorbance at 260 

nm, respectively. 

 

Microarray analysis 

We are indebted to the conduction of microarray assay of Genomic 

Medicine Research Core Laboratory in Chang Gung Memorial Hospital. The 

cleaned-up RNA was first reverse transcribed to the first-strand cDNA 

followed by the second-strand cDNA synthesis. Then the double-stranded 

cDNA was purified and serves as a template in the subsequent in vitro 

transcription reaction coupled with biotin labeling. The biotinylated cRNA 

targets were then purified, fragmented, and hybridized to MOE430A 
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(Affymetrix). The array was incubated for 16 hours at 45˚C, then 

automatically washed and stained. The array image was scanned and the 

acquired signal intensities were normalized. One-way ANOVA and fold-

change analysis were performed to determine which genes were 

differentially expressed between transgenic and control littermates. The cut-

off values of up-regulated and down-regulated transcripts were set as 1.5 and 

0.7 fold changes, respectively. 

 

Real-time RT-PCR (Quantitative RT- PCR) 

6.25 μg of total RNA, isolated from either SCA8 transgenic or wild-type 

littermates as mentioned above, was treated with RNase-free DNase 

(Stratagene) in 25 μl of reaction volume and then 1 μg of DNase-treated 

RNA was used as a template to synthesize the first-strand cDNA using High 

Capacity cDNA Reverse Transcription Kit (Cat. No.4368814, Applied 

Biosystems) with random primers.  Specific primers for each studied gene 

and for mouse endogenous control, Gapdh, were listed in Table 7 and 

obtained from Applied Biosystems. Real-time quantitative PCR experiments 

were performed in the ABI PRISM® 7000 Sequence Detection System 

(Applied Biosystems). Amplification was performed on a cDNA amount 

equivalent to 50 ng total RNA with 1x TaqMan® universal PCR Master mix 

(Cat. No.4304437, Applied Biosystems) and 1x specific Applied Biosystems 

Assay-on-Demand (AOD). The PCR condition was: initiation step at 50˚C 

for 2 minutes, denaturation at 95˚C for 10 minutes, then 40 cycles of 

denaturing at 95˚C for 15 seconds and combined annealing and extension at 

60˚C for 1 minute. Experimental samples and no-template controls were all 

run in duplicate. Results from duplicate reactions were averaged and used as 

the value for each biological replicate. 
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Protein samples preparation for proteomic analysis 

Half of dissected cerebella from transgenic mice and wild type littermates 

were homogenized in 200 μl of Lysis solution (8 M urea – 4% CHAPS) and 

sat on ice for 20 minutes. Protein extracts were centrifuged at maximum 

speed at 4°C for 30 min and the supernatant was transferred to a fresh tube. 

To separate proteins in the crude extracts from contaminating substances, the 

protein extracts were applied to the 2-D Clean-Up Kit (Cat. No.80-6484-51, 

Amersham Biosciences). According to the instruction, the supernatant was 

mixed well with 3 volumes of precipitant and incubated on ice for 15 

minutes. Then the mixture of protein and precipitant was mixed with co-

precipitant followed by the centrifugation at 4˚C for 10 minutes. The 

supernatant was removed as much as possible and 40 μl co-precipitant was 

layered on the pellet. After sitting on ice for 5 minutes, the mixture was 

centrifuged for 5 minutes and the supernatant was discarded. The pellet was 

piled with 25 μl of ddH2O and dispersed by vortexing. Then 1 ml of chilled 

wash buffer and 5 μl of wash additive was added to the protein pellet. The 

mixture was incubated at -20˚C for at least 30 minutes to 1 week with 

occasional vortex for 20-30 seconds. Protein was pelleted by centrifugation 

at at maximum speed for 5 minutes. The supernatant was discarded and the 

pellet was allowed to air dry for no more than 5 minutes. Finally, the protein 

pellet was resuspended in 200 μl of Lysis solution with sonication. The 

quantity of cleaned-up protein sample was determined using 2-D Quant Kit 

(Cat. No.80-6483-56, Amersham Biosciences) 

 

Minimal labeling with CyDye Fluors for 2-D difference gel electrophoresis 
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(DIGE) 

For 2-D DIGE, protein samples were labeled with Cy™2, Cy3 and Cy5 

fluors (Cat. No.25-8010-65, Amersham Biosciences) after protein 

quantization. 50 μg of protein samples were mixed with 400 pmol CyDye 

and incubated on ice for 30 minutes in the dark. Then the labeling reaction 

was quenched by adding 1μl of 10 mM lysine and leaving on ice for 10 

minutes in the dark. 

 

IPG strip rehydration and first-dimension isoelectric focusing (IEF) 

For the first dimension, the protein sample was mixed with rehydation 

buffer(8 M Urea – 2% CHAPS – 40 mM DTT – 0.5% IPG buffer –0.002% 

bromophenol blue) to make up for the volume 250 μl (for 13-cm strips). 

Then the sample mixture was loaded in the strip holders evenly and a pH 3-

10, 13-cm Immobiline™ DryStrip (Amersham Biosciences) was faced down 

to absorb the protein. Strips were rehydrated at 20˚C for 12 hours on 

IPGphor II (Amersham Biosciences). Then protein samples were separated 

according to each isoelectric point (pI) with the running program: Step 500 

V for 4 hours, Grad 1000 V for 1 hour, Grad 8000V for 3 hours, and Step 

8000V for 38000 Vhours.  

 

Second-dimension SDS-PAGE 

After IEF steps, strips were equilibrated in SDS Equilibration buffer (2% 

SDS – 50 mM Tris-HCl pH 8.8 – 6 M Urea – 30% Glycerol –0.002% 

bromophenol blue) containing 1% (wt/vol) dithiothreitol (DTT) for 15 

minutes with shaking followed by the second equilibration in SDS 

Equilibration buffer containing 2.5% (wt/vol) iodoacetamide for 15 minutes 
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with shaking. The strip then was transferred to the top of an 18 × 16 cm, 1.5 

cm thick, 12.5% polyacrylamide gel and sealed with melting agarose (0.5% 

dissolved in 1x SDS running buffer). Gels were run at 30 mA for the first 15 

minutes followed by 60 mA for 4.5~5 hours until the bromophenol blue dye 

reached the bottom. 

 

Gel staining with SYPRO Ruby 

Gels were rinsed with ddH2O and then fixed in 40% methanol and 10% 

acetic acid overnignt. Then they were washed with ddH2O for 10 minutes 3 

times, followed by staining with SYPRO Ruby protein gel stain (Cat. 

No.S12000, Molecular Probe) overnight. Before visualizing the gel image, 

the gel was washed with 10% methanol and 7% acetic acid for 30 minutes 

and rinsed with ddH2O for 5 minutes twice. The gels were imaged on the 

Molecular Dynamics Typhoon 9210 (Amersham Biosciences) using optimal 

excitation/emission wavelength.  

 

Image analysis 

ImageMaster™ 2D Platinum Software (Amersham Biosciences) was used 

for analyzing the DIGE images. Briefly, the DIGE images underwent spot 

detection and quantitation with an average of 2200 spots per gel detected. 

Next, the matched images were analyzed and based on the Student’s t-test 

feature, only those statistically significant spots (p< 0.05) were accepted. 

The volume ratio of matched spots with greater than 1.3 was considered 

significantly differentially expressed.  

 

In-gel digestion 
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Differentially expressed protein spots were picked with Ettan™ Spot Picker 

(GE Healthcare) from the SYPRO Ruby stained gel which had been matched 

to DIGE gels. The picked gel spots were rinsed with 100 μl of ddH2O, and 

then washed with 100 μl of 50 mM ammonium bicarbonate 

(NH4HCO3)/acetonitrile (ACN) (1:1, v/v) for 15 minutes. Next, the solvent 

was removed and the gel particle was covered with 50 μl of ACN with 

vortexing for 1 minute. ACN was then removed, and replaced with 50μl of 

50 mM NH4HCO3 for 5 minutes. ACN was added and the mixture was 

incubated for 15 minutes. The solvent was removed and replaced with 50 μl 

of ACN with vortexing for 1 minute, and then ACN was removed. The gel 

piece was vacuum dried for 30 minutes. The gel piece was incubated with 8 

μl of freshly diluted trypsin (2.5 ng/μl in NH4HCO3) at 37˚C overnight. Next 

day, the gel piece covered with at least 3 μl of solvent was sonified for 10 

minutes and the supernatant was recovered. The gel was then covered with 3 

μl of 50% ACN with 1% trifluoracetic acid and sonified for another 10 

minutes. The supernatant was recovered and pooled together. 

 

Mass Spectrometry 

Trypsinized protein fragments were identified using the MALDI-TOF MS 

(conduction of Genomic Medicine Research Core Laboratory in Chang 

Gung Memorial Hospital).The MALDI spectra used for protein 

identification from trypsinized fragments were searched against the National 

Center for Biotechnology Information (NCBI) protein databases using the 

MASCOT search engine (www.matrixscience.com). 
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Results 

 
Trinucleotide or pentanucleotide repeat distributions 

Figure 1 shows the frequency distributions of (CAG/CTG/ATTCT) repeat 

lengths at the nine loci in neurodegenerative patients and controls. 

Expansions of SCA types 1, 3, and 6 were detected in clinically defined 

patients with dominant SCA. Excluding known SCAs, the frequency 

distributions of normal alleles in patient group were not significantly 

different from those in the control group at the nine loci studied (P > 0.05) 

(Table 3), and the CAG repeats at SCA types 1, 2, 3, 6, and DRPLA are 

generally polymorphic within the region smaller than 40 repeats in each 

group. In the case of SCA8 locus, the frequency distribution subclasses into 

three groups. The small group closely distributed around an allele with 18 

CTGs; the second class comprised CTG repeat sizes of 22 to 39 units, and 

the third one of extremely large normal alleles were found in one SCA3 

patient (65 units) and four PD patients (75-92 units). At the SCA10 locus, 

almost all alleles with the pentanucleotied ATTCT repeats range form 10 to 

20 repeats and 14 repeat is the most frequent in each group. The frequencies 

of most SCA12 alleles distribute smaller than 20 repeats, with one group 

distributing around 10 repeats and the other ranging from 13 to 18 repeats. 

At the SCA17 locus, alleles vary from 30 to 43 in the control group and from 

28 to 46 in the patient group, while alleles with 36 are predominant (>50%) 

in each group.  

   

Frequency of SCAs and genetic and clinical features of patients 
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Analysis of loci involved in the SCAs showed that 26 unrelated patients 

(67%) had ataxia due to CAG expansion. SCA3 was the most common types 

of dominant SCA in Taiwan, accounting for 18 cases (46%), followed by 

SCA6 (7 cases, 18%) and SCA1 (1 case, 3%). The genes responsible for 

remaining 13 cases (33%) of dominant SCA remain to be determined. For 

SCA3, the mean age at onset was 36 years (SD, 12.74) and mean expanded 

allele sizes was 71 repeats (SD, 4.99) in 18 patients from 10 families. For 

SCA6, the mean age at onset and mean expanded allele sizes in 7 patients 

from 5 families were 48 years (SD, 10.02) and 23 repeats (SD, 0.79), 

respectively. For the SCA1 patient, the age at onset was 39 years and the 

expanded allele was 49 repeats. 

 

Frequency of large normal alleles 

When alleles corresponding to 5~10% of the upper tails (large normal alleles) 

at the nine loci were compared, no significant difference was found between 

the patient group and the control group. Nevertheless, we observed close 

associations between prevalences and frequencies of large normal alleles of 

SCA types 1, 2, 3, 6, and DRPLA in Taiwanese, Japanese and Caucasian 

families (Table 4).  

 

SCA8 alleles with 75 to 92 repeats in PD patients 

Although no expansion of SCA type 8 was detected in patients with 

dominant SCA, abnormal expansions were detected in four patients with PD 

(1.5%) (Table 5). The four patients met the criteria for PD, which included 

the presence of two of the four cardinal signs (resting tremor, cogwheel 

rigidity, bradykinesia or postural instability), improvement of symptoms 

with L-dopa therapy, and no evidence of secondary parkinsonism caused by 
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other neurologic disease or known drugs or toxins, or of atypical 

parkinsonism. DNA sequencing analysis revealed that these potentially 

pathogenic alleles had 75, 82, 88, and 92 combined repeats with a pure 

uninterrupted CTG repeat tract or interruptions (Table 5).  

 

SCA17 allele with 46 repeats in PD patient 

Abnormal CAG expansion in the SCA17 TBP gene was detected in one 

patient with PD (Table 5). The patient met the criteria for PD as described 

above. DNA sequencing analysis revealed that allele in the patient had 

CAG/CAA combined 46 repeats (Table 5). 
 

Regulation of KLHL1 and CAG repeat-containing RNA expression by SCA8 

The natural overlapping organization of the SCA8 and KLHL1 coding 

regions (Benzow and Koob 2002), and the similar distributions has been 

suggested that SCA8 may function as a natural antisense regulator of KLHL1 

(Nemes et al. 2000). To test this hypothesis, we constructed the human SCA8 

cDNA with 0, 23, 88, or 157 combined repeats driven by the EF promoter 

(pEF-SCA8) as well as KLHL1 cDNA tagged with EGFP (pEF-KLHL1-

EGFP) (Figure 3A, 3B). Since human embryonic kidney-derived HEK293 

cells express many neuron-specific mRNAs (Shaw et al. 2002), and were 

frequently used to study other repeat expansion diseases (Handa et al. 2005), 

they were used in this study as a in vitro cell model. After co-transfecting of 

pEF-SCA8 and pEF-KLHL1 into HEK293 cells for two days, FACS was 

performed to evaluate the expression of the KLHL1 fusion gene. The 

KLHL1-EGFP fusion protein production from cells co-transfected with 

SCA8 carrying 0 ~ 157 combined repeats was significantly reduced (29%, 

35%, 38% and 55% of the levels of KLHL1 fusion gene, P < 0.05) (Figure 
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5B). The difference between co-transfecting SCA8 carrying 0 and 157 

repeats constructs were significant (29% vs. 55%, P = 0.03). The results 

suggest that SCA8 may function as a negative regulator of KLHL1 in an 

inversely CUG repeats-dependent manner. 

 

The expanded CUG repeats within DMPK transcripts were able to interact 

with CAG repeats located within the TBP or androgen receptor mRNA 

(Hamshere and Brook 1996; Sasagawa et al. 1999). To examine if SCA8 

RNA could pair with CAG repeats from the TBP gene transcript, we placed 

the 5' TBP (CAG)36-containing cDNA fragment upstream to the IRES-

mediated translation of EGFP gene [pCMV-(CAG)36-IRES-EGFP] (Figure 

3C). After co-transfecting equal amount of pCMV-(CAG)36-IRES-EGFP 

and pEF-SCA8-0R, -23R, -88R, or 157R constructs into HEK293 cells for 

two days, EGFP protein production detected was 97%, 84%, 80% (P > 0.05), 

and 71% (P = 0.01) of the levels in cells transfecting pCMV-(CAG)36-IRES-

EGFP and pEF vector (Figure 5C). The difference between co-transfecting 

SCA8 carrying 0 and 157 repeats constructs were also significant (97% vs. 

71%, P = 0.04). These results suggested that SCA8 RNA may down regulate 

the protein expression of CAG repeat-containing RNA gene, and the length 

of CUG repeats affects this down-regulation. 

 

To examine the specificity of SCA8 trans RNA interference, pEGFP-N1 

(Figure 3D) was used to co-transfect with pEF-SCA8 constructs. As shown 

in Figure 5A, 93%, 98%, 98% and 106% of the levels of the EGFP protein 

expression were detected as compared to that of co-transfecting pEGFP-N1 

and pEF vector (P > 0.05). The difference between co-transfecting SCA8 
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carrying 0 and 157 repeats constructs were not significant (93% vs. 106%, P 

= 0.09). The results demonstrated the specific regulation of SCA8 on KLHL1. 

 

SCA8 encodes translable ORF1 and ORF3 

Although reported non-coding (Koob et al. 1999), small ORFs in the SCA8 

transcripts were noted (Figure 2B). Among them, a 102 amino acids 

containing-ORF1 and a 41 amino acids plus a polyleucine tract containing-

ORF3 may be translated if SCA8 RNA possesses a cap independent IRES 

activity. To investigate if indeed the SCA8 ORF1 and ORF3 are translated, 

EGFP gene was fused in-frame with the C terminal of the SCA8 ORF1 

(pCMV-ORF1-EGFP) as well as ORF3 carrying 23 combined repeats 

(pCMV-SCA8-23R-EGFP) (Figure 4A, 4B). The predicted ORF1 and 

ORF3 contain 102 amino acids and 41 amino acids plus a polyleucine tract 

(23 leucines), respectively (Figure 4D). The constructs were expressed in 

HEK293 cells driven by the cytomegalovirus (CMV) promoter. After two 

days the levels of EGFP protein were evaluated by FACS analysis. As 

shown in Figure 6A, the 3%, 38% and 52% IRES-dependent EGFP 

production was seen in cells transfected with pCMV-SCA8-23R-EGFP, 

pCMV-ORF1-EGFP and pIRES2-EGFP constructs as compared to the 

control pEGFP-N1 construct (cap-dependent EGFP expression). 

Additionally, equal amounts of cell lysates were separated and 

immunoblotted with GFP antibody. As shown in Figure 6B, while no 

specific polypeptide was detected in mock-transfected HEK293 cells, a 50 

kDa protein was detected in pCMV-ORF1-EGFP transfected cells, as 

compared to a 27 kDa protein in pEGFP-N1-transfected cells. Probably due 

to very low IRES-dependent expression of ORF3-23R-EGFP (Figure 6A), 

no ORF3-EGFP fusion protein was detected in Western blot.    
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ORF1 and expanded polyleucine-containing ORF3 proteins form aggregates 

To further investigate the expression of SCA8 ORF1 and ORF3 proteins, 

confocal microscopy examination of ORF-GFP fluorescence was carried out 

after transfection of pCMV-ORF1-EGFP and pCMV-SCA8-23R-EGFP 

constructs (Figure 4A, 4B) into HEK293 cells. In addition, in order to 

investigate the effects of expanded CTG repeats on protein expression and 

distribution, ORF3 carrying 0, 88 and 157 combined repeats were prepared 

too. As shown in Figure 7, strong GFP fluorescence was distributed 

diffusely in cells expressing EGFP-N1. With SCA8 ORF1 fused at the N 

terminus of GFP (ORF1-EGFP), small and dispersed aggregates appeared 

both in the nucleus and cytoplasm (accounting for 80 ± 8% of transfected 

cells), in addition to showing diffuse cytoplasm expression. Cells expressing 

ORF3-0R-EGFP gave much weaker but similar fluorescence pattern to that 

of GFP only. For cells expressing ORF3-23R-EGFP, weak but more or less 

unevenly distributed cytoplasmic fluorescence was observed. Moreover, 

cytoplasmic microaggregates, mostly perinuclear, were seen in cells 

transfected with ORF3-88R-EGFP (41 amino acids plus Leu8ProLeu79) and 

ORF3-157R-EGFP (Leu8ProLeu148). These results demonstrate that in 

addition to be translated, the expressed GFP-tagged ORF1 and polyleucine-

expansion ORF3 proteins formed aggregates.  

 

Aggregated ORF1 and ORF3 proteins are localized in both nuclei and 

cytoplasm 

As IRES activity of SCA8 is too low to detect ORF3-EGFP fusion protein in 

immunoblot, constructs were designed to force expression of ORF3-EGFP 

proteins by cloning the ORF3 immediately downstream of an eukaryotic 
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translation initiation Kozak consensus sequence (pCMV-K-ORF3-23R-

EGFP and pCMV-K-ORF3-157R-EGFP) (Figure 4C). Fluorescence 

observation of K-ORF3 showed intensely expressing EGFP pattern, and 

most cells expressing either pCMV-K-ORF3-23R-EGFP or pCMV-K-

ORF3-157R-EGFP formed aggregates, probably due to overexpression of 

ORF3-EGFP (data not shown). To examine the subcellular localization of 

SCA8 ORF proteins, HEK293 cells were transfected with pCMV-ORF1-

EGFP, pCMV-K-ORF3-23R-EGFP and pCMV-K-ORF3-157R-EGFP 

constructs and performed cell fractionation studies. Protein blot analysis 

(Figure 8) shows that the GFP-tagged ORF3-157R protein migrates as a 

smear at the top of the gel. The ORF3-157R-EGFP fusion protein is found 

mostly in the nuclei. Although ORF3-23R-EGFP protein also migrates as a 

larger protein product, a band of around 30 kDa could be detected. The 

expressed ORF3-23R-EGFP protein localized in both nuclear and 

cytoplasmic extracts. The expressed 50 kDa ORF1-EGFP protein localized 

mostly in the cytoplasm. In addition, confocal microscopy analysis of ORF1 

and ORF3 distributions from continuous focal planes also demonstrated that 

ORF1 was abundantly cytoplasmic (Figure 9), while ORF3-157R 

aggregates were formed closely associated with the nucleus (Figure 10). 

Aggregates formation was also observed when neuroblastoma IMR-32 cells 

were transfected ORF1 and expanded SCA8 (data not shown). And 

overexpression of ORF3-157R-EGFP fusion protein led to stalling in the 

stacking gel as well (Figure 11). 

 

Generation and characterization of isogenic and inducible SCA8 cell lines 

Transient transfection often results in overexpression of gene of interest 

since multiple copies are gained in transfected cells. Additionally, copy 
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numbers of transfected gene vary from cell to cell, and it could integrate at 

different loci on chromosomes in the presence of antibiotics selection. In 

order to establish isogenic and inducible cell line expressing SCA8 gene 

carrying 0~157 CTA/CTG combined repeats, we adopted the Flp-In T-REx 

system (Invitrogen) to generate stable HEK293 cell lines. As shown in 

Figure 12, the FRT locus ensures a single defined site of chromosomal 

integration via homologous recombination mediated by the Flp recombinase, 

and in the T-REx form of these cells, expression from this locus is controlled 

in a Tet-on-inducible fashion by the addition of either tetracycline or the 

related antibiotic doxycycline. The integration of SCA8 gene into Flp-In T-

REx HEK293 cells was verified by PCR (Figure 13A), and the RNA 

expression level was determined by real-time PCR assays (Figure 13B). The 

addition of doxycycline (1 µg/ml, 2 days) resulted in 20-30 times induction 

of SCA8 RNA, indicating that the expression of integrated SCA8 was 

tetracycline/doxycycline-dependent regulated. To find out whether SCA8 

isogenic cell lines with more CTA/CTG combined repeats are more 

susceptible to the stress, these cell lines were treated with various 

concentrations of staurosporine (apoptotic stimulus), MG-132 (proteasome 

inhibitor), or paraquat (source of free radicals) for one day and cell 

proliferation was assessed with WST-1 assay. As shown in Figure 14, the 

addition of low dosages of staurosporine (0~15 nM) or MG-132 (0~0.5 μM) 

did not cause significant differences of death among cell lines. However, 

when isogenic HEK293 cell lines with expanded SCA8 combined repeat 

tracts were exposed to high dosages of staurosporine (30~50 nM) or MG-

132 (0.75~1.0 μM), the viability of these cell lines decreased significantly. 

Unexpectedly, treatment of the high dosage of staurosporine or MG-132 also 

caused more death to the cell line with SCA8 carrying 0 CTG repeats. In 
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addition, neither low nor high dosage had significant effects on all cell lines. 

Taken together, isogenic HEK293 cell lines with mutant SCA8 were more 

sensitive to staurosporine and MG-132, but not paraquat. 

 

Generation and characterization of SCA8 transgenic mice 

To generate transgenic murine models expressing human SCA8 within the 

cerebellum, we subcloned human SCA8 cDNA with exons D, C2, C1, B, and 

A bearing either normal-range 23 or expanded 157 CTG/CTA combined 

repeats downstream to the cerebellar Purkinje-specific pcp2/L7 promoter 

(Figure 15A). The transgene genotyping was performed with PCR reaction 

specifically amplified the region from pcp2/L7 promoter to the exon D of 

human SCA8 gene (Figure 15B). The transgene copy numbers of two 

SCA8-23R (17 and 24) and five SCA8-157R (7, 11, 17, 19 and 62) 

transgenic lines were estimated by comparison of transgene PCR products to 

the PCR products of copy number standards (Figure 15C). As summarized 

in the figure, the copy numbers are ranged from 1 to 30 among these 

transgenic lines.  

 

Expression of SCA8 transcripts in SCA8 transgenic lines 

From each group we chose 2 lines (23R-17, 23R-24, 157R-11, 157R-62) for 

further breeding and analyses. The human SCA8 transgene can be 

successfully transmitted from generations 1 to 5 in these lines. Since SCA8 

gene is considered not having translatable peptide products, we assessed the 

expression of transgene in the level of transcripts by RT-PCR. As the result 

shown in Figure 16, all the transgenic lines we examined expressed the 

human SCA8 in the cerebellum (lane C). In the brain region other to the 

cerebellum (lane B), however, transgene transcripts also could be detected, 
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implying that expression of human SCA8 transgene might not be restricted to 

the cerebellum. 

 

Behavior assessment of transgenic mice by performance on the accelerating 

rotarod 

To evaluate the motor performance and the equilibrium ability, the trained 

mice were placed on the accelerating rotarod form 2 to 20 rpm over the first 

5 min and maintaining at a maximum speed for another 5 min to score their 

latency on the rod. However, at the early life, neither SCA8-23R (Figure 

17A) nor SCA-157R (Figure 17B) lines showed a different latency 

compared to their wild-type littermates. Although we also tested the older 

ones, the sample size was too small to tell the difference from sample 

variance. We also examined the body weights and the grabbing force of 

these transgenic mice, but no significant difference was detected (data not 

shown). 

 

SCA8 transgene does not cause the morphological abnormalities of Purkinje 

cells 

To examine if the SCA8 transgene causes the morphological changes of the 

cerebellum, the histological analysis was performed with the calbindin D28k 

antibody to assess the numbers and the arrangement of the cerebellar 

Purkinje cells. However, at the age of 2-year-old, no markedly loss or 

shrinkage of Purkinje cells was observed in 23R-24 (Figure 18A, 18C) or 

157R-62 (Figure 18B, 18D) lines. All these cells formed a continuous 

cellular sheet along the outer margin of granular layer of the cerebellar 

cortex, indicating that the ectopic expression of human SCA8 bearing either 
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normal or expanded CTG repeats in the cerebellum of the mouse does not 

cause unusual orientation, or ectopic localization of Purkinje cells. 

 

SCA8 transgenic mice exhibit the clasping phenotype 

Although SCA8 transgenic mice did not show abnormalities in both 

histolopathological and behavioral analyses, it is striking that our SCA8 

transgenic mice exhibit a special paw clasping phenotype when suspended 

by the tail (Figure 19A), similar to that observed in HD transgenic murine 

model R6/2 (Figure 19B) (Mangiarini et al. 1995; Juvonen et al. 2000; 

Worth et al. 2000). The clasping phenotype of our SCA8 transgenic mice 

progresses an alternating clasping and releasing of the feet, instead of 

maintaining holding all feet together. The founders of 157R-11 and -62 first 

exhibited this clasping phenotype at about 1 year of age, and some of their 

offspring showed the same phenotypes at younger age.  However, less than 

50% of the transgenic offspring displayed this phenotype, suggesting that a 

incomplete penetrance of SCA8 transgene might also exist in our transgenic 

model as in the human patients. 
 

To investigate whether human SCA8 gene with expanded CTG tract would 

affect global RNA expression, total RNAs from cerebella of SCA8-23 and 

157R transgenic mice at the age of 20 month and age-matched wild-type 

littermate control were genome-wide analyzed using MOE430A chips from 

Affymetrix. After normalization, differentially expressed genes were 

selected using one-way ANOVA and fold-change analysis. All the probe 

sets that showed greater than 1.5- fold or smaller than 0.7-fold changes with 

were considered significantly differentially expressed (Table 7). The 

candidate genes found form the microarray assays were further validated by 
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real-time PCR. Among 11 candidate genes, the expression patterns of 

Calml4, Igf2, Igfbp2, Ttr, Pthlh, and Rbp1 were in accordance with the 

microarray analyses, although the patterns of remaining 5 genes seemed no 

significant differences (Figure 20, 21, and 22). 

 

Proteomic analysis of SCA8 transgenic mice 

Although RNA plays an intermediate role between DNA and protein 

synthesis, differences of transcript level could not account for overall 

changes in different disease states or treatments. Since most cellular 

functions are exerted by the protein units, the protein patterns of SCA8 

transgenic mice was performed to search deranged proteins. The resulting 2-

D DIGE gel images were matched and analyzed, and expression levels of 13 

protein spots were significantly changed (Figure 23), and relative changes 

of protein abundance are summarized in Table 9. Using MALDI-TOF 

spectrometry and MASCOT search engine, 5 out 13 protein spots were 

identified as mitochondrial ATP synthase D chain (spot 1565), calbindin 

(spot 1525), calretinin (spot 1473), heterogeneous nuclear ribonucleoprotein 

K (spot 841), and serum albumin precursor (spot 761) (Table 10). 
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Discussion 
 

SCAs are a heterogeneous group of inherited neurodegenerative disorder, 

which the cerebellum is primarily affected. Most of them are associated with 

unstably expanded tandem repeats in pathogenic genes. In this study, we 

analyzed the frequency distributions of 9 SCAs in Taiwanese, including 

recently identified SCA8, SCA10, SCA12, and SCA17, which were not 

surveyed before 2004. Our data showed that the genes responsible for 33% 

of dominant SCA in Taiwanese remain to be determined, similar to the 

previous studies in which pathogenic genes were unknown for 

approximately 20-40% of SCAs (Moseley et al. 1998; Takano et al. 1998; 

Soong et al. 2001). The prevalences of SCA1 (4%), SCA3 (36%), SCA8 

(0%), and DRPLA (0%) in our study were similar to those reported: SCA1 

5%, SCA3 47-48%, SCA8 0%, and DRPLA 0-1% in Taiwanese and Chinese 

(Soong et al. 2001; Tang et al. 2000). Although the SCA2 alleles were 

reported as 6% in Chinese (Tang et al. 2000) and 11% in Taiwanese (Soong 

et al. 2001), no SCA2 allele was detected in our study, probably due to 

differences in the number of sampled chromosomes, sampled individuals 

and/or sampled populations. In addition, similar prevalence and frequency 

distributions of large normal alleles of SCA1, SCA3, SCA6, and DRPLA 

(Table 4) indicate that mutations of these genes might origin from the 

common ancestor, while the larger normal alleles have more chance to 

mutate (Leeflang et al. 1995).   
 

Abnormal expansions ranging from 75 to 92 repeats of SCA8 alleles were 

detected in four patients with PD (Table 5). The expanded SCA8 alleles 

ranging from 68 (Stevanin et al. 2000) to more than 1000 repeats (Ikeda et al. 
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2004) were characterized in familial and sporadic ataxia patients. In addition, 

the larger expanded allele has been reported in patients with psychiatric 

disorders and other neurological disorders, such as PD, Friedreich's ataxia 

and AD (Izumi et al. 2003; Juvonen et al. 2000; Sobrido et al. 2001; 

Stevanin et al. 2000; Tazon et al. 2002; Vincent et al. 2000; Worth et al. 

2000). SCA8 transcripts distribute throughout the brain in spite of details not 

being verified (Benzow and Koob 2002). Additionally, no survey was 

conducted to investigate the interaction between SCA8 and other gene 

transcripts. It cannot be excluded that SCA8 transcripts could interact with 

products of disease genes on the pathogenic pathways of PD, and vice versa. 

Thus, PD phenotypes may be the manifestation of expanded SCA8 alleles in 

these four PD patients. Although no large expanded allele was found in our 

normal controls, SCA8 mutation has been found in rare instances in healthy 

control individuals, suggesting that association between expansion mutation 

at SCA8 and SCA is not straightforward. However, in most instances the 

expanded allele closely correlates with SCA8 disease, and rarely identical 

haplotypes existed between affected and normal chromosomes (Ikeda et al. 

2004), implying CTG expansion should play a predominant role in 

pathogenesis.  

 
Abnormal CAG expansions in the SCA17 TBP gene were detected in a PD 

patient (46 repeats) (Table 5). The TBP alleles range from 30 to 43 repeats 

in our normal controls. In the general population, the reported normal TBP 

alleles range in size from 25 to 44 repeats (Gostout et al. 1993; Zuhlke et al. 

2001) and the expanded alleles in patients with ataxia from 43 to 63 repeats 

(Koide et al. 1999; Fujigasaki et al. 2001a; Nakamura et al. 2001; Silveira et 

al. 2002; Zuhlke et al. 2003), but with reduced penetrance (Zuhlke et al. 
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2003). Recently Hungtington's disease-like phenotype due to CAG repeat 

expansion in the TBP gene was reported (Stevanin et al. 2003). In addition, 

non-cerebellar symptoms may develop in some specific SCA types (Gwinn-

Hardy et al. 2000; Gwinn-Hardy et al. 2001; O'Hearn et al. 2001), as well as 

the PD manifestation of SCA8 mutation described in this study. As TBP is a 

critical factor regulating the initiation of transcription and ubiquitously 

expressed in all cells, the 46-repeat allele in PD patient may be linked to the 

neurological manifestations observed. 

 

The overlapping organization and evolutionary conservation of SCA8 and 

KLHL1 genes (Nemes et al. 2000; Benzow and Koob 2002) hint the close 

relation of them. KLHL1 protein is the homologue of Drosophila kelch 

protein, functioning as maintaining cytoskeleton order, and it is recently 

reported that KLHL1 enhances neurite outgrowth mediated via the 

interaction with glycogen synthase kinase 3β (Seng et al. 2006) and 

modulates P/Q-type calcium channel function (Aromolaran et al. 2007). 

Nevertheless, no studies focused on the trans antisense effect of SCA8 to 

KLHL1. We co-expressed KLHL1 and SCA8 carrying various numbers of 

CTG repeats to investigate whether SCA8 regulates the expression of 

KLHL1 and whether this regulation is mediated in a CTG repeats-dependent 

manner. The expression of KLHL1 was reduced as expected when SCA8 was 

expressed in the same cells (29 ~ 55% of the levels of KLHL1-EGFP gene, 

Figure 4B), suggesting that SCA8 is a negative regulator of KLHL1. The 

synthesis of overlapping transcripts potentially interferes with the RNA 

processing at different levels. Epigenetic modification, transcriptional 

interference, impaired splicing, or RNA export as well as mechanisms 

triggered by double-stranded RNA such as RNA editing and RNA 
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interference/micro-RNA synthesis may represent consequences of antisense 

transcription (Werner and Berdal 2005). Among the identified natural 

antisense transcripts, the 5' end overlapping SCA8/KLHL1 organization is 

similar to the relation between homeobox-containing transcription factor 

Msx1 gene and its antisense (Msx1-AS) compartment, while non-coding 

Msx1-AS RNA is complementary to region extending from 3' end of exon 2 

to the middle of intron 1 (more than 2 kb) (Blin-Wakkach et al. 2001). 

Although the precise mechanism for Msx1 sense–AS RNA interactions 

remains unclear, the nature that complementary region extends across intron 

1 and exon 2 implying the duplex RNA might be an obstacle to splicing. 

However, the overlapping region of SCA8/KLHL1 does not comprise the 

exon-intron boundary and the levels of both KLHL1 and SCA8 transcripts 

were not significantly reduced by RT-PCR and gel semi-quantitation (洪, 

2005), the repression of KLHL1 by SCA8 was likely mediated through post-

transcriptional interferences such as nuclear retention and translational 

blockage.  

 

SCA8 was first defined as a non-coding CUG-expanded RNA disease (Koob 

et al. 1999). Although the precise transcription start site remains to be 

determined, SCA8 has been proven to be an intact transcript which have up 

to six exons and alternative polyadenylation sites. But sequence analysis 

performed formerly revealed no significant translatable ORFs existing in any 

of splice isoforms (Nemes et al. 2000). The standard translation initiation 

recruits eIF4F to the 5' m7GpppN cap of mRNA, followed by the ribosome 

binding and scanning for the proper region to start translation. On the other 

hand, some eukaryotic mRNAs and viral RNAs have the ability to recruit the 

translational machinery to the internal portion of RNAs mediated through 
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the IRES elements. Judged form the structure of SCA8 transcripts and the 

long 5' UTR containing a G/C rich region (Nemes et al. 2000), which could 

serve as a recognition site of trans interacting factors, the translational 

ability of SCA8 remains to be uncovered. In our previous study, sequence 

analysis revealed the existence of three small ORFs in the SCA8 transcripts 

and SCA8 RNA was demonstrated to possess the bipartite cap independent 

IRESs using dicistronic constructs (Lin et al. submitted). Owing to short 

intervention between ORF1 and ORF2, ORF2 is considered non-translatable 

through the IRES activity. Thus, GFP tagged ORF1 and ORF3 were 

transiently transfected into HEK293 cells to verify if indeed the SCA8 

transcripts are translatable. Both GFP-tagged ORF1 and ORF3 are expressed, 

while ORF3 expressing at much lower level (3% of the cap-dependent 

expression) and could not be detected on the immunoblotting (Figure 5). 

The strength of IRES is mediated by the arrangement of ORFs (Hennecke et 

al. 2001) and physiological conditions leading to greatly reduced cap-

dependent protein synthesis (Fernandez et al. 2001; Kim and Jang 2002; 

Sherrill et al. 2004). Therefore, the relatively lower expression level of SCA8 

ORF3 compared to ORF1 might be due to the genomic arrangement, or the 

robust expression of ORF3 would occur under cellular stresses. 

 

Although the expression level of SCA8 ORF3 was very low in our in vitro 

system, the uneven cytoplasmic distribution of ORF3-23R-EGFP could be 

observed (Figure 6). Since overexpression of EGFP alone resulted in 

diffusely distribution of green fluorescence, the uneven distribution of 

ORF3-23R-EGFP should be derived from the content of ORF3. Additionally, 

with the increase of CTG repeats, more and larger protein aggregates formed 

(Figure 6) and stalled in the stacking layer of polyacrylamide gel (Figure 7), 
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further indicating that CTG-encoding polyleucine is prone to aggregate. 

Cytoplasmic and intranuclear accumulation of mutant disease proteins are 

often found in neurodegenerative diseases, including Huntington's disease, 

SCA1, SCA2 SCA3, SCA7, SCA17, and DRPLA (Scherzinger et al. 1997; 

Skinner et al. 1997; Koyano et al. 2000; Paulson et al. 1997; Holmberg et al. 

1998; Nakamura et al. 2001; Miyashita et al. 1998), but the role of mutant 

protein aggregates remains controversial. Although so far no diseases are 

linked to mutant polyleucine proteins, recently it was found that the 

polyleucine stretch conferred more toxicity than the polyglutamine stretch 

and showed a high propensity for aggregation distributing closely around the 

nucleus (Dorsman et al. 2002; Oma et al. 2004). But the threshold of 

polyleucine to induce cellular abnormality was not determined. 

Polyglutamine diseases arise when the hydrophobic glutamine tract in the 

pathogenic protein elongates over a threshold length, which is usually 

around 30-40 glutamine residues. Besides, expression of 30-residue 

polyleucine in COS-7 cells resulted in perinuclear as well as cytoplasmic 

aggregates (Oma et al. 2004), suggesting polyleucine stretch is more 

hydrophobic than polyglutamine stretch. Consequently, with the same 

amount of hydrophobic amino acids when beyond the threshold, polyleucine 

stretch would lead to more aggregates. On the other hand, considering SCA8 

genes with 23 CTG repeats non-pathogenic, the relatively low expression 

level in our cellular system as well as in neurons of both healthy and 

affected individuals (Benzow and Koob 2002) may prevent the SCA8 

phenotypes in spite of the uneven distributions. With the increase of CTG 

repeats, long polyleucine stretch renders ORF3 more hydrophobicity, which 

might in turn serves as a nucleus for aggregate growth, one of widely 

accepted processes involved in aggregates formation (Harper and Lansbury 
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1997; Ferrone 1999). However, whether mutant ORF3 aggregates cause cell 

death was not surveyed in this study, and the role of soluble ORF1 

aggregates should also be determined in the future.  

 

In an effort to understand the effect of long CTG repeat tracts on cell 

survival under specific stresses, we had developed a number of otherwise 

isogenic HEK293 derived cell lines expressing transcripts with various 

numbers of CTG repeats. In this study, the finding that isogenic HEK293 

cell lines with mutant SCA8 were more sensitive to high dosage of 

staurosporine is consistent with that staurosporine enhanced cytotoxicity 

caused by expanded polyglutamine protein (Cooper et al. 1998). Although 

staurosporine is an apoptosis-inducing agent, it also affects the cell cycle and 

causes cell cycle arrest in the G1 phase (Orr et al. 1998), the increased 

susceptibility to cell death induced by it may be mediated in part through 

effects on the cell cycle. In addition, isogenic HEK293 cells with mutant 

SCA8 were also increased cell susceptibility to the proteasome inhibitor, 

MG-132. There is evidence that ataxins 1, 3 and 7, are susceptible to be 

ubiquitinated and targeted by the proteasome for degradation and clearance 

(Cummings et al. 1999; Matilla et al. 2001; Chai et al. 2004). However, 

mutant ataxins form misfolded structure, which in turn impare the 

recognition and degradation process by the proteasome. Accordingly, intra-

cellular aggregates produced by the expanded SCA8 gene might derange 

proteasome function, although no appropriate methods could detect the 

aggregate formation now. 

 

We have developed a SCA8 transgenic mouse model in which human SCA8 

gene is expressed under the control of cerebellar Purkinje cell-specific 
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promoter, pcp2/L7. Although human SCA8 and mouse analog are 

evolutionary conserved, the mouse SCA8 gene does not consist of exons C, 

B, and A (Benzow and Koob 2002), in which the last one contains the CTG 

trinucleotide repeats relevant to the pathogenesis of SCA8. Thus, we 

introduced human SCA8 with either normal-ranged 23 or expanded 157 

CTG/CTA combined repeats into mouse genome to see if the expanded CTG 

repeats would lead the mice to manifest the SCA8 phenotypes. In our SCA8 

transgenic mouse model, however, we cannot detect histological 

abnormalities in the Purkinje cells (Figure 13). Biomarkers of other cell 

types could be further used to examine the cerebellum, such as glial 

fibrillary acidic protein (GFAP), a marker for the microglia, used to detect 

the activated astrocytes. In the previous studies of anti-addictive drug, 

Ibogaine, GFAP was served as a useful biomarker for neurotoxicity 

(O'Callaghan et al. 1996; Xu et al. 2000). In addition, abundant reactive 

microglia have been shown to surround the β-amyloid plaques in the AD 

brain (McGeer and McGeer 1995), suggesting that microglia also plays a 

role in the neurodegenerative disorders. 
 

Previously in our study of HEK293 cell model, RNA FISH experiments 

revealed ribonuclear foci formation in cells carrying expanded 88 and 157 

combined repeats (Lin et al. 2007).  In our mouse model, we haven't 

examined the formation of ribonuclear foci, which now are considered as a 

hallmark of affected muscle in DM1 and DM2 patients. A CTG expansion in 

the 3'-UTR of DMPK gene, sequesters CUGBPs from their normal cellular 

functions, leading to abnormal RNA splicing of several genes. It is 

suggested that decreased levels of muscleblind (MBNL) and increased levels 

of CUGBP are relevant to the formation of CUG-containing ribonuclear foci 
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and might mediate the RNA-induced toxicity (de Haro et al. 2006). Yet the 

precise role of the ribonuclear foci remains to be determined since even 

though ribonuclear foci and the CUG binding protein, MBNL, are 

colocalized, no pathological phenotypes can be detected in Drosophila 

MBNL null models (Houseley et al. 2005). Since SCA8 and DM1 share 

molecular similarity and no ribonuclear foci formation has been reported in 

SCA8 patients or other models, we are going to determine whether the 

CUG-containing ribonuclear foci could be detected in our SCA8 transgenic 

mouse model using RNA-FISH strategy. 
 

Although Pcp2/L7 promoter restricts the expression of its downstream gene 

to Purkinje and retinal bipolar cells, the expression of the SCA8 transgene in 

our model can be found in other regions of the brain. Endogenous Pcp2/L7 

protein is expressed exclusively in Purkinje cells and retinal bipolar neurons 

(Nordquist et al. 1988; Oberdick et al. 1988; Berrebi et al. 1991). It has been 

shown that 3.1-kb stretch of sequence upstream of Pcp2/L7 restricted the 

gene expression to Purkinje cells (Vandaele et al. 1991), while the 5' 

upstream region of Pcp2/L7 DNA direct the gene activity both in Purkinje 

and retinal bipolar cells (Oberdick et al. 1990). Further investigations 

indicates that the nonspecific expression was resulted from the control of a 

2.88-kb Pcp2/L7 DNA fragment upstream from exon 4 (Barski et al. 2000), 

suggesting that the regulatory element for specific expression might not be 

included in this region. Since SCA8 transgene in our model is controlled 

only by a 0.85-kb fragment upstream from exon 2, it may not be surprising 

that the expression is not restricted to the cerebellum. Nevertheless, the 

expression pattern in other tissues should be further determined. 
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The clasping phenotype has been used as an evaluation criterion to study the 

disease progression in HD mice (Reddy et al. 1999; van Dellen et al. 2001) 

in spite of the causing mechanisms remaining unclear. This dystonic 

posturing of the hind limbs in our SCA8 transgenic mouse model is worth a 

target for uncovering the disease pathway and drugs screening for relieving 

the distress. 

 

In this study, gene expression profiles in SCA8 transgenic mice were 

examined by using microarray and proteomic analyses to identify potential 

mechanisms responsible for the pathogenesis of SCA8. Although no 

significantly behavioral abnormality was observed in SCA8 transgenic mice, 

from the results of microarray assay and real-time quantitative RT-PCR, we 

found that expressions of Calml4, Igf2, Igfbp2, Ttr, Pthlh, and Rbp1 were 

deranged. Igf2 (insulin-like growth factor 2), Igfbp2 (insulin-like growth 

factor binding protein 2), and Ttr (transthyretin) had been found to be 

implicated in Alzheimer's disease (Stein and Johnson 2002), the most 

common neurodegenerative disease, and increased expressions of Igf2 and 

Ttr were linked to the protection of neurons from β-amyloid induced toxicity 

(Dore et al. 1997; Serot et al. 1997). Thus, decreased levels of these proteins 

in SCA8 transgenic mice might lead to more harmful effects caused by 

mutant SCA8. Proteomic analysis showed that expressions of calbindin and 

calretinin were decreased in SCA8-157R trangenic mice. These proteins 

belong to the large family of EF-hand calcium-binding proteins (Rogers and 

Resibois 1992) and calcium-binding proteins-expressing neurons are thought 

to be resistant to injury-promoting perturbations in calcium homeostasis 

(Mattson et al. 1991). In addition, reduced immunoreactivity to calcium-

binding proteins was shown in other SCAs (Kumada et al. 2000; Vig et al. 
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1996; Vig et al. 1998; Vig et al. 2000; Yang et al. 2000), suggesting that 

down-regulated of calbindin and calretinin might increase cerebellar 

susceptibility to neurotoxicity. Although 2-D electrophoresis offers an 

efficient and fast tool to investigate the protein profile, MALDI-TOF 

analysis only provide predicted candidate proteins and could not reflect the 

actual biological status of them. Therefore, immuoblotting and IHC should 

be performed for further validation of these candidate proteins. 
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Figure 1. Frequency distribution of (CAG/CTG/ATTCT)-repeat lengths in 

patients with ataxia and Parkinson's disease (■) and controls (□) at the nine 

SCA loci examined. The expanded alleles in SCA1, MJD/SCA3, SCA6, 

SCA8, and SCA17 are indicated in the enlarged closed bars with number 

indicated below in parenthesis. 
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Figure 2. (A) SCA8 genomic organization and its relation to KLHL1. 

(Adapted form Mutsuddi and Rebay 2005) (B) The SCA8 cDNA contains 

exons D, C2, C1, B, and A. The three putative ORFs are indicated by the 

open boxes inside the cDNA. The combined repeats (CTG)n inside ORF3 

are represented by striped box. 
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Figure 3. Schematic diagrams of pEF-SCA8 (A), pEF-KLHL1-EGFP (B), 

pCMV-(CAG)36-IRES-EGFP (C) and pEGFP-N1 (D) constructs. pEF-SCA8: 

SCA8 alleles of 0, 23, 88 and 157 CTA/CTG repeats were placed in the NotI 

site of the pEF-IRES/hrGFP vector in which the KpnI fragment containing 

IRES/hrGFP gene was removed. pEF-KLHL1-EGFP: the in-framed 

KLHL1-EGFP fusion gene was inserted into the NotI site of the modified 

pEF vector. pCMV-(CAG)36-IRES-EGFP: the 5' region of TBP cDNA was 

placed between the EcoRI and PstI sites of the pIRES2-EGFP vector. 

pEGFP-N1 from Clontech was used as a negative control to show the 

specificity of SCA8 trans RNA interference.   
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Figure 4. Schematic diagrams of pCMV-ORF1-EGFP (A), pCMV-SCA8-

EGFP (B), pCMV-K-ORF3-23R-EGFP and pCMV-K-ORF3-157R-EGFP 

(C) constructs. K: Kozak consensus sequence. (D) Predicted amino acid 

sequences of the SCA8 ORF1 and ORF3-23R. 
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Figure 5. Regulation of the KLHL1 and CAG repeat-containing transcript 

expression by SCA8. Co-transfection of pEGFP-N1 (A), pEF-KLHL1-EGFP 

(B), pCMV-(CAG)36-IRES-EGFP (C) and pEF-SCA8-0R, -23R, -88R, -

157R constructs in HEK293 cells. The amounts of EGFP expressed were 

analyzed by FACS analysis 48 hr after transfection. Levels of EGFP were 

expressed as percentages of EGFP reporter, which was set at 100%. Each 

value is the mean ± SD of three independent experiments each performed in 

duplicate. An asterisk (*) depicts significant difference (P < 0.05) between 

comparisons. 
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Figure 6. (A) Transient expression of pEGFP-N1 vector and pCMV-ORF1-

EGFP, pCMV-SCA8-EGFP-23R-EGFP and pIRES2-EGFP constructs in 

HEK293 cells. Levels of EGFP were expressed as percentages of the control 

vector, which was set at 100%. Each value is the mean ± SD of three 

independent experiments each performed in duplicate. (B) Western blot 

analysis of HEK293 cells transiently transfected with pEGFP-N1 vector and 

pCMV-ORF1-EGFP, pCMV-SCA8-EGFP-23R-EGFP constructs using GFP 

(top) and β-actin (bottom) antibodies. 
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Figure 7. Distributions of SCA8-ORF1 and ORF3 protein. Confocal 

microscopy examination of cells expressing GFP-tagged ORF1 and ORF3 

carrying 0, 23, 88, or 157 combined repeats or EGFP-N1 vector (green). 

Nuclei were counterstained with DAPI (blue). (The scale bar = 37.5 μm)  
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Figure 8. Subcellular localization of SCA8 ORF1-EGFP and ORF3-EGFP 

proteins. HEK293 cells were transfected with indicated plasmids. Whole cell 

lysates, cytoplasmic and nuclear extracts were prepared. Total proteins were 

analyzed by Western blotting using GFP antibody. 
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Figure 9. Observation of ORF1-EGFP distribution form continuous focal 

planes. The scanning was performed from apical to bottom end (plane 

number 1 to 14) of two transfected cells. Each plane represents an individual 

2 μm thick section. Nuclei were counterstained with DAPI (blue). 
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Figure 10. Observation of SCA8-157R-EGFP distribution form continuous 

focal planes. The scanning was performed from apical to bottom end (plane 

number 1 to 14) of a transfected cell. Each plane represents an individual 2 

μm thick section. Nuclei were counterstained with DAPI (blue). 
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Figure 11. Western blot analysis of IMR-32 cells transiently transfected 

with various pCMV-SCA8-EGFP constructs, pCMV-ORF1-EGFP, pCMV-

K-ORF3-EGFP, or pEGFP-N1 vector using GFP antibodies. The arrow 

indiates that insoluble proteins stall at the boundary of separatin gel. 
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Figure 12. Diagram of Flp-In system. (Modified from the manual of Flp-

In system, Invitrogen)  
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Figure 13. Characterization of isogenic and inducible SCA8 cell lines. (A) 

Genotyping of these cell lines by PCR amplification for the region 

spanning CTA/CTG combined repeats. (-, negative control) (B) 

Expression levels of SCA8 mRNA relative to 18s rRNA by real-time PCR 

assays. The results are shown with mean for duplicate determinations. 
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Figure 14.  The effects of staurosporin, MG-132, and paraquat on the 

survival of SCA8-0, 23, 88, and 157R containing cells grown without 

doxycycline. The * indicates the difference between the indicated samples 

are statistically significant (p<0.05). 
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Figure 15. (A) Transgene constructs. The human SCA8 cDNA carrying 

either 23 or 157 CTG trinucleotide repeats was placed downstream to the 

Pcp2/L7 promoter. (B) Genotyping of SCA8-23R and SCA8-157R 

transgenic mice. (C) The transgene copy numbers were estimated by 

comparing to the PCR products intensity of standards of 1, 10, 50, and 

100 copies. (+, positive control; -, negative control) 
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Figure 16. Estimation of the expression of SCA8 transgene by RT-PCR. 

C, the cerebellum; B, brain regions other than the cerebellum; -, negative 

control.  
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Figure 17. Rotarod performance of SCA8 transgenic mice. At the early 

life, there were no significant differences in latencies between SCA8 

transgenic and wild type (WT) control littermates. 
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Figure 18. Immunohistochemical analyses of the SCA8 transgenic mouse 

cerebella. The brown staining of line 23R-24 (A) and 157R-62 (B) with 

arrowheads showing the calbindin-immunoreactivity of Purkinje cells. (C) 

and (D) are higher magnification of the framed areas of (A) and (B). (A 

and B, bar=50 μm; C and D, bar=30 μm) 
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Figure 19. The clasping phenotype of SCA8 transgenic mouse. (A) 

SCA8-157R mouse (left) exhibited a paw clasping phenotype when 

suspended by the tail. A nontransgenic control is shown in the right. (B) 

This phenotype is similar to that observed in the HD R6/2 mice. (Adapted 

from Mangiarini et al. 1995) 
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Figure 20. Real-time RT-PCR analyses of cerebella from SCA8 

transgenic mice and wild type littermates. (A), (B), (C), and (D) 

Expression of Igfbp2, Pabpn1, Scd2, and Slc12a5 mRNA relative to 

Gapdh mRNA, respectively. 
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Figure 21. Real-time RT-PCR analyses of cerebella from SCA8 

transgenic mice and wild type littermates. (A), (B), and (C) Expression of 

Calml4, Kcnc1, and Usp3 mRNA relative to Gapdh mRNA, respectively. 
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Figure 22. Real-time RT-PCR analyses of cerebella from SCA8 

transgenic mice and wild type littermates. (A), (B), (C), and (D) 

Expression of Igf2, Pthlh, Rbp1, and Ttr mRNA relative to Gapdh mRNA, 

respectively. 
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Figure 23. Two-dimensional difference gel electrophoresis (2-D DIGE) 

gels. A 50 μg aliquot of each of samples was labelled with either Cy3 or 

Cy5 (A, B and C), performing a so-called dye swap as shown in (D). 

Positions of significantly differentially expressed proteins are shown in (A) 

with white circles and match IDs are indicated with white numbers. 
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Table 1. Genetics of SCAs 
Disease Gene locus Gene, gene product Mutation pattern 
SCA1 6p22-p23 SCA1, ataxin-1 CAG expansion 
SCA2 12q24.1 SCA2, ataxin-2 CAG expansion 
SCA3 14q32.1 SCA3, ataxin-3 CAG expansion 

SCA4 16q22.1 PLEKHG4, Puratrophin-1 5'-UTR 1 nt 
substitution 

SCA5 11q13 SPTBN2, βIII spectrin Deletion, missense 
mutation 

SCA6 19p13 CACNA1A, α1A subunit of voltage-
gated calcium channels type P/Q CAG expansion 

SCA7 3p21.1-p12 SCA7, ataxin-7 CAG expansion 
SCA8 13q21 SCA8, untranslated CTG expansion 
SCA10 22q13.3 SCA10, ataxin-10 ATTCT expansion 
SCA11 15q14–q21.3 Undefined  

SCA12 5q31-33 PPP2R2B, protein phosphatase 2, 
regulatory subunit B, β CAG expansion 

SCA13 19q13.3-q13.4 Undefined  
SCA14 19q13.4-qter PRKCG, protein kinase Cγ Missense mutation 
SCA15 3p24.2-pter Undefined  
SCA16 8q22.1-q24.1 Undefined  
SCA17 6q27 TBP, TBP CAG expansion 
SCA18 7q22-q32 Undefined  
SCA19 1p21-q21 Undefined  
SCA20 11p13-q11 Undefined  
SCA21 7p21.3-p15.1 Undefined  
SCA22 1p21-q23 Undefined  
SCA23 20p13-12.3 Undefined  
SCA25 2p15-21 Undefined  
SCA26 19p13.3 Undefined  
SCA27 13q34 FGF14, fibroblast growth factor 14 Missense mutation 
SCA28 18p11.22-q11.2 Undefined  
DRPLA 12p13.31 DRPLA, atrophin-1 CAG expansion 
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Table 2. Primers and conditions for PCR amplification of tri- or 
pentanucleotide repeat region in SCA genes 

 
 

Gene 

 
 

Primer 
Tm 
(˚C) 

MgCl2 
/ dNTP 
(mM) 

 
Amplicon(bp)

(repeats) 
SCA1 Tamra-CAACATGGGCAGTCTGAG  

AACTGGAAATGTGGACGTAC 
 

60 1.5 / 0.2 194-293 
(6-39) 

SCA2 CGTGCGAGCCGGTGTATGGG    
Hex-GGCGACGCTAGAAGGCCGCT 

60 1.5 / 0.2 145-196 
(14~31) 

SCA3 Tamra-CCAGTGACTACTTTGATTCG    
CTTACCTAGATCACTCCCAA 

60 1.5 / 0.2 235-319 
(12-40) 

SCA6 Hex-CCACACGTGTCCTATTCCCCTG  
TACCTCCGAGGGCCGCTGGTG 

65 1.0 / 0.2 110-149 
(3-16) 

SCA8 Fam-GCTTGTGAGGACTGAGAATG  
CCCTGGGTCCTTCATGTTAG  

60 1.5 / 0.2 277-349 
(16-40) 

SCA10 Tamra-AGAAAACAGATGGCAGAATGA 
GCCTGGGCAACATAGAGAGA  

54 0.8 / 0.2 177-237 
(10-22) 

SCA12 Tamra-TGCTGGGAAAGAGTCGTG  
GCCAGCGCACTCACCCTC  

54 1.0 / 0.2 <209 
(29) 

SCA17 Hex-ATGCCTTATGGCACTGGACTG 
CTGCTGGGACGTTGACTGCTG 

58 1.0 / 0.2 186-237 
(25-42) 

DRPLA Hex-CAGTGGGTGGGGAAATGCTC 
CACCAGTCTCAACACATCAC 

65 1.0/0.2 114-189 
(10-35) 

Tamra, Hex, Fam represent the fluorescence dyes labeled in the forward 
primers 
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Table 3. Trinucleotide and pentanucleotide repeat lengths in nine disease 

genes in neurodegenerative patient* and control groups 
 Patient Control 

Locus Mean (SD) Median Range Mean (SD) Median Range 

P 

SCA1 28.28 (2.01) 28 21-39 28.07 (2.11) 28 17-35 0.094

SCA2 21.99 (0.99) 22 13-30 21.98 (0.65) 22 17-27 0.516

SCA3 20.34 (6.55) 14 14-42 20.05 (6.75) 14 14-38 0.327

SCA6 12.08 (2.48) 13 4-19 12.06 (2.22) 13 4-19 0.340

SCA8 24.66 (5.85) 25 15-88 24.91 (4.20) 26 18-37 0.071

SCA10 14.66 (1.52) 14 11-23 14.69 (1.65) 15 10-19 0.765

SCA12 13.39 (3.08) 13 6-29 13.77 (3.24) 13 7-27 0.064

SCA17 36.43 (1.57) 36 28-46 36.52 (1.35) 36 30-43 0.280

DRPLA 14.92 (3.26) 15 7-22 15.02 (3.51) 15 8-31 0.799

*SCA patients were excluded. 
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Table 4. Prevalence and frequency of large normal alleles in Taiwanese, 

Japanese and Caucasians*  
 

Locus 

Prevalence (%) 

Taiwanese / Japanese / 

Caucasians 

Frequency (repeat no.) 

Taiwanese / Japanese / 

Caucasians 

SCA1 4 / 3 / 15 0.09 / 0.09 / 0.26 (>30) 

0.05 / 0.04 / 0.16 (>31) 

SCA2 0 / 5 / 14 0.03 / 0.01 / 0.12 (>22) 

0.01 / 0.01 / 0.03 (>23) 

SCA3 36 / 43 / 30 0.07 / 0.11 / 0.04 (>28) 

0.06 / 0.07 / 0.02 (>29) 

SCA6 18 / 11 / 5 0.17 / 0.20 / 0.04 (>13) 

0.04 / 0.08 / 0.00 (>14) 

DRPLA 0 / 20 / 0 0.05 / 0.10 / 0.03 (>19) 

0.01 / 0.08 / 0.01 (>20) 

*Prevalence of SCA and frequency of large normal alleles in Japanese 

and Caucasians according to Takano et al. 1998. 

 

 

 

 

 

 



 111

Table 5. Expanded trinucleotide repeat sequences and numbers in PD 

patients  
Subject Age/Sex SCA: repeat no. Repeat sequence Diagnosis 

H31 71/F SCA8: 88 CTA8CCACTACTGCTACTGCTA

CTG74 

PD 

H168 79/F SCA8: 75 CTA20CTG2CTCCTG52 PD 

H327 68/F SCA8: 82 CTA12CTG70 PD 

H600 60/F SCA8: 92 CTA7CTG2CTACTGCTACTG80 PD 

H115 76/M SCA17: 46 CAG3CAA3CAG6CAACAGCAAC

AG29CAACAG 

PD 
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Table 6. Summary of copy numbers, RNA expression, and clasping 

phenotype of SCA8 transgenic mice. (-, not detected; +++ and +++++, mild 

and severe extent of clasping phenotype, respectively)  

Founder line Copy # 
RNA expression in 

CNS (offspring) 
Clasping (founder) 

23R-17 20 + - 

23R-24 30 + - 

157R-11 3 + +++ 

157R-62 5 + +++++ 

157R-17 25 - - 

157R-7 1 + +++++ 
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Table 7. List of TaqMan gene expression assays 

Assay ID Gene 
Symbol Gene Name Accession No. 

Mm00492632_m1 Igfbp2 insulin-like growth factor binding 
protein 2 

NM_008342.2 

Mm01208542_m1 
 

Scd2 stearoyl-Coenzyme A desaturase 2 NM_009128.1 

Mm00803929_m1 Slc12a5 solute carrier family 12, member 
5(K-Cl cotransporter) 

NM_020333.1 

Mm00479791_m1 
 

Pabpn1 poly(A) binding protein, nuclear 1 NM_019402.1 

Mm00657708_m1 Kcnc1 potassium voltage gated channel, 
Shaw-related subfamily, member 1

NM_008421.2 

Mm00454956_m1 
 

Usp3 ubiquitin specific peptidase 3 NM_144937.2 

Mm00460360_m1 
 

Calml4 calmodulin-like 4 NM_138304.1 

Mm00439564_m1 
 

Igf2 insulin-like growth factor 2 NM_010514.2 

Mm00443267_m1 
 

Ttr transthyretin NM_013697.1 

Mm00436057_m1 
 

Pthlh parathyroid hormone-like peptide NM_008970.1 

Mm00441119_m1 
 

Rbp1 retinol binding protein 1, cellular NM_011254.4 

Mm99999915_g1 
 

Gapdh glyceraldehyde-3-phosphate 
dehydrogenase 

NM_00804.2 
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Table 8. Summary of microarray analysis at the age of 20-month. ↑ and ↓ 

represent greater than 1.5- fold or smaller than 0.7-fold changes when 

comparing to the wild type littermate, respectively. Compared to 157R-62 

line, transcript expressions of Pthlh and Rbp1 are significantly down-

regulated in 23R-24 line.  

Transgenic line Gene name Product 157R-62 23R-24
S100a9 S100 calcium-binding protein A9 (calgranulin B)  ↑ 
S100a8 S100 calcium binding protein A8 (calgranulin A)  ↑ 
Slc12a5 K-Cl cotransporter ↑ ↑ 
Actb actin, beta, cytoplasmic ↑ ↑ 
Scd2 stearoyl-Coenzyme A desaturase 2 ↑ ↑ 
Pabpn1 poly(A) binding protein, nuclear 1 ↑  
Usp3 Similar to ubiquitin specific protease 3 ↑  

Kcnc1 potassium voltage gated channel, Shaw-related 
subfamily, member 1 ↑  

Hnrpa2b1 heterogeneous nuclear ribonucleoprotein A2/B1 ↑  
    
SOD3 extracellular superoxide dismutase  ↓ 
Calml4 calmodulin-related protein  ↓ 
Gh growth hormone ↓ ↓ 
Igf2 insulin-like growth factor 2  ↓ 
Igfbp2 insulin-like growth factor binding protein 2 ↓ ↓ 
Ttr transthyretin  ↓ 
    
Pthlh parathyroid hormone-like peptide   
Rbp1 retinol binding protein 1, cellular   
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Table 9. Summary of relative changes of protein abundance among 157R-62, 

23R-24 and wild type (WT) littermates. ↑, increased protein level when 

comparing with the other mouse line. The bold numbers indicate that the 

levels of same proteins in 23R-24 and the wild type littermate were 

significantly abundant than in 157R-62 transgenic mouse line.  

Comparison between Comparison between 
Match ID 

157R-62 23R-24 157R-62 WT 
1772 ↑    

1705  ↑  ↑ 

1699    ↑ 

1591    ↑ 

1565  ↑  ↑ 

1525    ↑ 

1473  ↑  ↑ 

1303  ↑  ↑ 

1228 ↑    

1093  ↑   

841    ↑ 

796 ↑    

761  ↑  ↑ 
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Table 10. MALDI-TOF analysis of the protein spots 

Match 
ID 

Identified protein 
Mascot 
Score 

Difference MS 
Coverage 

Protein 
MW 

pI 
value 

1565 
ATP synthase D chain, 

mitochondrial 102 59 56 18607 5.41 

1525 
Calbindin (Vitamin D-dependent 

calcium-binding protein) 102 69 32 29844 4.56 

1473 Calretinin (CR) 132 83 47 31353 4.8 

841 
Heterogeneous nuclear 

ribonucleoprotein K 
93 66 38 50944 5.26 

761 Serum albumin precursor 126 79 32 68648 5.7 

 


