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中文摘要 

 

脊髓小腦運動失調症 (Spinocerebellar ataxias)為一群顯性遺傳的

神經退化性疾病，患者小腦及腦幹區域發生漸進式的神經退化，其中

第八型脊髓小腦運動失調症 (SCA8)與染色體13q21位置的ATXN8OS

基因3’端非轉譯區CTG三核苷重複擴增相關；除此之外，目前根據前

人研究顯示SCA8疾病除了與ATXN8OS CTG方向的擴增有關，其反向

ATXN8基因之CAG擴增也可能扮演重要的角色。目前SCA8的致病機

轉尚未十分明確，本論文主要核心為研究SCA8疾病之遺傳與分子機

轉。首先，我們利用人類胚胎腎細胞 (Human embryonic kidney 293 

cell lines) 建 立 可 被 誘 導 並 穩 定 表 現 包 含 不 同 長 度 CTG 擴 增 的

ATXN8OS細胞株並進行ATXN8OS RNA表現之研究，實驗結果顯示帶

有較長重複擴增之細胞，其ATXN8OS RNA被誘導表現的倍數較高，

可能是由於其RNA比較穩定所導致。利用螢光原位雜交技術，我們也

觀察到在帶有較長重複擴增之細胞中有RNA foci的形成。本論文的第

二 部 份 為 檢 測 ATXN8OS 、 ATXN8 及 KLHL1 RNA 在 正 常 個 體 及

ATXN8OS CTG擴增病人淋巴細胞株 (lymphoblastoid cell lines)中之表

現，實驗結果發現在病人之淋巴細胞中ATXN8 RNA表現量比正常人

高並達顯著差異，推測可能與存在ATXN8啟動子中的-62 G/A多型性

點有關。另一方面，雖然之前的研究認為ATXN8OS基因不會進行轉

譯，但我們實驗室的研究證實了ATXN8OS基因中的開放解讀架構 

(open reading frame, ORF)可以透過特殊IRES (internal ribosome entry 

segment)的轉譯活性製造出蛋白質，因此，ATXN8OS ORF蛋白質轉譯

的調控機制以及ORF蛋白質在病理機制當中可能扮演的角色亦是本

論文著重的議題。本論文中我們利用ATXN8OS融合EGFP基因證實了
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ATXN8OS RNA具有轉譯的能力，除此之外我們利用ATXN8OS ORF蛋

白質的抗體研究ORF蛋白質在不同細胞株中的表現，並更進一步利用

質譜技術分析ORF蛋白質之胺基酸序列。我們也發現在病人的淋巴細

胞株中，ATXN8OS ORF蛋白質的表現量高於正常人。預期本論文的

實驗結果，將有助於了解SCA8的致病機轉，找尋適當的治療目標，

並可以將結果應用到其他相關的神經退化性疾病中。 
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Abstract 

 

The autosomal dominant spinocerebellar ataxias (SCAs) are a 

heterogeneous group of neurodegenerative diseases caused by a 

progressive degeneration of the cerebellum and brainstem. Among the 

SCAs, spinocerebellar ataxia type 8 (SCA8) involves the expression of a 

CTG/CAG expansion mutation from opposite strands producing CUG 

expansion transcripts (ATXN8OS) and a polyglutamine expansion protein 

(ATXN8). The pathogenic mechanism of ATXN8OS expansion is still 

unknown. The main purpose of this present proposal is to dissect the 

possible factors involved in SCA8 pathogenesis. Firstly, the stably 

induced cell lines expressing 0, 23, 88 and 157 CR exhibit low levels of 

ATXN8OS expression without doxycycline induction, and a repeat 

length-dependent repression of ATXN8OS expression was notable. 

Addition of doxycycline leads to 25~50 times more ATXN8OS RNA 

expression with a repeat length-dependent increase in fold of ATXN8OS 

RNA induction. The repeat length-dependent increase in induction fold is 

probably due to the increased RNA stability. RNA FISH experiments 

further revealed ribonuclear foci formation in cells carrying expanded 88 

and 157 CR. Our results demonstrate that the expanded CUG-repeat 

tracts may affect ATXN8OS RNA expression and stability through 

epigenetic and post-transcriptional mechanisms. Secondly, ATXN8 

expression level is significantly higher in lymphoblastoid cells with 

SCA8 large alleles than that of the control cells. Our results suggest that 

ATXN8 gene -62 G/A polymorphism may be functional in modulating 

ATXN8 expression. Lastly, although reported non-coding, existence of 

IRES (internal ribosome entry segment) activity in the 5’ UTR sequence 

of ATXN8OS has been demonstrated in our previous studies. Expression 

 VI



of chimeric constructs with an EGFP gene fused in-frame to ATXN8OS 

ORF demonstrated ATXN8OS is translatable and the ORF protein formed 

aggregates and co-localized with mitochondria. Moreover, the ORF 

expression was validated in different human cells using ORF antiserum. 

ATXN8OS ORF was further confirmed by LC-MS/MS. The expression 

of ORF protein was significantly higher in lymphoblastoid cells carrying 

expanded ATXN8OS. The results of this study may suggest a broader 

hypothesis for further research in explaining the expanded CTG leading 

to neuronal dysfunction in SCA8.  
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Introduction 

 

Spinocerebellar ataxias (SCAs) 

The autosomal dominant spinocerebellar ataxias (SCAs) are a 

heterogeneous group of neurodegenerative diseases, characterized by 

progressive ataxia variably associated with other neurological signs and 

caused by a progressive degeneration of the cerebellum and brainstem 

(Harding, 1993). Previous studies in the genetic understanding of these 

diseases have identified over 30 genetically distinct subtypes of SCAs: SCA1 

through SCA8, SCA10 through SCA31, and in addition, 

dentatorubral-pallidoluysian atrophy (DRPLA). A few SCA subtypes, 

including SCAs 1, 2, 3, 6, 7, 17 and DRPLA, are caused by the expansion of a 

CAG repeat sequence located within the coding region of specific genes, 

leading to an abnormally long polyglutamine tract in the encoded proteins 

(David et al., 1997; Kawaguchi et al., 1994; Koide et al., 1994; Koide et al., 

1999; Orr et al., 1993; Pulst et al., 1996; Zhuchenko et al., 1997). A second 

group of SCAs, including SCAs 8, 10 and 12, are caused by a repeat 

expansion located outside of the coding region of the disease genes leading to 

dysregulation of gene expression (Holmes et al., 1999; Koob et al., 1999; 

Matsuura et al., 2000). Different mechanisms cause cerebellar ataxia and 

neurodegeneration in SCAs 5, 13, 14 and 27, where alterations in amino acid 

composition elicit disease symptoms in these four SCA subtypes (Chen et al., 

2003; Ikeda et al., 2006; van Swieten et al., 2003; Waters et al., 2006; Yabe et 

al., 2003). In the rest of SCAs, the genes and, therefore, the mutations remain 

to be identified and characterized (Carlson et al., 2009). 

 1



Spinocerebellar ataxia type 8 (SCA8) 

Among the SCAs, SCA8 was first described by Koob and co-workers in 

1999 (Koob et al., 1999). Apart from the ataxias caused by polyglutamine 

expansions, an untranslated CTG expansion in 3’ untranslated region (UTR) 

of ATXN8OS (ataxin 8 opposite strand, also known as SCA8 gene) gene causes 

SCA8. Although the SCA8 mutation has molecular similarities to the 

myotonic dystrophy protein kinase (DMPK) mutation causing myotonic 

dystrophy type 1 (DM1) (Larkin and Fardaei, 2001), this second example of a 

pathogenic CTG expansion causes a central nervous system disease without 

the multisystemic features of DM1. Clinical and molecular analyses of 

different SCA8 ataxia families from the literature (Brusco et al., 2002; Day et 

al., 2000; Ikeda et al., 2000b; Juvonen et al., 2000; Koob et al., 1999; Silveira 

et al., 2000; Topisirovic et al., 2002) demonstrate that SCA8 consistently 

presents as a very slowly progressive ataxia that largely spares brainstem and 

cerebral function. Affected individuals have gait, limb, speech and oculomotor 

incoordination, spasticity, and sensory loss.  

The sizing of SCA8 alleles has been clarified in various populations. In 

general, more than 99% of the normal SCA8 alleles had 16-37 repeats, while 

unrelated expanded alleles ranging from 68 to 800 repeats were found in 

familial and sporadic ataxia patients (Cellini et al., 2001; Ikeda et al., 2000b; 

Izumi et al., 2003; Jardim et al., 2001; Juvonen et al., 2000; Juvonen et al., 

2002; Sobrido et al., 2001; Stevanin et al., 2000; Tazon et al., 2002; 

Topisirovic et al., 2002; Worth et al., 2000). Both expanded and normal SCA8 

repeats are highly unstable (Silveira et al., 2000). The intergenerational 

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

SCAs, and most cases are resulted from maternal expansive transmission 
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(Koob et al., 1999). In some affected families, expanded alleles do not always 

co-segregate with the disease phenotype (Cellini et al., 2001; Day et al., 2000; 

Ikeda et al., 2000a; Juvonen et al., 2000; Koob et al., 1999; Stevanin et al., 

2000; Topisirovic et al., 2002; Vincent et al., 2000; Worth et al., 2000). The 

incomplete penetrance (Juvonen et al., 2000; Tazon et al., 2002; Worth et al., 

2000) as well as the size of the expanded repeats that were not correlated 

among affected and healthy individuals (Schols et al., 2003; Sobrido et al., 

2001; Stevanin et al., 2000; Sulek et al., 2004) have argued strongly that 

expansion may not be a susceptibility factor for the disorder. In addition, 

SCA8 alleles with expansion can be found in rare instances in the general 

population (Izumi et al., 2003; Juvonen et al., 2000; Koob et al., 1999; 

Stevanin et al., 2000; Tazon et al., 2002; Worth et al., 2000) as well as in 

patients with psychiatric disorder, Freidreich’s ataxia, Parkinson’s disease 

(PD), and Alzheimer’s disease (AD) (Izumi et al., 2003; Pato et al., 2000; 

Sobrido et al., 2001; Vincent et al., 2000; Worth et al., 2000). Thus, the 

association between SCA8 CTG expansion and spinocerebellar ataxia is not 

straightforward. 

 

Plausible pathogenesis of SCA8 

The pathogenic role of ATXN8OS expansion remains uncertain. 

RNA-mediated neurotoxicity has been implicated in SCA8 pathogenesis. 

Human ATXN8OS is expressed in various brain tissues, including the 

cerebellum. It seems that the ATXN8OS gene is transcribed as a part of an 

untranslated RNA that overlaps with the transcription and translation start 

sites and the first splice junction of kelch-like 1 (KLHL1), a gene that encodes 
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a protein with structural similarities to a family of factors involved in the 

organization of the cytoskeleton (Koob et al., 1999). The ATXN8OS transcript 

may act as an endogenous antisense regulator of KLHL1 expression in various 

brain tissues (Koob et al., 1999; Nemes et al., 2000). This antisense/sense 

transcriptional organization is evolutionarily conserved in both human and 

mouse (Benzow and Koob, 2002). Primate comparison shows human-specific 

features, with longer human alleles due to a novel variable trinucleotide repeat, 

not present in non-human primates, which increased the disease-causing 

expansion likelihood (Andres et al., 2003). Since the ATXN8OS gene 

functions as a gene regulator, it has been proposed that a RNA 

gain-of-function mechanism might underlie neurodegeneration in SCA8 as is 

the case for DM (Liquori et al., 2001; Philips et al., 1998). If the CTG 

expansion leads to an accumulation of the ATXN8OS transcript, it could 

prevent expression of the KLHL1 gene. In addition to this possible antisense 

effect, the expanded CUG tract in the ATXN8OS transcript may impair nuclear 

cytoplasmic transport through the formation of extended hairpin loops 

resulting in nuclear retention and formation of nuclear foci and affecting the 

transport of other CAG repeats containing mRNAs (Amack et al., 1999; Davis 

et al., 1997; Sasagawa et al., 1999; Taneja et al., 1995). Furthermore, the RNA 

containing the CUG repeat expansion may increase its affinity to 

CUG-binding proteins, which regulates the alternative splicing of specific 

pre-mRNAs (Timchenko et al., 2001).  

Recently, Moseley and colleagues reported a transgenic mouse model in 

which the full-length human ATXN8OS mutation is transcribed using its 

endogenous promoter. 1C2-positive intranuclear inclusions in cerebellar 

Purkinje and brainstem neurons in SCA8 expansion mice and human SCA8 
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autopsy tissue result from translation of a polyglutamine protein, encoded on a 

previously unidentified antiparallel transcript (ataxin 8, ATXN8) spanning the 

repeat in the CAG direction. The expression of noncoding ATXN8OS CUG 

expansion transcripts and the discovery of intranuclear polyglutamine 

inclusions caused by translation of ATXN8 suggest that SCA8 pathogenesis 

may involve toxic gain-of-function mechanisms at both the protein and RNA 

levels (Moseley et al., 2006). 

Kelch-like 1 protein is highly homologous to the Drosophila kelch protein, 

which is responsible for maintaining actin organization of ring canals 

connecting the oocyte to support nurse cells during oogenesis (Robinson and 

Cooley, 1997; Xue and Cooley, 1993). Previous study demonstrated that 

Kelch-like 1 protein interacts with the α1A subunit of voltage-gated calcium 

channels type P/Q, the product of SCA6 gene, by increasing its current density 

and channel availability for opening (Aromolaran et al., 2007), indicating that 

Kelch-like 1 protein might have a role for modulating calcium channel. Loss 

of KLHL1 expression from even a single allele causes abnormal gait, 

progressive loss of motor coordination, and Purkinje cell dendritic deficits. 

Mice with KLHL1 specifically deleted in only Purkinje cells have the same 

phenotype, indicating that Kelch-like 1 protein is essential for normal motor 

coordination and for maintaining normal Purkinje cell functions (He et al., 

2006). 

 

The internal ribosome entry site (IRES) activity of ATXN8OS mRNA 

Initiation of translation of most eukaryotic mRNAs normally depends on 

the 5’ m7GpppN cap structure of mRNAs, which recruits 43S ribosome 
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preinitiation complex via interaction with the cap binding protein eIF4E 

(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 implies that any mRNA with long 

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 distance from the cap 

structure (Hellen and Sarnow, 2001). This cap-independent mechanism 

requires the formation of a complex RNA structural element termed an 

internal ribosome entry site (IRES) and the presence of trans-acting factors 

(Stoneley and Willis, 2004). IRESs were first identified in picornvirus RNAs 

(Jang et al., 1988), but many current examples of eukaryotic cellular mRNAs 

have been shown to contain IRES activities 

(http://www.rangueil.inserm.fr/IRESdatabase). Studies of factors required for 

IRES-dependent translation have revealed that RNA-binding proteins such as 

polypyrimidine tract binding protein (PTB), poly(rC) binding protein (PCBP), 

and upstream of N-ras protein (unr) specifically enhance the translation of 

IRES-containing mRNA by disrupting RNA-RNA interactions (Stoneley and 

Willis, 2004). As a result, the ribosome entry window attains an unstructured 

conformation and in doing so facilitates ribosome recruitment. In addition, the 

IRESs activity can be regulated by the cell cycle (Pyronnet et al., 2000), 

developmental stage (Creancier et al., 2000), apoptosis (Clemens and Bommer, 

1999; Clemens et al., 2000), and cellular stress (Fernandez et al., 2002a; 

Fernandez et al., 2001; Fernandez et al., 2002b). 

Although the ATXN8OS gene lacks a significant open reading frame, three 

small non-significant open reading frames (ORFs) in the ATXN8OS transcripts 
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were noted (Koob et al., 1999). Among them, a 102 amino acids 

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

containing-ORF3 may be translated if ATXN8OS RNA possesses a cap 

independent IRES activity. Our previous study had demonstrated the possible 

IRES activity within ATXN8OS (Lin, 2007). Therefore, if small ORFs could 

be translated, the regulation mechanism of ATXN8OS IRES activity remains to 

be further investigated for the linkage between translatable ORFs and 

pathogenesis. 

 

Cellular model approach for neurodegenerative diseases 

Cell culture systems are generally a single cell type, presenting fewer 

confounding factors that might influence the experimental results. To 

investigate the molecular pathogenesis underlying the SCA8 cell dysfunction, 

ATXN8OS CR cell lines containing 0, 23, 88 and 157 CR were generated (Lin, 

2007). These cell lines were originated from human embryonic kidney 293 

cells, which express many neuron-specific mRNAs (Shaw et al., 2002). A 

large body of work on other repeat expansion diseases with similar neuronal 

pathology using this cell line has been reported (Anborgh et al., 2005; Handa 

et al., 2005). The derived ATXN8OS cell lines are isogenic except for the 

number of CTA/CTG combined repeats. The repeat number in these cell lines 

was stable (Lin, 2007).  

For many neurological disorders, access to central nervous tissues for 

diagnostic or research purposes is not practically available. Although the 

pathology of SCA is mainly in cerebellum, most mutant proteins in SCAs are 

ubiquitously distributed including peripheral lymphocytes. Transformation of 
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peripheral B-lymphocytes by Epstein-Barr virus (EBV) is the method of 

choice for generating lymphoblastoid cell lines. Considering the similarity of 

certain gene expression and regulation between lymphoblastoid cell lines and 

neurons, lymphoblastoid cell lines have been considered as surrogate cells in 

the study of neurological disorders. Thus, lymphoblastoid cells are frequently 

used as a model to study SCA (Tsai et al., 2005; Wen et al., 2003) and can be a 

useful cell model to explore the disease pathogenesis. 
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Specific Aims 

 

Many questions concerning association and pathogenic role between 

SCA8 expansion mutation and neurodegenerative diseases still remain 

unanswered. The consequences of many neurodegenerative diseases are 

similar, suggesting they may share a common pathogenic mechanism. 

Examination into the molecular processes might present novel possibilities for 

therapy. The main purpose of this present proposal is to dissect the possible 

factors involved in SCA8 pathogenesis. In view of the complex mechanisms 

leading to SCA8, stably induced HEK-293 cell lines carrying 0, 23, 88 and 

157 CR were established to investigate the possible epigenetic and 

post-transcriptional regulations of the ATXN8OS expression. The stably 

induced HEK-293 cell lines were also used to perform gene expression 

through cDNA microarray to gain insights into the events of pathogenesis.  

Secondly, since SCA8 involves bidirectional expression of CUG (ATXN8OS) 

and CAG (ATXN8) expansion transcripts and is known to be an antisense 

regulator of KLHL1, the expression of ATXN8OS, ATXN8 and KLHL1 were 

evaluated using our lymphoblastoid cell models. Furthermore, the trans-acting 

factors and stress situations which might be involved in the regulation of 

ATXN8OS IRES activity were examined. Site-directed mutagenesis approach 

was applied to ascertain the ATXN8OS ribosome entry window. Additionally, 

antiserum against ATXN8OS-ORF1-GST (S. japonicum GST from pGEX 

plasmid) fusion protein was raised in rabbits to detect possible ATXN8OS 

ORF proteins. The application of these analyses could be very informative for 

identification of the mechanism involved in SCA8. Efforts were made in 
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anticipation of isolating potential therapeutic targets and ultimately facilitating 

drug discovery.  
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Materials and Methods 

 

I. Analysis of ATXN8OS stably induced HEK-293 cell lines 

 

Flp-In T-REx 293 cell lines stably expressing ATXN8OS cDNA 

The inducible Flp-In T-REx 293 cell lines stably expressing ATXN8OS 

with different CTG repeats were generated by Hsuan-Yuan Lin (Lin, 2007) 

based on the Flp-In T-REx system (Invitrogen). Cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplement with 10% fetal 

bovine serum (FBS), 1.0 mM sodium pyruvate, 1.5 g/L sodium bicarbonate, 

100 U/ml penicillin, 100 U/ml streptomycin, and 15 µg/ml blasticidine at 

37°C in an atmosphere containing 5% CO2. To induce expression of SCA8 

carrying 0, 23, 88, and 157 CTG repeats, cells were treated with 1 µg/ml 

doxycycline for varying periods of time. 

 

RNA isolation   

Total RNA was extracted using Trizol reagent (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 from DNA and proteins by centrifugation at 4˚C for 15 minutes. The 
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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 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% ethanol in DEPC-ddH2O. RNA was air dried 

and dissolved in DEPC-ddH2O. 

 

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

Total RNA isolated from inducible HEK-293 ATXN8OS cell lines was 

treated with RNase-free DNase (Stratagene) and used as a template to 

synthesize the first-strand cDNA by High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) with random primers. 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 250 ng total RNA and with 

gene-specific TaqMan fluorogenic probes Hs01382089-m1 (exon C2 and C1 

boundary) for ATXN8OS, Hs00153277-m1 for CDKN1B, Hs00391824-m1 for 

SPON1, Hs00168310-m1 for GSTP1, Hs01099687-m1 for ISL1 and 

4326321E for HPRT1 (endogenous control) (Applied Biosystems). The 

amount of HaloTag mRNA was determined by customized Assays-by-Design 

probe (Forward primer: CCGACGTGGGACGAATGG, Reverse primer: 

CGGAAGGCCTGGAAGGT, TaqMan® probe: GAATTCGCCCGTGA) 

(4331348, Applied Biosystems). Fold change was calculated using the formula 

2ΔCt, ΔCT = CT (control) – CT (target), in which CT indicates cycle threshold. 
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Western blot analysis 

ATXN8OS CR cells were lysed in RIPA buffer (10 mM Tris pH 7.5, 150 

mM NaCl, 5 mM EDTA pH 8.0, 0.1% sodium dodecyl sulphate (SDS), 1% 

deoxycholate, 1% NP-40) containing the protease inhibitor mixture (Sigma). 

After sonication and sitting on ice for 30 minutes, the lysates were centrifuged 

at 13,000 g for 30 minutes at 4°C. Protein concentrations were determined 

with the Bio-Rad protein assay kit, using albumin as standards. Laemmli 

sample buffer was then added to 30 μg of protein and heated in a boiling water 

bath for 10 minutes. Equal amounts of protein from each sample were 

fractionated in a 12% SDS-polyacrylamide gel electrophoresis (PAGE). The 

fractionated protein samples were transferred onto a nitrocellulose membrane 

(Schleicher and Schuell), and non-specific binding was blocked in 5% non-fat 

dry milk for overnight at 4°C. After washing with Tris-buffered saline (TBS), 

the blots were probed with a 1:1000 dilution of HaloTag antibody (Promega) 

or a 1:10000 dilution of actin antibody (Chemicon) in TBS/1% bovine serum 

albumin/0.1% Tween 20. After extensive washing, the blots were probed with 

a 1:10000 dilution of goat anti-mouse or goat anti-rabbit IgG conjugated to 

horseradish peroxidase (Jackson ImmunoResearch). The blots were washed 

extensively and the protein detected using ImmobilonTM western 

chemiluminescent HRP substrate (Millipore). 

 

Immunocytochemical staining 

ATXN8OS CR cells on coverslips were washed with PBS and fixed in 4% 

paraformaldehyde in PBS for 10 minutes, followed by 20 minutes incubation 

with 0.1% Triton X-100 in PBS to permeabilize cells, and overnight 
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incubation with 0.5% bovine serum albumin in PBS to block non-specific 

binding. The primary anti-HaloTag antibody, diluted 1:500 in 1% BSA in TBS, 

was used to stain cells at 4°C overnight. After washing, cells were incubated 

for 2 hours at room temperature in FITC-conjugated secondary antibody 

diluted to 1:500 in TBS containing 1% BSA, and washed in PBS. Nuclei were 

detected using 4’-6-diamidino-2-phenylindole (DAPI). The stained cells were 

examined after mounted in Vectashield (Vector Laboratories Inc.) using a 

Leica TCS confocal laser scanning microscope. 

 

Fluorescent in situ hybridization (FISH) 

To examine the ribonuclear foci, cells were grown on coverslips, washed, 

and fixed for 15 minutes at room temperature in 4% formaldehyde and 10% 

acetic acid. After 0.1% Triton X-100 treatment for 10 minutes, a Cy3-(CAG)10 

(Operon) or Cy5-CTGCGACTCCGCTGGAAACTCTTCAGCCA (unique to 

ATXN8OS) oligonucleotide probe was added at 37°C for 2 hours for 

fluorescent in situ hybridization (FISH) experiments 

(http://www.singerlab.org/protocols). Nuclei were detected using DAPI. 

Fluorescent signals are visualized using a Leica TCS confocal laser scanning 

microscope optimized for simultaneous dual fluorescent imaging. 

 

RNA clean-up 

ATXN8OS CR cells were induced by 1 µg/ml doxycycline for 7 days and 

treated with 50 nM Staurosporine (an external apoptotic stimulus) for 24 hours. 

Isolated RNA was cleaned up using RNeasy Mini Kit (Qiagen). As described 
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in the manufacture, the volume of RNA sample was first adjusted to 100 μl 

with DEPC-ddH2O, 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 ≥ 8,000 

g. The column was transferred into a new collection tube, added 500 μl Buffer 

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

was added to the column and centrifuged for 2 minutes at ≥ 8,000 g. And 

another centrifugation for 1 minute was carried out to eliminate residual 

ethanol. Finally, 20 μl of DEPC-ddH2O 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. The quality and quantity of cleaned-up 

RNA samples were determined by the agarose electrophoresis and the 

absorbance at 260 nm, respectively. 

 

Microarray analysis 

The cleaned-up RNA was committed to Phalanx Biotech Group, Inc. to 

identify differentially expressed genes between inducible HEK-293 ATXN8OS 

cell lines by microarray analysis. The array image was scanned and the 

acquired signal intensities were normalized. The cut-off values of up-regulated 

and down-regulated transcripts were set as 3 and 0.7 fold changes, 

respectively. 

 

Protein sample preparation 

The HEK-293 cells were transiently transfected with pEF vector, 
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pEF-ATXN8OS-23 CR and 157 CR plasmids (Lin, 2007). Cells were 

harvested and lysed in 100 μl Lysis solution (8 M urea, 4% CHAPS, 2% 

biolyte 3-10, 40 mM DTT). Protein extracts were centrifuged at maximum 

speed at 4°C for 30 minutes 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 (Amersham 

Biosciences). The cleaned-up protein pellet was resuspended in 100 μl of 

Lysis solution with sonication. The quantity of cleaned-up protein sample was 

determined using 2-D Quant Kit (Amersham Biosciences).  

 

Proteomic analysis 

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

buffer (8 M Urea, 2% CHAPS, 0.5% IPG buffer, 0.002% bromophenol blue) 

to make up for the volume 250 μl (for 13-cm IPG strips). 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 and protein samples were separated according to each 

isoelectric point (pI) on IPGphor II (Amersham Biosciences). After IEF step, 

strips were equilibrated in SDS Equilibration buffer (2% SDS, 50 mM 

Tris-HCl pH8.8, 6 M Urea, 30% Glycerol, 0.002% bromophenol blue) 

containing 1% (w/v) dithiothreitol (DTT) for 15 minutes followed by the 

second equilibration in SDS Equilibration buffer containing 2.5% (w/v) 

iodoacetamide for 15 minutes. The strip then was transferred to the 

polyacrylamide gel and sealed with 0.5% agarose. Each gel was run at 15 mA 

for the first 15 minutes followed by 30 mA for 5 hours. The gels were fixed in 
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fix buffer (50% EtOH, 8% Phosphoric acid) for overnight. After briefly rinsed 

in ddH2O, the gels were stained in Coomassie Blue G-250 for 24 hours. After 

staining, the gels were destained in 1% acetic acid for 30 minutes and scanned 

on scanner. ImageMaster 2D Platinum Software (Amersham Biosciences) was 

used for analyzing the images. Differentially expressed protein spots were 

picked from the stained gel, rinsed with ddH2O, and then washed with 50 mM 

ammonium bicarbonate (NH4HCO3)/acetonitrile. The gel piece was incubated 

with freshly diluted trypsin (2.5 ng/μl in NH4HCO3) at 37˚C overnight and the 

resulting peptides were extracted by 50% acetonitrile containing 1% 

trifluoroacetic acid. 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). 

 

II. Analysis of ATXN8OS lymphoblastoid cell models 

 

Lymphoblastoid cell lines 

Lymphoblastoid cell lines from two SCA patients [P1, 88 repeats; P3, 

95~185 repeats] and four PD patients [P2, 92 repeats; P4, 87 repeats; P5, 82 

repeats; P6, 84 repeats] as well as five normal controls (C1 ~ C5) were 

established (Table 1) (Food Industry Research and Development Institute, 

Taiwan) after obtaining informed consent. Patients P1 and P3 were recruited 
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from Taipei Veterans General Hospital; the rest patients and controls were 

recruited from Chang Gung Memorial Hospital. Cells were maintained in 

RPMI 1640 medium (GIBCO) containing 10% FBS. 

 

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

Total RNA was extracted, treated, quantified, and reverse-transcribed to 

cDNA as pervious description. Using ABI PRISM® 7000 Sequence Detection 

System (Applied Biosystems), real-time quantitative PCR was performed on a 

cDNA amount equivalent to 250 ng total RNA with TaqMan fluorogenic 

probes Hs01382089-m1 for ATXN8OS, Hs00252991_m1 for KLHL1 and 

4326321E for HPRT1 (endogenous control) (Applied Biosystems). The 

amount of ATXN8 mRNA was determined by customized Assays-by-Design 

probe (Forward primer: ACTAGAATGACAGGTCAAGATGGTTAGT, 

Reverse primer: TCGAAGTATGAGAAGTACCTATCATATTTTGGTA, 

TaqMan® probe: CTGGAGCCAAGAACTAG) (4331348, Applied 

Biosystems). Fold change was calculated using the formula 2ΔCt, ΔCT = CT 

(control) – CT (target), in which CT indicates cycle threshold. Statistical 

analysis of differences between the groups was carried out using one-way 

analysis of variance (ANOVA). 

 

Genotyping, sequencing and RFLP analysis of ATXN8OS exon A -62 G/A 

SNP 

DNA was extracted from peripheral blood leukocytes using the DNA 

Extraction Kit (Stratagene). The alleles with CTG expansion were gel purified 

 18



and sequenced directly to accurately assess repeat size and the presence of 

interruptions. The DNA fragments containing the -62 G/A SNP were 

amplified using PCR with primers for RFLP analysis (Forward: 

5’-TGATGTTATAATTGTTATATATTTATGCA; Reverse: 5’-AACTAACT 

CAACATCCAGATAATTT). The SNP was differentiated using the 

Mph1103I restriction enzyme.  

 

III. Analysis of the IRES activity of ATXN8OS RNA and identification 

of ATXN8OS ORF protein 

 

cDNA cloning of IRES initiation trans-acting factors 

For PTB, the coding region was amplified by PTB-F 

(5’-GCGGTCTGCTCTGTGTGC) and PTB-R (5’-TGATGGAAGTTG 

TCGCCAG). After cloning into pGEM-T Easy and sequencing, the 660 bp of 

PTB coding sequence was then cloned into the EcoRI site of pcDNA3.1 

vector (Invitrogen). For PCBP1, the 1.1 kb PCBP1 cDNA was amplified from 

cDNA of HEK-293 cells using PCBP1-U1 (5’-AAGCTTCATGGATGCC 

GGTGTGACTGAAAG) and PCBP1-D1 (5’-CTCGAGATCATGGGAGAAC 

AGCAGAAAGGG) primers. After cloning into pGEM-T Easy and 

sequencing, the 1.1 kb PCBP1 coding sequences with HindIII and XhoI sites 

at 5’ and 3’ ends respectively was subcloned into pcDNA3.1. The pcDNA3.1 

constructs were verified by restriction mapping. 
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Transfection 

The rapid transfection process was carried out according to the 

Lipofectamine™ 2000 reagent (LF2000) (Invitrogen) protocol. For 

transfection performed in the 24-well plate, 1.5 μg of DNA and 2 ~ 3 μl of 

LF2000 were first diluted into 50 μl Opti-MEM® I Reduced Serum Medium 

(Invitrogen), respectively, and incubated for 5 minutes at room temperature. 

Then DNA and LF2000 were combined 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% FBS-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 studies. 

 

Dual luciferase reporter assay 

The dual luciferase reporter constructs were established by Hsin-Chieh 

Shiau. To evaluate the effects of stress-induced drugs, different concentrations 

of thapsigargen were added after transfection for 12 hours. Then cells were 

harvested after 12 hours and washed by PBS. The cell lysates were prepared 

following the Dual-Luciferase® Reporter Assay protocol (Promega). The 

IRES activity was directly measured by the ratio of the firefly luciferase level 

to the Renilla luciferase level by a luminometer using a dual luciferase assay 

system. 
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In vitro transcription 

Plasmid DNA containing ATXN8OS 23 CR and ATXN8OS 157 CR were 

linearized by SpeI digestion. Transcripts were synthesised according to the 

manufacturer’s recommendations (Ambion) in a reaction mixture containing  

1× reaction buffer, 7.5 mM ATP, 7.5 mM CTP, 7.5 mM GTP, 7.5 mM UTP, 1 

μg of linear DNA template and 2 μl T7 polymerase enzyme mix to a final 

volume of 20 μl. For biotinylated RNAs, Biotin-11-UTP and UTP were mixed 

in a ratio of 1:7. The reaction mixture was incubated at 37°C for at least 16 

hours and DNA template was removed by TURBO DNase at 37°C for 15 

minutes. The RNA samples were then recovered by lithium chloride (LiCl) 

precipitation and determined by the agarose electrophoresis and the 

absorbance at 260 nm. 

 

RNA-binding assays and protein identification 

To prepare protein lysates, HEK-293 cells were harvested by 

centrifugation at 1,000 g for 5 minutes followed with cold PBS washing twice. 

The cell pellet was resuspended in 100 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, sonicated 15 pulses three times, and 

sat on ice for 30 minutes. Protein extracts were centrifuged at maximum speed 

at 4°C for 30 minutes 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). 15 μg Biotin-11-UTP-labeled ATXN8OS RNAs were 

incubated with 1 mg protein lysates at 30°C for 15 minutes in RNA mobility 
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shift buffer (40 mM KCl, 5 mM HEPES pH7.1, 2 mM MgCl2, 0.1 mM EDTA, 

2 mM DTT, and 0.25 μg/μl tRNA). For the binding reaction with biotinylated 

RNAs, streptavidin magnetic particles and and a magnetic particle separator 

(Roche) were used to capture the RNA-protein complex. The captured 

proteins were purified by a 2-D Clean-Up Kit (Amersham Biosciences) and 

the first-dimension separation was performed on 7 cm IPG strips by cup 

loading. The second-dimension separation was performed by vertical PAGE 

(12.5%). After gel electrophoresis, proteins were stained with SYPRO Ruby 

(Cat. No. S12000, Molecular Probe) and the gels were imaged on the 

Molecular Dynamics Typhoon 9210 (Amersham Biosciences). ImageMaster 

2D Platinum Software (Amersham Biosciences) was used for analyzing the 

images. The RNA binding proteins were identified by MALDI-TOF/TOF MS 

(Bruker Daltonics). 

 

Site-directed mutagenesis 

The introduction of each upstream AUG was performed by PCR 

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 
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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. 

 

Fluorescence activated cell sorting (FACS) analysis 

HEK-293 cells were transfected with the various cDNA constructs using a 

lipofection procedure. pEGFP-N1 was used as a positive control. 48 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. 

 

ATXN8OS ORF-EGFP constructs 

The 1.3-kb ATXN8OS cDNA containing exons D, C2, C1, B, and A 

(Nemes et al., 2000) was cloned as previously described (Lin, 2007). The ORF 

translation termination sequence in C1 exon was removed and a SmaI 

restricted site (underlined) added by PCR using primer 

5’-GCGCCCGGGACACTTCAACTTCCTATACATACA. The EcoRI (in 

MCS of pGEM-T Easy vector)-SmaI fragment containing ATXN8OS ORF was 

in-frame fused to the EGFP gene in the pEGFP-N1 vector (between the EcoRI 

and BstUI sites). Portion of the Kozak consensus translation initiation 

sequence (ACCATG) in the EGFP gene was further removed by site-directed 
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mutagenesis (primer 5’-CGGGCCCGGGATCCACCGGTCGCCΔGTGAGC 

AAGGGCGAGGAGCTG, Δ = ACCATG). The resulting pCMV/+801 

construct (where +801 represents transcription start site of exon D) (Fig. 9C) 

was verified by DNA sequencing.  

To construct pCMV/+1 (+1 representing transcription start site of exon 

D5), an XhoI site (underlined) was added to the 5’ end of +1 sequence by PCR 

using primer 5’-CGCCTCGAGTTTATGTCTATGAAGG. The XhoI-SacI 

fragment containing ATXN8OS +1 ~ +848 sequences was inserted between the 

XhoI (in MCS of pEGFP-N1) and SacI (in exon D of ATXN8OS) sites of 

pCMV/+801 to generate pCMV/+1. To construct pATXN8OS/-481, a 2.1-kb 

ATXN8OS gene 5’ fragment (AF252279 reversed complemented strand: 

108333 ~ 110454) was cloned by PCR and sequenced. The AflIII-SacI 

fragment containing ATXN8OS -481 ~ +848 sequences was used to replace the 

corresponding fragment containing CMV promoter in pCMV/+800 to generate 

pATXN8OS/-481. Then the AflIII-EcoRV fragment containing ATXN8OS -481 

~ -115 sequences in pATXN8OS/-481 was further removed to generate 

pATXN8OS/-114.  

 

HEK-293 cell cultivation and transfection 

Human embryonic kidney HEK-293 cells cultivated in DMEM containing 

10% FBS were plated into 6-well (6 × 105/well) or 12-well (2 × 105/well) 

dishes, grown for 20 hours and transfected by the lipofection method 

(GibcoBRL) with the ORF-EGFP or pIRES-EGFP plasmid (4 μg/6-well or 2 

μg/12-well). The cells were grown for 48 hours for the following EGFP 

fluorescence (12-well dishes), RNA and protein (6-well dishes) studies. 
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MitoTracker staining 

HEK-293 cells were grown on coverslips and transfected with different 

cDNA constructs. After 48 hours the media were removed and the cells were 

incubated with the staining solution containing 400 nM MitoTracker® probe 

(Invitrogen) for 2 hours. After staining is complete, the cells were washed 

with PBS and fixed with 4% formaldehyde at 37°C for 15 minutes. Cells were 

examined after mounted in Vectashield by Leica TCS confocal laser scanning 

microscope.  

 

LysoTracker staining 

HEK-293 cells were grown on coverslips and transfected with different 

cDNA constructs. After 48 hours the media were removed and the cells were 

incubated with the staining solution containing 75 nM LysoTracker® probe 

(Invitrogen) for 2 hours. After staining is complete, the cells were washed 

with PBS and fixed with 4% formaldehyde at 37°C for 15 minutes. Cells were 

examined after mounted in Vectashield by Leica TCS confocal laser scanning 

microscope. 

 

Confocal microscopy 

For visualizing intracellular ORF-EGFP proteins, transfected cells on 

coverslips were fixed in 4% paraformaldehyde for 15 minutes. Nuclei were 

detected using 0.05% DAPI. Cells were examined after mounted in 

Vectashield for GFP and DAPI fluorescence using a Leica TCS confocal laser 
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scanning microscope optimized for simultaneous dual fluorescent imaging. 

 

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

Total RNA was extracted, treated, quantified, and reverse-transcribed to 

cDNA as pervious description. Using ABI PRISM® 7000 Sequence Detection 

System (Applied Biosystems), real-time quantitative PCR was performed on a 

cDNA amount equivalent to 250 ng total RNA with TaqMan fluorogenic 

probes Hs01382089-m1 (exon C2 and C1 boundary) for ATXN8OS and 

4326321E for HPRT1 (endogenous control) (Applied Biosystems). Additional 

customized Assays-by-Design probe (Forward primer: ACTGCATTT 

CAGGAGCAAAAAGAGA, Reverse primer: GTCCCTGTGGTTTGAATCT 

ATTCCA, TaqMan® probe: CAGTGGCCTCATTTTG) (ATXN8OS exon 

D5/D4 region, Applied Biosystems) was used for ATXN8OS mRNA 

quantification. Fold change was calculated using the formula 2ΔCt, ΔCT = CT 

(control) – CT (target), in which CT indicates cycle threshold. Statistical 

analysis of differences between the groups was carried out using one-way 

analysis of variance (ANOVA). 

 

Western blot analysis 

Cells were lysed in RIPA buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5 

mM EDTA pH 8.0, 1% sodium deoxycholate, 1% NP-40 and 0.1% SDS) 

containing the protease inhibitor mixture (Sigma). After sonication and sitting 

on ice for 20 minutes, the lysates were centrifuged at 14,000 rpm for 30 

minutes at 4°C. Protein concentrations were determined with the Bio-Rad 
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protein assay kit, using albumin as standards. Proteins (25 µg) were 

electrophoresed on 10% SDS-polyacrylamide gel and transferred onto 

nitrocellulose membrane by reverse electrophoresis. After being blocked, the 

membrane was stained with anti-GFP (1:200 dilution, Santa Cruz 

Biotechnology) or anti-actin (1:10000 dilution, Chemicon International) 

antibody. The immune complexes were detected using horseradish 

peroxidase-conjugated goat anti-mouse (Jackson ImmunoResearch) or goat 

anti-rabbit (Rochland) IgG antibody (1:10000 dilution) and ImmobilonTM 

Western Chemiluminescent HRP substrate (Millipore).  

 

Lymphoblastoid and neuroblastoma cell lines 

Lymphoblastoid cell lines were maintained as previous description. 

Human neuroblastoma SK-N-SH, SH-SY5Y and IMR-32 cells were cultivated 

in DMEM (IMR-32 and SK-N-SH) or 1:1 mixture of DMEM and F12 

medium (SH-SY5Y) containing 10% FBS. 

 

GST-ORF construct and antiserum 

To construct GST-tagged ORF for antiserum production, BstBI and EcoRI 

sites (underlined) were added to the 5’ and 3’ ends of ATXN8OS ORF by PCR 

using primers 5’-GCGCTTCGAATGTGCTTCACATCGAAGTC and 5’-CC 

GGAATTCTCAACACTTCAACTTCCTATAC (initiation and termination 

codons in boldface). The 317-bp BstBI-EcoRI fragment containing ATXN8OS 

ORF sequences was then inserted between the AccI (location 928) and EcoRI 

(location 944) sites of pGEX-5X-3 (GE Healthcare). The location 928 AccI 
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site (underlined) used was added by site-directed mutagenesis using primer 

5’-GATCTGATCGAAGGTCGACGGATCCCC AGGAATTCC (mismatch 

nucleotides in boldface). The resulting pGST-ORF construct was verified by 

DNA sequencing and introduced into BL21(DE3)pLysS (Novagen). After 

IPTG induction, the 36-kDa antigen was purified using GST⋅BindTM resin 

(Novagen) and used to raise antiserum in rabbit (LTK BioLaboratories). 

 

ORF identification 

Cells (107; lymphoblastoid, neuroblastoma or HEK-293) were lysed in 8 

M urea lysis buffer (8 M urea, 4% CHAPS, 2% biolyte 3-10, 40 mM DTT). 

After ultrasonic homogenizing, protein extracts were centrifuged at 13,000 

rpm at 4°C for 30 minutes and the supernatants transferred to new tubes. 

Insoluble pellets were then resuspended in 1:5 v/v SDS buffer (1.7% SDS, 

20mM Tris) and 9.8 M urea lysis buffer by sonication. For Western blotting, 

proteins (30 µg) and aliquot of pellet suspension were separated on 12% 

SDS-PAGE and blotted. For 2D PAGE and 2D immunoblot, aliquots of pellet 

suspension were first separated using Immobiline DryStrip (7 cm, pH 3-10) 

(GE Healthcare) and further separated by a 12.5% SDS-PAGE. The blotting 

membranes were stained with ORF antiserum (1:200 dilution) or actin 

antibody (1:10000 dilution, Chemicon) and immune complexes detected as 

described. The 2D gel was stained with SYPRO Ruby (Molecular Probe) and 

scanned on a Typhoon 9400 imager (GE Healthcare). The map was compared 

to the 2D immunoblot. The ORF-specific spots were punched out and 

subjected to reduction and alkylation by DTT/iodoacetamide, followed by 

in-gel digestion with freshly prepared Trypsin Gold (2.5 ng/µl, Promega) at 
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37°C for overnight. The obtained peptides were extracted with 50% 

acetonitrile containing 1% trifluoroacetic acid and tandem mass spectra were 

generated by liquid chromatography-mass spectrometry/mass spectrometry 

(LC-MS/MS) at Proteomics and Protein Function Core Laboratory, Center of 

Genomic Medicine, National Taiwan University. MS/MS data were searched 

using the Mascot search engine (www.matrixscience.com) in a database 

containing theoretical trypsinized fragments of 23-kDa ORF protein initiated 

at +953 GUG codon.  
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 Results 

 

I. Analysis of ATXN8OS stably induced HEK-293 cell lines 

 

Repeat length-related change in ATXN8OS expression  

The expression of the ATXN8OS in 0, 23, 88 and 157 CR lines was driven 

by the same hybrid CMV/TetO2 promoter (Fig. 1A). To examine ATXN8OS 

mRNA expression in ATXN8OS stably induced HEK-293 cell lines, ATXN8OS 

RNA levels were measured by real-time PCR quantification using 

ATXN8OS-specific probe and primers. The expression of the endogenous 

ATXN8OS RNA in vector only cell line was too low to be efficiently detected. 

In the absence of doxycycline, all ATXN8OS CR cell lines expressed low level 

of ATXN8OS RNA, ranging from 0.017 to 0.042 compared with endogenous 

HPRT1 (Fig. 1B). A repeat length-dependent repression of ATXN8OS 

expression is notable, with (CR)n/relative ATXN8OS RNA level being 

(CR)0/1.0, (CR)23/1.0, (CR)88/0.6, and (CR)157/0.4 (Fig. 1C). 

The ATXN8OS RNA levels were further examined in these CR cells. After 

induction with doxycycline for 1 and 2 days, the amount of ATXN8OS RNA in 

0, 23, 88 and 157 CR cells increased, respectively, to 29~32, 25~27, 24~25, 

and 19~20 times more that in 0 CR cells at the time of doxycycline addition (0 

d) (Fig. 1C). When the amount of ATXN8OS RNA present at the time of 

doxycycline addition was set to 100% for each CR cell line, the fold of 

induction increase with repeat length, with (CR)n/fold of induction being 
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(CR)0/29~32, (CR)23/25~27, (CR)88/41~42, and (CR)157/47~50 (Fig. 1D).  

 

Repeat length-dependent repression of HaloTag gene located next to 

ATXN8OS cDNA gene  

The expression of the ATXN8OS in 0, 23, 88 and 157 CR lines was driven 

by the same hybrid CMV/TetO2 promoter (Fig. 1A). As CUG triplet repeat 

expansion in DM1 may alter the adjacent chromatin structure (Otten and 

Tapscott, 1995), the observed repeat length-dependent repression of ATXN8OS 

expression may be due to chromatin remodeling. Our previous results of 

methylation of H3-K9 and hypoacetylation of H3-K14 in 157 CR cells (Lee, 

2008) also support the notion that the chromatin remodeling participated in the 

repeat length-dependent repression of ATXN8OS expression. 

The cloning vector used to generate ATXN8OS CR lines was modified by 

placing a HaloTag gene downstream of the ATXN8OS cDNA gene (Fig. 1A). 

If chromatin structure was affected in expanded CR lines, reduced expression 

of HaloTag would be expected. To examine this, HaloTag RNA level relative 

to endogenous HPRT1 RNA was first quantified by real-time PCR. As shown 

in Fig. 2A, HaloTag RNA expression in expanded 88 and 157 CR lines was 

significantly reduced (70~71%) when compared to the normal 23 CR line (P < 

0.05). To confirm the expression change, proteins were collected and 

subjected to western blotting with HaloTag and β-actin antibodies. Consistent 

with the results of real-time PCR quantification, expression levels of HaloTag 

protein were significantly decreased in ATXN8OS 88 and 157 CR lines as 

compared to that of 23 CR line (Fig. 2B, 79~81%, P < 0.05). Fluorescence 

microscope examination after immunocytochemical staining using HaloTag 
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antibody also revealed the reduced expression of HaloTag protein (Fig. 2C).  

 

Increased ATXN8OS transcript stability and ribonuclear foci formation 

with CUG repeat expansion 

To examine the observed repeat length-dependent increase of fold of 

induction, the effect of repeat length on the stability of ATXN8OS RNA was 

investigated. The ATXN8OS cells were grown in the presence of doxycycline 

for 48 hours and actinomycin D (1 µg/ml) was added to block transcription of 

new RNA molecules. The stability of the ATXN8OS RNA was then determined 

by real-time PCR quantification of the amount of ATXN8OS RNA present in 

cells harvested at different time points after actinomycin D addition. The 

amount of ATXN8OS RNA present at the start of the experiment immediately 

before actinomycin D addition was set to 100%. As shown in Fig. 3A, using 

HPRT1 mRNA as an internal control, the levels of ATXN8OS mRNA at 12 

hours after addition of actinomycin D in 23, 88 and 157 CR cells were 7.2%, 

12.1% and 22.0%, respectively. Therefore, expanded CR causes stabilization 

of ATXN8OS mRNA and subsequently reduces RNA decay. 

Since the mutant DMPK transcripts accumulated in the nuclei of DM1 

patient cells and aggregated to form distinct foci (Taneja et al., 1995), we 

investigated whether the expanded ATXN8OS CUG repeats form ribonuclear 

foci. The ATXN8OS 23, 88 and 157 CR cells were grown in the presence of 

doxycycline and FISH experiments using a Cy3-labeled (CAG)10 

oligonucleotide probe was performed two days later. As shown in Fig. 3B, no 

ribonuclear foci were seen in cells expressing ATXN8OS 23 CR. However, 

distinct ribonuclear foci, mostly perinuclear, were observed in cells expressing 
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expanded 88 and 157 CR. Similar results were obtained using an 

oligonucleotide probe specific to ATXN8OS. Since this probe can only bind to 

the ATXN8OS RNA in single copy, the inability to detect ribonuclear foci with 

23 CR is not an artifact of the copy number of the repeats in the 88 or 157 CR 

cells. 

 

Identification of targets affected by mutant ATXN8OS using microarray 

and proteomic approaches 

To investigate whether human ATXN8OS gene with expanded CTG tract 

would affect global RNA expression, total RNAs from 50 nM staurosporine 

treated inducible HEK-293 ATXN8OS cell lines with 23 and 157 CR were 

genome-wide analyzed. After normalization, differentially expressed genes 

were selected using fold-change analysis. Genes that showed greater than 

3-fold or smaller than 0.7-fold changes were considered to be significantly 

differentially expressed (Table 2). Among these candidate genes up-regulated 

in ATXN8OS expanded cell lines, CDKN1B, SPON1, GSTB1 and ISL1 were 

further validated by real-time PCR. CDKN1B (cyclin-dependent kinase 

inhibitor 1B, p27, Kip1) binds to and thereby prevents cyclin-CDK complexes 

from phosphorylating their protein substrates (Polyak et al., 1994). The 

biological consequence of this molecular interaction in cultured cells is cell 

cycle arrest, primarily in the G1 phase. SPON1 (spondin 1, extracellular 

matrix protein) is highly expressed in developing and damaged nerve tissue 

(Burstyn-Cohen et al., 1999). GSTP1 (glutathione S-transferase pi) encodes a 

multifunctional detoxifying enzyme. GSTP1 may provide protection against 

oxidative stress (Holley et al., 2006). ISL1 (transcription factor, 
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LIM/homeodomain) was first reported to control various aspects of 

motoneuron identity in early embryogenesis (Tsuchida et al., 1994). 

As shown in Fig. 4, no significant difference was observed in CDKN1B 

and ISL1 expression level. Interestingly, the expression level of SPON1 is 

significantly higher in ATXN8OS 157 CR cells compared to vector cells (P = 

0.024) and ATXN8OS 23 CR cells (P = 0.034). Contrarily, GSTP1 expression 

was highly reduced in ATXN8OS 157 CR cells. 

Proteomic technology allows analysis of changes in protein level and is 

increasingly viewed as a potent tool for neurodegeneration disease research. 

To find out the protein targets affected by ATXN8OS, protein expressions of 

HEK-293 cells transiently transfected with ATXN8OS carrying normal 23 

CTG repeats or disease-causing expanded 157 repeats were examined by 

proteomic approach. Several protein targets were identified by conventional 

2D gels stained with Coomassie Blue G-250 (Table 3). The results showed 

that peptidylprolyl isomerase A isoform 2 (PPIA), triosephosphate isomerase 

(TPI), ACTB protein (ACTB), enolase 1 (ENO1), heterogeneous nuclear 

ribonucleoprotein (HNRNPL) and phosphoglycerate mutase 1 (PGAM1) were 

down-regulated by ATXN8OS expansion while proteasome 26S ATPase 

subunit 4 isoform 1 (PSMC4) and proline 4-hydroxylase β-subunit (P4HB) 

were up-regulated. 
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II. Analysis of ATXN8OS lymphoblastoid cell models 

 

Analysis of ATXN8OS, ATXN8 and KLHL1 expression 

Since SCA8 involves the expansion of CTG/CAG repeats from the 

overlapping ATXN8OS and ATXN8 genes, ATXN8 expression may be affected 

by ATXN8OS expansion and involved in SCA8 pathogenesis. Furthermore, the 

natural overlapping organization of the ATXN8OS and KLHL1 coding regions 

suggested that ATXN8OS may function as a natural antisense regulator of 

KLHL1 and affect KLHL1 expression. 

To evaluate the expression level of ATXN8OS, ATXN8 and KLHL1 genes, 

a total of six lymphoblastoid cell lines from patients with SCA8 large alleles 

and five age/gender-matched normal control lymphoblastoid cell lines were 

used (Table 1). RNA levels were measured by real-time PCR quantification 

using ATXN8, ATXN8OS and KLHL1-specific probes (Fig. 5A) and primers. 

Compared with endogenous HPRT1, the expression level of ATXN8, 

ATXN8OS and KLHL1 were relatively low (2-10 ~ 2-13). As shown in Fig. 5B, 

when the expressed level in control C1 was set as 1.0, ATXN8 median (range) 

for patients and controls were 3.380 (1.670 ~ 5.754) and 1.284 (0.542 ~ 1.992), 

respectively. The difference in the ATXN8 expression level between patients 

and controls was significant (P = 0.012). Contrarily, no significant difference 

was observed for ATXN8OS median (range) between patients [2.110 (0.993 ~ 

3.667)] and controls [1.551 (0.929 ~ 2.512)] (P = 0.364) as well as KLHL1 

median (range) between patients [0.679 (0.321 ~ 1.205)] and controls [0.913 

(0.767 ~ 1.231)] (P = 0.137). Our results suggest that ATXN8 expression level 

is higher in ATXN8OS expanded cell lines. KLHL1 expression may not be 
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affected by expanded CTG repeats. 

 

ATXN8 -62 G/A promoter SNP  

During DNA sequencing to assess the SCA8 repeat size, a novel C/T SNP 

62 nucleotides downstream from the CTG repeats in ATXN8 promoter was 

detected (Fig. 6A). The SNP was named -62 G/A, where translation initiation 

of polyglutamine protein +1 is used as temporary transcription start site of 

ATXN8. The SNP can be differentiated using mismatched PCR and Mph1103I 

restriction analysis (Fig. 6B). Previous results showed that ATXN8 proximal 

promoter construct containing -62G displayed significantly higher luciferase 

activity  compared with -62A in HEK-293, SK-N-SH and IMR-32 cells (Kao, 

2008). According to real-time PCR analysis, the median (range) relative 

expression value of ATXN8 mRNA for GG homozygote (three patients and 

one control) was higher (but not significantly) than GA heterozygote (three 

patients and four controls): 3.422 (1.847 to 5.754) and 1.859 (0.542 to 4.060), 

respectively (P = 0.160) (Fig. 6C). 
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III. Analysis of the IRES activity of ATXN8OS RNA and identification 

of ATXN8OS ORF protein 

 

Possible factors involved in regulation of ATXN8OS RNA IRES activity 

Dicistronic DNA test has been used in previous studies to show the 

existence of IRES activities in the 5’-UTR sequence of ATXN8OS. The 

5’-UTR fragments 1~1045 directed firefly luciferase synthesis to a level of 

~20% in 293 cells, as compared to the encephalomyocarditis virus (ECMV) 

(Gurtu et al., 1996) IRES2 positive control (Fig. 7A). A number of studies  

have demonstrated that cap-independent translation may need additional 

trans-acting factors (Stoneley and Willis, 2004). To further explore the factors 

required for regulation of ATXN8OS IRES activity, biotinylated ATXN8OS 

RNAs carrying 23 or 157 CTG repeats were synthesized and RNA binding 

assay was performed. Several plausible ATXN8OS RNA binding proteins were 

identified by MALDI-TOF MS (Table 4). However, the MOWSE scores of 

some identified proteins did not reach the criterion. A repetition of this 

experiment needs to be carried out to confirm this data. 

In general, cellular IRESs work very inefficiently in vitro, but it is possible 

to stimulate certain cellular IRESs by the addition of known viral trans-acting 

factors. Studies of factors required for IRES-dependent translation have 

revealed that RNA-binding proteins such as PTB and PCBP1 enhance the 

translation of IRES-containing mRNA (Stoneley and Willis, 2004). Therefore, 

we cloned the PTB and PCBP1 cDNA and their effects on the ATXN8OS IRES 

in a dicistronic RNA were tested. Nevertheless increase of ATXN8OS IRES 

activity was not observed when PTB or PCBP1 was co-transfected into 
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HEK-293 cells (Fig. 7A). 

Apart from trans-acting factor regulation, IRES-mediated translation may 

be activated under stress conditions when cap-dependent translation decreases 

(Hellen and Sarnow, 2001). To test the effect of stresses on translation from 

the ATXN8OS IRES, thapsigargin (induces ER stress by depleting ER Ca2+ 

stores) was used in different dosage. The results indicated that stress caused by 

thapsigargin could not activate ATXN8OS IRES activity (Fig. 7B).  

 

Identification of the ribosome entry window within ATXN8OS RNA 

The ribosome entry window attains an unstructured conformation and in 

doing so facilitates ribosome recruitment (Mitchell et al., 2003). Translation of 

a small upstream open reading frame appears to unfold inhibitory structures 

within the Cat-1 IRES. As a consequence, the IRES undergoes major 

structural remodeling and assumes an active conformation (Yamin et al., 2003). 

To further identify the ribosome entry window within the ATXN8OS IRES, 

AUG codons were introduced into the 5’ UTR sequence at suitably spaced 

intervals by using site-directed mutagenesis (Fig. 8A). When these mutant 5’ 

UTR sequences were inserted into ATXN8OS fused EGFP construct, the AUG 

codons were both upstream of and out of frame with EGFP. If an out-of-frame 

AUG codon is introduced into the 5’ UTR downstream of the ribosome entry 

window, ATXN8OS-EGFP synthesis can not be detected by FACS analysis. 

Conversely, an out-of-frame AUG codon placed upstream of the ribosome 

entry window will have no effect on ATXN8OS-EGFP synthesis. Comparing 

the expression of EGFP from each mutant construct to that from the wild-type 

construct reveals that AUG codons introduced into the 5’ UTR at nucleotides 
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329, 350, 374, 391, 413, 425 and 434 had little or no effect (Fig. 8B). These 

data suggest that the ribosome entry window of ATXN8OS RNA has not been 

found.  

 

ATXN8OS ORF-EGFP constructs 

To investigate if indeed the ATXN8OS ORF could be translated, the 

ATXN8OS cDNA (NR_002717) with in-frame fused an EGFP tag to the C 

terminal of the ATXN8OS ORF was prepared (Fig. 9C, pCMV/+801). The 

transcripts made from this construct will be initiated from exon D (+801). As 

the promoter region upstream of exon D5 was identified by comparing human 

and mouse genomic DNA sequences flanking the 5’ end of the transcripts 

(Benzow and Koob, 2002), ATXN8OS gene sequences +1 ~ +800 were 

included in construct pCMV/+1 so that transcripts made will be initiated from 

exon D5 (+1). In constructs pATXN8OS/-481 and pATXN8OS/-114, proximal 

ATXN8OS promoter fragments were used to drive ATXN8OS expression to 

mimic the in vivo situation.  

 

ORF-EGFP expression 

The constructs were transiently expressed into HEK-293 cells. After two 

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

shown in Fig. 10A, the 1.4~59.0% EGFP production was seen in cells 

transfected with ORF-EGFP constructs as compared to the pIRES2-EGFP 

(cap-independent EGFP expression). As transcripts initiated from +801 

(pCMV/+801) expressed significantly more EGFP fluorescence than 
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transcripts initiated from +1 (pCMV/+1, pATXN8OS/-481 and 

pATXN8OS/-114) (59.0% vs. 1.4~3.5%, P = 0.000), ORF-EGFP RNA levels 

were measured by real-time PCR quantification using ATXN8OS-specific 

probe C2/C1 and primers. As shown in Fig. 10B, when the expressed level in 

pATXN8OS/-481 cells was set as 1.0, ORF-EGFP RNA levels for transcripts 

initiated from +801 (pCMV/+801) versus transcripts initiated from +1 

(pCMV/+1, pATXN8OS/-481 and pATXN8OS/-114) were 3.7 and 1.0 ~ 2.4, 

respectively. Similar 1.0 ~ 2.6 range of ORF-EGFP RNA levels for transcripts 

initiated from +1 (pCMV/+1, pATXN8OS/-481 and pATXN8OS/-114) were 

also observed using ATXN8OS D5/D4 probe (Fig. 10B). On western blot 

immunostaining with GFP antibody, while no specific polypeptide was 

detected in mock-transfected HEK-293 cells, a 50 kDa protein was detected in 

pCMV/+801 transfected cells, as compared to a 26 kDa protein in pEGFP-N1 

transfected cells (Fig. 10C). Nevertheless the observed 50 kDa protein is 

larger than the predicted ORF-EGFP protein (350 amino acids with MW of 

39677). 

 

ORF-EGFP aggregation 

To further investigate the expression of ORF-EGFP protein, confocal 

microscopy examination of GFP fluorescence was carried out after 

transfection of pIRES-EGFP, pCMV/+801 and pATXN8OS/-481 constructs 

into HEK-293 cells. As shown in Fig. 11, strong GFP fluorescence was 

distributed diffusely in pIRES-EGFP-transfected cells. With pCMV/+801 

construct, small and dispersed aggregates appeared mainly in the cytoplasm, 

in addition to showing diffuse cytoplasm expression. Cells transfected with 
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pATXN8OS/-481 or pATXN8OS/-114 (data not shown) gave sparse 

aggregates and very weak, diffuse GFP fluorescence. Furthermore, 

MitoTracker and LysoTracker were used to confirm the localization of 

ORF-EGFP protein. The results indicated that ORF-EGFP co-localized with 

mitochondria but not lysosome (Fig. 12). 

 

ORF immunodetection  

To validate if indeed ATXN8OS ORF is expressed in human cells, 

GST-ORF (S. japonicum GST from pGEX plasmid) fusion protein was 

prepared as antigen to raise antiserum in rabbit. As the average molecular 

weight of proteins that dissolve exclusively in urea buffer is up to 60% higher 

than in RIPA buffer (Ngoka, 2008), 8 M urea lysis buffer was used for 

lymphoblastoid protein extraction. On western blot staining with ORF 

antiserum, while no specific polypeptide was detected with pre-immune serum, 

a 23 kDa protein was detected in insoluble pellet fraction (Fig. 13A). The 

same 23 kDa protein was also observed in urea buffer-insoluble pellet fraction 

prepared from human embryonic kidney HEK-293 cells, neuroblastoma 

IMR-32, SK-N-SH and SH-SY5Y cells (Fig. 13B). Again the observed 23 

kDa protein is larger than the predicted ORF: 102 amino acids with MW of 

11220. 

 

ORF identification 

Utilization of alternative non-AUG translation initiation codons has been 

demonstrated with increasing frequency in mammalian species (Touriol et al., 
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2003). Using Vector NTI software, translation from an upstream in-frame 

GUG codon (+953) predicted a 200 amino-acid ORF protein (MW 22654) or a 

448 amino-acid ORF-EGFP fusion protein (MW 50528). To identify the 

translation start of ATXN8OS ORF, lymphoblastoid proteins from urea 

buffer-insoluble pellet fraction were subjected to 2D PAGE (Fig. 14A) and 2D 

immunoblot (Fig. 14B). The identity of the three ORF-specific spots was 

determined using LC-MS/MS and Mascot data search in a database set up for 

the predicted 200 amino-acid ORF. As shown in Fig. 14C, six matched 

peptide with sequence coverage of 47% was obtained, including the 

N-terminal peptide VPCPGAPCCS LVATGSR which can only be generated 

from translation start.  

 

ORF expression and SCA8 

To study if ATXN8OS expansion mutation altered ORF expression, the 

ORF protein level in lymphoblastoid cells expressing normal and expanded 

ATXN8OS transcripts was examined using western blot. When the average 

expressed level of the controls was set as 100%, ORF protein expression in 

lymphoblastoid cells carrying expanded ATXN8OS transcripts (P1, P3~P5) 

was significantly increased when compared to the lymphoblastoid cells with 

normal ATXN8OS transcripts (median: 158% vs. 100%, range: 113~204% vs. 

86~115%, P = 0.049) (Fig. 15).  
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Discussion 

 

ATXN8OS stably induced HEK-293 cell models 

Clinical and genetic studies have shown that SCA8 is a slowly progressive 

inherited disorder with reduced penetrance, in addition to its rare occurrence 

of phenotype in individuals carrying a much larger repeat expansion (Koob et 

al., 1999; Mosemiller et al., 2003; Schols et al., 2003; Sobrido et al., 2001; 

Worth et al., 2000). Thus the pathogenic mechanisms underlying SCA8 are 

expected to be complicated and remain unclear. To better understand the 

possible molecular mechanisms of SCA8, we developed a number of 

otherwise isogenic human cell lines expressing ATXN8OS transcripts with 

0~157 CTA/ CTG CR. The repeat number in these cell lines was stable and 

these cells were used to investigate the ATXN8OS expression. The 

implications of the findings in the pathogenesis of SCA8 are discussed as the 

following. 

It is widely believed that amino-terminal extensions of histones are subject 

to a variety of posttranslational modification (Strahl and Allis, 2000). In 

chromatin domains that are transcriptionally repressed, high levels of histone 

H3-K9 methylation and H3-K14 hypoacetylation were observed. Therefore, it 

is possible to predict the transcriptional competence of a particular genomic 

region by examining the H3 methylation and acetylation patterns. The results 

showed that there is a repeat-dependent repression of ATXN8OS transcripts 

(Fig. 1C) and the expression of adjacent HaloTag was reduced in ATXN8OS 

cell line carrying 157 CR (Fig. 2). This observation is correlated with the 
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recent findings of H3-K9 dimethylation and H3-K14 hypoacetylation in the 

157 CR cells by ChIP assay (Chen et al., 2009). In myotonic dystrophy, the 

DNA structure of expanded CTG repeats most likely produces changes in 

chromatin configuration which affect the expression of adjacent genes. 

Expansions of GAA repeat in Friedreich's ataxia also conferred variegation of 

expression on a linked transgene in mice (Saveliev et al., 2003). Silencing was 

correlated with a decrease in promoter accessibility and was enhanced by the 

classical position effect variegation modifier heterochromatin protein 1 (HP1), 

which is able to bind to methylated histone H3-K9 (Bannister et al., 2001). 

Elevated levels of histone H3 dimethylated on K9 were also seen in 

Friedreich's ataxia cells consistent with a repressive chromatin organization 

(Greene et al., 2007). As reduced expression of adjacent HaloTag gene was 

also seen in the 88 CR cells (Fig. 2) independent of H3-K9 dimethylation and 

H3-K14 hypoacetylation, DNA methylation or other histone modifications 

such as arginine methylation and serine/threonine phosphorylation (Kim et al., 

2009) may be responsible for the observed repression of ATXN8OS RNA in 

the 88 CR cells. Nevertheless the epigenetic change induced by large SCA8 

repeat expansions may be one of the genetic factors that suppress the disease 

symptoms in control individuals carrying large ATXN8OS repeat expansions. 

Furthermore, increased ATXN8OS transcript stability was also observed in 

this study. It was reported that expanded CUG repeat transcripts form stable 

hairpins (Tian et al., 2000) and muscleblind and MBNL1 increase steady state 

levels of CUG repeat RNA (Houseley et al., 2005). Therefore, the possibility 

of stable hairpin formation and proteins binding may account for the 

observation that expanded CR causes stabilization of ATXN8OS mRNA (Fig. 

3A), and in turn leads to repeat length-dependent increase in fold of ATXN8OS 

 44



induction (Fig. 1D). In DM1 and DM2, the expanded repeat RNA forms 

discrete ribonuclear foci to sequester CUG binding proteins and subsequently 

jeopardize the normal cellular functions of these proteins, which would then 

lead to abnormal RNA splicing of several genes (Ranum and Day, 2002). 

Although the induced expression levels of ATXN8OS RNA in these CR cells 

were low (ranging from 0.659~1.346 compared with endogenous HPRT1), 

ribonuclear foci were detected in our ATXN8OS 88 or 157 CR cells (Fig. 3B). 

Most of the RNA foci formed are located near nuclear membrane, which may 

be compatible with the observation by Koch and colleague that the hairpin 

structure formed by long CUG repeats (> 44) cannot pass through nucleic 

pores (Koch and Leffert, 1998). The ribonuclear foci observed in the nucleus 

may also result in transcriptional dysfunction to lead to the disease, as 

indicated by transcription factors leaching from chromatin by mutant RNA in 

myotonic dystrophy (Ebralidze et al., 2004). 

In this study, gene expression profiles of ATXN8OS cell lines were 

examined by microarray and validated by real-time PCR. Interestingly, 

SPON1 is up-regulated in 157 CR cells (Fig. 4). Previous studies have shown 

that SPON1 is highly expressed in developing and damaged nerve tissue and 

involved in neuronal development and repair. It could promote neurite 

attachment and outgrowth in the cultured spinal cord and sensory neurons 

(Klar et al., 1992). Up-regulation of SPON1 may promote sensory nerve 

regeneration (Burstyn-Cohen et al., 1999). It also had been found to be 

implicated in Alzheimer's disease, binding to the conserved central 

extracellular domain of amyloid-β precursor protein (APP) and inhibits 

β-secretase cleavage of APP (Ho and Sudhof, 2004).  

Despite being a well-established technique for protein analysis, the lack of 
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reproducibility between traditional 2D gels leads to significant system 

variability making it difficult to distinguish between system variation and 

induced biological change. Therefore, accurate quantification to measure 

changes in protein expression remains one of the most important aspects of 

proteomics. With the recent advances in differential dye labeling and the 

introduction of the two-dimensional difference gel electrophoresis (2D-DIGE) 

technique, an attractive technology for the quantitative analysis of differences 

in protein profiles has become available (Marouga et al., 2005; Tonge et al., 

2001; Yan et al., 2002). 2D-DIGE enables multiple protein extracts to be 

separated on the same 2D gel by labeling of each extract using spectrally 

resolvable dyes. 2D-DIGE involves use of a reference sample, known as an 

internal standard, which comprises equal amounts of all biological samples in 

the experiment, leading an accurate quantification between different samples. 

To find out the targets affected by expanded ATXN8OS tract, 2D-DIGE was 

applied to the inducible ATXN8OS cell model system (data not shown). In 

spite of advantages of 2D-DIGE, it does have some limitation in this study. 

First, few differentially expressed protein spots were found by using 2D-DIGE 

system. Moreover, the protein spots were too weak to be picked and analyzed 

by MALDI-TOF after SYPRO Ruby staining.  

Although we could not find protein targets by 2D-DIGE, several targets 

were identified by conventional 2-D electrophoresis in this study (Table 3). 

Among the ATXN8OS expansion down-regulated proteins, some proteins have 

been involved in other neurodegenerative diseases. Peptidylprolyl isomerase A 

exhibits antioxidant properties and protects neurons against oxidative stress 

induced injury. It may prevent Aβ25-35-induced neurotoxicity through 

attenuating oxidative stress induced by Aβ25-35 (Ge et al., 2009). Inhibition of 
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triosephosphate isomerase has been reported to induce neuronal death in 

cultured murine cortical cells (Sheline and Choi, 1998). Interestingly, 

triosephosphate isomerase and enose 1 have been identified as targets of 

protein nitration in Alzheimer’s disease brain (Castegna et al., 2003) and 

phosphoglycerate mutase 1 showed elevated levels of protein carbonyls in 

inferior parietal lobule from subjects with early stage-Alzheimer's disease 

(Sultana et al. 2010). ACTB is known to be correlated with KLHL1 which 

may play a role in SCA8 pathogenesis (Koob et al., 1999). HNRNPL may 

play roles in regulation on the level of mRNA splicing (Hui et al., 2003b), 

IRES-mediated translation (Hahm et al., 1998), and mRNA stability (Hui et al., 

2003a; Shih and Claffey, 1999). However, MALDI-TOF analysis only could 

provide predicted candidate proteins and could not reflect the actual biological 

status of the cells. Thus, immunoblotting should be performed for further 

validation of these candidate proteins. 

 

ATXN8OS lymphoblastoid cell models 

Although the pathology of SCA is mainly in cerebellum, most SCA genes 

are ubiquitously distributed including peripheral lymphocytes. Thus 

lymphoblastoid cells are frequently used as a model to study SCA (Tsai et al., 

2005; Wen et al., 2003) as well as Alzheimer’s disease (Munoz et al., 2008; 

Sala et al., 2008). In our lymphoblastoid cell models, transcripts encoded by 

ATXN8, ATXN8OS and KLHL1 genes are expressed at low steady-state. 

Real-time PCR analysis revealed that ATXN8 expression level is significant 

higher in patients with SCA8 large alleles than controls (Fig. 5B). Within 

patient group, the ATXN8 expression level was not related to disease onset. 
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However, the two SCA8 patients displayed higher (although not significantly) 

median ATXN8 expression level than that of the four PD patients, indicating 

that higher ATXN8 expression levels may be more likely to be associated with 

a SCA phenotype. While ataxin8 function is unclear, the ATXN8OS RNA 

transcript is thought to serve as an anti-sense RNA that inhibits the 

brain-specific transcript for the actin-binding protein KLHL1 (Benzow and 

Koob, 2002). Nevertheless, no significant difference was observed for 

ATXN8OS and KLHL1 expression levels between patients and controls (Fig. 

5B). As major haplotypes are found among patients with ataxia (Ikeda et al., 

2004), genetic variation(s) in linkage disequilibrium with expanded repeats 

may affect ATXN8 expression leading to the observed increased expression 

level in patients with SCA8 large repeats. During assessing the SCA8 repeat 

size, a novel -62 G/A SNP was identified with 90% (9/10) expanded alleles 

associated with G allele. Our recent results indicated that fragment containing 

-62G displayed significant higher promoter activity compared to fragment 

containing -62A in all three human cell lines tested (Wu et al., 2009). Thus the 

increased ATXN8 expression level in patients with SCA8 large alleles was 

likely resulted from the -62 G/A variation. As the correlation of ATXN8 

mRNA expression with -62 G > A genotype is not absolute (Fig. 6C), possible 

hairpin formation and protein binding to increase the stability of expanded 

CUG repeat transcripts (Houseley et al., 2005; Tian et al., 2000) may also 

contribute to the observed increased ATXN8 expression level in patients with 

SCA8 large alleles.  

Previously intranuclear polyglutamine inclusions in cerebellar Purkinje 

and brainstem neurons were reported in SCA8 expansion mice (Moseley et al., 

2006). Clinicopathologic investigation of a SCA8 patient also revealed 
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intracytoplasmic 1C2-positive granular structures (Ito et al., 2006). Using 

dot-blot filter retardation assay, we could detect aggregation from 

lymphoblastoid cells with large ATXN8OS expansion by anti-TFIID (N-12) 

antibody (Santa Cruz Biotechnology) (data not shown). However, we did not 

observed polyglutamine inclusions in the lymphoblastoid cells from patients 

with expanded SCA8 alleles by western blot (data not shown). Further 

experiments are therefore necessary to clarify this issue. 

 

IRES activity of ATXN8OS RNA and identification of ATXN8OS ORF 

protein 

SCA8 was first proposed to be caused by an RNA gain-of-function 

mechanism and analysis of ATXN8OS sequence did not reveal any possible 

spliced isoform possessing an ORF to extend through the expansion (Ranum 

and Day, 2004). However, previous studies have shown the possible IRES 

activity existing in the 5’-UTR sequence of ATXN8OS. Although considerable 

experiments have been done to find out the factors involved in regulation of 

ATXN8OS IRES activity, possible candidates have not been identified in this 

study. Other proteins or factors have also been implicated in the regulation of 

IRES activity and are worthy of further investigation.  

To study the plausible pathogenesis of SCA8, we initially cloned the 

ATXN8OS cDNA containing spliced exons D, C2, C1, B, and A (Fig. 9B) 

(Nemes et al., 2000). Sequence analysis revealed the existence of a 102 

amino-acid ORF 446 nucleotides from the 5’ end of ATXN8OS RNA (Fig. 9C, 

construct pCMV/+801). As the conserved promoter region upstream of the 

ATXN8OS gene exon D5 was identified (Benzow and Koob, 2002), we also 
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cloned the ATXN8OS cDNA containing exon D5 and D4 thus the 102 

amino-acid ORF will then be 1246 nucleotides from the 5’ end of ATXN8OS 

RNA (Fig. 9C, constructs pCMV/+1, pATXN8OS/-114, pATXN8OS/-481). 

Interestingly, although there is no big difference of RNA expression level 

between pCMV/+801 and pCMV/+1 (Fig. 10B), the protein expression was 

significantly reduced when pCMV/+1 was transiently expressed into 

HEK-293 cells (Fig. 10B). It suggests that exon D5 and D4 region may alter 

RNA conformation and therefore affect protein translation. Western blot with 

anti-GFP antibody suggested alternative translation initiation from an 

upstream non-AUG and an in-frame downstream AUG codon, resulting in the 

production of 52 and 30 kDa isoforms, respectively (Fig. 10C). Moreover, the 

GFP-tagged ORF protein formed aggregates (Fig. 11) and co-localized with 

mitochondria (Fig. 12). These data implied important information that 

ATXN8OS is indeed translatable. 

Using antiserum raised against ORF, our findings indicated that ATXN8OS 

ORF protein was present in 8 M urea lysis buffer-insoluble fraction of 

lymphoblastoid cells as well as HEK-293, IMR-32, SK-N-SH and SH-SY5Y 

cells (Fig. 13). When the ORF protein in lymphoblastoid cells carrying normal 

or expanded CTG repeats was examined, significant difference (100% vs. 

158%, P = 0.049) was observed between cells carrying normal or expanded 

CTG repeats (Fig. 15). Previously it was reported that expanded CUG repeat 

transcripts form stable hairpins (Tian et al., 2000) and muscleblind and 

MBNL1 increase steady state levels of CUG repeat RNA (Houseley et al., 

2005). In addition, the results of inducible cell model in this study also 

revealed increased RNA stability associated with CUG-expanded transcripts. 

Thus these may have contributed to the higher ORF expression observed in 
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CTG expanded ATXN8OS lymphoblastoid cells. 

Recently, three yeast genes, CARP2A (acidic ribosomal protein P2A in C. 

albicans) (Abramczyk et al., 2003), GRS1 (one of the two glycyl-tRNA 

synthetase genes in S. cerevisiae) (Chang and Wang, 2004), and ALA1 

(AlaRS gene in S. cerevisiae) (Tang et al., 2004) have been reported to use 

naturally occurring non-AUG triplets as translation initiators. In the case of 

CARP2A, a non-AUG codon GUG serves as the exclusive translation initiator, 

while in the case of ALA1 and GRS1, non-AUG codons ACG and UUG act as 

alternative translation initiators that are accompanies by a downstream 

in-frame AUG initiation codon. The molecular mechanism that enables the 

non-AUG condon to serve as translation initiation sites remains poorly 

understand. Further studies in GRS1 suggest that efficiency of UUG initiation 

codon is significantly affected by its sequence context (Chen et al., 2008). 

Utilization of alternative non-AUG translation initiation codons has been 

reported with increasing frequency in mammalian species, in addition to 

initiating at a downstream in-frame AUG codon (Touriol et al., 2003). 

Translation initiation on such mRNAs results in the synthesis of proteins 

harboring different amino terminal domains potentially conferring on these 

isoforms distinct functions. In this work, we demonstrated that the expressed 

ATXN8OS ORF uses an upstream in-frame GUG triplet as a native translation 

initiation codon by using 2D PAGE, 2D immunoblot and tandem MS 

determination (Fig. 14). Whether the sequence context or the secondary 

structure surrounding the GUG codon governs the use of non-AUG codons for 

translation of ATXN8OS ORF protein remains to be determined. As alternative 

initiation sites are utilized for the synthesis of proteins that regulate biological 

processes in health and disease (Bruening and Pelletier, 1996; Hann et al., 
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1994; Lock et al., 1991), the biological meaning of the ATXN8OS ORF protein 

and its role in the pathogenesis of SCA8 remains to be determined.  

Previously bioinformatics analyses demonstrated that distinct consensus 

sequences (at -7 and -6 positions), upstream AUGs, 5’-UTR sequence length, 

G/C ratio and IRES secondary structure are important for categorizing 

mRNAs as those with and without alternative translation initiation sites 

(Wegrzyn et al., 2008). Among these properties, 5’-UTR of the alternative 

translation initiation sites showed conservation of G/C at the -6 position and C 

at the -7 position. In contrast, the AUG initiation sites showed consensus at 

position -3 for A/G and position +4 for G/A (Kozak, 1997; Wegrzyn et al., 

2008). The ATXN8OS ORF GUG initiation codon has conserved C at the -7 

position but less abundance U at the -6 position, the downstream in-frame 

AUG codon has conserved A at the -3 position but also less abundance U at 

the +4 position (Fig. 14C). Although not well conserved at the -6 position, the 

conserved C at the -7 position and other un-analyzed properties may support 

the use of the second most common alternative translation initiation GUG site 

(Wegrzyn et al., 2008) for the translation of ATXN8OS ORF protein.  

In conclusion, as the findings in this study indicated, the expanded CTG 

tract may affect epigenetic and post-transcriptional regulations of the 

ATXN8OS expression, which may help to explain the reduced penetrance and 

RNA gain-of function of the disease. The results obtained from human 

lymphoblastoid cell model suggest that the novel ATXN8 -62 G/A promoter 

polymorphism may function in modulating ATXN8 expression in. Moreover, 

our study indicated that the ATXN8OS putative ORF protein could be 

expressed via a naturally occurring non-AUG start codon. The role of 

ATXN8OS ORF and its connection to SCA8 are deserving of further 
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investigation. The results of this study may lead to a better understanding of 

the disease nature. 
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Table 1. Lymphoblastoid cell lines used in real-time PCR 

 SCA, spinocerebellar ataxia; PD, Parkinson’s disease; NC, normal control.  
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Table 2. Summary of the genes identified by microarray analysis
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 Table 3. Summary of the proteins identified by proteomic analysis 

 
a No signal was detected on 157 CR gel 

b No signal was detected on 23 CR gel 
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Table 4. Summary of the RNA binding proteins of ATXN8OS 
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Figure 1. ATXN8OS 0~157 CR cells. (A) The features of 

pcDNA5/FRT/TO-ATXN8OS plasmids. ATXN8OS cDNA expression is driven 

by hybrid CMV/TetO2 promoter (PCMV 2X TetO2). Also shown is the fragment 

containing CMV promoter, HaloTag open reading frame and SV40 late poly(A) 

signal placed at the PvuII site between bovine growth hormone poly(A) signal 

and Flp recombination target (FRT) site. (B) Real-time PCR quantification of 

ATXN8OS RNA level relative to endogenous HPRT1 RNA in ATXN8OS CR 

cells grown without doxycycline. (C) Real-time PCR quantification of relative 
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ATXN8OS RNA level after addition of doxycycline for 0~2 days. To normalize, 

the relative ATXN8OS RNA in 0 CR cells at the time of doxycycline addition 

(0 d) is set as 1.0. (D) The fold of induction after addition of doxycycline for 

0~2 days. To normalize, the relative ATXN8OS RNA levels in each CR line at 

the time of doxycycline addition (0 d) are set as 1.0. 
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Figure 2. Expression of HaloTag gene located next to ATXN8OS cDNA 

gene. (A) Real-time PCR quantification of HaloTag RNA level relative to 

endogenous HPRT1 RNA. To normalize, the relative HaloTag RNA in 23 CR 

cells is set as 1.0. (B) Representative western blot image of CR lines using 

HaloTag and β-actin antibodies. Levels of HaloTag were normalized with an 

internal control (β-actin). The relative immunoreactivity of HaloTag is shown 

in the right panel. For both (A) and (B), data are expressed as the mean ± SEM 

values from three independent experiments. * indicates P < 0.05. (C) 

Fluorescence microscopy examination after immunostaining using HaloTag 

antibody (green). Nuclei were counterstained with DAPI (blue). 
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* *
* **

Figure 3. ATXN8OS transcript stability and ribonuclear foci formation 

with CUG repeat expansion. (A) Real-time PCR quantification of ATXN8OS 

RNA level relative to endogenous HPRT1 RNA following addition of 

doxycycline for 2 days and actinomycin D treatment for 0, 3, 6, 9 or 12 hours. 

The relative ATXN8OS RNA in 23, 88 and 157 CR cells at the time of 

actinomycine D addition (0 h) is set as 100%. * indicates the difference 

between the indicated samples are statistically significant (P < 0.05) (B) 

Ribonuclear foci formation with ATXN8OS CUG expansion. ATXN8OS 23, 88 

and 157 CR cells were grown with doxycycline for 2 days and analyzed by 

RNA-FISH using a Cy3 labeled (CAG)10 (green) or Cy5 labeled ATXN8OS 
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unique sequence (red) oligonucleotide probe. Nuclei were counterstained with 

DAPI (blue). 
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Figure 4. RNA expression of candidate genes validated by real-time PCR. 

No significant difference was observed in CDKN1B and ISL1 expression level. 

Expression of SPON1 is significantly higher in ATXN8OS 157 CR cells 

compared to vector cell line and ATXN8OS 23 CR cells. Contrarily, GSTP1 

expression was highly reduced in ATXN8OS 157 CR cells. * indicates the 

difference between the indicated samples are statistically significant (P < 

0.05). 
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Figure 5. Analysis of ATXN8OS, ATXN8, and KLHL1 expression. (A) 

Genomic organization of ATXN8OS, ATXN8, and KLHL1 genes in humans. 

Straight line represents genomic DNA, gray boxes represent promoters and exons, 

black boxes represent gene-specific probes for real-time PCR quantification. (B) 

Real-time PCR quantification of ATXN8, ATXN8OS and KLHL1 RNA level 

relative to endogenous HPRT1 RNA in lymphoblastoid cells from controls and 

patients with SCA8 expansions. To normalize, expression level in control C1 

is set as 1.0. The * indicates the difference between the indicated samples are 

statistically significant (P < 0.05). 
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Figure 6. ATXN8 -62 G/A SNP. (A) DNA sequence analysis of the novel SNP 

in CTG direction. (B) Mismatched PCR and Mph1103I restriction analysis of 

-62 G/A SNP. Lane M (HinfI digest of pGEM4 DNA) is the size marker. (C) 

ATXN8 RNA expression levels in lymphoblastoid cells (patients, black 

diamond; controls, white diamond; median, gray diamond) carrying -62 G/A 

GG (n = 4) and GA (n = 7) genotypes. 
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Figure 7. Dual luciferase reporter assay. (A) Co-tranfection of PTB or 

PCBP1 cDNA. (B) Addition of thapsigargin for 12 hours.  
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Figure 8. Locating the ribosome entry window in the ATXN8OS IRES. (A) 

The sequence of ATXN8OS 5’ UTR indicating the positions at which initiation 

codons were introduced. (B) FACS analysis. 
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Figure 9. ATXN8OS genomic DNA, RNA and ORF-EGFP constructs. (A) 

ATXN8OS organization with promoter (open arrow), exons (open boxes) and 

functional splice donor sequences (GT) of D exons (D5, D4, D, D” and D’) 

indicated. The CTG repeat tract is located in exon A. Transcription start site of 

exon D5 and exon D are represented by +1 and +801, respectively. (B) 

ATXN8OS RNA (NR_002717) generated from the splicing events represented 

by the wavy lines. The putative ORF is indicated by the open boxes inside the 

RNA. (C) ORF-EGFP constructs. A 752-bp cDNA fragment containing exon 

D, C2 and portion of C1 was inserted into pEGFP-N1 MCS so that ATXN8OS 

ORF was fused in-frame with the EGFP gene to generate pCMV/+801. A +1 ~ 

+800 ATXN8OS fragment was inserted between CMV promoter and exon D of 

pCMV/+801 to generate pCMV/+1. In pATXN8OS/-114 and -481, 114 and 

481-bp ATXN8OS promoter fragments was used to replace the CMV promoter 

in pCMV/+1. 
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Figure 10. Transient expression of ATXN8OS ORF-EGFP constructs in 

HEK-293 cells. (A) FACS analysis of EGFP fluorescence. Levels of EGFP 

were expressed as percentages of the control vector pIRES-EGFP, which was 

set at 100%. Each value is the mean ± SD of three independent experiments 

each performed in duplicate. (B) Real-time PCR quantification of ORF-EGFP 

RNA level relative to endogenous HPRT1 RNA. To normalize, expression 

level in pATXN8OS/-481 transfected cells is set as 1.0. (C) Western blot 

analysis of cells transfected with indicated plasmids using GFP and ATXN8OS 

ORF antibodies. 
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Figure 11. ORF-EGFP aggregation in transient expressed HEK-293 cells. 

Confocal images of cells expressing EGFP and ORF-EGFP (green). Nuclei 

were counterstained with DAPI (blue). (The scale bar = 8 μm) 
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Figure 12. ORF-EGFP co-localized with mitochondria in HEK-293 cells. 

Confocal images of cells expressing EGFP and ORF-EGFP (green). 

Mitochondria and lysosome were stained with MitoTracker and LysoTracker 

(red). (The scale bar = 8 μm) 
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Figure 13. Western blot analysis of ORF protein expression in human cells 

using ORF antiserum and β-actin antibody. (A) In lymphoblastoid cells 

ORF protein was present in 8 M urea lysis buffer-insoluble fraction (P) 

whereas β-actin was enriched in supernatant fraction (S). (B) In addition to 

lymphoblastoid cells, ORF protein was present in HEK-293, IMR-32, 

SK-N-SH and SH-SY5Y (neuroblastoma) cells.  
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Figure 14. ORF protein identification. 2D image (A) and 2D immunoblot (B) 

of 8 M urea lysis buffer-insoluble fraction. (C) Six matched peptide with 

sequence coverage of 47% was obtained (shown in red box) by LC-MS/MS, 

including the N-terminal peptide VPCPGAPCCS LVATGSR which can only 

be generated from translation start. 
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Figure 15. ORF protein expression in lymphoblastoid cells. (A) 

Representative image (top panel) and loading control (bottom panel, 

arrowhead) from controls (C1~C5) and patients with SCA8 expansions (P1, 

P3~P5). (B) The relative immunoreactivity of ORF protein in patients and 

controls. The * indicates a significant difference between the patient and the 

control samples (P = 0.049). 
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