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ABSTRACT 

 
The mutation causing spinocerebellar ataxia type 8 (SCA8) has been identified as a CTG repeats 

expansion in the 3’ region of the SCA8 gene, which overlaps the 5’ region of the Kelch-like 1 (KLHL1) 
gene. To examine the trans RNA interference, the human SCA8 cDNA with 0, 23, 88 and 157 CTA/CTG 
combined repeats as well as full-length KLHL1 and 5’ 254-bp CAG repeats-containing TBP cDNA were 
cloned and expressed in human embryonic kidney 293 cells for fluorescence activated cell sorting (FACS) 
and RNA fluorescent in situ hybridization (RNA FISH) analyses. FACS analysis of cells co-expressing 
SCA8 and GFP-tagged KLHL1 revealed that SCA8 may function as a negative regulator of KLHL1. 
Co-expression of SCA8 and 5’ CAG repeats-containing TBP cDNA fragment also demonstrated repeat 
length-dependent down-regulation on the expression of CAG repeats-containing RNA. When compared to 
that of SCA8 transcripts without combined repeats, the suppressive activity for both KLHL1 and CAG 
repeats-containing cDNA fragment was significantly different for SCA8 transcripts carrying 157 
combined repeats. RNA FISH experiments further revealed ribonuclear foci formation in cells carrying 
expanded 88 and 157 combined repeats. The results indicate that the pathogenesis of SCA8 may mediate 
through the ribonuclear foci formation and mis-regulation of KLHL1 and CAG repeats-containing RNA 
expression.  
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Introduction 
 

The spinocerebellar ataxias (SCAs) comprise a 
heterogeneous group of disorders involving 
progressive degeneration of the cerebellum, 
brainstem, and spinal tract (Wullner, 2003). Of all 
SCAs, SCA8 presents a molecular trait that 
distinguishes it from other dominant ataxias: its 
being attributed to the CTG triplet expansion on a 
non-translated gene on chromosome 13q21, with 
110~130 CTA/CTG combined repeats in the 
affected individuals (Koob et al., 1999). Since this 
original description, the sizing of SCA8 alleles has 
been clarified in various populations, with unrelated 
expanded alleles ranging from 68 to 800 repeats 
found in familial and sporadic ataxia patients (Day 
et al., 2000; Ikeda et al., 2000a, 2000b, 2004; 
Juvonen et al., 2000; Silveira et al., 2000; Worth et 
al., 2000; Cellini et al., 2001; Tazon et al., 2002; 
Topisirovic et al., 2002; Izumi et al., 2003; Zeman 

et al., 2004). The incomplete penetrance (Juvonen 
et al., 2000; Worth et al., 2000; Tazon et al., 2002) 
as well as the size of the expanded repeats that were 
not correlated among affected and healthy 
individuals (Stevanin et al., 2000; Sobrido et al., 
2001; Schols et al., 2003; Sulek et al., 2004) have 
argued strongly that expansion may not be a 
susceptibility factor for the disorder. Nevertheless, 
the ectopic expression of SCA8 RNA in Drosophila 
induced late-onset, progressive degeneration in the 
photoreceptor and pigment cells of flies (Mutsuddi 
et al., 2004). 

The pathogenic role of SCA8 expansion 
remains uncertain. The SCA8 transcripts are 
ubiquitously expressed in various brain tissues and 
no extended open reading frames are present (Koob 
et al., 1999). The 5’ end of the SCA8 transcripts 
overlap the transcription and translation start sites, 
as well as the first splice donor sequence of the 
Kelch-like 1 (KLHL1) gene, a predicted actin- 
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binding protein (Nemes et al., 2000). This 
antisense/sense transcriptional organization is 
evolutionarily conserved in both human and mouse, 
although no CTG repeats are found in the mouse 
SCA8 gene (Benzow and Koob, 2002). Thus SCA8 
may operate as an endogenous anti-sense RNA to 
regulate KLHL1 expression. The causative agent for 
myotonic dystrophy (DM1) is also known to be a 
CTG expansion in the 3’-UTR of the DMPK gene 
(Carango et al., 1993). The expanded CUG repeat 
in the DMPK RNA formed extended hairpin loops 
to impair nuclear cytoplasmic transport, resulting in 
nuclear retention and ribonuclear foci formation to 
sequester CUG-binding proteins or affect the 
transport of other CAG repeats-containing RNA 
(Taneja et al., 1995; Hamshere and Brook, 1996; 
Davis et al., 1997; Koch and Leffert, 1998; 
Sasagawa et al., 1999; Timchenko et al., 2001; 
Fardaei et al., 2002). Hence a toxic RNA gain-of 
function mechanism analogous to DM1 was 
proposed (Mutsuddi et al., 2004; Ranum and Day, 
2004). In addition, using a transgenic mouse model 
in which the human SCA8 mutation is present on a 
BAC, a newly discovered gene, ataxin 8 (ATXN8), 
which encodes a nearly pure polyglutamine 
expansion protein in the CAG direction, was 
reported (Moseley et al., 2006). The studies of BAC 
SCA8 transgenic mice revealed 1C2-positive 
intranuclear inclusions in Purkinje and brainstem 
neurons, indicating polyglutamine expansion 
protein in the CAG direction with the pathogenesis 
of the disease (Moseley et al., 2006).   

In this study, we cloned the human SCA8 
cDNA with 0, 23, 88 and 157 combined triplet 
repeats as well as KLHL1 and 5’ CAG 
repeats-containing TBP cDNA to investigate the 
molecular mechanisms underlying SCA8 using cell 
culture studies. We showed that the expansion of 
SCA8 expansion mutation resulted in ribonuclear 
foci formation and mis-regulation of KLHL1 and 
CAG repeats-containing RNA expression. 
 
Materials and Methods 
 
Reverse transcription-polymerase chain reaction 
(RT-PCR) and cDNA constructs  

Human cerebellum polyadenylated RNA (200 
ng) (Clontech) was reverse transcribed using the 
SuperScriptTM III reverse transcriptase (Invitrogen). 
Sense and antisense primers used for amplification 
of SCA8 cDNA were 5’-ATCCTTCACCTGTTGCC 

T-3’ and 5’-GCTTGTGAGGACTGAGAATG-3’, 
respectively. The 1.3-kb full-length, (CTA)11 

(CTG)12 combined repeats (CR23) containing cDNA 
(including exons D, C2, C1, B, and A) (Nemes et 
al., 2000) was cloned into pGEM-T Easy vector 
(Promega) and sequenced. The cloned SCA8 cDNA 
containing 88 CTA/CTG combined repeats was 
made by replacing a 178 bp NlaIII-AflII fragment 
with a 373 bp fragment from the PCR clone of a 
Parkinson’s disease (PD) patient [(CTA)8CCACTA 
CTGCTACTGCTA(CTG)74] (CR88) (Wu et al., 
2004). The repeat number was further expanded to 
157 [(CTA)8CCACTACTGCTA CTGCTA(CTG)67 
CTA(CTG)65CTA(CTG)9] (CR157) by ligating 
Fnu4HI partially digested fragments. The 
interruption of the CTG repeat tract by CCA and 
CTA is similar to that reported seen in SCA8 
patients (Moseley et al., 2000). To construct the 
clone without combined repeats (CR0), a DraI site 
was added to the 5’ end of CTA/CTG repeats by 
site-directed mutagenesis using primer 5’-CCCTG 
GGTCCTTCATGTTAGAAAACCTGGCTTTAAA
A(CTA)8C-3’ and a 273-bp DraI fragment 
containing 88 CTA/CTG combined repeats was 
removed. Then the SCA8 cDNA with 0, 23, 88 or 
157 combined repeats was placed in the NotI site of 
the pEF-IRES/hrGFP vector (EF, elongation factor 
1α promoter, a kind gift from Dr Kwang-Soo Kim 
of the Harvard Medical School) (Chung et al., 2002) 
in which the KpnI fragment containing 3’ region of 
the internal ribosome entry segment (IRES) 
sequence and the humanized Renilla green 
fluorescent protein (hrGFP) gene were removed to 
generate pEF-SCA8. 

The 3.2 kb KLHL1 cDNA was amplified using 
sense (5’-CATGTCAGGCTCTGGGCGAAAAG-3’) 
and antisense (5’-TGGGCGATGAGAATATGAAG 
TCTG-3’) primers. After cloning and sequencing, 
the 2.2 kb KLHL1 coding sequences and the EGFP 
gene from pEGFP-N1 (Clontech) were fused 
in-frame and inserted into the NotI site of the 
modified pEF-IRES/hrGFP vector to generate 
pEF-KLHL1-EGFP. The construct was verified by 
DNA sequencing.  

The 1.1 kb TATA binding protein (TBP) cDNA 
containing 36 CAA/CAG repeats [(CAG)3(CAA)3 
(CAG)9CAACAGCAA(CAG)16CAACAG] was 
amplified using sense (5’-CTGGTTTGCCAAGAA 
GAAAGTG-3’) and antisense (5’-AGGCAAGGG 
TACATGAGAGCCA-3’) primers. After cloning 
and sequencing, the 5’ 254-bp cDNA fragment was 
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placed between the EcoRI and PstI sites of the 
pIRES2-EGFP vector (Clontech). The resulting 
pCMV-(CAG)36-IRES-EGFP contains the 5’ region 
of TBP cDNA upstream to the IRES and EGFP 
gene. The construct was verified by DNA 
sequencing. 
 
Expression studies 

Human embryonic kidney (HEK)-293 cells 
cultivated in DMEM containing 10% FCS were 
transfected with the various cDNA constructs using 
a lipofection procedure. pEGFP-N1 was used as a 
negative control to show the specificity of SCA8 
trans RNA interference. Forty-eight hours later, 
cells were harvested for fluorescence activated cell 
sorting (FACS) analysis. The amounts of GFP 
expressed were analyzed in a FACStar 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.  

 
Fluorescent in situ hybridization (FISH) 

To examine the ribonuclear foci, cells grown 
on coverslips were transfected, washed, and fixed 
for 15 min at room temperature in 4% 
formaldehyde and 10% acetic acid. After 0.1% 
Triton X-100 treatment for 10 min, a Cy3-(CAG)10 
(Operon) or Cy5-CTGCGACTCCGCTGGAAACT 
CTTCAGCCA (unique to SCA8) oligonucleotide 
probe was added at 37 oC for 2 hr for FISH 
experiments (http://www.singerlab.org/protocols). 
Nuclei were detected using DAPI (4’-6-diamidino- 
2-phenylindole). Fluorescent signals are visualized 
using a Leica TCS confocal laser scanning 
microscope optimized for simultaneous dual 
fluorescent imaging.  
 
Results 
 
Regulation of KLHL1 and CAG repeat-containing 
RNA expression by SCA8 

The genomic organizations of the SCA8 and 
KLHL1 coding regions are overlapped and 
orientated in reversed directions (Benzow and Koob, 
2002). As the expressions of both genes are 
brain-specific, it has been suggested that SCA8 may 
function as an anti-sense regulator of KLHL1 
(Nemes et al., 2000). To examine this, we 
constructed the human SCA8 cDNA with 0, 23, 88, 

or 157 combined repeats (pEF-SCA8) as well as 
KLHL1 cDNA tagged with EGFP (pEF-KLHL1- 
EGFP) (Fig. 1A). After co-transfection into 
HEK-293 cells for two days, FACS was performed 
to evaluate the expression of the KLHL1 fusion 
gene. KLHL1-EGFP fusion protein production from 
cells co-transfected with SCA8 carrying 0 ~ 157 
combined repeats was significantly reduced (29%, 
35%, 38% and 55% of the levels of KLHL1 fusion 
gene, P < 0.05) (Fig. 1B, gray box). The difference 
between co-transfecting SCA8 carrying 0 and 157 
repeats constructs were significant (29% vs. 55%, P 
= 0.03). The results suggested that SCA8 may 
function as a negative regulator of KLHL1, and the 
length of CUG repeats affects this down-regulation. 

The expanded CUG repeats within DMPK 
transcripts were able to interact with CAG repeats 
located within the TBP or androgen receptor mRNA 
(Hamshere and Brook, 1996; Sasagawa et al., 1999). 
To examine if SCA8 RNA could pair with CAG 
repeats from the TBP gene transcript, we placed the 
5’ TBP (CAG)36-containing cDNA fragment 
upstream to the IRES-mediated translation of EGFP 
gene [pCMV-(CAG)36-IRES-EGFP] (Fig. 1A). 
After co-transfecting equal amount of 
pCMV-(CAG)36-IRES-EGFP and pEF-SCA8-CR0, 
-CR23, -CR88, or CR157 constructs into HEK-293 
cells for two days, EGFP protein production was 
97%, 84%, 80% (P > 0.05), and 71% (P = 0.01) of 
the levels in cells transfecting pCMV-(CAG)36- 
IRES-EGFP and pEF vector (Fig. 1B, black box). 
The difference between co-transfecting SCA8 
carrying 0 and 157 repeats constructs were also 
significant (97% vs. 71%, P = 0.04). These results 
suggested that SCA8 RNA may down regulate the 
protein expression of CAG repeat-containing RNA 
gene, and the length of CUG repeats affects this 
down-regulation. 

To demonstrate the specificity of SCA8 trans 
RNA interference, pEGFP-N1 was used to co- 
transfect with pEF-SCA8 constructs. As shown in 
Fig. 1B, 93%, 98%, 98% and 106% of the levels of 
the EGFP protein expression were detected as 
compared to that of co-transfecting pEGFP-N1 and 
pEF vector (white box, P > 0.05). The difference 
between co-transfecting SCA8 carrying 0 and 157 
repeats constructs were not significant (93% vs. 
106%, P = 0.09). 
 
Ribonuclear foci formation on SCA8 CUG 
expansion 
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Figure 1. Regulation of the KLHL1 and CAG repeat-containing transcript expression by SCA8. A. The pEF-SCA8, 
pEF-KLHL1-EGFP, pCMV-(CAG)36-IRES-EGFP and pEGFP-N1 constructs. pEF-SCA8: SCA8 alleles of 0, 23, 88 and 
157 CTA/CTG combined repeats (CRn) were placed in the NotI site of the pEF-IRES/hrGFP vector in which the KpnI 
fragment containing IRES/hrGFP gene was removed. pEF-KLHL1-EGFP: the in-framed KLHL1-EGFP fusion gene 
was inserted into the NotI site of the modified pEF vector. pCMV-(CAG)36-IRES-EGFP: the 5’ region of TBP cDNA 
was placed between the EcoRI and PstI sites of the pIRES2-EGFP vector. pEGFP-N1 from Clontech was used as a 
negative control to show the specificity of SCA8 trans RNA interference. B. Co-transfection of pEGFP-N1 (white box), 
pKLHL1-EGFP (gray box), pCMV-(CAG)36-IRES-EGFP (black box) and pEF-SCA8 constructs in HEK-293 cells. The 
amounts of EGFP expressed were analyzed by FACS analysis 48 hr after transfection. Levels of EGFP were expressed 
as percentages of EGFP reporter, which was set at 100%. Each value is the mean ± SD of three independent 
experiments each performed in duplicate. An asterisk (*) depicts significant difference (P < 0.05) between comparisons. 
 

Since the mutant DMPK transcripts 
accumulated in the nuclei of DM patient cells and 
aggregated to form distinct foci (Taneja et al., 1995; 
Davis et al., 1997; Koch and Leffert, 1998), we 
investigated whether the expanded CUG repeats 
form ribonuclear foci as seen in DM1. The 
pEF-SCA8 carrying 23, 88, or 157 triplet repeats 
was transiently transfected into HEK-293 cells and 
FISH experiments using a Cy3-labeled (CAG)10 
oligonucleotide probe was performed two days later. 
As shown in Fig. 2, no ribonuclear foci were seen 
in cells expressing SCA8 CR23. However, distinct 
ribonuclear foci, mostly perinuclear, were observed 

in cells expressing expanded SCA8 CR88 and CR157. 
Similar results were obtained using an 
oligonucleotide probe specific to SCA8. Since this 
probe can only bind to the SCA8 RNA in single 
copy, the inability to detect ribonuclear foci with 
CR23 is not an artifact of the copy number of the 
repeats in the SCA8 CR88 or CR157. 

 
Discussion 
 

Clinical and genetic studies have shown that 
SCA8 is very slowly progressive and highly 
incomplete penetrance, in addition to its rare 
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Figure 2. Ribonuclear foci formation with SCA8 CUG expansion. HEK-293 cells were transfected with SCA8 
constructs carrying 23, 88 or 157 combined repeats (CR23, CR88, and CR157) and analyzed 48 hr later by RNA-FISH 
using a Cy3 labeled (CAG)10 (green, upper panel) or Cy5 labeled SCA8 unique sequence (red, lower panel) 
oligonucleotide probe. Nuclei were counterstained with DAPI (blue). (The scale bar = 20 μm). 
 
occurrence in individuals with a much larger repeat 
expansion (Koob et al., 1999; Juvonen et al., 2000; 
Worth et al., 2000; Tazon et al., 2002; Mosemiller 
et al., 2003). Thus the pathogenic mechanisms 
underlying SCA8 are expected to be complicated. 
In this study we investigate the trans RNA 
interference of SCA8 mutation using a cell model. 
We found that: 1) SCA8 may down-regulate the 
expression of actin-binding KLHL1; 2) expanded 
CUG repeats may down-regulate the expression of 
CAG repeats-containing RNA; and 3) expanded 
CUG repeats form ribonuclear foci. The 
implications of each finding in the pathogenesis of 
SCA8 are discussed as the following.  
 
Down-regulation of KLHL1  

The 5’ ends of the SCA8 and KLHL1 
transcripts are complementary (Nemes et al., 2000), 
suggesting that KLHL1 and SCA8 can interact with 
each other. In addition, the genomic organizations 
and dynamic expression profiles of SCA8/KLHL1 
gene pair are well conserved in both humans and 
mice (Benzow and Koob, 2002), which strongly 
indicate the preservation of a significant biological 
function. We co-transfected cells with KLHL1 and 
SCA8 carrying various numbers of triplet repeats to 
investigate whether or not SCA8 interacts with 

KLHL1, and if CTG expansion alters the 
interactions. The expression of KLHL1 was reduced 
as expected when SCA8 was expressed in the same 
cells (29 ~ 55% of the levels of KLHL1-EGFP gene, 
Fig. 1B). As the levels of both KLHL1 and SCA8 
transcripts were not significantly reduced by 
RT-PCR and gel semi-quantitation (data not shown), 
the repression of KLHL1 by SCA8 was likely 
mediated through formation of double-stranded 
RNA, which blocks the translation initiation. 
Although the repression of KLHL1 is CTG 
repeats-independent, SCA8 with 157 copies of 
CTA/CTG combined repeats showed significantly 
reduced repression of KLHL1 expression compared 
to SCA8 with 0 copy of combined repeats (29% vs. 
55%, P = 0.03). Thus the pathogenesis of SCA8 
may mediate through the mis-regulation of KLHL1.  
 
Down-regulation of CAG repeat-containing gene  

Previously trans RNA interference was shown 
in vitro between CUG repeats over 140 and CAG 
repeats over 35 (Sasagawa et al., 1999). In our cell 
model, we showed that the CUG repeats as short as 
23 in the SCA8 down regulated the expression of 36 
CAG triplet repeats from the TBP gene (84%, Fig. 
1B), although the levels of TBP transcripts were not 
significantly reduced (P = 0.14). The anti-sense 
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RNA interference effect is positively correlated 
with the length of CTG repeats. The RNA 
interference underlying pathogenesis of CTG 
expansion has also been supported by in vitro 
RNA–RNA binding experiments and an in vivo 
study (Watanabe et al., 2004). The in vitro study 
demonstrated that the incubation of expanded CUG 
repeats with CUGBP1 RNA generated a higher 
molecular weight band. The in vivo study showed 
that the amount of CUGBP1 mRNA containing 
several CAG repeat sequences was reduced in 
muscle biopsy samples from 10 DM1 patients. The 
expanded CUG repeats in the SCA8 mRNA may 
also anneal to other mRNAs with sufficiently long 
stretches of CAG repeats to result in abnormal 
RNA processing.  
 
Ribonuclear foci formation  

Formation of discrete ribonuclear foci of the 
expanded repeat RNA is a distinctive and consistent 
feature of affected muscle in DM1 and DM2 
patients. A CTG expansion in the 3’-UTR 
sequesters CUG binding proteins from their normal 
cellular functions, leading to abnormal RNA 
splicing of several genes has been suggested for the 
RNA foci associated pathogenesis (Ranum and Day, 
2002). Using a cell system, we have shown that the 
SCA8 cDNA carrying 88 or 157 combined repeats 
form ribonuclear foci (Fig. 2). 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 as 
indicated by the DMPK mutant RNA leaches 
transcription factors from chromatin in 
MyoD-generated myocytes from DM1 subjects 
(Ebralidze et al., 2004).  
    In conclusion, our data provide several lines of 
evidence that may explain the expanded CTG 
leading to neuronal dysfuntion in SCA8. Although 
the in vitro cell culture study may not truly reflect 
the situation in vivo, our study may shed insights 
into the pathogenesis and lead to therapeutic 
interventions to treat this disease. Further studies 
are required to confirm that such RNA interference 
and RNA foci are involved in SCA8 pathogenesis. 
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摘    要 

     
第八型脊髓小腦運動失調症(SCA8)和 SCA8 基因 3’端 CTG 三核苷重複擴增相關。SCA8 基因的

5’端和緊鄰的 KLHL1 基因(actin 結合蛋白)的 5’端互補。為檢視 SCA8 突變的異位 RNA 干擾效應，

我們選殖、定序了包含 0、23、88、157 個 CTA/CTG 重複的人類 SCA8 cDNA 及全長的 KLHL1 cDNA、
5’端 254-bp 的 TBP cDNA (包含 36 個 CAG 重複)，表現在人類胚胎 293 腎細胞，進行螢光活化細

胞分檢(FACS)、RNA 螢光原位雜合(RNA FISH)分析。當 GFP 標記的 KLHL1 cDNA 與 SCA8 cDNA
共同表現在 HEK-293 細胞時，螢光活化細胞分檢分析顯示 SCA8 可負調節 KLHL1 的表現。包含

CAG 重複的 5’端 TBP cDNA 與 SCA8 cDNA 共同表現在 HEK-293 細胞時，SCA8 抑制其的表現情

形和 SCA8 重複長度相關。SCA8 RNA 對 KLHL1 和 CAG 重複 RNA 基因表現的抑制，在不包含

CTA/CTG 重複與包含 157 個 CTA/CTG 重複間有顯著差異。RNA 螢光原位雜合(FISH)實驗顯示，

88 及 157 個重複 CUG 重複擴增的 SCA8 RNA 會形成核糖核酸聚焦。本實驗結果顯示 SCA8 的致病

機轉可能和核糖核酸聚焦形成及包含 KLHL1、CAG 重複 RNA 基因表現的不正常的調控相關。 
 
關鍵詞：第八型脊髓小腦運動失調症、CTG 重複擴增、核糖核酸聚焦、異位 RNA 干擾 
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