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摘要 

小腦脊髓運動失調症第三型(spinocerebellar ataxia type 3; SCA3)，亦稱

Machado–Joseph disease (MJD)，為小腦脊髓運動失調症眾多亞型中最常見的一型，

屬於晚發性自體顯性遺傳的神經退化性疾病。主要是因為座落於 14q24.3-q32的

MJD1基因發生 CAG三核苷酸過度擴增的現象，這些擴增的 CAG序列會轉譯出

含多麩醯胺酸(polyglutamine; polyQ)序列的蛋白質產物 ataxin3 (AT3)，突變的

AT3會在細胞內聚集，透過蛋白質水解機制切割後，在細胞核內形成包含體

(nuclear inclusions; NIs)產生細胞毒性使得細胞死亡。目前 SCA3實際的致病機轉

尚未明瞭，為了解 AT3與 SCA3病程中的致病機制，我們建立 AT3誘導表現的

PC12細胞模式。我們發現 75Q細胞在氧化壓力以及蛋白質酶抑制劑處理過後會

比 27Q細胞更容易產生蛋白質聚集在細胞核以及細胞和周圍的現象，對於壓力

藥物的耐受性也比 27Q細胞要低許多。因此我們藉由建立的 SCA3細胞模式做

一系列新穎組蛋白去乙醯酶抑制劑(histone deacetylase inhibitors; HDACi)藥物篩

選，結果發現某些抑制劑藥物確實能保護 SCA3細胞，提升細胞存活率以及神經

細胞分支生長，降低氧化壓力以及蛋白質聚集的現象，並增加組蛋白(histone)乙

醯化及活化許多具神經保護性的訊息傳遞路徑例如 Hsp27、ERK、 MnSOD 和

NF-κB等。因此，組蛋白去乙醯酶抑制劑藥物或許可成為治療 SCA3的良好候選

療法。 
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Abstract  

  Spinocerebellar ataxia type 3 (SCA3), also called Machado–Joseph 

disease (MJD), is an autosomal dominant neurodegenerative disease 

results from expanded CAG repeat of MJD1 gene. The CAG repeat 

expansion encodes polyglutamine (polyQ) stretch in mutant ataxin-3 

protein and causes protein cleaved, insoluble, accumulated and 

aggregated in the neurons. These inclusions further elevate cellular 

oxidative stress and lead to cell death. We established inducible cell 

system expressing human full length ataxin-3 containing 27Q or 75Q in 

PC12 cells. Cells with 75Q ataxin-3 showed lower viability and more 

nuclear/peri-nuclear aggregation in stress environments. We tested 

several novel HDAC inhibitor (HDACi) compounds in the inducible 

SCA3 cells. Our results show that some HDACi could elevate cell 

viability, reduce aggregation and promote neurite outgrowth. We also 

observed that HDACi could increase histone acetylation and activate 

neuroprotective proteins, such as Hsp27, ERK pathway regulators, 

MnSOD and NF-κB. These findings indicate that some novel HDACi 

compounds might be potential for SCA3 treatment.  
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Introduction 

Spinocerebellar ataxias 

 Spinocerebellar ataxias (SCAs) or also named autosomal dominant 

cerebella ataxias (ADCAs) are groups of progressive hereditary and late 

onset neurodegenerative diseases. The prevalence of SCAs is three cases 

per 100,000 people and the average of diseases onset is approximate 

39.19±11.88 years old (from 13 to 70 years old) (Harding, 1982; van de 

Warrenburg et al., 2002). The general clinical feature includes ataxia of 

gait and stance, dysmetria, oculomotor disturbances, facial impassivity, 

ophthalmoplegia, optic atrophy, cognitive impairment, sphincter 

disturbances and epilepsy (Harding, 1982; Schols et al., 2004). The age of 

disease onset and symptoms for children who suffer from SCAs are 

earlier and more severe than their parent. This phenomenon is called 

anticipation (Rosenberg, 1995). Based on the multiple types of gene 

mutation and clinical symptom, there are 31 types of SCAs have been 

found so far (Sato et al., 2009a), and could be classified into three major 

groups. The first group is caused by the expansion of CAG trinucleotide 

which encodes abnormal length of glutamine stretch in its protein product. 

These group diseases are called poly-glutamine (polyQ) diseases which 

include SCA1, 2, 3, 6, 7, 8 and 17. Besides SCAs, there are other polyQ 

neurodegenerative disorders, include Huntington’s disease (HD), 

spinobulbar muscular atrophy (SBMA), and dentatorubropallidoluysian 

atrophy (DRPLA) (Trottier et al., 1995). The second group is caused by 

nucleotide expansion in noncoding region, which contain SCA8, 10 and 

12. The other SCAs are not due to coding or noncoding region expansion, 
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but caused by gene missense/deletion/duplication/insertion or splice site 

mutations (Rosenberg, 1995; Manto, 2005; Sato et al., 2009a). There are 

various clinical feature and pathogenesis in each distinct subtype of 

SCAs.  

  

PolyQ-mediated neurodegenerative disorder 

 SBMA is the first identified neurodegenerative disorder that caused 

by CAG trinucleotide expansion (La Spada et al., 1991). During these 

years, other nine associated neurodegenerative disorders have been 

discovered (HD, SCA1, 2, 3, 6, 7, 8, 17, and DRPLA) (Trottier et al., 

1995). They are all autosomal dominance disorders. These diseases’ 

progression and the age of onset mostly are depends on the length of 

polyQ tract, the more repeat number, the earlier onset and the more 

severe disease process. These polyQ mediate neurodegenerative disease  

showed repeat instability and anticipation as well, with increasing repeat 

numbers and disease severity in successive affected generations(Orr and 

Zoghbi, 2007; Netravathi et al., 2009; Sato et al., 2009b; Swami et al., 

2009). The mechanism of polyQ repeat instability is still poorly 

understood. Some evidence indicated that the longer CAG repeat in DNA 

the higher instability in repeat numbers (Ranen et al., 1995; Rasmussen et 

al., 2007). There are many possibilities contribute to CAG repeat 

instability, one of the reasons is related to DNA metabolism. The CAG 

repeat number could be amplified during DNA replication, repair and 

recombination process (Pearson et al., 2005). In SCA1 transgenic mouse 

model, the intergeneration of CAG repeat transmission occurred after 
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meiosis but before fertilization. It’s possible that the older age material 

DNA might accumulate higher DNA damage need to be repaired so that 

the higher possibility to influence the CAG repeat size then transmitted to 

the offspring (Kaytor et al., 1997). Therefore, the offspring inherited the 

more CAG repeat number than their parents, which lead to a more severe 

disease symptom in the later generations. This phenomenon is called 

anticipation.  

The misfolded proteins which contain expansion polyQ stretch might 

be cleaved by caspase family or other proteases. After cleavage, the 

polyQ protein will recruit other protein to form insoluble aggregation in 

cytosome or nuclear inclusion (NI) (Kubodera et al., 2003; LaFevre-Bernt 

and Ellerby, 2003; Nucifora et al., 2003; Goti et al., 2004; Cong et al., 

2006; Young et al., 2007). Several researches have indicated that those 

neuron cells which involve mutant polyQ expansion protein under higher 

oxidative stress, and further lead to cell death (Cowan et al., 2003; Kim et 

al., 2003; Miyata et al., 2008; Reina et al., 2010; Ryu et al., 2010). 

However, the pathogenesis of those polyQ diseases was still poorly 

understood, but there is a well known hypothesis indicated that mutant 

expansion protein aggregation or NI would produce reactive oxygen 

species (ROS) to elevate cells oxidative stress which will further induce 

cell apoptosis (Goswami et al., 2006b; Pandolfo, 2008). These finding 

indicated that there might be a tight relationship between oxidative stress 

and protein aggregated neurodegenerative disease. Thus, defining the 

correlation between polyQ-mediated protein aggregation disease and 

oxidative stress could be potential in developing of effective therapeutic 
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strategy to cure these diseases.  

 

Spinocerebellar ataxia type 3 (SCA3) 

 Spinocerebellar ataxia type 3 (SCA3) or also called Machado–Joseph 

disease (MJD) is the most frequent type of SCAs in the worlds (Silveira 

et al., 1996;Jardim et al., 2001; Schols et al., 2004). The disease results 

from expanded CAG repeat in chromosome 14q32.1 at the MJD1 gene 

which encodes polyQ stretch in ataxin-3 (AT3) protein. SCA3 is a late 

onset progressive neurodegenerative disorder with a mean of age of onset 

39.7±11.7 years old (van de Warrenburg et al., 2002). The clinical 

features included cerebella ataxia, spasticity, dystonia, ophthalmoplegia, 

sensory loss, muscle atrophy, faciolingual fasciculation, pyramidal and 

extrapyramidal dysfunctions and sleep disturbances. In neuron pathology, 

neuron loss in substantianigra, dentate nucleus, basal nuclei, pallidum, 

subthalamic and Purkinje cell layer in the cerebellum were found in 

SCA3 patients. However, there is wild-range variation in the disease 

phenotype of each SCA3 patient (Barbeau et al., 1984; Fowler, 1984; 

Rosenberg, 1992; Durr et al., 1996).As the general phenotype in polyQ 

disease, SCA3 is also experience anticipation and repeat instability, 

disease onset and process is highly relative to polyQ stretches (Limprasert 

et al., 1996). The normal polyQ repeat number in AT3 is 12 to 41, but it 

was found more than 41 polyQ repeat in SCA3 patients (Naito and 

Oyanagi, 1982; Kawaguchi et al., 1994). It has been reported that the 

repeat instability of SCA3 contributed to the loss of function of cAMP 

response element-binding protein (CBP)(Jung and Bonini, 2007). CBP is 
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a protein which could regulate DNA repair and also functions as a histone 

acetyltransferase (HAT) (Chan and La Thangue, 2001). The 

overexpansion of polyQ tract causes CBP loss of its normal function in 

DNA repair and HAT activity in transcriptional regulation. It might cause 

the impairment in DNA repair mechanism which further results in a 

higher repeat instability and more severe anticipation (Fortini, 2007). 

Thus it was suggested that the CAG expansions in SCA3 causes CBP loss 

of function that contributes to intergeneration polyQ toxicity cycle.  

The function of AT3 has not been clearly understood, nevertheless, 

immunostaining from normal human’s brain and in vitro model indicated 

that AT3 was distributed equally in whole neuron cells, especially in 

cytoplasm, but only mutant AT3 with expanded polyQ has aggregation 

formation in nuclear and cytosol (Paulson et al., 1997; Perez et al., 1998; 

Haacke et al., 2006; Rub et al., 2006). There are three domains in AT3 

protein (appendix Fig. 1). The N terminal Josephin domain has ubiquitin 

protease activity which could remove the polyubuquitin chain on the 

ubiquitinated protein, and prevent the degradation of that protein (Burnett 

et al., 2003; Chai et al., 2004; Berke et al., 2005; Mao et al., 2005). The 

coiled-coil domain of AT3 is a common amino acid structure in protein. 

The third domain is poly-ubiquitin binding domain, which contained 

ubiquitin interaction motifs (UIM) so that AT3 could be recognized by 

ubiquitin. There are more than two UIM domains in AT3 (Berke et al., 

2005). These structure characteristics of AT3 reveal that activity of 

ubiquitin proteasome system (UPS) was tightly associated with SCA3 

pathology 
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UPS and SCA3 

UPS played the central role in protein degradation; therefore, 

ubiquitinated proteins and proteasome components were detected in 

aggregation and NI (Chai et al., 1999;Burnett and Pittman, 

2005;Bichelmeier et al., 2007; Wang et al., 2007a). It seems that the 

accumulated protein in cells might due to UPS dysfunction so that they 

could not be degraded successfully, this hypothesis could be supported by 

expression of dominant-negative mutant E4B, an UPS enzyme, and then 

AT3 aggregation was induced. On the other hand, overexpression of E4B 

colocalized with AT3 and promoted its clearance, ameliorated disease’s 

progression (Matsumoto et al., 2004). These findings indicated that SCA3 

patients possibly loss the normal function in UPS that induce SCA3 

disease progression.  

 

Oxidative and proteasomal stress 

 Many report mentioned that expanded polyQ tract could elevate 

cell’s oxidative stress and ROS production. Also, cells with mutant polyQ 

expansion shows lower tolerance with oxidative stress. HD cells treated 

with oxidative drug such as H2O2 could accelerate aggregation formation 

(Goswami et al., 2006b). SCA3 cells were detected to have lower 

antioxidative enzyme expression, leading to mitochondria mediated 

apoptosis (Tsai et al., 2004; Yu et al., 2009). Oxidative drug treatment 

would promote AT3 aggregation and stimulate it enter nuclear, which 

resulted in cell toxicity (Reina et al., 2010). Base on these findings, we 

plan to use oxidative stress and proteasomal stress to induce a more 
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severe pathological condition or accelerate disease progression on our 

SCA3 cell model so we could use this system to screen several potential 

drugs. 

 

 Tert-Butylhydroperoxide (TBH) 

  TBH is a useful oxidative drug, it was wildly used in oxidative 

related research because of it could produce ROS and induce 

mitochondria depolarization, which further active cell apoptosis pathway 

(Maher and Hanneken, 2005; Zhao et al., 2005). Moreover, TBH would 

induct antioxidant enzyme expression, in order to protect itself from 

apoptosis (Pias et al., 2003).  

 

 Hydrogenperoxide (H2O2) 

  As TBH, H2O2 is also a long used oxidative stress drug. The 

molecular pathway of H2O2 was well understood, it could active 

lysosomal protease pathway and upregulate ERK1/2, JNK and several 

related protein levels (Crossthwaite et al., 2002; Lee et al., 2007; Veal et 

al., 2007). In SCA3 animal model, treat with H2O2 might make AT3 

accumulate to form NI (Reina et al., 2010). Not only in SCA3, but also in 

other polyQ diseases such as SCA1 and HD, aggregation formation and 

neurodegeneration were also observed after H2O2 treatment (Kim et al., 

2003; Du et al., 2009; Ryu et al., 2010).  

 

 

 

http://cdict.net/?w=hydrogen
http://cdict.net/?w=hydrogen
http://cdict.net/?w=H2O2
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 MG-132 

  MG-132, a reversible proteasome inhibitor, could raise nitric 

oxide synthase (nNOS) level, cause ubiqutinated protein accumulation, 

and active caspase-3 mediated apoptosis pathway (Sun et al., 2006; Lam 

and Cadenas, 2008). In both HD and SCA3 animal and cell models, 

MG-132 would lead to aggregation and cell death (Wang et al., 2007a; 

Mishra et al., 2009). Overall, MG-132 would be a useful drug used to 

study the relationship of UPS and protein aggregation disease in our 

SCA3 cell model  

 

Lactacystin 

  Lactacystin is also a proteasome inhibitor, but different from 

MG-132, Lactacystin is an irreversible proteasome inhibitor. Like 

MG-132, it was wildly utilized to study the relationship between protein 

aggregation disease and UPS (Ravikumar et al., 2002; Kim et al., 2004). 

Especially in SCA3, evidence indicated that full length AT3 needed 

longer time to be cleavaged by protease protein to fragment so that it 

could form aggregation and NI, but after treated lactacystin, AT3 could 

accumulated in the nucleus in a short time (Chai et al., 1999). Lactacystin 

might accelerate disease progression, could be a good stress drug used in 

our cell model.   

 

Proteaolytics and transcriptional regulation of AT3 

Besides ubiquitin, AT3 also interacts with caspase and histone 

associated protein, like HDAC3, CBP and p300 (Li et al., 2002; Berke et 
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al., 2004; Evert et al., 2006). It was reported that AT3 has caspase 

catalysis sequence and could be cut by caspase or other proteases (Berke 

et al., 2004). Compared to full length AT3, fragmented AT3 with 

expanded polyQ tract has higher toxicity to cells (Goti et al., 2004; 

Haacke et al., 2006). It was observed AT3 fragment presented in 

aggregation both in vitro and in vivo (Yoshizawa et al., 2000; Goti et al., 

2004; Haacke et al., 2006). If inhibit mutant AT3 proteolysis by mutated 

the caspase interaction sequence or treated with caspase inhibitor, 

zVAD-fmk could retard neurodegeneration(Jung et al., 2009). According 

to these findings, inhibition of AT3 fragment formation would be a 

potential strategy to rescue neurodegeneration.  

Additionally, AT3 could interact with HAT enzyme such as 

CREB-binding protein and p300 and HDAC3 which response for histone 

acetylation/deacetylation in order to regulate the gene expression (Li et 

al., 2002; Evert et al., 2006). The development in SCA3 disease 

progression might also contribute to that mutant AT3 caused the 

impairment in gene regulation.  

 

Neuroprotective pathways in polyglutamine disease 

 Cells might do many responses in stress conditions in order to 

survive. For instance, misfolded protein would be recognized by ubiquitin 

molecular and targeted to proteasome for degradation (Goldberg, 2003), 

but before these proteins are degraded, heat shock protein (Hsp) family 

and several chaperones would tried to refold its conformation. If Hsp and 

chaperones failed to make the misfolded protein reorganized, USP 
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pathway will be activated to degrade the misfolded protein (Cashikar et 

al., 2005). PolyQ disease showed UPS dysfunction and lower Hsp family 

protein expression so that these misfolded proteins neither be refolded nor 

be degraded (Zourlidou et al., 2007; Chang et al., 2009; Williams et al., 

2009; Yamagishi et al., 2010). Other evidences also supported this 

hypothesis; overexpressed Hsp family could protect neuron from 

degeneration and prevent protein aggregation in polyQ disease models. 

(Cashikar et al., 2005; Firdaus et al., 2006; Jorgensen et al., 2007; Lee do 

and Goldberg, 2010; Yamagishi et al., 2010). 

 Besides UPS, there is another protein clearance pathway called 

autophagy pathway. UPS depends on proteasome and autophagy relies on 

lysosome for protein degradation. When UPS failed to clean the 

aggregation protein, UPS would active autophagosome formation, the 

aggregation will be recruited and sent to lysosome (Iwata et al., 2005). In 

polyQ cell model, protein aggregation would active Atg12 and 

autophagosome to clean aggregation so cell death could be avoided 

(Kouroku et al., 2007). Rapamycin treatment could stimulate autophagy 

pathway by mTOR activation. HD mice and fly showed aggregation 

reduction and disease symptom improvement after Rapamycin treatment 

(Ravikumar et al., 2002; Ravikumar et al., 2004).  

 There was a research indicated that HD-accociated protein huntingtin 

(htt) could enhance brain-derived neurotrophic factor (BDNF) transport 

in microtubules (Gauthier et al., 2004). The mutant htt with expanded 

polyQ tract reduced BDNF level in several brain regions. The BDNF 

transcription would also be disrupted (Zuccato et al., 2001). 
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Overexpression of BDNF in HD brain could rescue HD disease 

progression (Xie et al., 2010). The hallmark of these polyQ mediated 

neurodegenerative disease was neuron loss in affected brain region. So 

that activation of cell survival pathway could also be a strategy against 

cell death from polyQ toxicity. The activation of ERK pathway was 

associated to cell survival. Cells with expanded polyQ tract in htt would 

activate ERK pathway in order to protect cell from polyQ toxicity 

(Apostol et al., 2006).  

These observations suggest that there are several neuroprotective 

approaches could against polyQ mediate cell toxicity.  

Histone deacetylase inhibitor (HDACi) 

 Histone acetyltransferases (HATs) and histone deacetylases (HDACs) 

perform a homeostasis in gene expression control. HAT enzyme functions 

in histone acetylation so that the gene’s expression could be turned on. 

Different to HAT, HDAC would remove acetyl group from histone. Both 

HAT and HDAC played an important role in neuron cells; it could lead to 

neurodegenerative disease if the homeostasis was disrupted (Saha and 

Pahan, 2006). According to the sequence and structure homology, HDAC 

are classified into four classes (Gao et al., 2002). Class I HDACs include 

HDAC 1, 2, 3, and 8, which are expressed in most cell nuclei and control 

gene transcription (Butler and Bates, 2006). Class II HDACs are HDAC 4, 

5, 6, 7, 9, and 10, which are tissue specific expression and show dynamic 

localization in cells. Class III HDACs are Sirt 1 to Sirt 7, and Class IV 

are HDAC11 (Gao et al., 2002).The interaction of HAT and HDAC 

regulates histone acetylation and chromatin structure, which lead to 
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influence on gene activity (Mathis et al., 1978; Grunstein, 1997).HDAC 

inhibitors (HDACi) are compounds could inhibit histone deacetylation. 

There are several researches support that HDACi compounds could be 

potential compounds in neurodegenerative disease. The first HDACi drug 

used to treat polyQ disease was Suberoylanilidehydroxamic acid (SAHA). 

It could rescue motor dysfunction, enter blood-brain barrier, turn on gene 

expression and retard HD symptom in both mice and fly models (Steffan 

et al., 2001; Hockly et al., 2003). Beside SAHA, there were many HDACi 

compounds discovered to have neuroprotective effect in polyQ disease, 

including Sodium Butyrate, Phenylbutyrate, Trichostatin A 

(TSA),Nicotinamide (NAM) (Ferrante et al., 2003; Dompierre et al., 2007; 

Jeong et al., 2009). TSA could improve CBP mediate repeat stability in 

SCA3 fly model (Jung and Bonini, 2007). HDACi treatment was also 

reported to elevate BDNF expression level and ease disease progression 

in HD (Dompierre et al., 2007). HDACi might function in protein 

posttranslational modification, too. The mutant htt was acetylated and 

autophagy degradation pathway was stimulated in the TSA and NAM 

treated cells (Jeong et al., 2009). HDACi also turned on many other 

neuroprotective gene expressions like MnSOD, Bcl-2, and Hsp family, 

and inhibited apoptosis pathway (Saha and Pahan, 2006; Uo et al., 2009). 

In SCA7, ataxin-7 is included in SPT3-TAF9-ADA-GCN5 

acetyltransferase (STAGA) transcription coactivatior complex (Palhan et 

al., 2005). Mutant ataxin-7 which contained expansion polyQ region 

would inhibit HAT activity in STAGA and suppress the transcription 

(Palhan et al., 2005). SAHA and sodium butyrate could rescue HAT 
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activity and active gene transcription. (Palhan et al., 2005). Based on 

these evidences, HDACi compounds could be used as a potential drug in 

our SCA3 disease cell model and other polyQ mediate neurodegenerative 

diseases. 

 

Rat adrenal pheochromocytoma (PC12) and SCA3 inducible cell system 

PC12 is one of the common model cells used in neuron associated 

research. After nerve growth factor (NGF) treatment, PC12 had neurite 

extension (Greene and Tischler, 1976), dopamine and norephineprine 

neurotransmitters secretation, and MAP2, βⅢ-tubulin, and Tau 

expression (Esmaeli-Azad et al., 1994; Aletta, 1996; Davis and Johnson, 

1999; Fontaine-Lenoir et al., 2006). These biochemical and 

morphological features were similar to neuron cells, and the pathway of 

NGF treated cell was extensively studied, so PC12 could be a suitable 

cell model for us to study neurodegenerative diseases.  

In order to investigate how AT3 contributed to SCA3 and develop a 

platform for therapic potential compounds screen, we established an 

inducible AT3 expression PC12 cell model. The Complete Control 

Inducible Mammalian Expression System (Stratagene) was used to 

establish our SCA3 inducible system. The system contains two vectors, 

pERV3 and pEGSH. Plasmid pERV3 includes a gene encoding insect 

ecdysone hormone receptor, VgEcR and DNA response element, RXR. 

VgEcR would bind to RXR to form heterodimer and recognize E/GRE 

sequence in pEGSH. In lack of induction material, ecdysones, VgEcR 

binds to corepressor and inhibit downstream gene transcription. When 
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ecdysone’s analog, ponastroneA (ponA) is applied, ponA could bind to 

VgEcR and change its structure so that corepressor becomes the bridge 

between VgEcR and other transcription factors, which could turn on the 

gene expression in pEGSH. We have human full length AT3 with normal 

(27Q) or expanded (75Q) polyQ tract inducible expressed by this system. 

 

Truncated AT3 protein constructs in this study 

 As previously described, from the protein structure and amino acid 

sequence of AT3, it was suggested that AT3 might interact with UPS, 

caspase and HDAC6 proteins. Based upon the basis of the hypothesis that 

fragment AT3 is more toxic to cells (Goti et al., 2004; Haacke et al., 

2006), we further generated inducible expression system in PC12 cell 

model with three truncated AT3 to compare to the full length AT3. We 

deleted N terminal 69, 219 and 257 amino acid of AT3 (c69, c219 and 

c257 represent for these three N terminal deletion construct) respectively, 

to investigate whether shorter form of AT3 could cause more toxic to 

PC12 cell. We could also examine the role of UIM motif, realize the 

function of Josephin domain and indentify the relationship of AT3 and 

UPS from these constructs. Moreover, we could also screen potential 

drugs with these truncated SCA3 cell model and accelerate the 

development of potential drugs for SCA3.   

 

 

 

 

http://tw.wrs.yahoo.com/_ylt=A3eg.810_ztNnDEAIHLhbB4J/SIG=12sv1ft49/EXP=1295806452/**http%3a/tw.dictionary.yahoo.com/dictionary%3fp=curability%26docid=1024668
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Materials and Methods 

Cell culture 

PC12 cells with inducible expression SCA3 constructs were 

maintained in 85% RPMI1640 (Gibco, Carlsbad, CA, USA) 

supplemented with 5% fetal bovine serum (FBS) and 10% horse serum 

(HS), containing 2 mM L-glutamine, 1% penicillin/streptomycin, 1 mM 

sodium pyruvate (Gibco), 4.5 g/L D-glucose, 1.5 g/L sodium bicarbonate, 

1 M HEPES (Sigma, St. Louis, MO, USA), 100 μM/ml G418 (Gibco) 

and 50 μM/ml hygromycin B (Sigma), and were incubated in 5% CO2 

atmosphere at 37℃. Cells were grown in 0.01% poly-L-lysine (Sigma) 

coated dish and the culture media was changed every 48-72 hr. 

 

Characterization of SCA3 inducible cell system 

Complete Control
®
 Inducible Mammalian Expression System (Strategene, 

Santa Clara, CA, USA) was applied to establish the SCA3 inducible cell 

model. The ecdysone receptor (EcR) is a member of the 

retinoid-X-receptor (RXR) family of nuclear receptors. In insect, EcR 

gather with nuclear receptor ultraspiracle (USP) to form heterdimer in 

order to regulate gene transcription. The receptor heterodimer binds to 

corepressors if absence of ecdysone, so that repressed gene expression. In 

the other words, the gene will be active transcribed only if ecdysone 

bounds to EcR, and the corepressor will release, then the coactivators will 

be recruited to the complex. EcR bound to RXR, the homologue of USP 

in mammalian cells to form heterodimer. The EcR–RXR heterodimer 

binds to multiple copies of the ecdysone-responsive element (EcRE). 
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PonA is the analog of ecdysone, such as the regulatory system in insect; 

in the absence of ponA, the gene will not activate its transcription 

(appendix Fig. 2).  

Complete Control
®
 Inducible Mammalian Expression System has 

two vectors. One is pERV3 receptor vector, which contains VgEcR and 

RXR under CMV promotor. VgEcR is the complex of EcR with VP16 

activation domain. pERV3 also has G418 selection site (appendix Fig. 

3A). Another is pEGSH expression vector, which contains five copies of 

the E/GRE recognition sequence and ponA-inducible expression cassette, 

multiple cloning sites (MCS) for insertion of interested DNA, flag 

epitope and hygromysin andampicillin antibiotics selection sites 

(appendix Fig. 3B). As previous described mechanism, after ponA 

treatment, the interested insert DNA will be activated for transcription. 

 

Generation of truncated SCA3 constructs 

The human full length SCA3 with 27Q and 75Q constructs were 

generated previously (Wang, 2007). We use the full length AT3 

contained 27Q or 75Q DNA as a template to generate three different 

truncated AT3 by GC-RICH PCR System (Roche, South San Francisco, 

CA, USA). We could get different length of AT3 DNA fragments by 

coupled variant primers (Table 1). All of the forward primers contain 

Kozak sequence and BamH1 cutting site. The backward primer 

includesXbaI cutting site. After PCR amplification, these DNA fragments 

were then subsequently subcloned into PGEM-T easy vector (Promega, 

http://tw.wrs.yahoo.com/_ylt=A3eg.86E7PFMm0UAZgfhbB4J/SIG=12q72melb/EXP=1290951940/**http%3a/tw.dictionary.yahoo.com/dictionary%3fp=previous%26docid=1080251
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San Luis Obispo, CA, USA) and sequenced to check the enzyme junction 

and CAG repeat numbers. The 27Q and 75Q truncated AT3 fragments 

were then isolated from the pGEM-AT3 plasmids after digested with 

BamH1 and XbaI and then subcloned to pEGSH vector. The pEGSH-AT3 

constructs were then transfected into pERV3-bearing PC12 cells by 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). 4 hrafter 

transfection, the culture medium was then changed from serum free to 5% 

HSand 10% FBS contained medium. The next day, transfected cells were 

selected by 100 μM/ml of G418 and 50 μM/ml of hygromycin B for one 

week and then single-cell seeded to 96 well poly-L-lysine coated culture 

plates to select stable cell line. The selected stable SCA3 inducible cells 

were examined by western blot in the presence of 1 mM of ponA (Merck, 

Whitehouse Station, NJ, USA).  

 

Genotyping of SCA3 cells 

 Genomic DNA was extracted from SCA3cells by lysis solution (1 

mg/ml proteinase K, 0.2% SDS, 0.2 M NaCl, 5 mM EDTA (pH 8.0), 0.1 

M Tris (pH 7.4)) and incubated in 65℃ for 30 min to lyse cells and 75℃ 

for 20 min to stop proteinase K activity. Potassium acetate (2 M, Sigma) 

was then added to the extract and incubated at 4℃ for 30 min to 

precipitate protein, DNA was then eluted by 99.5% ethanol. The 

genotyping of our SCA3 cells was identified by PCR. After PCR 

amplification each DNA polyQ repeat fragment, 27Q was 252 bp and 

75Q was 396 bp in the agarose gel electrophoresis results. 
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Stress drug treatment of SCA3 cells 

 Cells were seeded in 12-well plate or 6 cm dish at the density of 

4×10
4
 cells/ml (12-well plate) and 1×10

6
 (6 cm dish). After 24 hr, cells 

were differentiated by treated with 50 ng/mL NGF (Millipore, Billerica, 

MA, USA) for 48 hr. The AT3 expression was induced by ponA (1 mM) 

and incubated with thefollowing stress drug at different concentration: 

TBH (20, 40 and 80 μM, Sigma); MG-132 (20, 40 and 80 nM, 

Sigma);lactacistin(1, 2, 2.5 and 3 μM, Calbiochem, Whitehouse Station, 

NJ, USA) and H2O2 (100, 200, 300 and 400 μM, Sigma) for 8 hr. Cell 

viability was examined by MTT assay and protein ubiquitination was 

identified by western blot.  

 

Screening of novel HDACi compounds  

 Cells were seeded in 12-well plate, after differentiation by NGF (50 

ng/mL) for 48 hr, AT3 expression was induced by ponA (1 mM) and 

oxidative stress drug TBH (40 μM) cotreatment was applied to the cells 

to accelerate disease progression. SAHA and 8 different HDAC inhibitors 

(L-BMX, L-1027, L-1209, TP extract, 0225, 0311, 0312, 0319; Nature 

Wise Biotech and Medicals Corporation; NBM, Taipei, Taiwan) were 

used individually to treat cells with the following concentration (0.25, 0.5, 

1, 5 and 10 μM, respectively) for 48 hr (Figure 1). IC50 and related 

signaling pathways of each compound were characterized by MTT assay 

and western blot.  

Cell viability and cell death assay 

 Cell viability was determined by 3-(4,5-Dimethylthiazol-2-yl)-2,5- 
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diphenyltetrazolium-bromide (MTT) assay (Sigma), which could change 

yellow MTT to purple formazan product in viable cells by the 

mitochondria enzyme succinate dehydrogenase. After culture, MTT 

reagent was added to the 12-well cells to a final concentration of 0.5 

mg/ml and the reaction was then incubated at 37℃ for 20 min. The cell 

medium was removed and the purple crystallized formazan was dissolved 

by DMSO (Sigma). Finally, the absorbance density (OD) value at 570 nm 

of the reaction was observed on a multiwell scanning spectrophotometer. 

 Cell death was observed by Lactate dehydrogenase (LDH) assay. In 

general condition, LDH is a soluble enzyme which localizes in cytosol. It 

will be released from cells when plasma is damaged or lysed. The assay 

was performed by CytoTox-ONE
TM

 assay kit (Promega), based on the 

activity of LDH worked on its substrate lactate. The equations are: 

Lactate 
+
 + NAD

+ 
→ pyruvate + NADH; NADH + tetrazolium → NAD

+
 

+ formazan. 50 μl of cell culture medium (cell free medium was used as a 

blank, and total LDH release level in cells was measured with the culture 

medium treated with 9% Triton-X-100 ) was mixed with the same 

volumeof CytoTox-ONE
TM

reagent and vortexed for 30 sec in 96-well 

plate. After incubation 10 min in room temperature, 25 μl of stop solution 

was added in each well and vortexed for 10 sec. Finally, the fluorescence 

with the excitation wavelength of 560 nm and an emission wavelength of 

590 nm was detected by fluorescent microplate reader (Molecular 

Devices Gemini XPS, Molecular Devices, Orleans Drive Sunnyvale, CA, 

USA). And calculate the LDH release ratio of total cells over TBH 

treated cells. 
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Filter retardation assay 

 Cells were lysed in RIPA buffer (5 mM EDTA (pH 8.0), 10 mM Tris 

(pH 7.4), 150 mMNaCl, 0.1% SDS, 1% DOS, 1% NP40) with protease 

inhibitor cocktail (Halt
TM

 Protease Inhibitor, Single-Use Cocktail 

EDTA-Free, Thermo) and incubated on ice for 30 min, the protein 

concentration was then quantified by BCA assay kit (Thermo, Waltham, 

MA, USA). Proteins (0, 10, 20, 30 μg) was diluted with0.1% SDS (in 

PBS) to a final volume of 200 μl. Each protein soultion was applied to 0.2 

μmcellulose acetate membrane on a 96-well dot blot apparatus (BioRad, 

Hercules, CA, USA). The membrane was incubated with 0.1% SDS 

before the experiment. The membrane was then washed with 0.1% SDS 

twice by 96-well dot blot apparatus and blocked in 5% skim milk (in 

0.05% TBST) for 2 hr at room temperature. After several washes in 

0.05% TBST, the membrane was hybridized with 1C2 antibody at 4℃ 

overnight. The next day, membrane was incubated with secondary 

antibody at room temperature for 1 h and stained by ECL reagent 

(Millipore). The chemiluminescence was detected by LAS3000 (Fuji 

Corporation, Japan) and quantified by Multi Gauge software (Fuji Photo 

Film, Japan). 

 

 

 

Western blot 

 Cells were lysed in RIPA buffer (5 mM EDTA (pH 8.0), 10 mM Tris 

(pH 7.4), 150 mMNaCl, 0.1% SDS, 1% DOS, 1% NP40) with protease 
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inhibitor cocktail (Halt
TM

 Protease Inhibitor, Single-Use Cocktail 

EDTA-Free,Thermo) and phosphatase inhibitor (phosphatase inhibitor 

cocktail 1, Sigma) for 30 min on ice, centrifuged at 16000 g for 30 min 

and then collected the supernatant as the protein sample. Protein samples 

were separated by SDS- polyacrylamine gels (Bio-Rad) and transfered to 

0.45 µm polyvinylidenedifluoride membrane (PVDF; Millipore). 

Membranes were blocked by 1% BSA or 0.05% skim milk in 0.05% 

TBST at room temperature for 2 hr. After three times washed in TBST, 

blot was incubated with the following primary antibodies (Table 2) at 4℃ 

overnight. The next day, the membrane was then probed with secondary 

antibody at room temperature for 1 hr after several washed in TBST, and 

visualized target protein by ECL reagent mix (Millipore), the 

chemiluminescence was detected by LAS3000 (Fuji Corporation).  

Western blot data were quantified by Multi Gauge (Fuji Photo Film). 

 

Neurite outgrowth assays 

 PC12 cells were seeded on poly-L-lysine coated coverslips in 

six-well plates. 24 hr later, cells were treated with 50 ng/mL NGF for 48 

hr to induce neurite extension. After drug treatment, the cells were 

washed by PBS, fixed with cold 4% paraformaldehyde (in PBS) for 5 min. 

After washed three times with 0.1% Triton X-100 in PBS for 10 min, we 

then permeabilized these cells with PBS containing 0.1% Triton-X-100 at 

37℃for 1 hr or 4℃ overnight. Subsequently, cells were incubated at 37

℃ with Rhodamine-Phalloidin (1:100; Invitrogen) containing 0.1% 
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Triton-X-100 (in PBS) with light protection for 30 min to label the 

F-actin. 30 min later, we washed each cell contained coverslips by 0.1% 

Triton-X-100 in PBS and counterstained with 

4,6-diamidino-2-phenylindole (DAPI) (1:10000; Sigma). After several 

wash, each coverslips was mounted by 50% glycerol in PBS, and 

visualized with confocal spectral microscope imaging system (Leica TCS 

SP2, Germany). The length of neurite was quantification by NeuronJ 

software (www.imagescience.org/meijering/software/neuronj/). 

 

Immunocytochemistry 

 PC12 cells were grown on poly-L-lysine coated 25 mm coverslips in 

six-well plates. After differentiation and drug treatment as previously 

described, the cells were washed by PBS, fixed with cold 4% 

paraformaldehyde for 10 min, and washed three times with 0.1% Triton 

X-100 in PBS for 10 min. The cells were then blocked and permeabilized 

with PBS containing 5% FBS and 0.1% Triton X-100 at 37℃ for 1 hr or 

overnight at 4℃. Subsequently, cells were incubated at 4℃ overnight 

with primary antibody. After washed with 0.2% PBST 10 min for three 

times, the cells were incubated at 37℃ for 2 hr with fluorescent 

secondary antibody or dye under light protection. After extensive washing 

with 0.2% PBST, each coverslip was counterstained with DAPI (1:10000) 

and mounted with 50% glycerol in PBS. Images were observed with 

confocal spectral microscope imaging system (Leica TCS SP2) and High 

Content Micro-Imaging Acquisition and Screening System (Molecular 
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Devices), and image were captured on separate fluorescence channels, 

processed and assembled by Photoshop software (Adobe). The 

quantification of the aggregation was performed with Molecular Devices 

ImageXpress (Molecular Devices). 

 

Mitochondria morphology analysis  

Cells were treated withMitotracker green (1:1000, Invitrogen) and 

incubated at 37℃ for 30 min. After several washes with PBS, cell 

images were captured by confocal microscope imaging system (Leica 

TCS SP2). The quantification of mitochondria distribution and 

fluorescent intensity were perfrmed by using Molecular Devices 

ImageXpress (Molecular Devices). 
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Results 

Maintaining inducible SCA3 cell lines 

 Inducible SCA3 cell models containing normal (27Q) and expanded 

(75Q) human full length AT3 was previously established in our lab (王, 

2007).In order to check the CAG repeat number in each SCA3 cell lines, 

we used SCA3 repeat forward and reverse primers (Table 1) to amplify 

the DNA fragment containingthe CAGnregion by PCR. The amplified 

products for cells with 27Q and 75Q are 252 and396 bp respectively 

(Figure 2A).  

 To analyzethe SCA3 inducible system, ponA was added to turn on 

the expression of human full length AT3. After 48 hr, each cells were 

lysed and examined the AT3 expression by western blot (Figure 2B). Rat 

endogenous AT3 was shown at 43 KD and inducible expressed human 

AT3 with 27Q and 75Q was observed at 48 and 60 KD only after ponA 

treatment. 

 These results indicated that our inducible SCA3 cell lines were not 

leaky and with correct CAG repeat numbers, which should be applicable 

models for us to process the following experiments. 

 

SCA3-75Q cellshave lower tolerance to oxidative stress 

SCA3 cells have been reported that they have lower antioxidative 

enzyme activity (Yu et al., 2009). Elevated oxidative stress in fibroblast 

cell isolated from SCA3 patient could promote AT3 nuclear inclusion 

body formation (Reina et al., 2010). To test the relationship between 

SCA3 pathogenesis and oxidative stress, we used H2O2 and TBH as 
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oxidative drugs and test cell viability by MTT and LDH assays after drug 

treatment. Cells with SCA3 27Q, 75Q or control vector (V) were seeded 

to 12-well plate, after differentiated by NGF and induced AT3 expression 

by ponA, oxidative stress was stimulated by 40 or 80 μM TBH for 48 hr. 

The cell viability was determined by MTT assay and the results showed 

that 75Q cells have lower cell viability than 27Q and V cells after TBH 

treatment (Figure 3A). We also used LDH assay to confirm the result of 

cell viability, as the result of MTT assay, 75Q cell showed higher LDH 

release amount than cells with 27Q or V (Figure 3B). To support this 

finding, we applied another oxidative drug, H2O2 to more clarify whether 

oxidative stress could accelerate SCA3 75Q cell disease progression. 

Cells were exposed to 100-400 μM H2O2 for 8 hr and their viability was 

then tested by MTT assay. We found the similar tendency which was 

observed in cells treated with TBH, 75Q cells decreased their cell 

viability after exposed to different concentration of H2O2 (Figure 3C). 

Taken together, these data indicated that 75Q cell line was more 

sensitive to oxidative stress than 27Q and V cell lines, oxidative stress 

might be involved in SCA3 pathogenesis.  

 

Proteasome inhibitor cause viability loss and UPS dysfunction in 

SCA3 75Q cells 

  Protein aggregation is a hallmark in SCA3 pathogenesis. Ubiquitin 

proteasome system (UPS) is a major mechanism to degrade abnormal 

proteins. In order to test whether proteasome stress could accelerate 

SCA3 progression, we applied MG-132 and lactacystin as proteasomal 
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stress drugs to SCA3 cells. Cell aggregation, ubuquitination and viability 

after proteasomal stress treatment were characterized. After differentiated 

by NGF, cells were treated with 20-80 nM of MG-132 for 24 hr and then 

cell viability was determined by MTT assay. We observed that 75Q cells 

showed lower tolerance to proteasomal stress (Figure 4A). Compared to 

V and 27Q cells, 75Q cells decreased cell viability with 40 nM of 

MG-132 and reached a significant reduction with 80 nM of MG-132 

treatment. We also applied another proteasome inhibitor, lactacystion to 

the cells to confirm our result. 75Q cells showed a significant reduction in 

cell viability after 1 and2 μM of lactacystin treatment (Figure 4B). 27Q 

and V cell didn’t show any significant change after lactacystin treatment. 

We analyzed SCA3 cell protein aggregation and ubiquitination level after 

proteasomal stress. SCA3 75Q cells were more ubiquitinated than 27Q 

and showed dose dependence to MG-132 for 24 hr (Figure 5). The same 

result was also found in cells treated with 2 μM of lactacystin for 8 hr, 

75Q cells were more polyubitinated than 27Q cells, and form high 

molecular weight aggregation (Figure 6A). In order to understand 

whether proteasome stress could promote aggregation formation, we used 

immunofluorescence staining to detect aggregation after 2 μM lactacystin 

treatment for 24 hr. Compared to 27Q cell; 75Q cells showed perinuclear 

aggregation after exposed to lactacystin (Figure 6B).  

 Put together, these data indicate that SCA3 75Q cells were more 

sensitive to proteasomal stress, and showed lower cell viability and more 

aggregation formation than 27Q cells after exposed to proteasomal stress 

drugs. 
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Screening potential HDACi for SCA3 therapy using the inducible 

SCA3 cell model 

 It has been reported that HDACi could reduce polyQ toxicity and 

retard motor dysfunction in many polyQ diseases (Steffan et al., 2001; 

Ferrante et al., 2003; Hockly et al., 2003; Dompierre et al., 2007; Jeong et 

al., 2009). In order to know whether HDCAi was a candidate therapeutic 

drug forSCA3, we used our SCA3 cell model to screen several HDACi 

compounds which were synthesized by NBM. There were 8 HDACi 

compounds modified from SAHA. SAHA was reported that it could 

reduce polyQ toxicity in HD fly model, and it also was Food and Drug 

Administration (FDA) available drug in cancer therapy (Mann et al., 

2007). We therefore tested whether SAHA and other 8 novel HDACi 

could work on our SCA3 cells. HDACi drug screening condition was 

conducted as previously described in material and method, we using TBH 

as the stress drug to accelerate our SCA3 cell disease progression to 

speed up the drug screen efficiency. 

From cell viability result, SAHA showed slightly effective to our 

SCA3 cells, but cause high cell toxicity (Figure 7A). Next, we test the 8 

novel HDACi compounds modified from SAHA. These drugs could be 

classified into three groups according to their effect on cell viability. The 

first group was specific to SCA3 75Q cells; these drugs could specially 

and significantly increase cell viability in 75Q cells, included L-1027, 

L-BMX, 0225 and 0319 (Figures 7B-E). The effective dosage of L-1027 

and L-BMX were higher than 0225 and 0319, which suggests that L-1027 

and L-BMX have lower toxicity to our cells. Compounds of the second 
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group could elevate survival generally. 0312 was classified to this group 

and it could significantly promote cell viability of all the cells with 27Q, 

75Q or V (Figure 7F). The last group of compounds showed limited 

effect to our SCA3 model. Compounds 0311, 1029 and TP are belong to 

this group and couldn’t improve viability of all the 3 cell lines (Figures 

7G-I).  

 We also calculated the half maximal inhibitory concentration (IC50) 

of these compounds from the cell viability data. We found the IC50 of 

these 8 HDACi were all lower than SAHA (Table 3). It indicated that 

these compounds were less toxic than SAHA on our SCA3 cells. 

According to the information provided by NBM that L-1027 and L-BMX 

are HDAC8 inhibitor and L-BMX also could inhibit HDAC3 activity 

(Appendix Table 1).  

 These data indicated that HDACi could be a potential neural 

therapeutic drug to SCA3 with lower cell toxicity than SAHA. We were 

interested in L-BMX and used it for further study for it could specifically 

elevate 75Q cell viability in oxidative environment and inhibit HDAC3/8 

activity.  

 

Both T-BMX and L-BMX could elevate SCA3 75Q cell  

neurite outgrowth 

 In addition to cell viability, we further examined whether the 

potential HDACi L-BMX influence on cell morphology. In this study, we 

first tested T-BMX which was previously shown increased cell viability 

by MTT assay (顏, 2009). T-BMXhas the same chemical structure but not 
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in lithium salt as L-BMX. We stained cells with Rhodamine-Phalloidin to 

observe their morphology. SCA3 75Q cells gathered and showed poorly 

neurite outgrowth without T-BMX treatment (Figure 8A). However, 75Q 

cells with T-BMX treatment for 48 hr showed significant improvement in 

neurite outgrowth and increased neurite length (Figures 8A-C), and these 

phenomenon were not observed in V and 27Q cells (Figures 8A-C). 

Among these results, we found that some 75Q cells showed very distinct 

neurite outgrowth under the T-BMX treatment (Figure 8D). We also 

investigate cell morphology of SCA3 cells after L-BMX treatment. 

Similar to the effect of T-BMX, L-BMX could significant promote 

neurite outgrowth and length (Figures 8E-G). 

 These data indicate that both T-BMX and L-BMX could promote 

75Q cell neurite outgrowth and length and might be potential in SCA3 

treatment.  

 

Both T-BMX and L-BMX could reduce AT3 aggregation in 75Q cells 

We previously showed that both T-BMX and L-BMX could elevate 

SCA3 75Q cell viability and neurite outgrowth. We then used 

immunocytochemistry to analyze AT3 aggregation after T-BMX and 

L-BMX treatment in the SCA3 cells. We found that SCA3 27Q cells 

exhibited higher AT3 expression and distributed in whole cell evenly 

without aggregation formation after drug treatment (Figure 9A), while 

75Q cells with lower AT3 expression level but aggregated in the 

cytosome or nuclear without treatment (Figure 9B). After T-BMX or 

L-BMX treatment, SCA3 75Q showed significantly reduction in AT3 



32 
 

aggregation compared to DMSO treated cells (Figures 9B-C). 

 Furthermore, we also used 1C2 antibody, which specifically targeted 

to polyQ epitope of AT3, to confirm the treatment effect of L-BMX. As 

the results previously shown in AT3 immunostaining with AT3 antibody, 

we didn’t observe protein aggregation in SCA3 27Q cell (Figures 10A-B). 

However, some punctual and spherical 1C2aggregats were identified in 

SCA3 75Q cells (Figures 10C-D). After L-BMX treatment, the number of 

1C2 positive aggregation was reduced (Figure 10E). In addition to 

characterization the aggregation with immunostaining, we also conducted 

filter trap assay to observe the effect of L-BMX on aggregation. Using 

1C2 antibody to probe the membrane, we hardly found 1C2 positive 

signal in 27Q cell lysate but found dose-dependent 1C2 positive signal in 

75Q cell lysate. The 1C2 positive aggregation was decreased in 75Q cells 

after L-BMX treatment (Figure 10F). Taken together; these data indicate 

that both T-BMX and L-BMX could suppress SCA3 

polyQ-expandedaggregation.  

Several neuroprotected pathways might be activated by L-BMX 

treatment 

 We have shown that both T-BMX and L-BMX could elevated 75Q 

cell viability, neurite outgrowth and reduced AT3 aggregation. We further 

tried to elucidate the molecular mechanism of the L-BMX effect. We first 

examined Hsp27 and Hsp70 levels after L-BMX treatment (Figure 11A). 

We found that L-BMX could elevate Hsp27 expression level in SCA3 

75Q cell (Figure 11B), but had limited effect on Hsp70 (Figure 11C). 

Furthermore, several reports suggested that expanded polyQ would 
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decrease the expression or transportation of NF-κB (Goswami et al., 

2006a; Wang et al., 2007b; Marcora and Kennedy, 2010; Reijonen et al., 

2010). The downregulation of NF-κB might decrease the antioxidative 

ability and lead to cell death (Reijonen et al., 2010). In order to 

investigate the relationship between NF-κB and antioxidative ability, we 

thus examined the expression level of NF-κB and antioxidative enzyme, 

MnSOD (Figure 11A). Our results indicate that L-BMX could 

significantly elevate the level of NF-κB and MnSOD in both 27Q and 

75Q cells (Figures 11D-E). Taken together, L-BMX treatment would 

elevate several neuroprotected factors, such as heat shock proteins and 

antioxidative factor; furthermore, it could also rescue 

NF-κBdownregulation in our SCA3 cell model.  

 

L-BMX reduced the activated GSK3β 

 The phosphorylation of GSK3β (P- GSK3β) was reported to correlate 

to neurodegeneration and neural death (Bhat et al., 2000). Inhibition of 

GSK3β activation would be a potential therapeutic strategy for 

neurodegenerative diseases, such as HD and Alzheimer's disease (AD) 

(Carmichael et al., 2002; Leng et al., 2008; Bolos et al., 2010). AKT is 

the upstream protein of GSK3β and plays an important role in 

neuroprotection(Humbert et al., 2002). Also, the phosphorylation of AKT 

could eliminate the cell toxicity in HD and SBMA (Humbert et al., 2002; 

Palazzolo et al., 2007).We examined the levels of AKT and GSK3β were 

affected after L-BMX treatment by western blot analyses. We observed 

that L-BMX treatment did not affect the ratio of P-AKT/AKT (Figures 
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12A-B), but reduced the ratio of P-GSK3β/ GSK3β. These data indicated 

that L-BMX could reduce activation of GSK3β. 

ERK pathway was activated after L-BMX treatment 

We previously showed that the elevation of SCA3 cell viability by 

L-BMX treatment. To understand whether the increase of 75Q cell 

viability by L-BMX was through the MAPK pathway, we examined the 

activation of ERK pathway. Our western blot results showed that L-BMX 

could active ERK pathway, the cell survival pathway (Figures 13A-B). 

Compared to SCA3 27Q cell, 75Q cell exhibited lower activation of ERK 

pathway. However, after L-BMX treatment, we found P-c-RAF, the 

upstream of ERK was elevated slightly (Figure 12B), the P-ERK and 

P-MEK was significant upregulated in SCA3 75Q cells (Figure 12C). 

P-90RSK, one of P-ERK downstream regulator, which could activate cell 

growth related transcription factor showed slightly increase after L-BMX 

treatment (Figure 12D). Despite cell survival pathway, we also examined 

cell death pathway, JNK pathway (Figure 13A). We found that L-BMX 

would inhibit P-JNK and the downstream protein, P-p38 (Figures 13B-C). 

These data indicate that L-BMX could activate ERK cell survival 

pathway cascade and inhibit JNK pathway, which in turn to promote the 

cell survival in our SCA3 cell model. 

 

L-BMX amerliorated the dysregulated autophagy activity in SCA3 

cells 

 We previously showed that L-BMX would reduce SCA3 protein 

accumulation. It was reported that HDACi treatment could clearance 



35 
 

mutant htt aggregation by autophagy induction (Jeong et al., 2009).We 

therefore tried to elucidate whether L-BMX treatmentcould induce 

autophagy pathway to clear AT3 aggregation. During the autophagosome 

formation, LC3 I would be cleaved into a smaller fragment, LC3 II 

(Tanida et al., 2004). Our result showed the ratio of LC3 I (uncleaved 

LC3) and LC3 II (autophagy formation) was reduced in 75Q cells, and it 

was recovered by L-BMX treatment (Figures 15A-B).These data suggest 

that L-BMX could activate autophagy formation, which further reduced 

the SCA3 aggregation in our SCA3 cell model.  

 

L-BMX elevalated the acetylation of H2A 

 Next, we investigated the level of histone acetylation (Ac) in SCA3 

cells after L-BMX treatment. Our observation of the acetylation on H2A, 

H2B, H3 and H4 in SCA3 cells treated with L-BMX showed that L-BMX 

would significantly elevate the acetylation level of H2A (Figures 16A-B). 

We also found that the ratio of Ac-H2B/ H2B in SCA3 75Q cells was 

lower than 27Q cells. However, L-BMX was failed to rescue the 

hypoacetylation on H2B in 75Q cells (Figure 16B). L-BMX could also 

elevate Ac-H3 in 27Q cells but had limit effect in 75Q cells (Figure 16C). 

The expression level of Ac-H4 was slightly affected by L-BMX treatment 

(Figure 16D). These data indicated that L-BMX increased H2A 

acetylation in SCA3 75Q cells. H2A might be one of the candidate 

acetylation targets of L-BMX. 

 

The mitochondria area and Mitotracker distribution pattern was 
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rescued in SCA3 75Q cell after L-BMX treatment 

There are several reports pointed out that many polyQ-mediated 

neurodegenerative diseases were tightly related to mitochondrial function 

(Panov et al., 2002; Ranganathan et al., 2009; Costa et al., 2010; Song et 

al., 2011). We used Mitotracker to stain the mitochondria in our SCA3 

cells. The staining results showed that mitochondria in 27Q cells were 

more strongly stained and accumulated distributedaround the nuclei 

(Figure 17A), which is similar to the mitochondrial pattern under a stress 

environment (Buckman et al., 2001)). The pattern which mitochondria 

highly accumulated around cell nuclei in 27Q DMSO cells was 

ameliorated by L-BMX treatment (Figures 17A-D). On the other hand, 

the mitochondria in75Q DMSO cells showed irregular and diffused 

pattern (Figure 17A). L-BMX could rescue the abnormal mitochondria 

distribution in 75Q cell (Figure 17A). We quantitated the mitochondria 

distribution area and total Mitotracker positive intensity in SCA3 cells 

(Figures 17B-D). Compared to the 27Q DMSO cells, Mitotracker staining 

intensity was reduced in 27Q L-BMX treatment cells (Figure 17B). In 

contrast, L-BMX elevated the total Mitotracker intensity in 75Q cells 

(Figure 17B). The diffused distributed pattern of 75Q DMSO cells highly 

raised the total mitochondria area, and which was also ameliorated by 

L-BMX treatment (Figure 17C). Furthermore, we calculated the ratio of 

total Mitotracker signal intensity/area and found that L-BMX reduced the 

ratio in 27Q cells but increased the ratio in 75Q cells (Figure 17D). Taken 

together, L-BMX could alter mitochondria distribution in 

polyQ-expanded stress environment in our SCA3 cell model.  
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L-BMX pretreatment protected SCA3 cells against the decrease of 

cell viability induced by TBH  

Different from the previous treatment condition, in this study, we 

applied L-BMX to the cells prior to TBH treatment. After L-BMX 

treatment for 48 hr, we applied TBH to induce the cell stress for 72 hr and 

then analyzed cell viability by MTT assay (Figure 18A). The results show 

all the 3 SCA3 cell line viability were reduced after TBH treatment for 72 

hr (Figure 18B). L-BMX could rescue the reduced cell viability caused by 

the elevation of cellular oxidative stress by TBH in 75Q SCA3 cells 

(Figure 18C).These data indicate that the neuroprotective effect of 

L-BMX could decrease TBH induced cell toxicity in SCA3 cells. 

 

Generation of inducible truncatedAT3 cell lines 

 We planned to introduce truncate AT3 inducible expression in PC12 

cells to accelerate the disease progression in our cell model. We generated 

N-terminal deleted 69, 219 and 257 amino acid DNA fragments in 

pEGSH vector (Figure 19A). The truncated AT3 fragments were PCR 

amplified and subcloned into the pEGSH vector. We examined the 

truncated AT3 construct by BamHI and XbaI enzyme double digestion 

(Figure 19B). After the digest map and DNA sequences were validated, 

we transfected each construct into PC12 cells. The expression of 

truncated AT3 were then induced by ponA and analyzed by western blot. 

We have successfully established C69 and C219 27Q inducible 

expression in PC12 cells (Figure 19C).  
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Discussion 

 HDACi had been used in several polyQ-mediated neurodegenerative 

diseases. We have summarized the HDACi therapeutic effects in 

molecular and functional aspects in polyQ diseases (Table 4). We found 

that several HDACi compounds could reverse polyQ caused 

neurodegeneration, motor dysfunction, body weight loss and active 

several neuroprotected pathways. However, these HDACi compounds 

had limited effect in aggregation reduction. In our study, we used SCA3 

inducible cell model to screen novel HDACi compounds (provided by 

NBM) for potential SCA3 therapy. SAHA is an FDA approved HDACi, 

and could rescue many polyQ caused neurodegeneration (Table 4). The 

novel HDACi compounds used in this study were modified from SAHA 

and the drug effect on cell survival, neurite outgrowth, protein 

aggregation, anti-oxidative stress, the ability to suppress HDAC enzyme 

and downstream related neuroprotective pathways were analyzed. 

 

SCA3-75Q cells have lower tolerance to oxidative stress 

 Oxidative stress was tightly related to polyQ disorders. In our result, 

we found the SCA3-75Q cells showed lower viability under oxidative 

stress condition. This result is consistent with many neurodegeneration 

disease researches (Taylor et al., 2002; Bossy-Wetzel et al., 2004; Sayre 

et al., 2008). Several studies of SCA3 have reported that antioxidative 

enzyme was reduced in SCA3 cells and stress environment could cause 

AT3 to enter cell nuclear (Yu et al., 2009; Reina et al., 2010). Mutant htt 

containing expanded polyQ track induced higher oxidative stress included 
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DNA damage, abnormal mitochondria morphology and mitochondria 

membrane potential (Perez-Severiano et al., 2002; Giuliano et al., 2003; 

Firdaus et al., 2006; Puranam et al., 2006). HD cells with expanded 

polyQ tract under oxidative stress drug H2O2 treatment underwent cell 

death, aggregation formation and mitochondria fragmentation earlier 

(Goswami et al., 2006b; Wang et al., 2009). The similar results were also 

observed in SCA1, SCA2, SBMA and DRPLA studies (Cowan et al., 

2003; Giuliano et al., 2003; Kim et al., 2003; Miyata et al., 2008). TBH 

and H2O2 treatment in our SCA3 cell model could accelerate the disease 

progress in order to provide as a quick platform for drug screen. 

 

Proteasome inhibitor cause viability loss and UPS dysfunction in 

SCA3 75Q cells 

 PolyQ aggregation was highly related to UPS dysfunction (Bence et 

al., 2001). In SCA3 and HD models, proteasome were included in protein 

aggregation (Chai et al., 1999; Wyttenbach et al., 2000; Waelter et al., 

2001; Wang et al., 2007a). That polyQ caused protein aggregation could 

be due to UPS impairment. There are many researches indicated that 

proteasome inhibitor MG-132 or lactacystin applied on polyQ models 

would accelerate aggregation formation. In HD cell model, MG-132 

treatment would promote aggregation formation, and the effect of 

MG-132 was dose-dependent (van Tijn et al., 2007). Similar observations 

were also described for lactacystin treatment of polyQ models: lactacystin 

could promote AT3, HD and other polyQ expanded protein aggregated in 

the cell (Wyttenbach et al., 2000; Bence et al., 2001; Waelter et al., 2001). 
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Further supporting the correlation between UPS and polyQ caused 

protein aggregation, overexpression ubiquitin could reverse the protein 

aggregation in HD model (Wang et al., 2006). Our SCA3 inducible cell 

model is concurred with these finding. SCA3 75Q cells showed lower 

tolerance in MG-132 and lactacystin, the proteasome inhibitor and 

exhibited decreasing in cell survival, highly insoluble polyubiquitinated 

protein aggregation and AT3 aggregation at peri-nuclear. The effect of 

lactacystin was stronger than MG-132 for lactacystin is an irreversible 

proteasomal inhibitor. Our cell model displayed similar results which 

were seen in previous reports, so it could be a suitable model for studying 

the SCA3 pathogenesis and screening candidate therapeutic drugs for 

SCA3. 

 

Screening potential HDACi for SCA3 therapy using the inducible 

SCA3 cell model 

 We applied SAHA and 8 SAHA derived HDACi compounds on our 

inducible cell model to evaluate their potential in SCA3 therapy. We 

analyzed the effect of these HDACi on cell survival, the ability to 

suppress aggregation formation, neurite outgrowth promotion and 

downstream related pathways. Several HDACi compounds such as 

SAHA, TSA, NAM, sodium butyrate, phenyl butyrate, HDACi-4b were 

reported to have the potential in sustaining cell and animal life span of 

polyQ disease models in vitro and in vivo (Table 4). From the cell model 

screen, we also identified many candidate drugs, such as L-1027, L-BMX, 

0225, 0312, 0319, could elevated SCA3 cell viability. L-1027, L-BMX, 
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0225 and 0319 could specifically improve SCA3 75Q cell viability. These 

finding was consistent with previous study of HDACi compounds used in 

polyQ therapy. The HDAC enzyme inhibition activity of these HDACi 

was further identified. L-1027 was identified to be a HDAC8inhibitor, 

and L-BMX was identified to be HDAC3 and HDAC8 inhibitor. They 

both exhibited higher effect on inhibition of HDAC enzyme than TSA 

(Appendix Table 1). Most of HDACi were inhibitors of multiple HDAC 

inhibitors (Dokmanovic et al., 2007). For instance, SAHA was used to 

suppress class I and class II enzymes, include HDAC 1, 2, 3, 4, 5, 7, 8, 9 

(Dokmanovic et al., 2007). Application of SAHA in HD mice caused 

HDAC7 downregulation and showed neuroprotective effect; on the other 

hand, the protective effect was abolished when HDAC7 was specifically 

knock-down (Benn et al., 2009). It’s hard to define the correlation 

between HDAC enzyme and disease progression by use of multiple 

HDACi drug. Compared to SAHA, L-BMX and L-1027 are more specific 

HDAC3 and HDAC8 inhibitors, these HDACi might provide more clear 

relationship between HDAC3 and 8 and SCA3 pathogenesis. 

 

Both T-BMX and L-BMX could elevate SCA3 75Q cell neurite 

outgrowth 

 With our SCA3 cell model, we found that HDACi, T-BMX and 

L-BMX elevated 75Q cell neurite number and length. The finding is 

consistent with the following researches. HDACi could elevate neurite 

outgrowth through transcription regulation, for instance, TSA was 

reported to promote neurite outgrowth in rat neuron primary culture 
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through transcription regulation of prepronociceptin gene (Zaveri et al., 

2006). Prepronociceptin gene was tightly related to regulation of neurite 

outgrowth (Ring et al., 2006); TSA would promote the recruitment of 

cAMP at the promoter region of prepronociceptin and enhance its mRNA 

expression (Zaveri et al., 2006). In mouse cortical and cerebellum neuron 

primary culture, TSA also could promote neurite outgrowth by regulation 

of CBP/p300 and P-CAF (Gaub et al., 2010); valproic acid promoted 

ERK pathway activation and neurite outgrowth in primary neuron culture 

and promote neurogenesis in adult mouse hippocampus (Hao et al., 2004). 

The neurite outgrowth was inhibited if the activation of ERK pathway 

was blocked (Hao et al., 2004). In our study, we also observed that ERK 

pathway was activated after L-BMX treatment. Inhibition of P-GSK3β 

increased the expression level of P-ERK (Hao et al., 2004). We also 

observed the decrease of P- GSK3β in 75Q cell after L-BMX treatment. 

The induction of neurite outgrowth by NGF in PC12 was disrupted by 

expanded mutant htt (Song et al., 2002). A similar research also indicated 

that sodium butyrate could also promote neurite outgrowth in PC12 

through enhancing the NGF effect (Suzuki-Mizushima et al., 2002). In 

our cell model, we found the elevation of the neurite outgrowth after 

HDACi treatment only in 75Q- but not in 27Q- or vector-bearing cells. 

The possible reason might be that the NGF pathway has already applied 

good protection for V and 27Q cells, the protective effect of L-BMX was 

not strong enough to be observed in these cells . Also, AT3 has been 

reported to be involved in stabilization of cytoskeleton.The organization 

of cytoskeleton was disordered in AT3 knock down cells (Rodrigues et al., 
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2010). In our SCA3 cell, we also found abnormal cell morphology by 

using F-actin staining analysis. The HDACi treatment could rescue the 

abnormal phenotype in our 75Q cells.  

 

Both T-BMX and L-BMX could reduce AT3 aggregation in 75Q cells 

 Our result shows that L-BMX treatment could decrease polyQ 

protein aggregation. We also found autophagosome formation might be 

elevated by L-BMX through upregulation of autophagosome marker, LC3 

II. Autophagy-lysosomal degradation pathway plays essential role in 

protein degradation. The mutant htt protein aggregation and cellular 

toxicity were raised if autophagy pathway was blocked in HD cell model 

(Qin et al., 2003). It was also suggested autophagy is a major degradation 

pathway of polyQ expansion htt (Ravikumar et al., 2002; Heng et al., 

2010). In a recent study, autophagy was suggested to be a self-protected 

effect toward htt toxicity and used to clean the aggregation protein 

(Martinez-Vicente et al., 2010). The therapeutic effect in polyQ mediated 

protein aggregation model was raised throughinducing or enhancing 

autophagy pathway (Qin et al., 2003). Treatment with mTOR inhibitor, 

such as rapamycin and CCI-779, could activate autophagy pathway to 

clear polyQ mediated protein aggregation (Ravikumar et al., 2004; Sarkar 

et al., 2008; Menzies et al., 2010). Beside mTOR inhibitor, lithium could 

also induce autophagy pathway, but the molecular mechanism was 

mTOR-independent and through inhibition of IP3 and P-GSK3β (Sarkar et 

al., 2005; Sarkar et al., 2008). The structure of L-BMX contained lithium 

and it could also decrease P-GSK3β and raised the expression level of 
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LC3 II. We therefore suggest that the possible mechanism of L-BMX in 

the clearance of protein aggregation is through induction of autophagy in 

our SCA3 cell model. 

 

Several neuroprotective pathways might be activated by L-BMX 

treatment. 

 Several HDACi such as TSA, valproic acid, and sodium butyrate, 

were reported to reduce cellular oxidative stress and elevate cell viability 

in oxidative environment by transcription regulation mechanism (Ryu et 

al., 2003; Huuskonen et al., 2004; Kanai et al., 2004; Peng et al., 2005; 

Chen et al., 2007; Langley et al., 2008). Our finding is consistent to these 

studies, L-BMX treatment could promote 75Q cell viability, elevate 

antioxidant enzyme, MnSOD and rescue abnormal mitochondria 

morphology in oxidative environment. Overexpression of MnSOD could 

decrease oxidative stress and improve protein aggregation in AD mouse 

model (Dumont et al., 2009). The elevation of MnSOD in 75Q cell might 

increase the cellular antioxidative activity so that 75Q cells exhibit higher 

cell viability at oxidative stress condition after L-BMX treatment. We 

found L-BMX could also rescue the downregulation of Hsp27 in 75Q 

cells. Hsp27 was reduced in SCA3 and SCA7 cells and patients (Wen et 

al., 2003; Tsai et al., 2005). Hsp27 played a very important role in neuron 

protection and prevention of oxidative stress mediate apoptosis (Gorman 

et al., 2005; Stetler et al., 2008; Friedman et al., 2009). In HD, Hsp27 

decreased oxidative stress produced by mutant htt and promote HD cell 

survival (Wyttenbach et al., 2002). The similar result was also observed 
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in our study; L-BMX could retrieve Hsp27 expression and promote cell 

survival under an oxidative stress environment.  

Moreover, we found L-BMX treatment decreased the expression 

levels of cellular stress markers, P-JNK and P-p38 accompanied the 

activation of cell survival pathway, ERK pathway. Mutant htt and ataxin1 

would elevate P-JNK and P-p38 expression level and disrupt ERK 

pathway and lead to cell death in both in vitro and in vivo model (Apostol 

et al., 2006; Varma et al., 2007; Roze et al., 2008; Tsirigotis et al., 2008). 

Activation of ERK pathway protected cell from htt toxicity-caused cell 

death (Apostol et al., 2006; Varma et al., 2007).   

 Furthermore, we discovered that L-BMX rescued the downregulation 

of NF-κB in 75Q cells. The downregulation of NF-κB was also identified 

in HD and SCA7 (Goswami et al., 2006a; Wang et al., 2007b; Reijonen et 

al., 2010). NF-κB was reported as a crucial factor involved in cerebellar 

granule neuron survival (Koulich et al., 2001). The reduction of NF-κB 

activation would lead to elevation of oxidative stress and granule neuron 

apoptosis (Piccioli et al., 2001). Our findings are similar to these studies, 

L-BMX could rescue NF-κB activation in 75Q cells and provide higher 

ability to resist oxidative stress.  

 Studieshave indicated that HDACi treatment could activate several 

neuroprotected pathway (Saha and Pahan, 2006). In our study, we showed 

that L-BMX pretreatment could improve SCA3 cell viability against TBH 

challenge. The neuroprotective effect of L-BMX might through the 

activation of several neuroprotected pathways and could last for at least 

three days. 



46 
 

 In conclusion, L-BMX treatment in our SCA3 cells could elevate cell 

viability and neurite outgrowth, reduce protein aggregation, activate 

several neuroprotected pathways and promote the acetylation of H2A. We 

suggest that L-BMX could be a potential drug for SCA3 therapy.  
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Appendix Table 1.HDAC targets of the HDACi used in this study.  

HDAC    L-BMX L-1027  Trichostatin A1 

HDAC-1  HILLSLOPE    -0.96  

 IC50 (M)    3.37E-09  

HDAC-2  HILLSLOPE    -0.85  

 IC50 (M)    7.14E-09  

HDAC-3  HILLSLOPE  -0.88   -0.93  

 IC50 (M)  2.73E-05   5.55E-09  

HDAC-4  HILLSLOPE    -0.30  

 IC50 (M)    9.51E-08  

HDAC-5  HILLSLOPE    -0.88  

 IC50 (M)    6.99E-09  

HDAC-6  HILLSLOPE    -1.22  

 IC50 (M)    9.96E-10  

HDAC-7  HILLSLOPE    -0.65  

 IC50 (M)    2.46E-08  

HDAC-8  HILLSLOPE  -1.09  -1.20  -1.01  

 IC50 (M)  8.31E-07  1.60E-06  1.31E-07  

HDAC-9  HILLSLOPE    -0.88  

 IC50 (M)    1.39E-08  

HDAC-10  HILLSLOPE    -0.88  

 IC50 (M)    1.14E-08  

HDAC-11  HILLSLOPE    -0.96  

  IC50 (M)      6.15E-09  

 
1
Trichostatin A was used as a pan-HDACi positive control.  
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Table 1. Primer list in this study 

 

 

 

 

 

 

 

 

 

 

 

 

Primer name sequence Tm Product size 

(bp) 

SCA3 c69 F’ 5’-GGATCCCCACCATGGATGA

CAGTGTTTTTTCTC-3’ 

 

 

 

 

65℃ 

856 0(27Q) 

1000 (75Q) 

SCA3 c219 F’ 5’-GGATCCCCACCATGTTAGA

AGCAAATATGCTC-3’ 

4270 (27Q) 

5710 (75Q) 

SCA3 c257 F’ 5’-GGATCCCCACCATGCAAGG

TAGTTCCAGAAACATATC-3’ 

2920 (27Q) 

4300 (75Q) 

SCA3 R’ 5’- TCTAGACCTAGATCACT 

CCAAGTGCTCCTG-3’ 

 

SCA3 

Repeat F’ 

5’-CCAGAAACATATCTCAAGA

TATG-3’ 

55℃ 2520 (27Q) 

3960 (75Q) 
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Table 2. Antibody list in this study 

Protein Manufacturer Titer Source MW (kDa) 

Ataxin-3 Chemicon 1:2000 mouse 43/48/60 

β-actin Millipore 1:2000 mouse 43 

AKT Epitomics 1:1000 rabbit 60 

P-AKT 

(Ser473) 
Epitomics 1:1000 rabbit 60 

GSK3β 

 
Santa Cruz Biotechnology 1:1000 goat 47 

P-GSK-3β 

(Ser9) 
Santa Cruz Biotechnology 1:1000 rabbit 47 

ERK1/2 Cell signaling 1:1000 rabbit 42/44 

P-ERK1/2 
(Thr202/204) 

Cell signaling 1:2000 rabbit 42/44 

P-MEK1/2 
(Ser217/221) 

Cell signaling 1:1000 rabbit 45 

P-c-RAF 
(Ser338) 

Cell signaling 1:1000 rabbit 74 

P-90RSK 

(Ser380) 
Cell signaling 1:1000 rabbit 90 

Hsp27 Santa Cruz Biotechnology 1:1000 mouse 27 

Hsp70 Cell signaling 1:1000 rabbit 70 

AcH4/H4 Cell signaling 1:2000 rabbit 11 
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Protein Manufacturer Titer Source MW (kDa) 

AcH3/H3 Cell signaling 1:2000 rabbit 17 

AcH2A/H2

A 
Cell signaling 1:2000 rabbit 14 

AcH2B/H2B Cell signaling 1:2000 rabbit 14 

LC-3 MBL 1:1000 rabbit 16/18 

JNK Cell signaling 1:1000 rabbit 46/54 

P-JNK 
(Thr183/185) 

Cell signaling 1:1000 rabbit 46/54 

NFκB Millipore 1:2000 rabbit 65 

p38 Cell signaling 1:1000 rabbit 38 

P-p38 

(Thr180/182) 
Cell signaling 1:1000 rabbit 38 

MnSOD Upstate Biotechnologies 1:1000 rabbit 26 

Ubiquitin Santa Cruz Biotechnology 1:500 goat  
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Table 3.IC50 of SAHA and 8 novelHDACi compounds on SCA3 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IC50(μM) 



polyQ 

disease 
model HDACi 

molecular 

mechanism 
survival 

motor 

function 
aggregation weight 

effect on neuropathology  

or other 
reference 

HD Drosophila 

SAHA, 

Sodium 

butyrate 

Ac-H4 ↑ ↑  no effect  correct no. of ommatidia↑ 
(Steffan et 

al., 2001) 

HD R6/2 SAHA 
Ac-H4 

Ac-H2B 

↑ 

↑ 
↑ ↑ no effect ↑  

(Hockly et 

al., 2003) 

HD R6/2 
Sodium 

butyrate 

Ac-H3 

Ac-H4 

HAT: Sp1 

Ac-Striatal 

tissue  

mRNA 

↑ 

↑ 

↑ 

 

↑ 

↑ 

↑ ↑ no effect ↑ striatal neuron area↑ 
(Ferrante et 

al., 2003) 

HD 

N171-82Q 

transgene 

mouse 

Phenylbu-ty

rate 

Caspase 3 

Caspase 9 

UPS protein 

Glutathione- 

S-transferase 

Ac-H3  

Ac-H4 

Ac-Striatal 

tissue  

↓ 

↓ 

↑ 

 

↑ 

↑ 

↑ 

 

↑ 

↑    

size of neostriatum↑ 

neuron atrophy   ↓ 

 

(Gardian et 

al., 2005) 

HD 

HEK293, 

COS7, 

Hdh 109Q 

mouse  

SAHA, TSA 

BDNF 

Ac-tubulin 

Ac-H3 

HDAC6 

↑ 

↑ 

↑ 

↑ 

    

mortor complex protein ↑ 

BNDF transport  ↑ 

Improve Microtubule 

dynamics 

 

(Dompierre 

et al., 2007) 

 

Table 4. HDACi therapy in polyQ disease 



polyQ 

disease 
model HDACi 

molecular 

mechanism 
 survival 

motor 

function 
aggregation weight 

effect on neuropathology  

or other 
reference 

HD 

R6/2, 

STHdh cell, 

ST14a cell 

Phenylbuty-

rate, 

sodium 

butyrate 

mRNA  

Ac-H3 

↑ 

↑ 
    

Rescue transcription 

dysfunction in HD 

(Sadri-Vakili 

et al., 2007) 

 

HD 

R6/2, 

HD-yeast 

103Q 

SAHA, 

sodium 

butyrate 

3-HK 

 
↓     

protect neuron after LPS 

challenge 

rescue abnormal increase of 

3-HK in HD 

(Giorgini et 

al., 2008) 

HD R6/2 HDACi-4b 
Ac-H3 

mRNA 

↑ 

↑ 
 ↑ No effect ↑ 

Striatum volume ↑ 

Reverse mRNA abnormalities 

Clasping ↓ 

(Thomas et 

al., 2008) 

HD Drosophila 

Inhibition 

of HDAC: 

Sir2 and 

Rpd3 

HDACi drug: 

NAM, 

niacin 

Sir2  

Rpd3 

↓ 

↓ 
↑    

correct no. of ommatidia↑ 

eclosion ↑ 

(Pallos et 

al., 2008) 

HD 

c-elegant, 

Htt571-72 

mouse, 

COS7 

TSA+NAM 

Ac-Htt 

CBP 

P300 

Caspase3/7 

LC-3 

↑ 

↑ 

↑ 

↓ 

↑ 

  ↓  

no neurodegeneration 

clearance mutant Htt 

active autophagy pathway 

(Jeong et 

al., 2009) 

HD 
YAC128 

STHdh Q111 

TSA, 

sodium 

butyrate 

Ac-H3 

NMDAR 

↑ 

↑ 
    

rescue early neuron 

dysfunction 

Ca2+ homeostasis 

(Oliveira et 

al., 2006) 



 

polyQ 

disease 
model HDACi 

molecular 

mechanism 
 survival 

motor 

function 
aggregation weight 

effect on neuropathology  

or other 
reference 

HD c-elegant 

Knock 

down 

HDAC3 

      degeneration ↓ 
(Bates et al., 

2006) 

HD R6/2 

SAHA, 

knock 

down 

HDAC7 

HDAC7 ↓     Knock down HDAC7: no effect 
(Benn et al., 

2009) 

HD R6/1 NAM 
PGC-1α 

BNDF 

↑ 

↑ 
 ↑ no effect ↑  

(Hathorn et 

al., 2011) 

SCA3 
SCA3-Q79 

mouse 

Sodium 

butyrate 

Ac-H3 

Ac-H4 

Hsp family 

neuroprotect

ed mRNA 

↑ 

↑ 

↑ 

↑ 

 

↑ ↑  ↑ 
abnormalities of neurite 

morphology ↓ 

(Chou et al., 

2011) 

SBMA 

AR-Q79 

mouse, 

MN-1  

TSA, SAHA, 

sodium 

butyrate 

Ac-H3 

CBP 

↑ 

↑ 
↑    

Overexpression CBP as the 

same result which was seen in 

HDACi drug treatment 

(McCampbe

ll et al., 

2001) 

SBMA 
AR-Q97 

mouse 

sodium 

butyrate 
Ac-H3 ↑ ↑ ↑ no effect ↑ muscle fiber diameter↑ 

(Minamiya

ma et al., 

2004) 

DRPLA   Ac-H3 ↑ ↑ ↑    
(Ying et al., 

2006) 
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Table 5. The neuroprotective pathways examined after L-BMX treatment in 

the SCA3 cell model.  

 

 

—, expression 

level was retained after 

L-BMX treatment;↑, expression level was upregulated after L-BMX 

treatment;↓, expression level was downregulated after L-BMX treatment.  
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Appendix figure 1. Schematic diagram of AT3 protein structure 

There are three domains in AT3 protein. Blue, the Josephin 

domain.Yellow, the poly-ubiquitin domain.Brown, the UIM motif.Pink, 

the CAG coding region. (modified form Berke et al., 2005)  
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Appendix figure 2. Complete Control Inducible Mammalian 

Expression System
®
 overview 

A. The corepressor bound to VgEcR so that gene of interest in pEGSH 

vector construct couldn’t be transcribed in the absence of ponA.  

B. Gene of interest in pEGSH could be turned on in the presence of ponA. 

The corepressor was released from VgEcR, and the coactivator would 

bind to VgEcRto active the gene expression. 
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Appendix figure 3. Maps of the pERV3 vector and pEGSH vector  

(A) The pERV3 vector includes VgEcR and RXR domains which could 

form heterodimer and control the downstream gene expression in pEGSH 

construct by the presence or absence of ponA. The neomycin antibiotic 

site could supply G418 resistant selection. (B) The pEGSH vector 

contains a ponA-inducible expression cassette and MCS for interest gene 

insertion. It has two antibiotics site for selection and flag as an epitope. 
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Figure 1. The experimental timeline used for potential therapeutic 

drug screening. 

We first seeded SCA3 cells in 6-cm dishes or 12-well plates. 24 hr later, 

NGF was added to the medium for cell differentiation. After 48 hr, ponA 

and TBH were added for AT3 protein induction and creating an oxidative 

stress environment. The drugs to be screened were applied to the stressed 

cells 24 hr later. Cells were then analyzed after treated drugs for 48 hr. 
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Figure 2.Maintaining of SCA3 cell lines. 

(A)  Genotyping of SCA3 cell lines. Fragments of transfected human    

SCA3 cDNA in cell lines were amplified by PCR. Products with 27Q and 

75Q cDNA are 252 bp and 396 bp (arrow head), respectively.  

－, negative control; V, pEGSH vector. 

(B) Analysis of the AT3 proteins in the SCA3 cell lines by western blot. 

We used Ataxin-3 antibody to detect the AT3 expression in the SCA3 

cells after ponA induction. 27Q and 75Q AT3 proteins detected are 48 KD 

and 60 KD respectively. There was no leaky in our 27Q and 75Q cell 

models. β-actin was used as an internal control. V, vector only-bearing 

cells. *, rat endogenous AT3. 
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Figure 3. SCA3 75Q cells showed lass tolerance to oxidative 

environment 

SCA3 cells were treated with TBH or H2O2 and analyzed by MTT and 

LDH assay. (A) MTT assay of the viability of SCA3 cells after exposed 

to different concentrations of TBH. 75Q cells showed decreased cell 

viability related to TBH concentration. (B) LDH assay of the death of 

SCA3cells after exposed to 40 μM of TBH. SCA3 75Q cells released 

higher LDH than 27Q and vector cells. (C) MTT assay of SCA3 cell 

survival after H2O2 treatment. SCA3 75Q cells showed significant 

reduction in their cell viability after H2O2 treatment. Statistic analysis was 

performed by one way ANOVA and compared to 0 μM data. *, p < 0.05; 

**, p < 0.001; ***, p < 0.0001. (post hoc: Scheffe) 
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Figure 4. SCA3 75Q cells show less tolerance to proteasomal stress. 

(A) MTT assay of the viability of SCA3 cells after treatment with 

different concentrations of MG-132 for 24 hr. SCA3 cells showed dose 

dependent decrement in cell viability after MG-132 treatment. SCA3 75Q 

cells showed significantly lower cell survival rate than 27Q and vector. (B) 

MTT assay of the cell survival rate of SCA3 cells after Lactacystin 

treatment for 24 hr. Statistical analysis was performed by one way 

ANOVA and compared to 0 μM data. **, p < 0.001; ***, p < 0.0001. 

(post hoc: Scheffe) 
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Figure 5. 75Q cells are more polyubiquitinated after MG-132 

treatment. 

(A) Analysis of protein polyubiquitination of SCA3 27Q cell after 

MG-132 treatment. (B) Analysis of protein polyubiquitination of SCA3 

75Q cell after exposed to MG-132 for 24 hr. Arrows represent for 

polyubiquitination protein. Cells with 75Q showed MG-132 

dose-dependent polyubiquitination after treatment. β-actin was used as 

internal control. S, proteins in supernatant fraction; P, proteins in pellet 

fraction. 
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Figure 6. SCA3 75Q cells showed highly ubiquitinated aggregation 

after lactacystin treatment. 

(A) A representative western blot of cell lysate after treated with 

lactacystin for 8 hr. The SDS insoluble aggregation is obviously at the 

stacking gel and highly polyubiquitinated (*), while the soluble 

ubiquitinated proteins were decreased at running gel (arrow). The SCA3 

75Q cells were more sensitive than 27Q and vector cells in proteasomal 

stress environment. (B) Immunofluoresence staining of SCA3 cells after 

treated with lactacystin for 24 hr. 75Q cell showed perinuclear AT3 

aggregation after exposed to lactacystin. Scale bar, 20 μM. 
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Figure 7.Identification of potential HDACi for SCA3 cells. 

SCA3 cells were treated with different HDACi after cells stressed by 

TBH for 48 hr. The results shown were cell viability determined by MTT 

assay. (A) SAHA was planned to be used as positive control, but showed 

limited effect to SCA3. (B-E) L-1027, L-BMX, 0225 and 0319 was 

specifically effective to 75Q cells. (F) 0312 generally improved all the 

three SCA3 cell viability. (G-I) 0311, 1209, and TP had limited effect to 

SCA3 cells. Statistical analysis was performed by one way ANOVA and 

compared to 0 μM data.* < 0.05; **, p < 0.001; ***, p < 0.0001. (post 

hoc: Scheffe) 
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Figure 8. T-BMX and L-BMX could promote 75Q neurite outgrowth. 

(A) A representative image of Rhodamine-Phalloidin staining of SCA3 

cells to observe the neurite growth after T-BMX treatment. (B) 

Quantification of the cell ratio with neurite extension. 75Q cells showed 

elevated cell numbers with neurites after T-BMX treatment. (C) 

Quantification of SCA3 cells neurite length after T-BMX treatment.75Q 

cells showed significant longer neurite length than 27Q cells (D) Several 

75Q cells showed distinguished neurite outgrowth after T-BMX 

treatment.(E)Image of Rhodamine-Phalloidin staining of SCA3 cells after 

L-BMX treatment. (F) Quantification of SCA3 cells neurite length after 

L-BMX treatment. L-BMX could increase 75Q neurite length.(G) 

Quantification of the neurite extension. L-BMX could significantly 

promote number of SCA3 75Q cells with neurite extension. Scale bar, 40 

μm. Statistic analysis was performed by one way ANOVA and compared 

to DMSO data.* < 0.05; **, p < 0.001; ***, p < 0.0001. (post hoc: 

Scheffe) 
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Figure 9. T-BMX and L-BMX could decrease SCA3 75Q AT3 

aggregation. 

(A) A representative image of immunocytochemistry staining of SCA3 in 

27Q cells. AT3 expression was evenly distributed in whole cells and rare 

aggregation found in the control and drug treatment cells. (B) Image of 

immunocytochemistry staining of SCA3 75Q cells. AT3 aggregated in 

peri-nuclear region in DMSO group. In L-BMX and T-BMX treatment 

cells, the number of AT3 aggregates (arrows) was reduced. Scale bar, 40 

μm(C) Quantification of AT3 aggregation after T-BMX or L-BMX 

treatment. Both T-BMX and L-BMX could reduce AT3 aggregation. 

Statistic analysis was performed by one way ANOVA and compared to 

DMSO data.* < 0.05. (post hoc: Scheffe.) 
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Figure 10. L-BMX could reduce 1C2 positive aggregation in SCA3 

cells. 

(A-B) Representative images of 1C2 immunocytochemistry staining in 

SCA3 27Q cells after DMSO (A) and L-BMX (B) treatment. 1C2 

staining distributed uniformly in whole cell after DMSO and L-BMX 

treatment. There is hardly aggregation found in SCA3 27Q cells. Scale 

bar in upper panel: 20 μm; in lower panel: 5 μm. (C-D) Representative 

images of 1C2 immunocytochemistry staining in SCA3 75Q cells after 

DMSO (C) and L-BMX (D) treatment.75Q cells showed both punctual 

and spherical 1C2 positive inclusion (arrows). Scale bar in upper panel: 

20 μm; in lower panel: 5 μm. (E) Quantification of 1C2 positive signal 

aggregates in SCA3 cells. L-BMX could reduce aggregates in SCA3 75Q 

cells. (F) Filter trap assay of SCA3 cells, L-BMX diminished aggregation 

formation in 75Q cells.  
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Figure 11. L-BMX could upregulate neuroprotective protein, 

antioxidative enzyme and rescue NF-κB downregulation.  

(A) Western blot analysis of the Hsp27, Hsp70, MnSOD and NF-κBin the 

SCA3 cell lines after L-BMX treatment. (B-D) Quantification of Hsp27, 

Hsp70, MnSOD and NF-κB expression levels, SCA3 75Q cells could 

elevate Hsp27, MnSOD and NF-κB after L-BMX treatment. SCA3 27Q 

cells also displayed higher MnSOD and NF-κB levels after L-BMX 

treatment. Statistic analysis was performed by one way ANOVA and 

compared to DMSO data.* < 0.05; **, p < 0.001. (post hoc: Scheffe) 
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Figure 12. The expression level of P-GSK3β was reduced but P-AKT 

was not effected after L-BMX treatment.  

(A)Western blot analysis of levels of P-GSK3β and P-AKT in SCA3 cells 

after L-BMX treatment. (B) Quantification level of P-GSK3β and P-AKT 

in SCA3 cells. L-BMX treatment decreased level of P-GSK3β but 

without effecting P-AKT level in 75Q cells. Statistic analysis was 

performed by one way ANOVA and compared to DMSO data. 

* < 0.05. (post hoc: Scheffe) 
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Figure 13. L-BMX could activate ERK pathway in SCA3 75Q cells. 

(A) Analysis of P-MEK and P-ERK in SCA3 cells by Western blot.(B-C) 

Quantification of P-MEK and P-ERK expression levels, SCA3 75Q cell 

showed lower P-MEK and P-ERK levels. L-BMX could activate P-MEK 

and P-ERK in SCA3 75Q cells. (D) Analysis of P-c-RAF and P90RSK in 

SCA3 cells by Western blot. (E-F) Quantification of P-c-RAF and 

P90RSK expression levels, L-BMX could elavate P-c-RAF and P90RSK 

in SCA3 75Q cells. Statistic analysis was performed by one way ANOVA 

and compared to DMSO data. **, p < 0.001; ***, p < 0.0001. (post hoc: 

Scheffe). 
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Figure 14. L-BMX treatment rescued activation of JNK signaling in 

SCA3 75Q cells. 

(A) Analysis of P-JNK (arrows) and P-p38 in SCA3 cells by western blot. 

(B) Quantification of P-JNK expression level. 75Q cells exhibited higher 

expression level of P-JNK than 27Q cells. L-BMX reduced the 

expression level of P-JNK in 75Q cells. (C) Quantification of P-p38 

expression levels. 75Q cells had higher level of P-p38 than 27Q cells. 

L-BMX could slightly decrease the P-p38 in 75Q cells. 
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Figure 15. L-BMX treatment upregulated the autophagy associated 

protein, LC3 II expression level in SCA3 cells. 

(A) Analysis of LC3 I and II expression levels (arrows) in SCA3 cells by 

Western blot.(B) Quantification of the ratio of LC3 I/LC3 II (autophagy 

induction) after L-BMX treatment in SCA3 cells. SCA3 75Q cell showed 

higher LC3 II level in L-BMX treatment group.  
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Figure 16. The acetylation of H2A was elevated after L-BMX 

treatment in SCA3 75Q cells. 

(A) Western blots identify the effects of L-BMX on histone acetylation in 

SCA3 cells. (B-E) Quantification of the level of acetylated histones after 

L-BMX treatment, 75Q cells showed significant increase of the 

acetylation level of H2A but not the other histones after the treatment.  
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Figure 17. The effect on mitochondria area and Mitotracker positive 

signal was improved after L-BMX treatment. 

(A) Representative life cell image of the Mitotracker staining in SCA3 

cells. The Mitotracker signal distribution in 27Q cell appeared around 

nuclear uniformly. The Mitotracker signals showed diffused and weaker 

intensity in 75Q cells. Scale: 25 μm. (B-D) Quantification of Mitotracker 

fluorescence intensity and distribution area in SCA3 cells. In 27Q cell, 

the Mitotracker intensity was reduced after L-BMX treatment, but the 

distribution area was not affected. The distribution and intensity were 

improved in 75Q cell after L-BMX treatment. Statistic analysis was 

performed by one way ANOVA and compared to DMSO data. ***, p < 

0.0001. (post hoc: Scheffe) 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

 

 

V 27Q 75Q

O
D

5
7
0

 r
a

ti
o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

TBH 0 M

TBH 40 

***
*** ***

V 27Q 75Q

O
D

5
7

0
 r

a
ti
o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

DMSO

L-BMX *

 

 

Figure 18. Prevention of TBH induced oxidative cell death by L-BMX 

pretreatment. 

(A) A sketch representing the experiment timeline. (B) MTT assay of the 

viability of SCA3 cells after exposed to 40 μM of TBH without L-BMX 

pretreatment. All SCA3 cells showed decreased cell viability significantly. 

(C) MTT assay of the cell viability of SCA3 cells after L-BMX 

pretreatment for 48 hr and challenged with 40 μM of TBH for 72 hr. All 

three SCA3 cell lines were rescued from TBH induced oxidative cell 

death by L-TMX, and especially significantly in 75Q cells. 
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Figure 19.Establishment of difference length AT-3 inducible 

expression in PC12. 

(A) Schematic representation of functional domains on full length and 

three truncated human AT3, which were subcloned into the pEGSH vector. 

Blue: the Josephin domain; yellow: the poly-ubiquitin binding domain; 

brown: the ubiquitin interactive motif (UIM); pink: the polyQ domain. 

Our constructs contain normal 27Q and mutant expansion 75Q for each 

length of AT3, respectively. (B) Digestion map of truncated AT3 

constructs.pEGSH plasmids containing difference length AT3 constructs 

were double-digested with BamHI and XbaI. (C) Analysis of the truncate 

AT3 protein expression in the SCA3 cell lines by western blot. We used 

Ataxin-3 antibody to detect the AT3 expression in the SCA3 cells after 

ponA induction. The truncate AT3 protein was expressed after ponA 

induction (arrow). 
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