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ABSTRACT 

Abstract o f thesis entitled: 

Investigation of the Roles o f Cul l in-RING Ubiquitin Ligases in Polyglutamine 

Diseases 

Submitted by WONG, Kam Yan 

for the degree of Doctor of Philosophy 

at The Chinese University o f Hong Kong in September 2010 

Polyglutamine (polyQ) diseases describe a group of late-onset progressive 

neurodegenerative disorders which are caused by the CAG triplet repeat expansion in 

the coding region o f disease genes. Such expansions result in expanded polyQ tracts 

in the disease proteins which confer neurotoxicity. To date, nine such diseases are 

reported including Huntington's disease and several types of spinocerebellar ataxias. 

Misfolding o f polyQ proteins and formation o f intracellular SDS-insoluble protein 

aggregates are closely associated with the toxicity of these diseases. In particular, 

impairment o f the ubiquitin-groteasome system (UPS) which is responsible for 

protein degradation has been observed in polyQ diseases. Recently, ubiquitin ligases, 

which govern substrate specificity of the UPS, have gained huge attention in polyQ 

disease pathogenesis studies. In humans, cull in (Cul) proteins, including Cu l l , 2, 3, 4 

& 5，are integral components of a group of ubiquitin ligases called cull in-RING 

ubiquitin ligases (CRLs). Each CRL displays distinct substrate specificity through 

specific substrate receptors. Cull in proteins are evolutionarily conserved and Cul 

orthologues are found in the Drosophila genome. In the present study, i t was found 



that individual Culs displayed distinct effects on polyQ pathogenesis in Drosophila 

polyQ models. Particularly, it was found that Cul l modulated polyQ-induced toxic 

phenotype. This modification was accompanied with an alteration in the 

ubiquitination level and SDS-solubility properties of expanded polyQ protein. 

Through genetic interaction studies and biochemical analyses, it is suggested that 

Cull-based CRL specifically targets SDS-insoluble species of expanded polyQ 

protein for ubiquitination via selective recognition by CG2010 substrate receptor. On 

the other hand, it was found that expanded polyQ protein induced accumulation of 

CRL substrates in cells. Current data support a hypothesis that polyQ protein would 

impair the ubiquitin ligase activity of CRLs upon expansion of the polyQ domain, 

through interfering with neddylation of cullin and other uncharacterized mechanisms. 

Taken together, the present study identifies Cul l -CRL as a novel E3 ligase that 

modifies polyQ toxicity through modulating ubiquitination o f expanded polyQ 

protein, and demonstrates a pathological mechanism by expanded polyQ protein 

through impairing CRL activity. These findings would lead to a better understanding 

of polyQ pathogenesis and give insights on developing treatments against polyQ 

diseases. 



ABSTRACT (CHINESE VERSION) 

多聚谷氨酰胺病描述一群於致病基因譯碼區內發生CAG三聯核酸重複序 

列擴增而引起的持發型、逐進神經退化性疾病。此序列擴增令致病蛋白帶有神 

經毒性。至今，已經有九種多聚谷氨酰胺病被發現，當中包括亨丁頓舞蹈症及 

個別類型的脊髓小腦共濟失調症。多聚谷氨酰胺延伸蛋白的錯誤摺疊及其於細 

胞內的聚集，與此病的毒性有密切的關係。特別是，負責蛋白質降解的泛蛋白 

—蛋白酶體系統，被發現在此病中出現障礙。最近，於泛蛋白—蛋白酶體系統 

(Ubiquitin Proteasome System)中負責操控受質選擇專一性的泛素黏合酶，在多 

聚谷氨酰胺病的病理機制研究中獲得重大的注目。人類Cullin (Oi l )蛋白（包 

括Cu l l、2、3、4及5 )是Cull in-RING泛素黏合酶(CRL)的主要組成部 

分。每一種CRL透過特異的受質受體去展示不同的受質選擇專一性。Cullin蛋 

白在進化過程中高度保守，在果蠅QDrosophila�的基因組內也有CM的同源 

基因。此硏究發現，個別的Oil蛋白對多聚谷氨酰胺病產生獨特的影響。尤其 

是，Cull蛋白調變多聚谷氨酰胺蛋白引發的病徵，而此修改與多聚谷氨酰胺延 

伸蛋白的泛素化程度的變動和其於十二烷基硫酸鈉(SodiumDodecyl Sulfate)的 

溶解度特性的變動’ 一同出現。透過基因的交互作用考察和生物化學的分析’ 

此研究掲示Cull-類CRL透過CG2010受質受體的選擇性識別，特異地泛素 

化多聚谷氨酰胺延伸蛋白的不溶解於十二烷基硫酸鈉的種類。另一方面’此硏 

究發現，多聚谷氨酰胺延伸蛋白引致CRL受質累積於細胞內。現有的數據暗 

示多聚谷氨酰胺延伸蛋白，會透過干擾Cullin蛋白的Nedd8類泛素分子轉譯 



後修飾及其他尙未被考究的機制，而妨害CRL的泛素黏合活動。總括而言 

此研究發現，Cull-類CRL是一種新的透過調變多聚谷氨酰胺延伸蛋白的泛素 

化而去修改多聚谷氨酰胺蛋白毒性的泛素黏合酶，以及演示了一種多聚谷氨酰 

胺延伸蛋白透過妨害CRL泛素黏合活動而致病的機制。這些發現會增加對多 

聚谷氨酰胺病的了解及幫助發展治療方法。 
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Chapter 1 Introduction 

1.1 Neurodegenerative diseases 

Neurodegenerative diseases are neurological diseases involving 

neurodegeneration [1, 2]. Common neurodegenerative diseases include Alzheimer's 

disease (AD) [3], Parkinson's disease (PD) [4]，amyotrophic lateral sclerosis (ALS) 

[5], prion disease [6] and several types of triplet repeat expansion diseases [7] 

including polyglutamine (polyQ) diseases. Neurodegenerative diseases are 

progressive in nature and strike most often after midlife [8]. In terms of diagnosis, 

despite of the distinctive pathological conditions in different neurodegenerative 

diseases, cognitive impairment and loss of mobility are two major symptoms in 

neurodegenerative diseases patients [1]. In terms of neuropathology, 

neurodegenerative diseases are highly associated with deposition of proteinaceous 

aggregates in neurons and neuronal deterioration in selective areas of the brain [9, 

10]. Mechanisms of neuronal deterioration include impairment of the protein 

degradation system [11], mitochondrial dysfunction [12] and dysregulation of axonal 

transport [13]. 

1.2 Polyglutamine diseases 

Polyglutamine diseases describe a group of neurodegenerative diseases caused 
by expansion of CAG triplet repeats beyond a certain threshold in the coding region 

1 



of the disease genes [14]. Such expansions result in expanded polyQ tracts in the 

disease proteins [14]. Expanded polyQ proteins are misfolded and prone to aggregate 

[14]. To-date, nine neurodegenerative diseases are known to be caused by such 

expansions, namely Huntington's disease (HD), dentatorubral pallidoluysian atrophy 

(DRPLA), spinal and bulbar muscular atrophy (SBMA), and spinocerebellar ataxia 

(SCA) types 1，2，3，6, 7 and 17 (Table 1) [14-16]. SCA3 is also named as 

Machado-Joseph Disease (MJD). 
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Similar to other neurodegenerative diseases, polyQ diseases are adult-onset and 

progressive in nature [14, 15]. There are accumulation of disease protein aggregates 

and neuronal dysfunction [14, 15]. A l l polyQ diseases, except for SBMA, are 

autosomal dominantly inherited [14，15]. It is interesting to note that the number o f 

CAG repeat, once beyond the threshold, is proportional to the severity of the disease 

and inversely proportional to the age-of-onset [15]. For the majority of polyQ 

diseases, the threshold o f CAG repeat for disease development is around 40 (Table 1) 

[15]. 

The molecular pathogenesis o f polyQ diseases can be illustrated by both the 

loss-of-function and the gain-of-fimction mechanisms [18]. Regarding the 

loss-of-function mechanism, polyQ proteins have intrinsic function in cells [19]. It is 

hypothesized that expansion of the polyQ domains would abolish the normal 

functions of polyQ proteins [19] . In particular, it was found that the function of 

huntingtin, the disease protein of HD, is related to neuronal survival and brain 

development [20]. Upon expansion o f the polyQ domain, the activity o f huntingtin 

was reduced to 50% [21, 22]. 

Remarkably though, merely loss-of-function cannot explain the common 

cellular pathologies, such as protein aggregation and neuronal dysfunction, observed 

among different polyQ diseases. Indeed, by comparative studies between various 

polyQ diseases [15], by removing the non-polyQ region of the polyQ proteins [23, 24] 
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and the use of irrelevant proteins fused to polyQ domains [25-27], it was 

demonstrated that expansion of polyQ domain confers polyQ proteins a 

gain-of-fimction toxicity [28]. The pathological mechanisms involve polyQ protein 

conformational change and aggregation [29, 30], aberrant interactions with and 

recruitment o f important cellular proteins to aggregates [31, 32], interference with 

transcription [33, 34]，mitochondrial dysfunction [35], impairment of protein 

degradation machineries [11], intervention with axonal transport [36], activation of 

• . 2+ • • caspases, disturbance of intracellular Ca homeostasis [37] and genotoxic stress [28， 

38,39]. 

Not until recently, it is suggested the CAG repeats in the non-coding region of 

RNA of the disease genes also contributes to toxicity in polyQ diseases [40-42]. 

Investigations on the pathological mechanisms of this RNA toxicity are under intense 

investigations. 

1.3 Protein quality control in polyglutamine diseases 

The presence of intraneuronal inclusion bodies is a major hallmark of polyQ 

diseases, and they are mainly composed of the corresponding disease proteins [15, 

43]. Expanded polyQ proteins have been demonstrated to undergo intracellular 

aggregation in transfected cells, transgenic animal models and polyQ diseases 

patients' neuronal tissues [10]. It is suggested that expansion of the polyQ domain 

triggers a conformational transition in the polyQ proteins and results in a P-sheet-rich 
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structure [44]. Expanded polyQ proteins with this misfolded conformation are prone 

to aggregate into amyloid-like fibrils and thus accumulate as microscopic-visible 

inclusion bodies in neurons [45]. These inclusion bodies are heterogeneous and 

dynamic in the sense that the composing expanded polyQ proteins are undergoing 

conformational transition from monomers, oligomers, fibrils to aggregates along 

disease development [46, 47] (Figure 1.1). It is generally believed that certain 

expanded polyQ protein species are toxic [48-51] (Figure 1.1). Previously, our 

laboratory identified a toxic role of SDS-insoluble expanded polyQ protein 

oligomers in polyQ pathogenesis [52]. No matter what the true toxic species are, 

preventing misfolding of expanded polyQ proteins and eliminating misfolded 

expanded polyQ proteins have been general accepted to help reduce polyQ toxicity 

[53]. 

In response to misfolded proteins, the neuron has two protein quality control 

systems (Figure 1.2). First, the cell attempts to refold misfolded proteins by 

molecular chaperones [54, 55]. Heat shock protein (Hsp) 70 is a well-known 

example o f molecular chaperones. Besides assisting folding of newly synthesized 

unfolded polypeptides, Hsp70 also binds to misfolded proteins and keeps them in 

soluble conformation. Its protein folding activity is further enhanced by 

co-chaperone Hsp40. Both chaperones and co-chaperones including the 

Hsp70/Hsp40 pairs were found in polyQ protein aggregates reflecting their efforts in 

counteracting polyQ protein aggregation [56-58], Besides, overexpression of Hsp70 

was reported to enhance polyQ protein solubility, reduce aggregation and suppress 
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Figure 1.1 

PolyQ protein 

Monomer(misfolded) 

Oligomers 
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Toxic effects: 
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‘Metabolic dysfunction 
_ Protessome impairment 

Figure 1.1. The conformational transition of expanded polyQ proteins. 

Expanded polyQ proteins undergo conformational transition from monomers, 

oligomers to aggregates. Some of these species are suggested to cause cytotoxicity. 

Yellow box: the expanded polyQ domain; red object: the expanded polyQ protein 

(adapted from [28]). 



Figure 1.5 
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Figure 1.2. Refolding and proteasomal degradation of misfolded expanded 

proteins. 

Misfolded expanded polyQ proteins are either refolded by chaperones or degraded by 

the 26S proteasome. Failure of the above would lead to accumulation of aggregates 

as inclusion bodies in cells. Abbreviation: Ub: ubiquitin (adapted from [59]). 
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polyQ toxicity in mammalian cultured cells and various transgenic animal polyQ 

models [23, 60，61]. 

Failure of refolding misfolded proteins would trigger the second control system 

or the protein degradation pathways. The ubiquitin proteasome system (UPS) is the 

major protein destruction machinery in most cells including neurons [59, 62]. The 

UPS helps in maintaining cellular homeostasis by selective degradation of targeted 

misfolded proteins in both cytoplasm and nucleus [63]. It involves the covalent 

attachment o f ubiquitin, a small (76 amino acids in length) and highly conserved 

protein [64], to substrate proteins to act as a signal for targeted degradation (Figure 

1.3). Initially, an E l ubiquitin-activating enzyme activates the C-terminal carboxyl 

group o f ubiquitin. Next, E2 ubiquitin-conjugating enzyme transfers the activated 

ubiquitin to the substrate protein. This substrate protein is previously bound 

specifically by the E3 ubiquitin ligase which controls substrate specificity in the UPS. 

Then E3 ubiquitin ligase catalyzes the final covalent attachment o f the ubiquitin to 

the lysine residue of the substrate protein. These steps repeat until a polyubiquitin 

chain is formed on the substrate protein, which is then recognized and finally 

degraded by the proteasome [65, 66]. In various polyQ diseases studies, the presence 

of UPS components in polyQ protein aggregates suggests that the UPS has attempted 

to degrade misfolded polyQ proteins. However, the degradation of misfolded polyQ 

proteins is inefficient for some reasons and so UPS components themselves also 

accumulate in the aggregates [67]. 
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Figure 1.5 

Figure 1.3. Atyp ica l UPS pathway. 

In UPS, ubiquitin (in yellow) is first activated by E l activation enzyme (in blue). 

Activated ubiquitin is then transferred to the E2 conjugation enzyme (in orange). E3 

ubiquitin ligase (in green) recruits the specific substrate protein (in dark brown) to 

the ubiquitin-loaded E2 and facilitates the conjugation of ubiquitin to a lysine residue 

on the substrate protein. This process repeats resulting in a polyubiquitin chain 

attached to the substrate protein. The ubiquitinated substrate protein is then 

recognized and degraded by the 26S proteasome. Abbreviations: ATP: adenosine 

triphosphate; AMP: adenosine monophosphate; PP: inorganic phosphate; Ub: 

ubiquitin; Cys: cysteine; Lys: lysine (adapted from [68]). 
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1.4 Implication of E3 ubiquitin ligases on polyQ diseases 

It becomes crucial to figure out why polyQ proteins are not degraded efficiently. 

The most obvious clue lines in the substrate recognition machinery of UPS. Among 

all the UPS components, E3 ligases play key roles in conferring substrate specificity, 

as they bind the target proteins specifically and serve as recognition elements for the 

proteasome [65]. Recently, E3 ubiquitin ligases have gained huge implication in 

neurodegenerative diseases involving misfolded proteins including polyQ diseases 

[69]. 

Based on their protein-interacting domains, E3 ubiquitin ligases can be 

categorized into three groups, and they are the U-box E3s, homologous to E6-AP 

C-terminus(HECT)-domain E3s and the RING-flnger E3s [65]. Members of each 

group have been implicated in polyQ diseases. The C-terminus of Hsp70 interacting 

grotein (CHIP) is an example from the U-box E3s. It has dual functions as both a 

co-chaperone with the N-terminal Hsp70/Hsp90 interacting domain and an E3 ligase 

with the C-terminal U-box domain [70-73]. It was found that, in transfected cells and 

a fly model of SCA1, overexpression of CHIP promoted ubiquitination and 

degradation o f polyQ protein and suppressed toxicity [74]. HD transgenic mice that 

were deficient in CHIP displayed enhanced disease phenotype [75]. E6-AP is the 

founding member of HECT-domain E3 ubiquitin ligases [65, 76]. It has been 

demonstrated, in cultured cells and transgenic mice model, that E6-AP promoted 

degradation o f polyQ protein, and suppressed polyQ protein aggregation and 
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polyQ-induced cell death [77]. Parkin is categorized as a RING-flnger E3 ubiquitin 

ligase by the existence of two RING-finger motifs at its C-terminus [78, 79]. It was 

shown that Parkin induced ubiquitination and degradation of an expanded polyQ 

protein, reduced aggregation and cytotoxicity mediated by this expanded polyQ 

protein in cultured cells [80]. 

1.5 Cullin-RING ubiquitin ligases 

Cullin-RJNG ubiquitin ligases (CRLs) is a subgroup of the RING-finger E3 

ubiquitin ligases [81, 82]. CRLs are modular in structure wi th cullin proteins acting 

as scaffolds for the complex assembly [81, 82] (Figure 1.4). In a typical CRL 

complex, the N-terminus of cull in binds with an adaptor protein which in turn binds 

with a substrate receptor that recruits the protein substrate [81, 82]. Meanwhile, the 

C-terminus of cullin interacts with the RING-domain protein named Regulator o f 

cullins 1 (Rocl) that recruits the ubiquitin-loaded-E2 [81，82]. The resulting close 

proximity between substrate protein and ubiquitin-loaded-E2 hence promotes 

substrate ubiquitination [81, 82]. 

The ubiquitin ligase activity o f CRLs is regulated by neddylation and 

deneddylation of cullins [81，83，84]. In neddylation, the neural precursor cell 

expressed developmentally downregulated 8 (Nedd8) [85] is conjugated to the 

conserved lysine residue on cullins. This potentiates the recruitment of activated E2s 

through Rocl to form active CRLs [86]. Mutation of this conserved lysine residue 

12 



Figure 1.5 

Figure 1.4. Schematic diagram showing a Cull-based CRL. 

Cul l (in green) acts as the scaffold of Cull-based CRL. N-terminus of Cul l binds to 

Skpl adaptor protein (in blue) which in turn binds to an F-box substrate receptor (in 

pink). C-terminus of Cul l binds to Rbxl/Rocl RING protein (in red) which in turn 

binds to an ubiquitin (in purple)-loaded E2 (in orange; adapted from [87]). 
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has been shown to inhibit the formation o f active CRLs [86]. However, neddylated 

cullins are unstable and short-lived [86]. Deneddylation serves to detach the 

conjugated Nedd8 from cullins and recycle the unstable neddylated cullins into stable 

unneddylated ones [86, 88]. Besides, it is found that substrate receptors often 

undergo autoubiquitination and subsequent proteasomal degradation [89，90]. 

Deneddylation also serves to prevent autoubiquitination of substrate receptors and 

therefore stabilizes the CRL complex [91]. Deneddylation is carried out by COP9 

signalosome (CSN), in which the CSN5 subunit possess isopeptidase activity which 

is responsible for the cleavage o f conjugated NeddS [92]. 

In metazoans, there are five main cullins (Cul l -5) which are conserved from 

Drosophila to humans [93]. Different cullins bind wi th different adaptor proteins 

which in turn associate with different groups o f substrate receptors [81]. The number 

of substrate receptors is large [81]. So far, about 600 putative substrate receptors 

have been identified in humans [81]. This large figure confers diversity and substrate 

specificity to CRLs. Indeed, by selective degradation of specific substrate, CRLs are 

involved in many cellular pathways [81]. These include but are not limited to cell 

cycle, signal transduction, transcription, protein quality control, D N A replication, 

viral modulation and circadian rhythm [81]. 

Given the large number o f substrate receptors present in cells, there is a 

possibility that certain substrate receptors could recognize expanded polyQ proteins 
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and target them to ubiquitination through CRLs. In line with this postulation, it was 

demonstrated that overexpression o f a substrate receptor of Cull-based CRL named 

FBX025 reduced aggregation of expanded polyQ protein [94]. More recently, it was 

reported that knock-down the expression o f cul-1 and cul-2, the worm homologs of 

Cull and Cul2 respectively, enhanced polyQ degenerative phenotypes in 

Caenorhabditis elegans [95]. These findings suggest that certain CRLs are involved 

in polyQ protein aggregation and toxicity. 

On the other hand, it was observed that Nedd8 accumulated in polyQ protein 

aggregates [96，97]. This might affect neddylation of cullins, l imit formation of 

active CRLs and in turn disturb CRLs-mediated proteolysis. Moreover, according to 

the previous findings from cultured cells in our laboratory, by the use of degron 

reporters which mimicked specific endogenous substrates of individual CRLs [98, 

99], it was found that polyQ protein caused accumulation of Cul l - and Cul3-based 

CRLs degron reporters upon expansion of polyQ domain (C. C. Wu and H. Y. E. 

Chan, unpublished observations). This suggests that expanded polyQ proteins impair 

the activity of Cu l l - and Cul3-based CRLs. This impairment may eventually disturb 

the numerous cellular pathways regulated by Cu l l - and Cul3-based CRLs. 

1.6 Modeling polyglutamine diseases in Drosophila 

For a decade, various models from cultured cells, transgenic Caenorhabditis 

elegans, Drosophila melanogaster to mouse models have been used to reveal the 
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pathological mechanisms of polyQ diseases [100, 101]. Among all, Drosophila 

melanogaster, or fruit fly, stands out as one excellent model for a number of reasons 

[102-108]. Firstly, the short generation cycle (around 10 days at 25°C) and the large 

number of progeny allow large-scale genetic analysis and screening. Secondly, 

well-studied physiology and anatomy enable detailed examinations of degenerative 

phenotypes. Moreover, amenability to genetic manipulations and availability of 

genome-wide collections of transgenic fly stocks facilitate extensive genetic studies 

[109, 110]. The most important is that the fundamental biology of neurodegeneration 

is conserved from fly to humans [111, 112]. Over 60 percent of human disease genes 

have homologs in fly [113]. A l l these make Drosophila a desirable model for the 

studies of polyQ diseases. 

Although the disease proteins in polyQ diseases are expressed in every cell-type, 

tissue-specific degenerative phenotypes are observed in polyQ patients. To mimic the 

tissue-specific nature of the pathological conditions in polyQ patients, restricted 

regional expression of disease transgenes is preferred. This spatial control of 

transgene expression is conducted by GAL4/UAS bipartite system [114-116] (Figure 

1.5). In this system, there are two types of transgenic fly line. One line, referred as 

the GAL4 driver line, bears the yeast transcriptional activator gene GAL4 gene placed 

downstream of a tissue-specific promoter [114-116]. The other line, referred as the 

UAS line, carries the transgene placed downstream of the yeast 即stream activator 

sequence (UAS) binding site [114-116]. After crossing the GAL4 line and the UAS 
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Figure 1.5 

Figure 1.5. Directed expression of transgene in specific tissue by GAL4/UAS 

bipartite system. 

When the GAL4 line is crossed with the UAS line, the progeny expresses the GAL4 

protein (in grey) in the specific tissue under the control of the promoter {Promoter Y). 

The G A M protein then activates expression of the transgene under UAS control 

{Gene X; adapted from [114]). 
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line together, transcriptional activator GAL4 gene is expressed in designated tissues 

in the progeny [114-116]. The resulting transcriptional activator GAL4 protein then 

binds to the UAS binding site and directs the expression of the downstream transgene 

in the corresponding tissues [114-116]. 

This GAL4/UAS bipartite system has been extensively used to express 

transgenes of polyQ diseases in designated tissues for studying polyQ degenerative 

phenotypes in Drosophila. For example, SCA3 was first modeled in Drosophila by 

expressing a transgene encoding for a truncated form of ataxin-3 using glass-multiple 

reporter {gmr)-GAL4 driver [117]. In gmr-GAL4 driver line, multiple copies of glass 

gene promoter sequence were placed upstream of the GAL4 gene. This driver line 

directs the expression of truncated ataxin-3 transgene in eye cells posterior to the 

morphogenetic furrow including the photoreceptor neurons and the eye pigment cells 

[118]. The expression of the expanded truncated ataxin-3 in the fly eyes induced 

late-onset, progressive degenerative phenotypes such as collapse of internal retinal 

morphology and loss of pigmentation [117]. Expanded truncated ataxin-3 protein 

forms microscopic visible aggregates in both nucleus and cytoplasm [117]. The 

severity of degenerative phenotypes and the earliness of onset of protein aggregation 

positively associate with the length of polyQ repeats and the expression level of 

expanded polyQ protein [117]. Besides SCA3, other polyQ diseases have also been 

modeled in Drosophila. These include HD [119], DRPLA [120], SBMA [24，121], 

SCA1 [122], SCA2 [123]，SCA7 [124] and SCA8 [125]. 
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In short, due to the nature of the model, the conservation in neurobiology 

between humans and Drosophila, and the recapitulation of polyQ degenerative 

phenotypes upon expression o f polyQ disease genes, Drosophila has emerged as an 

attractive model for studying polyQ diseases. 

1.7 Hypothesis and aims of study 

Quality control systems which deal with misfolded proteins including polyQ 

proteins are essential for cell survival. Therefore, it is believed that multiple E3 

ubiquitin ligases are involved in the ubiquitination and subsequent degradation of the 

misfolded polyQ proteins [69]. The findings on CHIP, E6-AP and Parkin well 

support this hypothesis. Therefore, it is imperative to explore more E3 ubiquitin 

ligases which are possibly involved in polyQ diseases. 

In the present study, it is hypothesized that certain CRLs are involved in the 

degradation of polyQ protein and would modify polyQ toxicity. On the other hand, as 

CRLs regulate numerous cellular pathways, it is hypothesized that expanded polyQ 

protein interferes with the cellular pathways involving CRLs and thus confer toxicity. 

This project aimed to investigate the roles of CRLs in polyQ pathogenesis using 
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Drosophila polyQ models. Particularly, there are three specific aims: 

1. to study the involvement of CRLs in polyQ toxicity (Chapters 3 - 5); 

2. to study the involvement of CRLs in the biochemical properties of 

expanded polyQ protein (Chapters 3 - 5); 

3. to study the effect o f expanded polyQ protein on CRLs activity (Chapter 6) 

1.8 Long-term significance 

PolyQ diseases are a group o f neurodegenerative diseases in which protein 

misfolding is a central issue. In the past decade, E3 ubiquitin ligases have gained 

large respect in the studies of this type of diseases. Increasing E3 ubiquitin ligases 

are identified to be involved in polyQ diseases. Through this project, the roles of 

CRLs in polyQ pathogenesis were revealed in depth. The results provide insights on 

how the cellular protein quality control systems involving E3 ubiquitin ligases such 

as CRLs target misfolded polyQ proteins, and enhance our understanding on the 

possible mechanisms of polyQ pathogenesis including the dysregulation of CRLs 

activity. Moreover, these findings may open up a new attractive therapeutic avenue 

for polyQ diseases. Therefore, in the long run, this study lays a solid foundation on 

the understanding of the physiology of polyQ diseases and an economic significance 

in developing therapeutic potentials. 
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Chapter 2 Materials and Methods 

2.1 Maintenance of Drosophila culture 

Fly stocks and genetic crosses were raised on standard cornmeal medium 

supplemented with dry yeast (section 2.14.1) in cotton-plugged plastic vials and kept 

in incubators (LMS Ltd., UK) maintained at 18°C, 21°C or 25°C as specified. To 

collect virgin females for genetic crosses, adult flies were first removed from the 

vials and virgin females were collected within 8 hr at 25°C or 16 hr at 1B°C. For each 

genetic cross, approximately 6 virgin females and 4 males of the desired genotypes 

were put in the same vial. 

2.2 Phenotypic assays for toxicity in fly 

2.2.1 Examination of adult external eye depigmentation 

The eyes o f adult fly with specified age and genotype were examined under an 

Olympus SZX-12 stereomicroscope (Olympus, Japan). External eye images were 

captured using a SPOT Insight CCD camera (Diagnostic Instruments Inc., USA) 

operated with the SPOT Advanced software (version 4.1; Diagnostic Instruments Inc., 

USA). 

2.2.2 Deep pseudopupil assay of adult retinal degeneration 

Adult flies with specified age and genotype were decapitated. The heads were 

put on a glass slide with the antennae facing upward and the ocelli facing forward 

and immersed in a drop of immersion oi l (Nikon Instruments Inc., USA). To prepare 

the glass slide, two glass cover-slips were placed side-by-side with a space in 
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between where fly heads were put. Another glass cover-slip was then placed on top 

o f the heads. Ommatidia were examined under an Olympus CX31 light microscope 

(Olympus, Japan) using a 60X oil objective. Ommatidia images were captured using 

a SPOT Insight CCD camera (Diagnostic Instruments Inc., USA) operated with the 

SPOT Advanced software (version 4.1; Diagnostic Instruments Inc., USA). 

2.2.3 Locomotor activity assay 

Sixteen adult male flies wi th specified age and genotype were collected and 

individually transferred to cotton-plugged small glass tubes (Trikinetics Inc.，USA) 

containing sucrose medium (section 2.14.1). The diameter of the glass tube was just 

slightly larger than the size o f an adult fly. The glass tubes were loaded horizontally 

onto the Trikinetics Drosophila Activity Monitors (Trikinetics Inc., USA) [126]. The 

flies were maintained at 25°C in light-dark (LD) cycle wi th light on from 06:00 to 

17:59 and light o f f from 18:00 to 05:59. Each time when the f ly walked across the 

glass tube, a signal was generated and recorded by a signal-processing box 

(Trikinetics Inc., USA). The locomotor activity data were collected and analyzed by 

the D A M system (Trikinetics Inc., USA). This system expressed the data in terms of 

the number of events of walking across the glass tube within one min for each fly. 

The total locomotor activity within 30 min was summed up throughout 24 hr for each 

fly. An average locomotor activity within 30 min time period throughout 24 hr was 

then obtained from 16 flies. The averaged locomotor activity of each 30 min time 

period throughout 24 hr was then averaged from 3 consecutive days to get the 

circadian locomotor activity rhythm. 
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2.2.4 Counting of adult brain dopaminergic neurons 

Adult flies with specified genotype were raised at 25°C for 25 days. The brains 

were dissected out carefully according to [127] with minor modifications in I X 

phosphate buffered saline (PBS) (section 2.14.4). They were then fixed in 4% (v/v) 

formaldehyde (Sigma, USA) at room temperature for 15 min and then washed with 

I X PBS (section 2.14.4) for 5 min for 3 times. After that, the brains were mounted on 

a glass slide with Fluorescence Mounting Medium (Dako, USA) and then subjected 

to confocal microscopy (Leica SP5; Leica Microsystems, Germany). To prepare the 

glass slide, two glass cover-slips were placed side-by-side with a space in between 

where the brains were put. Another glass cover-slip was then placed on top of the 

brains. Optical sections with a Z-step of 2 j im distance under a 40X dry lens were 

taken through the whole-mount brain transversely. The sections were overlapped and 

the total number of Green Fluorescent Protein (GFP)-positive dopaminergic (DA) 

neurons in the dorsomedial 1 (DM1) clusters were counted. 

2.3 Semi-quantitative Reverse Transcription-Polymerase Chain Reaction 

2.3.1 Ribonucleic acid extraction from adult Drosophila heads 

Heads of 16 adult flies with specified age and genotype were homogenized in 

800 |iL of chilled TRIZOL reagent (Invitrogen, USA) using a motorized plastic 

pestle (Kontes, USA). The homogenate was incubated at room temperature for 5 min. 

It was then mixed with 160 of chloroform and incubated at room temperature for 

3 min. The mixture was centrifiiged at 12,000 x ^ at 4°C for 15 min. The upper 

aqueous phase containing the RNA was transferred to a new tube. The sample was 

mixed with 400 pL of isopropanol and incubated at -20°C overnight to precipitate the 
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RNA. It was then centrifuged at 12,000 x g at 4°C for 10 min. The supernatant was 

discarded and the pellet was washed with 1 mL of 70% ethanol. The sample was 

centrifuged again at 12,000 x g at 4°C for 10 min. The supernatant was discarded and 

the pellet was air-dried at room temperature. The dried pellet was resuspended with 

50 jiL of diethyl pyrocarbonate (DEPC)-treated water (section 2.14.2). The quality 

and the concentration of the extracted ribonucleic acid (RNA) were determined by 

spectrophotometry (Eppendorf BioPhotometer; Eppendorf, Germany). 

2.3.2 Deoxyribonuclease treatment of extracted ribonucleic acid 

To remove any residual deoxyribonucleic acid (DNA) left in the extracted RNA, 

the following reaction mixture was set up and incubated at room temperature for 15 

min. 

Table 2.1. Reaction mixture for deoxyribonuclease (DNase) treatment of 

extracted RNA 

Reagent Volume (jiL) 

Extracted RNA = = ~ 50 — 

Ribonuclease (RNase)-free DNase (Promega，USA) 3 

1 OX DNase buffer (Promega, USA) 6 

DEPC-treated water 1 

Total 6 0 ~ ~ 

The mixture was added with 6 j iL of DNase stop solution (Promega, USA) and 
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incubated at 65°C for 10 min to stop the reaction. To precipitate RNA, the sample 

was mixed with 8 ^iL of sodium acetate, 6 JIL of DEPC-treated water and 

subsequently 160 | iL of 70% ethanol. After incubating at -80°C overnight, the 

mixture was then centrifuged at 12,000 x ^ at 4°C for 15 min. The supernatant was 

discarded and the pellet was washed with 1 mL of 70% ethanol. The sample was 

centrifuged again at 12,000 x g at 4°C for 10 min. The supernatant was discarded and 

the pellet was air-dried at room temperature. The dried pellet was resuspended with 

50 jiL of DEPC-treated water. The quality and the concentration o f R N A in the 

sample were determined by spectrometry (Eppendorf BioPhotometer; Eppendorf, 

Germany). 

2.3.3 Reverse Transcription-Polymerase Chain Reaction 

The following reactions were performed using a thermocycler (i-Cycler; 

Bio-Rad Laboratories, USA). 

A reaction mixture consisting of 4 jxL of RNA (containing 2 j ig o f RNA) and 1 

j iL of oligo dT primer (10 p,M) (section 2.14.2) was incubated at 70°C for 5 min to 

denature the RNA. The mixture was chilled at 4°C for 5 min. It was then added with 

the following reagents and subjected to reverse transcription-golymerase chain 

reaction (RT-PCR) according to the following conditions: 

Table 2.2. RT-PCR reaction mixture 

Reagent Volume (fiL) 

5X RT reaction buffer (Promega，USA) ~ 4 ” 
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Magnesium chloride (MgCb； 25mM; Promega, USA) 2.4 

deoxynucleoside triphosphates mixture (dNTPs) (20mM; GE 
0.5 

Healthcare, UK) 

RNaseOUT™ (Invitrogen, USA) 0.5 

Reverse Transcriptase (Promega, USA) 1 

DEPC-treated water 6.6 

Total 15 

Table 2.3. RT-PCR conditions 

Step Time 

25 °C 5 min 

42°C 60 min 

70。C 15 min 

The synthesized first strand complementary DNA (cDNA) was used as the 

template for PCR amplification of target transcripts. In general, the PCR reaction 

mixtures contained the following components and the PCR conditions were as 

follows: 

Table 2.4. PCR reaction mixture for amplification of target transcript 

Reagent Volume (fiL) 

10X PCR reaction buffer (Promega, USA) 2.5 

dNTPs (20 mM; GE Healthcare, UK) 0.3 
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MgCl2(25 mM; Promega, USA) 

Target transcript forward primer (10 jiM) (section 2.14.2) 0.5 

Target transcript reverse primer (10 j iM) (section 2.14.2) 0.5 

Thermus aquaticus {Taq) DNA polymerase (GeneSys Limited, 
‘ ‘ 0.2 

U K ) 

cDNA 2 

Autoclaved double distilled water 17.5 

Total 25 

Table 2.5. PCR conditions for amplification of target transcript 

Step Time 

Initial denaturation: 95 °C 5 min 

25 cycles Denaturation: 95°C 30 sec 

Annealing: 56°C 30 sec 

Extension: 72°C 30 sec 

Final extension: 72 °C 10 min 

Storage: 4°C Infinity 

2.3.4 Agarose gel electrophoresis 

Ten microlitres of PCR product was mixed with 2 jxL of 6X DNA loading dye 

(section 2.14.2). The mixture was loaded onto a 1% agarose gel (section 2.14.2). Two 

microlitres o f DNA ladder (section 2.14.2) was loaded as a molecular weight marker. 

Electrophoresis was performed in I X Tris-Borate-Ethylenediaminetetraacetic acid 
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(TBE) buffer (section 2.14.2) in the wide-mini-sub cell GT system (Bio-Rad 

Laboratories, USA) at a constant voltage of 120 V. It was ended when the dye front 

reached an appropriate position. Gel photo was taken by the Gel Documentation 

System (500MZ; Tech Dragon Ltd., China). The band intensity was quantified by the 

AlphaEaseFC software (version 3.1.2; Alpha Innotech Corporation, USA). 

2.4 Construction of human myc-CullN2S2 mammalian expression plasmid 

The fragment containing the N-terminal myc tag and the first 756 nucleotides 

(nt) of the human Cull (myc-hCul 1N252) was amplified from the 

pcDNA3.1/neo(+)-myc-hCul 1 plasmid (F. T. Liang and H. Y. E. Chan, unpublished 

observations) by PCR using the conditions shown below. Additional Kpnl (New 

England Biolabs, USA) and Xhol (New England Biolabs, USA) restriction sites were 

added to the 5' and 3’ ends of the amplified myc-hCul 1N252 fragment respectively for 

subsequent cloning into the vector. 

Table 2.6. PCR reaction mixture for amplification of myc-hCullN2S2 fragment 

Reagent Volume (fiL) 

5X Phusion™ HF buffer (Finnzymes, Finland) 10 

dNTPs (20 mM; GE Healthcare, UK) 1 

Kpnl-myc-hCul 1N252 forward primer (10 pM; section 2.14.2) 2.5 

Xho\-hCullN252 reverse primer (10 pM; section 2.14.2) 2.5 

pcDNA3.1 /neo (+)-myc-hCul 1 plasmid 0.5 

Phusion™ DNA polymerase (Finnzymes, Finland) 0.5 
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Autoclaved double distilled water 33 

Total 5 0 ^ 

Table 2.7. PCR conditions for amplification of myc-hCullN252 fragment 

Step Time 

Initial denaturation: 98°C 30 sec 

35 cycles r Denaturation: 98°C 10 sec 

Annealing: 56°C 15 sec 

Extension: 72°C 15 sec 
V 

Final extension: 72 °C 5 min 

Storage: 4°C infinity 

The PCR product was resolved on a 1% agarose gel (section 2.14.2) by 

electrophoresis and purified by the QIAquick Gel Extraction Ki t (QIAGEN, 

Germany). The purified myc-hCullN252 fragment and the mammalian expression 

vector, pcDNA3.1/neo(+) (Invitrogen, USA), were respectively subjected to 

restriction digestion with Kpnl (New England Biolabs, USA) and Xhol (New 

England Biolabs, USA) at 37°C overnight. 

Table 2.8. Reaction mixture for restriction digestion of myc-hCullN252 fragment 

and pcDNA3.1/neo(+) vector 

Reagent Volume/ Amount 

10X NEB buffer 1 (New England Biolabs, U S A ) ~ 3 ^L 
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100X BSA (New England Biolabs, USA) 

Kpnl (New England Biolabs, USA) 

Xhol (New England Biolabs, USA) 

Purified myc-hCullN252 fragment or 

pcDNA3.1/neo(+) vector (Invitrogen, USA) 

Autoclaved double distilled water 

0.3 jiL 

0.5 fiL 

0.5 j iL 

1路 

Make up to final volume 

Total 30 [iL 

The digested myc-hCullN252 fragment and vector were respectively resolved on 

a 1% agarose gel (section 2.14.2) by electrophoresis and purified by the QIAquick 

Gel Extraction Kit (QIAGEN, Germany). 

Ligation reaction between the purified digested myc-hCul严52 fragment and the 

purified linearized pcDNA3.1/neo(+) vector was set up as follows and incubated at 

16°C overnight. 

Table 2.9. Reaction mixture for ligation between myc-hCullN252 and 

pcDNA3.1/neo(+) 

Reagent Volume (fiL) 

10X ligation buffer (New England BioLabs, USA) 1 

T4 DNA ligase (New England BioLabs, USA) 0.5 

Kpnl and Xhol digested myc-hCullN252 7.5 

Kpnl and Xhol digested pcDNA3. l/neo(+) 1 
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Total 10 

The entire ligation product was used to transform competent Escherichia coll (E. 

coli) strain DH5a. After mixing the ligation product with DH5a cells, the mixture 

was allowed to stand on ice for 15 min. After that, the mixture was heat shocked at 

42 °C for 2 min and then chilled on ice for another 2 min. For recovery, the mixture 

was added with 800 (j,L of Luria-Bertani (LB) medium (section 2.14.3) and incubated 

at 37°C for 30 min with gentle shaking. After recovery, the cells were collected by 

centrifiigation at 5,000 x g for 5 min. The supernatant was discarded and the cell 

pellet was resuspended in 100 pL of LB medium. The cell suspension was then 

spread over a LB-ampicillin (LBA) agar plate (50 jj.g/mL ampicillin) and incubated 

at 37。C overnight. Colonies grown on plate were selected and checked by PCR 

amplification for the presence of the myc-hCullN252 insert according to the following 

conditions: 

Table 2.10. PCR reaction mixture for checking of 

pcDNA3. l/neo(+)-myc-h CullN252 positive clones 

Reagent Volume (fiL) 

10X PCR reaction buffer (Promega, USA) _ 1.5 

dNTPs (20 mM; GE Healthcare, UK) 0.18 

MgCl2 (25 mM; Promega, USA) 0.9 

Kpnl-myc-hCullN252 forward primer (10 ^iM; section 2.14.2) 0.3 

reverse primer (10 (xM; section 2.14.2) 0.3 
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Tag D N A polymerase (GeneSys Limited, U K ) 0.12 

Bacterial colony on L B A plate a trace amount 

Autoclaved double distilled water 11.7 

Total 15 

Table 2.11 PCR conditions for checking of pcDNA3.1/neo(^myc-hCullN252 

positive clones 

Step Time 

Initial denaturation: 95 °C 5 min 

30 cycles f Denaturation: 95°C 30 sec 

Annealing: 56°C 30 sec 

Extension: 72°C 50 sec 

Final extension: 72°C 10 min 

Storage: 4°C infinity 

A positive clone was cultured in 5 mL of LB medium freshly added wi th 

ampicill in (50 |ig/mL final) at 37。C overnight. The plasmid D N A was harvested by 

the DNA-Spin™ Plasmid D N A Extraction K i t (Tech Dragon Ltd.，China). The 

identity o f the plasmid was further checked by Kpnl and Xhol double restriction 

digestion at 37°C for 1 hr. Finally, the sequence of the insert in the plasmid was 

confirmed by D N A sequencing analysis (Tech Dragon Ltd., China). 

Table 2.12. Reaction mixture for restriction digestion of 
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pcDNA3.l/neo(+)-myc-hCullN252 positive clones 

Reagent Volume (fiL) / Amount (jig) 

10X NEB buffer 1 (New England Biolabs, USA) 1 \iL 

100X BSA (New England Biolabs, USA) 0.1 ilL 

Kprtl (New England Biolabs, USA) 0.5 \ih 

Xhol (New England Biolabs, USA) 0.5 \\L 

pcDNA3. J/neo(+)-myc-hCullN252 plasmid 0.5路 

Autoclaved double distilled water Make up to final volume 

Total IOjiL 

2.5 Maintenance of Human Embryonic Kidney 293FT cells 

The human embryonic kidney (HEK) 293FT cells (Invitrogen, USA) were a 

generous gift from Dr. F. S. Y. Tsang (The Biochemistry Department, The Chinese 

University o f Hong Kong, China). The cells were maintained in complete high 

glucose Dulbecco's Modif ied Eagle's Medium (DMEM) (section 2.14.4) in a 37。C 

humidified incubator supplemented with 5% CO2. For sub-culturing, trypsin-EDTA 

(0.05%) solution (Invitrogen, USA) was applied to detach the cells from culture 

flasks. 

2.6 Transient transfection of Human Embryonic Kidney 293FT cells 

For transfection o f plasmid DNA, cells with specified density were seeded on 

either 24- or 6-well plate one day prior to transfection. Transfection was carried out 

using FuGENE® HD transfection reagent (Roche, Germany). Specified amount o f 

D N A was made up to a specified total volume by serum-free D M E M (section 2.14.4). 
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The diluted DNA was added with specified amount of FuGENE® HD and incubated 

at room temperature for 15 min. The DNA-transfection reagent mixture was applied 

over the cells. After incubating at 37°C for 24 hr, the medium was replaced with 

fresh complete DMEM. The cells were harvested at specified time point. For 

pcDNA3. l/neo(+)-eGFP, eGFP~Q27 and eGFP-Q75 constructs, 0.4 jig or 1 fig of 

plasmid DNA was used for each transfection in a 24- or 6-well plate. For 

pcDNA3.1/neo(+)~myc-hCull and myc-hCullN252 constructs, 0.2 |ig or 1 (ig of 

plasmid DNA was used for each transfection in a 24- or 6-weIl plate. The total 

plasmid DNA for each transfection was made up with pcDNA3.1/neo(+) empty 

vector to a specified amount. 

Table 2.13. Transfection mixture for HEK 293FT cells 

24-well plate 6-well plate 

Cell density 0.5 x 10' 2 x 10̂  

Total plasmid DNA (jag) 1 2 

FuGENE® HD (\xL) 2 4 

Total volume of DNA 

diluted with serum-free 50 100 

DMEM (jiL) 

Experiments 
immunoblotting, 

filter retardation assay 
co-immunoprecipitation 

For small interfering RNA (siRNA) transfection before transfection of plasmid 

DNA, 0.5 x 105 cells were seeded in 24-well plate one day prior to transfecion. 
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Transfection of siRNA was performed with Lipofectamine 2000 (Invitrogen, USA). 

Five or f i f ty picomoles of siRNA and 1 | iL of Lipofectamine 2000 were respectively 

diluted with serum-free DMEM (section 2.14.4) to a final volume of 25 (iL. They 

were then mixed and incubated at room temperature for 20 min. After that, the 

mixture was applied over the cells. After incubating at 37°C for 24 hr, the cells were 

subsequently transfected with plasmid DNA as described above. 

2.7 Immunoblotting 

2.7.1 Protein extraction 

For f ly experiments, heads of 6 adult flies with specified age and genotype were 

homogenized in 30 fiL of chilled 6X SDS sample buffer (section 2.14.5) with a 

motorized plastic pestle (Kontes, USA). The homogenate was centrifuged at 16,000 

x g for 1 min to remove any debris. A volume of 20 fiL of homogenate (equivalent to 

4 heads) was then heated at 99°C for 5 min to denature the proteins and stored at 

-20°C until use. 

For experiments on HEK 293FT cells, transfected cells were harvested at 

specified time point and lysed with 100 {iL of chilled lysis buffer (section 2.14.5). 

The lysate was centrifuged at 16,000 x g for 1 min to remove any debris. Protein 

quantification was performed on the lysate by DC Protein Assay (Bio-Rad 

Laboratories, USA). An aliquot of lysate containing 5 jig proteins was made up to a 

final volume of 10 ^L with lysis buffer (section 2.14.5). The sample was mixed with 

2 jxL of 6X SDS sample buffer (section 2.14.5), heated at 99°C for 5 min and stored 

at -20°C until use. 

35 



2.7.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

Sodium dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed using the Mini-PROTEAN I I I electrophoresis cell (Bio-Rad Laboratories， 

USA). A short glass plate and a 1.5 mm spacer glass plate were inserted into the gel 

cassette. Running gel solution (section 2.14.5) was added into the assembled gel 

cassette with isopropanol on the top so as to remove any air bubbles and to keep the 

running gel out of reach of the atmospheric oxygen. When the polymerization in the 

running gel completed, the isopropanol was rinsed away with double distilled water. 

Stacking gel solution (section 2.14.5) was added on top of the running gel. A 1.5 mm 

thick comb with either a 10- or 15-well mold was inserted on top of the stacking gel. 

When the polymerization in the stacking gel completed, the gel cassette was placed 

into the electrophoresis cell. Both the inner and the outer cell chambers were filled 

up with I X electrophoresis buffer (section 2.14.5). The comb was removed and the 

wells were rinsed with I X electrophoresis buffer (section 2.14.5) to remove any 

residual stacking gel solution. 

Fly or cell protein samples were denatured at 99°C for 5 min. They were loaded 

into the wells. Five microlitres of broad-range pre-stained protein standard (Bio-Rad 

Laboratories, USA) was used as a molecular weight marker. Electrophoresis was 

carried out at a constant voltage of 80 V and then 120 V when the protein samples 

entered the running gel. It was ended when the dye front reached an appropriate 

position. 
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2.7.3 Transfer 

The gel was removed from the gel cassette and rinsed with double distilled 

water. A ^olyvinylidene fluoride (PVDF) membrane (PALL, USA) was activated by 

immersing in methanol for 15 sec. The gel, the activated membrane, 4 pieces of filter 

paper (Whatman, USA) and 4 pieces of filter pad (Bio-Rad Laboratories, USA) were 

equilibrated with I X transfer buffer (section 2.14.5) at room temperature for 1 min. 

They were assembled into a transfer cassette in the following order: 2 pieces of filter 

pad on the cathode (black) side of the transfer cassette, 2 pieces o f filter paper, the 

gel, the membrane, another 2 pieces of filer paper and finally another 2 pieces of 

filter pad. Before closing the transfer cassette, a glass rod was used to roll over the 

transfer stack so as to expel any trapped air bubbles. The transfer cassette was placed 

into the transfer tank together with the Bio-Ice cooling unit. The tank was filled up 

with freshly prepared I X transfer buffer (section 2.14.5). Transfer was performed at 

a constant voltage of 80 V on ice for 2 hr. 

2.7.4 Immunodetection 

The membrane was removed from the transfer cassette and washed with I X 

Tris-buffered saline (TBS) (section 2.14.5) at room temperature for 5 min with 

shaking. It was then blocked with blocking solution (section 2.14.5) at room 

temperature for 1 hr with shaking. After that, the membrane was incubated with 

primary antibody diluted in blocking solution in a plastic vial at 4°C overnight with 

rotation. The immunoblot was then washed with I X TBS-Tween-20 (TBST) (section 

2.14.5) at room temperature for 15 min with shaking for 4 times. Later, it was 

incubated with secondary antibody diluted in blocking solution in a new plastic vial 
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at room temperature for 2 hr. The immunoblot was washed again with IX TBST 

(section 2.14.5) at room temperature for 15 min with shaking for 4 times. 

Home-made enhanced chemiluminescent (ECL) reagents (section 2.14.5) were 

used to detect signal from the immunoblot. Equal volumes of ECL reagent A (section 

2.14.5) and ECL reagent B (section 2.14.5) were mixed and spread over the 

immunoblot. After 2 min of incubation at room temperature, the immunoblot was 

wrapped with a piece of cling film and exposed to an X-ray f i lm (FUJI super RX, 

Japan) for the desired time period. The exposed film was developed by an X-ray f i lm 

processor (Kodak, Japan). 

To reprobe the immunoblot with another antibody, the immunoblot was 

incubated with stripping solution (Pierce, USA) at room temperature for 10 min with 

shaking. It was then washed with I X TBST (section 2.14.5) at room temperature for 

5 min with shaking twice. After that, the immunoblot was incubated with another 

primary antibody and the corresponding secondaiy antibody as described above. 

Primary antibodies used were rabbit anti-hemagglutinin (HA) (1:250; Zymed, 

USA), rabbit anti-Cull (1:250; Invitrogen, USA), rabbit anti-myc (71D10; 1:1,000; 

Cell Signaling Technology, USA), mouse anti-myc (9B11; 1:1,000; Cell Signaling 

Technology, USA), mouse anti-GFP (JL-8; 1:3,000; Clontech, USA ), mouse 

anti-ubiquitin (P4D1; 1:500; Cell Signaling Technology, USA) and mouse 

anti-(3-tubulin E7 (1:5,000; Developmental Studies Hybridoma Bank, University of 

Iowa, USA). The secondary antibodies used were affinity purified goat anti-rabbit 
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immunoglobulin (IgG) (H + L) antibody conjugated to horseradish peroxidase (HRP) 

(1:2,500; Cell Signaling Technology, USA) and goat anti-mouse IgG (H + L) 

conjugated to HRP (1:2,500; Chemicon，USA). The band intensity was quantified by 

the AlphaEaseFC software (version 3.1.2; Alpha Innotech Corporation, USA). 

2.8 Formic acid treatment 

Heads of 6 adult flies with specified age and genotype were homogenized in 30 

j iL of chilled 2% SDS sample buffer (section 2.14.6) with a motorized plastic pestle 

(Kontes, USA). The homogenate was centrifuged at 16,000 x g for 1 min to remove 

any debris. A volume of 20 )iL of homogenate (equivalent to 4 heads) was added to 

180 ^iL of 100% formic acid (Sigma, USA) and incubated at 37°C for 0.5 hr. Formic 

acid in the sample was removed by SpeedVac (Savant, USA) at low drying rate for 2 

hr. The resulting pellet was resuspended with 10 p,L of 6X SDS sample buffer 

(section 2.14.5). Ten microlitres o f 1M Tris-hydrochloride acid (HC1) (pH 8.8; USB, 

USA) was added to neutralize any residual formic acid left in the sample. The sample 

was heated at 99°C for 5 min and stored at -20°C until being subjected to 

immunoblotting (sections 2.7.2 - 2.7.4). 

2.9 SDS-insoluble protein isolation by ultracentrifugation 

Heads o f 35 adult flies with specified age and genotype were homogenized in 

100 |iL o f chilled 2% SDS sample buffer (section 2.14.6) with a motorized plastic 

pestle (Kontes, USA). The homogenate was centrifuged at 16,000 x g for 1 min to 

remove any debris. It was then subjected to ultracentrifuge at 100,000 rpm (434,513 

x g; TLA120.2 rotor; TLX-120; Beckman Coulter, USA). The supernatant was 
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discarded. The pellet was resuspended with 80 jiL of 100% formic acid (Sigma, USA) 

and incubated at 37°C for 30 min. Formic acid in the sample was removed by 

SpeedVac (Savant, USA) at low drying rate for 1 hr. The resulting pellet was 

resuspended with 10 (iL of 6X SDS sample buffer (section 2.14.5). Ten microlitres 

of 1M Tris-hydrochloric acid (Tris-HCl; pH 8.8; USB, USA) was added to neutralize 

any residual formic acid left in the sample. The sample was heated at 99°C for 5 min 

and stored at -20°C until being subjected to immunoblotting (sections 2.7.2 — 2.7.4), 

2.10 Filter retardation assay 

For f ly experiments, heads of 10 adult flies with specified age and genotype 

were homogenized in 100 \xL of chilled 2% SDS solution (section 2.14.7) wi th a 

motorized plastic pestle (Kontes, USA). The homogenate was centrifuged at 16,000 

x g for 1 min to remove any debris. A volume of 70 (iL of homogenate (equivalent to 

7 heads) was made up to a final volume of 200 (iL by 2% SDS solution (section 

2.14.7). It was then heated at 99°C for 5 min and stored at -20°C until use. 

For experiments on HEK 293FT cells, transfected cells were harvested at 

specified time point and lysed with 100 \iL of chilled 2% SDS solution (section 

2.14.7). The lysate was centrifuged at 16,000 x g for 1 min to remove any debris. 

Protein quantification was performed on the lysate by DC Protein Assay (Bio-Rad 

Laboratories, USA). An aliquot of lysate containing 10 pg of protein was made up to 

a final volume of 200 by 2% SDS solution (section 2.14.7). It was then heated at 

99。C for 5 min and stored at -20°C until use. 
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The Slot Blot Manifold blot apparatus (GE Healthcare, U K ) was assembled 

with a cellulose acetate membrane of 0.22 j im pore size (Sartorius, Germany) 

sandwiched in between. The apparatus was connected to a vacuum pump. Upon 

vacuum pumping, the membrane was wetted with double distilled water, equilibrated 

with 0.01% SDS solution (section 2.14.7) and then 2% SDS solution (section 2.14.7). 

The f ly or cell protein samples were then loaded onto the slots. Each slot was washed 

with 300 (xL of 2% SDS solution (section 2.14.7). After 15 min of vacuum pumping, 

the membrane was removed from the blot apparatus. Immunodetection was then 

performed as described in section 2.7.4. 

2.11 Co-immunoprecipitation 

For f ly experiments, heads of 45 adult flies with specified age and genotype 

were homogenized in 225 j iL of chilled co-immunoprecipitation (co-IP) buffer 

(section 2.14.8) with a motorized plastic pestle (Kontes, USA). The homogenate was 

centrifuged at 16,000 x g a t 4°C for 10 min to remove any debris. A volume of 30 j iL 

of homogenate (equivalent to 6 heads) was saved as the input. I t was mixed wi th 6 

}iL o f 6X SDS sample buffer (section 2.14.5), heated at 99°C for 5 min and then 

stored at -20°C until use. Another aliquot of 150 JIL of homogenate (equivalent to 30 

heads) was added wi th co-IP buffer (section 2.14.8) to a final volume of 500 (j,L. 

For experiments on HEK 293FT cells, transfected cells were harvested at 

specified time points and lysed with 200 pL o f chilled Cu l l IP buffer (section 2.14.8). 

The lysate was sonicated on ice for 5 sec twice by Ultrasonic Processor (A. Daigger, 

USA). The lysate was centrifuged at 16,000 x g at 4°C for 10 min to remove any 
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debris. Protein quantification was performed on the lysate by DC Protein Assay 

(Bio-Rad Laboratories, USA). A n aliquot of lysate containing 5 (ig of proteins was 

saved as the input. It was added with co-IP buffer (section 2.14.7) to a final volume 

of 10 JIL, mixed with 2 (iL of 6X SDS sample buffer (section 2.14.5), heated at 99°C 

for 5 min and then stored at -20°C until use. Another aliquot of lysate containing 150 

fig of proteins was added with co-IP buffer (section 2,14.8) to a final volume o f 200 

One microlitre o f mouse anti-myc (9B11; 1:1,000; Cell Signaling Technology, 

USA) was added to the fly or cell protein samples except the "no antibody" control. 

The samples were incubated at 4°C overnight wi th rotation. A volume of 20 ^iL of 

Protein A agarose beads suspension (P3476; Sigma, USA) was washed with 500 jaL 

o f I X PBS (section 2.14.4) for 3 times and added to each sample. After 2 hr o f 

incubation at 4°C, the samples were centrifiiged at 16,000 x g for 30 sec to remove 

the supernatant. The remaining beads were washed with 500 (xL of co-IP buffer 

(section 2.14.8) for 4 times. A volume of 20 | iL of 6X SDS sample buffer (section 

2.14.5) was added to the beads. The samples were heated at 99°C for 5 min and 

stored at -20°C until being subjected to immunoblotting (sections 2.7.2 - 2.7.4). 

2.12 In vivo ubiquitination assay 

2.12.1 In vivo ubiquitination assay on soluble protein 

Heads of 120 adult flies with specified age and genotype were homogenized in 

600 (xL of chilled ubiquitination assay buffer (section 2.14.9) with a motorized 

plastic pestle (Kontes, USA). The homogenate was centrifuged at 16,000 x g at 4°C 
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for 10 min to remove any debris. A volume of 30 pL of homogenate (equivalent to 6 

heads) was saved as the input. It was mixed with 6 \\L o f 6X SDS sample buffer 

(section 2.14.5), heated at 99°C for 5 min and then stored at -20°C until use. 

A volume of 500 (iL of homogenate (equivalent to 100 heads) was added with 1 

(iL of rabbit anti-myc (71D10; 1:1,000; Cell Signaling Technology, USA) except the 

"no antibody" control. The samples were incubated at 4°C overnight with rotation. A 

volume of 20 \iL of Protein A agarose beads suspension (P3476; Sigma, USA) was 

washed with 500 | iL of I X PBS (section 2.14.4) for 3 times and added to each 

sample. After 2 hr of incubation at 4°C, the samples were centrifiiged at 16,000 x g 

for 30 sec to remove the supernatant. The remaining beads were washed with 500 j iL 

of ubiquitination assay buffer (section 2.14.9) for 4 times. A volume of 20 j iL of 6X 

SDS sample buffer (section 2.14.5) was added to the beads. The samples were heated 

at 99°C for 5 min and stored at -20°C until being subjected to immunoblotting 

(sections 2.7.2 — 2.7.4). 

2.12.2 In vivo ubiquitination assay followed by filter retardation assay 

Heads of 280 adult flies with specified age and genotype were homogenized in 

1,400 (iL of chilled ubiquitination assay buffer (section 2.14.9) with a motorized 

plastic pestle (Kontes, USA). The homogenate was centrifuged at 16,000 x ^ at 4°C 

for 10 min to remove any debris. A volume of 60 j iL of homogenate (equivalent to 12 

heads) was saved as the input. It was made up to a final volume of 400 |iL by 2% 

SDS solution (section 2.14.7), heated at 99°C for 5 min and then stored at -20°C until 
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A volume of 1,250 p,L of homogenate (equivalent to 250 heads) was added with 

1 pL of rabbit anti-myc (7ID 10; 1:1,000; Cell Signaling Technology, USA) except 

the "no antibody" control. The samples were incubated at 4°C overnight with 

rotation. A volume of 20 j iL of Protein A agarose beads suspension (P3476; Sigma, 

USA) was washed with 500 JIL of I X PBS (section 2.14.4) for 3 times and added to 

the each sample. After 2 hr of incubation at 4°C, the samples were centrifuged at 

16,000 x g for 30 sec to remove the supernatant. The remaining beads were washed 

with 1,250 }iL of ubiquitination assay buffer (section 2.14.9) for 4 times. A volume of 

400 JIL of 2% SDS solution (section 2.14.7) was added to the beads. The samples 

were heated at 99°C for 5 min. The eluate was then collected from each sample, 

divided into two equal halves and stored at -20°C until being subjected to filter 

retardation assay (section 2.10). 

2.12.3 In vivo ubiquitination assay on SDS-insoluble protein isolated by 

ultracentrifugation 

Heads of 220 adult flies with specified age and genotype were homogenized in 

1,100 |iL of chilled ubiquitination assay buffer (section 2.14.9) with a motorized 

plastic pestle (Kontes, USA). The homogenate was centrifuged at 16,000 x g at 4°C 

for 10 min to remove any debris. 

A volume of 1,000 gL of homogenate (equivalent to 200 heads) was added with 

1 \LL of mouse anti-myc (9B11; 1:1,000; Cell Signaling Technology, USA) except the 

"no antibody" control. The samples were incubated at 4°C overnight with rotation. A 
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volume of 20 pL of Protein A agarose beads suspension (P3476; Sigma, USA) was 

washed with 500 |iL of I X PBS (section 2.14.4) for 3 times and added to each 

sample. After 2 hr of incubation at 4°C, the samples were centrifuged at 16,000 x g 

for 30 sec to remove the supernatant. The remaining beads were washed with 1,000 

j iL of ubiquitination assay buffer (section 2.14.9) for 4 times. A volume of 100 (iL of 

2% SDS sample buffer (section 2.14.6) was added to the beads. The samples were 

heated at 99°C for 10 min. After vortexing for 10 sec, the samples were centrifuged 

at 16,000 x ^ at 4°C for 1 min to collect the eluates. The eluates were then subjected 

to ultracentrifugation (section 2.9) and subsequent immunoblotting (section 2.7.2 -

2.7.4). 

2.13 Statistics 

For the counting of adult brain DA neurons, semi-quantitative RT-PCR and 

immunoblotting experiments, the difference in the mean value between samples was 

compared using two-tailed unpaired Student's t-test (Microsoft Office Excel 2003, 

USA). Statistical significance was denoted by a v a l u e of less than 0.05. 

For the deep pseudopupil assay experiments, the difference in the mean value 

between samples was compared using Mann-Whitney Rank Sum Test (SigmaStat, 

USA). Statistical significance was denoted by a /7-value of less than 0.05. 

2.14 Reagents and buffers 

2.14.1 Drosophila culture 

Drosophila strains 
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The fly lines used are listed in Tables 2.14 and 2.15. 
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Cornmeal medium for Drosophila culture 

Cornmeal medium was prepared by dissolving 12.5 g of agar (1.25% final, w/v; 

USB, USA), 105 g of dextrose (10.5% final, w/v)，105 g of cornmeal (10.5% final, 

w/v) and 21 g of yeast (2.1% final, w/v) in 900 mL of distilled water. The mixture 

was boiled for about 20 min. A volume of 80 mL of 1% nipagen (methyl 

p-hydroxybenzoate； dissolved in ethanol; Sigma, USA) was added to the mixture as a 

mold inhibitor. The mixture was made up to 1 L by distilled water. A volume of 15 

mL of mixture was dispensed to a plastic fly vial and allowed to solidify at room 

temperature. 

Sucrose medium for locomotor activity assay 

Sucrose medium was prepared by dissolving 0.5 g of agar (5% final, w/v; USB, 

USA) and 1 g of sucrose (10% final, w/v; USB, USA) in 10 mL of distilled water. 

The mixture was boiled for about 5 min. It was then poured onto a petri dish and 

allowed to solidify at room temperature. The solidified medium was transferred to 

one end of a small, both-ends open-glass tube (Trikinetics Inc., USA) by stabbing the 

glass tube onto the medium vertically. 

2.14.2 Semi-quantitative Reverse Transcription-Polymerase Chain Reaction 

DEPC-treated water 

DEPC water (0.1% final, v/v) was prepared by adding 500 ^L of DEPC (USB, 

USA) into 500 mL of double distilled water. The DEPC water was stirred overnight 

and then autoclaved to inactivate DEPC. Autoclaved DEPC-treated water was stored 

as 1-mL aliquots at room temperature. 
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Primers 

DNA oligonucleotide primers were synthesized by Tech Dragon Ltd., China 

and were of 100 |iM. Working primer solution of 10 \ iM was prepared by diluting the 

stock solution by 10-fold with autoclaved double distilled water. Both stock and 

working solutions were kept at -20°C. The primers used were listed in Table 2.16. 
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DNA loading dve 

DNA loading dye (6X) was prepared by mixing 25 mg of bromophenol blue 

(0.25% final, w/v; USB, USA), 25 mg of xylene cyanol FF (0.25% final, w/v; ICN 

BioMedicals, USA), 4 g of sucrose (40% final, w/v; USB, USA) and 1.2 mL of 0.5 

M EDTA (60 m M final; pH 8.0; USB, USA) in 10 mL ofautoclaved double distilled 

water. Loading dye was stored as 1-mL aliquots at -20°C while the working dye 

solution was kept at 4°C. 

The stock TBE buffer (5X) was prepared by mixing 54 g of Tris-base (0.45 M, 

final; USB, USA), 27.5 g of boric acid (0.45 M, final; USB, USA) and 20 mL of 0.5 

M EDTA (10 mM, final; USB, USA) in 1 L of double distilled water. The pH value 

was calibrated to 8.0. The working TBE solution ( I X ) was prepared by diluting the 

stock buffer 5-fold with double distilled water. Both the stock and the working 

solutions were kept at room temperature. 

Agarose gel for DNA electrophoresis 

Agarose gel (1%, final; w/v) was prepared by melting 0.2 g of agarose (Bio-Rad 

Laboratories, USA) in 20 mL of I X TBE by microwave at high power for about 1 

min. The gel solution was cooled to hand-warm. One microlitre of ethidium bromide 

(10 mg/mL; Amresco, USA) was added to the gel solution. The gel was set using a 

gel caster (Bio-Rad Laboratories, USA) at room temperature. 

DNA Ladder 
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The working solution of either 100 base-pair (bp) or 1 kilo bp DNA marker 

(Fermentas) was prepared by mixing 1 volume of the stock DNA marker, 1 volume 

of 6X DNA loading dye and 4 volumes of autoclaved double distilled water. Stock 

DNA marker was kept at -20°C while the working solution was stored at 4°C. 

2.14.3 Bacterial Culture 

Ampicillia 

A stock solution (5 mg/mL) of ampicillin (GE Healthcare, UK) was prepared in 

autoclaved double distilled water. It was kept at -20 °C. 

LB medium 

LB medium was prepared by adding 20 g of LB broth (USB, USA) in 1 L of 

double distilled water and autoclaved. The medium was stored at room temperature. 

LBA plate 

LB A solution was prepared by adding 20 g of LB broth (USB, USA) and 15 g 

of agar (USB, USA) in 1 L of double distilled water and autoclaved. The mixture was 

cooled to hand-warm and mixed with 10 mL of ampicillin (50 jig/mL final). It was 

then dispensed onto petri dishes (10 mL each) and allowed to solidify at room 

temperature. The LBA plates were then stored at 4。C. 

2.14.4 Maintenance and transfection of Human Embryonic Kidney 293FT cells 

Serum-free DMEM 

The high glucose DMEM was prepared by dissolving one pack of powder 
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(Invitrogen, USA) in 1 L of double distilled water supplemented with 3.7 g of 

sodium bicarbonate (Sigma, USA). The medium was adjusted to pH 7.2 - 7.4 and 

sterilized by filtration through a 0.22 |im filter (Millipore, USA) in a cell culture 

hood. The medium was stored at 4°C. 

Complete DMEM 

The complete DMEM was prepared by adding Fetal Bovine Serum (10% final, 

v/v; JRH Biosciences, Australia) and Penicillin-Streptomycin (1% final, v/v; 

Invitrogen, USA) to 1 L of serum-free DMEM in a cell culture hood. The complete 

medium was stored at 4°C. 

Phosphate Buffered Saline (PBS) 

The stock PBS solution (10X) was prepared by dissolving 80 g of sodium 

chloride (NaCl; 1.37 M, final; USB, USA), 2 g of potassium chloride (KC1; 27 mM, 

final; USB, USA), 14.4 g of disodium hydrogen phosphate (Na2HP04； 100 mM, final; 

USB, USA) and 2.4 g of dipotassium hydrogen phosphate (KH2PO4； 20 mM, final; 

USB, USA) in 1 L of double distilled water. The working PBS solution ( IX ) was 

prepared by 10-fold dilution of the stock solution and autoclaved. Both the stock and 

working solutions were kept at 4°C. 

siRNA 

The control siRNA (Catalog number: D-001210-01-05) and Cull siRNA 

(Catalog number: M-004086-01 -0005) were purchased from Dharmacon (USA). 

They were diluted with I X siRNA buffer to 20 \ iM and stored at -20°C in 5 
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}iL-aliquots. 

siRNA buffer 

The siRNA buffer stock (5X) was prepared by adding 2.24 g of KC1 (0.3 M 

final; USB, USA), 0.72 g of 4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid-free 

acid (30 mM, final; USB, USA) and 0.02 g o f magnesium chloride hexahydrate 

(MgCl2.6H20; 0.9 m M final; USB, USA), 0.24 g o f potassium hydroxide (KOH; 

42.8 m M final; USB, USA) in 100 mL o f DEPC-treated water. The buffer was 

adjusted to pH 7.3 - 7.6 and autoclaved. The working buffer ( I X ) was prepared by 

diluting the stock 5-fold with DEPC-treated water. Both the stock and the working 

buffers were stored at 4°C. 

Hemacytometer 

Cell number was determined by direct cell counting using a hemacytometer 

(Sigma, USA). 

Microscope 

Cell counting was performed under a light microscope (Olympus, USA) at 

100X magnification. 

2.14.5 Immunoblotting 

SDS sample buffer 

SDS sample buffer (6X) was prepared by mixing 10 mg of bromophenol blue 

(0.02% final，w/v; USB, USA), 5 mL of 1 M Tris-HCl (0.1 M final, pH6.8; USB, 
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USA), 10 mL of 10% SDS solution (2% final, v/v; USB, USA), 10 mL of glycerol 

(20% final, v/v; USB, USA) and 2.5 mL of p-mercaptoethanol (5% final, v/v; Sigma, 

USA) in 50 mL of double distilled water. The buffer was stored as 1.5-mL aliquots at 

-20°C. 

Lvsis buffer for lvsing HEK 293FT cells 

The lysis buffer stock was prepared by adding 6.06 g of Tris-HCl (50 m M final; 

pH 8.0; USB, USA), 7.01 g of NaCl (120 m M final; USB, USA), 5 mL ofNonidet 

P-40 (NP-4; 0.5% final, v/v; GE Healthcare, UK), 0.37 g of EDTA (1 m M final, 

USB, USA) in 1 L of double distilled water. It was stored at 4°C. The working buffer 

was freshly prepared by addition of protease inhibitor cocktail (Sigma, USA) in 

100-fold dilution. 

Running 罕el solution 

For a 1.5 mm mini gel, running gel solution was freshly prepared by mixing 

3.08 or 2.7 mL of 30% acrylamide (12% or 8% final, v/v; Bio-Rad Laboratories, 

USA), 2.86 mL of 1 M Tris-HCl (pH 8.8; 0.4M final; USB, USA) ), 1.67 or 2.05 mL 

of double distilled water, 77 \iL of 10% SDS solution (1% final, v/v; USB, USA), 35 

|iL of 10% ammonium persulfate (APS; 0.04% final, w/v; USB, USA) and 4 ^L of 

N,N,N,,N,-Di-(dimethylamino)ethane (TEMED; USB, USA). 

Stacking gel solution 

For a 1.5 mm mini gel, stacking gel solution was freshly prepared by mixing 

0.54 mL of 30% acrylamide (4% final, v/v; Bio-Rad Laboratories, USA), 1.06 mL of 

57 



0.1 M Tris-HCl (pH 6.8; 0.03 M final; USB, USA), 2.16 mL of double distilled water, 

35 JIL o f 10% SDS solution (1% final, v/v; USB, USA), 14 ^iL of 10% APS (0.04% 

final, w/v; USB, USA) and 4 | iL of TEMED (USB, USA). 

Electrophoresis buffer for SDS-PAGE 

The stock electrophoresis buffer (10X) was prepared by dissolving 30.28 g of 

Tris-base (0.25 M final; USB, USA), 144.13 g of glycine (1.92 M final; USB, USA) 

and 10 g of SDS (1% final, w/v; USB, USA) in 1 L of double distilled water. The 

working electrophoresis buffer ( I X ) was prepared by diluting the stock buffer 

10-fold with double distilled water. Both stock and working solutions were kept at 

room temperature. 

Transfer buffer 

The stock transfer buffer (10X) was prepared by dissolving 30.28 g of Tris-base 

(0.25 M final; USB, USA) and 144.13 g of glycine (1.92 M final; USB, USA) in 1 L 

of double distilled water. Stock solution was kept at room temperature. The working 

transfer buffer ( I X ) was freshly prepared by mixing 70 mL of stock transfer buffer, 

70 mL of methanol and 560 mL double distilled water together. 

TBS 

The stock TBS buffer (10X) was prepared by dissolving 24.22 g of Tris-base 

(0.2 M final; USB, USA) and 80.06 g of NaCl (1.37 M final; USB, USA) in 1 L of 

double distilled water with pH adjusted to 7.6. The working TBS buffer ( I X ) was 

prepared by diluting the stock solution 10-fold with double distilled water. Both 
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stock and working solutions were kept at room temperature. 

TBST 

TBST solution was prepared by adding 1 mL of Tween-20 (0.1% final, v/v; 

USB, USA) to 1 L of I X TBS. It was kept at room temperature. 

Blocking solution 

Blocking solution was freshly prepared by dissolving 2.5 g of skimmed milk 

powder (5% final, w/v) in 50 mL of I X TBST. 

ECL reagent A 

ECL reagent A was prepared by adding 9 mL of double distilled water, 1 mL of 

1M Tris-HCl (pH 8.5; USB, USA), 45 ^iL of coumaric acid (Sigma, USA) and 100 

| iL of luminal (Sigma, USA). The solution was kept at 4°C and was stable for a 

month. 

ECL reagent B 

ECL reagent B was prepared by adding 9 mL of double distilled water, 1 mL of 

1M Tris-HCl (pH 8.5; USB, USA) and 6 ^L of hydrogen peroxide (BDH, UK). The 

solution was kept at 4°C and was stable for a month. 

2.14.6 Formic acid treatment 

SDS sample buffer (2%) 

SDS sample buffer (2%) was prepared by dissolving 0.46 g of dithiothreitol 
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(DTT; 50 m M final; USB, USA) in 60 mL of 2% SDS solution (v/v; USB, USA). 

The buffer was stored as 1.5-mL aliquots at -20°C. 

2.14.7 Filter retardation assay 

SDS solution 

The stock SDS solution (10%, w/v) was prepared by dissolving 100 g of SDS 

(USB, USA) in 1 L of double distilled water. The working 2% (v/v) SDS solution 

was prepared by diluting the stock solution 5-fold with double distilled water. The 

working 0.01% (v/v) SDS solution was prepared by diluting the 2% (v/v; from 10% 

stock solution) SDS solution 200-fold with double distilled water. Both the stock and 

working solutions were kept at room temperature. 

2.14.8 Co-immunoprecipitation 

Co-IP buffer 

The co-IP buffer stock was prepared by adding 6.06 g of Tris-base (50 m M final; 

USB, USA), 7.01 g ofNaCl (120 m M final; USB, USA), 5 mL ofNP-40 (0.5% final, 

v/v; GE Healthcare, UK), 0.37 g of EDTA (1 m M final, USB, USA), 0.42 g of 

sodium fluoride (NaF; 10 m M final; USB, USA) in 1 L o f double distilled water. The 

pH value was calibrated to 8.0. It was stored at 4°C. The working buffer was freshly 

prepared by addition of protease inhibitor cocktail (Sigma, USA) in 100-fold 

dilution. 

2.14.9 In vivo ubiquitination assay 

Ubiquitination assay buffer 
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The ubiquitination assay buffer stock was prepared by adding 6.06 g of 

Tris-base (50 m M final; USB, USA), 7.01 g o fNaC l (120 m M final; USB, USA), 5 

mL ofNP-40 (0.5% final, v/v; GE Healthcare, UK) , 0.37 g o f EDTA (1 m M final， 

USB, USA), 0.42 g o f NaF (10 m M final; USB, USA) in 1 L o f double distilled 

water. The pH value was calibrated to 8.0. It was stored at 4°C. The working buffer 

was freshly prepared by addition of protease inhibitor cocktail (Sigma, USA) in 

100-fold dilution and n-ethylaleimide ( lOmM final; Sigma, USA). 
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Chapter 3 Involvement of Cull-based CRL in 

polyglutamine pathogenesis 

3.1 Introduction 

As mentioned in Chapter 1 (section 1.5), the CRLs are a large family o f E3 

ubiquitin ligases. They can be categorized into five main groups depending on which 

cullin proteins (Cul l -5) are employed [81]. By associating with different substrate 

receptors, different cull in proteins form different CRL complexes that target specific 

substrate proteins for ubiquitination [81]. Several lines of evidence have suggested 

association o f CRLs with polyQ pathogenesis (reviewed in Chapter 1 section 1.5). 

Due to the substrate specificity o f different CRL complexes, it is likely that certain 

groups o f CRLs are particularly involved in polyQ pathogenesis. 

To test this hypothesis, endogenous expression of five cullin genes (Cull-5) 

were individually knocked down by RNAi [134] in fly polyQ disease models [24,25, 

117，129]. Knock-down efficiency o f expression of individual cullins was confirmed 

to be higher than 50% by semi-quantitative RT-PCR (Figure 3.1). In polyQ diseases, 

expansion of polyQ domain in disease proteins causes accumulation of 

SDS-insoluble polyQ proteins in neurons and results in neurotoxcity [52, 53, 135]. 

Therefore, the corresponding modifications on neurotoxicity and SDS-solubility of 

expanded polyQ protein upon knock-down o f expression of individual cullins were 

examined to define the roles of cullins in polyQ diseases. 
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Figure 3.1. Knock-down efficiency of expression of individual cullins. 

(A) Transcript levels o f individual cullin genes in different RNA i fly lines revealed 

by RT-PCR. fi-actin served as loading control. (B) Quantification o f (A). A l l R K A i 

fly lines achieved more than 50% reduction o f corresponding cullin transcript level 

as compared to the gmr-GAL4 driver-only control. N = 4, * /?<0 .01 (Student's t-test); 

error bars represent mean 士 SEM from four independent experiments. The flies were 

raised at 25°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+\ +/+， 

gmr-GAL4/+; UAS-CuU麗仅顔2445)/� 

w; gmr-GAL4/+; UAS-Cid严/+， 

w; gmr-GAL4/UAS-Cul3RNAl; +/+， 

w; gmr-GAL4/UAS-CUl4勵化臓44829)., +/+， 

w; gmr-GAL4/UAS-Cul5職；+/+. 
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In this study, it was found that Cull modified polyQ toxicity and altered the 

abundance of SDS-insoluble expanded polyQ protein (sections 3.2 and 3.3). Toxicity 

assays were repeated in various polyQ disease models and a non-polyQ 

neurodegenerative disease model to test i f the effect of Cull was only specific to 

polyQ diseases (section 3.4). To investigate the detailed mechanisms behind the 

involvement of Cull protein in polyQ pathogenesis, the effect of Cull on 

SDS-solubility of expanded polyQ protein was studied (section 3.5). Besides, 

physical interaction between Cul l protein and expanded polyQ protein was 

examined to give insight into the functional relationship between them (section 3.6). 

Moreover, as the major function of Cull-based CRL is on protein ubiquitination [81], 

the effect of Cull on ubiquitination of expanded polyQ protein was studied as well 

(section 3.7). Furthermore, Hsp70 chaperone is a well-known suppressor of polyQ 

toxicity which works by promoting refolding of misfolded expanded polyQ protein 

[23, 135, 136]. By overexpression of Hsp70, the importance of protein refolding on 

the Cul 1RNA'-mediated enhancement on polyglutmnine toxicity was examined 

(section 3.8). Lastly, to double confirm the effect of Cull on polyglutamine toxicity, 

feasibility o f overexpression study on effect of Cull on polyglutamine toxicity was 

tested (section 3.9). 

3.2 Involvement of cullins in polyglutamine toxicity 

Examination of adult f ly external eye depigmentation is a simple and reliable 

phenotypic assay for screening polyQ toxicity modifiers [137]. In the truncated 

SCA3 (SCA3tr) model [117], expression of a transgene encoding for the HA-tagged, 
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truncated form o f the disease protein, ataxin-3, with unexpanded polyQ repeats of 27 

glutamines {HA~SCA3tr~Q2 7) in the eye by gmr-GAL4 did not cause degenerative 

phenotype (Figure 3.2A). However, weak expression o f a transgene encoding for the 

HA-tagged, truncated ataxin-3 protein with expanded polyQ repeats of 78 glutamines 

(HA-SCA3tr-Q78(w)) induced late-onset progressive degeneration resulting in 

depigmentation at 32 days gost-eclosion (dpe; Figure 3.2B). This HA-SCA3tr-Q78(w) 

line allows identification o f any polyQ toxicity enhancers. Stronger expression o f 

HA-SCA3tr-Q78 transgene {HA-SCA3tr-Q78(s)) in another independent transgenic 

fly line induced more severe degeneration and earlier age o f onset as shown by the 

extensive loss o f pigmentation at 3 dpe (Figure 3.2C). This HA-SCA3tr-Q78(s) line 

allows identification of any polyQ toxicity suppressors. The difference in expression 

level o f HA-SCA3tr-Q78 transgene in two different transgenic f ly lines was probably 

due to the difference in the chromosomal insertion site of the HA~SCA3tr-Q78 

transgene [117，138]. 

Individual knock-down o f Cul2, 3 and 5 expression showed no effect on 

degeneration induced by HA-SCA3tr-Q78 expression (Figure 3.3C，D and F). In 

contrast, knock-down o f Cul4 expression slightly enhanced degeneration as shown 

by the mi ld depigmentation in both HA-SCA3tr-Q78(w) and 

HA-SCA3tr~Q78(s)-QxpTQSsing flies (Figure 3.3E). Knock-down o f Cull expression 

caused an even stronger enhancement as shown by the more extensive 

depigmentation and formation of necrotic scars on the eye surface in both 

HA-SCA3tr-Q78(w) and ^ - ^ i / r - g Z ^ ^ - e x p r e s s i n g flies (Figure 3.3B). The 

stronger enhancing effect resulted from knock-down of Cull expression when 
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Figure 3.2. Expression of HA-SCA3tr-Q78 transgene induced degenerative 

phenotype in adult fly eyes. 

External eye depigmentation phenotypes of flies expressing truncated ataxin-3 

transgenes {HA-SCA3tr-Q2 7 or HA-SCA3tr-Q78) at 3 dpe and 32 dpe are shown. 

Transgenes were expressed using the gmr~GAL4 driver. (A) Expression of 

HA-SCA3tr~Q2 7 transgene did not cause any degenerative phenotype at both 3 dpe 

and 32 dpe. (B) Weak expression of HA-SCA3tr-Q78 transgene (HA-SCA3tr-Q78(w)) 

induced mild depigmentation which could be observed at 32 dpe but not 3 dpe. (C) 

Strong expression of HA-SCA3tr-Q78 transgene {HA-SCA3tr-Q78(s)) caused severe 

depigmentation at as early as 3 dpe. Most HA-SCA3tr-Q78(s)-Gx^iQssmg flies could 

not withstand the HA-SCA3tr-Q78(s)-md\xcQ6. toxicity and died before 32 dpe. 

Consistent results were obtained from three independent experiments. The flies were 

raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+， 

(B) w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

(C) w;gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+. 
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Figure 3.3 gmr-GAL4/ gmr-GAL4/ gmr-GAL4/ 

gmt-GAL4 UAS-HA- UAS-HA- UAS-HA-

SCA3tr-Q27 SCA3tr-Q78(w) SCA3tr-Q78(s) 
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Figure 3.3. Knock-down of Cull and Cul4 expression enhanced degeneration 
induced by HA-SCA3tr-Q78 expression in adult fly eyes. 
External eye depigmentation phenotypes o f gmr-GAL4 driver-only control flies and 
flies expressing truncated ataxin-3 transgenes (HA-SCA3tr-Q27 or HA-SCA3tr-Q78) 
with or without (as indicated by " - " ) individual knock-down of cullins expression are 
shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, 
expression of HA-SCA3tr-Q27 transgene did not cause any degenerative phenotype. 
Weak expression of HA-SCA3tr~Q78 transgene (HA-SCA3tr~Q78(w)) did not cause 
any observable depigmentation while strong expression of HA-SCA3tr-Q78 
transgene {HA-SCA3tr-Q78(s)) caused extensive loss of pigmentation. (B) 
Knock-down o f Cull expression caused a Q-length specific enhancement of 
degenerative phenotype induced by both the weak and strong expressions of 
HA-SCA3tr-Q 78 transgene as indicated by the more extensive loss of pigmentation. 
(C，D and F) Knock-down of Cul2 (C), Cul3 (D) and Cul5 (F) expression did not 
modify the HA-SCA3tr-Q78-indMCQ& degenerative phenotype. Knock-down of Cul4 
expression slightly enhanced depigmentation induced by HA-SCA3tr-Q78 (E). (G) 
Depigmentation could be observed at 32 dpe but not at 3 dpe in 
HA-SCA3tr-Q78(w)-Qx^iQssmg flies. Consistent results were obtained from three 
independent experiments. The flies were raised at 25°C. They were of genotypes: 
(A) w; gmr-GAL4/+; +/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 
w; gmr-GAL4/+; UAS~HA-SCA3tr-Q78(w)/+, 
w; gmr-GAL4 UAS'HA-SCA3tr-Q78(s)/+\ +/+ 
(B) w;gmr-GAL4/+; UAS-CuU—'—C42445)/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-Cull^1 ^°42445)/+} 
w; gmr-GAL4/+; UAS~HA-SCA3tr-Q78(w)/UAS-CullRNAl(VDRC42445), 
w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; UAS-Cull^1 

(C) w; gmr-GAL4/+; UAS-Cid2—7+, 
w; gmr-GAL4 UAS-HA-SCA3TR-Q27/+; UAS-CU12RNA,/+> 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-Cul2RNAl, 
w; gmr-GAU UAS-HA-SCA3tr-Q78(s)/+; UAS-Cul2RNAl/+ 
(D) w; gmr-GAL^UAS-CuB^1; +/+， 
w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-Cul3麗；+/+, 
w; gmr-GAL4/UAS-Cul3聽;UAS-HA-SCA3tr-Q78(w)/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/UAS-Cul3气 +/+ 
(E) w; gmr-GAU/UAS-CM腿1 沖讀29); +/+, 
w; gmr-GAL4 UAS-HA-SCAStr^l/UAS-Cul^1 ^044829^； +/+, 
w; gmr-GAIMUAS-CuM^4'喊44829); UAS-HA-SCA3tr-Q78(w)/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/UAS-Cul4RNA,(VDR^44829); +/+ 
(F) w; gmr-GAL4/UAS-Cul5mAt; +/+, 
w; gmr-GAU UAS-HA-SCAStr-QlJ/UAS-CulS^1; +/+， 
w; gmr-GAL4/UAS-Cul5mAl; UAS-HA-SCA3tr-Q78rw)/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/UAS-Cul5^A,\ +/+ 
(G) w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+. 
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compared to Cul4 could not be due to the difference in the knock-down efficiency as 

the knock-down efficiency was higher in Cul4mAl flies (Figure 3.1). Rather, the 

stronger enhancing effect by knock-down of Cull expression was likely to be due to 

the intrinsic property of Cul l . 

To exclude the possibility of off-target effect due to non-specific binding of 

double-stranded RNA (dsRNA) on mRNA o f non-target gene(s), the above 

examination of adult fly external eye depigmentation was repeated using another 

independent CullmAl fly line (JJAS-CuUmAl _18腦)of Figure 3.4) in which the 

Cull dsRNA sequence was distinct from the one in the Cull腿1 fly line used in 

Figure 3.3B (UAS-Cull議(VDRC42445)�. It was found that the enhancing effect upon 

knock-down of Cull expression was reproducible in this UAS-CullmAt _1877R-2) line 

(Figure 3.6B). Similarly, the examination of adult fly external eye depigmentation 

was repeated using another independent CW4麵' f ly line (UAS-Cul4mAl ^108711^2> in 

Figure 3.5)) in which the Cul4 dsRNA sequence was distinct from the one in the 

Cul4mAl fly line used in Figure 3.3E (UAS-Cul^1 The enhancing effect 

upon knock-down of Cul4 expression was also reproducible in this UAS-Cul4mAl 

(NIG87UR-2) ^此（Figure 3.6C). Hence, the enhancing effect observed was due to 

specific knock-down of Cull and Cul4 expression. 

3.3 Distinct effects of knock-down of Cull and Cul4 expression on 

SDS-solubility of expanded polyglutamine protein 

As it was found that both Cul l protein and Cul4 protein were involved in polyQ 

toxicity, it is interesting to know i f these two cullins played the same role in polyQ 
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Figure 3.4 
A Cull CDS GTTCTGACGGCGTTCAACAATGACAACGGATTTGTGGCCGCnTGGACAAGGCGTGTGGA 12 彻 

Cull dsRNA (VDRC4Z445) ACGGATTTGTGGCCGCTTTGGACAAGGCGTGTGGA 35 
本章拿本本章拿聿拿本本本拿本本本彖本本拿本拿章聿本本拿拿本本本本本孝拿 

Cull CDS AAGTTCATAAACTCGAACGTGGTCACGATCGCAAACA6TGCTAGCAAGTCGCCCGAATTG 1260 
Cull dsRNA 0/DRC42445) AAGTTCATAAACTCGAACGTGGTCACGATCGCAAACAGTGCTAGCAAGTCGCCCGAATfG 95 

Cull CDS aGGCCAAGTACTGCGATCTGTTATTAAAAAAATCaCGAAAAATCCCGAGGACAAGGAG 1320 
Cull dsRNA CVDRC42445) CTGGCCAAGTACTGCGATaGTTATTAAAAAAATCaCGAAAAATCCCGAGGACAAGGAG 155 

Cull CDS CTCGAGGACAATGTAACCAGGTGATGGTCGTGTTCAAGTATATCGAGGATAAGGACGTC 1380 
Cull dsRNA CVDRC42445) CTCGAGGACAATCTTAACCAGGTGATGGTCGTGTTCAAGTATATCGAGGATAAGGAC6TC 215 

Cull CDS TTCCAAAAATATTAaCCAAGATGCTTGaAAGCGCTTGGTTAACCACACATCGGCTTCG 1440 
Cull dsRNA (VDRC42445) TTCCAAAAATATTACrCCAAGATGCTTGaAAGCGCTTGGTTAACCACACATCGGCTTCG 275 

Cull CDS GATGACGCCGAGGCrATGATGATCTCCAAACTGAAGCAGACATGTGGTTACGAATACACC 1500 
Cull dsRNA (VDRC42445) GATGACGCCGAGGCTATGATGATCTCCAAACTGAAGCAGACATGTGGTTACGAATACACC 335 

Cull CDS GTCMGCTTCAGAGGATGmCAGGACATTGGCGTaCMAGGACTTGAACTCGTACTTT 1560 
Cull dsRNA (VDRC42445) GTCAAGCTTCAGAGGATGTTCCAGGACATTGGCGTaCAAAGGA- 379 

B Cull CDS ATGAACCGCTCCGGCAATTCCCAGACCACACAGAAACTCGTCAACCTGGACGATATCTGG 60 
Cull dsRNA (NI61877R-2) GGCAATTCCCAGACCACACAGAAACTCGTCAACCTGGACGATATCrGG 48 

Cull CDS AGCGAATTGGTCGAGGGCATTATGCAGGTGTTTGAGCACGAGAAGTCCaCACCCGCAGC 120 
Cull dsRNA (NIG1877R-Z) AGCGAATTGGTCGAGGGCATTATGCAGGTGTTTGAGCACGAGAAGTCCCTCACCCGCAGC 108 

Cull CDS CAGTACATGCGTrTCTACACTCACGTCTATGACTACTGCACCAGCGTGAGCGCGGCTCCA 180 
Cull dsRNA CNIG1877R-2) CAGTACATGCGTTTCTACACTCACGTCTATGACTACTGCACCAGCGTGAGCGCGGCTCCA 168 

Cull CDS AGCGGACGGAGCAGCGGAAAGACAGGCGGAGCGCAGCTGGTGGGCAAGAAGCTGTACGAC 24« 
Cull dsRNA (NIG1877R-Z) AGCGGACGGAGCAGCGGAAAGACAGGCGGAGCGCAGCTGGTGGGCAAGAAGCTGTACGAC 228 

Cull CDS CGGCTGGAACAATTTCTCAAGTCATACaGAGCGAGCTGCTCACCAAGTTCAAGGCCATC 300 
Cull dsRNA (NIG1877R-2) CGGCTGGAACAAnTCTCAAGTCATACCTGAGCGAGCTGCTCACCMGTTCAAGGCCATC 288 

Cull CDS AGCGGCGAGGAGGTACTCCTGTCGCGCTACACCAAACAGTGGAAGTCGTATCAGTTCTCC 360 
Cull dsRNA CNIG1877R-2) AGCGGCGAGGAGGTACTCCTGTCGCGCTACACCAAACAGTGGAAGTCGTATCAGTTCTCC 348 

Cull CDS AGTACCGTTCTGGACGGCATCTGCAACTACCTGAATCGGAACTGGGTGAAGCGCGAGTGC 420 
Cull dsRNA CNIG1877R-2) AGTACCGTTCTGGACGGCATCTGCAACTACCTGAATCGGAACTGGGTGAAGCGCGAGTGC 408 

Cull CDS GAGGAGGGGCAGAAGGGTATCTACAAGATCTACCGACTGGCCCTCGTCGCCTGGAAGGGA 480 
Cull dsRNA CNIG1877R-2) GAGGAGGGGCAGAAGGCTATCTACAAGATCTACCGACTGGCCCTCGTCGCCTGGMGGGA 468 

聿拿本拿本拿本《拿本章拿拿章拿拿本本聿本拿幸本本*******本本本*拿芈拿章拿拿本章*拿本傘本拿*本章拿拿拿拿*本聿拿 

Cull CDS CAmGTTCCAAGTGCrAAATGAGCCGGTCACCMGGCAGTGCTCAAGTCCATTGAGGAG 5明 

Cull dsRNA (NIG1877R-2) CATTTGTTCCAAGTGCTAAATGAGCCGGTCAC 500 
水牵本本章承章本本章水章承本承本本本本•本章本本本拿拿4c本拿本伞 

13 513 1166 1545 

Cull CDS � ' ' ' ' 2325 

Cull dsRNA (VDRC42445) — 
Cul 1 dsRNA (NIG 1877R-2) n 
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Figure 3.4. dsRNA sequences of two independent CullRNAt fly lines. 

There are 2,325 bp in the coding sequence (CDS) of fly Cull (protein product: 

FBpp0087921 (FlyBase)). (A) The dsRNA sequence in UAS-CullmAi 瞬。42445) f ly 

line (Line No. 42445 from the Vienna Drosophila RNAi Center) targets at nt 1,166 to 

nt 1,545 of Cull CDS. (B) The dsRNA sequence in UAS-Cull^1^101877^ f ly line 

(Line No. 1877R-2 from the National Institute of Genetics) targets at nt 13 to nt 513 

of Cull CDS. " * " indicates perfect match between nt from two aligned sequences at 

the corresponding position while ‘‘-，’ indicates that there is no nt at the corresponding 

position. Nucleotide 1 is defined as the starting nt of the corresponding sequence. (C) 

Schematic diagram showing the overlapping region between Cull CDS and the Cull 

dsRNA sequences of the two Cull1^^ lines used in this study. 
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Figure 3.10 

A Cul4 CDS 
Cul4 dsRNA (VDRC44829) 

TATGTGCTGCAAAAnCGACCGTTCACTCGATTrGGGACATGGGGCTGGACCTTTTTCGC 720 
GCTGCAAMTTCGACCGTrCACTCGATTTGGGACATGGGGCTGGACCTTTTTCGC 55 

Cul4 CDS ATCCATTTTGCTCMAACAGCGTTGTCCAAAAGCGAACCGTCGACGCTTTACTMCGCTT 780 
Cul4 dsRNA (VDRC44829) ATCCATTTTGCTCAAAACAGCGTTGTCCAAMGCGAACCGTCGACGGTTTACTAACGCTT 115 

Cul4 CDS ATTGAAAAAGAACGACAAGGCTaACCGTGGACCGTGGTTTGCTGAAGAGCTTGGTTCGC 840 
Cul4 dsRNA (VDRC44829) ATTGAAAAAGAACGACAAGGCTCCACCGTGGACCGTGGTTTGCTGAAGAGCTTGGTTCGC 175 

Cul4 CDS ATGTTATGCGACCTGCAGATCTACACCAGCTCCTTTGAGGAGAAGTTCCTCGACGCAACC 900 
Cul4 dsRNA CVDRC44829) ATGTTATGC6ACCTGCAGATCTACACCAGCTCCTTT6AGGAGAAGTTCCTCGACGCAACC 235 

Cul4 CDS AATCAATTGTATAAGGCTGAGAGTCAACGCAAGATGCAAGAACTGGAAGTTCCCGAGTAC 960 
Cul4 dsRNA (VDRC448Z9) AATCAATTGTATAAGGCTGAGAGTCAACGCAAGATGCAAGAACTGGAAGTTCCCGAGTAC 295 

C u U CDS TTACAACACGTCAACAAGCGTTTGGCCGAGGAGAACGAGCGTTTGCGTCACTATCTGGAC 1020 
Cul4 dsRNA (VDRC44829) TTACAACACGTCAACAAGCGTTTGGCCGAGGAGAACGAGC- 335 

B Cul4 CDS 
Cul4 dsRNA CNIG87I1R-1) 

C u U CDS 

c 

AATATTGCCGCCTGCCTGAAGAAGGCCGAGAACGTCGCCCCCACCGCTGCTGCCGCCTCG 120 
CTGCCTGAAGAAGGCCGAGAACGTCGCCCCCACCGCTGCTGCCGCCTCG 49 

AGCGTGGGCCGCAGTGCCTTCGCTGCCCAAAACATGAATTCTGCGTCCACCMCGGCGAG 180 
C u U dsRNA (NIG8711R-1) AGCGTGGGCCGCAGTGCCTTCGCTGCCCMAACATGAATTCTGCGTCCACCAACGGCGAG 109 

C u U CDS CGCCTGCCAAACTTCTCCAAGCTAGGCGGCAGCCATGGCGAGATCCGCACGGCTTCAACT 240 
Cul4 dsRNA (NIG8711R-1) CGCCTGCCAAACTTCTCCAAGCTAGGCGGWGCCATGGCGAGATCCGCACGGCTTCAACT 169 

C u U CDS ACCTCAAATCTCCTCAATCGCATGGGGGCTATTCACAACAGCAAGCCTGGCGATGTCAAG 300 
Cul4 dsRNA (NIG8711R-1) ACCTCAAATCTCCTCAATCGCATGGGGGCTATTCACAACAGCAAGCCTGGCGATGTCAAG 229 

Cul4 CDS AAGATAGTGATTAAGAACTTTAAGGATAAGCCTACACTGCCCGATAACTATTCCAAGGAC 360 
Cul4 dsRNA (NIG8711R-1) AAGATAGTGATTAAGAACTTTAAGGATAAGCCTACACTGCCCGATAACTATTCCAAGGAC 289 

Cul4 CDS ACGTACGTGAAGCTTGAAGAAGCCGTTATCGCCATCCAACTCTCCAAGCCCATTAAATAT 420 
Cul4 dsRNA (NIG8711R-1) ACGTACGTGAAGCTTGAAGAAGCCGTTATCGCCATCCAACTCTCCAAGCCCATrAAATAT 349 

Cul4 CDS TCGCTGGAGGAGCTCTACCAGGCGGTGGTGAACATGTGTAGCCACAAGATGGATGCACAA 480 
Cul4 dsRNA (NIG8711R-1) TCGCTGGAGGAGCTCTACCAGGCGGTGGTGAACATGTGTAGCCACAAGATGGATGCACAA 409 

C u U CDS TTATACGCGAAACTCAAGGAGCTAACAGAGCAACACGTAAAGC6CAATATTAAGCTCAAG 540 
Cul4 dsRNA (NIG8711R-1) TTATACGCGAAACTCAAGGAGCTAACAGAGCAACACGTAAAGCGCAATATTAAGCTCAAG 469 

Cul4 CDS GAGCTXACCGGCGGTAGCATGGACAAACTGATrTTGCTGGMAAGATCAACCACTGGTGG 600 
Cul4 dsRNA (NIG8711R-1) GAGCTCACCGGCGGTAGCATGGACAAACTGA 500 

傘本本幸拿本*孝拿幸本聿孝幸本聿拿零拿本本本本本本拿傘拿孝幸_ 

71 571 
1 . • 665 1000 2246 

Cul4 CDS 

Cul4 dsRNA (VDRC44829) 
Cul4 dsRNA (NIG8711R-2) 
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Figure 3.5. dsRNA sequences of two independent Cul4RNAl fly lines. 

There are 2,246 bp in the CDS of fly Cul4 (protein product: FBpp0087897 

(FlyBase)). (A) The dsRNA sequence in UAS-Cul4mAi 帅龍829) fly line (Line No. 

44829 from the Vienna Drosophila RNAi Center) targets at nt 665 to nt 1,000 of 

Cul4 CDS. (B) The dsRNA sequence in UAS-Cul^ ^108711^ fly line (Line No. 

8711R-1 from the National Institute of Genetics) targets at nt 71 to nt 571 of Cul4 

CDS. indicates perfect match between nt from two aligned sequences at the 

corresponding position while " - " indicates that there is no nt at the corresponding 

position. Nucleotide 1 is defined as the starting nt of the corresponding sequence. (C) 

Schematic diagram showing the overlapping region between Cul4 CDS and the Cul4 

dsRNA sequences of the two Cul4mAl lines used in this study. 
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UAS-HA-SCA3tr-Q27 
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UAS-HA-SCA3tr-Q78(w) 

Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 
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Figure 3.6 Effect by knock-down of Cull and Cul4 expression was reproducible 

in another independent Cull11™1 and Cul4RNAl lines. 

External eye depigmentation phenotypes of flies expressing truncated ataxin-3 

transgenes (HA-SCA3tr-Q27 or HA-SCA3tr-Q78) with or without (as indicated by “ - ” ) 

knock-down of Cull or Cul4 expression are shown. Transgenes were expressed using 

the gmr-GAL4 driver. (A) At 3 dpe, expression of HA-SCA3tr-Q27 transgene did not 

cause any degenerative phenotype. Weak expression of HA-SCA3tr-Q78 transgene 

(HA-SCA3tr-Q78(w)) did not cause any observable depigmentation. (B and C) 

Knock-down of either Cull (B) or Cul4 (C) expression caused a Q-length specific 

enhancement on degenerative phenotype induced by expression of HA-SCA3tr-Q78 

transgene as indicated by the more extensive loss of pigmentation. The flies were 

raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+ 

(B) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-Cull^ 

w; gmr-GAL4/+; UAS-HA-SCA3tr^Q78(w)/UAS-CullRNAi(NIG1877R-2), 

(C) w; gmr-GAU UAS-HA-SCAStr^V/UAS-CuU^^10871111'0; +/+， 

w; gmr-GAL4/UAS-Cul4mAi ^108711^； UAS-HA-SCA3tr-Q78(w)/+. 
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pathogenesis. 

In the full-length SCA3 (SCA3A) model [129], a myc-tagged, full-length 

ataxin-3 protein with either unexpanded polyQ repeats of 27 glutamines 

(myc-SCA3fl-Q27) or expanded polyQ repeats of 84 glutamines (myc-SCA3fl-Q84) 

was expressed [129]. The study on the effect of Cull and Cul4 on polyQ toxicity was 

repeated in this model because of the following reasons. First, this model tested i f the 

protein context of ataxin-3 affected the modification by Cull and Cul4. Second, it is 

reported that truncated polyQ disease proteins are more prone to aggregation [139]. 

Due to the fixll-length nature of myc-SCA3fl-Q84 protein, myc-SCA3fl-Q84 protein 

is more SDS-soluble [129, 140] than HA-SCA3tr-Q78 protein which was largely 

SOS-insoluble [117]. Thus, in comparison with the SCAtr model, the SCA3fl model 

allowed study on both the SDS-soluble and the SDS-insoluble fractions of expanded 

polyQ protein [140]. As a result, the SCA3fl model allowed exploration on the link 

between the effect on polyQ toxicity and any alteration on SDS-solubility of 

expanded polyQ protein by Cull and Cul4. 

Besides higher SDS-solubility, myc-SCA3fl-Q84 protein is less toxic than 

HA-SCA3tr-Q78 protein [129, 140]. Therefore, a more sensitive toxicity assay 

named the deep pseudopupil assay was used to measure the effect of Cull and Cul4 

on the relatively mild degeneration induced by myc~SCA3fl~Q84 expression 

[141-144]. In Drosophila, each compound eye contains many repeating units named 

ommatidia. In each ommatidium, there is a cluster of photoreceptor neurons (Figure 

3.7). Rhabdomeres refer to the light-capturing organelles in the photoreceptor 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 

Figure 3.7. Schematic diagram showing the transverse cross-section of Rl-7 

photoreceptor neurons. 

Rhabdomere (R; black structure) is a photosensitive organelle inside a photoreceptor 

neuron (in grey). It is composed of microvili which carry the rhodopsin 

photopigments and other components of the phototransduction cascade. Red 

structures: endoplasmic reticular (ER) membrane system; Blue structures: nuclei (N; 

adapted from [145]). 
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neurons [145]. In the deep peusdopupil assay, each intact rhabdomere can be 

observed as a light spot under microscopic observation. Polyglutamine-induced 

degeneration in the eyes disrupts the rhabdomeres structure and causes a reduction of 

light spots being observed [25]. This inverse correlation between the degree of 

degeneration and the number of rhabdomeres per ommatidium is widely used to 

assay the modification on polyQ degeneration quantitatively [141-144], Here, in f ly 

eyes expressing myc-SCA3fl-Q27 protein, nearly 6 rhabdomeres (an average of 5.81) 

could be observed, while expression of the expanded polyQ domain-containing 

protein myc-SCA3fl-Q84 caused a reduction in rhabdomere score to close to 5 (an 

average of 4.88; Figure 3.8A). This shows that expansion of the polyQ domain 

induced degeneration which disrupted the rhabdomeres structure. Knock-down of 

Cull or Cul4 expression caused a Q-length specific reduction in the rhabdomere 

score to around 4 (Figure 3.8B). These data are consistent with the finding in SCA3tr 

model (Figure 3.3B and E) and confirm that Cull and Cul4 modify polyQ toxicity 

regardless of the protein context of the disease protein in polyQ diseases. 

To test i f the above modification was linked to any alteration on the 

SDS-solubility of expanded polyQ protein, the fly head lysate was subjected to filter 

retardation assay [146]. In this assay, the protein sample was pumped through a 

cellulose membrane with 0.22 j im pore size. Any SDS-insoluble protein aggregates 

with diameter larger than 0.22 jam would be captured by the membrane for 

subsequent immunodetection. This assay was therefore used to capture any 

SDS-insoluble myc-SCA3fl-Q84 protein aggregates with diameter larger than 0.22 

jim for immunodetection [146] (Figure 3.9). Knock-down of Cull, but not Cul4 

80 



Figure 3.8 gmr-GAL4/ gmr-GAL4/ 

UAS-myc~SCA3Jl-Q27 UAS-myc-SCA3JI~Q84 
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Figure 3.8. Enhancement by knock-down of Cull and Cul4 expression was 

reproducible in the SCA3fl model. 

(A - C) Deep pseudopupil images of flies expressing full-length ataxin-3 transgenes 

{myc-SCAfl-Q27 or myc-SCA3fl-Q78) with or without (as indicated by “-”) 

knock-down of Cull and Cul4 expression are shown. Transgenes were expressed 

using the gmr-GAL4 driver. On average，5.81 rhabdomeres per ommatidium could be 

observed under microscope in flies expressing myc-SCA3fl-Q27 transgene (A). 

Expansion of the polyQ tract to Q84 caused a reduction in the rhabdomere score to 

an average of 4.88. Knock-down of either Cull (B) or Cul4 (C) expression caused a 

Q-length specific enhancement on degeneration induced by myc-SCA3fl-Q84 

expression and reduced the rhabdomere score to an average of 4.1 and 3.93 

respectively. (D) Quantification of (A - C). N = \6,* p< 0.01 (Mann-Whitney Rank 

Sum Test); error bars represent mean 士 SEM from at least 16 flies from three 

independent experiments. At least 320 ommatidia were scored per group. The flies 

were raised at 21 °C and were assayed at 2 dpe. They were of genotypes: 

(A) w; gmr-GAL4 UAS-myc-SCA3fl-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+ 

(B) gmr-GAL4 UAS-myc-SCA3fl-Q27/+', UAS-Cull^1 ^€42445)/+> 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/UAS-CullRNAi ^0^42445) 

(C) w; gmr-GAL4 UAS~myc-SCA3fl-Q27/UAS-Cul4mAi 卯如44829); +/+， 

w; gmr-GAL4/UAS-Cul4mAi ^0^4482^- UAS~myc-SCA3fl-Q84/+. 
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Figure 3.9. Knock-down of Cull expression increased the level of SDS-insoluble 

myc-SCA3fl-Q84 protein. 

Adult head lysate of gmr-GAL4 control flies and myc-SCA3Jl-Q84-expressing flies 

with or without knock-down of individual cullin genes was subjected to filter 

retardation assay. The immunoblot was probed with anti-myc antibody to detect 

presence of any SDS-insoluble myc-SCA3fl-Q84 protein aggregates with size larger 

than 0.22 jim. Knock-down of Cull expression intensified the signal for insoluble 

myc-SCA3fl-Q84 protein. The experiment was performed once. The flies were raised 

at and were assayed at 2 dpe. They were of genotypes: 

w; gmr-GAL4/+; +/+, 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+’ 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/UAS-CullRNAi(VDRC42445), 

w; gmr-GAL4/+; UAS-myc-SCASfl^QS^UAS-Cul^, 

w; gmr-GAL4/UAS-Cul4mAi ^^RC44829)., UAS-myc-SCA3fl-Q84/+. 
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expression, caused an increase in the level of SDS-insoluble myc-SCA3fl-Q84 

protein (Figure 3.9). This suggests that Cull, but not Cul4, modifies the 

SDS-solubility of expanded polyQ protein. 

3.4 Specificity of the enhancement on polyglutamine toxicity by knock-down of 

Cull expression 

To test i f the effect of Cull on toxicity is specific to the polyQ domain, 

examination of adult f ly external eye depigmentation was performed in two 

additional polyQ disease models. The first one is the truncated AR (ARtr) model [24]. 

PolyQ tract-expanded AR protein is the disease protein for the polyQ disease named 

SBMA [24, 147]. Flies expressing a transgene encoding for a truncated form of AR 

with normal Q-length (ARtr-Q16) in the eyes by gmr-GAL4 driver did not induce any 

degenerative phenotype (Figure 3.1 OA). Conversely, weak expression of a transgene 

encoding for an expanded form of ARtr (ARtr-Q112(w)) induced degeneration 

resulting in mild depigmentation (Figure 3.1 OA). Knock-down of Cull expression in 

the eyes of the ARtr-Ql 12(w)-QxpTQssing flies caused extensive loss of pigmentation 

and formation of necrotic scars (Figure 3.1 OB). 

In another polyQ disease model, the eGFP-polyQ model, an eGFP is fused to a 

polyQ tract with an expanded polyQ repeat of 76 glutamines [52]. Expression of 

eGFP-Q76 in the eyes by gmr-GAL4 driver induced degeneration resulting in 

depigmentation (Figure 3.11 A). Knock-down of Cull expression in the eyes 

enhanced the eGFP-Q76-induced toxicity and led to more extensive loss of 

pigmentation and formation of necrotic scars (Figure 3.1 IB). These data are 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 

A 

B 

UAS-CullRNAt(VDR€42445> 

gmr-GAL4/ 

UAS-ARtr-Q16 
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UAS-ARtr-Q112(w) 
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Figure 3.10. Knock-down of Cull expression enhanced degeneration induced by 

ARtr-Q112 expression in adult fly eyes. 

External eye depigmentation phenotypes of flies expressing ARtr transgenes 

{ARtr-Q16 or ARtr-Q112) with or without (as indicated by “-，’）knock-down of Cull 

expression are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 

3 dpe, expression of ARtr-Q16 transgene did not cause any degenerative phenotype 

while weak expression of ARtr-Q112 transgene (ARtr-Q112(w)) caused slight loss o f 

pigmentation. (B) Knock-down of Cull expression caused a Q-length specific 

enhancement on degeneration as shown by the extensive loss of pigmentation and 

formation of necrotic scars. Consistent results were obtained from three independent 

experiments. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; UAS-ARtr-QI6/+, 

w; gmr-GAL4/+; UAS-ARtr-QU2(w)/+ 

(B) w; gmr-GAL4/+; UAS-ARtr-Ql6/UAS-Cull函’ 

w; gmr-GAL4/+; UAS-ARtr-Q112(w)/UAS-CullRNAi. 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 

gmr-GAL4/ UAS-eGFP-Q76 
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Figure 3.11. Knock-down of Cull expression enhanced degeneration induced by 

eGFP-Q76 expression in adult fly eyes. 

External eye depigmentation phenotypes of flies expressing eGFP-Q76 transgene 

with or without (as indicated by “-”）knock-down of Cull expression are shown. 

Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, expression of 

eGFP-Q76 transgene caused mild loss of pigmentation. (B) Knock-down of Cull 

expression caused a Q-Iength specific enhancement on degeneration as shown by the 

extensive loss of pigmentation and formation of necrotic scars. Consistent results 

were obtained from three independent experiments. The flies were raised at 25°C. 

They were of genotypes: 

(A) w; gmr-GAL4/+; UAS-eGFP-Q76/+ 

(B) w; gmr-GAL4/+; UAS-eGFP-Q76/UAS-CullmAi卵耽42445). 
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consistent with the finding in the SCA3tr model in the sense that knock-down of 

Cull expression enhanced polyQ toxicity (Figure 3.3B). As the SCA3tr, ARtr and 

eGFP models are in common only in the presence of polyQ domain, the effect of 

Cull on polyQ toxicity is specific to the polyQ domain. 

To test i f the effect of Cull on neurotoxicity is only specific to polyQ diseases, 

the effect of Cull on another protein-misfolding neurodegenerative disease PD was 

examined. AIpha-synuclein is a familial PD gene [148] and its protein product is a 

major component of the protein aggregates found in neuronal tissues of PD patients 

[149]. Expression of wild-type a-synuclein (a-synucleinnT) in fly eyes by gmr-GAL4 

driver did not cause observable degenerative phenotype on the external eye surface 

(data not shown). However, it induced mild retinal degeneration which could be 

observed by deep pseudopupil assay [150]. Only around 5 (an average of 5.09) 

rhabdomeres per ommatidium were observed under microscope as tested by deep 

pseudopupil assay (Figure 3.12A). Knock-down of Cull expression neither reduced 

nor rescued the rhabdomere score (Figure 3.12B). This shows that the effect of Cull 

is only specific to polyQ diseases. Taken together, Cull specifically affects toxicity 

induced by expanded polyQ domain. 

3.5 Effects of knock-down of Cull expression on SDS-solubility of expanded 

polyglutamine protein 

To investigate the mechanism behind the effect of Cull on polyQ toxicity in 

relation to the SDS-solubility and abundance of total expanded polyQ protein, the 

SCA3A model [129] was employed. As mentioned in section 3.3, this model 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 

» • • • IVT • • 

(A - B) Deep pseudopupil images o f flies expressing a-synuclein with or without 

knock-down o f Cull expression are shown. Transgenes were expressed using the 

gmr-GAL4 driver. (A) On average, 5.09 rhabdomeres per ommatidium could be 
• WT • 

observed in flies expressing a-synuclein . (B) Knock-down of Cull expression did 

not cause statistical significant modification on the rhabdomere score when 

compared to a-synuclein ^-expressing flies without knock-down o f Cull expression. 

(C) Quantification of (A - B). N 二 22，** = 0.30 (Mann-Whitney Rank Sum Test); 

error bars represent mean 士 SEM from three independent experiment. A t least 250 

ommatidia from 30 flies were scored per group. The flies were raised at 21°C and 

were assayed at 2 dpe. They were of genotypes: 

(A) w; gmr-GAL4/+; UAS-a-synuclein+ 
(B) gmr-GAL4/+; UAS-a-synucleir^/UAS-Cull藤化聽2445). 
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expresses the myc-SCA3fUQ84 protein which is only partly SDS-insoluble [140]. 

Therefore, SCA3fl model allows studies on both the soluble and insoluble fractions 

ofmyc-SCA3fl-Q84 protein. 

To study the effect of Cull on SDS-solubility of myc-SCA3fl-Q84 protein, f ly 

head lysate was subjected to immunoblotting. The SDS-soluble fraction of 

myc-SCA3fl-Q84 protein was resolved in the running gel (Figure 3.13). 

Knock-down o f Cull expression reduced the level o f SDS-soluble fraction o f 

myc-SCA3fl-Q84 protein in the running gel (Figure 3.13). 

To quantify the SDS-insoluble fraction of myc-SCA3fl-Q84 protein, the fly 

head lysate was subjected to ultracentrifugation to isolate the SDS-insoluble fraction 

o f myc-SCA3fl-Q84 protein [25]. Formic acid (100%) was then used to disrupt the 

ionic interactions among the SDS-insoluble aggregated myc-SCA3fl-Q84 proteins 

and dissociate the aggregated proteins into monomers [25，151]. The formic acid 

treated sample was then subjected to immunoblotting (Figure 3.14). It was found that 

knock-down o f Cull expression enhanced the level o f SDS-insoluble 

myc-SCA3fl-Q84 protein (Figure 3.14). To double confirm the enrichment of 

SDS-insoluble fraction of myc-SCA3fl-Q84 protein, filter retardation assay was 

performed [146] to capture the SDS-insoluble myc-SCA3fl-Q84 protein aggregates 

with size larger than 0.22 )im for subsequent immunodetection (Figure 3.15). 

Consistently, knock-down o f Cull expression enhanced the level o f SDS-insoluble 

myc-SCA3fl-Q84 protein (Figure 3.15). Combining all the data together, Cull 

modulates the SDS-solubility of myc-SCA3fl-Q84 protein. 
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Figure 3.13. Knock-down of Cull expression reduced the level of SDS-soluble 

myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of control flies and myc-SCA3jl-Q84-Qy^TQ^mg flies with or 

without knock-down of Cull was subjected to immunoblotting. The immunoblot was 

probed with anti-myc antibody to detect the presence of myc-SCA3fl-Q84 protein. 

The arrow (->) indicates the monomeric, SDS-soluble myc-SCA3fl-Q84 protein 

while the signal in stacking gel represents the SDS-insoluble myc-SCA3fl-Q84 

protein. Knock-down of Cull expression reduced the level of SDS-soluble 

myc-SCA3fl-Q84 protein. The immunoblot was stripped and reprobed with 

anti-(3-tubulin antibody to confirm equal amount of protein loaded n every lane. (B) 

Quantification on the monomeric band of (A). Band intensity was relative to 

myc-SCA J/?-^¥-expressing flies without knock-down of Cull expression. N = 4, * 

p < 0.05 (Student's t-test); error bar represents mean 士 SEM from four independent 

experiments. The flies were raised at 21°C and were assayed at 3 dpe. They were of 

genotypes: 

w; gmr~GAL4/+; +/+, 

w; gmr~GAL4/+; UAS-myc~SCA3fl-Q84/+, 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/UAS-CullmAi 肿肥42445). 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 
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Figure 3.14. Knock-down of Cull expression increased the level of 

SDS-insoluble myc-SCA3H-Q84 protein. 

(A) Adult head lysate of myc-SCA3fl-Q84-QX^vQ^:m% flies with or without 

knock-down of Cull expression was subjected to ultracentrifugation to isolate any 

SDS-insoluble protein aggregates and also to remove the SDS-soluble protein. The 

resulting pellet was treated with 100% formic acid to dissociate the aggregates into 

monomers and then subjected to immunoblotting. The immunoblot was probed with 

anti-myc antibody to detect the presence of any SDS-insoluble myc-SCA3fl-Q84 

protein. The arrow (->) indicates the solubilized insoluble myc-SCA3 A-Q84 protein 

and the signal intensity represents its level. Knock-down of Cull expression 

intensified this band. (B) Quantification of the SDS-insoluble myc-SCA3fl-Q84 

protein in (A). Band intensity was relative to myc-SCASfl-Q84-QyjpxQssing flies 

without knock-down of Cull expression. N = 4, * p < 0.05 (Student's t-test); error 

bar represents mean 士 SEM from four independent experiments. The flies were 

raised at 21°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-myc~SCA3fl-Q84/+, 

w; gmr-GAL4/+; UAS-myc~SCA3fl-Q84/UAS-CullmAi ^42445\ 
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Figure 3.12. Knock-down of Cull expression did not modify a-synuclein toxicity. 
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Figure 3.15. Knock-down of Cull expression increased the level of 

SDS-insoluble myc-SCA3fl-Q84 protein with size larger than 0.22 fim. 

(A) Adult head lysate of control flies and myc-SCA3fl-Q84-expTessing flies with or 

without knock-down of Cull was subjected to filter retardation assay to capture any 

SDS-insoluble proteins with size larger than 0.22 ^tm. The immunoblot was probed 

with anti-myc antibody to detect presence of any SDS-insoluble myc-SCA3fl-Q84 

protein with size larger than 0.22 jj,m. Knock-down of Cull expression intensified the 

signal for insoluble myc-SCA3fl-Q84 protein. (B) Quantification of (A). Band 

intensity was relative to myc-SCAi//-<g^-expressing flies without knock-down of 

Cull expression. N = 4, * p < 0.05 (Student's t-test); error bar represents mean 土 

SEM from four independent experiments. The flies were raised at 21°C and were 

assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; +/+， 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+, 

w; gmr-GAL4/+; UAS-myc-SCASfl-QS^UAS-Cull^ ^^42445^ 
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To test the effect of Cull on the abundance of total myc-SCA3 A-Q84 protein, 

100% formic acid was used to solubilize the SDS-insoluble fraction of 

myc-SCA3fl-Q84 protein to obtain the total myc-SCA3fl-Q84 protein for 

immunoblotting [151] (Figure 3.16). Knock-down of Cull expression did not change 

the total level of myc-SCA3fl-Q84 protein (Figure 3.16). This suggests that Cull 

does not affect the abundance of total myc-SCA3A-Q84 protein. Taken together, 

Cull acts on the SDS-solubility o f myc-SCA3fl-Q84 protein without affecting the 

abundance of total myc-SCA3fl-Q84 protein. 

3.6 Physical interaction between Cull protein and expanded polyglutamine 

protein 

Physical interaction between two proteins suggests a functional relationship 

between them. To test for physical interaction between Cul l protein and 

myc-SCA3fl-Q84 protein, co-immunoprecipitation was performed in flies. 

Myc-SCA3fl-Q84 protein was immunoprecipitated by anti-myc antibody. The eluate 

was subjected to immunoblotting and the immunoblot was probed against anti-Cull 

antibody. It was found that a substantial amount of Cul l protein was detected in the 

eluate but not the 'minus antibody' control (Figure 3.17). The immunoblot was 

stripped and reprobed with anti-myc antibody. Myc-SCA3A-Q84 protein was 

detected in the eluate but not the 'minus antibody' control (Figure 3.17). This 

indicates successful and specific immunoprecipitation of myc-SCA3fl-Q84 protein. 

The data here demonstrate that myc-SCA3fl-Q84 protein physically interacts with 

endogenous Cul l protein. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 
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Figure 3.16. Knock-down of Cull expression did not modify the abundance of 

total myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of myc-SCA3fl-g5¥-expressing flies with or without 

knock-down of Cull expression was treated with 100% formic acid to dissociate the 

aggregates into monomers and then subjected to immunoblotting. The immunoblot 

was probed with anti-myc antibody to detect the myc-SCA3fl-Q84 protein. The 

arrow (->) indicates the total myc-SCA3fl-Q84 protein and the signal intensity 

represents its level. Knock-down of Cull expression did not modify this band. The 

immunoblot was stripped and reprobed with anti-p-tubulin antibody to confirm that 

equal amount of protein was loaded in every lane. (B) Quantification of the total 

myc-SCA3fl_Q84 protein in (A). Band intensity was relative to 

myc-SCA3fl-Q84-Qxprcssing flies without knock-down of Cull expression. N = 3, * * 

p = 0.39 (Student's t-test); error bar represents mean 士 SEM from three independent 

experiments. The flies were raised at 21 °C and were assayed at 3 dpe. They were of 

genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+, 

w\ gmr-GAL4/+; UAS-myc-SCA3fl-Q84/UAS-CullmAi (VDRC42445>. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 3.17. Endogenous Cull protein physically interacted with 

myc-SCA3fl-Q84 protein. 

Adult head lysate o f flies expressing myc-SCA3fl-Q84 transgene was subjected to 

co-immunoprecipitation using anti-myc antibody to immunoprecipitate 

myc-SCA3fl-Q84 protein. Upper row: the immunoblots were probed against 

anti-Cull antibody to detect the presence of Cul l protein. A substantial amount of 

Cul l protein was co-immunoprecipitated by myc-SCA3fl-Q84 protein using 

anti-myc antibody in the eluate. The input shows the expression of endogenous Cul l 

protein. Lower row: the immunoblots were stripped and reprobed with anti-myc 

antibody to detect the myc-SCA3fl-Q84 protein. Positive signal in the eluate 

confirms successful immunoprecipitation of myc-SCA3 A-Q84 protein. The input 

shows the expression of myc-SCA3fl-Q84 protein. The experiment was performed 

once. The flies were raised at 21°C and were assayed at 3 dpe. They were of 

genotype: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+. 
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To test for the important domain required for the interaction between Cul l 

protein and myc-SCA3fl-Q84 protein, HEK 293FT cells were employed. HEK 

293FT cells were widely used not only in investigations of function of Cul l protein 

but also in studies of polyQ diseases [152-156]. In this study, an eGFP-polyQ model 

was employed [25] (Figure 3.18A). This model recapitulates the aggregating 

property o f expanded polyQ protein. Cells transiently transfected with a construct 

carrying an eGFP transgene fused to an expanded C4G-repeats of 75 CAGs 

{eGFP-Q75) but not that with a normal length o f C4G-repeats of 27 CAGs 

(eGFP-Q27), formed SDS-insoluble aggregates at 48 hours post-transfection (hpt) 

(Figure 3.18B). The effect of Cull on the solubility of polyQ protein in the fly polyQ 

model could be reproduced in this model. Knock-down of Cull expression by siRNA 

reduced the level of SDS-soluble eGFP-Q75 protein (Figure 3.19A) and increased 

the level of SDS-insoluble eGFP-Q75 protein (Figure 3.19B). As the effect of 

knock-down of Cull expression on SDS-solubility of expanded polyQ protein was 

reproducible in this eGFP-polyQ model, this model could be used to study the 

interaction between Cul l protein and expanded polyQ protein in mammalian 

cultured cells. 

Co-immunoprecipitation experiment between Cul l protein and expanded polyQ 

protein was repeated in this model. Upon transient co-transfection of a construct 

bearing a myc-tagged wild-type human Cull (myc-hCull) transgene (F. T. Liang and 

H. Y. E. Chan, unpublished observations) and the eGFP or eGFP-Q27 construct, no 

eGFP or eGFP-Q27 protein was co-immunoprecipitated out together with myc-hCull 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
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Figure 3.18. Characterization of the eGFP-poIyQ model in HEK 293FT cells. 

(A) Cells were transiently transfected with construct carrying eGFP-QO, eGFP-Q27 

or eGFP-Q75 transgene and harvested at 48 hours post-transfection (hpt). Cell lysate 

was subjected to immunoblotting. The immunoblot was probed against anti-GFP 

antibody to detect the eGFP, eGFP-Q27 and eGFP-Q75 proteins. The immunoblot 

showed comparable expression levels between the three transgenes. The immunoblot 

was stripped and reprobed with anti-P-tubulin antibody to confirm that equal amount 

of protein was loaded in every lane. (B) Cells were transiently transfected with 

construct carrying eGFP, eGFP-Q27 or eGFP-Q75 transgene and harvested at 48 hpt. 

Cell lysate was subjected to filter retardation assay to capture any SDS-insoluble 

protein aggregates with size larger than 0.22 jim. The immunoblot was probed 

against anti-GFP antibody to detect presence of any SDS-insoluble eGFP-polyQ 

protein aggregates with size larger than 0.22 jim. There was a signal which indicated 

the presence o f SDS-insoluble protein upon expression o f eGFP-Q75, but not 

eGFP-Q27 or eGFP, The experiments were performed twice. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 3.19. Knock-down of Cull expression reduced the solubility of eGFP-Q75 

protein in HEK 293FT cells. 

(A) Left panel: Cells were transiently transfected with different amounts of control 

siRNA or Cull siRNA. At 24 hpt of siRNA, cell lysate was subjected to 
immunoblotting. The immunoblot was probed against anti-Cull antibody to detect 

the endogenous Cul l protein. Transfection o f Cull siRNA at 5 pmol already caused a 

reduction in the level of endogenous Cul l protein. The immunoblot was stripped and 

reprobed with anti-p-tubulin antibody to confirm that equal amount of protein was 

loaded in every lane. (Right panel) At 24 hpt of siRNA, cells were then transiently 

transfected with construct carrying the eGFP-Q75 transgene. At 48 hpt of eGFP-Q75 

construct, cell lysate was subjected to immunoblotting. The immunoblot was probed 

against anti-GFP antibody to detect the SDS-soluble eGFP-Q75 protein. Previous 

transfection of Cull siRNA at 5 pmol caused a mild reduction in the level of 

SDS-soluble eGFP-Q75 protein. Such reduction was stronger with the use of 50 

pmol of Cull siRNA. The immunoblot was stripped and reprobed with anti-Cull 

antibody to confirm the reduction of Cul l protein level. The immunoblot was then 

stripped and reprobed with anti-p-tubulin antibody to confirm that equal amount of 

protein was loaded in every lane. The experiment was performed twice (B) Cells 

were transiently transfected with different amounts of control siRNA or Cull siRNA. 

At 24 hpt of siRNA, cells were transiently transfected with construct carrying the 

eGFP-Q75 transgene. At 48 hpt of eGFP-Q75 construct, cell lysate was subjected to 

filter retardation assay to capture any SDS-insoluble protein aggregates with size 

larger than 0.22 \xm. The immunoblot was probed against anti-GFP antibody to detect 

the presence of any SDS-insoluble eGFP-Q75 protein with size larger than 0.22 (im. 

Previous transfection of Cull siRNA at 5 pmol caused a mild increase in the level of 

SDS-insoluble eGFP-Q75 protein. Such enhancement was stronger with the use of 

50 pmol o f Cull siRNA. Lysate from same batch of cells was subjected to 

immunoblotting. The immunoblot was probed with anti-Cull antibody to confirm the 

reduction of Cul l protein level. It was then stripped and reprobed with anti-P-tubulin 

antibody to confirm that equal amount of protein was loaded in every lane. The 

experiment was performed once. 
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protein by anti-myc antibody at 48hpt (Figure 3.20A). In contrast, upon transient 

co-transfection of myc-hCull construct and the eGFP-Q75 construct, eGFP-Q75 

protein was co-immunoprecipitated out together with myc-hCull protein by anti-myc 

antibody (Figure 3.20A). Consistent with the f ly data, this result indicates positive 

physical interaction between Cul l protein and expanded polyQ protein. 

In Cul l protein, there are two important domains namely the Skpl-binding 

domain and the Roc 1-binding domain [157]. At the N-terminus, Cul l protein binds 

to Skpl protein through the Skpl-binding domain and Skpl protein in turn binds to 

the substrate receptor protein [157, 158]. At the C-terminus, Cul l protein binds to 

Rocl protein through the Roc 1-binding domain and Rocl protein in turn recruits the 

ubiquitin-loaded E2 ubiquitin conjugation enzyme to the CRL complex [157, 158]. 

To test which domain is important for the interaction between Cul l protein and 

expanded polyQ protein, the above co-immunoprecipitation was repeated in HEK 

293FT cells using a m^c-tagged human Cull deletion mutant construct 

(myc-hCullN252) instead of the wild-type full-length myc-hCull. In the protein 

product of this myc-hCullN252 construct, the amino acids C-terminal to the 252nd 

residues including the Rocl-binding domain were deleted [159]. Only the 

Skpl-binding domain is left. As a result, this mutant Cul l protein could only bind to 

Skpl protein and in turn the substrate receptor protein but not Rocl protein [159]. It 

was found that deleting the Rocl-binding domain did not abolish the interaction 

between Cul l protein and eGFP-Q75 protein (Figure 3.20B). This shows that the 

presence of Skpl-binding domain was already sufficient for the interaction between 

Cul protein and eGFP-Q75 protein. Hence, Cul l protein interacts with expanded 

n o 



Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 3.20. Cull protein physically interacted with eGFP-Q75 protein through 

at least the Skpl-binding domain in HEK 293FT cells. 

(A) Cells were transiently co-transfected with construct carrying the myc-hCull 

transgene and construct carrying the eGFP, eGFP-Q27 or eGFP-Q75 transgene. At 

48 hpt, cell lysate was subjected to co-immunoprecipitation using anti-myc antibody 

to immunoprecipitate the myc-hCull protein. Upper row: the immunoblot was 

probed against anti-GFP antibody to detect the eGFP-polyQ proteins. EGFP-Q75 

protein, but not eGFP-Q27 protein or eGFP protein, was co-immunoprecipitated by 

myc-hCull protein using anti-myc antibody in the eluate. The input shows the 

expression of eGFP, eGFP-Q27 and eGFP-Q75 proteins. Lower row: the immunoblot 

was stripped and reprobed with anti-myc antibody to detect the myc-hCull protein. 

Positive signal confirms successful immunoprecipitation of myc-hCull protein in the 

eluate. The input shows the expression of myc-hCull protein. (B) Cells were 

transiently co-transfected with construct carrying myc-hCullN252 transgene and 

construct carrying eGFP, eGFP-Q27 or eGFP-Q75 transgene. At 48 hpt, cell lysate 

was subjected to co-immunoprecipitation using anti-myc antibody to 

immunoprecipitate the myc-hCullN252 protein. Upper row: the immunoblot was 

probed against anti-GFP antibody to detect the eGFP-polyQ proteins. EGFP-Q75 

protein, but not eGFP-Q27 protein or eGFP protein, was co-immunoprecipitated by 

myc-hCullN252 protein using anti-myc antibody in the eluate. The input shows the 

expression o f eGFP, eGFP-Q27 and eGFP-Q75 proteins. Lower row: the immunoblot 

was stripped and reprobed with anti-myc antibody to detect the myc-hCullN252 

protein. Positive signal in the eluate confirms successful immunoprecipitation of 
"v t̂  c ’ lvT，《‘！ 

myc-hCull protein. The input shows the expression of myc-hCull protein. 

The above experiments were performed twice. 
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polyQ protein through at least the Skpl-binding domain. 

3.7 Knock-down of Cull expression reduced ublquitination of SDS-insoluble 

expanded polyglutamine protein 

The N-terminus of Cul l protein binds to Skpl protein which in turn binds to the 

substrate receptor protein that recruits substrate proteins to the CRL complex for 

ubiquitination [157, 158]. Ubiquitination of substrate protein promotes its 

degradation [160], while inhibiting substrate ubiquitination could result in its 

accumulation in cells [161]. As it was found that Cul l protein interacted with 

expanded polyQ protein through at least the Skpl-binding domain (Figure 3.20B) 

and knock-down of Cull expression enhanced the accumulation of SDS-insoluble 

expanded polyQ protein (Figure 3.19B), it is likely that Cu l l protein nucleates a CRL 

complex and ubiquitinates SDS-insoluble expanded polyQ protein. 

To test this hypothesis, an in vivo ubiquitination assay was used to examined the 

effect o f knock-down o f Cull expression on the ubiquitination of myc-SCA3fl-Q84 

protein in flies [162，163]. First o f all, immunoprecipitation was used to capture total 

myc-SCA3 A-Q84 protein by anti-myc antibody (Figure 3.21). The eluate was 

subjected to immunoblotting (Figure 3.21). The immunoblot was first probed against 

anti-ubiquitin antibody to detect the presence of ubiquitinated SDS-soluble 

myc-SCA3fl-Q84 protein in the running gel and subsequently reprobed with 

anti-myc antibody to confirm successful immunoprecipitation of myc-SCA3fl-Q84 

protein (Figure 3.21). It was found that knock-down of Cull expression did not 

significantly alter the level of ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 3.21. Knock-down of Cull expression did not alter the level of 

ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of flies expressing myc-SCA3fl-Q84 protein with or without 

knock-down of Cull expression was subjected to immunoprecipitation using 

anti-myc antibody to immunoprecipitate myc-SCA3fl-Q84 protein. The input and the 

eluate were subjected to immunoblotting. Upper row: the immunoblots were probed 

against anti-ubiquitin antibody to detect the ubiquitinated SDS-soluble protein in the 

running gel. Lower row: the immunoblots were stripped and reprobed with anti-myc 

antibody to detect the SDS-soluble myc-SCA3fl-Q84 protein. The input shows the 

presence of SDS-soluble myc-SCA3fl-Q84 protein in the lysate while positive signal 

in the eluate confirmed positive immunoprecipitation of SDS-soluble 

myc-SCA3fl-Q84 protein. Knock-down of Cull expression did not alter the level of 

ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein. (B) Quantification of the 

ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein in (A). Band intensity was 

relative to myc-SCA3/l-Q84-expressing flies without knock-down of Cull expression. 

N = 3, * * p = 0.57 (Student's t-test); error bar represents mean 士 SEM from three 

independent experiments. The flies were raised at 21°C and were assayed at 3 dpe. 

They were of genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl~Q84/+, 

w; gmr-GAL4/+; UAS-myc-SCA3jl~Q84/UAS-CullRNAi(VDRC42445). 
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(Figure 3.21). This shows that Cull does not affect the ubiquitination of the 

SDS-soluble fraction of expanded polyQ protein. 

On the other hand, to test the effect of knock-down of Cull expression on the 

ubiquitination of SDS-insoluble myc-SCA3fl-Q84 protein, the above 

immunoprecipitation was repeated to capture total myc-SCA3fl-Q84 protein by 

anti-myc antibody. Instead of immunoblotting, the eluate was subjected to filter 

retardation assay to capture the SDS-insoluble myc-SCA3fl-Q84 protein with size 

larger than 0.22 (im [146] (Figure 3.22). The signal on the immunoblot obtained 

upon immunodetection with anti-myc antibody indicates successful 

immunoprecipitation of the SDS-insoluble myc-SCA3fl-Q84 protein (Figure 3.22A, 

upper row). The signal on the immunoblot obtained upon immunodetection with 

anti-ubiquitin antibody indicates the ubiquitinated SDS-insoluble myc-SCA3fl-Q84 

protein (Figure 3.22A, lower row). It was found that knock-down of Cull expression 

reduced the level of ubiquitinated SDS-insoluble myc-SCA3fl-Q84 (Figure 3.22). 

Taken together, the data suggest that Cull specifically modifies the ubiquitination of 

SDS-insoluble myc-SCA3fl-Q84 protein. 

3.8 Suppression by expression of human Hsp70 transgene on the 

Cull1^^-mediated enhancement on polyglutamine toxicity 

As mentioned in Chapter 1 (section 1.3), it is common that polyQ proteins become 

misfolded and insoluble upon expansion of polyQ domain in various polyQ diseases 

[53]. It is widely reported that promoting protein refolding activity of cellular 

chaperones enhances solubility of expanded polyQ proteins and suppresses 
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Figure 3.22 
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Figure 3.22. Knock-down of Cull expression reduced level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein captured by filter retardation assay. 

(A) Adult head lysate of flies expressing myc-SCA3fl-Q84 protein with or without 

knock-down of Cull expression was subjected to immunoprecipitation using 

anti-myc antibody to immunoprecipitate myc-SCA3fl-Q84 protein. The input and the 

eluate were then subjected to filter retardation assay to capture any SDS-insoluble 

protein aggregates with size larger than 0.22 As both of the antibodies to be used 

for immunodetection were purified from mice, the samples were divided into two 

equal halves and loaded into two separate wells. The immunoblot was then cut into 

two halves for separate immunodetection. Upper row: the half-blot carrying a 

complete set of samples was probed with anti-myc antibody to detect the 

SDS-insoluble myc-SCA3fl-Q84 protein aggregates. Positive signal in the input 

shows the presence of SDS-insoluble myc-SCA3fl-Q84 protein in the lysate. The 

signal in the eluate confirmed positive immunoprecipitation of the SDS-insoluble 

myc-SCA3fl-Q84 protein and presence of equal amount of immunoprecipitated 

SDS-insoluble myc-SCA3fl-Q84 protein in each well. Lower row: the other half-blot 

carrying a complete set of samples was probed against anti-ubiquitin antibody to 

detect any ubiquitinated SDS-insoluble protein aggregates. The input indicates the 

presence of ubiquitinated SDS-insoluble protein aggregates in the lysate. Positive 

signal in the eluate indicates the ubiquitinated SDS-insoluble myc-SCA3fl-Q84 

protein. Knock-down of Cull expression reduced the level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein. (B) Quantification of the ubiquitinated 

SDS-insoluble myc-SCA3A-Q84 protein in (A). Band intensity was relative to 

myc-SCA3fl-Q84-Qy^xQssmg flies without knock-down of Cull expression. N = 3, * 

p < 0.05 (Student's t-test); error bar represents mean 土 SEM from three independent 

experiments. The flies were raised at 21 °C and were assayed at 3 dpe. They were of 

genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+， 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/UAS-CullRNAi ^€42445>. 
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polyQ toxicity [23, 135，136]. The suppressive effect on polyQ toxicity by 

chaperones demonstrates that reduced solubility of expanded polyQ protein is one of 

the major pathological mechanisms o f polyQ diseases [23, 135, 136]. 

As mentioned in section 3.2, it was found that knock-down of Cull expression 

enhanced polyQ toxicity. In sections 3.4 and 3.5, it was demonstrated that such 

enhancement on polyQ toxicity upon knock-down of Cull expression was associated 

with reduced SDS-solubility o f expanded polyQ protein. To test i f the enhancing 

effect on polyQ toxicity upon knock-down of Cull expression was due to the 

reduction in SDS-solubility o f expanded polyQ protein, a transgenic line bearing 

human Hsp70 (hHsp70) [23] was employed. Hsp70 is a well-known chaperone that 

suppresses polyQ toxicity by increasing solubility o f expanded polyQ proteins [23, 

135，164]. Human Hsp70 protein is homologous to Drosophila melanogaster Hsp70 

protein (74% identical in amino acid sequence, 85% similar at protein level) [23]. In 

an external eye depigmentation assay [129], expression of myc-SCA3fl-Q84 

transgene in the fly eyes by gmr-GAL4 driver did not have any observable 

depigmentation (Figure 3.23A). However, knock-down o f Cull expression in 

myc-SCA3fl-Q84-expTCSsing flies enhanced degeneration and resulted in 

depigmentation and formation o f necrotic scars on the eye surface (Figure 3.23B). 

Expression o f hHsp70 transgene in these myc-SC A if/7-05^-expressing flies with 

knock-down o f Cull expression totally suppressed the above degenerative phenotype 

(Figure 3.23C). Combining the data here and the results shown in sections 3.2, 3.4 

and 3.5, it is suggested that the enhancement on polyQ toxicity by knock-down of 

Cull expression was due to reduced SDS-solubility of expanded polyQ protein. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 

A 

gmr-GAL4/ UAS-myc-SCA3JJ-Q84 

B 

gmr-GAL4/ UAS-myc-SCA3fl-Q84/ 

UAS-Cull腿l(蕭42445) 

c 

gmr-GAL4/ UAS-mvc-SCA3fl-Q84/ 

UAS-Cull應(VDRC4244”/ 
UAS-hHsp70 
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Figure 3.23 Expression of human Hsp 70 suppressed the Cw/i^^'-mediated 

enhancement on polyglutamine toxicity. 

External eye depigmentation phenotypes of flies with different genotypes are shown. 

Transgenes were expressed using the gmr-GAL4 driver. (A) A t 5 dpe, expression of 

myc-SCA3jl~Q84 transgene did not show any observable degenerative phenotype. (B) 

Knock-down of Cull expression enhanced polyQ toxicity and led to depigmentation 

and formation of necrotic scars. (C) Expression of human Hsp70 transgene 

completely rescued the degenerative phenotype enhanced by knock-down of Cull 

expression. Consistent results were obtained from two independent experiments. The 

flies were raised at 250C. They were of genotypes: 

(A) gmr-GAL4/+; UAS-myc-SCA3Jl-Q84/+ 

(B) w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84, UAS-CullmAi (yDRC42445)/+ 

(C) w; gmr-GAL4/UAS-hHsp70; UAS-myc-SCA3fl-Q84, UAS-CullmAi (VDRC42445)/+. 
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3.9 Feasibility of studying the effect of Cull on polyglutamine toxicity by 

overexpression 

Al l the data presented in previous sections described the effect of Cull on 

polyQ pathogenesis through knock-down of Cull expression. In order to double 

confirm the effect of Cull on polyQ toxicity, the feasibility of studying the effect of 

Cull on polyQ pathogenesis by overexpression was examined. 

Firstly, the feasibility of studying the effect of overexpressing Cull on polyQ 

toxicity was examined using the external eye depigmentation assay in the SCA3tr 

model [117]. L i this mode], expression of HA-SCA3tr-Q78 transgene in the eyes by 

gmr-GAL4 driver induced depigmentation (Figure 3.24A). This degenerative 

phenotype was absence in the gmr-GAL4 driver control flies and the 

HA-SCA3tr-Q27-expressing flies (Figure 3.24A). Thus the gmr-GAL4 driver control 

flies and the HA-SCA3tr-Q27-exprQssing flies served as controls to show the 

Q-length specificity of polyQ toxicity. When Cul l protein was overexpressed using a 

UAS-Cull transgenic line [131] in either the gmr-GAL4 driver fly line or the 

HA-SCA3tr-Q2 7-expressing fly line, the external eye surface became rough (Figure 

3.24B). This rough eye phenotype was reproducible using another independent 

UAS-Cull transgenic fly line [131] (Figure 3.24C). This indicates that 

overexpressing Cull in the eyes causes dominant phenotype that is not specific to 

polyQ toxicity. To double confirm the dominant phenotype by overexpressing Cull, 

the above experiment was repeated using transgenic fly lines expressing 
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Figure 3.24. Overexpressing Cull showed dominant phenotype in adult fly eye 

depigmentation assay. 

(A) At 3 dpe, expression of HA -SCA 3tr-Q2 7 transgene by gmr-GAL4 driver did not 

cause any degenerative phenotype. Weak expression of HA -SCA3tr-Q78 transgene 

(HA-SCA3tr-Q78(w)) caused mi ld depigmentation while strong expression of 

HA-SCA3tr~Q78 transgene {HA-SCA3tr-Q78(s)) caused severe depigmentation. (B 

and C) Overexpressing Cull by expression of UAS-Cull transgene in two 

independent transgenic lines led to rough external eye surface. The experiment was 

performed once. The flies were raised at 25°C； They were of genotypes: 

(A) w; gmr-GAL4/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAU/UAS-CuU51; +/+ 

(C) w; gmr-GAU/UAS-Cull11].’ +/+. 
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FLAG-tagged Cull protein (FLAG-Cull) [86] and FLAG-tagged CullKR mutant 

• ICR * • • 

protein (FLAG-Cul l ) [86] in which the lysine residue for neddylation on Cul l 

protein was mutated (Figure 3.25). It was found that expression o f FLAG-Cull 

transgene in either the gmr-GAL4 driver fly line or the HA -SCA 3tr-Q2 7-expressing 

fly line gave rise to rough external eye surface (Figure 3.25B). This dominant 

phenotype was absent in FLAG-Cull -expressing flies (Figure 3.25C). This 

suggests that the dominant phenotype resulted by overexpressing Cull was 

dependent on neddylation o f Cu l l protein. Taken together, the effect o f 

overexpressing Cull on polyQ toxicity could not be studied using the external eye 

depigmentation assay and possibly other assays involving examination of eye 

phenotype. 

Secondly, the feasibility o f studying the effect o f overexpressing Cull on polyQ 

toxicity was examined using circadian locomotor behavior assay [126, 165]. It was 

reported that expanded polyQ proteins affect expression o f clock genes and disrupt 

the circadian locomotor behavior in mouse and f ly polyQ models [165，166]. In this 

project, the circadian locomotor behavior o f flies expressing HA-SCA3tr-Q21 

transgene and HA-SCA3tr-Q78 transgene in the adult clock neurons by tim-GAL4 

driver was examined. It was found that flies expressing HA-SCA3tr-Q21 transgene 

showed rhythmic circadian locomotor activity as compared to the tim~GAL4 driver 

control flies (Figure 3.26B) and normal accumulative locomotor activity (Figure 

3.27). However, the expression of HA-SCA3tr-Q78 transgene resulted in arrhythmic 

locomotor activity (Figure 3.26C) and a slight reduction in the accumulative 

locomotor activity both in light phase and in night phase (Figure 3.27) as compared 
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Figure 3.25. The dominant phenotype upon overexpressing Cull in adult fly eye 

depigmentation assay was dependent on neddylation of Cull protein. 

(A) At 3 dpe, expression of HA-SCA3tr-Q27 transgene by gmr-GAL4 driver did not 

cause any degenerative phenotype. Weak expression of HA-SCA3tr-Q78 transgene 

(HA-SCA3tr-Q78(w)) caused mild depigmentation while strong expression of 

HA-SCA3tr-Q78 transgene {HA-SCA3tr-Q78(s)) caused severe depigmentation. (B) 

Overexpressing FLAG-iSLggQd Cull led to rough external eye surface. (C) This rough 

eye phenotype was absent i f the neddylation site on Cul l protein was mutated. The 

experiment was performed once. The flies were raised at 25°C. They were of 

genotypes: 

(A) w; gmr-GAL4/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+， 

w; gmr-GAL4/+; UAS-HA^SCA3tr-Q78(w)/+, 

w; gmr~GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL4/UAS-FLAG-Cull; +/+ 

(C) w; gmr-GAL4/+; UAS-FLAG-CullKB/+. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 
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Figure 3.26. The circadian locomotor activity rhythm of polyQ flies. 

Histograms on the average locomotor activity of adult flies through 24 hr are shown. 

(A) tim-GAL4 driver control flies displayed normal circadian locomotor activity 

rhythm which was characterized by a minor peak at time point 0600 and a major 

peak at time point 1800. (B) Expression of HA-SCA3tr-Q2 7 transgene did not cause 

any modification on the circadian locomotor activity rhythm as compared to that in 

(A). (C) In flies wi th strong expression of HA-SCA3tr-Q7S transgene 

(HASCAStr-Q78(s)), the major peak at time point 1800 was disappeared. The flies 

were kept in LD cycle during experiment. Open and filled bars indicate day and night 

periods respectively. Total activity in 0.5 hr was averaged from 16 male flies. Each 

bar represents the activity in 0.5 hr averaged from three consecutive days. The 

experiment was repeated and the error bars represent the S.E.M. from two sets of 

experiment. The flies were raised at 25°C and were of genotypes: 

(A) w; tim-GAL4/+; +/+ 

(B) w; tim-GAU UAS-HA-SCA3tr~Q27/+; +/+ 

(C) w; tim-GAU UAS-HA-SCA3tr~Q78(s)/+; +/+. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 
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Figure 3.27. The accumulative locomotor activity of polyQ flies. 

The flies were kept in LD cycle during experiment. The accumulative activity in 

light phase, in night phase and throughout 24 hr was recorded respectively. 

Expression of HA-SCA3tr-Q2 7 transgene did not cause any large modification on the 

accumulative activity compared to that of tim-GAL4 driver control flies. Strong 

expression of HA-SCA3tr-Q78(w) transgene led to reduced accumulative activity in 

night phase as compared to that of tim-GAL4 driver control flies. The accumulative 

activity was averaged from 16 male flies and further averaged from three consecutive 

days. The experiment was repeated and the error bars represent the S.E.M. from two 

sets of experiment. The flies were raised at 25°C and were o f genotypes: 

w; tim-GAL4/+; +/+, 

w; tim-GAL4 UAS-HA~SCA3tr~Q27/+; +/+， 

w; tim-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+. 
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to the gmr-GAL4 driver control. This shows the Q-length specificity o f polyQ 

toxicity. As compared to the tim-GAL4 driver control, expression of either 

FLAG-Cull transgene [86] or FLAG-Cull transgene [86] alone particularly 

disrupted the circadian locomotor activity rhythm at night (Figure 3.28B and C) and 

caused an increase in the accumulative locomotor activity at night (Figure 3.29). This 

indicates that overexpressing Cull has dominant phenotype which is independent of 

neddylation of Cul l protein. Therefore, the effect of overexpressing Cull on polyQ 

toxicity cannot be studied using the circadian locomotor behavior assay. 

3.10 Discussion 

As mentioned before, CRLs are a large family of E3 ubiquitin ligases which can 

be classified into five main groups based on the cullin proteins employed [81]. To 

test i f certain groups of CRLs are involved in polyQ pathogenesis, endogenous 

expression of five cullin genes (Cul 1-5) were individually knocked down by RNAi 

[134] in two polyQ transgenic fly models, the SCA3tr [117] and SCA3A [129] 

models. The corresponding modification on neurotoxicity and SDS solubility of 

expanded polyQ protein were examined. 

It was found that among the five cullins studied, only Cull and Cul4 modified 

polyQ toxicity (Figure 3.3). This suggests that Cul l - and Cul4-based CRLs are 

involved in polyQ pathogenesis. The specificity may be due to the specific adaptor(s) 

and substrate receptor(s) employed to form CRLs by different cullins [81]. As 

reviewed by Petroski et al. (2005) [81], Cull-based CRL employs Skpl protein as 

adaptor and F-box protein as substrate receptor. Cul2- and Cul5-based CRLs recruit 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 
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Figure 3.28. The circadian locomotor activity rhythm of C«//-overexpressing 

flies. 

Histograms on the average locomotor activity of adult flies through 24 hr are shown. 

(A) tim-GAL4 driver control flies displayed normal circadian locomotor activity 

rhythm which was characterized by a minor peak at time point 0600 and a major 

peak at time point 1800. (B and C) Expression of either FLAG-Cull (B) or 

FLAG-Cull (C) led to a slower drop in activity after the major peak at time point 

1800. The flies were kept in LD cycle during experiment. Open and fil led bars 

indicate day and night periods respectively. Total activity in 0.5 hr is averaged from 

16 male flies. Each bar represents the activity in 0.5 hr averaged from three 

consecutive days. The experiment was repeated and the error bars represent the 

S.E.M. from two sets of experiment. The flies were raised at 25°C and were of 

genotypes: 

(A) w; tim-GAL4/+\ +/+ 

(B) w; tim-GAL4 UAS-FLAG-Cull/+; +/+ 

(C) w; tim-GAL4/+; UAS-FLAG-CulJKR/+. 
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Figuie 3.29 
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Figure 3.29. The accumulative locomotor activity of C«/l-overexpressing flies. 

The flies were kept in LD cycle during experiment. The accumulative activity in 

light phase, in night phase and throughout 24 hr was recorded respectively. 

Expression of either FLAG-Cull or FLAG-Cull^ led to higher accumulative activity 

in night phase as compared to that of tim-GAL4 driver control flies. The 

accumulative activity was averaged from 16 male flies and further averaged from 

three consecutive days. The experiment was repeated and the error bars represent the 

S.E.M. from two sets of experiment. The flies were raised at 25°C and were o f 

genotypes: 

w; tim-GAL4/+; +/+， 

w; tim-GAL4 UAS-FLAG-Cull/+\ +/+， 

w; tim-GAL4/+; UAS-FLAG-CullKR/+. 
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substrates through an elongin-BC adaptor and a suppressor of cytokine 

signaling/elongin BC-box-protein substrate receptor. In Cul3-based CRL, 

BTB-domain-containing protein serves as both adaptor and substrate receptor. Less is 

known for Cul4-based CRL. Cul4-CRL might recruit substrate through adaptor 

DNA-damage-binding protein-1 and a putative substrate receptor [81]. 

The finding that knock-down o f Cull expression enhanced polyQ toxicity 

(Figure 3.3B) is consistent wi th the result from an RNAi screen performed by Mehta 

et al. (2009) [95]. The authors reported that cul-1, the worm homolog of Cull, 

enhanced polyQ toxicity in C. elegans [95]. The effect of Cull on neurotoxicity was 

not a general effect on general protein-misfolding neurodegenerative diseases such as 

PD (Figure 3.12). It was specific to polyQ diseases (Figures 3.10 and 3.11). This 

highlights the specific role of Cu l l protein in polyQ diseases. The enhancing effect 

o f Cull on polyQ toxicity (Figure 3.8B) was accompanied with a reduction on the 

SDS-solubility of expanded polyQ protein (Figure 3.9). The effect of Cull on 

SDS-solubility of expanded polyQ protein was consistent with a previous report by 

Manfiol l i et al. (2008). The authors showed that deleting the N-terminal domain o f 

Cul l protein enhanced polyQ protein aggregation [94]. Therefore, the specific role o f 

Cu l l protein in polyQ diseases could be explained by the functional relationship 

between Cu l l protein and expanded polyQ protein. 

In contrast, Cul4 modulated polyQ toxicity without changing the SDS-solubility 

of expanded polyQ protein (Figures 3.3E, 3.6C，3.8C and 3.9). It is likely that Cul4 

affects polyQ toxicity through mechanisms other than protein quality control. 

137 



Cul4-based CRL has been demonstrated to be critical regulators of diverse cellular 

pathways including DNA damage and repair, DNA replication, epigenetic control of 

gene expression, histone lysine methylation, genome stability, cell cycle and 

developmental patterning [167]. It is likely that Cul4 protein acts on polyQ toxicity 

through one or several of these pathways. 

In addition to cul-1, the RNAi screen by Mehta et al. (2009) also reported the 

involvement of cul-2, the worm homologs o f Cul-2, in polyQ toxicity [95]. However, 

in the present study, knock-down of Cul2 expression did not modify polyQ toxicity 

(Figure 3.3C). The difference in findings compared with the present study may be 

due to the difference in polyQ model and the phenotype assays used. Mehta et al. 

(2009) employed a C. elegans model expressing an YFP fused with 35 residues of 

glutamine [95]. Among the nine currently found polyQ diseases, 35 residues of 

glutamine are just around the threshold for disease development [168]. The low 

number o f glutamine repeats and the lack of an unexpanded control lead to query 

about whether the effect by cul-2 is specific to expanded polyQ protein [95]. Besides, 

the stringency and detection sensitivity between two studies may also be different 

and therefore difficult to compare directly [95]. 

Further studies were performed to investigate the role of Cul l protein in polyQ 

diseases. In Cull-based CRL, Cul l protein binds Skpl adaptor protein through the 

Skpl-binding domain [157, 158]. The Skpl adaptor protein in turn binds to the 

substrate receptor which recruits specific substrate protein for ubiquitination [157, 

158]. It has been demonstrated that ubiquitination of substrate protein regulates the 
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abundance of substrate protein in cells [161]. In this study, it was found that Cu l l 

protein physically interacted wi th expanded polyQ protein at least through the 

Skpl-binding domain (Figure 3.20). Moreover, the reduction o f SDS-solubility o f 

expanded polyQ protein upon knock-down o f Cull expression (Figure 3.15) was 

accompanied wi th a reduction in the ubiquitination of the SDS-insoluble fraction o f 

myc-SCA3 A-Q84 protein specifically (Figure 3.22) but not the SDS-soluble fraction 

(Figure 3.21). These data suggest that Cull-based CRL specifically recognizes the 

SDS-insoluble form o f expanded polyQ protein, ubiquitinates it and targets it to 

degradation. As reviewed in Chapter 1 (section 1.3), expanded polyQ tract makes 

polyQ protein prone to aggregate. Aggregation is a progressive process in which the 

SDS-solubility of expanded polyQ protein reduces gradually. Structurally, expanded 

polyQ protein undergoes conformational transition from monomer, oligomer and 

f ibri l to aggregate. It is likely that certain Cull-based CRL substrate receptor(s) 

specifically recognize(s) particular SDS-insoluble conformation(s) o f expanded 

polyQ protein. 

SDS-insoluble species expanded polyQ protein has been reported to be 

neurotoxic [52, 53，135]. Its accumulation in cells could lead to degeneration [52, 53, 

135]. Many studies have shown that promoting the protein refolding activity o f 

chaperones such as Hsp70 enhances solubility of expanded polyQ protein and 

suppresses polyQ toxicity [135]. It was found that overexpressing human Hsp70 

protein totally suppressed the degenerative phenotype which was enhanced upon 

knock-down of Cull expression (Figure 3.23). These data support the above idea that 

the enhancement on polyQ toxicity by knock-down of Cull expression (Figure 3.8B) 

139 



was due to an increase in the level of toxic SDS-insoluble expanded polyQ protein 

(Figure 3.15). To strengthen this hypothesis, it is desirable to check i f the level o f 

SDS-insoluble expanded polyQ protein in flies wi th knock-down of Cull expression 

was reduced by overexpression Hsp70. 

Various studies have shown that lowering the level o f insoluble expanded polyQ 

protein aggregates reduced polyQ toxicity [77，80，169-171]. In particular, Tsai et al. 

(2008) demonstrated that elimination of expanded polyQ protein aggregates by 

overexpression Parkin relieved the proteasomal impairment and the caspase 

activation induced by expanded polyQ protein [80]. It is likely that through 

ubiquitinating and targeting the toxic SDS-insoluble expanded polyQ protein for 

degradation, Cull-based CRL helps relieving the cellular stresses such as 

proteasomal impairment, transcriptional dysregulation and mitochondrial dysfunction 

induced by the toxic SDS-insoluble expanded polyQ protein [28]. 

In order to make the above hypothesis more convincing, feasibility o f studying 

the effect o f Cull on polyQ toxicity by overexpression was examined using adult 

external eye depigmentation assay [117]. As mentioned before, adult external eye 

depigmentation assay is a simple and reliable assay for screening toxicity modifiers 

[137]. Unfortunately, overexpressing Cull resulted in dominant phenotype that was 

not specific to polyQ toxicity in adult external eye depigmentation assay (Figures 

3.24 and 3.25). This dominant phenotype is probably due to the involvement o f 

Cull-based CRL in f ly eye development. During development of f ly eyes, Cubitus 

interruptus (Ci) from the Hh signaling pathway controls cell differentiation, while the 
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cell cycle regulator, cyclin E (CycE)，controls cell proliferation [172]. Cull-based 

CRLs regulate the proteolysis of Ci and CycE through substrate receptors Slimb 

(Slmb) and Archipelago (Ago) respectively [172]. Overexpressing Cull could 

disturb the above pathways and affect eye development, resulting in rough eye 

surface. The above dominant phenotype was not observed upon knock-down of Cull 

expression. This may be due to the following reasons. First, knock-down efficiency 

of Cull expression is just around 40% (Figure 3.1). Second，the proteolysis of Ci and 

CycE is also regulated by other E3 ubiquitin ligases such as CuI3-based CRL [81, 

173]. 

The feasibility of studying the effect of Cull on polyQ toxicity by 

overexpression was also explored using locomotor behavior assay. Polyglutamine 

patients have disturbed night-day activity patterns [166]. Locomotor behavior assay 

has been used to studied the effect of expanded poly polyQ protein expression on 

circadian clock [165]. In the present study, it was found that overexpressing Cull 

modified the normal circadian locomotor behavior as compared to the tim-GAL4 

driver control (Figures 3.28 and 3.29). The dominant phenotype here might be due to 

the regulation of Cull-based CRL on expression o f some of the clock proteins. Daily 

fluctuation of levels of clock proteins Period (Per) and Timeless (Tim) drive the 

circadian clock in flies. It is reported that Cull-based CRL regulates the degradation 

of Per and Tim through Slmb substrate receptor [174]. Overexpressing Cull could 

disturb the above pathways and modify the normal circadian locomotor behavior. 

To sum up, it was found that among five major cullin proteins, Cull modified 

polyQ toxicity possible through modulating the ubiquitination of SDS-insoluble 
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expanded polyQ protein. 
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Chapter 4 F-box proteins are involved in the 

Cull^^-mediated modification on polyglutamine toxicity 

4.1 Introduction 

According to Chapter 3, it was suggested that SDS-insoluble expanded polyQ 

protein is a substrate of Cull-based CRL. To consolidate this hypothesis, it is 

essential to identify the specific substrate receptor employed to target the 

SDS-insoluble expanded polyQ protein for ubiquitination. Cull-based CRL recruits 

substrate protein using F-box proteins as substrate receptors [81]. F-box proteins 

belong to a large protein family [175, 176]. So far, 69 F-box proteins have been 

identified in humans and 27 in Drosophila [177, 178]. In a F-box protein, the 

conserved Skpl-binding domain at the N-terminus binds to the adaptor protein Skpl 

while the variable substrate-binding domain at the C-terminus binds to the substrate 

proteins [175, 176]. Cull-based CRL recognizes specific substrate protein by 

assembling with specific F-box proteins [179]. 

To look for the F-box protein involved in the Cul 1 ̂ A ,-mediated modification 

on polyQ pathogenesis, a RNAi screening was performed in the truncated Spinal 

Cerebullar Ataxia 3 (SCA3tr) model [117]. Expression of 19 F-box proteins which 

are conserved from Drosophila to humans were individually knocked down by RNAi 

[134] in the adult fly eyes. Adult external eye depigmentation assay was used as a 

direct and reliable method to study the effect by knock-down of expression of 

individual F-box proteins on toxicity induced by weak expression of 

HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) [137] (section 4.2). Any F-box protein that 
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enhanced polyQ toxicity upon knock-down of expression would likely act in the 

same pathway in polyQ pathogenesis as Cul l protein. It was found that knock-down 

o f expression of an F-box protein, CG2010, enhanced polyQ toxicity (section 4.2). 

Further investigations into the effect o f CG2010 on expanded polyQ protein were 

performed in order to test i f CG2010 protein is involved in polyQ pathogenesis 

through Cull-based CRL. These investigations include specificity of enhancement 

on polyQ toxicity (section 4.3)，modification on SDS-solubility (section 4.4) and 

ubiquitination o f expanded polyQ protein (section 4.5) upon knock-down of CG2010 

expression. Besides, genetic interaction between CG2010 and Cull was also 

performed to test i f CG2010 and Cul l proteins acted in same pathway in polyQ 

toxicity (section 4.6). 

4.2 Screening for F-box proteins which modified polyglutamine toxicity 

similarly as Cull 

Although 69 F-box proteins have been identified in humans, only 19 of them 

have homologs in Drosophila [175, 177，178]. Since knock-down o f endogenous 

Cull expression enhanced polyQ toxicity in flies, these 19 f ly F-box proteins are 

therefore possible substrate receptors employed by Cull-based CRL in modification 

o f polyQ toxicity in fly. To test which F-box protein was involved in polyQ toxicity, 

expression of these F-box proteins was individually knocked down by RNAi [134] in 

the well-characterized SCAtr model [117]. 

As described in Chapter 3 (section 3.2), the SCA3tr model expresses a 

HA-tagged, truncated form of ataxin-3 protein. Expression o f the transgene encoding 
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for the truncated ataxin-3 protein with unexpanded polyQ repeats of 27 glutamines 

(HA-SCA3tr-Q2 7) in the eyes by gmr-GAL4 did not cause any degenerative 

phenotype even after aging for 32 days (Figures 3.2A and 4.1 A). Weak expression of 

the transgene encoding for the truncated ataxin-3 protein with expanded polyQ 

repeats of 78 glutamines {HA-SCA3tr-Q78(w)) induced late-onset progressive 

degeneration resulting in depigmentation phenotype which could be observed at 32 

dpe but not at 3 dpe (Figures 3.2B and 4.1 A). This HA-SCA3tr~Q78(w) transgenic fly 

line allows identification of any polyQ toxicity enhancers. Knock-down of 

expression of most F-box protein genes showed no enhancing effect on 

HA-SCA3tr-Q78(w)-md\iccd toxicity (Figure 4.1E - T). Knock-down of Slimb (Slmb) 

expression resulted in a non-expanded polyQ-speciflc dominant phenotype as shown 

by the rough external eye surface in the unexpanded control flies expressing 

HA-SCA3tr-Q27 (Figure 4.IB). This indicates that Slmb has non-polyQ related 

functions in cells. Knock-down of Regulator of cyclin A {Real) expression caused 

mild degeneration as shown by the slight depigmentation phenotype resulted in the 

HA-SCA3tr-Q78(w)-Qy^r^smg flies (Figure 4.1C). Knock-down of CG2010 

expression strongly enhanced degeneration as shown by the extensive loss of 

pigmentation and formation of necrotic scars in the HA-SCA3tr-Q78(w)-GxpxQ^s,mg 

flies (Figure 4.ID). Semi-quantitative RT-PCR confirmed that the knock-down 

efficiency of CG2010 expression was higher than 90% (92%; Figure 4.2). This 

indicates that the modification observed was caused by CG2010. 

To exclude the possibility of off-target effect due to non-specific binding of 

dsRNA on mRNA of non-target gene(s)，the above examination of adult fly external 
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Figure 4.1. Knock-down of CG2010 expression enhanced degeneration induced 
by HA-SCA3tr-Q78 expression in adult fly eyes. 
Adult external eye depigmentation phenotypes of flies expressing truncated ataxin-3 
transgenes (HA-SCA3tr-Q27 or HA-SCA3tr-Q78) with or without (indicated by " - " ) 
knock-down of expression of individual F-box protein genes are shown. Transgenes 
were expressed using the gmr-GAL4 driver. (A) At 3 dpe, expression of 
HA-SCA3tr-Q2 7 did not cause any degenerative phenotype. Weak expression of 
HA-SCA3tr-Q78 {HA-SCA3tr-Q78(w)) did not cause any observable depigmentation. 
(B) Knock-down of Slmb expression resulted in rough external eye surface in 
HA-SCA3tr-Q2 7-expressing flies. (C) Knock-down of Real expression slightly 
enhanced depigmentation induced by HA-SCA3tr~Q78(w) as indicated by mild 
depigmentation. (D) Knock-down of CG2010 expression caused a more severe 
enhancement of depigmentation induced by HA-SCA3tr-Q78(w) as indicated by 
extensive loss of pigmentation and formation of necrotic scars. (E - T) Individual 
knock-down of expression o f other F-box proteins did not modify the 
HA-SCA3tr-Q78-'mduced degenerative phenotype. The experiment on CG2010 (D) 
was repeated for two times and consistent results were obtained from three 
independent experiments. The flies were raised at 25°C. They were o f genotypes: 
(A) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, ‘ ‘ ’ 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+ 
(B) w； gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-SlmbRNA'/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-SlmbRNA' 
(C) gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-RcalmA'/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-RcalmA' 
(D) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG2010RNA'(MG20iOR-2); +/+, 
w; gmr-GAL4/UAS-CG201(fNA'(NIG2010R-2)-, UAS~HA-SCA3tr-Q78(w)/+ 
(E) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG946JRNA'\ +/+, 
w; gmr-GAL4/UAS-CG9461RNA'\ UAS^HA-SCA3tr-Q78(w)/+ 
(F) w; gmr-GAL4 UAS'HA-SCA3tr-Q27/UAS-CG9003RNA'-, +/+, 
w; gmr-GAL^UAS-CGm^'-, UAS-HA-SCA3tr-Q78(w)/+ 
(G) w; gmr-GAL4 UAS-HA-SCAStr^J/UAS-CGlSS^'; +/+’ 
w; gmr-GAL4/UAS-CG�839^'; UAS-HA-SCA3tr-Q78(w)/+ 
(H) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG977fNA'\ +/+, 
w; gmr-GAL4/UAS~CG9772RNA,\ UAS-HA-SCA3tr-Q78(w)/+ 
( I ) w UAS-CG4221RNA'-, gmr-GAL4 UAS-HA-SCA3tr-Q2 7/+; + /+ 
w UAS-CG4221mA'; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+ 
(J) w; gmr~GAL4 UAS-HA-SCA3tr-Q27/UAS-CGJ]033mA'; +/+, 
w; gmr-GAL4/UAS-CGU03fNA'-, UAS-HA-SCA3tr-Q78(w)/+ 
(K) w-gmr-GAL4 mS-HA-SCA3tr-Q27/UAS-Ppc^A,\ +/+, 
w; gmr-GAL^UAS-Pp^'; UAS-HA-SCA3tr-Q78(w)/+ 
(L) w UAS-CG8873—'.，gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 
w UAS-CG8873mA'; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+ 
(M) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG32085mA'; +/+, 
w; gmr-GAL4/UAS-CG32085mA'; UAS~HA-SCA3tr-Q78(w)/+ 
(N) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG9144馳\ +/+, 
w; gmr-GAL4/UAS-CG9144mA,\ UAS-HA-SCA3tr-Q78(w)/+ 
(O) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+； UAS-CG5961mA'/+, 
w\ gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS~CG596]RNA' 
(P) w; gmr-GAL4 UAS-HA-SCA3TR-Q27/+; UAS-CG]1658RNA'/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-g78(w)/UAS-CGn658^‘ 
(Q) W;gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-CG3428RNA'/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-CG3428RNA' 
(R)w;gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG49llRNA,\ +/+, 
w; gmr-GAL4/UAS-CG491 lmA'\ UAS-HA-SCA3tr-Q78(w)/+ 
(S) w; gmr-GAL4 UAS-HA-SCA3tr-Q2 7/UAS-AgomA'； +/+, 
w; gmr-GAL4/UAS-AgomA'; UAS-HA-SCA3tr-Q78(w)/+ 
(T) w； gmr-GAL4 UAS-HA-SCA3tr-Q2 7/UAS-CG675^A\ +/+, 
w; gmr-GA L4/UAS-CG6758RNA'; UAS-HA-SCA3tr~Q78(w)/+. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly l i n e s . 

(A) Transcript level of CG2010 in gmr-GAL4 driver control flies and 

UAS-CG2010RNAi 购 隱 2 ) flies revealed by RT-PCR. fi-actin served as loading 

control. (B) Quantification of (A). UAS-CG2010RNAi ^102010^ flies achieved 92% 

reduction of CG2010 transcript level. N = 4, * < 0.01 (Student's t-test); error bars 

represent mean 士 SEM from four independent experiments. The flies were raised at 

25°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+;+/+, 

w; mr-GAL4/UAS-CG201(rAi 
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eye depigmentation was repeated using an independent CG2010RNAl fly line 

iJJAS-CG��^)^ 化01^】00736)., Figure 4.5). Although 43% of the CG2010 dsRNA 

sequence o f UAS-CGIOIO^ 4 1「體 0 0 7 3 6 ) fly line overlaps with that of 

UAS-CG201(fNAl ^IG20WR-^ fly line used in Figure 4.1D (Figure 4.3)，both of the two 

CG2010 dsRNA sequences did not align well with mRNA of any genes other than 

CG2010 according to a BLASTN search against the f ly annotated genes database 

[180] (Figure 4.4). It was found that the enhancing effect upon knock-down of 

CG2010 expression was reproducible in this UAS-CG2010RNAl 化团00736) fly H n e 

(Figure 4.5). Thus, the enhancing effect observed was due to specific knock-down o f 

CG2010 expression. 

4.3 Knock-down of CG2010 expression caused a specific enhancement of 

polyglutamine toxicity 

To test i f the effect o f CG2010 on toxicity is specific to the polyQ domain, 

examination of adult f ly external eye depigmentation was performed in two 

additional polyQ disease models. The first one is the ARtr model [24]. As mentioned 

in Chapter 3 (section 3.4), polyQ tract-expanded AR protein is the disease protein for 

the polyQ disease named SBMA [24, 147]. Flies expressing the transgene encoding 

for the truncated form of AR with normal Q-length (ARtr-Q16) in the eyes by 

gmr-GAL4 driver did not induce any degenerative phenotype (Figure 4.6A). 

Conversely, weak expression of the transgene encoding for the expanded form of 

ARtr (ARtr-Q112(w)) induced degeneration resulting in mild depigmentation (Figure 

4.6A). Knock-down of CG2010 expression in the eyes of the ARtr-Q112-QxpiQssmg 

flies, but not ARtr-Q16-expressing flies，caused more extensive loss of pigmentation 

153 



Figure 4.3. dsRNA sequences of two independent CGIOIO11
^

1
 fly lines. 

A CG2010 CDS 

C 

ACTCTGCGCTACATCGAGCTGCCCATCGAGCTGATCACGCACACGGTGCTCCACGAACTG 360 

C G Z 0 1 0 dsRNA ( N I G Z 0 1 0 R - 2 ) TACATCGAGCTGCCCATCGAGCTGATCACGCACACGGTGCTCCACGAACTG 5 1 

CG2010 CDS TCCGCCAAGTGCCCCAATTTGACCCACATGCTGCTGGACTTCTCCACAGCCATGCAGCTG 4 2 0 

CG2010 dsRNA C N I G 2 0 1 0 R - 2 ) TCCGCCAAGTGCCCCAATTTGACCCACATGCTGCTGGACTTCTCCACAGCCATGCAGCTG 1 1 1 

CG2010 CDS CACGAGTCAGCGAGATGCAGGCCTTTCCCACCAAGCTGCGCTACATGTGCGTCTGCCTC 480 

CG2010 dsRNA ( N I G Z 0 1 0 R - 2 ) CACGACTTCAGCGAGATGCAGGCCTTTCCCACCAAGCTGCGCTACATGTGCGTCTGCCTC 1 7 1 

CG2010 CDS TCGGAGGTGATCTTCATGGAGGGCTrCATGCGCAAAATCTACAACTTCATCAACGGCCTG 540 

CG2010 dsRNA ( N I G Z 0 1 0 R - 2 ) TCGGAGGTGATCTTCATGGAGGGCTTCATGCGCAAAATCTACAACTTCATCAACGGCCTG 2 3 1 

CG2010 CDS GAGGTGCTGCATCTAATTGGCACGTACGAGAAGTGCGAGGAGGAGGAGGAGGAGATCrAC 600 

CG2010 dsRNA ( N I G 2 0 1 0 R - Z ) GAGGTGCTGCATCTAATTGGCACGTACGAGAAGTGCGAGGAGGAGGAGGAGGAGATCTAC 2 9 1 

CG2010 CDS GAGGTGATCAACGTGCACAAGCTCAAGTCGGCCACGCCCAArrTGCGTGTGATCAACCTG 660 

CG2010 dsRNA ( N I G 2 0 1 0 R - 2 ) GAGGTGATCAACGTGCACAAGCTCAAGTCGGCCACGCCCAATTTGCGTGTGATCAACCTG 3 5 1 

CG2010 CDS TACGGCATCAACTTCATCGATGACTCGCACATCGACGCCTTCAGCTCGAACTGCATCCAG 7 2 0 

CG2010 dsRNA ( N I G 2 0 1 0 R - 2 ) TACGGCATCMCTTCATCGATGACTCGCACATCGACGCCTTCAGCTCGAACTGCATCCAG 4 1 1 

C G Z 0 1 0 CDS CTGGAGTGCCTGGCCGTCAACTTCTGCAACAAAGTGACCGGCrCCACCCTGAAGACCCTG 7 8 0 

CG2010 dsRNA ( N I G 2 0 1 0 R - 2 ) CTGGAGTGCCTGGCCGTCAACTTCTGCAACAAAGTGACCGGCrCCACCCTGAAGACCCTG 4 7 1 

CG2010 CDS ATCCAGCG7TCCAAGCGCCTCACCTGCCTGCTCATGAACGGCACCAGCCTGAAGTCGGAG 840 

CG2010 dsRNA ( N I G 2 0 1 0 R - 2 ) ATCCAGCGTTCCAAGCGCCTCACCTGCCT 500 

拿本本本本幸本拿拿《本拿本章•聿幸拿*幸*拿本拿聿本 

B CG2010 CDS 
CG2010 dsRNA ( V D R C 1 0 0 7 3 6 ) 

GAGGTGATCAACGTGCACAAGCTCAA6TCGGCCACGCCCAATTT6CGTGT6ATCAACCT6 660 

CAACGTGCACAAGCTCAAGTCGGCCACGCCCAATTTGCGTGTGATCAACaG 52 

CG2010 CDS TACGGCATCAACTTCATCGATGACTCGCACATCGACGCCTTCAGCTCGAACTGCATCCAG 7 2 0 

CG2010 dsRNA CVDRC100736) TAC6GCATCAACTTCATCGATGACTCGCACATCGACGCCTTCAGCTCGAACTGCATCCAG 1 1 2 

CG2010 CDS CTGGAGTGCCTGGCCGTCAACTTCTGCAACAAAGTGACCGGCTCCACCCTGAAGACCCTG 7 8 0 

CG2010 dsRNA CVDRC100736) CT6GAGTGCCTGGCCGTCAACTTCTGCAACAAAGTGACCGGCTCCACCCTGAAGACCCTG 1 7 Z 

CG2010 CDS ATCCAGCGTTCCAAGCGCCTCACCTGCCTGCTCATGAACGGCACCAGCCTGMGTCGGAG 840 

CG2010 dsRNA CVDRC100736) ATCCAGCGTTCCAAGCGCCTCACCTGCCTGCTCATGAACGGCACCAGCCTGMGTCGGAG Z 3 2 

CG2010 CDS TTCGTCATGCAGGCCGAGTGGGACAAGTGCGCCCTGCAGGAGaGGACATCACGGCCACC 900 

CG2010 dsRNA ( V D R C 1 0 0 7 3 6 ) TTCGTCATGCAGGCCGAGTGGGACAAGTGCGCCCTGCAGGAGaGGACATCACGGCCACC 292 

CG2010 CDS GATCTTTCGACCGAATGCCTCGTGGACATGCTGAGCAGGATCCCCAGCCTCAAGTTCCTC 960 

CC2010 dsRNA CVDRC1007B6) GATCTTTCGACCGAATGCCTCGTGGACATGCTGAGCAGGATCCCCAGCCTCAAGTTCCTC 35Z 

CG2010 CDS TCAGCCGGCCAGATCAATGGCTTCAACGACAGCGTTCTCMGCAGTGGATGGMTCGGGC 1020 

CG2010 dsRNA ( V D R C 1 0 0 7 3 6 ) TCAGCCGGCCAGATCAATGGCTTCAACGACAGCGTTCTCAAGCAGTGGAT 4 « 2 
本本本本氺章拿本本傘本本本本本氺本本本本本傘本本本本本本本幸本本幸承本本本本本本本本本本本本本本本本 

1 309 608 809 1080 1536 

CG2010 CDS 

CG2010 dsRNA (NIG2010R-2) 

CG2010 dsRNA (VDRC100736) 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 

There are 1,536 base pairs in the CDS of f ly CG20W (protein product: 

FBpp0084795 (FlyBase)). (A) The dsRNA sequence in U A S - C G l O l ^ ^ 1 0 2 0 1 0 ^ 

f ly line (Line No. 2010R-2 from the National Institute of Genetics) targets at nt 309 

to nt 809 of CG2010 CDS. (B) The dsRNA sequence in UAS-CG2010RNAi ^€100736) 

f ly line (Line No. 100736 from the Vienna Drosophila RNAi Center) targets at nt 

608 to nt 1,080 of CG2010 CDS. “*’，indicates perfect match between nt from two 

aligned sequences at the corresponding position and " - " indicates that there is no nt 

at the corresponding position. Nucleotide 1 is defined as the starting nt of the 

corresponding sequence. (C) Schematic diagram showing the overlapping region 

between CG2010 CDS and the CG2010 dsRNA sequences of the two CG201(fNAi 

lines used in this study. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 

A 

Query 
Description Length 

CG2010_dsRNA(NIGCG2010R-2) 500 

SCORE KEY* 
<40 40-58 58-80 88-209 >=200 

QUERY： CG2010.dsRNR<NIGCG2010R-2) 
» I H I • … I I ' ' ' 

0 100 200 380 40e 580 
D»el\CG2ei8-Rft 
Dnel\CG2ei8-R8 

Dnel\CG11322-RB 

Send BLAST Hits to HitList 

BLAST Hit Summary 
0 Description Species Score E value 
a CG2010-RA Dmel 884 823 0 
a CG2010-RB Dmel 884.623 0 
a CG11322-RB Dmel 36 1753 0 343712 

B 

Query 
Description Length 

CG2010_dsRNA(VDRC100736) 402 

SCORE ICEY* 
<40 40-50 56-80 80-200 >"200 

QUERY： CG2010MdsHNR<VDRCieB736> 
< _ I » •~• • I • • I I I > 100 260 363 _ 
QyieX\CC2Qie-Rfl 

D»el\CG28ie-RP 

DneI\CG11322-RB 

Send BLAST Hits to HitList 

BLAST Hit Summary 
0 Description Species Score E value 
0 CG2010-RA Dmel 797 399 0 
0 CG2010-RB Drnel 797 399 0 
0 CG11322-RB Dmel 36 1753 0274657 
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Figure 4.4. Results on the BLASTN search of the two CG2010 dsRNA sequences 

against the fly annotated genes database. 

The dsRNA sequence of UAS-CG2010RNAi line (A) and that of 

UAS-CG2010RNAi line (B) align perfectly with the two transcript variants 

of CG2010 mRNA (CG2010-RA and CG2010-RB, in red) as indicated by the E value 

of 0. (A) Apart from CG2010, these two CG2010 dsRNA sequences only poorly align 

with a transcript variant of CGI1322 (CG11322-RB, in black) among all the fly 

annotated genes with an E value > 0.27. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 4.3. dsRNA sequences of two i n d e p e n d e n t CGIOIO11^1 fly lines. 

HA-SCA3tr-Q7^-induced toxicity was reproducible in another independent 

CG2010^Ai line. 

Adult external eye depigmentation phenotypes of flies expressing truncated ataxin-3 

transgenes {HA-SCA3tr-Q27 or HA-SCA3tr-Q78) with or without (indicated by “-’’) 

knock-down of CG2010 expression are shown. Transgenes were expressed using the 

gmr-GAL4 driver. (A) At 3 dpe, expression of HA-SCA3tr-Q2 7 transgene did not 

cause any degenerative phenotype. Weak expression of HA~SCAStr~Q78 

(HA-SCA3tr-Q78(w)) did not cause any observable depigmentation. (B) Knock-down 

of CG2010 expression caused a Q-length specific enhancement on depigmentation 

induced by HA-SCA3tr-Q78(w) as indicated by extensive loss of pigmentation. The 

flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+ 

(B) w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-CG2010RNAi(VDRCI00736); +/+, 

w; gmr-GAIA/UAS-CGlOlO^帅抝100736); UAS-HA-SCA3tr-Q78(w)/+. 
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Figure 4.3. dsRNA sequences of two independent CGIOIO11^1 fly lines. 
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Figure 4.6. Knock-down of CG2010 expression enhanced degeneration induced 

by ARtr-Q112 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of flies expressing ARtr transgenes 

{ARtr-Q16 or ARtr-Q112) with or without (indicated by “-”）knock-down of CG2010 

expression are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 

3 dpe, expression of ARtr-Q16 transgene did not cause any degenerative phenotype 

while weak expression of ARtr-Q112 (ARtr-Q112(w)) caused mild degeneration as 

indicated by slight loss of pigmentation. (B) Knock-down of CG2010 expression 

caused a Q-length specific enhancement on degeneration as shown by the more 

extensive loss of pigmentation. Consistent results were obtained from three 

independent experiments. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; UAS-ARtr-Q16/+, 

w; gmr-GAL4/+; UAS-ARtr-Q112(w)/+ 

(B) w; gmr-GAL4/UAS-CG201(fNAi ^IG20J0R-^; UAS-ARtr-Q16/+, 

w; gmr-GAL4/UAS-CG201 ( f ^ 伪1(}201服-2)UAS-ARtr-Q112(w)/+. 
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(Figure 4.6B) 

In another polyQ disease model, the eGFP-polyQ model, an eGFP is fused to a 

polyQ tract with an expanded polyQ repeat length of 76 glutamines [52]. As 

described in Chapter 3 (section 3.4), expression of eGFP~Q76 in the eyes by 

gmr-GAL4 driver induced degeneration resulting in depigmentation (Figure 4.7A). 

Knock-down of CG2010 expression in the eyes enhanced the eGFP-Q76-induced 

degeneration and led to more extensive loss of pigmentation and formation of 

necrotic scars (Figure 4.7B). 

The above data are consistent with the finding in the SCA3tr model in the sense 

that knock-down of CG2010 expression enhanced polyQ toxicity (Figure 4.ID). As 

the SCAtr, ARtr and eGFP-polyQ models are in common only in the presence of 

polyQ domain, the effect of CG2010 on polyQ toxicity is specific to the polyQ 

domain. 

To test the importance of protein context of polyQ disease protein on the effect 

of CG2010 on polyQ toxicity, a SCA3A model was employed [129]. This model 

expresses a myc-tagged, full-length ataxin-3 protein with either unexpanded polyQ 

repeats of 27 glutamines (myc-SCA3fl-Q27) or expanded polyQ repeats of 84 

glutamines (myc-SCA3fl-Q84) [129]. As mentioned in Chapter 3 (section 3.3)， 

myc-SCA3fl-Q84 protein is less toxic than HA-SCA3tr-Q78 protein of the SCA3tr 

model [129, 140J. Thus, a more sensitive assay, the deep pseudopupil assay [181], 

was used to study the effect of CG2010 on polyQ toxicity. Here, in fly eyes 
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Figure 4.7. Knock-down of CG2010 expression enhanced degeneration induced 

by eGFP-Q76 expression in adult fly eyes. 

Adult external eye depigmentation phenotype of flies expressing eGFP-Q76 

transgene with or without (indicated by "-") knock-down of CG2010 expression are 

shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, 

expression of eGFP-Q76 transgene caused degeneration as indicated by 

depigmentation. (B) Knock-down of CG2010 expression enhanced degeneration as 

shown by the extensive loss of pigmentation and formation of necrotic scars. 

Consistent results were obtained from three independent experiments. The flies were 

raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/; UAS-eGFP~Q76/+, 

(B) w; gmr-GAL4/UAS-CG2010RNAl UAS-eGFP-Q76/+. 
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expressing myc-SCA3 fl-Q27 protein, more than 5 rhabdomeres (an average of 5.2) 

could be observed, while expression of the expanded polyQ domain-containing 

protein myc-SCA3fl-Q84 caused a reduction in rhabdomere score to around 4 (an 

average of 4.1; Figure 4.8A). This shows that expansion of the polyQ domain 

induced degeneration which disrupted the rhabdomeres structure. Knock-down of 

CG2010 expression caused a Q-length specific reduction in the rhabdomere score to 

around 3 (an average of 3.1; Figure 4.8B). These data are consistent with the finding 

in the SCA3tr model (Figure 4.ID) and confirm that CG2010 modifies polyQ 

toxicity regardless of the protein context of the disease protein in polyQ diseases. 

4.4 Effects of knock-down of CG2010 expression on SDS-solubility of expanded 

polyglutamine protein 

According to section 4.2，similar to knock-down of Cull expression (Figure 

3.3B), knock-down of CG2010 expression enhanced polyQ toxicity (Figure 4.ID). It 

is likely that CG2010 modifies polyQ toxicity by modulating solubility of expanded 

polyQ protein as in the case of Cull (Figure 3.14). To test this hypothesis, the effect 

of CG2010 on SDS-solubility of expanded polyQ protein was examined using the 

SCA3fl model [129]. As mentioned in Chapter 3 (section 3.3)，this model expresses 

the myc-SCA3fl-Q84 protein which is only partly SDS-insoluble [140]. Therefore, 

SCA3A model allows studies on both the soluble and insoluble fractions of 

myc-SCA3fl-Q84 protein. 

To study the effect of CG2010 on SDS-solubility of myc-SCA3fl-Q84 protein, 

fly adult head lysate was subjected to immunoblotting. The SDS-soluble fraction of 
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Figure 4.8. Enhancement by knock-down of CG2010 expression was 

reproducible in the SCA3fl model. 

(A - B) Deep pseudopupil images of flies expressing full-length ataxin-3 transgenes 

{myc-SCAfl-Q27 or myc-SCA3fl-Q84) with or without (indicated by "-") knock-down 

of CG2010 expression are shown. Transgenes were expressed using the gmr-GAL4 

driver. On average, 5.2 rhabdomeres per ommatidium was observed under 

microscope in flies expressing myc-SC A 3JI-Q2 7 (A). Expansion of the polyQ tract to 

Q84 caused a reduction in the rhabdomere score to 4.1. (A) Knock-down of CG2010 

expression caused a Q-length specific enhancement on degeneration induced by 

myc-SC A 3fl-Q84 and reduced the rhabdomere score to 3.1 (B). (C) Quantification of 

(A and B). N = 29, * p < 0.01 (Mann-Whitney Rank Sum Test); error bars represent 

mean 土 SEM from at least 29 flies from three independent experiments. At least 570 

ommatidia were scored per group. The flies were raised at 21 °C and were assayed at 

2 dpe. They were of genotypes: 

(A) w; gmr-GAL4 UAS-myc-SCA3fl-Q27/+; +/+, 

w; gmr-GAL4/+•’ UAS-myc-SCA3JI-Q84/+ 

(B) w;gmr-GAL4 UAS-myc-SCASfl^/UAS-CGlOl^'^102010^-, +/+, 

w; gmr-GAL4/UAS-CG2010RNA' _20狐2)., UAS-myc-SCA3fl-Q84/+. 
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myc-SCA3fl-Q84 protein was resolved in the running gel (Figure 4.9). Knock-down 

of CG2010 expression reduced the level of SDS-soluble fraction of 

myc-SCA3fl-Q84 protein in the running gel (Figure 4.9). 

To quantify the SDS-insoluble fraction of myc-SCA3fl_Q84 protein, the adult 

fly head lysate was subjected to ultracentrifugation to isolate the SDS-insoluble 

protein and remove the SDS-soluble protein [25]. Formic acid (100%) was then used 

to disrupt the ionic interactions among the SDS-insoluble aggregated proteins and 

dissociate the aggregated proteins into monomers [25, 151]. The formic acid treated 

sample was then subjected to immunoblotting (Figure 4.10). It was found that 

knock-down of CG2010 expression caused an increase in the level of SDS-insoluble 

myc-SCA3fl-Q84 protein (Figure 4.10). Taken together, CG2010 modulates the 

SDS-solubility of myc-SCA3fl-Q84 protein. 

Next, total polyQ protein was recovered from the sample to test the effect of 

CG2010 on the abundance of total myc-SCA3fl-Q84 protein. Formic acid (100%) 

was used to solubilize the SDS-insoluble fraction of myc-SCA3fl-Q84 protein to 

obtain the total myc-SCA3fl-Q84 protein for immunoblotting [151] (Figure 4.11). 

Knock-down of CG2010 expression did not change the total level of 

myc-SCA3fl-Q84 protein (Figure 4.11). This suggests that CG2010 does not affect 

the abundance of total myc-SCA3 fl-Q84 protein. Combining all the data together, 

CG2010 acts on the SDS-solubility of myc-SCA3fl-Q84 protein without affecting 

the abundance of total myc-SC A3 fl-Q84 protein. 
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Figure 4.9. Knock-down of CG2010 expression reduced the level of SDS-soluble 

myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of myc-SCA3fl-Q84-QxpxQssmg flies with or without 

knock-down of CG2010 expression was subjected to immunoblotting. The 

immunoblot was probed with anti-myc antibody to detect the presence of 

myc-SCA3fl-Q84 protein. The arrow (今）indicates the monomelic, SDS-soluble 

myc-SCA3fl-Q84 protein while the signal in stacking gel represents the 

SDS-insoluble myc-SCA3fl-Q84 protein. Knock-down of CG2010 expression 

reduced the level of SDS-soluble myc-SCA3fl-Q84 protein. The immunoblot was 

stripped and reprobed with anti-p-tubulin antibody to confirm that equal amount of 

protein was loaded in every lane. (B) Quantification of the monomeric, SDS-soluble 

myc-SC A3 A-Q84 protein. Band intensity was relative to 

myc-SCA3JI-Q84-expressing flies without knock-down of CG2010 expression. N = 4， 

* p< 0.05 (Student's t-test); error bar represents mean 士 SEM from four independent 

experiments. The flies were raised at 21°C and were assayed at 3 dpe. They were of 

genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+ 

w; gmr-GAL4/UAS-CG2010RNAi ^102010^； UAS-myc-SCA3fl-Q84/+. 
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Figure 4.17 
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Figure 4.10. Knock-down of CG2010 expression increased the level of 

SDS-insoluble myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of myc-SCA3fl-Q84-expTessing flies with or without 

knock-down of CG2010 expression was subjected to ultracentrifugation to isolate 

any SDS-insoluble protein aggregates and to remove the SDS-soluble protein. The 

resulting pellet was treated with formic acid (100%) to dissociate the aggregates into 

monomers and then subjected to immunoblotting. The immunoblot was probed with 

anti-myc antibody to detect the presence of any SDS-insoluble myc-SCA3fl-Q84 

protein. The arrow (->) indicates the solubilized insoluble myc-SCA3fl-Q84 protein 

and the signal intensity represents its level. Knock-down of CG2010 expression 

intensified this band. (B) Quantification of the solubilized SDS-insoluble 

myc-SCA3fl-Q84 protein. Band intensity was relative to 

myc-SCA3fl-Q84-Qxpressing flies without knock-down of CG2010 expression. N = 4, 

* p< 0.05 (Student's t-test); error bar represents mean 士 SEM from four independent 

experiments. The flies were raised at 21 °C and were assayed at 3 dpe. They were of 

genotypes: 

w; gmr~GAL4/+; UAS-myc-SCA3ft-Q84/+ 

w; gmr~GAL4/UAS-CG2010RNAi UAS-myc-SCA3fl-Q84/+. 
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Figure 4.17 
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Figure 4.11. Knock-down of CG2010 expression did not modify the abundance 

of total myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of myc-SCA3fl-Q84-Qxpressmg flies with or without 

knock-down of CG2010 expression was treated with formic acid (100%) to 

dissociate the aggregates into monomers and then subjected to immunoblotting. The 

immunoblot was probed with anti-myc antibody to detect the presence of 

myc-SCA3fl-Q84 protein. The arrow (->) indicates the total level of 

myc-SCA3fl-Q84 protein. Knock-down of CG2010 expression did not modify this 

band. The immunoblot was stripped and reprobed with anti-P-tubulin antibody to 

confirm that equal amount of protein was loaded in every lane. (B) Quantification of 

(A). Band intensity was relative to myc-SC A 3fl-Q84-exprQssing flies without 

knock-down of CG2010 expression. N 二 3, = 0.25 (Student's t-test); error bar 

represents mean 士 SEM from three independent experiments. The flies were raised at 

21°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3Jl-Q84/+, 

w; gmr-GAL4/UAS-CG2010RNAi ^102010^； UAS-myc-SCA3fl-Q84/+. 
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4.5 Knock-down of CG2010 expression reduced ubiquitination of SDS-insoluble 

expanded polyglutamine protein 

As discussed in Chapter 3 (section 3.7), inhibiting ubiquitination of the substrate 

protein could lead to its accumulation in cells [161]. Since it was found that 

knock-down of CG2010 expression led to an increase in the level of SDS-insoluble 

expanded polyQ protein, it is therefore important to test if this enrichment was 

accompanied with a reduction in ubiquitination of the SDS-insoluble expanded 

polyQ protein. 

An in vivo ubiquitination assay on myc-SCA3fl-Q84 protein was therefore 

performed in flies expressing myc-SCA3fl-Q84 transgene with or without 

knock-down of CG2010 expression [162, 163]. Firstly, immunoprecipitation was 

used to capture total myc-SCA3fl-Q84 protein by anti-myc antibody, and the eluate 

was subjected to immunoblotting (Figure 4.12). The immunoblot was first probed 

against anti-ubiquitin antibody to detect the presence of ubiquitinated SDS-soluble 

myc-SCA3fl-Q84 protein in the running gel，and subsequently reprobed with 

anti-myc antibody to confirm successful immunoprecipitation of myc-SCA3fl-Q84 

protein (Figure 4.12). It was found that the level of ubiquitinated SDS-soluble 

myc-SCA3fl-Q84 protein was similar between the myc-SCA3fl-Q84-QxprQssmg flies 

with or without knock-down of CG2010 expression (Figure 4.12). This implies that 

CG2010 does not affect the ubiquitination of the SDS-soluble fraction of expanded 

polyQ protein. 

To examine the effect of CG2010 on the ubiquitination of the SDS-insoluble 
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Figure 4.12. Knock-down of CG2010 expression did not alter the level of 

ubiquitinated SDS-soluble myc-SCA3f!-Q84 protein. 

(A) Adult head lysate of flies expressing myc-SCA3fl-Q84 protein with or without 

knock-down of CG2010 expression was subjected to immunoprecipitation using 

anti-myc antibody to immunoprecipitate myc-SCA3fl-Q84 protein. The input and the 

eluate were subjected to immunoblotting. Upper row: the immunoblots were probed 

against anti-ubiquitin antibody to detect the ubiquitinated SDS-soluble protein in the 

running gel. Lower row: the immunoblots were stripped and reprobed with anti-myc 

antibody to detect the SDS-soluble myc-SCA3fl-Q84 protein. The input shows the 

presence of SDS-soluble myc-SCA3fl-Q84 protein in the lysate while positive signal 

in the eluate confirmed positive immunoprecipitation of SDS-soluble 

myc-SCA3 A-Q84 protein. Knock-down of CG2010 expression did not alter the level 

of ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein. (B) Quantification of the 

ubiquitinated SDS-soluble myc-SCA3fl-Q84 protein in (A). Band intensity was 

relative to myc-SCA 3/I-Q84-expressing flies without knock-down of CG2010 

expression. N = 3, ** p = 0.26 (Student's t-test); error bar represents mean 士 SEM 

from four independent experiments. The flies were raised at 21 °C and were assayed 

at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+， 

w;gmr-GAL4/UAS-CG201 严 _ 2 0 _ ; UAS-myc-SCA3fl-Q84/+. 
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fraction of myc-SCA3fl-Q84 protein, the above immunoprecipitation was repeated to 

immunoprecipitate total myc-SCA3fl-Q84 protein by anti-myc antibody. Instead of 

immunoblotting, the eluate was subjected to filter retardation assay to capture the 

SDS-insoluble myc-SCA3fl-Q84 protein with size larger than 0.22 jxm [146] (Figure 

4.13). The signal on the immunoblot obtained upon immunodetection with anti-myc 

antibody indicates successful immunoprecipitation of the SDS-insoluble 

myc-SCA3fl-Q84 protein (Figure 4.13A, upper row). The signal on the immunoblot 

obtained upon immunodetection with anti-ubiquitin antibody indicates the 

ubiquitinated SDS-insoluble myc-SCA3fl-Q84 protein (Figure 4.13A, lower row). It 

was found that knock-down of CG2010 expression reduced the level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein (Figure 4.13). 

To exclude the possibility that the above ubiquitin-positive signal came from 

any ubiquitin recruited to the SDS-insoluble myc-SCA3fl-Q84 protein aggregates 

rather than from the ubiquitin that was directly conjugated on myc-SCA3fl-Q84 

protein, a modified in vivo ubiquitination assay (section 2.12.3) was performed. 

Immunoprecipitation was first used to capture the total myc-SCA3fl-Q84 protein. 

The eluate was subjected to ultracentrifiigation to isolate the SDS-insoluble 

myc-SCA3fl-Q84 protein [25]. Formic acid (100%) was then used to dissociate 

aggregated myc-SCA3fl-Q84 proteins into monomers and release any recruited 

cellular proteins [25, 151]. It is well documented that formic acid cannot break any 

covalent bonding such as conjugation of ubiquitin on substrates [25，151]. The 

formic acid-treated samples were subjected to immunoblotting. Since knock-down of 

CG2010 expression led to a 4-fold enrichment of SDS-insoluble myc-SCA3fl-Q84 
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Figure 4.13 
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Figure 4.13. Knock-down of CG2010 expression reduced level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein captured by filter retardation assay. 

(A) Adult head lysate of flies expressing myc-SCA3fl-Q84 protein with or without 

knock-down of CG2010 expression was subjected to immunoprecipitation using 

anti-myc antibody to immunoprecipitate myc-SCA3 A-Q84 protein. The input and the 

eluate were then subjected to filter retardation assay to capture any SDS-insoluble 

protein aggregates with size larger than 0.22 jim. As both of the antibodies to be used 

for immunodetection were purified from mice, the samples were divided into two 

equal halves and loaded into two separate wells. The immunoblot was then cut into 

two halves for separate immunodetection. Upper row: the half-blot carrying a 

complete set of samples was probed with anti-myc antibody to detect the 

SDS-insoluble myc-SCA3fl-Q84 protein aggregates. Positive signal in the input 

shows the presence of SDS-insoluble myc-SCA3fl-Q84 protein in the lysate. The 

signal in the eluate confirmed positive immunoprecipitation of the SDS-insoluble 

myc-SCA3fl-Q84 protein and presence of equal amount of immunoprecipitated 

SDS-insoluble myc-SCA3fl-Q84 protein in each well. Lower row: the other half-blot 

carrying a complete set of samples was probed against anti-ubiquitin antibody to 

detect any ubiquitinated SDS-insoluble protein aggregates. The input indicates the 

presence of ubiquitinated SDS-insoluble protein aggregates in the lysate. Positive 

signal in the eluate indicates the ubiquitinated SDS-insoluble myc-SCA3fl-Q84 

protein. Knock-down of CG2010 expression reduced the level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein. (B) Quantification of the ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein in (A). Band intensity was relative to 

myc-SCA5/7-^5^-expressing flies without knock-down of CG2010 expression. N = 3, 

* p < 0.05 (Student's t-test); error bar represents mean 士 SEM from three 

independent experiments. The flies were raised at 21°C and were assayed at 3 dpe. 

They were of genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+, 

w; gmr-GAL4/UAS-CG2010RNAi UAS-myc-SCA3fl-Q84/+. 
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protein (Figure 4.10), the loading ratio of the samples was adjusted accordingly 

(Figure 4.14). The signal on the immunoblot obtained upon immunodetection with 

anti-myc antibody confirms successful immunoprecipitation of SDS-insoluble 

myc-SCA3fl-Q84 protein and presence of equal amount of SDS-insoluble 

myc-SCA3fl-Q84 protein in the control and CG2010應 eluates (Figure 4.14B, 

lower row). Upon immunodetection with anti-ubiquitin antibody, the ubiquitin 

conjugated on myc-SCA3A-Q84 protein contributed to a smear on the immunoblot 

above the size of monomeric myc-SCA3 A-Q84 protein (Figure 4.14B, upper row). It 

was found that knock-down of CG2010 expression reduced the level of ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 (Figure 4.14B). Taken together, the data suggest 

that CG2010 modifies the ubiquitination of SDS-insoluble myc-SCA3fl-Q84 protein. 

To show that not any F-box protein could affect the ubiquitination of 

SDS-insoluble myc-SCA3fl-Q84 protein，the above experiment was repeated using 

another F-box protein, CG9461. As previously described, knockdown of CG9461 

expression did not modify polyQ toxicity (Figure 4.IE). Semi-quantitative RT-PCR 

showed that knock-down of CG9461 expression by RNAi caused an observable 

reduction in the transcript level of CG9461 (Figure 4.15). By performing similar 

experiment as that in Figure 4.10, it was found that knockdown of CG9461 

expression did not alter the SDS-solubility of myc-SCA3fl-Q84 protein (Figure 

4.16A and B). The in vivo ubiquitination assay in Figure 4.14B was repeated using 

this irrelevant F-box protein. It was found that knockdown of CG9461 expression did 

not affect the ubiquitination of SDS-insoluble myc-SCA3A-Q84 protein (Figure 

4.16C and D). Taken together, CG2010 is a specific F-box protein that modifies 
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Figure 4.17 
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Figure 4.14. Knock-down of CG2010 expression reduced the level of 

ubiquitinated SDS-insoluble myc-SCA3fl-Q84 protein isolated by 

ultracentrifugation. 

(A) Adult head lysate of myc-SCA3fl-Q84-Qy^TQssmg flies with or without 

knock-down of CG2010 expression was subjected to ultracentrifugation to isolate 

any SDS-insoluble protein aggregates and to remove the SDS-soluble protein. The 

resulting pellet was treated with formic acid (100%) to dissociate the aggregates into 

monomers. The formic acid-treated sample was loaded according to the ratio 

specified and subjected to immunoblotting. The immunoblot was probed with 

anti-myc antibody to confirm the presence of equal amount of SDS-insoluble 

myc-SCA3fl-Q84 protein when the sample was loaded according to the above ratio. 

(B) Adult head lysate from same batch of flies in (A) was subjected to 

immunoprecipitation. Anti-myc antibody was used to immunoprecipitate total 

myc-SCA3fl-Q84 protein. The eluate was subjected to ultracentrifugation and formic 

acid (100%) treatment. The resulting eluate was then subjected to immunoblotting 

according to the loading ratio specified in (A). Upper row: the immunoblot was 

probed against anti-ubiquitin antibody to detect any ubiquitinated SDS-insoluble 

myc-SCA3fl-Q84 protein. Signal in the eluate represents the ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein. Knock-down of CG2010 expression 

reduced the level of this ubiquitinated SDS-insoluble myc-SCA3fl-Q84 protein-

Lower row: the immunoblot was stripped and reprobed with anti-myc antibody to 

detect the SDS-insoluble myc-SCA3fl-Q84 protein. Signal in the eluate confirmed 

positive immunoprecipitation of SDS-insoluble myc-SCA3fl-Q84 protein and equal 

amount of SDS-insoluble myc-SCA3fl-Q84 protein loaded. (C) Quantification of the 

ubiquitinated SDS-insoluble myc-SCA3fl-Q84 protein (B). Band intensity was 

relative to myc-SCA3fl-Q84-expTessing flies without knock-down of CG2010 

expression. N = 4, * < 0.05 (Student's t-test); error bar represents mean 土 SEM 

from four independent experiments. The flies were raised at 21 °C and were assayed 

at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+, 

w; gmr-GAL4/UAS-CG201 ( f ^ 仍1(3201服-2); UAS-myc-SCA3fl-Q84/+. 
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ubiquitination of SDS-insoluble myc-SCA3fl-Q84 protein. 

4.6 Genetic interaction between CG2010 and Cull in polyglutamine toxicity 

Genetic interaction is useful in studying the functional relationship between two 

genes in order to test if they are acting on the same pathway [182，183]. Results from 

the genetic interaction study between myc~SCA3fl-Q84 and Cull (Figure 3.3B), and 

that between myc-SCA3Jl-Q84 and CG2010 (Figure 4.ID) respectively demonstrated 

that Cull and CG2010 are involved in polyQ toxicity. As biochemical data in 

Chapters 3 and 4 suggest that Cull protein act on myc-SCA3fl-Q84 protein through 

CG2010 protein, genetic interaction between CG2010 and Cull in polyQ toxicity 

was examined to test if CG2010 and Cull act in the same pathway in modifying 

polyQ toxicity. 

In an adult external eye depigmentation assay using the SCA3fl model [129], 

expression of myc-SCA3fl-Q84 in the fly eyes by gmr-GAL4 driver did not have any 

observable depigmentation (Figure 4.17A). However, knock-down of Cull 

expression in myc-SCA3fl-Q84-Q^TQSsmg flies enhanced degeneration and resulted 

in depigmentation and formation of small necrotic scars on the eye surface (Figure 

4.17B). Similarly, knock-down of CG2010 expression in 

myc-SCA3JI-Q84-cxpressing flies enhanced degeneration and resulted in mild 

depigmentation (Figure 4.17C). Double knock-down of both Cull and CG2010 

expression in myc-SCA3/l-Q84-expressing flies did not further enhanced the 

degenerative phenotype by single knock-down of either Cull or CG2010 expression 

(Figure 4.17D). Because there was not any additive effect upon double knock-down 
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Figure 4.13 

CG9461 

fi-actin 



Figure 4.15. Knock-down efficiency of CG9461 expression. 

Transcript level of CG9461 in gmr-GAL4 driver control flies and CG9461mAl flies 

revealed by RT-PCR. fi-actin served as loading control. There is an observable 

reduction in the transcript level of CG9461 in CG9461mAl flies. The experiment was 

performed twice experiments. The flies were raised at 25°C and were assayed at 3 

dpe. They were of genotypes: 

w; gmr~GAL4/+; +/+， 

w; gmr-GAIJ/UAS-CGQAdl1^�+/+. 
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Figure 4.17 
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Figure 4.17 
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Figure 4.16. Knock-down of CG9461 expression did not modify SDS-solubility 

or ubiquitination of SDS-insoluble myc-SCA3fl-Q84 protein. 

(A) Adult head lysate of myc~SCA3JI-Q84-expressing flies with or without 

knock-down of CG9461 expression was subjected to ultracentrifugation to isolate 

any SDS-insoluble protein aggregates and to remove the SDS-soluble protein. The 

resulting pellet was treated with formic acid (100%) to dissociate the aggregates into 

monomers. The formic acid treated sample was subjected to immunoblotting. The 

immunoblot was probed with anti-myc antibody to detect the SDS-insoluble 

myc-SCA3fl-Q84 protein. (B) Quantification of the solubilized, SDS-insoluble 

myc-SC A3A-Q84 protein. Band intensity was relative to 

myc-SCA3fl-Q84-Qy.prQ^smg flies without knock-down of CG9461 expression. N = 3， 

** p = 0.79 (Student's t-test); error bar represents mean 士 SEM from three 

independent experiments. (C) Adult head lysate from same batch of flies in (A) was 

subjected to immunoprecipitation. Anti-myc antibody was used to immunoprecipitate 

total myc-SCA3fl-Q84 protein. The eluate was subjected to ultracentrifugation and 

formic acid (100%) treatment. The resulting eluate was then subjected to 

immunoblotting. Upper row: the immunoblot was probed against anti-ubiquitin 

antibody to detect any ubiquitinated SDS-insoluble myc-SCA3fl-Q84 protein. Signal 

in the eluate presents the ubiquitinated SDS-insoluble myc-SCA3A-Q84 protein. 

Knock-down of CG9461 expression did not modify the level of this ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein. Lower row: the immunoblot was stripped 

and reprobed with anti-myc antibody to detect the SDS-insoluble myc_SCA3fl-Q84 

protein. Signal in the eluate confirmed positive immunoprecipitation of 

SDS-insoluble myc-SCA3fl-Q84 protein. (D) Quantification of the ubiquitinated 

SDS-insoluble myc-SCA3fl-Q84 protein in (C). Band intensity was relative to 

myc-SCA3fl-Q84-^x^iQSsmg flies without knock-down of CG9461 expression. N = 3, 

** p = 0.83 (Student's t-test); error bar represents mean 士 SEM from three 

independent experiments. The flies were raised at 21°C and were assayed at 3 dpe. 

They were of genotypes: 

w; gmr~GAL4/+; UAS-myc-SCA3fl-Q84/+, 

w; gmr-GAL4/UAS-CG9461mAi; UAS-myc-SCA3fl-Q84/+ 
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Figure 4.17 
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Figure 4,17 Genetic interaction between CG2010 and Cull in polyglutamine 

toxicity. 

Adult external eye depigmentation phenotypes of myc-SCA3fl-Q84-Qx^iQssmg flies 

with or without knock-down of Cull and CG2010 expression are shown. Transgenes 

were expressed using the gmr-GAL4 driver. (A) At 5 dpe, expression of 

myc-SCA3fl-Q84 did not show any observable degenerative phenotype. (B) 

Knock-down of Cull expression enhanced polyQ toxicity and led to loss of 

pigmentation. (C) Knock-down of CG2010 expression also enhanced polyQ toxicity 

and led to mild depigmentation. (D) Double knock-down of Cull and CG2010 

expression in the myc-SCA3fl-Q84-QxprQssmg flies showed degenerative phenotype 

similar to that of single knock-down of either Cull (B) or CG2010 (C) expression. 

The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr~GAL4/+; UAS-myc-SCA3fl-Q84/+ 

(B) w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84 UAS-CullmAt ^042445)/+ 

(C) w; gmr-GAL4/UAS-CG2010RNAt ^102010^； UAS-myc-SCA3Jl-Q84/+ 

(D) w; gmr-GAL4/AS-CG201 广 _20圓);UAS-myc-SCA3fl-Q84 UAS-Cull讓1 

(VDRC42445) 
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of both Cull and CG2010 expressions, it is suggested that Cull and CG2010 are 

involved in polyQ toxicity through the same pathway. 

4.7 Discussion 

Cull-based CRL targets substrate protein using specific F-box protein as 

substrate receptor [81]. Identifying the F-box protein employed in the targeting of 

substrate protein is important for the detailed analysis on the ubiquitination of 

substrate protein mediated by Cull-based CRL [179，184, 185]. According to 

Chapter 3，it is suggested that SDS-insoluble expanded polyQ is a substrate of 

Cull-based CRL. Therefore, it is important to identify the F-box protein employed 

for this substrate targeting. 

Although F-box protein is a large protein family with nearly 70 members 

already identified in humans [178], only 19 of them are conserved in Drosophila 

[175]. Hence, it is likely that Cull-based CRL targets SDS-insoluble expanded polyQ 

through at least one of these 19 F-box proteins. Individual knock-down of expression 

of these 19 F-box proteins was done and the corresponding effect on polyQ toxicity 

was examined using adult external eye depigmentation assay (section 4.2). 

Overexpression of CGI1033 was previously reported to enhance polyQ toxicity 

through unknown mechanisms [140]. Consistently, in the present study it was found 

that knock-down of CGI1033 expression suppressed degenerative phenotype 

induced by strong expression of HA-SCA3tr-Q78 (data not shown). This finding 

validates the approach employed here to identify F-box proteins that modify polyQ 

toxicity. 
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One F-box protein, Slmb protein, resulted in dominant rough eye phenotype 

upon knock-down of expression (Figure 4.IB). By using the gmr-GAL4 driver to 

drive the expression of UAS-dsRNA, Slmb expression was knocked down since the 

third-instar larval stage [118]. As discussed in Chapter 3 (section 3.9), Slmb is 

involved in fly eye development by regulating the proteolysis of Cubitus interruptus 

(Ci) [173]. The dominant phenotype upon knock-down of Slmb expression is 

possibly due to the disturbance of Ci proteolysis during fly eye development. 

Two F-box proteins, Real protein (Figure 4.1C) and CG2010 protein (Figure 

4.ID), enhanced HA-SCA3tr-Q75-induced toxicity upon respective knock-down of 

expression. Real promotes Gl-S phase transition in Drosophila [186]. It is reported 

that cell-cycle arrest enhances toxicity induced by expression of truncated ataxin-3 in 

vitro [187]. Knock-down of Real expression could induce cell-cycle arrest and thus 

enhance polyQ toxicity. However, in comparison to the SCA3tr model, it was found 

that knock-down of Real expression modified the degenerative phenotype even in 

the unexpanded control in the SCA3A model [129] (data not shown). This suggests 

that Real has dominant, non-polyQ specific effect on normal ataxin-3 protein. 

Therefore, Real is not further investigated in the present study. On the other hand, 

the enhancement by knock-down of CG2010 expression was specific to expanded 

polyQ protein in both the SCA3tr (Figure 4.1D) and SCA3A models (Figure 4.8). 

Therefore, CG2010 was further studied to explore its role in polyQ pathogenesis. 

So far, very limited investigation has been performed on CG2010 and the 
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function of CG2010 is poorly understood. What is known about CG2010 is an F-box 

protein that carries a conserved F-box domain and a substrate recognition domain. 

The major function of F-box proteins is to serve as substrate receptors and recruit 

specific substrates to Cull-based CRL. However, increasing studies have shown that 

F-box proteins have other non-CRL related functions [188]. For example, apart from 

the function in promoting Gl-S phase transition, Real protein also prevents 

premature degradation of cyclin during G2 phase independently of the F-box domain 

[186, 189]. Therefore, it is possible that CG2010 modifies polyQ toxicity through 

CRL-irrelevant pathway. 

To test if CG2010 acts on polyQ pathogenesis through the same pathway as 

Cull, the effect of CG2010 on the SDS-solubility and ubiquitination of expanded 

polyQ protein was examined. Similar to Cull, it was found that knock-down of 

CG2010 expression reduced ubiquitination of SDS-insoluble (Figures 4.13 and 4.14), 

but not the SDS-soluble fraction (Figure 4.12), of expanded polyQ protein and 

increased the level of this SDS-insoluble fraction (Figure 4.10). Besides, data on 

double knock-down of both CG2010 and Cull expressions indicate that CG2010 and 

Cull act on polyQ toxicity through the same pathway (Figure 4.17). Therefore，it is 

likely that Cull-based CRL targets SDS-insoluble expanded polyQ protein using 

CG2010 protein as substrate receptor. Knock-down of CG2010 expression would 

lead to reduced activity of Cull-based CRL that target SDS-insoluble expanded 

polyQ protein for ubiquitination and subsequent substrate degradation. Thus 

SDS-insoluble expanded polyQ protein would accumulate in cells. As mentioned in 

Chapter 1 (section 1.1.4), SDS-insoluble expanded polyQ protein is neurotoxic [52, 
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53, 135]. Its accumulation in cells would eventually result in enhanced 

neurodegeneration. 

The above in vivo data from Drosophila highlight the role of CG20J0 in polyQ 

pathogenesis. Identifying the human counterpart of CG2010 might give insight to 

treatment of polyQ diseases. F-box protein is characterized by the presence of the 

conserved F-box domain which is usually situated at the N-terminus [175]. In 

addition to this domain, in an F-box protein there is a variable substrate-binding 

domain that is responsible for substrate recognition at the C-terminus [175]. Majority 

of the F-box proteins employ either WD40 repeats or leucine-rich repeats (LRRs) as 

protein-protein interaction domains [175]. Less common substrate-binding domains 

include Kelch repeats, CASH domains and proline-rich domains [175]. According to 

the Structural Classification of Proteins (SCOP) database [190], CG2010 protein 

carries a RNase inhibitor (RNI)-like domain at the C-terminus. This RNI-like domain 

is prototypical to LRRs but it does not reach the threshold required to be classified as 

authentic LRRs based on the sequence [175]. Little study has been done on this 

RNI-like domain and the function of this domain is largely unknown. 

Only three human F-box proteins, namely FBX033, FBX038 and FBX039, 

carry the RNI-like domain [175]. Little study has been performed on these F-box 

proteins. According to UniGene from the National Center for Biotechnology 

Information [191] and the BioGPS [192], FBX033 and FBX038 are widely 

expressed in various tissues including brain. Expression of FBX039 is less restricted 

to brain and testis. As F-box proteins recognize substrate proteins through the 
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substrate-binding domain, it is likely that FBX033, FBX038 and FBX039 proteins 

which carry the RNI-like domain similarly as CG2010 protein, would target 

SDS-insoluble expanded polyQ protein for ubiquitination and suppress polyQ 

toxicity. Therefore, further investigation on the involvement of these three F-box 

proteins in polyQ pathogenesis might open new opportunities in treating polyQ 

diseases. 

Apart from CGI 1033, Slmb, Real and CG2010, the remaining 15 F-box 

proteins investigated in the present study did not modify polyQ toxicity upon 

individual knock-down of their expressions (Figure 4.1). It is noted that the 

knock-down efficiency of expression of these F-box proteins, except CG9461, is not 

confirmed. Therefore, it is not clear whether any of them are also involved in polyQ 

toxicity. 

Moreover, based on the findings that knock-down of endogenous Cull 

expression modified polyQ toxicity in transgenic Drosophila polyQ model, the 

present study aims at screening out the putative substrate receptor involved in the 

above modification only from the Drosophila homolog of F-box proteins. It is noted 

that other human F-box proteins that have no homologs in flies are also possible to 

affect polyQ toxicity. However, due to the large number of human F-box proteins, 

those that have no homologs in flies were not examined in this study. Large scale 

siRNA experiment on individual human F-box proteins in mammalian cultured cells 

such as HEK 293FT could be performed to 1) test the effect of FBX033, FBX038 

and FBX039 on polyQ toxicity and 2) screen for all the F-box proteins that modify 
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polyQ toxicity. 

To sum up, it was found that CG2010 has similar effect on polyQ pathogenesis 

as Cull upon knock-down of expression. Hence, it is likely that Cull-based CRL 

employs CG2010 protein as substrate receptor for targeting SDS-insoluble expanded 

polyQ protein for ubiquitination and modify polyQ toxicity. 
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Chapter 5 Involvement of other components of Cull-based 

CRL pathway in polyglutamine pathogenesis 

5.1 Introduction 

Based on the studies on Cul and CG2010 in Chapters 3 and 4，it is suggested 

that Cull-based CRL regulates SDS-solubility of expanded polyQ protein and 

modulates polyQ toxicity through CG2010 substrate receptor. In addition to Cull 

protein and CG2010 protein, there are other members in the Cull-based CRL 

pathway [81, 83, 84]. Firstly, Cull binds to Skpl through its N-terminus and Rocl 

through its C-terminus respectively [81]. Secondly, there are regulators such as 

Nedd8 and CSN5 which would influence the activity of Cull-based CRL [83, 84，86]. 

To have a more complete analysis of the involvement of Cull-based CRL pathway in 

polyQ diseases, a preliminary study on the effect of other components of the 

Cull-based CRL pathway in polyQ pathogenesis was performed in the SCA3tr 

model [117]. 

As described in Chapter 3 (section 3.2), the SCA3tr model expresses a 

HA-tagged, truncated form of ataxin-3 protein. Expression of the transgene encoding 

for the truncated ataxin-3 protein with unexpanded polyQ repeats of 27 glutamines 

(HA-SCA3tr-Q2 7) in the eyes by gmr-GAL4 driver did not cause any degenerative 

phenotype even aged for 32 days (Figure 3.2A). Weak expression of the transgene 

encoding for the truncated ataxin-3 protein with expanded polyQ repeats of 78 

glutamines (HA-SCA3tr-Q78(w)) induced late-onset progressive degeneration 

resulting in depigmentation phenotype which could only be observed at 32 dpe but 
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not at 3 dpe (Figure 3.2B). This transgenic fly line allows identification of any polyQ 

toxicity enhancers. Stronger expression of HA -SCA 3tr- Q 78 transgene 

{HA-SCA3tr-Q78(s)) in another independent transgenic fly line induced more severe 

degeneration as shown by the extensive loss of pigmentation at 3 dpe already (Figure 

3.2C). This transgenic fly line allows identification of any polyQ toxicity 

suppressors. 

As mentioned in Chapter 3 (section 3.1), expansion of the polyQ domain in 

disease proteins causes accumulation of SDS-insoluble polyQ protein in neurons 

which results in neurotoxicity [52, 53, 135]. HA-SCA3tr-Q78 protein is largely 

SDS-insoluble [117]. Modification on SDS solubility of HA-SCA3tr-Q78 protein 

was also examined so as to define the role of the toxicity modifiers, if any, in polyQ 

diseases. 

5.2 Rocla 

The Rocl protein is responsible for recruiting ubiquitin-loaded E2 to the CRL 

complex [81, 83, 84]. It carries a variable N-terminal P-strand domain and a 

conserved RING domain [193]. Both of these two domains are required for binding 

to the C-terminus of cullins [193]. In Drosophila, there are three Roc proteins (Rocla, 

Roc lb and Roc2) which share 57-70% amino acid identity among each other [132， 

194]. They are functionally different [132] and demonstrate specificity towards 

different cullins, e.g. Rocla binds Cull and Cul4, Roc lb binds Cul3 while Roc2 

binds Cul5 [193]. 
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To test the effect of Rod a, which is employed by Cull-based CRL, on polyQ 

toxicity, expression of Roc la was knocked down by RNAi [134] in the SCA3tr 

model [117]. It was found that knock-down of Roc la expression did not modify 

degenerative phenotype induced by weak or strong expression of HA-SCA3tr-Q78 

transgene (Figure 5.1). Overexpression of Roc la was also performed to test its effect 

on polyQ toxicity. Two independent transgenic lines [132] were employed so as to 

exclude the possibility of positional effect due to insertion of transgene on 

chromosome [138]. It was found that overexpression of Roc la did not modify the 

degenerative phenotype induced by both weak and strong expression of 

HA-SCAtr~Q78 transgene (Figure 5.2). 

To test the effect of Roc la on SDS-solubility of expanded polyQ protein, filter 

retardation assay was employed [146]. As mentioned in Chapter 3 (section 3.3)，this 

assay detects SDS-insoluble protein aggregates with size larger than 0.22 [146]. 

It was shown that overexpression of Roc la did not alter the level of SDS-insoluble 

HA-SCAtr-Q78 protein (Figure 5.3). Combining with the above data, it is suggested 

that altering expression level of Roc la does not affect both polyQ toxicity and 

SDS-solubility of expanded polyQ protein. 

5.3 SkpA 

Skpl is the adaptor subunit that recruits the substrate receptor to the CRL 

complex [81, 83, 84]. It carries a POZ (Poxvirus and zinc finger) domain [195] and a 

Skp 1 -dimerization domain [196，197]. It binds to the N-terminus of cullins through 

the Skp 1 -dimerization domain [196]. In Drosophila, there are six -related genes 
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Figure 5.1. Knock-down of Roc la expression did not modify degeneration 

induced by HA-SCA3tr-Q78 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 

and flies expressing truncated ataxin-3 transgenes QiA -SCA 3tr-Q2 7 or 

HA-SCA3tr-Q78) with or without (indicated by "-") knock-down of Rocla 

expression are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 

3 dpe, expression of HA-SCA3tr-Q2 7 transgene did not cause any degenerative 

phenotype. Weak expression of HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) transgene did 

not cause any observable depigmentation while strong expression of HA -SCA3tr-Q 78 

{HA-SCA3tr-Q78(s)) transgene caused severe depigmentation. (B) Knock-down of 

Rocla expression did not modify degenerative phenotype induced by 

HA-SCA3tr-Q78(w) or HA -SCA 3tr~Q 78(s). The experiment was performed once. The 

flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; +/+， 

w; gmr-GAL4 UAS_HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS~HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL4/UAS-RocI广；+/+, 

w; gmr-GAL4 UAS-HA-SCAStr-Qll/UAS-Rocla^ +/+, 

w; gmr-GAL4/UAS-Rocl严；UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(syUAS-Rocla1^�+/+. 
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Figure 5.2. Overexpression of Rod a did not modify degeneration induced by 

HA-SCA3tr-Q78 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of gmr-GAU driver-only control flies 

and flies expressing truncated ataxin-3 transgenes {HA-SCA 3tr-Q2 7 or 

HA -SCA3tr-Q 78) with or without (indicated by "-") overexpression of Roc la are 

shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, 

expression of HA -SCA 3tr-Q27 transgene did not cause any degenerative phenotype. 

Weak expression of HA-SCA3tr-Q78 {HA-SCA3tr-Q78(w)) transgene induced slight 

depigmentation while strong expression of HA-SCA3tr-Q78 (HA~SCA3tr-Q78(s)) 

transgene caused extensive loss of pigmentation and formation of necrotic scars. 

Overexpression of Roc la using neither UAS-Roclam27 transgenic line (B) nor 

UAS-RoclaR129 transgenic line (C) modified degenerative phenotype induced by 

HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) expression. The experiment was 

performed once. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAU UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL4/UAS-RoclaRI27.，+/+, 

w; gmr-GAU UAS-HA-SCA3tr-Q27/UAS-RocJaR12?; +/+, 

w; gmr-GAL4/UAS-RoclaRi27; UAS~HA-SCA3tr-Q78(w)/+, 

w; gmr-GAU UAS-HA-SCA3tr-Q78(s)/UAS-RoclaR12?; +/+ 

(C) w; gmr-GAL4/+; UAS-RoclaR�29/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-RoclaR129/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-RoclaR129, 

w;gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+., UAS-Roclc^129/+. 
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(Figure 4.6B) 

gmr-GAL4 + 

UAS-HA-SCA3tr-Q78(w) -

UAS-Roclcf129 -

UAS-RocJc/'^7 ~ 

+ 

+ 

+ + 
+ + 
+ -

IB: anti-HA 
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Figure 5.3. Overexpression of Rocl a did not alter SDS-solubility of 

HA-SCA3tr-Q78 protein. 

Adult head lysate of gmr~GAL4 driver-only control flies and 

HA-SCA3tr'Q78(w)-cxpressing flies with or without Roc la overexpression was 

subjected to filter retardation assay to capture SDS-insoluble protein aggregates with 

size larger than 0.22 jo,m for immunodetection. The immunoblot was probed with 

anti-HA antibody to detect the SDS-insoluble HA-SCA3tr-Q78 protein. The signal 

intensity represents the level of SDS-insoluble HA-SCA3tr-Q78 protein. 

Overexpression of Roc la using neither UAS-RoclaR12? transgenic line nor 

UAS-RoclaR129 transgenic line altered the level of SDS-insoluble HA-SCA3tr-Q78 

protein. The experiment was performed once. The flies were raised at 25°C and were 

assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-RoclaR129, 

w; gmr-GAL4/UAS-RocIaRi27; UAS-HA-SCA3tr-Q78(w)/+. 
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which are named from SkpA through SkpF [198]. Among them, SkpA is chosen for 

the present study because 1) it shares the highest homology with human Skpl [198], 

and 2) the SkpA protein has been demonstrated to directly interact with Cull protein 

by yeast-two-hybrid analysis and in vitro interaction study [199, 200]. 

To test the effect of SkpA on polyQ toxicity, expression of SkpA was knocked 

down by RNAi [134] in the SCA3tr model [117]. It was found that knock-down of 

SkpA expression showed no effect on the degenerative phenotype conferred by both 

weak and strong expression of HA-SCA3tr-Q78 transgenes (Figure 5.4). This piece 

of preliminary data suggests that lowering expression level of SkpA would not affect 

polyQ toxicity. 

5.4 Nedd8 

Nedd8 is an ubiquitin-like protein which is highly conserved from Drosophila 

to humans [85]. It promotes CRL activity upon conjugation to a conserved lysine 

residue on cullin [81, 83, 84, 86]. 

To test the effect of Nedd8 on polyQ toxicity, expression of Nedd8 was knocked 

down by RNAi [134] in the SCA3tr model [117]. It was found that knock-down of 

Nedd8 expression showed no effect on the degenerative phenotype conferred by both 

weak and strong expression of HA-SCA3tr-Q78 transgene (Figure 5.5). 

Overexpression of a transgene encoding for Nedd8 fused to a Yellow Fluorescent 

Protein (YFP; YFP-Nedd8) was also performed to test its effect on polyQ toxicity. 

Two independent transgenic lines [86] were employed so as to exclude the possibility 
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Figure 5.4. Knock-down of SkpA expression did not modify degeneration 

induced by HA-SCA3tr-Q78 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 

and flies expressing truncated ataxin-3 transgenes {HA -SCA3tr- Q2 7 or 

HA-SCA3tr-Q78) with or without (indicated by "-") knock-down of SkpA expression 

are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, 

expression of HA-SCA3tr-Q2 7 transgene did not cause any degenerative phenotype. 

Weak expression of HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) transgene did not cause 

any observable depigmentation while strong expression of HA-SCA3tr-Q78 

(HA-SCA3tr-Q78(s)) transgene caused extensive loss of pigmentation. (B) 

Knock-down of SkpA expression did not modify degenerative phenotype induced by 

HA-SCA3tr-Q 78(w) or HA-SCA3tr-Q78(s) expression. The experiment was 

performed once. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+， 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+\ +/+ 

(B) w; gmr-GAL4/+; UAS-SkpAmAi/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q2 7/+; UAS-SkpAmAi/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-SkpARNA\ 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; UAS-SkpA謹/+. 
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Figure 5.5. Knock-down of Nedd8 expression did not modify degeneration 

induced by HA-SCA3tr-Q78 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 

and flies expressing truncated ataxin-3 transgenes {HA -SCA3tr-Q2 7 or 

HA-SCA3tr-Q78) with or without (indicated by “-”）knock-down of Nedd8 

expression are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 

3 dpe, expression of HA -SCA 3tr-Q2 7 transgene did not cause any degenerative 

phenotype. Weak expression of HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) transgene did 

not cause any observable depigmentation while strong expression of HA -SCA 3tr-Q78 

{HA-SCA3tr-Q78(s)) transgene caused extensive loss of pigmentation. (B) 

Knock-down of Nedd8 expression did not modify degenerative phenotype induced 

by HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) expression. The experiment was 

performed once. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; +/+， 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+， 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL^UAS-Nedd^1; +/+, 

w; gmr-GAL4 UAS-HA-SCAStr^V/UAS-Nedd^1; +/+, 

w; gmr-GAL^UAS-Nedd^; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAU UAS'HA-SCA3tr-Q78(s)/UAS-Nedd8RNAt; +/+. 
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of positional effect due to insertion of transgene on chromosomes [138]. It was found 

that overexpression of YFP-Nedd8 did not modify the degenerative phenotype 

induced by both weak and strong expression of HA -SCA Str-Q 78 transgene in these 

two independent transgenic lines (Figure 5.6). 

To test the effect of Nedd8 on SDS-solubility of expanded polyQ protein, filter 

retardation assay was employed [146]. As mentioned in Chapter 3 (section 3.3), this 

assay detects SDS-insoluble protein aggregates with size larger than 0.22 |im [146]. 

It was shown that overexpression of YFP-Nedd8 in two independent transgenic lines 

did not alter the level of SDS-insoluble HA-SCA3tr-Q78 protein (Figure 5.7). 

Combining with the above data, it is suggested that altering expression level of 

Nedd8 does not affect polyQ toxicity and SDS-solubility of expanded polyQ protein. 

5.5 CSN5 

The COP9 signalosome (CSN) is composed of eight subunits (CSN1-8) [92]. 

One of the subunits, CSN5, bears a Nedd8-isopeptidase activity [92]. CSN5 regulates 

CRL activity by removing Nedd8 conjugated on cullins via its Nedd8-isopeptidase 

activity [81，83, 84，92]. 

To test the effect of CSN5 on polyQ toxicity, overexpression of wild-type CSN5 

was performed in the SCA3tr model [117]. Two independent transgenic lines [132] 

were employed so as to exclude the possibility of positional effect due to insertion of 

transgene on chromosomes [138]. It was found that overexpressing wild-type CSN5 

in both independent transgenic lines did not modify degeneration induced by both 
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Figure 5.6. Overexpression of YFP-Nedd8 did not modify degeneration induced 

by HA-SCA3tr-Q78 expression in adult fly eyes. 

Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 

and flies expressing truncated ataxin-3 transgenes (HA -SCA Str-Q2 7 or 

HA-SCA3tr-Q78) with or without (indicated by “-”）overexpression of YFP-Nedd8 

are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 3 dpe, 

expression of HA-SCA3tr-Q27 transgene did not cause any degenerative phenotype. 

Weak expression of HA-SCA3tr-Q78 {HA-SCA3tr-Q78(w)) transgene did not cause 

any observable degenerative phenotype while strong expression of HA-SCA3tr-Q78 

(HA-SCA3tr-Q78(s)) transgene caused extensive loss of pigmentation. 

Overexpression of YFP-Nedd8 in neither UAS-YFP-NeddS^ transgenic line (B) nor 

UAS-YFP-NeddS011�line (C) modified degenerative phenotype induced by expression 

of HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) transgene. The experiment was 

performed once. The flies were raised at 25°C. They were of genotypes: 

(A) w; gmr-GAL4/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+， 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL4/UAS-YFP-Nedd8(II)-, +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/UAS-YFP-Nedd8(II); +/+, 

w; gmr-GAL4/UAS-YFP-Nedd8(II)\ UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/UAS-YFP-Nedd8(I1); +/+ 

(C) w; gmr-GAL4/+; UAS-YFP-Nedd8_/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+\ UAS-YFP-Nedd8(1")/+, 

w; gmr-GAL4/+; UAS-HA~SCA3tr-Q78(w)/UAS-YFP-Nedd8m, 

w; gmr-GAL4 UAS'HA-SCA3tr-Q78(s)/+; UAS-YFP-Nedd8m/+. 
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Figure 5.7. Overexpression of YFP-Nedd8 did not alter the SDS-solubility of 

HA-SCA3tr-Q78 protein. 

(A) Adult head lysate of gmr-GAL4 driver-only control flies and 

朴w)-expressing flies with or without overexpression of YFP-Nedd8 

was subjected to filter retardation assay to capture SDS-insoluble protein aggregates 

with size larger than 0.22 jim. The immunoblot was probed with anti-HA antibody to 

detect the SDS-insoluble HA-SCA3tx-Q78 protein. The signal intensity represents 

the level of SDS-insoluble HA-SCA3tr-Q78 protein. Overexpression of YFP-Nedd8 

in UAS-YFP-Nedd80I) transgenic line did not alter the level of SDS-insoluble 

HA-SCA3tr-Q78 protein. (B) The above experiment was repeated on gmr-GAL4 

driver control flies and HA-SCA3tr-Q78(s)-QxpiQssmg flies with or without 

overexpression of YFP-Nedd8. Overexpression of YFP-Nedd8 in UAS-YFP-Nedd8(UI) 

transgenic line did not alter the level of SDS-insoluble HA-SCA3tr-Q78 protein. The 

above experiments were performed once. The flies were raised at 25°C and were 

assayed at 3 dpe. They were of genotypes: 

(A) w; gmr-GAL4/+\ UAS-HA-SCA3tr-Q78(w)/+i 

w; gmr-GAL4/UAS-YFP-Nedd8(w; UAS-HA-SCA3tr-Q78(w)/+ 

(B) w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+\ UAS-YFP-Nedd8(III)/+. 
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weak and strong expression of HA-SCA3tr-Q78 transgene (Figure 5.8B and C). 

CSN5D148N is a dominant-negative mutant protein with the Nedd8-isopeptidase 

activity abolished [86]. Similar to wild-type CSN5, overexpressing of CSN5D148N did 

not modify degeneration induced by both weak and strong expression of 

HA-SCA3tr-Q78 (Figure 5.8D). These data suggest that neither increasing CSN5 

level nor reducing its activity (by the use of dominant negative mutant) affects polyQ 

toxicity. 

To test the effect of CSN5 on SDS-solubility of expanded polyQ protein, 

ultracentrifugation was performed to isolate the SDS-insoluble protein aggregates 

and to remove the SDS-soluble protein [25]. This resulting pellet was treated by 

formic acid (100%) to solubilize the isolated SDS-insoluble protein aggregates into 

protein monomers [25, 151] for subsequent immunodetection. It was found that 

overexpressing wild-type CSN5 did not alter the level of SDS-insoluble SCA3tr-Q78 

protein (Figure 5.9). These data show that increasing expression level of CSN5 does 

not affect SDS-solubility of expanded polyQ protein. 

5.6 Discussion 

According to Chapters 3 and 4, Cull-based CRL might be involved in polyQ 

pathogenesis using CG2010 as substrate receptor. Apart from Cull and CG2010, 

there are other subunits (i.e. Rocl and SkpA) in the Cull-based CRL complex and 

there are regulators (i.e. Nedd8 and CSN5) which would influence the activity of 

Cull-based CRL in the pathway [81, 83，84]. 
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Figure 5.8. Overexpression of CSN5 did not modify degeneration induced by 
HA-SCA3tr-Q78 expression in adult fly eyes. 
Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 
and flies expressing truncated ataxin-3 transgenes {HA-SCA 3tr~Q2 7 or 
HA-SCA3tr~Q78) with or without (indicated by “-”）overexpression of wild-type or 

mutant CSN5 are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) 

At 3 dpe, expression of HA -SCA 3tr-Q2 7 transgene did not cause any degenerative 

phenotype. Weak expression of HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) transgene did 

not cause any observable degenerative phenotype while strong expression of 

HA-SCA3tr-Q78 (HA-SCA3tr-Q78(s)) transgene caused extensive loss of 

pigmentation. Overexpression of wild-type CSN5 using neither UAS-CSN5(n) 

transgenic line (B) nor UAS-CSN5m transgenic line (C) modified degenerative 

phenotype induced by HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) expression. (D) 

Overexpression of dominant negative mutant CSN5D148N did not modify degenerative 

phenotype induced by HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) expression. The 

experiment was performed once. The flies were raised at 25°C. They were of 
genotypes: 
(A) w; gmr-GAL4/+; +/+, 
w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 
w; gmr-GAL4 UAS~HA-SCA3tr-Q78(s)/+; +/+ 
(B； w; gmr-GAL4/UAS-CSN5(II); +/+, 
w; gmr-GAL4 UAS~HA-SCA3tr-Q27/UAS'CSN5(1I); +/+, 
w; gmr-GAL4/UAS~CSN5(II)-, UAS-HA-SCA3tr-Q78(w)/+, 
w; gmr-GAU UAS-HA-SCA3tr-Q78(s)/UAS-CSN5(n); +/+ 
(C) w; gmr-GAL4/+; UAS-CSN5m/+, 
w; gmr-GAL4 UAS~HA-SCA3tr-Q27/+; UAS-CSN5m/+, 
w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS-CSN5m, 
w;gmr-GAL4 UAS~HA-SCA3tr-Q78(s)/+•，UAS-CSN5m/+ 
(D) w; gmr-GAL4/UAS-CSN5DI48N; +/+， 

w; gmr-GAU UAS-HA-SCA3tr-Q27/UAS~CSN5D148N; +/+， 

w; gmr-GAL4/UAS-CSN5D}48N\ UAS-HA-SCA3tr-Q78(w)/+, 
w; gmr-GAU UAS-HA-SCA3tr-Q78(s)/UAS-CSN5D148N\ +/+. 
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Figure 5.9. Overexpression of CSN5 did not alter the SDS-solubility of 

HA-SCA3tr-Q78 protein. 

Adult head lysate of HA-SCA3tr-Q78(w)-expressing flies with or without 

overexpression of wild-type CSN5 was subjected to ultracentrifugation to isolate the 

SDS-insoluble protein aggregates and remove the SDS-soluble protein. The resulting 

pellet was treated with formic acid (100%) to solubilize the SDS-insoluble protein 

aggregates for subsequent immunoblotting. The immunoblot was probed with 

anti-HA antibody to detect the solubilized SDS-insoluble HA-SCA3tr-Q78 protein. 

The arrow (->) indicates the solubilized SDS-insoluble HA-SCA3tr-Q78 protein. 

Overexpression of wild-type CNS5 did not alter the level of SDS-insoluble 

HA-SCA3tr-Q78 protein. The experiment was performed once. The flies were raised 

at 25°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4/UAS-CSN5(II); UAS-HA-SCA3tr-Q78(w)/^. 
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Several lines of evidence have suggested the involvement of Roc la, SkpA and 

Nedd8 in polyQ pathogenesis. From the RNAi screen performed by Mehta et al. 

(2009), it was found that rbxl, the worm homolog of Roc la, and skrl, the worm 

homolog of SkpA, enhanced polyQ toxicity upon knock-down of expression in C. 

elegans [95]. Nedd8 was found in protein aggregates in various neurodegenerative 

diseases including polyQ disease [201]. Later, it was demonstrated in vitro by 

immunofluorescence analysis that Nedd8 interacted with the Josephin domain of 

ataxin-3 [202]. All these suggest that Roc la, SkpA, Nedd8 and possibly other 

components of the CRL pathway such as CSN5 may affect polyQ pathogenesis. 

To have a more complete analysis on the involvement of Cull-based CRL 

pathway in polyQ pathogenesis, a preliminary study on the effect of Roc la, SkpA, 

Nedd8 and CSN5 on polyQ toxicity and SDS-solubility of expanded polyQ protein 

was performed individually using the SCA3tr model [117]. It was found that none of 

the components of Cull-based CRL pathway under investigation modified polyQ 

toxicity or SDS-solubility of expanded polyQ protein. 

This finding seems to be contradictory to the speculation that Cull-based CRL 

affects polyQ pathogenesis. However, two things have to be noted. Firstly, the 

difference in findings on Roc la and SkpA from Mehta et al. (2009) and those from 

the present study may be due to the difference in polyQ model and the phenotype 

assays used. As discussed in Chapter 3 (section 3.10), Mehta et al. (2009) employed 

a C. elegans model expressing an YFP fused with 35 residues of glutamine [95]. 

Among the nine currently found polyQ diseases, 35 residues of glutamine are only 
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around the threshold for disease development [168]. The low number of glutamine 

repeats and the lack of an unexpanded control lead to query about whether the effect 

by rbxl and skrl is specific to expanded polyQ protein. Besides, the stringency and 

detection sensitivity between two studies may also be different and therefore make it 

difficult to compare directly. Secondly, the expression levels of the proteins under 

investigation were not confirmed in the present study. Therefore, confirmation of the 

expression levels of these proteins by methods such as semi-quantitative RT-PCR has 

to be performed before any conclusion can be made. 

To sum up, the involvement of Roc la, SkpA, Nedd8 and CSN5 in polyQ is not 

confirmed in this preliminary study. 
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Chapter 6 Effect of expanded polyglutamine protein on 

CRL activity 

6.1 Introduction 

As reviewed in Chapter 1 (section 1.1.4), expansion of the polyQ domain in the 

polyQ protein gives rise to a gain-of-fiinction toxicity in polyQ diseases [38]. This 

gain-of-fimction toxicity negatively affects various cellular pathways including gene 

transcription, protein degradation and mitochondrion functioning [38，168]’ It is 

likely that polyQ protein interferes with CRL pathways and deregulates CRL activity 

upon expansion of the polyQ domain. To test this speculation, the effect of expanded 

polyQ protein on the accumulation of CRL specific substrates was examined (section 

6.2). As neddylation is important for the activity of CRLs [83], the effect of 

expanded polyQ protein on neddylation of cullins was also studied using Cull as a 

model (section 6.3). The possible mechanisms behind and the consequences of the 

effect of expanded polyQ protein on CRL activity will be discussed as well (section 

6.4). 

6.2 Effect of polyQ expansion on the stability of CRL substrates 

Under normal circumstances, CRL targets specific substrates for degradation 

[81]. Accumulation of CRL substrates implies impairment of CRL activity. To test 

the effect of expanded polyQ protein on CRL activity, CRL specific degron reporters 

previously prepared from our laboratory (unpublished data by C. C. Wu and H. Y. E. 

Chan, unpublished observations) were employed. 
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Degron refers to the protein degradation signal located at either the N- or 

C-terminus of a protein [203, 204]. It is responsible for the specific recognition by 

the specific E3 ubiquitin ligases [205]. Beta-catenin (P-cat) is a specific substrate of 

human Cull-based CRL [206]. Its amino acid residues at positions 33 and 37 are 

essential for p-cat phosphorylation and subsequent recognition by Cull-based CRL 

using Beta Transducin repeat containing protein (P-TrCP) as the substrate receptor 

[207]. A truncated form of P-cat carrying the first 73 amino acids was generated as 

the p-cat degron reporter (C. C. Wu and H. Y. E. Chan, unpublished observations). 

NF-E2-related factor-2 (Nrf2) is a specific substrate of human Cul3-based CRL with 

Kelch-like ECH-associated protein 1 (Keapl) substrate receptor [208]. Its Neh2 

(Nrf2-ECH homology 2) domain was used as the Nrf2 degron reporter [209, 210] (C. 

C. Wu and H. Y. E. Chan, unpublished observations). c-Jun is a specific substrate of 

human Cul4A-based CRL with de-etiolated-1 substrate receptor [211]. Full-length 

c-Jun was used as the c-Jun degron reporter (C. C. Wu and H. Y. E. Chan, 

unpublished observations). A myc tag was added at the 5' end of these degron 

reporter transgenes for immunodetection. Normally, in cells transfected with these 

degron reporter transgenes, degron reporters translated are kept at low steady-state 

level as they are constitutively targeted by the corresponding CRLs for degradation 

(unpublished data by C. C. Wu and H. Y. E. Chan (2008)). 

The effect of expanded polyQ protein on the accumulation of these degron 

reporters were examined using the eGFP-polyQ model [25] in HEK 293FT cells. 

This model has been described in Chapter 3 (section 3.5). It expresses an eGFP 

transgene fused to either an unexpanded C4G-repeat of 27 CAGs {eGFP-Q27) or an 
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expanded C4G-repeat of 75 CAGs (eGFP-Q75). This model recapitulates the 

aggregating property of expanded polyQ protein (Figure 3.18B). It was found that 

P-cat degron reporter accumulated when p-cat degron reporter transgene was 

co-transfected with eGFP-Q75 transgene as compared to eGFP-Q27 transgene 

(Figure 6.1). Similarly, there was an increased level of Nrf2 degron reporter when 

Nrf2 degron reporter transgene was co-transfected with eGFP-Q75 transgene as 

compared to eGFP-Q27 control (Figure 6.2). However, there was no observable 

difference in the level of c-Jun degron reporter when c-Jun degron reporter transgene 

was co-transfected with either eGFP-Q27 or eGFP-Q75 transgene (Figure 6.3). This 

suggests that expanded polyQ protein specifically induces accumulation of Cull and 

Cul3-based CRL substrates. 

6.3 Effect of expanded polyQ protein on neddylation of Cull 

Nedd8 is a 6 kDa, ubiquitin-like protein [85]. Neddylation refers to the 

conjugation of Nedd8 on the neddylation substrate [85]. Cullins are the well-known 

neddylation substrates [212] . Neddylation of cullins promotes recruitment of 

ubiquitin-loaded E2s to the CRL complexes and is essential to the activity of CRLs 

[84, 212]. Wu et al. (2005) demonstrated that by performing immunoblotting on 

third-instar larvae lysate using antibodies against the unneddylated cullin，two 

bands with several kDa difference in molecular weight could be obtained [86]. The 

band with lower molecular weight represented the unneddylated cullin protein 

while the band with higher molecular weight represented the neddylated cullin 

protein. 
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Figure 6.1. Expanded eGFP-polyQ protein induced accumulation of p_cat 

degron reporter in HEK 293FT cells. 

Cells were transiently co-transfected with the constructs carrying the p~cat degron 

reporter transgene and eGFP-Q27 or eGFP-Q75. At 96 hpt, cells were harvested and 

the lysate was subjected to immunoblotting. The immunoblot was probed against 

anti-myc antibody to detect the p-cat degron reporter. There was an increased level of 

P-cat degron reporter in cells co-transfected with eGFP-Q75 transgene as compared 

to those co-transfected with eGFP-Q27 transgene. The immunoblot was stripped and 

reprobed against anti-GFP antibody to confirm comparable expression level between 

the eGFP-Q27 or eGFP-Q75 transgene. The immunoblot was then stripped and 

reprobed with anti-(3-tubulin antibody to confirm that equal amount of protein was 

loaded in every lane. The experiment was performed once. 
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(Figure 4.6B) 
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Figure 6.2. Expanded eGFP-polyQ protein induced accumulation of Nr£2 

degron reporter in HEK 293FT cells. 

Cells were transiently co-transfected with the constructs carrying the Nrf2 degron 

reporter transgene and eGFP-Q27 or eGFP-Q75. At 96 hpt, cells were harvested and 

the lysate was subjected to immunoblotting. The immunoblot was probed against 

anti-myc antibody to detect the Nrf2 degron reporter. There was an increased level of 

Nri2 degron reporter in cells co-transfected with eGFP-Q75 transgene as compared 

to those co-transfected with eGFP-Q27 transgene. The immunoblot was stripped and 

reprobed against anti-GFP antibody to confirm comparable expression level between 

the eGFP-Q27 or eGFP-Q75 transgene. The immunoblot was then stripped and 

reprobed with anti-p-tubulin antibody to confirm that equal amount of protein was 

loaded in every lane. The experiment was performed once. 
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Figure 4.17 
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Figure 6.3. Expanded eGFP-polyQ protein did not alter the level of c-Jun 

degron reporter in HEK 293FT cells. 

Cells were transiently co-transfected with the constructs carrying the c-Jun degron 

reporter transgene and eGFP~Q27 or eGFP-Q75. At 96 hpt, cells were harvested and 

the lysate was subjected to immunoblotting. The immunoblot was probed against 

anti-myc antibody to detect the c-Jun degron reporter. The level of c-Jun degron 

reporter in cells co-transfected with eGFP-Q75 transgene was similar to that in cells 

co-transfected with eGFP-Q27 transgene. The immunoblot was stripped and 

reprobed against anti-GFP antibody to confirm comparable expression level between 

the eGFP-Q27 or eGFP-Q75 transgene. The immunoblot was then stripped and 

reprobed with anti-p-tubulin antibody to confirm that equal amount of protein was 

loaded in every lane. The experiment was performed once. 
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In the present study, the effect by expanded polyQ protein on neddylation of 

cullins using Cull as an example was examined in the SCA3A transgenic Drosophila 

model [129]. As described in Chapter 3 (section 3.3), in this model a /w^c-tagged, 

full-length ataxin-3 transgene with either an unexpanded C4G-repeat of 27 CAGs 

(myc-SCA3fl-Q27) or an expanded C4G-repeat of 84 CAGs {myc-SCA3fl-Q84) was 

expressed. By performing immunoblotting on adult fly head lysate in flies expressing 

myc-SCA3fl-Q2 7 transgene, two bands with several kDa difference in molecular 

weight were obtained in the running gel upon immunodetection using anti-Cull 

antibody (Figure 6.4). The lower band represents the unneddylated Cull while the 

upper band represents the neddylated Cull [86]. As compared to the 

myc-SCA3fl-Q27-expressing flies, the level of neddylated Cull was reduced in flies 

expressing myc-SC A 3JI-Q84 transgene (Figure 6.4). 

To test if neddylated Cull was recruited to the SDS-insoluble myc-SCA3fl-Q84 

protein aggregates, the adult fly head lysate was treated with formic acid (100%) to 

solubilize the SDS-insoluble myc-SCA3fl-Q84 protein aggregates into monomers 

[151] and to release any cellular proteins originally recruited to the aggregates [25]. 

The sample treated with buffer only (0% formic acid control) and that treated with 

formic acid (100%) were subjected to immunoblotting (Figure 6.5). Comparing to 

the buffer-treated control, there was an increased level of monomeric 

myc-SCA3fl-Q84 protein in the formic acid (100%)-treated sample (Figure 6.5). 

This indicates successful solubilization of SDS-insoluble protein aggregates upon 

formic acid (100%) treatment. However, there was no increase in the level of 

neddylated Cull in the running gel after formic acid (100%) treatment. This suggests 
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(Figure 4.6B) 
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Figure 6.4. Expanded full-length ataxin-3 protein reduced level of neddylated 

Cull. 

Adult head lysate of flies expressing myc-SCA3fl-Q27 or myc-SCA3fl-Q84 transgene 

by gmr-GAL4 driver was subjected to immunoblotting. The immunoblot was probed 

with anti-Cull antibody to detect the Cull protein (both the unneddylated form and 

the neddylated form). The lower band represents the unneddylated Cull while the 

upper band represents the neddylated Cull. In flies expressing myc-SCA3Jl-Q84 

transgene, there was a reduced level of neddylated Cull protein in the running gel as 

compared to the myc-SCASfl-Q2 7-expressing flies. The immunoblot was stripped 

and reprobed with anti-myc antibody to confirm the presence of myc-SCA3fl-Q27 

and myc-SCA3fl-Q84 proteins. The immunoblot was then stripped and reprobed 

with anti-|3-tubulin antibody to confirm that equal amount of protein was loaded in 

every lane. (B) Quantification of the upper band (for neddylated Cull) of (A). Band 

intensity was relative to the upper band from myc-SCA3fl-Q2 7-expressing flies. N = 

4, p < 0.05 (Student's t-test); error bar represents mean 士 SEM from four 

independent experiments. The flies were raised at 21°C and were assayed at 3 dpe. 

They were of genotypes: 

w; gmr-GAL4 UAS-myc-SCA3fl-Q27/+\ +/+, 

w; gmr-GAL4/+; UAS-myc-SCA3fl-Q84/+. 
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Figure 4.17 
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Figure 6.5. Neddylated Cull was not recruited to the SDS-insoluble expanded 

full-length ataxin-3 protein aggregates. 

Adult head lysate of flies expressing myc-SCA3fl-Q84 transgene by gmr-GAL4 driver 

was treated with buffer only or formic acid (100%) to solubilize the protein 

aggregates and to release any recruited cellular proteins in the SDS-insoluble 

aggregates. The sample was then subjected to immunoblotting. The immunoblot was 

probed with anti-Cull antibody to detect the Cull protein (both the unneddylated 

form and the neddylated form). The lower band represents the unneddylated Cull 

while the upper band represents the neddylated Cull. There was no significant 

difference in the level of neddylated Cull protein in the running gel between the 

buffer-treated control and the formic acid-treated sample. The immunoblot was 

stripped and reprobed with anti-myc antibody to confirm successftil solubilization of 

myc-SCA3fl-Q84 protein aggregates as indicated by the increase in the level of 

monomelic myc-SCA3fl-Q84 protein upon formic acid treatment. The immunoblot 

was then stripped and reprobed with anti-P-tubulin antibody to confirm that equal 

amount of protein was loaded in every lane. (B) Quantification of the upper band (for 

neddylated Cull) of (A). Band intensity was relative to the upper band of the 

buffer-treated control. N = 3,/> = 0.74 (Student's t-test); error bar represents mean 士 

SEM from three independent experiments. The flies were raised at 21°C and were 

assayed at 3 dpe. They were of genotype: 

w; gmr~GAL4/+; UAS-myc~SCA3fl-Q84/+. 
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that neddylated Cull is not recruited to the SDS-insoluble myc-SCA311-Q84 protein 

aggregates. 

Taken together, these data suggest that polyQ protein reduces neddylation of 

Cull upon expansion of polyQ domain. The reduction in the level of neddylated 

Cull is not likely to be due to the recruitment of neddylated Cull to the expanded 

polyQ protein aggregates. 

6.4 Discussion 

As reviewed in Chapter 1 (section 1.1.4), expanded polyQ protein interferes 

with various cellular pathways [38]. In this chapter, the effect of expanded polyQ 

protein on CRL activity was investigated. 

Accumulation of CRL substrates is an indication of impairment of CRL activity 

[159，213，214]. In the present study using the eGFP-polyQ model [25] in HEK 

293FT cells, it was found that upon expansion of polyQ domain, polyQ protein 

induced accumulation of p-cat (Figure 6.1) and Nrf2 degron reporters (Figure 6.2) 

but not c-Jun degron reporter (Figure 6.3). This result is consistent to a previous 

study in our laboratory using another polyQ model, the truncated SCA3 (SCA3tr) 

model, in HEK 293FT cells (C. C. Wu and H. Y. E. Chan, unpublished observations). 

It was reported that expression of a FZ^4G-tagged, truncated ataxin-3 transgene with 

an expanded C4G-repeat of 76 CAGs caused accumulation of p-cat and Nrf2 degron 

reporters, but not c-Jun degron reporter, as compared to the unexpanded control with 

27 CAGs (C. C. Wu and H. Y. E. Chan, unpublished observations). P-cat, Nrf2 and 
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c-Jun degron reporters are the specific degron reporters of Cull-, Cul3- and 

Cul4-based CRLs respectively. This suggests that expanded polyQ protein 

specifically impairs activity of Cull - and Cul3 based CRLs. 

One way expanded polyQ protein may impair CRL activity is through 

deregulating neddylation of cullins. Neddylation refers to the conjugation of Nedd8 

to the neddylation substrate [215]. Similar to ubiquitination, neddylation requires El, 

E2 and E3 [83, 215，216]: APP-BP-1/ Uba3 heterodimeric El activates Nedd8 [216]; 

Ubcl2 E2 conjugates Nedd8 to the cullin [216]; DCN1 and Rocl act as a 

multi-subunit E3 that facilitates loading of Nedd8-loaded Ubcl2 to the cullin for 

neddylation [217-220]. Upon neddylation, Nedd8 interacts with ubiquitin-loaded E2 

and thus recruits E2 to the CRL complex upon conjugation to the cullin [221, 222]. It 

was demonstrated that neddylation of cullin promoted CRL activity in vitro [223-226] 

and were essential to the function of CRLs in fission yeast and several metazoan 

species in vivo [173，227-230]. As reviewed in Chapter 1 (section 1.5)，neddylation is 

reversed by a process called "deneddylation" through the isopeptidase activity of 

CSN5 [86, 92]. 

In the present study, it was found that ataxin-3 reduced the level of neddylated 

Cull upon expansion of the polyQ domain (Figure 6.4). This reduction in the level of 

neddylated Cull was not likely to be due to the recruitment of neddylated Cull to 

expanded ataxin-3 protein aggregates (Figure 6.5). Previously, it was reported that 

Nedd8 co-localized with protein aggregates in a number of neurodegenerative 

diseases including polyQ diseases such as SCA3 [201]. In addition, it was 
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demonstrated that Nedd8 interacted with the Josephin domain of ataxin-3 [202]. This 

may contribute to an active targeting of Nedd8 to ataxin-3 aggregates in SCA3. It is 

possible that ataxin-3 protein recruits Nedd8 to the protein aggregates upon 

expansion of polyQ domain which subsequently reduces the level of free Nedd8 for 

conjugation to Cull in cells. 

In addition to limiting the level of free Nedd8 in cells, expanded polyQ protein 

may interfere with the components in the neddylation and deneddylation pathways 

by unknown mechanisms and thus hinder Cull neddylation. As neddylation is 

essential to Cull-based CRL activity [227, 228], reducing Cull neddylation would 

inhibit Cull-based CRL activity and lead to accumulation of Cull-based CRL 

substrates. 

Cul4 is also a neddylation substrate. Neddylation and deneddylation pathways 

are similar in Cul4 as well [83，84, 173]. The finding that expanded polyQ protein 

did not modify the level of Cul4-based CRL specific degron reporter implies that 

reduction in cullin neddylation by expanded polyQ protein per se is not sufficient to 

impair CRL activity. It is therefore likely that expanded polyQ deregulates CRL 

activity, at least in the case of Cull-based CRL, through other concerted unknown 

mechanisms in addition to reducing cullin neddylation. Recently, it was reported that 

polyQ domain-expanded huntingtin protein induced accumulation of p-cat, a specific 

substrate of Cull-based CRL, through reducing the association between p-cat and its 

corresponding substrate receptor, p-TrCP [231]. This interference on association 

between P-cat and P-TrCP may be a general effect by expanded polyQ protein and 
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may apply to p-cat degron reporter used in the present study as well. Different types 

of CRLs employ different adaptor proteins and substrate receptors [81]. Expanded 

polyQ protein may recruit specific adaptor proteins or substrate receptors of Cull-

and Cul3-based CRLs, but not those of Cul4-based CRL, to the aggregate and 

therefore specifically affect the activity of Cull - and Cul3-based CRL. 

The impairment of the activity of Cull- and Cul3-based CRLs could exert 

negative impacts on cells. Cull- and Cul3-based CRLs regulate degradation of a 

number of important effectors in various cellular pathways from DNA replication, 

cell cycle, signal transduction to development [81，179]. The impairment of the 

activity of Cull- and Cul3-based CRLs would imbalance these pathways and result 

in cytotoxicity. It was reported that expanded huntingtin protein induced 

accumulation of p-cat in neurons. This accumulation was neurotoxic while reducing 

P-cat level suppressed the toxic phenotype [231]. 

To sum up, the above data suggest that expanded polyQ protein may impair the 

activity of Cull- and Cul3-based CRLs through reducing neddylation of cullins and 

other unknown mechanisms. The impairment of the activity of Cull - and Cul3-based 

CRLs would eventually lead to neurotoxicity. 
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Chapter 7 Distinct effects of ubiquitin on polyglutamine 

diseases and Parkinson's disease toxicity 

7.1 Introduction 

Polyglutamine diseases and a number of other neurodegenerative diseases, 

including PD, are collectively called protein misfolding diseases as they are caused 

by misfolding and aggregation of the corresponding disease proteins [10, 53, 

232-235]. In protein misfolding diseases，protein quality control by UPS-mediated 

degradation is of utmost importance to the cell homeostasis [59, 236, 237]. In UPS, 

E3 ubiquitin ligases target specific substrate proteins for ubiquitin conjugation [160， 

238, 239]. Ubiquitinated substrates are then recognized by the proteasome for 

degradation [160，238, 239]. Ubiquitin and other UPS components are commonly 

found in protein aggregates of polyQ diseases and PD in both experimental disease 

models and patient tissues [59, 240, 241]. This suggests that UPS is associated with 

the pathogenesis of polyQ diseases and PD. 

In previous chapters, the role of a type of E3 ubiquitin ligases called CRLs in 

polyQ diseases was investigated (Chapters 3-5). The possible involvement of CRLs 

in PD was also tested (Figure 3.12). In this chapter, the roles of ubiquitin in PD 

(section 7.2) and polyQ diseases (section 7.3) were examined, and the differential 

roles of ubiquitin in PD and polyQ diseases will be discussed (section 7.4). 

7.2 Effect of ubiquitin overexpression on Parkinson's disease 

Presence of intraneuronal protein aggregates designated as Lewy bodies and 
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selective degeneration of DA neurons in substantial nigra par compacta are the 

hallmarks of PD [242, 243]. Lewy bodies are composed of a-synuclein and many 

other cellular proteins [149]. Various animal models have been used to study 

a-synuclein-mducQd toxicity in PD [244]. In Drosophila model of PD, it was 

• yvr • • • demonstrated that expression of a-synuclein induced toxicity that resulted in 

PD-like symptoms such as deposition of a-synuclein aggregates and degeneration of 

DA neurons [245]. 

In the present study, the effect of overexpressing ubiquitin on 

a-synuclein ̂ -induced toxicity was examined using a transgene encoding for a 

一 • H/T* 

HA-tagged, wild-type ubiquitin (HA-Ub ). The expression of HA-Ub transgene 

was confirmed by immunoblotting (Figure 7.1). In deep pseudopupil assay, expression 

of a transgene encoding for human a-synuclein in the fly eyes by gmr-GAU driver 

induced retinal degeneration. On average, only 2 rhabdomeres per ommatidium could 

be observed (Figure 7.2A). Expression of HA-Ub^ transgene suppressed the 

degeneration induced by a-synuclein^ expression and raised the number of 

rhabdomeres per ommatidium to about 3 (an average of 2.9; Figure 7.2B). This shows 

that increasing cellular level of ubiquitin mitigates a-synucle in ̂ -induced toxicity. 

To test if proteasome was involved in the suppression on a-synuclein ^-induced 
• • M/T* 

toxicity by expression of HA-Ub transgene, a dominant negative proteasome mutant 

termed Pros261 was employed [246]. In Pros26J mutant, there is a missense mutation 

in the 20S proteasome subunit P6 [246]. Genetic and biochemical studies have 

demonstrated that this mutation interferes with proteasome function in a dominant 
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Figure 7.1. Expression of HA-Ub transgene. 

Adult head lysate of gmr-GAL4 driver control flies and flies expressing HA-Ub^ 

transgene by gmr-GAL4 driver was subjected to immunoblotting. The immunoblot 

was probed with anti-HA antibody to detect the HA-Ub protein. The immunoblot 

was then stripped and reprobed with anti-p-tubulin antibody to confirm that equal 

amount of protein was loaded onto every lane. The experiment was performed once. 

The flies were raised at 25°C and were assayed at 3 dpe. They were of genotypes: 

w; gmr-GAL4/+; +/+, 

w; gmr-GAL4/+; UAS-HA-UbWT/+. 
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(Figure 4.6B) 
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XIRR • JYR 

Figure 7.2. Expression of HA-Ub transgene suppressed a-synuclein -induced 

retinal degeneration in adult flies. 

(A - C) Deep pseudopupil images of a-synucle in ̂ -expressing flies are shown. On 

average, 1.9 rhabdomeres per ommatidium were observed under microscope (A). 

Expression of HA-Ub^ transgene in a-synuclein ̂ -expressing flies increased the 

rhabdomere score to an average of 2.9 (B). Additional expression of Pros26] 

transgene reduced the above rhabdomere score to an average of 2.1 (C). Transgenes 

were expressed using the gmr-GAL4 driver. (D) Quantification of (A - C). N = 22, * 

p < 0.05 while ** p = 1.94 (Mann-Whitney Rank Sum Test); error bars represent 

mean 士 SEM from at least 22 flies collected from three independent experiments. At 

least 330 ommatidia were scored per group. The flies were raised at 25°C and were 

assayed at 2 dpe. They were of genotypes: 

w; gmr-GAL4/+; UAS-a-synuclein, 

w; gmr-GAL4/+; UAS-a-synuclein^/UAS-HA-Ub1^, 

w;gmr-GAL4/UAS-Pros26]; UAS-a-synuclein^/UAS-HA-Ub1^. 
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negative manner [247-249]. It was found that expression of Pros26! transgene in 
IITT • • • WT • 攀 

a-synuclein -expressing flies with HA-Ub expression abolished the suppression of 

yirr _ WT 

a-synuclein -induced toxicity upon expressing HA-Ub transgene and reduced the 

rhabdomere score to back to 2 (an average of 2.1; Figure 7.2C). This implies that 

normal functioning of proteasome is essential for the suppressive effect conferred by 

ubiquitin overexpression against a-synuclein ̂ -induced toxicity. 

The effect of HA-Ub^ expression on a-synuclein ̂ -induced toxicity was double 

confirmed by examination of DA neurons in DM1 clusters in fly brains. By directing 

the expression of a transgene encoding for eGFP in DA neurons using the ddc-GAL4 

driver, the number of DA neurons could be counted upon whole-mount dissection of 

the adult fly brain and subsequent confocal microscopic observation. It was found that 

on average, there were 14 DA neurons in ddc-GAL4 driver control flies (Figure 7.3A 

• IVT # m 

and B). Expression of a-synuclein transgene induced DA degeneration and reduced 

the number of DA neurons to around 10 (an average of 9.5; Figure 7.3C). Expression 

of HA-Ub transgene suppressed the neurodegeneration induced by a-synuclein 

expression and restored the number of DA neurons to nearly 14 (an average of 13.5; 

Figure 7.3D). This confirms that ubiquitin overexpression helps mitigates 

a-synuclein ^-induced toxicity. 

Notably, in collaboration with Dr. K. K. K. Chung's laboratory (Department of 

Biochemistry, Hong Kong University of Science and Technology), it was found that 

J/LTT1 • WT 

the expression level of a-synuclein was not affected by co-expression of HA-Ub 

transgene [130]. This indicates that the suppressive effect by enhancing 
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•飞 ^f^T • WT 

Figure 7.3. Expression of HA-Ub transgene suppressed a-synucleiit -induced 

DA neurons degeneration in adult flies. 

(A - D) Confocal images of whole-mount adult brains of flies with eGFP-positive DA 

neurons are shown. White rectangle encircles the DM1 clusters. On average, 14 DA 

neurons were observed in ddc-GAL4 driver control flies (A and B). Expression of 

a-synuclein transgene reduced the number of DA neurons to an average of 9.5 (C). 

• WT M/T* 

Co-expression with HA-Ub transgene in a-synuclein -expressing flies restored the 

above number of DA neurons to an average of 13.5 (D). Scale bar in (A) indicates a 

distance of 10 jim. All images are of the same magnification. (E) Quantification of 

(B - C). N = 3, * < 0.01 (Student /-test); error bars represent mean 士 SEM from 

three independent experiments. At least 5 brains were scored per genotype per 

experiment. The flies were raised at 25°C and were assayed at 25 dpe. They were of 

genotypes: 

(A and B) w; ddc-GAL4/+; +/+, 

(C) w; ddc-GAL4/+; UAS-a-synucleinWT/+, 

(D) w; ddc-GAL4/+; UAS-a-synuclein^/UAS-HA-Ub^. 
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ubiquitin level is not due to any modification on the protein level of a-synuclein. 

7.3 Effect of ubiquitin overexpression on polyglutamine diseases 

The adult external eye depigmentation phenotype assay was used as a direct and 

reliable method to test if enhancing the level of ubiquitin would suppress polyQ 

toxicity [137]. As described in Chapter 3 (section 3.2), the SCA3tr transgenic 

Drosophila model which expresses a HA-tagged, truncated form of ataxin-3 protein 

was used in this study [117]. At 3 dpe, expression of the transgene encoding for the 

truncated ataxin-3 protein with unexpanded polyQ repeats of 27 glutamines 

(HA-SCA3tr-Q27) in the eyes by gmr-GAL4 driver did not cause any degenerative 

phenotype (Figure 7.4A). Weak expression of the transgene encoding for the 

truncated ataxin-3 protein with expanded polyQ repeats of 78 glutamines 

�HA-SCA3tr-Q78(wJ) induced mild depigmentation while strong expression of 

HA-SCA3tr-Q78 transgene (HA-SCA3tr-Q78(s)) in another independent transgenic 

fly line led to extensive loss of pigmentation (Figure 7.4A). It was found that 

overexpression of HA-Ub1^ transgene did not modify the depigmentation phenotype 

induced by expression of HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s) transgene 

(Figure 7.4B). 

To test if HA-Ub^ expression indeed modified HA-SCA3tr~Q78-md\xcQd 

degeneration but such modification was too mild to be observed through external eye 

depigmentation phenotype assay, deep pseudopupil assay was employed as a more 

sensitive method to examine the effect of HA-Ub^ overexpression on 
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• JVT 

Figure 7.4. Expression of HA-Ub transgene did not modify external eye 

depigmentation phenotype resulted from expression of HA-SCA3tr-Q78 

transgene in adult flies. 

Adult external eye depigmentation phenotypes of gmr-GAL4 driver-only control flies 

and flies expressing truncated ataxin-3 transgenes (HA -SCA3tr- Q2 7 or 

HA-SCA3tr-Q78) with or without (indicated by “-”) expression of HA-Ub1^ 

transgene are shown. Transgenes were expressed using the gmr-GAL4 driver. (A) At 

3 dpe, expression of HA~SCA3tr-Q2 7 transgene did not cause any degenerative 

phenotype. Weak expression of HA-SCA3tr-Q78 (HA-SCA3tr-Q78(w)) transgene 

induced mild depigmentation while strong expression of HA-SCA3tr-Q78 

{HA-SCA3tr-Q78(s)) transgene caused extensive loss of pigment. (B) Expression of 
VLTT « • _ * 

HA-Ub transgene did not modify degenerative phenotype induced by 

HA-SCA3tr-Q78(w) or HA-SCA3tr-Q78(s). Consistent results were obtained from 

three independent experiments. The flies were raised at 25°C. They were of 

genotypes: 

(A) w; gmr-GAL4/+- +/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; +/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/+, 

w; gmr-GAL4 UAS~HA-SCA3tr-Q78(s)/+; +/+ 

(B) w; gmr-GAL4/+; UAS-HA-UbWT/+, 

w; gmr-GAL4 UAS-HA-SCA3tr-Q27/+; UAS-HA-UbWT/+, 

w; gmr-GAL4/+; UAS-HA-SCA3tr-Q78(w)/UAS~HA-UbWT, 

w;gmr-GAL4 UAS-HA-SCA3tr-Q78(s)/+; UAS-HA-Ubwr/+. 
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HA -SCA 3tr-Q78-mducQ& retinal degeneration. In an inducible SCA3tr model [52], 

the HA-SCA3tr-Q78 expression was delayed until adulthood by the use of the 

temperature-sensitive GAL80 (GAL80te) system [250]. Before the induction of 

HA-SCA3tr-Q78 expression (i.e. at 0 day Eost-induction (0 dpi)), HA-SCA3tr-Q78 

transgenic flies displayed intact retinal structure and nearly 7 (an average of 6.9; 

Figure 7.5A) rhabdomeres per ommatidium could be observed. However, at 12 dpi, 

HA~SCA3tr-Q78 expression led to retinal degeneration and reduced the rhabdomere 

_ • WT 

score to around 4 (an average of 4.1; Figure 7.5B). Expression of HA-Ub transgene 

in HA-SCA3tr-Q75-expressing flies did not rescue the above retinal degeneration as 

indicated by the similar rhabdomere score calculated (an average of 4.2; Figure 

7.15C)’ Combining with the above data, it is suggested that enhancing cellular level 

of ubiquitin shows no protective effect against polyQ toxicity. 

7.5 Discussion 

Efficient degradation of misfolded proteins by UPS is desirable to protein 

misfolded diseases including polyQ diseases and PD [59, 236, 237]. It was reported 

that sufficient level of free ubiquitin in cells helped against physiological stress 

mediated by misfolded proteins [251-253]. In the present study, the differential 

effects of ubiquitin in PD and polyQ diseases were examined. 

The link between UPS and PD has been extensively reviewed [254-257]. In 

particular, several studies have reported that protein misfolding could initiate 

formation of Lewy bodies and caused DA degeneration [242，243]. In the present 

study, it was found that increasing cellular level of ubiquitin suppressed 

254 



(Figure 4.6B) 
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Figure 7.5. Expression of HA-Ub transgene did not modify retinal 

degeneration resulted from induced expression of HA-SCA3tr-Q78 transgene in 

adult flies. 

(A - C) Deep pseudopupil images of HA-SCA3tr-Q78-cxpXQSS,mg flies with or 
l/LTT 

without expression of HA-Ub transgene are shown. Transgenes were expressed 

using the gmr-GAL4 driver. (A) At 0 dpi of HA-SCA3tr-Q78 expression, on average 

6.9 rhabdomeres per ommatidium were observed. (B) At 12 dpi, expression of 

HA-SCA3tr-Q78 transgene reduced the rhabdomere score to an average of 4.1. (C) 

Co-expression with HA-Ub^transgene in these HA-.SC475-expressing flies did 

not modify the above degenerative phenotype as indicated by the similar rhabdomere 

score (an average of 4.2). (D) Quantification of (A - C). N = 31, * p < 0.01 while ** 

p = 0.51 (Mann-Whitney Rank Sum Test); error bars represent mean 士 SEM from at 

least 31 flies collected from four independent experiments. At least 465 ommatidia 

were scored per group. The flies were raised at 25°C since 0 dpi. They were assayed 

at 0 and 12 dpi. They were of genotypes: 

(A and B) w; gmr-GAL4 UAS-HA-SCA3tr-Q78/+; tubP-GAL80ts/+, 

(C) w; gmr-GAL4 UAS-HA-SCA3tr-Q78/+; tubP-GALS&'/UAS-HA-Ub^. 
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a-synuclein ̂ -induced toxicity (Figure 7.2). This suppression required normal 

functioning of the proteasome (Figure 7.2C) and was not due to any modification on 

a-synuclein level [130]. Instead, in the collaboration mentioned above，Dr. K. K. K. 

Chung's group found that enhancing ubiquitin level indeed promoted degradation of 

general misfolded proteins [130]. These data suggest that although enhancing cellular 

level of ubiquitin could not reduce the level of toxic a-synuclein, it could facilitate 

degradation of misfolded proteins in general. The reduction in level of general 

misfolded proteins protects against a-synuclein ̂ -induced toxicity, possibly through 

two mechanisms. Firstly, reduced level of misfolded proteins in cells disfavors the 

formation of toxic Lewy bodies [242, 243]. Secondly, reducing level of misfolded 

proteins lowers the physiological stress to neurons. As a result, it is likely that the 

neurons become less susceptible to a-synuclein ̂ -induced toxicity. 

Unlike PD, in the present study it was found that enhancing cellular level of 

ubiquitin did not modify polyQ toxicity (Figures 7.4 and 7.5). This suggests that 

merely enhancing degradation of general misfolded proteins is not enough to 

suppress polyQ toxicity. 

In short, there are differential effects of ubiquitin on PD and polyQ diseases. 

This indicates that although PD and polyQ diseases are both protein misfolding 

diseases, there is fundamental difference in the basics of pathogenesis between these 

two diseases. 
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Chapter 8 General Discussion and Conclusion 

It is now commonly accepted that expanded polyQ proteins are misfolded, 

insoluble and accumulate as toxic aggregates in cells [53, 233]. Over a decade, 

mechanisms to promote degradation of insoluble expanded polyQ proteins have been 

hot areas of research [53, 233]. Since the discovery on the involvement of E3 

ubiquitin ligase E6-AP in polyQ protein aggregation [258], increasing number of E3 

ubiquitin ligases have been reported to promote degradation of polyQ proteins and 

suppressed toxicity [77, 80, 169, 170, 259, 260]. These findings suggest redundancy 

of E3 ubiquitin ligases in degradation of expanded polyQ proteins [261]. The present 

study aims to study previously unidentified E3 ubiquitin ligases that are involved in 

polyQ pathogenesis. In particular, the present study targets at investigating the role of 

CRLs in polyQ diseases in two directions: 1) the modifying effects of CRLs on 

polyQ toxicity and expanded polyQ protein solubility properties, and 2) the 

interfering effect of expanded polyQ protein on CRL E3 ligase activities. 

It is suggested that Cull-based CRL is one E3 ubiquitin ligase that specifically 

modifies polyQ toxicity, but not a-synuclein toxicity. It modifies the SDS-solubility 

of expanded polyQ protein (Chapter 3). Data indicate that the polyQ specificity of 

Cull-based CRL replies on the selective recognition of SDS-insoluble expanded 

polyQ protein by CG2010 substrate receptor (Chapter 4). Therefore, identifying 

human neuronal-specific F-box proteins with conserved substrate recognition domain 

as CG2010 is of great therapeutic interest against polyQ diseases. 
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Moreover, the study on the distinct effects of ubiquitin on polyQ diseases and 

a-synuclein toxicity indicates that enhancing degradation of general misfolded 

proteins does not help much in suppressing polyQ toxicity. This also highlights the 

importance of targeting degradation of expanded polyQ protein through specific E3 

ubiquitin ligases. 

On the other hand, it was found that expanded polyQ protein impaired the 

activity of Cull-and Cul3-based CRLs. This result implies a novel mechanism by 

which exp^ided polyQ protein confers toxicity in neurons. Apart from understanding 

the substrate receptors that are involved in E3 ligase specificity, investigations on 

how expanded polyQ protein impairs CRLs activity may give further directions on 

the therapeutic approach against polyQ toxicity. 

Taken together, the present study identifies Cull-based CRL as a novel E3 

ubiquitin ligase involved in polyQ pathogenesis and demonstrates a novel 

mechanism by which expanded polyQ protein confers toxicity. These findings allow 

better understanding of polyQ pathogenesis and provide a new direction for 

therapeutic development against polyQ diseases. 
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